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Introduction

In this chapter we lay out at a general level the subject, the questions, the ideas and the moti-
vation behind this thesis. We introduce terms like “soft matter”, “colloidal suspensions”, “self-
assembly”, and discuss how they are related to words like “mayonnaise”, “blood”, and “gems”.
After a brief historical introduction, we explain what is interesting about colloids and why and
how we can use them to form ordered structures. We then discuss in more detail the role of the

anisotropy in the particle shape and the interparticle interaction on these structures.
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1.1 Soft matter, colloidal suspensions and self-assembly

The word soft matter has recently come to identify a field of research where physics, chemistry
and biology meet and address — from different perspectives — questions related to polymers,
colloidal particles, surfactants and liquid crystals. Being a field with such diversity, it is chal-
lenging to give an “operational” definition of soft matter. Pierre-Gilles de Gennes [1], regarded
as the father of this particular field of science, spoke about complexity and flexibility as main
features of soft matter: complex because every single building block in soft matter is already
the combination of several thousands of atoms, flexible because the soft matter systems can be
transformed by weak external forces.

Many of us remember playing as a kid with clay, that can be moulded by pressing it with
our fingers, and for this reason belongs to the soft matter area. Butter and jam are also good ex-
amples, since they are somewhat solid but nevertheless can be easily smeared with a knife. The
list continues with ketchup, mayonnaise, and whipped cream, toothpaste and shaving cream,
paints and nail polish. It is impressive to realise how many of these soft matter systems are
present in our everyday life. However, reading through the long list of things we use everyday
which fall under the realm of soft matter still does not help grasping what soft matter really is.
What are the links among these apparently different systems? It turns out there are two main
features shared among all of them:

* Length scales in between atomic and macroscopic sizes. Soft matter length scales
range in between tens of nanometres for polymer chains, up to a maximum of 1 micro-
meter for colloidal particles. To put this in perspective, the diameter of a human hair
(~ 80um) is ten thousand to a hundred times bigger than the typical building blocks used
in soft matter. For a synopsis of the relevant length scales as compared to more familiar
ones, we refer to Fig. 1.1.
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* Brownian motion driven by temperature fluctuations. The building blocks of a soft
matter system undergo a continuous random motion due to the kicks they receive from
the molecules of the surrounding medium in which they are immersed.

Together with these two, there is another important characteristic of soft matter systems, which
is their ability to spontaneously form ordered structures, also known as self-assembly. These
three features are intertwined so that none of them accounts, on its own, for the marvellous
phase behaviour seen in soft matter systems.

In this thesis we investigate the phase behaviour and the self-assembly of colloidal suspen-
sions. Thus, in this context we expand our discussion on the features of soft matter. By colloidal
suspension we mean a system of (insoluble) particles, with a diameter between 1nm and 1um,
dispersed in a continuous phase [2]. It is also common to refer to the particles themselves as
“colloids”. The two phases — dispersed and continuous — of a colloidal suspension can be either
gas, liquid or solid. If the dispersed phase is a gas and the continuous phase is a liquid, the sus-
pension is called a foam, like shaving cream and whipped cream. If dispersed and continuous
phase are both liquid, we call it an emulsion, like mayonnaise and milk. Finally, if the dispersed
phase is solid and the continuous phase is liquid, the suspension is named a sol. The blood
flowing in our body is a good example of a sol.

The term colloid was introduced by the Scottish chemist Thomas Graham during his studies
on diffusion through membranes in 1861 [3]. He found a sticky substance, accumulated at
the membranes, which he named after the ancient Greek word for glue k6AA . Somewhat
earlier than Graham’s experiments, precisely in 1827, the botanist Robert Brown was studying
the behaviour of pollen dispersed in water [4]. Via an optical microscope, he observed that
minute particles ejected from the pollen grains — now known as amyoplasts and spherosomes
— were moving chaotically. At the time he could probably not imagine the importance of his
discovery. Nevertheless, this erratic motion was named ‘“Brownian motion” after its discoverer,
and it is one of the milestones in establishing the atomic structure of matter. The theoretical
explanation of Brown’s observations came, however, almost 80 years later, by Albert Einstein
in 1905 [5] and William Sutherland in 1904 [6]. With the hypothesis that the grains experienced
random kicks by the much smaller solvent molecules, they derived an expression for the mean
square displacement of spherical particles dispersed in a liquid. A few years later Jean Perrin
proved this expression by measuring Avogadro’s number via the mean square displacement
of colloidal particles observed with optical microscopy, among other ways. His experimental
findings settled the question of whether matter is made of atoms and molecules — a question
which dates to the Greek Democritus (~ 400 BC) and Roman Lucretius (~ 60 BC) [7-9] — and
for this he received a Nobel prize in Physics in 1926.

There is one profound consequence of the constant Brownian motion that colloidal particles
experience due to the solvent molecules, which is the system ability of reaching thermal equi-
librium states. This means that we can apply the formalism of statistical mechanics, developed
and refined, among others, by Boltzmann, Gibbs, and Planck in the second half of the 19th
century, to understand the phase behaviour of colloidal suspensions. Isolated colloids move
through the solvent and enjoy the entropy available to them. When more and more particles
are added to the suspension, eventually they also start to energetically interact — either repel or
attract — with each other. This gives rise to collective behaviour, and ultimately leads, under the
proper thermodynamic conditions (density, temperature), to the formation of liquid-like states
and solid-like ordered structures, as well as glassy states, plastic and liquid crystal, i.e. the
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colloidal particles self-assemble. The most prominent example of such a behaviour, predicted
by Kirkwood [10], observed in computer simulations [11-13], and later confirmed by exper-
imental work [14], is the formation of a face-centered-cubic crystal from colloidal particles
which behave as hard spheres.

Why are colloids so interesting? We have seen that they display a peculiar phase beha-
viour which is somewhat similar to the one observed in atomic and molecular systems, i.e.
the formation of different phases of matter. However, the length and the time scales at which
these phenomena happen are much larger than the ones involved in atomic systems. For this
reason colloidal suspensions are the perfect playground to investigate condensed matter prob-
lems, like phase transitions, crystallisation kinetics, structural defects and quasicrystals, at the
single particle level [15-17]. In other words colloids serve as model systems for several out-
standing physics topics.

What can we do with colloids? By exploiting their self-assembly, colloids can be employed
to make useful structures like, for instance, photonic crystals. A photonic crystal is a structure
with periodically varying dielectric constant (refractive index), where the spatial modulation is
of the order of the wavelength of the visible light (400-700 nm). A colloidal photonic crystal
therefore allows one to interact and control light in the visible range, leading to all sorts of
applications, including optical fibres, displays and switches, (bio-)sensing and bio-medical en-
gineering, and finally energy storage and security [18-29]. A classic example of a macroscopic
photonic crystal is the precious opal, the gem with the beautiful iridescences which are due
to the interaction of light with the particular substrate of the gem [30]. Nature also provides
us with several examples of photonic crystals, such as the ones found in the wings of some
butterflies and scales of beetles, and in some birds’ feathers [31-35].

Encode information
into colloidal bricks Us

e
self-assembly
> o —>

Get targeted
structure

microscopic macroscopic

>

Bottom-Up nanomaterial fabrication

Figure 1.2: Illustration of the colloidal LEGO paradigm. Note that the information to be encoded is in
general unknown beforehand.

In more general terms, colloids provide a mean to investigate the link between the macro-
scopic properties of a structure and its microscopic constituents. When we think of colloids as
basic building blocks of a certain structure, it is then natural to ask what the properties of that
structure will be if we change the building block and/or the mutual interactions between these
building blocks. Once we understand these links, then we can use colloidal self-assembly as a
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simple and inexpensive route to fabricate the structure of interest bottom-up. This approach is
nowadays known as colloidal LEGO [36], for obvious reasons, and it is exemplified in Fig. 1.2.
There is a huge potential in this strategy, however it is also a non trivial way to go, since we
do not know, a priori, which ingredients are needed to target a certain structure. This is the
reason why computer simulations are so useful in this field, because they allow for a simple
and (sometimes) fast way to scan the range of possible LEGO bricks and their interactions.
This thesis represents yet one more step in this direction, as we will show in the next chapters.
However, computer simulations are just one node of the colloidal science triangle, the other two
being represented by experiments and theory. Experiments serve both as final and fundamental
confirmation of the predictions made by theory and simulations, and to provide evidence of
novel phenomena. Theoretical predictions can have a further reach than computer simulations,
but still need to be tested and refined by numerical experiments. The fertile interaction between
these different nodes is what makes colloidal science a rather unique field of research.

1.2 Thermodynamics, geometry and energy

We have seen that, by encoding an amount of information into colloidal building blocks, it
is possible to fabricate a target structure via self-assembly. The phase resulting from the self-
assembly is, for the particular thermodynamic conditions imposed on the system (density and
temperature), the one minimising the (Helmholtz) free energy

F=U-TS (1.1

where U, S and T are the system internal energy, entropy and temperature, respectively. The en-
tropy is related to the number of microscopic realisations W that yield a particular macroscopic
configuration of the system via

S=kglnW (1.2)

with kg Boltzmann’s constant. What kind of information can be encoded into a colloidal
particle? In general, we can change its shape and the way it interacts with other particles. In the
following, we briefly introduce both approaches, also in view of the presented equations. For a
more systematic discussion on the possible features of colloidal particles, see Refs. [17, 37-43].

1.2.1 Hard particles

A system is called entropy-driven if its phase behaviour is dictated only by entropy. In entropy
driven systems, the phases that can be observed depend only on the particle shape, and on the
density of the system, whereas the temperature does not play any role. This is the case of
hard particle models, in which particles do not interact with each other except for instantaneous
elastic collisions. For two arbitrary objects O; and O, the hard-core interaction energy u is
given by

o~ if 07 and O 1
uHC(01702> _ if O ar.l > overlap (1.3)
0 otherwise

Classical examples of such systems are colloidal hard spheres which display the conventional
FCC crystal phase, but also rods, and discs, which additionally form plastic and liquid crys-
tal phases [14, 44-48]. In more recent years many other shapes have become available thanks
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to the advances in chemical synthesis: cubes [49], tetrahedra [50], truncated cubes [51], tet-
rapods [52], stars [53, 54], and superballs [55] are just a few examples of a steadily increas-
ing variety. The particle shape is among the most basic information that can be encoded into
colloidal particles, however studying the self-assembly of different particle shapes is far from
trivial. We investigate the phase behaviour of two different mixtures of hard particles in Ch. 5
and Ch. 6.

1.2.2 Interacting particles

In the case of particles interacting with one another, the balance between internal energy and
entropy determines the corresponding stable phases for a given density and temperature. Often,
an isotropic attraction between colloidal particles can be well described by a simple hard-core
square-well potential of a given range

oo ifrl'jSG
rij)=4—¢ if 6<r;j<c+A (1.4)
0 ifrijZG—f—A

MSW(

where r;; = ‘r i— r,-} is the center-to-center distance between particle i and particle j, o is the
particle diameter, € is the absolute attraction strength, and A is the attraction range. The phase
behaviour induced by such a potential is well-known, and we sketch it in Fig. 1.3 for sake
of completeness. The main differences with respect to hard particles is that, for low enough
temperatures, the interparticle attraction induces first a phase separation of the fluid phase into
gas and liquid, and then a phase separation between gas and crystal phases. The limit of hard
particles is recovered for high temperatures.

Temperature
Pressure
wn
—

Density Temperature

Figure 1.3: Phase diagrams of a system consisting of particles that interact with a sufficiently long-
ranged isotropic attraction as the one defined in Eq. 1.4. The labels G, L, and S stand for Gas, Liquid
and Solid phases, respectively. (left) Temperature—density plane. (right) Pressure-Temperature plane.
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1.2.3 Patchy particles

Isotropic interactions can usually target compact crystalline structures. However, in order to
self-assemble more open structures, it is advantageous to use anisotropic interactions. In this
framework, particles will interact with one another only at specific sites on their surfaces, which
are covered by interacting patches. These particles are often referred to as “patchy” particles. A
simple model for patchy particles is the so-called Kern-Frenkel (KF) model [56], named after
the scientists who investigated it first. It consists of a square-well attraction which is located
only at some specific spots of a particle. More details on this model can be found in Ref. [56].
In order to interact, two patchy particles must not only be close enough to one another, but
they must also have a specific orientation with respect to each other, i.e. some patches on the
respective particles have to face. A realisation of a tetrahedral patchy particle model is shown
for reference in Fig. 1.4.

Single particle Bound state Unbound state

Figure 1.4: Tetrahedral patchy particles in the Kern-Frenkel model. (left) Top view of a single patchy
particle. (middle) Bound state of two patchy particles. (right) Unbound state of two patchy particles.

Patchy particles can be used to stabilise, for instance, a diamond crystal structure (DC)
over an FCC or a fluid [57, 58]. This is interesting for applications because the DC is a very
promising photonic crystal [59, 60]. However, the experimental synthesis and control of patchy
particles of the KF kind are not as advanced as the theoretical studies yet, despite the stunning
progress that has recently been made [38, 40, 61-71].

A perhaps easier approach to give colloids directional interactions is to combine isotropic
attractions and geometrical constraints. For example, fusing together one attractive bead and
one non-interacting bead results in a particle which has already a directional interaction, since
nothing can attach from one specific side. So we can gain a directional attraction, but we have
to give up on the spherical particle shape. Note that this is hardly a compromise because, as
we have seen earlier in the section, the anisotropy in particle shape only widens the range of
possible target structures.

How can we make such colloidal particles? In the computer simulations this is rather easy,
as we only need to correctly model the particle geometry and then place a square-well attrac-
tion on a specific bead in the particle. In experiments, usually two ingredients are needed: the
depletion attraction, and a difference in surface roughness of the different beads. The depletion
attraction is an entropic force that arises between colloidal particles when they are mixed in a
solvent together with non-adsorbing polymers (also called depletants). Because the polymers
gain a huge amount of entropy if colloidal particles get close to one another, this will be the
preferred system configuration, thus the colloidal particles will have an effective isotropic at-
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Figure 1.5: Depletion attraction between particles with smooth surfaces and particles with rough sur-
faces.

traction with each other [72, 73]. The key to make this attraction site-specific is the surface
roughness difference. It has been recently demonstrated that the depletion attraction between
colloidal beads with a rough surface is much smaller than the one between colloidal beads with
a smooth surface [74-76]. Hence, by making a colloidal particle with beads that differ in surface
roughness and by adding depletants to the suspension, we create a system of particles with an-
isotropic shape and with site-specific, patchy, interactions [77-79]. This concept is illustrated
in Fig. 1.5. We study the phase behaviour of patchy particles and particles with site-specific
attractions in Ch. 2,3, and 4.

Another route to experimental patchy particles is to covalently coat colloidal particles with
complementary DNA strands [80-82]. The complementary DNA strands will provide the bind-
ing affinity, which is of the order of few kg7 per base pair. Inert DNA strands usually provide
steric stabilisation. The challenge here is to coat only specific areas of the colloids, so that their
interaction can be effectively considered directional [69]. Beautiful examples of self-assembly
of patchy DNA-coated colloids, displaying colloidal molecules in different configurations re-
sembling molecular orbitals, have been given in Ref. [67]. Although DNA-coated colloidal
particles are also a very appealing topic, in this thesis we did not study them, hence we refer the
interested reader to other works, such as Refs. [83, 84].
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1.3 Computational techniques

In this section we briefly discuss the main methods used in this thesis. In particular, we discuss
the Monte Carlo simulations in different ensembles, the calculation of the free energy of a
system via the thermodynamic integration method, and the calculation of the phase coexistence
in binary mixtures.

1.3.1 Monte Carlo simulations

Monte Carlo (MC) simulations allow one to sample the phase space of a many-particle system
and calculate its equilibrium properties. Let us consider a system in the canonical ensemble,
where the number of particles N, the volume V, and the temperature T are fixed. The Hamilto-
nian of the system depends on the particle positions r¥ and momenta p", and can be written

as
N
~ L

where U (rN ) is the system potential energy. The partition function in the canonical ensemble
reads

3 |5°~

(1.5)

Z(N,V,T) = N’hs.N/drNdp exp (—BH (r,p")) (1.6)

where 8 = 1/kgT, kg is the Boltzmann’s constant, and / is Planck’s constant. In this formalism,
the average of any observable & is given by

1/(NN) [ de¥apN & (eV,pV) exp (—BH (,pY))

(0) = .

1.7)

If the observable is a static quantity, it depends on the particle positions, but not on the particle
momenta. In this case — carrying out the integration over the momenta — the average simplifies

to
() = JdrN O (rN)exp (—BU (rV))
JdrVexp (=BU (rV))
However, even this simpler expression cannot be integrated directly due to the large number of
configurations that has to be sampled. The solution to this problem is to recognise that Eq. 1.8

is equivalent to a weighted average of & (rN ) according to a Boltzmann distribution. Hence, by
sampling system configurations that are Boltzmann-distributed, we can estimate (&) as

(1.8)

(0) = MZﬁ(rﬁj) (1.9)

where M is the total number of sampled configurations and rkN denotes the particle coordinates
in the k-th configuration. This is known as the Metropolis method, after the scientist who first
devised it [85, 86].

In practice, an MC simulation generates a Markov chain of random system configurations.
Starting with a given particle configuration rf}'l 4» @ new configuration is rlY, , obtained by ran-
domly displacing or rotating by a small amount a single random particle at once. This new
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configuration is accepted or rejected according to the Metropolis rule

acc (rf, —rl,,) = min(Lexp{—B [U (r},,) —U (r),)]}) (1.10)

If the move is rejected, the old configuration is restored and counted again, if instead the move
is accepted, the new configuration becomes the start for a new iteration. A schematic of this
process, for a system of hard disks, is given in Fig. 1.6.

trial check result
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Figure 1.6: Illustration of a Monte Carlo translation move. Starting with a given configuration, a change
in the position of one particle is attempted, and tested against the Metropolis condition. If the change is
rejected, the old state is restored, else the simulation continues with a new iteration.

Different MC moves and acceptance rules can be devised to simulate different statistical
ensembles. For instance, in the isobaric-isothermal ensemble — where the number of particles
N, the pressure P, and the temperature 7" are fixed — once can change the volume V' of the box
containing the particles and accept this move with probability

acc (Vorg — View) = min(1,exp{—p [AU + PAV —kgTN10g(Vyew /Voia)l}) (1.11)

The box in an NPT simulation can either have a fixed or a fluctuating shape. In the latter case
we talk about “floppy-box” Monte Carlo, or FBMC. The FBMC is used to simulate particles
in a stress-free environment, and additionally deals with crystal structures whose unit cell is
non cubic [87, 88]. In this case, moves that randomly change the three vectors spanning the
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simulation box need to be implemented, but the acceptance rule is the same as for an ordinary
NPT simulation. To simulate a system in the grand canonical ensemble, with fixed chemical
potential i, volume V, and temperature 7', one needs to try and insert or remove a single particle
from the simulation box. For an exhaustive description of these and other simulation methods,
see Refs. [89, 90].

1.3.2 Free-energy calculations

In order to draw the phase diagram of a particular system, we need to calculate the free energy
for different phases at different thermodynamic conditions and pick the phase with minimal
free energy. In the following we discuss the case of a system of hard particles. To calculate free
energies, we use the thermodynamic integration method, which relates the system equation of
state (EOS) P = P(p) to a free energy difference via

BF(p) _ BF(po)
N N

BP(p")
p/2

P
+ [ ap’ (1.12)
Po

which trivially follows from the the derivative of the free energy per particle with respect to the

density of the system
(_8F/N) = m (1.13)
ap p?
Therefore, all one needs to know in order to calculate the free energy of the system at a certain
density p is the free energy at a reference point pg and the EOS of the system. Thus, the main
focus is shifted to the calculation of the free energy at the specific reference point.

For the fluid phase, we can always start from a very low density, such that the particles
behave like an ideal gas, for which the free energy is analytically known.

For a crystal phase, the reference point cannot be set to the ideal gas, as the path would cross
the fluid-solid phase transition line. Instead, the reference point is set to an Einstein crystal,
which is a collection of harmonic oscillators regularly arranged. The free energy of an Einstein
crystal is also analytically known. To connect the Einstein crystal with potential energy U; and
the crystal of interest with potential energy Uj; one uses a fictitious potential which depends on
a switching parameter A

UL) = (1— 1)U+ AUy (1.14)

Here, the parameter A varies between 0 and 1 in such a way that when A = 0 we recover the
reference system with potential energy U, while when A = 1 we recover the system of interest
with potential energy Uj;. The free-energy difference along such a A-path is given by [90]

F(A=1)—F(L—=0) /foldz<ag<f)>l (1.15)

where (JU(A)/dA); can be obtained by an MC simulation. Once the free-energy curves as
function of the density are known for two phases, one can use the so called common tangent
construction to locate the phase coexistence boundaries. The common tangent construction, in
the context of binary mixtures, is discussed in the next section.
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1.3.3 Common tangent construction for binary mixtures

In the following, we briefly introduce the theory behind the common tangent construction
method to locate coexistence regions. We follow closely the derivation of Ref. [91]. Let us
consider a binary system of N; particles of type 1 and N, particles of type 2 at a pressure P and
temperature 7, with N = N + N,. The system’s Gibbs free energy G = (F + PV), is related to
the chemical potential of the two species via

G = G(N1,N2, P, T) = N1l +Na i (1.16)
so that a differential change in dG can be written as
dG = —SdT +VdP + 11dN; + tdN, (1.17)

It is useful to define the Gibbs free energy per particle as g = G/N and rewrite the above
equations as

g =xpi +(1—x)p (1.18)

dg = —sdT +vdP+ (1 — Up)dx (1.19)

from which we see that g depends on the pressure P, the temperature 7', and the composition of
the system x = N; /N, meaning g = g(x, P,T). Thus, G(N|,N»,P,T) = Ng(x,P,T), which is also
what we expect since the Gibbs free energy is an extensive quantity. In the single component
case, we see that the Gibbs free energy per particle coincides with the chemical potential of the

system.
Finally, we can rewrite the chemical potentials of both species as

G dg

o= (—) =g+(1-x) (—) (1.20)
IN/ ny P 9x ) pr
G dg

Mo = (—) Zg—X(—> (L.21)
N2/, e 9x/ pr

Now we turn to the conditions of thermodynamic equilibrium for two binary phases, say o
and B. The pressure, the temperature, and the chemical potential of each species must be equal
in both phases for the system to be at equilibrium, namely

p* = pB (1.22)
uf = pf (1.23)
u§ =uf (1.24)

The chemical equilibrium conditions Eq. 1.23 and 1.24 help us locating the coexistence curve.
In view of Eq. 1.20 and 1.21 we can rewrite them as

dg\* dg\P
) 129
X/ pr X/ pT
a (04
<x0‘—x5) (a_g) _ g% _gh (1.26)

which means that the coexistence points in the (g,x) plane have the same slope and they have a
common tangent. Graphically, this is shown in Fig. 1.7 for an arbitrary Gibbs free energy curve.
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Figure 1.7: Schematics of the common tangent construction between two phases & and f3: phase « is
stable for x < x%, phase f is stable for x > x and for x* < x < xP there is a phase coexistence region.

1.4 Scope of this thesis

The purpose of this thesis is to study the phase behaviour and the self-assembly of colloids with
anisotropic shape and anisotropic interactions using Monte Carlo simulations and the other
computational methods described in the previous sections. This thesis can be divided into two
parts.

Part I, consisting of Chapters 2, 3, and 4, deals with the self-assembly and fluid phase
behaviour of “patchy” particles and particles with site-specific attractions. Also, all the self-
assembly phenomena depicted in part I take place in a low density regime. In Chapter 2,
we study the structures that can be self-assembled by patchy colloidal dumbbells, dimers with
anisotropic interactions. In Chapter 3, we study the self-assembly products of the so-called
“Mickey Mouse” particles, which are trimers with an attractive inner bead and two repulsive
outer beads. We additionally compare our results to experiments performed on a colloidal
realisation of this system by Wolters and coworkers [79], and find a reasonable agreement,
given our simple simulation model. In Chapter 4, we study the gas-liquid phase separation
of “Mickey Mouse” particles and its interplay with the self-assembly behaviour observed in
Chapter 3.

Part II, consisting of Chapters 5 and 6, deals with the phase behaviour of two different
binary mixtures of hard particles. In Chapter 5, we study a mixture of hard spheres and hard
tetrahedral clusters of spheres. In particular, we show that this system could be used to target a
structural analogue of the MgCu, Laves phase, which can be turned into the Diamond crystal,
well-known as the “photonic champion”. In Chapter 6, we study a mixture of hard spheres
and hard icosahedral clusters of spheres. Specifically, we study the stability of the AB 5 crystal
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phase with respect to the fluid phase. All the structures studied in part II lie in the high density
regime.

The work presented in this thesis represents yet another step towards the understanding of
how complex shape and interaction influence the self-assembly of colloidal particles and how
this can be exploited to fabricate new functional materials.



Part 1

Particles with anisotropic shape and
interactions






Self-assembly of patchy colloidal
dumbbells

We employ Monte Carlo simulations to investigate the self-assembly of patchy colloidal dumb-
bells interacting via a modified Kern-Frenkel potential by probing the system concentration and
dumbbell shape. We consider dumbbells consisting of one attractive sphere with diameter o
and one repulsive sphere with diameter 6, and center-to-center distance d between the spheres.
For three different size ratios ¢ = 0»/0], we study the self-assembled structures for different
separations [ = 2d /(0 + 02) between the two spheres. In particular, we focus on structures that
can be assembled from the homogeneous fluid, as these might be of interest in experiments. We
use cluster order parameters to classify the shape of the formed structures. When the sizes of the
two spheres are almost equal, g = 1.035, we find that, upon increasing /, spherical micelles are
transformed to elongated micelles and finally to vesicles and bilayers. For size ratio ¢ = 1.25
we observe a continuously tunable transition from spherical to elongated micelles upon increas-
ing the sphere separation /. For size ratio ¢ = 0.95 we find bilayers and vesicles, plus faceted
polyhedra and liquid droplets. Our results identify key parameters to create colloidal vesicles
with attractive dumbbells in experiments.
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2.1 Introduction

Colloidal self-assembly refers to the self-organisation process of nano- to micrometer-sized
colloidal particles into larger structures [92]. This process can be used for the fabrication of
novel materials [65, 67, 93] and has potential applications in e.g. photonics [26, 59, 94, 95], food
industry [96, 97], and medicine [98—100]. The ability to guide the self-assembly allows for a
bottom-up approach to design and create specific materials. One way to achieve such guidance,
is to engineer colloidal particles with discrete, attractive patches at well-defined locations on
the surface of the particles [37]. As several tuning parameters can in principle affect the self-
assembly process, computer simulations provide an invaluable tool to explore the self-assembly
of patchy particle models.

One of the simplest patchy particle model is a sphere where one half is covered with an
attractive patch that can interact with a similar patch on another sphere. The self-assembly of
these so-called “Janus” particles has been investigated in computer simulations [43, 101] and
revealed the spontaneous formation of micelles and vesicles together with wrinkled sheets and
different crystal structures [102-105]. In addition to Janus particles, past computer simulation
studies have also investigated the effects of the number of patches and their surface distribution
[106-108], as well as the patch coverage fraction, patch shape and interaction range [57, 58,
109, 110] on the structure and the phase behaviour of patchy particles. On the experimental
side, patchy particles can be synthesised in a large variety of shapes and with different patchy
properties [42, 70, 111]. In some cases, the particles are already used to form complex ordered
structures, e.g. clusters [103, 112, 113] and Kagome lattices [66, 114].

While many patchy particle models have been investigated, most systematic studies have
focused on spherical colloids. Some studies have been performed on dumbbells with a selective
attraction on one of the spheres. Experimentally, patchy dumbbells can be realised by creating
a variation in the surface roughness between the two spheres [78]. By introducing a specific
amount of depletant to the system, a selective attraction between the smooth spheres of the
dumbbells can be created, whereas the rough spheres remain repulsive. As a result, dumbbells
can self-assemble into small clusters to form a micellar fluid. Previous theoretical works on
attractive dumbbells have confirmed the existence of a micellar fluid and also reported bilayer
formation [115]. Bilayer formation has also been observed in simulations of tangential hard
dumbbells with tunable attraction strength [116, 117]. However, spontaneous vesicles forma-
tion, which is found in molecular surfactants [118], remains unobserved at the level of computer
simulations of patchy colloidal dumbbells.

In this chapter, we use computer simulations to address the self-assembly of non-overlap-
ping patchy dumbbells with an interaction range of half the diameter of the attractive sphere.
This is considerably longer than the interaction range in most of the experiments with depletion
interactions [78, 79], but it is still realistic for e.g. nanoparticles or other types of interactions.
We show that there are regions in our parameter space where we observe vesicle formation.
Furthermore, we also observe structures which were previously reported, such as bilayers and
micelles. The formation of the different structures is achieved by varying the size ratio and the
sphere separation of the dumbbells, as well as the volume fraction of the system.
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2.2 Model and methods

In this section, we introduce the model definition and the method used to address the self-
assembly of dumbbell-shaped particles. The dumbbells are understood to interact with one
another and hereafter are referred to as “attractive” dumbbells. The details on how a single
dumbbell particle is built and how the attractive potential is defined are found in subsection
2.2.1, while the details on the simulation and analysis methods follow in subsections 2.2.2 and
2.2.3, respectively.

2.2.1 Geometry and interaction potential

Each dumbbell is assembled as follows: one attractive hard sphere of diameter o7 (red sphere in
Fig. 2.1) is placed at distance d from another non-interacting hard sphere of diameter o, (blue
sphere in Fig. 2.1) which acts as a steric constraint. Thus, the geometrical parameters are the
size ratio, ¢ = 0»/07, and the dimensionless sphere separation, / = 2d/(o} 4+ 02). When the
attractive hard sphere is completely buried within the hard sphere at [ = |0, — 01| /(01 + 02)
we simulate a Janus hard dumbbell, while for / = 1 we obtain a dumbbell consisting of tangent
hard spheres. Furthermore, each dumbbell carries a normalised orientation vector, €, pointing

Figure 2.1: Graphical representation of the geometry of one patchy dumbbell particle consisting of an
attractive sphere of type 1 (red) and a non-interacting hard sphere of type 2 (blue).

from the centre of the non-interacting hard sphere towards the attractive sphere. The interaction
between a pair of dumbbells i and j is the sum of an attractive and a repulsive contribution,
Ujj = M?}t + Lt?;p (21)
The attractive contribution, uy, is based on the Kern-Frenkel potential [56], but here we also
take into account the non spherical particle shape. The final form of the attractive patchy inter-
action reads,
SW 11\ rrall & A

ul = (rii ) f (P & &) (2.2)
where f’iljl is the normalised vector connecting the attractive spheres of dumbbells i and j,
r}jl = |rj,1 —7i,1| denotes the absolute centre-of-mass distance between the attractive spheres
of dumbbells i and j. The square-well interaction in Eq. 2.2 is defined as:

11

Y 0 forrll >o1+A
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where B = 1/kgT is the inverse temperature, kg the Boltzmann’s constant, € < 0 and A are the
square-well (SW) parameters representing, respectively, the interaction strength and range. The
orientational part gives directionality to the attractive potential and reads:

| if é,--f}jlzcosfS
)= and &;-7}} >cos (2.4)

0 otherwise

A A

Al
f(75 .88

The opening angle 0 depends on the geometry of the particle via the relation:

1

. 2 <2 492
ido, (05 —of —4d”) (2.5)

cosd =
and follows from trigonometry by connecting the centre of mass of the small attractive sphere
to the intersection point between the small attractive sphere and the larger non-interacting hard
sphere. As a consequence, the attractive spheres on two different dumbbells cannot interact
with each other through the volume of the non-interacting hard spheres.
Finally, the repulsive part assures that two hard dumbbells i and j do not overlap with each
other and reads:
WP =Y uS(|ria—r;p) (2.6)
o,f=1,2

where each hard-sphere contribution is given by:

HS _ Jeo if[ria—r;p| <0up
W (ria—rip|) = {() otherwise -

with 6, g = (0q + 0p)/2 representing the centre of mass distance at which sphere a and 3 are
1n contact.

A representation of two interacting dumbbells is given in Fig. 2.2, for two different values
of 0. Note that the attractive region (in orange) does not intersect with the non-interacting hard
sphere on the same dumbbell.

2.2.2 Monte Carlo simulations

We perform Monte Carlo simulations in the canonical ensemble (MC-NVT) with N = 1024
dumbbells in a volume V and temperature 7" with cubic periodic boundary conditions. We
define the volume fraction ¢ = pVpp inside the simulation box, where p = N/V denotes the
total number density, and Vpp is the volume of a single dumbbell. We employ single particle
translation and rotation moves [90] to explore the configurational phase space. The simulations
are 2 — 6 x 107 MC steps long, where a single MC step is defined as N attempted moves (either
translations or rotations). During the simulation equilibration time (half of the total simulation
length), the maximum displacement and the maximum angular change are periodically adjus-
ted to obtain acceptance ratios of 30% for both translational and rotational moves. After the
equilibration, the values are fixed.

Summing up, our model possesses a five-fold parameter space {¢,e,A/0y,1,q}, denoting
the volume fraction ¢, the well depth B €, the interaction range A/, the dimensionless distance



SELF-ASSEMBLY OF PATCHY COLLOIDAL DUMBBELLS 21

u)
.

Figure 2.2: Graphical representations of the interaction between a pair of patchy hard dumbbells in
two different cases. Top panel: dumbbells with size ratio ¢ = 0, /07 = 1.25 and dimensionless sphere
separation [ = 2d/(o; + 02) > 1/3, corresponding to 6 > 90°. Bottom panel: dumbbells with size
ratio ¢ = 6»/0; = 1.25 and dimensionless sphere separation [ = 2d /(o) + 03) < 1/3, corresponding
to 6 < 90° (bottom panel). The attractive spheres are denoted with red, the non-attractive spheres are
denoted with blue. The orange area represents the interaction range.

[ between the two spheres in the dumbbell, and the size ratio g between the non-interacting
hard sphere and the attractive sphere. Throughout this work, we fix the interaction strength
to Be = —3.58, which is sufficient to observe self-assembly [117]. For all our simulations,
we set the interaction range A = 0.507, to half the diameter of the attractive sphere in the
dumbbell, similar to the interaction range used previously to study Janus particles [102] and
patchy dumbbells [116, 117].

2.2.3 Structure classification via cluster analysis and order parameters

To compare the outcome of computer simulations for different parameters, we choose a system-
atic approach to analyse the final configuration of a simulation. To this end, we employ a cluster
analysis method and use three order parameters to classify the clusters. This approach is similar
to the one used in Ref. [115], except here we introduce an additional order parameter in order to
deal with the additional encountered structures. In Fig. 2.3 we show the typically encountered
aggregate shapes, found for patchy dumbbells with size ratio ¢ = 1.035: a spherical micelle (a),
an elongated micelle (b), a vesicle (c,d), and a bilayer (e,f).
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d) e) f)

Figure 2.3: Most common self-assembled structures found for patchy dumbbells with size ratio g =
1.035 at the end of the simulation runs: a) spherical micelle / = 0.08, b) elongated micelle / = 0.13, ¢)
vesicle / = 0.20, d) cut-through of a vesicle, e) and f) bilayers / = 0.28.

Figure 2.4: Example of the cluster analysis on the final configurations of different runs displaying (top
left) spherical micelles, (top right) vesicles, (bottom left) elongated micelles, (bottom right) bilayers. For
each panel, the simulation box is shown on the left and the analysis of the scene is shown on the right.
The colour code distinguishes different clusters. The analysis on the right shows the centre of mass of
each cluster in red, and for each dumbbell a green sphere and the orientation vector, with different colour
to distinguish different clusters.
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The procedure to identify and classify clusters is the following. First, we identify particles as
interacting neighbours if they have a mutual bond, i.e. they attract each other according to
Eq. 2.1. Then, a cluster is defined as a contiguous set of neighbouring particles. Examples of
clusters identified with this procedure are given in Fig. 2.4. For each cluster found in the final
configuration of a simulation run, we compute three cluster order parameters .#, % and ¥
defined as

1 X
M = E;cos 0; (2.8)
—_— 2 A. A. 2
@—NC<N0_1>(%(& &) (2.9)
1Y
V= ]72(1 —sin 6;) (2.10)

¢i=1
where N is the number of dumbbells in the cluster and }.(;;) denotes the sum over all particle
pairs in a cluster. The quantity cos 6; is defined as

Tem — T

cos@;, = §; - (2.11)

|"'cm_7°i|

with 7., denoting the centre of mass of the cluster, ; indicating the centre of mass of dumbbell
i and &; labelling the orientation of dumbbell i.

Label Symbol .# B 4

Spherical Micelle .' >0.9 - -

Elongated Micelle <09 <04 -
Vesicle ‘- <0.5 - > 0.5
Bilayer <05 >04 —

Liquid Droplet & <05 - €][0.3,05]

Other ‘

Table 2.1: Criteria used to identify and label different clusters. Dash means the corresponding order
parameter was not used for that particular label. If the clusters do not match any of the first five criteria,
then they are classified as “Other”.

For a perfectly spherical micelle we have .# = 1, whereas & = 1 for a bilayer, i.e. a
collection of dumbbells that are aligned either perfectly parallel or anti-parallel with respect to
each other. To further discriminate the structures, 7 detects whether particles are not oriented
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perpendicular with respect to the vector connecting them to the centre of mass of the clusters.
For infinitely long and flat bilayers, #” would be low as the particles are oriented orthogonally
to the vector connecting them to the centre of mass of the cluster.

We found the criteria in Table 2.1 appropriate to classify the shape of the clusters (more
details can be found in Sec. 2.2.3.1). According to this classification, clusters cannot fall under
multiple categories. Furthermore, when two or more symbols are found together, it means that
at least 20% of the clusters belonged to the corresponding category. Although we rely on the
automated classification method, we also use direct visual inspection as a consistency check. If
we find disagreement between the two methods, visual inspection will be preferred. This case
happens rarely and it will be explicitly mentioned in the captions of the following figures.

Using the depicted classification scheme, we can now map out, for varying size ratio g, the
self-assembly state diagrams for patchy dumbbells in the sphere separation /—volume fraction
¢ representation.

2.2.3.1 Details on the structure classification

In order to identify and classify the self-assembled structures obtained for patchy dumbbells,
we employ the order parameters .#, 7 and # as defined in Eq. 2.8, 2.9 and 2.10. In Fig. 2.5
we show the space of the order parameter values (.#, 7", %) for clusters of patchy dumbbells
for all the size ratios g, all the sphere separations /, and all the packing fractions ¢ that we
considered in this study. Here, we consider all the results together for classification purposes.

Figure 2.5: Scatter plot of the values of the order parameters in the (#',.# ) plane for all the different
size ratios considered in this work (¢ = 1.035, g = 1.25, ¢ = 0.95). Colour code and marker size stand
for, respectively, the %4 parameter and the size of the cluster (see text). The following main structures can
be identified: vesicles (region “a”), elongated micelles (region “b” and “d”), spherical micelles (region
“c”), and bilayers (region “d”). Faceted polyhedra and liquid droplets fall both into region “e” of the
diagram.
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In the x — y plane we have the (¥',.#') parameters, while the 2 parameter is used to colour
code the markers. Additionally, markers of three different sizes have been used to encode the
cluster size information in the plot (small dots N, € [0,75], medium dots N, € [76,260], large
dots N, € [261,1024]), in order to enhance its readability. We complement the plot in Fig.
2.5 with insets containing snapshots of the typical configurations in different regions of the
diagram. We partition the diagram in different areas according to the values of the cluster order
parameters, and we label them from “a” through “e”. The three main regions in the diagram,
form the vesicle (a), the micellar (b, ¢ and partially d) and the bilayer regime (d). The micellar
regime transforms continuously from elongated micelles at low .# to more spherical micelles
with increasing .#, and is identified by the main sequence in the diagram. Here, we have used
a threshold value of .#Z > 0.9 to label aggregates as spherical micelles. The low-%', low-.#
area (d) encloses large aggregates with high degree of orientational order (% parameter) — the
bilayer-like aggregates — as well as smaller elongated micelles with a low value of Z. Somewhat
in between the vesicles and the bilayer regimes, liquid-like droplets as well as faceted polyhedra
are observed (partition €). Note that, as Fig. 2.5 is a cumulative diagram, not all the structures
are present in every size ratio considered, but rather each size ratio contributes differently to
the areas in the diagram. While we could make as many diagrams as size ratios considered, we
prefer to have a global and unique way of detecting different kinds of aggregates.
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2.3 Results

We have investigated the self-assembly of patchy dumbbells for three different size ratios, ¢ =
1.035, g = 1.25 and g = 0.95. For each case, we have classified the structures according to the
order parameters introduced in Sec. 2.2.3.

For g = 1.035, we observe a remarkably rich self-assembly behaviour, including the form-
ation of micellar structures ranging from spherical to non-spherical shape. In addition, we also
find vesicles and bilayers (see Fig. 2.6). Note that for the micelles (Fig. 2.6 top panels) the
attractive spheres point inwards, whereas for the vesicles and the bilayers the dumbbells form
a double-layer where a part of the attractive spheres points inwards and the other part of them
outwards.

Figure 2.6: Typical simulation snapshots for patchy dumbbells with size ratio ¢ = 1.035 for different
values of volume fraction ¢ and sphere separation /. Top left: spherical micelles at (¢ = 0.03,/ = 0.05).
Top right: elongated micelles at (¢ = 0.03,/ = 0.14). Bottom left: vesicles at (¢ = 0.035,/ = 0.175).
Bottom right: bilayers at (¢ = 0.008,/ = 0.34).

The self-assembly state diagram for patchy dumbbells with size ratio g = 1.035 as a function
of volume fraction ¢ and dimensionless sphere separation / is shown in Fig. 2.7. We find that the
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Figure 2.7: State diagram of patchy colloidal dumbbells for size ratio ¢ = 1.035, interaction strength
Be = —3.58 and interaction range A = 0.507 in the sphere separation [ = 2d /(0] + 02)-volume fraction
¢ representation. The green-shaded circles indicate the state points chosen to investigate the stability of
the vesicles with respect to the bilayers.

transition from one regime to the other is fully determined by the sphere separation /: micelles
are observed for small separations / when the attraction is more directional, whereas bilayers are
found for large separations /, i.e., when the patchy interaction is less directional and the steric
constraint by the non-interacting hard sphere of the dumbbell becomes more apparent. For
intermediate separations, we find vesicles which are favoured due to a delicate balance between
the directionality of the attraction and the geometric anisotropy of the particle.

For two state points, [(I = 0.23,¢ = 0.007),(/ =0.19,¢ = 0.14)] we find that both bilayers
and vesicles form in the simulation box. On increasing simulation time, we observe that the
vesicles are not stable when the size of the cluster is well below N. = 90 and that in this case
they open up to become small bilayer sheets. On the contrary, if the size of the vesicles is above
N. =90 they do not break up. However, as this behaviour is inferred by analysing configurations
in the MC-NVT simulations, it might be interesting to check the observation with explicit free-
energy calculations using grand-canonical Monte Carlo simulations of single clusters as used in
Refs. [78, 105]. To understand the relevance of the observed structures, it is worth mentioning
that vesicles can be employed as drug containers in drug delivery processes [119-121], while
the bilayers offer the possibility of building large two-dimensional colloidal structures from
very simple building blocks, which can be useful for application in photonics [122].

As we turn to size ratio g = 1.25 for which the state diagram is shown in Fig. 2.8, we observe
that, with respect to the size ratio g = 1.035, the micellar region has grown at the expense of
the vesicle and bilayer regime. Additionally, for small sphere separations we observe a regime
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Figure 2.8: State diagram of patchy colloidal dumbbells for size ratio g = 1.25, interaction strength
Be = —3.58 and interaction range A = 0.50 in the sphere separation / = 2d /(o) + 02)-volume fraction
¢ representation. The crosses indicate the regime where aggregation is not relevant.

where the total number of aggregated particles is smaller than the number of free monomers
(denoted with crosses in the figure). The size of this regime decreases upon increasing the
volume fraction. The bilayers can only be found at high volume fractions and high sphere sep-
arations. However, we do observe elongated micelles which have bilayer-like characteristics,
close to the points where bilayers are observed. We additionally compute the cluster size distri-
bution for ¢ = 1.25 for different values of sphere separation /, but all at the same number density
p613 = 0.1 (note however that the volume slightly changes as the two spheres of the dumbbell
become more separate upon increasing /). This is defined as the number ny, of clusters con-
sisting of N, dumbbells, divided by the box volume V. The cluster size distributions as shown
in Fig. 2.9 for patchy dumbbells with a size ratio ¢ = 1.25 are strongly peaked, with the peak
shifting to higher cluster sizes upon increasing the sphere separation /. Indeed, in this regime
where micellar clusters form, the radius of curvature of a cluster becomes larger as the particles
become more elongated, in turn allowing the clusters to grow larger. It is interesting to compare
our results to Ref. [115]. The size ratio here considered, g = 1.25, is the closest value we have
to the lowest value considered in that work (¢ = 1.4), while their sphere separation in terms of
I =2d/(o) + 0,) reads [ = 0.53. For these conditions, our estimate of the average cluster size
(N¢) is 30 times higher than the one in Ref. [115]. The reason for this large difference is two-
fold: firstly, the size ratio considered in Ref. [115] is already 12% larger than ours, secondly
— and more importantly — the interaction range considered in this work (A = 0.507) is three
times as large as the one considered in Ref. [115]. Indeed, when we performed simulations
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with ¢ = 1.4 and shorter interaction range (A = 0.1507) similar values were obtained for the
average cluster size, being (N;) ~ 9 in this work and (N,) ~ 7 in Ref. [115].
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Figure 2.9: Cluster size distribution p(N,.) = ny,/V as a function of the number of particles N, in a
cluster for patchy colloidal dumbbells with size ratio ¢ = 1.25, interaction strength & = —3.58, inter-
action range A = 0.507, and varying sphere separation / and volume fraction ¢ as labelled.

For size ratio ¢ = 1.035 and ¢ = 1.25, and for small values of the sphere separation /, a
comparison can be made with the case of spherical patchy particles with low surface coverage
[104]. In view of this context, the size ratio ¢ = 1.035 and the sphere separation / < 0.1 would
correspond to a patch surface coverage of ¥ = 0.4. In this case, our model and the one in
Ref. [104] yield the same self-assembled structures, i.e. micelles, on all the volume fractions
investigated in this work.

Finally, we have also investigated patchy dumbbells with size ratio ¢ = 6,/0; = 0.95, where
the non-interacting hard sphere is smaller than the attractive sphere. The corresponding state
diagram for different values of ¢ and [ is given in Fig. 2.10. The formation of bilayers is ob-
served for most sphere separations. For larger separations, the formation of vesicles is observed.
Note that this region is located at a different range of separations with respect to the size ratio
g = 1.035. While the size of the vesicles for size ratio ¢ = 0.95 is up to 10 times larger than the
one found for g = 1.035, both fall into the correct classification category, given by the ¥ order
parameter.

Interestingly, we also observe the formation of faceted polyhedra (see Fig. 2.11), which
were also found in Ref. [115, 123]. In addition, we observe the formation of liquid droplets
[123] — disordered, liquid-like, aggregates of particles which is to be expected as in the limit
[ — 0 and g — 1, the system reduces to a square-well fluid at a state point that lies well-inside
the two-phase gas-liquid coexistence region [124].
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Figure 2.10: State diagram of patchy colloidal dumbbells for size ratio ¢ = 0.95, interaction strength
P& = —3.58 and interaction range A = 0.50; in the sphere separation / = 2d /(0 + 02)-volume fraction
¢ representation. The green-shaded region signals, for the state points inside it, the presence of faceted
polyhedra in addition to the reported structures. The classification of five state points in the diagram has
changed due to visual inspection.

&

Figure 2.11: Typical final configurations for patchy colloidal dumbbells with a size ratio g = 0.95,
interaction strength f& = —3.58, interaction range A = 0.50;. Left panel: Liquid droplets at packing
fraction ¢ = 0.005 and sphere separation / = 0.06. Middle panel: faceted polyhedra at packing fraction
¢ = 0.028 and sphere separation [ = 0.08. Right panel: vesicles at packing fraction ¢ = 0.008 and sphere
separation [ = 0.46.
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From the order parameter analysis, liquid droplets and faceted polyhedra look very similar.
To distinguish between them, we calculate the orientation probability distribution function P(&; -
&;), for a set of neighbouring particles i and j, all belonging to the same cluster (Fig. 2.12).
While it is clear that pairs of dumbbells inside faceted polyhedra and vesicles have a strong
tendency to be aligned or counter-aligned with respect to each other, the liquid droplets display
a more isotropic distribution as the dumbbells are oriented more randomly with respect to each
other.

Upon increasing the sphere separation, at low volume fractions, we observe a transition
from liquid droplets to faceted polyhedra to bilayers that is similar to what has been reported
in a previous work on amphiphilic spherical Janus colloids [123]. For small sphere separations,
this comparison is justified, since here in both cases the particles are approximately spherical.
However, as the sphere separation increases the shape of our dumbbells becomes very different
from spheres, explaining why the vesicles are not found in Ref. [123].

Liquid Droplet ¢ Polyhedron + Vesicle

Figure 2.12: Orientation probability distribution function for the representative aggregate type: faceted
polyhedron, vesicle and liquid droplet. While faceted polyhedra and vesicles show a similar degree
of orientational ordering of the neighbouring particles, the disordered liquid droplets exhibit a more
isotropic distribution. The solid lines are least-square fits to a double exponential function.

The comparison with the state diagrams for ¢ = 1.035 and g = 1.25 suggests that bilayers
are the most frequently encountered structures for size ratio g = 0.95. For size ratio g = 1.035
the bilayers already become less dominant at larger sphere separations, at the cost of other
structures such as vesicles and spherical micelles. For size ratio g = 1.25 the bilayers are only
present in a small range of volume fractions, leaving more room for the formation of elongated
and spherical micelles.
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2.4 Conclusions

We have performed Monte Carlo simulations on patchy colloidal dumbbells consisting of one
hard attractive sphere and one hard non-interacting sphere. To model the patchy interactions
between the attractive spheres, we have extended the Kern-Frenkel potential to the case of
non-spherical particles. In particular, we have investigated the effect of varying the size ratio
g = 02/0 between the two hard spheres of the dumbbell, and the distance between them,
characterised by the sphere separation /. Starting from a fluid, we have observed the formation
of spherical and elongated micelles, vesicles and bilayers. In order to compare the outcome
of the simulations for our entire parameter space, we employ order parameters to identify and
distinguish the clusters inside the simulation box.

To summarise, we have investigated the effect of changing the sphere separation [ for three
different size ratios ¢ = 1.035, ¢ = 1.25 and ¢ = 0.95, and for volume fractions ranging between
0 and 0.25.

For size ratio ¢ = 1.035 we have observed the largest variety of structures. While micelles
form for small sphere separations, and bilayers for high sphere separations, the formation of
vesicles is limited to a very limited region of sphere separations. We speculate that this is due to
a balance between interaction directionality and particle geometry and it would be interesting
to study this further using free-energy calculations.

For size ratio ¢ = 1.25, upon increasing the sphere separation /, the structures change from
spherical micelles to elongated micelles, and ultimately - at sufficiently high volume fractions
- to bilayers. In this case, no vesicle formation was observed, suggesting that the system is
sensitive to small changes in particle geometry.

Finally, for the last investigated case, where the size ratio g = 0.95, we found bilayer form-
ation on a wide range of sphere separations and volume fractions. We also found hollow struc-
tures such as vesicles and faceted polyhedra and occasionally droplet-like structures where the
particles are clustered together with random particle orientations. Comparison with the state
diagrams for ¢ = 1.035 and g = 1.25 suggests that the size ratio is an important factor in stabil-
ising the bilayers with respect to vesicles and micelles.

In another paper on patchy Janus particles [123] a transition is reported in simulations from
liquid droplets to faceted polyhedra to bilayers, which is similar to what we observe for size
ratio ¢ = 0.95 and small sphere separations, while Ref. [115] gives an estimate for the average
cluster size consistent with ours, once we use similar geometric and interaction parameters.

This chapter illustrates how a variety of different structures, some of them particularly relev-
ant for applications [122, 125-127] such as hollow vesicles and bilayers, can be formed starting
from patchy dumbbells with attractive interactions. The work also shows that many of these
structures can be well characterised using cluster order parameters. It also suggests that in
experiments the structures might be very sensitive to variations in particle geometry, which is
the case in for example, polydisperse systems. In particular, this information is useful when
designing particles that can form hollow vesicles that can be useful in drug delivery or colloidal
surfactants. It would be interesting to perform a more detailed study focusing on this topic,
ideally combined with experiments. Finally, in this chapter we have focused on relatively low
volume fractions where no crystallisation takes place. The formation of crystals, some of which
might have interesting photonic properties, could also be topic of a follow-up study.
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Self-assembly of “Mickey Mouse”
shaped colloids into tube-like structures

The self-assembly of anisotropic patchy particles with triangular shape was studied by computer
simulations and compared to experiments. The colloidal particles consist of a central smooth
lobe connected to two rough lobes at an angle of ~90°, resembling the shape of a “‘Mickey
Mouse” head. Due to the difference in overlap volume, adding an appropriate depletant induces
an attractive interaction between the smooth lobes of the colloids only, while the two rough
lobes act as steric constraints.

The essentially planar geometry of the “Mickey Mouse” particles is a first geometric de-
viation of dumbbell shaped patchy particles. This new geometry is expected to form one-
dimensional tube-like structures rather than spherical, essentially zero-dimensional micelles.
At sufficiently strong attractions, we indeed find tube-like structures with the sticky lobes at the
core and the non-sticky lobes pointing out as steric constraints that limit the growth to one dir-
ection, providing the tubes with a well-defined diameter but variable length both in experiments
and simulations. In the simulations, we found that the internal structure of the tubular fragments
could either be straight or twisted into so-called Bernal spirals.
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3.1 Introduction

The geometry of a self-assembled object is expected to depend on the shape and specific in-
teractions of the individual building blocks [128, 129]. This is seen for instance in systems of
surfactants, where the geometry of the surfactant molecules determines the geometry of the mi-
celles they form [130]. Similarly, conical dendrons are found to form spherical supramolecular
dendrimers, whereas flat, tapered dendrons form cylindrical dendrimers [131]. By changing
the shape-anisotropy of the colloidal building blocks with attractive and non-attractive patches,
we can tune the directionality of the interactions for colloidal self-assembly. In this chapter,
we investigate the self-assembly of colloidal building blocks consisting of one sticky and two
non-sticky lobes in a triangular conformation. Since the second non-sticky lobe provides our
particles with a planar rather than conical geometry, we expect these particles to induce the
formation of cylindrical aggregates.

There are several ways to introduce specific interactions to colloidal particles. Spherical
particles with a single attractive patch, also called Janus particles, can be made by templated
surface modification [132, 133] and have been found to form small clusters and chain-like ag-
gregates [132, 134]. This synthesis method can be extended to multiblock particles, introducing
additional attractive patches [135], allowing for the formation of for instance Kagome lattices
in 2D upon sedimentation [136]. Another way to introduce attractive patches to spherical col-
loids is by making use of complementary strands of DNA. This method was employed by Pine
and co-workers [137] in a multi-step synthesis method to create particles with up to four well-
defined sticky patches, mimicking molecular bonds and forming the colloidal equivalent of
molecules. Since these systems are based on spherical particles, self-assembly is based on the
topology of attractive patches on the particles and not on the particle shape.

In addition to changing the topology of attractive patches on the surface, interaction can also
be made directional by altering the shape of the particle such that it becomes non-spherical.
A good example of this shape-anisotropy are dumbbell-shaped colloids that can be used as
building blocks for colloidal self-assembly. Such particles can be produced in bulk by forming
a protrusion on a polymer seed particle using seeded emulsion polymerization [138—143] and if
the two sides of such a particle are chemically different [140, 142—144], this difference can be
used to induce specific interactions to either lobe of the dumbbell.

Because it is easier to tune the shape and interaction of particles in simulations, a lot of
exploratory simulation work on the self-assembly behaviour of patchy dumbbell and Janus
particles has already preceded the experiments, finding finite sized micelle-like clusters [145—
148] and vesicles, tubular, lamellar and crystalline equilibrium phases [149-154]. However,
even if such particles can be synthesized, their specific interactions are usually short-ranged
and strong, so not all structures predicted by simulations can be achieved experimentally.

Recently, Kraft ef al. [155] introduced specific interactions in a system of asymmetric dumb-
bells by site-specific surface roughness. Upon addition of a depletant, only the smaller smooth
lobe of the particle became attractive, which resulted in finite sized, spherical micelle-like
clusters.

In this chapter, we present a simulation study on the so-called “Mickey Mouse” (MM).
These particles consist of a smooth lobe that becomes attractive in the presence of a depletant
and two rough lobes, at an angle close to 90° , that remain non-attractive (Fig. 3.1). These
two non-attractive lobes provide the particles with a planar geometry and give directionality to
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the attractions between the smooth lobes in such a way that they are expected to form long,
one-dimensional tube-like structures that rarely branch.

To investigate the effect of particle concentration and interaction strength on the resulting
structures, we use Monte Carlo computer simulations. From this study, it becomes clear that the
unique geometry of the particles indeed causes the formation of elongated tube-like structures
with a well-defined diameter. Our simulation results agree well with the experimental oberva-
tions reported in Ref. [79]. However, from the experiments it also becomes clear that the sticky
nature of the interaction also seem to prevent the system from converging to its ground state.

3.2 Model and methods

In the computer simulations, only the essential features of the experimental system as studied
in Ref. [79] were modelled. This allows us to retain the essential physics, but disregard all the
obvious complications of the experimental system. In particular, the particle geometry and the
particle-particle interaction are the main features in our computational study. Fig. 3.1 shows the
model of an MM particle geometry and interaction, together with an SEM picture of the actual
particles used in the experiments of Ref. [79].

Figure 3.1: (left) Model of an MM particle: the smooth lobe is represented by a hard sphere of diameter
Os, the two rough lobes are represented by hard spheres of diameter 6,. The interaction between the
smooth lobes of two different MM particles is modelled by a square-well potential of range A. (right)
SEM micrograph of the isolated MM particles.

In the simulations, an MM particle is represented by an aggregate of three spheres, one
central sphere with diameter og which represents the smooth lobe, and on either side of it two
smaller spheres with diameter o, mimicking the rough lobes. The depletion attraction between
two smooth lobes i and j of two different MM particles is described by a square-well interaction,

rij) = e if os< rij < Og +A (3.1
0 if r,-j>0's-|—A

MSW(
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where € < 0 denotes the depth of the well, and A = 0.0205 is the range of the interaction. The
rough lobes of the particles were treated as non-overlapping hard bodies, where the interaction
between two rough lobes k and m of two different particles is described with a hard-sphere
potential,

HS . oo if Tim < Or
u (rkm)_{ 0 if r >0 (3.2)

Note that, in spite of using a spherically symmetric potential for the attractions, the total particle-
particle interaction is not invariant under rotations, due to the steric constraint of the rough
lobes.

We performed Monte Carlo (MC) simulations in the canonical ensemble (MC-NVT) with
N =256 or N = 1024 MM particles in a volume V and a temperature 7', employing single
particle translations and rotations [90] to explore the configurational phase space. The simula-
tions were 1 —7 x 108 MC steps long, where a single Monte Carlo step is defined as N attemp-
ted moves (either translations or rotations). In order to speed up the simulations, we have also
devised cluster moves, where a cluster of particles is first identified and then displaced. This
cluster move is somewhat simpler than the geometric cluster move discussed in Refs. [156, 157],
and it is expected to fail for intermediate to high densities. However, for the purpose of our in-
vestigation, we did not encounter such a difficulty.

We investigated the effect of varying the packing fraction ¢ = pvypy (where p = N/V and
vMmM is the volume of a single particle) and the interaction energy B e (here f = 1/kgT denotes
the inverse temperature with kg Boltzmann’s constant and 7 the temperature), while the other
parameters in the model were fixed to match the experimental system as closely as possible. The
simulation results are analysed using a cluster analysis. For this, MM particles are identified
as interacting neighbours that have at least one mutual bond, i.e. the distance between their
attractive lobes is less than the square-well interaction range. Subsequently, a cluster is defined
as a contiguous set of neighbouring particles. The cluster analysis allows us to compute for
each interaction strength the concentration of free particles in the system, as well as the number
of bonds per particle in the clusters.

3.3 Results and discussion

In the following section, we present the results obtained from simulations which we then com-
pare to the experiments performed in Ref. [79].

3.3.1 Self-assembly of clusters and tubes

The simulations in the NV T ensemble run for at least 103 MC steps up to seven times as much.
Note that the maximum translational and rotational displacements are kept fixed from the begin-
ning, and not adjusted to yield a preset acceptance rate. We fix the square-well width to the short
range value of A = 0.020;, because of the short ranged attraction achieved in the experiments
of Ref. [79]. We investigate four different packing fractions, namely @paticles = 0.007, 0.01,
0.014, 0.018. For each packing fraction, we vary the square-well depth € between —3.0kgT
and —12.0kgT in steps of —0.5kgT. During the simulations, we monitor the mean energy per
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particle, which immediately gives us information on the degree of self-assembly in the system,
while we obtain the probability of observing a cluster with N, particles during post-processing.

The evolution of the mean energy per particle against the number of Monte Carlo Steps
(MCS), shown in Fig. 3.2 a representative packing fraction @paricles = 0.01, displays a char-
acteristic sigmoidal shape, with a decreasingly marked plateau as the square-well interaction
becomes more attractive. Based on the behaviour of the internal energy of the system, as well
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Figure 3.2: Behaviour of the mean energy per particle U/N¢ as function of the Monte Carlo Steps
(MCS) for packing fraction @paricles = 0.01.

as on the visual inspection of the final configurations of the system, we can roughly divide the
simulation results in three broad categories:

1. Gas of MM particles. For interaction strengths fe € [—3.5,—6.0], the MM particles
show no or little self-assembly, and the internal energy of the system is less than —0.5kg 7T .

2. Cluster phase. For interaction strengths &€ = —6.5, —7.0, and —7.5 the MM particles
form a stable cluster phase in equilibrium with a gas of MM particles. In this particular
phase, the internal energy of the system gives results between —1.0kg7 and —2.0kgT,
depending on the interaction strength.

3. Formation of tube-like structures. When the attraction between particles crosses f& =
—8.0 or lower, we observe the spontaneous self-assembly of elongated, tube-like struc-
tures, at which we will look more carefully in the next sections.

In Fig. 3.3, by using the snapshots of the final configurations, we present a visual sum-
mary of the behaviour of the system for increasing interparticle attraction. We will see that the
experimental realisation of this system shows a similar kind of behaviour.

It is interesting to look at the effects of interaction strength and packing fraction on the
probability of finding a cluster with N, particles, as shown in Fig. 3.4. On the left panel, we see
that the cluster size distribution develops a peak around N, ~ 10 upon increasing the attraction
strength. We also see that the peak develops starting from € = —6.5 and above this strength,
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Figure 3.3: Behaviour of the system, for a fixed, representative packing fraction of @paricles = 0.01,
with increasing interaction strength. We observe the self-assembly of clusters around f& = —7.0 and of
tube-like structures for fe < —8.0.

the system is in a gas-like state. On the right panel, we observe that the packing fraction does not
have a large influence on the self-assembly of the system, as the main peak of the distribution
is not shifted towards higher values.
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Figure 3.4: Probability distribution function P(N,) of observing a cluster with N, MM particles. (left) At
a fixed packing fraction @paricies = 0.007, a peak develops in P(N,) around N, ~ 10. (right) The position
of the main peak in P(N,) is not affected by the different packing fraction investigated.

The cluster size distribution of the system also undergoes changes when we enter the region
where tubes start forming. In particular, from Fig. 3.5, not only the main peak is broader,
including sizes up to N, ~ 30, but we also find a significant fraction of clusters as large as
N, ~ 40. Moreover, the fraction of free MM particles drastically reduces going from e = —7.0
(clusters) to e = —9.0 (tubes).

The average number of bonds per particle (n) was also calculated for all the different pack-
ing fractions and interaction strengths investigated, and is shown in Fig. 3.6. Two things are
particularly interesting here: firstly, we see how sharp is the transition from the gas of MM
particles, with less than a bond per particle (for & € [—3.5,—6.0]), to tube like structures, start-
ing at f& = —8.0. The self-assembly of the system happens in a narrow window of ~ 2.0kg 7. In
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Figure 3.5: Probability distribution function P(N,) of observing a cluster with N, MM particles. (left)
At a fixed packing fraction @paricles = 0.01 and for an interaction strength of Be = —9.0, the distribution
presents a large main peak, including sizes up to N, ~ 30, and a second peak at N, ~ 40. (right) In
comparison to the case of cluster formation, significantly larger cluster sizes come into play, and the
fraction of free monomers decreases.

between these two cases, we find the stable cluster phase, characterised by intermediate values
of the number of bonds per particle. Secondly, once the tube structures are formed, increasing
further the attraction between particles does not lead to an increase of number of bonds per
particle, which levels off at a value of (n) ~ 5. Moreover, the behaviour is conserved across the
different packing fractions investigated in this work.
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Figure 3.6: Average number of bonds per particle (n) as function of the absolute interaction strength

|B€|. The transition between the gas of MM particles and the tube-like structures is found to be rather
sharp, taking place on a range of just ~ 2.0kg7. We find that (n) ~ 5 for the tube structures.
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3.3.2 Tube morphology

From the final configurations in the computer simulations, we analysed the structure of the tube-
like clusters in more detail. We found that the particles can be stacked in two different ways,
resulting either in straight or spiral-like tube structures. Both of these structures occur next to
each other in the simulation box, and we even found tubes that were partially made up of one
structure and partially of the other one.

Figure 3.7: Straight tubular structure with the lowest binding energy found in computer simulations.
The smooth lobes are shown in blue, the steric ears are shown in red. (a:) top-view showing the Mickey
Mouse particles (b-c:) side-views as seen from the directions denoted in (a) (d:) representation of the
structure showing the bonds between the MM particles as sticks, for the same viewing angles as in (a)
and (b). The mickey mouse particles are located at the vertexes. The numbers denote the number of
connections for each vertex.

An example of a straight tube-like structure is shown in Fig. 3.7a-c. For each viewing angle,
the entire MM particles or only the smooth lobes are shown. The smooth lobes on the inside
form a closely packed backbone, whereas the steric ears are all located on the outside and shield
the backbone, thus preventing branching of the structure. In Fig. 3.7d the bonds between the
smooth spheres of the MM particles are depicted as sticks. It can be seen that the bonds form
a framework of octahedrons with tetrahedrons in between. The MM particles located at the
vertexes of the square of the octahedron form 7 bonds with surrounding particles, whereas the
particles on the top ends of the octahedrons are connected with 6 bonds, making up for an
average of 6.5 bonds per particle. In addition to the NVT simulations, we performed Monte
Carlo simulations in which a small number of MM particles was compressed in a rectangular
box whose 3 lattice vectors were free to change independently. From this, it appeared that the
straight tube is the ground state structure with the maximum number of bonds per particle.

In addition to straight tubes, the MM particles can also be stacked in a spiral-like fashion, as
is shown in Fig. 3.8. In Fig. 3.8a-b, top and side views of a spiral observed in computer simu-
lations are shown. The framework of bonds making up the structure is shown in Fig. 3.8c,
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Figure 3.8: Tubes with the structure of a Bernal spiral found in computer simulations. The smooth lobes
are shown in blue, the steric ears are shown in red. (a:) top-view showing the Mickey Mouse particles
(b:) side-views as seen from the directions denoted in (a) (c:) representation of the structure showing the
bonds between the MM particles as sticks, for the same viewing angles as in (a) and (b). The mickey
mouse particles are located at the vertexes. The numbers denote the number of connections for each
vertex.

revealing a repeated structure of connected face-sharing tetrahedra also known as a Bernal
spiral [158] or Boerdijk-Coxeter helix [159, 160]. In a perfect spiral, each particle is bound
to six neighbours. Bernal spirals were already found for colloidal systems with short-ranged
attractions and screened electrostatic repulsion [161, 162] but recently also for Janus particles
that are able to undergo directional interactions [163]. Recent efforts have focused on creating
Bernal spirals by design with patchy particles [164, 165]. However, in either case the potential
or the positions, size and shape of the patches needs to be carefully tuned. In our case, the
spiral forms mainly for geometric reasons, illustrating that the steric ears on the MM particles
constitute a robust way of creating functional directional interactions. In addition, the ears also
protect the attractive backbone of the spiral from sideways attachments and thus provides a new
possible way to produce core-shell tubular structures by self-assembly.

3.4 Comparison with experiments

In the following section, we compare the results obtained from the simulations to the experi-
ments of Ref. [79]. Since a key factor in comparing the results is the evaluation of the interac-
tion strength in the experiments, we first discuss briefly how this is done, then we move to the
self-assembly results.

In the experiments, the attractive interactions between the smooth lobes of the particles as
function of their center-to-center separation r;; results from an attractive depletion interaction
and a repulsive electrostatic interaction:

w(rij) = we(rij) +Waepi (i) (3.3)
Here, the electrostatic repulsion (in units of kg 7") can be described as [166]:

(W/ksT)*R? =K =2Ry)

el\"ij kgT =
wei(rij)/ ks .

(3.4)

where ¥ = e( is the zeta potential times the elementary charge [167], Ry is the radius of the
smooth lobe of the particle, Az is the Bjerrum length and « is the inverse Debye length.
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The depletion attraction between two spheres, for 2R < r;; < 2(Ry+rg) can be written
as [168-170]:

Ry+re\° 3 r 1( rij )3
w ri) ke T = — l—— +— 3.5
depl( l])/ B (Pd( re ) ( 4R;+r, 16 \R;+r, 33)

where r, is the radius of gyration of the depletant polymer and ¢, is the depletant volume
fraction, as fraction of the overlap concentration. Using typical experimental values for R;,
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Figure 3.9: Interaction potential in kg7 between the smooth lobes of the particles as function of the
inter particle distance h = r;; — 2R, without considering the presence or orientation of the rough lobes.
The net interaction (Eq. 3.3, solid blue line) is the sum of the screened coulomb repulsion (Eq. 3.4, red
dotted line) and the depletion attraction (Eq. 3.5, dashed green line). Typical experimental parameters
were used to construct this graph, resulting in a depth of the potential well € of about —8 kg7 and an
interaction range of 40 nm.

@4, g, K, and ¥, we find that the minimum of the potential in Eq. 3.3 varies in the range of
—7ksT to —17 kgT for a depletant volume fraction ¢; of 0.20 to 0.40, which is the range of
experimentally used values.

The square-well attractions (Eq. 3.1) in the simulations and the experimental potential
(Eq. 3.3 and Fig. 3.9), have a different shape, but a comparable range (A = 0.020; corres-
ponds to 55 nm in the experimental system) which is small with respect to the particle diameter.
According to the Noro-Frenkel law of corresponding states [171, 172], short-ranged potentials
give similar phase behaviour if their second virial coefficients are similar. Using Eq. 3.3 for the
experimental potential and Eq. 3.1 for the square-well attractions in the simulations gives sim-
ilar values of B = —2.3-10'! nm® and —2.4-10'! nm? for a depletant concentration ¢, = 0.20
and a square-well attraction of € = —7kgT respectively. Therefore, we can approximate the
effective pair interaction with a square-well attraction in simulations, even though the shape of
the potentials is quite different.

Based on the size of the roughness (r =~ 70 nm) and the much smaller radius of gyration
of the depletant, only a negligible attraction between the rough lobes of the particles is ex-
pected [155]. However, at depletant volume fractions above ¢, = 0.33, aspecific interactions
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(rough-smooth and rough-rough) became prevalent in the experiments; at such high concentra-
tions of depletant even the small overlap volume between rough surfaces was sufficient to cause
a net attraction. Therefore, the interactions between MM particles can be considered specific
up to ¢y = 0.33. Since this depletant concentration corresponds to € ~ —14 kg7, the ears of
the particles can indeed safely be considered as hard objects throughout the whole range of the
simulations from € = —4 kgT to —12 kgT.

3.4.1 Self-assembly behaviour

The experiments were performed with two different particle concentrations, namely @paricles =
0.003 and (Z)particles =0.01.

For the samples with @paricies = 0.003, cluster formation was only observed for ¢, > 0.32,
corresponding to € ~ —13 kgT. At this particle volume fraction, primarily small clusters were
formed. In computer simulations, we observed that the small clusters can grow out into longer,
well-defined structures at all the investigated concentrations, once the interparticle attraction be-
comes lower than f€ = —8. Specific checks with simulations at @paricies = 0.003 confirmed this
observation. However, in the experiments at @paicies = 0.003, cluster growth seemed inhibited
due to the rapid depletion of free particles.

Figure 3.10: Snapshots of clusters of different sizes found in the Monte Carlo simulations compared to
optical micrographs of similar clusters found at particle concentration @paricies = 0.003. In the simulation
snapshots, the smooth (attractive) and rough (repulsive) sides are colored blue and red, respectively.
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The small clusters and their structure can be investigated reasonably well using optical mi-
croscopy. Fig. 3.10 shows snapshots of typical clusters of 1 to 8 particles found in simulations
next to similarly shaped clusters found in the experiments. It is clear how, also in the experi-
ments, the particles specifically stick with their smooth sides together. The figure also shows
that as clusters get larger, the positions and orientations of the individual particles become
harder to observe under optical microscopy.

For the samples with @paricles = 0.01, it was found that a lower depletant concentration as
compared to the case of @paricles = 0.003, indicating a lower attractive interaction potential,
was required to form clusters, and that larger structures were formed. For comparison, optical
micrographs from the experiments and snapshots from computer simulations at @paricies = 0.01
are shown in Fig. 3.11 for different attraction strengths.

éq = 0.20 $q = 0.21 by = 0.24
E = _7kBT e =-8 kBT e=-9 kBT

Figure 3.11: (a to c:) Optical micrographs of structures found in samples with volume fraction
Pparticles = 0.01 for a depletant volume fraction ¢, of 0.20 to 0.24, corresponding to an attractive in-
teraction potential € of —7 kgT to —9 kgT. (e to g:) The MC-simulations at @paricles = 0.01 show the
same resulting structures at comparable values of €. (d and h:) Close-ups of comparable tube-like clusters
from experiments (highlighted) and simulations, respectively.

Upon increasing the attractions, a trend can be observed from first small clusters and free
single particles (Fig. 3.11.a and e), to larger clusters (Fig. 3.11.b and f), and finally tube-like
structures (Fig. 3.11.c and g). The larger clusters seem to grow in only one dimension, res-
ulting in tube-like structures with a well-defined diameter that grow seemingly unbounded in
length and in random directions. A close-up of a single representative tube-like cluster from
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experiments and simulations is provided in Fig. 3.11.d and h respectively. In the experiments,
structures were found to branch occasionally (Fig. 3.11.c).

The shape of these structures can be attributed to the properties of the building blocks. While
the attractive lobes of the particles attract each other and form the backbone of the tube-like
structures, the rough lobes act as a steric constraint, preventing bond formation and structure
growth on two sides of each particle at an angle of 90°. This means that if 3 or 4 building blocks
are in a planar configuration, new particles can only attach from the two out of plane directions,
1.e. either from below or above, promoting the growth of tubular-shaped aggregates.

In the experiments, the 8-particle cluster in Fig. 3.10 and the clusters in Fig. 3.11 show that
for increasing cluster size, the scattering caused by the large refractive index mismatch between
polystyrene and water (Anp = 0.2592) makes it more and more difficult to assess the internal
structure using optical microscopy. What can be determined, however, is the diameter of the
observed tubes. Fig. 3.12 shows a narrow distribution of cluster diameters. A Gaussian fit
made to this distribution (4 = 8 um, ¢ = 2 um) corresponds well to the diameters of the tubular
structures (7 to 9 um) found in the simulations (Fig. 3.11.h, Fig. 3.7 and Fig. 3.8, see also the
insets in Fig. 3.12). The additional spread is caused by the random orientation of the rough
lobes, which can make a difference of 1 um, depending on whether one lobe (R, = 1.17 um) is
oriented perpendicular to the tube or both are turned out of plane. The tail on the right side of
the distribution can be explained by the presence of branch points, which have a larger diameter.
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Figure 3.12: Distribution of tube diameters obtained from optical microscopy, with a Gaussian fit (in
red). The diameter is well-defined around 7 to 9 um. The insets show a cross-sections of the straight
and spiral tube structures found in simulations, the diameters of which correspond to the peak in the
distribution.

As can be seen in Fig. 3.7 and Fig. 3.8, the attractive smooth lobes are stacked in an ordered
fashion. However, as the smooth lobes lobes are free to rotate, the steric ears can also change
position and essentially form a concentrated quasi-2D system of hard dimers on a cylinder.
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Figure 3.13: Simulation snapshot from MC simulations at @paricles = 0.02 and € = —10 kgT'. Under
these conditions and with the inclusion of cluster moves, considerably longer tubes form.

This gives rise to an inherently disordered, but heavily correlated configuration of rough lobes
that dictates the direction from which additional particles can attach to the cluster and thereby
contribute to the cluster structure. This mechanism can also cause branching of the tubes by
occasionally allowing sufficient space between the rough lobes for a new particle to attach
sideways (Fig. 3.11.c). However, this branching was only observed in experiments and not
in simulations. Additionally, while the structure of the experimental clusters have the same
diameter as the simulated tubes, they generally do not extend in one direction long enough to
form a spiral (Fig. 3.11.c and d). It is therefore likely that also undesired experimental factors
like particle size polydispersity and occasional rough-smooth attractive contacts contribute to
disorder and branching.

In the case all particles had been incorporated in tube-like structures, the average number
of bonds would have been expected to converge towards (n) ~ 6 —6.5. However, the computer
simulations for attractions of € < —7 kgT found that the number of bonds per particle converge
to (n) ~ 5. Adding cluster moves to the Monte Carlo simulations and increasing the particle
concentration resulted in the formation of significantly longer tubes that also consisted of both
straight and Bernal spirals. Fig. 3.13 shows a simulation snapshot with @paicles = 0.02 and
€ = —10kgT. While in this situation longer tubes were formed, the average number of contacts
was not significantly higher. This suggests that once the system has formed the observed tube-
like structures, it is trapped in this state and cannot develop further.

To check if the same holds for the experiments, the time scales at which bonds between
particles can break were calculated from the interaction potential using Kramers’ approach [173]
in the same way as performed previously [155]. In our system, the escape time for a single bond
was found to range from 10 s for € = —7 kg7 to 10 minutes for € = —12 kgT. Escape times
on the order of seconds for a single bond mean that pairs can break and form freely, and also
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small clusters with up to 3 bonds per particle, which can be broken sequentially, can rearrange
their structure. However, once a particle has formed 4 or more bonds, it is no longer possible
to remove the particle without breaking at least 2 bonds simultaneously. Escape times for such
configurations quickly rise to 10° s for breaking 2 bonds simultaneously and 10'? s for break-
ing 4 bonds, far beyond experimentally observable time scales. This means that once tube-like
structures with 4 or 5 sufficiently strong bonds per particle are formed, the system gets trapped
in this state and can no longer optimize its structure by breaking and reforming bonds. Although
the internal structure of the clusters found in both experiments and simulations appears to be
kinetically trapped, some particles can still exchange with the free particles in the medium,
establishing a (local) equilibrium between the tubes and free particles.

3.4.2 Cluster structure and free particle concentration

Fig. 3.11 illustrates that upon increasing the interaction strength, the transition from hardly any
clusters to an almost completely clustered system goes through a regime where both clusters
and free particles are present. This concentration of free particles ¢ is easily determined in
both simulations and experiments and can be related to the binding free energy of a particle to
provide estimate information on the experimental cluster structure such as the average number
of bonds.

The concentration of particles at which clusters start forming can be regarded as a critical
micelle concentration (cmc) of a system of surfactants and consequently, just like with surfact-
ants, this cmc is also the concentration of free particles present in the system once clusters are
formed. This concentration can be related to the free energy difference between free particles
and particles bound in a cluster via [155]

UMM Au/ ks T (3.6)

ayv

Pfree = ¢cmc =~

where @ 1S the volume fraction of free particles, vy is the volume of a colloid, v,, is a

measure for the available free volume of a particle in a cluster and Au = Bl

— > Where W, is the
chemical potential of a cluster of n particles and ] is the chemical potential of a single particle.
For large clusters (n > 1), Au equals the average bonding free energy difference between a free
particle and a particle in a cluster. Due to the system’s short interaction range, bonds can be
considered pairwise additive and the energy difference per particle is just half the number of
bonds times the pair energy: Au = @8. The v,, term in Eq. 3.6 is a measure of the translational
entropy still available to particles in a cluster. The difference in rotational entropy between
free particles and particles in a cluster is not taken into account in this equation, since particles
bound by depletion interaction via their smooth lobes only lose a fraction of their rotational
freedom due to geometric constraints.

The majority of particles in the tube-like clusters have the same number of bonds and, related
to that, a similar value of v,,. A particle inside a cluster is confined in 3 dimensions such that
var = &3, where & is the width of the potential well the particle is in. This means that if there is
an equilibrium between free particles and tube-like clusters in the system, the logarithm of the
concentration of free particles, In ¢, should depend on € via:

(n) €

)+ T (3.7)

VMM

In ¢free — ln(?
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Fig. 3.14 shows the logarithm of the free particle concentration In ¢ for the simulations
at Pparicles = 0.01 and the experimental systems with the lower (@particles = 0.003) and higher
(Pparticles = 0.01) particle concentration. At low interaction strength, € /kgT ~ 0, only free
particles are expected as in this case the total particle concentration is lower than the critical
micelle concentration, @particles < Peme- At sufficiently strong attractions, tubes and free particles
are present and according to Eq. 3.7, In @, should depend linearly on &, as is shown by the
solid lines assuming values for & obtained from the shape of the interaction potential and a
slope dependent on (n). At higher interaction strengths, from € &~ —8.5 kg7 in the simulations,
almost all particles are part of a cluster and the fraction of free particles becomes too low to
detect. Also in the experiments, hardly any free particles are found at higher values of |g|,
resulting in low concentrations (In ¢ ~= —10) with large error bars.
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Figure 3.14: In ¢ as function of the system’s pair interaction found for experiments at volume fractions
Pparticles = 0.003 (red) and @paricles = 0.01 (blue) and for computer simulations (Pparticles = 0.01, green)
plotted against €. For the experiments, € was calculated from experimental conditions (by finding the
minimum of Eq. 3.3). For the simulation data, the depth of the square well € was used. The solid lines
represent plots of Eq. 3.7, using the values shown at the top as input parameters. The dashed horizontal
lines mark the total particle concentrations @paricles- The dotted blue line is a fit of Eq. 3.7 finding
(n) =5.8.

In the computer simulations performed for ¢ = 0.01, upon increasing the attraction strength,
the logarithm of the concentration of free particles was found to remain roughly constant up to
€ ~ —6 kgT, followed by a linear decrease over a range of 2 kgT. For the simulations, & is
simply the width of the square well (0.020; = 55 nm) and (n) ~ 5 (see Fig. 3.6). Using these
numbers, the measured ¢g.. from the simulations is in good agreement with Eq. 3.7 in the
region where tubes form.
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The experiments performed for volume fractions @particles = 0.003 and @paricles = 0.01, also
show a decrease in In@ge upon increasing attraction strength, from a point where all the
particles are free, SO @particles ~ Pfree, t0 @ point where almost all particles are part of a lar-
ger cluster and @pree << Pparticles- In the experiments, vy, is the volume that a bound particle can
explore using its thermal energy, which can be approximated by the width of the potential well
(Fig. 3.9) 1 kgT above the potential minimum (approximately 5 nm in this case). We found that
for the experiments at @paricles = 0.003, the data points show a good agreement with Eq. 3.7
using (n) = 4. The small clusters in this system, like the ones shown in Fig. 3.10, suggest that
this is a reasonable estimate for the number of bonds in the experiments at this concentration.

At a higher volume fraction @aricles = 0.01, where tube-like structures were observed also
in experiments, the decrease of In ¢ With increasing attraction strength lies closer to the simu-
lation values of the same @paricles in Fig. 3.14. Because the tube-like structures in experiments
at Pparticles = 0.01 are comparable to those in the simulations in appearance (Fig. 3.11.d and
h) and dimensions (Fig. 3.12), one would expect that (n) ~ 5, which indeed provides reason-
able agreement with the experimental data. However, we find a better fit to the measured data
for (n) ~ 5.8 (The dotted line in Fig. 3.14), indicating that the number of contacts is probably
higher. This might be due to the the presence of longer clusters with more branch points in the
experiments compared to simulations.

The free particle concentration from both the simulations and experiments are in good
agreement with Eq. 3.7, even though the system is not fully equilibrated. The trend in In Qe
provides a reasonable estimate of the number of bonds based on v,, and €. The deviation from
linearity that is present in the experiments, especially for higher depletant concentrations at
Dparticles = 0.01, can be attributed to the uncertainty in determining € from the experiments.
Firstly, as mentioned before, the surface potential of the smooth side of the particle is unknown
and the value used to determine € is most likely an overestimation. Secondly, the experimental
error in determining €, about 0.5 kg7, covers over a quarter of the total range where the de-
creasing free particle concentration can be determined.

The number of bonds obtained from the free particle concentration in the experiments cor-
responds to the overall (n) from the MC simulations (Fig. 3.6). Both values are lower than the 6
or 6.5 contacts for fully developed tubes (see Fig. 3.7 and Fig. 3.8), confirming that the tube-like
clusters do not converge to their ground state under the present conditions.

3.5 Conclusions

In this chapter we presented Monte Carlo simulations on the self-assembly of trimers with an-
isotropic, selective, attractions, referred to as “Mickey Mouse” (MM) particles. These particles
consist of one central smooth lobe connected to two rough lobes on either side at an angle of
~90°. Specifically, we investigated the effect of tuning the interaction strength and the packing
fraction of the system, and showed that, upon increasing the interparticle attraction, a transition
between a gas and a cluster phase, and then the formation of tube-like structures are observed.
We did not observe any significant effect of the packing fraction on the self-assembly behaviour,
over all the range of investigated densities.

We compared our results to the experiments on the same system of colloidal particles per-
formed in Ref. [79]. In the experiments, at sufficiently strong attractions and sufficiently high
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particle concentration, the MM particles were shown to form tube-like structures. This is differ-
ent from the spherical micelle-like clusters observed before for colloids with a single lobe [155].
Both in simulations and experiments, these particles were found to self-assemble into tube-like
structures of seemingly unbounded length, but with a well-defined diameter. The structure of the
tubes in the simulations consisted of a mixture of straight fragments and fragments in the shape
of Bernal spirals. It is however hard to access equilibrium states in the experimental system,
as the short ranged interactions and multiple bonds that can be formed by each colloid prevent
them from effectively exploring many configurations on the experimental time scale. Although
the predominant structure in the experiments therefore appears to be kinetically trapped, we
could use the bond strength and bonding volume of the particles to get reasonable estimates
for the number of bonds in the tube-like structures from concentration of free particles in the
system.

Finite-sized clusters have been found experimentally for Janus particles with one sticky
patch [174] and patchy dumbbells with an attractive lobe [155] and are supported by computer
simulations [146, 149]. This work shows that the shape of the building block can be tuned
to influence the final structure that is formed. In this case, the introduction of an additional
non-sticky lobe even completely changed the dimensionality of the formed structures, marking
important new steps on the road to the experimental realization of complex self-assembled col-
loidal structures. In particular, we highlight the formation of Bernal spirals of Mickey Mouse
particles, as a direct result of the combination of the smooth lobes providing a selective short-
range attraction and the steric ears facilitating directionality through an effective shielding. This
is especially interesting as in previous works these structures were established either through
careful tuning of the interaction potential [161, 162] or by well-defined attractive patches on
the surface of spherical particles [163—165]. Since most patchy systems are, like the systems
studied here, based on short-ranged interactions and considering the drive towards more com-
plex patchy colloids, the results presented in this study are expected to play an increasingly
important role in the practical realization of colloidal self-assembly.
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Phase separation and self-assembly in a
fluid of “Mickey Mouse” particles

Recent developments in the synthesis of colloidal particles allow for control over shape and
inter-particle interaction. One example, among others, is the so-called “Mickey Mouse” (MM)
particle for which the self-assembly properties have been previously studied yielding a stable
cluster phase together with elongated, tube-like structures. Here, we investigate under which
conditions a fluid of Mickey Mouse particles can yield phase separation and how the self-
assembly behaviour affects the gas-liquid coexistence. We vary the distance between the re-
pulsive and the attractive lobes (bond length), and the interaction range, and follow the evol-
ution of the gas-liquid (GL) coexistence curve. We find that upon increasing the bond length
distance the binodal line shifts to lower temperatures, and that the interaction range controls the
transition between phase separation and self-assembly of clusters. Upon further reduction of the
interaction range and temperature, the clusters assume an increasingly ordered tube-like shape,
ultimately matching the one previously reported in literature. These results are of interest when
designing particle shape and particle-particle interaction for self-assembly processes.
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4.1 Introduction

One of the fundamental questions in condensed matter physics is to understand the relation
between the microscopic and macroscopic properties of a system. The answer to this ques-
tion is also closely related to the possibility of creating new routes to fabricate novel functional
materials. A variety of fabrication protocols has been devised over the past years, but more
recently the focus has been shifted towards encoding information for the self-assembly into the
basic colloidal building blocks [36, 175, 176]. This paradigm is now known as self-assembly or
“colloidal LEGO”. Beforehand, it is unknown how the encoded information will manifest itself
at the end of the self-assembly process, and it is even unknown what kind of encoded micro-
scopic information will yield the desired macroscopic structure. Answering these questions is
the key to using the self-assembly process of colloidal particles as a new method to fabricate
functional materials.

“Hard” particle systems, which are purely entropic, give insights into the role of the particle
shape in the self-assembly process. It has been shown that entropy alone can give rise to a large
variety of close-packed crystal structures, as well as liquid and plastic crystal phases [37, 39—
43,45, 177, 178]. On the other hand, having particles explicitly attract each other along specific
directions can be of advantage to target particular open structures as, for instance, diamond
crystals and Kagome lattices [66, 179, 180]. This has brought a considerable amount of interest
to what are now called patchy colloids, particles that interact with each other only via specific
spots located at the particle’s surface [65, 67, 70, 101, 113]. Directional interactions can be
given to colloids for example via attaching complementary DNA strands to the surface, as in
Refs. [67, 181].

Another way of inducing directional interactions between building blocks is to combine
depletion forces and surface roughness asymmetry [182—-185]. In fact, if a building block is
made up of rough and smooth lobes, the addition of depletants to the solution will induce
specific attractions between the smooth lobes of different particles, while producing repulsions
between the rough-smooth lobes and the rough-rough lobes [184, 185]. This approach has been
used to self-assemble dumbbells [78] and, more recently, “Mickey Mouse” (MM) particles —
trimers with one big smooth lobe (also referred to as the “head” of the MM particle) and two
smaller rough lobes (the “ears”) [79]. In particular, in Ch. 3 we have shown that the MM
particles self-assemble into tube-like structures at interaction strength of ~ 9 — 10kgT .

Yet, with respect to isotropically attractive spheres like, for example, Lennard-Jones particles
or Hard-Sphere Square-Well (HSSW) particles, that exhibit a gal-liquid (GL) phase separation,
it is so far unclear whether MM particles can also undergo an analogous gas-liquid phase separ-
ation (colloidal poor-colloidal rich) and, if this is the case, what is the interplay of the latter with
the depicted self-assembly scenario. The aim of this work is to address this question with Monte
Carlo (MC) simulations. To do so, we follow the evolution of the GL binodal line for a series
of models connecting the isotropic HSSW spheres to the MM particles. The path proceeds
firstly by increasing the rough smooth (ear-head) bond length until we reach the experimental
particle geometry, and secondly by decreasing the interaction range until the experimental one
is reached, as described in Ref. 3.

The chapter is organised as follows: we introduce the model and the path connecting HSSW
spheres and MM particles in Sec. 4.2, where we also discuss details about the different com-
putational techniques we have used. In Sec. 4.3, we present our results on the phase separation
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of MM particles and the transition to self-assembly. We also show how the particle geometry
affects the structure of the liquid. We summarise and discuss these results in Sec. 4.4, where we
also provide an outlook for future research directions.

4.2 Model and methods

4.2.1 Geometry and pair interaction

We begin with the geometry of the MM particle as shown in Fig. 4.1. Each MM particle is
represented by an aggregate of three spheres, two small hard spheres (“ears”), of diameter o,
which represent rough lobes interacting with steric repulsions and a third bigger hard sphere
(“head”), of diameter o}, which corresponds to the smooth lobe and plays the role of an attract-
ive site. The interaction u; ; between a pair of MM particles i and j depends on the positional
and orientational degrees of freedom 7;,7;,€2;,€2;, respectively, which we drop here to lighten
the notation, and consists of an attractive and a repulsive contribution,

tt re

The attractive part uf‘]“ acts between the larger beads of particle i and j, and is given by a

square-well (SW) interaction,

hh
ﬁu?}t _ Busw(rlhjh) _ {ﬁe‘ for o, <r} < Aoy, 42)
0 for rf‘}l > Aoy,
where Be = €/kgT, € < 0, represents the interaction strength compared to the thermal energy,
A is the interaction range, and rf’jh is the centre to centre distance from the head of MM particle
i to the head of MM particle ;.
The repulsive part u?jp , 1s determined by the hard-core interactions between the heads (/)
and the ears (e, e) of two MM particles, and reads

Buif = Y BuS(ria—r;p]) (4.3)

aaB:hseheZ

with the hard-sphere (HS) interaction,

o0 if"l‘,}a _rj~ﬁ| < Ou.B (4.4)
0 otherwise '

B g~ {
where 6, g = (0¢ +0p)/2 with a, B = h, ey, e;.

Finally, we set the ear-head size ratio to ¢ = 0,/0;, = 0.85 and the angle between the dir-
ections of the ears to 6,, = 90°, in order to match the values of the experiments in Ref. [79].
However, the centre-to-centre distance between the ears and the head, denoted hereafter as the
bond length /0oy, is allowed to change, and it will be used as a parameter together with the
interaction range. This particle and interaction model will be referred to as MMSW (Mickey
Mouse Square-Well system). Note that in the limit / /6, = 0 our particles correspond to HSSW
particles.
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Figure 4.1: Model and parameters considered in this work. An experimental MM particle is obtained
by a HSSW sphere by first changing the distance [/, between the rough and the smooth beads (ear-

head distance) and then by decreasing the interaction range A. The red beads (rough protrusions) have
diameter o,, while the blue bead (smooth protrusion) has diameter o,.

4.2.1.1 MM particle volume calculation

The volume of a MM particle v, can be calculated exactly via MC integration, and in an ap-
proximated fashion considering the amount of overlap volume between the two ears and the
head. In fact, from geometrical considerations, it holds that

Vp = Vi, +2V, — 2Vh7e — Ve7e 4.5)

where V}, is the volume of the attractive sphere, V. the volume of the repulsive sphere, V}, . is the
head-ear overlap volume, and V, . is the ear-ear overlap volume. Since, as first approximation,
the two ears in a MM particle do not overlap with each other in the region outside the head, their
overlap volume V, . is small compared to the head-ear one V}, . so the latter is the only quantity
we need to calculate, which is given by

T (Ry+Re—1)*

121

where Ry = 0.50y, 00 = h, ey, e; are the radii of the attractive and the repulsive spheres and / is
the centre to centre distance of the spheres.

Vie =V (R, R, 1) = x (I*+2IR, —3R2+2IR, +6R.R, —3R;)  (4.6)



PHASE SEPARATION AND SELF-ASSEMBLY IN A FLUID OF
"MICKEY MOUSE” PARTICLES 57

The Monte Carlo integration is similar to a MC calculation of 7, and we discuss it in the
following. We place a MM particle in a box with fixed volume V, big enough to enclose the
particle. We then generate a random position in the box and check whether it overlaps with the
MM particle. If the number of generated random positions iS Nja ~ & (108) and the number
of hits on the MM particles is Mpj, then the MM particle volume is given by

Vp V& 4.7
trial
The results of the calculations for the volume of a MMSW particle are shown in Fig. 4.2, for
the ratio studied in this paper ¢ = 0.85, as a function of bond length //c},. The MC integration
and the theoretical calculation are almost indistinguishable.
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Figure 4.2: Volume of a MMSW particle as a function of bond length [/}, for size ratio g = 0.85. The
solid green line is the prediction from Eq. 4.5 with ¢ = 0.85, and the blue dots are the results from the
MC calculations according to Eq. 4.7. The errors are multiplied by 10 for visualisation purposes.

4.2.2 Simulation methods

We focus on the effect of varying the ear-head distance / /0y, of the particle and the interaction
range A on the gas-liquid (GL) binodal line, where we ignore the possibility of crystallisation.
We compute the GL binodal using the Successive Umbrella Sampling (SUS) technique [186]
together with the Histogram Reweighting method [187-190]. Since the SUS method has been
discussed elsewhere [186], here we limit ourselves to only recalling the working scheme. The
quantity of interest in the GL coexistence is P(N), the probability that the system will be in
a state with N particles at fixed volume V, fixed temperature 7', and fixed chemical potential
w. This probability is unimodal above the critical temperature and assumes a typical bimodal
shape, displaying gas and liquid peaks, for temperatures below the critical one. Furthermore,
it can be shown that the bulk chemical potential at coexistence, at a given temperature, will be
such that the area of the gas peak and the area of the liquid peak are equal. In fact, this is all
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we need to know to determine the coexisting chemical potential via the histogram reweighting
technique [187-190].

The probability distribution function can be computed by splitting the entire N range into
overlapping windows of fixed size and by performing Grand Canonical Monte Carlo (GCMC)
simulations in each window. During the simulation one keeps track of how many times the
system has a certain particle number N. which lies in between the lower and the upper limit of
the window. The probability function can be reconstructed via the “stitching” procedure, which
reads [186]:

P(N) _ Ho(1) Hi(2) Hi(N)

P0) ~ Ho(0) " Hi(1) " H(N-1) (4.8)

where we have implicitly assumed a window size of 1. From a computational point of view,
Eq. 4.8 shows us that this scheme is inherently parallel since all the ratios can be estimated from
independent simulations. This is very convenient from a computer cluster perspective.

Once P(N) has been calculated for a fixed temperature and (irrelevant) chemical potential,
the coexistence chemical potential can be obtained by reweighting the distribution until the area
under the gas peak equals the area under the liquid peak. The reweighting is carried out via the
following equation [191, 192]:

InP(N|Bui) =InP(N|Buo) + B (1 — to)N (4.9)

In such a way, one can construct the GL coexistence envelope for particles with fixed geometry
and fixed interaction range. In the following, we study how the GL coexistence curve is affected
by the particle shape and particle-particle interaction range and where and how the regime of
phase separation changes to self-assembly.

Once we obtain the GL coexistence curve, we attempt to estimate the critical point via a
least-squares fit to the equation:

1
pr—pe=AlT ~T.|% 3 B|T ~ T, (4.10)

which stems from the law of densities and the law of the rectilinear diameter [124, 191, 193,
194]. Here, + stands for liquid/gas and B = 0.325 is the exponent of the 3D Ising universal-
ity class. Such a procedure yields only a rough estimation and we stress that an appropriate
determination of the GL critical point should involve extensive use of the finite-size scaling
technique [195-198].

To explore under which conditions of particle geometry, temperature and interaction range
the interparticle attractions are more important than the repulsions, we additionally compute the
second virial coefficient normalised to the one of a system of hard spheres with diameter oy,
B =B; / Bgls. If attractions dominate, the value of the second virial coefficient will be negative,
while positive otherwise. The temperature at which the second virial coefficient vanishes, so
called Boyle temperature kg7Tgoylc/€, marks the crossing from one behaviour to another. The
definition of the second virial coefficient involves the Mayer function, which takes into account
the interaction between two MMSW particles [199, 200]

fij=exp [—Bu;j] — 1 4.11)
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The integral of the Mayer function over all possible positions and orientations of the two MM
particles yields the second virial coefficient [199, 200]

1
By (kpT /€) = —ﬁ/dm dqa f12 (4.12)

where dq; = dr;d(); represents integration over the particle’s positional and orientational de-
grees of freedom. Eq. 4.12 can be computed via Monte Carlo integration. We place the MMSW
“1” with fixed orientation in the middle of a box with volume V = (50;)* at a given tempera-
ture kg T /€. We then generate a number N, ~ &(10®) of random positions and orientations for
the MMSW “2” in the same volume, and for each configuration kK we compute the value of the
Mayer function between particle “1” and “2”, f{‘z. Then, the second virial coefficient can be
estimated as [201, 202]

V1 14
Bo(ksT/€) = =5+ ) fa = =5 (fi2) (4.13)
¢ k=0

where (f1,) represents the average of Mayer function over all the configurations. We repeat this
computation for different temperatures, particle shapes and interparticle range to locate regions
where attractions prevail with respect to repulsions.

4.3 Results

We have evaluated the GL coexistence curve for the MMSW model by varying the ear-head
bond length / /oy, from 0.1 to 0.57, corresponding to the experimental MM particles [79], and
the particle-particle interaction range A from 1.5 to 1.02. Following this path, we can connect
the experimental MM system, for which the self-assembly behaviour has been investigated
in Ch. 3, all the way to the HSSW limit, for which the GL coexistence has been intensively
studied [124, 193, 194, 203].

4.3.1 Shift of the binodal line with the particle shape

With a fixed interaction range A = 1.5, we change the particle shape by progressively increasing
the bond length distance [/ 6}, between the ears and the head of the MMSW particle. The highest
value of bond length investigated in this work is set by the geometry of the experimental MM
particle we want to match and reads //cj;, = 0.57. We observe that the change in the MMSW
particle shape affects the position of the GL coexistence curves, as seen in Fig. 4.3.

We quantify the change in the binodal curves, by computing the critical parameters as func-
tion of the bond length // o}, by means of a least square fit to Eq. 4.10. Going from the HSSW to
the MMSW, the critical temperature kg7, /€ shows a linear decrease upon increasing the bond
length I /0y, as can be seen from Fig. 4.4. In Fig. 4.5, the critical density p. is also seen to de-
crease monotonically with the bond length, while for the critical packing fraction ¢. we observe
a non-monotonic behaviour which is caused by a decrease of the critical number density and a
simultaneous increase of the particle volume v,/ G}? upon increasing the bond length / (for more
details see Sec. 4.2.1.1).
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Figure 4.3: Gas-Liquid coexistence curves for MMSW particles. We provide both the temperature
kT /e—density pcr;:’, and temperature kgT' /e—packing fraction ¢ representation. The packing fraction
is calculated as ¢ = Nv,,/V, with v, the particle volume as discussed in Sec. 4.2.1.1. The labels stand
for different increasing values of the bond length /. The full red dots indicate the location of the critical
points by Eq. 4.10.

Shifts of the critical temperature to lower values have been reported in different contexts.
In fact, it is well known that attractive colloidal particles confined between two parallel plates
display a shift of the critical point to lower temperatures because the confinement reduces the
cohesive energy of the system [204-208]. More recently, the concept of “limited valence” has
been introduced in the context of patchy colloids [56, 209-212]. The idea is that the valence of
a particle (defined as the maximum possible number of bonded nearest neighbours) affects the
location of a system’s critical point. Number of attractive patches [56, 209, 210], patch surface
coverage [211, 212], patches with tunable attractions [116, 117], are all examples of controlling
a particle’s valence. Our model suggests that changing the distance between the attractive and
repulsive spheres is another way of achieving such a control. In other words, we can think of the
bond length as a “knob” for limiting the valence of the MMSW particle. Interestingly, similar
trends for the critical temperature and critical density were recently reported for a system of
attractive dimers interpolating between SW-SW and HS-SW in Ref. [117].

The second virial coefficient at the critical point has been suggested as possible measure
of a particle’s valence in Refs. [211, 213]. By using Eq. 4.13, we calculate the second virial
coefficient B, at the critical point kg7;./€ for each value of the bond length / /o). Our results
are shown in Fig. 4.6, where we have normalised the values by the second virial coefficient
of a hard sphere of diameter 6;,. Upon increasing the bond length, the value of B; is seen to
decrease (become more negative), which suggests that the limited valence picture could also
hold in the system at hand. In this direction points also the difference in mean energy per
particle U /Ne¢ of the coexisting liquid phases at T = 0.907, for different bond length //c},. In
fact, U/Ne(l/o, = 0.1) ~ —4.5, while U /N¢e (I/o, = 0.57) ~ —3.5. Since the difference of
mean interaction energies equals half the excess number of bonds that a particle can have, we
find that a MMSW particle with bond length //c;, = 0.57 forms 2 bonds less than a MMSW
particle with bond length / /o), = 0.1, supporting the limited valence hypothesis.
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Figure 4.4: Critical temperature kgT;. /€ (full red dots) as a function of bond length //c;,. The green
dashed line shows the linear fit to the data for the critical temperature kBTCf 4 /€ = B+ Al/op, with
B =1.37 and A = —1.66, indicating a linear relation between the bond length “knob” and the system’s
critical temperature.
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Figure 4.5: Critical density p. (full blue squares) and critical packing fraction ¢, (full cyan diamonds)
as a function of bond length //oj,. The solid curves are guides to the eye.
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Figure 4.6: The reduced second virial coefficient at the GL critical point as a function of the ear-head
bond length / /o, The red line is a guide to the eye.

It is interesting to investigate the structure of the MMSW coexisting liquid phase as function
of bond length, by keeping the volume fraction fixed at ¢ = 0.27. We do this by calculating
the radial distribution function for all the MM attractive beads (heads) g""(r), the results being
shown in Fig. 4.7, for bond length I /0;, = 0.1 and I/ 0}, = 0.57, respectively. We wish to remark
here that we ignore the anisotropy of the particle and average over all possible particle orienta-
tions. Although both curves display features of the HSSW radial distribution functions, such as
the presence of a hard-core diameter at r/ oy, = 1, and a discontinuity at r/o, = A = 1.5, we see
that the peak positions for the case //0), = 0.57 hardly resembles the ones for /o, = 0.1. In
fact, especially the first peak of the radial distribution function moves to higher values of r/ oy,
specifically from r/oj, = 1 for I /o;, = 0.1 to r/ 0, = 1.5 in the case of [/ 0}, = 0.57, and the same
can be seen for the second and third peak. Clearly, even in the case of large interaction range
A = 1.5, the presence of the ears of the MM particle has an influence on the fluid structure,
pushing the heads further away from each other on average.

4.3.2 Interaction range-driven transition to self-assembly

After having analysed how the particle shape affects the GL phase separation, we now ask
ourselves how this behaviour ultimately transforms into self-assembly, which is the behaviour
experimentally observed for the MM particles. In fact, the interaction range of the experimental
MM particles system, i.e. A ~ 1.02, is much smaller than the one so far considered (A ~ 1.50).
To this end, we perform a more extensive study of the second virial coefficient, where we map
B, for several values of the interaction range, down to the experimentally relevant range, in
the whole temperature kg7’ /€ and bond length plane //c;,. This gives us an overview of the
conditions under which the attractions overcome the repulsions, and guides us in the choice of
regions of the parameter space which are interesting to simulate.
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Figure 4.7: Bulk head-head radial distribution functions g’ () of the coexisting MMSW liquid at pack-
ing fraction ¢ = 0.27 for bond length //0, = 0.1 (magenta curve) and //c;, = 0.57 (green curve), as
function of the distance r. The repulsive beads increase on average the spacing between the attractive
beads.

Fig. 4.8 shows our results for the calculation of B; through the entire temperature kg7 /€
bond length I/ o}, plane for different values of the interaction range A = 1.50,1.40,1.30, 1.20,
1.10,1.02. The results in Fig. 4.8 concern the sign of the second virial coefficient B;, red areas
show a negative B;, where attractions overcome repulsions, and blue areas refer to a positive
B>, where the repulsions are more important than the attractions. We remind the reader that the
Boyle temperature kg Tgoyle/€ is defined as the temperature where the second virial coefficient
B> vanishes. We also note that the case of MM geometry, which matches the experimental
geometry in Ref. [79], is found at the right-most end of each diagram, where [ /o), = 0.57.

For [ /o, = 0.57, the region where By < 0 is seen to dramatically shrink as the interaction
range is decreased. This also means that the Boyle temperature is considerably dropping, going
from kgTgoyle/€(A = 1.50) ~ 0.9 to kpTgoyie/E(A = 1.02) ~ 0.15. It is also known that for
temperatures below ~ 0.1 the system can get stuck in kinetic traps and our calculations show
that upon decreasing the interaction range A up to A = 1.02 the Boyle temperature gets closer
to this limit. In such conditions, the temperature window where GL phase separation can be
found is very small, if present at all. A confirmation of our calculation is given in Ref. [79],
where it is mentioned that the temperature window between clustering and kinetic trapping is
Very narrow.

Based on the second virial coefficient analysis, the largest temperature window where it
is in principle still possible to locate a GL phase separation is A = 1.40, besides the already
investigated case of A = 1.50. We have therefore calculated P(N) for a temperature range of
kgT /€ € [0.31,0.35], the resulting distributions being shown in Fig. 4.9.

For all investigated temperatures, the distributions appear to develop a shoulder at higher
particle number N than the first peak corresponding to the gas phase. Upon increasing the
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Figure 4.8: The sign of the reduced second virial coefficient B; plotted in the reduced tem-
perature kg7 /e versus bond length [/oj, representation, for various interaction ranges A =
1.50,1.40,1.30,1.20,1.10,1.02 as labelled. The orange triangle represent the state point where we have
combined SUS and MC-NVT simulations as shown in Fig. 4.9 and 4.11, the cyan triangles represent the
state points we have investigated only via MC-NV T simulations, see Fig. 4.11.

system volume, this second peak is shown to remain at the same location, as shown in the inset
of Fig. 4.9, and is therefore associated with clusters developing in the system. This suggests that
a self-assembly process preempts the macroscopic GL phase separation, either by shifting the
transition to much lower temperatures than the investigated ones, or by destabilising the liquid
with respect to the micellar fluid, as pointed out in previous works [117, 214-216]. Thus, even
for the best case scenario of A = 1.40, we have not found evidence of a GL phase separation,
but instead we find indication of spontaneously formed aggregates in the system. Additional
simulations for A = 1.48 suggest that the GL coexistence curve moves to lower temperatures.
Due to limited computer resources and slow equilibration at low temperatures it could not be
ascertained whether or not the critical point remains present at finite temperatures in the limit
A —0.

The snapshots of the system for particle numbers within the micellar peak of P(N) (N = 15,
N = 20), shown in Fig. 4.10, reveal the disordered microscopic configurations of the clusters
associated with the relatively high interaction range A = 1.40.
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Figure 4.9: Probability P(N) of finding N particles in the system for bond length / /o), = 0.57, interaction
range A = 1.40 and temperature as labelled. All the distributions are reweighted as to highlight the
peaked region present for particle number N € [10,40]. Inset: finite size study performed at temperature
kgT /e = 0.31 confirming that the second peak is always located in the same window of particle number
N.

o”

"

Figure 4.10: Disordered clusters of MMSW particles for bond length //cj, = 0.57, interaction range
A = 1.40 and temperature kg7 /€ = 0.31. (left) N = 15, ¢ = 0.011, (right) N =20, ¢ = 0.015.
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For lower values of the interaction range A, we select a few state points, as indicated in
Fig. 4.8, and investigate the system via MC simulations in the NVT ensemble, due to compu-
tational reasons. The final configurations of the NV T simulations for A = 1.40,1.30,1.20,1.10
are reported in Fig. 4.11. The panel for a long ranged interaction A = 1.40 (top left) displays
a micellar fluid with clusters of a size comparable to the peak in the computed P(N). On the
other hand, the remaining panels for shorter-ranged interactions show self-assembled, tube-like
structures. Once the self-assembly regime has been reached, starting at A = 1.40, the shape of
the resulting structures can be tuned by decreasing the interaction range. The backbone of the
tubes becomes more close packed upon decreasing the interaction range, and the branching is
suppressed for A < 1.05. Thus, structures as the Bernal spirals, which were reported in Ch. 3,
are eventually recovered upon shrinking the interaction range to values lower than A = 1.05.
Performing simulations with N =256, N = 512 and N = 1024 particles, we found these results
to be robust against finite size effects.

Figure 4.11: Snapshots from MC-NVT simulations at fixed packing fraction ¢ = Nv,/V = 0.006 and
bond length //o, = 0.57 for different interaction ranges A and temperatures kg7 /€ as described by
the coloured triangles in Fig. 4.8. Top left: amorphous clusters for A = 1.40 and kg7 /e = 0.310, in
agreement with the P(N) calculated at the same temperature in Fig. 4.9; Top right: branched tube-like
structures appearing at A = 1.30 and kg7 /e = 0.200; Bottom left: self-assembled tubes at A = 1.20
and kgT /€ = 0.200; Bottom right: branched tubes at A = 1.10 and kg7 /€ = 0.143. For all the panels,
N =256andV = 350;.
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The above findings highlight the role of the interaction range in the self-assembly of MM
particles: shrinking the interaction range first destabilises the GL phase separation with respect
to self-assembly, and then favours the formation of increasingly ordered structures, eventually
recovering those found in Ch. 3.

In a very recent work, the fluid phase behaviour of trimers with one soft, attractive bead and
two soft, repulsive beads has been investigated [217]. There are substantial differences with
our investigation, which we summarise in the following. Firstly, the particle model employed
here uses hard-core particles, whereas the model in Ref. [217] makes use of soft-core particles.
Secondly, the shape of their trimer is slightly different from our MM particle, since we keep
the angle between the repulsive beads fixed. Thirdly, their methodology is fundamentally dif-
ferent, although it aims to compute the same quantity P(N). Lastly, due to the form of the SW
potential, we can explicitly control the interaction range between two particles, and track down
the evolution of the self-assembly with it. Notwithstanding these differences, it is interesting to
compare our results to Ref. [217]. Concerning the shift of the binodal line with the bond length
distance, both works have found a linear scaling. The slopes of the scaling are comparable, our
estimate being a = —1.67, see the fit in Fig. 4.4, against the reported a = —1.40. However,
the actual values of the critical points for specific bond lengths do not match with each other,
the discrepancy being ascribed to the differences in the particle geometry and particle-particle
interaction. Furthermore, by very different analyses, both works agree on the region where
the tube-like structures are expected to occur for the system presented in Ch. 3 — roughly for
temperatures kg7 /€ < 0.15.

The results from our work show interesting similarities with those in Ref. [117]. In that
work, a system of colloidal dumbbells where both beads are attractive is transformed into
“Janus” dumbbells, via progressively decreasing the interaction parameter of one of the beads
with respect to the other. As a result, the GL coexistence curve is seen to move to lower
and lower values of temperatures, and the critical temperature is found to scale with the in-
teraction parameter. This is somewhat reminiscent of the critical temperature scaling we have
encountered in our work, but there is a fundamental difference in the parameters which drive
the scaling: in Ref. [117], this is due to the interaction strength, whereas in our work the driv-
ing parameter is the bond length, a geometrical quantity. Nevertheless, we believe both works
present nice examples of achieving limited valence with different “control knobs”.

4.4 Conclusions

In this work we have investigated, via Monte Carlo simulations, how the combined actions of
particle geometry and particle-particle interaction range affect the gas liquid phase separation.
We have also addressed the role of the interaction range onto the self-assembly process.
Starting from the well-known HSSW model, we have mapped out the different binodal
curves for a family of Mickey Mouse particles with increasing steric repulsion. We have found
that there is a linear relation between the critical temperature kg7, /€ of the binodal curves
and the bond length //o},, which controls the influence of the repulsive spheres on the overall
interaction. We interpreted this phenomenon in the “limited valence” paradigm and documented
it by calculating the value of the second virial coefficient at the critical temperature B3 (kp7../€)
as function of bond length //o),. This is a possible measure of the effective valence of the
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system and indeed we have proven that this value decreases as the valence is reduced, which is
controlled in this case via the bond length. We have also seen an increase of the internal energy
of the coexisting liquid phases upon increasing the bond length, which is yet another indication
that less bonds are being formed in the system.

The transition from macroscopic GL phase separation and self-assembly is driven by the
interaction range, which has also an important effect on the Boyle temperature Tgoyle Of the
system. In fact, as the interaction range is reduced, both the Boyle temperature decreases and
the phase separation process is preempted by a self-assembly process. Microscopic configur-
ations from the SUS simulations, complemented with snapshots from NVT simulations, have
shown that the structure of the self assembled clusters changes from disordered to more ordered,
branched tube-like structures. Upon further decrease in the range, these structures are seen to
transform into the very ordered ones as reported in Ch. 3.

Our results highlight the role of particle geometry and interparticle interaction range in the
competition between phase separation and self-assembly for Mickey Mouse particles and, in
general, trimers with one attractive sphere and two repulsive spheres. This is of direct interest
for experiments where trimers are used as basic building blocks, where — as we have docu-
mented — both the trimer exact shape and the trimer-trimer interaction range are expected to
play a significant role. At a more general level, we have shown how tuning a particle’s valence
can be achieved by controlling the bond length. This conclusion is expected to hold also in
other particle geometries as long as the particles are composed of different beads, e.g. colloidal
dimers with one rough (repulsive) and one smooth (attractive) beads.



Part 11

Anisotropic particles with
excluded-volume interactions






Fabrication of colloidal Laves phases for
photonic crystals via hard tetramers and
hard spheres: bulk phase diagram and
stacking diagram for sedimentation

Colloidal photonic crystals display peculiar optical properties which make them particularly
suitable for application in different fields. However, the low packing fraction of the targeted
structures usually poses a real challenge in the fabrication stage. Here, we propose a novel
route to colloidal photonic crystals via a binary mixture of hard tetramers and hard spheres.
By combining theory and computer simulations, we calculate the phase diagram as well as
the stacking diagram of the mixture, and show that a colloidal analogue of the MgCu, Laves
phase — which can serve as a precursor of a photonic bandgap structure — is a thermodynamic-
ally stable phase in a large region of the phase diagram. Our findings show a relatively large
coexistence region between the fluid and the Laves phase, which is potentially accessible by
experiments. Furthermore, we determine the sedimentation behaviour of the suggested mix-
ture, by identifying several stacking sequences. Our work uncovers a new self-assembly path
towards a photonic structure with a band gap in the visible region.



72 CHAPTER 5

5.1 Introduction

It is known that colloidal particles can spontaneously form ordered, periodic phases which are
the analogue of crystals in atomic systems. The most prominent example of such a trans-
ition, first discovered by computer simulations [11-13], and later confirmed by experimental
work [14], is the formation of a face-centered-cubic (FCC) crystal from a fluid of colloidal
particles which behave as hard spheres (HS).

The study of crystalline phases on colloidal length and time scales is important not only at
a fundamental level, where it allows for insights into e.g., phase transitions and crystallisation
kinetics [15-17], but also for potential applications. In particular, it is possible to fabricate
photonic crystals (PCs) from colloidal particles. By PCs we mean structures with periodically
varying dielectric constant that display a complete photonic band gap. Due to to the intrinsic
size of the employed building blocks, colloidal photonic crystals display a band gap in the
visible range of frequencies. These structures act for photons in the same way semiconductors
do for electrons, hence opening up a way to control light propagation. The application area of
such materials is quite broad, ranging from optical fibres, displays and switches to (bio-)sensing
and bio-medical engineering, and finally to energy storage and security [18-29]. Therefore,
a significant amount of research in the colloid science community deals with the design and
fabrication of such photonic crystals.

Since the early work on PCs [218-221], different particle arrangements were explored as
a candidate [222-227], and some of them — most notably the so called “inverse opals” — were
also fabricated in the lab [228-233]. To date, the most suitable structures to make PCs remain
the Diamond Crystal (DC) and the Pyrochlore structure, in which the colloids are located on
the lattice positions of the respective crystal structures [59, 60]. However, despite the efforts,
the fabrication of such open (non close-packed) structures at the colloidal scales has not been
achieved yet, and it is a long-standing research focus in the nanomaterials and colloidal science
community.

Nevertheless, new perspectives on the subject arise because recent advances in the col-
loidal synthesis allow for more and more exotic building blocks to be used in the colloidal
self-assembly arena. Clusters of spheres with well defined shapes, such as dimers, trimers and
tetramers, have become available, together with the intriguing possibility of employing them
to self-assemble PCs [42, 184, 234-239]. These colloidal clusters can be produced in several
ways. One method takes advantage of the drying forces in an evaporating emulsion droplet
to drive the confined colloidal particles to a specific geometry [234, 235, 237]. A different
class of fabrication procedures relies instead on microfluidics setups, with of without the use of
lithographically patterned surfaces [239-243].

In addition, on the theoretical side, two new ideas were put forward to possibly facilitate the
fabrication of PCs, and we shall briefly discuss them in the following. One study showed that a
structure composed of tetrahedral clusters of spheres (“tetrastack™) displays a photonic band in
the optical region [244]. However, while they employ a complex building block, it is not clear
how the suggested structure can be realised experimentally. Another study suggested that, by
using a binary mixture of colloidal particles with different sizes, it is possible to assemble an
MgCu, Laves phase. This is appealing because the MgCu, consists of a DC of large spheres and
a Pyrochlore lattice of small spheres, and both substructures display a photonic bandgap [245].
In this case, the authors addressed the problem posed by the open structure by using a binary
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mixtures of spheres. Nevertheless, issues arise when one considers that three phases can actu-
ally be assembled from a binary hard-sphere mixture, namely the MgCu,, the MgNi,, and the
MgZn,. It is also important to note that the latter is the thermodynamically stable phase, and
unfortunately not the aimed MgCu, phase [246]. Furthermore, the three aforementioned Laves
phases are nearly degenerate as they have very similar free energies, hence the self-assembly
of the mixture results in glassy states, unless the assembly is directed, e.g., by using templated
walls [245].

In this work, we combine Monte Carlo (MC) computer simulations and theory to study the
phase behaviour of a binary mixture of large hard spheres and rigid, hard tetrahedral clusters
of small hard spheres (hereafter denoted as tetramers) with a fixed size ratio. For this mixture,
we compute both the bulk phase diagram and the sedimentation behaviour. In particular, using
free-energy calculations, we address the stability of the MgCu, Laves phase that can result from
the self-assembly of the mixture. In this way, we retain the best of both approaches previously
introduced, while also circumventing some of the other problems.

For instance, employing a binary mixture mitigates the problem of the low-coordinated
open target structures of the diamond and pyrochlore phase, whereas using tetramers as one of
the building blocks alleviates the lattice degeneracy problem as MgNi, phase cannot be self-
assembled from tetramers and spheres, and moreover using tetramers also removes the metasta-
bility problem as the MgCu, phase is more stable than the MgZn, phase in mixtures of tetramers
and spheres. Hence, the particular choice of colloidal building blocks intrinsically pre-selects
the desired structure, and thus the MgCu, Laves phase is obtained by design. Furthermore, by
using the bulk phase diagram and the local density approximation, we theoretically calculate
the stacking diagram of the mixture, which predicts the stacking sequences of different phases
that could be observed in sedimentation experiments on the same mixture.

We stress that such a model mixture is well within experimental reach, even though no
studies on it have been performed yet, to the best of our knowledge. This is somewhat surprising
as hard-core systems are usually much easier to control than systems with attractive interactions,
which often requires substantial fine-tuning of the range, strength, and directionality of the
interactions.

This chapter is organised as follows. We introduce the model and discuss the employed
methods in Sec. 5.2. In Sec. 5.3 we present the results on the phase behaviour of the binary
mixture of spheres and tetramers, while in Sec. 5.4 we discuss the sedimentation behaviour. In
Sec. 5.5 we sum up our findings, and outline future research directions.

5.2 Model and methods

5.2.1 Monte Carlo simulations

We consider a binary mixture of Ny hard spheres and N; hard tetramers with composition x =
N;/N, where N = Ny + N;. The spheres have diameter o;. Each tetramer consists of four
touching spherical beads of diameter op arranged in a tetrahedral fashion. We assume the
tetramers to behave like a rigid body, i.e., fluctuations in the geometrical arrangement of the
spheres are neglected. The size ratio between a bead in a tetramer and a sphere is labelled as g =
op/or. Since the MgCu, Laves phase of an ordinary binary hard-sphere mixture achieves its
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highest packing fraction for g = m ~ .82 [245-248], we employ this value in our work. All
interactions are assumed to be HS-like, meaning that the objects do not interpenetrate each other.
Thus, spheres cannot approach each other closer than o7, beads belonging to different tetramers
cannot approach each other closer than op, spheres and tetramer beads cannot approach closer
than o7 = (0L + 0p)/2. A model of the different building blocks employed in this work is
shown in Fig. 5.1.

0)] OB T4

Figure 5.1: Building blocks of the investigated binary mixture. (left) Hard spheres with diameter oy.
(centre) Hard tetrahedral tetramers of bead size op. Note that the beads are tangential to one another.
The size ratio ¢ = o/ 0o is fixed to 0.82. (right) Faceted model of a tetrahedron, with symmetry group
T;, connecting the centres of the beads.

In order to map out the phase diagram of the system, we combine Monte Carlo (MC) simu-
lations in the isobaric-isothermal ensemble and free-energy calculations. Hence, the relevant
thermodynamic quantities are Ny, Ny, P, T. The pressure P is measured in reduced units as BPGE
with B = 1/kgT, kg Boltzmann’s constant, and 7 the system temperature. The dimensionless
number density is pr = N/V, where V represents the volume of the simulation box. The pack-
ing fraction is defined as 1 = yp, with ¥ = w67 [x +4¢>(1 — x)]/6. To evolve the system, we
use displacement moves for spheres and tetramers, rotational moves for tetramers, and volume
moves. For each move, we set an acceptance rate of 30%. An MC step (MCS) is defined as N at-
tempted translations or rotations, and one volume move of the simulation box. The length of the
simulations in the isobaric-isothermal ensemble is at least 5 x 10° MCS, while the free-energy
calculations run for at least 2 x 10 MCS. For the case of non-cubic crystal structures, we also
employ NPT simulations where the box lattice vectors are free to fluctuate, in order to remove
any additional stress from the crystal phase [87, 88]. For each composition of large spheres
x, the equation of state (EOS) is computed by means of compression and expansion runs. For
the compression runs, the starting configuration is a disordered fluid of Ny = xN spheres and
N; = (1 —x)N tetramers. For the expansion runs, crystalline structures of selected composition
provide the initial configuration as explained in the following.

5.2.2 Crystalline structures

For a binary hard-sphere mixture, previous studies have shown that, at the chosen size ratio
q = op/or, = 0.82, the stable crystal structures are the FCC crystals of large and small spheres,
and the MgZn, Laves phase [245, 246], whereas the MgCu, Laves phase can be stabilised by
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wall templating [245]. In the case of a mixture of tetramers and spheres, we employ the same
packing arrangements as those in Ref. [246], but we replace four small spheres by a tetramer.
This procedure yields structures which are made from the investigated building blocks (spheres
and tetramers), but are arranged similarly to the respective literature cases. Here it is important
to note that the third kind of Laves phase — the MgNi, crystal — cannot be reproduced by a
combination of tetramers and spheres, hence it falls already out of the picture when considering
candidate crystal structures.

LP1 - MgCus

Figure 5.2: Crystal structures considered in this work. (top left) The Simple Cubic crystal of pure
tetramers (SC) at composition x = 0. (top right) The binary MgCu, Laves phase (LP1) at composition
x =2/3. (bottom left) The binary MgZn, Laves phase (LP2) at composition x = 2/3. (bottom right)
The Face Centered Cubic crystals of pure large spheres (FCC) at composition x = 1. The colour code
identifies different tetramers and separates tetramers from spheres.

Summing up, for different compositions of large spheres x we have:
SC simple cubic lattice of tetramers with specified orientation at composition x = 0.

LP1 a mixed structure of tetramers and spheres, which packs the same way as an ordinary
MgCu, lattice, at composition x = 2/3.
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LP2 the analogue of the MgZn, crystal, but made out of tetramers and spheres, also at com-
position x = 2 /3. Note that this structure has a non-cubic unit cell.

FCC the thermodynamic stable structure for hard spheres, at composition x = 1.

In the SC, LP1 and LP2 phases, respectively, all the tetramers have the same orientation, which
is calculated by a rigid transformation of the bead positions in the reference frame to the bead
positions in the crystal at hand. We note that other arrangements are, in principle, possible for
the SC phase, with respect to both the positions and the orientations of the tetramers, neverthe-
less the positions of the beads of the tetramers must always be compatible with an FCC packing.
Moreover, the degeneracy of the SC phase, if present at all, is expected to be small [249], hence
we neglect it in our calculations.

5.2.3 Free-energy calculations

The bulk phase diagram is determined by using the common tangent construction in the Gibbs
free-energy g — composition x representation. We remind the reader that the dimensionless
Gibbs free energy per particle is defined as g = BG/N = f+ Z, where f = BF /N is the di-
mensionless Helmholtz free energy per particle and Z = BP/p = yBP/n is the compressibility
factor.

Thus, in order to compute the Gibbs free energy g, one must first calculate f, and thermo-
dynamic integration is the method of choice for this task [90]. Starting from a reference point,
f is obtained by integrating the EOS to the packing fraction of interest 1), assuming no phase
transition is crossed along the integration path

n /

kT . 72 S.D

f(m) =r(mo)+

The main problem is now shifted to the computation of f at the reference point. For the
fluid phase we choose this point to be an ideal gas mixture. For the crystal phases we use
the Frenkel-Ladd method extended to account for the anisotropic particle shape [90, 250-252].
In this method, one connects an Einstein crystal, where particles are tied to their ideal lattice
positions and orientations by harmonic springs, to the system of interest by slowly removing
the harmonic springs. More details can be found in Ref. [252] and references therein. The
Helmholtz free-energy per particle f of a crystal reads [251, 252]:

1 Amax / aU ins )vl
f(no)szinst(lmaX)—ﬁ ; dA <‘58—)C,()>NVT (5.2)

where fginst, Which stands for the free energy per particle of an ideal Einstein crystal, is given
by:

3(N—1 AN 1 >
S ) = = 2N i (/Li) Hn( o} ) e (V;Ll/2> U o)
(5.3)
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In Eq. 5.2, the function Ugjyst(A) denotes the harmonic potential that couples the particle posi-
tions and orientations to the corresponding Einstein lattice values and reads:

N,
(ri—mi0)* )0} +A Y (sin? Wi, + sin? yi ) (5.4)
1 i=1

ﬁ UEinst(l) =2

=

1

where (7; — 7; o) represents the displacement of particle i from its position in the ideal Einstein
crystal, and where the angles y;, and y;;, are the minimum angles formed by the vector pointing
to any of the beads in the tetramer and the rest position of two arbitrarily chosen beads a and
b, respectively. Note that all the spheres and tetramers are connected with springs to their
respective lattice positions in the Einstein crystal, whereas an aligning potential is acting only
on the tetramers. The term for(Amax) in Eq. 5.3 takes into account the orientational free energy
of the ideal Einstein crystal and reads:

1 ax . .
for(Amax) = —ln{w/d(pdedxsin(e) X exp —?;:—T (sm2 l//,-a—l—sm2 lllib)}} (5.5)

where ¢, 0 and ) are the Euler angles. This integral depends only on the maximum value
chosen for the coupling constant A and, of course, on the form of the Hamiltonian chosen for
the orientational springs. In simple cases, it can be evaluated exactly or in an approximated
analytic form. However, when the orientational Hamiltonian is more complex as in the current
case, it must be calculated numerically, e.g. via MC integration.

Once the Helmholtz free energy is known, the Gibbs free energy per particle for fixed com-
position and varying pressure is calculated as

n P /
§(Px) = f(m00)+ 7 dn’% L 2(Px) 5.6)

With the outlined procedure, we calculate the Gibbs free energy g(P,x) for the fluid phase
at different compositions with a grid spacing of 0.1, as well as the Gibbs free energy g(P,x) for
the solid phases. We then use the common tangent construction in the (g,x)-plane to draw the
phase diagram. A representative calculation of g(P,x) is given in Fig. 5.3, where we also show
the results of the common tangent construction. By collecting the information about g(P, x) at
several pressure values, we eventually map out the phase diagram of the binary mixture in the
pressure BPGL3 — sphere composition x representation.

5.2.4 Stacking sequences and stacking diagram

Once ascertained the bulk thermodynamics, we also study the system sedimentation behaviour.
To this end, we theoretically construct a stacking diagram which is the set of all possible se-
quences of phases stacked in a sedimentation column, following the method recently presented
in Ref. [253]. The theory behind the construction of a stacking diagram is based on chemical
potentials, hence the bulk phase diagram in the P — x representation must first be converted to
the plane of the chemical potential of the spheres (L) and tetramers (T), respectively. In the fol-
lowing, we assume that such a conversion has been done and only discuss in terms of chemical
potentials of the two species.
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Figure 5.3: Gibbs free energy per particle g = BG(P,x)/N as function of composition x = N;/N for a
fixed pressure BPO'S = 13.6. The green, magenta and cyan dots represent the SC phase of pure tetramers
(at x = 0), the LP1 crystal (at x = 2/3), and the FCC of pure large spheres (at x = 1), respectively. The
blue dashed line shows the Gibbs free energy g(P,x) of the fluid as function of composition x. The orange
dots represent the coexistence points between the fluid and the LP1 crystal (2 points), and between the
fluid and the FCC crystal of pure large spheres, as calculated by the common tangent construction. The
thick lines show the path of minimal Gibbs free-energy.

Once gravity is switched on, there is an increasing concentration profile along the column
in the direction of gravity z. We now define a z-dependent chemical potential which varies with
concentration along the sedimentation column

vi(2) = ) —migz (5.7)

where y;(z) is the chemical potential of species i = {L, T} at a height z of the column and p
is its chemical potential in the absence of gravity, and m; its buoyant mass. Rearranging Eq. 5.7
and eliminating the z-dependence, we obtain a linear relation between the chemical potential of
the spheres yz (z) and the chemical potential of the tetramers yr(z)

vi(yr) =a+syr (5.8)
s =mp/mr (5.9)
a=ud—sud (5.10)

where s is the gravitational variable and a is the composition variable.
Assuming the local density approximation (LDA) is valid, we can set the local chemical
potential y;(z) of species i equal to the chemical potential u; of an equilibrium bulk state, i.e.

Vi(z) = Wi (5.11)
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so that the correlation between s and a appears as a straight line (Eq. 5.8) on the plane of
chemical potentials pur — . This straight line is called a “sedimentation path" and the set of
all such lines constitutes a stacking diagram. The point at which a sedimentation path crosses
a bulk binodal represents a phase transition. Therefore, each path yields a specific stacking
sequence of phases in the corresponding stacking diagram.

5.3 Bulk phase behaviour

In this section, we present and discuss our results for the bulk phase diagram of the binary
mixture of spheres and tetramers, including a representation of the phase diagram more suitable
to experiments.

5.3.1 Equations of state

The equations of state (EOS) of both the fluid phase at different compositions x and of the
crystalline structures considered are a key ingredient of the calculation of the phase diagram,
as we see from Eq. 5.6. For the fluid phase, we calculated the EOS at composition intervals of
0.1, whereas for the crystal phases the compositions are fixed. In Fig. 5.4 we show the EOS of
the different crystal structures investigated, as well as the EOS of the fluid mixture at different
compositions x.

140f
— 2=0.00-5SC
120} | — z=0.30
z=2/3 - LP1
100F | =, _9/3 -LP2
o':bhq 80! z=0.90
m — I:l.OG'FCC/
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40}
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Figure 5.4: EOS of the mixture of large hard spheres and hard tetramers at different compositions x. The
solid branches correspond to expansion runs of the studied solid structures, namely SC at x = 0.0, LP1
and LP2 at x =2/3, and FCC at x = 1.0. Note that the EOS of LP1 and LP2 coincide for high pressures,
but differ at lower pressures. For visualisation purposes, the curves have been shifted with respect to
each other in the y direction by an amount Ay = 14.

We subsequently fit the simulation results to

P 1 .
PP Ly (5.12)
n i=1
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for the fluid phase, and

ﬂzp =Y b’ (5.13)
= =

for the crystal phases. The typical value of n is 12, while m = 3 for all cases. The fitting
procedure allows us to easily perform the thermodynamic integration in Eq. 5.6.

5.3.2 Stability of LP1 and phase diagrams

Previous work on binary hard-sphere mixtures has shown that, unless wall templating is used,
the MgZn, Laves phase is more stable than the MgCu, Laves phase [245, 246]. Unfortunately,
the MgCu, structure is the only Laves phase whose sublattices display a complete photonic band
gap [59, 60]. Hence, the first issue for us to investigate is the thermodynamic stability of LP1—
MgCu, compared to LP2-MgZn,. We addressed this by performing free-energy calculations at
a fixed packing fraction of n = 0.60 for different total number of particles N. By plotting the
excess free energy per particle including finite-size corrections versus 1/N for both structures,
we can extrapolate to the thermodynamic limit N — oo by looking at the intercept of the two
lines. This is displayed in Fig. 5.5, where it becomes clear that the LP1-MgCu, structure of hard
tetramers and hard spheres is more stable than the LP2-MgZn, structure in the thermodynamic
limit.

}§ LP1-MgCu2
P % LP2-MgZn2

9.94 . ‘ . ‘
0000 0.005 0.010 0.015 0.020
1/N

Figure 5.5: Finite-size scaling of the excess Helmholtz free energy f,. + In(N)/N vs 1/N at diameter
ratio ¢ = 0.82 and packing fraction 11 = 0.6 for the LP1-MgCu, and LP2-MgZn, Laves structures of
hard tetramers and hard spheres. The lines are linear fits to the data points. The LP1 crystal is always
significantly more stable than the LP2 structure, the free energy difference in the thermodynamic limit
being 6 x 10~2kg per particle.

The LP1 structure has a bulk excess free energy per particle of 10.01(1)kg7’, while the LP2
crystal has an excess free energy per particle of 10.07(1)kg T, the difference being 6 x 10~2kgT .
Incidentally, we note that this free-energy difference is not at all small, being hundreds of times
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larger than the free-energy difference between an FCC and an HCP of hard spheres. Thus,
by employing a mixture of hard tetramers and large hard spheres, the MgCu, structure — the
precursor of colloidal photonic crystals — is stabilised in bulk. In view of this result, we will
refer to LP1 more generically as “Laves phase” in the following.

To draw the phase diagram in the pressure ﬁPGE—composition x representation, we apply
common tangent constructions to the Gibbs free-energy curves g(P,x) at different pressures,
in order to determine the composition and densities of the coexisting phases. The results are
summarised in Fig. 5.6.
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Figure 5.6: Phase diagram of a binary mixture of hard spheres and hard tetramers in the pressure
B Pcrz’ —composition x representation. The composition x = Ng/N refers to the spheres. Two triple points
(Fluid+SC+Laves, Fluid+Laves+FCC) are found, together with a relatively large phase coexistence re-
gion between the fluid and the Laves phase.

For pressures BPGE < 11.5, we find that the fluid is the only stable phase. Increasing
the pressure results in different coexistence regions, between the fluid and the three crystal
structures investigated, and between the different crystal structures at even higher pressures.

For11.5<f PGE < 13.9 and compositions x > 0.81 we find coexistence between the FCC
crystal of large spheres and the fluid phase, while for 17.0 < ﬁPGE < 17.6 and compositions
x < 0.17 we find a coexistence between the simple cubic crystal of tetramers and the fluid phase.
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Interestingly, at intermediate pressures and compositions we observe two distinct phase
coexistence regions between the Laves phase and the fluid phase with either a composition
smaller or larger than that of the Laves phase, i.e., x < 2/3 and x > 2/3. Moving towards high
pressures we find solid-solid coexistence between the simple cubic phase of pure tetramers and
the Laves phase, and between the Laves phase and the pure FCC phase of large spheres, the
former starting at somewhat higher pressures than the latter (ﬁPGf > 17.6 vs ﬁPGf > 13.9).

For very high pressures, we expect, due to packing considerations, only a single coexistence
region between the simple cubic phase of tetramers and the FCC crystals of large spheres, i.e.
we expect to find another triple point where the SC, Laves, and FCC phases are in coexistence
with each other. However, we were unable to detect the crossover, even by simulating at pres-
sures as high as ﬁPof =70.0. Thus, we can only set a lower limit on this specific crystal-crystal
phase coexistence region.

The relatively large two-phase coexistence region between the fluid phase and the Laves
phase is the most remarkable feature of the presented phase diagram, signalling an extended
and easily accessible parameter range to obtain the targeted MgCu, Laves phase in simulations
as well as in experiments. We checked this result by additionally performing direct coexistence
simulations at overall compositions x = 0.5 and x = 0.6 and pressure ﬁPGS =15.0. In Fig. 5.7
we present snapshots of the final configurations as obtained from the simulations, which confirm
the coexistence between the fluid phase and the Laves phase of tetramers and spheres.

Figure 5.7: Representative final configuration from direct coexistence simulations displaying coexist-
ence between the fluid phase and the Laves crystal of hard tetramers and hard spheres. (top) Overall
composition x = 0.6 and pressure ﬁPGL3 = 15.0. (bottom) Same as top panel, but with colour coding as
to highlight the different tetramers.

Despite the progress in the fabrication of colloidal building blocks, we are unaware, to the
best of our knowledge, of experimental realisations of the proposed binary mixture. In order to
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Figure 5.8: Phase diagram of the investigated binary mixture in the packing fraction of tetramers nr —
packing fraction of large spheres 1), representation.

facilitate the comparison with experimental results we additionally convert the phase diagram
to the packing fraction of tetramers 17 — packing fraction of spheres 7ng representation, the
result being shown in Fig. 5.8. The triple points we found in Fig. 5.6 — Fluid + SC + Laves,
Fluid + Laves + FCC — transform to triangular areas in this representation. In between the triple
points we find the coexistence region between fluid phase and Laves structure, which could be
probed experimentally. Note that the triple point SC + Laves + FCC is outside the scanned
pressure range and for this reason does not appear in Fig. 5.8. Finally, we also calculate the
phase diagram in the chemical potential of the spheres y; — chemical potential of the tetramer
ur representation. While this diagram is not suitable for comparison with experiments, it is
instead crucial in order to theoretically address the role of gravity on the presented bulk results,
as accomplished in the next section.
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5.4 Sedimentation behaviour and stacking diagram

We now study the system while sedimenting under a gravitational field. The phase diagram in
the chemical potential of the spheres u; — chemical potential of the tetramers 7 representation
is shown in Fig. 5.9, where full black lines represent bulk binodals. At each point on a binodal
two phases are in equilibrium with each other.
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Figure 5.9: Phase diagram of the binary mixture in the chemical potential of large hard spheres i —
chemical potential of hard tetramers py representation. The solid lines represent the bulk binodals, and
delimit single-phase regions. The phase transitions of the pure system of spheres and the pure system
of tetramers are shown by the horizontal and vertical asymptotic extensions of the respective binodals.
The coloured dashed lines represent some of the possible phase-stacking sequences in the sediment. The
colour code is the same as the one used for the stacking diagram. The arrows on the dashed lines indicate
the direction from the bottom to the top of the sediment.

This bulk phase diagram is used as an input for our theory, as discussed in Sec. 5.2.4, in
order to calculate the stacking diagram. The different regions in a stacking diagram, each of
which represent a unique stacking sequence, are delimited by the following features:

Sedimentation binodal is the locus of all sedimentation paths tangential to the bulk binodal(s).
We have five bulk binodals indicating the various coexistences as shown in Fig. 5.9 thus giving
five corresponding sedimentation binodals.

Terminal lines which represent sedimentation paths passing through any point where a
binodal terminates. Referring to our bulk phase diagram, we have three such terminal points:

1. The triple point where the Laves, fluid and FCC phases coexist.

2. The triple point where the Laves, fluid and SC phases coexist.
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3. The triple point where the Laves, FCC and SC phases coexist. In order to locate this point
in the plane of chemical potentials, we obtain the FCC-Laves and SC-Laves binodals from
simulations until pressures [3PGL3 =70, and we extrapolate the last simulated points until
the two binodals meet.

Asymptotic terminal lines appear when the bulk binodal does not terminate at a finite value
for one of the chemical potentials, i.e., when the binodal is connected to a phase transition
of a one-component system or when, at very high chemical potentials, both pure component
crystals approach close packing densities. For example, in our system the fluid-FCC binodal
goes asymptotically to the fluid-FCC phase transition of the pure large hard spheres, which is
denoted by the s = 0 line. In addition, the fluid-hard tetramer SC phase continues in the pure
tetramer system, which is at s = —oo (not shown in figure).

With these features in place, we obtain the corresponding stacking diagram of system of
large hard spheres and hard tetramers undergoing sedimentation, shown in Fig. 5.10, with the
assumption that both species sediment slowly enough for LDA to apply. The differently col-
oured regions in Fig. 5.10 represent the different stacking sequences for this binary mixture. We
remind the reader that s equals the ratio of the buoyant masses of the spheres to the tetramers,
as from Eq. 5.9. A negative s means that one species settles while the other creams up. For
the purposes of analysis, in this paper we assume that the tetramers always settle, which means
that the buoyant mass of the tetramer species is always positive. Alternatively, if the identity
of the settling species is switched, the stacking sequences for the negative s region will simply
be reversed. Keeping this in mind, the following observations can be made about the resulting
stacking diagram.

1. For negative s, the single species crystal phase formed at the bottom is always the SC
phase of tetramers, as is expected.

2. For 0 < s < 0.45, the pure component crystal phase is the SC of tetramers, which is also
expected because the tetramers have a higher buoyant mass than the spheres and therefore
sediment faster.

3. For s 2 0.45, the large spheres form the FCC phase at the bottom of the column. This is
counter-intuitive as the spheres have a lower buoyant mass and should sediment less than
the tetramers, and it is reminiscent of the “Brazil-nut effect” in binary granular mixtures
under shaking, where the large species rises to the top of the smaller one [254, 255].
However, the nature of the two phenomena is different, because the Brazil-nut effect
happens under out of equilibrium conditions, while the observed settling behaviour is an
equilibrium phenomenon. We also note that Brazil-nut-like effects have been observed —
both theoretically and experimentally — in colloidal systems, however involving charged
binary mixtures [256, 257].

4. For s ~ 1, which means that the buoyant mass of both species are equal, we still observe
that the large hard spheres form an FCC crystal at the bottom. This can be understood if
we approximate the hard tetramer by a circumscribed sphere with a diameter G.¢r = g(1+
v/(3/2))or ~ 1.830,. We thus find that the tetramers are the larger than the spheres,
and hence the system minimises its potential energy by having the smaller species at the
bottom.
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Figure 5.10: The stacking diagram depicting the sedimentation-diffusion equilibrium for the binary
mixture of large hard sphere-hard tetramer. The coloured regions represent the different phase-stacking
sequences of phases observed in the sedimentation column. Note that the colours of the regions corres-
pond to the colours of the sedimentation paths drawn on the ur — y; representation in Fig. 5.9. For
visualisation purposes we have restricted the axes to the region which contains the largest amount of
stacking sequences. Moreover, the a axis was linearly scaled with respect to s by a constant ¢ = —40,
such that a = ageuq — € S.

15

5. We intriguingly observe some regions with floating phases [258], where crystal phases are
found on top of the fluid phase, such as SC-Fluid-Laves-Fluid or SC-Fluid-FCC-Fluid.
These regions are, however, relatively small.

5.5 Conclusions

We investigated the phase behaviour of a binary mixture of hard spheres and hard tetramers
consisting of beads arranged in a tetrahedral fashion. By using MC simulations in the isobaric-
isothermal ensemble combined with free-energy calculations and the thermodynamic integra-
tion method, we mapped out the bulk phase diagram of the mixture in the pressure ﬁPGB—
composition x representation. We also theoretically determined the sedimentation behaviour of
this mixture using the local density approximation.

We found two-phase coexistence regions between the fluid phase and the various crystal
structures, as well as two triple points, namely the Fluid+SC+Laves and the Fluid+Laves+FCC
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triple points. Surprisingly, we find a relatively large coexistence region between the fluid and
the Laves phase — the structural analogue of the MgCu, phase, which may be experimentally ac-
cessible. In order to facilitate comparison with experimental parameters, we also converted the
phase diagram from the pressure [3PGL3 — composition x representation to the packing fraction
of tetramers 17 — packing fraction of spheres 1, plane.

Assuming the validity of the local density approximation under relevant experimental condi-
tions for our binary system, we also investigated the sedimentation behaviour by calculating the
stacking diagram of this mixture. We observed several stacking sequences, some of which were
reminiscent of the “Brazil-nut effect” in binary granular mixtures, while others intriguingly
displayed floating phases.

Our results demonstrate a novel self-assembly route towards a photonic crystal, in which
the Diamond and the Pyrochlore structures can be assembled in one crystal — the MgCu, Laves
structure — from a binary mixture of hard spheres and hard tetramers. By selectively burning
or dissolving one of the species, either the tetramers or the spheres, the Laves phase can be
converted into a diamond lattice or a pyrochlore structure to obtain a photonic crystal with a
bandgap in the visible range. We hope that our results will stimulate further experimental and
theoretical investigations. In future work, we will address the crystallization kinetics of the
proposed self-assembly route, as well as the effect of colloidal epitaxy.
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Phase behaviour of a binary mixture of
colloidal spheres and icosahedral clusters

Nanoparticles and colloidal particles display a wealth of interesting crystal structures which are
suitable for application in, e.g., thermoelectric materials and photovoltaics or in photonics and
energy storage, depending on the particle size and material. One particular structure which can
be obtained in binary mixtures of nanoparticles is the AB13 crystal, in which the small spheres
are arranged in an icosahedral fashion. Such a structure can be viewed as being made of large
hard spheres and hard icosahedral clusters potentially yielding a plastic colloidal crystal to be
used in optoelectronic devices. In this chapter, we employ a binary mixture of hard colloidal
spheres and hard icosahedral clusters to study the thermodynamic stability of the AB3 crystal.
The choice of the particular building blocks is motivated by the recent advances in colloidal
synthesis. Our bulk phase diagram shows a number of solid-solid phase coexistence regions,
as well as a phase coexistence region between the fluid and the AB3 crystal, and between the
fluid and a plastic crystal of pure icosahedra. The latter regions are expected to be accessible
in sedimentation experiments on the suggested mixture, allowing studies of colloidal plastic
crystal phases in real space and real time.
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6.1 Introduction

The study of self-assembled structures formed by colloids or nanoparticles (NPs) has a two-
fold purpose: first, the resulting crystals may have properties that make them interesting for
applications, and second, it may be used to gain insights at a fundamental level into conventional
condensed matter topics, such as phase ordering and kinetics [15-17, 259]. Colloids and NPs
have provided numerous examples of ordered structures, many of which are isostructural to
atomic crystals. For instance, single component systems have been found to form face-centered-
cubic (FCC) crystals both in colloids [14] and NPs [260]. More complex arrangements are
observed in binary systems, such as lattices isostructural to NaCl, AIB,, Cu;Au, CaB, and
AB 5 [259, 261-266]. Binary NP superlattices open the way to miniaturised transistors, better
thermoelectric materials and photovoltaics [259]. Colloidal crystals, instead, can be used as
photonic crystals to control visible light, with applications in optical fibres, switches, (bio-
)sensing, security, and energy storage [18-29].

Motivated by previous results on binary NP mixtures, and by the increasing number of
shapes that — due to advances in chemical synthesis — are available for colloidal self-assembly,
we address in this chapter the formation and stability of an AB 5 superlattice made of spheres
and icosahedral clusters of spheres interacting as hard particles. The assumption of hard bodies
is reasonable for NP under particular conditions of, e.g., temperature [259]. To understand
why the AB; superlattice is particularly interesting from the colloid science perspective, its
structure should be considered in more detail. As shown in Fig. 6.3, the 13 small spheres
of type B are arranged at the vertices of an icosahedron, including a sphere in the middle.
The icosahedra and the large spheres of type A form two interpenetrating simple cubic (SC)
structures. Because of the mild anisotropy inherent to the icosahedra, we can expect a crystal
involving such a building block to transform into a plastic crystal. A plastic crystal, also known
as rotator phase, is a structure with long-range positional order and short-range orientational
order, suitable to fabricate materials with tunable optical properties [267]. The prospects of a
stable plastic crystal phase in a binary mixture of hard icosahedral clusters and hard spheres
motivated us to investigate the phase behaviour of this binary system.

Moreover, studying hard colloidal icosahedral clusters mixed with hard colloidal spheres
allows us to test whether or not a colloidal analogue of the regular AB 5 superlattice is stable in
bulk. As we have seen in Ch. 5, this is true for the MgCu, Laves phase of tetrahedral clusters
and spheres. Here, we wish to explore the same possibility using colloidal icosahedral clusters
and colloidal spheres. As already pointed out in Ch. 5, colloidal clusters of spheres are relatively
easy to synthesize [234, 235, 237, 239-243], making our investigation directly relevant to future
experiments, provided the particles interact predominantly with excluded-volume interactions.

This chapter is organised as follows. We introduce the model and discuss the employed
methods in Sec. 6.2. In Sec. 6.3 we present the results on the phase behaviour of the binary
mixture of spheres and icosahedra. In Sec. 6.4 we sum up our findings, and outline future
research directions.
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6.2 Model and methods

6.2.1 Monte Carlo simulations

We investigate a binary mixture of Ng spheres and N; icosahedra with composition x = Ng/N,
where N = Ng + N;. The spheres have diameter o7, while the beads in the icosahedral clusters
have a diameter op. The icosahedra are formed by 12 beads tangential to a central bead of
the same size. We neglect fluctuations in the geometrical arrangement of the beads, as well as
size polydispersity. The size ratio between a bead in an icosahedron and a sphere is labelled as
g = op/or. Since the AB,; phase of an ordinary binary hard-sphere mixture achieves its highest
packing fraction for g ~ 0.58, we employ this value in our work. All interactions are assumed
to be hard-sphere-like, meaning that the objects do not interpenetrate. Thus, spheres cannot
approach each other closer than o7, beads of different icosahedra cannot approach each other
closer than op, and spheres and icosahedral beads cannot approach closer than o;5 = (o7, +
op)/2. A model of the icosahedron showing the face, edge, and vertex orthogonal projections,
as well as the size difference between the two investigated building blocks, is shown in Fig. 6.1.

Edge Vertex

Figure 6.1: (inside the box) Building blocks of the investigated binary mixture: hard sphere of diameter
oy, in red, hard icosahedral cluster in blue, where each bead has a diameter 6. The size ratio between
the spheres and the beads ¢ = op/0y is fixed to 0.58. (outside the box) Main orthogonal projections of
the icosahedron, in both space filling and ball and stick model: face on, vertex on, and edge on.

We study the phase behaviour of the binary mixture by Monte Carlo (MC) simulations in the
isobaric-isothermal ensemble, where the number of particles of each species, the pressure and
the temperature are fixed. Hence, the relevant thermodynamic quantities are Ng,N;, P, T. The
pressure P is measured in reduced units as ﬁP(fi5 with B = 1/kgT, kg Boltzmann’s constant,
and T the system temperature. The dimensionless number density is pGIf =N O'L3 /V, where
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V represents the volume of the simulation box. The packing fraction is defined as n = yp 0'2,
with ¥ = m[x+ 13¢°(1 — x)] /6. We sample the configurational phase space with displacement
moves for spheres and icosahedra, rotational moves for icosahedra, and volume moves for the
simulation box. The acceptance rate for translational and rotational moves is 30%, while it is
set to 20% for the volume moves. We define an MC step (MCS) as N attempted translations or
rotations, and one volume move of the simulation box. The simulation runs consist of at least
5 x 10% MCS. To study non-cubic crystal structures, we also employ NPT simulations where the
lattice vectors of the box are free to fluctuate, in order to remove any additional stress from the
crystal phase [87, 88]. We analyse the simulation results by calculating the radial distribution
functions (RDF) for each species gq (7). and the orientational scatter plot for the icosahedra.
For each composition of large spheres x, the equation of state (EOS) is computed by means
of compression and expansion runs. For the compression runs, the starting configuration is a
disordered fluid of Ny = xN spheres and N; = (1 — x)N icosahedra. For the expansion runs,
crystalline structures of selected composition provide the initial configuration, as explained in
the following section.

6.2.2 Crystalline structures

We employ three different crystalline structures to provide the system initial configuration at
composition x =0, 0.5 and 1.

For x = 0, we have a single component system of icosahedra, whose close-packed configur-
ation can be found by employing the Floppy Box Monte Carlo (FBMC) method [87, 88]. In the
FBMC, we simulate only a few particles, in order to mimic a unit cell, and additionally we let
the box shape fluctuate. By running several FBMC simulations, one can identify the candidate
crystal structure to use as starting configuration for the simulations in the isobaric-isothermal
ensemble. For the case of pure icosahedra, the FBMC method yields a triclinic Bravais lattice
type with maximum packing fraction 1 = 0.652. This structure is hereafter labelled as TCI, and
is shown in Fig. 6.2.

Figure 6.2: Illustration of the TCI crystal structure. Particles near the three main edges of the box are
coloured in yellow to highlight the box shape. The purple colour refers to the orientation of the north
pole of the icosahedra, and it is the same for all the particles in the crystal. (left) Representation showing
the icosahedral clusters. (right) Representation showing spheres at the centre of mass of the clusters,
having the same volume as the icosahedra.
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For x = 0.5, we use a close packed configuration of the AB,5 structure for a binary mixture
of hard spheres at the chosen size ratio ¢ = 0.58, however we substitute an icosahedron for every
13 small spheres. The resulting structure — shown in Fig. 6.3 — consists of two interpenetrating
simple cubic lattices, one of the spheres, and one of the icosahedra. The orientation of the
icosahedral clusters is estimated by a rigid transformation of the bead positions in the reference
frame to the bead positions in the crystal. This procedure yields two different orientations,
which are also shown by two different colours in the middle and right panel of Fig. 6.3.

Figure 6.3: Illustration of the AB; crystal structure. (left) Representation showing all the spheres as
separate objects. The large spheres are coloured red and the small spheres are coloured cyan. (middle)
Beads of the icosahedral clusters grouped together, as a whole object. (right) Representation showing
the centre of mass and orientation of the building blocks. In the middle and right panels, the colour code
refers to the orientation of the north pole of the particles with respect to the z-axis. The large spheres are
coloured dark blue by convention. Additionally, in the right panel the north pole is also shown as a small
black spot on the spheres representing the icosahedra.

For x = 1.0, we pick the FCC of large spheres, which is the thermodynamically stable crystal
phase [250].

6.2.3 Free-energy calculations

We measure the EOS using compression and expansion runs in Ng,N;, P, T simulations. To
obtain analytical expressions for the S, we fit the simulation results to

WP _ 1+Y an' (6.1)
i=1

for the fluid phase, and
P & :
@ =Y b’ (6.2)
n i=0

for the plastic crystal and crystal phases. Here, the typical value of n is 12, while m ranges
between 3 — 6. The fits eventually allow for the evaluation of the Gibbs free energy at a specific
pressure and composition g(P,x), provided one reference value f(1g,x) of the Helmholtz free
energy is known, according to

n P
g(Px) = f(no,x)+y [ dn T+_ (6.3)



94 CHAPTER 6

To calculate the Helmholtz free energy of the crystal phases at a reference density, we use the
Einstein crystal method which tethers the particles to the lattice site by a spring of constant A,
as described in Ch. 5. However an additional integration step is needed in order to deal with
the plastic crystal phases since the particles in these phases can still bump into each other by
rotations even if their positions are fixed. To this end, we employ the method suggested in
Ref. [268], which allows for a continuous transition from a non interacting system to a plastic
crystal. We introduce soft-to-hard interaction potentials among all the particles in the system

N; N;p
ﬁUsoft ZZZﬁ‘p "I‘m TJIJ‘ OB; ’}/) (64)
i=1j>in,u
N; Ns 13
BUS: (V7)) =Y Y Y Bo(|rig —7jl, o18:7) (6.5)
i=1j=11n
Ns Ng
BUS (r5:7) =Y. Y Bo(jri—7jl,01:7) (6.6)
i=1j>i
BUGe (V) = BUse + BUsse + BUSY (6.7)
with
_ 2 ;
Bo(r,o,y)= {Y(l Alr/o)’) lfr<(.5 (6.8)
0 otherwise

where & = {r &'} denotes the positions and the orientations of the icosahedra, r™s the po-
sitions of the large spheres, 7y, the position of bead 1 of icosahedron i, and ¥ is the integration
parameter. We have set A = 0.9 in our calculations following Refs. [269, 270]. We start at a
value of Ymax = 200 where the particles behave as hard objects. Then, we turn on the transla-
tional springs that tether the particles to the respective lattice sites by increasing A from 0 to
Amax- Next, we decrease Y to zero so that the system becomes an ideal Einstein crystal. The free
energy F of a plastic crystal phase is then given by

Ymax
BE(Ni,N,,V,T) :BFEinst(Ni,Ny,V,T)—/ A <aﬁF> +/ dy<‘9/3_F> 6.9)
0 al 0 ay )"n'lax

with (0BF /dy) = (BU (v)/v) and (IBF /o) = <Z§V:1 (ri —Ti70)2/6L2>, where r; denotes
the centre-of-mass position of particle i and 7; ¢ its respective ideal lattice position. Note that
this last term does not distinguish between icosahedra and spheres, but only takes into account
the positions of the centre of mass. The Helmholtz free energy of the noninteracting plastic

Einstein crystal reads

. _ 3(N-1) T AA, o}
B Feinst(Amax) = — 5 In (lmax) +Nln ( pe > +log (VN1/2> (6.10)

where A, represents the translational (rotational) de Broglie wavelength.



PHASE BEHAVIOUR OF A BINARY MIXTURE OF COLLOIDAL SPHERES AND ICOSAHEDRAL
CLUSTERS 95

6.3 Bulk phase behaviour

In this section, we present selected equations of state (EOS) and discuss our results for the bulk
phase diagram of a binary mixture of hard spheres and hard icosahedra. In general, we find
hysteresis loops in the equations of state as obtained from compression and expansion runs.

6.3.1 EOS of pure hard icosahedra, x=0

The EOS of a single component system of hard icosahedra is shown in Fig. 6.4, where open
circles represent MC data and the solid lines are fits using Eq. 6.1 and 6.2.

30 T T T T
25+ | oo MC data
Isotropic
20 L
mt;q == pTCI
L | == TCI
D__‘ 15
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10} .
51 )
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Om 0 e S e i ° ] ] ] 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
T

Figure 6.4: The reduced pressure ﬁPGE as a function of packing fraction 7 for a system of hard icosa-
hedra, i.e., sphere composition x = 0. Two structural transitions can be identified: the crystal to plastic
crystal at a reduced pressure of BPo} ~ 11.0, and the plastic crystal to isotropic fluid at a reduced
pressure of Po; ~ 3.5.

We observe two structural transitions signalled by discontinuities in the EOS. Going from
high pressures towards low pressures, first the triclinic lattice TCI transforms into a plastic
crystal (pTCI), then the plastic phase melts into an isotropic fluid (I). The box shape in the
isotropic phase relaxes to a cuboid, meaning that there is no preferential direction in this phase.

Typical configurations of the TCI, pTCI, and I phases are shown in Fig. 6.5 from top to
bottom, respectively, and are complemented with the radial distribution function (RDF) using
the centre-of-masses of the icosahedral clusters, and with the spherical scatter plot of the particle
orientation. The RDF of the icosahedra is crystalline in the case of TCI and pTCI, but is fluid-
like in the I phase. The structure of TCI is consistent with that of a body-centred-cubic (BCC)
crystal, whereas the structure of pTCI is consistent with an FCC, as shown by the vertical
lines corresponding to the major peaks of the BCC and FCC crystals. The TCI-pTCI transition
is found to be first order from additional compression and expansion runs with a much finer
pressure step ([3AP0‘L3 = (.05) than what was used in order to scan the entire EOS ([3AP(7L3 =
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0.5). Regarding the orientational correlations, we observe an isotropic sphere coverage for the I
and the pTCI phases, while clear spots are found for the crystal TCI phase. These measurements
confirm that the plastic crystal phase has positional order, but lacks orientational order.
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Figure 6.5: Analysis of the phases of hard icosahedra obtained at different pressures. The typical con-
figurations display only the position of the centre of mass of the clusters, with a sphere having the same
volume as the icosahedral clusters. The colour code refers to the orientation of the north pole of the
icosahedra. (top) Crystal phase (TCI) at ﬁPGL3 = 12.0, with BCC-like peaks in the RDF as shown by
the vertical lines that correspond to the peaks of an ideal BCC, and well defined orientational correl-
ations. The configuration shows that all the icosahedra retain a similar orientation. (middle) Plastic
crystal phase (pTCI) at BPGB = 9.5, with FCC-like peaks in the RDF and low orientational order. The
vertical lines denote the peaks of an ideal FCC lattice. The configuration and the orientational scatter plot
show that in this phase the icosahedra are freely changing their orientations. (bottom) Isotropic phase
() at BPo; = 2.0, with low positional and orientational order. In this last case, the RDF is shown in
comparison with the ordered phases.
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6.3.2 EOS of the equimolar mixture of hard icosahedra and hard spheres,
x=0.5

The EOS for the equimolar mixture of hard spheres and hard icosahedra is shown in Fig. 6.6,
where open circles represent MC data and the solid lines are the fit results. Upon decreasing
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Figure 6.6: The reduced pressure SPo;} as a function of packing fraction for an equimolar mixture of
hard spheres and hard icosahedra, i.e., sphere composition x = 0.5. Two structural transitions can be
identified: the crystal to the plastic crystal (AB;3-pAB;3) at a reduced pressure of ﬁPGS ~ 8.0, and the
plastic crystal to isotropic fluid (pAB;3-I) at a reduced pressure of BPo; ~ 5.5.

the pressure we again find discontinuities in the EOS. The initial ABj3 crystal transforms into
a plastic crystal (pAB13), which then melts into an isotropic phase (I). In Fig. 6.7 we present
a structural analysis comparing typical configurations, RDFs, and orientational scatter plots,
which reveals that — in contrast with the pTCI rotator phase of pure icosahedra — the pAB3
phase retains the same structure as that of the parent solid phase AB3. Indeed, both RDFs are
consistent with a SC structure, where the RDF is calculated only between icosahedral clusters.
The orientational correlation plots display a similar behaviour as seen at x = 0, showing low
orientational order in the isotropic and plastic crystal phase, but high orientational order in the
crystal phase.
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Figure 6.7: Analysis of the stable bulk phases of an equimolar mixture of hard spheres and hard icosa-
hedra for varying pressures. In the typical configurations, we represent the icosahedra by spheres with
the same volume as the icosahedral clusters. The colour code refers to the orientation of the north pole
of the icosahedra, while the actual hard spheres are coloured in dark blue. (top) AB;3 crystal phase at
ﬁPGL3 = 9.5, with SC-like peaks in the RDF as shown by the perfect match with the vertical lines cor-
responding to the major peaks of an ideal SC lattice, and well defined orientational correlations. The
configuration shows that all the icosahedra retain a similar orientation. (middle) pAB3 plastic crystal
phase at ﬁPGL3 = 6.5, also with SC-like peaks in the RDF and low orientational order. In this case, while
the positions are still well-defined, the orientations of the icosahedra are uncorrelated. (bottom) Isotropic
phase at [3PGL3 = 4.0, with low positional and orientational order. In this last case, the RDF is shown in
comparison with the ordered phases.
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6.3.3 EOS of pure hard spheres, x=1

For the EOS of the single component system of hard spheres, we use well-known analytical
results which relate the compressibility factor 2 = BP/p to the system packing fraction 1. For
the fluid phase, we employ the Carnahan-Starling equation of state [271]

_l+n+n’-n’
(1-m)

while for the solid phase we make use of the empirical equation of state for the FCC crystal by
Speedy [272]

Z

(6.11)

3 aly-b)

% —
11—y y—c

(6.12)

where y = pGL3 / V2 is the dimensionless density relative to close packing, and a = 0.5921,
b=0.7072, and ¢ = 0.601 are fit parameters for the FCC crystal. The bulk coexistence pressure
of the fluid-solid transition in hard spheres is known to be 3 PGE =11.54 [252].

6.3.4 Bulk phase diagram

We performed Gibbs free-energy calculations, according to the procedure outlined in Sec. 6.2.3,
in order to draw the phase diagram of the system under investigation in the pressure BPGE’ -
composition of large sphere x representation. The resulting phase diagram is shown in Fig. 6.8.

For sufficiently high pressure, we find either a phase coexistence region between the TCI
phase at x = 0 and the AB3 crystal phase at x = 0.5 at ﬁPGS > 11.10, or a phase coexistence
region between the AB3 at x = 0.5 and the pure FCC phase at x = 1 for BPGI? > 12.22. For
pressures below [3PG£3 < 11.10 and x = 0, the pTCI crystal becomes stable over the TCI, and
opens up a region of phase coexistence with the AB3 crystal.

We now turn our attention to the different fluid-solid coexistence regions. For sphere com-
position x < 0.67 and pressures ﬁPGL3 € [4.71,9.20], the fluid phase is in coexistence with the
pTCI of hard icosahedra. For pressures below ﬁPGZ’ < 12.22 and x = 0.5, we always find the
AB3 crystal to be more stable than the plastic pAB13. This gives rise to a pocket of phase
coexistence between the AB3 solid and the fluid phase, which extends until ﬁPGE’ =9.20. We
find two triple points, namely the pTCI-AB;3-Fluid at pressure [3P6L3 = 9.20, and the AB3-
Fluid-FCC at pressure Po; = 12.22.

Especially the regions of coexistence between the isotropic and the (plastic-)crystalline
phases are of interest for experiments. In fact, these regions should be observed in bulk self-
assembly experiments, provided all the interactions between the building blocks can be mapped
onto a hard potential.

6.4 Conclusions

We have investigated the phase behaviour of a binary mixture of colloidal hard spheres and
hard icosahedral clusters. By using MC simulations in the isobaric-isothermal ensemble with
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Figure 6.8: Phase diagram of a binary mixture of hard spheres and hard icosahedra in the pressure
BPo}-sphere composition x representation. Besides the different solid-solid phase coexistence regions,
we also find coexistence between the fluid phase and the pTCI solid, and between the fluid phase and the
AB 13 phase. The plastic pAB13 phase is always metastable.

and without variable box shape, we mapped out the phase diagram of the mixture in the pressure
BPO'L3—sphere composition x representation.

For high pressures, we found solid-solid demixing transitions between the TCI of hard ico-
sahedra and the AB 3 crystal of spheres and icosahedra, as well as demixing between the AB3
and the FCC of hard spheres.

For intermediate pressures and composition x < 0.5, we found that the plastic crystal of hard
icosahedra pTCl is in coexistence with the AB13 and the fluid phase. For composition x > 0.5
the fluid phase is in coexistence with the AB3 or the FCC or pure hard spheres.

The observed pockets of coexistence of the isotropic fluid phase with the solid phases, either
plastic or fully crystalline, suggest that it is feasible to self-assemble such structures from spher-
ical and icosahedral colloidal building blocks. Our findings show potential impact of such
colloidal building blocks in, e.g., photonics. Moreover, our work sheds light on the role of
orientational entropy in stabilising a richer variety of structures than it is possible with binary
hard-sphere mixtures. We hope that our results will stimulate further experimental and theor-
etical investigations on these mixtures. Further research directions include studying the effect
of gravity on the presented mixture and constructing a stacking diagram similarly to what was
shown in Ch. 5, as well as investigating the kinetic pathways of crystal formation.
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Summary

This thesis work deals with the phase behaviour of colloidal particles in suspension. The typical
size of a colloidal particle ranges from nanometers to micrometers (about five hundred times
smaller than the thickness of a human hair). Such tiny particles display Brownian motion due
to collisions with the solvent molecules, and this enables them to explore all possible system
configurations and to choose the structure which is most convenient in the thermodynamic sense
— a process which is referred to as self-assembly. Colloidal particles can form gas, liquid and
crystal phases just as atoms can, but on much longer length and time scales. This allows for
insights at the single particle level on the stability of these phases and the transitions between
them, i.e. on the system phase behaviour. Moreover, due to the intrinsic size of the colloidal
particles, the assembled structures interact with light in the visible region of the spectrum, giving
rise to applications in a plethora of fields such as optical devices, energy storage, information
encryption, and bioengineering.

The self-assembly of specific structures can be targeted by varying the shape of the particles,
and the particle-particle interaction. If we think of the colloidal particles as primary building
blocks, then the self-assembly of different structures can be seen as playing with LEGO at a
microscopic level. For instance, hard spheres (colloidal billiard balls) self-assemble into a face-
centered-cubic (FCC) crystal for high enough density, while hard rods display liquid-crystalline
phases with different degrees of order. Of course, we do not know beforehand which shape and
pair-interaction will result in the desired structure, hence we need to study the different cases
by means of a predicting tool. The tool of choice for our investigation is computer simulations,
and the chapters of this thesis present particular examples of colloids with different shape and
interparticle potential, and the structures that can be self-assembled from them.

In part 1 of this thesis, we deal with particles with attractive spots at prescribed locations,
also known as "patchy" particles. This kind of particles can be advantageous to target open
crystalline structures, or to induce the formation of aggregates of finite size. In chapter 2, we
study the self-assembly of dumbbell-shaped particles with one attractive bead. We show that,
upon varying the geometry of the dumbbell, clusters of different shape and size can be formed.
Specifically, we observe the spontaneous formation of spherical and cylindrical micelles, ves-
icles, and bilayers in a regime of low packing fraction. The particles assemble themselves from
the gaseous phase, and rearrange until they form clusters of defined shape. Especially ves-
icles and bilayers are of interest here, as they could be used as model systems to investigate,
at the colloidal scale, processes like drug encapsulation/delivery or the behaviour of biological
membranes. In chapter 3, we study the self-assembly of triangular trimers, with two repulsive
and one attractive bead — also known as "Mickey Mouse" (MM) particles due to their peculiar
shape. We find that these particles display a gas, a cluster and a tube phase upon decreasing the
temperature of the system. The tubes are stabilised against further aggregation by the repulsive
beads of the trimers, which point radially outwards of the tube. We compare the results ob-
tained by our simple simulation model to the experiments performed by J. Wolters under Prof.
W. Kegel at Utrecht University [79], and find good agreement in the displayed phase behaviour.
In chapter 4, we ask ourselves how the self-assembly scenario of the MM particles depicted in
chapter 3 is related to the well-known phenomenon of gas-liquid phase separation of attractive
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spheres. We address this question by connecting the spheres to the MM particles via a series of
intermediate models where we first grow outer beads on the spheres and then reduce the interac-
tion range to the one studied in chapter 3. We find that the binodal line and its critical point shifts
to lower temperatures upon growing the outer beads, which reduces the particles’ valence, and
that shrinking the interaction range triggers the formation of the previously observed tube-like
structures.

In part 2 of this thesis, we deal with binary mixtures of hard particles, whose phase beha-
viour is completely entropy driven and depends on the applied pressure and the chosen compos-
ition. These mixtures can be employed to fabricate specific binary colloidal crystals in the high
density/high pressure regime. In chapter S, we study the bulk phase behaviour of a mixture
of hard spheres and hard tetrahedral clusters of beads (tetramers). We show via free-energy
calculations that a particularly useful binary crystal structure, the MgCu, Laves phase, can be
assembled from the fluid mixture. This structure is very useful as it can be turned into a diamond
crystal, which is a nanomaterial displaying a complete photonic bandgap in the visible region,
and that can serve as wave guide with unmatched properties. We predict the formation of this
crystal in a particular region of the phase diagram, hence giving directions towards its experi-
mental realisation. Furthermore, we also address the sedimentation behaviour of the mixture,
by theoretically calculating all the possible stacking sequences that can be observed when per-
forming a sedimentation experiment, where the mixture is allowed to slowly sediment in a vial.
In chapter 6, we investigate the stability of an AB5 crystal, as well as the presence of plastic
crystalline phases, in a mixture of hard spheres and hard icosahedral clusters. The AB,5 crystal
phase is found in mixtures of spherical nanoparticles, but can be also packed with a mixture
of icosahedral clusters and spheres. However, when linking beads together in an icosahedron,
plastic crystalline phases may emerge, due to the orientational freedom of the icosahedra. A
plastic crystal is a structure with long range positional order and short range orientational or-
der. We study the phase diagram of a mixture of hard spheres and hard icosahedral clusters of
spheres, and find that a plastic crystalline phase of icosahedra is in phase coexistence with the
fluid mixture, as well as with the AB,; crystal. The AB,5 crystal is also, in turn, in coexistence
with the fluid mixture in a different region of the phase diagram. This study gives directions to
guide the experimental investigation, at the colloidal level, of the formation mechanism of the
plastic crystalline phase, and its stability with respect to the binary AB 5 crystal phase.

This thesis represents yet another step into understanding how complex shape and inter-
action influence the self-assembly of colloidal particles, and how nanomaterials with novel
properties can be fabricated from them.






Samenvatting

Dit proefschrift behandelt het fasegedrag van colloidale deeltjes in suspensie. De typische
grootte van een colloidaal deeltje bevindt zich tussen de nano- en micrometers (ongeveer 500
keer kleiner dan de dikte van een menselijke haar). Zulke kleine deeltjes ondergaan Brownse
beweging door de botsingen met de moleculen van de vloeistof. Deze beweging maakt dat de
deeltjes alle systeemconfiguraties vinden en dat ze uitkomen op de beste configuratie in ther-
modynamische zin — een proces dat bekend staat als zelforganisatie. Colloidale deeltjes kunnen
gas-, vloeistof- en kristalfases vormen, net als atomen, maar dan op veel grotere lengte- en tijd-
schaal. Dit biedt inzicht in de stabiliteit van deze fasen en de overgangen tussen deze fasen
(d.w.z. het fasegedrag van het systeem) op het niveau van een enkel deeltje. Bovendien maakt
de intrinsieke grootte van de deeltjes dat de zelfgeorganiseerde structuren interacteren met zicht-
baar licht. Hierdoor zijn tal van toepassingen mogelijk in verschillende gebieden, zoals optische
apparaten, energieopslag, informatieversleuteling, biotechniek.

De zelforganisatie van specifieke structuren kunnen worden gestuurd door de vorm van
de deeltjes en de interactie tussen de deeltjes te variéren. Als we de deeltjes beschouwen als
primaire bouwstenen, dan kan de zelforganisatie van de verschillende structuren worden gezien
als spelen met LEGO op een microscopische schaal. Bijvoorbeeld, harde bollen (colloidale bil-
jartballen) zelf organiseren zich in kubisch vlakgecentreerde kristallen bij een voldoende hoge
dichtheid, terwijl harde staven vloeibare kristallijne fasen met verschillende maten van orde
ondergaan. Natuurlijk weten wij niet van tevoren welke vorm en deeltjesinteracties zal leiden
tot de gewenste structuur, daarom moeten wij de verschillende gevallen bestuderen door middel
van een voorspellingshulpmiddel. Het middel bij uitstek voor ons onderzoek is computersimu-
laties, en de hoofdstukken in deze thesis beschrijven specifieke voorbeelden van colloiden met
verschillende vormen en interacties, en de structuren waarin deze zelforganiseren.

In deel 1 van deze thesis, behandelen we deeltjes met voorgeschreven attractieve vlekken,
ook wel bekend als “patchy” deeltjes. Deze deeltjes zijn een goede kandidaate voor het vor-
men van open kristallijne structuren, of het vormen van aggregaten met een eindige grootte.
In hoofdstuk 2, bestuderen wij de zelforganisatie van haltervormige deeltjes met één attractief
bol. We laten zien dat wanneer de geometrie van de haltervormige deeltjes wordt veranderd,
aggregaten met verschillende vormen en groottes kunnen worden gevormd. In het bijzonder
observeren wij de spontane vorming van sferische en cilindrische micellen, vesikels en dub-
bellagen bij lage dichtheid. De deeltjes organiseren zichzelf vanuit de gasfase, en herschikken
zich tot zij een aggregaat vormen met een bepaalde vorm. Vooral vesikels en dubbellagen
zijn relevant, aangezien deze als modelsystemen op colloidale schaal kunnen dienen voor on-
derzoek naar processen als geneesmiddelinkapseling/-aflevering of het gedrag van biologische
membranen. In hoofdstuk 3, bestuderen we de zelforganisatie van driehoekige trimeren met
twee repulsieve en een attractieve bol — ook wel bekend als “Mickey Mouse” (MM) deeltjes,
vanwege hun eigenaardige vorm. Wij vinden dat deze deeltjes een gas-, aggregaat- en buisfase
vormen bij afnemende temperatuur van het systeem. Verdere aggregatie na de buisfase wordt
voorkomen door de repulsieve kralen van de trimeren, die in radiale richting naar buiten wijzen.
Wij vergelijken de uit ons simpel model verkregen resultaten met de experimenten uitgevoerd
door J. Wolters onder supervisie van Prof. W. Kegel aan de Universiteit Utrecht [79], en vinden
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goede overeenkomst in het gevonden fasegedrag. In hoofdstuk 4, vragen wij ons af hoe de
zelforganisatie van de MM-deeltjes in hoofdstuk 3 zich verhoudt tot het welbekende fenomeen
van de gas-vloeistof fasescheiding van attractieve bollen. Wij stellen deze vraag door de bollen
aan de MM-deeltjes te koppelen via een serie van tussenliggende modellen, waar we eerst bol-
len groeien aan de buitenzijdes en vervolgens het bereik van de interacties verminderen tot die
van de interactie in hoofdstuk 3. Wij vinden dat de binodaal en het bijbehorende kritische punt
naar lagere temperaturen verschuift bij het vergroten van de buitenste bollen, hetgeen de valen-
tie van de deeltjes verkleint, en dat het verkleinen van het bereik van de interacties de formatie
van de eerder waargenomen buisachtige structuren veroorzaakt.

In deel 2 van dit proefschrift behandelen we binaire mengsels van harde deeltjes, waarvan
het fasegedrag volledig bepaald wordt door de entropie. Het fasegedrag hangt af van de uitgeoe-
fende druk en de gekozen compositie. Deze mengsels kunnen worden gebruikt om specifieke
binaire colloidale kristallen te maken in het hoge dichtheid/hoge druk regime. In hoofdstuk 5,
bestuderen we het bulk fasegedrag van een mengsel van harde bollen en harde tetraédrische
clusters van bollen (tetrameren). Wij tonen aan door middel van vrije-energieberekeningen, dat
een bijzonder bruikbaar binair kristalstructuur, de MgCu, Laves fase, kan worden gevormd uit
het vloeistofmengsel. Deze structuur is erg van belang, aangezien het in een diamantstructuur
veranderd kan worden, hetgeen een nanomateriaal is met een complete verboden zone in het
zichtbare regime en kan dienen als een golfgeleider met onge€venaarde eigenschappen. Wij
voorspellen de vorming van dit kristal in een bepaalde regio van het fasediagram, waarmee
wij de weg wijzen voor de experimentele realisatie van deze structuur. Voorts behandelen
we ook het bezinkgedrag van het mengsel door middel van berekeningen van alle mogelijke
stapelsequenties die kunnen worden waargenomen wanneer een sedimentatieexperiment wordt
uitgevoerd, waarbij een mengsel langzaam bezinkt in een buisje. In hoofdstuk 6, onderzoeken
we zowel de stabiliteit van een AB 5 kristal, als de aanwezigheid van plastische kristalfasen, in
een mengsel van icosaédrische clusters en harde bollen. Wanneer de bollen aan elkaar gekop-
peld worden in een icosaéder, kan een plastisch-kristalfase ontstaan, vanwege de vrijheid in
oriéntatie van de icosaéder. Een plastisch kristal is een structuur met positionele orde over
lange afstand en een oriéntationele orde over korte afstand. Wij onderzoeken het fasediagram
van een mengsel van harde bollen en harde icosaé&drische clusters van bollen, en vinden dat een
plastisch-kristalfase van icosaéder bestaat, naast zowel een vloeistoffase als een AB 5 kristal.
Het AB 5 kristal, op zijn beurt, bestaat ook naast de vloeistoffase in een andere regio in het
fasediagram. Dit onderzoek geeft aanwijzingen voor verdere experimentele onderzoek op col-
loidaal niveau naar het vormingsmechanisme van de plastisch-kristalfase en de stabiliteit ervan
in vergelijking tot de binaire AB 5 kristalfase.

Ons onderzoek vormt een stap naar een groter begrip van de invloed van complexe vormen
en interacties in de zelforganisatie van colloidale deeltjes, wat kan leiden tot het produceren van
nanomaterialen met nieuwe eigenschappen.
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