A STUDY ON THE DYNAMICS AND
SELF-ASSEMBLY OF ANISOTROPIC
PARTICLES

VIKKI ANAND VARMA

DEPARTMENT OF PHYSICS

INDIAN INSTITUTE OF TECHNOLOGY DELHI

FEBRUARY 2024



© Indian Institute of Technology Delhi (11'TD), New Delhi, 2024



A STUDY ON THE DYNAMICS AND
SELF-ASSEMBLY OF ANISOTROPIC
PARTICLES

by
VIKKI ANAND VARMA
Department of Physics
Submitted

in fulfillment of the requirements of the degree of

Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

FEBRUARY 2024



Dedicated to my uncle and Gurudev Shree Harihar



Certificate

This is to certify that the thesis entitled “A STUDY ON THE DYNAMICS
AND SELF-ASSEMBLY OF ANISOTROPIC PARTICLES”, submitted by
VIKKI ANAND VARMA, Entry No. 2018PHZ8362 to the Indian Institute
of Technology Delhi, for the award of the degree of Doctor of Philosophy in
PHYSICS, is a record of the original, bonafide research work carried out by him
under our supervision and guidance. The thesis has reached the standards fulfilling

the requirements of the regulations related to the award of the degree.

The results contained in this thesis have not been submitted in part or in full to any
other University or Institute for the award of any degree or diploma to the best of

our knowledge.

Prof. Sujin B. Babu
Department of Physics,
Indian Institute of Technology Delhi



Acknowledgements

[ want to thank my supervisor Prof. Sujin B. Babu for his guidance and support.
I would also like to thank my mentors Dr. Isha Malhotra, and Dr. Mohd Yasir
Khan. I am thankful to my beloved seniors Dr. Shahrukh Salim, Dr. Vikas
Mishra and Dr. Harsh Gupta for consistently supporting me and teaching me
philosophy and physics during our badminton games. [ am thankful to the members
of my SRC committee Prof. Pradipta Ghosh, Prof. Varsha Banerjee, and
Prof. Vikram Singh. [ would also like to acknowledge my seniors, Yatin Pitkar
and Sooryansh Asthana for consistently supporting and caring me. And Simmie,
for helping me in and out of the lab. I am thankful to my juniors for their love
and support, especially Kritika, Jaskaran, Mintu, and Roshan. I would also like
to thank my room partners and friends, Dr. Vimarsh Awasthi, Divyanshu Vikram
Singh, Ajay Kumar, Fauzia Khan and Shubham Tiwari. In the end, I would like to
thank my robotic friend Om Shankar.

Vikki Anand Varma

IT



Abstract

The thesis primarily focuses on the different aspects of dynamical and structural
properties arising mainly due to the shape-anisotropy of the particles within a col-
loidal system. We studied the diffusivity of the particles in a one-component system.
The friction effect dominates the diffusivity of spheroids at lower volume fractions.
While at higher volume fractions, it depends upon structural properties like phases
and random packing. In the two-component system, the diffusivity of the spheroids
has been observed to increase in the presence of spheres as the secondary compo-
nent. The nematic phases have been observed destroying in the presence of spheres,
leading to a fraction of spheres vs volume-fraction phase diagram. Later in the work,
we studied the self-assembly of spheroids with directional and limited bonding using
patches. We found shape anisotropy working along with the directional bonding,
forming a phase-rich system. Within a particular range of anisotropy, the system
could lead to the formation of complex structures like a free-standing monolayer.
In the later part, we used annular patches to study the cause of disordering arising
in constructing a spherical shell. We found that both icosahedral symmetry and
disordered shells show the same potential energy. Therefore, due to the lack of the
deriving force in an axially symmetric potential, we found the absence of icosahedral
symmetry despite the shell’s spherical shape. Flexibility in structural rearrangement
plays an essential role in forming close spherical shells via the self-assembly approach.
However, the shells are ideal for drug delivery due to their large enough size and

spherical shape to trap the particles inside.
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subunits for a closed shell as shown in the figure. (b) G(0°) the angular
distribution of the bonded neighbors for a closed shell with different
numbers of subunits as indicated. (c) The distribution of bonded
neighbors P(ny) is calculated over only the subunits that are part of
the shell. (d) Subunit number variation in a cluster Acg = |cs—¢;| for
different €2° values, where the average number of subunits in a cluster
¢s is shown in the figure. (e) Steinhardt order parameter is shown
for the shell with the different number of subunits as indicated in the
figure. (f) Variation in the yield (color coded) of perfectly closed shell,
at different kpT /ug for varying Q° is shown at ¢ = 0.06, e = 0.1 and
Aw® =3° . e
(a)P(rs) is shown for different cluster sizes (obtained by different
Q° value, while keeping the rest of the potential parameters as the
same), measured from the center of mass (dotted line) and center of
curvature of the shell (solid line). The position of the peak represents
the radius of the shell, and the width shows the deviation from the
spherical shape. (b) P(rg) is shown for different Aw® (calculated at
2° = 74° and € = 0.25) values, showing the effect of patch width
over the size and shape of the shell. (¢) P(rg) is shown for different
hard-core shapes as indicated in the figure, calculated for €2° = 74°,
e = 0.25 and Aw® = 3°. (d) The effect of patch range is shown
for different ¢ as shown in the figure at 2° = 74° and Aw® = 4.5°.
(e)P(rg) is shown for the system at different ¢ (as indicated in the
figure) while keeping all the other parameters the same. (f) The effect
of temperature over P(rg) is shown for the shells obtained by using the
same parameters. (g) The ratio r../b, where b; is the distance of the
center of mass of a neighboring subunit for different aspect ratios and
diameter of the subunit as indicated in the figure for 2° = 74°. The
solid line is a guide to the eye (h) Effect of Q° over ry,/b;, showing the
latter dominantly controlled by Q°. The solid line is given by 5——:.
The size of the shells predicted by GEMC' (blue triangles) and com-
pared with the same obtained by using NVT'(black circles). Where
the solid line shows the simple relation 1/2 cos Q2° between the patch
angle of w and the size of the shell. . . . . . . .. .. ... ... ...
(a) Variation in Ng and (b) variation in Rg is shown, where red line
represents Spherel and black line represents Sphere2 of a particular
ensemble. System is kept at ¢4 = 0.1, kgT'/u = 0.14 having patch
properties 0° = 74°, Aw® =45, e=025and p=1.0. . . . ... ...
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Abbreviations

BCD Brownian Cluster Dynamics
DLCA Diffusion Limited Cluster Aggregation
EDBD Event Driven Brownian Dynamics
ECF Ellipsoid Contact Function

OBB Object Bounding Box

ER Ellipsoid of Revolution

MSD Mean Square Displacement

KFP Kern Frenkel Poltential

MD Molecular Dynamics

MC Monte Carlo

SGMC Semi Grand-canonical Monte Carlo
UsS Umbrella Sampling

HC Hard Core
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Symbols

kg Boltzman constant
temperature
pressure
volume fraction

T

p

¢

N number of particles
d diameter of sphere
L

simulation box size

n director of spheroids

DT Translational diffusivity of a single sphere suspended in colloidal solution
DE Rotational diffusivity of a single sphere suspended in colloidal solution

Gy Perrin’s friction factor for rotational motion

G| Perrin’s friction factor for translational motion along the director

G, Perrin’s friction factor for translational motion perpendicular to the director

Friction coefficient

n Viscosity
ST translational step length
SR rotational step length

tpny  physical time

tsim simulation time

t, time taken by a single sphere to diffuse through the length of its own diameter
PBC periodic boundary condition
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