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ABSTRACT

There is a vast set of industrially-relevant materials for which traditional molecular model-

ing techniques are not sufficient. Semiflexible, anisotropic, and stimuli-responsive materials

all present distinct challenges toward the traditional techniques of developing theories and

models with which to describe them. In this work, we develop specialized models to handle

several different types of difficult materials, and then we use these newly developed mod-

els to perform a study on them. First we examine conjugated materials used in organic

photovoltaics by creating an anisotropic coarse-grained model capable of describing the nec-

essary twisted and fused geometries. A network analysis is performed to determine that

molecules that are the most twisted can resist crystalline ordering and tend to work best

for forming morphologies that are most fully connected and can easily transmit excitons.

Second, we examine a semiflexible polymer brush that experiences nematic interactions by

extending the theories that are commonly used to describe brushes with a wormlike chain

backbone and Maier-Saupe pair interactions. We then examine the effect that grafting den-

sity and polymer length has on the nematic ordering that the brush experiences, and find

that increasing grafting density tends to increase nematic correlation lengths, while increas-

ing polymer length increases configurational entropy and decreases nematic ordering. Third,

we examine polymers grafted onto cellulose nanocrystals under various solvent conditions

by using a coarse-grained model with a three-body potential to implicitly model different

solvent effects. We derive free energies as a function of distance and orientation between

pairs of cellulose nanocrystals and use them to parameterize a coarser model and examine

morphologies of cellulose nanocrystal suspensions for water percolation. Finally, we examine

the self-assembly behavior of multi-component bottlebrush polymers in two architectures,

diblock and Janus bottlebrushes, by extending a polymer model to include different archi-

tectures. We find that the two architectures have very different phase behavior, diblocks

behave similar to linear polymers while Janus bottlebrushes rely more on the extent of side

chain stretching to dictate their behavior.
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CHAPTER 1

INTRODUCTION

Semiflexible, anisotropic, and stimuli-responsive molecules make up an enormous class of

industrially-relevant materials. From the polymers found in organic solar cells to so-called

“smart materials” that can reshape themselves upon encountering changing ambient condi-

tions to micron-sized cellulose-based nanocrystals that can be used for water uptake, these

materials have found many uses in both business-minded product development and purely

scientific study. Although these types of materials have shown great promise for their poten-

tial impact on technology, they present challenges toward the traditional routes of developing

theories and mathematical models to describe them. Such models are absolutely essential

for improving our understanding of these materials and further developing our grasp on how

best to use them. The most commonly used models, such as atomistic models for molecular

dynamics, often perform very poorly when describing these types of systems. Typically, these

models are designed for systems that are isotropic, at or near equilibrium, and of small size.

The nature of anisotropic and semiflexible materials often resist full equilibration, tending

more towards glassy states. Additionally, the large sizes of the molecules themselves can

make full-scale atomistic simulations impractical outside of the largest and fastest super-

computers available. Instead, coarse-grained models must be designed specifically for each

system of interest.

In this dissertation, we present several new models developed to study some of these

challenging systems. The dissertation is organized into four main chapters. The common

narrative throughout each chapter starts with a system that is difficult to describe using

conventional modeling techniques. Then, a new model is described and developed to theo-

retically tackle the system. The model is then used to perform a study and new conclusions

are drawn from the results of the simulations, thus concluding the narrative.

In Chapter 2, we examine a specific type of molecule for use in organic photovoltaics. The

molecule, a conjugated-small molecule acceptor called perylene diimide, is highly anisotropic,
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with incredible π-stacking tendencies. Furthermore, the molecule can be modified into sev-

eral exciting architectures, including nanoribbons and propellor-like molecules with high-

performing optical properties. We develop a new type of anisotropic coarse-grained model

to handle this molecule and others like it, consisting of a pair potential called the S-function

potential combined with torsional potentials defined between disks. These two features al-

low the model to capture the enormous anisotropic energetic wells that accompany perylene

diimide as well as the twisted and fused architectures commonly found in molecules derived

from it. Several of the molecular architectures are then examined more closely by running

large scale simulations to reproduce their morphology in the bulk. Some simple network

analysis is then carried out to examine their connectivity and determine which architectures

work best for transmitting electricity throughout the material. It is shown that the more

twisted the molecular architecture, the more fully connected the network becomes which

enhances percolative electron transfer throughout.

In Chapter 3, we examine semiflexible polymer brushes that experience nematic inter-

actions. These polymers belong to the class of so-called “smart materials” meaning that

they can respond differently to changing conditions. Polymer brushes in general have been

examined closely in numerous previous studies, and many theories have been developed to

describe them. However, a large number of interesting polymers are both semiflexible and ex-

perience nematic interactions, specifically conjugated polymers that can conduct electricity

and polymers with liquid crystalline monomers or moieties. These types of polymer brushes

are less studied and hardly anything is known about their phase behavior. A coarse-grained

model is developed that incorporates a discrete wormlike chain to describe the semiflexible

backbone of the polymer, and a Maier-Saupe pair interaction to describe nematic effects.

The polymer brush is examined under different grafting densities and polymer lengths. It is

found that at low grafting densities, the brush tends to form small, locally aligned nematic

clusters. As the grafting density is increased, the clusters get larger until they begin to over-

lap and a single continuous fully aligned brush is formed. In contrast, increasing the polymer
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length causes the brush to lose its nematic characteristics due to increasing conformational

entropy. At high enough polymer length, polymer brushes become isotropic regardless of the

grafting density.

In Chapter 4, we examine block copolymer brushes and mixed brushes grafted onto cellu-

lose nanocrystals. Cellulose nanocrystals are highly functionalizable biodegradable nanoma-

terials. One promising application for cellulose nanocrystals is grafting polymers onto them

to enhance water uptake and water filtration. Similar to the previous chapter, the polymers

grafted onto cellulose nanocrystals are stimuli-responsive. However, rather than the stimuli-

responsive nature coming from nematic interactions between chains, the polymers instead

react strongly to different solvent conditions. For example, one component of the polymer

may collapse in a solvent, while the other swells. A model with a three-body potential is

developed that can model such solvent effects implicitly. The model is then used to calcu-

late pair potentials between polymer-grafted cellulose nanocrystals under several different

solvent conditions. Thermodynamic intergration is used to calculate both the free energy as

a function of distance and as a function of orientation. Next, these potentials are used to

parameterize an even coarser model for the cellulose nanocrystals themselves. This model is

then used to examine bulk cellulose nanocrystal morphology and some elementary clustering

analysis is performed to quantify it.

In Chapter 5, we examine bottlebrush polymers and their self-assembly behavior. Bottle-

brush polymers are a fascinating subclass of polymers, consisting of polymers with sidechains

that are themselves polymeric. A lot of the most interesting properties of bottlebrush poly-

mers comes from the repulsive effect that accompanies the crowded region near the polymer

backbone. This steric repulsion creates side chains that are fairly extended, and a backbone

that is fairly rigid, resulting in polymers that can resist entanglement. In addition, the added

complexity of the bottlebrush architecture provides many opportunities for added complex-

ity to phase separation. In this chapter, we examine two different types of two-component

bottlebrush polymers and examine their phase separation behavior: diblock and Janus bot-
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tlebrushes. Diblock bottlebrushes have two blocks along the backbone; the first block has

polymer side chains of type A, while the other block has polymer side chains of type B.

Janus bottlebrushes, in comparison, have two side chains for each backbone monomer, one

of type A and one of type B. We build a model similar to the traditional polymeric field

theory-type models, but we use Monte Carlo simulations, which allows us to examine im-

portant fluctuation effects. We find that diblock bottlebrushes have phase behavior similar

to linear diblock polymers, longer chains appear to promote more phase separation. Janus

bottlebrushes, however experience different phase behavior, where the backbone polymer

length has little effect on the phase behavior.

Finally, in Chapter 6, we present a brief overview summarizing all of these findings and

conclude. The general conclusion of this dissertation is that there is a host of materials of

industrial interest for which traditional atomistic simulation models work poorly, and that

new models must be derived instead to handle them.
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CHAPTER 2

STRUCTURAL CORRELATIONS AND PERCOLATION IN

TWISTED PERYLENE DIIMIDES USING A SIMPLE

ANISOTROPIC COARSE-GRAINED MODEL

2.1 Abstract

Large, twisted, and fused conjugated molecular architectures have begun to appear more

prominently in the organic semiconductor literature. From a modeling perspective, such

structures present a challenge to conventional simulation techniques; atomistic resolutions are

computationally inefficient, while traditional isotropic coarse-grained models do not capture

the inherent anisotropies of the molecules. In this work, we develop a simple coarse-grained

model that explicitly incorporates the anisotropy of these molecular architectures, thereby

providing a route towards analyzing π-stacking, and thus qualitative electronic structure,

at a computationally efficient coarse-grained resolution. Our simple coarse-grained model

maintains relative orientations of conjugated rings, as well as inter-ring dihedrals, that are

critical for understanding electronic and excitonic transport in bulk systems. We apply this

model to understand structural correlations in several recently synthesized perylene diimide

(PDI)-based organic semiconductors. Twisted and non-planar molecular architectures are

found to promote amorphous morphologies while maintaining local π-stacking. A graph the-

oretical network analysis demonstrates that these twisted molecules are more likely to form

percolating three-dimensional pathways for charge motion than strictly planar molecules,

which show connectivity in only one dimension.

2.2 Introduction

A variety of molecular models exist for investigating the morphological and optoelectronic

properties of conjugated systems. These models range from the fine-grained, in which ab
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initio methods are used to simulate the electronic degrees of freedom, to the strongly coarse-

grained, in which large superstructures representing clusters of molecules or fluid elements

are used to access longer length scales. For conjugated materials, it is desirable to capture the

main local structural features that influence optoelectronic properties, and to describe the

mesoscale morphology that is ultimately responsible for the performance of a material. Con-

jugated systems are peculiar in that conventional coarse-grained models that were conceived

for isotropic materials are often ill-suited to describe the strongly interacting, rigid, and

anisotropic moieties, which can induce anisotropic packing and crystallization into distinct

morphologies. Even as alkylic side chains are introduced into conjugated systems to promote

solubility, the resultant morphologies exhibit pronounced anisotropic structural correlations.

Concrete examples of such systems are provided by a range of recently synthesized organic

semiconductors consisting of large, fused, and twisted conjugated architectures.[156, 155, 154,

93, 19, 58, 146] Past coarse-grained models for conjugated systems have generally relied on

spherical beads connected by springs[65, 91, 80, 61, 119, 36, 50, 119, 33, 1, 56] or on prolate

ellipsoids[79, 77, 78, 135, 73] to represent clusters of monomers along the backbones of

conjugated polymers. In doing so, some of the anisotropic interactions critical to describing

many conjugated moieties are averaged out. Recent work has attempted to incorporate

soft anisotropic interactions[46, 47] into models of conjugated polymers, but has so far been

restricted to a single class of polymers and is not straightforwardly generalizable to different

molecular architectures.

Importantly, in traditional coarse-grained models, extracting information about the op-

toelectronic functionality of a film of organic semiconductors necessitates a multi-scale ap-

proach. More specifically, the coarse-grained model must be back-mapped onto a fine-grained

model which should then be allowed to relax before any optoelectronic characterization via

quantum-chemical calculations are performed. Given the existence of a substantial literature

on phenomenological electronic Hamiltonians that rely on simple configurational degrees of

freedom,[150, 51, 63, 64, 13] the back-mapping to obtain optoelectronic information could in
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principle be avoided, especially for qualitative electronic structure analysis. Significant in-

formation regarding electronic properties of a material could be directly obtained at coarse-

grained resolution if the relevant configurational degrees of freedom were included and a

suitable phenomenological Hamiltonian were parameterized.

Moreover, a coarse-grained model that focuses on retaining only nuclear degrees of free-

dom that are relevant to the valence electronic structure would potentially be desirable,

particularly in the current era of multi-ring fused conjugated structures reported in the

recent synthetic literature. The twisted helical nano-ribbons developed by Zhong, et al

(Figure 2.1). [156, 155, 154] provide a good example of a molecular structure where there

is no straightforward path to traditional coarse-graining, even though the entire structure

is fused, twisted, and rigid, making an atomistic description inefficient for computational

modeling work. A simple, generalizable coarse-grained model capable of accurately describ-

ing these unusual types of conjugated materials would find many uses and applications for

development and characterization of organic electronic materials.

With those goals in mind, a coarse-grained model is presented here for organic semicon-

ductors that is inspired by techniques more commonly used to investigate liquid crystalline

systems.[97, 86, 84, 8, 11, 75, 41, 144, 22, 10, 5, 49, 81, 60, 107] Flat, rigid, and disk-like

regions of molecules are represented by anisotropic “disks”, with both orientational and

translational degrees of freedom, whereas non-conjugated portions of the structures (e.g.

alkyl chains) are described with simple isotropic beads. Interactions between disks are in-

herently anisotropic, thereby facilitating description of anisotropic conjugated systems, es-

pecially twisted and fused ones. Rather than averaging over all possible orientations of the

rigid component, a disk-like description can often allow for a closer correspondence between

the coarse-grained and atomistic models while reducing computational costs - for simple

conjugated systems, it could even allow for a one-to-one correspondence. In addition to pro-

viding a more faithful description of anisotropic correlations between molecules, this level

of representation allows for meaningful optoelectronic analysis using preserved dihedral an-
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gles, π-stacking distances, and nearest-neighbor orientations. By avoiding back-mapping to

atomistic models and quantum-chemical analysis, the proposed approach has the potential

to further accelerate the ability to access configuration-dependent optoelectronic properties,

which is a primary goal of organic semiconductor modeling.

The outline of the paper is as follows. Section I presents the coarse-grained model,

strategies for coarse-graining, and methods used for ensemble simulations. Section II applies

the model to elementary conjugated rings as a proof of concept for comparing structural

features between coarse-grained and atomistic representations. The model is then applied to

study a variety of fused, non-planar conjugated perylene diimide (PDI)-based systems that

have been reported in the recent literature. A network analysis approach, similar to that of

Savoie et al.,[118] is implemented on the coarse-grained configurations to assess the ability

of the underlying charge transport networks, as represented by π-stacking correlations, of

twisted conjugated structures to percolate disordered films of these materials. In Section III,

we further suggest that for a number of optoelectronic applications, the optimal percolating

molecular structure is twisted and conjugated, and link the conclusions derived from our

coarse-grained model back to the chemistry of conjugated materials. Section IV presents our

concluding remarks.

2.3 Model and Methods

The proposed model consists of combinations of coarse-grained “disks” and “beads” to de-

scribe unique chemical components. Each large conjugated region of a molecule is described

by a single anisotropic disk. The disk may represent something that is truly disk-like, in-

cluding the flat and rigid components that are found in organic small molecule acceptors, or

the aromatic rings encountered along the backbones of conjugated polymers. Alternatively,

the disk may represent spherical moieties, such as fullerenes.[143] More isotropically inter-

acting regions of the molecular structure, such as those found along an alkylic side chain,

are described by spherical coarse-grained beads.
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Figure 2.1: Diagrams of the coarse-graining procedure for two of the PDI-based molecules in
this study. Rigid regions of the atomistic model are replaced by coarse-grained anisotropic
disks (green disks), while more isotropic regions, such as alkyl side chains, are represented
as coarse-grained beads (red spheres). In addition to these two objects, non-interacting rigid
attachment sites (black spheres) are used to bond objects to the coarse-grained disks at
locations other than their center of mass. Note that only methyl sidechains are shown in the
diagram, while octyl sidechains were used in simulations.

The configuration of a system is described by a position vector, r, and a momentum

vector, p. Coarse-grained disks are represented by a set of orthonormal unit vectors, u, f,

and v that uniquely determine their orientation, as well as an angular momentum vector,

L. For planar molecules, f is defined as the vector orthogonal to the plane of the disk, and

also acts as the uniaxial vector when evaluating the non-bonded energy. Here u is a vector

within a plane that is orthogonal to f ; v is defined such that v = u× f. In total, each disk

has 12 independent degrees of freedom (6 describing position and orientation, 6 describing

momentum), while a bead only has 6 independent degrees of freedom.

2.3.1 Bonded Potentials

Bonded interaction energies are described using harmonic bonds, harmonic angles, and

OPLS-style dihedrals.[69] Dihedral interactions can be defined between two adjacent disks

using the f vectors in addition to the more common four-body interaction (see SI). The

9



bonded energy is given by

Eb =
∑
i∈bonds

kb,i
2 (di − d0)2 +

∑
i∈angles

ka,i
2 (θi − θ0)2

+
∑
i∈dihedrals

1
2 [k1,i(1 + cosφi) + k2,i(1− cos 2φi)

+k3,i(1 + cos 3φi) + k4,i(1− cos 4φi)] (2.1)

In addition to these bonded interactions, rigid bonds are also included from the center

of mass of the coarse-grained disks to massless attachment sites. The locations of these

attachment sites can be uniquely specified in terms of the ufv coordinate system, so that

the attachment sites move and rotate with their corresponding disk. These attachment sites

allow for harmonic bonds and angles for linking sites that are removed from the disk center

of mass, which is necessary for specifying the location of side-chains on large conjugated

systems.

2.3.2 Non-Bonded Potential

Non-bonded interactions between disks are described using a pairwise anisotropic potential

consisting of an S-function expansion.[128] The potential takes as input the two vectors

describing the orientation for each pair of disks, fi and fj , and the vector describing the

distance between their centers of mass: rij = ri − rj . Since the interaction potential must

be rotationally invariant, it depends only on the dot products of the three relative orien-

tation vectors (fi,fj ,rij). The S-function expansion is a generalized Fourier series in these

dot products, and can be tuned to fit arbitrary uniaxial anisotropy. Note that, in general,

we find that the structures considered in this study are not described sufficiently well by a

Gay-Berne potential (See SI); typically, they require a flatter disk-like shape than the Gay-

Berne potential can represent. Additionally, the S-function expansion allows for T-shaped

configurations to have deeper energy minima than edge-to-edge configurations, which is im-

portant for capturing the intermolecular interactions between many aromatic rings.[124] The
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non-bonded potential used here is assumed to account for all Lennard-Jones and electrostatic

interactions of the underlying atomistic model. This short-ranged electrostatic assumption

is justified for PDI-based systems, as PDI is charge neutral and exhibits no dipole moment,

meaning the lowest order electrostatic interactions between PDI are quadrupole-quadrupole,

which will decay rapidly with distance (r) as (r−5), and can be absorbed into the short-

range S-function potential. For systems where long-range interactions are important, such

as molecules with permanent charge or dipole moments, the model must be extended to

incorporate a potential of the necessary form. Augmentation with additional potentials is

straightforward, as charge and dipole potentials can be included on top of the S-function

potential, and fast electrostatic solvers can be directly applied. Note that in such a case the

short-range electrostatic interactions should not be averaged into the S-function expansion,

and should be treated in the appropriate Ewald-like fashion.

The intermolecular potential is of the form:

Enb =
n∑
i=1

n∑
i<j

U(fi, fj , rij) (2.2)

For two disks:

U(fi, fj , rij) = 4ε(fi, fj , rij)
[
a12 − a6

]
(2.3)

a =
σ0

|rij | − σ(fi, fj , rij) + σ0
(2.4)

Interactions between coarse-grained beads, such as the methyl groups in an alkane, are

modeled using an isotropic Lennard-Jones interaction. Interactions between beads and disks

were described using a modification of the S-function expansion, (see SI) where only the

terms of the expansion that involve anisotropy of one disk are included. Specific definitions

for each term in Eq. 2.2-2.4, as well as the calculation of forces, are provided in the Appendix.
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Figure 2.1 displays a detailed schematic for how these coarse-grained anisotropic molecules

are represented.

2.3.3 Monte Carlo and Molecular Dynamics

Metropolis Monte Carlo simulations were performed in the NVT ensemble. Disk/bead dis-

placement, disk rotation, full molecule translation, and full molecule rotation moves were im-

plemented, with different moves being randomly selected with probabilities (0.3,0.3,0.2,0.2),

respectively. Attachment sites (as described in the Bonded Potentials section) are not treated

as independent components and are not given individual Monte Carlo moves. Instead, they

are updated simultaneously with their corresponding parent disk to reflect the rigid nature

of the bond.

Conjugated systems often exhibit high glass transition temperatures, and tend to be-

come kinetically trapped (non-ergodic). For example, PDI has an energetic minimum of

approximately 80 kJ/mol in the π-stacked configuration. While a variety of “advanced”

Monte Carlo techniques are available to address some of these issues,[142, 123] molecular

dynamics was used to determine time-dependent structural and dynamical properties in the

glassy state. Force and torque calculations for the S-function expansion are described in

the Appendix. In this work, the time evolution is performed using the symplectic and time-

reversible integrator of Kamberaj et al.[70, 104] Molecular dynamics runs are initiated from

high temperature configurations imported from Monte Carlo simulations, and annealed to

300 K over the course of 5 ns using periodic velocity rescaling. Once cooled, simulations

are propagated under NVE dynamics, from which structural and network analysis is then

performed over the course of 5 ns trajectories. The coarse-grained molecular dynamics model

described has been fully implemented in LAMMPS, and is available upon request.
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Table 2.1: PDI-based coarse-grained molecules used in this study

Architecture Group Image

PDI None Planar

Ph2b[58] Linear Planar

Ph2a[58] 2-Propeller (30 degrees) Non-Planar

TPH-0 3-Propeller (0 degrees) Planar

TPH-30[93] 3-Propeller (30 degrees) Non-Planar

TPH-60 3-Propeller (60 degrees) Non-Planar

TPH-90 3-Propeller (90 degrees) Non-Planar

4PDI Linear Planar
hPDI[156] Linear Non-Planar

2.3.4 Determination of Coarse-Grained Simulation Parameters

The coarse-grained interaction parameters used here were adopted with reference to atom-

istic models by using an iterative potential-energy matching technique. The parameters

defining the anisotropy as a function of relative orientation, ε(rij , fi, fj) and σ(rij , fi, fj),

were calculated by first fitting atomistic pair-wise potential energy curves as a function of

distance at a set of known minimum-energy configurations, as well as 100 randomly se-

lected orientations. These fitted curves provided values of σ and ε for each orientation. The

S-function expansion in the anisotropic ε(rij , fi, fj) and σ(rij , fi, fj) terms was then fit to

these values using the sbplx optimization routine.[68, 115] Each orientation was weighted

according to exp(−βε), so that orientations with the deepest energetic minima possessed the

highest accuracy, and the higher energy configurations, which are less relevant in statistical

averaging, were weighted less heavily. The goal for such fitting was to approximately retain
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the appropriate well-depths and contact distances in different orientations within the coarse-

grained model (see SI for fits to different molecules). For simple anisotropic molecules like

benzene and ethylbenzene, these potential energy functions should be sufficient in the dilute

limit, where many-body correlations can be neglected. In dense systems, these parameters

may require some correction. For benzene and ethylbenzene simulations, σ0 and ε0 were

fine-tuned by sweeping over a small range of perturbations around the original values, and

selecting those that best fit the RDFs. For simulations of PDI-based molecules, we use com-

binations of the disk parameterized to produce the well-depths and excluded volume of a

single PDI to generate the structures of Table 2.1, with no additional fine-tuning performed.

Bonded potential parameters were selected to match the mean bond length, mean angle, and

mean dihedral angle between different chemical components. Due to the stiffness and lack

of flexibility that are characteristic of conjugated systems, many bond, angle, and dihedral

parameters were chosen to render the molecules effectively rigid (see SI).

2.3.5 Coarse-Grained Analysis of π-Stacking Correlations

By construction, the coarse-grained model preserves the fundamentally important orien-

tational anisotropies of the system; coarse-grained analysis of π-stacking correlations can

therefore be applied without relying on back mapping to more detailed atomistic represen-

tations. As a proof-of-principle, a network analysis based on the methodology of Savoie et

al.[118] was applied to determine the percolative nature of charge transport networks in the

simulated morphologies. This analysis uses a weighted adjacency matrix, w, to incorporate

the electronic coupling of the valence orbitals between neighboring molecules. In our analy-

sis, we use a geometrical definition of local π-stacking orientational correlations as a proxy

for the electronic coupling. Element wij of the adjacency matrix represents the “connection

strength” between disk components i and j. Disk components on the same molecule were

defined as “always connected” and given a weight of 1.0 in the weighted adjacency matrix

- this assumption reasonably treats all intramolecular electronic couplings as substantially
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larger than intermolecular. Intermolecular connection strength was determined via:

wij =
(
fi · r̂ij

)2 (
fj · r̂ij

)2 (
fi · fj

)2
e−α|rij | (2.5)

where α is a constant (0.1 Å−1 in this study),[145] f refers to the uniaxial normal vector

defining the orientation of a disk, rij is the vector defining the distance between molecules,

and the hat denotes a unit vector. This form of the connection strength was chosen to

capture the correct orientational dependence of π-stacking, as well as the correct distance

dependence of the electronic coupling.[145] We note that this form for the graph weights

has been used previously, and can quantitatively describe the orientationally dependent

electronic couplings in ethene, as well as many of the qualitative changes in more complex

organic semiconducting molecules[134, 9, 63].

For network analysis, w was used to decompose the weighted graph into unconnected

subgraphs. A threshold connectivity criterion, ζ, was set, and for each disk pair, if the

corresponding wij was greater than ζ, the two disks were considered connected. Otherwise,

they were considered unconnected. From this connection graph, the degree of connectivity, φ,

was calculated. The degree of connectivity provides a measure of how connected a network

is, and was defined as the inverse of the number of unconnected subgraphs for a given

threshold value of w.[118] For example, if all “nodes” in the network are connected to all

other nodes, then there is only one subgraph, and the degree of connectivity is unity. If

four such subgraphs can be described amongst which all nodes are connected, but having no

connections across subgraphs, then the degree of connectivity is 0.25. The dependence of φ on

ζ was determined for different molecular architectures described in Table 2.1. Morphologies

that exhibit the most percolative charge transport networks are those that remain fully

connected (φ = 1) at high threshold values and resist fracturing of the network. If a bulk

morphology has a high degree of connectivity on the basis of electronic couplings, then it

represents a necessary, but not sufficient, criterion for efficient performance. Note that other
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factors such as energetic disorder also play a critical role in charge carrier transport.[7]

2.4 Results

2.4.1 Simple Conjugated Rings

As benzene is one of the simplest conjugated rings, liquid benzene was selected as a test of our

model’s ability to capture the most important features of an anisotropic conjugated system.

While benzene may appear trivial, it is important to examine in detail for two reasons. First,

it allows for the assessment of the flexibility of the S-function expansion, since the T-shaped

configuration of benzene has a lower energy than the π-stacked configuration,[6] and has a

closer contact distance than the Gay-Berne model will allow (see SI). Second, benzene is a

common building block of many conjugated materials, and its accurate description is essen-

tial. Anisotropic S-function parameters were determined from the benzene OPLS-AA force

field[69] by directly fitting potential energy surfaces between molecules using the nonlinear

sbplx optimization routine.[68, 115] Scaling parameters for the S-function potential, σ0 and

ε0, were then tuned to fit the RDF of the atomistic simulation at 300 K. Figure 2.2 displays

the plots of the RDF, where quantitative agreement between atomistic and coarse-grained

models is observed at 300 K, as well as 250 K and 350 K using the coarse-grained parameters

derived at 300 K.

Ethylbenzene was selected as a second test system, as it is structurally similar to benzene,

but allows for the incorporation of isotropic beads in conjunction with anisotropic disks

in the coarse-grained representation. The ethylbenzene system was modeled as a disk to

represent the aromatic ring, with two beads to represent the methyl groups. The disk

parameters controlling anisotropy were taken to be the same as those of benzene. Parameters

for the methyl groups were selected from the OPLS-UA force field, and the bond, angle, and

dihedral parameters were determined through direct Boltzmann inversion at 300 K. All

ethylbenzene parameters used here are provided in the Appendix. Ethylbenzene simulations
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Figure 2.2: Comparison between RDFs for coarse-grained and atomistic benzene and ethyl-
benzene at 250 K, 300 K, and 350 K. All coarse-grained simulations use parameters fitted
to 300 K atomistic simulations.

.
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were run at 300 K and 250 K with identical parameters, and the resulting RDFs are presented

in Figure 2.2. The model accurately describes the atomistic system over a wide range of

temperatures and densities. The high accuracy of the coarse-grained model can be attributed

to the simplicity of benzene and the phenyl group. The S-function potential can properly

accommodate and account for nearly all orientation dependencies of the atomistic interaction

potential due to benzene’s near-uniaxiality. For larger, biaxial or non-symmetric conjugated

moieties, this level of transferability cannot be expected.

2.4.2 Perylene Diimide Derivatives

Coarse-grained simulations were performed on a number of systems of PDI-based small

molecule organic semiconductors from the organic photovoltaic (OPV) literature, including

helical nanoribbons,[156, 155, 154, 125] three-bladed propellers,[93] and ring-fusion based

molecules.[58] (Table 2.1) The majority of these structures are based on recent reports, but

four hypothetical structures (4PDI, TPH-0, TPH-60, TPH-90) have also been included that

represent slight perturbations of existing structures. Simulations were used to assess the

impact of molecular structure on both the resulting morphology, as well as the percolative

connectivity of the morphology for charge transport. In general, the most robust materials

in the context of OPVs are those wherein the bulk material exhibits fully percolated charge

transport pathways. Morphologies that are fully connected and do not contain a preferred

conducting direction naturally work best to promote this desired behavior.[63, 64, 118, 136,

103] Simple, flat disk-like molecules, such as bare PDI, are expected to crystallize readily, a

fact well-known experimentally.[85, 57] While these molecules are well-coupled electronically

along “tubes” in the π-stacking direction,[118] the tubes are inherently one-dimensional. The

more distorted “non-planar” structures are designed to disrupt crystallization and induce

disorder in the bulk structure, all while maintaining a percolative network.

Coarse-grained interaction parameters between disks were chosen to retain the main qual-

itative features of PDI - specifically the relative orientational well-depths and positions. The
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same fitting procedure as was used for benzene was used to capture the well-depths and

shape parameters of PDI in different orientations. Unlike benzene, however, these systems

tend to readily crystallize or form glassy states at ambient temperature due to the strength

of the π-π interaction. For this reason, direct comparison of RDFs between atomistic and

coarse-grained systems was not effective, as they largely depend on the precise structural

details of whichever kinetically trapped state the system is in. Rather than focusing on

reproducing quantitative structural features in this study, we are interested in learning how

simple changes to molecular architecture can influence the robustness of percolative network

formation in disordered morphologies. Specifically, molecules whose charge transport net-

works are robust to nanoscale disorder may be useful in a variety of organic semiconducting

applications. In view of these facts, along with the deep enthalpic minima of the π-stacked

configurations and highly rigid structures, we did not modify the S-function potential beyond

the initial fitting to exactly match coarse-grained and atomistic RDFs.

Molecular configurations were prepared with 150 PDI disk components in a cubic simu-

lation box with 50 Å sides and periodic boundary conditions. Each disk included an octyl

side-chain attached at each N-imide position of the PDI (2 octyl chains/PDI), where the

alkyl groups of the side-chains were represented as coarse-grained beads with OPLS-UA pa-

rameters. This density corresponds to ∼ 1.1 g/cm3, which is that obtained by cooling an

atomistic OPLS model for octyl-PDI from 600K to 300K at a cooling rate of 10K/ns. The

total number of molecules for each molecular architecture of Table 2.1 was varied in order

to maintain a constant density. For example, bare PDI had four times as many molecules in

a simulation as hPDI, but was represented with the same number of disks and density. All

results were averaged over five independent trajectories for each molecular structure.

2.4.3 Morphologies of PDI Derivatives

For convenience, the different molecular architectures of Table 1 can be divided into two

groups, referred to as “planar” and “non-planar.” Planar molecules have all conjugated
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Figure 2.3: Global nematic order parameter comparison between different PDI-based
molecules. Order parameter analysis utilizes the PDI disk orientational vector f.

.

regions located within the same plane: PDI, Ph2b, TPH-0, and 4PDI. We expect these

molecules to exhibit a strongly preferential stacking direction, which could give rise to large

crystalline regions throughout the film. Non-planar molecules are those with fixed torsions

throughout : TPH (30, 60, and 90 degree variants), Ph2a, and hPDI.

Global nematic order parameters and radial distribution functions were computed for the

morphologies of all structures displayed in Table 2.1, and are presented in Figure 2.3 and

Figure 2.4, respectively. Nematic order parameter analysis used the f orientational vector of

each PDI disk and was calculated as the largest eigenvalue of the Q-tensor:

Q =
1

N

N∑
i=1

(
3

2
fif
T
i −

1

2
I
)

(2.6)

From the nematic order parameter analysis, there is a clear preferential alignment for the

large planar molecular structures within the bulk morphology, in particular 4PDI and Ph2b.

These molecules, upon inspection of the morphologies, cluster readily into small groups. PDI

displays a smaller value of the nematic order parameter than both 4PDI and Ph2b while

simultaneously having a similar height of the first neighbor peak of the RDF. This suggests
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that bare PDI tends to correlate strongly with its immediate neighboring molecules because

of its smaller size, but independent clusters do not have persistent orientations over many

molecular lengths, which lowers the value of the nematic order parameter. 4PDI, TPH-0,

and Ph2b, having stronger neighboring interactions, exhibit larger orientational correlations

with their longer-range neighbors.

Compared to the planar molecules, the non-planar molecules exhibit smaller values of

the nematic order parameter, which is to be anticipated considering that their twisted archi-

tectures disrupt molecular alignment. Surprisingly, the RDFs for nearly all of the PDI-based

molecules show similar features, including a peak at approximately 4.5 Å. However, the

propeller-like molecules display a weaker first peak than the linear molecules, which corrob-

orates their design as more disordered materials.

PDI components on the twisted propeller-like molecules are placed together in such a way

that excluded volume effects frustrate π-π stacking, as exhibited by the TPH molecules in

Figure 2.3. Rather than aligning directly on top of each other, individual PDI components

are forced into a π stacking configuration that is slightly offset, which is revealed by a first

peak in the RDF that is smaller than that found for the linear molecules. For TPH-30, the

first peak of the RDF is noticeable at 4.5 Å, even though it is smaller than that of the linear

molecules, which indicates that PDI components are still able to stack to some extent. The

excluded volume effects are so strong in TPH-60 and TPH-90 that the first peak is changed

entirely. In TPH-60, the system is nearly amorphous, so no first peak can be seen. Since

TPH-90 has its side chains perpendicular to the rest of its body, the molecules align in a

manner similar to gears in a cogwheel assembly. Excluded volume effects in TPH-90 push the

first peak to a distance of 5.5 Å. Linear molecules do not have the same packing frustration

effects as the TPH variants; hPDI, TPH-0, 4PDI, and Ph2b all show similar behavior at the

first peak, indicating that PDI components on these linear molecules are allowed to overlap

directly, and not forced into offset π stacking configurations.
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Figure 2.4: Intermolecular RDF for all PDI-based molecules. a) shows RDFs for planar
molecules, while b) shows RDFs for the non-planar molecules. Linear molecules show sharper
first peaks than propeller-like molecules, a result of the stronger excluded volume effects in
propeller-like molecules.

.
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Figure 2.5: Degree of connectivity (φ) as a function of connectivity threshold value (ζ) for
all simulated molecular structures. Planar molecules show a rapid drop in φ compared to
non-planar molecules, indicating that their morphologies are not as percolative as those of
the non-planar molecules.

.

2.4.4 π-Stacking and Percolation Analysis of PDI Derivatives

The network analysis procedure described in the Methods section was performed for all

simulated molecular structures in Table 2.1. The results are shown in Figure 2.5. The

performance of different molecular structures was examined by comparing the degree of con-

nectivity, φ, as a function of threshold value, ζ. At low ζ, the network is fully connected,

which is shown in the limit as ζ → 0. As ζ is increased, the morphology eventually fractures

into unconnected subgraphs, represented by the drop in φ. Certain regions of the morphol-

ogy may be weakly connected, and fracture immediately upon increasing ζ, while others

may be strongly connected and will not fracture even for high ζ. Our main concern is to

determine which architectures are most percolative, meaning those architectures that resist

initial fracturing of the network and maintain a high degree of connectivity for as large a

value of ζ as possible. These same molecules are the ones that would likely perform most
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robustly in an OPV setting, where percolative connectivity is paramount. In nearly all cases,

the molecules described as non-planar fracture at higher ζ than the planar molecules.

A representative example of this behavior can be appreciated by comparing planar 4PDI

to non-planar hPDI, where the only difference between the two molecules is a thirty degree

torsion between neighboring PDIs along the backbone of hPDI. As shown in Figure 2.5, 4PDI

begins to fracture at a lower ζ than hPDI, and then fractures more rapidly as ζ is increased.

Upon inspection of the morphology (Figure 2.6 a,b), this behavior can be explained through

the observation that 4PDI tends to form crystalline clusters. Even though each cluster has

strongly connected PDI components within it, the connections across separate clusters are

weak. When ζ is increased, the network quickly breaks into these discrete clusters. In

contrast, hPDI promotes an amorphous morphology. While individual PDI components still

stack and remain highly correlated, as deduced from the RDF in Figure 2.4b, they do not

form clusters as in 4PDI. Individual hPDI molecules are spaced out more evenly than 4PDI,

and exhibit greater connections across molecules. Figures 2.6a and 2.6b show representative

morphologies of 4PDI and hPDI at ζ = 0.075 with each unconnected subgraph denoted by a

different color. The individual clusters can be clearly seen in the case of 4PDI; hPDI, while

not as tightly connected as 4PDI, maintains a more uniform morphology, which promotes

greater connectivity throughout the entire film.

Similarly, propeller-like molecules are effective at forming percolative structures because

of their non-planarity. The behavior of Ph2a compared to Ph2b is analogous to the behavior

of hPDI compared to 4PDI. The non-planar structure of Ph2a promotes disorder within the

film, allowing it to be more resistant to the initial network fracturing than Ph2b.

Interestingly, while all TPH variants exhibit a similar behavior in Figure 2.5, one can

identify several differences in their underlying morphologies. TPH-30 and TPH-60 have

similar behavior, and form three dimensional percolating networks, similar to hPDI and

Ph2a. Since TPH-90 aligns in a gear-like manner, it has a greater tendency to form two-

dimensional networks separated by alkyl side chain layers. An example of such a morphology
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can be seen in Figure 2.6e where the bottom two layers are nearly separate. This behavior

suggests that it is the low symmetry, twisted structures, such as in TPH-30, TPH-60, hPDI,

and Ph2a that disrupt crystallization and are more adept at forming three-dimensional

percolating networks.

These results correspond well to experimental characterizations of systems of Ph2a,

Ph2b,[58] and hPDI[155] using GIWAXS. In those studies, the twisted materials, hPDI

and Ph2a, were found to not have any preferred orientation relative to a substrate, and their

orientation correlation with surrounding molecules was found to be low. Ph2b, however, was

found to have a strongly preferred packing direction and be much more highly correlated

with surrounding molecules. Both of these results are strongly supported by our nematic

order parameter and network connectivity analysis.

2.5 Discussion

The results presented above serve to highlight some of the benefits, beyond increased compu-

tational efficiency, of relying on an anisotropic coarse-grained model for conjugated systems.

In multiscale modeling, it is common to select coarse-grained parameters based on some

form of statistical averaging over the configurations of a fine-grained model.[62, 122, 101,

102, 117, 90, 135, 98] In general, the more information that is removed during this aver-

aging process, the more the “effects” of this information must be implicitly built back into

the coarse-grained potential energy surfaces. The removal of information is the reason, for

example, that coarse-grained interaction potentials often exhibit a stronger temperature or

density dependence than the underlying detailed model, thereby limiting transferability. In

the case of the coarse-grained model presented here, the chemical moieties that are trans-

formed into coarse-grained disks are rigid; the atoms tend to vibrate slightly around their

equilibrium positions, but no systematic rearrangements of the moieties occur. In fact, a

recent study has shown that treating these moieties in conjugated systems as rigid bodies is

sufficient for describing bulk morphology,[59] effectively reducing the number of independent
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Figure 2.6: Visualized morphology networks with each color representing an independent
unconnected subgraph for ζ = 0.075. The morphologies are a) 4PDI, b) hPDI, c) Ph2b, d)
TPH-30, e) TPH-90, and f) Ph2a. Side chains are not shown for clarity. All images shown
here have unwrapped periodic boundary conditions. Note that planar molecules cluster into
separate groups, while non-planar molecules form three-dimensional percolating networks.
Additionally, when non-planar molecules fracture, only a few molecules break off and form
unconnected subgraphs, while the unconnected subgraphs in planar molecules are larger.
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degrees of freedom to the same level as the coarse-grained disk. The S-function expansion

allows for a great deal of anisotropic information to be encoded within its functional form,

and therefore reduces information loss during the coarse-graining process. For these reasons,

we expect this coarse-grained model to have greater transferability across different tempera-

tures and densities without having to adjust the interaction parameters, a hypothesis that is

supported by the high accuracy shown for the benzene and ethylbenzene models at different

temperatures and densities (Figure 2.2.

In addition to enhanced transferability, the coarse-grained model allows for meaningful

optoelectronic analysis. The application of the coarse-grained model to PDI-based molecules

is a simple demonstration to this end, where it is possible to isolate key structural features

of interest and examine their effect on bulk charge percolation behavior while ignoring less

relevant details at the atomistic level. Note that the full parameterization of an equivalent

atomistic model would be a demanding process using traditional simulation approaches, but

is rendered straightforward with the model introduced here. Furthermore, parameterization

would be challenging for traditional coarse-grained approaches where crucial torsion and

dihedral information would be eliminated. The minimal model of PDI used here suggests

that small organic molecules with twisted and non-planar architecture disrupt crystalliza-

tion within the bulk material, yet still promote connectivity. In general, these molecular

structures more robustly form three-dimensional percolating charge transport networks in

a disordered environment. In contrast, molecules with planar architectures readily crys-

tallize and form strong connections between one or two other molecules. Although planar

molecules form stronger connections than their non-planar counterparts, they do not form

percolative networks as connections between individual crystalline regions are weak. These

results support literature reports, which have hypothesized that rigid, planar structures are

not necessarily better for efficient charge transport, and that properly constructed molecular

architectures can exhibit robust charge transport even in disordered environments.[7]

More generally, this type of analysis could be extended beyond small organic acceptors
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to other conjugated materials. The ability of the S-function expansion potential to describe

arbitrarily anisotropic conjugated structures could be used to describe conjugated polymers

and their backbones, thereby greatly accelerating simulations while simultaneously main-

taining critical dihedral and orientational degrees of freedom. In the field of OPVs, such a

model could be extended to describe mixtures of polymers and small molecules, including the

spherical or near-spherical structure of fullerene and non-fullerene small-molecule acceptors.

Such a model of a bulk heterojunction would allow access to greater time and length scales

than is possible through atomistic simulations alone, while maintaining the monomer ori-

entations necessary for performing qualitative analysis of intramolecular and intermolecular

charge transport features in the bulk. Investigations of the application of this coarse-grained

model to polymers and mixtures is currently underway, and will be presented in a future

publication.

2.6 Conclusion

A flexible anisotropic coarse-grained model has been presented for the study of conjugated

molecules. The model was conceived to capture the most important features of such systems

for optoelectronic analysis. Applications to simple conjugated rings demonstrate quantitative

agreement between the coarse-grained and atomistic descriptions for common structural

properties. Coarse-graining of complex PDI-geometries relevant to small molecule organic

acceptors is showcased as a straightforward application of the model to conjugated system

geometries that are not amenable to traditional coarse-graining strategies. Simulations have

provided chemical insights showing that the more non-planar and lower the symmetry of a

molecular architecture, the more robustly that material’s charge transport network percolates

across the bulk structure. Molecules that are too planar tend to promote crystallization,

which prevents three-dimensional charge percolation.
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2.7 Appendix

2.7.1 Fits to Gay-Berne and S-Function Expansion Potentials

The Gay-Berne model for anisotropic interactions was found to be insufficient for modeling

both benzene and perylene diimide (PDI), as it does not have enough parameters to properly

describe their anisotropy. The Gay-Berne potential treats particles as ellipsoids. Whenever

the particles cannot be accurately treated as ellipsoids, substantial error appears in the

calculations. In the case of benzene, two molecules in the T-shaped configuration are at a

closer distance than what an ellipsoidal structure would allow, so it fails to properly capture

the distance of the minimum energy configuration. Figure 2.7 shows the potential energy

fits of the benzene molecules using the Gay-Berne potential and the S-function potential.

Note that in addition to the three orientations shown in Figure 2.7, 100 other randomly

selected orientations were also sampled as a function of separation distance to fit to the

two potential energy functions. The S-function expansion is more flexible when describing

anisotropic interactions, so it is better at capturing the non-ellipsoidal character of the

benzene molecule.

Figure 2.8 shows the potential energy fits for the PDI molecule in three representative

configurations. Note that the S-function expansion is a uniaxial potential, while the PDI

molecule has inherent biaxiality. The fitting procedure is averaged over all possible orien-

tations that could be considered the “face-to-face” and “side-to-side” configurations, which

is why the minimum energy fitted potential is not as large as that of the representative

configurations shown.

2.7.2 Comparison of AA and CG RDF

Since PDI is glassy at 300 K, direct comparisons of atomistic and coarse-grained radial dis-

tribution functions for independently initialized simulations is difficult. Instead, we here

show that the two representations are capable of stabilizing the same morphologies. Simu-
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Figure 2.7: Comparison of benzene potential energy fits using the Gay-Berne model and
the S-function expansion. Three representative orientations are shown. In addition to the
displayed orientations, randomly selected orientations were also used in the fitting procedure.

Figure 2.8: PDI potential energy fits using the S-function expansion for three representa-
tive orientations. Note that in addition to the displayed orientations, 100 other randomly
selected orientations were also fit. Fitting was biased using the Boltzmann factor so that
configurations with the deepest minima were fit more accurately.
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Figure 2.9: Comparison of all-atom (a) and coarse-grained morphologies (b) for perylene
diimide. Conjugated blocks are colored yellow, while alkyl side chains are red. Coarse
grained simulations were initialized by mapping from the atomistic configuration, and were
then allowed to relax.

lations of 500 atomistic PDI molecules were cooled from 1000 K to 300 K and allowed to

settle into a highly ordered morphology. The atomistic configuration was then mapped to

a coarse-grained representation, which was then simulated at 300 K and allowed to relax.

Figure 2.9 displays side-by-side comparisons of the fully relaxed atomistic and coarse-grained

configurations, which are qualitatively similar. Figure 2.10 compares the radial distribution

functions and nematic order parameters of the atomistic and coarse-grained models. As can

be seen, the height of the peaks are slightly different, but the location of the peaks themselves

are nearly identical. The nematic order parameter is also very similar. These results show

that the coarse-graining procedure discussed in the Methods section is sufficient to generate

models that stabilize the same morphologies.

2.7.3 S-Function Expansion

The S-Function expansion is a potential of the shifted Lennard-Jones form:

Enb =
n∑
i=1

n∑
i<j

U(fi, fj , rij) (2.7)
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Figure 2.10: Comparison of all-atom and coarse-grained radial distribution functions (a)
and nematic order parameters (b) for perylene diimide. Radial distribution functions were
calculated between the center of mass of each molecule.

U(fi, fj , rij) = 4ε(fi, fj , rij)
[
a12 − a6

]
(2.8)

a =
σ0

|rij | − σ(fi, fj , rij) + σ0
(2.9)

The precise definition of σ(fi, fj , rij) and ε(fi, fj , rij) depends on which types of particles are

interacting. Within our model, there are three possible types of interactions: disk-disk, disk-

bead, and bead-bead. For the bead-bead interactions, there is no orientation-dependence

and σ(fi, fj , rij) = σ0 and ε(fi, fj , rij) = ε0 so the non-bonded potential reduces to the

standard Lennard-Jones potential.

For disk-disk interactions, the orientation-dependence takes on the full S-function expan-

sion form:

f0 = fi · fj ; f1 = fi ·
rij
|rij |

; f2 = fj ·
rij
|rij |

(2.10)

σ(fi, fj , rij) = σ0[σ000S000 + σcc2(S202 + S022)
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+σ220S220 + σ222S222 + σ224S224] (2.11)

ε(fi, fj , rij) = ε0[ε000S000 + εcc2(S202 + S022)

+ε220S220 + ε222S222 + ε224S224] (2.12)

with

S000 = 1 (2.13)

S202 =
1

2
√

5

(
3f21 − 1

)
(2.14)

S022 =
1

2
√

5

(
3f22 − 1

)
(2.15)

S220 =
1

2
√

5

(
3f20 − 1

)
(2.16)

S222 =
1√
70

(
2− 3f21 − 3f22 − 3f20 + 9f1f2f0

)
(2.17)

S224 =
1

4
√

70
(1− 5f21− 5f22 + 2f20 − 20f1f2f0

+35f21 f
2
2 ) (2.18)

The calculation for bead-disk interactions is similar. However, since one of the interacting

33



objects has no f vector, only f1 can be meaningfully assigned.

σ(fi, fj , rij) = σ0 (σ000S000 + σcc2S202) (2.19)

ε(fi, fj , rij) = ε0 (ε000S000 + εcc2S202) (2.20)

In the cases of all forms of the interaction, the σ and ε variables are empirical parameters

that need to be fit. In this work, they were determined through a least squares fitting of the

underlying potential energy surface.

2.7.4 Dihedral Angles

OPLS-style dihedral potentials are used within the coarse-grained model to describe inter-

actions between adjacent disks. While the standard 4-body dihedrals can be used within the

model, more often it is useful to incorporate dihedral angles defined between only two disks.

In such a case, the f vector is used in place of the displacement vector between two of the

bodies. Figure 2.11 identifies the different cases for which the dihedral angle can be defined.

The dihedral angle can be determined from the following quantities, where b1, b2, and b3

are as defined in Figure 2.11 (These quantities will also be used for dihedral force and torque

calculations).

c11 = b1 · b1 (2.21)

c22 = b2 · b2 (2.22)

c33 = b3 · b3 (2.23)

c12 = b1 · b2 (2.24)

c13 = b1 · b3 (2.25)
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Figure 2.11: Dihedral angles can be defined within the model between a) four beads, b) two
beads and a disk, or c) two disks. When a disk is present, the normal vector f is used to
define one of the vectors necessary for specifying the two planes.
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c23 = b2 · b3 (2.26)

d12 = c11c22 − c212 (2.27)

d13 = c11c33 − c213 (2.28)

d23 = c22c33 − c223 (2.29)

(2.30)

cos(φ) =
c13c22 − c23c12√

d23d12
(2.31)

2.7.5 S-Function Force Calculations

In order to implement this model for use in molecular dynamics, forces and torques must

be calculated. The point force, F, and the point torque, τ , acting on any uniaxial particle

with position r and unit normal orientation vector f can be determined from the interaction

potential, U .[3]

F = −∂U∂r (2.32)

τ = −f× ∂U
∂f (2.33)

We include here methods for calculating forces and torques for any orientation-dependent

potential that is used within the model, specifically the S-function expansion for disk-disk

and disk-bead interactions, as well as dihedral interactions when a disk is involved, and the

additional torques and forces from the rigid attachment sites.

A good pedagogical outline for calculating the derivatives used in determining the forces

and torques from the S-function expansion is given in Lequieu et al.[81] Here we only display

the minimum equations necessary for performing the calculations. To be clear, for the pair

potential, Fij denotes the force acting on particle i from its pair interaction with particle

j, τij denotes the point torque acting on particle i from its pair interaction with particle j,
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and rij = ri − rj . The following is the definition for the disk-disk interaction.

Fij = −
(
∂U

∂rij

)
rij
rij

−
(
∂U
∂f1

)(
fi
rij
− f1rij

r2ij

)

−
(
∂U
∂f2

)( fj
rij
− f2rij

r2ij

)
(2.34)

τij = −fi ×
[(

∂U

∂f0

)
fj +

(
∂U

∂f1

)(
rij
rij

)]
(2.35)

(
∂U

∂rij

)
= 4ε

−12σ120
(rij−σ+σ0)

13

+4ε
6σ60

(rij−σ+σ0)
7 (2.36)

The derivatives with respect to f0, f1, and f2 are of the same form and will be denoted

simply as f .

(
∂U

∂f

)
= 4 ∂ε∂f

(
σ120

(rij−σ+σ0)
12 −

σ60
(rij−σ+σ0)

6

)

+4ε∂σ∂f

(
12σ120

(rij−σ+σ0)
13 −

6σ60
(rij−σ+σ0)

7

)
(2.37)

∂ε

∂f
= ε0(ε000

∂S000
∂f + εcc2

(
∂S202
∂f + ∂S022

∂f

)
+ε220

∂S220
∂f + ε222

∂S222
∂f + ε224

∂S224
∂f ) (2.38)

∂σ

∂f
= σ0(σ000

∂S000
∂f + σcc2

(
∂S202
∂f + ∂S022

∂f

)
+σ220

∂S220
∂f + σ222

∂S222
∂f + σ224

∂S224
∂f ) (2.39)

∂S000
∂f0

= 0 (2.40)
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∂S000
∂f1

= 0 (2.41)

∂S000
∂f2

= 0 (2.42)

∂S202
∂f0

= 0 (2.43)

∂S202
∂f1

= 3f1/
√

5 (2.44)

∂S202
∂f2

= 0 (2.45)

∂S022
∂f0

= 0 (2.46)

∂S022
∂f1

= 0 (2.47)

∂S022
∂f2

= 3f2/
√

5 (2.48)

∂S220
∂f0

= 3f0/
√

5 (2.49)

∂S220
∂f1

= 0 (2.50)

∂S220
∂f2

= 0 (2.51)

∂S222
∂f0

= (9f1f2 − 6f0) /
√

70 (2.52)

∂S222
∂f1

= (9f0f2 − 6f1) /
√

70 (2.53)

∂S222
∂f2

= (9f0f1 − 6f2) /
√

70 (2.54)

∂S224
∂f0

= (4f0 − 20f1f2) /4
√

70 (2.55)

∂S224
∂f1

=
(
−10f1 − 20f0f2 + 70f1f

2
2

)
/4
√

70 (2.56)

∂S224
∂f2

=
(
−10f2 − 20f0f1 + 70f2f

2
1

)
/4
√

70 (2.57)

(2.58)

2.7.6 Dihedral Force and Torque Calculations

The form of the dihedral potential is given in Equation 1 and we will denote it here as

Ud. The four-body dihedral forces between four beads is well-established, so here we only

calculate forces and torques when a disk is involved in the interaction: cases b and c in

Figure 2.11 where the disk may either be located at position rb or rc. First, we define the
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following quantities.

∂Ud
∂ cos(φ)

= − 1
2 sin(φ)

[−k1 sin(φ) + 2k2 sin(2φ)

−2k3 sin(3φ) + 4k4 sin(4φ)] (2.59)

f = − (c23c12 − c13c22) (2.60)

g =
√
d23d12 (2.61)

h1 = 2c33b2 − 2c23b3 (2.62)

h2 = 2c11b2 − 2c12b1 (2.63)

∂ cos(φ)

∂b1
= (−(c23b2 − c22b3)g

−f(c22b1 − c12b2)
√
d23/d12)/|g|2 (2.64)

∂ cos(φ)

∂b2
= (−(c12b3 + c23b1 − 2c13b2)g

−f(h1d12 + h2d23)/(2
√
d12d23))/|g|2 (2.65)

∂ cos(φ)

∂b3
= (−(c12b2 − c22b1)g

−f(c22b3 − c23b2)
√
d12/d23)/|g|2 (2.66)

For a disk located at position rb the following defines the force and torque

F = −∂Ud
∂rb

= − ∂Ud
∂ cos(φ)

∂ cos(φ)
∂rb

= ∂Ud
∂ cos(φ)

∂ cos(φ)
∂b2

(2.67)
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τ = −f× ∂Ud
∂f

= −b1 ×
(

∂Ud
∂ cos(φ)

∂ cos(φ)

∂b1

)
(2.68)

And for a disk located at position rc.

F = −∂Ud
∂rc

= − ∂Ud
∂ cos(φ)

∂ cos(φ)
∂rc

= − ∂Ud
∂ cos(φ)

∂ cos(φ)
∂b2

(2.69)

τ = −f× ∂Ud
∂f

= −b3 ×
(

∂Ud
∂ cos(φ)

∂ cos(φ)

∂b3

)
(2.70)

2.7.7 Benzene Parameters

The coarse-grained benzene model is represented entirely by anisotropic disks, so no bonded

interactions are present. Included in the following table are the S-function parameters for

the coarse-grained benzene model.

Table 2.2: Parameters for Coarse-Grained Benzene

σ0 3.357
σ000 1.588
σcc2 -0.698
σ220 -0.175
σ222 -0.268
σ224 0.841
ε0 1.4
ε000 1.344
εcc2 1.090
ε220 0.293
ε222 0.063
ε224 -4.152
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Figure 2.12: Schematic for coarse-grained ethylbenzene
.

2.7.8 Ethylbenzene Parameters

The coarse-grained ethylbenzene molecule consists of a single disk representing the aromatic

ring and two beads representing methyl groups. A non-interacting rigid attachment site is

also included to handle bonded interactions to the disk. Figure 2.12 provides a schematic of

the model.

S-Function Parameters

Table 2.3: Parameters for Coarse-Grained Ethylbenzene

A-A A-M1 / A-M2 M1-M1 M2-M2

σ0 3.45 3.129 4.068 4.152
σ000 1.588 1.439
σcc2 -0.698 -0.872
σ220 -0.175
σ222 -0.268
σ224 0.841
ε0 1.25 1.0 0.1986 0.25
ε000 1.344 0.695
εcc2 1.090 0.884
ε220 0.293
ε222 0.063
ε224 -4.152
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Table 2.4: Ethylbenzene Bonds

Bond kb d0

S-M1 604.0 1.52
M1-M2 496.0 1.532

Table 2.5: Ethylbenzene Angles

Angle ka θ0

A-S-M1 229.3 3.067
S-M1-M2 143.18 2.0

Bonded Interaction Parameters

2.7.9 PDI-based Molecule Parameters

S-Function Parameters

Non-bonded interactions occur between only two particles for all of the PDI-based molecules

in this study: PDI disks (P) and methyl beads (M). The following table displays the S-

function parameters for all possible interactions.

Bonded Interaction Parameters

hPDI and 4PDI

TPH, Ph2a, and Ph2b
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Figure 2.13: Schematic for coarse-grained hPDI and 4PDI. Note that only a single methyl
group is depicted in the schematic, while octyl side chains were used in simulations.

.

Figure 2.14: Schematic for coarse-grained TPH. The central blue disk is used only for bonded
interactions and maintaining dihedral angles. It does not interact through the S-function
potential. Ph2a and Ph2b are almost identical to this structure. The only difference is that
one of the PDI components is removed (Ph2b additionally has a 180 degree angle between
the PDI components as opposed to 120 degrees). Note that only a single methyl group is
depicted in the schematic, while octyl side chains were used in simulations.

.
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Table 2.6: Ethylbenzene Dihedrals

Dihedral k1 k2 k3 k4

A-M1-M2 0.0 0.61 0.0 0.138

Table 2.7: Ethylbenzene Rigid Attachments

Attachment u f v

A-S 1.4 0 0

Table 2.8: S-Function Parameters for Coarse-Grained PDI-based Molecules

P-P P-M M-M

σ0 3.09 3.621 4.152
σ000 2.2276 1.478
σcc2 -1.221 -0.902
σ220 -0.448
σ222 0.451
σ224 0.553
ε0 1.0 1.0 0.25
ε000 2.943 0.733
εcc2 8.429 2.833
ε220 3.756
ε222 8.178
ε224 2.005

Table 2.9: hPDI and 4PDI Bonds (refer to Figure 2.13 for numerical labels)

Bond kb d0

2-3 1900 2.3
5-6 520 1.6

Alkyl 520 1.961
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Table 2.10: hPDI and 4PDI Angles (refer to Figure 2.13 for numerical labels)

Angle ka θ0

1-2-3 400.0 3.142
1-5-6 126.0 3.142
Alkyl 126.0 1.961

Table 2.11: hPDI and 4PDI Dihedrals (refer to Figure 2.13 for numerical labels)

Dihedral k1 k2 k3 k4

Alkyl -3.4 1.25 -3.1 0.0
1-4 (hPDI) 463 -161.14 52.37 -41.14
1-4 (4PDI) 463 0.0 0.0 0.0
1-7 (hPDI) 107 -80.62 12.13 -41.26
1-7 (4PDI) 107 0.0 0.0 0.0

Table 2.12: hPDI and 4PDI Rigid Attachments (refer to Figure 2.13 for numerical labels)

Attachment u f v

1-2 2.5 0 0
1-5 0 0 5.6

Table 2.13: TPH, Ph2a, and Ph2b Bonds (refer to Figure 2.14 for numerical labels)

Bond kb d0

2-3 1900 2.3
5-6 520 1.6

Alkyl 520 1.961

Table 2.14: TPH, Ph2a, and Ph2b Angles (refer to Figure 2.14 for numerical labels)

Angle ka θ0

1-2-3 400.0 3.142
2-3-4 400.0 3.142
4-5-6 126.0 3.142
Alkyl 126.0 1.961
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Table 2.15: TPH, Ph2a, and Ph2b Dihedrals (refer to Figure 2.14 for numerical labels)

Dihedral k1 k2 k3 k4

Alkyl -3.4 1.25 -3.1 0.0
1-4 (TPH-30, Ph2a) 427 -161.24 48.46 -41.26

1-4 (TPH-60) 214 -161.24 24.26 -41.26
1-4 (TPH-90) 0 -161.24 0 -41.26

1-4 (Ph2b) 427 0 0 0

Table 2.16: TPH, Ph2a, and Ph2b Rigid Attachments (refer to Figure 2.14 for numerical
labels)

Attachment u f v

1-2 1.6 0 0
4-3 1.6 0 0
4-5 0 0 5.6
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CHAPTER 3

CLUSTER FORMATION AND ALIGNMENT IN LIQUID

CRYSTALLINE POLYMER BRUSHES

3.1 Abstract

Many theories have been developed for polymer brushes consisting of flexible chains, yielding

straightforward scaling relations. However, many polymer brushes, such as those made

from conjugated polymers or polypeptides, exhibit semiflexibility and cannot be accurately

described using such theories. In this work, we study computational models of a polymer

brush consisting of wormlike chains that experience nematic interactions. We find that such

brushes have a stronger dependence on grafting density, as they cannot access many of the

configurations available to flexible brushes. Furthermore, when nematic interactions are

included, we find that the brush can undergo a nematic collapse into locally aligned clusters

or a widespread tilted configuration. Under these conditions, the brush can display multiple

morphologies as well as exhibit extremely rough surface topographies. At high polymer

lengths, the conformational chain entropy is found to be the dominant factor, forcing the

brush into an isotropic phase.

3.2 Introduction

Polymer brushes consist of chain molecules with one end covalently grafted onto a surface.

When constrained in this manner, polymers have been known to display substantially dif-

ferent characteristics as compared to their behavior in the bulk. For example, if the grafting

density is increased sufficiently high, the constituent polymers can experience stretching and

tension rather than the random coil configurations they adopt in the bulk.[55, 66] Many

desirable surface effects can be achieved from tuning brush properties, such as grafting den-

sity and polymer length. In particular, polymer brushes are well known for their ability
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to prevent the adhesion of biological materials to surfaces as well as for their anti-fouling

properties.[18] Additionally, they can be used to precisely control the preferential wetting

properties of a surface.[88, 38]

In the realm of polymer theory, polymer brushes with flexible chains are the most widely

studied. Under the assumption of highly flexible chains, the “Gaussian chain approxima-

tion” becomes accurate, and chain statistics and free energies of chain extension become

straightforward.[2] This approximation predicts that flexible polymer brushes undergo a

transition of sorts from a “mushroom” configuration to a stretched “brush” configuration

as the polymer grafting density is increased.[20, 76] At low densities, each polymer is in-

dependent of the others and can explore many configurations, leading to the “mushroom”

regime. Excluded volume effects become increasingly prominent as the density is increased

and act to effectively repel the polymers from one another and eliminate many of the con-

figurations that the freely grafted polymer can adopt. At a certain point, these excluded

volume effects become so strong that the only available configurations are those where the

polymer is stretched, leading to the “brush” regime. Scaling laws have been developed for

such theories: within the mushroom regime, the brush height does not increase as density is

increased. At a certain density, individual grafted chains begin to overlap, and the crossover

from mushroom-to-brush occurs. The brush height has been shown to increase with den-

sity to the one third power under such conditions. Once the grafting density becomes so

high that the finite extensibility of the polymer becomes important, the scaling exponent

increases to a value greater than one third. These scaling behaviors have been confirmed

experimentally.[147, 153, 12, 94, 4, 53, 151]

The behavior of semiflexible brushes is less studied.[76] Some examples of semiflexible

brushes are those consisting of polypeptides or conjugated polymers (e.g. P3MT or P3HT).

By definition, a semiflexible polymer has a persistence length on the same order of magnitude

as the total polymer length. For such polymers, the Gaussian chain is a bad approximation

because it allows the polymer to bend sharply in any direction.[126, 127] The height depen-

48



dence of a semiflexible polymer on grafting density can be expected to be more complicated

than the flexible case. For example, semiflexible brushes have been known to transition out

of the “mushroom” regime at lower grafting densities than would be expected of a flexible

brush.[37] In fact, when sufficiently short, these semiflexible polymers are effectively rigid,

so available conformations would be substantially different from the highly bent Gaussian

chains. In addition to changes in scaling behavior, semiflexible polymers often show liquid

crystal-like behavior: it is energetically favorable when all the polymers are aligned in the

same direction. These effects often arise from π-π interactions between monomers of adjacent

chains, inducing crystallization.[133, 132, 113]

Experimental studies have provided insight into semiflexible polymer brush behavior. In

one study of P3MT brushes, it was found that as the length of the individual polymer strands

in the brush was increased, the system underwent a change from an isotropically aligned

brush, to an anisotropically tilted brush with semicrystalline behavior.[137] As the polymer

length was increased further, the system returned to an isotropic brush. Additionally, the

study found that the surface features of the brush were very rough with numerous columns

with rounded tops. Similarly, another study[116] found that certain P3MT brushes took on

aligned configurations with tilt angles of as much as 60 degrees which could allow them to

experience enhanced thermal conductivity.

In this study, we examine the phase behavior of semiflexible polymers brushes that expe-

rience local nematic ordering. In particular, we place emphasis on how the interplay between

enthalpic effects controlling polymer alignment and the entropic effects of increased chain

length contributes to the variety of phases seen. The isotropic-to-nematic transition in the

bulk polymer is examined as a function of both alignment energy as well as polymer length.

Additionally, the behavior of semiflexible polymer brushes was examined under three nematic

interaction conditions: no nematic interactions, nematic interactions in the brush only, and

nematic interactions in both the brush and solvent.

The case of the nematic brush in isotropic solvent shows particularly complicated phase
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Figure 3.1: Schematic for the semiflexible polymer brushes examined in this work. The
orientation of each discrete unit of the polymer is indicated by the elongated axis of the
ellipse. The parameters studied in this work are the following: lp is the persistence length
of the polymer brush (4 discrete units in this work). ∆ is the length of a single discrete
polymer unit. L is the length of a fully extended polymer. h is the average height of the
brush. σ is the grafting density of the brush. All parameters in this work describing length
are in units of lp.

behavior. For certain values of the nematic interaction parameter, the brush collapses into

an anisotropic tilted configuration. Depending on the grafting density and polymer length,

the brush may collapse into large uniformly aligned regions or into individual clusters which

are randomly aligned. We investigate the nature of this nematic collapse and how it is

changed with grafting density and polymer length. In addition, we examine how correlated

these aligned structures are, and describe the effects of different polymer parameters on these

correlations.
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3.3 Model and Methods

3.3.1 Nematic Semiflexible Polymer Model

The model used in this work is based on the theoretically informed coarse-grained model

that has been used extensively in the past for simulating flexible polymeric systems, such as

block copolymer melts and homopolymer blends.[30, 112, 114] Two modifications have been

made that allow for the investigation of the phenomena of interest here. First, rather than

each polymer being treated as a Gaussian bead-spring chain, each polymer is modeled as

a wormlike chain. Specifically, the discrete wormlike chain[74] is used to capture both the

semiflexibity and finite extensibility of liquid crystalline polymers. With the discrete worm-

like chain, an inextensible polymer of arc-length L is discretized into N beads, representing

a segment of the continuous curve. The bonds between each bead are rigid, and the entirety

of the intramolecular interaction energy comes from the following energy term:

Hb
kBT

=
N−2∑
i=1

kb cos θi =
N−2∑
i=1

lp
∆

cos θi (3.1)

where θi is the angle between beads i, i + 1, and i + 2, and where kb is the bending energy

coefficient, which is equivalent to lp/∆, where lp is the persistence length of the polymer,

and ∆ is the length of a discretized unit of the wormlike chain. It has been shown[74] that

the statistical behavior of the discrete wormlike chain accurately reproduces the continuous

wormlike chain for discretization values ∆ ≤ 0.3 lp. In this work, ∆ = 0.25 lp.

The second modification to the model is the addition of an energetic Maier-Saupe ne-

matic interaction term (µ). The soft-core interaction energies are commonly expressed as

a functional over the instantaneous polymer density fields which can be calculated using

numerical grid-based approximation techniques,[30] and include a Flory-Huggins interaction

term (χ) as well as an energy term that punishes deviations from the mean density (κ).

Similar to these two terms, the Maier-Saupe interaction is a local interaction defined across
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a finite distance, so that it can easily be incorporated into the same grid-based calculations.

The overall non-bonded interaction energy is of the following form:

Hnb
kBT

= ρ0

∫
χφAφB +

κ

2
(φA + φB)2dr

− µ∆2

ρ0Vint

∑
i<j

(ui · uj)2Γ(ri, rj) (3.2)

where u is the tangent vector of the wormlike chain given at a single bead, which can be

calculated using finite difference methods from the locations of the beads along the chain.

Γ is a function of the relative positions of two beads that regulates the interaction strength.

Γ is unity if the distance between the two beads is less than some “interaction distance”

and zero otherwise, while Vint is the “interaction volume” around any given bead: Vint =∫
V Γ(ri, rj)dri. It should be noted here that ρ0 refers to the “persistence-length density” and

not the bead density, and is thus independent of the discretization length, ∆. The sum in

the final term of the equation is over all pairs of beads. The prefactor was selected to make

this energy term independent of both the discretization length, as well as the interaction

distance, which is represented by Vint.

All lengths presented here are in units of the polymer persistence length, lp. Simulations

were performed by discretizing the non-bonded potential into a grid using the particle-to-

mesh technique at the PM0 level with a randomly moving grid.[30] In the case of the PM0

approximation technique, the Maier-Saupe interaction becomes particularly simple: Γ(ri, rj)

is nonzero only for beads within the same grid cell, and Vint is the grid cell volume. In PM0,

if κ is selected to be larger than µ, then the system can be shown to be thermodynamically

stable.

Brushes were simulated at grafting density σ on a substrate of area A by tethering σA

semiflexible polymers to a flat surface in a random pattern. Solvent molecules were included

in brush simulations and were modeled as semiflexible polymers with length of 0.75 lp (three

beads) so that they can also incorporate nematic interactions when necessary.
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Figure 5.1 provides a schematic for the system, and outlines all of the important variables

discussed in the previous paragraphs.

3.3.2 Order Parameter Correlation Function Calculations

Correlation functions were calculated from brushes undergoing nematic collapse using the

following strategy. A two-dimensional Q-tensor field was calculated using the following

formula from the brush segments:

Q(x, y) =
1

Ng

Ng∑
i=1

(
3

2
uiu

T
i −

1

2
I
)

(3.3)

Where the sum is over all beads within a grid cell located at coordinate (x, y), Ng is the

number of beads in that grid cell, and I is the unit tensor. A director field was then

calculated from the Q-tensor field as the eigenvector associated with the greatest eigenvalue

of the Q-tensor at each position. This unit vector was then projected onto the XY plane

and renormalized into another unit vector, n. n represents an order parameter for the local

symmetry breaking that occurs when the brush undergoes nematic collapse. Correlation

functions of this order parameter were calculated as the following:

C(x, y) =

1

A

∫ ∫ 〈
n(x′, y′) · n(x′ + x, y′ + y)

〉
dx′dy′ (3.4)

To analyze these correlation functions, it was assumed that they were radially symmetric

and experience exponential decay. The radial correlation function, C(r), was fit to a function

of the form:

C(r) = exp (−r/λ) (3.5)

Where λ is defined to be the correlation length of the system.
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Figure 3.2: Plot of nematic order parameter (S) as a function of Maier-Saupe parameter (µ)
for different polymer lengths (L). With the exception of L = 20, the polymer undergoes a
first order isotropic-to-nematic transition at a finite value of µ. The necessary value of µ for
this transition to take place increases with L, which reflects the increased conformational
entropy which can counteract µ.

3.4 Results

3.4.1 Bulk Polymer - Height Dependence on Chain Length and Nematic

Interaction Strength

In order to pinpoint the phase behavior of the polymer, several simulations were performed

in the bulk at varying chain lengths and values of the nematic interaction parameter, µ.

Simulations were performed in a cube with side lengths of 16 lp and 280,000 total beads.

The number of chains varied depending on the chain length. In all cases, κ was set to

20.0. The grid was selected to have a length of 0.75 lp. Figure 3.2 shows the nematic order

parameter (S) dependence on µ for several chain lengths. As can be seen, for sufficiently

short chain lengths, the polymer undergoes what appears to be a first-order phase transition
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from the isotropic phase to the nematic phase, which agrees with previous studies and models

of nematic polymers.[114]. The value of µ at which the phase transition occurs also appears

to depend strongly on the chain length: polymers of larger length require larger values of the

nematic interaction parameter to enter a nematic phase. As the polymer gets longer, it can

bend and twist more easily, allowing it to sample from more conformations. This increased

conformational entropy allows it to resist the energetic driving force to align everywhere.

This result appears to contradict results from previous studies[114, 46] where the polymer

length has no effect on the isotropic-to-nematic transition location. However, in these other

papers the nematic term represents a Landau-de Gennes free energy of alignment associated

with the Q-tensor order parameter. Here, it represents the potential energy of alignment.

Since the Landau-de Gennes model uses a continuous free energy, which accounts for entropic

effects, the isotropic-to-nematic transition is independent of the polymer length. A benefit

of using a Maier-Saupe potential energy over a Landau-de Gennes free energy is that the

potential energy is a chain-chain interaction. Intuitively, the potential energy represents a

property that can be calculated by taking into consideration the interactions of only a few

particles, similar to the Flory-Huggins χ parameter. Additionally, since these interactions

are pairwise, they should not change as the composition of the system or density changes.

In contrast, the Landau-de Gennes free energy does not directly correspond to an interac-

tion at the polymer length scale, but rather a continuum free energy density which could

complicate comparisons to experimental systems. Since the free energy parameters may not

be independent of the system composition, it would be poorly suited to studies of polymer

brushes where changing densities and compositions can have large effects.

3.4.2 Polymer Brush - Grafting Density and Nematic Interactions

Simulations were performed of semiflexible polymer brushes across a range of grafting den-

sities under three conditions: no nematic interactions, nematic brush only, and nematic

brush with nematic solvent. In all cases, κ was set to 20.0, while µ was either 0.0 or 20.0
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Figure 3.3: Brush height (h) dependence on grafting density (σ). a) shows the dependence
for a system with κ = 20.0 and µ = 0.0 while b) shows the dependence for a system with a
nematic brush with κ = 20.0 and µ = 20.0 and c) shows the dependence for a system with
a nematic solvent in addition to the brush. Dotted lines in a) show the expected scaling
behavior for an ideal flexible chain.
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depending on which nematic interactions were considered. Simulation box dimensions were

16 lp × 16 lp × 20 lp, and solvent molecules were generated so that there were 350,000 total

beads in the system (solvent and brush combined) for all simulations (350,000 beads cor-

responds to 87,500 persistence length segments, or ρ0 = 17.1). Additionally, the grid was

chosen to have a length of 0.75 lp on all sides, which allows for approximately 25 beads to

be interacting within each grid cell.

Figure 3.3 displays plots of brush height as a function of grafting density. The behavior

when there are no nematic interactions (Figure 3.3a) is straightforward, as the brush height

increases monotonically with grafting density. The dotted lines on Figure 3.3a show the

grafting density dependence that would be expected from an ideal flexible brush with Gaus-

sian statistics at moderate stretching, where h ∼ σ1/3. As can be appreciated from Figure

3.3a, there are several notable differences between the semiflexible brush and the equivalent

Gaussian brush. First, for short polymers (L ≤ 4 lp) the height of the semiflexible brush

increases more slowly than the flexible brush for all densities examined. The reason for this

result is that the short polymers are so rigid that they are near full extension even at low

densities. As the grafting density is increased and excluded volume effects become more im-

portant, they have minimal effect on the polymer as it cannot be stretched further. Second,

the longer polymers all experience a scaling exponent that is greater than the ideal flexible

case, i.e. h ∼ σν with ν ≥ 1/3, which can be clearly seen by how the semiflexible brush

height increases past the flexible brush height for greater σ. A possible explanation for this

is similar to what was suggested before. The semiflexible brushes are already fairly rigid. As

the density is increased, the available positions that the chain can inhabit decreases more

readily than a Gaussian chain because a lot of these positions would require the chain to

contort into highly bent, high energy configurations. In effect, the energetically permissible

configurations for the semiflexible brush are much more rigid and straightened than those

of the flexible Gaussian brush, forcing it to adopt a large scaling exponent. In a sense, the

semiflexible brush is similar to a flexible brush in the highly stretched regime where the
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scaling exponent is greater than 1/3. However, unlike the flexible brush where the stretching

is caused by excluded volume effects from the high density polymer, the semiflexible brush is

straightened because of the rigidity of the backbone. Naturally, as the polymer gets larger,

it can be expected to behave more like a flexible Gaussian chain, especially at low values of

σ.

Figure 3.3b shows the brush height dependence on σ for a polymer brush that has nematic

interactions in the presence of a non-interacting solvent. As can be seen, the behavior is not

as straightforward as the case where no nematic interactions are present. For short polymers

(L ≤ 4 lp), h decreases as the grafting density increases before eventually increasing again at

higher grafting density. The reason for this result is that as density is increased, the polymer

begins to lie along the surface of the substrate in order to align with its neighbors, forming

small clusters of randomly aligned polymers. This behavior lowers the total energy of the

system. As the density increases, the polymers overlap more and more until they reach

the point where aligning along the surface is no longer advantageous. At a high enough

density, the polymer uniformly aligns throughout the film and stands up to form a tilted,

but aligned configuration. For longer polymers, the situation is similar. In comparison to

the semiflexible brush without nematic interactions, the nematic brush can be seen to have

smaller brush heights at low grafting density while having a larger height at high grafting

density. At low density, the longer polymers lie along the surface, albeit aligned in the

same direction rather than forming randomly aligned clusters like the shorter polymers. As

the density is increased, they also undergo a transition to the tilted aligned configuration.

Polymers of intermediate length (L = 4, 8, and 10) demonstrate interesting morphologies

as they undergo the planar-to-tilted transition, which is remarked upon further in the next

section.

Figure 3.3c shows the brush height dependence on σ for a nematic brush in a nematic

solvent. Similar to the case of no nematic interactions and unlike the case of the nematic

brush only, it shows a monotonically increasing height dependence on σ. The brush height
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Figure 3.4: Side view images of the semiflexible brush under three separate conditions. a) has
only excluded volume interactions, b) includes nematic brush interactions, and c) includes
both nematic brush and nematic solvent interactions. The solvent is not shown in these
images for clarity.

increases noticeably faster with both σ and L than the case of no nematic interactions. The

nematic interactions between the brush and solvent allow the solvent to more easily mix into

the brush, both swelling the brush and stabilizing it in a rigid vertical configuration.

Figure 3.4 shows representative side view images of the system with L = 10 lp and

σ = 10 l−2p in the three cases. At this grafting density and polymer length, the density

of polymer units is high enough that the brush uniformly coats the substrate and does not

form the independent clusters discussed in the following section. In Figure 3.4a, it can be

seen that the excluded volume effects force the polymers to stand up on average. However,

individual chains still have coils and turns when no nematic interactions are present. In

contrast, Figures 3.4b and c show that individual polymer chains are more extended with
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nematic interactions, where the energy decreases when neighboring polymers align. In the

case of the isotropic solvent, it becomes energetically favorable for the brush to expel all of

the solvent and form a high density layer near the substrate. These conditions allow for the

maximum amount of alignment between neighboring polymer strands. This separation of

polymer from the solvent does force the polymer to take on a tilted configuration relative

to what is seen when no nematic interactions are present and thus lowers the height of the

brush. In the case of the nematic solvent, the brush is stabilized by nematic interactions

with the solvent, which allow the two components to mix more thoroughly than the other

two cases would allow, which forces the brush to swell considerably, while still remaining

aligned with neighboring polymer chains and solvent molecules.

3.4.3 Polymer Brush - Correlation Lengths and Domain Formation

The morphological behavior of the nematic brush in isotropic solvent is here further exam-

ined. As was mentioned in the discussion of Figure 3.3b, shorter polymers in these conditions

undergo a transition from randomly oriented clusters of aligned polymers to a uniformly

aligned tilted configuration as the grafting density is increased. Representative examples of

this transition are shown for a brush with L = 4 lp at different grafting densities in Figure

3.5. The simulation boxes shown in Figure 3.5 are for a system that is four times as large

as the systems discussed in the last section, with dimensions of 32 lp × 32 lp × 20 lp, but

with the same intensive parameters. A good example of the independently aligned clusters

can be found in Figure 3.5a, which is at a low grafting density. As the grafting density is

increased, these clusters overlap and join together to form different domains, each of which

begin to stand up and form a tilted configuration. While energetically, it is most favorable

for all polymers to align in the same direction, entropically there are many different direc-

tions for the polymer to choose from and it can become trapped in a structure representing a

local minimum free energy configuration. Figure 3.5e provides an example of a morphology

where the minimum energy configuration would occur when the brush is uniformly aligned,
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Figure 3.5: Top-down images of the brush morphology at different grafting densities, σ.
Each brush polymer has length L = 4 lp with κ = 20.0 and µ = 20.0. Grafting densities are

a) 1, b) 3, c) 5, d) 8, and e) 10 l−2p .
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but instead forms defective microstructures. Eventually the grafting density becomes large

enough that excluded volume effects force the polymer to align uniformly throughout the

system.

In addition to the grafting density, the polymer length can affect the morphology of the

brush. Increasing the polymer length can have effects similar to those of increasing the

grafting density: the polymer density increases, so the polymer can align over larger length

scales and undergo a similar transition from randomly aligned clusters to a homogeneously

aligned brush. In addition to increasing correlation lengths, increasing the polymer length

also increases the conformational entropy associated with each molecule which allows it to

resist the energetic driving force to align, similar to what happens when the bulk polymer is

considered. Figure 3.6 displays a few representative brush morphologies at different polymer

lengths but with the same grafting density. At short lengths (Figure 3.6a) small clusters

can form, but do not remain uniformly aligned over large distances. At longer chain lengths

(Figure 3.6b) the polymers are capable of overlapping more. However, unlike the shorter

polymer at high grafting density shown in Figure 3.5e, the polymers in Figure 3.6b display

substantially more disorder. This disorder overtakes the nematic interactions at the longest

polymer lengths (Figure 3.6c) in which the brush becomes isotropic. These results corre-

spond well with experimental studies of P3MT brushes,[137] where it has been shown that

increasing the polymer length causes the brush to transition from an anisotropically aligned

structure to an isotropic brush.

The scalar nematic order parameter, S, does not work well to describe these different

brush phases and the transitions between them. Even idealized Gaussian brushes will stand

on end if the grafting density is high enough, leading to a nonzero value of S. The two-

dimensional alignment correlation length, λ (as described in the Methods), is a more suitable

order parameter for studying this transition. For a completely isotropic brush, there will be

no alignment correlation and λ = 0. For systems where individually aligned clusters form,

λ will take on a finite but nonzero value. For any systems that are homogeneously aligned,
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Figure 3.6: Top-down and side-view images of brush morphology at different polymer lengths
(L): a) L = 2.0, b) L = 8.0, c) L = 16.0 lp, all at σ = 8.0 l−2p . As the polymer length
increases, the behavior of the brush changes from locally aligned clusters, to a fully aligned
brush, to an isotropic brush.
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λ will diverge (or become very large) as the alignment correlation increases rapidly.

Figure 3.7 provides two ways of visualizing the phases that the nematic polymer brush

can adopt, displaying λ at several different polymer lengths (L) and grafting densities for

systems with µ = 20 and κ = 20. Figure 3.7a is a traditional plot of λ versus polymer length

at different grafting densities, while Figure 3.7b provides a heat map of the same data. For

low σ and low L, there is not enough polymer available to align properly, so λ stays close to

zero. As σ increases, the polymer begins to become more strongly aligned at certain values

of L where the brush begins to form clusters of aligned polymer (e.g. L = 8.0, σ = 5). For

lower grafting densities (σ ≤ 6 l−2p ), λ reaches a maximum value with L before decreasing

again; the system simply is not dense enough to align fully. However, as the grafting density

is increased further (σ ≥ 7), there are entire ranges of L for which λ increases rapidly beyond

the size of the simulation box, and the brush prefers to adopt a uniformly aligned state.

In all grafting densities shown in Figure 3.7, λ drops sharply to zero for high enough

L. At this point, the conformational entropy associated with each polymer dominates over

the potential energy associated with alignment, and the polymer brush becomes isotropic.

Again, these effects can be seen directly in Figures 3.5 and 3.6.

In addition to the formation of clusters, the nematic collapse of the polymer brush can

induce dramatic changes in the height of the brush at different points along the substrate,

depending on how the polymer is aligned. Figure 3.8 visualizes some of these differences

in brush height. Specifically, in areas where the brush is well aligned, the polymers tend

to lie flat, and the brush height tends to be low. In areas where there is a defect in the

alignment of the brush, the polymer chains tend to stand up, leading to dramatic surface

topography. In Figure 3.8a and b, two regions near the right side of the image can be seen

to be have something like point defects, where the polymer chains surrounding the defect

all point towards it. Figure 3.8c display slices of brush heights corresponding to the lines in

Figure 3.8a, showing that the defects can cause the brush heights immediately surrounding

the defects to increase by factors greater than two. These defective regions provide an
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Figure 3.7: Plots of the two-dimensional alignment correlation length (λ) as a function of
polymer length (L) and grafting density (σ). At low σ, the polymer forms independent
clusters of locally aligned polymer strands, which is signified by the finite values of λ. At
higher grafting densities, λ increases rapidly beyond the size of the simulation box for some
ranges of L, indicating the sudden transition to a fully aligned phase. As the grafting density
is increased further, this range of fully aligned polymer is expanded. At all grafting densities
shown here, λ drops rapidly to zero at high enough L, indicating a transition to the isotropic
phase due to increased chain conformation entropy.
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Figure 3.8: An AFM-style image of the topography of the nematically collapsed brush. a)
The explicit chain morphology of the brush. Depending on how the chains are oriented, the
brush may have a diversity of heights across the substrate. b) Heat map depicting brush
height. c) Height as a function of y-coordinate position from different line slices. The line
colors match the lines drawn on a).
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explanation for some of the dramatic morphologies - especially the columns with rounded

tops - seen in experimental studies.[137]

3.5 Conclusion

We have used Monte Carlo polymer simulations to study the phase behavior of semiflexible

polymer brushes that experience nematic interactions. It was found that such brushes ex-

perience different phase behavior than flexible brushes. Even without nematic interactions

present, semiflexible brushes were found to lack access to many of the configurations avail-

able to their flexible counterparts. As grafting density was increased, brushes were forced

more rapidly into the rigid, upright brush configuration, and finite extensibility effects be-

came prominent. For these reasons, semiflexible brush heights were found to grow faster

with grafting density than the one third power expected for flexible brushes. When nematic

interactions were considered, the brush was found to experience a variety of different phases.

In particular, at low grafting density and polymer length, the brush was found to form a

semicrystalline structure with small clusters of aligned polymer segments. As the graft-

ing density was increased, these clusters overlapped and the brush became homogeneously

aligned throughout, forming a tilted configuration. Furthermore, as polymer length was in-

creased beyond a certain point, the brush lost its tilted configuration and became completely

isotropic, a result of the increased conformational entropy available to longer, more flexible

chains that can more easily adopt twisted and bent configurations.
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CHAPTER 4

POLYMERS GRAFTED ONTO CELLULOSE

NANOCRYSTALS

4.1 Abstract

Cellulose nanocrystals have attracted interest as highly functionalizable nanomaterials that

are also green and biodegradable. In this work, we perform a simulation study of block

copolymer brushes and mixed brushes grafted onto the surface of a simple cellulose nanocrys-

tal model. The morphology of the polymer brushes are examined under a variety of different

solvent conditions, which can cause the different polymer components to alternately swell

or collapse. Depending on the configuration of the polymer brush, the different solvents

create dramatic changes in cluster formation atop the surface of the nanocrystal. Multi-

component systems of nanocrystals are also examined by calculating the free energy as a

function of separation distance and orientation between two cellulose nanocrystals for the

different solvent-polymer systems. In addition to affecting the morphology, the solvent type

and brush configuration also greatly affects the qualitative shape of the free energy curve.

A more heavily coarse-grained model for cellulose nanocrystals is then used to examine the

morphology of suspensions of cellulose nanocrystals based on the qualitative behavior of the

pair potentials.

4.2 Introduction

Cellulose nanocrystals have recently attracted great interest as highly functionalizable nano-

materials that are low-cost, green, biodegradable, and do not rely on fossil fuels to produce.[39,

54, 95, 24] Possible applications of cellulose nanocrystals include uses in wastewater treat-

ment, energy storage, and drug delivery.[131] Some of the most useful properties of cellulose

nanocrystals come from their extensively functionalizable surface as well as their ability to
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reinforce softer materials.[100, 71] For example, carboxylic acid or amine moieties can ren-

der cellulose nanocrystals pH-responsive.[141] In addition to these smaller moieties, polymers

can also be grafted onto cellulose nanocrystals to enhance their properties.[152]

Polymer brushes have been used to functionalize a variety of surfaces for numerous

applications.[55, 66] Many desirable surface effects can be achieved by tuning certain polymer

physical parameters, such as grafting density and molecular weight.[2, 20, 76] Other effects

can be obtained by altering the chemistry of the polymer itself, such as anti-fouling[18] and

preferential wetting properties.[88, 38] Polymer brushes can also be highly stimuli-responsive,

especially when the brush consists of more than one component.[129] Stimuli-responsive

materials exhibit dramatic structural or morphological responses to external stimuli. For

example, block copolymer brushes with top blocks that are heavily responsive to solvent

conditions,[149] mixed brushes that undergo microphase separation and change wettability

conditions when washed with different solvents,[35] and mixed copolymer brushes grafted

onto nanoparticles that respond to different pH conditions[96] have all been synthesized.

Several theoretical studies have been performed examining the properties of stimuli-

responsive polymer brushes on flat surfaces. In particular, Wang & Müller examined the mor-

phological characteristics of diblock copolymer brushes and two-component mixed brushes

under various solvent conditions.[138, 139] They found that, depending on the solvent condi-

tions, a broad range of structures and morphologies could be formed, including lamella and

cylinders. However, unlike more traditional block copolymer phases, these structures were

not correlated over long length scales due to the constrained nature of the brush. In addition,

these polymer brushes in solvent were shown to exhibit phases that have no straightforward

correspondence to a bulk polymer, such as block copolymers that bend back upon themselves

in order to keep the top block shielded from the solvent.

One can consider functionalizing the surface of cellulose nanocrystals with multicompo-

nent polymers. Cellulose nanocrystals are high aspect ratio materials, so grafting polymers

to them is not necessarily the same as grafting polymers to a flat surface. Past work has
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examined both polymer films and polymers grafted on the surface of spheres[48, 17] which

can be shown to create morphologies that are different from those that form on a flat surface

due to the underlying curvature. Similarly, high aspect ratio nanorods can be expected to

produce different morphologies from flat surfaces and even from one another, depending on

the dimensions of the nanorod. Cellulose nanocrystals can vary dramatically in size and

shape depending on the source of the cellulose. For example, cellulose nanocrystals derived

from tunicin tend to have a diameter of around 10-12 nm, while those deriving from Avicel

have much smaller diameters - around 4.5-5 nm.[40, 26, 24]

Of particular interest is what happens when more than one polymer-functionalized cel-

lulose nanocrystal comes into contact with another. By altering polymer chemistry, tem-

perature, or solvent effects, the energetics by which the cellulose nanocrystals interact can

be changed dramatically, and can potentially be utilized to produce desirable effects, such

as materials that change in stiffness,[25, 121] mechanical strength,[14, 15] provide adhesive

properties,[23] or uptake water along percolation pathways.[16, 27] One can imagine many

applications for such a system. For example, generating a highly percolative network out of

swollen polymer grafted to cellulose nanocrystals could be used for water filtration, among

other applications. In order to understand how such an assembly would behave, it is impor-

tant to understand the interactions and morphology between pairs of cellulose nanocrystals.

In this study, a model system of multi-component polymers grafted onto cylindrical sur-

faces is examined as a representation of cellulose nanocrystals. The morphological behavior

of both diblock copolymer brushes and mixed brushes grafted onto cellulose nanocrystals

is studied in detail. In addition, the interactions between pairs of such nanocrystals are

quantified, both as a function of distance as well as relative orientation under a variety of

solvent conditions. These free energies are then used to parameterize simple interactions for

a heavily coarse-grained model of cellulose nanocrystal suspensions in order to determine

their qualitative morphological behavior in the bulk.
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4.3 Model and Methods

In this work, the so-called virial model originally used by Wang & Müller to study brushes on

flat surfaces is adapted for cellulose nanocrytals.[139, 138] Within this model, the polymers

are described explicitly as bead-spring chains. The surface of the cellulose nanocrystal is

described as a hard wall, while the cellulose nanocrystal itself is modeled as a cylinder.

The solvent is described implicitly. Polymer-polymer interactions are described by effective

potentials using a third-order expansion of the equation of state:

Hnb
kBT

=
∫
V

∑
α,β

1
2ναβ ρ̂α(r)ρ̂β(r)

+
∑
α,β,γ

1
3wαβγ ρ̂α(r)ρ̂β(r)ρ̂γ(r)dr (4.1)

Where ρ̂K(r) represents the polymer chain density of components of type K, and the ν

and w terms are second-order and third-order interaction coefficients, respectively. The

polymers themselves are discretized into N beads (N = 32 in this work). From a theoretical

perspective, the polymer chain density is often treated as delta function valued, where the

delta functions are located on the contour of the polymer.[42] However, from a computational

perspective, analyzing equilibrium properties for systems with delta function interactions is

intractable, so regularizing the density with a smooth and finite valued function is often used

instead. In previous studies using this model, the densities were regularized by meshing to

a rectangular grid, which allows for computationally efficient calculations.[30, 111] However,

since surfaces with high curvature are examined in this work, it is preferable not to use the

grid-based regularization in order to avoid artifacts related to the orientation of the grid

relative to the curved surface. Instead, the density is regularized by modeling each bead as a

Gaussian density cloud. The polymer density can then be calculated from the bead positions
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using the following:

ρ̂K(r) =
n∑
i=1

δiK

N
(
2πσ2

)3/2 exp

(
−|r− ri|2

2σ2

)
(4.2)

Where σ is the standard deviation of the Gaussian distribution, and δiK is unity if bead i is

of type K and zero otherwise. While the choice of σ is fairly arbitrary, it can be thought of

as the parameter that controls how many beads another bead interacts with (in this work,

σ = 0.08 Re). The factor of N in the denominator makes the average polymer density

independent of the chain discretization. As σ → 0 and N →∞ while keeping the number of

interacting beads constant, the delta function interactions of the un-regularized model are

recovered.

With the specified Gaussian density clouds, the nonbonded energy function can be trans-

formed into a sum of two-body and three-body potentials, which can be used straightfor-

wardly in simulations. Any term of the form:

u[r] =
∫
V
ρ̂α(r)ρ̂β(r)dr (4.3)

is transformed into the two-body potential:

u(rn) =
n∑
i

n∑
j

δiαδjβ

N2
(
4πσ2

)3/2 exp

(
−
|rij |2

4σ2

)
(4.4)

And any term of the form:

u[r] =
∫
V
ρ̂α(r)ρ̂β(r)ρ̂γ(r)dr (4.5)
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is transformed into the three-body potential:

u(rn) =
n∑
i

n∑
j

n∑
k

δiαδjβδkγ

N3
(
2
√

3πσ2
)3

exp

(
−
|rki|2 − rki · rji + |rji|2

3σ2

)
(4.6)

4.3.1 Thermodynamic Integration

Free energies of cellulose nanocrystal pairs in different configurations are calculated using

thermodynamic integration.[44] Two parameters are varied: cellulose nanocrystal separation

distance, λ, and cellulose nanocrystal relative orientation, θ.

Free energy curves as a function of separation distance between cellulose nanocrystals,

F (λ), are calculated via the following:

F (λ) =
∫ ∂F (λ)

∂λ
dλ =

∫ 〈
∂U

∂λ

〉
λ

dλ (4.7)

Where we impose that

lim
λ→∞

F (λ) = 0

.

Three independent simulations are performed for each separation distance, λ. The ther-

modynamic average, 〈∂U/∂λ〉λ is then calculated numerically by evaluating the potential

energy for the same system with the cellulose nanocrystals slightly further apart, U+, and

slightly closer together, U−, by a distance of ∆λ. The numerical derivative is then calculated

via

〈
∂U

∂λ

〉
λ

≈
〈
U+ − U−

∆λ

〉
λ

(4.8)
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In this work, ∆λ is 0.1 Re,0. Similarly, orientation dependence is calculated for different

cellulose nanocrystal rotation angles while holding separation distance constant. F (θ) is

calculated using the same method as F (λ), but here F (θ = 0) is set to zero, the cellulose

nanocrystals undergo a rotation of 90 degrees, and ∆θ is 4.5 degrees.

4.3.2 Coarse-Grained Nanocrystal Suspension Model

Heavily coarse-grained simulations of systems of cellulose nanocrystal suspensions are per-

formed by modeling each cellulose nanocrystal as 7 Lennard-Jones beads rigidly connected in

a row. Systems consisting of 5000 such nanocrystals are annealed down to low temperature to

represent a kinetically trapped state. Their configuration in this frozen, kinetically trapped

state is based purely on their attractive and repulsive interactions, and should provide in-

sight into how cellulose nanocrystals with similar interactions would behave. All simulations

were performed using LAMMPS. Specific parameters for each interaction type are provided

in the Appendix.

Cluster analysis on the suspension model was performed in several steps. First, each

nanocrystal was represented as a point in an 8-dimensional space. The first three dimensions

were the position coordinates of the center of mass of the nanocrystal. The other five

dimensions were the independent elements of the Q-tensor defined by the orientation of the

nanocrystal: Qi = uiu
T
i . Using this representation for the nanocrystals ensured that if

the Euclidean distance between two nanocrystals was small, then they were positioned near

each other with similar orientations. Using the Q-tensor also ensures that the analysis treats

orientations differing only by sign as identical (ui is the same as −ui).

The size and number of individual clusters was determined using a Dirichlet process

infinite mixture model, implemented in scikit-learn.[109] The infinite mixture model did not

require a priori knowledge of the number of clusters in the system, so it provided a good

option for this particular analysis.[45, 99]
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Figure 4.1: Comparison of the two nanorod styles examined in this work. a) Nanorod with
diameter of approximately 30 nm and grafting density of something chains per nm2. b)
Nanorod of diameter of approximately 5 nm and grafting density of 0.3 chains per nm2.
Note that while the shapes and sizes of the nanorods differ, the chains themselves are the
same size. Block copolymer chains shown here are under solvent BO.

4.4 Results

4.4.1 Solvent Effects

Parameters for the virial model are selected to implicitly reproduce effects of various solvent

conditions for different polymer components (All parameters are provided in the Appendix).

Of particular interest in the present study is the polymer morphology in the presence of a

solvent that is good for one component but very poor for the other. Under such circum-

stances, one polymer component will swell considerably while the other will collapse to a

much smaller size. In some solvents, the collapsed domain will become fully surrounded by
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the swollen polymer, while in others the two polymer components will repel one another.

These solvent effects are important when polymers grafted onto adjacent cellulose nanocrys-

tals come into close contact. Certain types of polymers will clump together and form a

bridge-like structure between the two objects. In the case of a large collection of objects,

these collapsed yet connected domains may form a percolating network.

We have analyzed four types of solvent in detail which can be characterized by how they

affect the different polymer components: solvents A, B, C, and D. Solvent A acts as a good

solvent for both components, causing each to swell and become extended beyond the sizes

typically expected from an unperturbed polymer. Solvent B acts as a poor solvent for one of

the components, causing it to collapse. In solvent B, the repulsive interactions between the

two polymer components are still present, so that considerable separation of the components

occurs. Solvent C differs from solvent B only in that the collapsing component is attracted to

the swollen component, so it is favorable for the collapsed component to be fully surrounded

by the other component. Solvent D acts as a poor solvent for both components, causing

them both to collapse.

For solvents B and C, the interactions are asymmetric between the two components, and

there is a substantial morphological difference in block copolymer brushes when the inner

component collapses as compared to when the outer component collapses. To clarify which

situation is being considered, we refer to the block copolymer brush solvents as solvent BI

and CI when the inner component collapses, and BO and CO when the outer component

collapses in all future notation. For mixed brushes, these distinctions are irrelevant as there

is no inner and outer component, and the solvents are referred to simply as B and C.

4.4.2 Single CNC Systems

In this section, the morphology of block copolymer brushes and mixed brushes grafted onto

cylindrical surfaces are examined qualitatively to gain an understanding of how these poly-

mers behave under different solvent conditions. Two different sizes of cellulose nanocrystals
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Figure 4.2: Side and end views of block copolymer brush morphologies under the different
solvent conditions.
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are examined. The first is representative of a nanorod with a diameter of approximately 15

nm, similar to that of a cellulose nanocrystal derived from tunicin, and with a length of 35

nm, and a grafting density of 0.3 chains / nm. The second is representative of a nanorod

with a diameter of 5 nm, similar to a cellulose nanocrystal derived from wood, a length of 150

nm, and a grafting density of 0.3 chains / nm. An image of the two nanocrystals is shown

in Figure 4.1. Figure 4.2 displays images of equilibrium morphologies for block copolymer

brushes under the aforementioned solvent conditions for the wider cellulose nanocrystal size

(narrow nanocrystal morphologies are displayed in Figure 4.3, and they are qualitatively

similar).

As can be seen, the different solvent conditions create qualitative differences in the mor-

phology. For solvent A, the block copolymer brush expands radially outward and no general

ordered structure appears to form. Individual polymers are extended, so the polymer density

gradually becomes more diffuse as the radial distance increases away from the surface of the

nanocrystal. The stronger repulsion between the different blocks does not appear to have a

strong qualitative effect on the morphology beyond causing the polymers to become further

extended.

Solvent B, in comparison, does create clustering in the collapsed component. For BI,

where the inner block collapses, this clustering occurs near the surface of the nanocrystal,

while in BO the clustering occurs on top of the inner component. Since the interactions

between polymer components are repulsive in solvent B, highly separated domains form. In

BI, the collapsed domain forms clusters on the surface of the nanocrystal that expel the

swollen component, which fills in the leftover void regions. In BO, the clusters of collapsed

component lie on top of the swollen component, but they do not mix together.

In many ways, the solvent C morphologies look similar to those forming under solvent B,

but the mutual attraction between the two block copolymer components creates important

differences. For CI, the collapsed inner component spreads more evenly across the surface

of the nanocrystal, as it is stabilized by the swollen outer component which mixes with
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Figure 4.3: Side and end views of block copolymer brush morphologies under the different
solvent conditions for the narrow cellulose nanocrystal.
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it. The overall effect is to make a more uniformly coated nanocrystal rather than forming

into the separated clusters as in BI. For CO, the collapsed outer domain falls into the

inner component, making the morphology substantially different from BO. The collapsed

component is able to form larger cluster sizes as it is also stabilized by the inner component.

Solvent D, where both domains collapse, is substantially shrunken compared to solvent

A. In addition, the two components mix together so the polymer distribution is not as diffuse

as in solvent A. Unlike solvents B and C, no clustered domains form. Instead, both blocks

are evenly distributed around the nanocrystal.

Figure 4.4 displays qualitative images for mixed brush morphologies on the wider cellulose

nanocrystal (The narrow nanocrystal is displayed in Figure 4.5). Solvent A with the mixed

brush once again causes the polymers to become highly extended. Unlike the block copolymer

brush, the mixed brush is able to undergo some level of lateral demixing between the two

components into separated domains due to the stronger repulsion between unlike polymer

components. However, these domains are not persistent and gradually fluctuate.

Solvent B and solvent C look similar to their BI and CI counterparts in the block copoly-

mer brush: one of the polymer components collapses near the surface of the nanocrystal.

However, the lack of connectivity between the different polymer components allows phase

separation to occur more easily. In solvent B, the collapsed component segregates away from

the swollen one near the surface leading to patches of both collapsed material and patches of

extended material. In solvent C, these distinct patches do not form as the swollen component

mixes in freely with the collapsed component, essentially shielding it from the surroundings.

For solvent D, both components are collapsed and the behavior is similar to that of the

block copolymer brush. There is considerable mixing between the two components, unlike

for solvent A where the two components tend to form separated fluctuating domains.
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Figure 4.4: Side and end views of mixed brush morphologies under the different solvent
conditions.
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Figure 4.5: Side and end views of block copolymer brush morphologies under the different
solvent conditions for the narrow cellulose nanocrystal.
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4.4.3 Distance Dependence - Block Copolymer Brush

In large assemblies of nanocrystals, the effective interactions between nanocrystals caused

by the grafted polymers can dictate how they interact with one another. Here, interactions

between pairs of nanocrystals with grafted polymers are examined by using thermodynamic

integration to calculate free energies of separation. Figure 4.6 displays free energies for

block copolymer grafted cellulose nanocrystals under the different solvent conditions detailed

earlier for the wider cellulose nanocrystal. As can be seen, the different solvents create

substantial differences in the free energy curves.

The first free energy curve is for solvent A. Since the interaction is purely repulsive across

all components, the free energy is also repulsive. The value of the free energy is near zero

for distances greater than 5 Re,0 at which point polymers from the two nanocrystals come

into contact. It then steadily increases from there until it reaches the distance at which the

nanocrystals come into contact.

The free energy curves for solvent BI and BO behave differently than solvent A due to

the attractive interactions present in the collapsing component. The shape of the curve is

dictated entirely by which order the blocks of the copolymer come into concact with each

other as the separation distance decreases. For BI, the swollen blocks come into contact

first, causing the interaction to be initially repulsive. As the nanocrystals come into closer

proximity, the collapsed components are able to form “bridges” across the two cylindrical

bodies. The additional interactions between the collapsed components is able to counteract

the repulsion between swollen components as well as between swollen and collapsed compo-

nents, causing the free energy to level off at the shortest distances. For BO, on the other

hand, it is the collapsed components which initially come into contact. As can be seen in

Figure 4.6, the free energy curve for BO decreases slightly as the nanocrystals come into

contact before increasing again as the swollen components start to come into contact. At

the shortest distances, the free energy curve for BO increases above the free energy at full

separation.
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Figure 4.6: Pair potentials of block copolymer brushes under various solvent conditions along
with corresponding side views of cellulose nanocrystal pairs. Interactions among polymers
on the different nanocrystals dictates the shape of the free energy curve. The free energy
curve shapes can be divided into roughly three types: purely repulsive (A), attractive at
intermediate ranges and repulsive at short ranges (BO,CO,D), and repulsive at intermediate
distances and attractive at short ranges (BI,CI).
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Solvent CI and CO are similar to their BI and BO counterparts. The free energy curve

for CI initially increases as the swollen components first come into contact and then de-

creases when the nanocrystals are close enough for the collapsed components to come into

contact. However, unlike BI, the interaction between swollen and collapsed components is

also attractive, which stabilizes the nanocrystals at short distances. In fact, the decrease in

energy associated with mixing the unlike components makes solvent CI the only one with a

free energy curve that is below zero when the nanocrystals come into contact. Solvent CO

behaves nearly identically to solvent BO. As can be seen in Figures 4.2 and 4.6, the outer

component collapses into the inner component for solvent CO, which makes the size of the

polymer smaller than that of BO, and also makes the distance at which the free energy starts

to decrease slightly smaller. In addition, the polymer in solvent CO is more densely packed

together than BO, so at the shortest distances, the repulsion is stronger for CO, as indicated

by the higher energy when the nanocrystals come into contact.

Finally, solvent D behaves qualitatively similar to solvents BO and CO. When the poly-

mers on the two nanocrystals first come into contact, the energy decreases because of the

attractive forces among all components. However, as for CO, the density of a single block is

already fairly high, so the free energy begins to increase as the nanocrystals are forced into

closer proximity until reaching the point when they come into contact.

4.4.4 Distance Dependence - Mixed Brush

Figure 4.7 displays free energy pair potentials for mixed brushes grafted onto the wider

nanocrystals under solvent conditions A, B, C, and D. As can be seen from the plots, the

mixed brush configuration does create some slightly different effects when compared to the

block copolymer brush under the same solvents.

Solvent A for the mixed brush, which is purely repulsive, behaves nearly identically to

solvent A for the block copolymer brush, and approaches nearly the same value of the free

energy at contact of the nanocrystals. The lack of difference between different brush types
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Figure 4.7: Pair potentials of mixed brushes under various solvent conditions along with
corresponding side views of cellulose nanocrystal pairs. While solvents A and D behave
similarly to their block copolymer brush counterparts, the greater extension of the swollen
block in solvents B and C on the mixed brush causes the attractive regime to be weaker
relative to the block copolymer brush.
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can be attributed to the fact that the polymers in both cases are highly extended, and

bringing the nanocrystals closer together does not cause any morphological changes in the

material.

Both the free energy curve and image for solvent B look similar to those of solvent BI

for the block copolymer. The collapsed component tends to cluster near the surface of the

nanocrystal, while the swollen component extends far beyond it. However, since the separate

components are unconnected in the mixed brush, both the collapsed and swollen components

form larger clusters than in the block copolymer brush. For the collapsed component, the

clusters are more irregularly shaped and are able to extend to a greater distance away from

the surface. For the swollen component, the polymers are able to reach the same extention

as those in solvent A, which is very different from the block copolymer brush. The increased

repulsion from these fully extended swollen polymers prevent the free energy curve for the

mixed brush from leveling off to the same extent as the block copolymer brush under solvent

BI when the nanocrystals come into contact.

The attractive interactions between unlike components in solvent C causes the collapsed

component to coat the nanocrystal much more uniformly than in solvent B. This can be seen

by the more evenly and circularly distributed collapsed component in Figure 4.7. Similar to

solvent CI relative to BI for the block copolymer brush, solvent C stabilizes the energy at

short nanocrystal distances more than solvent B due to the attractive interactions between

the unlike components, which actually causes the energy to decrease at the shortest distances

before the nanocrystals come into contact. However, unlike the block copolymer brush, the

increased extension of the swollen component in the mixed brush prevents the free energy

from going below zero at contact.

Solvent D behaves nearly identically to solvent D with the block copolymer brush. When

the polymers first come into contact, the free energy decreases due to the attractive interac-

tions. However, as the nanocrystals come into closer contact, the high polymer density causes

the free energy to rise sharply until the nanocrystals come into contact. Unlike for the block
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copolymer brush, solvent D for the mixed brush is the only solvent that produces a distinct

minimum in the free energy curve at an intermediate distance of nanocrystal separation.

Figure 4.8 displays free energy curves for the block copolymer brush (a) and the mixed

brush (b) grafted onto the narrower cellulose nanocrystal. Qualitatively, the free energy

curves follow the same patterns as those of the wider cellulose nanocrystal. The brush

and solvent combinations that lead to collapsed components coming into contact first have

an attractive intermediate region and a highly repulsive region at close contact, while the

opposite effect is present when swollen components come into contact first. Slight differences

between the narrow and wide cellulose nanocrystal types are present in the magnitude of

these energetic effects. Specifically, the repulsive effects for solvents BI, BO, CO, and D

in the block copolymer brush (B, C, and D for the mixed brush) are more subdued on the

narrow nanocrystal relative to the wider nanocrystal; the free energy at the most repulsive

point is less relative to the most attracive point than it is in the wider nanocrystal. This

result is likely due to the swollen polymer components having more freedom to move around

on the narrow nanocrystal due to the increased curvature. When the nanocrystals come

into close contact, the swollen components are able to bend away from the point of contact

and allow the collapsed components to come into contact, while on the wider nanocrystals,

the swollen components become pinned between the nanocrystals due to the relatively low

curvature.

4.4.5 Orientation Dependence

Although separation distance between polymer-grafted cellulose nanocrystals is expected to

play the most prominent role in interactions, relative orientation is also important as it

dictates how cellulose nanocrystals prefer to align near each other, and can have enormous

consequences on how they behave in the bulk.

Free energy as a function of relative orientation between cellulose nanocrystals is shown

for both brush types and all solvent conditions in Figure 4.9 for the wider cellulose nanocrys-
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Figure 4.8: Free energy curves for the thinner (5 nm diameter) nanorod system for both a)
block copolymer brush and b) mixed brush. Even though it contains a different nanorod
radius and grafting density, this system shows similar qualitative free energy behavior to the
wider nanorod free energy curves shown in Figures 4.2 and 4.4.
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Figure 4.9: Free energies as a function of rotation angle for the different solvent conditions.
a) displays free energies for the block copolymer brush while b) shows them for the mixed
brush.
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tal. The separation distance for these free energy curves is set at 3.3 Re. At this distance, all

cellulose nanocrystals under all solvent conditions are interacting in some way, which allows

for a rich diversity of orientation dependencies.

From Figure 4.9a, it can be seen that the for several of the solvent conditions, free energy

change as a function of rotation angle largely depends on how much of the nanocrystals

are overlapping, particularly for solvents A, BI, and CI. Only the swollen components of

the block copolymer brush are in contact in these solvents, while the collapsed domains are

entirely unaffected by the rotation. Since the swollen component does not adapt its shape

substantially based on the amount of contact, the free energy curve takes on a smooth sinu-

soidal profile in these solvents. Additionally, these three solvent types can be seen to have a

positive free energy at 3.3 Re, which explains why the free energy decreases as θ approaches

90 degrees. In contrast, the collapsed components of the cellulose nanocrystals are in con-

tact in solvents BO, CO, and D. Unlike the swollen components, the collapsed components

can deform quite substantially as the cellulose nanocrystal is rotated in order to maximize

contact. The effect of this deformation is remarkably prominent in solvent BO which does

not follow the simple sinusoidal pattern. Instead, the pattern is more complex, displaying

local minima at approximately 50 and 130 degrees, while displaying a local maximum at 90

degrees. This unusual pattern is the result of how the collapsed domain restructures itself

so as to maximize contact across cellulose nanocrystals. Near the minima, the outer block is

able to increase its contact, while near the maximum the amount of contact rapidly decreases

as the cellulose nanocrystals become perpendicular. These results are likely exaggerated due

to the short cellulose nanocrystals used for these simulations. The free energy curves for

solvents CO and D are simpler and smoother, as the morphological changes are less drastic;

the collapsed components vary more smoothly because they are denser than in solvent BO.

Figure 4.9b displays the free energy as a function of rotation for the mixed brush in the

different solvent conditions. While the mixed brush behaves identically to the block copoly-

mer brush under solvent A and similarly under solvent D, there are substantial differences
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Figure 4.10: Free energy curves for the thinner (5 nm diameter) nanorod system for both
a) block copolymer brush and b) mixed brush. Even though it contains a different nanorod
radius and grafting density, this system shows similar qualitative free energy behavior to the
wider nanorod free energy curves shown in Figures 4.9a and 4.9b
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with the other solvents. In particular, the collapsed components in solvents B and C are

in contact across both cellulose nanocrystals, which leads to large morphological rearrange-

ments throughout the rotation. This effect is pronounced in solvent C, where the free energy

increases as the cellulose nanocrystal moves to an orthogonal configuration, even though the

free energy is greater than zero according to Figure 4.7. As the nanocrystal rotates, the con-

nection between the collapsed components begins to break off, leading to an increase in the

free energy. As the rotation angle approaches 90 degrees, the morphology begins to stabilize

as the polymers are less stretched, leading to a very slight decrease in the free energy. A

similar pattern also emerges in solvent B, although without as large of a free energy change.

Figure 4.10 displays the free energy of rotation for the block copolymer brush (a) and the

mixed brush (b) grafted onto the narrower cellulose nanocrystal, all at a separation distance

of 1.95Re. There are several pronounced differences between the wider and narrower cellulose

nanocrystal free energy curves. The narrower nanocrystal has a much higher aspect ratio

than the wider one, so the free energy changes more rapidly under rotation. This can be seen

in the sudden increase or decrease in the energy as the angle increases before quickly leveling

out at around 40 degrees. The free energy value at which the curve levels off depends entirely

on the energy at that separation distance; repulsive interactions lead to a lower free energy

as the nanocrystals twist away while attractive interactions lead to a higher free energy.

Additionally, there is less disparity in the qualitative behavior of the free energy curves.

All the curves follow the exact same trend, and there does not appear to be the minima or

maxima at intermediate values as occurs in the wider nanocrystals due to the effect of the

smaller surace area. Since the narrow nanocrystal has such a high aspect ratio, any possible

local maxima or minima would be constrained to very small regions.

In order to further examine the orientation dependence in some of the more complicated

solvent conditions, additional free energy calculations were performed at different separation

distances for the wider cellulose nanocrystal. Figure 4.11 displays free energy curves for

solvents BO, CO, and D at several separation distances to capture their behavior in the
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Figure 4.11: Free energies as a function of rotation angle at different cellulose nanocrystal
separation distances for block copoymer brushes. a) displays free energies under solvent BO,
b) is under solvent CO, and c) is under solvent D.
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close-range repulsive regime as well as the long-range attractive regime. The simplest result

that can be taken from these free energy curves is that at close-range in the repulsive regime,

the orientation dependence is nearly identical to the behavior under solvent A in that it takes

on a nearly sinusoidal shape. The interactions are slightly more complex within the attractive

regime and depend more on the solvent type under consideration. For example, for solvent

BO (shown in Figure 4.11a), there is a minimum free energy at around 50 degrees when

the separation distance is 3.3 Re. However, when this separation distance increases slightly

to 3.5 and 4.0 Re, this local minimum disappears, leaving the global minimum energy at

0 degrees. Similarly, for solvent CO (Figure 4.11b), a minimum free energy appears at

around 45 degrees at a distance of 3.0 Re before disappearing at greater distances. These

shifts in minima can likely be attributed to the morphology changes that the collapsed outer

component undergoes at different separation distances and orientations. When in closer

contact, the collapsed domains can form greater bridges across nanocrystals which yields

more complex orientational behavior than when the nanocrystals are further apart and the

swollen domains are primarily in contact. In comparison to solvents BO and CO, solvent

D (Figure 4.11c) is more homogeneous as both domains are collapsed. As a result, the

orientation dependence at all separation distances are smoother and less complex for solvent

D than the others, and similar to the repulsive regimes, these curves appear to be simple

sinusoids with amplitudes dependent on the free energy at the given separation distance, as

depicted in Figure 4.6.

4.4.6 Volume Effects at Contact

For some applications, such as water uptake in a hydrophobic polymer matrix, water must

travel along the hydrophilic cellulose nanocrystals.[16, 27] Under such conditions, it is impor-

tant that the cellulose nanocrystals are in contact with one another and form a percolating

network throughout the polymer matrix. To enhance this process, block copolymers may

be grafted onto cellulose nanocrystals, where the inner polymer component is hydrophilic as
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well and would thus become swollen. The free energy curves calculated in the previous sec-

tions would have a strong effect on how the nanocrystals would orient relative to one another

and their percolative behavior. Furthermore, how the swollen component behaves when two

nanocrystals come into close contact would also dictate how easily water could move between

adjacent nanocrystals. This section examines how grafted swollen polymer chains behave

upon contact of cellulose nanocrystals in order to further characterize how they behave in

the bulk. Specifically, the two block copolymer solvent types leading to swollen inner com-

ponents (solvents BO and CO) are examined to determine how the volume of the swollen

component changes as a function of separation distance for the narrow cellulose nanocrystal

type. Additionally, the number of contacts between polymers of adjacent nanocrystals were

determined.

Figure 4.12 displays both the volume and the number of contacts as a function of sepa-

ration distance. Volumes were calculated by representing each bead as a sphere of 0.16 Re

radius. Polymer-occupied volume was calculated from the union of these spheres by using

random Monte Carlo sampling. Similarly, contacts were calculated by the number of swollen

polymer beads that were within 0.16 Re of a swollen polymer bead from the opposite cellul-

lose nanocrystal. As indicated by Figure 4.12, the volume taken up by the swollen polymer

component decreases as the two cellulose nanocrystals come into contact, while the number

of contacts between polymers on opposite cellulose nanocrystals increases. For solvent CO,

there appears to be a very slight increase to the volume when the cellulose nanocrystals

first come into contact. This effect is likely due to the attractive interactions in the outer

collapsed components which first come into contact, and then cause the inner component to

stretch slightly in order to increase the contact.

4.4.7 Large-Scale Nanocrystal Suspension Simulations

Continuing on from the previous section’s discussion of percolating pathways, this section ex-

amines bulk systems of cellulose nanocrystals. Simulations of a highly coarse-grained model
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Figure 4.12: Plots of a) the volume occupied by the swollen component of the polymer
and b) the number polymer components in contact with polymers of the adjacent cellulose
nanocrystal as a function of the separation distance between cellulose nanocrystals. Both
plots follow the same trends as the volume appears to decrease immediately as soon as the
contacts between the cellulose nanocrystals begin to increase.
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of cellulose nanocrystal suspensions were performed to understand their collective behavior

under the different solvent conditions described previously. Using a highly coarsened per-

spective, all of the different cellulose nanocrystal conditions were lumped into three groups

representing their overall interaction. These interactions were designed to roughly repro-

duce the qualitative effects of the different solvents by making the nanocrystals either purely

repulsive (as in Solvent A), making them have a minimum energy in a parallel aligned config-

uration (as in Solvent D), or making them have a minimum energy in a crossed configuration

(as in Solvent BO).

Suspensions of 5000 cellulose nanocrystals were prepared by annealing the system at high

temperature and then cooling down to a temperature of zero to resemble a non-thermalized

kinetically trapped state. Figure 4.13 displays morphologies for the three interactions types.

In all cases, simulations were performed in both constant pressure (left panels) and constant

volume (right panels) boxes. The constant pressure simulation provides a configuration that

locally mininimizes the system energy without providing any void regions, while the constant

volume simulation introduces void regions.

Figures 4.13a and 4.13b (red) display morphologies for the parallel-aligning cellulose

nanocrystals. As can be seen, in both cases a strongly semicrystalline state forms. The

nanocrystals not only align together in the same direction, but also stack together by match-

ing endpoints. Local clusters of aligned and stacked nanocrystals form and produce different

regions which meet at grain boundaries. The differences between the constant volume and

constant pressure simulations are not great. Even though void regions form in the constant

volume simulation, the semicrystalline behavior is still present, while there is more room for

the clusters to align.

Figures 4.13c and 4.13d (blue) display morphologies for the purely repulsive cellulose

nanocrystals. Unlike the parallel-aligning cellulose nanocrystals, these depend on whether

the simulation is constant volume or constant pressure. For the constant volume simulation,

the nanocrystals can be seen to fill the box and are heavily disordered. They have no propen-
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Figure 4.13: Morphologies of cellulose nanocrystal suspensions. Red denotes nanocrystals
with a tendency to align parallel to one another. Blue denotes nanocrystals that are purely
repulsive, and do not have any innate tendency to condense. Green denotes nanocrystals
with a tendency to form a crossed “X-shaped” configuration. a, c, and e were cooled in a
box of constant volume, allowing void regions to form. b, d, and f were cooled in a box of
constant pressure, providing a configuration that locally minimizes the energy.
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sity to align in any fashion and there is a general lack of order, which is to be expected from

a system with no attractive interactions. The constant pressure simulation, however, is more

similar to the parallel-aligning cellulose nanocrystals. The excluded volume interactions force

the nanocrystals into an aligned and stacked state, similar to the semicrystalline state seen

in the parallel-aligned nanocrystals. However, the grain boundaries between the individual

clusters do not appear to be as sharp, likely due to the lack of attractive interactions holding

them in place.

Figures 4.13e and 4.13f (green) display morphologies for the cross-forming cellulose

nanocrystals. As can be seen, the tendency to avoid aligning disrupts the formation of

any sort of crystalline or semicrystalline phase leading to entirely disordered morphologies

under both constant volume and constant pressure simulations. Superficially, the morphol-

ogy resulting from the constant pressure simulation looks similar to the morphology of the

fully repulsive nanocrystal following a constant volume simulation. However, upon inspect-

ing the trajectories, the cross-forming nanocrystals are far more kinetically stuck due to their

attractive interactions. The constant volume simulation is similar to the constant pressure

in that a disordered morphology forms. However, there are significant void regions that form

surrounding the frozen disordered structures.

Clustering analysis was performed on constant pressure parallel-aligning and purely re-

pulsive CNCs. Results are displayed in Figure 4.14. As can be seen in Figure 4.14b, the

individual clusters tend to stack up into layers of closely connected nanocrysals which then

meet at sharp grain boundaries. On average, the purely repulsive cellulose nanocrystals tend

to form a greater number of clusters than the aligning cellulose nanocrystals: 98 clusters for

the aligning nanocrystals and 184 for the purely repulsive. This result is expected, as the

repulsive nanocrystals are more loosely held in the system, creating more disorder in the

morphology and preventing large clusters from forming. In addition, the distribution of

nanocrystals belonging to a cluster of a given size is shown in Figure 4.14c. In general, the

repulsive nanocrystals provide a smoother distribution, with a greater concentration at the
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Figure 4.14: Clustering analysis of the aligning and repulsive cellulose nanocrystal sus-
pensions. a) displays the bare morphology before clustering, while b) color-codes each
nanocrystal by its corresponding cluster. c) provides a distribution showing the likelihood
of a cellulose nanocrystal belonging to a cluster of a given size. In general, the aligning cel-
lulose nanocrystals tend to form larger clusters with a distribution that is more spread out.
In comparison, the repulsive cellulose nanocrystals are more concentrated toward smaller
cluster sizes. These distributions reflect the average number of clusters for each type: 98 for
the aligning and 184 for the repulsive.
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smaller cluster sizes that smoothly drops down as the cluster sizes get larger. In contrast,

the aligning nanocrystals has a distribution that is more evenly spread. Even at large clus-

ter sizes, up to around 500, there are a substantial number of nanocrystals. The aligning

nanocrystals hold clusters in place more easily, so it is again expected to have clusters that

reach large sizes.

4.5 Conclusion

In this work we have simulated block copolymer and mixed brushes grafted onto cylindrical

cellulose nanocrystals under different implicit solvent conditions. We have found that using

solvents with different preferences for the polymer components can cause dramatic changes

in the resultant brush morphology. For example, a solvent that is good for both components

can lead to a highly extended polymer brush, while a solvent that is strongly preferential to

one polymer component can cause distinct nanoclustered domains to form.

We have examined the effective free energies between pairs of polymer-grafted nanocrys-

tals under the different solvent conditions in order to gain insight into how collections of

nanocrystals would interact. As with the morphology, it was found that the free energy

curves take on different qualitative behavior depending on the solvent conditions. Collapsed

and well mixed components lead to attractive free energy interactions, while swollen block

copolymers lead to highly repulsive free energy interactions.

In addition, we have examined a coarse-grained model of cellulose nanocrystal suspensions

with pair interactions derived from free energy behaviors. We have found that cellulose

nanocrystals with a propensity to align parallel to one another form strongly semi-crystalline

structures, while those that are largely repulsive form more disordered morphologies. Finally,

cellulose nanocrystals that have a tendency to cross one another form highly disordered

morphologies even with strong attractive interactions present.
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4.6 Appendix

4.6.1 Solvent Parameters

Table 4.1: Parameters for the virial model equation of state

Solvent A B C D

νAA 0.325275 -2.79721 -11.0412 -11.0412
νBB 0.325275 0.173237 4.62845 -11.0412
νAB 2.07856 0.638477 -2.33879 -8.52973
wAAA 0.03 0.06 0.3 0.6
wBBB 0.03 0.03 0.0 0.6
wAAB 0.03 0.03 0.0 0.6
wABB 0.03 0.03 0.0 0.6

4.6.2 Nanocrystal Suspension Model Parameters

All nanocrystal suspension simulations were performed using Lennard-Jones units in LAMMPS.

Individual nanocrystals were modeled as 7 beads spaced one distance unit apart and treated

as a single rigid body. For the parallel-aligning nanocrystal, the standard Lennard-Jones

potential was used for all beads, with σ = 1 and ε = 1. For the repulsive nanocrystals, the

Lennard-Jones potential was truncated at its minimum (σ = 21/6) and shifted by 1 energy

unit for the energy to be zero beyond this cutoff, producing a purely repulsive potential. For

the cross-forming cellulose nanocrystals, Lennard-Jones beads of different σ were used to

frustrate alignment and promote an “X-shaped” minimum energy configuration. The center

bead was given σ = 1 while the adjacent beads moving outwards were given σ = 1.3, 1.6,

and 1.9. ε = 1 for all beads.

Constant pressure and constant volume simulations were performed with 5000 nanocrys-

tals by reducing the system temperature (in reduced units) from 5.0 down to 0.0 over 5000

time units at a time step of 0.0001. Constant pressure simulations were all performed at a

reduced pressure of 1.0, while constant volume simulations were performed in a cubic box
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of side length 40.0, 40.0, and 58.0 reduced units for the parallel-aligning, repulsive, and

cross-forming cellulose nanocrystals, respectively.
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CHAPTER 5

SELF-ASSEMBLY IN BOTTLEBRUSH POLYMERS

5.1 Abstract

Bottlebrush polymers are a class of molecule consisting of a single backbone chain with a

high density of polymeric side chains which have gained interest due to their unique physical

properties. In this work, we use a simple coarse-grained model to examine the behavior of

single and multi-component bottlebrush polymers in the bulk. Specifically, we study the

effects that molecular architecture has on single molecule properties and phase separation

behavior in multicomponent systems of diblock and Janus bottlebrush polymers. Screening

effects are shown to play a large role in determining flexibility in bottlebrush polymers.

At high polymer densities, bottlebrush polymers become more flexible and less stretched.

Additionally, the relative size of the intermonomer spacing along the backbone compared to

the side chain length dictates the range over which intramolecular interactions occur and

controls properties such as persistence length. Phase separation behavior was found to differ

substantially between diblock and Janus bottlebrushes. In diblocks, the backbone length was

found to play a role analogous to that of polymer length in linear polymer systems. Phase

separation behavior in Janus bottlebrushes, however, was found to be nearly decoupled from

backbone length, while side chain size relative to monomer spacing was found to play a more

prominent role.

5.2 Introduction

Bottlebrush polymers are a class of macromolecule whose unique molecular properties have

attracted great interest. They consist of a single backbone polymer with a high grafting

density of polymeric side chains.[67, 83, 148] The steric hindrance caused by the high density

near the backbone can force the side chains to become extended and reduce the flexibility
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of the backbone.[106, 105] Several theoretical scaling relationships have been derived for the

effect of both side chain length and side chain grafting density on the persistence length of

the bottlebrush backbone in both solvent and the melt.[108]

When more than one type of side chain is used, bottlebrush copolymers can be formed.

If arranged into more than one block, these bottlebrush copolymers share many features in

common with the familiar linear block copolymers, including their ability to self-assemble into

well-organized nanostructures. Some of these nanostructures can take on domain spacings

in excess of 100 nm.[148] In addition, bottlebrush polymers have been shown to exhibit

useful properties in blends with linear polymers. For example, bottlebrush polymers tend to

aggregate at surfaces, allowing the conformational entropy of linear chains to increase in the

bulk region.[110, 130] Furthermore, they are a useful additive in blends with linear diblocks,

and can be used for morphological control of domain sizes.[87]

Theoretical studies have been performed of bottlebrush copolymer melts. One such

study used strong segregation theory along with lattice-based Monte Carlo simulations and

experiments to examine lamellar pitch dependence on backbone length.[52] Another study

examined lamellar pitch dependence on backbone length for many different side chain lengths

using experiments and mean field theory.[28] However, the mean field theory methods that

were employed required specification of the backbone persistence length and the extent of

side chain stretching, both of which should already be specified by other parameters in a full

polymer theory. Still further studies have, for example, examined the potential for forming

different phases using polymers of very short side chain lengths.[21]

In addition to the diblock copolymer architecture, so-called “Janus” polymers have also

been developed as a form of phase separating bottlebrush polymer.[82, 72] Janus bottle-

brushes differ from diblock bottlebrushes in that each monomer is doubly grafted with two

separate types of polymer. During the self-assembly process, the backbone of the polymer

serves as the interface between the two self-segregating side-chain components. In contrast to

block bottlebrush polymers, Janus bottlebrushes lack many of the direct analogies to linear
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diblocks. For example, the length of the diblock bottlebrush backbone can be considered

roughly analogous to the length of a linear block copolymer, whereas the backbone length

of a Janus bottlebrush cannot. The ability to form lamella in a direction perpendicular to

the orientation of the backbone polymer provides Janus bottlebrushes with many of their

unique properties.

The unique molecular characteristics of multicomponent bottlebrush polymers can affect

their phase separation properties. In particular, the steric hindrance of the stretched side

chains cause bottlebrush polymers to be semiflexible, rather than highly flexible. Semiflexible

block copolymers have been shown to have order-disorder transitions at lower temperatures

and an increased lamella region of the phase diagram.[89] In addition to semiflexibility,

bottlebrush polymer aspect ratios are much lower than linear polymers due to the spreading

of the side chains over finite regions. This density smearing has been shown to decrease the

order-disorder transition temperature.[140, 29] Lastly, it is believed that the steric hindrance

caused by side chains near the backbone can prevent entanglement, which can drastically

increase the rate at which self-assembly occurs.[52]

In this work, we perform a study of single and multi-component bottlebrush polymers

of various architectures to examine their bulk properties. The dependence of polymer size

and persistence length on system polymer density is examined in detail in the first section.

In the second section, phase separation properties of diblock and Janus bottlebrushes are

examined, particularly in how they differ from each other and linear diblocks, as well as

which parameters of the molecule dictate where the order-disorder transition occurs.

5.3 Model and Methods

5.3.1 Model Description

The model of bottlebrush polymers used in this work is an extension of the “canonical”

model commonly used to describe linear block copolymer systems.[43, 34, 42] In the linear
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Figure 5.1: Schematic for the bottlebrush polymers studied in this work. Backbone beads
are depicted in black, while side chain beads are depicted in red. The parameters examined
in this study are the following: Nsc is the number of beads making up a single side chain.
Nbb is the number of beads making up the backbone. Re is the root-mean-square end to end
distance of the side chain. L is the root-mean-square end to end distance of the backbone.
B is the distance between two adjacent backbone beads. All distances reported in this work
are in units of Re,0, the root-mean-square end to end distance of an ideal unperturbed side
chain polymer.
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polymer model, individual molecules are described as Gaussian chains, which act as good

approximations to real polymers so long as the polymer is sufficiently flexible or, in other

words, can be considered Gaussian at all length scales of interest. The side chains of the

bottlebrush polymer are treated as Gaussian in this model, while the backbone is treated as a

freely jointed chain. Since the crowding of side chains near the backbone can be substantial,

the freely jointed chain prevents the backbone from becoming stretched to an unphysical

extent, while still allowing the chain to bend freely. One important aspect to consider when

using this model is that most of the molecule’s semiflexibility does not come from the back-

bone. The semiflexbility is due instead to interactions between sidechains at different points

along the backbone, a feature that will be further detailed in the section on semiflexbility.

The bottlebrush model makes use of the following non-bonded interaction potential,

which is identical to the one commonly used for systems of linear polymers:[42]

Hnb
kBT

= ρ0

∫
χφAφB +

κ

2
(φA + φB)2dr (5.1)

Where χ is a Flory-Huggins parameter and κ is associated with the compressibility of the

melt, ρ0 is the monomer density of the melt, and φA and φB are local normalized monomer

densities of components A and B, respectively (φA = ρA/ρ0).

The model is implemented using Theoretically Informed Coarse-Grained (TICG) simulations.[30,

31, 111] In TICG, continuous Gaussian chains are discretized into discrete Gaussian chains,

and a finite interaction distance is introduced to make the model amenable to standard

Monte Carlo and Molecular Dynamics simulations. The choice of discretization parameter

and interaction distance is, in a sense, arbitrary. However, the general rule has been to

discretize the chain enough and choose an interaction distance sufficiently small so that the

finest length scales of interest are resolved. As the discretization level gets infinitely fine and

the interaction distance becomes infinitely small, the exact Hamiltonian is reproduced.
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The non-bonded interaction in the case of a system discretized into Nsc side chain beads

can be re-written into the following form, which reflects that the choice of Nsc is arbitrary.

Hnb
kBT

=
ρ0
Nsc

∫
χNscφAφB +

κNsc
2

(φA + φB)2dr (5.2)

From the above equation, it can be seen that ρ0/Nsc, the side chain polymer density,

as well as χNsc and Nsc, the chain interaction parameters, are the true coarse-grained

parameters of interest. The energy function is calculated using a zeroth order particle-to-

mesh technique that has been described extensively in the literature.[30, 32, 112]

In addition to the energetic and density parameters, several physical parameters are

examined for bottlebrush polymers. These parameters are shown in Figure 5.1. All distances

are reported in units of Re,0, the end-to-end distance of an ideal Gaussian polymer of length

Nsc. Nbb is the number of backbone monomers along the bottlebrush, while L is the root

mean square end-to-end distance of the backbone polymer. Finally, B is the distance between

two adjacent monomers along the backbone. As B is a parameter that is not easy to control

experimentally, it is easier to think of as the term that controls the side chain length. Low

B corresponds to larger side chains, as the ratio B/Re,0 is small.

5.3.2 Structure Factor Calculations

Structure factors were calculated by treating beads of component A as point scattering

centers, yielding the following equation:[120]

S(q) =

∑
i

δA cos(q · ri)

2

+

∑
i

δA sin(q · ri)

2

(5.3)

This structure factor was sampled from the simulation every 100 Monte Carlo moves,

and averaged to provide the final result.
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5.4 Results

5.4.1 Side-Chain Extension and Semiflexibility

One main source of contrast between flexible polymers and bottlebrushes is the crowding

of side chains near the backbone, which can cause the side chains to become extended as

well as decrease the flexibility of the backbone. These effects are most pronounced in dilute

solutions of bottlebrush polymers; in the melt, they are screened to an extent. The exact

magnitude of the screening will depend heavily on the polymer density. At low density, the

steric repulsion will be strong and cause the backbone to straighten out. At high density,

screening effects from surrounding molecules will reduce side chain extension and allow the

backbone to be more flexible.

In order to quantify these effects within our model, several simulations were performed

for different values of κNsc and different polymer densities, ρ0/Nsc. For all cases, the ex-

tent of side chain stretching was determined by calculating root mean square end-to-end

distance, Re, of the side chains, relative to that expected from an unperturbed Gaussian

chain: Re,0 = N
1/2
sc b, where b refers to the statistical segment length. While side chain

stretching is straightforward to quantify, characterizing backbone semiflexbility comes with

challenges. The backbone on its own is not semiflexible. Rather, it is the interactions among

the side chains which cause the semiflexibility. For these reasons, bottlebrushes cannot be

described by a single persistence length in the manner of a wormlike chain. Instead, there

are multiple length scales over which different persistence lengths can be defined. Between

single monomers, the backbone is highly flexible in that it can make sharp bends quite easily.

Over larger length scales, however, the high density of the side chains prevent the polymer

from bending back on itself while also forcing the backbone to straighten. The overall effect

creates increased orientation correlations over larger length scales. In order to account for

the multiple length scales at play in this type of molecule, the orientation correlation function

was fit to a function of the following form:
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c(s) = (1−M)e−s/ls +Me−s/lp (5.4)

Where we impose that ls ≤ lp. In the above function, ls is the small length scale

persistence length, which we can assume to be on the order of a single monomer. lp is the

large length scale persistence length, which more directly corresponds to persistence lengths

used in the definition of a wormlike chain. M and 1−M refer to the magnitude of the large

length scale correlations and small length scale correlations, respectively. In order to provide

a comprehensive picture of the dependence of bottlebrush semiflexibility on polymer density,

Re, M , and lp are plotted as a function of ρ0/Nsc in Figure 5.2. The end-to-end distance of

the backbone itself, L, which encodes how much the entire molecule has become stretched,

is also plotted.

Remarkably, the persistence length is not strongly correlated with ρ0/Nsc for most of

the values studied. While there is a sharp increase in lp at the lowest densities, for most

of the density range lp stays around 8 backbone monomer units. In fact, the magnitude of

the long range correlations, M , and the end-to-end distance of the backbone, L, are better

indicators of the density. At low density, M , L, and Re all take on values consistent with an

extended chain: extended side chains, a stretched backbone, and a large magnitude of large

length scale correlations. As ρ0/Nsc is decreased, these properties gradually and consistently

decrease to the values that would be expected of a highly screened and flexible chain. An

interesting result of these calculations is that they appear to indicate that lp is an intrinsic

property of the bottlebrush polymer, and not dependent on the environment that the polymer

is immersed within. We believe that the numerical value that lp takes is dependent on the

the size of the side chains relative to the spacing between backbone monomers. A side chain

essentially acts as a region of excluded volume around its associated backbone monomer. As

indicated by Figure 5.2a, the size of the side chain does not change substantially for much of
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Figure 5.2: Plots of various bottlebrush polymer properties as a function of polymer density:
a) side chain root mean square end-to-end distance, b) backbone long length scale persistence
length, c) magnitude of long length scale persistence length, d) backbone root mean square
end-to-end distance. The polymers range from highly rigid and extended at low density, to
heavily screened at high density.
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the studied ρ0/Nsc range. The side chain must be able to reach a distant backbone monomer

in order to interact with it, and the distance over which it can interact is dictated by the size

of the side chains. The screening effects associated with increasing ρ0/Nsc does not change

this distance, only the strength of the interaction. This effect manifests in the strong M

dependence on ρ0/Nsc compared to lp.

In order to examine these effects further, simulations were run across different values of

the intermonomer spacing distance, B, in order to determine if it had a stronger effect on the

numerical value of lp than the polymer density. The results for lp and the other parameters

are presented in Figure 5.3.

There are several details worth indicating. First, side chain extension grows as B de-

creases (Figure 5.3a). This result aligns well with the idea that decreasing B forces the

side chains to be in closer proximity, further increasing the crowding near the backbone and

thus causing the side chains to become extended. Second, unlike ρ0/Nsc, changing B/Re,0

does consistently change the numerical value of lp. As the backbone monomer spacing be-

comes larger, lp drops. M also drops with increasing ρ0/Nsc, but to a lesser extent. These

trends are in agreement with side chain size being the determining factor for orientation

correlations.

In addition to ρ0/Nsc and B/Re,0, the parameters studied in Figures 5.2 and 5.3 also

depend on the repulsive interactive parameter κNsc. As a general trend, increasing κNsc

causes the stretching and elongation effects in bottlebrushes to become greater. However,

these effects seem to be prominent only for low densities (ρ0/Nsc < 1.0). For ρ0/Nsc ≥ 1.0

and κNsc ≥ 5.0, the curves overlap each other. Our interpretation of these results is that

the value of κNsc is only important when void regions are present. At the lowest densities,

the extension of the side chains and backbone is predominantly controlled by the balance

between the repulsion of side chains from one another and the spring-like bonded interactions.

At higher densities, the bottlebrush molecules more uniformly fill up space, and the exact

value of κNsc matters less as the repulsion from surrounding molecules cancels out the
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Figure 5.3: Plots of various quantities as a function of backbone monomer spacing, B/Re,0:
a) side chain root mean square end-to-end distance, b) backbone long length scale persistence
length, c) magnitude of long length scale persistence length.
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Figure 5.4: Image of a diblock bottlebrush polymer. Green beads represent the backbone
monomers of the polymer, while red and blue beads are side chain monomers of monomers
type A and B, respectively.

intramolecular repulsion. So long as κNsc is sufficiently high that the particles are able to

interact, its exact value is not important.

5.4.2 Microphase Separation in Bottlebrush Polymers

The unique physical properties of bottlebrush polymers, as described in the previous section,

can have an effect on their microphase separation behavior in multicomponent systems. In

this section, we consider bottlebrush polymers of two immiscible side chain groups arranged

into two architectures: diblock bottlebrushes and Janus bottlebrushes. Illustrations of the

diblock and Janus bottlebrush architectures are shown in Figures 5.4 and 5.5, respectively.

For simple linear diblock copolymer systems, only three parameters are traditionally

considered when examining large scale phase separation behavior: the volume fraction of

component A (f), the Flory-Huggins interaction parameter multiplied by the chain length

(χN), and the invariant degree of polymerization (ρ0R
3
e/N).[42] The invariant degree of

polymerization is often treated as a “Ginzburg parameter,” meaning that it dictates the

extent of fluctuations and their effect on the system. In the mean-field limit, the invariant

degree of polymerization is taken to be infinite and is no longer considered as a parameter,

which can then lead to the well-known mean field phase diagram for block copolymers.[92]

For bottlebrush polymers, the situation is different and more parameters must be consid-
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Figure 5.5: Image of a Janus bottlebrush polymer. Green beads represent the backbone
monomers of the polymer, while red and blue beads are side chain monomers of monomers
type A and B, respectively.

ered in order to accurately describe the molecular structure. Consider, for example, the effect

of density on bottlebrush polymers. At experimentally relevant densities, ρ0/Nsc is impor-

tant because it dictates many of the morphological properties of the polymer, including how

extended and stretched it becomes, so it cannot be neglected. In addition to polymer density,

we also consider the following molecular parameters. χNsc is treated as the fundamental

interaction parameter, akin to χN for linear polymers, as Nsc is an arbitrary discretization

parameter for the Gaussian chain. Nbb is the number of backbone monomers, and f is the

volume fraction of type A side chains. In addition, the size of the intermonomer spacing

relative to the side chain size, B/Re, is studied.

In this section, we consider the effect that these parameters have on properties of the

phase-separated state, including the natural lamellar periodicity as well as the location of

the order disorder transition. For example, in linear diblocks, it is well-known that χN is

the parameter that controls whether phase separation occurs. When comparing polymers of

length N and 2N , the polymer of length 2N will experience the order-disorder transition at

half the value of χ as the one of length N . Depending on the architecture, we can expect

different dependencies of the order disorder transition on the bottlebrush parameters. As a

simple example, for diblock bottlebrushes, Nbb is roughly analogous to N of a linear polymer.
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We can expect that for a constant value of χNsc the order disorder transition should occur

at roughly constant χNscNbb. It is far less clear, however, if this relationship is the same

or exists at all for Janus bottlebrushes where the correspondence between Nbb and N of the

linear polymer is not the same.

Simulations were performed at various values of Nbb, B/Re, ρ0/Nsc, and χNsc with the

chain discretization set at a constant value of Nsc = 32. In all cases, the volume fraction of

A was held constant at f = 0.5.

Structure factors were calculated in order to quantitatively characterize the morphology,

as well as determine when the order-disorder transition was reached. Representative plots

of these structure factor calculations for diblock bottlebrushes are shown in Figure 5.6 at

different values of Nbb (Figure 5.6a) and B/Re,0 (Figure 5.6b), while representative plots at

varying χNsc and ρ0/Nsc are provided in Figure 5.7. The main feature of interest in these

scattering profiles is the lamellar peak location, which is where the structure factor spikes up

roughly between 0.15 ≤ q ≤ 0.6. The peak location, qp, is related to the natural periodicity

by L0 = 1/qp.

Figure 5.6a shows qp decreasing as Nbb increases, indicating that the lamellar spacing

increases as well. This result is expected because of the increasing polymer length, which

is consistent with linear diblocks as well. These results also agree well with experimental

studies which have examined lamellar spacing as a function of chain length.[28] The backbone

monomer spacing, B/Re,0, also affects the spacing. As one would expect, the backbone

spacing increases with B/Re,0, but not as much as with Nbb likely due to the increased

flexibility at high B/Re,0.

The structure factor trend for different χNsc in Figure 5.7a provides a clear example of

the order-disorder transition between χNsc values of 2.0 and 3.0. For χNsc below the order-

disorder transition, the structure factor is smooth without any noticeable sharp peaks. At

and above the order-disorder transition, the structure factor exhibits a peak corresponding to

the natural periodicity of the lamellar phase. The value of χNsc above which the structure
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Figure 5.6: Plots of calculated structure factors for a diblock bottlebrush polymer at varying
Nbb and B. Unless being varied, parameters for all plots shown here were held constant at
χNsc = 6.0, Nbb = 30, ρ0/Nsc = 10.0, and B/Re,0 = 0.16.
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Figure 5.7: Plots of calculated structure factors for a diblock bottlebrush polymer. Unless
being varied, parameters for all plots shown here were held constant at χNsc = 6.0, Nbb = 30,
ρ0/Nsc = 10.0, and B/Re,0 = 0.16.
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factor no longer changes appreciably is a good indicator of the order-disorder transition

location. There appears to be far less dependence of the lamellar spacing on polymer density,

ρ0/Nsc. Only at the lowest density studied (ρ0/Nsc = 5.0) does the lamellar spacing increase

noticeably. This result is likely due to the increased extension at lower densities, where the

backbone mean square end-to-end distance, L, becomes larger due to decreased screening

effects. The increased extension of the backbone would then contribute to the increased

lamellar spacing.

The Janus bottlebrush structure factors for the same parameters are shown in Figure 5.8

and Figure 5.9, and they differ from the diblock substantially. While the structure factor

dependence on χNsc is similar to that of the diblock bottlebrush, the Nbb, ρ0/Nsc, and

B/Re,0 dependence differ considerably. As is evident from Figure 5.8a, the domain spacing

of Janus bottlebrush polymers shows almost no dependence on the length of the backbone.

This result is not unexpected, as it is the length of the side chains which should dictate

the domain spacing for the Janus architecture because there are no “blocks” like in the di-

block architecture. As a result of these molecular features, one might consider the Janus

bottlebrush spacing as effectively “decoupled” from the backbone polymer length. Another

difference is in the effect of ρ0/Nsc. Unlike in the diblock architecture, where domain spacing

had only slight dependence on polymer density, in the Janus architecture, the domain spac-

ing increases consistently as the polymer density is decreased. Similar to the homopolymer

bottlebrush, the side chain extension can be expected to increase as the polymer density de-

creases, a result of the decreased screening effects from surrounding molecules. The lamellar

spacing in the Janus bottlebrush is dictated by the size of the side chains, so the increased

chain extension directly increases the domain spacing as individual side chains take up more

volume.

The backbone monomer spacing, B/Re,0 affects the domain spacing in a manner similar

to the density. As B is decreased, the side chains are forced into closer proximity to one

another, causing them to experience greater tension from the repulsive effects. The end result
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Figure 5.8: Plots of calculated structure factors for a Janus bottlebrush polymer at varying
Nbb and B. Unless being varied, parameters for all plots shown here were held constant at
χNsc = 30.0, Nbb = 30, ρ0/Nsc = 10.0, and B/Re,0 = 0.16.
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is that the side chains become further extended, as in the case of the homopolymer, which

in turn increases the lamellar spacing. An interesting result is that the Janus bottlebrush

lamellar spacing dependence on B/Re,0 is the opposite of the diblock bottlebrush.

The approximate location of the order-disorder transition was determined by examining

structure factor peak dependence on χNsc as well as by inspecting the simulation trajectories

directly. Ordered phases are those wherein persistent structures form. Directly below the

order-disorder transition, transient structures do form, but they are unstable and do not

last over long simulation runs. The order-disorder transition value of χNsc is plotted as a

function of both Nbb and B for various ρ0/Nsc for both diblock bottlebrush polymers and

Janus bottlebrush polymers in Figure 5.10.

The results show, as suggested earlier, that Nbb in the diblock plays a role analogous to N

in a linear polymer and that the order-disorder transition occurs for values of nearly constant

χNscNbb. As with linear polymers, we can attribute this feature to a trade-off between the

energy associated with a given monomeric unit and the translational entropy associated with

a polymer. Entropy is lost as the backbone polymer becomes longer, pushing the system

toward an ordered state at lower values of χNsc.

B/Re,0 in diblock bottlebrushes has a weaker effect on the order-disorder transition.

While there does appear to be a slight downward trend in (χNsc)ODT as B/Re,0 is increased,

it is not nearly as strong as the effect from Nbb. We suspect that the cause of this small trend

comes from polymers with larger B being able to come into contact with more molecules,

which then facilitates phase separation.

Janus bottlebrushes have different order-disorder transition behavior compared to diblock

bottlebrushes. Of particular note, there is almost no dependence on Nbb, especially for

ρ0/Nsc ≥ 10. Phase separation occurs on a much more local scale in Janus bottlebrushes

than in diblock bottlebrushes; it occurs at the polymer backbone rather than the interface

between large blocks. For any side chain in a Janus bottlebrush, there will be a number

of side chains of opposite type in close proximity that are a part of the same molecule.
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Figure 5.9: Plots of calculated structure factors for a Janus bottlebrush polymer. Unless
being varied, parameters for all plots shown here were held constant at χNsc = 30.0, Nbb =
30, ρ0/Nsc = 10.0, and B/Re,0 = 0.16.
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Figure 5.10: Plots of χNsc at the order-disorder transition (ODT) as a function of several
parameters for diblock and Janus bottlebrush polymers. a) is the diblock bottlebrush with
varying backbone length. b) is the diblock bottlebrush with varying backbone monomer
spacing. c) is the Janus bottlebrush with varying backbone length. d) is the Janus bottle-
brush with varying backbone monomer spacing.
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Side chains on remote ends of the molecule will have little effect on one another due to

the stiffness of the bottlebrush, so the driving force for phase separation is independent of

backbone length. This local form of phase separation is in contrast to diblocks where nearby

side chains are of the same type, and in which phase separation must come from interactions

of side chains that are not close neighbors on the same molecule.

Of further interest is the Janus bottlebrush order-disorder transition dependence on

B/Re,0. The value of (χNsc)ODT increases consistently with B/Re,0. We believe that

this trend is associated with the backbone chain entropy. At lower values of B/Re,0 the

side chains are forced into closer proximity which causes the backbone to straighten out.

As stated above, phase separation occurs at a local scale in Janus bottlebrushes. When the

backbone is rigid and straight, It is easier for the side chains of a single molecule to align

and find side chains of like type on other molecules. Additionally, having a rigid bottlebrush

makes it easier for the backbone to restrict itself to the effectively two-dimensional interface

between domains. When B/Re,0 is large, the backbone is more flexible and can more easily

contort into a variety of random coil-like shapes, which makes it more difficult for the side

chains to align with one another consistently and for the backbone to restrict itself to the

interface.

5.5 Conclusion

In this study, various architectures of bottlebrush polymers were examined and compared

to corresponding linear polymers. First, homopolymer bottlebrushes consisting only of a

single type of side chain were studied at different densities to examine molecular screening

in the melt. It was found that at low polymer density, crowding of side chains near the

backbone caused the molecule to expand and increased the rigidity of the backbone as well

as the magnitude of long length scale orientation correlations. At high polymer density, the

molecule becomes more flexible and behaves more like an ideal polymer, albeit one with a

low aspect ratio.
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Second, microphase separation of diblock and Janus bottlebrush polymers were examined

and compared to linear diblocks. In the diblock bottlebrushes, the length of the backbone

was found to play a role roughly analogous to N in linear polymers, while the length of the

backbone was unrelated to phase separation in Janus bottlebrushes. In Janus bottlebrushes,

it was found that placing the monomers of the backbone more closely together rigidified the

molecule and thus facilitated phase separation.
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CHAPTER 6

CONCLUSIONS

In conclusion, this dissertation has shown a variety of coarse-grained models designed specif-

ically to tackle large, anisotropic, and semiflexible molecules and systems. Specifically, we

have developed four new models to study conjugated materials, nematic polymer brushes,

polymer-grafted cellulose nanocrystals, and bottlbrush polymers. Each of these models has

been used to perform a study and derive new results for their respective materials.

In Chapter 2, we used an anisotropic pair potential to coarse-grain the large, twisted, and

rigid regions that are commonly found in disk-like conjugated materials. This model was then

used to characterize perylene diimide based materials arranged in different architectures.

Specifically, we found that the most twisted molecules were more effective in generating

percolative charge transfer networks. In Chapter 3, we developed a coarse-grained polymer

model that combined the semiflexbility of the wormlike chain with the nematic interactions

of the Maier-Saupe liquid crystal model. This model was then used to quantify the different

phases that can be formed by a liquid crystalline polymer brush, including the different

types of nematically collapsed states. We found that at low grafting densities, many small

nematic clusters formed near the substrate surface that do not affect one another. As the

grafting density was increased, these clusters combined together to form one single nematic

domain. We also found that these clusters form more easily for polymers of shorter length.

As the polymer length was increased, configurational entropy played a more prominent role,

leading to isotropic states. In Chapter 4, we developed a model to examine solvent effects

on polymers grafted onto cellulose nanocrystals. We adapted a virial equation of state-based

model to study multicomponent brushes in solvents that act as good and poor solvents

for the separate components. We found that a distinct variety of morphologies can form

in the presence of different solvents which can have a large effect on the pair interactions

between entire cellulose nanocrystals, making them alternately attractive or repulsive to each

other. Finally, in Chapter 5, we examined a class of molecule called bottlebrush polymers
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which consist of a single backbone chain with sidechains which are themselves polymeric.

We examined both single component and multi-component bottlebrush polymers arranged

into different architectures. Of particular interest were diblock and Janus bottlebrushes. We

found that diblock bottlebrushes exhibited phase separation behavior similar to linear diblock

copolymers, albeit with the added complexity that comes from the stretching of side chains

close to the backbone. Janus bottlebrushes showed substantially different behavior, in that

the phase separation behavior was effectively decoupled from the length of the backbone.

Instead, its phase separation behavior was more dependent on the amount of side chain

extension.
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