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Abstract

In the present work we study the dynamics of non-rigid or of active particles
dispersed in liquid crystals. This is important to develop the theoretical tools needed
to interpret experimental data from a variety of techniques, such as fluorescence
depolarization and magnetic resonance.

In the first part of the thesis the dynamics of non-rigid particles is studied in the
roto-diffusional framework, where the particle movements are described by a ran-
dom walk in an anisotropic medium. The interaction between the solvated particles
and the liquid crystal host is handled through an effective field potential, which is,
in turn, shape dependent. This treatment allowed us to develop expressions to cal-
culate any time correlation function related to changes in shape and/or orientation.
We expect that the availability of this framework will provide an incentive for the
development of experimental techniques in this field.

Until a few years ago the study of particles dispersed in liquid crystals was con-
fined to inert ones, whose time evolution was determined by some sort of anisotropic
stochastic motion. However, a fascinating new class of systems, where the particles
can be in addition self propelled has recently became of great interest. These systems
of active particles can give rise to new non equilibrium organizations corresponding
to well defined stationary states, stable as long as the propelling of the active parti-
cles is maintained. Most of the studies available until now on these unconventional
liquid crystals have been of the continuum, hydrodynamic type, while here we have
been interested in developing a microscopic, molecular level, approach. Thus, in the
second part of the thesis, a study of active particles suspended in a liquid crystal host,
formed from normal non active mesogens, was performed using molecular dynamics
simulations. We modelled both type of particles as uniaxial ellipsoids interacting
with a Gay-Berne potential. The distinction between active and passive particles is
done by adding a propelling non conservative force to the equation of motion of the
former. We found that the long range order of the liquid crystals host can induce the
self assembly of active particles in lanes, clusters of particles flowing in the same
direction. We also showed that the thermal energy added by the active particles in-

creases the sample temperature, which in turn reduce the orientational order of the
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host. In particular no laning is obtained from active particles in an isotropic host.

iv



Contents

1 Introduction 1
1.1 LiquidCrystals . . . . ... . . . . . .. 1
1.2 Shape changing particles . . ... ... ... ... ... ... ........ 4
1.3 Activematter . . . .. ... . ... 5
1.4 Outlineofthethesis . . .. ... ... ... ... ............... 8

I Rotational-Diffusion of Shape Switching particles 9

2 The Rotational-Diffusion problem 10
2.1 Experimental observables . .. ... ... ... ... . ... ...... 12
2.2 Correlation Functions . . . .. ... ... ... ... ... . .. ....... 13
2.3 Evolutionoperator . . . . ... ... ... ... ... ... 21

3 Uniaxial particles in uniaxial nematic liquid crystals 25
3.1 Evolutionequation . ... ... ... ... ... . ... ... .. .. .. ... 26
3.2 Numerical formulation . ... ... ... ... ... .............. 29

3.3 Estimating the shape dependence of the diffusion coefficients and of

the effective field potential . . . . .. ... ... ... ... .. ....... 32

34 Results . . .. ... 35

4 Uniaxial particles dispersed in biaxial liquid crystals 40
4.1 Evolution Operator. . . . ... ... ... ... . ... .. ..., 41
4.2 Eigenfunction expansion . .. ... ... ... ... ... ... ..., 43
4.2.1 Shape changeoperator . ... ... .. ... ............. 47

4.2.2 Roto-diffusion operator . . . ... ... ... ... ... ....... 52



4.3 Numerical Implementationdetails . . . ... ... ... ..........
4.4 Model parameters . ... ... .. ... ...
45 Results . . ... ... . . . e

II Active particles

5 Introduction to Molecular Dynamics Simulations
5.1 Molecular Dynamics Simulations . . . .. ... ... ............
5.2 Modelling rigid particles . .. ... ... ... ... . ... .. ... ...,
5.3 Interaction with an external reservoir . . ... ... ... .........
5.3.1 Interaction Potential . .. ... .. ... ... ... ... ... ....
5.3.2 Self Propelling Force . ... ......................

5.4 Integration of the equations of motion . . . ... ... ...........

6 Simulations of Active particles suspended in liquid crystals
6.1 Model parameters . ... ... ... ... ... ...
6.2 Sample preparation . . ... ... ... ... ... ...
6.3 Results . . .. ... .. . .
6.3.1 Aggregation of self-propelled particles . . . ... ..........
6.3.2 Orderingandactivity . . . ... ... ... ..............

7 Concluding Remarks
7.1 Shape Changing particles. . . . . .. ... ... ... .. .. ........

7.2 Activeparticles . . . . . . . . ... .
A Clustering with DBSCAN

References

vi

69

70
72
75
80
82
88
89

93
94
95
97
97
104

110
110
111

113

117



Chapter 1

Introduction

1.1 Liquid Crystals

Liquid crystals (LC) are a class of intermediate phases of matter between solid
crystals, that possess three dimensional positional order as well as orientational long
range order, and isotropic liquids which lack both. Liquid crystals phases exhibit in-
stead orientational order and no positional order (nematics) or reduced one dimen-
sional order (smectics). Nematics can flow like liquids, but their constituents parti-
cles have their axis aligned on average along a common direction, the director. More
importantly, the alignment direction is usually maintained for lengths much larger
than inter-particle distances. As a consequence, a series of phenomena connected to
the molecular organization anisotropy typically observed in crystalline solids, are
also observed in liquid crystals [1]. However, differently from them, in liquid crystals
these properties can be controlled by externals perturbations, for example, electric
or magnetic fields, but also surface forces or flow. These characteristics make LC
very versatile materials with diverse kind of applications, ranging from the ubiqui-
tous LC displays to biological sensors [2]. A sketch of the particles organization in a
liquid crystal, a crystalline solid and a isotropic liquid is shown in Fig. 1.1.

The sub-classes of liquid crystals phases are classified by the type and degree
of ordering, geometry of their constituents and by the features responsible for their
phase transition. For example, liquid crystals formed by elongated rods are named
calamitic, while the ones formed by flat disks-like molecules are named discotic. In

the classification based on the phase transition, there are two main groups: ther-
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Figure 1.1: Sketch of the constituents organization of the phases (a) solid crystalline,
(b) liquid crystalline and (c) isotropic liquid. In the sketches, each ellipsoid represents
a particle forming the phase.

motropics, where the phase transitions take place due to a change in temperature
and lyotropics solute-solvent systems, where the phase transitions are caused by a
variation in the concentration of the mixture.

The main groups in terms of ordering category are (as already mentioned) the
nematics and smectics. In nematics, the centre of mass of the particles forming the
phase are distributed as in a fluid, however the particles are aligned over domains
of a few hundreds nm along a common direction. Furthermore, the application of a
weak external field ( e.g. electric field ~ 1V/um or magnetic field ~ 17') can easily
align the domains and form a uniformly aligned sample. We can further subdivide
nematics by the number of preferred directions. Systems with just one preferential
orientation (the usual case) are named uniaxial nematics while systems possessing a
preferential orientation also around a secondary, transversal, axis are called biaxial
nematics.

The smectic phases posses essentially the same kind of orientational order present
in nematics, but their defining feature is to also have some type of positional order.
Indeed the particles forming a smectic phase are organized in layers, which are ap-
proximately equally spaced and parallel. The sub-divisions of smectics is based first
on the tilt angle between the director and the layer normal (e.g. smectic A and smec-
tic B have the director perpendicular to the layer and smectic C have it tilted). The
second element of classification for smectics is the positional order inside the layers
(none for smectic A and hexagonal for smectic B). A sketch illustrating the similari-

ties and differences between nematics and smectics is shown in Fig. 1.2.
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Figure 1.2: Representation of the liquid crystals phases: (a) uniaxial nematic, (b) bi-
axial nematic and (c) smectic A. In the sketches the ellipsoids represents uniaxial
constituents, while the boxes represents biaxial ones.

The microscopic description of a nematic phase requires in general the specifi-
cation of the preferential alignment direction, i, and of the probability distribution
P(n-a) of finding the axis of a molecule, @1, assumed to be rod-like for simplicity, at
a certain orientation from the director. As the distribution is normally not available
to be determined in full from experiments, the orientational order can be quantified
using the first few moments of the probability distribution. The simplest and more
common order parameter is obtained from just the first non vanishing moment of the

distribution, the second one ((ﬁ-u32>, as
PR DAY
(P2) = (Po(a-0) = 5(3(11'11) -1) (1.1)

where P2 = Py(cos f8) is the second Legendre polynomial and the angular brackets
indicate an average over all particles. Notice that (Ps) is one for complete order and
goes to zero in the isotropic phase. One of the most interesting features of liquid
crystals is that guest particles dissolved in them tend to follow the ordering present
in the phase. For example, particles dissolved in nematics tends to align along the
same direction as the host. This property has long been used in technological appli-
cations, e.g. one of the first display prototypes, dating back from 1968, was based on
the reorientation of dye molecules doping a nematic liquid crystal [3]. Nowadays, lig-
uid crystals materials are being applied as tunable solvents. The possibility of easily
varying their orientational order is then being used to organize synthetic and biolog-

ical suspensions [2,4,5]. Furthermore, their average orientational direction can also



Figure 1.3: Representation of micelles formed by amphiphilic molecules. Adapted
with permission from Qingkun Liu; Corinne Beier; Julian Evans; Taewoo Lee; Sail-
ing He; Ivan I. Smalyukh; Langmuir 2011, 27, 7446-7452. Copyright 2011 American
Chemical Society

be used to guide self-propelled particles and living micro organism [6, 7].

1.2 Shape changing particles

The assumption nearly invariable made in modelling the orientational order and
the dynamics of LC mesogens as well as of particles suspended in ordered phases
is that of assuming them to be rigid uniaxial or biaxial objects. While this is a very
successful simplification in a number of cases, it is clearly inadequate to treat two
classes of problems that we wish to investigate in this thesis. The first is the case of
particles hosted in anisotropic solvents, that rather than maintaining the same rigid
shape while reorienting, can actually change from a shape to another. In practice
this can be appropriate for a variety of systems. For instance, anisotropic micelles
whose overall, envelope, shape is the result of the aggregation of a number of flexible
amphiphilic molecules [8](see Fig. 1.3) or temperature responsive gel micro-particles
[9,10] (see Fig. 1.4).

Here we developed the theory needed to describe various limiting cases of parti-
cles of uniaxial ellipsoidal shape that can switch from an elongated to spherical to

oblate aspect ratio, while reorienting in a uniaxial or biaxial LC host.
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Figure 1.4: Example of non-rigid temperature responsive micro-particles . (a) Liquid
crystals elastomers which change shape in response to variation in the environment
temperature. (b) PLGA particles that change shape in response to temperature and
environment PH. Figure (a) was reprinted with permission from Jean E. Marshall;
Sarah Gallagher; Eugene M. Terentjev; Stoyan K. Smoukov; J. Am. Chem. Soc. 2014,
136, 474-479. Copyright 2013 American Chemical Society and figure (b) was reprinted
with permission from [9].

1.3 Active matter

Apart from rigidity another assumption normally made on particles embedded in
a LC solvent is that they are passive, I.e. not capable of autonomous propulsion. How-
ever there are system, named active system, whose components can extract energy
from external sources and convert it into motion. This general definition comprises
a wide range of systems with length scales varying from nano to macroscopic. For
instance, groups of living beings such as bacterial suspensions, schools of fish and
flocks of birds fit well into this category, but so also do synthetic particles like certain
Janus colloids, motor driven cytoskeletal filaments and shaken granular rods.

The source of activity has very different origins and forms for each specific sys-
tem. In living matter, it usually comes from the consumption of some kind of food.
For example fishes or birds extract energy needed for movement from the food con-

sumed, or in bacterial suspensions the energy source comes from the consumption



of ATP [6]. In the synthetic counterpart, the mechanism of conversion is more intri-
cate. For example, Janus particles can be endowed with different chemical affinities
on the two hemispheres [11](see Fig. 1.5). When they are illuminated by a source of
light, a reaction is induced in just one of its poles. In another example platinum is de-
posited on one of the Janus faces and this, when the particles are immersed in HoO9
act as a catalytic agent for a chemical reaction generating oxygen. This reaction, in
turn, produces a flow of matter which propels the particles forward. In a system of
granular rods, the vibrations of its container shakes the particles, putting them in

motion [12].

(a)

Figure 1.5: SEM image of silanated silica particles (one type of Janus particles) show-
ing that one of its pole its is coated with gold. reproduced with permissions from [11].

Even though active matter comprises a huge set of different systems, some uni-
fying characteristic can still be identified. Due to the presence of non -conservative
interactions, these system are intrinsically out of equilibrium. Moreover, the balance
between the interactions with the environment and the system activity can gener-
ate coherent movement, which in turn can organize the system in various sorts of
ordered structures. For instance, schools of fish assembly themselves in flocks with
polar order, while the granular rods can show nematic order [13](see Fig. 1.6) .

Besides the orientational ordering, active particles can also show positional or-
ganization, for example, Janus particles can organize themselves in clusters when
illuminated by light [14] (i.e. see Fig. 1.7), while schools of fish can organizes them-
selves in "lanes".

In systems of this type a problem of great interest that we shall tackle here, is to

6
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Figure 1.6: Examples of orientational ordering formed in active system. In figure (a)
a school of fishes organizes in polar order, while in (b) a system of shaken granular
rods are organized with polar order. Photo (a) taken by Matthew Hoelscher (Flickr)
and Figure (b) was reprinted from ref. [13].

Figure 1.7: Aggregation of Janus particles in clusters. Figure reproduced with per-
missions from [14].



examine the possibility of novel non-equilibrium ordered organization which can be

stable as long as the external energy lasts.

1.4 Outline of the thesis

As already mentioned the present thesis is divided in two parts. In the first part
we study the rotational-diffusion of shape switching particles suspended in nematic
liquid crystal environments. In chapter 2, we develop the theoretical framework to
study the rotational-diffusion of a shape changing particle in nematic environments.
We apply the framework to study the dynamics of a uniaxial particle solvated in an
uniaxial solvent in chapter 3, and to study uniaxial particles solvated in a biaxial
nematic in chapter 4.

In the second part, we used molecular dynamics simulations to study active par-
ticles suspended in liquid crystals phases. In chapter 5 we review the techniques of
molecular dynamics, which in turn are used in chapter 6 to study the active parti-
cles suspended in smectic and nematic liquid crystals phases with different degree

of ordering.
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Chapter 2

The Rotational-Diffusion problem

The interpretation of a variety of experimental results dealing with the dynam-
ics of molecules, proteins, or colloidal nanoparticles in liquids, liquid crystals, mem-
branes, or soft polymers relies on assuming some model for the reorientation of the
particle in its environment [15-18]. Classical assumptions are that reorientation
takes place according to some kind of Markov process by small angular displace-
ments or alternatively by large uncorrelated jumps, the so-called strong collision
model [19]. In the first case, the stochastic evolution equation for the conditional
probability P(2|€2,¢) of finding the particle, assumed to be rigid, at a certain orien-
tation QQ at time ¢ if it was at Qg at time ¢( (as illustrated in Fig. 2.1), can be written
as a "local in space", differential equation describing a rotational diffusion process. If
the process occurs with finite orientational jumps, a first order kinetic equation with
a transition matrix giving the probability of leaping from one state to another can be
set up.

The rotational diffusion problem has been treated in detail in what are now clas-

QO —
¢ Q

p(QO‘Qat)

Figure 2.1: Conditional probability P(Qg|Q,#)
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sical papers for liquids [20, 21] and liquid crystals [19]. The procedure, assuming
that the motion of the particle whose evolution is followed, takes place in an effec-
tive mean field potential describing the overall effect of the anisotropic solvent, e.g.
a liquid crystal or a membrane bilayer, has been pioneered by Nordio et al. [19, 22]
and Freed et al. [23,24] who dealt with uniaxial molecules reorienting in a uniaxial
solvent. This approach has been widely used to interpret results from Electron Spin
Resonance (ESR) [22, 23, 25], Dielectric Relaxation [22], Fluorescence Depolariza-
tion [26] etc. Generalizations applicable to uniaxial particles reorienting in a biaxial
nematic [27] or to molecules of arbitrary symmetry reorienting in a uniaxial [28] or
biaxial [29] phase have also been put forward. A variety of experimental observables
for biaxial molecules dissolved in liquid crystals, ranging from Nuclear Magnetic
Resonance spectral densities [30,31] to Fluorescence Polarized intensities [32], have
been interpreted using this approach, allowing the determination of the molecular
rotational diffusion tensor components and correlation times. The determination of
diffusion coefficients for other systems, e.g. macromolecules, can also be obtained by
other optical techniques like Fluorescence Correlation Spectroscopy [33, 34].

It is important to stress that all the theories and applications mentioned concern
rigid molecules, or rather molecules that can be approximated with rigid particles,
where a centre of mass and a Cartesian frame can be rigorously defined. On the
other hand, there are various important problems that defy this simplification. One
classical molecular example is that of internal conformational motions being impor-
tant [35, 36], for instance due to the presence of flexible alkyl chains or other inter-
nal mobile moieties [36]. More generally, this happens for many macromolecules, for
proteins [37] and polymers [9], but also for deformable vesicles [38, 39], gel parti-
cles [40,41] and red blood cells [42,43]. Recently, the rigid particle rotational model
was extended to include non-conserving shape dynamics but with a theory that is
applicable only to particles dissolved in an isotropic environment [44,45].

In this chapter we develop a theoretical framework suitable for studying the dy-
namics of soft particles that can switch shape while tumbling. These could be for
instance micro- or nano-size gel particles that can change from an elongated to a
discoidal shape while embedded in a nematic. We do not discuss here the origin of

the shape change in details, but possible mechanisms could be spontaneous fluc-
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tuations, taking place in a particle or a micelle with some internal core structure
or even fluctuations driven by some external event. For instance, we could imagine
micro-particles formed by a liquid crystal elastomer [46] containing photosensitive
azobenzene moieties [47,48] that can change their shape following a more or less

random sequence of UV light bursts.

2.1 Experimental observables

We will study the effect of the complex motion of a non-rigid particle on correla-
tion functions and correlation times and, as far as possible, try to present our results
in a way suitable for future comparison with experiments (e.g. NMR or Fluorescence
Depolarization). Indeed, even if we are currently not aware of experimental data for
shape switching particles in anisotropic environments, we expect these to become
available, e.g. for proteins in membranes, extending the work presented by various
groups on isotropic environments [44,45].

The measurements of observable dynamical quantities are performed in the lab-
oratory frame H, although the equations can be expressed more conveniently in the
particle fixed frame P. According to linear response theory, dynamic observables can
normally be written in term of correlation functions between some properties of sys-

tem [49], which we can generically call A and B, at different times:
Cap(t) = (Ag(0) B (1)), (2.1)

where the angular brackets indicate an average over time.

According to the model just described which assumes the particle to switch be-
tween “rigid for a while” shapes, we can consider A and B for each shape as tensor
properties, that we further write in their spherical representations [50] in the lab

L,m *

frame as A;‘{’m, B, ", where L is the tensor rank of the property and m a specific

component. We can then write the spherical components in the lab frame in terms of
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those in the particle fixed frame as

ALm©0)BE ™ * (1))

= Y (DL (Qo)DL, (AL (xo)BL™ " (1) 2.2)

where D{‘n’n(Qt) = D%,n(Qp(t)_H) are Wigner rotation matrices and Q2 = (a, §,y) rep-
resents the set of three Euler angles giving the orientation of the particle starting
from the laboratory frame [50]. We notice that the components Af;n, Bg’n, cannot be
brought outside the average, as for rigid molecules, since they are still changing with
time as the particles shape switches.

The number of relevant correlation functions depends on the symmetry of the

probe particle and of the anisotropic solvent studied. In this thesis, we study the

process under different symmetries for the host and the “solute” particles.

2.2 Correlation Functions

Even though the full calculation of the particle motions involved in processes
like the ones specified in Eq. (2.2) is possible in principle, e.g. from fully atomistic
molecular dynamics simulations, practical applications require a different approach.
Here we will treat the problem within a probabilistic framework.

Stochastic processes are described by a set of variables x = {xg,x1,...,%,} Whose
values are taken randomly from a probability distribution P(x,¢). The variables x;
can be any physical parameter, for example, the 3 coordinates of the centre of mass
of a particle. Since we are studying dynamic processes, the probability distribution
for one or more variables will generally change with time ¢.

Processes specified for the Eq. (2.2) require not only the probability of finding a
stochastic variable at a certain time, but also the probability of finding it other values
later. To take this into consideration, we define the joint probability W, (x°, to;...;x",t,)
as the probability of finding x at x° at time ¢¢, x! at time ¢; and further until x” at

tn.
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The joint probability possess the properties of being always positive [51]:

W, to;...;x"t,) =0 V x°,....x", (2.3)
normalized
ff...an(xo,to;...;x”,tn)dxo...x”:1 (2.4)
and reducible
Wn_l(xo,to;...;xn_l,tn_l):an(xo,to;...;x",tn)dx”, (2.5)

here we integrated over the last term x" for simplicity, but the reduction can be
performed over any stochastic variable x*. As a consequence, with the knowledge of
W,(x%,to;...;x",t,) we can recover any lower distribution desired applying the rule
in Eq. (2.5) repeatedly. Moreover, knowing W, (x°, ¢0;...;X", ¢,) allows us to calculate
any time correlation function involving the stochastic variables x. Suppose Y (x?) is
a function that depends only on the values x’; here we used the superscript ¢ to
indicate that x is taken at some time ¢, therefore, Y depends implicit on ¢. We can

calculate any time correlation function of property Y with the equation

V)Y (t1)... Y (En)) = f f f WO, £0;... ;%" 1) Y ()Y (x1)- -V (x7)

xdx’dx"...dx". (2.6)

Until now we have just discussed the general properties of W, without making
any assumption about the kind of stochastic process involved. For instance, if we
assume our process to be completely random, there will be no dependence of x! over
x? and further until x”. In this way the joint probability W, can be factored as the
product of the individual W;(x?,¢;). Taking the times appearing in W,, ordered in the
form that ¢g < t; <--- <t,, if we assume the probability distribution of x"* to depend

only on the value of x” 1, i.e. the process to be Markovian, we can write

Wox° t0;...;x" 1) = Wi (X2, t0;.. ;X" Lt )P X" L 111", ) 2.7

14



where P(x""1,t,_1|x",t,) is the conditional probability of finding x" at ¢, given it

was at x” ! at ¢,_1, normalized by
f P(x""1,t, 11x",t,)dx" = 1 (2.8)

and subject to the initial condition
f P(x""1,t, 11x", t,-1)dx" = 5(x" —x"7h). (2.9)

Here we can apply the rule stated in Eq. (2.7) recursively and express the joint
distribution as a product of conditional probabilities. Markovian processes are usu-
ally used to describe Brownian motion, where the position of the particle at the next
instant of time depends only on where the particle was at the immediately precedent
time and on the conditional probability. We can use this property and write the tran-
sition probability {x°,¢q} — {x,¢} as a two step process described by the Chapman-

Kolmogorov equation [31]
P(xo, tolx,t) = fP(xO, tolxl, t— T)P(Xl, t—1|X, t)dxl, (2.10)

where 7 is an intermediate instant o time which satisfies tg < ¢ — 7 < t. If the condi-
tional probabilities are continuous functions, we can take 7 as small as we want and
with a Taylor expansion from the initial time, we can cast, to G(¢2) Eq. 2.10 in the

master equation form [31]
0
S PG ol 1) = [ RO 0P ol 1), (2.11)

being R(x!,x) = OP(x!, 11X, t)/0t =,
Finally, if a stochastic process is stationary, than the joint distribution is indepen-
dent of ¢y and the transition probabilities depend only on the time differences ¢; —¢.

Hence we can write
Wo(x°,t0;...; X" t,) = Wi (x%x1 #1 — £0;.. ;X" ty — £o). (2.12)

Now we are going to apply the formalism we developed to study the roto-diffusion

15



dynamics of non-rigid particles solvated in a liquid crystal environment. The exper-
imental observables require knowledge of the particle orientation (2 and internal
degrees of freedom y, which will be our stochastic variable x = {Q), y}. Therefore we

can rewrite Eq. (2.2)

<A§{"m(0)B§I‘,,m/ *(t)) = Z Z ff dQ()dQW()((),Qo,to;)(,Q,t)Df’nTn(Qo)

n,n' X0,X

xDL, (QAL"(ro)BL" ().  (2.13)

where W(yxo,Qo,20;x,Q,t) is the joint probability of finding the same particle with
shape yo and orientation Qg at ¢ = 0 and to find the particle with shape y and orien-
tation (2 at time ¢.

We will now assume all stochastic processes to be Markovian, which allows us to

rewrite the joint distribution as
W(x0,0,%05¥,€2,2) = P(x0,Q0,20)P (Y0, 20,%0lx,€2, 1) (2.14)

where P(yo,Q0,t0) is the probability of finding the particle at {yo,Qo} at time £ =0
and P(yo,Qolx,Q,t) is the conditional probability of finding the particle with the
orientation (2 and shape y at time ¢ given it had the orientation 2y and shape y¢ at

time O (illustrated in Fig. 2.2). The conditional probability is normalized as follows:
ZfdQP()(o,Qo,tolx,Q,t) =1, (2.15)
X
with the initial time boundary condition:
P(x0,Q0,t0lx,Q,t =t0) = 0y0,,0(Qo — Q). (2.16)

In a stable thermodynamic equilibrium, the stochastic processes are stationary,

therefore, we can drop t¢ from the probability distribution defining

Wl(QOaX0>tO)EPeq(Q()7X0)a (2.17)
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Figure 2.2: Conditional probability of a shape changing probe particle.

and rewrite Eq. (2.13) as

<A§’"(0)BZ”"'*(1:)> =) ) f dQod QP (x0,2)P(x0,Q0lx,Q,1)

n,n’ X0,X

<DL (Qo)DL QAL (o) BE ™ * (). (2.18)

To calculate the components of Eq.(2.18), we need to describe how the probe par-
ticle interacts with the environment in order to derive the stochastic dynamics. The
solute - solvent interactions depend on the molecular distribution of solvent around
the probe particle and on the other particles of the same type of the probe one. If
we assume our system to be in infinite dilution, there will be only solvent molecules
around our probe particle, allowing us to describe their interaction by means of an
effective, anisotropic, potential taking into account the effect of the surrounding en-
vironment on the particle of interest.

Since our probe particle is non rigid, in addition to the anisotropic potential, we
should consider the intrinsic probability associated with different shapes [52]. For
instance, we might consider that each shape has a different internal elastic energy,
due to its constituent anisotropic material and structure [53]. To take this behaviour
into account, we add to the mean-field potential a term dependent only on y. The

complete form of the effective potential U(y,Q) will be given by

U(y,Q)
kT

=u(y, P =uo)+ Y, uk .. (0D (), (2.19)

Lu,my,ny
where kp is the Boltzmann constant, T' the temperature, ulm”u,nu()() are the shape

dependent anisotropic strength and uo(y) is the intrinsic shape dependent energy
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term. We take 8 as the angle between the nematic host director, defining the Z lab
axis and the particle z axis. In biaxial environments a is the angle between the
probe particle and the host second director, taken to define X axis. y is the angle
between the molecule X axis and laboratory X axis. It is important to notice that the
Wigner functions form a complete basis set, therefore, taking an appropriate number
of Wigner functions we can obtain any other function depending on Q2. However, for
the present work we will proceed as Nordio and Segre [19] and consider expansion
of the effective potential until L = 2, to reduce the number of phenomenological free
parameters.

In thermodynamic equilibrium, the probability of finding a particle with orienta-
tion (2 and shape y in the anisotropic solvent, from now on referred as P.4(y,2), will

be given by the Boltzmann distribution

e—u()(,Q)
> [e gy
pO(X)eXp [_ ZL,m,n u%@,n(X)Df;l,n(‘Q)]

Poo(x,Q)) =

= — (2.20)
2y po(x)Sg o (x")
In the last expression we have introduced the intrinsic shape distribution
e—uo()()
po(y) = W, (2.21)

that can be interpreted as a normalized “a priori” (independent of the environment)
probability density of observing a certain shape y, and So(y) is a special, L =0,m =

0,n =0, case of the rank-L integrals

SL.  =(exp|- Y ul ..Dk . (Q)|DL (g
Ly,my,ny
= f dQexp |- Y ul . (DL . (DL (). (222
Ly,my,ny

Even though we are interested in the correlation functions 2.13, it is more conve-
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nient to treat each term in the summation (2.2) separately, defining

Gk s ®= X [[ 49049 Pug(r0, 2P (10, Q011 2,005, (Q0)DE )
Xo,X

<AL " (y)BE " (). (2.23)

There is an infinite number of correlation functions (2.23), however, any experi-
mental setup has only access to a finite (typically small) combination of them. As an
example, here we will focus on two types of correlation functions.

In the first case we will consider that the orientational correlations functions are
modulated by fluctuations in shape, but both A]}?n()(o) = AIL;"“ and Bg’n, (0= B]}‘,/’", *

do not depend on y. From now on, we will call these function angular correlation

functions. They can be calculated as

Bt ®= 3 [[ 490dQPeq (10,0010, R0l 0,00, (Q0DE @, (224)
X0, X

For the second kind we will consider the family of functions that depend on shape,
but are independent of the particle orientation, i.e </>86000 A58 = ¢ap(?), which can be

calculated by:

dap®) =) || dQdQPq(x0,20)P(x0,0lx, 2, A(x0)B(x), (2.25)
Xo:x

where A = Ag,o and B = 38,0' One example of such a function is $a;a,(t), which mea-
sures the correlation of a particle axis length a;, here called axial correlation func-
tion. Due to its simplicity, we will use this function to study orientational indepen-
dent functions.

Together with each correlation functions we can also measure the associate cor-

relation time, given by

L,L'

——— fo ) (o5 = QL (00)) dt (2.26)
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for the first kind and

TAB =f0 (¢paB(®) - paB(c0)) dt, (2.27)

for the second.

The initial and asymptotically long time values are of course independent of the
dynamics of the system and can be written in terms of order parameters [54]. When
t =0 we have P(yo,Qolx,Q,t =0) =5, ,6(Q —Qp) which can be substituted in Eq.
(2.24) to give

(Pfr;;g,,nn,(O):Z f dQPeq(x,Q)Dgn(Q)Df;l' ()
X

>y po(y){exp

~Lur ub, J(ODE, Q)| DL (DL ()

42 Z)(’ pO(X,)Sg’O(X,)

(2.28)

We can obtain the explicit dependence on order parameters coupling the Wigner

rotation matrices as

L+L'

DL (@DL (@ =" Y C@,L,J;m,—m')
J=|L-L'|

XC(L,LI,J;n,—n/)DL r(Q),

m-m',n—-n

(2.29)

where the Clebsch-Gordian coefficients C(a,b,c;d,e) are tabulated elsewhere [55]

and writing

L+L'
O=1"" Y CLL,J;m,—m)
J=|L-L|

ZX po(x)siz—m’,n—n’(x)
Y800 Po(t)

(pL,L’
mm/,nn'

xC(L,L',J;n,—n") (2.30)

As t — oo the conditional probability will be completely uncorrelated, therefore
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P(x0,Q0l%,€2,00) = Peg(x0,20)Peq(x,2), which allows us to write:

(plr;l,fl,’,nn’(oo): Z fdeQOP@q(xo’QO)Dén(QO)Peq(X,Q)DInIJ;(Q) (231)
XO’X

' Z)(pO(X)S%’n(X) ZXPO(X)SE;nr,_n,(X)

:(_1)’”,—" 0 / / 0 / n o
Ly S0 Po(x) Xy Sg (X Ipo(x)

The initial values for second kind of correlation functions can be obtained with
the same procedure. Substituting the initial conditions (2.16) in (2.25) we obtain for

t=0:

bap0) =Y f dQP., (1, DADB()
X

A(y)B
_ Xy o) (75) (X), (2.32)
Z)(pO(X)SO,O(X)
and for the asymptotic behaviour
¢paB(c0) = ) ffdeQOPeq(xo,QO)A(X)Peq(X>Q)B(7()
X05X
A ! !
Xy poDAQ)  po(x)B(x) (2.33)

Xy po(0SS 40 Ty po(XNSY (X’

2.3 Evolution operator

The last quantity we need to determine is the evolution operator in Eq. 2.11. To
proceed, we now need to introduce some models for the time evolution of the proba-
bility distribution. Here we will assume two distinct stochastic processes. The first is
the usual rotational rotational diffusion, where the particle rotates by small jumps.
The jump probability is shape dependent, but the particle remains rigid during this
step. The last is the shape-changing process, which can be orientation dependent,
but the orientation remain fixed during the change.

We shall assume for reorientations a rotational-diffusion process [19, 28,56, 57],
which implies that orientations change by small angular steps. This model is of very
general use, but is particularly appropriate when the deformable probe particle is
much bigger than the surrounding solvent ones, as we expect the case for a vesicle

or gel particle.
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Models for shape change are not so well developed, even though some significant
contributions have been put forward [44, 45]. Here we shall assume a jump model
where the shape remains constant for a time much longer than that required to
switch to a new one, so that we can be approximate the conversion, as in the so
called strong collision models, with an instantaneous transition [58].

The interaction between the particle and the anisotropic solvent environment is
assumed to be modelled by an effective field potential of the Maier-Saupe type [59,
60]. If all the shapes share the same symmetry, we can take the angular dependence
of the mean field potential to be the same before and after the shape transition, with
only the strength of the interaction changing.

Restating our assumptions mathematically, we are assuming that at a given in-
stant of time each particle is characterized by an orientation 2 and a “shape” y
degrees of freedom. We assume for simplicity that y can take a discrete, finite even if
arbitrary large set of values {y;}, corresponding to a finite set of shapes ranging from
an elongated, to a spherical, up to an oblate discotic one. The particle can behave as
a rigid rotor with its rotational diffusion tensor D* for a certain time and during this
time lapse it is subject to an anisotropic effective field determined by the solvent and
by its own anisotropy, but it is prone to changing its shape adopting a different y.

Under these assumptions, the we can write the master equation as:
0
& P(XOa QO |X> Qa t) = F(X’ Q)P(XO, QO'X) Q, t), (234)

where I'(y,Q) is the evolution operator. We can further separate the operator I'(y,(2)
as the sum of the roto-diffusion operator I',(Q2) plus the shape change operators
ky,(Q) connecting each shape possibility y and x'. We can therefore rewrite Eq.

(2.34) as

0
aP(Xo, Qolx, 2, 1) = Ty (Q) P (x0, 011, Q2,8)+ )"k (QP (10,011, 2, 1).
X,
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Following [27,28] we the stochastic operator I',(Q2) is given by

I,(Q)=-DMLE+ L, [Lu(y,Q)}
~DL3 +Ly [Lyu(y, )]}

—DMLZ+L, [Lu(y,Q]}, (2.35)

where L,,L,,L, are the angular momentum operators and {D} ,D;,(,Dg} are the y
shape diffusion tensor components. This is the most general case for the roto-diffusion
operator. In the next sessions, we will develop a specific version for each case studied.

Now we need to define the operator that performs shape transitions %,,/(Q). In
our model, the symmetry axis of the particle is conserved during the shape change. In
this way the switch operator will connect only functions with the same orientation.
According to detailed balance in stationary conditions, the transition between two
states will obey

By (QOPog (', Q) = k1, Poyg (1, ), (2.36)

which allows us to assume

o102 , ,
kxx’(Q):m((X,X) Y oX#x (2.37)

where ((x, 1) are and {(y',x) = {(x,x)). If we consider that every shape can have a

different intrinsic persistence time and {(y) represents the inverse of the residence

time of the particle in its shape y, then we could think of {(y’, x) = [{(y) + {(x)V/2.
The conservation of overall probability condition can be satisfied, as for every

Markov process, by defining the diagonal elements of the transition matrix as

By ) == kyy(Q). (2.38)

X'#x
Here we derived a mathematical expression for k,/,(Q2), but the physics of the
problem can impose some constraints on the connectivity of the shapes. For instance,
we can have a system where just shapes with similar forms can be visited, here called
neighbouring shapes. The number of neighbouring shapes depends on the symmetry

of the probe particle, for example, a uniaxial particle could have two neighbours, one
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Figure 2.3: Shape connectivity model.

shape that is more elongated and another one more squashed. A biaxial probe parti-
cle can transform in more dimensions, and will probably have at least 4 neighbours.
We call this connection model first neighbour connectivity.

On the other way, we can also have all shapes direct accessible to all shapes. This
is the analogue of the strong collision model, but for shape exchange. In Fig. 2.3 we
can see a sketch of the models.

The set of differential equations (2.35), together with the initial conditions (2.16),
describes the dynamics of the orientation and their solution allows calculations of

the correlation functions in Eq. (2.24).
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Chapter 3

Uniaxial particles in uniaxial

nematic liquid crystals

In this chapter we will apply the formalism developed in chapter 2 to study the
roto-diffusion of uniaxial particles dissolved in a uniaxial liquid crystal. Since we
are taking the host to be uniaxial, an arbitrary rotation of ¥ around the laboratory
Z axis, which multiplies the r.h.s of Eq. (2.2) for exp[i(y(m — m')] should leave the

results invariant, therefore allowing only the correlation functions (,ban’Z, Ly () with

n!
m = m’ to be different from 0, i.e., §,,,,'.

If we assume that the change of shape, however large, corresponds to a sort of
breathing mode that maintains the particle uniaxial around its z axis, then we also

have 6,,/. In practice, the particle is assumed here to have a uniaxial ellipsoidal

shape, with axes

ax(X) = ay(X) = aJ_(X);

az(x)=a)(y), 3.1

which allows us to define the aspect ratio p, = a  (x)/a(y).
With these symmetries, we can reduce some of the parameters used in the model,

for instance the diffusion tensor can also be rewritten as

Di(x)=Di(x)=D*(y),

Di()=Dj(p. (3.2)
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The symmetries also reduce the number of parameters involved in the mean-field
potential. More specifically, we have uin,n( 1) =0 for all m # 0 and n # 0, which allows
us to write

u(y, Q) =uo(y) +uz(y)Pacos ), (3.3)

where we replaced u(2)70( 1) = ua(y) for simplicity.

With these parameters we setup the set of evolution equations.

3.1 Evolution equation

The stochastic rotation operator for our probe particle can be obtained substitut-

ing Egs. (3.2) in Eq. (2.35) to obtain

T(Q)=-DMLZ+ L, [Lou(y, O} -DUHL2 + L, [Lyuly, D))}

~D{HLZ + L, [Lou(y, Q). (3.4)

Following Zare formalism [61], the angular momentum operator components can

be written in terms of Euler angles derivatives as

L ( tp 0 1 6) .. 0
=—icosyfcotf——-——|—isiny—
* Y\**P5) " sinp da Yap
. 0 1 0 ) 0

Ly:Lsmy(cotﬁa—w£)—zcosyﬁ

0
L,=-i—. (3.5)

oy

Replacing equations (3.5) in Eq. (3.4), gives after some algebraic manipulations

1 0
[y(@) = (D1 cot® p+ DY ese - D1 +2D])

ay?
02 02 02
x| 9 2,0
+DL(6,62 +csc ﬁ6a2 ZCotﬂcscﬁaaay)
ou(p) o %u(p) ou(p)
X X
+DL(cotﬁ+ 3p 6ﬂ)+Di( 3P +cot 3 3p ) (3.6)

For a vanishing effective field term u(y,Q), i.e., for an isotropic liquid, the eigen-
functions of T(Q) for a particle of a given shape are the Wigner functions: D% (Q) =

exp(-ima)d% (B)exp(—iny). In our current case we have u(y,Q) = u(y, 8), thus both
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operators I'y(Q2) and k,,/(Q2) depend only on . Therefore, we can use the uniax-
ial symmetry around the laboratory and particle frame principal axis to write the
eigenfunctions of I'y(Q2) as ¥,,,(Q) = exp(=ima)Pp, »(xo,Polx,B,t)exp(-iny), effec-
tively separating variables in equation 2.35.

In the space being considered, the angles a =0 and a = 27 are equivalent; conse-
quently we need to ensure that the conditional probability takes it into consideration
and that is possible only if m is an integer. The same considerations must hold for
Y; as a consequence, we have that n is also an integer. Therefore, after applying the

initial condition, the conditional probability can be written as

1 o I
P(7c<>,Qo|9c,Q,t):m Y emimlamadp . (xo,Boly, B, t)e YO, (3.7
m,n

Substituting (3.7) in (3.6) we will obtain for each term m and n

0 oP
X m,n m,n
TP,y =D*{ Ry
m? +n%—2mncos B D|)|C 9
— +|—=—1|n
sin® D7

*[sapap o)

Pm,n

2 (3.8)

where P, , = Pp, n(x0,Bolyx, B,t). With the substitution x = cos

d?P du(x)] dP
_ 2 m,n 2 m,n
D|)|( 9 m2+n?-2mnx
+ - 1)_1 n-— -2 mn
du(x) 9 d?u(x)
20— Py +(1=5")Pp W}' (3.9)
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Assuming an anisotropic potential like that in Eq. (3.3), we obtain

L'y ()P
d*p dpP

Y 2 m,n 2 m,n
= DI {1 )5 + [~2x 4 Bus((1 —")] —
N (1 D|)|C) 5 m2+n?-2mnx

el KO ) m,n

D7 1-x
+3us(P(1 = 85y . (3.10)

Since the evolution operator I',(Q2) can be symmetrized by a unitary transfor-
mation (see e.g. [28]), its eigenvalues will be real and its eigenfunctions for non-
degenerate eigenvalues orthogonal. Due to the orthogonality of W¥,, ,(2), the only
eigenfunctions needed to calculate </)f,;,Ln’ are ¥, ,(Q2) and to calculate ¢p(%) just
W0,0(Q2). Therefore, we can solve the Eq. (3.10) using only the desired value of m and
n corresponding to the required correlation function.

While the present formulation is still relatively general, in the absence of avail-
able experimental results to try to interpret, we now wish to consider in detail some
special cases, where we can concentrate on the physics of the interplay between
shape and orientational fluctuations and the general effects of the shape changing on
the correlation times in our system. Therefore, the equation we will solve explicitly

will be that for m =n =0:

d2%Py,
_nX 2 >
I‘X(x)PO,O—DL{(l—x =
dP
+[2x+ Bua((1 -~ )] =2
+3u2(x)x(1—3x2)P0,0}. (3.11)

This equation can be solved numerically in various ways. Here we have used a
finite differences algorithm as detailed later.

From now on we shall focus, for simplicity, only on the calculation of correlations
for axial properties, where AIL,’"“( X0) = AIL,’O( 1610, Bé’n (p) = B]_,L,’0 *(x)8,0 and accord-
ingly we shall only consider the subset of correlation functions ‘/’é,o(t) = (/){;,’OL, which
will be sufficient to characterize the rotational motion of the particle principal axis,

i.e., its tumbling motion and the corresponding orientational correlation times 77
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Tk = fo [ () — PG o(c0)ldt, (3.12)

associated to the relaxation of a physical property of rank L. Referring to just a
few of the many experimental techniques available [62], we can think of a dielectric
relaxation experiment where L = 1. and we assume the particle dipole moment to be
along the particle axis. Alternatively, for a deuterium NMR experiment, referring to
a case where the quadrupolar tensor monitored is along the same axis (L = 2 in this

case).

3.2 Numerical formulation

The solution of the set of equations (2.35) and the calculation of the correlation
functions and their respective correlation times is performed numerically. In partic-
ular, we have introduced a matrix representation of the evolution operator over an
angular grid in x using a finite differences approach [57] and proceeded to write Pgg
in terms of the eigenvalues and eigenvectors of the evolution matrix [28].

These equations have been solved using a finite differences method with a uni-
form grid in x = cos 8 space, from x = —1 to x = 1. Therefore, the distance A between
two adjacent points is A = 2/(N — 1). The conditional probabilities in this space will
be denoted by P o(xo0,xolx,x;,t).

We used centred differences for the first order derivatives and symmetric differ-

ences for the second order derivative, in this way

Po.o(xo0,%0lx,%i+1,2) —Poo(xo,xolx, xi-1,%)

0
—Po0(x0,x0lx,xi,t) =

3.13
ox 2A ( )
02 Poo(xo,xo0lx,%i+1,8) +Poo(xo,xo0lx,xi—1,t) — 2P0,0(x0, %0 X, %i, 1)
—axzpo,o()co,xolx,xit)= e _

Using equations (3.13) we can write the rotational operator I' as a matrix with

elements I'y; ,; connecting the shape v and orientation j with shape y and orientation
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1 as [63]:

[1-x2  —2x; +3ua(y)x; — Bua(y)xd
D7 Azl_ l ZEAZ = j=i-1 and v=y
2
Dt |22 =5 s, - 342 V i=j and v=
A2 ua(x)( x;) i=j and v=y

Lyivi =1 [
m 1-x?  —2x; +3ua(y)x; — Sug(y)x? o

D* A2 + A V j=i+1l and v=y

0 otherwise.

(3.14)

We have assumed reflective boundary conditions, i.e., that the particle is not al-
lowed to move beyond the limiting angles. Mathematically, this can be achieved mak-

ing the flux equals to 0 across the borders, attained by the expressions:

Fyipi=-Tyen

Lyngn = =Tyn-1,n-

The operator &,,(x) will be written as a matrix K with elements K,; ,; that con-

nects the shape v and orientation j with shape y and orientation i as:

e_[”(X’xf)_”("’xi)]/2((v,)() V j=i and y#v
Kyivi=1 ~Y sy e—[u(x’,xj)—u(x,xi)]/2(()(’X/) V j=i and y=v (3.15)
0 otherwise.

Therefore, we can write the general operator as

Wyivi =Ty + Kyivj (3.16)
and
0
EPO,O(XOJOW,%‘, t)=) WyiviPoo(xo,xolv,x;,1). (3.17)
v’j
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Given the initial conditions x¢ and yo, we can write the conditional probability
Po,o(x0,%0lx,x;,t) as a column vector P ¢(¢). In this way, the linear system of equa-

tions (3.17) can be written in matrix form

0
a—tPo,o(t) =WPog,(?), (3.18)

which can be solved straightforwardly diagonalizing the matrix W:
W=RwL’, (3.19)

where R and LL are a matrix whose columns are composed by the right and left eigen-
vectors W and w is the diagonal eigenvalues matrix. The left and right eigenvectors
are orthogonal, therefore, the product R and L are orthogonal and have to be nor-

malized as

L'R=1 (3.20)

Consequently, the solution is:
Po,o(t) = Re™'LTPg (0). (3.21)
Applying the initial conditions, the solutions will be
Poo(xo,xolx,x;,t) = Z(R )Xi,vjew”t(LT)vj,mxo- (3.22)
vJ

The convergence of the algorithm was tested comparing the values calculated by
the algorithm proposed here for ¢ = 0 and ¢ = co with the ones calculated using Eq.

(2.30) and Eq. (2.31).
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3.3 Estimating the shape dependence of the diffu-
sion coefficients and of the effective field poten-
tial

To estimate the shape dependence of the mean field potential, we assume that
its interaction strength can be related to the instantaneous anisotropy of the guest
particle [64]. In the limit of vanishingly small concentration of solute particles, the

mean field theory for mixtures [25,60,65] yields

u2(x) = co00(x){P2)LcC, (3.23)

where (P2)1c is the order parameter of the liquid crystal host, that carries the dom-
inant temperature dependence of u2(y) and in particular brings it to zero when the
host system becomes isotropic. The interaction strength cg90(y) depends on both the
solvent and the solute particles properties. In a few cases [60], c2gp can be separated
in a product of particle and solvent contributions. In particular if, at molecular level,
the orienting potential is determined by dispersion forces, via anisotropic polariz-
ability interactions, the interaction coefficients become [64]

20 20
€200 = 61207 Ap (3.24)

where ¢19 is a proportionality constant and ai’g, a12;0 spherical components of the

polarizability tensors for the nematogen and the deformable particle, a;c ap . If,
instead, the deformable particle is much larger than the solvent ones, e.g. a gel
nanoparticle or a micelle, and it can be considered as a dielectric bead of ellipsoidal
shape its polarizability and aspect factor are related and explicit forms for the shape
dependent polarizability are available [66, 67]. An alternative mechanism for par-
ticle alignment focuses purely on its shape via steric repulsions [68, 69]. Although
the mechanism for alignment is very different, the functional form of the effective

potential is not specific to dispersive interactions but applies to any potential that
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decouples in a similar way into solute and solvent factors.
c200(x) = E o F e o F 20 (x), (3.25)

where ¢, is a proportionality constant. Establishing a precise relation between the
shape of the particle and the actual dominant type of interaction, even if there was
a single one, is hardly possible and beyond the scope of this work. However, since
the actual particle shape anisotropy is at the core of many types of relevant interac-
tions, e.g. steric repulsion ones, we can assume to a first approximation a form like
eq. (3.25) and try to evaluate this shape anisotropy. To do this, we adopt an approach
similar to the one used in [60], introducing a shape tensor F, similar to the inertia
tensor, but with the distribution of local masses replaced by a distribution of local
sizes. This can be easily visualized in two cases. The first (see, e.g., ref. [60] ) is when
where we deal with specific molecules, and the constituents are just atoms or, in
the second case, when we deal with berry-like nanoparticles formed by aggregates of
spherical sub-units [70]. In these cases we could use, to quantify the size of the indi-
vidual constituents of the particles, their van der Waals radii (d;) of each constituent

and write

Fap =Y di(e’-x'6qp—rlr})), (3.26)
i

where r’ is the position vector of the ith constituent of the particle, and ré its com-
ponents.

Another simple case is when, instead, we can assume that the particle is approx-
imately homogeneous, e.g. for colloidal gel particles, in which case we can substitute
the discrete summation with an integral over its volume. If the particles have uniax-
ial ellipsoidal shape like we assume here, the principal Cartesian components of the

steric tensor will then be

(a||2+aL2) 0 0
F x 0 (aﬁ +a,2) 0 |. (3.27)
0 0 2a 2
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therefore we will have F20 o (a2 — @ 2). This allow us to write
— 2002
ug(y)=<¢a)“(p” - 1), (3.28)

where the proportionality constant ¢ can be used as a free parameter.

Having established a procedure for determining the effective potential, we still
have to adopt an explicit expression for the rotational diffusion tensor D* for a par-
ticle of a give shape y and in practice we shall employ for this, assuming that the
classical stick boundary condition holds, the Stokes-Einstein-Perrin expressions [71].
Even though these expressions strictly apply to an anisotropic body reorienting in an
isotropic solvent with sticky boundary conditions, an equivalent expression does not
exist to the best of our knowledge for anisotropic media and moreover we can expect
that the major effect of the medium will be to bias the preferred orientation, taken
into account by the distribution, rather than the mean square angular fluctuations
around each orientation. For a spherical particle of radius R immersed in a fluid of

viscosity 7, the rotational diffusion coefficient D*(R) can be written as

kT

D*R)= ——.
() 8anR3

(3.29)

The coefficients for an ellipsoid also have well known expressions depending on
the aspect ratio p = a,/a| and the hydrodynamic radius d = {/aja 2. For prolate
ellipsoids (p < 1) the rotational coefficient perpendicular to the symmetry axis can be

written as [34,72]

2

Dirolate :Ds(d) 3P

2(1- p) #50

2-p? 1m(1+\/1—,o2)_1
V1-p2 p '

Similarly, for a squashed ellipsoid (p > 1) the diffusion coefficient can be written

as:
3p> | p*-2 /
Deblate _ Ds(q) arctan( 2 1) +1f. (3.31)
1 2(p4 1) /—p2 ] p
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Figure 3.1: The shape switching process between rod-like, spherical and disk-like
ellipsoidal particles.

3.4 Results

We can now show the general behaviour of the proposed model performing cal-
culations for a range of parameters and analysing how the correlation functions of
interest will change.

Although our model can be applied to an arbitrary discrete number of shapes,
here we assume for simplicity only three distinct cases: a prolate ellipsoid (rod), an

oblate ellipsoid (disk) and a sphere. In all the cases we choose the axis lengths size in

a way that the hydrodynamic radius across different particles is equal, i.e. ai‘l‘af =1
We can see a sketch of the switching shapes in Fig. 3.1.
The analysis of the results is made simpler as well as more general using dimen-

sionless units, i.e., performing the set of substitutions

t* =Dt (V) ={(x, vID*(d),
ay =a)/d, al=a,/d
DY* =D*/D*(d) . (3.32)

The axis lengths and the calculated rotational diffusion coefficients are reported
in Table 3.1, where we also provide the order parameters calculated for a rigid probe
particle with the same dimensions and interaction parameters.

To understand how the shape exchange influences the dynamics of the correlation
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Table 3.1: Value of the shape dependent parameters for the three shapes. (rbio o are
the angular correlation functions calculated for the rigid shape y. Here we have used
¢ =1 in the mean field calculation.

Shape DYT us(y) aj aj ‘/’;,0,0(0) ‘PiO,o(OO)
Rod 042 -3.85 2.08 0.69 0.58 0.49
Spherical 1.0 0.00 1.00 1.00 0.2 0.0
Disk 054 236 04 1.59 0.16 0.09
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Figure 3.2: Angular correlation functions for the particle described in Table 3.1. The

curves were obtained using po(y) = 1/3 for all shapesy and switching rate {* = 0 (A),
0.01 (B), 0.05 (C), 0.1(D), 0.5 (E) , 1 (F), 5 (G), 20 (H).

functions, we will consider two cases in turn. In the first, we examine how the shape
exchange rate affects the orientational correlations functions. In the second, we will
examine how the intrinsic aspect ratios distribution affects the orientational and
shape correlation functions and correlation times.

For the first case, we have assumed the same intrinsic probability for each shape,
po(y) = 1/3 for all y and varied the shape switching rates {*. To simplify the analysis,
we also assumed, as already mentioned, the same transition rate between any two
distinct shapes. i.e., ({*(x, ') = {*). A summary of our numerical results for angular
correlation functions are shown in Fig. 3.2, for axial correlation functions in Fig. 3.3
and the correlation times in Fig. 3.4.

The plots show two distinct trends, one for {* < 1 and the other for {* > 1. In the
first regime shape transitions are very infrequent and in the limit {* — 0 each shape

will evolve independently of each other, therefore the angular correlation function
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Figure 3.3: Correlation functions of the shape deformation for parallel (top) and per-
pendicular axis (bottom). The parameters used in the calculations is described in Table
3.1. The curves correspond to po(y) = 1/3. for all shapes y and switching rate {* = 0.01
(A), 0.05 (B), 0.1 (C), 0.5 (D), 1 (E), 5(F), 20 (G).

will be given by

GOt = Y cxh g o) = o @) (3.33)
’ X X5Ys 0,0
X
where
S
¢y = po(X)So(y) . (3.34)
2y po(V)So(v)

For comparison (/)ﬁ’gmzen(t*) can also be seen in Fig. 3.2. Note that for small val-

ues of {* the correlation function is similar to (,bg’(’; "0%¢(t*) for short times, but the
difference increases with time. This is reasonable since, if the change shape events
are rare, they only take place on a long enough time scale. For the axial correlation

function (i.e. FIG. 3.3), there is no equivalent frozen regime. In the absence of shape
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1
C*
Figure 3.4: Correlation times 72 for po(rod)/po(disk) = 0.2 (A), 0.5 (B), 1(C), 2 (D), 5
(E) and 10 (F)

transition, the correlations function will be constant in time with value equal to the
weighted average of the particle sizes.

The second limiting case is for rapid shape switching: {* > 1. As {* increases, the
shape exchange starts to happen in the same time scale as the roto-diffusion process.
The correlation time (i.e. 3.4) decreases with the increase in (*, but saturates to a
plateau, with is consistent with the fact that the correlation function of a changing
shape particle cannot decay faster than the fastest rigid correlation function among
the possible shapes.

In our second analysis, we varied the intrinsic po(y) keeping the shape transition
rate {* constant. To keep the analysis simple we varied the coefficient of the rod-like
ellipsoid (po(rod)) while keeping po(sphere) = po(disk). To check the consistence of
our model we also calculated the correlation function for the rigid prolate ellipsoid
and for a system where this shape is absent (i.e., just the sphere and disk are al-
lowed.) The numerical results can be seen in Fig. 3.5, while the relative parameters
and other informations for a given py(rod) can be seen in Table 3.2.

Figures 3.5 and 3.4 show that the results are consistent. The ratio between dif-
ferent po(y) controls the sampling of shapes in the initial conditions and during the
relaxation process. For po(rod) > po(disk), the probe particle behaves like a rigid
rod-like ellipsoid, for po(rod) < po(disk) the probe particle should behave as if this

shape was not allowed, while a mixed behavior is found for intermediate values.
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.0

Figure 3.5: Angular correlation functions for the particle described in Table 3.1 . Here
¢{ =1 and po(rod)/po(disk) = (A) oo, (prolate); (B) 10; (C) 5; (D) 2; (E) 1; (F) 0.5; (G) 0.2;

(H) 0.0.

Table 3.2: Equilibrium values and relative concentration for a particle which can
assume all the shapes specified in table 3.1. We performed the calculations with

po(sphere) = po(disk).

po(rod)/po(disk) crod Csphere Cdisk ¢(2),0(0) ¢g,o(00)
0.0 0.0 39.6 60.3 0.174 3.30x10°2
0.2 266 29.0 443 0281 2.77x1073
0.5 476  20.8 31.6 0.366 5.62x1072
1.0 64.5 14.1 214 0433 0.149
2.0 78.4  8.56 13.0 0.490 0.258
5.0 90.1 3.93 599 0.536 0.373
10.0 94.8 2.07 3.15 0.555 0.426
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Chapter 4

Uniaxial particles dispersed in

biaxial liquid crystals

In this chapter we will apply the formalism developed in chapter 2 to study the
roto-diffusion of uniaxial particles dispersed in a biaxial liquid crystal. Here we will
make the same assumptions for the solute particle made in the previous chapter. We
are taking all shapes that our probe particle can assume to be uniaxial, furthermore,

the change of shape also happens as a sort of breathing mode that maintains the par-

L,L' @)

ticle uniaxial around its z axis. As a consequence the correlation functions G

where n # n are intrinsically 0, however, since the host is biaxial, now we can have
correlation functions with m # m/.

Since all shapes are uniaxial, we can define

ax(y)=ay,(x)=a i (y),

a(x)=a)(y), (4.1)
and aspect ratio p, = a, (y)/a|(x). The diffusion coefficients can again be reduced to

Di(y)=Dj5(x) =D’ (p),

DX =Dl (. (4.2)

Due to the biaxiality of the host, the a angle now defines the laboratory X axis
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and secondary director. The mean-field potential U(y,Q2) will have the form

U(y,Q
() u(y, Q) = uo(y) +up (VD3 ()
kBT b b

+u3 000 (D3 (@) + D2, 4(0), (4.3)

where kp is the Boltzmann constant, T is the temperature, u{‘n,n()() is the shape
dependent mean field interaction intensity and Dﬁ’n(Q) are Wigner functions. We

like to call attention to uo(y) which is the intrinsic shape dependent energy term.

4.1 Evolution Operator

The time evolution of the conditional probabilities P(yo,Q0lx,Q,%) in the roto-

diffusion model is governed by the following set of differential equations

0
&P(xo,Qolx,Q,t) =y (Q)P(xo0,Q0lx,€2,2)

+ 2k (P (x0,Qoly', Q, 1), (4.4)
X/
subject to the initial conditions
P(x0,Q0lx,2,8) = 6(Q~Q0)d 5, (4.5)

where 6, ,, is a Kronecker delta, 6(€2 — (o) is a Dirac delta, I'j(Q2) is the rotational-
diffusion operator for a particle with shape y and k,,/(Q)) the transition operator
from shape y' to y.

In the particle main frame, ignoring the coupling between diffusion and rota-

tional diffusion we have:

I,(Q)=-DY{L2+L,[L.u(y, D]}
~DY{L2 + Ly [Lyu(y, D)}

-D{{L2+L, [L.u(x, 0]}, (4.6)

where L,,L,,L, are the x,y,z quantum angular momentum operators, Dflc and Di
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are the shape y roto-diffusion coefficient parallel and perpendicular to the particle z
axis, respectively.

In the actual form, the system of Eqs. (4.4) is closed and can be solved by the
formalism we will further develop, but the equations are more convenient to manip-
ulate algebraically if the functions and operators are symmetric in relation to {yo, Qo}
and {y,Q}. The symmetric set of conditional probabilities ﬁ()(o,Qol 1, Q,t) functions
can be obtained by the similarity transformation

P(x0,Q0l%,Q,8) =P} (x, WP (x0, 1, Q, P2 (x0, Q) 4.7

and they are subject to the initial conditions
P(x0,Q0lx,Q,0) = 8(Q— Q)8 4- (4.8)

The symmetric version of the roto-diffusion operators can be obtained by the fol-
lowing similarity transformation

T(Q) =P (1, QT QP2 (1, Q)

Dt
— Xy 2 X X 2 1ly2
= -DIL’~ (D[ -D})L.* - S L2u(1, Q)
Di(_ 1 X X 2
+ L OL-u(y, @ - 2 (Df - D1 L u(r,)

1
+4D] (Lau( ), (4.9)

here we used L2 = L,2 + Ly2 +L,2and L, =L,+ iL, . While the symmetric shape-

exchange operator can be obtained

Eyp(Q) = P2y, Qb (QP 2y, Q). (4.10)

Since ky,(Q) = P2y, DP,2(x', 0 (x, x) for x # x' and kyy(Q) = =X 2k (Q)

we will have:

- (x) v ox#x
Byp(Q) = (4.11)

~ Y i P2 P2, (', x)  otherwise.
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Therefore, the symmetrized evolution equation will be given

dP(x0,Q0lx, Q1)

= =T(P(x0,Qoly, Q1)

+Y " Ey (P (1o, Qoly', 2, 1), (4.12)
X/

which have the same form as Eqs. (4.4), however, with the operators and functions
involved replaced by the symmetrized version. The symmetrized conditional proba-
bilities can be used to calculate the correlation functions by the relation

0= [[ d00d DY, Q0D (@PLQOPIHQIP (10, Qolt, 0,0

(pmm’nn eq eq

Paa,(t) = f dQodQa;(x0)P(x0, Qolx, 2, PLAQIPIHDa(x). (4.13)

4.2 Eigenfunction expansion

The evolution equation for the conditional probability function can be solved us-

ing the eigenfunction expansion as developed in [27-29]. Expanding each function

P(x0,Q0lx,€2,¢) in a series of normalized Wigner functions @ﬁ’n(ﬂ) =+v(@2L+ 1)/(8712)D#7n(£2)

we obtain:

P(xo,Qolx,2.)= Y, CL (x0,Q0;x, D% (V. (4.14)

L,m,n

The dual space of the normalized Wigner functions is defined by: @,Ln’fn(Q) =
V(2L + 1)/(872)DL*,(Q) with inner product:

f dQDL; (DD (V=061 18m mOn - (4.15)
Substituting the equations (4.14) in (4.12) we will obtain:

0 -
3 &cfn,nuo,ﬂo;x,t)@ﬁ,nm): > kL (x0, Q0 x, DT(NDE ,(Q)

L.m,n L,m,n
+ Z Cfn,n(XO,QO;X/’t)k\xx'(Q)gé,n(Q). (4.16)
1’ ,L,m,n

Multiplying both sides of the equation by @’I;l,,*n,(Q) and integrating in dQ2 and
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performing the summation on the r.h.s we will obtain:

0 / ~
G0 Q0i1:0= L Grim it (DCh, 200 Qi)
,m,n
+ Y Rumwistmn (6 ¥)CE (1o, Q03 1, 0), (4.17)
x',.L,m,n
where
Gt Lo (0) = f d09E: (T (D (), 4.18)
and
KL’,m’,n’;L,m,n(X:X,):fdQ@fn//Tn/(Q)k\XX’(Q)@ﬁ,n(ﬂ). (4.19)

We can collect all the coefficients related to the shape y in the column vector
Cg,O(XO,Qo;X,t)

C(y)= C‘{EZQ()(O,QO;)(,t) (4.20)

|CL (X0, Q05 1,1),)

and further organize them in the block column vector

[C(ry)

Clr2) (4.21)

_C(X”)d

Proceeding with the formalism, we can organize the operators in a block matrix
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G(y1)+K(x1,x1) K(y1, x2) K(x1,xn)
_ K(xz,x1) G +K(yz,x2) ... K(x2, xn)
R Xz X1 X1 . X2, X2 7(2 X , (4.22)
K(xn, x1) K(nx2) - GOa) +E(tn, xn),
and write equation (4.17) as:
9¢-Re (4.23)
5, =EC. )
Since R is symmetric, there is a unitary matrix X that:
RX =X, (4.24)

where T is a diagonal matrix. Left multiplying the equation by XT and reorganizing

the terms we obtain

0 (T _eTae (9T
&(X c)=X"RX(X"C|. (4.25)
Defining C =X”C, we can write

—C=1rC. (4.26)

Since the matrix ¥ is diagonal, each element of C is connected just to itself, as a

consequence, the set of linear differential equation will have as solution:
C(t) = e™C(t = 0), (4.27)

which can be transformed back to the original form by the relations C = XC. Pro-

ceeding this way we obtain

Ct) =Xe""XTC(t = 0). (4.28)

45



Therefore, each element of the vectors is given by

L ) _ e vt @ J' A
Cm,n(xo,Q();X1 t) - Z X)(,L,m,n;K [el‘ ] XK;)(’,j',p’,q’Cpl q/(XO’Q():X ’t - 0)7
K.x'\L',m',n' K ’

(4.29)

where K = {y",L",m”,n"} and the summation is performed over all possible values.

Applying the initials conditions (4.8), we have

*

C.q (10,0031t = 0) = D0 (.
which can be replace in Eq. (4.29) obtain:

L . _ 7¢
Cm,n(XO, Qo x,t) = Z X)(,L,m,n;K
K.y .L'.m',n'

| Ricy il (Q0y . (430)

The coefficients from Eq. (4.30) can substituted in Eq. (4.14) to give

5 1 . .
P(Xo,Qolx,Q,t)=ﬁZ Y Y Vei+nej+1)
K j.p.aj.p'g
*Xy.j.0.a:KXyo./',p'q'iK [ert] KDf),q(Q)D;,ffq,(Qo)- (4.31)

As t — oo all exponentials decay to 0 except the values with rx =0, which can be

identified with the equilibrium value. Therefore we have

lim P(x0,Q0lx,Q,8) = PY2(y, Q)P 2(50,0)

eq eq
1 ! i
=— V(2j" +1)(2j" +1)
87[ j/l’pl/’q// X///’j///’plll,ql//
A~ -~ j// j/!/*
*Xy.i".0"a":0Xx0.7p",q" 0D pu qn (DD 1 (€d0), (4.32)

where we used K =0 to identify the index of the equilibrium value.

Substituting Eq. (4.32) and Eq. (4.31) in (4.13) and performing some algebraic
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simplifications, we obtain

¢I;5;/nnf(t)=ZZ Z Z Z Xx,j,p,q;Kim,j’,p’,q’;K

K X’XOj,p,qj/,p/,q,jl/,j/,/
VeI DR+ DEj+ DEj + Dy
(2L +1)(2L' +1) XJ"m'=pn'=g:0

x Xy i m-p'n-p:0CG,J"\L'sp,m' = p)C(,j",L';q,n' - q)

X

| CG.J" Lsp,m=p)CG " L n=g') (4.33)

To obtain the axial ¢, ia;(8) correlation functions we can substitute Eq. (4.32) and

Eq. (4.31)in Egs. (4.13) and simplify the Clebsch-Gordan coefficients C(j,j’,0; p,—p) =
8 /(=1Y"™/\/2j +1 to give

(bai,aj(t) =
Z (Z Z xxo7j,ap,’q,;K2X0a.j’7—p,a_q,;Oai(XO))
K Xo j/’p77q/
eft]K(Z > X}(o,j,p,q;Kix,j,—p,—q;Oaj(X))- (4.34)
X Jj.p.q

The solution to the proposed equation is formally exact, but it involves the evalu-
ation of an infinite number of matrix elements. For practical use, we can truncate the
expansion in Wigner functions after a certain number of elements, and evaluate the
operators numerically. Compared with the algorithm we developed in the chapter 3,
this algorithm is mathematically more cumbersome and the generalization to cases
where there is a rotation-shape switching is far from trivial. However, it has the ad-
vantage of requiring the diagonalization of the matrix R just once for all values of
{L,L',m,m' ,n,n'}. Moreover, for the biaxial potential, the matrix generated by this
algorithm is much smaller than the one it would be required by the finite differences

method. We believe the advantages overplay the difficulties.

4.2.1 Shape change operator

In this section we will obtain in details the elements of the shape transition op-

erator. The elements for K(y, y') where y # ¥’ can be obtained substituting the first
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case of Eq. (4.11) in (4.19) and performing the integration in Q to obtain

I/iL’,m',n’;L,m,n(}'C; X,) = ((X, X,)5L,L’6m,m’,5n,n’ v X # 7(,; (4-35)

while the elements of K(y, t') for y = ¥ can be obtained substituting the second case

of Eq. (4.11) in (4.19) to give

Ki/m witmn 1) == Y, (0, 0) | dQP2(x, Q)
X'#x

x PL2(y )DL, (DL (). (4.36)

The elements of this matrix could be calculated evaluating the integral in equa-
tions (4.35) and (4.36) for each element of K, but it is computationally unfeasible due
to the high number of elements in the matrix. To avoid this problem we will reduce
drastically the number of integrals expanding the exponential in a combination of
Wigner functions, where we can take advantage of the orthogonality of the function
space.

Therefore, we can rewrite the exponentials P, ql/ 2( x> Q)Pel(/f( 1, Q) as

-1/2 12 PoQY) —au2 (1.1 D2 ()
Peq (X"Q)Peq ', )= \Ee uo,0 X Woo
po(x")

2 2 2
x o~ B 00D o(@+D2; (@)

(4.37)

where

uin,n(xl) - uin,n(x)

5 (4.38)

Auinn(X’XI) =

Since our potential is a limited function, with no singularities we can expand each
potential in series of functions and combine then later.
The exponential exp[—Au% 0()(,)(’)(D§ 0(Q)+Dg2 0(Q))] is a analytic function of

its arguments, consequently, we can expand it in a Maclaurin series relative to the
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potential coefficients Auin,n( 1, x") with terms given by

exp | ~Aud o(1, D3 (@) - Au o1, 1D, (@) =

Z S = | Bug o0 ) (D30 + D%, @), (4.39)
=0

where each terms within brackets can be further expanded using the binomial series:

[ B0 (D3 + D2, O(Q))]

L AuZ (1, 1Y D3 (D2, ()2 (4.40)

ki1+ko= j kl'k '

Since we are summing in j from 0 to co, we can reorganize the series as

exp [—Au%,o(ﬁ(’ﬁ(,) (DE’O(Q) +D%2»0(Q))] -
0o 00 (_1)k1+k2

—A 2 ,
k1=0k22:0 k1lks! u2,0(7(>)()

B p2 (@QFMD2, Q). (4.41)

Each Wigner function raised to some power £ can be recursively expanded using
a Clebsch-Gordan series. For our specific case, we have the functions D2 O(Q) and
D_2’0(Q) raised to some power, performing some algebraic work we can show that for
any k the recurrent Clebsch-Gordan expansions reduce to the following expressions

D3 ()" = Y (k)D3 ((Q)

D2, ()" = Y (kz)D?3, (Q) (4.42)

where

1 if =0
Y(k) =

[1*_, C(2,2k - 2,2£;0,0)C(2,2k — 2,2k; 2,2k — 2),

where C(i, j,k,l,m) are Clebsch-Gordan coefficients.
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Finally, substituting equations (4.42) into Eq. (4.41) we obtain

exp [ -Aud (1, 1) (D3 (@ + D2, ()| = kZOkZoY(kl)
1= 2=

Zk2 (4.43)

k1+k
DI QD ().

(_1)k2+k3 ok
XY(kQ)WAu%,O(X’X,) ngi,o

Unfortunately, we cannot use the same technique in the term exp[(—Au(z)yo( Y )D% 0(Q))],

since the functions Dg O(Q)k cannot be reduced to an expression as simple as Eq.

(4.42). As an alternative, we can express the exponential directly as a series of

Wigner functions, given by
A2 INYY oo, .
o[~ 00X D (@) _ > AL DE () (4.44)
i=0

where
(4.45)

. 41 +1 A2 NP2 .

NG = f dQel 28 BPE D) p2iv )
7'[ b

Since ngo(Q) is independent of @ and vy, any integral in Eq. (4.45) with m # 0 and

n # 0 is identically 0. The same results holds for terms with L odd, because the

exponential argument is an even function.

Combining Eq. (4.44) with (4.43) we obtain

exp [ ~Aud (1, D3 (@) - Au o1, 1) (D3 (@ + D2, () | =

(-1y*k : itk o ;
i N YD o, 1) D@D (D%, (@)

IDID3
=0,=0k=0
We can further reduce the product of the three Wigner functions using Clebsch-

~.

Gordan coefficients:

exp |~AuZ o(1, 1)DF (D) - Au o1, 1) (Do) + D2 @) | =
o oo oo Jtk L+i -1 i+k .
ZZZ Z Z ( .)J A(AUgo,i)Y(j)Y(k)AugO(X,X')J+kC(2i,2L,2L';0,0)
. . Y , ,

i=0j=0k=0L=|j—k|L'=|L-i| J

x C(2i,2L,2L';0,2j - 2k)C(2,2k,2L;0,0)C(2],2k,2L;2j,-2k)D3E . (©Q).  (4.46)
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Formally, equation (4.46) is already the solution that we wanted, since it involves
summation of terms containing a single Wigner function without being raised to
any power. However, the terms are summed in random order. This can be avoided
rearranging the summation in the following form

o~ 23 (X IDZ (@), ~Bu3 (D3 ()+D2 ()

0o L’ 0o m+2k L'+L (_1)m+2k

>

k !ktA(X’X,)L
L=0me—L’ k=max0,—m)L=m|i=|L-L/ (M + R)!k!

m+2k

xY(m +k)Y(R)AUZ o(x, )" C(2i,2L,2L';0,0)
xC(2m + 2k, 2k,2L;0,0)C(2i,2L,2L';0,2m)

xC(2m + 2k, 2k,2L;2m + 2k, ~2k)D3E |, (4.47)

which allows us to define the elements

00 n'+2k L'+L (_1)m+2k

L' /
) ,(X,X ) = Z
" k=max(0,-n')L=|n'|i=|L-L'| (m+Ek)ER!

m+2k

AN, x)
xY(m +E)Y(R)Auj o(x,x)" " C(2i,2L,2L';0,0)
xC(2m + 2k, 2k,2L;0,0)C(2i,2L,2L";0,2m)

xC(@2m+2k,2k,2L;2m + 2k, —-2F), (4.48)

therefore, we can cast Eq. (4.47) in the much simpler form

o~ 8B X IDZ (@), =B 1. )(DF ()+D2, (D)

00 L
> Y =R DI . (4.49)
L=0m=-L

The elements of the shape operator IA{L/,m/,nr;L,m’n( X, %) can be obtained substitut-

ing Eq. (4.49) in Eq. (4.36) giving

U
o0 !

_ po(x)
KL/,m/,n’;L,m,n(X’ X)=- Z Z Z /
)('#XL”ZOH’L”Z—L” pO(X )

2L+1 _p»
X\/;:m”(X’X,)C(QL”,L,L’,2m",m)

xC2L",L,L',0,n)6 ' om"On.n'- (4.50)
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Finally, we can simplify the Kronecker deltas to obtain

ﬁL’,m’,n’;L,m,n(x7X) =0 if m- m/ Odd,

Ry mimLmn Q) =0 if n#n (4.51)

otherwise

Y po(y)
KL’,m’,n’;L,m,n(Xy)() =- Z Z((X,J() X,
X/¢X L" pO( )
2L +1
x1/ YR 1C(2L",L,L',m’ -—m,m)
xC@2L",L,L',0,mEL (. x). (4.52)

The solution we presented here is formally exact, but each element of E{;;;,_m) o 1)

involves summation of infinite terms.

4.2.2 Roto-diffusion operator

In this section we will develop in detail the elements of the operators perform-
ing the roto-diffusion, derived in Eq. (4.9). The full version of I'(y) can be obtained
substituting Eq. (4.9) in Eq. (4.18) as follows:

. , D}
Gr ' n'-Lmn(p) = f dQot (Q){-D{LQ—(fo—D’j)Lf—szu(x,Q)

m',n'
DX 1
+—Lau(L OLou(r, )~ (Dl’f —D’i)Lz2u(7c,Q)

1
+2Df (Lou(y, @) }2h () (4.53)

The evaluation of Eq. (4.54) is possible, but however inconvenient due to high

number of operators involved. We can simplify the expression using the linearity of
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the integral operator:

GL’,m',n’;L,m,n(X) = —Df_fdQ@Z/Tn/(Q)ngrIﬁ,n(Q)

= (Dﬁ‘ —Df) f dQaL" (L% ,(©)
D* :

- f dO2E (L2u(y, D)2k, Q)
D* :

- f AL (L uly, QL u(y, 2% Q)
1 /

-3 (pf-D%) f A2, QL u(y, D2y, ,(Q)

1 /
+ Z_Dflf f dQak’” (Q) (Louly, @) 2L (), (4.54)

in this way instead of evaluating the elements of Eq. (4.54) as a whole, we will eval-
uate each term in the sum separately and combined them afterwards.

Furthermore, the evaluation of I'(y) requires the application of a series of quan-
tum angular momentum operators on Wigner functions, that can be obtained by the

following rules [50]

L*D% ()= L+ 1)D% ()

L.DL (@) =nDL ()

L.D} (@) =VLIL+1-nn+1)D5 1 (Q). (4.55)

Applying these rules to the integral operators, gives

f dQ2L (OL22L (Q) = LIL+ 1S, L)s(m’,m)5(n’,n) (4.56)
f dQ2L, (DL2DL | (Q)=n?6(L',L)5(m,m)s(n’,n) (4.57)

2L +1
2L'+1,

f dQ@fn/,fn,(Q) [L2u(y, )] 25 () = Soouk (L (L, +1)]

7mu»nu
xC(L,L,,L' ,n,n,)CWL,L,,L' m,m,)é(m',m+m,)éxn',n+ny,)
(4.58)
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2L +1

L, 9
2L/ +1 Lt (0T

7mu7nu

f dQgL’" Q) [L2u(y, Q)] 25 ,(Q) =

xC(L,L,,L' ,n,n,)C(L,L,,L',m,m,)é(m',m+m,)é(n',n+ny,) (4.59)

5 2L +1 Ly
f dODE (D) [Lu(y, Q) 2h () = >l 0%, (0
’ ’ 2L/+ 1Lu,mu,nuLu”mu/’nu’ ’ ’
Ly+L,,
XNyny Z C(Lu;Lu/,J,nul,nu)C(Lu,Lu’,J,mu’,mu)C(L,J7L/’n’nu+nul)
J:|Lu_Lu’|

xC(L,J,L';m,m, +m,)o(m' ,m+my, +m,)on' ,n+n,+ny)

(4.60)

/ / 2L +1 ,
f dQaL* (QIL_u(y, DL uly, MI2E} (Q) = Y Y k)
’ ’ 2L'+1; wotu

ny Lu/,mu/,nu/
Ly+L,,

xubt ()Y VL@ + D= ny(ny — DVLy Ly + 1) —ny(ng + 1)
J=|Ly—L |

xC(Ly,Ly,J,ny+1,n,—1)C(L,,Ly,J,my,m,)CWIL,J,L ,n,n,+ny,)

xC(L,dJ,L',m,m, +m, )6(m' ,m+m,+m,)0(n ,n+n,+ny).

(4.61)
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Finally, combining all the terms we gives

1+2L

|
=
=

GL/,m’,n’;L,m,n(X) = C(L,4,L,, n,0)C(L, 4,L,, m, _4)5’,m—4

—t
+ | =
o |+
)

t

— k2

C(L,2,L',n,0)C(L,2,L",m,~2)6 ' m—2

|
-
w
— =
+ | +
) [\)
SEEN

C(L,4,L',n,0)C(L,4,L',m,~2)8 1 m—2

[y =
+ | +
() [\
& &

~ k|| 1o CL.2.L 0, 0CL, 4, m, 003

— =
= DO
DN

SEEN

|
™
ot

C(L,4,L',n,0)C(L,4,L',m,0)8 ' m

—
+
DO
N

_ [ke +DXL(L+1)~ (D ~D)n?| 6 mb/ 1

|
=
DN
—
+
[\
h

C(L,2,L',n,0)C(L,2,L",m,2)8 ' m—2

[y =
+ | +
() [\
RN

|
I
w

C(L,4,L',n,0)C(L,4,L",m,2)5 ' m+2

=
+
DN
N

1+2L
1+2L/

|
™
=

C(L,4,L',n,0)C(L,4,L' ,;m,4)8 ' 14 (4.62)

where we substituted numerical values of the Clebsch-Gordon coefficients and sim-
plified the Kronecker when possible. We also organized all the constants in the coef-

ficients k:

2 2
k1= =3/ zzu3 000 D

3
ko= (=7 +ud (0] ud (DY
6
ky = —Zug oDz (0D]
3
a = (o014 + 1 o0 - 203 (1) IDY
6 2 2
ko= (3u0’0()() )D{
3 o9 2 2 (2
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4.3 Numerical Implementation details

Until now, all the results we have are exact, even though in practice it is not
possible to evaluate some of the equations we obtained, since they involve either the
evaluation of infinite terms in a summation, or the diagonalization of a infinitely
large square matrix. Here we will develop a numerical procedure to solve the system
of equations. The basic idea behind the computer algorithm is to truncate both series
in Eq. (4.14) and (4.47) after a finite number of elements. The operators are evaluated
for the chosen elements and the transition matrix in Eq. (4.22) is filled. With the
finite transition matrix we can perform the calculations specified in section 4.2.

In general, the total algorithm precision depends on the combination of errors in
the truncation of Eq. (4.14) and Eq. (4.47). For the former, the number of required
coefficients grows with the mean field potential constants ufnn For the values of
potentials studied in this chapter, the algorithm showed good precision and efficiency
if we take elements in the series until L =12, m =8 and n = 8.

In the evaluation of the shape transition matrix, the number of terms necessary
to attain a certain precision grows with the potential difference Aug,o( 1, x). To eval-
uate these series, we found it computationally more efficient to use Eq. (4.46), deter-
mining the maximum values for i, j,2 and accumulate the terms in the elements of
=L,

The integrals in A(y’, y) were performed using the Romberg integration [73] im-
plemented in the Scypy library version 0.18.1. We used the eigh routine provided by
the same library to diagonalize the transition matrix.

Even though the solution obtained in Eq. (4.33) is formally correct, it is unsuit-
able for numerical computations due to the elevate number of indexes in the sum-

mations. We can proceed as Tarroni and Zannoni [28], thus defining the vector

\/(2j’+ 1(EQ;" +1)
2L +1

Van®)=33 3

Xo J’H/ j/,p/’ql

-/

x ﬁxo,j',p’,q’;KC(jl,J ,L;q’, n-— q’)

x ﬁxo,j"’,m—p’,n—q’;OC(j,,j//,,L;p,, m-p'|, (4.64)
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and rearranging the summation in the following form

QL (t) = ; Vi B || VE (K. (4.65)
In this way, we can calculate each element of V,ﬁ,n(K ) separately, which involves
summation over only 5 indexes. Note also that if we are interested in calculating a
series of correlations function, for any type of index {L,m,n} we need to calculate
the vector VnI;,n(K ) just once and store its values for future usage, improving the
performance even further.
The same process can be applied to reorganize the summations involved in Eq.

(4.34) to speed up numerical calculations. For this aim, we define the vector

Vo, (B) =2 Z X000k X 1.7, -p-:00 (0, (4.66)
X J.p.q

in order to rewrite $a;a;(t) as

Papa, ()= Y Vo, (B [
K

Ve, (. (4.67)

We can use this formalism to evaluate also the correlation times. Substituting
Eq. (4.65) in Eq. (2.26), performing the integral over ¢ and simplifying the results,

we obtain

, VE (KVE  (K)
L oy R man (4.68)

! ! A
mm',nn 70 [Flx

Repeating the process to the axial correlation time gives

Vo (K)V, .(K)
Taja, = ), —- (4.69)

K+#0 [rlx

We can test the precision of the algorithm by two complementary methods. The
first method, is to inspect the maximum eigenvalue of the transition matrix R. The
second method is to compare the asymptotically solution for the equation (4.65) when
t =0 and ¢ — oo with the static values computed by Eqs.(2.30) and (2.31) with the in-

tegrals performed by another numerical package (in our case, we used Mathematica
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and Scypy).

4.4 Model parameters

To proceed we need to define the values for the parameters used in the model.
Even though, we are not interested to fit any particular case; in order to product a
set of plausible values, we will use existing theories to estimate the model constants
whenever possible.

The rotational diffusion of particle solvated in fluid with viscosity coefficient y
can be estimated using the Perrin-Einstein relations [71, 72], which are obtained
solving the Stokes-Einstein equation with stick boundary conditions. For a sphere

with radius R, the roto-diffusion coefficient D*(R) is given by

kgT

D’(R)= ——.
(®) 87yYR3

(4.70)

For particles with anisotropic shape, we will have different coefficients for differ-
ent axes, for instance, a uniaxial ellipsoid have two of them , one parallel D and one
perpendicular D | to its axes of symmetry.

The equations for the coefficients take different forms depending on the aspect
ratio p =a/a). For a prolate ellipsoid (p < 1) roto-diffusion coefficient parallel to the

director Dﬁ’ rolate i5 oiven by

prolate
D __3 A VAR S (4.71)
Ds(d)  2(1-p2) V1-p2 o
while the coefficient perpendicular to the director Di’rozate by
Di)rolate B 3p2 2_p2 | 1+ /—1_p2
. = 1 n -1¢, (4.72)
Ds(d)  2(01-p%) | \/1-p2? [y

where D*(d) is the roto-diffusion of a sphere with hydrodynamic radius d = {/a %q.

For an oblate ellipsoid (p > 1), the roto-diffusion coefficients parallel to the sym-
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metry axis is given by

2

1- \/% arctan (\ /p?— 1)] (4.73)

oblate
Dj 3

Dsd)  2(1-p?)

and the perpendicular roto-diffusion Djbl‘”e by

2

R
arctan 2_1|-1{.
Vi1 "

To the best of our knowledge, there is no analytic expression to obtain effective

Dtiblate _ 3p2
Ds(d)  2(1-p%)

(4.74)

potential as a function of the solute particle shape, however we can use the method
developed in the previous chapter to make an estimate of the shape-dependence of
the effective parameter ug,o()(). Since we are studying the effect of the environment
biaxiality on the experimental observables, instead of estimating also uio( 1), here
we will take

u3 o(0) = Aug o(x) (4.75)

where A will be used as a free parameter. In this way, we can analyse the effect of
the extra interaction in the correlation functions and correlations times, and conse-

quently in the experimental observables.

4.5 Results

As in chapter 3, our particle can assume three shapes: a sphere, a prolate and a
oblate ellipsoid. In all three shapes the axis lengths were chosen to give an unitary
hydrodynamics radius d(y) = 1. We also assume that any shape can switch to any
shape as sketched in figure 4.1 and that the exchange-ratio is equal for all transi-
tions, i.e {(y,y') = ( for all y and y'. Since we are interested in the general properties
of the proposed model, we can make the analyses much more convenient performing

the following set of transformations:

t* = D%¢, (V) =Ly, v),
X* _ X s X:* _ X s
D" =D}/D", DY =DY/p*.
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Figure 4.1: Sketch of shape switching process.

Table 4.1: Parameters used in the numerical calculations.

X Shape a; q Dﬁ Dflc u%),o
Prolate 1 0.69 2.08 042 1.35 -3.85
Sphere 2 1.00 1.00 1.00 1.00 0.00
oblate 3 1.59 0.40 0.54 0.44 2.36

The parameters for each shape can be visualized in Tab. 4.1. For the numerical al-
gorithm, we took Wigner functions until L4y = 12,2 m0x = Mmaex = 8 and iyqy =
12, jmax = Bmax = 8 for the shape transition operator. With these values, the biggest
equilibrium eigenvalue was ¥x =~ 1078,

In our first group of analyses, we kept the intrinsic shape distribution constant
and varied the exchange ratio {* and the biaxiality A. We chose three values for
(*, giving different shape-exchange regime relatively to the roto-diffusion: 0.1 (one
scale slower), 1.0 (same scale) and 10.0 (one scale faster). For A we chose the values
A =1{0,0.15,0.3}. We call attention to the fact that a A = 0.0 represents an uniaxial
sample, while the maximum value possible for A is 1/v/6. The first rank correlation
functions can be seen in Fig. 4.2 and the second rank in Fig. 4.3.

We can separate the correlation functions in families by their general features.
Functions like (,bIO‘é:OO are modulated only by f angle, therefore, they show the same
fast and slow shape transition regime reported for the uniaxial potential in chapter
3. However, here the curves shapes are mildly altered by the biaxiality A.

Other functions with characteristic behaviour are c/)I].:I_‘ Lnn: They are intrinsically

0 in absence of biaxiality and their shapes are strongly dependent on A. Even though
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Figure 4.2: First order correlation functions. In all calculations we used po(y) = 1/3
for all shapes.

61



o
=
>

Il N
>»T~
ool

Il VN

([@N0 Ne]
NN
=l

0.45
0.4

0.35
0.3

0.25

$?200,00(t")

0.2

0.15

0.1

0.01
0.009
0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001

$?25.2,00(t")

-0.00f ——+——"-"——"~——~4——

0.35 — T T T T 1

0.25
0.2

0.15

$%252,25(t")

0.1
0.05

Figure 4.3: Second order correlation functions. In all calculations we used po(y) = 1/3

for all shapes.

>«7~
ool

62

$%252,00(t")

$%200,22(t")

$%225.5 22(t")

(@, Ne)

N
==l

o U1 o

0.08
0.06
0.04

0.02

01 [
0.08
0.06
0.04

0.02

0.0014 T
0.0012 f
0.001 T
0.0008 |
0.0006 |

0.0004

0.0002

-0.0002




they also show fast and slow diffusion regimes when {* >>1 and {* << 1, as the index
n increases the different regimes become less distinguishable due to the modulation
by the Euler angle y.

Another group of functions are formed by q)ﬁ,oo and <p§é ;- Here we can not dis-
tinguish the fast and slow relaxation regimes, although the shape of the correlation

functions is weak dependent on 1. As expected, set ‘/’%ﬁn

o0 modulated by y is more
dependent on A.

Surprisingly, the fourth family of correlation functions ¢££,LL are almost inde-
pendent of exchange ratio and biaxiality A.

In the second part of our analyses, we let the exchange ratio {* constant while
we varied po(y) and A. All three shapes have completely distinct dynamics; there-
fore, we expect the dynamics and static behaviour of all correlation functions to be
dependent on pg. In order to consider only some representative examples, without
loosing generality, we are going to always keep po(disk) = po(sphere) while varying
po(rod). The results can be visualized in two sets of figures: the first order correlation
functions can be seen in Fig. 4.4 and the second order can be seen in Fig. 4.5

The biggest visible difference is when m = —m’, where each correlation function
show a very distinct behavior. For instance, the shape of the first rank seems more
dependent on po(y), while the second rank is mainly dependent on the biaxiality A.

Again the shape of the correlation functions gbﬁ,ll(t) and gbggm(t) shows little
dependence on pg, and consequently little to none dependence on biaxiality 4. We
deduce that deconvoluting data from these correlation function in a noise experiment
will be harder, if not unfeasible.

The remaining correlation functions show similar behaviour. If we take the same
index, the functions which share the same distribution po(y) possess very similar
behaviour, while the biaxiality acts as a perturbation. If these are the only correlation
functions available experimentally, we expect the shape effects to be visible, however
the information about the biaxiality parameter A will be hard to obtain.

In the last part of our analyses, we are going to investigate the relaxation times
of the correlation functions. Even though the shape of the correlation curves gives
an idea of the relaxation process, the correlation times provides numerical values

that we can use for comparison. The correlation times of some selected correlation
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functions can be found in figure 4.6

Before we start, is important to state that the direct comparison of correlations
times absolute values associates with functions with different indexes can lead to
errors due to their difference in scale, for instance q)%g’oo is two order of magnitude
bigger than ¢>§% 2,00- I the correlation times, we can observe all the similar trends
we identified for the correlations functions, but we can also directly evaluate the
interplay between {* and p,.

The correlation times show better than any other parameter the complexity of
the problem we are dealing with. In general, the correlation times are strongly de-
pendent on pg. All correlation function functions that showed clearly fast and slow
regime relaxation process are, of course, strongly dependent on {*, while A can be dis-

regarded. The parameter A plays an important role in the relaxation with m = —m/

and on a minor scale in TI(;(%nn with n #0.
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Part 11

Active particles

69



Chapter 5

Introduction to Molecular

Dynamics Simulations

The formation of non-equilibrium ordered structures in system of active, self-
propelled particles or living individuals systems is a fascinating topic, that has re-
cently received much attention for isotropic and anisotropic systems [13, 74].

Currently, there is no universal framework which can capture the complexity of
all kinds of active systems. However, some theories are being developed which at-
tempt to provide an unified description based on the conserved quantities and on
the system symmetries. Models in which the total momentum is conserved, denomi-
nated “wet”, take into account the exchange of moment between the active particles
and the environment. This framework is generally used to study synthetic particles
dispersed in different types of medium, for instance, active gels [74].

In the so called “dry” models, there is no momentum conservation due to a fric-
tion with the substrate [74]. Some living systems are studied in this framework, for
example, flow of bacterial suspensions, flocks of birds and schools of fishes! [75]. Dry
models are also used to study synthetic systems such as systems of granular rods
subjected to a outside shocking [13].

A continuum type theory description of the macroscopic properties of active sys-
tems can be obtained within the framework of non-equilibrium statistical mechanics.
For instance, the flow of a low density suspension of active particles can be investi-

gated by coarse-graining a modified version of Boltzmann equation [74,76]. In partic-

115 really sarcastic that the models used to study school of fishes are classified as “dry”.
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ular, the hydrodynamic of systems of self-propelled rods [77,78], active filaments [79],
and active nematics [80] has been investigated by this methodology. One problem of
the Boltzmann approach is that it works better when most of particle collisions are
binary, however some interesting phenomena, like the formation of polar patterns
need multi-particle collisions [81].

One alternative is to derive the hydrodynamics equations phenomenologically
taking advantage of the system symmetries, using a procedure similar to the one
used to derive the nematodynamics equations [1]. This approach provides a set of
equations with a few free parameters, which can be used to fit the behaviour of spe-
cific systems. This framework, pioneered by Toner and Tu [82, 83], was successfully
used to study active nematics [80,84], nematic colloids [11,85] and defect dynamics
in active nematics [86]. One of its drawbacks is the absence of information about the
free parameters or the microscopic behaviour which gives rise to it.

A complementary approach to either the Boltzmann and the phenomenological
hydrodynamic ones is to use molecular dynamics simulations to model the system at
the microscopic, particle, level. In this way, multi-particle collisions enter naturally
in the particle dynamics and macroscopic properties can be computed using out of
equilibrium statistical mechanics. Furthermore, the same framework can be used to
study the order of the system and the emergence of self-organized structures.

The investigation of liquid crystal systems containing active particles appears
particularly interesting for the combination of spontaneous order at equilibrium with
dynamic effects due to the presence and action of self-propelled swimmers. Moreover,
the long-range orientational order of liquid crystals can be used to guide the active
particles in the sample, for example, the liquid crystal director can direct the swim-
ming direction of bacteria [6] or even determine the trajectory of synthetic nano-
motors [7].

In this chapter we will develop the theoretical framework necessary to describe

active particles dissolved in liquid crystals, using molecular dynamics simulations.
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5.1 Molecular Dynamics Simulations

Whenever we perform an experimental measurement of a physical observable
A, we are in fact measuring the average of A(¢), whose values can and do fluctuate

during the measurement. The average value of A(¢) can be obtained as

A 1 t ! !
Atto,n=—1 | Adr'. (5.1)

to

with £ — ¢ = At being the measurement time. The time dependence A (¢, t) refers not
only to the duration of the measurement, but also to the initial conditions #y. As we
increase the measurement time, the random fluctuations are averaged out, and the
measurement of A becomes independent of time. In this way, as we increase ¢, we
have:

t
(A); = lim lf At)dt'. (5.2)
t—oo t Jo

Macroscopically, we can look at A(¢) as an observable which fluctuates from time
to time. At microscopic level, however, we will see a system of particles evolving
between many different states. Here we will refer to the state of a group of particles
as I'. In quantum systems, I is specified by the eigenstates of each particle, while for
classical systems, it refers to set the coordinates of particles in the phase space.

The bridge between the macroscopic and microscopic descriptions is laid by sta-
tistical mechanics, whose main purpose is to derive the macroscopic behavior of a
system based on the interaction of its constituents. In this way, if we know how to
compute A as a function of I';, whose time dependence is now implicit in the micro-

scopic state, we can rewrite Eq. (5.2) as [87,88]:
1 t
(A(T))¢ = lim —f AT pdt. (5.3)
t—oo t Jo

reducing the problem to the knowledge of the of I'; over the time ¢.

If our thermodynamic system is completely isolated from its surroundings, there
will be no exchange of matter, volume or energy, therefore the number of particles N,
the volume V and the energy E will be kept constant. In this case, we have no a priori
reason to infer that one of the possibles micro states I is favoured over the others.

Therefore, it is reasonable to suppose that after an infinitely long time, each micro
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state will be visited an equal amount of time. As a consequence, we can substitute

the time average in Eq. (5.3) with an average over all phase space given by

A)S(E — HT))dT
<A(F)>rsfr (Ié( ™) ’
[ 8(E —H(T)dT

(5.4)

where 6 is a Dirac delta and H is the system Hamiltonian, which will be discussed
later. This is the so called micro-canonical ensemble, also called NVE ensemble?.
Now suppose our system is constrained in volume V and has a fixed number of
particles N, but is in thermal equilibrium with a reservoir at a temperature 7'. In this
case, the energy E of our sample can fluctuate in time and, as a consequence, there
will be no energy constraint in the micro states in which our system can be found.
Furthermore, we cannot suppose that all micro states will be equally visited, since
the presence of the thermal reservoir will favour some temperatures over others. If
the thermal reservoir do not change its temperature while exchanging heat with the
sample, the phase space average can be performed with the following equation:

JrA@)e HOVEET g
(AM)r = = ;
Jp e HOVksT gT

(5.5)

where kg is the Boltzmann constant, T is the temperature of the thermal reservoir
and the integral is performed over the phase space I'. This is called canonical ensem-
ble or NVT ensemble. In a statistical sense, we are performing a weighted average,
where the exponential exp[-H(I')/kpT] is the weight of each micro state. For this
reason, it is often called Boltzmann weight or measure.

In general, both the time integral in Eq. (5.3) and the ensemble averages in equa-
tions (5.5) and (5.4) can be treated analytically just for the simplest cases. A wide
range of numerical methods were developed to tackle this problem. In this thesis,
we shall derive the observables of interest from classical molecular dynamics simu-
lations.

In molecular dynamics, we model the objects in the investigated system as classi-
cal particles interacting with each other by virtue of inter-particle potentials. Using

3

one of the classical dynamic formalisms® we can set the equations of motion for each

2Most textbooks on molecular dynamics refer to the NVE convention.
3Newtonian, Lagrangian, Gaussian and Hamiltonian are some examples [89].
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particle in our sample and solve them numerically.

Here we will use the Hamiltonian formalism, since it generates a first order set of
differential equations and it deals naturally with constrained degrees of freedom. To
model a system in this formalism, we need to specify the dynamic variables, called
generalized coordinates x’ and generalized momentum X, for each particle i. As a
consequence, the micro state of a system composed by N particles can be specified as

I'={x!,X! ... x¥ XN}, and its Hamiltonian can be written as

HT)=KM)+Ux',--- ,xV) (5.6)

Where K(I) is the kinetic energy and U(x!,---,x") is the system potential, which

1

is assumed to depend only on the generalized coordinates x!,---,x’. The dynamic

evolution of the the elements of I" are governed by the canonical equations

0 0

—xi=— H(T

5% aX} I,

0 __; 0

—Xi=——H®D. 5.7
3% ol (I (5.7)

In this way, knowing the potential, the kinetic energy and the initial coordinates I'y,
we can derive the dynamic variables I" at any time ¢.

It is not possible to obtain an explicit solution for equations (5.7) which is contin-
uous in time. Instead, given a initial state I'( = 0), we can use a discretized version of
Eqgs. (5.7) to estimate the value of I'(t = A¢), where At is a small interval of time. We
can repeat this procedure recursively and estimate I'(¢ = nAt¢) for any finite integer
value of n. With the values of I' computed in discrete time intervals, we can evaluate
the integral in Eq. (5.3) or, even better, the ensemble averages.

The solution of the system of Eqgs. (5.7) provides a time sequence of micro states.
Moreover, the micro states will be visited with equal probability in the micro-canonical
ensemble, while they will be populated according to a Boltzmann distribution in the
canonical ensemble. If we possess a large number N of micro states, we can estimate

the values of any (A)r of both Eq. (5.5) and Eq .(5.4) by
1 N
(AMHr~ =Y ATGAL). (5.8)
N i3
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Even though the problem is simple to define, its solutions are not trivial to obtain.
A typical macroscopic thermodynamic system is composed by a number of molecules
of the order of 1023. Actually, the storage of this amount of information is technically
prohibitive. Moreover, even if we were able to store all the data, its manipulation
would pose another problem. Assuming only pairwise interactions as the best case
scenario, a system composed of N molecules requires the calculation of ~ N2/2 pair-
wise terms and the solution of system of ~ N ordinary differential equations, which
is only feasible for systems composed of up to a few millions of particles, sufficient to
get good estimates of observable properties.

The sample size problem related to the number of particles can be tackled by
using approximate techniques to find numerical solutions. In the next sections we
will discuss the principal numerical methods available and, in particular, those used
in this work. A brief overview of other methods is also provided for completeness.
More detailed explanations and a discussion of a wider range of methods can be

found in references [87, 88, 90].

5.2 Modelling rigid particles

In active systems, the component particles have typical sizes which can range
from the nanometre to the micrometer scale, with the possibility of being composed
of thousands of atoms [91]. The description of a system of active particles at an atom-
istic level of detail is impossible to achieve with the current computational power.
Therefore, instead of treating particles as a collection of atoms, we will use coarse-
grained models with a reduced number of interaction sites.

Several types of coarse-grained models are available, which vary depending on
the level of description provided. In the united atoms approach, we remove the light
and fast moving atoms, (typically hydrogen atoms) and include their effect directly
into the heavier atom they are bound to. This level of description can be successfully
used to model big organic molecules [92], but it is still too detailed for dealing with
the kind of systems we aim to study.

The computational cost of a model can be further reduced by representing a

molecule as a set of interacting sites, which is known as a site-site potential [88].
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(a) Full atomistic (b) United atoms (c) 4 sites (d) Single object

Figure 5.1: The molecule of the nematic liquid crystal 5CB represented at different
levels of description.

The sites are described by short-range repulsion potentials, while the long-range
electrostatic interactions are added to the model by a distribution of point charges
or multipole expansion [88]. A drawback of the site-site potential is that the compu-
tation cost increases rapidly with the number of sites used, and often an adequate
representation requires many of them [88].

A coarser level of description can be achieved by representing a whole molecule
with a single rigid body. In this approach, the pairwise interactions between particles
are chosen to represent the symmetries found in the original molecule, if present. A
comparison between different levels of coarse graining is shown in Figure 5.1.

In this thesis work we aim to describe systems of active particles dispersed in a
liquid crystal medium. To reach this goal, we will represent every molecule in the
system as a single anisotropic object, whose position is described by the three coor-
dinates r! = {rfc,r;iv,ré} for its centre of mass, with an additional set of coordinates
for its orientation [89]. The orientation can be expressed in several different ways,
for example, in the previous chapters we used Euler angles Q = {a, 8,7} for this task.

Unfortunately, the equations of motions written in the Euler formalism have a incon-

venient spurious singularity when f = 0 [89]. This problem can be avoided by using
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quaternions to represent the orientation of particles.

Therefore, the generalized set of coordinates for each particle i will be:

* The centre of mass r! to represent the position of the particle in the Cartesian

space.
* The quaternion q’ to describe the orientational degrees of freedom.

* The conjugate momenta p and Q for the position and orientation, respectively.

In this way, the micro state of a system composed of N particles (is configuration) is
completely specified by I = {r!,q,p’,Q%,--- ,r",q",p",Q"}.

It is beyond the scope of this thesis to show how quaternions generate the rotation
group. Here, we will only show how to use quaternions to represent the orientation
and how to convert the Newtonian torques and angular velocities in and out of this
representation. For the reader interested in a more detailed review, we refer the book
of Altman [93].

Quaternions are elements of four dimensional space q = {g¢,q91,92,94} With the
operations of addition q + q’, multiplication by constant aoq and dot product q-q'
defined as normal vectors, a norm defined as |q| =Y, ¢;2, plus an outer product q” =

q'q defined as [94]

9y —97 —a95 —aq35]| |q0

97 g9y -95 95 | |q1

n _ ! _

q =S(q)q= , , S , (5.9)

95 g3 99 q1| |92
! !/

95 93 91 4o | a3

the matrix in the product definition can be inverted to give the quaternion inversion
rule: g~ ! = {go,—q1,—92,—¢q3}/I|ql. Notice that if the quaternion is of norm one, we
also have S71(q) = ST(q).

We can represent any Cartesian vector u = {u1,u9,u4} as a quaternion by the
rule u® = {0,u1,us,us}, where the superscript (4) indicates the quaternion repre-
4)

sentation of a vector. In the quaternion representation, any rotation of a vector u

around an axis indicated by the unit vector n by an angle a can be obtained by

u(r4) = q_l(a,ﬁ)u(4)q(a,ﬁ), (5.10)
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where u(r4) is the rotated quaternion and q(a,n) is the rotation quaternion, whose

components are gg = cos(a/2), g1 = nysin(a/2), g2 = n,sin(a/2) and g3 = n,sin(a/2).

The double quaternion multiplication in Eq. (5.10) can be summarized by [94]

0 0 0 0

1
0 1-g22-q32 2¢192+29093 29193-2q0q2]| |u1
u? = L - R¥(qu?,
0 2g192—-29093 1-q17°g3 29392+2q0q1| |u2
0 29193+2q9092 29293—2q0q1 1—(122—6112_ | u3]
(5.11)

where we dropped the dependence on (a,n), since any quaternion which satisfies
|ql =1 can be mapped into a rotation matrix.
Due to the block nature of the matrix R (q), we can write an equivalent rotation

matrix for a Cartesian vector as

1-92%2-q3®> 2q192+2909s 2919329092
R(@=|2¢192-2q093 1-q1%q3®  2¢392+2q0q1|- (5.12)

29193 +2q0q2 29293 -2q0q1 1-q2%-q1®

again with |q| = 1.

With the relations (5.10) and (5.12) we can rotate any vector rpag = {r

X K

LAB ,.LAb ,.LAb
ryt7,r;2%
from the laboratory system of reference (i.e. LAB frame) , where the measurements

are performed, to the molecular fixed frame (i.e. MOL frame) ryor:

ryoL = R(qQ)rpas, (5.13)

therefore, with the knowledge of the particle quaternion ¢, we can determine any
orientation-dependent quantity.
Now we need to specify how to obtain other mechanical quantities in terms of

quaternions, and how they are related to their Cartesian analogues. By defining the
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extended inertia tensor Ig/l[)OL in the molecular frame as

1 0 0 0
0 I, 0 0
. =1 : (5.14)
0 0 Iy, 0
0 0 0 I

where I;; are the usual inertia tensor components in the molecular frame, we can

write the rotational kinetic energy of particle i as [95]
1. ~ .
Ko, Q) = 2Q "S(@lyo ST (@@, (5.15)

therefore the Hamiltonian of the system can be written as

1,1

1 . . . p;p;
HD =) | 2Q' Sy IST(q)Q‘+sz—mj +U@,q" -, r,qY),  (5.16)
J

14

where m! is the ith particle mass. The Eq. (5.16) can be substituted in Eq. (5.7) to
give the equations of motion for all the generalized coordinates and their conjugate
moments.

The conjugate moments and torques can be easily related to their Cartesian coun-
terparts. For instance, the angular velocities wﬁ)oiL = {O,wﬂ/IOL,w?’IOL,wZMOL} in the

molecular frame can be calculated by [95]

wi =28 (g, (5.17)

where the dot indicates the time derivative. The Cartesian torques Tﬁ?uia =1{0,74, 7y, 72}

in the laboratory frame, can be obtained from a quaternion-dependent potential

Urxl,q!--,r",q") by using the relation [95]:

. 1 _
Tias =55 @)VuU g eV, q"), (5.18)

where Vi = {0 g ,0 ¢ ,0 7 ,0 7 } is the quaternion gradient. The forces can be obtained
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from the potential gradient expression
f=-v.Ux,qt, v, oY), (5.19)

being Vi = {dri ,aré ,ari } the translational gradient.

5.3 Interaction with an external reservoir

In most active system, the active propellers are suspended in some sort solvent,
that can work as a thermal bath. In these situations, the time evolution of I'; requires
to model each element of the thermodynamic system together with the elements of
the thermal reservoir, which is virtually impossible.

To avoid this problem, we need to decouple the degrees of freedom due to the
thermal reservoir. One approach is to abandon Eq. (5.3) and focus on generating
an equilibrium distribution of microscopic states, which can averaged to obtain the
desired properties. One of the most used method derived from this approach is the
Nose-Hoover thermostat [87, 88]. However, in active systems there are additional
problems hindering its use. Since the active particles are constantly introducing en-
ergy into the system due to the active force, the system is intrinsically out of equilib-
rium, and we cannot be sure that the distribution of micro states follows Boltzmann
statistics. Moreover, the temperature of active systems is more complicated to define,
since it is not easy to separate the velocity due to thermal motions from the coherent
motion due to active forces.

In order to thermalize these systems, it is necessary to use procedures acting on
each particle individually. Such procedures are called local thermostats. To this aim,
the work presented here will be based on the Langevin thermostat. This thermostat
was originally developed to model the movements of particles in solutions, but it
was shown that at long times it actually generates micro states with a Boltzmann

distribution. Therefore, it can be used to thermalize pure systems as well [90].
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Langevin thermostat

In the systems of active particles cited previously, all samples are composed of
dissolved particles which are much bigger than solvent particles. Due to their re-
duced size, the time scale of solvent particles can be one to two orders of magnitude
faster than the dissolved ones. If we write and solve the Hamiltonian for the whole
system, most part of the computing time will be spent on calculating trajectories
that, in principle, we are not interested in.

To avoid these problems, instead of describing each degree of freedom of the ther-
mal reservoir, we will take into account the average effect that it has on the particles
of the system of interest. Following the Mori-Zwanzig projection operator approach,
it is possible to remove the degrees of freedom of the bath and include their effect
on the guest particles by adding a frictional and a random term in their equations
of motion [90]. If we assume that the thermal bath responds to the particles move-
ment instantaneously, we can show that a particle with the Hamiltonian described

in equation (5.16) will obey the following Langevin type equations of motion:

p'@) =) —yp' )+ i),

r(t) = p'(2) (5.20)

where y is the friction parameter modulating the interaction between the system
and the thermal-dissipative medium, and o(¢) = {0} (#),0? y(t),a'; (1)} are three di-

mensional vectors, where each element is a Gaussian white noise with correlation

(@}, (D () =\/2ymkpT6( ~1)8; ja p, (5.21)

being kg is the Boltzmann constant and T the bath temperature. The (5.21) ensures
that the fluctuation dissipation theorem is respected.

The only free parameter in this thermostat is the friction term y. For spherical
particles, y can be related to the friction term 7 present in the Perrin-Einstein equa-
tion. The use of a friction term gives the right diffusive behaviour to the simulated
particles. In this case, even though any simulation will show different molecular tra-

jectories due to the random term, any trajectory can be assumed to be a particular
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realization from the space of all possible trajectories.

Even though the Langevin thermostat was formally developed for particles dis-
solved in a large system acting as a thermal bath, it can still be used for particles
belonging to a pure systems. In this situation, the solution of the Langevin equations
of motion ensures that the succession of micro states in the trajectory obeys a Boltz-
mann distribution. As a consequence, the resulting trajectory can be used to perform
the ensemble averages in Eq. (5.8). This result holds for any reasonable value of y.

This formalism can be extended to rigid anisotropic particles by adding a com-
bination of random and a dissipative torques representing the interaction with the

bath. The equations of motion expressing the orientation are then given by

Liap(®) = T1ap®) VLo 07 450 + 07 (),
. 1 . .
o® =58 (w{hh®)d o, (5.22)
where LiAB(t), TiAB(t) and wﬁi]ig(t) = {O,(ufc,wg,w;} are the ith particle angular mo-
mentum, torque and angular velocity in the LAB frame, y, is another friction con-
stant and o7 (¢) = {07 (2), a;y(t),a;f ,(1)} is another Gaussian white-noise which corre-

lations given by

(0., (Do () = ,/2y1;§°lk BTo(t—1)5;;. (5.23)

where I ;’J‘."l are the components of the inertia tensor in the molecular frame.

5.3.1 Interaction Potential

In this work we approximate all the molecules in a given system with single par-
ticles having the properties of a non-spherical rigid body. The crucial part of this
approximation is to derive an interaction potential that reproduces, at least approx-
imately, the physics of a real system or of a system simulate with atomistic detail.
For instance, an anisotropic molecule will be represented by an ellipsoid, and the
potential acting between ellipsoidal particles needs to display different interaction
energies when the particles are aligned in different orientations. An example of the

relative orientation of ellipsoidal particles and the corresponding nomenclature of
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each configuration is given in Figure 5.2.

A successful example of such potential is that developed by Gay and Berne [96] for
uniaxial ellipsoids and generalized by to arbitrary particles by Berardi et. al. [97].
The uniaxial Gay-Berne potential considers the interacting particles as revolution
ellipsoids with breadth and length o5 and o.. The potential is pairwise, which means

that the total energy for a system of N particles will be:

N N L
Ugs(t,q' -, rV,qd") =Y Y Ugs(r',q',v,q’), (5.24)

i=1j>i

where r’ is the centre of mass of the ith particle and q’ the i¢h particle quaternion.
More specifically, the Gay-Berne potential energy of two ellipsoids with symmetry
axis aligned along the unit vectors @‘(q’) and @/(q’/) with the inter-molecular vector

r'/ =r! —r/ connecting their centre of mass will be given by [98]
Ucs(r',q’,/,q/) = Ugs (@', &/, )

12 6
i o o
:4e(u’,uj,r”){( — — ) —( — 5 ) }
riJ —o(a?,a/,1rv)+ o, riJ —og(at,a/,rv)+ oy

(5.25)

where o(a!, &/, #/) is approximately the contact distance between the ellipsoids i and

J, which is expressed as

o@ o #) = o {1_1[<ﬁ"-i~if+ﬁf-f”>2+<ﬁi-f~"f—ﬁf-fif)2”‘”2
Y s 2 1+y(ai-af) 1— y(@i-o)
with
_1<2—1
X_K2+1

CO O °o

Side—by—Side End-to-End T
Figure 5.2: Representation of the particle alignment side-by—side, end—to—end and T.
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being x = 0,/05 the shape anisotropy.
The term e(@’, @/, #; ;j) is a weighting factor for the energy, based on the relative

orientation of the particles, expressed as
e(@,a/,r”) = eget@,a’/,rV)e"(@’,0’) (5.26)

where u and v are parameters that can be used to tune the shape of the potential

well in a way appropriate to the chemical nature of the particles, with

Loy o 2ai ajv2] V2
e@,a’) = |1-y“(@a"-a’) (5.27)

S
and € #(i1,4/,rY) given by

nd i A.A.‘2 nd i A.A.‘2 _1/2
@l ol #) = {1_75_/[(“L'r”+f];r,”) S w2 ”
2 1+y/(at-a/) 1-y/(at-a/)
(5.28)
with
;o xkVr—1
X ke 41

where k' = €,/¢,, is the interaction anisotropy. The parameters ¢; and €, correspond
to the depth of the potential wells when the particles are aligned side—by—side and
end—to—end, respectively.

Finally, if the symmetry axis are aligned along with z axis in the molecular frame

(i.e. ﬁfnol ={0,0,1}), the components of &’ in the LAB frame can be computed by the

expression:
2(qt g +qhql)
o' =RT(@), = | 20¢igi-gig)) |- (5.29)
i2 2

i2, 2
9y — 41 — 49 +q 3
The phase diagram of systems of particles described by the Gay-Berne potential
has been studied in the literature for a few parametrizations. In particular, the phase

diagram of a system of particles interacting only via a Gay-Berne potential with pa-

rameters {u = 1,v = 3,x = 3,x’ = 5} has been show to display the isotropic, nematic,
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Figure 5.3: Gay-Berne potential energy curves calculated for the geometries: side—
by—side (black), end—to—end (blue) and T (green). For both panels, x = 3, ¥’ =5 and the
distance is expressed in units of .

and smectic phases typical of liquid crystals [98]. Conversely, the set of parameters
{x =3,x" =5,u=2,v =1} generates isotropic, nematic, smectic A, smectic B and crys-
tal phases [99]. An example of Gay-Berne potentials energy curves calculated for

different geometries and sets of parameters, is given in Figure 5.3.

Calculation of forces and torques

In this section we will carry out in detail the calculations of forces and torques
involved in the uniaxial Gay-Berne potential. Following Luckhurst et. al. [99], we

can simplify the algebraic manipulations defining:
ri —o(@l, 0/, #V) + o

R = (5.30)

Os

and
¥y [@-rY+@/ )2 @ eV -0 V)2

-1 — — 5.31
2rii2 | 1+ y(ai-aj) 1—y(ai-a/) (63D

gy =1

A7 A

The function g(y) is related to o(a , 0/, #7) and €'(&’, @/, /) by the relations:

V2 = 2L

Os

g =@, o’ 7). (5.32)
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Since the Gay-Berne potential is pairwise, the total force and torque acting on
each particle can be obtained calculating the pairwise components separately and

summing them together:
f=) -V, Ucp@’,&/,r)= Y
J J
T%I)XILS = Z—tiUGB(ﬁi’ﬁf’rij) = Zfi‘gg (5.33)
J J

The x component of the force in the ith particle due to the interaction with the

jth particle (f/) can be obtained by

. 0 S o 0
fy! = ——Ugp(@',&’,r") = —eo{e(ﬁl,ﬁf)gﬂ(;(') [6R™7 - 12R1?] (—.R)
ors ork
)
+(R—12—R—f‘)ugﬂ—l(x’)—.g(x)} (5.34)
or},
where
0 0 .. o5 _ o .
I r= i T g8y 2 pis, (5.35)
ork ork 2 ork
with
o .. rY
i =T (5.36)
ors, rtJ
and
P w8 . . d ..
_g(p) = ?‘.2[(“ i ){ .(r”-ﬁ‘)+—.(r”-ﬁ1)}
ork riJ 1+x(@*-a/) ork or’,
@I gy 2 g
1-y@-a/) \|ork or’,
L @+ ad FUP () 62 ] (5.37)
rtJ 1+ y(@t-a/) 1-y@@-a/)
with
0 ij. aiy_ g
—@"-a")=1a,. (5.38)
or,

Due to the symmetries in the set of equations, the calculation of the other compo-
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nents of the force can be performed substituting x by y or z in all vectors.

We will proceed in a similar manner to compute the torques. The quaternion

gradient of the Gay-Berne potential is given by

0 R 0 L ,
~Ugp(a!, o/, r') = Y —Ugp(a’, 0/, r')—al, (5.39)
aql l ul qk
which can be organized in the matrix form
[ 0 VRN
0 Ues@,ulry) . 1 o ;
o ah —al a) || Uss@, e, r)
i UGB(ﬁlyﬁJar”) 1 _ i _ i aux
it s 700 T | —Ugp(!, 6/, x') (5.40)
. . .. . . . AL 5 .
R I P | L
5’ o i | | s Vs, e
Ugptal, o/ ey 71 T2 93] l0u;
Laql b b

where we substituted the values of @i; to evaluate the first matrix in the r.h.s.

To integrate the equations of motion (5.22), we need the torques expressed in the

Cartesian frame. If we substitute Eq. (5.40) in Eq. (5.18) and perform the matrix

operation, we obtain

0 2q6qé+2qi1qé
ij
Taps X _ 0
Tij y 1_2qi2_2qi2
LAB’ 1 2
Toame 2| | 24091 — 20595

24595 -2409)
2¢' % +2q¢4% -1
0

24395 +24'95

1-2g%%-2q}2

2¢5q% —2qbq’,
~2q4q%-2q}4}
0

oUgp(d*, 0/, rv)
ouy

oUgp(d*, 0/, rv)
AL
ony
FaSy AR 14

oUgp(@*,a’/,r")

oal

(5.41)

In the previous equations we can recognize the elements of the first matrix on

the r.h.s as the components of the unit vector @. Therefore, this equation can be

simplified to

Iy
T]

_ﬁlx

d S
Yy
AR = aﬁiUGB(u ;al,r).

(5.42)

The derivatives of the Gay-Berne potential relative to the orientation unit vector
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components #; are given by

] L 0 L
_Ugp(@', 0/, r’)=(R™12 R %) —c(@’, 0/, V)
oal oGl
o 0
+e(@’, &/, #/)6R ™" - 12R‘13)07R (5.43)
where
0 i viai ajy =1, 0 '
aTie(u ;07 ) =g’ (0, 07 )ugh (y )Fg(x)
Uy Uy
.9 .
+eogh(y e (@', 0))—e(@’, o) (5.44)
X
and
0 .. L
_e(0!,0/) = y23@!, al)al (5.45)
onl
being
9 1[o@@,a/,#7)]° o
—R == —g(y). (5.46)
Ou; 2 Og au;

Finally, the derivative of g(y) can obtained from the expression

0 x| [2@" -2 +4@/-#7) 2@ -2V -4/ 1Y)
—g(y)=—-= |7y — + —
onl 2 1+ y(@t-a/) 1-y@@-a/)
(@Y 4+ P2 @Y -0 )2
+Xﬁfc{ ———+ —— H
1+ y(al-a/) 1-y@@ -a/)

(5.47)

5.3.2 Self Propelling Force

Besides the interaction potential and the thermal bath, the active particles are
also endowed with a “molecular propeller” which can be switched on providing an
external source of energy, whose effect will depends on the details of the active par-
ticles themselves. Here we are interested in self-propelled rods which are pushed by
the active engine in the direction of the symmetry axis &. This can be accomplished
by adding a velocity or an acceleration term to the usual list of interactions [76,100].

In practice we have used propelling force fs!, which acts on each active particle
according to

£l = faal. (5.48)
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The only free parameter in this model is fs, which modulates the strength of the

propelling action and is assumed to be the same for all active particles.

5.4 Integration of the equations of motion

Now that all the internal and external agents acting in our sample are defined,
we can finally integrate the equations of motion. Before developing the numerical
algorithms, we need to rewrite some expressions in a more convenient way.

Knowing that v' = p/m?, we can write the equation of motion for the translation

as

() = vi(t),
. f.(¢)
Vi) =4, (5.49)
m

where fg(t) is a generalized force with the form
£.() = (1) —ymv'() + o () + fsi". (5.50)
We can perform a similar transformation with the terms in Eq. (5.22) to obtain

L}JAB(t) = T&(t),

a'(1)=8 (0P 50)d @), (5.51)
where ‘ré(t) is a generalized torque given by
TL(t) = Th \g () — YLy or 0% 45 (D) + O (D), (5.52)

where the first terms in r.h.s. are the Cartesian torques obtained using the transfor-
mation in Eq. (5.18).

The integration of the translational degrees of freedom can be performed in a
straightforward way with the velocity Verlet algorithm [88], which comprises the

following steps:
¢ Use the forces calculated at ¢t to update the velocity of all particles by half a
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timestep:

v (t+%At) :vi(t)+%Atfi(t) (5.53)

e Use the new velocities v’ (t + %At) to update the position of all particles by a
full timestep:
. . . 1
r'(t+At)=r'(t)+ Atv' (t+§At) (5.54)

¢ Use the new positions r' (¢ + At) to calculate the forces fi (¢ + At) and to update

the velocities for the last half timestep:

vi(t+At) =V (t+%At) +%Atfi(t+At) (5.55)

In the calculation of the forces, the only point that needs more attention is the
computation of the random noise o7 (#). Even though it was said that the random
noise needs to be Gaussian, Duwheg and Paul showed that a uniform distribution
can be used with little loss of accuracy [101]. Therefore, the components of each

vector can be computed as

af,j: \/2ymkpT§é,

where 0 is a uniform distribution with range [-0.5,0.5].

The rotational degrees of freedom are integrated with a similar version of the
velocity Verlet, but the quaternions are updated with the Richardson method [73] to
reduce the error. To proceed this way, we are going to estimate q'i(¢ + At) and " i(¢ +
At) before performing the actual estimation of qi(¢+ A¢). Here we used primed letters
to indicate auxiliary variables that can be discarded at the end of the procedure.The

algorithm is thus composed of the following steps:

¢ Use the current torques to update the angular momentum by a half timestep:

: 1 . 1.
L;.p (t+ EAt) :L‘LAB(t)+§Atr’LAB(t). (5.56)

i

L g+ 1A¢) and orientations q'(¢) to com-

¢ Use the updated angular momenta L
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pute the angular velocity for all particles at (¢+ 3A¢):

i 1 i i 1 ionTri 1
W LAB (t+ EAt) =R(q’(2)) (I MOL) R(@'(®) Li,p (t+ QAt)' (5.57)

where R(q’(¢)) are the rotation matrices specified in (5.12).

Use the angular velocity to compute the quaternion derivative using:

. 1 1 ; 1

q’ (t + —At) =-S (wfj"B‘ (t + —At)) qa(t). (5.58)
2 2 2

Carry out a full timestep integration of the quaternion derivative q'1(t):

. . . 1
qrE+A) =q )+ Atq’* (t + §At) . (5.59)

which completes the estimation of ¢’ Lt +AD).

Compute the derivative of quaternions g%, using ¢! (¢ + %At) by half a timestep:

. 1 . At .
th t+—At): W+ —q"
q ( 2 QT+ 5q

1
t+ EAt). (5.60)

Use the new positions q"'1 (¢+ %At) to estimate the angular velocity:

"i
Wi AR

1 . 1 . -1
t+ §At) = R(q”' (t + §At)) (ILMOL)
il L)y 1
xR q t+§At LLAB t+§At . (5.61)
Use the angular velocity to compute the derivative of quaternions by half a

timestep:

; 1 1 - 1 ; 1
/i _ (4) I
q" (t + EAt) = §S (wLABl (t + EAt)) q”’ (t + Em) . (5.62)
The last half time step is performed in the quaternion

. . 1
q"'t+A)=q" |t + §At

1 . 1
+—A""(t+—At). 5.63
g 3 ( )

Use the auxiliary quaternion q”1(¢+At) and q'!(¢ + A¢) to compute the new
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quaternions q' (¢ + A¢) for the last half timestep:

Q' t+A)=2q" ¢+ A8 —q it +Ab). (5.64)

In this process, each quaternion is re-normalized after any manipulation.

The random torque component was calculated by

ol =/ 2r 7 kpTS (5.65)

where 0 is a uniform distribution with range [-0.5,0.5].
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Chapter 6

Simulations of Active particles

suspended in liquid crystals

In the previous chapter we developed the theory necessary for performing molec-
ular simulations of active systems. A similar framework was used several times to
study different models for active matter in the simpler case of two dimensions. For
instance, the organization in 2 dimensions of living matter has been studied with
the model pioneered by Viczek and with its variants [102—-104]. A version of the
Lennard-Jones soft potential in a (quasi)two-dimensional liquid was used to study
agglomeration of isotropic active particles [105, 106], and a long range repulsive in-
teraction model was also developed for the same reason [107]. However, in these
cases the particles were constrained to move in a plane. In 3D, the segregation of
active Brownian particles interacting by Weeks— Chandler—Andersen potential was
studied by Stenhammar et al. [108].

In materials composed by anisotropic particles, Backwell et al developed a 2D
model for motor driven liquid crystals and studied their hydrodynamics for differ-
ent densities [109]. Segregation and clustering of (quasi)two-dimensional mixture of
active and passive rods was studied by S.R. McCandlish et al. low and high densi-
ties) [110]. However we did not find studies at microscopic level for active particles
dissolved in liquid crystals in three dimensions, clearly the system of more obvious
importance.

Here we wish to consider a fully 3D system and we investigate a sample composed

of a mixture of "active" anisotropic particles capable of self propelling, and identical
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but passive particles. The questions we ask are (i) if it is possible to get dynamic
orientational order from a system which is isotropic at equilibrium and (ii) if not,
if there are differences in the type of ordering or structuring upon activating the
propelling force, when the phase at rest (when all particles are in their inactive state)
is already nematic or smectic. In particular, does the activation destroy or enhance
the order? Here we address the problem using the very successful Gay-Berne model,
where as already mentioned, system of uniaxial or biaxial particles endowed with
attractive and repulsive forces have shown able to generate isotropic, nematic and

smectic.

6.1 Model parameters

More in detail to study effects due solely to the activity, we model the self-propelled
rods with exactly the same physical parameters of length and interaction as the pas-
sive ones in the pair potential.

For the inter-particle interactions we have chosen the Gay-Berne parametrized
by Berardi et. al [98], using u=1.0,v=4,¢9=1,0.,=3.0,0,=0.1,¢5,=1.0, ¢, =0.2
and cutoff = 4.0 for both active and passive particles, where we employ the following
set of dimensionless units: lengths are expressed in units of o5, masses in m, energies
in €g, temperature in €o/kp and time in \/m. The remaining parameters are
expressed as combinations of the previous ones.

Our samples have in total N = 10000 particles each, contained in a cubic box with
periodic boundary conditions in all three dimensions. The length of the box edges are
L = 31 o, giving a packing fraction of ¢ = 0.5 and a density p = 0.3. The detailed
lengths and number of particle for each will be discussed in a later section.

All simulations were performed in the NVT ensemble with the temperature con-
trolled using a Langevin thermostat for both active and passive particles. Even
though some properties might depend on the value of y [111], here we will treat
Y as a fixed parameter. We used y =y, = 1.0 for all simulations, since it gave reason-
able values for the sample temperature. When tested the value y = y, = 10 gave an
over damped regime, while the value y =y, = 0.1 showed strong instabilities. Small

variations of {y,y,} around the value 1 did not change the computed parameters sig-
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nificantly.

We modelled activity by adding a constant self-propelling force f; in the direction
of the long axis of the active particles, as explained in section 5.3.2. Even though the
Gay-Berne interaction is apolar (it does not distinguish ellipsoids heads and tails),
the self-propelling force introduces polarity in the active particles. Finally, we used
ot =0.01 \/m for the timestep and each simulation was performed typically
for 4 x 108 timesteps.

The simulations were performed using the open source LAMMPS code, version
05/09/2014, which we have slightly modified to remove the friction and noise around
the molecule symmetry axis and to add the self-propelled forces for active particles.

We performed a grid of simulations varying 3 parameters: thermostat tempera-
ture, concentration of active particles and self-propelled force intensity. We varied
the active particles concentration p from 5% to 16% in steps of 1% and from 16%
to 30% in steps of 2%. We chose the values of f; to be 0.75 e¢/o, 1.5 ¢/o, 2.25 €/o
and 3.0 €/o, and the thermostat temperature of T' = 2.1 eg/kp, T = 3.0 €o/kp and
T = 3.3 €o/kp which yield a smectic liquid crystal, a well oriented nematic, a weak
oriented nematic and an isotropic fluid, respectively. In total we run approximately

250 simulations over many months of work.

6.2 Sample preparation

To get as close as possible to simulate the effect of a liquid crystalline environ-
ment, we equilibrated our sample with the self-propelling force deactivated, and ac-
tivated it only in the production run. As a consequence we could use the same initial
conditions for all simulations with the same thermostat temperature 7'.

The starting structures for each sample were taken from a previous work [98].
In the present work, we replicated the samples 3 times on each direction x,y,z and
performed an equilibration run for 2 x 108 timesteps. After that, we sliced the central
cube of the simulation and re-equilibrated it for another 2 x 108. The details about
the box sizes together with the number of particle in each sample can be seen in Tab.
6.1 and the snapshot of the starting configurations can be visualized in Fig. 6.1.

With the samples in thermodynamic equilibrium we chose randomly a fraction of
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Table 6.1: Detailed information of box sizes o;and number of particles N for samples
with different thermostats temperatures.

Box length
T Oy Oy Oz <P2> N
2.10 31.705 31.705 31.7050 0.93 9561
3.00 31950 31.9506 31.9506 0.73 9785
3.30 319376 31.9376 31.9376 0.66 9773
3.8 31.8972 31.8972 31.8972 0.12 9736

(@ T=210

(¢) T=3.30 (d) T=3.80

Figure 6.1: Starting configuration for different temperatures.
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particles to be the active ones. The production runs were then performed assigning

fs # 0 to the active particles and f; = 0 to the passive ones.

6.3 Results

6.3.1 Aggregation of self-propelled particles

Depending on the parameters {T', p, fs}, after turning on the self-propelled force,
the randomly dispersed active particles started to aggregate in clusters, which then
further evolved to flowing particle lanes similar to the ones reported in [108]. An
example can be visualized in Fig. 6.2.

The condition for the onset of the aggregation phenomenon depends on all three
parameters studied: self-propelling force, thermostat temperature and concentration
of active particles. In particular, force and thermostat temperature show a critical
behaviour. We have found no aggregation for self-propelling force f; = 0.75 €/o nor
in the isotropic phase, when temperatures was set T' = 3.8 ¢p/kp. Even performing a
series of simulations with high concentrations (until p = 50%) for fs = 0.75 e¢/o, no ag-
gregation was observed. There is also a concentration threshold for the aggregation
phenomenon, however its value depends on both temperature and force.

The cluster formation shows a nucleation like dynamics. At the beginning of the
aggregation, we have the formation of small clusters that grow independently of each
other. During this process, clusters flowing in the same direction tend to fuse when
they approach. Clusters can also divide in smaller ones, although this phenomenon
happens less often. In this way, in most samples, after a sufficient amount of time,
there will be two giant lanes, flowing in opposite directions. A series of snapshots
illustrating these findings can be visualized in Fig. 6.3.

The only notable exceptions are the samples simulated with f; = 3.00 e/o, where
the giant lanes are not stable. In this case, the fast movement of the particles inside
these lanes causes bending deformations which grow in time. The intensity of the
deformations increases until the lane breaks into small clusters. These spare parti-
cles form new small clusters or are absorbed by the closest flock increasing its size.

A sequence of snapshots showing this phenomenon can be observed in Fig. 6.4.
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Figure 6.2: Lane formation for the system with parameters f; = 1.5 ¢/, p = 20%
and T = 2.1 eg/kp at t =0 \/myo2/eq (top left) and ¢ = 25000 \/moo?/ey (bottom left).
Passive particles are coloured in grey and self-propelled one in a scale of red-blue
depending on the direction and intensity of the component 2 of the velocity. On the
right hand side we report the same snapshots, ¢ = 0 (top right) and ¢ = 25000 \/m¢02/eqg
(top left) with passive particles removed to facilitate the visualization.

98




(e) t= 400000 timesteps (f) t= 475000 timesteps

Figure 6.3: Top view of snapshots illustrating cluster formation. The simulation pa-
rameters were: T' = 2.10 eo/kp, fs = 2.25 ¢/0 and p = 16%. Particles that are moving
upstream are coloured in blue while particles moving downstream were coloured in
red,. For both cases the colours intensity were assigned following a scale depending on
the value of v,.
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(e) t=1950000 (f) t=2000000

Figure 6.4: Snapshots showing cluster bending. The figures were taken from the sim-
ulation with T = 2.10 €¢/kp, fs = 3.00 ¢/c and p = 20%. Particles that are moving
upstream are coloured in blue, while particles moving downstream were coloured in
red,. For both cases the colour intensities were assigned following a scale depending
on the value of v,.
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To analyse quantitatively the aggregation of active particles, we used a modified
DBSCAN algorithm (the original version of the algorithm is reported in appendix A).
Since each combination of {T', p, s} produced clusters with different sizes and charac-
teristics lengths, tuning the DBSCAN parameters to perform a proper division in all
cases was no easy task. First, the phase is highly anisotropic due to the existence of
the liquid crystal director and moreover our particles are anisotropic with a certain
length to breadth ratio. As a consequence molecules positioned end—to—end are found
at distances higher than the ones positioned side—by—side. Second, as we have seen,
the clusters usually appears in pairs flowing in opposite directions. A classification
taking into account solely the particles distances would recognize them as a single
unit when they approach each other.

To overcome these problems, we found easier to set minPoints =1 and to ma-
nipulate the metric function (see Appendix). We defined three different metrics D;,
each one involving a different couple of parameters with their respective threshold

distances €;. A particle is considered connected to another if D; <e¢; V i, where

D',y =|r' -1/ 2,
Dy, u’)=—u’ W,

Ds(vi,v/)=—v' v/, (6.1)

In the present work we used {¢; =3.5,e2 =0.0,e3 = 0}.

To compare samples with different concentrations of self-propelling particles, we
will present cluster sizes as the fraction of the number of active particles in the
sample, expressed by:

Xt = i 6.2)

active

being N; the number of active particles in the ith cluster and Ny, the number of
active particles in the system. Since tiny clusters can hinder the statistical analyses
of the phenomenon, we discarded any cluster with number of particles smaller then
20. The time average of the cluster size can be visualized in figure 6.5.

The clusters formed at the temperature T = 2.1 €y/kp are the most stable ones,

also, they are bigger than the ones formed at 7' = 3.00 e¢o/kp and at T = 3.30 €¢/kp.
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Table 6.2: Time averaged principal values of the gyration tensor. In table NN, is the
number of clusters detected in the period, and the number in parenthesis is the stan-
dard deviation. Values extracted from simulations performed with fs = 1.5 ¢/o and

T =2.10¢o/kp.

p Ne A1 A2 A3

7 0 0.00 (0.00)  0.00 (0.00) 0.00 (0.00)
8 4 0.98 (0.21) 3.26 (1.14) 19.31(12.36)
9 46 0.96 (0.41) 2.54 (1.18) 17.04 (13.58)
10 74 0.91 (0.48) 2.63 (1.15) 18.40 (18.27)
11 523 2.02(0.79) 4.00 (1.78) 52.87(31.59)
12 424 2.84(0.68) 4.62(1.90) 75.24 (19.62)
13 421 3.01(0.66) 4.52(0.97) 76.85(18.18)
14 400 3.58(0.54) 5.81 (2.28) 82.25 (8.04)
15 404 3.90(0.43) 5.33 (0.66) 82.28 (7.85)
16 402 4.47(0.42) 5.91 (0.51) 82.97 (5.33)
22 402 6.80(0.45) 8.19(0.50) 83.55(2.90)
28 400 8.92(2.00) 11.82(5.07) 83.59(1.97)
30 400 10.41(2.76) 12.60(5.20) 83.80(1.70)

The results also indicates that high concentrations favour aggregation in bigger clus-
ters, rather than forming groups of smaller ones. Again we have an exception for the
force fs = 3.00 /0 which shows a non monotonic behaviour with p and shows giant
fluctuations (.i.e instabilities) for p > 15%.

To study the cluster geometry, we calculated the distribution of self-propelled
particles around the geometric centre of each cluster formed in the sample, given by
the gyration tensor

S--—iii(rk—rl)(rk—rl) (6.3)
i~ a2 AR 20 '
2N k=11l=1

where S;; are the components of the gyration tensor, r’f is the ith position compo-
nent of the kth particle and N the number of particles present in the cluster. The
eigenvalues of the gyration tensor A; give the shape of the distribution of particles
around the axis given by the associated eigenvector. The eigenvalues averaged over
the number of cluster and time are reported in table 6.2.

We can identify two different transitions, the first happening at p = 8%, marking
the formation of the first clusters, and the second at p = 11%, where there is a jump
in the number of clusters and their geometry. These points will be used to divide
our data into regions that we will analyse separately. The region between p = 8%

and p = 11% possesses a small number of small clusters, which are organized with
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no clear shape 1; # 13 # 13. The leading dimension A3 is usually oriented along
the liquid crystal director. Even though we have just 4 cluster at p = 8%, the trend
repeats itself in the region p = 10 ~ 11%, allowing us to make this inference.

The second phase transition shows a change in the cluster geometry, where the
aggregates increased in all sizes, being the leading dimension the one that growth

the most. Also, the flock shape shows a clear cylindrical geometry 11 = 19 < A3.

6.3.2 Ordering and activity

Berardi et al. [98] described the ordering of a passive sample with the same pa-
rameters of the ones presented here, however, the introduction of active particles can
change the phase behaviour and the order parameter.

In order to investigate this effect, we need a precise definition of the thermody-
namic parameters involved. However, the definition of temperature in active sys-
tems is non trivial, since it is difficult to distinguish the coherent motion induced by
the activity from the random thermal movement. For this reason, we computed the
temperature just for the passive particles. Also, in out-of-equilibrium simulations it
is important to distinguish between the thermostat temperature 7' and the sample
temperature T'.

The self-propelling force introduces energy into the system that is not removed
instantaneously, increasing the medium temperature [111, 112]. If we assume the
equipartition theorem to hold for the passive particles, their temperature can be

calculated from the following expression

1 J\%s Pi(t)-pi(t)+wfl/IOL(t)I;wOL‘”QOL(t)

T t)= ’
<) 6Npas = | 2m! 2

(6.4)

where the summation is performed over all passive particles Np,s. Here we are going
to monitor only the passive particles temperature, in this way, we avoid the men-
tioned problems.

The ordering of both active and passive particles can be quantified by the order

parameter (Pg). To compute (Pg), first we calculate the order tensor Q;; whose com-
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ponents are given by

Q L[S gkgh 15 (6.5)
ij= | 2 aiai - 261, :
J N = 173 »J

where u’f are the components of the unit vector aligned with the symmetry axis of

the kth particle and defining its orientation. The order parameter at a given time

can be computed by
3
Pz = Emax(ﬂtl,ﬂtg,/lg) (6.6)

being A; the eigenvalues of Q.

To distinguish the possible self-organization of both active and passive particles
in the system, we calculated their order parameter separately. The time averaged
order parameter, for both active and passive particles, as a function of active particles
concentration p can be seen in Fig. 6.6.

We can notice that the increase the self propelled force intensity or active parti-
cle concentration, reduces the order in both active and passive particles. Comparing
the results for the various choices of parameters, we see that the order reduction
is more dependent on the self-propelling force intensity, while concentration plays a
secondary role. For lower to intermediate forces (fs < 3.00), as we increase concen-
tration the order parameter saturates at plateau. However, when fs = 3.00, the order
parameter decays faster and does not shows the same saturation point.

We attribute the order reduction in the passives particles to the increase in the
sample temperature. A scatter plot showing the dependence of the order parameter
on the sample temperature for both active and passive particles can be seen on Fig
6.7.

In the passive particles plot, points with the same temperature have close val-
ues of order parameter (P2), independent of the self-propelling force intensity. This
supports our argument that the rise in the sample temperature is the reason of the
reduction of order parameter of the passive particles.

The same evidence is not valid for the active particles. We can observe that there
is a reduction of order coupled with increase of temperature, however, for intermedi-
ate forces (fs = 1.5 and f; = 2.25) there is a saturation point where the temperatures

increases, but is not accompanied by a decrease in the order parameter.
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Figure 6.6: Time averaged order parameter (Ps) as a function of active particles con-
centration calculated separately for active (left) and passive particles (right) and for
the temperatures T = 2.10 eo/kp (top), T' = 3.00 €o/kp (middle) and T = 3.30 €o/kp
(top). For the average we have taken snapshots from ¢ = 40000 /moo2/ey until
t =50000 \/moo?/eq in steps of At =50 v/myo2/ey. With self-propelling set to 0 (fs = 0)
the sample temperature is T's = 2.10 €¢/kp and the order parameter is (P2) = 0.93.
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Figure 6.7: Time averaged order parameter (Ps) for the active (top) and passive (bot-
tom) for the temperatures T' = 2.10 eo/kp (left) and T = 3.00 eo/kp (right). For the av-
erage we have taken snapshots from ¢ = 40000 \/mo2/eq until ¢ = 50000 \/moo2/eg in
steps of At =50 \/myo2/eg. Without the self-propelling force the sample temperature
is T's = 2.10 ep/kp and the order is (Ps) = 0.93.
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The usual order parameter provide information on how the system is ordered,
but another useful information that we can extract is how the velocities are ordered.

Here we define the velocity ordering tensor as
I 1(y .., 1
Vij= N(kzlvaﬁ—gfsi,j), (6.7)

where vf is the ith component of the kth particle velocity unit vector. We can obtain

the velocity order parameter is by
P _ 3 v v 1%
9y = Emax(/l ,Ag,A3) (6.8)

being A7 the eigenvalues of the velocity order tensor. We can use this parameter to
decouple movement noise from coherent movement. We calculated the velocity order
parameter as a function of time and the time-averaged velocity order parameter for
the active particles in our system, the results can be visualized in Fig. 6.8.

When fs = 0.75, the velocity order is close to 0 indicating that particles move-
ments are due exclusively to thermal noise and thermal collisions, this behavior is
sustained independent of the concentration of the active particles. Increasing the
force to fs = 1.5, we have exactly the same behavior for simulations with low concen-
tration p of active particles, but after the threshold p = 11% there is a increase in
(P9y). This is surprising, since we already have cluster formations at p =10 ~ 11%
but not coherent velocity orientation. This suggests that the clusters formation do
not depends on the velocity alignment.

For higher forces f; = 2.25 and f; = 3.00 we have (Pg,) # 0 for all studied concen-
trations, even for the cases where there is no clustering,which reinforces our argu-

ment that the clustering do not need velocity alignment
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Chapter 7

Concluding Remarks

7.1 Shape Changing particles

In the first part of the thesis we proposed a simple model to describe the roto-
diffusion of a shape changing particle in an anisotropic environment. We developed
the mathematical formalism and operators and numerically solved the system of
equations obtained for two cases: a uniaxial particle dissolved in a uniaxial and a
biaxial liquid crystal phase. The solutions can be used to calculate correlation func-
tions and correlation times depending on the changes in the orientations or in the
shape of the particles.

For the uniaxial case, we analysed the correlation times for a probe particle which
can assume three shapes. For exchange rates much smaller than the rotational dif-
fusion coefficient, the correlation functions of the probe particle are the weighted
average of the individual correlation functions of each rigid shape.

We also analysed the relation between the shape exchange rate and the correla-
tion times and noticed that increasing the shape exchange rate decreases the corre-
lation times until a certain limiting value is reached. The limiting value depends on
the intrinsic distribution of shapes.

For the biaxial case, we developed a completely different numerical procedure.
The new approach is mathematical more cumbersome, however, it is more efficient
for numerical calculations.

We solved an example of a particle which can assume the three distinct shapes

and we analysed how the biaxiality of environment affects the time dependence of

110



some selected correlation functions. We also identified in which case we can perform
the uniaxial approximation without loss of information.

Even though we used a small discrete set of shapes in both cases, the model can be
easily generalized to the quasi continuum case by increasing the number of shapes
to be taken into account and by adding some restrictions to the operator k&, ,(x).
The same procedure can be used to take into account fluctuations in the particle
orientation that can happen during the shape changing process.

We hope that the availability of a theory for the interpretation of spectroscopic
data for particles reorienting and changing shape while being embedded in a fluid
anisotropic environment will stimulate experimental investigations as was the case
e.g. for rigid biaxial particles where experiments (see, e.g. [30, 113]) followed the
development of a theoretical framework.

In future work we plan to extend the formalism to include particles with arbi-
trary shape and also develop a explicit framework for particles that change shape

continuously instead of doing discrete jumps.

7.2 Active particles

In the second part of the present thesis, we have studied self-propelled particles
dispersed in a isotropic liquid and, more importantly, smectic and nematic liquid
crystal phases. We modelled all particles as Gay-Berne ellipsoids, where the active
particles were also endowed with a constant force along their symmetry axis.

We observed that active particles can aggregate and flow in coherent lanes when
certain conditions are met. The sizes and geometry of the lanes depends on both the
self-propelled particle concentration and self-propelling force. Interestingly, the size
of the stable lanes formed in the sample decays fast as we increase the temperature.
This suggest that in this specific system, the order of the host is essential to the
formation of lanes.

We also studied the ordering of the active and passive particles. We found that the
introduction of energy by the activity increases the temperature of the host, which in
turn disorder it. The order of the active particles is also reduced as we increase the

activity, however, it decays slower than the passive ones. Furthermore, for the sam-
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ples simulated with the thermostat temperature set to T' = 2.10 €¢/kp, we identified
a limiting value for the decrease in the order parameter, suggesting that the active
particles can organize themselves differently than the passive ones.

In future works, we plan to repeat the simulations with the same system param-
eters, however, this time with the sample composed only of active particles. In this
way we hope to understand if the host order is strictly necessary for the formation
of lanes. We also plan to extend our model to simulate other kind of systems, for
instance, increasing the size of the active particles to make them behave more like
colloids or a Janus particle.

We also have the intention to add a feedback force in a manner similar to the one
done by Viczek. In this way we should be able to extend our model to simulate living

matter in three dimensions as well.
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Appendix A

Clustering with DBSCAN

One interesting characteristic of active systems is to display a collective behaviour
leading to phenomena like: self-assembly, aggregation in clusters or phase separa-
tion. Even though these phenomena can be qualitatively identified by visual inspec-
tion in trajectories computed from molecular dynamics simulations, the quantitative
study of these phenomena relies on clustering algorithms. The importance of big data
grew enormously in recent years. With it, the array of clustering techniques became
a science by itself, whose main interest is to recognize patterns in data mixed with
noise. There is a wide range of techniques at stake, but all of them need some infor-
mation on the system, for instance, the K-means clustering [114] divides the system
in a pre-defined number of clusters, which needs to be defined a priori.

In our case, we may know the number of clusters at one point of the simula-
tion by visual inspection, however this number may change over time. Moreover,
during the simulation there may be particles that do not belong to any cluster, and
need to be treated as noise. The most suitable algorithm available in this scenario is
the GDBSCAN (Generalized Density Based Spatial Clustering of Applications with
Noise) [115,116], which groups data into clusters based on the density of data, in our
case using the density of particles in space.

Before looking at how GDBSCAN works, we need to make some definitions. Given
a metric function D(p1, p2) that computes the distance between two data points p;
and p9, we can define a neighbour region of p1, here called N(p1), as one containing
all points which satisfy

D(p1,p2)<e (A.1)
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Figure A.1: Graphical example of the concepts at the base of the DBSCAN al-
gorithm. Setting minpgnts = 3, we have: Core points in red, border point sin yel-
low and noise points in blue. Notice that the border points B and C are not core
points themselves, but they are density reachable from from A, therefore, they be-
long to the same cluster. Figure provided by Chire (Own work) [CC BY-SA 3.0
(http://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia Commons

where ¢ is a chosen threshold value for the distance. We now define a core point,

which is any point with a number of neighbouring points |[N(p1)| satisfying

IN(p1)l > minpgints (A.2)

where the minpynts 1s an integer number given as input to the algorithm.
Following the nomenclature introduced by Ester et al. [115], we call a particle
p2 “directly density reachable” from p; if: p; is a core particle and pg belongs to
p1 neighbourhood. Also, we call a particle p, “density reachable” from p; if there
is a chain of directly density-reachable particles {p2, ps..pn-1}, from which p; and
Ppn are directly density reachable from one of its members. Finally, a point p; that is
density reachable from a core p;, but it is not a core in itself, is called a border point.
A graphical representation of the concepts used in DBSCAN is given in Figure A.1.
GDBSCAN is an algorithm to separate a database into a set of density reachable
points, given a distance € and a minimum of points minpyints. The procedure can be

visualized as a flow chart in figure A.2 and explained below.

1. A list of neighbours N(p;) is computed for a point p;, chosen randomly from

the database composed of all points.
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Start

Randomly pick a point p; from
the poll and compute N(p;)

IN(p1)l > minpgints?

yes

p;j reachable from p;

Get all points density} no

no

to a new cluster i the poll

{Assign pjand p l} {Remove p; from

|

Remove points {p;,p;}
from the poll

Is the poll empty?

yes

Assign as noise all points
not belonging to any cluster.

End

Figure A.2: Flow chart for the DBSCAN algorithm.
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2. If p; is not a core point, e.g. IN(p1)| < minpyints, remove p; from the database
and restart the process at (1). If p; is a core point, assign a new cluster cluster

index i to p; and remove it from the database.

3. For each one of the reaming points which p; € N(p;), assign to it the same

index a and calculates it’s neighbourhood N(p ).

4. If any p;is a core point, take each element of N(p;) and repeat the process. The
process is repeated until all points in all neighbourhoods are examined and no
more core points were found. Assign the same cluster index i to the core points

and to the points in its neighbourhood.

5. Remove from the database all points which had a cluster index assigned to

them.

6. If there still points in the database, restart procedure at (1). If not, assign any

point without a cluster index as noise and terminate the algorithm.

All core points are assigned in a deterministic way to their respective cluster.
However, in the original version the border points can be assigned differently de-
pending on the order with which the particles are chosen. This issue can be solved
by adding a second stage to the algorithm [117]. Now, whenever we identify a border
point, instead of assigning it to a index, we will move it to a second database (border
database) and proceed as usual. At the end of the algorithm, when all core points are
already assigned to their respective clusters, we can decide if to assign the border
points to the clusters detected, for example, we can assign a point to the cluster con-
taining the closest core point. This procedure generates clusters in a deterministic
way [117].

The DBSCAN algorithm have some characteristics which we would like to re-
mark. All clusters have at least minpgyints points since every cluster has at least one
core point. Due to its ability to handle noise separately from the cluster, GDBSCAN

produces robust results which are not affected by the presence of outlying points.
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