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My thesis explores various aspects of phase separation kinetics under external influences.
Specifically, we studied the effect of polymer brush-modified macroparticle surfaces on biopoly-
mer adsorption using dissipative particle dynamics (DPD) simulations. Our research analyzed
the formation of oil-in-water emulsions and their stability with brush-modified Janus particles
(JPs). We synthesized these polymer brushes using the atom transfer radical polymerization
(ATRP) method. Additionally, in a separate work, we analyzed the impact of impurities on

phase separation in 2d Ising model systems through Monte Carlo simulations.



Chapter 1 provides a comprehensive overview, delving into phase separation kinetics,
domain growth, coarse-graining, quantifying various physical observables, and the simulation

techniques utilized in the upcoming chapters.

Polymerization Brush grafted surface Biopolymer adsorption

Fig. 1: Biopolymer adsorption on the brush-modified surface [1].

In Chapter 2, we examined the modification of microparticle (MPs) surfaces embedded with
initiators through ATRP brush growth. This process led to the MPs acquiring a more spherical
shape. We studied three types of surfaces: cup-shaped, spherical, and flat (rectangular/disc-
shaped) and modified them with polymer brushes. Initially, we established the chemical
kinetics of brush growth, including monomer conversion and reaction rates. Subsequently,
we analyzed the structural changes during the brush modification by computing the spatial
density distribution, radial distribution function, radius of gyration, hydrodynamic radius, and
shape factor. We studied enzyme adsorption on ATRP-brush-modified particles, focusing
on the effects of initiator concentration, polymer brush length, and biopolymer chain length,
which can be used for enzyme immobilization. Our results showed that biopolymer adsorption
increased with longer brush length, higher initiator concentration, and enhanced biopolymer
concentration. The flat surfaces accommodated more biopolymers at saturation compared
to cup-shaped or spherical surfaces. We validated these results experimentally. The table of
contents of this work is shown in Fig. 1.

In Chapter 3, we numerically explore the stabilization of Pickering emulsions by brush-

modified JPs using DPD simulations validated through experimental data. Each JP has a
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Fig. 2:  Oil in water emulsion via brush-modified Janus Particle [2].
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Fig. 3: Oil in water emulsification via tri-compartmental brush-modified Janus particle [3].

hydrophobic half (without brushes) and a hydrophilic half (brush-modified surface) with
polymer brushes grown using ATRP. Initially, we analyzed the chemical kinetics of brush
growth. We found that the number of JPs, grafted brush density, and brush length significantly
influence the stability of oil-in-water emulsions. Furthermore, we examined the evolution
kinetics and stability of emulsions by analyzing the growth of average domain size and scaling
functions. This study elucidates the relationship between JP characteristics and Pickering
emulsion stability. The table of contents for Chapter 3 is shown in Fig. 2.

In Chapter 4, an extension of Chapter 3, we investigate the formation of oil-in-water

emulsions using brush-modified tricompartmental particles (TPs/JPs). Our objective was to
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understand how the functionality of TPs influences the stability of Pickering emulsions by
varying the brush length, grafting density, and types of JPs (TP-1 to TP-4) based on the polymer
brush growth region on the microparticle surface. We examined stability and morphological
changes using the radial distribution function, length scale growth, and scaling functions. The

table of contents for Chapter 4 is shown in Fig. 3. Chapter 5 presents the segregation kinetics
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Fig. 4: Segregation kinetics under the influence of bond disorder [4].

of a 2d Ising system with varying bond disorders. We found that different quench temperatures
affect the growth kinetics and scaling properties of the system. As the disorder increases, the
morphologies transition from isotropic bicontinuous patterns to anisotropic strips and lamellae.
At lower disorder levels, there is transient growth at deep quenches, while higher disorder levels
lead to the formation of lamellar patterns. High disorder significantly alters scaling behavior,
causing the length scale to freeze at finite sizes. In Fig. 4, we show the table of contents for
Chapter 5.

Finally, in Chapter 6, we provide a comprehensive summary and conclusion of the research

and findings presented in the thesis.
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corresponding evolution morphologies of oil emulsion by brush-modified JPs
for brush lengths [, ~ 0, 24 and [, = 37, 60, respectively. . . . .. ... ...
The graph displays the length scales, R(¢) vs. ¢, for the oil emulsion at different
numbers (and sizes) of JPs. Specifically, Nyp is equal to 20 (black curve), 40
(red curve), and 80 (green curve) for a fixed brush length, /5, which is approxi-
mately 66. The inset shows the corresponding evolutionary morphologies of

oil-in-water emulsion at r = 2.6 x 10%. . . . . . . . .. ... ... ... ...

Figure shows the TP-1, TP-2, TP-3, and TP-4 type MPs. . . . . . . ... ..

86



List of figures

XXiv

4.2

4.3

4.4

4.5

(a) The graph shows the monomer conversion (Convyy vs. fp,g) during the
growth of polymer brushes with different initiator concentrations. For TP-1
and TP-4 MPs, the initiator concentration (c;) is about 3% of (n7p), while for
TP-2 and TP-3 MPs, the initiator concentration is about 6% of nyp. The curves
on the graph represent the monomer conversion for four types of MPs: TP-1
(black), TP-2 (red), TP-3 (green), and TP-4 (blue). The initiators are embedded
on the outer surface of the MPs, and the study involves a total of 30 MPs.

Comparison of the temporal variation of monomer conversion (Convyy) in (a)
and In([M]o/[M],) in (b) for TP-1 (black), TP-2 (red), TP-3 (green), and TP-4
(blue) MPs. In (a), the monomer conversion demonstrates a linear behavior at
early times and converges towards one at later times for all cases. In (b), there
is a linear relationship between natural logarithm of ([M]y/[M],) and time. The
green and red curves show a slight deviation from linearity when Convy; — 1.0
atmuch latertimes. . . . . . . .. ..o
The images (a-d) illustrate the oil-in-water emulsion morphology using polymer
brush-modified four types of MPs: TP-1, TP-2, TP-3, and TP-4. The length
of the polymer brush is constant at /, ~ 7, and the emulsification time is set at
t = 1.2 x 10*. Solvent (water) beads are omitted for clarity. In (e-g), the radial
distribution function (RDF) g(r) vs. r, the scaled correlation function C(r,t)
vs. r/R(t), and the characteristic length scale R(¢) vs. t are presented at the
emulsification time, r = 1.2 x 10* for brush modified TP-1, TP-2, TP-3, and
TP-4. The oil concentration in the system is set at ¢ =5.0x 1072, . . . . . .
Comparison in the length scales (R(¢) vs. t) for the oil-in-water emulsion
morphology of (a) TP-1 and TP-4 type MPs and (b) TP-2 and TP-3 type MPs at
I, ~ 7 and I, ~ 14, respectively. The emulsification time is set at r = 1.2 x 10*

and 9o =5.0x 1072, . . . L
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(a) Comparison of RDF (g(r) vs. r) for the emulsification time t = 1.2 x 10%
for oil beads around S| surface at a constant brush density, where overall
monomer conversion in the system is kept constant for all TPs. (b) Shows the
characteristic length scale (R(¢) vs. 7) on a log-log scale for TP-1, TP-2, TP-3,
and TP-4 MPs denoted by black, red, green, and blue symbols, respectively. .
The graphs (a-c) illustrate the evolution of oil emulsion morphology using
polymer brush-modified TP-1 MPs at different brush densities (p;) of approxi-
mately 0.01,0.02, and 0.05, while maintaining a constant brush length (/;) of
approximately 7 for an emulsification time of # = 1.2 x 10*. Graph (d) com-
pares the radial distribution function (RDF) (g(r) vs. r) for oil beads around the
S surface. (e) shows the time variation of length scale (R(¢) vs. 7) at different
brush densities for TP-1 MPs. . . . . . .. .. .. ... L L.
(a-c) Morphologies of oil emulsion for different brush densities, p; ~ 0.02,
0.05, and 0.11 for TP-3 at r = 1.2 x 10*. (d-f) Morphologies for TP-4 with
Pp =~ 0.01,0.02, and 0.05 at r = 1.2 x 10*. The brush length, I, ~ 7, was kept
constant for all the cases. Comparison of the time variation of length scale
(R(t) vs. 1) is displayed at different brush densities for TP-3 in (g) and TP-4 in
(h) for the emulsification timeuptor =1.2x 10 . . . . .. ... ... ...
Comparison of the length scales (R(z) vs. ) for the oil-in-water emulsion for
TP-1 to TP-4 MPs for (a) lower, (b) moderate, and (c) high brush density at
Iy ~ 7. For TP-1 and TP-4, the brush density varies as p, ~ 0.01, 0.02, and

0.05, and for TP-2 and TP-3, the brush density varies as p, ~ 0.02, 0.05, and
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5.1

5.2

The 2d Ising model on a square lattice is depicted in the following images. In
(a), black circles represent pure sites, while red circles represent disordered sites
with up (blue triangles) and down (green triangles) spins randomly assigned.
(b) and (c) illustrate the standard Kawasaki spin-exchange kinetics probability
and the exchange interaction (J;;) between neighboring spins: (b) when two
nearest-neighbor (nn) spins are at pure sites, and (c) when at least one nn spin
is at a disordered site. Moreover, (d-f) show sections of disordered sites on a
2d square lattice of size N = L?, where L = 512, for disorder fractions (f;) of
0.02, 0.05, and 0.1, respectively. This figure provides a comprehensive visual
representation of the Ising model with disordered sites. . . . . . . ... ...
Evolution snapshots for a critical binary (AB) mixture at time r = 4 x 105 MCS
for temperatures (a) T =0.5, (b) T = 1.0, and (c) T = 1.5, where the parameter
fa = 0.0 represents the pure case. The spatial intensity fluctuation of S(ky, k)
is shown in the insets in (a-c). The datasets at T = 0.5,1.0, and 1.5 for the
scaling plot of C(r,¢) vs. r/I(t) align neatly on a single curve. The plotting
of S(k,t)I(t)~2 vs. kl(t) is displayed in the inset. The structure factor follows
Porod’s law, S(k,t) ~ k=3 for k — oo, and is followed by the structural factor
tail. The log-log plot of the characteristic length scale, [(¢) vs. t, is displayed in
(e) for the evolution seen in (a-c). The solid black line represents the expected
growth exponent for the pure case, which is ¢,y = 1/3. The variation of ¢,y

as a function of 1/1(¢) is shown in the inset figures. . . . . .. .. ... ...
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54

5.5

5.6

(a-c) Evolution snapshots are shown at t =4 x 106 MCS for T = 0.5,1.0, and
1.5, respectively, for f; = 0.02. Different symbols are used to represent the
scaling plots of C(r,¢) vs. r/I(t) in (d) and S(k,7)I(t) " vs. kI(t) in (e) for
fa = 0.02 at three quench temperatures. The log-log plot of the length scale
I(r) vs. t for all three cases is displayed in (f). The effective growth exponent,
Oerr vs. 1/1(¢) is depicted in (g) for T = 1.0 and T = 1.5, with the inset of (g)
showingitfor 7 =0.5. . . . . . . . . . ... ...
(a-c) Evolution snapshots are shown at t = 4 x 10 MCS for T = 0.5,1.0, and
1.5, respectively, for f; = 0.05. Different symbols are used to represent the
scaling plots of C(r,¢) vs. r/I(t) in (d) and S(k,1)I(t)" vs. kI(t) in (e) for
f4 = 0.02 at three quench temperatures. The log-log plot of the length scale
I(t) vs. t for all three cases is displayed in (f). The effective growth exponent,
Qerr vs. 1/1(t) is depicted in (g) for T = 1.0 and T = 1.5, with the inset of (g)
showingitfor7 =0.5. . . . . . .. .. .
Plots of S(ky,ky) att =4 x 10° MCS for the following cases: (a) f; = 0.02,
and (b) f; = 0.05, at T = 1.5. The spatial intensity variation associated with
the structure factor, S(ky,ky), is displayed in (c—d), revealing the system’s
orientation and anisotropy. . . . . . . . . . ...l
Plot S (kx,ky) vs. ky along the lattice diagonals for f; = 0.02 at T = 0.5 (black
and red curves) and T = 1.0 (green and blue curves) at t = 4 X 106 MCS.
For f; = 0.05, (b) shows the same data as in (a). The changes in the spatial
scattering intensity at 7 = 1.0 for f; = 0.02 and 0.05 are displayed in the insets
@and (b).. . . . . . e
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5.7

5.8

59

5.10

We compare the structure factors without spherical averaging, S(ky,ky) vs. kx
along the lattice diagonals at 7 = 1.5 and T = 1.0 for f; = 0.02 and f; = 0.05,
respectively. The nonoverlapping of curves confirms the presence of structural
anisotropy in the system. . . . . . . . . .. ... o
(a-c) Evolution snapshots at f; = 0.1 in the asymptotic limit for 7 = 0.5,1.0,
and 1.5, respectively. (d) Plotting C(r,¢) vs. r/I(t) for the evolutions in (a-c) at
T = 0.5 (black symbol), T = 1.0 (red symbol), and T = 1.5 (green symbol).
(e) Plotting S(k,#)I(t)~2 vs. ki(t) for the data sets in (d). (f) A length scale
log-log plot with (¢) vs. t. (g) A comparison of S(ky, k,) for morphologies at
T =1.5and T = 0.5 along the lattice diagonals. . . . . . . .. ... .. ...
Phase separation for three different system sizes, N = L?> where L = 128,
256,and 512, respectively, for a given fraction of disorder, f; = 0.1 at a quench-
ing temperature 7 = 1.0. The top row displays the arrangement of disorder
sites, and their top-left corners show the zoomed version of a section of the dis-
order sites. The bottom row demonstrates the corresponding statistically similar
phase-separated morphologies (long stripes or lamellar patterns), oriented in
different directions (along with the higher number of disorder sites) . . . . .
Phase separation for the different fractions of disorder at a fixed system size
(N = L?>;L = 512), quenched at T = 1.5. In the top row, we show the dis-
tribution of disorder sites f; = 0.05 and 0.1. The bottom row demonstrates
corresponding stripe patterns of different types and orientations (along with

the higher number of disordersites . . . . . . . .. ... ... ... .....
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5.11 (a) Plot of C(r,t) vs. r/I(t) for different levels of disorder, where T' = 0.5 for

6.1

t =4 x 10° MCS and fa = 0.0 (black curve), 0.02 (red curve), 0.05 (green
curve), and 0.1 (blue curve). (b) For the datasets in (a), a plot of S(k,)I(¢) >

vs. kl(t) is shown. The variation in scattering intensity over space at T = 0.5

is depicted for f; =0.02 in (¢), f; =0.05in (d), and f; =0.1in(e). . . . . .

Schematic of our simulation study on the self-assembly of nanorods in polymer
matrices or binary fluid mixtures. We will utilize DPD and MD simulation
techniques. In this work, we first report on the self-assembly and phase behavior
of photo-sensitive nanorods in multicomponent fluids to evaluate the role of
entropic and enthalpic factors that control the aggregation/dispersion process
of nanorods. Second, we study the self-assembly of electrically charged photo-
sensitive nanorods in phase-separating fluids. Next, we assess the effect of
nanorods on the evolution morphology, growth law, and scaling phenomena in

such systems. . . . . . . . . e
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