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Abstract

This computational and theoretical study investigates the self-assembly of
superparamagnetic nanoparticles and block copolymers under external magnetic fields. A variety
of morphological transitions are observed based on the field orientation, nanoparticle loading,
and selectivity of the nanoparticles for the blocks. For symmetric block copolymers, chaining of
superparamagnetic nanoparticles under in-plane magnetic fields is shown to achieve long range
orientational order of the block copolymer nanodomains and is found to be dependent on
nanoparticle size, volume fraction and magnetization strength. A critical selectivity of the
particles for one nanodomain is observed, above which strong alignment results and below which

comparatively disordered structures are formed. Higher magnetization strengths are found to



reduce equilibrium defect densities in the nematic-isotropic ordering of lamellar thin films, as

corroborated by scaling arguments.

For asymmetric coil fractions forming hexagonal block copolymer nanostructure, the in-
plane field induced chaining of the nanoparticles selective for the minority block, leads to the
formation of stripe phases oriented parallel to the magnetic field. Furthermore, in-plane field
induced chaining of nanoparticles selective for the majority block leads to alignment of
hexagonal morphology with <100> direction oriented parallel to the external magnetic field. Out
of plane magnetic fields induce repulsive dipolar interactions between the nanoparticles that
annihilate the defects in the hexagonal morphology of the block copolymer when the
nanoparticle is selective for the minority block. =~ Honeycomb lattices are obtained using
nanoparticles selective for majority block under out of plane magnetic fields for certain specific
nanoparticle loadings. Commensurability of nanoparticle size and loadings with the block

copolymer structure is critical in optimizing the ordering of the final composite.

Kinetics of alignment in block copolymer nanocomposites is studied using External
Potential Dynamics (EPD) method, wherein an equivalent evolution equation for potential fields
is solved instead of conservation equation for the monomer segments. The dynamics study
reveals an interesting interplay of nanoparticle mobility, dipolar interaction strength and

nanoparticle-polymer interaction strength on the rate of alignment of domains.
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Chapter 1

Current Progress in the Computational Modeling

Of Block Copolymer Nanocomposites

1.1 Introduction

Block Copolymers (BCPs) are polymers derived from more than one type of monomeric
species. The simplest BCPs are linear diblock copolymers that contain polymer chains of two
different types of monomeric species connected together by a covalent bond (Figure 1.1). They
cannot undergo macrophase separation, since they are essentially single component systems (due
to the covalent bond), unlike a blend of homopolymers. Instead they undergo microphase
separation forming a variety of periodic structures (or phases) belonging to different symmetry
groups such as lamellar, cylinders, gyroid phases, spheres etc (see Figure 1.1). Thermodynamic
incompatibility drives the microphase separation of the diblock copolymer (AB) wherein the
contacts between similar blocks (A-A, B-B) are maximized and that between dissimilar blocks
(A-B) are minimized respectively. The segregation between the dissimilar blocks is characterized
by Flory-Huggins parameter y 5. The diblock copolymer (AB) is characterized by two other

parameters viz. N which is the overall polymerization index or degree of polymerization; and fj,

S . . . . N
which is the coil fraction of monomeric species A, defined as f; = —Nﬁ.

16



spheres cylinders gyroid lamellae gyroid cylinders spheres

Fa

Figure 1.1. Common thermodynamically stable periodic phases of linear diblock copolymer

(AB), different structures are obtained upon increasing the coil fraction fa (7).

These periodic micro-domain phases can accommodate nanoparticles of specified affinity
paving way for fabrication of novel hierarchically structured nanocomposite materials with
properties of both the block copolymer host materials as well as those of nanoparticle inclusions.
The ability to control these block copolymer morphologies at length scales of the order of

domain sizes combined with the multitude of choices available in terms nanoparticle shape, size

17



and type, creates exciting new opportunities to engineer these nanocomposite materials for a

variety of applications (2).

1.2 Localization of Nanoparticles in Block Copolymer Domains

The properties of block copolymer nanocomposites are highly sensitive to the location of
the nanoparticles within the block copolymer domains. For instance, Bockstaller and Thomas (3)
showed the effect of nanoparticle location on the optical properties of the block copolymer
nanocomposite. It was demonstrated that nanocomposites, in which nanoparticles were

segregated at the interface, showed enhanced absorption of incident light (3).

Nanoparticle location can stabilize the morphology of the block copolymer. Kim et al. (4)
showed that, upon surface modification, the nanoparticles segregated at the block copolymer
interfaces and behaved as surfactants. A decrease in lamellar thickness was observed, upon
addition of such nanoparticle “surfactants” to lamellar forming block copolymer, up to a critical
value of nanoparticle volume fraction, beyond which stable bicontinuous morphology was

obtained.

Nanoparticle localization can also induce phase transitions in the block copolymers. Kim et
al. (5) showed that localization of gold nanoparticles in the PS domains of the lamellar forming
PS-b-P2VP block copolymer in resulted in higher local volume fraction of nanoparticles within
the PS domains. This led to a phase transition from lamellar morphology to hexagonal
morphology. The lamellar morphology was intact in those regions where the volume fraction of
the Au nanoparticles was low. Thus, it is imperative to understand the mechanisms underlying

the localization of the nanoparticles within block copolymer domains for an efficient design of

18



these novel hierarchically structured materials. The localization of the nanoparticles depends two
types of nanoparticle BCP interactions viz. (1) Excluded volume interactions or Entropic

interactions (2) Enthalpic interactions.

1.2.1 Entropic Effects

The excluded volume interactions between the nanoparticles and the block copolymer
play a major role in the location of the nanoparticles within the block copolymer matrix and also
affect their dispersion within the domains. Since the nanoparticles are hard solids, the polymer
chains have to stretch around these nanoparticles, thereby causing a loss in the conformational
entropy of the polymer chains. The elastic free energy cost of placing a single nanoparticle inside

a polymer chain is directly proportional to the nanoparticle size (6),

4mR}
3

AE,, = P(2) (1.1)

where P(z) is the pressure field at location z from the block copolymer interface. Hence, for
larger nanoparticles, the elastic free energy cost is higher due to which they are expelled from the
bulk of the block copolymers. This elastic free energy penalty can also cause morphological
transitions as shown by Lee et al (7), who observed that at fixed diblock copolymer
composition, nanoparticle volume fraction and surface affinities, a phase transition is seen from

lamellar morphology to cylindrical morphology with increase in nanoparticle size.

Lee et al. (8) also studied the effect of entropy on the spatial distribution of non-selective
nanoparticles in a block copolymer thin film confined between two A-like surfaces. They found
that nanoparticles, which are expelled from the bulk of the lamellar forming block copolymer

film, segregate at the block copolymer — substrate interface. The nanoparticles at the block
19



copolymer — substrate mediate the interfacial interactions between the block copolymer film and
the substrate and cause a reorientation of the lamellae normal to the A-like walls, which would

have otherwise been oriented parallel to the substrate surface in the absence of the nanoparticles.

Excluded volume interactions between the nanoparticles and the block copolymer are
significant for sufficiently high volume fractions of the nanoparticles (even for smaller sized
ones) and can cause morphological transitions in the block copolymer (Figure 1.2). The effect of
nanoparticle volume fraction on the Order to Order Transitions (OOT) has been studied both

experimentally (5, 9) and theoretically (10, 11).

experimental TEM hybrid particle SC

©)%

(d),

Figure 1.2. Morphological Transitions induced by increase in nanoparticle volume fraction (17).

(a) and (b) TEM images of Au nanoparticles in the PS domains of PS-b-P2VP; (¢) and (d) HPF
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simulation results. Upon increasing the volume fraction of Nanoparticles, a phase transition is

observed from lamellar phase to hexagonal phase.

1.2.2 Surface Modification of Nanoparticles: Enthalpic Interactions

Enthalpic interactions between the nanoparticles and the block copolymer can be tuned by
chemical modification of the nanoparticle surfaces. In a composite made of block copolymer AB
and nanoparticles, the nanoparticles are localized in A domains if the nanoparticle surface has
favorable enthalpic interactions with A monomers and vice-versa. Hence, one of the strategies to
localize the nanoparticles within one of the domains has been to coat the nanoparticle surfaces

with homopolymer chains (of lower molecular weight) similar to that of the preferred domains.

Chiu et al. (12) sequestered Au nanoparticles preferentially one of the domains of
poly(styrene-b-2-vinyl pyridine) (PS-b-P2VP) by coating Au nanoparticles with short chains of
PS and PVP homopolymers. PS coated Au nanoparticles were localized inside the PS domains of
the symmetric PS-b-P2VP block copolymer while PVP coated Au nanoparticles were localized

inside the P2VP domains (Figure 1.3).
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Figure 1.3. Localization of Au nanoparticles by surface functionalization, (a) and (b) PS-coated
Au nanoparticles are localized inside PS domains (light regions) of PS-b-P2VP block copolymer,
while in (¢) and (d) PVP coated Au nanoparticles are found inside P2VP domains; Ref. (12).

The nature and the properties of the homopolymer ligands on the nanoparticle surface
determine the enthalpic interactions between the nanoparticles and the block copolymer. The
strength of these enthalpic interactions can be tuned by changing the areal chain density of the
homopolymers ligands on the nanoparticles surfaces (/3, /4). Higher areal chain density confers
stronger interaction between the nanoparticle surface and the preferred domains of the block
copolymer, resulting in the sequestration of the nanoparticles in the interior of the BCP domains,
while lower areal chain density results in weaker nanoparticle — BCP interactions. Consequently,

the nanoparticles are found at the block copolymer interface.
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Figure 1.4. Effect of areal chain density of homopolymer ligands on the nanoparticle location in
the BCP (/3), Cross-sectional TEM image of PS-b-P2VP block copolymer with PS coated
nanoparticles (M, of PS coating = 3.4 kg/mol) with differential areal chain densities of the PS
coatings (a) 1.64 chains/nm?, (b) 1.45 chains/nm?, (c) 1.22 chains/nm? and (d) 0.83 chains/nm”.
Scale bar 100 nm.

The molecular weight of the homopolymer ligands plays a major role in determining the
strength of the nanoparticle- BCP enthalpic interactions (/4) as it affects the areal chain density
of homopolymer coating. The critical areal chain density, above which the polymer coated
nanoparticles are located at the interior of the preferred domains and below which they are
located at the block copolymer interface, decreases with increase in molecular weight of the
polymer ligand. Kim ef al. (14) found that the critical areal chain density scaled with molecular

weight of the polymer ligands as,
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Ie~Rg1~M; 06 (1.2)

where Ry is the radius of gyration of the block copolymer chain, M, is the molecular weight of
the polymer ligand. Thus, for polymer coated nanoparticles, larger the molecular weight of the
polymer coating, lesser areal chain density of the coating is required for the localizing the

nanoparticles within the center of the preferred BCP domains.
1.3 Predicting the Phase Behavior of Block Copolymer Nanocomposites

While the location of the nanoparticles within the block copolymer domains can be tuned by
surface chemistry and entropic effects, the block copolymers do not just template the
arrangement of the nanoparticles. The nanoparticles can have a significant effect on the
morphology of the block copolymers (15). Lin et al. (15) showed that Cadmium Selenide (CdSe)
nanoparticles can mediate interfacial interactions between the cylinder forming block copolymer
and the substrate, and can cause an orientation of the cylindrical domains normal to the surface
even when the majority block is strongly attracting to the substrate. Nanoparticles can act as
surfactants and stabilize the block copolymer interface leading to stable bicontinuous
morphologies (). Nanoparticles can also control the ordering the block copolymers during
solvent annealing by interacting with the solvent vapor (16). Park et al. (16) showed that the
blending of hydrophilic Au-PEO nanoparticles with thin films of PS-b-PMMA block copolymers
induced the orientation of PMMA cylindrical microdomains perpendicular to the surface, which

would otherwise orient parallel to the substrate surface in the absence of the nanoparticles.

The theoretical and computational research on the self-assembly of block copolymers and

nanoparticles have focused on two main aspects: (1) spatial distribution of nanoparticles in the
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block copolymer, (2) morphological transitions induced by the nanoparticles. In this section,

various computational studies on block copolymer nanocomposites are reviewed.

1.3.1 Spatial Distribution of Nanoparticles in Block Copolymer Domains

The work by Thompson et al. (I7) was one of the first studies to employ an approach
combing the SCFT technique with Density Functional Theory (DFT) of nanoparticles to predict
the spatial distribution of the nanoparticles within the block copolymer melt. The non-ideal or
steric free energy for excluded volume interactions between the nanoparticles, derived by P.
Tarazona (I8, 19) was used. The major prediction from this study was the effect of nanoparticle
size and volume fraction on their spatial distribution in the block copolymer melt. It was found
that larger nanoparticles caused greater loss in conformational entropy of the block copolymer
chains compared to smaller nanoparticles for the same nanoparticle loading. As the volume
fraction of the large nanoparticles was increased, they segregated to the central core of the
preferred microdomain, while smaller nanoparticles, that have higher translational entropy, were
found more uniformly dispersed within the preferred microdomain for same surface affinity of
the nanoparticles. In a follow up study (20), two different types of self-assembled morphologies
were predicted for block copolymer nanocomposites containing selective nanoparticles. These
were termed as  ‘Center-Filled-Lamellar/Cylinder’ (CFL/CFC) and ‘Edge-Filled-
Lamellar/Cylinder’ (EFL/EFC). CFL morphologies were found for larger nanoparticles that were

segregated to the core, while EFL morphologies were found for smaller nanoparticles.

Thus, the choice of EF or CF morphology depends on the packing considerations of the
nanoparticles (entropic effect). Smaller particles can fit in side by side, squeezing the polymer at

the center resulting in EF morphologies, while larger nanoparticles cannot fit in side by side and

25



are found sequestered in the core (20). When d/L > 0.3 (d being the nanoparticle diameter, and L
is the domain size of the preferred domain), nanoparticles are predicted to be localized at the

center of the domain, whereas they move outwards toward the interface for d/L < 0.3 (21).

Liu and Zhong (22) used Dissipative Particle Dynamics (DPD) simulations to predict the
spatial distribution of a binary mixture of nanoparticles in a lamellar block copolymer. They
found that nanoparticles segregated in different microdomains based on their surface affinity
with the blocks. Moreover, their simulation results showed that for binary nanoparticle
mixtures/lamellar copolymer systems, when both types of nanoparticles are compatible with the
same block, a trilayer sheet is formed within a single domain, in which larger nanoparticles
localize at the center of the domain while the smaller ones are found near interfaces forming a
sheet on either side of the larger nanoparticles. Lee et al. (21) obtained similar results for binary
nanoparticle mixtues/block copolymer systems. They studied both cylinder forming block

copolymers and lamellar forming block copolymers using SCFT/DFT technique.

Yan et al. (23) studied the self-assembly of Janus nanoparticles of different geometries
(spheres, rods and disks) and looked their interfacial segregation using DPD technique (Figure
1.5). They observed that Janus nanoparticles stabilized the block copolymer interfaces and
conferred a control over the shear behavior of the composite and enhanced processing properties

of the composite.

Maly et al. (24) investigated the positioning and ordering of nanoparticles in lamellar
forming and cylinder forming block copolymers using DPD technique, wherein the DPD
parameters were calculated from the multi-scale modeling approach, using lower scale atomistic

simulations. Their results corroborated earlier studies on the effect of nanoparticle coating type
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and volume fraction on their positioning in the block copolymer matrices. In addition, they also
observed morphological transitions in the block copolymers upon increasing the nanoparticle

volume fraction.

Most accurate predictions, till date, of the spatial distribution of nanoparticles in lamellar
forming block copolymers has been provided by Matsen and Thompson (25) who used a SCFT
technique similar to Sides et al. (11), taking into account the excluded volume interactions
between the nanoparticles and the block copolymers. Since, dilute concentrations of
nanoparticles were studied, inter-particle interactions were ignored and the nanoparticles were
treated as true three-dimensional spheres. Their theory allowed for the bending of the interface
with the nanoparticle position. One of their important findings was the strong tendency of the
block copolymer interface to follow the position of the particle and its detachment from the

nanoparticle.
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(b) (d) (H

Figure 1.5. DPD study of interfacial stabilization by Janus type nanoparticles (23), different
geometries of Janus nanoparticles were explored (a), (b) spheres, (c), (d) disks, (e), (f) rods with

different types of surface chemistries.

1.3.2 Nanoparticles induced Morphological Transitions in Block Copolymers

The interplay of enthalpic stabilization of nanoparticles and entropic penalty of polymer
chain stretching around the nanoparticles causes morphological transitions in block copolymers

(26). There have been many theoretical and computational studies on the effect of nanoparticle
28



induced phase transitions in block copolymers (27). Schultz ef al. (28) used Discontinuous
Molecular Dynamics simulations (DMD) to predict the phase behavior of linear diblock
copolymer (AB) nanoparticle mixtures. The interaction strength between the monomer species
xapand the volume fraction of the nanoparticles was varied to construct the phase diagram

(Figure 1.5).
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Figure 1.6. Phase diagram for a mixture of linear symmetric block copolymer (f = 0.5) and
selective nanoparticles of different sizes op and different nanoparticle — block copolymer

interaction strengths (€p). The diameter of the nanoparticle is scaled by the diameter of the

polymer bead, and €5 = gi- . Ref. (28).

Their simulation demonstrated the effect of the nanoparticle size and their volume

fraction on the Order Disorder Transition (ODT) and Order to Order Transition (OOT) of the
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block copolymers. They also showed that neutral nanoparticles were localized at the interfaces

while selective nanoparticles were found in the preferred microdomains.

Xu et al. (29) studied the effect of polymer grafted nanoparticles on the phase transitions
in the block copolymer using SCFT. They showed that by controlling the nanoparticle volume
fraction, chain length and the grafting density of polymer coating the ordered morphologies
(lamellar or hexagonal) of the composite could be controlled, and the spatial distribution of the
nanoparticles could be tuned. The nonstructural transitions were attributed to the competition

between entropy and enthalpy.

1.3.3 Confinement Effects on Block Copolymer Nanocomposites

The morphology of the block copolymer nanocomposites undergoes a great change upon
confinement. Lee et al. (8, 30) modeled the self-assembly of block copolymer nanoparticle
mixtures confined between two parallel hard walls. They considered a mixture linear symmetric
diblock copolymers (AB) and hard non-selective nanoparticles confined between two A-like
walls. They found that due to enthalpic and entropic interactions, the non-selective nanoparticles
are driven to the block copolymer-substrate interfaces. They mediate the interfacial interactions
between the block copolymer and the substrate surface, resulting in a reorientation of the
lamellae from parallel to perpendicular orientation. The simulations revealed that the polymer
mediated depletion attraction between the particles and walls could be used to modify the
wetting properties of the substrates and affect the morphology of the composite. This simulation
prediction was verified experimentally (37). A follow up study by the same group (32) used a

combination of the computer simulations (SCFT/DFT) and the scaling theory to illustrate the
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effect of nanoparticle localization at the block copolymer substrate interface on the wetting

properties of the substrate and its subsequent effect on the morphology of the composite.

Pan ef al. (33) investigated the effect of confinement by two concentric circular walls on
the block copolymer nanoparticle mixtures using a combination of SCFT and Hybrid Particle-
Field (HPF) technique. They observed that increase in nanoparticle concentration favored a
phase transition from cylindrical phase to concentric lamellar rings phase or from concentric
lamellar rings phase to cylindrical phase. When the separation distance between the concentric
circular walls was sufficiently small, they effectively behaved as two parallel walls and

perpendicularly oriented lamellar morphology was obtained.

(d)

Figure 1.7. Self-assembly of block copolymer nanoparticle mixtures confined between
concentric circular A-like walls, (a, b) /= 0.55, r; = 3.0 R, 1, = 6.4 Ry, ®p=0.06 (¢, d) f=0.55, 1
=3.0 Ry, 1o = 6.4 Ry, p=0.23, (e) f=0.55,1; = 5.0 Rg, 1, = 6.4 Ry, ®p=0.05; Ref. (33).
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1.4 Methods to Simulate Self-Assembly in Block Copolymer Nanocomposites

There have been many techniques to simulate the self-assembly in block copolymer
nanocomposites. They range from full scale atomistic simulations to continuum methods as
mentioned in the previous sections. We briefly overview some of the most popular computer

simulation techniques used for block copolymer nanocomposites in this section.

1.4.1 Self-Consistent Field Theory/ Density Functional Theory (SCFT/DFT)

Technique

This technique was introduced by Thompson et al. (17, 20). It combines the SCFT
technique for polymers and DFT technique for nanoparticles. A typical simulation considers a
mixture of linear diblock copolymer (AB) and solid spherical nanoparticles of radius R. Each
diblock copolymer chain consists of N segments with a volume of p; 1. The coil fraction of the A
block is denoted by f, while the interactions between the two blocks is represented by

dimensionless Flory-Huggins interaction parametery 4z.

The essence of the “Field theory” is the transformation of the many-body interactions that
each monomer segments have with each other to a single interaction that the monomer segment
has with the average potential energy field created by the other monomer segments. The free

energy of the block copolymer nanocomposite is expressed as,
F=F +F;+E (1.3)

The free energy comprises of three terms, (1) Enthalpic interaction energy (F,), (2) Diblock
Entropic free energy (F,), (3) Particle Entropic free energy (F,). The enthalpic (F,) is given by,
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1, 4
F, = ;f Ar{XapN©app + XapN@a@p + xpgpN@p@p} (1.4)

V is the volume of the system, y,pand ygpare parameters for interaction of the nanoparticles
with monomer segments A and B respectively. @4, @5, and @pare the volume fractions of

monomers A, B and the nanoparticles respectively.

The free energy for diblock entropic energy is obtained from the overall partition function of
system and the “mean” potential energy fields created by monomers segments A, and B (w4 and

WB),

V(1-®p)

F,=(1- CDP)ln( =

) - %f dr{w,@, + wpep} (1.5

Qg is the overall partition function of the block copolymer subject to potential fields wa and wg.
It is obtained from the solution of modified diffusion equations for chain propagators (see
Chapter 2, Hybrid Particle Feld technique section for more details). ®p is the overall volume

fraction of the nanoparticles.

Finally, the particle entropic free energy is expressed as,

Fp = —a—ln (%) - %f d?{prp} + “'/1'_[ dF{pPlphs(aP)} (1.6)

Qpis the overall partition function of the nanoparticle subjected to the external potential field wp.
@p is the locally averaged volume fraction of the nanoparticles. The local volume fraction of the

nanoparticles is obtained from,

- 4 ! 14
Pp () = 5z fner Ar'Pp (r +77) (1.7)
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The parameter a ratio of nanoparticle volume to the volume single block copolymer chain

expressed as,
3
=R 0o _in (——R) N1/2 (1.8)

The relevant length scale of the system is the natural size of the polymer, given by R, = aN/2
and N(= a®p?N) is the invariant polymerization index of the block copolymer. The statistical
Kuhn length (or the dimension of the single monomer segment) is given by a. E, essentially
describes the steric free energy between the nanoparticles using the Carnahan — Starling

approximation, derived by Tarazona (I8, 19).

The simulation involves calculation of the mean fields w,, wgand wpusing saddle point
approximation applied to the free energy functional (equation 1.3) subjected to the

incompressibility constraint,

Pa() + () + pp() =1 (1.9)

This yields a set of equations that are solved self-consistently to obtain the equilibrium

structures.
1.4.2 Hybrid Particle- Field (HPF) Technique

This technique, introduced by Sides et al. (11), is the first one to respect the nanoparticles
as discrete entities while taking into account all the excluded volume interactions and entropic
interactions (monomer/monomer, monomer/nanoparticle). This is accomplished by the use of

cavity functions, which simulate the hard sphere nature of the nanoparticles. The cavity functions
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are means to represent discontinuities in the continuous potential energy field created by the
monomer segments at the nanoparticle locations. We extensively employ this technique in this

thesis and more details about its theory and implementation can be found in the next chapter.

1.4.3 Dissipative Particle Dynamics (DPD)

This simulation technique was first developed to simulate hydrodynamic behavior, by
Hoogerbrugge and Koelman (34, 35). The simulation method monitors the trajectories of ‘soft
spheres’ whose motion is governed by simple collision rules. Polymers are modeled using bead-
spring type particles. However, the link between the parameters in this method and the Flory
Huggins y parameters was first established by Groot and Warren (36). Following their seminal
paper, the DPD technique was widely accepted as one of the popular techniques for simulating
polymeric fluids. The DPD technique has also been widely used for simulating block copolymers

and block copolymer nanocomposites (22-24, 37-39).

We briefly overview the essential features this useful technique in this section. In DPD
method, the polymers are modeled as bead-spring type particles. The time evolution of all the
particles is governed by Newton’s equation of motion. For every time step, the set of particle

position vectors and velocities {r;, v;} are evolved using a modified version of velocity-verlet

algorithm (40),
ry(t + At) = 13(8) + At.v;(t) + 2 (A2 £i(2) (1.20a)

7;(t + At) = v;(t) + A At f;(t) (1.20b)

fi(t + At) = fi(ri(t + AD), #;(t + At)) (1.20c)
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vyt + AL) = vy(t) + 5. {fit) + filt + AL)) (1.20d)

The masses of the particles are assumed to be equal to 1, so the forces acting on the particles are
equal to their accelerations. If the parameter A is chosen to be equal to 0.5, the velocity-Verlet

algorithm is obtained. But in DPD, A=0.65 is chosen for accurate temperature control (37).

The force f;(t) in the equations 1.20(a-d), is given by the sum of a conservative force, a drag

force and a pair-wise additive random force and a spring force (for polymeric beads),
fi(®) =%;F5 + F} + F} + F; (1.21)
The particles are modeled as soft spheres and the conservative force Fl-? is given by,
Fj=—ay(1=|ryl)ry,  if |ryl <1
0, if |ri| > 1 (1.22)

a;;j is the maximum repulsion between the particles I and j and r;; =r; — 17, #; = Iril The drag

Tij

forces and random forces are modeled as,

R _ s S
Fij = ywij (M 7= (1.23)
p_ 1 2 A oNg
Fj = "'Z'Uzwij- (V5. Fi5) Ty (1.24)

36



( is a random variable with zero mean and variance 1, and 62 = 2ykgT, the weighting function

w;;(r) = (1 —rij) for 7;; <1 and equal to zero for r;; > 1. The choice of the weighting

functions is based on the conservation of the angular momentum for the particles.

In order to map the real polymer onto this model (36-38), the compressibility of the polymer is
matched by using appropriate values of the repulsion parameter between ‘like’ particles/beads,

Qjjs
a;ip = 75kBT (1.25)

The Flory Huggins y parameter is matched to the repulsion parameter between ‘unlike’

particles/beads (37), aj;,
a;j = a; +3.27x;; forp =3 (1.26a)
a;j = a;;+ 1.45y;; forp =5 (1.26b)

The reasoning for the choice of these parameters and logic behind this formalism can be found

here (36, 37).

In addition to these forces, the beads comprising a polymer chain are tied together using a

harmonic spring, which is represented by,
S —

C is the spring constant, (= 0 if beads i and j are not connected).
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In the simulation, the radius of interaction (R.), the particle mass (m) and temperature (7) are

chosen to be equal 1, and the unit of time is given by,

T = R.m/kgT (1.28)

In case of block copolymer nanocomposites, the size of the nanoparticles and the monomer
segments (polymer beads) are different. Hence in the DPD method, all the particles will not have
the same sizes and the radius of interaction between the particles of different types will differ

23).

1.4.4 Cell Dynamics Simulations (CDS) of Time Dependent Ginzburg-

Landau Model (TDGL)

The TDGL model is a microscale method for studying the structural evolution of the
block copolymer. It is based on Cahn-Hilliard-Cook model for polymeric systems (41). The
TDGL model was extended by (42) to include the nanoparticles. CDS is a unique and effective
method to solve partial differential equations involving Laplacians. This technique was

introduced by Oono and Puri (43). More details about this technique can be found in Chapter 2.
1.4.5 Other Techniques

In addition to the aforementioned widely used techniques, there have been other
computational/theoretical techniques such as (1) Discontinuous Molecular Dynamics simulations
(28), (2) Monte-Carlo simulations of coarse-grained polymer models (44), (3) Strong-segregation

theory for block copolymer nanocomposites (45) and Potential Distribution Theorem (46).
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1.5 Treatment of Particle-Particle Interactions

In most of the aforementioned computational studies on the block copolymer
nanocomposites, the treatment of the interparticle interactions is almost always absent, primarily
due to the fact that most of these studies have involved dilute concentrations of nanoparticles,
wherein the interparticle interactions can be ignored to avoid computational costs (47).
Furthermore, only a few computational/theoretical studies respect the nanoparticles as discrete
entities and accommodate for excluded volume interactions between nanoparticles and the block

copolymer (11, 33, 45).

Particle-particle interactions have to be considered explicitly in order to accurately predict
the phase behavior of block copolymer nanoparticle mixtures. Especially, long range
interparticle interactions can have a drastic effect on the morphology of the block copolymer
(48). The role of long range interparticle interactions on the morphology of the block copolymer
nanocomposites warrants a detailed study as it opens up another dimension to control the
morphology of the block copolymer nanocomposite. The various interactions that exist between

particles and the strategies to control these interparticle interactions can be reviewed here (49).

1.6 Thesis Goals

The main goal of this thesis is to investigate the effect of dipolar interactions on the
morphology of the block copolymer nanocomposite computationally and theoretically. The
following chapters consider a mixture of linear diblock copolymer (AB) and superparamagnetic
nanoparticles under uniform external magnetic fields. Both thermodynamics of phase separation

and kinetics of the self-assembly is given a detailed treatment. This thesis is the first study to
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perform mesoscale SCFT simulations for block copolymer superparamagnetic nanoparticle
composites considering the nanoparticles as hard spheres and accounting for the excluded
volume interactions between the nanoparticles and block copolymers explicitly. The long ranged
interparticle interactions are most accurately represented in a bid to delineate their effect on the

phase transitions in the block copolymer nanocomposite.
1.7 Conclusions

This chapter provides an overview of the computational and theoretical studies on block
copolymer nanocomposites done in the literature so far. The major thrust of all the
computational studies has been to predict the spatial distribution of the nanoparticles and phase
transitions in the block copolymer due to the complex interplay of enthalpic and entropic
interactions between the block copolymer and the nanoparticles. While some studies have
accounted for interparticle interactions, most do little justice in accurately representing the exact
nature of the interparticle interactions. The paradigm of using the interparticle interactions to
control the self-assembly of these nanocomposites and to exploit the symmetries of nanoparticle
structures to modify the phase behavior of the block copolymer is relatively new and warrants a

detailed study.
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Chapter 2

Simulation Methods: Theory and Algorithms

2.1 Introduction

There has been tremendous interest in polymer nanocomposites over the last few decades
due to their enhanced properties (/). Computational modeling of polymer nanocomposites has
received great attention recently, due to difficulties in manipulating the fabrication of novel
functional composites by empirical approaches. The structure-property relationships of polymer
nanocomposites are being studied in great detail, and there is a growing need for precise
estimation of properties given their structure and vice-versa. This has sparked interest in
development of novel computational methods for studying the thermodynamics and kinetics of
formation of polymer nanocomposites, the molecular origins of their enhanced properties, and

their rheological behavior.

This thesis focuses on the hierarchical structure of block copolymer nanocomposites, and
hence involves multi-scale modeling at different length and time scales. The nanoparticles are
modeled as discrete entities, while the block copolymer is modeled as a continuum. The bridging
of two length and time scales is accomplished by a hybrid technique (2) that combines the
continuum field theories of the block copolymer with the Brownian dynamics simulations of the
nanoparticles. Both thermodynamics and alignment kinetics of block copolymer
nanocomposites, subjected to external magnetic fields, are studied. First, the thermodynamic

equilibrium structures are predicted using Hybrid Particle-Field technique (HPF) introduced by
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Sides et al. (2). Second, the alignment kinetics are probed using External Potential Dynamics
(EPD) method introduced by Maurits and Fraaije (3). The EPD method is extended to include

“hard spherical” nanoparticles using a cavity function approach (2, 4).
2.2 Theory

2.2.1 Hybrid Particle-Field (HPF) Theory

We use the real-space Hybrid Particle-Field (HPF) approach (2), to model the self-
assembly of a diblock copolymer nanoparticle mixture in the melt state. We consider a mixture
of linear diblock copolymer AB (of coil fraction f) and superparamagnetic nanoparticles of

radius Rp, where the local volume fraction of the particles is given by,
- N - —
ep() = X2 k(|7 - 7) @.1)

where h(|7 —T7|) represents the cavity function (2) that excludes the polymer chains from the
inside of the particles upon the enforcement of the local incompressibility constraint, ¢, + @5 +
@p = 1. The total number of nanoparticles (Np) is known from the total volume fraction of the

nanoparticles (). The cavity function is given by (5),
h(|#=7]) =( 1 + tanh (i:“_’:M) 2.2)
J 2 € :

where € is the thickness of the diffuse layer around the nanoparticle, over which the local

volume fraction of the nanoparticle decays smoothly from 1 to 0 and R, is the radius of the

. . ~75|-R
nanoparticle. Another form for the cavity function (% (1 + cos (M))) that assumes a
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smoothly decaying cosine profile (6) was also tested in this study and it was shown not to change
the qualitative nature of the results. Smooth profiles for cavity functions with finite width are
known to have better convergence results (7) and also partly take into the account the nature of
the ‘soft’” surface due to the ligands attached on the nanoparticle surface that controls the relative

affinity of the nanoparticle for each of the blocks in the diblock copolymer.

In the SCFT/HPF theory, the dimensionless free energy of the symmetric diblock
copolymer in real-space is given by (§),

NF,p

Qus )
Po kBTV

= —(1 - Cbp)ln (m

41 [d7 (XABN€0A<PB + XapN@app + Xpp NQppp — Wa@s — WB§0B)
— r -
4 —E (1= @a—9p— @p)

2.3)

F4p is the total free-energy of the symmetric diblock-copolymers (AB) with fixed nanoparticle
(P) positions in a system of volume V, N is the polymerization index of the block-copolymer,
Polis the total monomer number density, ®p is the total volume fraction of the nanoparticles, 7 is
the absolute temperature of the system, kg is the Boltzmann constant, yyis the Flory-Huggins
interaction parameter for species (M, N), ¢4(7), g (1), and @p(7) are the local volume fractions
of block A, block B and nanopatrticles, respectively. We use flexible Gaussian chain model to
describe the single chain statistics in which Q4p is the overall partition function of the single

diblock copolymer chain given by,

Qug = [d7 q(# 1) = [d7 q(#s)qt (F,s) Q.4)
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The positions of the monomer segments within the symmetric block copolymer are indicated by
the scaled contour variable, s, which ranges from 0 to 1 (referring to the two ends of the
polymer). q(#,s) and q*(#,s) are the probabilities of finding the segment s at position 7 with
either end of the diblock copolymer chain free. w,(#) and wg(7), are the mean chemical
potential fields experienced by the polymer segments of A and B, respectively, at position 7, and
E(7) is the Lagrange multiplier which enforces the incompressibility constraint on the free-
energy minimization. The Kuhn statistical lengths of the two blocks are assumed to be equal.

The chain probabilities are the solutions to the modified diffusion equations given by,

3‘%-?-9 = V2q(#,s) —w(@q(F,s) (2.5)
—aq;(:'s) = -V2q*(#,s) + w()q* (7, s) (2.6)

with initial conditions q(#,0) = 1 and ¢*(#,1) = 1, where the chemical potential field w(7) is

given by,

wy(7),0<s < 0.5} o

WB(F), 05<s <1

w() =|

Minimization of the free energy (equation 2.3) with respect to the variables,

@a(P), g (#), wa(#), wg(#) and E(7) yields the self-consistent field equations given by,
W (7) = xagNop(®) + xapNop(F) + E(7) (2.8)

wg(7) = xapN@a(F) + xgpNop(F) + E(F) (2.9)
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(1— d’P)V

0a(F) = =22 [ ds.q(#,5)q* (7, 5) (2.10)
pp(P) = 22 [ ds.q(F,5)q* (F,s) @.11)
Yot top=1 (2.12)

The positions of the nanoparticles are evolved using Brownian Dynamics; the updates for

nanoparticle positions given by,

= BDAL.A{F, pory + Fi aipotar} + B; (2.13)

where ﬁj is the Gaussian noise (given by fluctuation-dissipation theorem), which gives the

displacement of the nanoparticle j due to Brownian motion, f = D is the diffusivity of the

nanoparticle, and I?}',poly is the force due the polymer on the nanoparticle given by,

= o - - - —y a - -
Fipoy = %f dr {xapN@a(¥) + xgpNpp(7) + E(7)} a—?jh(lr - T}D (2.14a)

= WV
F.aipotar = — - (2.14b)

arj

I:"},dipolar is the dipolar force due to the magnetic dipole moments. Here Vy;,, is the dipolar energy

given by (9),

lep _ Ad3 ZNP NP (ﬁ'i.ﬁ:j—3.(ﬁi.fij).(ﬁj.fij))

2.15
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where 7i; is the unit dipole moment vector of the particle i. The vector is assumed to be in the
direction of the magnetic field because the Neel relaxation times of superparamagnetic
nanoparticles are much shorter than the time-scales for particle translational motion and polymer

relaxation. The dimensionless magnetization strength of the nanoparticle is given by,

m?2

- 4mpod3kpT (2.16)

where m is the magnetic moment of the nanoparticle, d, is the particle diameter, and u,is the
permittivity of free space. The long-range nature of the magnetic dipolar potential energy (~1/+°)
results in errors when nanoparticles are considered only within a finite cut-off radius for
calculation of dipolar forces; these errors can be minimized by using the Ewald summation rule

(10).
2.2.2 External Potential Dynamics (EPD)

The External Potential Dynamics (EPD) method is used to simulate the dynamics of
block copolymers. This technique was introduced by Maurits and Fraaije (3) and has been
successfully applied to study the dynamics of block copolymers, and vesicle formation in
amphiphilic block copolymers (//, 12). The EPD method involves the derivation of an
equivalent evolution equation for the potential fields, which are conjugate to the densities (or
volume fractions) of the monomer segments, from the continuity equations for the densities. The
main characteristic of the density functional theory is the bijective property of the density
functional, p[U], which implies a one-to-one transformation from the potential energy space (U)

and the density (p) space. This renders flexibility in evolving the dynamics in either space
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without compromising on the physics of the system (3). It also allows for calculation of the non-

local transport coefficient for the Rouse-type dynamics of monomer segments.

. We consider a mixture of linear diblock copolymer AB (of coil fraction f) and
superparamagnetic nanoparticles of radius Rp whose local volume fraction is given by equation

2.1. The local monomer volume fractions (¢;=4p) obey the evolution equation,

a"’a’t(r) +V,.J;=0 2.17)

Where the density current J; for Rouse-type dynamics is given by,

Ji = =D, %, [ dr'y(r,r)V,,u(r) 2.18)

The chemical potential u;(r") is functional derivative of the free energy with respect to the

volume fraction ¢;,
oF
r)=— 2.19
uy(r’ Py (2.19)

Py;(r,r") is the non-local transport coefficient for the dynamics of the monomer segment of type
I at location (r) influenced by monomer segment of type J at location (r’). It is a two-body

correlator and is expressed as (3),

()
P,(r,r) = —S_V%IZ(% (2.20)
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Provided an expression for the free-energy (F) of the system in terms of densities and conjugate
potential fields exists, the evolution equation for monomer densities can be effectively

transformed into an equivalent equation for the evolution of potential fields (w;) given by,

owi _ _py2 {3
—1=-D,V {6¢1+n1} .21

This transformation (equation 2.21) is applicable for Rouse-type dynamics (3). Dy is the diffusion
constant of monomer segment of type I and 7; is the Gaussian white noise obeying fluctuation

dissipation theorem,

(m(r,t))=0 (2.22a)
(i (r, O, (', t)) = Bo(r —r")8(t —t") (2.22b)

The Gibbs free energy for the block copolymer-nanoparticle composite is given by,

NE
AB——a—¢gm(

_ Qas )
Po kB TV

V(l— ®p)

ky

1 XasN@aop + XapN@a@p + XgpN@gp — Wa@y — Wp@p
+—fd7
14 +—--(9a+ @5+ 9p —1)°

(2.23)

The term -’fzﬂ (@4 + @ + @p — 1)? in the free energy (equation 2.23) accounts for the finite

compressibility of the composite. Thus, in the model the overall volume fraction ¢, + @5 + @p

deviates from 1, and the penalty for the deviation is given by the compressibility parameter k.
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Upon substitution of equation 2.23 in equation 2.21, we obtain,

aWA

5 —DV*{xagN@p + XapNop — Wy + ky. (94 + 9 + ¢p — 1) + 1}
(2.24a)

aWB

e —DgV*{(xagN@4s + xepNop — wWp + ky. (04 + @5 + @p — 1) + 115}

(2.24b)

Equations 2.24a and 2.24b are solved by Runge-Kutta 4™ order method. We invoke the
Gaussian chain model to describe the single chain statistics, wherein the chain propagators
satisfy the modified diffusion equations 2.5 and 2.6. The volume fractions are calculated from

equations 2.10 and 2.11.

2.2.3 Time Dependent Ginzburg-Landau (TDGL) Method

‘The TDGL method is based on Cahn-Hilliard-Cook (CHC) non-linear diffusion equation
for binary blends and is part of general class of models called as phase-field models. The blend
composition is the order parameter of this model and the structural evolution of the blend is
monitored by the time-evolution of the order parameter using a conservation equation. The
TDGL model has also been applied to block copolymers using additional terms in the free

energy model that accounts for the connectivity of the blocks (13-16).

The dynamics of micro-phase separation for the diblock copolymer can be described by

the following TDGL equation for the conserved order parameter (13, 15),

aY(rt SF
—‘/35(%—3 = MV? {ﬁ} +n(r,t) (2.25)
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Where M is the mobility associated with the order parameter (7, t) defined as the difference in

the volume fractions of the two monomer segments,

1/}(7', t) = Q4 (T, t) — ¥B (T', t) (226)

n(r,t) is the Gaussian white noise obeying fluctuation-dissipation theorem (/6). The free energy
functional includes a short range interactions term, a long-range term (/7) and a polymer-particle

coupling interaction term (/§),

F = Fs() + F.() + Fop (P, R:) 227)

The short-range term has the following form,
5 D 2
Fs() = [ dF g(¥) +5|VY| (2.28)

The term g(i) represents the mixing free energy of homogenous blend of disconnected
homopolymers A and B, while the gradient term represents the free energy penalty for variations

in 1 and D is the diffusion coefficient. The function g(¥) is given by (I7),
1 1 1
g@) =5 (-t +a(l = 2/)?)? + ;09> + Jv* (2.29)

Where a, o, v are phenomenological constants (derived from the vertex functions given by

Liebler (1/9) and 7 is related to the Flory-Huggins interaction parameter y,

2
©=8f (1= pox — s (2.30)
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f is the A coil fraction (= N’i“N ), pois the monomer density, N = Na+ Np is overall
A B

polymerization index of the block copolymer, and s(f) is constant of order unity (/7). The long-

range interaction term represents the chain connectivity of the two blocks and is given by (17),

FL() = 5[ a7 dFG(F ~ PIW@W () @31

B is the strength of long-range interactions and G(#¥—7') is the solution to the

equation V2G (r) = —&(r). The parameters a, a, v, and 8 are chosen to obtain a desired phase.

The polymer-particle coupling interaction term is given by (I8),

For(W.R) = [P T V(F = R)WTt) — ¥si)? 2.32)

Ys;is the order parameter at the nanoparticle surface (1 or -1 for preference to A or B block

respectively), The function V (7 — ﬁi) can take the following form,

I?-Ril)

V(#-R,) = Voe—( Rp (2.33)

Where Vo is the strength of polymer-nanoparticle interaction, Rp is the nanoparticle radius, and

ﬁi is the position vector of the nanoparticles which is evolved using Brownian dynamics

equation as follows,

aR; 2> 9F
= = Mp (ﬁ - -5-3:) +{; (2.34)
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Mp is the mobility of the nanoparticle, fl is the force on the nanoparticle due to particle-particle

. . . oF . . .
interactions (equation 2.15), a—g is the force on the nanoparticle due to the polymer and {; is the
1

Gaussian white noise obeying fluctuation-dissipation theorem.
2.3.4 Dynamic Self Consistent Field Theory (DSCFT)

We consider a mixture of linear compressible diblock copolymer (AB) and
superparamagnetic nanoparticles of radius Rp in the melt state. The overall volume fraction of the
nanoparticles is given by ®@p while the local volume fraction of nanoparticles is modeled using

cavity functions (2). The volume fraction distributions of the monomer segments obey the

continuity equations,

24 4V.],=0 (2.35)

where J4is the flux of monomer A, given by,

Ja(rt) = = [, d7 A(F,7)Vpa (7', 2) (2.36)

The Onsager coefficient A(#,7") determines the effect of chemical potential gradient at position
7 on the flux at 7. For local coupling (in incompressible melt), the Onsager coefficient is
modeled as a delta function, with its dependence only on local volume fractions of monomer

segments,
A(r,7") = DN (r)pg(r)6(r —1r") (2.37)

This simplifies, the equation for J4(7, t) as,
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Ja(r,t) = DN (r)pp(r)Vu,(r, t) (2.38)

where D is the single chain diffusion constant and N is the polymerization index of the polymer
chain. For more complex cases, the Onsager coefficient is related to the pair correlation function

(P, (r,r")) between positions r and 1’ given by,

A(r,7") = DN, (r)pg(r)P,(r, ") (2.39)

Appropriate models of the pair-correlation function can be used to model Rouse dynamics or

reptation dynamics (20, 21).
For compressible systems we have two equations (I = A, B) instead of one, given below,

a
= = L,V. (9 V1) (2.40)

L; is a mobility coefficient; the chemical potential pyp (= &jp ) can be found out by
AB

equilibrium statistical thermodynamics (22-24). For a given volume fraction distribution of
monomer segments, we find external potentials U; (I = A, B) that cause them to be equilibrium

distributions. Thus we have,

S _
U, + 5o, 0 (2.41)

where Fp is the free-energy of the block copolymer (the free-energy of interactions between the

nanoparticles is independent of monomer volume fractions) from which the chemical potentials

. oF
can be obtained as -5-;2 = -U,.
1

For the given system, the free energy Fpis given by,
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NF, Q 1 "
pokBL;"V =—-(1-®p)In (V(lfip)) + v [f dr {xagN@a@p + XapN@app +

XepNQp@p — Wy, —wpp} + [ d7f %’(‘PA + @p+ @p — 1)2]

(2.42)

We introduce the Helfand penalty function (kjis the Helfand parameter) to account for
the compressibility effects (25-27) on the block copolymer around the hard nanoparticles. The
penalty function represents the free-energy cost of fluctuations in overall density of the system

around the mean bulk density. Thus, the chemical potentials are obtained as,

U *
I:'LLT = _ﬁ = XagN@p + xapN@p —wy + ky(@a + @5 + @p — 1) (2.432)
B B

U %
fB—T = "k—BT = XapN@a + XxspNop —wg + k(@94 + 95 + @p — 1) (2.43b)
B B

This reduces the evolution equations to the following,
a *
—3’;—‘“ = LaV. [9aVixasNos + XxapNop —wi + k(@4 + 95 + @p — 1D}
(2.44a)
a *
_;%E = LgV.[0gV{xasNos + XepN@p — wg + k(@4 + @5 + @p — 1)}]
(2.44b)

Equations (2.44a and 2.44b) are solved using Runge-Kutta 4™ order technique.

The main assumptions of this model are as follows,
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1. Chain conformations are represented by Gaussian chain statistics, modeled using

path integral formalism
2. Short range interactions are modeled using y parameters

3. Monomer density distribution governed by simple diffusion equation (relaxation
dynamics), with driving force being the gradient the local chemical potential;
Hydrodynamic effects are ignored. In other words, the time-scales for fluctuations
in the density field (or the volume fraction of monomer segments) is much longer

than the time-scales for the chain level dynamics

We start with an initial random distribution of monomer volume fractions. The chemical
potentials are obtained using an inverse algorithm (equation 2.41), and then evolution equations
are solved to obtain the volume fraction distribution of monomer segments at the next time step.
The procedure is repeated. The positions of the nanoparticles are evolved using Brownian

dynamics.

2.3 Implementation of Hybrid Particle-Field Theory

Hybrid Particle-Field theory involves solution of SCFT equations (2.8 to 2.12) for every
nanoparticle move. In order to get to the final equilibrium structure of the composite, the local
equilibrium of polymer segments around the nanoparticle is maintained with every move of the

nanoparticles. The nanoparticle positions are evolved using Brownian dynamics (equation 2.14).

For a given distribution of nanoparticles the SCFT equations are solved using the following

algorithm,
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Step 1: Input the converged potential fields ws and wg from the previous BD step; this is used as

the initial guess for the converging the SCFT equations for the new particle positions.

Step 2: Calculate the chain propagators by solving the modified diffusion equations (2.5 and

2.6). Calculate Qag, the overall partition function of the block copolymer.

Step 3: Calculate the volume fractions of the monomer segments for the new chain propagators

using equations (2.10 and 2.11).

Step 4: Update the potential fields wa and wg and the pressure field E(#) using the following

recipe,

witt = wi + 4 (ragNes + xapNep + E —w)) (2452)
witt = WE + 2 (rasNoa + xspNop + E — wE) (2.45b)
- 1
&= -Z-{WZH +wtt - XABN(l - (pP) - (XAPN + XBPN)(pP} (2.45¢)

Where n is the SCFT iteration number, 4, is the update parameter, typically chosen as 0.1 to
maintain stability of the numerical algorithm. There are other alternate recipes for faster

convergence and better stability (28, 29).

Step 5: Calculate the free-energy, for the updated potential fields and volume fractions, using

equation 2.3 and check for convergence,
lwi5'—wis|| <107 (2.46)

If equation 2.46 is satisfied, then calculate the new positions of the nanoparticles by using the

Brownian dynamics equation 2.13.
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If equation 2.46 is not satisfied, then repeat steps 2-5 until convergence is achieved
Step 6: Check for incompressibility constraint,
11— @4 — @5 —@pll <107* (2.47)

Perform optimum number of SCFT iterations to achieve both convergence (equation 2.46) and to

satisfy incompressibility constraint (equation 2.47).
2.3.1 Pseudo-Spectral Operator Splitting Method

The most computationally intensive step in SCFT simulations is the solution of modified
diffusion equations (2.5 and 2.6) for calculating the forward (¢g) and backward chain propagators
(¢"). Pseudo-spectral operator splitting method is an unconditionally stable, fast and second order
accurate (O(As?)) and is one of best ways to solve problems involving periodic boundary
conditions (30). In equation 2.5 (and similarly in equation 2.6), we can identify the linear

operator as, L = V2 — w, hence the solution for the forward propagator can be written as,
q(r,s + As) = e£q(r, s) (2.48)

We use the Baker-Campbell-Hausdorff (29, 30) identity to simplify the linear operator as

follows,
As __6_2_ o° a_z_ As
ebst — {e—TWeAS{6x2+0y2+6zz}e—7W} + 0(AS3) (2.49)

Equation 2.49 is solved by spectral collocation alternating between real and reciprocal spaces,
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As 2 _As
q(r,s + As) = e®4q(r,s) = {e"z‘“’F‘1 [e‘“"‘ F [e 2" q(r, s)]}} (2.50)

Where F[W¥] implies Fourier transform of function W and k is the wave vector in Fourier space.
2.3.2 Gaussian Quadrature

To calculate the volume fraction of monomer segments A and B using equations 2.10 and 2.11,

we use 4™ order Gaussian quadrature (30),

Z9(s1) —2g(s2) + 2 g(s3) + g(ss)
folg(s)ds =As{  +g(ss) + -+ g(sn,-s) + g(sn-a) +0(As*) @5
55
+1€‘9(5Ns—3) - %g(SNS—Z) + EH(SNS—J

Trapezoidal rule was used for calculating the integral for calculation of overall partition function

Q.
2.4 Implementation of TDGL Model

Cell dynamics (37) methodology is employed to solve the TDGL model (equation 2.25)
on a 2D lattice. In cell dynamics method, the evolution of the order parameter (equation 2.25) is

expressed as (in the absence of nanoparticles),
Y(r,t+ At) = P(r,t) + At.{K > =T} = BAt.Y(r, t) (2.52)

I'=-D{KyY>»—Y}+(—t+a(l-2)DY +oy?+vy3 (2.53)
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where < 1 » —1 is the discretized version of the Laplacian V2. The choice of < ¥ »

discretization determines the isotropy of the observed morphologies (31, 32), and is chosen as,

KLY »= %ZNN ‘/)‘+ %ZNNN Y (2.54)

where NN refers to nearest neighbors and NNN refers to next nearest neighbors. Other forms of
discretized Laplacian can also be used (33). The main advantage of this technique is that this is a
semi-group discretization of the original Cahn Hilliard equation and hence it allows for much
larger time step. Consequently, late stages of phase separation can be explored by this method. A

small time step reduces this scheme to a simple Euler scheme (33).

2.5 Implementation of Dynamic Self Consistent Field Theory Model
In DSCFT, the main computational step is the calculation of the chemical potentials %’j.

For a given @4, @pfields, the chemical potentials (uy, ug), seen in equation 2.43, are obtained
using the routine shown in Figure 2.1. Initially, the pressure fields, the chemical potentials and
the volume fractions for the monomer segments are assigned to be zero. Then, the potential
fields V5 and Vy are calculated. Subsequently, the volume fractions are obtained, after the
solution of modified diffusion equations (2.5 and 2.6), using equation 2.10 and equation 2.11.
Then, a check for convergence is performed,|l@s — @4l < €, if the calculated volume fractions
do not match the target volume fractions then the chemical potentials, and the pressure field are
updated and the volume fractions are calculated again for the new potential fields (V and Vp).
This procedure is repeated until the solution converges. Although, an exact expression for the

pressure field (ky (@4 + @ + @p — 1)) is known, we let the pressure fields evolve to that final
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value starting from zero. This is done for the sake of numerical efficiency and to avoid
convergence to unphysical solutions, which is the case when local pressure fields become too

large in the nanoparticle locations.

Once the chemical potentials are obtained, the volume fractions of monomer segments
are evolved using equation 2.44. Runge-Kutta 4 order technique is used to numerically integrate
equation 2.44. The choice of the time-step for the equation 2.44 and time-step for Brownian

dynamics depends on the relative mobilities of the nanoparticles and the monomer segments,

Atpcp _ Mpgcp

2.56
Atyp Mnp ( )

Thus, the relative mobilities are varied in the simulation by changing the time-steps for updates.
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Figure 2.1. Constrained optimization routine to calculate the chemical potentials py4, tg, the

convergence tolerance is set at, € = 1073,
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Chapter 3

Orientational Ordering of Symmetric Block Copolymers
Using Chaining of Superparamagnetic Nanoparticles under

External Magnetic Fields

Reprinted (adapted) with permission from, “Long-Range Ordering of Symmetric Block
Copolymer Domains by Chaining of Superparamagnetic Nanoparticles in External Magnetic
Fields”, V. Raman, A. Bose, B. D. Olsen, T. A. Hatton, Macromolecules 45 (23), 9373-9382

Copyright (2012) American Chemical Society.

3.1 Introduction

Controlling the order in block copolymer films is an active area of research given the
need for precise orientational and translational order of block copolymer domains for
applications such as nanolithography (7), optoelectronics (2-4), functional thin films (5) and
nanoporous membranes (6, 7). A variety of techniques (Z, 8-10) have been developed to align
block copolymers both in bulk and in thin films, including chemical patterning, topographical
patterning, electric field alignment, magnetic field alignment, zone casting, directional
crystallization, and solvent annealing. Techniques such as chemical patterning (chemoepitaxy)
(11-14) and topographical patterning (graphoepitaxy) (/5-18) use a top-down lithographic step to
create the guiding patterns on substrates commensurate with the natural periodicity of the block

copolymer, and then self-assemble the copolymer within the lithographic pattern. These
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techniques have shown great promise for patterning long-range ordered arrays on surfaces (79,
20) and for the fabrication of structures useful in patterning microelectronics (21).

Shear alignment provides an alternative to epitaxial techniques that enables control over
nanodomain orientation without lithographic patterning. Mechanical shear has proven to be a
very useful technique for nanodomain alignment both in bulk (22-28) and in thin films (29, 30).
Electric fields provide a complementary alignment technique (31-34) capable of aligning
nanostructures perpendicular to the film interface. Due to the low dielectric contrast between
most polymers, relatively high electric field strengths of up to 30 kV/cm (near the dielectric
breakdown limit) are often required (35) to align block copolymer thin films. Magnetic field
alignment of block-copolymers has also been explored (36), motivated by the ability to align
samples without contacting the film surface. This technique relies on the difference in magnetic
susceptibility between the two blocks. The low contrast in diamagnetic susceptibilities for most
block-polymers necessitates high magnetic fields of the order of 5-8 T, achievable mostly by
NMR magnets. Several block-copolymers have been aligned successfully using this technique by
exploiting complex and specific magnetic moieties (37) that increase the contrast in diamagnetic
susceptibilities. Solvent annealing (38-417), another powerful technique to achieve translational
order over large areas, has been applied to align block-copolymers that interact with the solvent.
Directional crystallization (42) and zone casting (43) may also be combined with external fields
to achieve 3D ordering of the domains (44).

In contrast to the alignment of block copolymers achieved directly using an external field,
ordering of block copolymers by exploiting the interactions between a nanoparticle and the block
copolymer may be attainable through combining elements of both epitaxial and field-driven

approaches. Nanoparticles, which have been traditionally used as fillers to improve the properties
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of the polymer-nanocomposites (PNCs) (45), have been used to mediate the interfacial
interactions (46), or interact favorably with the solvent vapor during solvent annealing (42),
leading to the control of domain orientation. Their effect on ordering can be enhanced by using
an external field which can manipulate their position and orientation similar to the orientational
ordering of ferronematic liquid crystals under magnetic fields (47), as demonstrated using a
single rod shaped nanoparticle whose orientation was controlled using an external magnetic field
(48). However, it is often desirable to use spherical nanoparticles due to their ease of production
and precise control of size distribution. In this context, superparamagnetic nanoparticles become
ideal candidates for enabling magnetic field alignment in block copolymers with low contrast in
magnetic susceptibility. Superparamagnetic nanoparticles align in the direction of an in-plane
magnetic field to form long chains (49). When sequestered in one of the blocks, these chains
could orient the blocks and align them in the direction of the external magnetic field. In addition
to ordering, it has been shown in homopolymer/superparamagnetic nanoparticle blends that the
mechanical and electronic properties of the composite material are enhanced (50, 57) due to the
hard, metallic nature of the nanoparticles. For example, chained particles can create pathways for
efficient electron transfer resulting in suppression of electron-hole recombination in photovoltaic
devices. Recent work on polymer nanocomposites (52) has shown that the anisotropy of the
nanoparticle assembly can be better tuned by external triggers such as magnetic fields to
reinforce the mechanical properties of the polymer matrix.

A generalizable method for aligning block copolymers with superparamagnetic
nanoparticles requires a detailed understanding of self-assembly of nanoparticles and block
copolymers that includes inter-particle interactions that lead to particle chaining. The spatial

arrangement of the nanoparticles within the block copolymer domains is, in itself, an extensive
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area of research (53, 54), and is known to depend on a variety of parameters such as the surface
affinity of the particles, particle size, and incompatibility of the blocks. We extend this
framework of self-assembly of non-interacting nanoparticles and diblock copolymers to explore
the effect of magnetic dipolar interactions on their self-assembly using the Hybrid-Particle-Field
(HPF) technique (55), a combination of Self-Consistent Field Theory (SCFT) and Brownian
Dynamics, which is a robust technique that allows for accommodating the characteristics of
individual particles like size, shape, and anisotropic particle-particle interactions.

This chapter explores the effect of nanoparticle size, magnetization strength, nanoparticle
selectivity, and nanoparticle concentration on the chaining of superparamagnetic nanoparticles in
the direction of an in-plane external magnetic field to achieve long-range orientational ordering

of symmetric diblock copolymer domains in which they are selectively embedded.

3.2 Simulation Methodology

All simulations were performed in two dimensions with periodic boundary conditions.
Initially a fixed number of nanoparticles were placed randomly in the simulation box of size
32R;. The box size (L) was chosen to be commensurate with the natural periodicity of the
diblock copolymer in order to avoid simulation artifacts and was sufficiently large to include a
sufficient number of lamellae in the box to show significant orientational ordering. Simulations
were performed with random initial guesses (56) for the potential fields w,(#) and wg(#).
Accuracy and numerical stability were maintained by using 201 collocation points along the
polymer contour length (As =0.005), and 256 collocation points for calculating the SCFT
equations (Ax = Ay = 0.125R,). An extended Trapezoidal rule (57) was used to calculate the
volume fraction of the two monomers which were then used to calculate the new chemical

potential fields w4 (7), and wg (#*) using the mixing rule prescribed by Rasmussen ez al. (58). The
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procedure repeated until ||F* — FiL || < 10~*. The tolerance for F4p ensured that the diblock
copolymer was relaxed locally with respect to the nanoparticle positions. This reduced errors in
the calculation of the forces on the nanoparticles due to the polymer fields. Further lowering of
this tolerance (< 10™) had little effect on the morphology of the structure. Once the polymer
fields had relaxed to within this tolerance, the forces on the nanoparticles were calculated. The
nanoparticle positions were subsequently updated using the Brownian Dynamics (BD) with
BDAt assumed to be 0.02R5. For the new set of nanoparticle positions, the SCFT equations were
solved again using the above procedure. Free-energy minimization was followed as long as the
mean square displacement for the nanoparticle moves was above 10™R,, at which point the
morphology was very close to the final equilibrium and the tolerance was further decreased for
the calculation of final morphologies. Final equilibrium morphology was attained when ||FJi! —
FLIl <1078, |11 — @4 — @5 —@pll <10™* and the mean-square displacement of the

nanoparticles was less than 10™*R,. Further lowering of these tolerances had little effect on the

morphologies obtained.

In this work, the nanoparticle positions (?,) were treated as continuous and the
nanoparticle shape and volume were allowed to fluctuate due to mapping of the particle shape
onto the discretized collocation grid. When the nanoparticles jumped several lattice points, the
total density of the system deviated from 1, which required higher number of SCFT iterations to
meet the convergence criteria. This slow convergence problem was circumvented by providing
initial guesses for the pressure field based on the new positions of the nanoparticle instead of the
old positions, while the converged chemical potential fields, from the previous BD step, were

used for the initial guess for these fields. The initial guesses for the pressure field were generated
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at the beginning of each SCFT iteration sequence in the following manner. A control simulation
of a nanoparticle in a homopolymer melt, with no interaction between the polymer and the
nanoparticle, was performed. The pressure field obtained from this simulation gave an estimate
for the effect of the particle on the pressure field. During the HPF simulation, after each BD step,
an initial guess of pressure field was then obtained by subtracting the particle contribution from
the converged pressure field at each of the old particle positions, and adding the pressure field
back in, at each of the new particle positions. This had the effect of producing an initial condition
for the pressure field that accounted for particle displacement. The chemical potential fields were
then calculated based on this initial guess for the pressure field using mixing rule of Rasmussen
et al. (58) and both fields were iterated until convergence. By this method, the residual high
pressures in the regions occupied previously by the nanoparticles were automatically changed to
low pressures (indicating the absence of nanoparticles) as the nanoparticles moved to different

positions, and vice versa. In this manner, rapid convergence of the simulation was achieved.

Each numerical experiment was repeated 3-5 times with different random initial
conditions for the nanoparticle positions to ensure reproducibility. Parallel algorithms (59) were
used to solve the modified diffusion equations on a GPU-based computer, enabling a 15-20 fold

speed-up using advanced parallel algorithms tailored specifically for GPU calculations.
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3.3 Results

3.3.1 Effect of Dipolar Interaction Strength

Figure 3.1 illustrates the ability of anisotropic nanostructures (chains) of the
superparamagnetic nanoparticles sequestered in block A (bright regions) to align the diblock
copolymer in the direction of the in-plane external magnetic field. Although the formation of
well-ordered lamellar domains with few defects is the thermodynamically favored equilibrium
morphology both with and without nanoparticles, SCFT simulations of particle-free lamellar
phases often result in relatively disordered structures as shown in Figure 3.1a due to the
relatively small energy penalty paid for defect formation and the large kinetic barriers to
structural rearrangement. The addition of superparamagnetic nanoparticle chains breaks the
rotational symmetry of lamellar orientation, enforcing a preferred orientation and producing a

much more ordered structure.
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Figure 3.1. Complete alignment of the block copolymer observed at long times (10 000 BD
moves), with similar final equilibrium morphology obtained for all nonzero magnetization
strengths, ®p = 0.1, Rp = 0.51R,, xapN = 0, ygpN = 30, xagN = 20, L = 32R,, (a) without
nanoparticles/magnetic field, (b)) A.=0, (c) A=3, (d) A =35, (e) A =9, (f) A = 15, magnetic field
applied along the y-axis. Bright regions are rich in block A (@,> 0.5); dark regions are rich in
block B (@g > 0.5). Nanoparticles, represented by blue circles (@p > 0.5), are seen in block A.

To understand the effect of magnetization strength, the segregation strength between the
blocks (yagN = 20) and the surface affinities of the nanoparticles toward the two blocks were
kept fixed (yapN = 0, ygpN = 30). This segregation can be achieved experimentally using
surface ligands on the nanoparticle that are selective for one block but nonselective for the other.

The magnetization, characterized by the dimensionless parameter A, was varied from 3 to 15 to

span the typical experimental range, and the nanoparticle size (RP) was kept fixed at 0.51Rg in
this set of simulations. Magnetite nanoparticles of diameters 13 and 16 nm have A values of
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about 2.92 and 5.43, respectively, at room temperature (298 K). Much higher values of A can be
attained by decreasing the temperature or using other magnetic compounds, such as Co, as the
working material.67 Values of A > 1 indicate that the dipole—dipole interaction energy is greater

than the thermal energy of the individual nanoparticles which would disrupt the alignment;
hence, the nanoparticle chains formed are stable throughout the diblock copolymer alignment
process. Magnetite nanoparticles of size 13 nm or higher are known to form chains of indefinite
length for A = 2.69 (49, 60).

At equilibrium, the magnetization strength over the range 3 < A < 15 had little effect on

the final morphology of the aligned diblock copolymers (Figure 3.1c—¢), which looked very

similar. However, the final equilibrium morphology with the preferred alignment was obtained in
fewer simulation steps at higher magnetization strengths, the faster alignment being due to the
stronger driving forces under these higher magnetization strengths. The mechanism of block
copolymer alignment by superparamagnetic nanoparticles is governed by the tendency of
nanoparticle chains to resist bending against the magnetic field direction. The bending energy
penalty encourages the nanoparticles to form straight chains along the direction of the magnetic
field and redistributes the polymer segments around the nanoparticles depending on the surface
interactions with the diblock copolymer, as illustrated in Figure 3.2. This creates an added
energy penalty for defect formation, reducing the number of defects observed at higher magnetic

field strengths.
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Figure 3.2. Schematic of energy penalty due to deformation of nanoparticle chains in external
magnetic fields; dp is the nanoparticle diameter, and ¢ is the width of the diffuse layer around the

nanoparticle.

3.3.2 Scaling Analysis

Scaling analysis can be used to quantify the effect of the magnetization strength on the
number density of defects in the equilibrium structure. It is assumed that each diblock copolymer
domain contains a single nanoparticle chain and that the persistence length of the nanoparticle
chain is sufficiently long to result in long-range orientational ordering. Under these assumptions,
the magnetic dipolar-energy penalty of deformation per unit length of a single-nanoparticle chain
is directly proportional to the magnetization strength of the nanoparticles.

The magnetic dipolar interaction energy between two superparamagnetic nanoparticles at
their closest distance of separation ( |ﬁ- - ?]’| ~ dp + 2€) is given by,

kgT - (dp+2€)3

3.1)

where 8 is the angle formed by the unit dipoles of the nanoparticles with the Ii‘} - 7]'| vector.

Since the number of the nanoparticles in the edge dislocation is not known a priori, the dipolar
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energy is scaled by the number of nanoparticles per unit length (~1/(dp + 2€)). The magnetic
dipolar energy penalty for chain deformation (Ejnqg (0) — Eppgg (8 = 0°)) is thus obtained as

AEg,
kgT

3Ad3(1—cos?)
(dp+2€)3

~(n—=1). (3.2)

where n is the number of nanoparticles in the deformed chain (for a constant defect length, this is
inversely proportional to the effective particle diameter, (dp + 2€)). Therefore, the dipolar energy
cost on deforming a single nanoparticle chain in the presence of a magnetic field scales directly
with the magnetization strength. This results in less deformation of chains at higher
magnetization strengths and hence better alignment of the diblock copolymer domains.
Analogies can be drawn between these 2D simulations and monolayers of diblock copolymers,
wherein there is an equilibrium number of dislocations below the ODT (61). These dislocations

are point defects in 2D, and the equilibrium dislocation density scales with temperature as,

np~e k8T (3.3)
where Ep is the energy required to create the dislocation. A scaling relationship can be derived
for np as a function of magnetization strength (1), by assuming that only edge dislocations are
present and only single-nanoparticle chains are considered. For almost all the simulations
involving single-nanoparticle chains only edge dislocations were observed at long times, since
the energy penalty on deforming a nanoparticle chain to form a +%: or -%: disclination would be
very high. For a typical edge dislocation the single nanoparticle chain is deformed with respect to
the magnetic field direction (i.e. the y axis) by an angle of 60° or 120°. Thus, the deformation of a
nanoparticle chain contributes an excess energy (4E,, ) to the energy of dislocation (Ep) given
by,

El = Ep + 2AE,, (3.4)
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Considering two nanoparticle chains per edge-dislocation (and assuming €/d,, « 1), the excess
dislocation energy AE,, is obtained by substituting = 60 or 120°. Thus, the equilibrium number
density of dislocations in the diblock copolymer scales as,

np~e~* (3.5)
This analysis implies that higher magnetic field strengths lower the equilibrium dislocation
density, but that the effect of increasing magnetic field strength on orientational order should be
relatively minor thermodynamically, since all orientations have the same energy. However,

higher magnetization strengths help overcome the kinetic trapping of defect laden morphologies.

3.3.3 Effect of Nanoparticle Size

Nanoparticle size plays an important role in directing the orientational ordering of the
block copolymer domains. Simulations were performed for four different nanoparticle radii with
values of 0.25R,, 0.51R,, 0.63R,, and 1.14R,, giving dp/L, ratios of 0.25, 0.51, 0.64, andl.15,
respectively (dp is the diameter of the nanoparticle). Lo (=1.98Rg) is the half-domain width for
the self-assembly of the diblock copolymer in the melt, with y,gN = 20. The selected values of
nanoparticle sizes for which dp/Lo > 0.3, and a surface affinity of the nanoparticles of ygpN = 30,
ensured that the nanoparticles were distributed at the center of the lamellae and that alignment
was not affected by changes in interfacial curvature due to interfacial sequestration of
nanoparticles (53).

The monodomain character of magnetite nanoparticles is preserved only up to a size of

around 15-17 nm (62), although this is not a limitation because clusters of superparamagnetic

Fe304 nanoparticles of much larger sizes (~50-200 nm) are known to exhibit superparamagnetic
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behavior (63). Furthermore, superparamagnetic silica-coated Fe;Os nanoparticle clusters of

varying sizes (up to 300 nm) and high saturation magnetization (53.3 emu/g) can be synthesized
using the sol-gel approach (64). These superparamagnetic nanoparticles are very stable, since
they do not cluster through dipole—dipole interactions before the application of a magnetic field,

and are ideal for BCP alignment. Figure 3.3 shows the effect of nanoparticle size on the

alignment of the diblock copolymer domains.
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Figure 3.3. Effect of nanoparticle size on the diblock copolymer self-assembly, L = 32R,, ®p=
0.1, A=9, ygpN = 30=30: (a) Rp = 0.25Rg (y =0.69); (b) Rp = 0.51R; (y =0.91); (c) Rp =0.63 R,

(y=10.77); (d) Rp =1.14R, (y = 0.31).
Smaller nanoparticles (0.25R,) led to colloidal jamming and kinetic trapping of the

diblock copolymer structure with a large number of defects in the structure, even though
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macroscopic alignment occurred. Colloidal jamming was verified by a low mean-square

displacement of the nanoparticles (~104‘Rg « dp) with time at sufficiently long times (~10 000

BD moves). Intermediate nanoparticle sizes (0.51R, and 0.63R,) gave better alignment with
fewer defects. When the nanoparticle size became comparable to that of the half-domain width,
the curvature of the interface between the blocks was affected by the nanoparticle (Figure 3.3d),
and swelling of the domains destroyed the rotational symmetry of the lamellar phase with a
consequent loss of orientational order. For a given volume fraction of the nanoparticles, the
number density was lower for the larger nanoparticles than for the smaller nanoparticles which
reduced the persistence length of the nanoparticle chains. For these shorter persistence lengths,
only local alignment, in the regions of nanoparticle chains, was seen. Higher volume fractions of
larger nanoparticles did not improve nanodomain alignment because of the nanoparticle size
mismatch with the diblock copolymer domain spacing. Thus, intermediate nanoparticle sizes
(dp/Lo = 0.51, 0.64) gave better alignment and good orientational order due to both the longer
persistence length of the nanoparticle chains for the same volume fraction and the absence of

colloidal jamming or swelling of diblock copolymer domains.
3.3.4 Effect of Nanoparticle Volume Fraction

Nanoparticle volume fraction was found to have a large impact on the degree of ordering
in superparamagnetic nanoparticle/diblock copolymer composites due to the interplay between
superparamagnetic nanoparticle chain persistence length and the increasing diblock copolymer
swelling with nanoparticle loading. Simulations were performed for different nanoparticle
volume fractions (loadings) ranging from 0.04 to 0.18 (Figure 3.4), using an intermediate
nanoparticle radius of 0.51R;. Low nanoparticle volume fractions resulted in poor alignment

even at very long times (~10 000 BD moves), with local alignment seen only in the regions of
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short nanoparticle chains due to the relatively short persistence lengths of the chains. As the
particle density increased toward the concentration at which a single complete chain formed
within each lamellar nanodomain (®p~ 0.1) for the particle size shown in Figure 3.4), a high
degree of ordering was achieved. At higher volume fractions (®p ~ 0.18) an order-to-order
(OOT) phase transition was observed from lamellae to the hexagonal phase due to swelling of
the A nanodomains, producing a structure that has an effective A block fraction much greater
than the B block fraction. Sides ef al. (55) observed a similar OOT due to nanoparticle loadings
for non-interacting nanoparticles in their simulations, and these results were confirmed by

experiments (65).

¢, Ho: Mo

Figure 3.4. Effect of nanoparticle volume fraction on the alignment of diblock copolymer
domains, A = 9, xgpN =30, Rp = 0.51Rg, L = 32R;: (a) ®p = 0.04, (b) ®p = 0.06, (c) p = 0.08,
(d) ®p =0.1, (e) Pp =0.12, (f) Pp =0.14, (g) Pp = 0.16, (h) Pp =0.18.
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At much higher volume fractions (®P > 0.2) macrophase separation of the diblock
copolymer and nanoparticle mixture has been predicted (66), and hence our simulations were
limited to ®P < 0.2. Because of these competing effects, intermediate volume fractions
illustrated in Figure 3.4c—e gave better alignment, albeit with some defects. At a volume fraction
of 0.14 (Figure 3.4f), the onset of OOT phase transition was observed, marked by the appearance
of circular defects in the lamellar structures. As the volume fraction of particles was further
increased (Figure 3.4g, h), hexagonal regions were observed mixed with lamellar structures. In
the absence of an applied magnetic field (A = 0), a volume fraction of 0.18 yielded a complete
hexagonal phase that corroborated results from other studies (55). The coexistence of lamellar
and hexagonal structures in a single simulation was consistent with the Gibbs phase rule for a
two-component system. The fraction of hexagonal structures in the hexagonal-lamellar
coexistence region was also influenced by the strength of the magnetic field. This is evident from
Figure 3.5a~d, which show the structures formed for a fixed nanoparticle volume fraction of 0.18
with different magnetization strengths. As the magnetization strength increased, stronger dipolar
interactions resulted in more rigid and longer nanoparticle chains which made the lamella phase
stable at even higher nanoparticle loadings; hence, more lamellar phase was observed at higher

magnetization strengths than at lower magnetization strengths.
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Figure 3.5. Effect of magnetization strength on the OOT: (a) A =3, (b)) A =35, (¢c) A= 9, (d) L =
15. The nanoparticles (blue circles) were sequestered in block A, and their loading was kept
fixed at ®p = 0.18. The interaction strength between the nanoparticles and block B was ygpN =

30, Rp = 0.51R,. More of the lamellar phase was observed for higher magnetization strength.

This type of mixed lamellar—hexagonal phase was not seen with smaller nanoparticles
(0.25Rg) in the presence of magnetic fields (A = 9). For the smaller particles, the diblock
copolymer domains were large enough to accommodate the nanoparticles without causing any
significant entropic penalty (AFentopic ~ (RP/Rg)3), although swelling of the domains was

observed. Moreover, colloidal jamming of the nanoparticles due to the higher number density of
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nanoparticles for the same nanoparticle volume fraction structurally frustrated the diblock
copolymer, preventing it from undergoing OOT and kinetically trapping the diblock copolymer

domains in metastable states.

3.3.5 Effect of Nanoparticle-Diblock Copolymer Interactions

In addition to the need for a critical nanoparticle size and a critical nanoparticle loading
for effective alignment of block copolymer domains, HPF simulations also suggest that
particle/polymer interactions must be carefully tuned to achieve a high degree of diblock
copolymer alignment. Simulations were performed keeping the interaction between nanoparticles
and block A (xapN = 0) fixed while varying the interaction between the nanoparticles and the B
block. Figure 3.6 shows the effect of surface interactions of the nanoparticles with block B on the
alignment of the diblock copolymer. Neutral particles (yspN = 0) resulted in local alignment of
the diblock copolymer perpendicular to the applied magnetic field direction, although long-range
orientational order was absent. The neutral particles were present mainly at the interfaces
between block copolymer nanodomains as predicted by earlier studies (53, 67). In addition, the
nanoparticle chains tended to coincide with defect-rich regions in the lamellar structures. Similar
perpendicular alignment was observed locally for xgpN = 10. In this case, nanoparticles were
found to reside primarily within block A, although there was some distribution of the
nanoparticles between this domain and the interface. As xgpN increased, good alignment with
long-range orientational order in the direction of the applied magnetic field was first observed for

xeeN = 22.
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Figure 3.6. Effect of surface affinity of the nanoparticles for the blocks; A= 9, ®p = 0.12, L =
32Rg, xapN = 0, xagN = 20, Rp = 0.51R,: (a) neutral particles (y = —0.38) and (b) ygpN = 10 (y =
—0.21) lead to perpendicular alignment, (¢) mixed lamellar—cylindrical phase (y =—0.12) is
observed, (d) good alignment is observed for ygpN = 22 (y =0.86).

With higher interaction strengths (Figure 3.6d), the nanoparticles were sequestered
dominantly in the A domains, which aided larger magnetic dipolar interactions between the
nanoparticles, leading to local chaining. This local chaining caused redistribution of polymer
segments around the nanoparticles, thereby aligning the diblock copolymer along the direction of
the chains. For nonselective particles, segregation to the interface between the two block
copolymer domains was predominant as noted above and seen in previous studies (53, 67). These

particles aligned strongly with the magnetic field but did not orient the diblock copolymers in
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that direction; on the contrary, alignment perpendicular to the magnetic field direction was
observed, yielding a morphology that was unique to nonselective particles. Good nonparallel
alignment of the block copolymer to the superparamagnetic nanoparticle chains under the
magnetic field was observed even with lower volume fractions of nanoparticles, albeit with high
defect density (Figure 3.7) which increased with increase in nanoparticle loading. The
segregation of neutral nanoparticles to the domain interface was driven by a relatively weak
entropic potential, but simulations suggest that a strong interaction is required to reorient the
nanodomains in the direction of the applied magnetic field. This leads us to hypothesize that
domain alignment in the direction of the applied magnetic field is not observed for nanoparticles

localized at the diblock—copolymer interface due to an insufficient coupling between the diblock

copolymer field and the nanoparticle chains.
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Figure 3.7. Effect of neutral nanoparticles on BCP alignment, A =9, L = 32R;, ygpN =0, yapN
=0, xaBN = 20, Rp = 0.51Rg; (a) ©p =0.06, (b) ®p =0.08, (c) ®p =0.1, (d) ®p =0.16.
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3.3.6 Quantification of Orientational Ordering

The orientational order can also be quantified using an orientational order parameter (y)
that depends on the local nematic director angle ¢ () of the diblock copolymer domains given

by (68),
Yy = %(cosch) — -;- (3.6)

where ¢(7) is the angle between the vector normal to the interface of the blocks (€, ) and the
magnetic field direction (é,) at position 7. The value of the orientational order parameter varies

between —0.5 and 1 for alignment of the diblock copolymer perpendicular to and parallel to the

field direction, respectively. Figure 3.8 shows the typical variation of y as a function of the
number of Brownian dynamics (BD) moves per nanoparticle. As the nanoparticles chain along
the direction of the magnetic field, the order parameter increases from around 0 (disordered
initial condition) to near 1 (parallel alignment). There is little dependence of the equilibrium
order parameter on the magnetic field strength.

Faster alignment and defect annihilation are expected to occur at higher magnetization
strengths, since the magnitude of dipolar forces is directly proportional to the magnetization
strength of the nanoparticles. Hence, at higher magnetization strengths, the chaining of
superparamagnetic nanoparticles that aligns the block copolymer domains occurs faster than the
formation of the block copolymer domains, leading to faster alignment with fewer defects. Our
focus in this study is primarily on the equilibrium characteristics of the self-assembly process,

and the quantitative aspects of the kinetics of alignment are currently being explored using

Ginzburg—Landau theory (67)
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Figure 3.8. Variation of the orientational order parameter with number of BD moves per
nanoparticle. As the simulation proceeds, the diblock copolymer aligns in the direction of the
magnetic field, and different magnetization strengths give similar y at long times. Qualitatively,
it is seen that at higher magnetization strengths the initial rate of change in the value of vy is

higher, suggesting faster alignment at higher magnetization strengths. ygpN = 30, ®p = 0.12.

.The effect of nanoparticle loading on the alignment is clearly reflected in the order parameter
values shown in Figure 3.9. Good orientational ordering was observed for a limited window of
nanoparticle loadings, in the range of 0.08-0.12, as evidenced by the high y values in this
region. Low values of Yy were obtained at low loadings since only local alignment of

superparamagnetic nanoparticle chains was observed and the number of defects in the structure

increased due to the short persistence lengths of the nanoparticle chains. At high loadings, the

value of ¥ was reduced dramatically due to the formation of mixed lamellar—hexagonal phases.
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Figure 3.9. Variation of y with nanoparticle loading (®p) for different magnetization strengths;
there exists an optimal range of loadings over which the best orientational order is observed with

minimal defects, ygpN = 30, xapN = 0, xasN =20, Rp = 0.51R,, L = 32R,.

3.4 Conclusions

A new method to align symmetric diblock copolymer domains using the chaining of
superparamagnetic nanoparticles in the presence of in-plane external magnetic fields is
introduced and investigated numerically. Interplay of nanoparticle loadings, magnetization
strengths, and nanoparticle sizes give rise to interesting phase behavior and alignment
characteristics. Simulations reveal the importance of choice of nanoparticle size and loading to
achieve good orientational ordering. Ideal nanoparticle loadings will allow one complete
nanoparticle chain to form within each diblock copolymer nanodomain to maximize nanoparticle
chain persistence length while minimizing diblock copolymer domain swelling. The nanoparticle
size (Rp) must be chosen to be around 0.51R; to avoid the distortions to nanodomains observed
with large particle sizes and the colloidal jamming seen for small nanoparticles. Good
orientational ordering is observed even at low field strengths, and the equilibrium defect density

decreases with increasing field strength. Magnetic fields involved for BCP alignment with the
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superparamagnetic nanoparticles are much lower than that required to align BCP using different
magnetic susceptibilities of the two blocks. For liquid crystal BCPs, magnetic fields of the order
of 6 T are required for BCP alignment, while the magnetic field strength required to induce
superparamagnetic nanoparticle chaining is only ~1 T; therefore, nanoparticle chaining enables
alignment at much lower field strengths. Finally, the selectivity of the particles is critically
important, since a coupling between the block copolymer density field and the nanoparticle chain
is required to produce aligned nanostructures. Strong orientational ordering of the diblock

copolymer domains in the direction of the applied magnetic field is observed for ygpN > 22.
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Chapter 4

Magnetic Field Induced Morphological Transitions in Block

Copolymer/Superparamagnetic Nanoparticle Composites

Reprinted (adapted) with permission from the journal article, “Magnetic Field Induced
Morphological Transitions in Block Copolymer/Superparamagnetic Nanoparticle Composites”
V. Raman, R. Sharma, T. A. Hatton, B. D. Olsen, ACS Macro Letters 2 (8), 655-659

Copyright (2013) American Chemical Society.

4.1 Introduction

Polymer nanocomposites are an interesting class of heterogeneous materials that are
known for their enhanced mechanical, optical and electrical properties; the characteristics of the
nanoparticles play an important role in determining the morphology and properties of the
composites (/-5). The need for spatial patterning and hierarchical structural control in such
materials (6) has spurred interest in block copolymer nanocomposites, where block copolymer
self-assembly into morphologies such as lamellae, spheres, and cylinders can be used to achieve
a preferred spatial and orientational distribution of nanoparticles (2, 7, 8). The effect of
morphology on the optical (9-13) and mechanical performance (/4) of nanocomposites has been

well documented in the literature.
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The morphology of block copolymer nanocomposites depends on the interplay of
nanoparticle size, nanoparticle loading and particle selectivity for the blocks (I, 2, 15), as is
evident from the results of many theoretical (/6-22) and experimental (23-26) studies on the
phase behavior of block copolymer — nanoparticle mixtures. The presence of non-selective
nanoparticles in the block copolymers, for example, affects the order-disorder transition (ODT)
temperature (27, 28), effectively reducing the Flory-Huggins interaction energy of the two blocks
due to the losses in conformational entropy of the polymer chains (27). Excluded volume
interactions between the nanoparticles and the block copolymer also lead to morphological
transitions due to the swelling the block copolymer domains (29, 30). Morphology control of
composites can be achieved by tuning the enthalpic and entropic interactions between the
nanoparticles and the block copolymer. Enthalpic interactions, for instance, can be tuned by
functionalization of nanoparticle surfaces with selective or nonselective ligands, while entropic
interactions are known to depend on the size of the nanoparticles relative to the block copolymer
domain spacing (37). Confinement effects (32, 33) and substrate chemical potentials (34) are
also known to play an important role in the self-assembly of these composite systems due to both
symmetry breaking and surface segregation of polymer or nanoparticles to the confining
interface (32). Inter-particle interactions between the nanoparticles can also affect the
morphology of the composite (35, 36), and control of inter-particle interactions (37) can serve as
an efficient tool to manipulate the hierarchical assembly of block copolymers, especially when

long-range interactions are present.

In polymer nanocomposites with magnetic nanoparticles, uniform magnetic fields can be
used to alter the orientation of magnetic nanoparticle dipoles (38) and consequently tune the

long-range interparticle interactions.  This affects the structure of nanoparticle aggregates and
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subsequently the morphology of the block copolymer nanocomposite. For instance, magnetic
nanoparticles are known to form chain-like aggregates due to dipolar interactions that are
predicted to promote alignment of block copolymer nanostructures.(35, 39) He and Balazs (35)
demonstrated using cell dynamics simulations that in-plane magnetic fields promote alignment
of magnetic nanoparticles and, consequently, alignment of lamellar domains as well as cylinder
forming block copolymers. Recently, we studied the effect of chaining of superparamagnetic
nanoparticles on the alignment of symmetric block copolymers using hybrid particle-field theory
simulations, which explicitly took into account the excluded volume interactions between the
nanoparticles and the block copolymer. We delineated the role of dipolar interaction strength,
nanoparticle size, nanoparticle loading and the surface interaction of the nanoparticles with the

block copolymer on the morphology of the composite (39).

While previous modeling efforts have focused primarily on in-plane magnetic fields
which lead to the formation of superparamagnetic nanoparticle chains, out of plane magnetic
fields can change the nanoparticle symmetry to form hexagonal arrays due to repulsive dipolar
interactions. In this chapter, we investigate the interplay of magnetic field orientation, coil
fraction of the block copolymer, and nanoparticle size and loading on the morphology of the
composite, specifically exploring the interplay between block copolymer and superparamagnetic
nanoparticle lattice symmetry. Depending upon the symmetry of the block copolymer in two-
dimensional simulations (hexagonal/dots and lamellar/stripes), the nanoparticles induce a variety

of morphological transitions in the final composite.
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4.2 Simulation Methodology

The effects of nanoparticle size and loading on the self-assembly of the composite system
are characterized using a hybrid of self-consistent field theory (SCFT) and Brownian dynamics
(30, 39). The block copolymer is characterized by the coil fraction, f, of the block that has the
most favorable interaction with the nanoparticles. The Flory-Huggins interaction parameter
between the blocks is denoted by yx4g, while the selectivities of the nanoparticles for the two
blocks A and B are denoted by x.p andypp, respectively. N is the total degree of
polymerization of the block copolymer chain. All the Flory-Huggins interaction parameters were
kept fixed (x4pN = 0, ygpN = 30, x4pN = 20) in the simulations. All lengths (box size L and
the nanoparticle radius, Rp) are scaled by Rg, the unperturbed radius of gyration of the block
copolymer. The statistical segment lengths of the A and B blocks are assumed to be equal, and
the overall nanoparticle volume fraction is denoted by ®p. The dipolar interactions are
characterized by the parameter 1, the ratio of the dipolar interaction energy to the thermal energy
(kgT). The dipole moments are assumed to align in the direction of the applied magnetic field, a
valid assumption when the external magnetic field strength is much larger than the saturation
magnetization strength of the nanoparticle. Since the simulations are in 2D, the symmetric block
copolymers form phases with line symmetry (referred to as stripe phases), and the asymmetric
block copolymers form hexagonal phases (referred to as dot phases). For the case of assembly
in thin-films, stripe phases can be identified with lamellar phases or cylinders oriented parallel to
the surface of the film, while dot phases are akin to spherical phases or perpendicularly oriented

cylinders.
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4.3 Results

4.3.1 Influence of Dipolar Interactions on Block Copolymer Morphology

The simulations reveal that dipolar interactions have a significant influence on the
morphology of the block copolymer nanocomposite. In the absence of an external magnetic field
(A = 0), the superparamagnetic nanoparticles behave like non-magnetic nanoparticles due to the
absence of any remnant magnetic dipole moments. Thus, in the absence of an external magnetic
field (1 = 0), nanoparticles that have selective surface interactions (yagN= 0, ygpN= 30) show
behavior consistent with established results for block copolymer/non-magnetic nanoparticle
composites (Figure 4.1a-e). The hexagonal symmetry of the resulting morphology is preserved
for low nanoparticle loadings (volume fractions) when the domains of the minority block
accommodate the nanoparticles (Figure 4.1a; f= 0.3). However, an increase in the nanoparticle
loading (Figure 4.1b) causes a morphological transition from dots to stripes, where stripes are
predominantly observed at nanoparticle loadings of ®p > 0.1. Similar morphological transitions
from lamellar to hexagonal morphologies & vice-versa, have been reported in the literature for
non-magnetic nanoparticles that interact through excluded volume only (26, 29, 30, 40). When
the nanoparticles favor the majority block, (Figure 4.1d-e; = 0.7), the increase in nanoparticle
volume fraction does not affect the symmetry of the inverse hexagonal phase, although the
hexagonal phase is distorted in some regions due to local structural frustration. Furthermore,
superparamagnetic nanoparticles have little effect on the final morphology of the composites of
symmetric block copolymer (Figure 4.1c; = 0.5), in the absence of an external magnetic field

(A = 0). However, at high enough nanoparticle loadings, an order to order phase transition from
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stripe phases (lamellar symmetry) to dot phases (hexagonal symmetry) is observed, similar to

that reported for non-magnetic nanoparticles (30, 40).

With superparamagnetic nanoparticles (A = 9), the orientation of the external magnetic
field playS an important role in determining the morphology of the composite. Out of plane
magnetic fields induce repulsive dipolar interactions resulting in formation of hexagonal arrays
of nanoparticles. For nanoparticles selective for the minority block (f= 0. 3), the symmetry of the
block copolymer lattice and the nanoparticle lattice match. When the lattice parameter of the
nanoparticle structure matches the lattice parameter of the hexagonal phase block copolymer,
hexagonal symmetry of the composite is preserved with minimal or no defects in the final

morphology (Figure 4.1f).
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Figure 4.1. Effect of dipolar interactions on the morphology of the block copolymer nanocomposite,. Rp=
0.5 Ry, xgpN=30; (a) — (e) non-magnetic nanoparticles; (f) — (j) magnetic field (ﬁ) is out of plane (along z
axis); (k) — (o) magnetic field (I_-f) is in-plane (along y axis); Local volume fractions for block A (bright
regions), B (dark regions) and nanoparticles (blue spheres) are represented by ¢,, ¢p.and

¢p respectively; A represents ratio of dipolar interaction energy to thermal energy.

4.3.2 Conditions for Symmetry Matching in Out-of-Plane Magnetic Fields

Using geometrical arguments, we can derive the optimum overall volume fraction of the
2

nanoparticles for symmetry match to be ®p = %, where L is the lattice constant of the
S

nanoparticle loaded hexagonal phase of the block copolymer. For a given number density of
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superparamagnetic nanoparticles, we calculate the lattice constant of the hexagonal lattice
formed by the nanoparticles in the presence of out of plane magnetic fields. For symmetry match
to occur, this lattice constant has to match the lattice constant of inter-dot spacing of the

hexagonal phase of the block copolymer.
The number density of the nanoparticles is

o =ne . Pp
np= - 2
A TTRP

“.D

In a primitive cell of a hexagonal lattice, we have 1 nanoparticle per area of ?Lz , Where Lp is

-1
the lattice constant, which corresponds to a number density of (? L%)

We thus obtain the lattice constant for the nanoparticle lattice as

Lp = 2Rp. /?;TP (4.2)

For symmetry match, we require

where L, is the inter-dot spacing of the nanoparticle-loaded hexagonal phase of the block

copolymer. We thus obtain the optimum volume fraction, at which symmetry match occurs as

« _ 2mR}

Pp = 7z

“4.4)
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Assuming that nanoparticles have a minor effect on the lattice constant of the hexagonal phase of
the block copolymer (consistent with simulation results), we anticipate that symmetry match
should occur at an optimum volume fraction of nanoparticles, of radius Rp = 0.5 R,, at &p =

0.057; simulations show a symmetry match at about ®p = 0.055.

Although, the final nanocomposite morphology looks similar in the two relatively small
simulations shown in Figures 4.1a and 4.1f, faster defect annihilation is expected in the presence
of the external magnetic field due to the long-ranged nature of the dipolar interactions.
Therefore, the inclusion of nanoparticles is anticipated to reduce the formation of defects when

the particle loading is selected to be near this symmetry match.

4.3.3 Effect of Nanoparticle Size on Symmetry Matching Conditions

These symmetry matching conditions only apply when there is exactly one nanoparticle
in each of the block copolymer minority nanodomains, which also requires commensurability
between Rp and R,. Figure 4.2 shows the effect of nanoparticle size on the morphology of an
asymmetric block copolymer (f = 0.3), in the presence of repulsive dipolar interactions (out of
plane magnetic fields). High surface selectivity of the nanoparticles (xgpN >xagN, xapN = 0)
ensures that even the smallest nanoparticles (Rp = 0.25 R,, dp/L, < 0.3) are sequestered well

within the domains of the minority block.
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Figure 4.2. Effect of nanoparticle size on the morphology of block copolymer composite, H field is out of
plane, resulting in repulsive dipolar interactions between the nanoparticles; A =9, ¥4pN = 0, ygpN = 30,
(a) Rp = 0.25 R,, ©p=0.0125, (b) Rp = 0.5 Ry, ®p=0.05, (c) Rp = 0.75 R,, ®p=0.1125, (d) Rp = 1
R,, ®p=0.2. The choice of these loadings results in equal nanoparticle number densities for all particle

sizes.

However, for the same dipolar energy, the smaller nanoparticles do not give defect-free
structures, since some domains accommodate more than one nanoparticle. This gives rise to
structural frustration within the domains due to repulsive dipolar interactions between the
nanoparticles, stretching some of the domains. Large nanoparticles (Rp = 1 R,) result in
disordered structures because an individual nanoparticle cannot be incorporated within a single

domain. Therefore, the optimal particle sizes are in the range Rp ~ 0.5-0.75 R,.
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4.3.4 Effect of Magnetic Field on Order to Order (OOT) Phase Transitions

When the nanoparticle volume fraction is increased, the same morphological transition is
observed (Figure 1g) as in the non-magnetic nanoparticle case (Figure 4.1b). However, the
morphology as a function of particle loading (Figure 4.3) is unchanged from the non-magnetic

nanoparticle case, as the volume fraction is increased from 0.05 to 0.11.
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Figure 4.3. Effect of nanoparticle volume fraction on the morphological transitions in the block

copolymer, /= 0.3, yapN =0, xgpN =30, xapN =20, Rp = 0.5 R,

This indicates that dipolar interactions do not have a significant effect on the Order-to-
Order phase transition (OOT), which is primarily caused by the swelling of the domains on
addition of nanoparticles. However, this counterintuitive result is consistent with the fact that the

energy of block copolymer self-assembly dominates the dipolar interaction strength for the
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values of parameters chosen in this study. Block copolymer nanocomposites with symmetric
composition (f =0.5) remain in a stripe phase even with the application of an out of plane
magnetic field (Figure 4.1h). For a wide variety of different particle volume fractions, the
repulsive dipolar interactions do not force the phase transition from lamellar (stripes) to

hexagonal phase (dots) (Figure 4.4).

(bA{FBli.)P H#®

Figure 4.4. Effect of out-of-plane magnetic field on the stripe-forming phase, /= 0.5, xagN = 20, yapN =
0, XBPN = 30, Rp =0.5 Rg, A=9

Since the out of plane field does not orient the nanoparticles, symmetry is not broken, and
the lamellar domains may orient in any direction. Morphological transitions from stripes to dots
arise only because of the swelling of the domains (as seen in Figure 4.4), as reported previously

in the literature (26, 29, 30, 39, 40).
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4.3.5 Formation of Honeycomb Nanoparticle Lattices

When the superparamagnetic nanoparticles (A1 = 9) are selective for the majority block (f
= 0.7) they occupy the interstitial spaces within the hexagonal dot morphology formed by the

minority block in the presence of out-of-plane magnetic fields.
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Figure 4.5. Effect of out of plane magnetic fields (ﬁ), when the nanoparticles are selective for the
majority block; f=0.7, yapN =0, xgpN =30, RP=0.5 Rg, (a) A = 9, ®p=0.11, (b) 1 = 9, ®p=0.12, Red-
blue hexagon pairs denote dislocations in the block copolymer (BCP) and 5-7 defects in the nanoparticle
(NP) lattice. Black empty circles denote 1-vacancy defects in the nanoparticle lattice; yellow circles

denote excess nanoparticles in the interstitial spaces.

As seen in Figure 4.5, for certain specific nanoparticle volume fractions; each
nanoparticle has just three nearest neighbors, and they form a honeycomb lattice. This
honeycomb lattice minimizes inter-particle repulsive interactions by evenly spacing the particles

throughout the block copolymer, and places particles within the majority block of the hexagonal
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lattice at points farthest from the minority block domains, effectively reducing the decrease in

entropy due to chain stretching in the majority block.

Defects in the block copolymer structure and the nanoparticle honeycomb lattice are
collocated in the final structure. In the regions where dislocations (evident in 5-sided red and 7-
sided blue polygons in the BCP lattice, Figure 4.5a) occur in the block copolymer lattice, there
are 5 and 7 interstitial spaces in the block copolymer, each occupied by a single nanoparticle.
This gives rise to 5-7 defects in the honeycomb lattice (as seen in 5-sided red and 7- sided blue

polygons in the NP lattice, Figure 4.5a).

In addition, for &, = 0.11, there are 1-vacancy defects in the honeycomb lattice, shown
as black empty circles (Figure 4.5a), due to an insufficient number of particles present to fill all
the interstitial spaces. In contrast, when the number of nanoparticles is slightly higher than the
number of interstitial spaces in the block copolymer lattice (for ®p, = 0.12) , a few of the
interstitial spaces tend to accommodate two particles instead of just one, without distorting the
overall symmetry of the honeycomb lattice (as seen by yellow circles in the NP lattice of Figure

4.5b).

Inter-particle repulsive interactions, induced by out-of-plane magnetic fields, are critical
to the formation of honeycomb lattices: the absence of the field results in a random dispersion of
the nanoparticles in the majority block domains even at particle densities optimal for honeycomb

lattice formation (Figures 4.6a and 4.6b).
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Figure 4.6. /= 0.7, yapN = 0, xgpN = 30, yagN = 20, honeycomb lattice not formed for non-magnetic
nanoparticles (4 = 0), (a) ®p = 0.11, and (b) ®p = 0.12; honeycomb lattices not formed for
superparamagnetic nanoparticles (1 =9), when ®p # Py, (c) Pp = 0.05, (d) Pp = 0.13

Using geometrical arguments, we derive the optimum nanoparticle volume fraction at

; i «  AmR3 ; .
which a honeycomb lattice is formed to be dp = %, where Ly is the lattice constant of the
H

nanoparticle loaded hexagonal phase of block copolymer. For formation of the honeycomb
lattice (Figure 4.7), only one nanoparticle (blue circles) should occupy the interstitial space

between the minority block domains (black dots), implying two nanoparticles for every dot.

@Block B« Nanoparticle

Figure 4.7. Schematic of honeycomb lattice formation, nanoparticles (blue circles) occupy the interstitial

spaces of the hexagonal phase formed by the block copolymer (black dots refers to minority block B).
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Under these conditions, the optimum volume fraction required for formation of a honeycomb

lattice is,

« _ ATR}

Pp = V3L

(4.5)

where Ly is the lattice constant of the nanoparticle-loaded hexagonal phase of the block

copolymer.

This relationship is valid only for the case of a single nanoparticle occupying each
interstitial space in the hexagonal lattice, which is dependent on the nanoparticle size. Assuming
that the nanoparticles have only a minor effect on the block copolymer periodicity, we can
estimate the optimum volume fraction for nanoparticles of radius Rp = 0.5 R, to be near 0.11.
Simulations reveal the formation of a honeycomb lattice for nanoparticle volume fractions of
®p = 0.11 and ®p = 0.12 (Figures 4.5a and 4.5b); while lower and higher volume fractions do
not show a honeycomb Lattice (Figures 4.6c and 4.6d). For ®p = 0.11 and ®p = 0.12, most
nanoparticles have three-nearest neighbors (Figure 4.5). Honeycomb lattices are not observed for
larger (Rp = 0.75 Ry) or smaller nanoparticles (Rp = 0.25 Ry) even at optimum volume fractions
(Figure 4.8). Larger nanoparticles (Rp = 0.75 R;) distort the hexagonal structure of the block

copolymer, while smaller nanoparticles (Rp = 0.25 Ry) are found dispersed in the majority block.
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Figure 4.8. Honeycomb lattices not formed for nanoparticle sizes, = 0.7, yapN =0, ygpN =30, yagN =
20,A=9,(a) Rp=0.25 R,, ®p =0.03, and (b) Rp = 0.75 Ry, ®p = 0.27. These volume fractions are
chosen to be optimal for honeycomb lattice formation, as calculated by geometrical arguments.
Therefore, particle size is also critical to lattice formation.

Therefore, both the particle size and the particle volume fraction must be commensurate with the
block copolymer lattice in order to achieve optimal field-induced ordering and formation of

honeycomb lattices.

4.3.6 Effect of In-Plane Magnetic Fields on Hexagonal Morphology

When the orientation of the magnetic field is changed to in-plane, the field causes
chaining of nanoparticles, resulting in stretching of A domains along the field direction for f =
0.3 (Figure 4.1k). At higher nanoparticle volume fractions (Figure 4.11), the persistence length
of the nanoparticle chains increases, and the stripe phase is predominantly observed for ®p >

0.11. (Figure 4.9)

119



fl .
)
b U

raesy® oigtyod,

p—

Figure 4.9. Effect of in-plane magnetic fields on the morphological transitions in the block copolymer as

a function of nanoparticle loading, /= 0.3, ¥apN =0, ygpN =30, yagN=20,A=9, R, = 0.5 R,

For f= 0.5 with an in-plane magnetic field (Figure 3.1m), extensive previous studies (35,

39) have clearly demonstrated the ability of the field to induce particle chaining and block

copolymer alignment.

When the nanoparticles are selective for the majority block (f = 0.7), the hexagonal
symmetry of the minority block is preserved in the presence of in-plane magnetic fields because
the domains of the minority block are not stretched in the field direction (Figure 4.10). To
accomplish this, the block copolymer lattice aligns with the <100> direction parallel to the
superparamagnetic chains, resulting in control over the orientational order of the hexagonal

phase. However, the addition of nanoparticles results in distortion of the hexagonal phase of the
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block copolymer with a transition seen in the symmetry of block copolymer morphology from
hexagonal to centered rectangular symmetry at higher nanoparticle volume fractions (Figure

4.10d).

(€)dr=005 (fdr=008 (g de=0.11 (h) de=0.14

Figure 4.10. Orientational alignment of hexagonal phase of the minority block (B) by chaining of

nanoparticles sequestered in the majority block (A) in the direction of external magnetic field (H) along
the y axis; A = 9, ygpN = 30, RP = 0.5 Rg, (a) ®p=0.05, (b) ®p=0.08, (c) ®p=0.1, (d) ®p=0.14; Red -
green hexagons refer to dislocations, Voronoi maps shaded with orientational order parameter, for the

corresponding volume fractions are given in (e — h).

Nevertheless, the orientation of the centered rectangular phases is in the direction of the

external magnetic field along the <100> direction, evident from the orientational order maps
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(Figure 4.10g). Beyond a critical volume fraction ( ®p'*¥), structural frustration of the block
copolymer due to dynamic confinement between parallel nanoparticle chains with spacing less
than the lattice spacing causes complete distortion in the hexagonal phase of the block
copolymer. For single nanoparticle chains confined between minority domains of the block
copolymer matrix (Figure 4.11), the maximum volume fraction beyond which distortion of the

hexagonal phase of block copolymer becomes significant can be derived. Using geometrical

. . .y . nR . .
arguments, we derive this critical volume fraction to be ®J'%* = —= where L; is the lattice

~ VAL

constant of the nanoparticle-loaded hexagonal phase of the block copolymer.
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Figure 4.11. Schematic of alignment of hexagonal phase of the block copolymer (minority block B,
black dots), by chaining of superparamagnetic nanoparticles (blue circles) in the presence of in-plane

magnetic fields.

The number of nanoparticles is given by,

®pLyLy

iy = (4.8)

R%

Where L,, L, are the dimensions of the simulation box (in units of Ry)
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The number of nanoparticles required to form single complete chains (i.e. persistence length =

Ly) is given by,

L 2L
np = 2L B

"~ 2Rp V3L (=)

where Lj is the lattice constant of the nanoparticle-loaded hexagonal phase of the block
copolymer. From equations (4.8) and (4.9), we obtain the optimum volume fraction of the
nanoparticles required to form complete chains and result in complete ordering of the

hexagonal phase of the block copolymer,

max _ TRp
P = T (4.10)

Beyond this nanoparticle volume fraction (®p'**), the nanoparticles are packed into

forming multiple chains and distort the hexagonal phase of the block copolymer (Figure 4.12b).

Figure 4.12. Distortion of hexagonal phase of the minority block at very high nanoparticle volume
fractions, /= 0.7, yapN = 0, xgpN =30, xaAgN =20, A =9, Rp = 0.5 R,. (a) Pp = PF* =0.18, (b) Pp =
0.19 > ¢max
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For a nanoparticle radius of Rp = 0.5 Rg, the maximum volume fraction beyond which a
complete distortion of the hexagonal/centered rectangular phases occurs is around 0.18. The
alignment of the hexagonal/centered rectangular phase at this volume fraction can be seen in

Figure 4.12a.

4.4 Conclusions

Dipolar interactions in superparamagnetic nanoparticles are demonstrated to have a large
effect on the morphology of block copolymer nanocomposites. The materials display a variety
of transitions based on field orientation, volume fraction of block copolymer, nanoparticle size,
and nanoparticle loading. Matching of both the symmetry and characteristic spacing of the
structures formed by the superparamagnetic nanoparticles and the block copolymers enables
improvement of block copolymer ordering, while a mismatch in structures drives phase
transitions between poorly ordered phases. In the case of asymmetric copolymers with
nanoparticles selective for the minority block, an out of plane magnetic field may be used to
drive the nanoparticles into a hexagonal lattice that can reduce defects in the block copolymers;
geometrical arguments can be used to predict the specific particle loading required to achieve
such a symmetry match. When the nanoparticles favor the majority block of an asymmetric
block copolymer, application of an out of plane field leads to the formation of honeycomb
lattices. Alternately, an in-plane field will produce superparamagnetic nanoparticle chains that
can be used to orient the hexagonal phase of the block copolymer, provided the nanoparticles are

selective for the majority block and are of appropriate size.
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Chapter 5

Kinetics of Magnetic Field Induced Alignment of Block

Copolymer Superparamagnetic Nanoparticle Composites

5.1Introduction

In this chapter, we study the kinetics of ordering in diblock copolymer superparamagnetic
nanoparticle mixtures subjected to uniform magnetic fields. We employ the external potential
dynamics (EPD) method to evolve the potentials with time and calculate the volume fractions
from the potentials (see chapter 2, section 2.2.2). The EPD method, introduced by Maurits and
Fraaije (/), is a computationally efficient technique to study the phase separation dynamics of
block copolymers (2-4), wherein the essential physics of the phase separation dynamics is
preserved. In this method, the concentration/volume fraction of the monomer segments is a
conserved quantity and the dynamics of the polymer chains is inherently of Rouse-type (/). This
is the first attempt to use this technique to study the dynamics of structural evolution in block

copolymer nanoparticle mixtures.

In this study, we consider a mixture of block copolymers and superparamagnetic
nanoparticles. The block copolymers are modeled as continuous Gaussian chains and the

nanoparticles as hard spheres. The “hard sphere” nature of the nanoparticles is imbibed in the

free energy model through the finite compressibility assumption. ( fd? {k—z"l.((pA + ¢@p +

(pp)z}). The orientational ordering of the lamellar phase is quantified using orientational order

130



parameter (see chapter 3), whose temporal evolution is monitored to quantify the kinetics of

alignment.

5.2 Simulation Methodology: External Potential Dynamics

All simulations are performed on a square 2D lattice of 128 by 128 grid points. The length of
the simulation box is maintained at 16 R, (all the length units are in terms of Ry, the unperturbed
radius of gyration of the block copolymer). The block copolymer is characterized by the coil
fraction, f, of the block that has the most favorable interaction with the nanoparticles. The
Flory-Huggins interaction parameter between the blocks is denoted by x,p, while the
selectivities of the nanoparticles for the two blocks A and B are denoted by y,p and ypp,
respectively. N is the total degree of polymerization of the block copolymer chain. The statistical
segment lengths of the A and B blocks are assumed to be equal, and the overall nanoparticle
volume fraction is denoted by ®p. The dipolar interactions are characterized by the parameter 1,
the ratio of the dipolar interaction energy to the thermal energy (kgT). The dipole moments are
assumed to align in the direction of the applied magnetic field, a valid assumption when the
external magnetic field strength is much larger than the saturation magnetization strength of the
nanoparticle. Periodic boundary conditions are applied in x-y directions for both the
nanoparticles and the block copolymer. The use of cavity functions (5) maps the location of
nanoparticles in the continuous space onto the finite collocation grid (see chapter 3, and 4). The
conservation equation for the volume fraction of monomer segments is solved on this grid. The
equivalent evolution equation for the potential fields (section 2.2.2) is solved using the Runge-
Kutta 4™ order method. The resolution of the contour length for the modified diffusion equations

was maintained at As = 0.005 (using 201 contour points along the polymer chain).
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We briefly review the equations comprising the EPD technique. The evolution equations for the

potential fields are given by (from 2.24),

ow

Tté = —MpotyV?{XasN @5 + XapNpp — Wy + ky. (04 + @5 + @p — 1) +1,}
(5.1a)

GWB

T ~Mpo1yV{XagNpa + xgpNop —wg + ky. (04 + @5 + @p — 1) + 1}

(5.1b)

We have assumed the diffusivities or the mobilities of both the monomer segments to be equal

(My = Mp = Mp,y), and the update equation for the nanoparticle positions is given by,

-

Af} = MParAt- {F}',poly + F},dipolar} + Rj = AtPar- {F)’,poly + F}',dipolar} + Rj

(5.2)
Since, the unit of length scale is common throughout (i.e. Ry), we have the following relation,

Atpgr — Mpqar
A’:Poly MPoly

=0 (5.3)

o is the ratio of mobilities (nanoparticle to polymer). Thus, the mobility of the nanoparticle is

changed in the simulation by changing the time step for nanoparticle update (Atpq, = 0Atpyy).

In all the simulations, the following parameters are kept constant, unless otherwise specified
explicitly; (1) the radius of the nanoparticle is kept fixed at 0.5 Rg, (2) the interaction strength

between the two monomer blocks (xagN = 20), (3) Atpory = Mpgy. At =0.025, (4) kyN = 500.
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5.3Results

5.3.1 Nanoparticle Dipolar Strength
Figure 5.1 illustrates the structural evolution of block copolymer superparamagnetic nanoparticle
composite as a function of time. The mobility of the nanoparticles is lower than the mobility of

the monomer segments and the external magnetic field is applied along the y axis.

Figure 5.1. Structural evolution of block copolymer superparamagnetic nanoparticle composite
subjected to external magnetic field applied along y axis; filled contour plot of volume fraction
of monomer A (blue circles represent nanoparticles). A = 15, x,zN = 20, ygpN = 30, Rp =0.5
Ry, ®p=0.11, T = 2.5 * 10%Atp,yy, 0=0.2, domain spacing =4 Ry, L = 16 R,.
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The initial condition for this set of simulations is the phase separated block copolymer melt in
which the nanoparticles are sequestered preferentially in block A. The lamellae have random
orientation initially and the nanoparticles are magnetized to their saturation magnetization upon

application of the external magnetic field.

To study the effect of dipolar interactions, the dipolar interaction parameter (A1) is varied

from 3 to 15 and the structural evolution is monitored.

Figure 5.2. Effect of dipolar interactions on the alignment of block copolymer nanocomposite,
@-(A=3.)-MhA=50-10A2=9, xagN =20, xgpN = 30, Rp =0.5 R;, $p=0.11,
T = 2.5 % 102At,51y, 0=0.2.
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Figure 5.2 illustrates the effect of dipolar interactions on the block copolymer nanocomposite.
Relatively faster alignment is seen for higher dipolar interaction strength. In order to quantify the
effect of dipolar interactions on the alignment of the domains, we run simulations on a larger box
size of L = 32 R, with 256 collocation points. We plot the temporal evolution of the orientational
order parameter for different dipolar interaction strengths (Figure 5.3). Faster alignment is
clearly seen for A = 15. The orientational order parameter reaches its peak value (of 0.84) within
a short span of time. For A = 9, it takes slightly longer time for the orientational order parameter
to reach the peak value (of 0.82). For 4 = 3, the domains get stuck in a partially aligned state and

the peak value of only 0.6 reached.

% 5 10 15

Time Steps (n StBCP) x10°
Figure 5.3. Temporal evolution of orientational order parameter (y) for different dipolar
interaction strengths, L = 32 Ry xapN = 20, xgpN = 30, Rp =0.5 Rg, ®p=0.11,7=

2.5 * 10%At,01y, 0=0.2.
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5.3.2 Effect of Nanoparticle-Block Copolymer Interaction

Simulations were performed keeping the interaction between nanoparticles and block A (xapN =
0) fixed while varying the interaction between the nanoparticles and the block B (ygpN = 22 to
50). Figure 5.4 shows temporal evolution of orientational order parameter for different block
copolymer nanoparticle interaction strengths. The nanoparticle mobilities are lower than those

used before (6=0.04).

0.65 T .

1500

Figure 5.4. Effect of nanoparticle-block B interaction strength on the structural evolution of the
block copolymer nanocomposite; higher interaction strength leads to faster alignment of lamellae
along the magnetic field direction. 2 =9, y,gN = 20, x4pN = 0, Rp =0.5 R,, ®p=0.11,7 =

2.5 * 102At,,y,, 6=0.04.
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Repulsive interactions between block B and the nanoparticles, that are stronger than repulsive
interactions between block B and block A, result in effective “attraction” of the block A towards
the nanoparticles. This is different from the case when yapN < 0, which indicates affinity of
block A towards nanoparticle surface. Higher the nanoparticle-block B interaction strength, there
is more likelihood of rearrangement of polymer segments around the nanoparticle. This causes
ordering of the block copolymer domains when the nanoparticles chain along the direction of the
field. From equilibrium studies, we found that there exists critical interaction strength of

(xBPN)critical = 22 (see chapter 3, section 3.3.5) for alignment to occur.

(d) XBPN =50

Figure 5.5. Block Copolymer nanocomposite at t = 14007. A = 9, x4pN =20, x4pN =0, Rp =0.5
Rg, ®p=0.11,7 = 2.5 % 102At, 0y, 0=0.04, (a) xzpN = 22, (b) xgpN =30, (c) xgpN = 40,
(d) xgpN = 50.
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As seen from Figure 5.4, faster alignment is seen for higher interaction strength between the
nanoparticle and the block B. Figure 5.5 shows the structure of the block copolymer

nanocomposite at t = 1400 7 for different nanoparticle-block B interactions.

5.3.3 Effect of Nanoparticle Mobility

The nanoparticle mobility is varied by changing the time step for updates for the nanoparticle
moves in Brownian dynamics simulation, provided the numerical stability considerations are
met. Higher value of o implies higher mobility of the nanoparticle. The value of ¢ is varied from
0.04 to 0.2. Figure 5.6 shows the effect of change in the mobility of the nanoparticles. Higher
mobility of the nanoparticles (for the ranges of mobilities studied) results in faster alignment of

the block copolymer.

0 500 1000 1500 2000

Figure 5.6. Effect of nanoparticle mobility on the alignment of block copolymer, A = 15, y,zN

=20, xgpN =30, Rp =0.5 Ry, ®p=0.11,7 = 2.5 * 102At},y,.
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However, when the nanoparticle mobility is increased further, o = 0.4, the nanoparticle takes
bigger jumps and delays the coarsening of the block copolymer domains. As seen in Figure 5.7,

we see that the block copolymer shows poor ordering for o = 0.4.

®
(c) 12001 (d) 18001

Figure 5.7. Effect of high nanoparticle mobility on block copolymer ordering, A = 15, y4,5N =

20, xgpN =30, Rp =0.5 Ry, ©p=0.11,7 = 2.5 * 10%At ;.

These results seem to suggest that there is a critical limit up to which the nanoparticle mobility
can enhance the ordering process. Beyond this limit, the mobility of nanoparticle can be
detrimental to the ordering process and the ordering process is delayed due to frequent
redistribution of the monomer segments brought about by the large jumps in the nanoparticle

position.
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5.3.4 Conclusions

The applicability of EPD technique to study ordering in block copolymer nanocomposites
was demonstrated in this section. Preliminary results for relatively small box sizes seem to
suggest that dipolar interaction strength plays a major role in the kinetics of alignment. Higher
dipolar interaction strength leads to faster alignment, whereas higher mobility of nanoparticles is
beneficial to up to a critical limit. Higher nanoparticle-block B interaction strength seems to
quicken the ordering process as evident from the temporal evolution of the orientational order
parameter. This study stops short of making detailed claims about the ordering and defect
annihilation mechanisms due to the limitations of the small box size. A more detailed analysis
using a much larger box size to accurately capture the statistics of defects annihilation will be

undertaken as follow up study for a future publication.

5.4Results from TDGL Method

For large scale simulations we use Cell Dynamics Simulation (CDS) technique as it is
computationally efficient. It describes the phase separation dynamics qualitatively and preserves
the essential scaling laws of domain coarsening observed in phase separating systems such as
block copolymers and polymer blends (6, 7). We study the defect annihilation in the hexagonal
phase of block copolymers and demonstrate the effect of repulsive dipolar interactions on defect
annihilation dynamics. This model considers the nanoparticles as “soft spheres” and allows for
non-zero order parameter (see chapter 2, section 2.2.3) inside the nanoparticles. Hence these
results do not accurately capture the order to order (OOT) phase transitions due to the excluded

volume interactions between the nanoparticles and block copolymers.
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A square 2D lattice of 128 by 128 grid points is considered. The simulation box size is kept
fixed at 64 R, and the nanoparticle size is kept fixed at Rp = 0.5 R,. The parameters of the
simulation (see chapter 2, section 2.2.3) are chosen so as to obtain the hexagonal phase of the
block copolymer,f = 0.3, « =0.06, T =0.3, 0 =0.23, v=0.38, $ =0.03, D =0.3 (8).
The noise amplitude is kept fixed at n, = 0.25, and is calculated using the criterion mentioned in
(8). The interaction strength between the nanoparticles and the block copolymer, and the dipolar

interaction strength are varied in the set of simulations discussed in the following sections.

5.4.1 Defect Annihilation in Hexagonal Phase of Block Copolymers

In a perfect hexagonal lattice, each lattice point has 6 nearest-neighbors (NN). In a typical
asymmetric block copolymer forming a hexagonal phase, the minority nanodomains form a
hexagonal lattice. In polycrystalline morphology, not all the minority domains have 6 NN, while
some have 5 NN, others have 7 NN. These defects occur in pairs and are termed as ‘5-7 defects’.
We monitor the temporal evolution of total number of such defects, using Voronoi tessellation
of the morphologies (8), and study the rate at which the total number of defects decreases at

various stages of domain coarsening/ordering process.

5.4.1.1 Effect of Nanoparticle Dipolar Interaction Strength
For a typical asymmetric block copolymer (f = 0.3) forming a hexagonal phase (in 2D),
the defect scaling follows 1/3™ law during initial stages of coarsening while 1/5™ scaling law is

observed during the late stages. A typical scaling law for defect annihilation is expressed as,

1

fa =A4e"

-

(5.4)
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fa is the defect concentration (number of defects per unit area), A is an arbitrary constant, I is
the defect scaling exponent. I' = 3 during early stages of the ordering process and I' = 5 during

the late stages of the ordering process.

The basic strategy for defect annihilation using superparamagnetic nanoparticles is as
follows. Under out of plane magnetic fields, the repulsive dipolar interactions between the
nanoparticles force them to form a hexagonal lattice. Due to the long-range nature of the dipolar
interactions, the defect concentration in the hexagonal lattice of nanoparticles is lower.
Therefore, we envisage employing this long-ranged nature of dipolar interactions to reduce the
defect density in the hexagonal lattice formed by the nanodomains of the asymmetric block
copolymer. In order to realize faster defect annihilation using this technique, we anticipate
sufficient interaction strength between the nanoparticle and the minority block (Vo) as an
important requisite for an efficient redistribution or re-ordering of the minority domains around
the nanoparticles; provided other parameters such as nanoparticle size, loading etc are chosen

appropriately so as to obtain symmetry matching conditions (see chapter 4, section 4.3.2).

For symmetry matching conditions (see chapter 4, section 4.3.2), we use a nanoparticle
volume fraction of ®p =0.06 in this study, and the nanopatrticle size is chosen to be Rp = 0.5 R,.
Under these conditions, we have exactly one nanoparticle per minority nanodomain. The dipolar
interaction strength is varied and the defect annihilation scaling is studied. Figure 5.8 shows the
effect of dipolar interaction on the defect annihilation of hexagonal morphology. Higher dipolar

interaction strength results in faster rate of decrease in the defect concentration.
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Figure 5.8. Effect of dipolar interaction on the kinetics of defect annihilation in hexagonal
morphology, ®p =0.06, V,= =0.03,f =0.3, « =0.06, t=03, 0 =023, v=038, D =
0.3, L =64 R,.

5.4.1.2 Effect of Nanoparticle Surface Affinity

The interaction free energy between the nanoparticle and block copolymer in the TDGL model is

expressed as (see chapter 2, section 2.2.3),

W-ﬁfl)

V(i-R;) = Voe_( R (5.5)

We vary the interaction strength V, and study its effect on the kinetics of defect annihilation.
From Figure 5.9 we observe that higher interaction strength V, results in faster defect

annihilation.
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Figure 5.9. Effect of nanoparticle-block copolymer interaction on the kinetics of defect
annihilation, the dipolar interaction strength, A =9, ®p =0.06, § =0.03, f = 0.3, a = 0.06,
1=03, 0 =023, v=038 D =03,L=64R,.

5.5Conclusions

This chapter provides a preliminary analysis of kinetics of alignment in symmetric block
copolymers (using EPD technique) and kinetics of defect annihilation in asymmetric block
copolymers (using TDGL model). We observe that dipolar interactions have significant effect on
the ordering process. The kinetics of alignment is altered upon introduction of
superparamagnetic nanoparticles. The results are obtained for smaller box sizes (16 Ry),
nevertheless, they do provide a qualitative picture of rate of alignment and its dependence on the

system parameters such as the nanoparticle mobility, the dipolar interaction strength and the
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nanoparticle-polymer interaction strength. The EPD technique is employed for the first time to

study the dynamics of block copolymer nanocomposites.
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Chapter 6

Scope for Future Work

The main goal of thesis was to study the effect of dipolar interactions on the structure of
the block copolymer superparamagnetic nanoparticle composites. We employed a variety of
simulation techniques to study the thermodynamics and kinetics of self-assembly occurring in
such novel systems wherein external magnetic field can tune the structure formation of one of
the components of the composite (i.e. the nanoparticles). This is one of the first studies to
exhaustively investigate particle-particle interactions and their effect on the morphologies of the
block copolymer nanocomposite. The simulation techniques account for excluded volume
interactions between the nanoparticles and the block copolymer and hence capture the OOT

accurately.

While this is just a first step towards understanding the role of particle-particle
interactions on the structure of block copolymer nanocomposites, we envisage this has

tremendous scope for future work. Some of the possible avenues to explore could be:

1. Role of Nanoparticle Geometry: We assumed throughout this work, that
nanoparticles are hard spheres. While this may be a good first approximation, in
reality, the nanoparticles can be of different shapes. It would be interesting to study
the effect of nanoparticle shape on the morphology of the nanocomposite.

2. Role of Nanoparticle Size Distribution: We assumed that the nanoparticles are

monodisperse. In experiments, log-normal distribution of nanoparticles is typically
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observed during synthesis of superparamagnetic nanoparticles. All the simulation
techniques and methods of analysis mentioned in this thesis could be very easily
extended to include nanoparticle size distributions instead of just monodisperse
nanoparticles. Important engineering questions could be answered by this study such
as what are the allowed particle size distributions that yield good orientational
ordering of block copolymers.

Effect of Non-Uniform Magnetic Fields: We assumed that the external magnetic
fields are uniform. Gradation in magnetic fields can result in agglomeration of
magnetic nanoparticles causing a high local concentration of nanoparticles,
subsequently resulting in a morphological transition locally.

Anisotropic Particle-Polymer Interactions: We could have anisotropy in the
nanoparticle-polymer interactions. Janus nanoparticles with two different surface
affinities are well known. It would be interesting to study the effect of dipolar
nanoparticles that have anisotropic surface interactions with the block copolymer.
Block Architecture: All the simulation techniques can be easily extended to different
block architectures such as linear tri-block copolymers, star-block copolymers etc.
This drastically widens the number of simulation parameters and could be daunting

task.
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