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Abstract

Mesoscopic models are constructed to accurately describe large-scale
features of polymeric systems. Yet many properties, what we call multi-
scale properties, of polymeric systems are affected by features on both large
and small scales. In this thesis, we address selected questions demonstrating
what mesoscopic models can do to understand the multiscale properties of
polymeric systems.

We employ a model which is typical for mesoscopic simulations and in-
vestigate two representative multiscale properties of polymeric systems. The
employed mesoscopic model defines polymer architectures with a worm-like
chain model. A quadratic functional of local density fields is used to define
the non-bonded interactions. The functional-based non-bonded interactions
are incorporated into particle-based simulations by using a particle-to-mesh
scheme. The model is used as a framework for off-lattice Monte-Carlo simu-
lations.

The first representative multiscale property studied in this thesis is
charge transport within emissive active layers of polymeric light-emitting
diodes. We compare charge transport in two types of multi-component active
layers, which are called blend-based or BCP-based active layers. These two
types of active layers contain blends or block copolymers (BCPs) formed by
semiconducting and insulating homopolymers or blocks. We use the meso-
scopic model to simulate morphologies of active layers under conditions
mimicking processing at different temperatures or compositions. Because
active layers in PLEDs are usually disordered layers, we identify the dis-
ordered morphologies by analyzing structure factors and hysteresis loops.
The disordered morphologies of blend-based and BCP-based active layers
are characterized and compared through local composition analysis. The
properties related to charge transport within two types of active layers are
compared through a simple percolation analysis of the morphologies. The
influence of mesoscopic description in our model on the properties related
to charge transport is discussed. The most important result is that the mor-
phologies near the order-disorder transition in BCP-based layers tend to have
stronger local segregation than the equivalent blend-based layers. By linking
morphologies with macroscopic electric conductance, we can qualitatively
predict through the mesoscopic model that the processing temperature has
stronger impact on electric conductance in BCP-based than blend-based lay-

ers. The above differences between the two types of layers increase as the
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relative concentration of insulating polymers (blocks) increases.

Subsequently, we focus on another multiscale property, the behavior
of knots in homopolymer melts. We clarify to what extent the mesoscopic
model describes the knotting properties. This is investigated by comparing
the results obtained from the mesoscopic model with that of a reference bead-
spring model. The bead-spring model takes into account the excluded vol-
ume around beads and describes the generic structural and conformational
features of polymer melts at all length scales. Therefore, one can obtain re-
liable reference data on knots from the bead-spring model. We consider dif-
ferent reference melts obtained from the bead-spring model, which contain
chains with different stiffness and lengths. The mesoscopic model is param-
eterized to accurately reproduce the mesoscopic features of these reference
melts. Then structure and conformational properties of melts generated by
our mesoscopic model are discussed on both small and large scales. After
that, we compare the knotting properties obtained from two models. Based
on the comparison, we further discuss the ability of mesoscopic model to de-
scribe the knotting properties of polymer melts. The main conclusion in this
study is that mesoscopic models can accurately reproduce the knotting prop-
erties of homopolymer melts when the characteristic length scale describing
chain stiffness is substantially larger than the size of excluded volume along
the backbone of polymer chains.
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Chapter 1

Introduction

Nowadays, polymeric systems are attracting significant attention of re-
searchers and are central of a wide range of applications'~. Therefore, there
is an increasing demand on optimizing and developing novel polymeric sys-

tems to achieve better performance”’

. The optimization and development
rely on a precise understanding of relationships between material struc-
ture, processing conditions, and properties of interest. Simulation methods
have been proven to be efficient tools for predicting the structure-process-
properties relations®, and have been used to provide insights from molecular
level for understanding material properties, and guiding the design of novel
materials>//%.

In this thesis, we focus on particle-based simulation methods. They can be
classified into atomistic and coarse-grained (CG) simulation methods. The
key difference between these two groups of methods is the resolution with
which the studied system is represented. Atomistic simulations explicitly
consider all the atoms, and each atom is treated as an interacting site. In CG
simulations, several atoms or even molecules are represented by a CG bead,
which is the interacting site in CG systems. Accordingly, atomistic simula-
tions are necessary when one wants to investigate properties related to atom-
istic details. For example, atomistic simulations are useful for understanding
detailed interactions, e.g., hydrogen bonding and polymer-solvent interac-
tions”. Apart from that, atomistic simulations also can be used to generate

input information for the parameterization of CG models.

However, the ability of atomistic models to deal with polymeric systems is

10-16

restricted by their accessible length and time scales , which are on the or-

der of 10710 — 1077 m and 107 — 107 57, respectively. Polymeric systems



2 Chapter 1. Introduction

frequently involve length and time scales larger than the scales that are ac-
cessible by atomistic models. For instance, when phase behavior of polymer
blends is studied, the domain size can be on the order of millimeters, and the
formation of such large domains may take several minutes or even hours'®.
To study polymeric systems involving large spatial scales or slow processes,
one can use drastically CG mesoscopic models. In this case, large amounts
of atoms are lumped into CG beads, and these models are designed to re-
produce mesoscopic features or properties of studied systems. The validity
of drastic coarse-graining relies on the fact that many properties on large
scales reflect the synergy of a large amount of molecules. Therefore one can
intuitively expect that microscopic details of molecular architectures and in-
teractions become less important for these properties. Actually, it is already
theoretically proven that some properties are controlled by universal laws,
which do not depend on microscopic details'”.

Because of the significantly reduced amount of degrees of freedom, the po-
tentials of mesoscopic models are soft>’~>2. Both the reduced degrees of free-
dom and soft potentials facilitate the sampling during simulations. There-
fore, mesoscopic models can be used to study various problems in polymeric
systems?®. One important application of mesoscopic models is studying the

24-27

universal equilibrium behavior of polymeric systems , especially of sys-

28,29

tems containing molecules with complex architectures“®~”. Besides, bene-

fiting from the efficiency of mesoscopic models, one can simulate systems
on experimental scales or under various experiment-relevant conditions*’-*!.
Then we can gain important insights for interpreting experiments, based on a
molecular-level description provided by mesoscopic simulations?*. One can
also use these models to investigate the dynamical questions related to the
phase formation or non-equilibrium phenomena in polymeric systems*>=*.

As researchers apply mesoscopic models to study a broader range of poly-
meric systems, new challenges arise. One important challenge is that, the
ability of mesoscopic models to describe multiscale properties in polymeric
systems is unclear. The so-called multiscale properties do not simply reflect
a synergy of a large amount of molecules, but are determined by phenomena
on multiple scales. Namely, the effect of microscopic features can propa-
gate to the behavior of these properties on mesoscopic and even macroscopic
scales. However, mesoscopic models always provide simplified description
on small scales. For instance, the local liquid structure in mesoscopic models

is very crude. Motivated by this challenge, we study in this thesis two topics
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that involve multiscale properties. By employing a model which is typical
for mesoscopic simulations, we want to provide some useful insights for un-
derstanding the ability of mesoscopic models to describe these properties.
The first topic deals with an important technological application. The other
topic focuses more on the mesoscopic modeling itself and is of significant
fundamental and methodological interest.

In the first topic, we consider a typical organic electronic device, the poly-
meric light-emitting diode (PLED). A PLED® is formed by several func-
tional layers sandwiched between two electrodes. The main layer is the
emissive active layer containing semiconducting polymers, within which the
light is generated through a radiative recombination of electrons and holes°.

The prerequisites for this recombination >’

are the injection and transport of
charge carriers (electrons and holes). Frequently, it is the transport of charge
carriers within active layers which significantly influences the performance

of PLEDs %7,

The charge transport within active layers is affected by features on multiple
scales. The materials forming active layers of PLEDs are normally in amor-
phous phase. The charge transport then operates via the move of charge
carriers along the chains and the transfer of charge carriers between adjacent
chains®’. The charge transport along or between chains is highly influenced
by the fine microscopic features within active layers, e.g., chemical details,
local molecular packing*!. Besides, to obtain conductive active layers, there
should be a mesoscopic, or even macroscopic network of pathways that al-
lows the charge carriers to travel from one side of active layers to the other.
The structure of this network of pathways highly depends on the mesoscopic
or macroscopic distribution of semiconducting molecules, or equivalently

morphology, within the active layer.

Having understood that charge transport within active layers is a multiscale
property, we design a study of multi-component active layers, which contain
amorphous mixtures of semiconducting and insulating polymers. Based on
a mesoscopic model, we first simulate the morphologies within active lay-
ers on experimental scales. Then the charge transport within active layers
is studied based on these morphologies. However, the local liquid struc-
ture within these morphologies is simplified. Therefore, we cannot extract
from the morphologies the necessary information*!, e.g., reorganization en-

ergy, electronic coupling elements, site energies, etc., for considering the local
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move and transfer of charge carriers through rigorous kinetic Monte-Carlo

simulations“2.

Instead, we describe the move and transfer of charge car-
riers on local scales through a simple phenomenological transport model.
Based on the simulated morphologies and the simplified description of local
charge transport, we are able to study the network of pathways within active
layers. The active layers with different dilutions and annealing temperatures
are considered, mimicking layers processed under different conditions in real
experiments. The influence of the coarse representation of polymer chains on

the results is discussed.

In the second topic, we focus on knotting properties of polymer melts. In
our daily life, we routinely encounter knots in ropes and cables. Within
the microscopic scales, macromolecules also frequently form knots and these
knotted molecules have attracted increasing interest from scientists in dif-
ferent fields*>. For example, it is of interest for polymer physicists to un-
derstand the effect of knots on conformational and dynamical properties of
polymers*+4°.

Since the first simulation of knots formed in closed polymer chains con-
ducted by Vologodskii and coworkers in 1974, most of simulations of knots
formed in polymers are restricted to single chain systems. Simulation of
knotting behavior in many-chain polymeric systems are sparse. There is only
one recent study*” which investigates the knotting behavior in homopolymer
melts. One of the reasons hindering the investigation of knotting proper-
ties in many-chain polymeric systems is the limited computational efficiency
of available models. Knot formation in polymeric systems is a rare phe-
nomenon and occurs more frequently in longer chains*’. Therefore, to study
knotting properties in many-chain systems, one needs to simulate large sys-
tems containing long chains, and consequently computational efficient mod-
els are necessary, e.g., mesoscopic models. However, the ability of meso-
scopic models to describe knotting properties in these systems is unclear.
This is because the knotting behavior in many-chain polymeric systems is in-
fluenced by factors on both local and mesoscopic scales 5. For the moment,
one has to employ models reproducing key features on both local and meso-
scopic scales, e.g., hard-core bead-spring model, to study knotting behavior
in many-chain polymeric systems. The low computational efficiency of these

models imposes restrictions on the systems that one can simulate.
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To understand how well the mesoscopic models describe the knotting prop-
erties in many-chain systems, we focus on homopolymer melts. Benefit-
ing from earlier simulations where the knotting properties of polymer melts
have already been analyzed by using a hard-core bead-spring model*’, we
generate mesoscopically equivalent melts with a typical mesoscopic model.
The knotting properties obtained from the mesoscopic model are compared
with reference data. Several reference melts containing chains with different

lengths and stiffness are considered.

Studying knotting properties of polymer melts with a model that is typical
for mesoscopic simulations is interesting from a fundamental point of view.
After we understand whether, or under which conditions mesoscopic models
reproduce the knotting behavior of polymer melts, we can use mesoscopic
models to address various open questions related to behavior of knots in

different multi-chain systems.

The content of this thesis is organized as follows. In Chapter 2, we first in-
troduce general concepts, definitions, and technical details of our modeling
and simulations. The studies of the first and second topic are presented in
Chapter 3 and 4, respectively. In both chapters, after providing a detailed
introduction to the topic, the parameterization of our mesoscopic model is
discussed. Before the discussions of multiscale properties, other properties
or observables which are necessary for the interpretation of results are ana-

lyzed. Chapter 5 provides a short summary:.






Chapter 2

Mesoscopic modeling of polymers

with soft potentials

2.1 Philosophies of coarse-graining

The essential concept of coarse-graining is to focus on only a small number
of relevant molecular features and ignore unnecessary atomistic details**".
Therefore, coarse-grained (CG) models replace one or more atoms®'~* with
an effective large particle. The process of replacing groups of atoms into large
particles, also called CG sites, is named "mapping-procedure”">>>’. Given an
atomistic configuration, a mapping scheme M = (Mg, ..., MNCG) defines co-
ordinates of Ncg sites from coordinates of the grouped atoms. M; scheme
defines coordinate of the I-th CG site Ry, I € [1, Ncg]. If I-th CG site rep-
resents my atoms with coordinates ry;, i € [1,my], then Ry = My(111, ..., 1, )-
M (111, ..., T1m, ) is typically a linear combination of ry;, i.e. My(rpy, ..., Irm;) =
Z?;Il cit. Here the value of coefficients cy; are constant and positive. Gen-
erally, coefficients cy; are defined in a way that the position of I-th CG site is
the center of mass or geometry of the grouped m atoms”®. Ncg mapped CG
sites specify a CG configuration. Notice that several atomistic configurations

may be mapped onto one single CG configuration.

The strategy for choosing a mapping scheme, such as how many atoms
should be combined into one CG site and how many types of CG sites are
needed, depends on studied systems and properties. Nonetheless, the map-
ping strategy is, to some extent, flexible. For example, one CG site in a CG
representation of a polymeric system can represent one carbon atom with its
bonded hydrogen atoms’®, one repeat unit (several carbon atoms along back-
)59

bone)”, or even an entire molecule®. The flexibility of mapping strategy
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provides more possibilities for describing complex systems and processes on

large length or time scales®'.

Having defined the CG representation of a target atomistic system, the po-
tential between CG sites can be formally defined from the framework of sta-
tistical mechanics using the concept of the potential of mean-force (PMF) %3,
Considering that one mapped CG configuration corresponds to several con-
tigurations in the atomistic model, the probability of observing a CG con-
tiguration is equal to the sum of probabilities of observing corresponding

atomistic configurations. Accordingly, we can write,

Pec({Ri}) = [ Par({sh)o(M({r}) — {Ri})d{r} @1)

with {R;} = {Ry,..,Ry.} denotes a CG configuration and is described
through the collection of all the coordinates of CG sites Ry in the CG con-
figuration. Similarly, {r;} denotes an atomistic configuration described by
all the coordinates of atoms r; in the atomistic configuration. Pcg({R;}) and
Par({ri}) is the probability of observing the configuration {R;} or {r;} in
the CG or atomistic system, respectively. The definitions of configurational
probabilities Pcg({Ry}) and Par({r;}) in the canonical ensemble are,

e—BUcc({Ri}) e—BUar({ri})

p— Par({ri}) = ———— (2.2)

Pcg({R1}) = Tt

where B = 1/kgT. Uar({r;}) is the potential used in the atomistic model
and Ucg({Ry}) is the PMF for CG configuration {R;}. Zar and Zcg stands
for the partition function defining total number of states for an atomistic and
CG system, respectively. From egs. 2.1 and 2.2, we can find the potential of
mean force Ucg({R;}) as below:

Uc({Ri}) = ~ksTIn [ e PUIDoM({r}) — (Ripa{r} +C  @3)

where C = In(Zcg/Zar) and C is a constant number. For the reason that
partition functions Zcg and Zat are fixed values at a given thermodynamic
state, as defined by the parameters of canonical ensemble.

The CG model based on PMF can exactly reproduce all structural properties
of the mapped atomistic model that can be observed within the accessible

length-scales of the CG model. However, eq. 2.3 is a configuration-dependent
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function. For most systems, it is impossible to evaluate the integral and cal-
culate Ucg({R1}). In practice, we can only employ certain approximations
to PMF>>%4%8_ Up to now, a variety of strategies defining functions approx-
imating PMF in CG models are developed for different systems and ques-
tions. Due to the diversity of these strategies, it is not easy to classify them
into different categories. One conventional classification of these model-
ing strategies includes two types, “bottom-up” and ”top-down”?>°%%°. One
considers CG models as “bottom-up” models when they are parameterized
through microscopic information obtained from systems with finer resolu-

65,67,70-72

tions , e.g., classic atomistic models. In contrast, “top-down” models

7377 such as struc-

are tailored to reproduce certain macroscopic information
tural, dynamic, or thermodynamic properties. Though it should be noted
that the boundary between “bottom-up” and "top-down” models is becom-
ing increasingly blurred because the number of CG models combining both
approaches is increasing. The models used in this thesis are constructed with
a "top-down” approach. To motivate this choice, we summarize these two

approaches, “bottom-up” and “top-down”, in the next paragraphs.

The simplest and most straightforward method for constructing “bottom-
up” models is direct Boltzmann inversion (DBI)”>7®. It can be used to derive
both bonded and non-bonded potentials in CG models.

DBI defines bonded potentials in CG models such that the conformational
statistics of molecules is the same as reference atomistic models. The con-
formation of molecules is frequently characterized by their internal degrees
of freedom, including bond length r, bending angle 6, and torsion angle ¢.
Assuming that different degrees of freedom are uncorrelated, one can define
independent probability distributions Pcg(7, T), Pcg(60,T), Pcg(¢, T). Here
T is temperature, through which we emphasize that the distributions are
temperature-dependent. These distributions can be obtained by sampling
reference atomistic configurations according to the given mapping scheme.
Then one obtains a bonded potential for individual degree of freedom by

inverting Boltzmann distribution functions,

UCG(I’, T) = —kgTIn w + Cr
_ Pcg(6,T) (2.4)
Ucg (9, T) = —kgTIn sin(f)) + Cy

Ucg(¢, T) = —kgTIn Peg (¢, T) + Cy
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where C;, Cy, and Cy are constant numbers shifting minimum of potentials
to zero. Importantly, for CG models containing separated bonded and non-
bonded potentials, the above distributions should be sampled from single
atomistic molecules without non-bonded interactions to avoid double count-
ing of long range intra-chain interactions 79-82,

Similarly, nonbonded potentials Ucg np () are obtained from Boltzmann in-

verse of given radial distributions g(7) sampled from atomistic models,

Ucgnb(r) = —ksTIng(r) (2.5)

However, the above potential can only reproduce precisely g(7) for highly
diluted systems®’. Otherwise, the radial distribution in CG models based
on Ucgnb(r) deviates from target g(r) due to strong correlations between
different types of interactions. In this case, the iterative Boltzmann inversion

method > is needed, which optimizes Ucgnp(r) through an iteration scheme,

i i i(r
ulc+Gl,nb (r) = UG np(7) + kgTIn gg((r)) (2.6)
where i indicates iterative step and g;(r) is the radial distribution in CG mod-

els based on potential UL ., (7) at step i.

It should be noted that g() also depends on the thermodynamic state, e.g.,
temperature, pressure, composition, etc. At a given state the pair potential,
which exactly reproduces the target radial distribution, is unique®. Though
there might be other pairwise potentials resulting in similar radial distribu-
tions with hardly noticeable errors. Hence it is useful to consider additional
constraints to Ucg np (7). For example, one can refine Ucg np(7) in a way that

55,65,85

it also reproduces other thermodynamic properties , such as pressure,

compressibility, etc.

It can be seen that “bottom-up” models are always state-dependent®. This
means that a “bottom-up” model may not be applicable to a state point dif-
ferent than the state chosen for the construction. As a result, it is a chal-
lenging task for "bottom-up" models to describe phenomena involving varia-
tion of composition, density, or temperature®”*”. Besides, the construction of
"bottom-up" models can be restricted by difficulties in developing atomistic
models for complex systems, where the necessary microscopic information

for model construction is unknown. Moreover, the inaccuracy of "bottom-up"
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potentials increases as the CG model becomes cruder. Therefore, “bottom-
up” approaches are not suitable for the studies involved in this thesis, where

we want to simulate large systems or phase behavior of complex systems.

As an alternative, one can manually insert desired macroscopic properties
into CG models through “top-down” approaches® %%, These approaches
are valid due to the universality in long-wavelength behavior of polymeric
systems, which means that some properties are described on large scales by
universal laws, and the microscopic details are encapsulated into numerical
prefactors of these generic expressions. Consequently, CG models can qual-
itatively reproduce these properties if their potentials describe the relevant
features entering the universal laws”*.

Accordingly, "top-down" models frequently employ drastically coarse-
grained representations. Their potentials contain only minimal interactions
describing relevant features of desired macroscopic properties. The forms
of these interactions are typically constructed simply according to physical
principles or intuitions. Therefore, the resulting "top-down" models are usu-
ally generic and can represent a class of materials. These models are very
useful for understanding general physical concepts of polymeric systems.
For example, pioneering studies of polymer dynamics with a generic bead-
spring model®' have validated the Rouse and tube model. A single “top-
down” model can be used to address a broad range of questions. Matsen and
Schick” predicted the universal phase diagram of flexible di-block copoly-

mers by using a Edwards-type potential !

, which takes into account only the
limited compressibility and immiscibility between distinct species. It should
be noted that, in order to quantitatively reproduce desired macroscopic prop-
erties, one needs to properly parameterize the potentials of “top-down” mod-

els.

Compared with “bottom-up” models, "top-down" models have several ad-
vantages. First of all, "top-down" models are beneficial for investigating
complex systems since such models simplify the description of complex sys-
tems by only focusing on aspects relevant to problems of interest. Further-
more, due to relatively simpler CG representation and potentials, one can
perform simulations with "top-down" models on experimental length- and
time-scales. For example, a recent study>® employed a “top-down” model

for di-block copolymers and simulated phases in battery electrolytes with



12 Chapter 2. Mesoscopic modeling of polymers with soft potentials

system size on the order of micrometers. Importantly, it is possible to incor-
porate more chemical specificities into “top-down” models by using sophisti-
cated molecular architectures or interactions . Full atomistic details in ”top-
down” models also can be restored through hierarchical back-mapping =,
which offers an opportunity for considering samples with atomistic details

on experimental length- or time- scales.

2.2 Top-down models based on density functional

theory

One of the key questions related to the construction of "top-down" mod-
els is how to define the interactions so that they reproduce desired macro-
scopic properties. A convenient way is to define them through functionals
of collective variables. This ideal is referred to as a functional-based ap-
proach. In functional-based models describing polymeric systems, one sep-
arates bonded and non-bonded interactions. The functional-based approach
is used to define the non-boned interactions H,;,. The bonded interactions
H,, describing the chain connectivity and architectures are defined explic-
itly based on coordinates of CG sites. In order to illustrate main features of
functional-based “top-down” models, it is convenient to consider the con-
figurational part of the partition functions of CG systems in the canonical

ensemble,

Z(NCGI V/ T) X

. (2.7)
/de"'dRNCG exp _fb(Rl""’RNCGZ_/drfnb[g(r;Rl""’RNCG)]

J/

PHs 5ﬁrnb

where [ dR;...dRy indicates integration over all possible realizations of co-
ordinates R; in the CG system. Bonded interaction Hj, is a function defined
explicitly through coordinates of CG sites R;. Non-bonded interaction H,, is
a functional of collective variable (f (5; Ry, ..., RNCG). The value of (f at position
r is obtained based on coordinates of CG sites Ry in CG systems. Therefore
H,y, is still a particle-based interaction and the fundamental degrees of free-
dom in the functional-based models are particle coordinates, not collective

variables.



2.2. Top-down models based on density functional theory 13

The functional-based approach simplifies the definition of "top-down" mod-
els. It is because the interactions derived from functional-based approach al-
low us to perform mean-field estimations for the thermodynamic properties
of CG models”®””. The estimated thermodynamic properties are expressed
through functions depending on the parameters and forms of functional-
based interactions. By comparing with known thermodynamic properties
of target systems, one can determine appropriate parameters reproducing
desired thermodynamic properties. In some cases, one may find that the
defined functional-based interactions are too simple, and the known macro-
scopic properties cannot be reproduced by simply tuning parameters. Then
the definition of interactions needs to be further improved. A conceptual il-
lustration of the procedure defining a functional-based "top-down" model is
shown in Fig. 2.1.

CG models with

functional-based interactions target systems

| mean field &  experiments
@ approximation ‘ other studies

: - compare
thermodynamic properties known
of CG models I thermodynamic properties

- determine parameters of CG interactions
- improve definition of CG interactions

FIGURE 2.1: Procedures for parameterizing and refining a
functional-based "top-down" model.

In principle, the determination of functional-based interactions follows the
general logic of defining "top-down" models. The interactions are formed
by functional-based terms describing necessary features reproducing desired
macroscopic properties. There are different functional-based terms that can
describe mutual repulsion between CG sites, incompatibility between dis-
tinct components or local packing effect, etc. Different questions can be in-
vestigated by using different combinations of functional-based terms. There-
fore functional-based interactions can be defined in a modular way. The
modularity of functional-based interactions provides an opportunity for the
systematic development of these models. Up to now, functional-based mod-
els have been developed for a broad range of systems, including homopoly-

mers”®, polymer blends””'%Y, block-copolymers'%!, liquid-vapor systems'??,

liquid crystals'*1%, lipid bilayers '%>~107,
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The forms of functional-based terms are usually empirically defined. One
convenient way of defining these terms is to employ similar forms that are
used in theoretical field-based models for polymeric systems”””°. Among
the existing theoretical field-based models, the excess free energy func-
tional of local densities Fpprex[0(r)] in classical density functional the-
ory (DFT)!%%1% is frequently used as the template for defining the basic
functional-based term describing mutual repulsion between particles, result-
ing DFT-based models. These models can benefit from vast knowledge accu-
mulated by studies of polymers based on classical DFT /110111 However,
there are several points about DFT-based models that need further clarifica-

tion.

Firstly, the functional-based terms should not include components associated
with translational and conformational entropy. The reason is that Hy, in DFT-
based models explicitly defines the molecular architectures. To avoid double
counting, one must exclude components associated with translational and
conformational entropy in the non-bonded functional-based interactions.
This is the reason why the excess free energy functional Fpprex[0(r)], which
ignores the contribution of ideal gas in the total intrinsic Helmholtz free
energy functional, is chosen as the template. Besides, the functional-based
terms and the templating functionals are conceptually different. Because the
functional-based terms depend on configuration-dependent instantaneous
density fields p(r; Ry, ..., RNCG)’ whereas the templating functionals depend
on equilibrium average density field p(r). For example, even though H,, of
a CG system includes a term having same form as Fpprex[0(r)], the excess
free energy of the CG system can differ from the value given by Fpprex[p(r)].
For this reason, the functional-based interactions can only approximately re-

produce the desired macroscopic properties.

In the following, we will introduce typical interactions Hy, and H,y, used in
DFT-based models. The simplest case, binary homopolymer blend, is taken
as an example to illustrate the forms of these interactions. Extending the ex-
ample of homopolymer blends to other multi-component systems is straight-
forward. In this thesis, we also study di-block copolymer (di-BCP) systems
with same forms of interactions that are used to describe blend systems.

Generic chain models, such as Gaussian chain model, wormlike chain model,
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are frequently used to define bonded interactions Hj, in drastically CG mod-
els. By tuning parameters of these generic bonded interactions, one can re-
tain certain chemical specificity, e.g., end-to-end distance, persistence length,
bond length, etc. Developing Hy, from known atomistic chain models is nec-
essary when more chemical details are needed and follows the standard pro-
cedure in the "bottom-up" approaches. An example, the DBI method, has
been discussed in the section 2.1. Below we only discuss two frequently used

generic chain models.

The choice of generic chain models is closely related to the chain structure
one wants to describe. To describe a fully flexible chain formed by uncor-
related CG segments, we can use the Gaussian chain model. This model
assumes that the bond length b, follows Gaussian distribution,

3 \*? 303

resulting in an average bond length (b,) = a,. For chains of springs, the

bonded interaction Hj, is defined as,

n, Ny—1

Z Z rei(s+1) —rm(s)]2 (2.9)
=1 s=1
where a« = A, B denotes the type of species in the binary blend. 7, is number
of chains of type a. N, is number of beads per chain for chains of type «.
1, i(s) is the coordinate of s-th CG bead in i-th chain with type a. With Gaus-
sian chain model, the local features of polymer chains cannot be correctly
described, but one can reproduce properties of chains on large scales, such
as mean-squared end-to-end distance (R2,) = (N, — 1)a2!'%.
For chains with intrinsic rigidity, we can employ the wormlike chain (WLC)
model. WLCs are formed by CG segments with fixed lengths. The bonded
interaction Hj, is defined as,
n, Ny—
BHya = —€x Y 2 W i(s+1) - ugi(s) (2.10)
i=1 s=
here €, is a dimensionless parameter and defines stiffness of a-type chains.

u, i(s) is the unit bond vector along s-th bond of i-th chain with type «.

WLC model can quantitatively reproduce more characteristic length scales of



16 Chapter 2. Mesoscopic modeling of polymers with soft potentials

polymer chains than the Gaussian chain model. Many characteristic length
scales of polymers are defined in terms of the angular correlation of the bend-
ing angle along the polymer backbone, i.e., (cos,)!'°. For WLCs, the angu-
lar correlation {cos 6,/) can be predicted based on the bonded parameter ¢, 4,

ie.,

1—e;l+e 2 (14,7
1 — e—2€

where 6, is the angle between the neighboring bond vectors of chains with

type a.

(cosby) = Gley) =

(2.11)

Then one can calculate the persistence length I, » of WLCs according to its
definition,
loax = §(ba,€x) = ba/|InG(ey)| (2.12)

The above definition of persistence length is valid for WLCs formed by seg-
ments with the same length b,. For WLCs containing segments with different
lengths, e.g., copolymer chains, one can divide WLCs into parts with same
segmental length, and then apply the above equation separately for each
part. For the parts with the same b,,eq. 2.12 provides a one-to-one relation-
ship between [, , and €,. The desired persistence length can be reproduced
by using the bonded parameter €, predicted by the eq. 2.12.

Another important characteristic length scale of polymer chains is the mean-
squared end-to-end distance (R2 ). For WLCs formed by segments with the
same length b,, 