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ABSTRACT

Meso-scale Modeling of Block Copolymers Self-Assembly in Casting Solutions for

Membrane Manufacture

Nicolas Moreno Chaparro

Isoporous membranes manufactured from diblock copolymer are successfully pro-

duced at laboratory scale under controlled conditions. Because of the complex phe-

nomena involved, membrane preparation requires trial and error methodologies to find

the optimal conditions, leading to a considerable demand of resources. Experimental

insights demonstrate that the self-assembly of the block copolymers in solution has

an effect on the final membrane structure. Nevertheless, the complete understanding

of these multi-scale phenomena is elusive. Herein we use the coarse-grained method

Dissipative Particle Dynamics to study the self-assembly of block copolymers that

are used for the preparation of the membranes.

To simulate representative time and length scales, we introduce a framework for

model reduction of polymer chain representations for dissipative particle dynamics,

which preserves the properties governing the phase equilibria. We reduce the number

of degrees of freedom by accounting for the correlation between beads in fine-grained

models via power laws and the consistent scaling of the simulation parameters.

The coarse-graining models are consistent with the experimental evidence, showing a
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morphological transition of the aggregates as the polymer concentration and solvent

affinity change. We show that hexagonal packing of the micelles can occur in solution

within different windows of polymer concentration depending on the solvent affinity.

However, the shape and size dispersion of the micelles determine the characteristic

arrangement. We describe the order of crew-cut micelles using a rigid-sphere approx-

imation and propose different phase parameters that characterize the emergence of

monodisperse-spherical micelles in solution.

Additionally, we investigate the effect of blending asymmetric diblock copolymers

(AB/AC) over the properties of the membranes. We observe that the co-assembly

mechanism localizes the AC molecules at the interface of A and B domains, and in-

duces the swelling of the B-rich domains. The B-C interactions control the curvature

of the assemblies in these blends.

Finally, we study the self-assembly triblock copolymers used for membranes fabri-

cation. We show that the polymer concentration, the block-copolymer composition,

and the swelling of the micelle are responsible for the formation of elongated micelles

in the casting solution. The formation of nanoporous membranes arises from the

network-like packing of those micelles.
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Chapter 1

Introduction

Water purification is one of the main problems of the 21st century and the reason of

intense research. Increasing the access to potable water around the world is undoubt-

edly one of the most relevant issues for humanity to tackle. More efficient technologies

are needed to accomplish this objective. Membrane-based technologies like reverse

osmosis are the most successful for sea water desalination. The development of new

membranes is constantly extending the implementation of new separation processes.

Most commercial membranes are based on homopolymers, however in recent years

research on block copolymer for membranes is increasing with remarkable advantage

of high porosity and sharp size distribution, as well as unique functionality options.

The design and manufacture of polymeric membranes involve a delicate balance be-

tween different multiscale phenomena at each stage of their preparation. Membrane

manufacture is mostly based on solution processes. In general, thermodynamics and

kinetics compete generating a variety of metastable states. The polymer chains that

form the membrane consist of repetitive units of A monomers (or a combination of

different type, A,B,..), and the conformation of these in the chain characterizes the

behavior of the polymer at the micro- and macro-scale. In particular, for diblock

copolymers (polymers of type A-B) the differences in affinity between the two blocks

are associated with spontaneous self-assembly and micro-phase separation, leading to

the formation of highly ordered mesoscale structures. A milestone in this direction
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is the fabrication of asymmetric porous polystyrene-block-4-vinylpyridine membranes

by phase inversion.

Self-assembled structures in pure solid or molten diblock copolymers are rather well

known. Nevertheless, in membrane preparation, solvents are combined with poly-

mers, increasing the complexity of the aggregates dramatically. In diblock copolymer

solutions, a diversity of self-assembled structures emerges under different experimen-

tal conditions.

Over the last few years, scientific understanding of the controlling mechanisms of

self-assembly has significantly improved. Recent reports show that in casting solu-

tion the micelles create lattice arrangements such as hexagonal or body-centered-cubic

geometries. These patterns found in solution are stable through the membrane fab-

rication, leading to distinctive pore alignment and size distribution.

Despite the already identified features in block copolymer membranes, many open

questions exist. Besides, changes in the block chemistry and functionality make pos-

sible a variety of new structures. By the time this work started, the description

of the pathways involved in micelle ordering in solution and, how the experimen-

tal conditions and the polymer-solvent interactions influence these routes were only

preliminary. Moreover, the mechanisms driving the changes in the porosity of the

membranes when block copolymer blends are used were unclear. Solving these issues

was and continue to be paramount to leap forward the membrane production tech-

nology from trial and error approaches to application-specific membrane design.

With growing computational capacity, modeling of polymeric system has become

a valuable tool to gain insight into the rather complex mechanisms of these “heavy
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molecules.” Important features of useful modeling, are the ability to explore signifi-

cantly different variables, and the ability to reach length and time scales resolution,

difficult to access by experimental methods. In contrast, the major limitation of these

models is their lack of generality to capture all the relevant details of real systems.

Different techniques have been proposed to study thermodynamic and kinetic aspects,

but so far none of those has shown to be well suited to describe these two aspects at

the same time, due to the time- and length-scale separation.

Relevant modeling approaches for polymers include atomistic, coarse-grain, and self-

consistent field methods. The atomistic approach is useful when molecular features

are desirable in the models, such as specific chemical group interactions and hydro-

gen bonds; however, atomistic models are computationally expensive, as the number

of atoms in the simulations increase. In general, atomistic modeling of polymers is

restricted to a few molecules or even a fraction of the polymer chain.

Coarse grain and self-consistent field approaches are simplified methods, which con-

sider the fast frequency atomic motion in average, reaching longer time scales in bigger

systems. Coarse-graining methods model sets of atoms as a single particle and sub-

stitute the full atomistic potential with an equivalent coarse-grained interaction. In

contrast, self-consistent field methods emerge from continuum representations, model

density fluctuating fields and free energy, based on pair correlation functions of the

atomic system. self-consistent field has successfully been used in the study of pure or

concentrated diblock copolymers, however, it fails at dilute and semidilute regimes

due to the high-density fluctuation. These regimes, in general, are reproduced better

with particle-based methods.

In the context of coarse-grained approaches, the dissipative particle dynamic method
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(DPD) is a useful model to simulate semidiluted polymeric systems. DPD was pro-

posed by Hoogerbrogge and Koellman on 1992, as a scheme to capture the hydrody-

namic behavior of fluids by discretizing the fluid as a set of interacting particles, con-

serving linear momentum globally. So far, many interesting results in DPD have been

reported in the literature, modeling different polymer systems such as membranes,

diblock copolymers, polymer rheology. Despite the large number of applications of

DPD, the high dependency of the model parameters with the physical system studied

is one of the most significant drawbacks to address.

Research Objective

The main purpose of this thesis is to gain insight into the mechanisms governing the

formation of isoporous membranes made of block copolymers. For this purpose, we

use the dissipative particle dynamics method and propose a coarse-graining model

of block copolymers that reliably predicts their self-assembly in solution, according

to the available experimental evidence. We study how the entropic and enthalpic

conditions during the self-assembly have an impact on the membrane formation. Our

goal is to find a simple, robust and reliable framework for modeling real systems.

The proposed computational approach allows us to rationalize the mechanisms and

governing factors of the self-assembly process.

Thesis Overview

To facilitate the navigation through the dissertation contents, a brief discussion of

its arrangement follows. In Chapter 2 we present the physical and computational

context that support the polymeric model construction and analysis that we introduce

in the following chapters. Next, in Chapter 3 we describe how the computational

model is constructed, the criteria to fix the different computational variables, and

the coarse-graining methodology that we propose to model large molecular weight
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polymers. In Chapter 4 we present the study on self-assembly of block copolymers in

solutions when the polymer concentration and polymer-solvent interactions change,

as occurs during the solvent-evaporation stage of the membranes preparation. In

Chapter 5 we analyze the long-range ordering of micelles in solution, and propose a

set of phase parameters that account for thermodynamic and geometrical properties

of the assemblies. In Chapter 6 we explore the effect of block-copolymer blending on

the morphology and topology of the assemblies in solution. In this chapter we focus

on the impact of large differences in molecular weight and strong interactions between

the block copolymers blended. Finally, in Chapter 7 we investigate the self-assembly

of triblock copolymers in solution. We study how the morphology of the micelles

has an influence on the nanoporous membranes formation. In Chapter 8 we present

a summary of this dissertation and highlight the future research activities to push

forward our findings.



19

Chapter 2

Background

2.1 Polymer Physics on Self-assembly

Block copolymers are large molecular weight molecules constituted by subunits of

homopolymers covalently bonded. Depending on the connectivity of the blocks and

the particular sequence of homopolymers in the molecules the block copolymer can

be classified into different types as is illustrated in Figure 2.1. When the affinity

between the blocks is low (i.e., amphiphilic block copolymers), the connectivity of the

polymers prevents macroscopic phase separation, and consequently, the system can

only reduce its free energy through local segregation of blocks of similar affinity. This

micro-phase separation originates a variety of structures. The spontaneous formation

of these structures is commonly known as the self-assembly of the block copolymers.

A− A− A− A− A− A− A− A− A homopolymer

B − A− A−B − A−B − A−B −B random-block copolymer

A− A− A− A−B −B −B −B diblock copolymer

A− A− A−B −B −B − C − C − C triblock copolymer

Figure 2.1: Schematic representation of different polymer configuration

The phase behavior of bulk block copolymer can be determined from three factors

[1]: i) the overall degree of polymerization, N ; ii) architectural constraints and the

volume fraction of the blocks, fi and, iii) the Flory-Huggins interaction parameter,
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χ. The entropy of the system is governed by i and ii, whereas χ determines the en-

thalpic contribution, and characterizes the affinity of between the different blocks in

the system. The free-energy density scales with the entropic and enthalpic contribu-

tions (i.e., N−1 and χ , respectively). Typically the product χ N is a good descriptor

of the phase state of the block copolymers [1].

In general, solutions of concentrated polymers in a neutral solvent can be treated

as a bulk material with an effective interaction parameter, χeff , that is proportional

to the copolymer concentration. As the solvent concentration increases this assump-

tion is no longer valid and explicit solvent-polymer interactions must be considered.

Due to the solvent presence the variety of morphologies observed in solution is larger

than those reported for bulk block copolymers. In solution, the energy considerations

and dynamics of the self-assembly process change, originating a variety of meta-stable

structures [2]. In the process of diblock copolymer self assembly (micro-phase sepa-

ration), three different length and time scales have been proposed [3]:

1. Mesoscopic phase separation between blocks of the same polymer chain;

2. Organization of polymers into meso-structures, e.g., micelles, lamellas, etc;

3. Organization of meso-structures into superstructures.

Each of these three stages can be considered as a self-assembly process with different

building blocks.

When the block copolymers assembly in solution, the final morphology of the ag-

gregates depends on the polymer concentration, polymer-solvent interactions, and

kinetic aspects. Hence, the static and dynamic properties of the polymer blocks in

solutions dictate the characteristic shape and topology of the assemblies.
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Scaling theories proposed by De Gennes [4] can be used to interpret the static and

dynamic properties of polymer coils. Presently, homogeneous and inhomogeneous

polymer melts and solutions widely use these phenomenological theories [5].

Polymer dynamics in solution depends on the polymer concentration. When the

polymer concentration increases, the contact between chains becomes important, and

excluded-volume, hydrodynamic interactions, and topological constraints, such as

entanglements dominate the motion. Three different polymer motion regimes have

been identified, these are: diluted, semidiluted and concentrated. Figure 2.2 illus-

trates these regimes. The transition between regimes is typically associated with a

critical concentration, C∗. This limit indicates the condition where polymer chains

do not have enough space to move without touching others.

Figure 2.2: Concentration regimes associated with changes in dynamic behavior of polymers
in solution.

Solvent-polymer and polymer-polymer interactions play an important role in deter-

mining polymer dynamics. The contribution of these interactions depends on the con-

centration regime of the system. In the diluted regime, the polymer-solvent affinity

determines the conformation of the polymer. Moreover, due to the small probability

of a polymer chain interacting with another, the dynamics of dilute polymer solutions

can be analyzed by describing the evolution of a single polymer chain. In the con-

centrated regime, the polymer-polymer interactions control de polymer motion, and
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usually because of the motion restrictions, the polymer chain is viewed as a reptat-

ing molecule [6]. In semidilute regime, both polymer-polymer and solvent-polymer

interactions play and important roles leading to complex polymer dynamics. The

existence of meta-stable assemblies is in part associated with this complex behavior.

When block copolymers self-assemble in solution a variety of morphologies can be

produced [7–11], including, small spherical micelles, rods, large compound micelles,

vesicles as well as bicontinuous structures. Due to their exceptional versatility and

conformation, micelles are used in a variety of industrial and pharmaceutical appli-

cations, going from nanocarriers in drug delivery, to building blocks in membrane

manufacture, among many others.

2.1.1 Micelle formation

In solvents that are selective to one of the blocks, micelles minimize the energy of

the system packing away from the solvent the less soluble block. Micelle formation

requires the presence of two opposing forces, i.e., an attractive force between insoluble

blocks, which leads to aggregation and a repulsive force between soluble block, which

prevents the unlimited growth of the micelles into a distinct macrophase. Scaling the-

ories have been proposed to describe the growth of the micelle size based on the length

of the soluble and insoluble blocks [12–14]. The interactions between the solvent and

the soluble blocks play a significant role in the stabilization of the micelles in solution.

Halperin et al. [15] classified micelles with small solventphobic segments as star-

like micelles, whereas bulky core micelles are denoted crew-cut micelles (Figure 2.3).

Studies of crew-cut micelle have been broadly conducted over the past decades [16; 17],

contributing to the understanding of the self-assembly phenomena. In general, a va-

riety of meta-stable structures can be classified as crew-cut [18; 19].
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Star-type micelles can be prepared directly by dissolving a highly asymmetric block

Figure 2.3: Comparison between star and crew-cut micelles. The segment-size distribution
along the diblock copolymer chains and the interaction between components modify the
core and shell size of the micelles. These differences are responsible for the long-range
interactions between micelles, which lead to the final meso-aggregates formed

copolymers in a solvent selective to the long block, such that the soluble blocks form

the corona of the micelles. In crew-cut micelles, the solvent is selective to the short

block, and direct dissolution is not suitable due to the high fraction and the relative

size of the insoluble block. Stable solutions of crew-cut aggregates are prepared first

dissolving the block copolymer in a common solvent for both blocks. Subsequently,

a selective solvent for the short blocks is added to induce the aggregation of the long

blocks. In general, due to the variation of the solvent quality involved, systems of

crew-cut micelles are more complicated than star micelles.

Studies on the dynamic behavior of micelles suggest that as the core-forming block

length increases, the structures tend to retain the structural integrity, suppressing the

polymer chain exchange and the reversibility of morphological transitions. Experi-
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mental evidence shows that the force balance during the micellization is very delicate,

which makes quantitative theoretical predictions tough. However qualitative model-

ing is possible.

A simplified characterization of the micelle formation was proposed by Israelachvili

[2] based on three geometric parameters of the polymer coil. The volume (v) occu-

pied by the solventphobic chains, the maximum length (lc) of these chains, and the

optimal area (ao) of the solventphilic block. These parameters determine the packing

factor p = ν/a0lc, which can be used to predict the type of self-assembled structures

that can be obtained in solution. Figure 2.4 illustrates the expected shape of the

assemblies based on the magnitude of the packing factor. The packing factor varies

from p < 1 for spherical micelles to p > 1 for inverted structures. Nevertheless, as

the polymer concentration increases, different superstructures can be produced for a

fixed packing factor [2].

2.1.2 Thermodynamic and kinetic aspects

The competition between thermodynamics and kinetics governs the final structure

that a given diblock copolymer in a solvent may reach. Free-energy studies in the

kinetics of micellization have been proposed [20], to understand the relation between

these two factors, and to be able to customize the assembly in micellar solutions.

Investigations on the effect of thermodynamic and kinetic aspects of the formation

and morphological transitions of crew-cut aggregates [21; 22] showed that either re-

versible or irreversible structural changes may occur, depending on the preparation

procedure and presence of co-solvents. Irreversible structures can be kinetically gov-

erned. Micelle-size distributions of diblock copolymers in ionic liquids can be different

if initiated by direct dissolution or cosolvent dissolution [23]. These results elucidate
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Figure 2.4: Packing factor is a geometrical representation of crew micelles formation. Based
on this approach, the volumetric constraints define the shape and type of meso-aggregate.
For high molecular weight molecules, this packing factor can be seen as excluded volume in-
teraction. This figure depicts a typical DPD micelles formation simulation, where temporal
average determines the geometrical distribution. The type of micelles formed is entropically
controlled and depends on how the polymer chains pack with their neighbors. Enthalpic
contributions affect the system by modifying the chain conformation in solution

the existence of path-dependent formation processes.

The molecular weight of the polymer [24; 25], and the presence of co-solvents [26; 27]

affect the transport of the polymer chains in solutions, altering the kinetics of for-

mation of the assemblies, and the final equilibrium state. For instance, exchange of

polymer chains between micelles may occur if the molecular weight of the core-forming

blocks is small [28–30]. However, in crew-cut micelles, where cores characterized by
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low glass transition temperatures (Tg) such as polystyrene, the exchange of chains

between micelles is prohibited due to the frozen core.

2.1.3 Meso-assembled ordering in solution

Different experimental investigations showed that long-range ordering of assembled

aggregates into mesostructures may occur under the appropriate conditions [31; 32].

Transitions from body-centered-cubic to face-centered-cubic lattices were observed

and associated with the relative corona/core length ratio and micelle rigidity. Addi-

tional parameters such as the polydispersity of the diblock copolymer were shown to

have important effects in the order-disorder transition [33].

Recently, it has been identified that manufacture of highly ordered porous membranes

requires micellar order in solution [34–36]. Moreover, the type of order in solution

governs the final structure of the membrane [37; 38]. Hexagonal [39] or body-centered-

cubic [37] arrangements of micelles in solution produced their equivalent inverted

structure (i.e., hexagonal-like porous) in the produced membrane. Nevertheless, the

origin and the dependence of the order in solution with the concentration of the

polymer and its interaction with the solvent are not completely clear.

2.1.4 Thermodynamics of polymers in solution

The change in the free energy (∆G) of any system is given by the change in the

enthalpic and entropic contributions as

∆G = ∆H − T∆S, (2.1)

where G is the Gibbs free energy, H and S account for the overall enthalpic and

entropic contributions to the free energy.
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In the case of polymers in solution, it is useful to define the free energy of mixing

(∆GM) governing the solubility of one component in another as follows

∆GM = ∆HM − T∆SM , (2.2)

where ∆GM is the change in the Gibbs free energy of mixing, T is the absolute tem-

perature, ∆HM and ∆SM are the enthalpy and entropy of mixing, respectively.

For regular solutions (positive heat of mixing and volume additivity), the enthalpy of

mixing can be written as [40]

∆HM = VM

[(
∆Es
Vs

)1/2

−
(

∆Ep
V2

)1/2
]2

vsvp, (2.3)

where VM is the total volume of the mixture, ∆E is the energy of vaporization at

zero pressure, V is the molar volume of the components, and v is the volumetric

fraction of each component in the mixture. The sub-indices s and p correspond to

solvent and polymer, respectively. The term ∆Es
Vs

is called the cohesive density energy,

which represents the energy of vaporization per unit volume. The square root of the

cohesive energy density is known as the solubility parameter δi,

δi =

(
∆Ei
Vi

)1/2

. (2.4)

Therefore, the heat of mixing is dependent on (δs − δp)2. This relationship is valid

only for regular solutions with ∆H ≥ 0.

Assuming ∆H ≥ 0, Flory and Huggins [41] proposed that the free energy change

can be written as
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∆GM = kT (Nslnvs +Nplnvp + χNsvp) , (2.5)

where Nslnvs+Nplnvp accounts for the combinatorial entropy of mixing, and χ is the

dimensionless Flory-Huggins interaction parameter, that characterizes the polymer-

solvent affinity, and is related with the enthalpy change of the system as

χ =
∆HM

kTNsvp
, (2.6)

or in terms of the solubility parameters

χ = βs +
Vs
RT

(δs − δp)2 , (2.7)

where βs is an empirical constant which accounts a mismatch of free volumes be-

tween the polymer and solvent molecules. βs is frequently considered 0.34 [40; 42].

Vs = 100cm3/gmol is typically used as a reference molar volume to facilitate the cal-

culations. Based on the Flory-Huggins theory, if χ < 0.5, a linear amorphous polymer

would be soluble, whereas if χ > 0.5 the polymer is insoluble. When χ = 0.5, the

polymer chains adopt a random-coil or unperturbed conformation. This condition is

known as θ condition.

In the case of solvent mixtures, it is possible to approximate the Flory-Huggins

interaction parameter for a polymer-solvent system computing the volume-average

solubility parameter. The effective solubility parameter can be estimated based on

the empirical model of Hansen [43], where the solubility parameter of a solvent is

computed from three different contributions: i) dispersive δd, ii) polar δp and iii)

hydrogen bond δh. Thus, the solubility parameter is given by

δ =
(
δ2
d + δ2

p + δ2
h

)1/2
. (2.8)
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The effective solubility parameter of the solvent mixture can be written as

δs =

( q∑
δd,jwj

)2

+

(
q∑
δp,jwj

)2

+

(
q∑
δh,jwj

)2
1/2

, (2.9)

where wj is the volume fraction of the jth solvent; q is the number of solvents in the

mixture, such that
∑q wj = 1.

In block copolymer solutions the connectivity between blocks and the preferential

interaction between solvent and each block may induce local density fluctuations ne-

glected in the approximation of the free energy presented in Equation (2.5). More

rigorous approximations considering such effects on the free energy of block copoly-

mer solutions are be in the literature [44; 45]. However, Equation (2.5) is a useful

initial approximation to analyze the phase equilibrium.

2.1.5 Thermodynamic description of micelle formation

An alternative the above thermodynamical considerations of block copolymers in so-

lutions can be conducted from a phenomenological standpoint, describing the free en-

ergy of the system in terms of the self-assembled aggregates [2]. For instance, the free

energy of core-shell aggregates is typically approximated as G = Gintf +Gcore +Gshell,

where Gintf accounts for the formation of core-shell interfaces, whereas Gcore and Gshell

consider the core- and shell-forming block stretching from their unperturbed condi-

tions. The interfacial energy contribution is considered proportional to the interfacial

area Aintf, such that Gintf ≈ γAintf , being γ the effective interfacial tension. The

magnitude of γ for the A and B segments of a block copolymer can be expressed as

γ = γABφAcφBs + γASφAcφSs, (2.10)
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where γij denotes the interfacial tension between the species i − j, and φiα repre-

sents the fraction of the i component in the α region (where c denotes core and s

denotes shell). In this case we assume the interfacial tension mainly depends on the

core-forming block and solvent interactions, as well as the repulsion between blocks.

Depending on the strength of the other interactions, additional terms can be in-

cluded. Typically,the interfacial tension between species is written in terms of their

Flory-Huggins interaction parameter, γij ∝ χ
1/2
ij [46; 47].

Assuming that the core-forming block is incompressible and consists only of A seg-

ments, the characteristic size of the A domain Ra can be written as

Ra ≈
(
pNaa

3
)1/3

, (2.11)

where Ni denotes the number of repetitive units of the block i, a the segment size,

and p the aggregation number.
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2.2 Computational Modeling of Block Copolymers

Polymer melts and solutions can be modeled using different computational methods

available in the literature. The suitability of each method depends on different fac-

tors such as the level of detail sought for in a given application, and the conditions of

the physical system (e.g., polymer concentration, molecular weight, etc.). Additional

computational issues that define the applicability of a method include its flexibility,

cost, and simplicity.

When atomic-scale physics drive the studied phenomena, atomistic methods are cho-

sen, such as molecular dynamics (MD) and Monte Carlo (MC). Atomic resolution

is needed when modeling of protein folding, or glass transition temperature (tg) to

determine new polymer structures. Atomistic models find limitations as the studied

polymers increase in molecular weight, increasing the computational cost as the sys-

tem size grows. Alternatives to model bigger systems and capture meso-scale effects

include continuum-field and coarse-graining methods.

Polymer melts and polymer solutions were initially modeled by Gaussian coil statis-

tics. However, in the dilute and semi-dilute regimes, the Gaussian treatment of the

fluctuations breaks down [3]. Better descriptions of the equilibrium structure and dy-

namical process of the polymer coils, where hydrodynamics is not relevant has been

obtained from other methods such as the lattice Monte Carlo method [48; 49].

Helfand and Wasserman [1] proposed a continuum theory that permits quantitative

calculations of free energy, composition profiles, and chain conformations by the use

of self-consistent fields. Self-consistent field theory is more suitable to model systems

where the density or the molecular weight of polymers is high and long-range inter-
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actions control the thermodynamics and the structure of the fluid. Polymer research

with SCF has demonstrated a wide range of applicability [50–52]. In practical ap-

plications, lattice artifacts in SCF methods may appear in multi-phase systems, if

the interface width is comparable to the size of the lattice spacing. SCF has also

shown to be inaccurate as well as qualitatively incorrect for polymer solutions in the

dilute or semidilute regimes, micellar phases of polymers, and block copolymers near

order-disorder transition (ODT) [5].

In the context of particle-based methods, different approaches for polymer solution

modeling have been reported in the literature. Ranging from a variety of system-

specific coarse graining [53; 54] to more general models such as Dissipative Particle

Dynamics (DPD), lattice Boltzmann (LB) or Brownian dynamics (BD) [55–59]. In

general, LB is able to explore larger time scales than the others particle-based meth-

ods. However in DPD for example, the generalization to more complex systems is

easier, and lattice effects are absent. Brownian dynamics method is also widely used

to describe static and dynamics behavior of polymer solutions, however it poses the

limitation that the total momentum of the particles is not conserved and only mass

diffusion can be studied[3].

2.2.1 Dissipative Particle Dynamics

Dissipative particle dynamics (DPD) is a stochastic mesoscale model introduced by

Hoogerbrugge and Koelman [55], and reformulated by Español and Warren [60] within

the statistical mechanics theory. One of the most important application of DPD is

the study of static and dynamic properties of polymers [61–65], amphiphiles [66–69],

and their mixtures. Other applications include the description of hydrodynamic and

excluded volume interactions [70; 71], collapse transitions going from good to poor

solvents [72; 73], rheological properties [61], self assembly of diblock and triblock
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copolymers [39; 56; 74–77], and microphase separation [78; 79].

DPD models complex-material behavior through the interactions of soft particles

(a.k.a., beads). Beads are typically described as a single point with a soft repulsive

interaction potential, which has a cut-off radius rc. In DPD, liquids are modeled

by single interacting beads, while polymers (or any complex structure) can be sim-

ply constructed joining many particles through bonding potentials such as harmonic

springs or finite extensible non-linear (FENE) springs. Polymer solutions with differ-

ent concentrations are modeled changing the ratio between the number of polymer

and solvent beads. Furthermore, the solvent quality can be varied by fine tuning the

solvent-solvent and solvent-polymer interaction parameters used to set up the DPD

simulations. The proper description of polymer-chain dynamics can be included in

DPD using segmental-repulsive interactions [63; 64], or modifying the DPD parame-

ters [80].

Different DPD formulations have been proposed to overcome some limitations of the

original DPD method [61]. The new formulations allows DPD to be energy conserving

[81], and to include system specific equations of state from macroscopic information

[82], or atomistic simulations [83; 84]. Recently, it has been proposed that ionic [85]

and reactions[86] effects can be also included in DPD when modified energy poten-

tial as used. Additional schemes such as constant pressure DPD [87], and constant

enthalpy conditions [88], have been proposed.

The DPD Method

In DPD the kinematic evolution and the balance of linear momentum of the particles

are given by
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dri
dt

= vi, (2.12)

mi
dvi
dt

= fi =
∑
j 6=i

(FC
ij + FD

ij + FR
ij), (2.13)

where ri, vi are the position and velocity of a particle i, respectively, mi is its mass,

and fi is the net force acting on the particle. The force acting on each particle, has

three different contributions, FC
ij is a conservative force, that models pressure effects

between particles and spring interactions in chain models. FD
ij , models dissipative

(viscous) interactions in a fluid (a friction force that reduces the velocity differences

between particles). FR
ij is a random force (stochastic) that models random collisions

between particles, and from the MD point of view, models the degrees of freedom

eliminated by the coarse-graining process. This stochastic force approximates the

Brownian motion of polymers and colloids. From the statistical mechanics point of

view, FD
ij and FR

ij are tightly related in order to satisfy the fluctuation-dissipation

theorem, which takes the form of the Fokker-Plank equation [60].

The conservative force can be written as FC
ij = FB

ij + FS
ij, where FB

ij and FS
ij account

for bead-bead and bead-spring (when particles are connected) interactions, respec-

tively [89]. In terms of their energy potentials uij, the bead-bead and bead-spring

contributions can be expressed as

FB
ij = −

duBij
drij

rij
|rij|

, (2.14)

FS
ij = −δij

duSij
drij

rij
|rij|

, (2.15)

where rij = ri − rj and rij = |rij|. δij = 1 if particles i and j are connected, and

δij = 0 otherwise. In the literature the most used bead-spring energy potentials are
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harmonic and finite-extensible-non-linear elastic springs [89; 90], however other alter-

natives are possible [90]. Regarding the bead-bead contribution, soft-repulsive poten-

tials are typically chosen as the simplest option [91], nevertheless other potentials can

be used [82; 92]. The model reduction framework we propose can be applied to any

form of the conservative force adopted, if the functional form of the potentials can be

considered to be independent of the reduction in the degrees of freedom in the system.

In addition to the bead-bead and bead-spring potentials that we present in this pa-

per, some DPD implementations may be equipped with other potentials that warranty

conformational and topological constrains. For instance, polymer chain entanglement

can be incorporated in DPD through segmental-repulsive interactions [63; 64]. Herein,

we do not include these additional constrains, however the treatment of the conser-

vative forces that we present can be applied to these potentials.

The remaining forces are defined as

FD
ij = −γωD(rij)

(
rij
|rij|
· vij

)
rij
|rij|

, (2.16)

FR
ij = σωR(rij)ζ∆t−1/2 rij

|rij|
, (2.17)

where γ is a friction coefficient that determines the overall magnitude of the dissipa-

tive term, σ is the noise amplitude that scales the stochastic contribution, ωD and

ωR are weighting functions that set the range of interaction between particles, ζ is a

random number with zero mean and unit variance. The different forces satisfy New-

ton’s third law, and conserve linear and angular momenta.

According to Español and Warren [60], from the fluctuation-dissipation theorem the

dissipative and stochastic force are coupled, and require
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ωD(rij) = [ωR(rij)]
2, (2.18)

σ2 = 2γkBT, (2.19)

where kB is the Boltzmann constant and T is the equilibrium temperature. Due to its

simplicity, the following definition for the weighting function ωR(rij) (and therefore

ωD(rij)) is commonly used in the literature

ωD(rij) = [ωR(rij)]
2 =

 (1− rij/rc)2; (rij < rc),

0; (rij ≥ rc),
(2.20)

where ωR(rij) is assumed to vary linearly away from the particle.

2.2.2 Conformational Characterization of DPD polymer chains

The equilibrium distribution of beads along the DPD chains and therefore the chain

size is in general governed by the enthalpic and entropic interactions between seg-

ments. The entropic contribution can be associated with the configuration of the

polymer, such as linear, star, branched, etc, while the enthalpic contributions are

in general governed by the polymer-polymer and/or polymer-solvent interactions in

solution.

Considering a linear polymers in DPD as a sequence of N+1 particles connected, with

an equilibrium length between them of ro = brc, where b is a proportionality constant.

The size of the DPD chain can be characterized using the mean-square end-to-end

distance
〈
R2
f

〉
, the radius of gyration 〈Rg〉, and the contour length lc. The ensemble

average over configuration is denoted by 〈·〉. The mean-square end-to-end distance〈
R2
f

〉
is given by
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〈
R2
f

〉
= 〈RN ·RN〉 =

N∑
i=1

N∑
j=1

〈si · sj〉 . (2.21)

where RN is the end-to-end vector, and si is the bond vector pointing from the (i−1)th

to the ith segment in the chain. We can express 〈si · sj〉 =
〈
r2
ij,o cos θij

〉
, where θij is

the angle between si and sj and rij,o is the distance between particles. If the distance

between connecting particles is assumed almost uniform, that is, 〈rij,o〉 ≈ ro, the

mean-squared radius can be rewritten

〈R2
f〉 = r2

o

(
N∑
i=1

N∑
j=1

〈cos θij〉

)
. (2.22)

The magnitude of cos θij measures the orientation similarity between the vectors si

and sj. This measurement is commonly known as cosine similarity. That is, 〈cos θij〉

provides relevant information about the correlation between segments. In general, if

segments are correlated we can expect 〈cos θij〉 6= 0 for |i− j| < ε, where ε indicates

the segment separation where the correlations vanishes. In the particular condition

where there is no correlation between segments 〈cos θij〉 = 0 for i 6= j, the mean-

squared radius reduces to 〈R2
f〉 = r2

oN .

For convenience, Equation (2.22) can be rewritten in a more compact fashion as

〈
R2
f

〉
= r2

oNCN , (2.23)

where,

CN =
1

N

N∑
i=1

Ci, (2.24)

and

Ci =
N∑
j=1

〈cos θij〉 . (2.25)
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From Equation (2.23), we can now use CN to characterize the variation on size of

the DPD chains, due to the segments correlation. For instance, we can identify

that CN = N for rod-shaped chains (completely extended), while for chains with

uncorrelated segments CN = 1. Since the magnitude of CN depends both on the

number of segments and their correlation, we can rewrite Equation (2.24) as a power-

law of the form

CN ≈ Nβ, (2.26)

where the parameter β characterize the extent of the segments correlation (chain con-

formation). The functional form adopted in Equation (2.26) is widely used in poly-

mer physics [93] to describe the variations of the polymer-coil size with the molecular

weight. Similarly, we express the mean-squared radius of the chain as a power law〈
R2
f

〉
= r2

oN
2ν , where ν = (1 + β)/2. Thus, we can now write

|Rf | =
√〈

R2
f

〉
= roN

ν , (2.27)

where |Rf | is the end-to-end distance of the DPD chains, and ν provides information

about the chain conformation (segment correlation), and depends on the affinity be-

tween the DPD chain and the surrounding particles. Here the surrounding particles

account for the chain concentration effects on the system. Thus, in diluted systems

the DPD chains are mostly surrounded by solvent particles, but as the chain con-

centration increases the chains start interacting with each other. Different authors

[72; 89; 90; 94–97] have shown that in DPD spatial and temporal correlations appear,

and the power laws underlying polymer physics [93] can be captured with DPD poly-

mer chains.

Based on geometrical considerations, and assuming that the segments are incom-
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pressible ν cannot take arbitrary values. The limits of ν are defined from the chain

conformations in the fully collapsed (ν = 1/3) and fully extended (ν = 1) states.

Equation (2.27) shows that the radius of a sphere that contains the polymer chain

grows proportionally to some power ν of the number of segments N . For ν = 1/3,

equation (2.27) implies that R3
f ≈ r3

oN =
∑N r3

o. Therefore the volume of the sphere

is approximately the summation of the volumes of the N segments, implying that the

segments are tightly packed. From the polymer physics stand point, a single polymer

chain in poor solvent exhibit ν = 1/3 which is consistent with a completely collapsed

conformation. When ν = 1, the radius of the sphere containing the polymer scales

as Rf ≈ roN =
∑N ro, therefore the only possible segment configuration is a com-

pletely extended chain. In summary, at ν ≈ 1/3 the polymer chain packing behaves

like a sphere while at ν ≈ 1 the polymer chain behaves like a rod. We note that if

segments are compressible R3
f < r3

oN when the chain is collapsed or Rf > roN when

it is extended.

Another useful measure we use to characterize a polymer chain model is the radius

of gyration Rg, defined as

R2
g =

1

N

N∑
i=1

〈
(ri − rcm)2

〉
=

1

N2

N∑
i=1

N∑
j=i

〈
(ri − rj)

2
〉
. (2.28)

where ri is the position vector of the ith particle. The radius of gyration corresponds

to the second moment around the center of mass for the segments position rcm in

a polymer chain. In general Rg ∝ R, particularly if the chain exhibits the same

conformation at all scales, it is possible to integrate over the polymer contour [93],

leading to a general expression for any ν, which is

〈
R2
g

〉
= r2

o

N2ν

(2ν + 1)(2ν + 2)
=

〈R2〉
(2ν + 1)(2ν + 2)

. (2.29)
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The last parameter that can be used to characterize the size of a DPD chain is

the contour length lc, which is defined as

〈lc〉 =
N∑
i=1

〈|si|〉 ≈ roN. (2.30)
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Chapter 3

Computational Modeling of Block Copolymers

In this chapter we present the methodology to define the parameters in our simu-

lations and their relation with the physical properties of the system. We construct

the polymeric models and define the parameters of all the simulations following the

methodology presented in this chapter. The structure of this chapter is as follows,

first we describe how to define the box size and the initial polymer distribution in the

simulations. Later we describe the alternatives to map a physical system in DPD,

and finally we introduce a model reduction methodology that allows us to describe

the mapped DPD systems using fewer particles, while preserving important emergent

properties of the packing.

In order to construct the models of block copolymer solutions in DPD, we need

to define both, model parameters and simulation parameters. Model parameters cor-

respond to the basic units and physical scales of the DPD model (i.e., mass, time,

length, and energy), as well as the form and magnitude of the conservative, dissipa-

tive, and stochastic forces. In contrast, the simulation parameters are related to the

Part of the content of this chapter was published in:

Moreno, N., Nunes, S. P., and Calo, V. M. (2015). Consistent model reduction of polymer
chains in solution in dissipative particle dynamics: Model description. Computer Physics Commu-
nications, 196, 255266

Moreno, N., Nunes, S., and Calo, V. M. (2014). Restrictions in Model Reduction for Poly-
mer Chain Models in Dissipative Particle Dynamics. Procedia Computer Science, 29, 728739
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particular setup used to run each simulation, such as the box size, the initial polymer

distribution, polymer concentration.

The discretization of the polymeric system through the mapping procedure and model

reduction stages determine the form of the conservative, dissipative, and stochastic

forces, as well as the physical length and time scales. Other simulation parameters

such as the box size, Lbox and the initial polymer distribution depend on the particular

condition under study.

3.1 Box size definition

The characteristic domain size Ds and morphology of the aggregates experimentally

produced by the self-assembly of BCPs in solution can expand over different length

scales [7; 98] ranging from Ds ≈ Ro
g to Ds � Ro

g, where Ro
g is the unperturbed radius

of gyration of the polymer coil. As a consequence, the size of the simulation box

(Lbox) inherently imposes a restriction in the maximum Ds, and type of morphology

attainable (boundary conditions suppress wavelengths associated with larger aggre-

gates).

In this thesis, we defined that for polymer solutions containing diblock copolymers

with N = NA +NB number of particles per chain, the box size is given by

Lbox = zRo
g, (3.1)

where Ro
g is the unperturbed radius of gyration of the AB molecules, and the magni-

tude of z defines the maximum characteristic domain size attainable. We approximate

the unperturbed radius of gyration as Ro
g = roN

ν , where ro = 0.8rc is the equilibrium

bond length between connected particles, and ν = 0.5. All the simulations presented
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in this work are defined using (3.1), however the magnitude of z is chosen specifically

for each system modeled, depending on the length scale of the assemblies that we

want to capture.

3.2 Density fluctuations

The initial position of the polymer coils in the simulation box defines the initial den-

sity fluctuation of the system. The spatial variation of the local polymer density

may induce pre-aggregated chains that act as seeds from which the phase grows when

phase separation occurs. Due to the dependence of the equilibrium morphology with

the variables such as initial concentration and preparation process [98–100], we ex-

pect that the initial density fluctuations affect the assembled structures. Simulations

of concentrated polymer solutions and melts using real-space SCFT show that mi-

crostructures are not dependent on density fluctuations. Nevertheless, in dilute and

semidilute regimes this effect cannot be neglected [101].

We propose three different schemes to define the initial density fluctuations, as il-

lustrated in Figure 3.1. This methodology allows us to identify both stable and

metastable-assembled structures which are also found experimentally for block copoly-

mer blends in solution. The characterization of the initial density fluctuation and the

evolution of the system is carried out computing the radial distribution function of

the polymer particles, g(r), and the structure factor S(k) of the density profile.

In DPD (and other particle-based methods), random distributions of the polymer

chains are the most common initialization for simulations of self-assembly in block

copolymers. Accordingly, it is the first scheme we use (homogeneous scheme H). In

the scheme H we inherently assume that all the molecules of the block copolymer

are homogeneously solubilized before the self-assembly process begins. Therefore, ex-



44

perimental stages such as polymer solubilization and self-assembly are decoupled in

simulations (the polymer first solubilizes and then aggregates). Decoupling solubiliza-

tion and assembly stages is a convenient assumption when equilibrium structures are

independent of the aggregation trajectory, however, when multiple metastable struc-

tures are feasible, this methodology leads to a reduced morphology-space to study.

Studies on the kinetics of segregation of block copolymers involve changes in experi-

mental variables that may operate over a broad range of time scales. Therefore, the

computational study of such effects is in general restricted to the time-scale capabil-

ities (computational cost) of the model. In highly diluted systems, the self-assembly

process should be strongly dominated by the transport of the coil in the solvent, and

the aggregates assembly in macroscopically observable time scales (O ∝ 103s).

When the scheme H is used, we identify that in diluted systems (≈ 1%) chain aggre-

gation does not occur in the time spans tested. In this case, the translational entropy

of the copolymers prevents them from aggregating [102]. In contrast, aggregates for-

mation has been verified experimentally [7; 100]. In order to overcome these transport

artifacts during the aggregation of the block copolymers at low concentration and to

obtain experimentally relevant results, we conduct simulations with initially localized

block copolymer (schemes 2 and 3 presented in Figure 3.1).

The schemes with localized block copolymer simulates the assembly when the polymer

chains have already diffused in the system leading to localized concentrations higher

than the overall concentration in box. We denote these schemes as (localized clusters,

LC, and localized films, LF). A physical interpretations of LC associates the clusters

with samples of polymer that are not completely dissolved (at wavelengths commen-

surable in Lbox). Therefore, any existent microphase separation prior the polymer
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solubilization would influence the final self-assembly process. For convenience, we

use a graphical convention to denote each of the schemes for initial density fluctua-

tion proposed, as Figure 3.1 presents. In the discussion of results, the convention is

used to indicate the initial concentration and distribution of the polymer.

The third scheme LF that we propose is used to study non-homogeneous samples

with domain sizes larger than our current simulation box (the aggregates cannot

develop under these conditions of polymer concentration and box size). As a con-

sequence, we evaluate the effect of micro-phase separation of the block copolymer,

when the main impact of the solvent is the soft confinement. In this condition the

shape of the phases is mainly governed by the entropic and enthalpic interactions

between polymer molecules. The initialization scheme LF, has potential applications

in the study of nanoporous membranes formation, where stages of selective and poor

solvent can be combined to identify the mechanism driving the pore formation, when

large gradients of polymer concentration occur after the phase inversion takes place.

Figure 3.1: Proposed schemes for the initial polymer chain distributions. The labels for
each condition indicate: Homogeneous (H), localized clusters (LC) and localized film (LF).

3.3 DPD Simulation Parameters

For all the simulations results in this document we adopt the commonly used DPD

units [91], unless we explicitly indicate another approach. Table 3.1 presents a sum-
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mary of the basic DPD units.

Table 3.1: Basic DPD Units

length rc 1
mass m 1
energy ε = kBT 1

time τ =
√
rcm/ε 1

One of the most attractive features of DPD is the possibility to describe qualitatively

generic polymeric systems considering only the relative interactions of the species.

However, when modeling specific features of the physical systems, it is customary

to define the simulations parameters for the conservative (aij), dissipative (γ) and

stochastic force (σ) by fitting the properties of the DPD model with the physical

system. We denote this process as the physical mapping of the block copolymer

to DPD. The mapping process requires a coarse graining procedure, that groups the

physical atoms in DPD-particle representations (Figure 3.2). In general, the mapping

procedures can be structurally or dynamically based [103]. In structural mappings,

the physical systems are related through structurally defined bonded and non-bonded

effective potentials. The main assumption of this approach is that the total potential

energy decomposes in bonded and non-bonded contributions [104]. The bonded in-

teractions are derived such that the conformational statistics of a single molecule is

represented correctly in the mesoscale model. If the goal is to describe the proper dy-

namic evolution of the system, mapping potentials derived from dynamic properties

of the system are preferred. In dynamically-based mappings, the friction parameter

of DPD is fine-tuned until the dynamic properties of the coarse model match the

atomistic ones [103].
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Figure 3.2: Schematic representation of the process of mapping.

Flory-Huggins Based Mappings

Different physical-to-DPD mapping methodologies have been proposed in the litera-

ture. Groot and Warren, [91] showed that the DPD parameters can be defined based

on the water compressibility, the Flory-Huggins parameter, χ (for polymeric systems),

and water diffusivity to map the timescales of the simulation. In this approach the

interaction forces of DPD are dependent on the number of solvent molecules coarse-

grained. [105]. According to Groot and coworkers [105] the dimensionless compress-

ibility of the DPD κ−1 reproduces the compressibility of the real system (κ−1)R) such

that

1

kBT

(
∂p

∂ρ

)
DPD

=
1

kBT

(
∂n

∂ρ

)
·
(
∂p

∂n

)
physical

, (3.2)

where ρ and n are the particle and solvent molecules density, respectively. The term

(∂n∂ρ) corresponds to the number of solvent molecules per bead φM . Thus the DPD

dimensionless compressibility reads

κ−1
DPD = φM(κ−1)physical. (3.3)

The mapping between the DPD and Flory-Huggins parameters considers that χ is
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linearly dependent of the excess of repulsion, ∆aij = aij−aii. The experimental value

of χ can be used to compute the conservative parameter through

∆aij = 3.27

(
1 +

3.9

N0.51
DPD

)
χij, (3.4)

where N0.51
DPD is a correction because of the finite size of the DPD polymer representa-

tions [78]. The mapping methodology introduced by Groot and co-workers is widely

used in the modeling of a variety of polymeric systems. However, it was identified

that this mapping exhibit two major limitations: i) the existence of an upper limit

on the level of coarse graining that can be achieved, and ii) arbitrary equations of

state cannot be reproduced [106].

The upper limit in coarse graining arises from the definition of dimensionless com-

pressibility. Recently, Füchslin et al. [107], showed that for liquids this upper limit in

the level of coarse-graining vanishes if the DPD parameters are properly scaled with

the size of the bead [107]. To overcome the limitations of the equation of state (EOS)

of the mapping proposed by Groot et al., [91; 105] Pagonabarraga and Frenkel [82]

introduced a non-pairwise additive potential approach, such that the EOS is an input

during the mapping. In this scheme, the standard soft-repulsive weighting function

is replaced by an equation of state, while the dissipative and the stochastic terms are

not modified. The new potential is an approximation to many-body interactions and

acts as a local mean field for each particle.

Qualitatively Mappings Based on Solvent Quality

The relative quality of the solvent mixture with each block given by the Flory-Huggins

interaction parameters χ [41] defines the interaction parameters aij between the dif-

ferent block copolymer and the solvent. One alternative to use the Flory-Huggins

parameters to map qualitatively the solvent quality is to verify that the size of the
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polymer coil follows the characteristic scaling law Rg ∝ N ν [93], where the magni-

tude of ν is governed by the polymer-solvent affinity. Values of χ ≈ 0.5 (ν ≈ 1/2)

are expected to represent theta-solvent, χ� 0.5 (ν ≈ 1/3) poor solvent, and χ < 0.5

(ν ≈ 3/5) good solvent [93]. The computed χ helps to define the solvent quality,

but the final phase separation (e.g., micelle formation) of the diblock copolymer is

governed by the magnitude χN .

We adopt the interval of aij proposed by Moreno et al. [108], that delimits the

transitions between good, athermal, theta, and poor solvents. This interval is valid

under the length and spring potentials that we use to construct the copolymers. The

methodology allows us to construct DPD models that mimic the coil size and confor-

mation of the blocks if the relative affinity between the mixture of solvents and the

constituent blocks of the system is known. The proposed DPD mapping, considering

the relative affinity of the solvent is

aij < 27.5 good solvent

aij ≈ 27.5 theta solvent

aij > 27.5 poor solvent

Alternative Mappings

More rigorous mapping methodologies have been recently proposed considering Molec-

ular Dynamics (MD) results [109; 110] as an input, and using the Mori-Zwanzig for-

malism [83; 111]. In these approaches, the weighting functions of the conservative,

dissipative, and stochastic potentials are derived directly from the atomistic repre-

sentation such that the static and dynamic properties of the original systems can be
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adjusted within the proper statistical mechanics framework. The advantage of this

methodology is the capability to account for statics and dynamics of the polymer

chains and include different physical interactions such as electrostatic effects. The

approach is limited to be a bottom-up mapping, requiring the atomistic description

of the physical system. This can be a significant restriction when only macroscopic

properties of the modeled system are available, or atomistic resolution is scarce.

Computational limitations in physical mappings

In general, mapping methodologies associate the size of a DPD bead with a few

solvent molecules or monomers [105] (i.e., three molecules of water per bead). As

a consequence, solutions of high-molecular-weight polymers may require hundreds

or even thousand of DPD beads to be modeled. A large number of beads in-

creases the computational demand and limits the time and length scales described

in simulation[112; 113]. In this scenario, the modeling of polymers under experimen-

tally relevant conditions ranging from infinitely dilute solutions to semidilute is still

cumbersome and costly. Different authors have proposed different methodologies to

reduce the number of particles (degrees of freedom) needed to describe a DPD sys-

tem with fluids [107; 114] and polymers[84; 115–117]. However, the applicability of

these methodologies for polymeric systems is restricted to short chains[115; 118]. In

Appendix B, we present the limitations that emerged when reducing the number of

degrees of freedom in the polymeric system.

3.4 Model Reduction of Polymeric DPD Systems

Motivated by the limitations to simulate arbitrary long polymers, we introduce a pro-

cedure that reduces the number of degrees of freedom necessary to accurately model

the behavior of complex molecules. We use the term particle or bead to refer to

the degrees of freedom in our simulation, while segment denotes the particles that
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constitute a chain. Because of the DPD length scale, these segments may represent

monomers, Kuhn segments or blobs, depending on the discretization of the physical

system [105; 119]. Our model-reduction framework generalizes the seminal ideas of

Füchslin [107] to complex molecules, and explicitly include and preserve the spatial

correlation between segments in DPD chains.

Since the possibility of finding mesoscale potentials that can be both structural and

dynamically consistent is a subject of intense research [103], to facilitate our discus-

sion, we introduce the methodology in the context of a structural coarse graining.

We tackle the thermodynamic description of the underlying original model. Never-

theless, mapping potentials derived from dynamic properties of the system are also

compatible with our model reduction methodology. The main difference in the model

reduction process appears in the treatment of the dissipative and stochastic force

contributions. The goal in this context is to describe the proper dynamic evolution

of the system by fine tuning the friction parameter until the dynamic properties of

fine and coarse scales match [103].

3.4.1 Coarse-Graining

In this section, we describe the methodology we propose to reduce the number of

degrees of freedom needed to forecast the behavior of complex molecules accurately.

In this context, we introduce a distinction between:

i. The process of fitting physical properties with DPD parameters, that we call

mapping and,

ii. The process of reducing the number of degrees of freedom of a given DPD

system, that we call coarse graining or model reduction.

The mapping process in itself requires a coarse graining procedure, which groups
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physical atoms in DPD-particle representations. Thus, a model reduction is simply

a particular type of coarse graining during the mapping process (Figure 3.3). For

clarity, we treat mapping and coarse graining independently to focus our efforts on

describing a methodology for model reduction compatible with any mapping from

the literature, or suitable for the development of more sophisticated mapping proce-

dures. In summary, this methodology can be also understood as a coarse-graining of

a coarse-grained (physically-mapped) system.

Figure 3.3: Schematic representation of the process coarse graining.

Here in the coarse-graining process further reduces the number of particles that de-

scribes a given system by grouping these into coarse sets (Figure 3.3). Before coarse-

graining, the particles in the system are labeled as the fine particle representation,

and after coarse-graining, we identify the system components as coarse particles. To

systematically present the proposed coarse graining methodology we distinguish be-

tween the values of a property A when evaluated on the fine-grained system (A′) and

its coarse-grained counterpart (Ā).

The ratio between the number of particles before and after the model reduction is the
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level of coarse graining φ, which is a measure of the decrease in the number of degrees

of freedom representing the system. We define the level of coarse graining based on

the change in the number of particles used to represent the polymer chain, such that

φ =
N ′

N̄
. (3.5)

We assume that this level of coarse graining is applied to the whole system (i.e.,

solvent and polymer), the total number of particles NT in a coarse system is given by

N̄T = N ′T/φ. (3.6)

To preserve the particular properties of the fully resolved system (e.g., pressure p,

mass density ρ), we properly adjust the DPD parameters of the coarse system, after

the coarse graining is applied. We denote this stage the parameter scaling. The value

of a given coarse parameter Ā is computed by scaling A′ as

Ā = ψ(φ)A′, (3.7)

where ψ(φ) is a scaling function that depends on the level of coarse graining.

Mass, m, and cutoff radius, rc, scaling

We define the mass m of a coarse-grained particle as

m̄ = φm′. (3.8)

The unit length in a system constituted only by fine particles is given by the cutoff

radius r′c. We scale the cutoff radius to preserve the proper chain dimension Rf =

r′oN
′ν′ . Since the average distance between connected particles is proportional to the

cutoff radius, ro = brc, to preserve the radial particle distribution the proportionality
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constant b must be the same for any coarse-graining level. Hence, if we attempt to

preserve the characteristic polymer size Rf after coarse-graining, we require that

Rf = N ′ν
′
br′c = N̄ ν̄br̄c, (3.9)

therefore the cutoff radius of the system with coarse particles is given by

r̄c = r′c N
′ν′−ν̄φν̄ , (3.10)

Both ν ′ and ν̄ characterize the correlation between fine and coarse particles, respec-

tively. However in the methodology that we introduce they are conceptually different.

On one hand ν ′ indicates the chain conformation in the physical the system, given

by the mapped polymer-solvent interactions. On the contrary, ν̄ is a conformation

parameter that depends on the discretization (level of coarse-graining) that we use.

Such that the chain representation with fewer particles reproduces the overall geo-

metrical features of the original coil.

Now, if the mass density is to be preserved in the coarse representation too, then

ρ =
m′

v′
=
m̄

v̄
, (3.11)

where m and v are the mass and volume per particle, respectively. Based on the unit

length scaling (3.10), the volume of a coarse particle is given by
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v̄ =
4π

3
(r′c)

3 (N ′(ν
′−ν̄)φν̄)3 = v′ (N ′(ν

′−ν̄)φν̄)3. (3.12)

Substituting (3.8) m̄ = m′φ and (3.12) in (3.11), we get,

φ = N ′
3(ν̄−ν′)

3ν̄−1 . (3.13)

In (3.13) we have one free parameter, that is, either φ or ν̄. Thus, once one is chosen

the other is set by (3.13) if the mass density is going to be preserved by the coarse

graining process. Here we choose the coarse graining parameter φ as the free variable,

leading to

ν̄ =
1

3

3ν ′lnN ′ − lnφ

lnN ′ − lnφ
. (3.14)

In principle, from (3.13) 1 ≤ φ ≤ N ′ (equation (3.5)), however due to the physical

restriction that 1/3 ≤ ν̄ ≤ 1 (assuming incompressibility of the segments), the level

of coarse graining must exhibit a φmax when ν̄ = 1. From equation (3.13) φmax can

be easily computed. The maximum coarse graining for a polymer chain with N ′

segments and ν ′ is given by

φmax = N ′(3/2)(1−ν′). (3.15)

Figure 3.4 presents the level of coarse graining required to represent fine-grained

chains as shorter coarse-grained models. Additionally, the figure indicates the maxi-

mum level of coarse graining (3.15) attainable given the fine-scale conformations ν ′.

The highest coarse-graining level arises because of the requirement to preserve of both

mass density and polymer size. Figure 3.4 shows that for ν ′ ≈ 1 (rod-shaped poly-

mer), φmax = 1, therefore the chain cannot be coarsened while preserving the mass
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and length scale (equations (3.9) and (3.11)).

In the inset of Figure 3.4 we highlight the variation of the level of coarse grain-

ing for different values of the exponent of equation (3.13). This figure is useful to

identify graphically the magnitude of ν̄. In this case, the blue region denotes the

permissible levels of coarse graining, for chains with fine-scale conformation ν ′ = 0.6.

This region is delimited by φmax, when ν̄ = 1 and φ = 1, when ν̄ = 0.6. If the fine

and coarse representations have the same conformation, the chain cannot be reduced

any longer.

Time τ and energy ε scalings

In DPD the time scale is given by

τ 2 = r2
c

m

ε
, (3.16)

where the traditional selection of rc = 1, m = 1, and ε = kBT = 1 leads to a DPD

time scale of size one. In this case, the energy unit defines the time scale. We choose

ε = kBT since we focus our framework for computing equilibrium properties. How-

ever dynamic properties of the polymeric system can be also reproduced choosing the

time scale determined by direct comparison of experimental and simulated transport

coefficients [107; 120; 121].

Since our goal is to perform the model reduction on DPD while preserving relevant

structural properties close to those of the original fine-scale simulation, the scaling

of the mass (3.8) and length (3.9) units stated implies an appropriate scaling for the

units of time and energy. We adopt the scaling of time ψtime(φ) and energy ψenergy(φ)

proposed in [107] based on dimensional analysis of (3.16). Therefore, we have for the
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Figure 3.4: Given a fine-scale chain with N ′ beads, the number of particles N̄ of its coarse-
grained counterpart is restricted by the fine and coarse conformations ν ′ and ν̄, respectively.
The continuous lines are the maximum level of coarse graining that can be achieved for fine
scale chains with different conformations ν ′. The dotted curves indicates the level of coarse
graining for fine-scale chains ranging from 20 to 1000 beads. Since the number of particles
per chain must be an integer, each dot corresponds to discrete values of φ. The inset Figure
represents the variation of the coarse-graining level with ν̄ for fine-scale chains with ν ′ = 0.6.

coarse system that

τ̄ 2ε̄ = r̄c
2m̄, (3.17)
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which can be expanded to yield

(τ ′ψtime(φ))2ε′ψenergy(φ) = r′2c N ′2(ν′−ν̄)φ2ν̄m′φ, (3.18)

where the choice of ψtime(φ) and ψenergy(φ) depends on the scaling parameters acting

on the cutoff radius and mass. Based on (3.18), a simple alternative is to scale the

unit of energy as the particle mass and the unit of time as the cutoff radius. Therefore,

ψtime(φ) = N ′(ν
′−ν̄)φν̄ , (3.19)

ψenergy(φ) = φ. (3.20)

Even though the selection of the energy and time scalings are arbitrary, (3.20) is

useful in order to preserve the physical scalability of DPD [107].

Parameter scaling for conservative interactions

The scaling of the conservative interactions follows the methodology introduced by

Füchslin et al.[107], based on internal energy considerations. In [107] the authors

adopt a conservative contribution that only depends on soft-repulsive non-bonded

interactions. In this document, we generalize their approach and extend it to the

bead-bead and bead-spring potentials frequently used in the literature.

According to [107] the conservative interaction parameters scale to preserve the

change of the internal energy (∆U) when the system is isotropically compressed from

a box size L to (1 − ζ)L, where ζ � 1 is the relative compression parameter. This

change characterizes the compressibility of the system, and we seek to be invariant

after the model reduction. The change of the internal energy in the system can be

written as
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∆U = Uζ − U0, (3.21)

=

NT∑
i=1

NT∑
j>i

uij(rij −∆rij(ζ))− uij(rij), (3.22)

where Uζ and U0 are the internal energy of the compressed and uncompressed system,

respectively, and ∆rij(ζ) is the change in the distance between particles.

The typical energy potentials used in the literature can be compactly written as

uij = Ah(rij), where A is a constant that dictates the magnitude of the internal en-

ergy, while h(rij) sets the extent and order of the particles interactions. The scaling

of the conservative contributions is applied to A such that the change in the internal

energy ∆U remain constant after model reduction. Thus, if ∆U ′ = ∆Ū , we require

that

N ′T∑
i=1

N ′T∑
j>i

A′
(
h(r′ij −∆r′ij(ζ))− h(r′ij)

)
=

N̄T∑
i=1

N̄T∑
j>i

Ā (h(r̄ij −∆r̄ij(ζ))− h(r̄ij)) . (3.23)

In equation (3.23) Ā must compensate any change occurred on the right-hand side,

such that the compressibility behavior of the systems remains unchanged. The

changes in the right-hand-side expression are the consequence of the reduction in the

number of terms in the summation (i.e., NT ) and the increment in the length scale

(i.e., rc). If we use the asymptotic behavior of the two contributions (i.e., when only

one of the contributions dominates), and consider that both effects are uncoupled,

the scaling of the conservative contributions can be expressed as
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Ā = ψc(φ)A′ = ψc,ρ̂(φ)ψc,rc(φ)A′, (3.24)

where ψc,ρ̂(φ) and ψc,rc(φ) are the scaling functions due to the changes in the particle

number density (ρ̂ = NT/V ) and length scale, respectively. Due to the short-range

nature of DPD and that the number of interactions per particle is constant after

coarse-graining the number of terms in the inner-most summation does not change.

This is true for bead-bead interactions when the normalized radial distribution func-

tion does not depend on the level of coarse graining, g(r′ij/r
′
c) = g(r̄ij/r̄c), as we show

in section 3.4.1. In bead-spring potentials, the number of interactions per particle

only changes if the number of bonds per bead change with the coarse-graining, which

is not the case for the linear polymers discussed in this document.

If we consider only the change in the number of particles NT , and h(r′ij) = h(r̄ij)

equation (3.23) becomes A′N ′T = ĀN̄T , leading to

Ā =
N ′T
N̄T

A′ = φA′ = ψc,ρ̂A′. (3.25)

The effect of the change in the length scale can be identified when N ′T = N̄T , which

from equation (3.23) yields an scaling

Ā =
h(r′ij −∆r′ij(ζ))− h(r′ij)

h(r̄ij −∆r̄ij(ζ))− h(r̄ij)
A′ = ψc,rcA′. (3.26)

Equations (3.25) and (3.26) determine the proper scaling of the conservative con-

tributions, given the functional form of the bead-bead and bead-spring potentials.

To illustrate this point we choose the classical bead-bead potential used by [114] and

[107], and a harmonic spring potential to model the bead-spring interactions such
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that

uBij =
aij
2rc

(rij − rc)2, (3.27)

uSij =
Ks

2
(rij − ro)2, (3.28)

where aij is an interaction (repulsion) parameter, Ks is the spring constant and ro

corresponds to the equilibrium average distance between particles, defined in (2.22).

These soft-repulsive potentials are widely used throughout the DPD literature. More-

over, due to the coarse-graining nature of DPD, averaged atomic potentials are prone

to be represented as repulsive interactions[122]. Alternatives forms to these given in

(3.27) and (3.28) are possible [89; 90]. However, in the scaling of the conservative

potentials, we assume either a) the functional form of the energy potential is valid

regardless of the level of coarse graining, or b) self-similarity between scales apply.

Thus, in the case of potentials with attractive-repulsive interactions, they must hold

to the extent of coarse graining applied

If the system undergoes a first order transition under compression, the change in

the distance between particles can be written as ∆rij(ζ) = ζrij + O(ζ2). If we sub-

stitute (3.27) in (3.26), taking a first order approximation yields

āij =
(1− r′ij

r′c
)r′ij

(1− r̄ij
r̄c

)r̄ij
a′ij, (3.29)

by keeping only the leading terms of order ζ in the expansion. The accuracy of the

coarsened systems is restricted to the first order approximation we use to derive the

scaling of the interaction parameters.
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Since the cutoff radius and the distance between particles have the same order of

magnitude, the ratio
rij
rc

between fine and coarse scales is conserved, and the remain-

ing terms of equation (3.29) that contribute to the scaling are

āij =
r′ij
r̄ij
a′ij. (3.30)

From equation (3.10) we know that the length ratio between scales is r′c/r̄c = N ′−ν
′+ν̄φ−ν̄ .

Combining equations (3.30) and the scaling originated by the change in number of

particles (3.25) āij = φa′ij, the scaling of the conservative contribution is finally ob-

tained as

āij = N ′(ν̄−ν
′)φ1−ν̄a′ij. (3.31)

Once the scaling for the bead-bead interactions is identified, the remaining conserva-

tive contribution to scale is the bead-spring potential used to construct DPD chains.

From equation (3.25) and substituting (3.28) in (3.26) the same procedure used to

scale the interaction parameter is applied. In this case, the scaling due to the change

in length scale is φ−2ν̄N ′(2ν̄−ν
′). While the scaling of bead-spring potentials due to

the change in the particle density, leads to the scaling (φ + (φ − 1)φ/N ′). Where

the density scaling given in equation (3.25) takes into account the change in particle

density.The resultant spring constant in the coarse-grained representations is

K̄s = (N ′ + φ− 1)φ1−2ν̄N ′2(ν′−ν̄)−1K ′s (3.32)

Scaling for dissipation, γ, and fluctuation, σ, parameters

We now consider the scaling of the friction γ and noise σ coefficients. Taking into

account the scaling we already chose for time and energy units, we scale the friction

and noise parameters as



63

γ̄ = φ1−ν̄N ′(ν̄−ν
′)γ′, (3.33)

σ̄ = φ1− ν̄
2N ′

(ν̄−ν′)
2 σ′. (3.34)

Similar to [107], we scale these parameters such that the DPD parameters re-

main dimensionally consistent. Thus, the scaling of the dissipation and fluctuation

parameters that we use, shares the same foundations of those proposed by Füchslin

et al.[107]

Coarse-chain conformation

The choice of scaling φ imposes restrictions on the coarse chain configuration; in

particular, the coarse chain must satisfies Rf = N̄ ν̄ r̄c. Abstractly, one controls the

configuration of the coarse chain by modulating either the entropic or the enthalpic

interactions. In this work we control the coarse chain conformation entropically.

Figure 3.5 shows that the coarse-graining of polymer chains reduces both, their con-

tour length, and the area accessible to the solvent. We denote this effect resolution

loss, which affects the effective contact between the polymer and the solvent. The

proposed scaling of the interaction parameter aij preserves the enthalpic contribution

while accounts for the variation in the total number of interactions in the system

(i.e., particle density) and their length scale (i.e., cutoff radius). Thus, the number of

interactions per particle (g(r/r′c) = g(r/r̄)) in the whole system is independent of the

coarse-graining level. However, the resolution loss modifies the solvent-particles lo-

calization around the polymer. The localization of the solvent determines the number

of polymer-solvent interactions and the long-range correlations between segments. If

the scaling of the conservative contributions disregards the solvent localization, the
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coarse-scale systems reproduce the same chain conformation for any φ[118], and the

characteristic size of the coil changes as the system is coarsened.

Comparing the free energy of the fine and coarse chains (See Appendix XX), we

Figure 3.5: Illustration the coarse graining process. As an example, five particles are
grouped into coarse particles. The parameter scalings preserve the number of interactions
per particle but do not consider the change in the number of polymer-solvent interactions
explicitly. Therefore long-range correlations vanish. The coarsening of fine particles reduces
the accessible area of a chain because of the change in the contour length lc.

identify that the model reduction process requires an additional energetic term con-

tribution that fixes both enthalpic and entropic components of the free energy, to

overcome the effects of the resolution loss. To address this shortcoming, we include

bond-angle potentials that ensure an effective ν̄ for a given coarse-graining level. This

additional potential acts as a correction to the chain free energy. The bond-angle po-

tential we use is given by

uAij =
K̄a

2
(αij − αo)2, (3.35)
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where Ka is the bending constant, αo is the equilibrium magnitude of the angle and

αij is the current angle between the bond vectors si and sj. The bond-angle potentials

control entropically the coarse-chain conformation and account for long-range corre-

lations eliminated by the coarse-graining process as schematically shown in Figure

3.6. The inset equations in Figure 3.6 evidence that the coarse-graining modifies the

length scale and the number of terms in the computation of the mean-square radius

for both fine and coarse models. Thus, we are effectively scaling the proper cosine

similarity average, when imposing the bond-angle potential.

Figure 3.6: Bond-angle restriction proposed for coarse chain models to satisfy ν̄ such that
the size of the polymer is preserved.

One alternative to achieve a required ν̄ is to fine tune the bending constant K̄a, and

the equilibrium angle αo for a given coarse grain level. However, this is an iterative

approach every time we modify the coarse-graining level. We avoid this shortcoming

using a reference chain with φref = 1 and bond-angle potentials. We perform the

tuning of K̄a and αo that balance the bead-bead and bead-spring interactions while

the chain conformation is entropically controlled. Using the reference chain, we find
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the magnitude of the bending constant K̄a that does not alter system compressibility,

as well as the relationship

ν̄ = f(αo). (3.36)

Thus, for any coarse-graining level, we scale the bending constant from the reference

chain and control the conformation of the coarse chain through the expression (3.36).

We assume that (3.36) is independent of the model reduction process, such that the

angle length scale does not change.

∆αij,ref = ∆ᾱij. (3.37)

To simplify the process, we construct the reference system using the same bead-

bead and bead-spring interactions of the fine-scale system. Figure 3.7 illustrates the

methodology that we adopt to scale the bond-angle restrictions.

Figure 3.7: Identification of the scaling of entropic restriction through a reference chain

Similarly to the bead-bead and bead-spring interactions, we determine the adequate

scaling of the bond-angle constant from equation (3.24). In this case, since the length
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scale of the angle does not change (as assumed in (3.37)), the bending constant only

scales with the number of angles (N̄angles + 2 = (N ′angles + 2)φ−1). The scaling of the

bending interactions is

K̄a = (N ′ + φ− 2)
φ

N ′
Ka,ref , (3.38)

where the subscript ref indicates that this constant is applied over a reference sys-

tem. In the Appendix XX we present a detailed description of the reference chain

construction.

Scaling of additional potentials and polymer chain entanglement

Due to the bead-bead and bead-spring potentials we use to illustrate the model-

reduction framework, it is not possible to ensure chain entanglement, and coarse-

scale chains may overlap nevertheless by increasing the level of coarse-graining, we

inherently diminish spurious polymer chains crossover due to the packing of fine-scale

segments into larger clusters.

For the case of parent fine-scale models that account explicitly for chains entangle-

ment, our model-reduction approach can be modified to account for this additional

constraint. Here we present some alternatives for such scenarios. When entangle-

ments are partially controlled adjusting the length and intensity of the bead-spring

potentials [65; 80], is possible to treat the system directly. However, when model-

ing entanglements with additional dynamic and energetic constraints, there are two

alternatives to incorporate them into the framework:

• By defining scaling functions for dissipative and stochastic contributions such

that the dynamics of the system correct at coarse scales. That is, the fric-

tion between larger beads resembles the fine-scale behavior. Furthermore, the
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Table 3.2: Coarse parameters Acoarse and scaling function ψ(φ) proposed for coarse graining
of systems with chains.

Acoarse ψ(φ)

m̄ φ
N̄T φ−1

r̄c N ′ν
′−ν̄φν̄

v̄ (N ′(ν
′−ν̄)φν̄)3

ν̄ 1
3

(3ν′lnN ′−lnφ)
(lnN ′−lnφ)

τ̄ N ′(ν
′−ν̄)φν̄

ε̄ φ

āij φ1−ν̄N ′(ν̄−ν
′)

K̄s (N ′ + φ− 1)φ1−2ν̄N ′2(ν′−ν̄)−1

γ̄ φ1−ν̄N ′(ν̄−ν
′)

σ̄ φ1− ν̄
2N ′

(ν̄−ν′)
2

K̄a (N ′ + φ− 2) φ
N ′

physical mapping defines the time scale of the DPD systems.

• When the DPD implementations have other potentials that capture entangle-

ments [63; 64], by incorporating segmental-repulsive interactions in the reference

fine-scale model the coarse scales incorporate the topological restrictions. In this

case, we can use same scaling approach of the bead-spring and bond-angle in-

teractions.

We believe that our methodology is suitable to model systems with large poly-

mer concentrations, by matching the level of coarse graining with the entan-

glement length Ne [65] (φ = Ne). In this special condition the topological

constraints are completely masked inside the larger beads.

Table 3.2 gives a breakdown of the scaling functions proposed. The main features

of our methodology are the consideration of the chain conformation explicitly (ν ′ and

ν̄), and the use of bond-angle potential to control the conformation of the coarse

scales entropically.
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Calibration of the Model Reduction

To validate our model-reduction approach, we create fine-scale systems containing a

single chain with N ′ ranging from 16 to 400 beads per chain, with bead-spring con-

stant K ′s = 50kBT . The particle density in those systems is ρ̂′ = 3 particles/r3
c . We

use a time step ∆τ = 0.04 to control the temperature fluctuations smaller than 2%.

The simulations run for 500, 000 time steps, including an initial stabilization period

of 20, 000 time steps. During the stabilization stage, the polymer-solvent interaction

parameters are a′ps = 25. We define the units of the coarsened simulations according

to our model reduction framework.

For fine-scale systems, we identify the transitions from good to poor solvent given

by the polymer-solvent interactions (a′ps). We also compute the variation of the max-

imum level of coarse graining φmax with the polymer-solvent affinity at the fine scale

(Figure 3.8). Figure 3.8 shows that an arbitrary coarse-graining level is not possible

when the same polymer chain is in different solvents. Thus, a DPD chain containing

N ′ segments can be reduced up to φ = N in poor solvents while in a good-solvent

condition this would be impossible.

In all fine-scale simulations, the size of the simulation boxes is proportional to the

expected end-to-end distance as 2Rf,expect. We define Rf,expect = ro(N
′)νe , where

νe = 0.65 for interaction parameters polymer-solvent (aps) smaller than 29, and

νe = 0.4 otherwise. According to our experience and the literature [96; 97] the theta

condition occurs at 27 ≤ aps ≤ 28, therefore we expect for aps > 29 that the DPD

chains adopt collapsed configurations. Similarly, below the theta point the polymer

coils streched, and the boxes need to be larger avoid finite size effects.
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Figure 3.8: Variation of Rg for different interaction parameters (solvent quality). According
to the chains conformation, we identify the DPD equivalent transitions for linear polymers
in different solvents. The maximum level of coarse graining φmax for each solvent condition
is given by equation (3.15). The non-solvent limit is consistent with the spring constant Ks

we chose. This limit can be further studied using stronger or different bond potentials.[89]

Similarly to Spaeth et al.[115], we select the equilibrium distance for bonding interac-

tions as ro = 0.85rc. This ro is the distance where the radial distribution function g(r)

takes its maximum value. We evaluate the radial distribution function of the particles

in the fine and coarse scales to validate the selection of ro. In Figure 3.9 the radial

distribution function measured is presented for systems containing fine-grained chains

and different coarse-graining representations. During the simulations we measure the

distance between connected particles to verify that ro is satisfied. We measure the

contour length of the chain and compute the average distance as ravo = l̄c/N̄ .



71

In our simulations, we determine conformation parameter CN for different chains

and the compute the characteristic ν as

ν =
1 + β

2
, (3.39)

where β = lnCN/lnN
′ from equation (2.26). We use the bond-angle correlation

function B(n) to study the influence of the chain length and the solvent interactions

on the bead correlation along the chain. In a chain with N beads, B(n) reads

B(n) =
1

N − n+ 1

N∑
m=1

Cnm, (3.40)

where Cnm is the conformation parameter of chain fragments containing n segments,

and is given by

Cnm =
1

n

n+m−1∑
i,j=m

〈cos θij〉 . (3.41)

The expression (3.40) considers all the possible fragments of size n in the chain.

Equation (3.40) is useful to identify conformational changes (ν) between beads along a

DPD chain. Thus, we investigate the effect of the chain length and solvent interaction

over the long-range correlations.

Validation of the Model Reduction

We coarse grain the system with different levels of φ, in order to have all the coarse-

scale chains with the same number of beads, but representing different molecular

weights. To determine coarse conformation ν̄ (equation (3.14)), we fix the value of ν ′

depending the solvent quality (Figure 3.8), instead of measuring the conformation ν ′

for every fine-grained counterpart. Table 3.3 presents a break-down of the parameters

we adopt during validation. To impose the bond-angle potential (Equation (3.35))

in coarse scales we evaluate the effect of the bond-angle constant, Ka,ref , and chain
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Table 3.3: Coarse graining for different molecular weight polymers

Parameter Values
N ′ 16 - 320
φ 1 - 20
N̄ 16
Ka,ref 9 kBT

conformation, ν, with the imposed angle for reference chains. Appendix D presents

a detailed description of the reference chain construction. Using a bond-angle con-

stant Ka,ref = 9kbT (Equation (3.38)), we identify a functional dependence of the

equilibrium angle with ν (Equation (3.36)) is given by

αij = −1.55 + 185.56ν, (3.42)

with a standard deviation ±0.02, and ν in the range 1/3 to 1.

Figure 3.9 presents the radial distribution function of simulations with different fine

and coarse-graining representations. We verify that the model reduction preserves

the particle distribution. Thus the assumption of constant number of interaction per

particle that we introduce in Equation (3.24) is valid.

In Figure 3.10 we present the fine-chain size variation (Rg and R) with the molec-

ular weight for polymers in athermal conditions. Along with the fine-chain sizes, we

have included the measured radius of gyration and end-to-end distance of their equiv-

alent coarse representations. According to the fine-scale variation identified (Figure

3.8), coarser chains are constructed taking ν ′ = 3/5. In Figure 3.10 the agreement

between fine- and coarse-grained chains is remarkable in both Rg and R. The slightly

different values between fine and coarse models for high molecular weight is a con-

sequence of the errors between the real fine conformation and the constant ν ′ that
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Figure 3.9: Comparison of the radial distribution function for different levels of coarse
graining φ. The maximum peak occurs at r/rc ≈ 0.85. The curves are shifted vertically to
facilitate their visualization.

we use. Nevertheless, these results are satisfactory, considering that we construct the

coarse systems in a forecasting stage based on a constant ν ′ = 3/5.

Figure 3.10 shows that this model reduction framework can cover a broad range

of molecular weights using the same number of beads per chain. Besides, Figures

3.12 and 3.12 show that the preservation of other relevant system properties such

as pressure and temperature is also satisfactory with deviations smaller than 2%.

In consequence, using geometrical considerations, our coarse-graining methodology,

allows us to map fine-scale models to a reference state through a consistent system

scaling ψ(φ), neglecting short-length and fast-time scales, but preserving relevant

properties that govern the phase equilibria.

To verify that the control of ν̄ is adequate, we confirm that fitting (Equation
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Figure 3.10: Radius of gyration and end-to-end distance variation with molecular weight.
Empty circles correspond to fine-grained chains, while diamonds indicates the size of coarse-
grained chains containing the same number of particles but different molecular weight. The
radius of gyration, end-to-end distance, are averaged for production runs of 500.000 steps,
sampling every 1.000 steps. In order to get significant statistical results in the measurement
of the exponent ν, the sampling frequency is increased to every 500 steps

(3.42)) obtained from the reference system is independent of the level of coarse grain-

ing. Figure 3.13 presents the chain conformation measured ( (ν̄measured) and calculated

(equation (3.14)) for various levels of coarse graining. Figure 3.13 corroborates that
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Figure 3.11: System properties preservation with the level of coarse graining φ. The pre-
sented variables correspond to variations of pressure P , excess pressure Pex of the system.

Figure 3.12: Temperature T preservation with the level of coarse graining φ.

the relationship of the chain conformation with the equilibrium angle holds for coarse

models, such that the sought ν̄ is properly obtained.

To highlight the importance of the entropic constraints to preserve the relevant prop-

erties of the DPD chains, Figure 3.13 includes the measured conformation in coarse

models without angle restrictions. We identify that in absence of bending potentials,
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ν̄ is nearly independent of the coarse graining level (ν ′ ≈ ν̄). In consequence, if the

fine and coarse conformations are approximately equal, ν ′ = ν̄ = 1/3 or φ = 1 are

the only conditions that satisfy the chain size and density preservation (see equation

(3.13)).

0 5 10 15 20

φ
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ν̄measured
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Figure 3.13: Comparison between the calculated ν̄cal (equation (3.14)) and the measured
ν̄measured coarse-chain conformation for different levels of coarse graining. For comparison
we include the variation of the chain conformation ν̄Ka=0 when the entropic constraints are
not imposed.

Despite the limitations of chain models without angle imposition, we can explain why

the methodology followed by [115] (where ν̄ is not adjusted) is capable of preserving

fine-scale properties if the number of beads per chain and the level of coarse graining

do not exceed a maximum. Figure 3.13 shows that the difference between the con-

formation ν̄ of the restricted and unrestricted models is smaller for lower molecular
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weight polymers with low coarse-graining levels. Therefore, when φ is small, the dif-

ference in conformation of fine and coarse-grained chains is not significant (ν ′ ≈ ν̄),

and the errors due to the lack of angular-restricted models are hidden. Similarly, for

short DPD chains when the relative variations in size are small enough the deviations

in the R are not noticeable.

We summarize the overall efficacy of the coarse-graining methodology using quotient

Q between preserved properties. Given a property A in its fine and coarse-grained

representations, we compute

Q = 1− |Ā− A
′|

A′
, (3.43)

where Q tends to one when A is adequately preserved after the coarse graining. Fig-

ure B.3 includes the results of the model reduction over systems containing short

and long chains. Additionally, we again compare the performance of the entropically-

constrained coarse graining we propose, with the coarse graining approach followed

by Spaeth et al.[115], where the segment correlation between fine ν ′ and coarse ν̄

representations is not accounted for, yielding ν ′ = ν̄. In the last case, we scale the

interaction and spring parameters, without including bond-angle potential. From

Figure B.3 we identify that for short chain models (i.e., 16 beads) the effect of the

entropic restrictions on the dimension of the chain is negligible, and both model reduc-

tion methodologies preserve the properties. Nevertheless, in larger polymer models

(i.e., 160 beads) the difference in the correlation of the particles in fine and coarse

scales is significant, and the model reduction without explicit control over ν̄ fails.

Finally, we show that due to the proper preservation of the coil dimension, our

coarse-graining methodology can be used in the study of systems where the domain
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Figure 3.14: Comparison of the preservation of properties by the coarse-graining procedure.
For short polymer chains the impact of the entropic restrictions is small. However as the fine
DPD chain grows (more coarsening is applied) only the model reduction approach proposed
herein properly preserves the polymer sizes. For 16-bead chains we apply a level of coarse
graining φ = 4, while for 160-bead chains, φ = 10

size and shape of aggregates formed by multiple DPD chains are relevant. To this

end, we construct fine-scale systems containing 21% of DPD chains in a poor solvent

aps = 35 with N ′ = 160, and a simulation box of size 75rc. Under this conditions,

the polymer chains aggregate completely. The corresponding coarse-scale system is
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then constructed with φ = 32 (N̄ = 5). In Figure 3.15 we present the equilibrium

aggregated obtained from fine and coarse scales. In particular, we also include the

aggregate obtained when the bond-angle potentials are absent. From Figure 3.15

we identify that the coarsened model reproduce size and shape of the fine-scale ag-

gregate correctly. Moreover, the reduction in the degrees of freedom allows us to

reach the equilibrated structures with approximately 1/φ of the computational cost

of fine-scales. The preservation of global geometrical properties in multi-chain sys-

tems demonstrated the potentiality of the model reduction to study phenomena such

as self-assembly of block copolymers, or DNA.
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Figure 3.15: Comparison of aggregate size preservation after model reduction. Fine-scale
aggregate formed by chains with N ′ = 160, and coarse scales have N̄ = 5. Systems with im-
proper chain conformation (entropic restrictions) produce reduction in the domain size. The
radial distribution function of the fine and coarse-scale systems is presented. To facilitate
their visualization the curves are shifted vertically.
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Chapter 4

Self Assembly of Diblock Copolymers in Solution

In this chapter, we study the self-assembly of diblock copolymers in selective sol-

vents. We evaluate the effects of solvent affinity and polymer concentration over the

microphase separation. We focus on the morphological transitions occurring during

the solvent evaporation stage of the membrane preparation. We compare those mor-

phological changes when the polymer concentration increases in experimental and

simulation results.

4.1 Introduction

Highly ordered isoporous membranes can be manufactured from diblock copolymers

self-assembly via non-solvent induced phase separation.[34; 35; 37; 39; 123; 124] The

membrane fabrication is a multiscale process that involves different stages. The pro-

cess starts with the solubilization of the block copolymer in a mixture of selective

solvents, followed by the casting of the polymeric solution, after which part of the

solvent evaporates, and finally, the solution film is immersed in water to induce the

complete phase separation creating the final membrane. Figure 4.1 illustrates the

experimental stages involved in the process of membrane production. Because of the

Part of the content of this chapter was published in:

Marques, D. S., Vainio, U., Chaparro, N. Moreno., Calo, V. M., Bezahd, A. R., Pitera, J.
W., Nunes, S. P. (2013). Self-assembly in casting solutions of block copolymer membranes. Soft
Matter, 9(23), 5557
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multiscale nature of the process, it is not feasible to investigate the whole process of

membrane formation with a single computational model. Here we focus on the self-

assembly of the block copolymers at mesoscale in the casting solution, and disregard

mass transport effect in macroscopic time-scales.

Figure 4.1: Typical membrane preparation process. We highlight the stages where DPD sim-
ulations are suitable for modeling polymer-solvent interactions. Disregarding macroscopic
time-scales, we model the self assembly of the block copolymers at fix polymer composition
and polymer-solvent interactions. Images in the polymer solubilization stage correspond to
cryo-FESEM images of the fractured face of frozen casting solutions after sublimation. The
higher concentration gel (20 wt%) shows more order when compared to the 15 wt% gel [39]

The mechanism of pore formation in these membranes combines block copolymer

self-assembly in solution and macrophase separation by solvent exchange. When films

are prepared by complete solvent evaporation, the structures present in the original

solution are progressively lost and approximates the equilibrium bulk morphology.

The advantage of the membrane formation by phase inversion is that the structures

present in the casting solution are immobilized to giving rise to the characteristic

pores. Our group[35] recently confirm that the morphology of the membrane top
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layer is already determined before the immersion in water.

Because of the solvent mixtures used to prepare the membranes, during the stage

solvent evaporation two important changes in the casting solution occur. First, the

polymer concentration increases, and second the composition of the solvent mixture

is altered. Taking into account that both effects modify the morphology of the as-

sembly in solution and the final membrane[35; 37; 39], recently we use small-angle

X-ray scattering to fully describe the order transitions during the evaporation stage,

between casting the film and immersing it in water[39]. We account for the change

in polymer concentration as the solvent evaporates. Cryo-scanning electron micro-

scopies analysis reveal that the block copolymers assemble into micelles in polymer

concentration raging from 15 to 20%. The micelles arrange in different forms as the

copolymer concentration increases, and eventually merge into worm-like and lamellar

morphologies. In this chapter we reproduce the same experimental conditions with

our DPD models to describe the morphological transitions of diblock copolymers in

solution.

4.2 Model Construction

In this chapter we study the self-assembly of diblock copolymers when is governed

by the nature of the polymer-solvent interactions, the polymer concentration, and

the ratio between the A and B blocks. Such that we model these variables according

to the experimental conditions[39]. We do not account for effects of molecular chain

length and weight because are out of the scope of this chapter. However, the entropic

conditions that satisfy the packing factor[2] for micelle formation are imposed by con-

struction in the molecule models. In this case we impose angle potentials between

three consecutive beads to extend the block copolymer models, capturing effects of

chain length without increasing the number of particles (see Figure 4.2). This approx-
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imation gives a good general overview of the assemblies as a function of concentration

and polymersolvent interaction[89; 125; 126] but does not consider local effects of the

solvent mixture such as specific solvent localization at the neighborhood of a partic-

ular polymer block.

Figure 4.2: Micelle formation in solution with elongate diblock copolymer representation

In these simulations we use the standard DPD units and conditions presented in

Chapter 3. We discretize the AB copolymers using 16 interconnected beads, and the

structure of the chain is adjusted by harmonic springs (equilibrium length ro = 0.75rc

and spring constant Ks = 50kBT ) and angles between three consecutive beads (equi-

librium angle ro = 180 deg and bending constant Kb = 10kBT ). The number of beads

per block is given by the experimental block composition[39] fA = 0.75, such that

A12B4, where the subindex is the number of particles per block. The total time steps

in all the simulations is 1000000∆τ , including a stabilization period of 20000 time

steps. During the stabilization stage, all the interaction parameters have the same

value aij = 25.
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Table 4.1: Solubility parameter of the solvents and block copolymers used for membrane
production

Name δd [MPa1/2] δp [MPa1/2] δh [MPa1/2] δ

Polystyrene 18.5 4.5 2.9 19.3
4-vinylpyridine 19 8.8 5.9 21.8
Dimethylformamide 17.4 13.7 11.3 24.9
THF 16.8 5.7 8.0 19.5
1,4-dioxane 19 1.8 7.4 20.5

The polymer concentration in the study varies from 10% to 30%, according to the ex-

perimental one reported[39]. The box size is approximately 13-fold the unperturbed

radius of gyration, such that L = 50rc

4.3 Modelling of micelle assembly in different solvent mixtures

The DPD interaction parameters are defined following the strategies in Chapter 3

using Hansen solubility parameters[43] between the species. We use the informa-

tion of the diblock copolymer polystyrene-b-4-vinylpyridine (A-b-B), in mixtures of

tetrahydrofuran (THF), dimethylformamide (DMF) and 1,4 dioxane (DOX). Table

4.1 gives a breakdown of the contributions of the Hansen parameters (i.e., dispersion

force, polarity, and hydrogen bonding), between each polymer segment and solvent

pairs. Figure 4.3 presents the dependence of square of the difference between the

solubility parameters for the different concentrations studied, this figure includes the

van der Walls, polar, hydrogen and average contribution on the solubility parameter.

The qualitative behavior of the different solvent mixture is modeled based on the

strength of it interaction with the styrene block. From Figure 4.3 it is possible to

sort the mixtures from slightly bad solvent (THF:DOX) up to a stronger bad solvent

(THF:DMF). The interaction parameters between the core forming block A and the
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Figure 4.3: Difference square of the solubility parameters between each polymer block
a)vinyl pyridine, b) styrene and the mixture of solvent. The figure include the value for
each contribution (van der Walls, polar, hydrogen bonds, average), based on the composition
of the solvent mixture, expressed as ratio between components. χ is a linear function of
this value. These curves provide a quite useful qualitative information, associating the area
below each curve, with the intensity of the interaction, the bigger the area is, the worst the
mixture of solvent is.

solvent, aAS, ranges from 25 to 60, emulating the transition from good to poor sol-

vents, as we present in Chapter 3. In general, based on the experimental evidence

and the simulation results, it was possible to match qualitatively a consistent self-

assembly trend. THF-DMF-DOX mixture are associated qualitatively to aAS = 30.

Mixtures without ordering confirmed experimentally, such as THF-DOX are repre-

sented by aAB = 28. In our model, the poorest solvent for the core-forming block

has aAS = 50. This condition is associated with the interactions between styrene and

DMF.

4.4 Results

Effects of gradual evaporation of solvents

Figure 4.4 presents the experimental SAXS characterization for different block copoly-

mer solutions that we recently reported[39]. Figure 4.4 corresponds to different stages
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of solvent evaporation, before the immersion in water. However, we note that each

solution is prepared and characterized independently at different polymer concentra-

tions, without evaporation. Figure 4.4 starts with a ternary solvent (THF/DMF/-

DOX) as the initial stage of the casting solution. THF is the most volatile solvent and

would be the first to evaporate. If a long period of evaporation is applied, DOX will

also evaporate until practically only DMF remains in the solvent mixture[39]. The

solution order is initially 2D-hexagonal and at high block copolymer concentrations

the structure changes to lamellar morphology. The transition occurs between 23 and

26 wt% copolymer. In the membrane preparation when the solvent is evaporated

for twenty seconds, the solution layer is immersed in water before the transition to

lamellar morphology is achieved.

Figure 4.5 presents the phase diagram constructed from our simulations results,

according to the different polymer solutions presented in Figure 4.4. The snapshots

in Figure 4.5 correspond to simulations of the assembly changes during solvent evapo-

ration, starting with a 10 wt% block copolymer solution in a ternary solvent mixture

with aAS = 30 (corresponding to the ternary solvent mixture) and going up to 30

wt% concentration and aAS = 50 (expected for a solutions in DMF). The increase of

polymer concentration as well as the change of the solvent-polymer interactions due

to evaporation induce the growth of the assembled domains, passing from spherical

micelles to lamella. The increment in the domain size evidenced experimentally un-

der 2D hexagonal order can be interpreted as an intermediate step where the micelles

start to merge (forming worm-like structures) with the subsequent layers.
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Figure 4.4: Experimental SAXS measurement of PS-b-P4VP 175k-b-65k copolymer solu-
tions in different solvent mixtures. The polymer concentration and solvent composition were
chosen to correspond to possible different stages of solvent evaporation. Scattering intensity
as a function of scattering vector, q, and the intensity are on the logarithmic scale[39]

4.5 Conclusions

The behavior of our computational model is consistent with the experimental evi-

dence, showing morphological transition of the aggregates as the polymer concen-

tration and solvent affinity change; passing from disordered crew-cut micelles, to

hexagonal close packed crew-cut micelles, to lamellar structures. In particular, the

different meta-stable structures identified support the variation in size domain ev-

idenced by small angle x-ray scattering (SAXS) measurements. We show that the

hexagonal arrangement of the micelles can exists in solution within different windows

of polymer concentration depending on the solvent affinity.

In summary the results of small angle X-ray scattering, supported by cryo-FESEM
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Figure 4.5: Modelling of the artificial evaporation process of a PS-b-P4VP solution by using
dissipative particle dynamics. Blue beads correspond to styrene, red to pyridine. Solvent
beads were not included in the images. A detail with projection in plane of the hexagonal
order is shown for 17% of the copolymer.

and modeling by dissipative particle dynamics demonstrated how the block copolymer

self-assembly in solution, influenced by concentration and polymer-solvent interaction,

can lead to the formation of regular pores in membranes.
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Chapter 5

Geometrical Characterization of Micellar Ordering in Solution

In this chapter, we study the hierarchical self-assembly of diblock copolymers in

selective solvents. We evaluate the interplay between the entropic and enthalpic

interactions, and how they affect the morphology of the final aggregates in solution.

To efficiently investigate length and time scales relevant to membrane manufacture

we apply the model reduction methodology presented in Chapter 3.

5.1 Introduction

Micellar order in solution is one of the fundamental aspects of the fabrication of iso-

porous membranes with nano-scale resolution. Different investigations suggest that

the arrangement of the micelles in solution directly affects the final configuration of

the pores of the membranes[34–39; 127]. As a consequence, if the ordering of micelles

in solution is a prerequisite for the isoporous formation, identifying the parameter

space (i.e., polymer concentration (w), block copolymer composition (fA), polymer-

polymer and polymer-solvent interactions) where ordered states occur, offers a step

forward in the understanding and controlling of the membrane production.

In this chapter, we propose a geometrical description of the micellar assembly and
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use DPD simulations to estimate a phase diagram for assembled morphologies. Based

on this geometrical considerations we study the effect of the polymer concentration,

solvent-polymer interactions and molecular weight of the block copolymer on the as-

sembly morphology. The organization of this chapter is the following. First we define

the polymeric systems of study and describe the geometrical conditions that determine

the ordering in solution. Next, we describe the computational model construction,

and finally we propose the phase diagram of the micellar assembly and a heuristic

parameter, which reflects the effect of the different thermodynamic interactions.

5.2 Hierarchical Self-Assembly of Block Copolymers

In general, we can describe the self-assembly of block copolymer in the bulk or melts

by considering the relative volume fraction of each component, the degree of poly-

merization of the block copolymer, and the Flory-Huggins interaction parameters. In

the case of the semidilute polymer solutions Lyotropic liquid crystalline states may

occur and additional concentration-dependent parameters are needed[128].

The formation of mesoscale structures with long-range ordering in the casting so-

lution entails a hierarchical assembly of the block copolymers into sub-units (i.e.,

micelles) that constitute the building blocks of the mesoscale aggregates, as illus-

trates Figure 5.1. Some factors such as the relative length ratio of the corona and

core[31; 32], and the polydispersity of the diblock copolymer[33] have been reported

to have important effects in the order-disorder transition.

In general, knowing the free energy of the system is possible to analyze the block

copolymers self-assembly and the conditions where ordered micelles occur. How-

ever, due to the multicomponent nature of the mixture, and the non-linearity of
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Figure 5.1: Sketch of the hierarchical self-assembly of block copolymers in solution

the polymeric solution with the concentration, there is not an univocal free-energy

expression, and a variety of formulations exists elsewhere in the literature. These

free energy expressions are mostly focused in the micellization process in dilute

systems[20; 25; 44; 47; 129–133], and only few studies have considered the effects

of micelle-micelle interactions[134]. In this chapter we propose a set of phase param-

eters that describe the dependence of the phase diagram with the different entropic

(fA, N , wi) and enthalpic (χij) variables of the system, which allow us to describe

the formation of micelles and their packing in solution.

To analyze the hierarchical self-assembly of the block copolymer in solution, first

we describe the polymeric system and introduce the basic notation we use in this

document.

Description of Micellar Solution

We define the casting solution for the membrane preparation as a semidilute solu-

tion of an amphiphilic diblock copolymer AB in a solvent S (or mixture of solvents)

selective for the B block (χAS > 0.5 ≥ χBS). Under these circumstances, the block

copolymers form aggregates, which are themselves microscopically phase separated
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into A− and B−rich domains. Each ith block is constituted by Ni segments, and the

total number of segments per chain is N = NA + NB. We express the composition

of the A block as fA = NA/N . Typically membranes are prepared with asymmetric

block copolymers (NA > NB), which favor the formation of core-shell micelles[2].

Depending on the particular energy balance of the system solvent molecules can be

found in the core and shell of the micelles.

We denote the volume fraction of the polymer and solvent in the solution as w and

wS = 1− w, respectively. For simplicity, the volume of the segments, vi, is assumed

to be the same for both blocks, and for the solvent that is represented as one segment

(vA = vB = vS). The size of the segments and the polymer chain can be characterized

by the degree of polymerization, the Khun length, or a particular polymer blob. Here

we associate the segments with the DPD beads used to construct the polymer chains.

In a casting solution with a total volume V , containing M micelles, the number

density of micelles can be written as ρM = M/V . We assume that 〈Z〉 block copoly-

mer chains constitute each micelle in equilibrium with solvent particles. Herein, 〈Z〉

is the average aggregation number, Z, per micelle. In the following, for simplicity,

we omit 〈·〉, when referring to properties of the micelles. However, they always refer

the assemble average, unless otherwise stated. In terms of the block copolymer and

solvent molecules in the system the volume of the sample is

V = (NAvA +NBvB) +NSvS, (5.1)

where NS is the total number of solvent particles. Similarly, after the assembly of the

polymer chains, V can be recast in terms of the volume of the formed micelles as

V = VMM + lvS, (5.2)
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where VM is the average volume of the micelles, and l is the number of free solvent

molecules which are not directly associated to the block copolymer within the micelles.

In the context of aggregates with core-shell morphologies VM = Vcore + Vshell, being

Vcore and Vshell the volume of the core and shell of the micelle, respectively. Since

the micelles are in equilibrium with the solvent and, we denote the amount of solvent

that is localized in the core and shell of the micelles, as j and k, respectively. Thus,

the total number of solvent particles is Ns = l + j + k.

By taking into account the block ratios in the copolymer (fA and fB) and the se-

lectivity of the solvent we expect aggregates to exhibit crew-cut morphologies[18; 22],

characterized by the larger and less solvent-selective block A, forming a dense core,

while the short copolymer B forms the shell (or corona) of the assembly[35] (see

Figure 5.2). In order to validate the crew-cut morphology, we construct the phase

diagram for our systems for different affinities between the blocks (χAB) and solvent

selectivity (χAS and χBS). We verify that under relevant membrane preparation con-

ditions the most stable aggregates correspond to crew-cut micelles, as demonstrated

later in this chapter.

Figure 5.2: Illustration of the crew-cut micelles, given block composition and the solvent
selectivity
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5.2.1 Scaling Theories in Micelle Formation

The bulk phase bahavior of block copolymer has been widely characterized using

scaling theories. Different scaling regimes describe the size of the mesoscopic phases

depending on the relative volume fraction of the blocks and χAB. In the case of block

copolymers in solution scaling relations analogous to those for bulk are applicable,

after minor corrections[128]. In particular we expect that geometrical constraints af-

fect the Ni-scaling of each microdomain (i.e., A and B).

Different scaling laws (power law relationships) in the literature describe the as-

sembly of crew-cut and star-like micelles. These scaling approaches express the size

(R ∝ γδNα
AN

β
B) and aggregation number (Z ∝ NΓ

AN
Λ
B) of the micelles in terms of

the total degree of polymerization and the core-corona interfacial tension, γ. The

magnitude of the exponents δ, α, β, Γ, and Λ is characteristic for each type of mi-

celle. These scaling theories only capture the effect of the block copolymer molecular

weight, under fixed polymer-solvent interactions. Scaling parameters for different seg-

regation strengths can be found in the literature. However their explicit dependence

with χij remains unexplored. For crew-cut micelles for example, the following scaling

relations[135] have been proposed

RC ≈ γ1/3N
2/3
A v

1/3
A , (5.3)

Z ≈ γNA. (5.4)

This scaling model assumes uniformly stretched chains in the core and good solvent

for the corona-forming block. Under these conditions the aggregation number of the

micelles is only a function of the degree of polymerization of the core-forming block,

NA. Nevertheless, a more general scaling[128] describes the aggregation number of

amphiphilic block copolymers as
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Z ≈ Z0N
−0.8
B N2

A, (5.5)

where Z0 accounts for the packing parameter of the block copolymer. Equation (5.5)

properly describes the behavior of different experimental systems, including diblock

and triblock copolymers. In semidilute block copolymers solutions where longe-range

lattice structures emerge, Birshtein and coworkers[136] proposed that scale laws for

the size of the shell and core do not depend in concentration, and follow the exponent

2/3.

5.3 Geometrical Description of the Self-Assembly in Solution

5.3.1 Packing of Rigid Micelles

The micelle ordered packing in solution can be analyzed from a geometrical point of

view, by considering the micelles as polymer-solvent pseudo-phases in equilibrium.

The characteristic packing of the micelles is a function of the shape, size distribution,

and concentration of micelles in the system. In Figure 5.3, we consider three possi-

ble scenarios of micelle shape and size distribution, which affect the packing. Figure

5.3.a corresponds to a system with polydisperse spherical micelles in equilibrium. Un-

der these circumstances, the ordering in solution is entropically prohibited because

of the large difference in size between the assembled micelles, such that hexagonal

close-packed (HCP) or body-centered cubic (BCC) lattices reported for membrane

preparation in previous papers of our group[35; 37] cannot be stable. Figure 5.3.b

presents another situation where the solution contains monodisperse non-spherical

micelles. In this case, the shape of the micelles also imposes entropic constraints that

impede micellar arrangement in hexagonal-close-packed configurations. Figure 5.3.c

depicts the condition where monodisperse spherical micelles assemble. In these situ-

ations, closely-packed configurations can be achieved if the concentration of micelles
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is appropriate.

Figure 5.3: Possible scenarios for micelles assembly

Now, we rationalize the ordering of the micelles in Figure 5.3.c as the packing

of rigid spheres. Carl Friedrich Gauss demonstrated that for close-packed config-

urations (i.e., HCP and face-centered cubic (FCC)) the highest volume fraction of

monodisperse-rigid spheres (wmax) is approximately 0.74. Therefore, if HCP or FCC

arrangements are formed with monodisperse spheres, the micellar volume fraction in

the system, wM , and the volume fraction of free solvent (woS = 1−wM) should follow

this value of wmax = 0.74. We use this volumetric constrain to define the transitions

between aggregation regimes of our system. For instance, volumetric fractions larger

than wmax lead to the micelles fusion. In a block copolymer solution containing equi-

librated monodisperse micelles of radius RM , the micelle density (ρM) in the system,

without overlapping, is given by

ρM =
wmax
VM

, (5.6)

where VM = 4/3πR3
M , is the average volume of a micelle. We treat the micelles as

rigid spheres and wmax approximates the maximum micellar volume fraction, before

fusion occurs. In real systems the corona of the micelles can overlap without fusing

the micelles core; therefore the value of wmax that we adopt can be slightly smaller

that those in real experimental condition. Nevertheless, using this rigid-sphere ap-
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proximation allows us to identify the ordering transitions.

Assuming spherical micelles, the volume of the core and shell domains are given

by

Vc =
4

3
πR3

c = vANAZ + jvs, (5.7)

and,

Vs =
4

3
π((Rc +Rs)

3 −R3
c) = vBNBZ + kvs, (5.8)

where Rc and Rs are the core and shell radius, respectively. The amount of solvent

in equilibrium with the micelles is given by the variables j and k.

Identifying the critical condition for micelle overlap allows us to find the polymer

concentration regime for isoporous membrane preparation. When polymer solutions

are cast for membrane preparation part of the solvent evaporates leading to a slight

increase in the polymer concentration. The evaporation time determines the extent

of the polymer concentration increase.

Regarding the polymer concentration effect, we state three different situations. First,

when the volumetric fraction of the micelles is much smaller than the close packing

condition wM � wmax, the ordering in solution is not stabilized leading to weakly-

interacting micelles. Under these circumstances, the ordering of the micelles cannot

be preserved after the non-solvent phase separation, and disordered membranes are

produced. The second regime occurs when the micelle volume fraction is closer, but

still smaller than wmax (wM . wmax). In the proximity of wmax the micelles are close

to their order condition, such that after the evaporation occurs the micelles remain

organized, and the micelles interact strongly. This strong association of the micelles
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warranties the preservation of the particular pore distribution in the membrane when

is immersed in water. The third concentration regime occurs when wM > wmax. The

larger values of wM lead to the fusion the micelles modifying their packing; moreover

as the evaporation takes place the micelles completely overlap, and the ordering of

the membrane cannot be sustained any longer. In Figure 5.4 we illustrate the effect

of micellar density over the ordering in solution and expected order in the final mem-

brane.

The scenarios proposed to describe the effect of the casting polymer concentration has

been confirmed experimentally[39]. In Figure 5.5 we present images of membranes

surfaces prepared from different initial concentrations of block copolymer (PS-P4VP)

in a solvent mixture. Figure 5.5 shows that for this system, initial polymer concentra-

tions smaller than 16% are suitable for isoporous membrane preparation. After the

evaporation takes place the increase in polymer concentration is sufficient to pack the

micelles closely without breaking the ordering. In contrast, casting polymer concen-

trations larger than 17% cannot sustain the packing of the micelles after evaporation.

Thus, before immersion in water lamellar structure can be already formed due to the

fusion of the micelles. The pores would be then no longer organized in hexagonal

order and rather elongated and larger holes are obtained.

We remark that assembly in solution does not fully explain the final membrane

morphology, as recently proposed by Nunes.[137] Additional surface factors might be

decisive. However the surface morphology will be highly affected by the order in the

layers immediately underneath.

5.4 Model Construction

By following the previous geometric constrains and considerations we use then the

standard DPD parameters given in Chapter 3 to conduct the simulations.
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Figure 5.4: Different scenarios proposed to describe the micelles concentration effect on the
ordering of micelles in casting solutions after the evaporation stage.

Figure 5.5: Membranes prepared from block copolymer solution PS-P4VP in a solvent
mixture. FESEM of the manufactured membrane surfaces made solutions of different initial
polymer concentration. Scale bars equal 1 µm [39]

5.4.1 Fine-Scale Systems

For the fine scale system, we construct block copolymers with N = 192 beads per

chain. The block composition of the block copolymer is fixed in fA = NA/N = 0.75.
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Due to the length scale of the simulations that we construct (O � Rg ≈ N ν′), it is

computationally impractical to explore the phase behavior of this polymeric system

thoroughly. Therefore, we use these fine-scale simulations to characterize the confor-

mation (ν ′) of each block. Such that the model reduction methodology presented in

Chapter 3 can be applied to obtain the phase diagram of the block copolymers in

solution efficiently.

To study the effect of the solvent-philicity of the A block (χAS) and the interac-

tion between blocks (χAB). We define the interaction parameters χij according to

the polymer-solvent transitions presented in Chapter 3 (Figure 3.8), and compute an

effective (χijN)eff according to the mapping proposed by Groot et al[78].

(χijN)eff =
0.306(aij − aii)N

1.+ 3.9N−0.51
. (5.9)

The simulations are performed in two stages: i) an initialization stage where the block

copolymer is mixed with the desired solvent, and ii) the production stage where the

systems reach the equilibrium morphology at this polymer-solvent condition. To

start out the simulations we consider the block copolymer is initially in an athermal

solvent for both block (χij = χii), and the system is equilibrated for 1x105 time steps.

Then the interaction parameters between the less soluble block and the solvent are

gradually increased during 5x105 time steps, until the desired solvent condition. After

this initialization stage, all the simulations are conducted for 1x106 time steps. We

use the initialization step in our simulations to simulate the experimental preparation

of the casting solution, which is typically prepared in time scale on the order to hours.

5.4.2 Coarse-Scale Systems

As we show in the Chapter 3, the conformation of the fine scale (ν ′i) and the number

of beads (Ni) of each block (i) define the level of coarse graining (φ), suitable for
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our coarse-graining methodology. Since the maximum level of reduction (φmax) is

different for the A and B blocks due to the disparities in size, we adopt the smallest

(φmax) of the two blocks. In this case it corresponds to the short B block. We use a

level of coarse graining in all the simulations φ = 14.5.

5.4.3 System Characterization

To characterize the aggregation state of the simulated systems, we compute the

micelle-number density, the coil size of each block, the average aggregation number,

and the size of the micelles. Since our goal is to identify the parameter space that

favors monodisperse and spherical micelles, we use the polydispersity index of the

assemblies (PdI) to quantify the size distribution, whereas the aggregation number Z

indicates the sphericity of the micelles. The PdI is given by the number average (Mn)

and weight average (Mw) molecular weight of the assemblies as PdI = Mw/Mn. We

account for the spherical nature of the micelles by normalizing the average aggrega-

tion number of the assemblies with the maximum aggregation number of a spherical

aggregate with the same volume containing only block copolymer (Zmax). Figure 5.6

shows the variation of the polymer composition of spherical micelles of size RM , as a

function of the aggregation number for two block copolymers with different N . The

maximum aggregation number having the same volume correspond to pure-block

copolymer spherical micelles (no solvent inside, i.e., j = k = 0). Further increase

in the aggregation number is only feasible if the shape of the micelles is no longer

spherical.

5.5 Results

The balance of the interaction parameters between the species in the solution dictates

the microphase separation of the block copolymer. Thus, the orientation of the blocks

inside the micelles is expected to depend on the relative magnitude of χij. To verify
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Figure 5.6: Polymer composition of spherical micelles as the aggregation number increases
(vp = (NZ/ρM )/VM ). Dashed lines indicate the magnitude to Z when the micelles are only
formed by block copolymer chains.

the block copolymers assembly into crew-cut micelles, we evaluate various solvent,

varying the interaction parameters for each block (χAS and χBS) from poor to good

solvent conditions. In addition, we consider four block copolymers with different

level of affinity between their blocks (χAB). Figure 5.7 presents the phase diagram

obtained for nearly weak block-block interactions (χAB = 0.9). We corroborate that

crew-cut morphologies are favorable over star-like aggregates if the solvent is selective

to the shortest block (χAS > χBS). We identify that even if the repulsion between

the A and B blocks is weak, the A block localizes in the inner part of the assemblies

due to its large size. For athermal A-B interactions (χAA = χBB = χAB), there is

not microphase separation, and both blocks are distributed uniformly in the polymer

blob. The balance of the pair-wise interaction between species determines the most

favorable block localization in the assemblies.
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Figure 5.7: Phase diagram for micelle transitions for different polymer-solvent interactions.
Crew-cut and star-like micelles can be stabilized under the proper solvent conditions. In
poor-solvent conditions for both blocks patchy aggregates emerge. Transitions between
phases are sketched based on the simulation results and do not correspond to the exact
solvent interactions where the morphology changes.

5.5.1 Phase Diagrams of Micelle Assembly

Given that crew-cut micelles are verified under the casting-solution conditions, in this

section we study in detail the effect of the polymer-solvent interactions and polymer

concentration over the shape and size distribution of the assemblies in a block copoly-

mer solutions. Our goal is to identify the parameter space that favors monodisperse

and spherical micelles. We use the geometrical-packing interpretation to analyze the

phase transitions.

Using the entropic (fA, N , wi) and enthalpic (χij) contributions, we can now propose

the phase parameters that describe the experimental conditions for monodisperse-

spherical micelles in a non-dimensional form. In analogy to order-disorder phase

diagrams for block copolymers in bulk, we propose a phase diagram for solutions of
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block copolymers to predict conditions order, disorder and assembly morphologies.

Figure 5.8 illustrates the phase diagrams that we use in this document. In the dia-

grams the color of the markers indicates the PdI of the system, whereas the size of

the markers corresponds to the ratio Z/Zmax. Thus, non-spherical assemblies are rep-

resented by bigger markers. Since we only focus on the crew-cut forming conditions,

the solvent is modeled as a good solvent for the B block (χBS ≤ 0.5) in all the phase

diagrams constructed.
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Figure 5.8: Phase diagram description. In the diagram, the axis represents the interactions
between the A block and the solvent, χAS , compared to the interaction between blocks
χAB. The interactions of the corona-forming block and the solvent χBS is fixed. The color
of the markers indicates the polydispersity index of the aggregates, and the size is given by
the ratio Z/Zmax. The dashed line represents the order-disorder transition (ODT). This
transition indicates the critical A-solvent interactions where the self-assembly of the block
copolymer chains occurs.

For all the polymeric systems there is a critical solvent-core interaction, which defines

the order-disorder transition (ODT) of the system (see Figure 5.7). In Figure 5.8 the

dashed line indicates this critical condition. To account for this ODT, we define an

asymptotic phase parameter written as

FODT =
χθN

χASN
, (5.10)

where χθ is the Flory-Huggins interaction parameter at theta condition. Following

the traditional approach of Flory, χθ = 0.5. FODT is equal or larger than zero for
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A-solvent interactions below the ODT, and FODT < 0 when the segregation of the

A block occurs leading to the assemblies formation. Thus, micelle-forming solutions

must have negative values of FODT .

In Figure 5.8 we highlight the existence of two regimes in the phase diagrams, the

first corresponds to the condition χAS > χAB where large assemblies emerge, whereas

smaller micelles dominate when χAS < χAB. The enthalpic interactions χAS and χAB

accounts for this transition in the phase diagram through

Fcontact =
χASfAN − χABN

χθN
. (5.11)

We interpret Fcontact as a selectivity parameter for the core-forming block. Above

the ODT the selectivity of the A block by the solvent and the B block governs the

characteristics of the assembly. If the affinity between the solvent and the A block is

lower than the affinity between A and B, aggregates with larger aggregation number

emerge to minimize the interactions with the solvent. This strong core segregation

entails an entropic penalty associated with the stretching of the A block. On the other

hand, as the A-B affinity decreases (χAS < χAB), aggregates with lower aggregation

number can be stabilized. The merging of the micelles requires the local increment

of contacts between A and B, thus, the growth is unfavorable. Besides, the relative

weak segregation between solvent and the core-forming blocks allows a greater degree

of core swelling, reducing the stretch of the core. Values of Fcontact < 0 must be

characteristic for solutions with monodisperse micelles.

We observe that apart from spherical micelles, different shapes of the aggregates are

possible in monodisperse conditions (Fcontact < 0). The curvature of the core-corona

interface determines the experimental conditions where spherical micelles emerge. In

weak-segregation conditions for the A block, the repulsion between the A and B
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blocks governs the energy of the interface. Thus, a weak repulsion between A and

B creates a diffuse interfaces with relatively small bending energy and promotes the

formation of non-spherical assemblies. In contrast, as the repulsion between core and

corona increases, the interfaces becomes sharper, and small spherical micelles are sta-

bilized. In addition to the parameter Fcontact that account for the monodispersity of

the solution, we introduce a phase parameter Fcorona−core to consider the effect of the

blocks interaction at the interface, through

Fcorona−core =
χθN − χABN

χθN
. (5.12)

Similarly to the previous phase parameters Fcorona−core is constructed such that nega-

tive values are distinctive for spherical aggregates. Weak interactions between blocks

associated with elongated micelles near the theta point, will lead to Fcorona−core ≈ 0.

Corona-Solvent Interaction Effect

As we show in Figure 5.7, both good and nearly theta solvents for the B block induce

crew-cut morphologies. However, these crew-cut structures adopt different shapes

depending on the degree of swelling of the corona. The favorable interaction with

the B segments increases the level of swelling in good solvents. Figure 5.9 shows the

variations in the phase diagram for block copolymers in good and theta solvent for the

B block. We observe that the regions of spherical micelle stability are enhanced as

the solvent is highly selective for the corona, whereas for theta conditions the variety

of stable morphologies increases.
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Figure 5.9: Effect of the corona swelling over the size distribution and shape of the assem-
blies. Phase diagrams indicating polydispersity and shape of the aggregates for theta and
good solvent conditions for the B block.

In general for homopolymers, a strong solvent segregation leads to large aggregates
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such that minimize the number of contacts with the surrounding solvent. For block

copolymer, we identify a fairly similar trend that increases the aggregation number

when χAS > 0.5. However, the balance of the corona-solvent interactions plays an

important role stabilizing or limiting the unconditional growth of the aggregates. In

good solvents for the B block the larger degree of swelling of the corona preserves the

core of the aggregates and restrict the growth of the micelles. The selective localiza-

tion of the solvent in the corona avoids the encounter of the formed cores, imposing

an entropic penalty for the micelle merging. On the other hand, as the amount of

solvent in the corona region decreases (the solvent is less selective for B), the interfa-

cial energy between the A and B-rich domains diminishes facilitating the merging of

the micelles and the formation of double-layer aggregates such as vesicles and films.

This reduction in the interfacial energy is only compensated if the repulsion between

the blocks is large. In such condition the effective interfacial tension between the core

and corona is dominated by the blocks segregation, and the assemblies exhibit lower

aggregation numbers, as we show Figure 5.8.

In summary, we identify that highly selective solvents for the corona facilitate the

formation of monodisperse and spherical micelles, which can adopt the appropriate

arrangement responsible for the membrane porosity. We account for this effect in

terms of the χBS as

Fcorona−solvent =
χBS(1− fA)N − χθ(1− fA)N

χθN
. (5.13)

The parameter Fcorona−solvent takes positive values if the solvent is poor for the B

block, and negative for good solvents. Therefore, values of Fcorona−solvent < 0 must

characterize systems with monodisperse and spherical micelles.
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Polymer Concentration Effect

In the previous section, we identify the energetic conditions between solvent and block

copolymers that ensures the formation of monodisperse-spherical micelles in solution

and postulate a set of parameters that characterize these favorable conditions. Now,

we evaluate the effect of the polymer concentration over the ordering of the micelles.

Polymer concentration effects are related to the micellar volumetric fraction.

The polymer concentration in casting solutions typically ranges between 15% to 25%,

depending on the particular polymer-solvent solution used. Figure 5.10 presents the

phase diagram for four different polymer concentrations (15%, 17%, 20%, and 25%).

The increase in the polymer concentration in general promotes the growth of the

aggregation number of the micelles, in regions of the phase diagram with strong seg-

regation of the core-forming block. In systems with weakly segregated cores, because

of the monodispersity of the micelles the system preserves its homogeneity as the

concentration increase.

In solutions with monodisperse-spherical micelles the increase in the concentration

modifies the packing of the micelles but does not affect their size, if the volumet-

ric concentration is smaller than vmax. Figure 5.10 shows that the increment in the

polymer concentration in regions of the phase diagram where the micelles are small

and well distributed does not modify significantly the shape and aggregation number

of the micelles. On the contrary in regions of polydisperse micelles, larger clusters

appear as the polymer concentration raise. Figure 5.11 presents the variation of Z

with the polymer concentration for two different core segregation conditions (χAS)

varying the segregation strengths between blocks (χAB). Systems that form spherical

and monodisperse micelles, only exhibit a slightly increase in the micellar size with

the increment in the polymer concentration upto a certain concentration threshold,
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where large cluster formation takes place. We identify this critical concentration with

wmax, before the micelle overlapping happens. In Figure 5.11 the threshold is much

smaller in systems with strong core segregation (polydisperse systems), where large

aggregates are favored.

Figure 5.10: Effect of the polymer concentration over the size distribution and shape of
the assemblies. The increase in concentration favors the formation of large assemblies in
regions of the phase diagram with strong segregation of the core-forming block. In contrast
weakly segregated cores are more likely to preserve the homogeneity of the assemblies as
the concentration increase.

We introduce an entropic phase parameter Fpack that accounts for the packing con-

dition of the micelles. We construct this parameter such that Fpack < 0 when the
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Figure 5.11: Variation of the aggregation number (Z) with the polymer concentration(wp)
for two different A-solvent interactions (χAS), and different segregation strengths between
blocks: (x) χABN = 371; (◦) χABN = 464; (�) χABN = 695. Aggregation conditions with
spherical and monodisperse micelles exhibit a slightly increase in the micellar size with the
increment in the polymer concentration upto a certain concentration threshold where large
cluster formation takes place. This threshold is much smaller in polydisperse systems, where
large aggregates are favored due to the strong segregation of the core-forming block.

volumetric fraction of micelles approximates to the close-packing condition. Fpack is

given by
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Fpack = w̄M lnw̄M + (1− w̄M)ln(1− w̄M), (5.14)

where w̄M = wM−(1−wmax). According to (5.14), the minimum of Fpack occurs when

the volumetric fraction of the micelles is equal to the maximum value for rigid-sphere

close packing.

Phase Diagram Generalization

The phase equilibria of the micelles is defined by the balance between entropic and

enthalpic interactions between the blocks and the solvent. We confirm these transi-

tions in all the casting-solution simulations.

Given the phase behavior of the assembled block copolymer, we propose a general-

ized expression that describes the morphological transitions presented. We introduce

a global phase parameter F to describe the changes in the morphology of the aggre-

gates, as a contribution of all the phase parameters that we introduce before. Thus,

F is a phenomenological parameter that decreases as the micellar system become

spherical, monodisperse, and closely packed. We compute the magnitude of F as

F = Fcontact + Fcorona−solvent + Fcorona−core + FODT +KpackFpack. (5.15)

where Kpack = 100 is a constant that scales the effect of Fpack to same order of

magnitude of the other parameters. Negative values of F can be used to characterize

the solutions containing monodisperse-spherical micelles. In equation (5.15) the first

three terms account for the energy of the interface. If we replace each of these

interfacial terms, F can be rewritten as
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F =
(χASfAN − χABN) + (χBS(1− fA)N − χABN)

χθN
+ FODT +KpackFpack. (5.16)

Figure 5.12 presents the variation of the global phase parameter for different polymer-

solvent interactions. The variation of the proposed global phase parameter is consis-

tent with the morphological transitions in the different phase diagram constructed.



116

Figure 5.12: Variation of the global phase parameter F as a function of χABN and χASNA.
We present the variation of F for solutions with different polymer concentrations
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Conclusions

We show that a geometrical analysis of rigid-spheres packing can be used to describe

the self-assembly of diblock copolymers in solution. The proposed approach allows

narrowing the experimental conditions of concentration and polymer-solvent interac-

tions where micellar ordering in solution is obtained.

We identify that weak solvent segregation of the largest block is crucial in the sta-

bilization of monodisperse assemblies and ordering in solution. If the solvent affinity

with the core-forming block induce a strong phase separation larger and polydisperse

aggregates are produced to minimize the unfavorable enthalpic interaction between

species.

The curvature of the core-corona interface determines the experimental conditions

where spherical micelles emerge. The repulsion between the A and B blocks governs

the energy of the interface. A weak A-B segregation creates diffuse interfaces with

relatively small bending energy. As a result, it promotes the formation non-spherical

assemblies.

The global phase parameter proposed can be used as an initial predictor for ordering

in solution, if the Flory-Huggins parameters of the species are known. Nevertheless,

due to inherent simplification of the Flory-Huggins model and the rigid-sphere ap-

proximation of the micelles that we use to characterize the assembly, deviations of the

computed parameter may exist. The main application of this approach is to narrow

the interaction parameter concentration space of casting solution preparation.
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Chapter 6

Copolymer Blends

In nature, the self-assembly of amphiphilic molecules plays an important role during

the formation of biological membranes. Remarkably, living organisms can modify

morphological and mechanical properties of their membranes by blending different

amphiphilic molecules[138]. In cells for example, the rigidity of the membrane can be

regulated dynamically varying the composition of different phospholipids. Inspired by

this paradigm, amphiphilic block copolymer blends could be used to modify the prop-

erties of existent materials or design new materials with nano-scale resolution. The

addition of a second block copolymer offers novel opportunities to combine multiple

length-scale resolutions, enhance the mechanical properties, and increase the variety

of morphologies and sizes of the assemblies. In the field of membrane manufacture,

BCP blends can be used to reduce the characteristic pore size of the membranes.

Control of the co-assembly of block copolymer blends in selective solvents offers a large

number opportunities to fabricate new functional nano-structured materials[139; 140]

with applications in pharmacology, catalysis, electronics, oil recovery, water purifi-

Part of the content of this chapter was published in:

Moreno, N., Nunes, S. P., Peinemann, K.-V., and Calo, V. M. (2015). Topology and Shape Control
for Assemblies of Block Copolymer Blends in Solution. Macromolecules, acs.macromol.5b01891

Yu, H., Qiu, X., Moreno, N., Ma, Z., Calo, V. M., Nunes, S. P., and Peinemann, K. (2015).
Self-Assembled Asymmetric Block Copolymer Membranes: Bridging the Gap from Ultra- to
Nanofiltration. Angewandte Chemie
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cation, among many others. The shape and topology of self-assembled structures

can be affected by changes in the molecular packing[99; 141–145], and segregation

kinetics[10; 102; 146; 147] (i.e., preparation method, initial polymer concentration,

and transport of the polymer chains). Thermodynamically, the self-assembly of block

copolymers (BCPs) can be described using the free energy G of the aggregates.

For instance, the free energy of core-shell aggregates is typically approximated as

G = Gintf + Gcore + Gshell, where Gintf accounts for the formation of core-shell inter-

faces, whereas Gcore and Gshell consider the core- and shell-forming block stretching

from their unperturbed conditions. The interfacial energy contribution is considered

proportional to the interfacial area Aintf, such that Gintf ≈ γAintf , being γ the effective

interfacial tension. In principle, we may expect that the thermodynamic state and

mechanical properties exhibited by blends share features of their pure constitutive

block copolymers [145]. However, due to the competition between thermodynamic

and kinetic effects, the characteristics forecast of the final aggregates is still cum-

bersome. Due to the complex behavior of block copolymer blends, forecasting their

self-assembly and behavior is an area of research where experimental, theoretical, and

computational studies are still scarce.

Some computational studies on self-assembly of block copolymer blends in solu-

tion have been reported in the last decade, including self-consistent-field theory

(SCFT)[143; 146; 148–150], Monte Carlo[48; 151; 152], Brownian Dynamics[153], and

Dissipative Particle Dynamics[62; 66; 147; 154–160]. A number of publications focuses

on block copolymer/homopolymer blends (AB/A and AB/C)[51; 151; 158; 161], block

copolymers in small amounts as compatibilizers for homopolymer blends (AB/A/B,

AB/A/C or AB/C/D)[156; 162]. However, a significant part of the publications focus

on melt and not solutions[163; 164]. Where in fact, an even larger variety of morpholo-

gies can be observed. As far as blends of two block copolymers are concerned, few
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reports are available. Focus has been on AB/AB copolymers with different molecular

weights but less on AB/AC blends. AB/AC blends have been considered before, but

only with similar molecular weights[147; 159; 165]. In general the morphology predic-

tion for block copolymer blends is complex, the available understanding of polymer

blends is patchy and incomplete. For instance, the morphological transition process

is unclear when a second diblock copolymer is co-assembled. That is, the impact of

the presence of the AC molecules on the molecular-packing parameters and the seg-

regation kinetics is not yet understood. Moreover, experimentally-relevant conditions

such as large length ratios have not been explored computationally.

Nanoporous Membranes from BCP Blends

In the previous chapter we use DPD simulations to explain the self-assembly of AB

block copolymers in solution, under the experimental conditions of membrane man-

ufacture. In general, for AB-membranes the pore size could be tailored upto some

extent, however it size cannot be reduced below the characteristic size of the short-

est block. Typically the pore size reported in the literature for AB-membranes are

equal or larger than 20nm. Recently we showed that BCP blends (AB/AC) with

large difference in the molecular weight can be used to straightforward produce mem-

branes with nanopores smaller than 3.0 nm.[124] Motivated by the insights, in this

chapter we tackle long-standing issues related to block copolymer blends using dissi-

pative particle dynamics (DPD)[55; 60; 91], to model binary blends of AB/AC block

copolymers in selective solvents. DPD is particularly suitable for semi-diluted condi-

tions, a concentration range of relevance for applications like coatings and membrane

manufacture[5].

In this chapter we propose a co-assembly mechanism general for AB/AC blends in

solution. Besides, we investigate self-assembly conditions that explain the dramatic
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changes in pore size during the membrane preparation.

6.1 Simulation Setup

We model binary blends containing high molecular weight (AB)hi and low molecu-

lar weight (AC)lo in a selective solvent for the B block. We vary the Flory-Huggins

interaction parameter between the B and C blocks from zero to negative values,

which might reflect for instance favorable hydrogen-bonding interactions (χBC <

0).[163; 166]. For this selected set of systems, we investigate the changes in mor-

phology due to the effect of the molar ratio ϕ = nAC/nAB, the length ratio of the

diblock copolymers lr = NAB/NAC, and the preparation method, where ni and Ni

denote the number of moles and number of repetitive units of the ith block copoly-

mer, respectively. Using the length and molar ratio we define the weight ratio as

φ = mAC/mAB = ϕ/lr, where mi denotes the mass of the ith BCP. Herein, we study

block copolymer blends with large length ratios (lr > 10). Based on our simula-

tion results we propose that the co-assembly mechanism that induces morphological

transitions in (AB)hi /(AC)lo blends in selective solvents, requires the selective local-

ization of short block copolymers at the interface and the corona of the assembled

structures. This blending methodology has the potential to create nano-scale aggre-

gates with multiple resolutions in a straightforward manner.

The simulations adopt the standard DPD units presented in Chapter XX. The evo-

lution of the systems was performed during 1e106 time steps. The analysis and

visualization of the computational results were performed with in-house codes and

the software OVITO[167; 168].

The computational results used cubic simulation boxes of size Lbox = 131rc, with

periodic boundary conditions. The box size is defined accordingly with the criteria
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presented in Chapter 3, such that the box is z-fold the unperturbed radius of gyration

of the larger block copolymer in the system. We find that for values of z ≤ 9 only

spherical core-shell micelles are formed, whereas for z > 9 a richer morphology space

is found. Therefore, we choose z = 12 such that characteristic wavelength of larger

aggregates can be captured, and the aggregates do not interact strongly with their

images.

Due to the self-assembly dependency with the process of preparation of the sample[10;

98; 99], the initial density fluctuations in the simulation box affect the assembled

structures. We explored the three different schemes of initial density fluctuations

proposed in Chapter 3, these are: homogeneously dissolved, pre-aggregated, and lo-

calized block copolymers. These initial condition allowed us to obtain stable and

metastable-assembled structures which have been verified experimentally for BCP

blends in solution.

Diblock copolymer construction

In most of the DPD studies on block copolymer self-assembly reported in the literature[62;

147; 154; 158–160; 164; 169] 10 < N < 50, however, to reach large length ratio (i.e.,

lr ≈ 15, corresponding to blends of large and short block copolymer ) we construct

(AB)hi molecules with a fix NAB = 192 particles, connected through spring poten-

tials with a spring constant Ks = 50kBT/rc and equilibrium distance ro = 0.8rc. The

length ratio lr defines the number of beads used in (AC)lo molecules. We study the

effect of the length ratio in the range 1 ≤ lr ≤ 15 for a fix concentration of (AC)lo

(10%). We also explore the influence of (AC)lo concentration over the assemblies for a

fixed lr = 14.6, and different concentration regimes of (AB)hi that we denote as dilute

(1%), transition concentration (8%), and semidilute (17% and 25%). The amount of

(AC)lo in those cases varies from 0 to 20%. The concentration of the copolymers were
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defined as the total number of particles per copolymer (i.e., (AB)hi and (AC)lo ) over

the total number of particles in the system (ρnL
3
box).

We simulate asymmetric diblock copolymers with a composition of A0.7-b-B0.3 and

A0.9-b-C0.1 (where the subscript indicates the block fraction pi). Figure 6.1 illustrates

the particle discretization applied. The asymmetry of the (AB)hi molecules in a sol-

vent selective for B favors spherical and cylindrical aggregates. All simulations yield

core-shell morphologies when φ = 0 (single (AB)hi in solution). Under the current

solvent-polymer interaction the coil size of the (AC)lo remains almost unchanged, and

free chains of (AC)lo do not aggregate.

Figure 6.1: Diblock copolymer representations in our dissipative particle dynamics simula-
tions

The affinity between each constituent of the DPD system is expressed as ∆aij =

aij−ass, where ass = 25.0 denotes solvent-solvent interactions, in this case we assume

that the interaction between particles of the same type aii are equal for any specie

i (i.e., ∆aii = 0, athermal condition). According to the methodology used to define

our parameters, the theta-condition occurs at aij = 27.5. In Table 6.1 we compile the

values of ∆a used in the simulations. The interaction parameters between blocks aAC

and aAB are modeled assuming low affinity of the A block with both C and B. Finally,
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Table 6.1: Interaction parameters

∆aij = aij − ass Ahigh B Alow C S
Ahigh 0.0 15.0 0.0 15.0 6.0
B 0.0 15.0 -5.0 2.5
Alow 0.0 15.0 6.0
C 0.0 2.5
S 0.0

the parameter aBC is chosen such that high affinity or hydrogen-like interactions

between B and C can be considered in the model.

6.2 Results and discussion

To investigate the effect of the addition of the (AC)lo chains (lr = 14.6) over the

assembled structures, we vary the ratio of φ (AC)lo to (AB)hi from 0 to 0.7. In order

to clarify the importance of the B-C interactions (χBC), we conduct concentration ex-

periments for athermal interactions χBC = χBB = 0. This condition can be associated

with BCP blend of (AB)hi / (AB)lo .

6.2.1 Diluted and transition AB Concentrations

Homogeneous initialization of the polymer blends in the dilute regime do not exhibit

phase separation in computable time spans due to the translational entropy penalty.

Nevertheless, experimental evidence[142] shows that assemblies can be formed at such

concentrations. In order to overcome these transport penalties for the diluted con-

dition, the segregation kinetics are modified by altering the initialization procedure

of the chain positions. We adopt localized clusters (LC) of polymer. (For a detailed

description of the initialization schemes see the Chapter 3)

The addition of (AC)lo induces morphological and topological transitions in poor

and selective solvents. Figure 6.2 shows these transitions for solutions containing 8%
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of (AB)hi . In poor solvents, complete polymer-solvent phase separation takes place,

and the block copolymers create meso-scale segregated domains within the aggregates.

Pure (AB)hi systems (φ = 0) produce large lumps of B. As the amount of (AC)lo in

the system increases the size of the B domains decreases and the segregation of the

short (AC)lo chains to the interface acts as a compatibilizer for A and B, consequently

the interfacial area increases.

Systems with a selective-solvent for B favor meso-phase separation in core-shell struc-

tures. The core-forming block is A given its large volume fraction, and lower affinity

with the solvent. In general, when φ = 0 the topology of the core and shell domains

is simply connected (i.e., produces a single dense core), however spherical, cylindri-

cal, and plate-like shapes might also result depending on the size of the micelles and

the interfacial energy. When φ > 0 meta-stable high-genus aggregates emerge. The

genus characterizes the topology of an object[170], indicating the number of holes or

handles the object has. Thus, the spherical and plate-like micelles obtained at φ = 0

have genus zero (g = 0), whereas for toroidal aggregates, g = 1. The difference in

curvature between the short and long chains induces the topological transitions be-

tween different perforated aggregates. The localization of short diblock copolymers

at the interface of the separated A-B domains reduces its bending energy, facilitating

the formation of inner holes within the originally dense core-shell morphologies.

Kinetic and entropic factors stabilize the inner B domains in poor solvents and porous

aggregates in selective solvents. In particular, systems with φ = 0 evolve to zero-genus

aggregates, irrespective of the initial distribution of the polymer in the system. Con-

versely for systems with φ > 0, meta-stable assemblies with g ≥ 0 can be found when

the starting copolymer distribution (initialization scheme) changes. Aggregates with

different topology can then coexist in equilibrium. This is summarized in Figure 6.3.

Remarkably, aggregates with g ≥ 0 emerge independently of the B-C interactions
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Figure 6.2: Self-assembly of (AB)/(AC) copolymer blends in poor and selective solvents
with 8% of (AB)high, for different concentrations of (AC)low. Solvent and the A blocks in
(AC)lo are omitted; beads of type C are presented in green. Blue domains correspond to
the A block in (AB)high, whereas red to B segments. Snapshots with the contour of the A
blocks, in selective solvents are included as the bottom row to facilitate the visualization of
the internal holes.

(i.e., it happens for (AB)hi /(AC)lo and (AB)hi /(AB)lo blends). In non-equilibrium,

kinetically trapped structures might dominate over the thermodynamically expected

ones, however the effective surface tension to stabilize a hole must be low. Hence, the

interfacial variation caused by the addition of short BCP chains favors the stabiliza-

tion of the holes and inner domains.

Our simulation results are consistent with experimental studies on self-assembly at

dilute regime with BCP blends (PS-b-P4VP/PS-PAA). The block composition, length

ratio, polymer concentration, and polymer-solvent interactions of the experimental
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Figure 6.3: Morphological transitions depending on the simulation starting condition (ho-
mogeneous copolymer distribution or in initial aggregates, indicated in squares); effect of
addition of low molecular weight AC copolymers at large length ratios lr

setup correspond to those we use in simulations. In these studies the P4VP and PAA

blocks are stained to identify the structure and location of the blocks within the as-

sembled structures. These experimental results are now used to confirm the topology

and shape of the aggregates predicted computationally.

Experimentally, the BCPs are initially mixed in the selective solvent, and then im-

mersed in water to freeze the morphology of the aggregates. The differential staining

of the P4VP and PAA blocks, shows that the assembled structures exhibit a variety of

morphologies consistent with the simulation results. Selective staining of P4VP (and

PS) reveals that perforated aggregates are feasible, and the cavities can be composed
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by the P4VP, resembling a P4VP core. Additionally, selective staining of P4VP with

I2 confirms the presence of P4VP also at the external layer of the spherical aggregates.

In Figure 6.4 we compare experimental and simulations results. Both micelle and

vesicle-like morphologies are consistently identified. However, the innermost domains

of P4VP and PAA need to be kinetically stabilized (initial density fluctuation) and

the simulation box size must be large enough to reproduce its characteristic domain

size Ds. The thermodynamic stabilization of the curvature in vesicles-like structures

was proposed by Luo and Eisenberg[171], where the hydrophilic short blocks are pref-

erentially segregated to the interior of the vesicle, in this way the corona repulsion

is higher on the outer region, compared to the inner part of the vesicle, and the

curvature is stabilized[142].

Figure 6.4: Experimental and computational comparison of the self-assembly of ABhi /
AClo blends in selective and poor solvents. Vesicle-like morphologies are obtained in DPD
simulations when the initial density fluctuation of the system correspond to scheme LC.
The polymer concentration in experimental and simulation correspond to dilute regime

Perforated structures similar to those obtained in BCP blends have been reported

in triblock copolymers in solutions[172–174]. These structures are favored due to

curvature minimization. In similar cases, the phase separation has been described
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by the Gibbs-Thomson equations [175; 176], which include the interface curvature

contribution to the free energy. In our simulations these perforated structures emerge

as meta-stable trapped aggregates, due to the (AC)lo (or (AB)lo ) chains act as a

compatibilizer and modify the curvature of the A-B interface

6.2.2 Semi-diluted AB systems

In semidilute systems (17% of (AB)hi ), we homogeneously solubilize the BCP at

the beginning of the simulation (see starting conditions or initialization scheme H in

Chapter 3). This would correspond to an experimental case, for which the BCP is

first dissolved in a good solvent for A and B and by solvent exchange or tempera-

ture variation the solvent quality changes to poor for A and good for B. In this case,

spherical micelles are the predominant equilibrium structures in solutions with pure

AB, as Figure 6.5 shows. The blending process induces changes in the shape and size

of the assemblies, as we depict in Figure 6.5 for blends containing (AC)lo and (AB)lo

.

Figure 6.5 presents the cross-section of assemblies simulated with length ratios lr =

14.6. Additionally, to elucidate the role of the B-C interactions, Figure 6.5 includes

morphological variations when χBC = 0 (i.e., (AB)hi /(AB)lo blends). The addition of

the short (AC)lo chains modifies the curvature of the A-B interface and promotes large

worm-like, and irregular micelles with reduced characteristic domain size, whereas the

addition of short (AB)lo chains does not favor the growth of larger micelles.

Figure 6.6 gives a more quantitative information of the effect of blending smaller

copolymer molecules on micellar size, given by the aggregation number Z, and the

total number of micelles, M . For (AB)hi /AClo blends the number of micelles mono-
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Figure 6.5: Morphological transitions for block copolymer blends in B-selective solvents
with neutral and favorable B-C interactions, as the weight ratio of (AC)lo copolymer in-
creases. Solvent and A block representations for the short BCP are omitted to facilitate
the visualization; beads of type C are presented in green. Blue domains correspond to the
A block in (AB)hi , whereas red to B segments.

tonically decreases as the weight fraction of the (AC)lo copolymer increases. When

short copolymers with the neutral interaction ((AB)lo ) are added to the system the

number of micelles decreases, but less than in the prior case. At the same time,

while the size of micelles remains constant with addition of (AB)lo , the addition of
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the (AC)lo copolymer induces an abrupt increase around 0.5 < φ < 0.6, where large

aggregates, which are rather worm and network-like micelles are formed.

In addition to the micelar-size variation, we identify that the interfacial area in-

Figure 6.6: Effect of short chains concentration φ over the relative change in (a) the number
of micelles M , and (b) the aggregation number Z.

creases with the weight ratio (see Figure 3 6.7). The increment of the A-B interfacial

area demonstrates the compatibilization effect of the short BCP chains, independently

of the nature of B-C interactions (χBC). Nonetheless, the strength of χBC modifies

the curvature of the aggregates, originating changes in the micellar size. We highlight

that the abrupt change in the interfacial area, and the reduction in the characteristic

domain-size is consistent with the transition in the permeability characteristics found

in membranes made of BCP blends (PS-b-PAA/PS-b-P4VP)[124]. Henceforth, we

identify that the increment in the membrane porosity requires the reduction of the

micellar size in solution above critical-size

Semidilute systems containing 25% of (AB)hi with the initialization scheme LF is

now used to study the nanoporous membranes formation. The stage of poor solvent

is applied to identify the mechanism driven the porous formation, when large gradi-
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Figure 6.7: Effect of short chains concentration ϕ over the relative change in (a) interfacial
area and (b) volume of core-forming domains

ents of polymer concentration occurs after the phase inversion takes place. In these

simulations the solvent is initially modeled as a poor solvent for all the blocks in-

ducing a complete phase separation between polymer and solvent. This poor-solvent

condition provides a soft confinement for the layer of polymer, and the micro phase

separation of the copolymers only occurs within the polymer region. At this point the

morphological transitions within the polymer film are dominated by the interaction

between ABhi and AClo . In Figure 6.8 we present the alignment of B domains along

the polymer film, this phenomena may reflect the incipient porous formation in the

final membrane. We must noted that in the initialization scheme LF we neglect the

memory and bulk effects associated with the prior self-assembly of the BCP in the

selective solvent. However this micro phase separation results provide an insight into

the morphology at the top surface of the membrane.

6.3 Domain-size transition and anisotropy

We use the packing factor, p, to characterize the most probable morphology of the

BCP aggregates in solution, based on geometrical considerations[9]. p is defined as

p = v̄/a0l, where v̄ is the molecular volume of the solvophobic block, a0 is the inter-
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Figure 6.8: The increase of AClo in the system enhance the disorder of the structure which
can be associated to a higher connectivity between B domains. This change in B domains
will reflect the increment in the porosity of the final membrane. First row only depicts the
B block, while the second row shows the A and C blocks. Solvent is omitted for clarity.

facial area between A and B blocks, and l is the length of solvophobic block. Low

p values favor spherical micelles, while increasing p values indicates deviations from

spherical shapes. Bilayer morphology is reached when p = 1. The packing factor

can be used to predict the morphology of block copolymers in solution by taking into

consideration the volume of the coil, v, radius of gyration Rg (calculated from the

gyration tensor, R) and the end-to-end distance Rf . For all conditions evaluated, we

find p ≈ 0.4 which is consistent with non-spherical micelles[9]. Figure 6.9 compares

the variation of the packing parameters (i.e., R, Rf , p) for both A and B blocks as φ

increases. We find that the deviation of B blocks from their unperturbed state is sig-

nificantly larger than for A, and the addition of short BCPs reduces these deviations

regardless χBC .
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Figure 6.9: Variation of molecular packing parameters with ϕ, Rg is the radius of gyration,
δ∗ is the relative shape anisotropy, S∗ is the prolateness, b is the asphericity, c is the
acylyndricity, v is the volume, and Rf is the end-to-end distance of the A and B blocks.
The different parameters are normalized with respect to the unperturbed chain condition
(e.g., Rg/R

o
g). The deviation of B blocks from their unperturbed state is significantly larger

than for A. The addition of short BCPs reduces these deviations regardless of the value of
χBC .

In systems containing pure (AB)hi , due to the high interfacial energy (strong seg-

regation) the conformation of both A and B is entropically penalized, and segments
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tend to be stretched away from their unperturbed condition. This stretching is sub-

stantially larger in the B blocks due to the solvent interactions. The addition of the

short (AC)lo (or (AB)lo ) chains compatibilizes the A and B domains, relaxing the

entropic constraints that reduce the coil size of AB. We verify that the co-assembly

mechanism in blends involves a strong contraction of the B domains. This mechanism

is consistent with recent experimental evidence[98] suggesting that the dimension of

the most soluble block governs the aggregation.

From the gyration tensor values, we corroborate that coils are predominantly pro-

late, and quantify the relative shape anisotropy, δ∗, between 0.38 and 0.4, regardless

of φ. This interval is characteristic for theta and good-solvent conditions[177].

The addition of (AC)lo copolymers led to changes of the packing parameter inde-

pendently of the character of χBC . In terms of the free energy change, we anticipate

that only φ has an effect on Gshell and Gcore contributions, independently of χBC .

Thus, the morphological disparity between blends containing short chains (AC)lo or

(AB)lo must be associated with variations of Gintf.

6.4 Morphological transition

Changes in the local conformation of the BCP coils cannot explain the evolution

from spherical to elongated and irregular micelles observed at χBC < 0 (see Figure

(6.5)). We associate the co-assembly mechanism that dictates morphological transi-

tions of the assemblies with the long-range distribution of the species in the system.

Variations in the structure factor S(k) of the core and shell-forming beads (A and B,

respectively). Figure 6.10 shows the variation in I(k) = |S(k)|2 with φ for neutral and

strong B-C interactions. This variation demonstrates that the spatial distribution of

the B segments within the shell is altered when the interaction with the short BCP
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is favorable, χBC < 0. The main peaks of I(k) are shifted to larger wave-vectors (|k|)

as φ increases, for χBC < 0. In contrast, for neutral interactions there is a measurable

shifting in the peaks when short copolymers are added, but this shift is independent

of the amount of short BCP added. These results suggest that due to favorable B-C

interactions,the short (AC)lo chains tend to segregate not only at the A-B interface

but also in the micelle coronas. Large amounts of (AC)lo between B segments explain

the separation increase. In Figure 6.10, the curve for φ = 1.26 exhibits a broader

peak. This is associated to a critical condition, where the (AC)lo copolymer fully

disturbs the order of the high molecular weight (AB)hi copolymers.

Figure 6.10: Intensity of the structure factor of B segments for different weight ratios φ.
Variations in the structure factor are presented for (a) χBC = 0 ((AB)lo / (AB)hi ) and
χBC < 0 ((AC)lo /(AB)hi ) blends. Solid lines indicate the position of the main peaks for
φ = 0. The position of the main peaks after the addition of short BCPs is indicated. For
χBC = 0 the dashed lines shows the constant shifting at any φ = 0.

As a result of the selective localization of (AC)lo chains in the B-rich coronas, the

curvature transitions associated with the interfacial free energy Gintf correlates with

the variation in the effective AB-interfacial tension (γ). The magnitude of γ can
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be expressed as γ = γABφA1cφBs + γASφA1cφSs + γACφA1cφCs, where γij denotes the

interfacial tension between the species i − j, and φiα represents the fraction of the i

component in the α region (where c denotes core and s denotes shell). Typically, it is

assumed that γij ∝ χ
1/2
ij [47]. Figure 6.11 shows the fraction of short chains that is sol-

ubilized inside the micelles, ζ̄2 = W̄AC/WAC , where W̄AC is the amount of short chains

within the assemblies and WAC is the total amount of (AC)lo in the system. We ob-

serve that ζ̄2 is larger for (AB)hi /(AC)lo blends. Furthermore, in these blends around

20% of the total (AC)lo chains are localized in the corona, whereas in (AB)hi /(AB)lo

mixtures this fraction is smaller than 10%. The increase of ζ̄2 in the shell entails an

increment in the amount of A segments in the B-rich corona. As a consequence, we

can expect that due to the large swelling of the shell domain with shorter chains, γ is

further decreased when χBC < 0 condition, modifying the curvature of the aggregates.

Figure 6.11: Fraction of short chains solubilized within the micelles as a function of the
concentration of total of added short chains. Dashed lines indicate chains solubilized in the
core domains; solid lines corresponds to solubilization in the corona. We schematically show
the variation in the amount of (AC)lo solubilized in the corona, and the interface. When B
and C exhibit favorable interactions the concentration of short chains increases modifying
the core-shell interfacial tension.
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Given the interfacial-energy difference between neutral and favorable B-C interac-

tions, transitions in shape occur along with changes in the equilibrium size of the

aggregates. Elongated and deformed micelles with lower interfacial tension favor the

formation of larger aggregates with large aggregation numbers Z, due to the lower

bending energy of the interface. Conversely, for neutral interactions spherical micelles

with small Z remain nearly stable.

6.5 Effect of relative BCPs length

The experimental study of the length-ratio (lr = NPS−P4V P/NPS−PAA) effect in the

overall self-assembly was also addressed through computational modeling. In gen-

eral, under experimental concentrations we observe that as the magnitude of lr de-

creases the polymer chains tend to form large aggregates without noticeable order,

which coincides with the macro-phase separation found in large molecular weight

PS-PAA[124]. In order to clarify the effect the length-ratio we prepare simulation

boxes with 8% of (AB)hi (at constant φ), at this lower concentration we are able

to reproduce aggregates with smaller characteristic domain size. In Figure 6.12 we

present the equilibrium structures for different length ratios lr. In all the cases we

obtain compartmentalized micellar aggregates. However the shape and size of the B

domains are significantly modified with lr. Lower values in lr involve larger C blocks

that are strongly associated with the B domains increasing their overall size. As lr

grows, the C-B domains diminish, and the C segments only localize at the interface

between A and B, modifying the curvature of the aggregates.

In Figure 6.12, we include the systems with larger concentrations of PS-P4VP (25%),

where the phase separation within a film of the diblock copolymers blend is modelled

in contact with a poor solvent. In this case we can appreciate that porous films are

preferred if the PAA segments are shorter (large lr).
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Figure 6.12: Morphological changes in the self-assembly of block copolymer blend, for
different lr.

6.6 Conclusions

The meso-scale model of block copolymers (BCP) blends proposed in this chapter de-

scribes morphological transitions in the self-assembled structures induced by mixing

block copolymers of different lengths. When the blended BCPs are highly dissimilar

in size (large lr), the low molecular weight chains (AC)lo modulate the interfacial

energy between the constitutive blocks of the larger molecules (AB)hi. We describe

the mechanisms that govern these shape transitions. First, short chains localize at

the interface between the A and B blocks reducing the characteristic domain size of

the aggregates. This mechanism depends only on the size and concentration of short

chains. The second mechanism modifies the shape of the aggregates when B and

C segments interact strongly. Hydrogen-bonding interactions induce segregation of

the short BCPs into the B-rich corona. In order to increase the contacts between B

and C blocks the aggregates evolve from spherical to worm-like micelles. The second
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mechanisms is absent in AB/AB blends, that is, when long and short chains are made

of the same block copolymer.

Blending of block copolymers with large lr appears as a straight forward approach to

combine multiple resolutions in self-assembled domains. Due to the large difference

in size the blend retains the characteristic packing properties of the large BCP, while

the shape and topology of the aggregates is tuned by the concentration of short BCP.

In dilute polymer solutions, changes in the interfacial energy promote the assem-

bly of a variety of metastable topologies. The presence of highly dissimilar chains

facilitates the stabilization of different curvatures, such that perforated structures

are produced. In pure AB-copolymer solutions, meta-stable micelles with different

sizes and shapes are observed, however, these aggregates share the same topology

(i.e., simply-connected core and shell). In contrast, BCP blend solutions exhibit a

multiplicity of topologies as the concentration of short chains increases. Due to the

possibility of creating perforated micelles with tunable porosity, we stress the po-

tential of this blending methodology to design nanocarriers with many industrially

relevant applications.



141

Chapter 7

Self-Assembly of Triblock Copolymers for Membrane Preparation

7.1 Self-Assembly of Triblock Copolymers (ABA)

Recently we show that using polysulfone-based triblock copolymer is possible to fabri-

cate asymmetric nanostructured membranes with a highly porous interconnected skin

layer on top of graded finger-like macrovoids with good mechanical properties[178].

Electron microscope techniques shows that in the casting solution the triblock copoly-

mer assembles into worm-like cylindrical micelles with flower-like arrangement of the

ABA blocks, where the B block forms the shell and the A blocks the core of the

micelles. In this section we use DPD to describe the mechanism of micelle formation

and morphological transition, for different compositions and concentrations of block

copolymer in solution.

In contrast to the previous systems based on AB diblock copolymers, now we explore

amphiphilic ABA triblock copolymer in a selective organic solvent, whose middle

block (B) is solvophilic while the two outer blocks (A) are relatively solvophobic.

Part of the content of this chapter was published in:

Xie, Y., Moreno, N., Calo, V., Cheng, H., Hong, P.-Y., sougrat, rachid, Nunes, S. (2016).
Synthesis of Highly Porous Poly(tert-butyl acrylate)-b-polysulfone-b-poly(tert-butyl acrylate)
Asymmetric Membranes. Polym. Chem
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7.1.1 Model Construction of ABA Copolymers

In these simulations we use the standard DPD units and conditions presented in

Chapter 3. We discretize each triblock copolymer chain with 148 particles, connected

with spring potentials with an equilibrium bond length ro = 0.8rc and spring constant

Ks = 50kBT . The number of particles per block is given by the experimental block

composition, such that A60B28A60, where the subindex is the number of particles

per block. The box size is approximately 12-fold the unperturbed radius of gyration

(L 12Ro
g), such that L = 111.34rc. The simulations evolve for 1 million of time steps,

using a time step 0.04τ to ensure a proper control of the temperature of the system.

The self-assembly is evaluated at three different polymer concentrations, that corre-

spond to dilute solutions 1%, the experimental casting solution concentration 20%,

and a larger polymer concentrations 25% to approximate the conditions just before

the phase inversion with the non-solvent. To study the effect of the block copolymer

composition, we evaluate another triblock with the same polymerization number N ,

but larger middle block, A40B68A40.

The DPD interaction parameters are defined following the strategies in Chapter 3

using the Flory-Huggins parameters between the species. In particular we use the in-

formation for the triblock copolymer poly(tert-butyl acrylate)-polysulfone-poly(tert-

butyl acrylate) (PtBA-PSU-PtBA), in a solution of N,N-Dimethylacetamide (DMAc).

The Flory-Huggins parameters are approximated using the Hansen solubility parameters[43].

Table 7.1 gives a breakdown of the contributions of the Hansen parameters (i.e., dis-

persion force, polarity, and hydrogen bonding), and the computed Flory-Huggins

interaction parameter between each polymer segment and solvent pairs in the casting

solution. Table 7.2 presents the corresponding DPD interaction parameters used in

our simulations. In Chapter 2 we present in detail the use of the Hansen parameters

as methodology to compute the interactions in polymer solutions.
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Table 7.1: Solubility parameter of the solvents and block copolymers used for membrane
production

Name δd [MPa1/2] δp [MPa1/2] δh [MPa1/2] δ χps

Poly(tert-butyl acrylate) 16.0 2.3 3.1 16.4 1.35
Polysulfone 16.6 6.0 6.6 18.8 0.49
N,N-Dimethylacetamide 16.8 11.5 9.4 22.4 –

Table 7.2: Interaction parameters

∆aij = aij − ass A B S
A 0.0 6.0 5.0
B 0.0 3.0
S 0.0

7.1.2 Self-Assembly Results

From Table 1, we identify that the DMAc is selective for the polysulfone block, with

is slightly poor interactions for the poly(tert-butyl acrylate) block . The unfavorable

contacts of the terminal blocks with solvent favors the assembly of the block copoly-

mers in flower-like morphologies. The middle PSU blocks create loops exposed to

the solvent that act as a corona while the PtBA blocks forms the segregated core of

micelles, as illustrated in Figure 7.1.

During the formation of flower-like aggregates the reduction of the interfacial free

energy competes with the entropic penalty caused by looping of middle block. To

alleviate the entropy loss, some molecules might have one of the terminal A blocks

dangling in solution, or associated with neighboring micelle cores.[41, 44]

Worm-like cylindrical micelle formation

Previous studies confirm the self-assembly features of ABA copolymers[41, 42] and

evidence that spherical micelles are the predominant equilibrium structure.[43]. In

contrast, for the casting solution used to prepare the membranes, we found that worm-
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Figure 7.1: Schematic representation of the flower-like assembly of ABA triblock copolymers

like cylindrical micelles are the governing morphologies. Figure 7.2 presents the image

of a fractured droplet of a PtBA-PSU-PtBA solution (20 wt% in DMAc). Figure 7.2

shows cylindrical aggregates forming random network. The interconnected strings

suggest the coexistence of branched structures in equilibrium with the predominant

free micelles. For the casting solutions used to prepare the membranes, we identify

that the balance of entropic and enthalpic effects in the free energy stabilizes the

worm-like shape of the aggregates.

Triblock Copolymer Concentration Effect

The polymer concentration (20 wt%) of the casting solution used to prepare the

membranes plays a crucial role in guiding the assembly morphology. In general, the

increment in the copolymer concentration leads to an increase in aggregation number

(Z) and core radius (RC).[45] Figure 7.3 compiles this concentration effect, where

morphological spherical-to-cylindrical transitions occur as the amount of polymer

increases. Worm-like are favored over spherical morphologies because of the growth
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Figure 7.2: Cryogenic field emission scanning electron microscopy (Cryo-FESEM) image of
solution containing 20% of PtBA-PSU-PtBA.

of Z and Rc. The increment of the micelle size minimize the free energy contribution

Ginterface, decreasing the interfacial area of the cores. Simultaneously, as the size of

aggregates increases the stretching of the core-forming blocks penalizing entropically

the free energy Gcore. Thus, non-spherical micelles emerge in order to reduce the

deformation energy needed to confine them into the core.

Triblock Copolymer Composition Effect

Besides the polymer concentration, the composition of ABA contributes to the stabi-

lization of elongated structures.[15] Figure 7.3 shows aggregates with a relative small

corona given the short fraction of the middle B block. These thin corona domains fa-

cilitate the fusion of aggregates. In contrast, Figure 7.4 depicts the assemblies for the

triblock copolymer with larger fraction of B. Here, the increment in polymer concen-

tration also favors larger Z, however the thicker coronas formed increases the entropic

penalty to fuse two different micelles. Instead, interconnected and large compound
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Figure 7.3: Concentration Effects

micelles can be observed.

Figure 7.4: Block composition effect

Polymer-Solvent Interactions Effect

Polymer-solvent interactions can also modify the morphogenesis of the micelles by

changing the size of both corona and core domains[179]. Herein, the solvent used to

produce the membranes is selective for the middle B block, however, the solubility of

the terminal A blocks allows some degree of swelling of the core, facilitating cylindrical
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morphologies. As the micelle size increases, the swelling requires a larger stretching

of the A blocks. Thus, elongated shapes emerge to relieve the stretching. This effect

can be also identified in other triblock copolymers[180], where spherical to worm-like

transitions occur when the polymer-solvent interactions change, via solvent mixtures.

7.1.3 Conclusions

The computational model introduced reproduce the self-assembly features of triblock

copolymers used for membrane preparation. We verify that flower-like morphologies

are stabilized in solution due to the entropic and enthalpic balance. This energetic

balance is responsible for the existence of cylindrical micelles in the casting solution

because of the high polymer concentration, low composition of the middle block, and

the swelling of the micelle cores. In the case of this triblock copolymer system we

believe that the mechanism that give rise to the nanostructured membranes is slightly

different than the diblock copolymer cases introduced in previous chapters. In this

case, the packing of the elongated micelles generates a network-like mesostructure that

is frozen on the surface of the membrane creating the highly porous interconnected

skin layer. In the lower portion of the membrane, similarly to other block copolymer

systems spinodal decomposition is responsible for the microvoids of the membrane.
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Chapter 8

Concluding Remarks

8.1 Summary

The main goal of this thesis was to gain insight into the mechanism governing the

formation of isoporous membranes made of block copolymers. For this purpose, we

used the dissipative particle dynamics method to construct a computational represen-

tation of polymeric solutions. Identifying the mechanism governing the self-assembly

and narrowing the experimental conditions for membrane preparation is a significant

step to is a major step to leap forward the membrane production from trial and error

approaches to application-specific membrane design.

Due to the inherent complexity of the systems under investigation part of this thesis

was devoted to reduce the computational complexity of DPD models. The computa-

tional challenges encountered when dealing with complex polymeric systems of high

molecular weight, restrict the scale of systems that can be modeled. Thus, proposing

a consistent methodology, which reduces the number of degrees of freedom required

to represent a given system is a milestone to model soft matter in experimentally

relevant length and time scales.

In order to tackle the main goal of this thesis, in chapter 2 we started by providing

the physical and computational context that is the foundation of the computational
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model construction that we further developed in the following chapters. In Chapter

3 we defined the methodology to construct the computational models and to con-

duct their respective simulations. In Chapter 3 we introduced a model reduction

methodology using geometrical considerations. Our approach maps traditional DPD

representations to a reference state through a consistent system scaling ψ(φ), neglect-

ing short-length and fast-time scales, but preserving relevant properties that govern

the phase equilibria.

We showed that due to the proper preservation of the coil dimension, our coarse-

graining methodology can be used in the study of systems where the domain size

and shape of aggregates formed by multiple DPD chains are relevant. Moreover, the

reduction in the degrees of freedom allows us to reach the equilibrated structures

with approximately 1/φ of the computational cost of fine-scales. The preservation of

global geometrical properties in multi-chain systems demonstrated the potentiality of

the model reduction to study phenomena such as self-assembly of block copolymers,

or DNA.

After the detailed description of the computational models construction, in Chap-

ter 4 we studied the morphological transitions of self-assembled block copolymers in

solution as the solvent quality and polymer concentration change in the system. Our

computational results consistently reproduced the evolution of shape and domain size

during the evaporation stage of the membrane production. Along with the compu-

tational simulations, the experimental evidence on small angle X-ray scattering and

cryo-FESEM demonstrated how the block copolymer self-assembly in solution, influ-

enced by concentration and polymer-solvent interaction, can lead to the formation of

regular pores in membranes.
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In Chapter 5, we proposed a thermodynamic and geometrical analysis of rigid-spheres

packing that allows us to narrow the experimental conditions (concentration and

polymer-solvent interactions) where micellar ordering in solution occurs. In par-

ticular, we highlight as one of the most important contributions of this thesis, the

identification of weak solvent segregation of the largest block as the crucial condition

in the stabilization of monodisperse assemblies and ordering in solution. When the

segregation of the core-forming block is strong, the phase separation occurs towards

larger and polydisperse aggregates that minimize the unfavorable enthalpic interac-

tion. Additionally, we showed that weak segregation between the A and B blocks

promotes the formation non-spherical assemblies due to the small bending energy of

the diffuse interface. In Chapter 5 we proposed a set of phase parameters that can

be used as an initial predictor for ordering in solution if the Flory-Huggins param-

eters of the species are known. Nevertheless, due to inherent simplification of the

Flory-Huggins model and the rigid-sphere approximation of the micelles that we used

to characterize the assembly, deviations of the computed parameter may exist. The

main application of this approach is to narrow the interaction parameter concentra-

tion space of casting solution preparation.

In Chapter 6 we studied morphological transitions in the self-assembled structures

induced by mixing block copolymers of different lengths. We observed that in blends

of block copolymers with large differences in molecular weight, the short polymer

chains modulate the interfacial energy between the constitutive blocks of the larger

molecules. Thus, curvature transitions are responsible for changes in shape and topol-

ogy of the aggregates. We show that block copolymer blends in solution exhibit a

multiplicity of topologies as the concentration of short chains increases. In Chapter

5 we described the existence of two the mechanisms that govern these shape transi-

tions. The first mechanism depends only on the size and concentration of short chains.
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Whereas the second mechanism modifies the shape of the aggregates only when the

blocks of the different molecules interact strongly, such as hydrogen-bonding interac-

tions. In the second mechanism, the composition of short polymers in the corona of

the aggregates is the key factor modifying the interfacial tension.

The blending of block copolymers appears as a straightforward approach to com-

bine multiple resolutions in self-assembled domains. Due to the large difference in

size, the blend retains the characteristic packing properties of the large block copoly-

mer, while the shape and topology of the aggregates are tuned by the concentration

of short block copolymer. Because of the possibility of creating perforated micelles

with tunable porosity, we stress the potential of this blending methodology to design

nanocarriers with many industrially relevant applications.

Finally, in Chapter 7 we explored further self-assembly of block copolymers to simulate

ABA triblock copolymers used for nanoporous membrane preparation. Following the

solvent transition characterization introduced in Chapter 3 we defined the variables of

the simulation that resemble the experimental conditions for membrane fabrication.

We corroborated the existence of flower-like morphologies and demonstrated that the

polymer concentration, the low composition of the middle block, and the swelling of

the micelle cores explain the formation of worm-like micelles in the casting solution.

Moreover, we identified that the mechanism of ordering in triblock copolymers differs

from diblock copolymer solutions. In this case, the porous surface of the membranes

arises from the network-like packing of the elongated micelles.

8.2 Future Research Work

Despite the contribution of this thesis to understand the mechanisms driving the for-

mation of isoporous membranes, new questions still need to be addressed. Micellar
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ordering in solution is a requisite for isoporous membranes formation. However, the fi-

nal morphology is defined at larger scales during the non-equilibrium stages of solvent

evaporation and non-solvent phase inversion. A full understanding of these stages is

still elusive and require complementary experimental and computational techniques.

To tackle those issues, the work presented in this thesis can be extended with other

simulation setups or coupled to methods able to model larger scales.

Due to the multiscale nature of the membrane formation, we believe that an al-

ternative to go beyond the mesoscale (time and length scales) is necessary to couple

the DPD approach with continuum methods. For this purpose, alternative methods

such as many-body-DPD[82] and smoothed-DPD[83] are some of the most attractive

methods to bridge the gap towards other density oriented methods such as finite

elements.
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[83] P. Español and M. Revenga, “Smoothed dissipative particle dynamics,”

Physical Review E, vol. 67, no. 2, pp. 1–12, feb 2003. [Online]. Available:

http://link.aps.org/doi/10.1103/PhysRevE.67.026705

[84] Z. Li, X. Bian, B. Caswell, and G. E. Karniadakis, “Construction

of dissipative particle dynamics models for complex fluids via the

Mori-Zwanzig formulation.” Soft matter, sep 2014. [Online]. Available:

http://pubs.rsc.org/en/content/articlehtml/2014/sm/c4sm01387e

[85] R. D. Groot, “Electrostatic interactions in dissipative particle dynamic-

ssimulation of polyelectrolytes and anionic surfactants,” The Journal of

Chemical Physics, vol. 118, no. 24, p. 11265, jun 2003. [Online]. Available:

http://scitation.aip.org/content/aip/journal/jcp/118/24/10.1063/1.1574800
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APPENDICES

A Appendix A Characterization of Assemblies

In this Appendix we describe the methods to characterize the self-assembled struc-

tures. In these methods we account for average properties of the individual chains

and the whole aggregates.

Characterization of self-assembled structures

Interfacial Area

The interfacial area between the A and B domains was measured following the

methodology proposed by Stukowski[167; 168], with a probe radius of 1.3rc. The

interfacial area was approximated as the surface of the clusters formed by the A

segments of the large molecular weight chains.

Gyration Tensor

We characterize the size and shape of the block copolymer chains in the system by

computing the gyration tensor R of the coils, and each copolymer block. The gyration

tensor can be written as

R =
1

N

N∑
i=0

ri ⊗ ri, (A.1)
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where ri is the coordinate of the ith particle with respect to the center of mass of

the chain, and ⊗ denotes the dyadic product. Shape parameters derived from R are

presented in SI.

Chain size characterization

We characterize locally (O ∝ Rg) the block copolymer chains in order to clarify the

morphological changes induced by the addition of the second diblock copolymer. We

characterize the size and shape of the block copolymer chains in the system by com-

puting the gyration tensor R of the coils, and each copolymer block.

The eigenvalues of R are denoted as λi with i = 1, 2, 3, where λ1 ≥ λ2 ≥ λ3. The

invariants of the gyration tensor given by I1 = λ1 + λ2 + λ3, I2 = λ1λ2 + λ2λ3 + λ3λ1,

and I3 = λ1λ2λ3, can be used to characterize the radius of gyration Rg, relative shape

anisotropy δ∗, prolateness S∗, asphericity b and acylyndricity c [177] of the chain or

segment of chain. These quantities can be expressed as

R2
g = 〈I1〉 (A.2)

δ∗ = 1− 3
〈
I2/I

2
1

〉
, (A.3)

S∗ =

〈
(3λ1 − I1)(3λ2 − I1)(3λ3 − I1)

I3
1

〉
, (A.4)

b =

〈
λ1 −

1

2
(λ2 + λ3)

〉
, (A.5)

c = 〈λ2 − λ3〉 , (A.6)

where 〈·〉 represents an ensemble average.

The asphericity of the molecule is described by the parameters b ≥ 0 and 0 ≤ δ∗ ≤ 1.
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These parameters go to zero for highly symmetric configurations. Different values for

these parameters have been reported in the literature [177]. For example, for linear

random walks δ∗ = 0.394 and δ∗ = 0.415 in theta and good solvents, respectively. The

prolateness parameter −0.25 ≤ S∗ ≤ 2 takes negative values for oblate shapes and

positive for prolate ones. The parameter c ≥ 0 describes the cylindrical symmetry,

with c = 0 for cylindrical configurations.

The effect of the changes in the shape parameters defined through the gyration ten-

sor, can be interpreted in terms of the packing factor, p = v̄/a0l[9], where a0 is the

interfacial area between connected blocks A-B, l is the length the solvent-phobic block

normal to the interface, and v̄ is the volume. The packing parameter describes ge-

ometrically the favorable assembled morphologies of amphiphilic molecules [9]. See

Figure 2.4. In the packing parameter approach, the magnitude of the interfacial area

a0, depends on the balance of repulsive forces between solvent-philic blocks, and the

attractive forces of the solvent-phobic segments.

In order to estimate the packing parameter, we use the eigenvalues of the A block

gyration tensor, and assume that a0 = π(λ2 + λ3), l = Rf , and v̄ = ρNAhigh , where

ρ is the particle density. The apparent volume of each block v is also computed, and

is approximated to the volume of the 3D convex-hull given the spacial distribution of

particles. The volume of the convex hull is computed by dividing it in tetrahedra.

Structure Factor

To compute the structure factor we divided our system in cubic bins of size rbin, and

calculated the local density of any specie i at each bin b (ρ′ib). Hence, we computed

the intensity of our structure factor as
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I(k) = |S(k)|2 =
1

B

∣∣∣∣∣
B∑
b=1

ρib exp (−ik · b)

∣∣∣∣∣
2

, (A.7)

where k = 2πl/Lbox is the wave vector, such that l = {l1, l2, l3}, and −Lbox/2 < li <

Lbox/2.

B Appendix B Restrictions in Coarse-Graining Methodologies

In this Appendix we show that the applicability of the model reduction proposed by

[115] is limited to short DPD chain model, and there is not a considerable freedom

choosing the mapping from monomer to beads, when high molecular weight polymers

are modeled.

In the Table B.1 the scaling factors proposed in the model reduction of [115], are

summarized.

Table B.1: Coarse parameters Acoarse and scaling function ψ(q) proposed for coarse graining
of systems with chains.

Acoarse ψ(q)

m1 q3

NT,11 q−3

rc,11 q
v1 q3

τ1 1
ε1 1
aij,1 q
γ1 q

σ1 (2γ11kBT )1/2

We initially study effect of the number of beads and polymer-solvent interaction

for single fine-grained chain models to elucidate why the size of the chain is a relevant

restriction in the model reduction.
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In all the fine-grained systems it was used a particle density ρ̂ = 3 particles/r3
c ,

and the traditional scales of energy ε = kBT , length rc = 1, and mass m = 1. The

simulations conducted include an athermal (aii−aij = 0) stabilization stage of 20000

time steps, and a production stage of 500000 time steps. A time step of ∆τ = 0.04

was adopted. The size of the simulation domain Lbox is defined the methodology

described in Chapter 3 Following the scaling functions presented in Table B.1, equiv-

alent reduced systems were constructed, and the size of the aggregates in semidilute

solutions was compared with its original fine representation. In [115] the polymer

chains are constructed based the spring force used by Schlijper et al.[181], and the

magnitude of the spring constant Ks is tuned in order to make the average bond

length ro equal to the distance at which the pair-correlation function g(r) for pure

monomers exhibit the first maximum (0.85rc). Here we also procure ro = 0.85rc.

We characterize the chain size computing the mean-square radius
〈
R2
〉
, the radius

of gyration Rg of a DPD chain, and the contour length lc. To valuate the efficacy of

the coarse grain methodology used [115] we use the ratio Q between the different pre-

served properties. Given a property A in its fine and coarse grained representation,

we computed

Q = 1− |Acoarse − Afine|
Afine

, (B.1)

where Q tends to one when q is properly preserved after the coarse graining.



182

Results

Chain size variation

The dependence of the polymer size with the number of beads per chain has been

already reported by different authors [72; 90; 94; 95; 182] showing that power laws

underlying polymer physics [93] are captured in DPD chain models. Ilnytskyi and

Holovatch [97] showed that the chain size variation with the polymer-solvent inter-

actions, in the range of athermal to very-good solvent are in agreement with the

experimental and theoretical results. Here, we extend the analysis of the variations

in the characteristic size of the chain models, to demonstrate why the size of the chain

is a relevant restriction in the model reduction.

In Figure B.1 it is depicted the dependence of the radius of gyration with the number

of beads per chain Pl and the polymer-solvent interactions aps, for systems with poly-

mer lengths between 12 to 50 beads per chain with interactions ranging from good to

poor solvent.

Figure B.1: Radius of gyration Rg variation with the number of beads per chain (a) and
different interaction parameters aps (b). For larger chains there is a pronounced jump in Rg
corresponding to the transition between theta to poor-solvent. In contrast, for short chains
the transition at the theta point is weaker and the change in the chain size is negligible.
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From Figure B.1.a it can be noticed that the relationship between the chain size

and the number of beads follows the form

Rg ∝ N b, (B.2)

where N = Pl − 1 is the number of bonds per chain. The exponent b is consistent

with the theoretical values [93] expected for polymers in good, athermal, theta, and

poor solvents. In the Figure B.1.a the identified values of b are presented for good

(≈ 3/5), theta (≈ 1/2) and poor (≈ 1/3) solvents. The interaction parameter aps

for theta solvent corresponds with the interaction intervals found by other authors

[96; 97].

The existence of different correlation between beads along the polymer chains as-

sociated with the exponent b is the most important restriction in the applicability of

the model reduction proposed by [115]. During the model reduction it is assumed

that fine grained beads are homogeneously mixed in the volume of the coarse grained

particle, however, since the fine-grained chains exhibit particular conformations it is

erroneous to assume that the fine particles can be arbitrary mixed in homogeneous

coarse particles. In Figure ?? it is illustrated this limitations, showing how the mixing

assumptions do not preserve the geometrical properties of the original fine grained

system.

In the Figure B.1.b we present the change in the radius of gyration for a given chain

as the solvent affinity decrease. From this figure we can see that the variation in
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Figure B.2: Sketch of successive model reduction stages assuming homogeneous mixing
into coarse grained representations. In this case the mass density is effectively preserved
along the model reduction however it is clear that the geometrical features of the original
model are not conserved. The lack on the preservation of the characteristic size in the
reduced model modifies the relative size of the species in the systems, and therefore its
phase diagram.

Rg with the interactions parameter is stronger as the number of beads per chain in-

creases, therefore, it explains why the model reduction proposed by [115] reproduces

the phase diagram of the fine systems only if the chains have a few beads (Pl ≤ 40).

Although the model reduction does not preserve the geometry of the original fine

system the variation in short chains is negligible.

On the other hand it is also possible to foresee the upper limit in the level of coarse

graining (q = 51/3), reported by [115]. This upper limit also appears when the varia-

tion in the characteristic size becomes large enough. As it is illustrated in the Figure

?? when the level of coarse graining grows the size of the coarse-grained models is

reduced.

Model reduction of semidilute systems

In Figure B.3, it is presented the ratio between the different preserved properties.

Based on equation (B.1) we compute the efficiency of the model reduction to preserve

the pressure p, temperature T , contour length lc, radius of gyration Rg, end-to-end

distance Rf , and the radial distribution function g(r/rc). From Figure B.3 it is evident

that for short polymer chains with small coarse graining the variations in the size of

the reduce model are not significant, while for coarser systems the size deviations
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becomes greater than 50%. In both cases the contour length of the chains is equally

affected due to the reduction in the interfacial area when particles are grouped.

Figure B.3: Preservation of DPD target variables, for original fine systems constituted by
16 and 160 beads per chain, with levels of coarse graining of 4 and 10 respectively. The
deviations in the fine-grained size becomes larger when the coarse graining increases

According to Figure B.3 the size of highly coarse grained chains is dramatically

modified, therefore it is expected that the domains size during the polymer-solvent

phase separation were also altered. In Figure 3.15 of Chapter 3, we show the final

aggregate structure for a fine-grained system and the equivalent reduced model. As

it is stressed before, the model reduction considerably affects the effective polymer

size, producing a decrease in the size and shape of the final aggregate.

C Appendix C Free energy change in DPD chains

In this Appendix we present a free energy description of the DPD chains. Based

on this definition we demonstrate that the coarse-graining of these polymer models
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modifies their free energy because of the change in the spacial correlation between

beads.

In order to identify how the required coarse conformation ν̄ can be achieved, we

analyse the effect of the resolution loss considering the free energy of the DPD chain.

The free energy F of a fine-grained chain can be defined as F ′ = F ′h + F ′ent[93],

where the subscript h and en denote the enthalpic and entropic components of the

free energy, respectively.

The enthalpic contribution of the free energy is obtained if we define the probability

to find a chain segment within the cutoff radius of another segment, as the product of

the bead volume (r3
c ) and the number density of segment inside the pervaded volume

of the chain (N ′/R′3). Such that we can express the enthalpic interaction per segment

as ε′(r′3cN
′/R′3), where ε′ indicates energy units. The interaction energy for the whole

chain is written as

F ′h = ε′r′
3
c

N ′2

R′3
= ε′

N ′2

N ′3ν
′ . (C.1)

If we now write the interaction energy of a coarse-grained chain with the same con-

formation, we obtain that

F̄h = εr̄3
c

N̄2

r̄3
cN̄

3ν′
= F ′hφ3ν′−1. (C.2)

From equation (C.2) we find that F̄h ≥ F ′h. Therefore, if the interaction energy needs

to be preserved we require for the coarse chains that

F̄h = F ′hφ3ν′−1 + ψh(φ), (C.3)

where ψh(φ) is a correction term that compensates the change in Fh due to the model

reduction.
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Similarly to the Flory theory[93], we now estimate the entropic contribution to be

the energy required to deform the fine chain from its theta condition to the current

fine-chain dimension, leading to

F ′ent = ε′
R2

R2
θ

= ε′
r′2cN

2ν

r′2cN
= ε′N ′

(2ν′−1)
. (C.4)

While for the coarse-grained counterpart the entropic contribution to free energy is

F̄ent = εN̄2ν′−1 = ε′φ

(
N ′

φ

)2ν′−1

= F ′entφ2−2ν′ . (C.5)

As for the interaction energy, we identify that F̄ent ≥ F ′ent, which in turn requires a

correction factor ψent(φ) to the entropic term of the coarse scale system, such that

F̄ent = F ′entφ2(1−ν′) + ψent(φ). (C.6)

According to the change in free energy induced when chains are coarsened, we find

that the model reduction process originates a resolution-loss effect that requires an

additional energetic term contribution that fixes both enthalpic and entropic compo-

nents of the free energy.

D Appendix D Reference chain construction

In this Appendix we present the methodology to construct the a reference chain in

a fine-scale representation. This reference chain can be used to define the proper

scaling of the spring and bending potentials.
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Table D.1: Parameters and ranges evaluated for the entropic-constraint studies in reference
chain models.

Parameter Values
Ks 3 - 50

Ka,ref 0 - 10
aps 0 - 60
N 4, 8, 10, 12, 16, 32
αo 90 - 180

We conduct numerical experiments to understand the inter- and intra-chain interac-

tions in a reference grained system basis. Thus, the appropriate spring and bending

parameters are identified for reference chain and scaled consistently to be used in the

coarse-grained scales.

In order to satisfy the proper correlation ν̄ between particle chains in entropically

constrained models, we study how the bending constant Ka,ref and the equilibrium

angle αo influence the reference-chain conformation. The intervals evaluated for these

parameters are listed in the table D.1. In the simulations we vary independently Ka,ref

and αo, for different interaction parameters aps and spring constants Ks. The goal

is to assess the effect of the bending constant (Ka,ref ) on the balance between intra-

and inter-molecular forces acting on a given particle, and the effect of the equilibrium

angle in the magnitude of the conformation parameter CN (and consequently ν). In

this case the magnitude of the spring constant chosen is used to construct all the

fine-scale systems.

We identify the interval in which the characteristic size of the polymer chain can be

properly controlled by tuning the entropic restrictions. Furthermore, we ensure that

the reference chain conformation can be driven by the bond-angle potential, without
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affecting on the enthalpic interactions. In Figure D.1 we present the radius of gyra-

tion of a DPD chain constructed with the lower and upper limit of spring constants

evaluated Ks = 3.0 and Ks = 50.0, respectively. For both values, the variation in size

with the bending constant Ka,ref , for fixed equilibrium angle, α = 180o, is shown. In

Figure D.1 the highest value of the bending constant corresponds to Ka,ref = 9, while

the lowest Ka,ref = 3.

Figure D.1 shows that the chain size controllability is diminished at low values of

Ks; in this condition, the strength of the enthalpic interaction between the chain and

the solvent induces large fluctuations in the average bond distance ravo , increasing

the variance on the chain size dimensions. In contrast, when bond interactions are

stronger the bead-bead contributions are damped, and the entropic restriction dom-

inates. In addition, Figure D.1 demonstrate that the better entropically-governed

chain models occur when the bending constant takes the maximum value in the in-

terval evaluated. In general, we found that the highest values of Ks and Ka,ref have

the best performance to entropically control the size of the DPD-reference chains, in

a narrow fashion.

The identification of the inter- and intra-molecular interactions is analyzed by study-

ing their effect on the chain conformation ν. Similarly to the the effect on radius of

gyration, higher values of Ks and Ka improve the control of the chain conformation.

Based on these observations we select the bead-spring (K ′s = 50kBT ) and bond-angle

(K ′a = 9kBT ) interactions of the reference chain that consistently preserve ν for dif-

ferent conditions of polymer length and solvent interaction. For longer chains (i.e., 32

beads per chain) it is necessary to use higher values of the bending constant K ′a > 10.

For long chain models folding of the structure is possible, conserving local rigidity in

a short sequence of beads. In the case of a polymer chain with 32 beads the number

of rigid sections identified is ≈ 4.
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Figure D.1: Radius of gyration of a single DPD chain for different interaction parameter
0.0 ≤ aps ≤ 50. The chains are constructed with spring constants Ks = 3.0 and Ks = 50.0.
For each set of Ks the arrows indicate the effect of increasing in bending constant. The
error bars are included to indicate the standard deviation, and the data points have been
shifted horizontally to facilitate the visualization of the error bars.
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