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About the cover 

You might be wondering why there is a deck of  Tarot cards on the cover of this thesis. The reason is simple: 

science and Tarots are similar. If you just thought that this is nonsense thank you, you proved me right. Let 

me explain. 

Many people, especially those with a scientific education, look at Tarots with skepticism because these are 

often associated with the concepts of magic, fortune-telling and all sorts of exoteric business. At a deeper 

analysis, however, one can realize that Tarots are an ensemble of symbols which carry a precise meaning, 

and when combined together they talk about human nature like a sort of illustrated pre-psychology book. 

It is actually very interesting and useful to consult them. So why people are often so skeptical?  

I believe that many tend to agree with the preconceptions of a distorted but widespread image of Tarots 

because they cannot speak their language. Even people like scientists, which should be questioning 

everything with an open mind, fall into this trap. 

Now, let’s flip the omelet. There are many people that really cannot speak the language of science. For them 

agreeing with a scientific concept becomes a matter of faith! Like a scientist could believe that Tarots are 

nonsense on the basis of a pure preconception, a “non-scientist” could believe that science is nonsense. You 

just need 5 minutes on the web to find these people (for a funny but alarming example, see the Flat Earth 

Society).  

There is, however, a major difference between science and Tarots: if you decide not to trust Tarots, you will 

simply avoid buying Tarots, with very little consequences on everybody’s lives. If you stop trusting science, 

you might stop vaccinating your children or think that global warming is fake news, with important global 

repercussions.  

We live in times where there is an overwhelming flow of information and it is becoming increasingly difficult 

to distinguish what is really trustworthy. On top of this, there have been documented cases of serious 

scientific misconduct in the last century that made people lose their faith in science. A growing number of 

people (check out the 2018 article from Gleb Tsipursky in Scientific American for some numbers and useful 

references) seem to look at scientists as a technological elite, mercenaries of the strong economic powers. 

So, the point of my cover is to remind you (in a twisted way, I admit) that the social perception of scientific 

trustworthiness is a serious problem. As scientists, our role is to push the boundaries of knowledge, but we 

also share the responsibility to make science more accessible to everyone, because this is the only way we 

have to fight a growing wave of preconceptions. 

Alessandro Ianiro 
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SUMMARY 

xi 

Summary 

Block copolymers (BCPs) are versatile and widely applied materials due to their interfacial 

properties and self-assembly behaviour. In selective solvents, they associate into well-defined 

supramolecular architectures which find application, for instance, in biomedicine, food science, 

and templated synthesis. Block copolymers lose the ability to self-assemble but undergo phase 

separation in poorly selective solvents, where there is a small solubility difference between the 

lyophilic and the lyophobic blocks. In these solvents, the phase behaviour can be controlled with 

temperature. Furthermore, if the copolymers are composed of crystallizable blocks, 

crystallization might take place. Under certain conditions, the interplay of these processes gives 

rise to a complex behaviour, which is explored both theoretically and experimentally in this 

thesis.  

Block copolymers composed of poly(ethylene oxide)-block-poly-ε-caprolactone (PEO-PCL) 

have been selected as key model system. Both PEO and PCL are semi-crystalline polymers; they 

possess a rather simple chemical structure and a high chain flexibility, which make them easy to 

model theoretically. Furthermore, PEO-PCL BCPs are biocompatible, hence relevant for 

biomedical applications such as drug delivery.  

After a short introduction and an outline of the theoretical methods used in this thesis (Chapters 

1 and 2 respectively), the synthesis of PEO-PCL BCPs using a novel, one-pot, organocatalyzed 

procedure is presented (Chapter 3).  

In Chapter 4 a phase diagram to predict the self-assembly of PEO-PCL BCPs in water is derived 

using numerical self-consistent field computations and tested against experiments. Interplay 

between crystallization and self-assembly occurs when self-assembly is promoted via increasing 

the solvent selectivity in a homogenous copolymer dispersion (solvent switch). The final 

outcome of this interplay depends on the copolymer composition. 

In Chapter 5 the self-assembly process leading to the formation of vesicular structures is studied 

in detail. Under conditions where crystallization is suppressed, an interplay between phase 

separation and self-assembly takes place. A theoretical thermodynamic model to describe the 

process is proposed. 

In Chapter 6 the temperature-induced structure-formation of PEO-PCL in ethanol is studied. It 

is shown that the interplay of phase separation, crystallization and block segregation leads to the 



SUMMARY 

xii 

formation of aggregates with a hierarchical structure, hard to achieve with classic self-assembly 

strategies. 

In Chapter 7 the behaviour of PEO-PCL copolymers is studied in mixtures of ethanol (a weakly 

selective solvent) and water (a highly selective solvent) in an attempt to control the interplay 

between phase separation, crystallization and self-assembly. For certain mixture compositions, a 

combination of these processes leads to the emergence of a temperature-responsive self-assembly 

behaviour. 

Thermally induced morphology transitions (metamorphism) of BCP self-assembled structures 

are theoretically studied In Chapter 8. The results are combined into design principles for 

metamorphic block copolymer assemblies. 

In Chapter 9, with an application-oriented perspective, the principles that govern the 

solubilization of guest compounds into block copolymer micelles are investigated. 

As discussed in Chapter 10, the theoretical and the experimental results reported in this thesis 

show how the interplay of self-assembly, phase separation, crystallization and block segregation 

can drive the organization of block copolymers (BCPs) in solution through different pathways, 

which can be controlled with the solvency conditions (solvent composition and temperature). 

Solvency design (design of solvents for block copolymers) is a complementary strategy to 

synthetic design (design of block copolymers for solvents) and provides new ways of controlling 

the organization of BCPs in solution. 







Chapter 1   

The complex pathways of dispersed block 

copolymers (part 1: prologue) 
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1.1 A walk along complex pathways 

Amphiphilic block copolymers (BCPs) have been given ample attention due to their interfacial 

properties and their ability to form well-defined supramolecular architectures. In selective 

solvents BCPs associate to minimize the unfavorable contact between the solvent and the 

lyophobic blocks1,2. Depending on chemical composition, chain lengths of the blocks, and 

solvent quality, BCPs form supramolecular architectures with different sizes and 

morphologies3– 5. These structures are of scientific, biological and industrial interest5–10. Despite 

the fact that BCP self-assembly in solution has been extensively studied, a large part of these 

studies does not take into account that different association pathways are possible. In poorly-

selective solvents, where there is a small solubility difference between the lyophilic and the 

lyophobic blocks, macroscopic phase separation might be preferred over self-assembly.11 Inside 

the phase-separating aggregates, the blocks might tend to segregate in different domains, leading 

to long-range periodicity12,13. Additionally, if the copolymers contain crystallizable blocks, 

crystallization might take place14–16. Hence, depending on the solvency conditions dispersed 

BCPs might exhibit radically different behaviour. The prediction of such a behaviour is of key 

importance for the development of efficient and reliable block-copolymer-based applications.  

Whenever the conditions of a BCP dispersion are varied (for instance, a change in solvent 

composition or temperature), the dispersion will try to evolve towards a new equilibrium state. If 

a system is able to equilibrate and reach thermodynamic equilibrium, a thermodynamic model 

suffices to predict the final state of the dispersion. However, in most of the cases, BCPs do not 

equilibrate on practical time-scales: the system is kinetically-regulated. Hence, to model the 

behaviour of BCP dispersions it is important to consider both thermodynamic and kinetic 

aspects.  

The pathway of an evolving system in this intricate network of possibly interconnected processes 

will depend on the copolymer chemical characteristics, on the interactions between the 

copolymer and the solvent (solvency) and how these vary over time. At present, it is unclear 

how the solvency conditions relate to the emergence of these complex association 

pathways.  Moreover, for kinetically-regulated systems, the pathway will be set and influenced 

by the starting experimental and environmental conditions. This feature is typical for complex 

systems. 
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1.2 About complexity 

There is no unique definition of complexity.17 In this thesis, the term complex is used for a system 

composed of individual components (e.g. the BCPs) which, due to interactions mediated by the 

environment (e.g. the solvent), are interconnected or mutually dependent.17 Under certain 

conditions, these local interactions might spontaneously result in the emergence of global 
structures, or in other words, the same kind of structures can be found all over the system, not 

only locally. If the conditions for the emergence of multiple types of structures are favorable, 

competition and cooperation (or more precisely, interplay, see §1.3) between different 

processes will take place. In this scenario, the behaviour of the system is not only dictated by 

single-component properties: stochastics and collective properties will play a fundamental role. 

With this in mind, several aspects of BCP self-assembly will be investigated in this thesis (see §

1.5) using a combination of experiments, theory and computations.  

1.3 Cooperation, competition and interplay 

The terms competition and cooperation are often encountered in scientific literature. Both terms 

involve two or more subjects that share a purpose. Competition takes place when the probability 

of reaching the purpose is reduced by the presence of other subjects. By contrast, cooperation 

takes place when the presence of other subjects increases the chances of reaching the purpose. 

Hence, competition and cooperation have probabilistic connotations.  

The subjects in a closed physical system “share the purpose” of minimizing their (Helmholtz) 

energy. Hence, even if competition between different processes is possible, it will take place in a 

frame of cooperation. In this context, competition and cooperation lose their probabilistic 

character and assume a temporal (kinetic) perspective. In other words, there is always an 

interplay between competition and cooperation that dictates the kinetic pathway followed by the 

system towards the minimum energy state. For this reason, the term interplay is used in this thesis 

when multiple processes take place at the same time, instead of competition and cooperation. 

1.4 The walking shoes 

Proper shoes are needed to run across complex pathways. In this thesis, such shoes are theoretical 

methods to make predictions and experimental model systems to compare with. Different 

theoretical approaches, presented in Chapter 2, will be used as a starting point depending on the 

specific aspects under study. BCPs composed of poly(ethylene oxide)-block-poly-ε-

caprolactone (PEO-PCL) will be used as key (experimental) model systems. Both PEO and PCL 

are semi-crystalline polymers;14,15,18–20 they are non-ionic and possess a rather simple chemical 

structure and high chain flexibility, which makes them relatively easy to model theoretically. 
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Furthermore, PEO-PCL BCPs are biocompatible21,22, hence relevant for biomedical applications 

such as drug delivery. The synthesis of PEO-PCL BCPs with well-defined characteristics 

(composition and molar mass dispersity) is performed using a novel one-pot, organocatalyzed 

procedure, presented in Chapter 3.  

1.5 Destination and itinerary 

This thesis pursues a dual purpose: on one hand, it aims at understanding how the interplay of 

self-assembly, phase separation, crystallization and block segregation affects BCPs association in 

solution; on the other hand, it aims at studying how solvency (solvent composition and 

temperature) governs such interplay. This is done by following the ensuing itinerary. 

In Chapter 4 a phase diagram to predict the self-assembly behaviour of PEO-PCL BCPs in water 

is derived using numerical self-consistent field computations and tested against experiments. 

Interplay between crystallization and self-assembly occurs when self-assembly is promoted via 

increasing the solvent selectivity in a homogenous copolymer dispersion (solvent switch). The 

final outcome of this interplay depends on the copolymer composition.  

In Chapter 5 the self-assembly process leading to the formation of vesicular structures is studied 

in detail. Under conditions where crystallization is suppressed, an interplay between phase 

separation and self-assembly takes place. A theoretical thermodynamic model to describe the 

process is presented.  In Chapter 6 the temperature-induced structure-formation of PEO-PCL 

in ethanol is studied. It is shown that the interplay of phase separation, crystallization and block 

segregation leads to the formation of aggregates with a hierarchical structure.  

In Chapter 7 the behaviour of PEO-PCL copolymers is studied in mixtures of ethanol (a weakly 

selective solvent) and water (a highly selective solvent) in an attempt to control the interplay 

between phase separation, crystallization and self-assembly. For certain mixture compositions, a 

combination of these processes leads to the emergence of a temperature-responsive self-assembly 

behaviour.  

Thermally-induced morphology transitions (metamorphism) of BCP self-assembled structures 

are theoretically studied In Chapter 8. The results are combined into design principles for 

metamorphic block copolymer assemblies.   

In Chapter 9, with an application-oriented perspective, the principles that govern the 

solubilization of guest compounds into block copolymer micelles are investigated. 

Finally, general conclusions and an outlook are presented in Chapter 10. 
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Chapter 2   

Theoretical methods 

A brief overview of theoretical methods and notations used in this thesis. 
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2.1 Volume fraction notation 

In this thesis, concentrations will be often expressed as volume fractions. Unless specified, the 

symbol 𝜙𝜙𝑖𝑖 will be used to indicate the total volume fraction of a species 𝑖𝑖 (volume occupied by 𝑖𝑖 
divided by the total volume of the system). When a system is inhomogeneous the local 
concentrations will not correspond to the total one. Therefore local concentrations will be 

expressed in the next Chapters using 𝜑𝜑𝑖𝑖  .  

2.2 Phase behaviour of polymer solutions: Flory-Huggins theory 

The Flory-Huggins (F-H) theory1 is a thermodynamic theory that describes the thermodynamic 

properties of polymer solutions, including their phase behaviour. The original derivation of this 

theory is lattice-based1. A number 𝑛𝑛P of polymer molecules with chain length 𝑁𝑁P is, for instance, 

mixed with 𝑛𝑛S solvent molecules composed of 𝑁𝑁S segments.  The lattice is considered to be 

incompressible and fully occupied. Hence, the lattice volume 𝑉𝑉lat =  𝑁𝑁P𝑛𝑛P + 𝑁𝑁S𝑛𝑛S. The Gibbs 

energy of mixing is given by 

Δ𝐺𝐺mix = Δ𝐻𝐻mix − 𝑇𝑇Δ𝑆𝑆mix ,  (2.1) 

where Δ𝐻𝐻mix and Δ𝑆𝑆mix are the enthalpy and entropy of mixing and 𝑇𝑇 is the temperature. The 

entropy of mixing is calculated from the possible number of configurations of the components 

in the lattice, according to statistical thermodynamics1. It can be shown that  

Δ𝑆𝑆mix =  −𝑘𝑘B �𝑛𝑛Sln �
𝑁𝑁S𝑛𝑛S
𝑉𝑉lat

� + 𝑛𝑛Pln �
𝑁𝑁P𝑛𝑛P
𝑉𝑉lat

�� = −𝑘𝑘B[𝑛𝑛Sln(𝜙𝜙S) + 𝑛𝑛Pln(𝜙𝜙P)], (2.2) 

with 𝜙𝜙P and  𝜙𝜙S = 1 − 𝜙𝜙P the volume fractions of  P and S segments in the lattice. Three possible 

kinds of two-body interactions are present in the system: S-S, P-P and S-P, each associated with 

an interaction energy ω𝑖𝑖𝑖𝑖  (𝑖𝑖 = S, P , 𝑗𝑗 = S, P). Multiple body interactions are neglected. Each 

interaction occurs with respect to the self-interactions. Hence, the variation of effective energy 

per S-P contact reads Δ𝜔𝜔SP = 𝜔𝜔SP −
1
2

(𝜔𝜔ss + 𝜔𝜔PP). Each position in the lattice (neglecting 

boundary effects) has 𝑧𝑧 nearest neighbors. Therefore, the number of possible S-P contacts are 

𝑧𝑧𝑁𝑁P𝑛𝑛P𝜙𝜙S = 𝑧𝑧𝑁𝑁S𝑛𝑛S𝜙𝜙P, as 𝜙𝜙P and 𝜙𝜙S represents the probability to find P and S in a lattice 

position. The total enthalpy of mixing is therefore given by: 

Δ𝐻𝐻mix =  𝑧𝑧𝑁𝑁S𝑛𝑛S𝜙𝜙P ΔωSP = 𝑘𝑘B𝑇𝑇𝑁𝑁S𝑛𝑛S𝜙𝜙P𝜒𝜒SP.  (2.3) 

The parameter 𝜒𝜒SP =  𝑧𝑧 �𝜔𝜔SP −
1
2

(𝜔𝜔ss + 𝜔𝜔PP)� /𝑘𝑘B𝑇𝑇 is called the F-H interaction parameter. 

Combination of (2.2) and (2.3) and insertion into (2.1) yields the F-H energy of mixing for a 

homopolymer-solvent system: 
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Δ𝐺𝐺mix
𝑘𝑘B𝑇𝑇

= �̅�𝐺mix = 𝑁𝑁S𝑛𝑛S𝜙𝜙P𝜒𝜒SP + 𝑛𝑛Sln(𝜙𝜙S) + 𝑛𝑛Pln(𝜙𝜙P).  (2.4) 

The excess chemical potentials of P and S are obtained from the derivative of  �̅�𝐺mix with respect 

to 𝑛𝑛P and 𝑛𝑛S. 

𝜇𝜇P − 𝜇𝜇P0

𝑘𝑘B𝑇𝑇
= �̅�𝜇P = �

∂�̅�𝐺mix
∂𝑛𝑛P

�
𝑇𝑇,𝑃𝑃,𝑛𝑛S

= ln(𝜙𝜙P) − �
𝑁𝑁P
𝑁𝑁S

− 1� (1 − 𝜙𝜙P) + 𝑁𝑁P𝜒𝜒SP(1 − 𝜙𝜙P)2,   (2.5)

𝜇𝜇S − 𝜇𝜇S0

𝑘𝑘B𝑇𝑇
= �̅�𝜇S = �

∂�̅�𝐺mix
∂𝑛𝑛S

�
𝑇𝑇,𝑃𝑃,𝑛𝑛P

= ln(1 − 𝜙𝜙P) − �
𝑁𝑁S
𝑁𝑁P

− 1�𝜙𝜙P + 𝑁𝑁S𝜒𝜒SP𝜙𝜙P
2,  (2.6) 

where �̅�𝜇P0 and �̅�𝜇S0 are the standard chemical potentials of the polymer and the solvent,

respectively. The critical point which characterizes the phase stability limit of a polymer-solvent 

system can be studied by analyzing one of the two chemical potentials1. At the critical point, 

∂2�̅�𝜇i/ ∂𝜙𝜙P
2 = 0 and

∂𝜇𝜇�i
∂𝜙𝜙P

= 0. From these conditions, an expression for the critical value of the 

interaction parameter is obtained: 

𝜒𝜒SPcrit =
�𝑁𝑁P

1
2 + 𝑁𝑁S

1
2�

2

2𝑁𝑁P𝑁𝑁S
 .  (2.7) 

For 𝜒𝜒SP > 𝜒𝜒SPcrit phase separation into a polymer-rich (𝜑𝜑PI ) and a polymer-poor (𝜑𝜑PII) phase is

detected. Coexistence between the two phases at equilibrium implies �̅�𝜇P(𝜑𝜑PI ) = �̅�𝜇P(𝜑𝜑PII) and

�̅�𝜇S(𝜑𝜑PI ) = �̅�𝜇S(𝜑𝜑PII). From these conditions, the equilibrium composition of the coexisting phases

can be determined as a function of 𝜒𝜒SP, lading to the phase diagrams (see Fig. 2.1 for an example). 

Fig. 2.1 Phase diagram for a homopolymer with 𝑁𝑁P = 500 in a solvent with 𝑁𝑁S = 1. 
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By definition, 𝜒𝜒SP scales as ~𝑇𝑇−1. Such a dependence enables to build 𝑇𝑇 − 𝜙𝜙 phase diagrams.

Practically, however, the temperature dependence of 𝜒𝜒SP is more complex, especially if 

directional interactions like H-bonding are at play. 

2.3 Thermodynamics of self-assembly 

The formation of a self-assembled structure made of 𝑁𝑁agg  block copolymer (BCP) molecules 

can be generally envisaged as a chemical equilibrium  

𝑁𝑁agg𝑃𝑃
𝑘𝑘fw
⇄
𝑘𝑘bk

𝑀𝑀 .  (2.8) 

In equilibrium the forward (𝑣𝑣fw) and the backward (𝑣𝑣bk) reaction rates are equal2: 

𝑣𝑣fw = 𝑘𝑘fw{𝑃𝑃}𝑁𝑁agg = 𝑣𝑣bk = 𝑘𝑘bk{𝑀𝑀} ,  (2.9) 

where the braces indicate the activity. Therefore at equilibrium 

𝑘𝑘fw
𝑘𝑘bk

= 𝐾𝐾eq =
{𝑀𝑀}

{𝑃𝑃}𝑁𝑁agg
 .  (2.10) 

The ratio between the kinetic constants (𝐾𝐾eq) is called equilibrium constant. The change in 

standard Gibbs energy associated with the formation of a self-assembled structure (sas) can be 

expressed as2: 

∆𝐺𝐺sas0 = −𝑘𝑘B𝑇𝑇ln𝐾𝐾eq .  (2.11) 

The dimensionless energy change per polymer can be written, approximating the activity 

{𝑋𝑋} with the number concentration [𝑋𝑋], as: 

∆𝐺𝐺sas0

𝑘𝑘B𝑇𝑇𝑁𝑁agg
= ∆�̅�𝑔BCPsas = −

ln[𝑀𝑀]
𝑁𝑁agg

+ ln[𝑃𝑃] ≈ ln[𝑃𝑃] .  (2.12). 

The first term on the right-hand side of the equation is often neglected3 as usually 𝑁𝑁agg ≫ 1 and 

increases with decreasing [𝑀𝑀]. The concentration of free (co)polymer [𝑃𝑃] in equilibrium with 

the self-assembled structure is usually referred to as critical micelle concentration (CMC) or, 

more in general, critical aggregation concentration (CAC). In this thesis, the CMC (or CAC) 

will be often expressed as volume fraction 𝜑𝜑BCPbulk = (𝑁𝑁A + 𝑁𝑁B)[𝑃𝑃], with 𝑁𝑁A and 𝑁𝑁B representing 

the chain lengths of the lyophilic (A) and the lyophobic (B) blocks. With this notation equation 

(2.12) becomes: 

∆�̅�𝑔BCPsas ≈ ln�𝜑𝜑BCPbulk� − ln(𝑁𝑁A + 𝑁𝑁B) .  (2.13) 
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As discussed in §1.1, BCPs can assemble into supramolecular structures with different 

morphologies.  Equations (2.12) and (2.13) indicate that for a certain BCP composition the 

preferred equilibrium morphology (with lower free energy per polymer) is the one associated 

with the lowest concentration of free copolymer. 

2.4 Scaling models for self-assembly in solution 

There are several models in the literature describing the self-assembly of non-ionic BCP in 

solution4–7. Upon assembly, the lyophobic and lyophilic blocks segregate into different domains, 

separated by an interface (Fig. 2.2). The lyophobic domain is exposed to the solvent because the 

lyophilic domain is well solvated. Because the contact between the lyophobic domains and the 

solvent is unfavorable, the BCP tend to reduce their interfacial area 𝛼𝛼 (Fig 2.2), driving the self-

assembly. When the molecules get close they start to feel each other’s steric repulsion. To reduce 

such a repulsion, both blocks tend to stretch. The chain stretching results in a decrease of the BCP 

configurational entropy, which is not favorable.4,8,9 When the reduction of interfacial energy 

balances the energy increase due to chain stretching, the self-assembled structure reaches  

equilibrium4, characterized by certain core size 𝜀𝜀eq, corona thickness 𝛿𝛿eq  and interfacial area 𝛼𝛼eq 

values (Fig. 2.2).  

Fig 2.2. Schematic representation of the arrangement of a block copolymer molecule within a 

spherical self-assembled structure. 

Next, the model proposed by Zhulina and Borisov4,7 is presented as an example. The energy 

variation for a copolymer molecule forming a self-assembled structure (∆�̅�𝑔BCPsas ) is modeled as
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the sum of three contributions, which account for i) the reduction of the interface, ii) the chain 

stretching in the core and iii) the steric repulsion and chain stretching in the corona. The 

translational entropy of the micelle is neglected. The resulting expression for the Gibbs energy of 

self-assembly per polymer (all in 𝑘𝑘B𝑇𝑇) is: 

∆�̅�𝑔BCPsas ~∆�̅�𝑔interface + ∆�̅�𝑔core + ∆�̅�𝑔corona,  (2.14) 

The proportionality symbol ~ is used here as several numerical factors are omitted. The lyophilic 

and lyophobic blocks, labeled A and B, are composed of 𝑁𝑁A and 𝑁𝑁B segments, respectively. The 

solvent is labeled S. All A and B segments, as well as S molecules, are considered to be equal in 

size (l ). The interfacial contribution to ∆�̅�𝑔BCPsas  can be expressed as

∆�̅�𝑔interface ≈ �̅�𝛾𝛼𝛼,  (2.15) 

where 𝛾𝛾, the interfacial tension, can be estimated using the Helfand-Tagami equation10: 

�̅�𝛾 ≈
1
𝑙𝑙2
�
𝜒𝜒BS

6
 ,  (2.16) 

with 𝜒𝜒BS the Flory-Huggins interaction parameter between B and S. The functional form of the 

elastic terms ∆𝑔𝑔core and ∆𝑔𝑔corona depend upon the assembly geometry, as BCPs can assemble 

into different supramolecular architectures. This results in three different energy expressions for 

spherical micelles (∆�̅�𝑔BCPs ), cylindrical micelles (∆�̅�𝑔BCPc ) and vesicles (∆�̅�𝑔BCPv ). More complex

architectures are not discussed. The core elastic energy ∆𝑔𝑔corecan be approximated to7: 

∆𝑔𝑔𝑖𝑖core ≈ 𝑘𝑘B𝑇𝑇𝑏𝑏𝑖𝑖
𝜀𝜀𝑖𝑖2

𝑙𝑙𝑁𝑁B2
,  (2.17) 

where 𝑏𝑏𝑖𝑖  is a geometry-dependent constant and 𝑖𝑖 =  s, c, v (𝑏𝑏s = 3π2/80, 𝑏𝑏c = π2/16, 𝑏𝑏v =
π2/8). The core size can be expressed as a function of 𝛼𝛼 in the different geometries using 

geometric arguments: 

𝜀𝜀s =  
3𝑙𝑙3𝑁𝑁B
𝛼𝛼𝜑𝜑Bcore

 , 𝜀𝜀c =  
2𝑙𝑙3𝑁𝑁B
𝛼𝛼𝜑𝜑Bcore

, 𝜀𝜀v =  
𝑙𝑙3𝑁𝑁B
𝛼𝛼𝜑𝜑Bcore

,  (2.18) 

where the term 𝜑𝜑Bcore ≈ 1 represents the volume fraction of B inside the core. The corona elastic 

energy for the three geometries is calculated using blob theory and is given by7 
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∆�̅�𝑔𝑖𝑖corona ≈

⎩
⎪
⎪
⎨

⎪
⎪
⎧

𝜀𝜀s
√𝛼𝛼

ln �1 +
𝛿𝛿s
𝜀𝜀s
� for 𝑖𝑖 = s

2𝜀𝜀c
√𝛼𝛼

��1 +
𝛿𝛿c
𝜀𝜀c
�
1
2
−1� for 𝑖𝑖 = c

𝛿𝛿v
√𝛼𝛼

for 𝑖𝑖 = v

  (2.19) 

The equilibrium properties and the preferred self-assembled morphology can be estimated 

minimizing ∆�̅�𝑔BCPs , ∆�̅�𝑔BCPc  and ∆�̅�𝑔BCPv  with respect to 𝛼𝛼 and 𝛿𝛿.7 Expressions for calculating

 𝛿𝛿s, 𝛿𝛿c and 𝛿𝛿v starting from the equilibrium thickness of a planar brush are available4.  

2.5 Scheutjens-Fleer self-consistent field theory 

2.5.1 SF-SCF in a nutshell 

The Scheutjens-Fleer self-consistent field theory (SF-SCF)11 is a mean-field numerical lattice 

theory, based upon Flory-Huggins mean-field theory and accounts for concentration gradients 

by means of the Edwards formalism12. The SF-SCF theory can be used to study several aspects of 

multicomponent systems, such as the phase behaviour of polymers in solution11, polymer 

adsorption11, bulk self-organization13 of BCPs, solution self-assembly of surfactants14 and BCPs15 

sometimes with remarkable quantitative accuracy16. 

The theory is based upon the following approach. For each component 𝑖𝑖 in the system, there is a 

segment potential 𝑢𝑢𝑖𝑖(𝑟𝑟) that spans through the lattice (here 𝑟𝑟 is a coordinate vector indicating 

the position in the lattice). The normalized probability 𝑃𝑃𝑖𝑖(𝑟𝑟) of finding 𝑖𝑖 segments at the position 

𝑟𝑟 is proportional to a Boltzmann factor e−𝑢𝑢𝑖𝑖(𝑟𝑟)/𝑘𝑘B𝑇𝑇 . The potential at the position 𝑟𝑟 is influenced 

by the composition of the adjacent sites, hence it depends on the distribution of segments and 

molecules. Due to this mutual dependence between 𝜑𝜑𝑖𝑖  and 𝑢𝑢𝑖𝑖, an iterative procedure is used to 

find the equilibrium segment distribution (the one that minimize the free energy of the system) 

𝑢𝑢𝑖𝑖[𝜑𝜑𝑖𝑖(𝑟𝑟)] ⟺  𝜑𝜑𝑖𝑖  [𝑢𝑢𝑖𝑖(𝑟𝑟)].  (2.20) 

The problem simplifies if concentration gradients are accounted for only in one direction. In 

such a case the lattice can be envisaged as a collection of lattice layers situated at a distance 𝑟𝑟 from 

a starting layer. In this configuration the potential 𝑢𝑢𝑖𝑖(𝑟𝑟) varies only in the direction of 𝑟𝑟 and the 

normalized probability  𝑃𝑃𝑖𝑖(𝑟𝑟) to find a certain segment in the lattice layer (𝑟𝑟) correspond to its 

volume fraction 𝜑𝜑𝑖𝑖(𝑟𝑟) in the layer. The incompressibility ensures that for each layer ∑ 𝜑𝜑𝑖𝑖 = 1𝑖𝑖 . 

The detailed procedure for the calculation of 𝑢𝑢𝑖𝑖[𝜑𝜑𝑖𝑖(𝑟𝑟)] and 𝜑𝜑𝑖𝑖  [𝑢𝑢𝑖𝑖(𝑟𝑟)] can be found in the 

original work of Scheutjens and Fleer9,11 and will not be discussed here. 
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2.5.3 Self-assembly and SF-SCF theory 

The SF-SCF theory can be used to study the formation of BCP self-assembled structures9 by 

means of the so-called thermodynamics of the small-systems.17 According to this theory the 

variation of the Helmholtz energy of a canonical system (in the incompressibility limit), which is 

divided into ℳ small systems, at a constant temperature can be expressed as 

d𝐹𝐹 = �𝜇𝜇𝑖𝑖d𝑁𝑁𝑖𝑖
𝑖𝑖

+ Ωdℳ,  (2.21) 

where 𝜇𝜇𝑖𝑖  is the chemical potential of component i, 𝑁𝑁𝑖𝑖  is the total number of molecules of i and Ω 

is the grand-potential energy required to generate a subdivision.  

For a system of interest which contains ℵ self-assembled structures, one can set ℳ = ℵ, so that 

each small system contains a self-assembled structure. At equilibrium, there is no energy needed 

to generate a subdivision, hence 

�
𝜕𝜕𝐹𝐹
𝜕𝜕ℳ

�
𝑁𝑁𝑖𝑖,𝑇𝑇

= Ω = 𝐹𝐹 −�𝜇𝜇𝑖𝑖𝑁𝑁𝑖𝑖
𝑖𝑖

= 0.  (2.22) 

The formation of a self-assembled structure is favorable when subdividing the system bring an 

energetic gain, hence9 

𝜕𝜕Ω 
𝜕𝜕ℳ

> 0 .  (2.23) 

The number of lattice sites occupied by BCP molecules per small system, 𝜃𝜃, decreases with 

increasing the number of small systems ℳ. Therefore the stability condition for a self-assembled 

structure can be expressed as 

𝜕𝜕Ω 
𝜕𝜕𝜃𝜃

< 0.  (2.24) 

As the small system is inhomogeneous due to the presence of a self-assembled structure, it is 

useful to write the quantity 𝜃𝜃 as  

𝜃𝜃 =  𝜃𝜃excess  +  𝜃𝜃bulk .  (2.25) 

 The term 𝜃𝜃excess represents the number of lattice sites occupied by BCP molecules in the self-

assembled structure, while 𝜃𝜃bulk   represent the lattice sites occupied by BCP molecules in the 

homogeneous part of the small system, far from the self-assembled structure (bulk). If the small 

system has a volume 𝑉𝑉, the bulk concentration of the polymer (𝜑𝜑BCPbulk) can be expressed as:
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𝜑𝜑BCPbulk =
𝜃𝜃bulk

𝑉𝑉
 .  (2.26) 

Using (2.26) equation (2.25) becomes 

𝜃𝜃 =  𝜃𝜃excess  +  𝑉𝑉𝜑𝜑BCPbulk .  (2.27) 

For a certain value of 𝑉𝑉, the equilibrium (2.22) and stability (2.24) conditions are fulfilled only 

for specific values of 𝜃𝜃excess and 𝜑𝜑BCPbulk. For BCPs, the equilibrium 𝜑𝜑BCPbulk values represent the

critical aggregation volume fraction, while  𝜃𝜃excess provides the aggregation number trough: 

𝑁𝑁agg =
𝜃𝜃excess

𝑁𝑁A + 𝑁𝑁B
 .  (2.28) 

The SF-SCF procedure9 can be used to compute  Ω = 𝐹𝐹 − ∑ 𝜇𝜇𝑖𝑖𝑁𝑁𝑖𝑖𝑖𝑖  as a function of 𝜃𝜃. For 

convenience, this is done at a fixed lattice volume. The free energy 𝐹𝐹 is computed from the 

component distribution (volume fraction profiles) that optimizes 𝐹𝐹. The procedure is repeated 

for variations of 𝜃𝜃 values until the stability and equilibrium conditions are met (Fig 2.3). The 

value of 𝜑𝜑BCPbulk can be extracted from the copolymer concentration profile far from the self-

assembled structure. If the computations are performed (for a certain copolymer composition) 

in lattices with different geometries (see section 2.5.3), the different  𝜑𝜑BCPbulk values can be 

compared to establish the preferred assembly morphology, according to equation (2.13). Finally, 

using (2.27) and (2.28) the equilibrium value of 𝑁𝑁agg can be calculated. The concentration 

profiles generated with the SF-SCF can be used to estimate the hydrodynamic size of self-

assembled structures (in the gradient direction). The procedure is described in section 2.5.4. 

Fig. 2.3. Sketch of the SF-SCF grand potential Ω for the formation of a spherical micelle as a 

function of  𝜃𝜃. 
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2.5.3 The lattice geometry 

Lattices with different geometries can be used to study problems with different symmetry. For 

describing systems such as spherical micelles, a spherical lattice consisting of 𝐿𝐿 concentric 

spherical shells can be used. A spherical lattice accounting for concentration gradients along a 

radial direction provides a full description of the system thanks to the radial symmetry.  The 

volume of the lattice is given by  

𝑉𝑉s =
4
3
π𝐿𝐿3𝑙𝑙3,  (2.29) 

where 𝑙𝑙 indicates the lattice constant, which equals the thickness of the spherical lattice layers. A 

cylindrical lattice consisting of 𝐿𝐿 coaxial cylindrical shells can be used to study concentration 

gradients along the cylinder’s radial direction. In the axial direction the properties of the system 

are homogeneous (virtually infinite cylinder), therefore a single slice (with thickness 𝑙𝑙 ) of the 

cylindrical lattice suffice to describe the system. The volume of such a lattice is  

𝑉𝑉c = π𝐿𝐿2𝑙𝑙3.  (2.30) 

Finally, a planar lattice made of 𝐿𝐿 parallel layers and volume 

𝑉𝑉p = 𝐿𝐿𝑙𝑙3  (2.31) 

can be used to study a system with planar geometry. In this thesis, the planar lattice will be used 

to study bi-layered structures such as vesicles. Usually, vesicles are much larger than the 

molecules they are made of, therefore the curvature effects at the molecular level are almost 

negligible. Furthermore, it is thought that vesicles made of homogeneous BCPs (with low molar 

mass dispersity) do not possess a preferred equilibrium size18. Computing the formation of a 

vesicle with a spherical lattice, therefore, would require a huge lattice (slow computations) and 

multiple solutions are possible in principle. 

2.5.4 Hydrodynamic size from the SF-SCF concentration profiles 

The method used to calculate the hydrodynamic size of self-assembled structures from SF-SCF 

density profiles follows the work of Cohen Stuart et al. and Scheutjens et al.19,20. The method is 

based upon applying the Debye-Beuche equation for flow. The core idea of the method is to 

relate the (theoretical) solvent velocity profile 𝑣𝑣(𝑟𝑟) to the polymer segment concentration profile 

𝜑𝜑BCP(𝑟𝑟). The hydrodynamic radius (in lattice units) relates to the layer upon which there is no 

more change in the solvent velocity.  
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2.6 Light scattering theory 

Light scattering measurements are an extremely powerful way of obtaining information about 

size, shape, mass, interactions, and organization of particles dispersed in a medium. Below a brief 

overview of light scattering theory is presented. Standard theories are presented for time-

independent (static) and time-dependent (dynamic) measurements. 

2.6.1 Static Light Scattering (SLS) 

According to Rayleigh-Gans-Debye theory of static light scattering21 the absolute intensity of 

scattered light 𝑅𝑅(𝑞𝑞) (sometimes called excess Rayleigh ratio) by a collection of particles dispersed 

in a medium is a function of the scattering vector 𝑞𝑞 = 4π𝓃𝓃ssin (𝜃𝜃/2)/𝜆𝜆  (𝓃𝓃s is the refractive 

index of the solvent, 𝜃𝜃 is the scattering angle and 𝜆𝜆 is the wavelength of the incident light) and 

can be expressed as  

𝑅𝑅(𝑞𝑞) = 𝐾𝐾𝑀𝑀𝐾𝐾𝑃𝑃(𝑞𝑞)𝑆𝑆(𝑞𝑞),  (2.34) 

where 𝐾𝐾 is the particle concentration, 𝑀𝑀 is the molar mass of the particles and 𝐾𝐾 is a constant 

which includes the contrast between the scatterers and the medium. The value of 𝐾𝐾 reads: 

𝐾𝐾 =
4𝓃𝓃s

2𝜋𝜋2

𝜆𝜆4𝑁𝑁av
�

d𝓃𝓃
d𝐾𝐾

�
2

,  (2.35) 

where 𝑁𝑁av is Avogadro’s number and d𝓃𝓃 d𝐾𝐾⁄  the differential refractive index increment of the 

solution as a function of 𝐾𝐾. 

The form factor 𝑃𝑃(𝑞𝑞) is the rotationally-averaged and squared modulus of the 3D Fourier 

transform of the particle’s scattering length density distribution, thus it depends on the particle 

shape. For a spherical particle (of radius 𝑎𝑎) 𝑃𝑃(𝑞𝑞) has an analytical form 

𝑃𝑃(𝑞𝑞) = �3
sin(𝑞𝑞𝑎𝑎) − 𝑞𝑞𝑎𝑎 sin(𝑞𝑞𝑎𝑎)

(𝑞𝑞𝑎𝑎)3 �
2

 (2.36) 

An expansion of 𝑃𝑃(𝑞𝑞) for 𝑞𝑞𝑎𝑎 ≪ 1 yields the so-called Guinier approximation 𝑃𝑃(𝑞𝑞) ≈

1 − �𝑞𝑞𝑅𝑅g�
2/3, with 𝑅𝑅g the gyration radius of the particles. For 𝑞𝑞𝑅𝑅g ≪ 1 the equation can be 

rearranged as 

1
𝑃𝑃(𝑞𝑞) ≈ 1 +

�𝑞𝑞𝑅𝑅g�
2

3
,  (2.37) 

The structure factor 𝑆𝑆(𝑞𝑞) is the Fourier transform of the radial distribution function of the 

particles, which encodes their spatial arrangement. The way particles distribute in solution affect 
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the osmotic pressure 𝛱𝛱. Therefore, 𝑆𝑆(𝑞𝑞) and 𝛱𝛱 are connected.  For small 𝑞𝑞 it can be shown that 

𝑆𝑆(𝑞𝑞)−1 gives the osmotic compressability: 

lim
𝑞𝑞→0

1
𝑆𝑆(𝑞𝑞) ≈

𝑀𝑀
ℛ𝑇𝑇

d𝛱𝛱
d𝐾𝐾

≈ 1 + 2𝐵𝐵2
C
𝑀𝑀

+ ⋯    ,  (2.38) 

where ℛ is the gas constant, and 𝐵𝐵2 the second osmotic virial coefficient. Using (2.37) and (2.38) 

equation (2.34) can be approximated to 21  

𝐾𝐾𝐾𝐾
𝑅𝑅(𝑞𝑞) ≈

1
𝑀𝑀
�1 +

2𝐵𝐵2𝐾𝐾
𝑀𝑀

��1 +
�𝑞𝑞𝑅𝑅g�

2

3
�    ,  (2.39) 

which is valid in the small 𝑞𝑞 limit. The experimental determination of 𝑅𝑅 requires the measurement 

of the scattered intensity of the pure solvent (𝐼𝐼solv) and of a standard (𝐼𝐼st), usually toluene. The 

scattered intensity obtained by the measurement of a sample 𝐼𝐼(𝑞𝑞)samp can be converted to 

absolute intensity by means of  

𝑅𝑅(𝑞𝑞) =
𝐼𝐼(𝑞𝑞)samp − 𝐼𝐼solv

𝐼𝐼st
𝑅𝑅st

𝓃𝓃s
2

𝓃𝓃st
2 .  (2.40) 

Here 𝑛𝑛st and 𝑅𝑅st are the refractive index and the Rayleigh ratio of the standard (for toluene at 

λ=532 nm, 𝓃𝓃st =1.47, 𝑅𝑅st = 2.10∙10-3 m-1). When the radius 𝑞𝑞𝑎𝑎 ≪ 1, 𝑃𝑃(𝑞𝑞) approaches unity 

and 𝑅𝑅(𝑞𝑞) becomes scattering vector-independent. In this regime equation (2.39) becomes 

𝐾𝐾𝐾𝐾
𝑅𝑅

=
1
𝑀𝑀

+
2𝐵𝐵2𝐾𝐾
𝑀𝑀2 .  (2.41) 

Therefore 𝑀𝑀 and  𝐵𝐵2 can be obtained by plotting 𝐾𝐾𝐾𝐾/𝑅𝑅 as a function of 𝐾𝐾 and extrapolating to 

𝐾𝐾 = 0 (Debye Plot).  

2.6.2 Dynamic Light Scattering (DLS)  

Fluctuations in the scattered intensity over time 𝐼𝐼(𝑞𝑞, 𝑡𝑡) are related to the Brownian motion of the 

particles in the dispersion (diffusion). To obtain information about the particle diffusion the 

intensity autocorrelation function of 𝐼𝐼(𝑞𝑞, 𝑡𝑡), 𝑔𝑔2(𝑞𝑞, 𝑡𝑡, 𝜏𝜏), is used. This function enables to 

calculate the average correlation between intensities separated by a lag time 𝜏𝜏:  

𝑔𝑔2(𝑞𝑞, 𝑡𝑡, 𝜏𝜏) =
〈𝐼𝐼(𝑞𝑞, 𝑡𝑡) ∗ 𝐼𝐼(𝑞𝑞, 𝑡𝑡 + 𝜏𝜏)〉

〈𝐼𝐼(𝑞𝑞, 𝑡𝑡)2〉
 .  (2.42) 

Practically, the correlation function measures how much the configuration of the particles in 

solution changes over a time interval 𝜏𝜏. Due to particle diffusion 𝑔𝑔2(𝑞𝑞, 𝑡𝑡, 𝜏𝜏) decays exponentially 

with 𝜏𝜏. The decay rate 𝛤𝛤(𝑞𝑞) is proportional to the diffusion coefficient (𝐷𝐷) of the particles: 
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𝛤𝛤(𝑞𝑞) = 𝐷𝐷𝑞𝑞2  (2.43) 

If the diffusing particles are spherical and non-interacting their hydrodynamic radius 𝑅𝑅H  can be 

determined from 𝐷𝐷 upon applying the Stokes-Einstein equation  

𝑅𝑅H =
𝑘𝑘B𝑇𝑇

6𝜋𝜋𝜋𝜋𝐷𝐷
,  (2.44) 

with 𝜋𝜋 representing the solvent viscosity.  
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Chapter 3   

One-pot, solvent-free, metal-free synthesis and 

purification of PEO-PCL block copolymers 

An efficient, one pot, solvent-free and metal-free synthesis for block copolymers made of poly-

ε-caprolactone and poly(ethylene oxide) (PEO-PCL) is reported. Di-block and tri-block 

copolymers with different molar masses, different block length ratios, a high degree of conversion 

and narrow molar mass dispersity have been obtained by organocatalyzed ring opening 

polymerization of ε-caprolactone in the presence of mono- or diol-poly(ethylene oxide) as 

initiator and fumaric acid as catalyst. A new biocompatible purification method is presented, 

exploiting the upper critical solution temperature (𝑇𝑇UCS) of this class of copolymers in ethanol.  
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3.1 Introduction 

In this thesis, poly-ε-caprolactone (PCL) and poly(ethylene oxide) (PEO) di-block and tri-

block copolymers (BCPs) are used as a key experimental model system, as discussed in Chapter 

1. These BCPs are typically prepared via metal-catalyzed ring opening polymerization1–3 (ROP)

of ε-caprolactone (CL). However, the use of metal catalysts and its removal from the final 

product can represent an issue for some biomedical and food applications. Another approach is 

the use of enzymes as catalysts3,4. Although this method represents a greener alternative to the use 

of metal catalysts, it typically results in polymers with broad molar mass distribution, and hence 

dispersity (Đ= 𝑀𝑀w/𝑀𝑀n, with 𝑀𝑀w weight-averaged and 𝑀𝑀n number-averaged molar masses) 

exceeding 1.23,4. Thus, to improve the biocompatibility and final properties of these materials still 

new synthetic routes need to be developed. 

In this Chapter, a one-pot, solvent-free, and metal-free synthesis of PEO-PCL diblock and PCL-

PEO-PCL triblock copolymers is presented. The BCPs have been prepared via cationic ring-

opening polymerization (CROP) of CL using mono- (Me-PEO) or di-functional (PEO) 

initiators of different molar masses. The synthetic procedure is summarized in Fig. 3.1. 

Furthermore, it will be demonstrated that this method enables control over the absolute and 

relative molar mass of the blocks by varying the molar mass of the initiator and the monomer to 

initiator ratio. The synthetic reactions were catalyzed by fumaric acid (FA), which has been 

proposed as an organocatalyst for the ROP of CL by Endo et al.5. The authors demonstrated that, 

among the different acids evaluated for the ROP of CL, FA allows the preparation of PCL 

polymers with the narrowest molar mass dispersity. For this reason, FA has been the choice for 

several other authors in PCL preparation starting from different initiators,6–8 and in this thesis as 

well to make PEO-PCL and PCL-PEO-PCL BCPs. 

Figure 3.1 Schematic of the one-pot, solvent-free and metal-free synthetic procedure used for 

the ROP of the di- and tri- block-copolymers. 
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The preparation of the copolymers can be described as a three-step process: i) dehydration of the 

starting materials, ii) polymerization reaction and iii) purification. The efficiency of the first step 

can influence the Đ value of the synthesized BCPs, while the efficiency of the latter step influences 

the yield, the purity of the final product, and the atom economy of the overall process. Pursuing 

a green-oriented design the step has been conceived cautiously, leading to a one-pot solvent-free 

and metal-free synthesis and a biocompatible purification method.  

The synthesized BCPs showed a temperature-sensitive phase behaviour in ethanol with an upper 

critical solution temperature (𝑇𝑇UCS), which has not been reported previously. The 𝑇𝑇UCS is the 

temperature above which a solute and a solvent are miscible in all proportions. Besides BCPs in 

solution, 𝑇𝑇UCS points have been observed for several kinds of systems, such as polymer or 

copolymer blends9, polymer-solvent binary mixtures,10,11 and polymers in binary solvents10. 

When a system with 𝑇𝑇UCS behaviour is thermally driven from the stable (or miscible) to the 

unstable region, a spinodal decomposition occurs, and the system phase separates into a 

polymer-rich and a polymer-poor phase, as described using Flory-Huggins theory12 (see §2.2). 

This peculiar behaviour has been exploited here to develop a new purification method that avoids 

the use of less biocompatible solvents. In principle, this method can be applied to all the polymer-

solvent system exhibiting a 𝑇𝑇UCS, and tuned with the addition of co-solvents and co-non-

solvents in order to operate in the desired temperature range10. The obtained BCPs have been 

fully characterized by Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR), Gel 

Permeation Chromatography (GPC) and Matrix Assisted laser desorption/ionization time of 

flight Mass Spectroscopy (MALDI-ToF-MS).  

3.2 Synthesis of the block copolymers 

Details on materials and characterization procedures are reported in §3.A. 

3.2.1 Synthetic procedure 

The synthesis of CL9-EO21-CL9 is described as an example: 2 g of PEO (2 mmol) and 0.69 g of 

FA (6 mmol) were heated under nitrogen flow at 125 °C in a 50 ml two necks flask equipped with 

a magnetically coupled collapsible blade stirrer. Dry nitrogen was bubbled into the melt through 

the secondary neck (sealed with a rubber stopper) via a long dry needle for 1 h. After that time 

the mixture was cooled to 90 °C and the CL (36 mmol) was added quickly under stirring. After 

the addition of CL, the nitrogen flow was stopped and the mixture was kept in the closed flask at 

90 °C for the desired reaction time (typically for 24 h). 
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The rest of the polymers where prepared as described above, modifying the initiator (PEO or 

Me-PEO, the monomer to initiator (M/I) and the acid to initiator (A/I)  molar ratios as follows: 

CL4-EO9-CL4 M/I=8, A/I=1.2; CL4-EO21-CL4 M/I=8, A/I=3; CL9-EO21-CL9 M/I=18, A/I=3; 

CL18-EO21-CL18 M/I=36, A/I=3; CL18-EO44-CL18 M/I=36, A/I=6; Me-EO17-CL7 M/I=7, 

A/I=2.3. 

As the reaction time increased with increasing PEO molar mass, the FA amount was fixed with 

respect to the weight of initiator (PEO), to compensate for the decrease of reactivity. Reactions 

were followed by 1H NMR. Small aliquots of 0.1 ml were taken from the reaction flask, via a dry 

syringe equipped with a long dry needle. After the dissolution of the reaction mixture in 

deuterated chloroform, the solution was filtered via a Teflon 200 nm syringe filter to remove the 

FA, which is poorly soluble in chloroform. 

3.2.2 𝑇𝑇UCS-based purification 

Once the desired degree of polymerization was reached, 40 ml of ethanol were added and the 

mixture was thermostated at 60 °𝐶𝐶 under stirring until the polymer and the FA were dissolved. 

The amount of solvent necessary to theoretically remove all the FA was calculated using the 

extrapolated solubility data for fumaric acid in ethanol reported in literature13. The mixture was 

then cooled to room temperature and stored at −18 °𝐶𝐶 in a freezer until, after typically 2 h, 

precipitation of the polymer have occurred. The precipitate was then filtered in a Buchner 

filtration system, extensively washed with cold (−18 °𝐶𝐶) ethanol and finally dried under vacuum 

at room temperature. The copolymer samples obtained have been labeled according to their 

theoretical ‘expected’ compositions, see Table 3.1. 

3.2.3 Analysis of the synthesized copolymers 

The products resulting from the polymerization reactions were first evaluated by H1 NMR. In 

Fig. 3.2 an example of this characterization is illustrated for the polymer CL9-EO21-CL9. The 

presence of the triplet at 4.22 ppm (b) is associated with the protons relaxation in the terminal -

O-CH2- units in PEO block which indicates the successful functionalization. In fact, for the non-

functionalized polymer (initiator) the triplet is located at 3.7 ppm (see Figure 3.2a, top, and 

middle). A second triplet at 4.06 ppm (g) is associated with the relaxation of -O-CH2- proton in 

the open CL and is proportional to the degree of polymerization of the PCL blocks. The 

calculated average molar masses 𝑀𝑀n
NMR (see Table 3.1) are in fairly good agreement with the

expectations (𝑀𝑀n
expected).
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Fig 3.2 a) 1H NMR spectra of Me-PEO 750 (top), PEO 1000 (middle) and ε-CL (bottom); b) 
1H NMR spectra of CL9-EO21-CL9 (top) and Me-EO17-CL7 (bottom). 
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The polymers were further characterized by MALDI-TOF-MS (an example is shown in Figure 

3.3 for CL9-EO21-CL9). Several molar mass distributions were observed due to the presence of 

blocks with a different number of EO units or CL monomeric units (see zoom in detail and peaks 

assignments in Fig. 3.3b). These peaks are separated by 44 or 114 m/z, corresponding to the EO 

or CL monomeric units, respectively. It should be noted that the initiators PEO and Me-PEO, as 

obtained from the supplier, have more than one residual molar mass distribution (see Fig. 3.B.2 

for an example), which may contribute to the number of smaller distributions in the final 

polymers.  The average molar masses estimated by MALDI (𝑀𝑀n
MALDI) are in good agreement

with the expected values (𝑀𝑀n
expected) and with those calculated from NMR data (𝑀𝑀n

NMR) (see

Table 3.1). After purification, no free CL was present in the polymer products, according to 

NMR spectra (Fig. 3.2 and Fig. 3.B.3 bottom). Furthermore, NMR spectra revealed that no 

detectable FA residues were present in the polymer samples CL9-EO21-CL9, CL18-EO21-CL18 and 

CL18-EO44-CL18 (obtained as white powders, see Fig. 3.B.1). However, small amounts of FA 

residues were detected in some of the samples after precipitation (see example in Fig. 3.B.3 

bottom), namely for CL4-EO9-CL4 and CL4-EO21-CL4, obtained as waxy compounds. The 

presence of the non-toxic FA residues is not per se an issue for biomedical and food applications. 

In fact, it is approved for use as a food additive14–16 and acidity regulator, commonly known 

under the name E297. Nevertheless, whenever high purity will be required (e.g. technological 

applications), eventual FA residues can be easily removed via dissolution of the polymers in 

chloroform and filtration with a 200 nm Teflon filter. 

Fig. 3.3 MALDI for CL4-EO21-CL4. a) Full m/z distribution; b) zoom in details with peak 

assignments. Analysis by I. J. Pardo, TU/e. 
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As FA is insoluble in chloroform it will be retained by the filter and the filtrate solution can be 

collected. The solvent can be evaporated under vacuum or in a rotating evaporator after which 

pure polymer can be obtained.  

The Đ values (Table 3.1), determined by GPC (Fig. 3.4), reveal a quite narrow molar mass 

distributions for all synthesized triblock copolymers, which slightly increases with increasing PCL 

block length. The yield gets closer to 100% with increasing copolymer molar mass. This is caused 

by the increased efficiency of the precipitation method for high molar mass BCPs, as discussed 

in§3.3. 

The proposed synthetic method was successfully applied for the synthesis of a Me-PEO-PCL 

diblock copolymer. The 1H NMR spectrum (Fig. 3.2b, bottom) reveals the typical signals related 

to the formation of the copolymer (triplet at 4.22 ppm associated to the protons relaxation in the 

terminal -O-CH2- units in PEO block, triplet at 4.06 ppm associated to the relaxation of -O-

CH2- proton in the open CL, signals c and h respectively) that are not present in Me-PEO. The 

calculated mass 𝑀𝑀n
NMR is in good agreement with the expected value 𝑀𝑀n

expected and with the mass

measured by MALDI-Tof-MS. The Đ values obtained from GPC measurements reveal a quite 

narrow molar mass distribution, as observed for the triblock copolymers. The results of the 

characterizations, included in Table 3.1, confirm that the proposed procedure is suitable for the 

preparation of diblock copolymers. 

Table 3.1 Results of the characterizations performed on the synthesized copolymers. 

COPOLYMER 
𝑀𝑀n

expexted

(kDa) 

𝑀𝑀n
NMR

 

(kDa) 

𝑀𝑀n
MALDI

 

(kDa) 

Đ 
(GPC) 

Reaction 

time (h) 

Conversion 

(%)* 

Yield 

(%) 

𝑇𝑇UCS

(°C) 

CL4-EO9-CL4 1.3 1.5 1.6 1.08 24 100 40 31 

CL4-EO21-CL4 1.8 1.6 1.6 1.08 24 100 50 18 

CL9-EO21-CL9 3.0 3.2 3.5 1.08 24 100 60 34 

CL18-EO21-CL18 5.0 5.2 5.0 1.11 48 100 90 58 

CL18-EO44-CL18 6.0 5.5 5.2 1.10 48 87 85 50 

Me-EO17-CL7 1.5 1.5 1.6 1.10 24 100 45 - 

* Calculated by 1H NMR.
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3.3 Phase behaviour of the block copolymers 

The purification method presented here is based on a thermally driven spinodal decomposition, 

which leads to the formation of a polymer-rich phase (precipitate) and solvent-rich phase 

(supernatant). A classical approach to describe such a phase behaviour is the Flory-Huggins (F-

H) theory (see §2.2). In F-H theory the enthalpic contribution to the free energy of mixing is 

modeled via a set of interaction parameters (also called F-H parameters or 𝜒𝜒ij parameters)12. For 

a simple binary system, like a homopolymer (P) in a solvent (S) the components are miscible if 

𝜒𝜒SP is smaller than a certain critical value 𝜒𝜒SPcrit. The value of 𝜒𝜒SP is (usually) a function of the

inverse of temperature, while 𝜒𝜒SPcrit depends on the solvent size and the polymer chain length (see

eq. 2.7). Hence, the solubility of a homopolymer in a solvent typically increases with temperature 

and decreases with increasing molar mass. If a polymer-solvent system is characterized by a  𝜒𝜒SP 

parameter close to 𝜒𝜒SPcrit, the critical point can be crossed by changing the temperature in a

relatively narrow interval, giving rise to the 𝑇𝑇UCS behaviour. For example, at room temperature, 

high molar mass PEO in ethanol demixes11, while small molar mass PEO polymers are soluble. 

Fig. 3.4 GPC traces of PEO1000 (1) CL4-EO21-CL4 (2), CL9-EO21-CL9 (3), CL18-EO21-CL18 (4) 

BCPs. 
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It is noted that this interpretation does not take into account possible crystallization phenomena. 

In the more complicated case of copolymer-solvent mixtures, the phase behaviour is dependent 

on a set of interaction parameters, on the relative length of the blocks and on the overall molar 

mass of the BCP12. In any case, for a given BCP-solvent system the composition of the two phases 

is only dependent on temperature. For a copolymer solution with polymer volume fraction 𝜙𝜙p 

which separates in two phases, where the polymer volume fraction is respectively 𝜑𝜑pI  and  𝜑𝜑pII,
with 𝜑𝜑pI > 𝜑𝜑pII , it is easy to demonstrate (see section 3.A.3) that the mass of polymer (𝑚𝑚prec) in

the polymer-rich phase (thus recovered as a precipitate) is  

𝑚𝑚prec =
𝑚𝑚pol�1 − 𝜑𝜑pII� − 𝜌𝜌𝑉𝑉solv𝜑𝜑pII

1 −
𝜑𝜑pII
𝜑𝜑pI

 ,  (3.1) 

where ρ is the density of the polymer, 𝑚𝑚pol  is the total mass of dispersed polymer and 𝑉𝑉solv is 

the volume of the solvent. Therefore, at a fixed temperature the lower the amount of solvent, the 

Fig 3.5 a) GPC traces of the precipitate and the supernatant obtained from the purification of 

sample CL4-EO9-CL4.; b) MALDI m/z distributions for the precipitate and the supernatant 

obtained from the purification of sample CL4-EO9-CL4. 

higher the total amount of polymer that precipitates. On the other hand, to make the purification 

effective one must consider the solubility of the impurities that need to be removed. The 

concentration of these impurities must be below the solubility limit at the temperature at which 

the precipitation is performed (-18 °C in the present case). Part of the impurities will still be 

present in the precipitate as it contains a solvent volume fraction of  (1 − 𝜑𝜑pI ) . For this reason, a 

washing step is still necessary. The yield and the purity of the final product are higher when 𝜑𝜑pI  is  
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Fig 3.6 Phase diagrams for the BCPs obtained plotting the demixing temperature as a function 

of the polymer concentration in ethanol. (1) CL4-EO9-CL4; (2) CL4-EO21-CL4; (3) CL9-EO21-

CL9; (4) CL18-EO21-CL18; (5) CL18-EO44-CL18. 

closer to 1. The values of 𝜑𝜑pI  and  𝜑𝜑pII can be estimated from Flory-Huggins theory for BCPs

(which is derived in Chapter 5), if the full set of 𝜒𝜒ij parameters and their temperature dependence 

are known. If the solubilities of the impurities (which sets the amount of solvent needed for 

purification) are known at the precipitation temperature, the final yield and the efficiency of the 

process can be evaluated a priori.  On the basis of these considerations, the low yield and the 

incomplete purification of the copolymer with smaller molar mass (CL4-EO9-CL4) and the 

copolymer with the higher lyophilic to lyophobic block ratio (CL4-EO21-CL4) can be explained 

as a consequences of a low 𝜑𝜑pI  value. 

The non-volatile residue contained in the polymer-poor phase from the purification of the 

copolymer CL4-EO9-CL4 has been analyzed. H1 NMR spectra, shown in Fig. 3.B.3, indicate that 

the non-reacted CL (2.62 ppm) was present only in the supernatant phase and was completely 
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removed from the precipitate. It was also not possible to detect the signal from the terminal OH 

groups (2.72 ppm) of non-functionalized PEO. As expected, the average 𝑀𝑀n
NMR of the

copolymer present in the supernatant (1 kDa) is smaller than that of the precipitated polymer 

(1.5 kDa). This is also visible in the GPC traces and in the MALDI distribution (Fig. 3.5). This 

finding, explained by the fact that polymers with a different degree of functionalization are 

characterized by different solubility and 𝑇𝑇UCS, indicates that the presented purification procedure 

could be used as an efficient separation method for mixtures of polymers with different 𝑇𝑇UCS, for 

example, to reduce the molar mass dispersity of a highly inhomogeneous sample. 

The measured phase diagrams (Fig. 3.6) and the calculated 𝑇𝑇UCS (Table 3.1) of the triblock 

copolymers in ethanol were found to be dependent on the molar mass of the copolymer and on 

the relative length of the hydrophobic and hydrophilic blocks (Fig. 3.B.4). This indicates the 

possibility to design BCPs with tailored 𝑇𝑇UCS value. A more detailed study of this phase behaviour 

is reported in Chapter 6.  

3.4 Conclusions 

A new, one-pot, metal-free and solvent-free synthetic procedure has been developed to prepare 

PCL-EO-PCL triblock and PEO-PCL di-block copolymers with different molar masses and 

PEO to PCL ratios, with narrow molar mass distributions and high yields. The phase diagrams of 

the synthesized BCP were reported, and an upper critical solution temperature (𝑇𝑇UCS) behaviour 

in ethanol has been observed for the first time and exploited to develop the novel purification 

method. This method provides a biocompatible alternative to classical precipitation in more 

toxic organic solvents. The 𝑇𝑇UCS is correlated with the total molar mass of the copolymer and 

with the block mass ratio. Such a correlation can be used to design BCPs with tailored 𝑇𝑇UCS value 

in ethanol.  
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3.A Materials, methods and supplementary discussions

3.A.1 Materials 

The chemicals PEO 400 (EO9), PEO 1000 (EO21), PEO 2000 (EO44), Me-PEO 750 (Me-EO17) 

and CL were purchased from Sigma Aldrich. Fumaric Acid was purchased from Fluka and 

absolute ethanol from Biosolve, the Netherlands. The monomer CL was dried via vacuum 

distillation at 170 °C. All the other reagents were used as received. All the glassware used was dried 

in an oven at 100 °C for 24 h. 

3.A.2 Characterization methods 

The chemical structure and the degree of polymerization of the synthesized materials were 

characterized and calculated by 1H, carried out on a Varian 400 (400 MHz) spectrometer at 

25 °𝐶𝐶. Deuterated chloroform with TMS reference was used as the solvent for the structural 

characterization, while deuterated acetone with TMS reference was used as the solvent to check 

the presence of FA in the final products, and to study the purification process, as FA is insoluble 

in chloroform.  

For PEO diol precursors the average degree of polymerization was calculated by the ratio of the 

integral of the peak related to the CH2 protons relaxation in terminal HO-CH2- groups (3.7 ppm) 

and the integral of the signal associated to the –O-CH2- protons relaxation (3.62 ppm). From 

the so calculated degree of polymerization an average mass (𝑀𝑀n
NMR) value was calculated (Table

3.A.1). For the synthesized BCPs the degree of polymerization, thus the average mass 𝑀𝑀n
NMR, and

the monomer conversion were calculated by the ratio between the integrals of the signal 

associated to the protons relaxation in the terminal -O-CH2- units in PEO block (4,22 ppm) and 

the one associated to the relaxation of -O-CH2- proton in the open CL (4,06 ppm). 

The molar mass dispersity Đ= 𝑀𝑀w
GPC/𝑀𝑀n

GPC were determined by Gel Permeation

Chromatography (GPC), using a Waters GPC equipped with Waters model 510 pump and a 

model 410 differential refractometer. A set of two mixed bed columns (Mixed-C, Polymer 

Laboratories, 30 cm, 40 C) was used and THF was selected as eluent. The system was calibrated 

using narrow molar mass polystyrene standards ranging from 600 to 7106 Da. 

The average number molar mass of the synthesized BCPs was obtained by MALDI-TOF-MS. To 

perform the measurements, the polymers were dissolved in THF (5 mg⋅ml-1), to which the matrix 

(trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene] malononitrile 40 mg⋅ml-1 in THF) 

and the ionization agent (Potassium trifluoroacetate 5 mg⋅ml-1) were added (4:1:4 vol). The 

obtained solutions were spotted on the sample-plate (0.30 μl) and analyzed by means of a 
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PerSeptive Biosystems Voyager-DE STR MALDI-TOF-MS spectrometer equipped with a 337 

nm nitrogen laser (3 ns pulse). All mass spectra were obtained with an accelerating potential of 

20 kV in positive ion and reflector mode with delayed extraction. Data were processed with 

Voyager software.  

To estimate the 𝑇𝑇UCS of the copolymers the phase diagram of each copolymer type was measured 

over a concentration interval of 10-120 mg⋅ml-1 via turbidimetric measurements.  

Table 3.A.1 Features of the PEO and MPEO precursors. 

INITIATOR 𝑀𝑀n
expected

 (Da) 𝑀𝑀n
NMR

 (Da) Đ (GPC) 

PEO 400 ( EO9) 400 400 1.07 

PEO 1000 ( EO21) 900 900 1.10 

PEO 2000 ( EO44) 1900 1900 1.05 

MePEO 750 ( Me-EO17) 750 750 1.09 

When crossing the 𝑇𝑇UCS of a polymer solution a demixing process commences characterized by 

a cloud point at which the transmittance of the solution drops dramatically since the turbidity 

diverges because of concentration fluctuations. The cloud points of different copolymer-ethanol 

mixtures (10, 20, 40, 70, 120 mg⋅ml-1) were estimated by means of an HP 8453 UV-vis 

spectrophotometer equipped with a Peltier cell, measuring the variation of transmission at a 

wavelength of 500 nm upon heating (steps of 2 °C from 2 °C to 70 °C) and stirring. Prior to each 

measurement, the samples were thermostated for 10 minutes at the proper temperature in a 

binder KB 53 incubator. For each sample the cloud point was identified as the temperature at 

which the transmittance exceeds 85%. The data, providing phase diagrams (Fig. 3.6) obtained in 

that way, were fit to second-order polynomial functions and the temperature corresponding to 

the maximum of each curve was taken as the 𝑇𝑇UCS value for the corresponding copolymer. In 

Fig. 3.B.4 the so obtained 𝑇𝑇UCS values were plotted as a function of the copolymer features. 
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3.A.3 Calculation of the amount of polymer precipitating in the purification process 

For a copolymer solution of volume 𝑉𝑉tot with polymer volume fraction 𝜙𝜙p which separates in

two phases, of volume 𝑉𝑉I and 𝑉𝑉II, where the polymer volume fraction is respectively 𝜑𝜑pI  and  𝜑𝜑pII

(with 𝜑𝜑pI > 𝜑𝜑pII  ), the total volume of polymer 𝑉𝑉pol can be expressed as

𝑉𝑉pol = 𝑉𝑉tot ∙ ϕp = 𝑉𝑉tot − 𝑉𝑉solv = 𝜑𝜑pI 𝑉𝑉I + 𝜑𝜑pII𝑉𝑉II  (3.2) 

where 𝑉𝑉solv is the total solvent volume. Hence it follows: 

𝜑𝜑pI 𝑉𝑉I = 𝑉𝑉tot − 𝑉𝑉solv − 𝑉𝑉tot𝜑𝜑pII + 𝜑𝜑pII𝑉𝑉I,  (3.3) 

𝜑𝜑pI 𝑉𝑉I − 𝜑𝜑pII𝑉𝑉I = 𝑉𝑉tot ∙ �1 − 𝜑𝜑pII� − 𝑉𝑉solv,  (3.4) 

𝜑𝜑pI 𝑉𝑉I �1 −
𝜑𝜑pII

𝜑𝜑pI
� = 𝑉𝑉tot ∙ �1 − 𝜑𝜑pII� − 𝑉𝑉solv,  (3.5) 

𝜑𝜑pI 𝑉𝑉I �1 −
𝜑𝜑pII

𝜑𝜑pI
� = �Vpol + Vsolv��1 − 𝜑𝜑pII� − 𝑉𝑉solv,  (3.6) 

The term 𝑉𝑉pol is the ratio between the total polymer mass 𝑚𝑚pol and the polymer density 𝜌𝜌. 

Rearranging, the precipitated polymer mass 𝑚𝑚prec can be expressed as 

𝑚𝑚prec = 𝜑𝜑pI 𝑉𝑉I𝜌𝜌 =
𝑚𝑚pol�1 − 𝜑𝜑pII� − 𝜌𝜌𝑉𝑉solv𝜑𝜑pII

1 −
𝜑𝜑pII
𝜑𝜑pI

 (3.7) 
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3.B Supplementary figures

Fig 3.B.1. Powders of CL9-EO21-CL9, CL18-EO21-CL18 and CL18-EO44-CL18 copolymers as 

obtained after purification. 

Fig 3.B.2 MALDI m/z distributions for the initiator Me-EO17. 
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Fig 3.B.3 1H-NMR Spectra of the supernatant residue (top) and precipitate (bottom) obtained 

from the purification of copolymer CL4-EO9-CL4 after evaporation of ethanol. 

Fig 3.B.4 𝑇𝑇UCS values for various block copolymers in ethanol.  In the plots the correlations are 

given for the measured 𝑇𝑇UCS with PCL molar mass calculated by NMR for BCPs having the a) 

same PEO block (EO21) and b) same PEO to PCL mass ratio (~0.44). Dashed curves are drawn 

to guide the eye. 
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Chapter 4   

A roadmap for PEO-PCL self-assembly in water: 

prediction, synthesis, and characterization 

Self-consistent field (SF-SCF) lattice computations allow a priori determination of the 

equilibrium morphology and size of supramolecular structures originating from the self-

assembly of BCPs in selective solvents. The self-assembly behaviour of poly(ethylene oxide)-

block-poly-ε-caprolactone (PEO-PCL) block copolymers in water has been studied as a 

function of the block composition, resulting in equilibrium structure and size diagrams. Guided 

by the theoretical SF-SCF predictions, PEO-PCL block copolymers of various compositions 

have been synthesized, and their self-assembly in water have been investigated. The size and 

morphology of the resulting structures have been characterized by small-angle X-ray scattering, 

cryogenic transmission electron microscopy, and multi-angle dynamic light scattering. The 

experimental results are consistent with the SF-SCF computations. Interestingly, it is found that 

PCL crystallization might take place during self-assembly, resulting in the formation of leaf-

shaped bilayered structures. 
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4.1 The need for predictive models 

The ability to relate the copolymer composition to the self-assembly behaviour in selective 

solvents, in order to finely control morphology and size, is a central theme in the development 

of block copolymer (BCP) self-assembly field. This is most commonly done by experimental trial 

and error, which has two main drawbacks: first, it represents a high investment of time and 

resources; second, the features of the self-assembled structures can strongly depend on the 

adopted preparation procedure1. The latter is related to the fact that BCPs assemblies can get 

stuck in kinetic traps, which may remain stable in solution for long periods2,3 or continually 

evolve over time1. However, it is difficult to predict and control the self-assembly of kinetically 

trapped structures, which can lead to even more exhaustive trial-and-error based approaches.  A 

solution to avoid the drawback of extensive experimental investigations is to rely on theoretical 

methods which enable quantitative prediction of the desired equilibrium morphology and size, 

and then to use experimental approaches to obtain these equilibrium structures in solution.  

To explain why different BCPs adopt different architectures, the packing parameter4 𝑃𝑃 is 

frequently used. The quantity 𝑃𝑃 is defined as 𝑉𝑉/𝛼𝛼𝛼𝛼, where 𝑉𝑉 is the volume of the lyophobic 

block, 𝛼𝛼 is the end-to-end distance of the lyophobic block in the assembly, and 𝛼𝛼 the specific area 

occupied by one BCP molecule at the interface between lyophobic and lyophilic domains. 

However, it is not possible to directly relate BCP architecture to 𝑃𝑃, since the estimation of 𝛼𝛼 and 
𝑉𝑉 requires the knowledge of the aggregation number (𝑁𝑁agg),  𝛼𝛼, and the solvent volume fraction 

(𝜑𝜑Score) inside the assemblies. These quantities must be provided via experimental, 

computational or theoretical methods. 

Analytical theories5–7 have been developed to describe the self-association of BCPs, as discussed 

in Chapter 2. The predictive power of such theories is, however, limited. For example, the models 

proposed by Zhulina and coworkers5,7can give reliable predictions regarding size and aggregation 

number for spherical micelles, but for other morphologies they can mostly describe the scaling 

behaviour7. 

Full computer simulation methods such as molecular dynamics (MD) can provide precise 

information about the self-assembly behaviour of BCPs and are very useful to study out-of-

equilibrium structures. However, the high computational cost of such methods does not allow 

systematic investigations on practical timescales. A powerful tool to obtain reliable 

thermodynamic and structural information, and predict the size and morphology of self-

assembled architectures is the Scheutjens-Fleer Self Consistent Field (SF-SCF) theory8,9 

(described in Chapter 2). In this theory, the polymers and the solvent molecules are distributed 
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over a lattice. The conformational space of the molecules is explored via a step-weighted random 

walk to calculate the conformational entropy, while the enthalpy of the self-assembly process is 

modeled via a set of Flory-Hugginsχparameters (see Chapter 2), which can be estimated 

theoretically or measured experimentally10,11. Due to the low computational cost SF-SCF 

calculations provide a fast (typically at least 104 times faster than full computer simulations) and 

effective way to perform systematic investigations. When the χ parameters are accurate and the 

coarse-graining of the BCPs reflects the actual flexibility of the blocks, the SF-SCF computations 

can give quantitatively accurate predictions14. 

In this Chapter the SF-SCF method is used to systematically investigate the self-assembly 

behaviour of poly(ethylene oxide)-block-poly-ε-caprolactone (PEO-PCL) BCPs in water as a 

function of the PEO and PCL block lengths. The results of the computations have been used to 

build an equilibrium structure diagram; illustrative concentration profiles are provided for each 

morphology. As explained in Chapter 2, the concentration profiles show how the volume 

fractions (𝜑𝜑) of each component varies as a function of the distance from the center (𝑟𝑟) of the 

self-organized structure.  

Building a predictive framework for the equilibrium self-assembly of PEO-PCL in water is a 

necessary step to unravel more complex dispersion behaviours. Furthermore, it is important in 

virtue of the great potential of PEO-PCL BCPs in the biomedical field12,13. PEO-PCL self-

assembled structures in water are characterized by an insoluble core composed of the 

hydrophobic PCL block, suitable for the encapsulation of hydrophobic compounds14,15, such as 

drugs, dyes, and vitamins. The core is surrounded by a stabilizing PEO corona, which confers 

stealth properties to the structure, improving the cellular uptake16. For these applications, in 

particular, a high level of control over the shape and dimension of the self-assembled structures 

is required. For example, recently it has been shown how architectures with different 

morphologies possess different utility in biology and nanomedicine17–19. 

Many experimental and theoretical investigations about the self-assembly behaviour of PEO-

PCL and other PEO-based BCPs have been performed in an attempt to relate (block) copolymer 

composition20–26 and chain rigidity27–29 with the self-assembly behaviour. It appears that, given 

the multiplicity of factors affecting BCPs self-assembly (blocks solubility, chain length, chain 

rigidity and eventually specific interactions like hydrogen bonding), the construction of 

predictive self-assembled morphology diagrams of such compounds needs to be performed on 

a case by case basis for each specific BCP. Furthermore, it is also clear that the preparation 

procedure has a drastic effect on the final morphology and size of PEO-PCL self-assembled 

structures, as discussed by Konishcheva et al. in a recent paper30. It will be shown that the outcome 

of the SF-SCF computations can provide useful insights to understand these results, in particular, 
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to understand whether a structure is in thermodynamic equilibrium or not. This information is 

important, as non-equilibrium structures can be characterized by a low colloidal stability and the 

tendency to evolve over time into more stable morphologies.  

Following the results provided by the SF-SCF computations, a set of PEO-PCL BCPs have been 

synthesized, and their self-assembly behaviour experimentally explored by Small-Angle X-ray 

Scattering (SAXS), Cryogenic Transmission Electron Microscopy (cryo-TEM) and Multi-Angle 

Dynamic Light Scattering (DLS). The experimental results are consistent with the theoretical 

predictions. This demonstrates the potential of a predict-synthesize-characterize framework, 

which can be further applied to many other BCP-solvent systems. Furthermore, it facilitates the 

design of polymer assemblies with specific characteristics which will enable efficient strategies for 

the end-use of such polymers, e.g. encapsulation of hydrophobic compounds into PEO-PCL 

BCPs, as it will be discussed in Chapter 9.  

4.2 SF-SCF results: morphology, size, and radial concentration diagrams 

The SF-SCF computations for the PEO-PCL copolymers are summarized into an equilibrium 

morphology diagram (Fig. 4.1), a size prediction diagram for spherical micelles (Fig. 4.2 a) and 

representative concentration profiles for the three different morphologies (spheres, cylinder, and 

bilayers, see Fig. 4.2 b-d). Details on the computational setup are reported in section 4.A.1. The 

equilibrium morphology diagram (Fig. 4.1) shows that, as the ratio between PCL and PEO block 

lengths increases, the preferred morphology shifts from spheres, to cylinders, to bilayers (as 

discussed in Chapter 2, there is no distinction between vesicles and flat bilayers due to the 

computation conditions). From the morphology diagram, it appears that the change in 

morphology does not occur at a fixed PCL/PEO mass ratio (the regions for the different 

morphologies are not separated by straight lines) because the elastic energies of  the lyophilic and 

the lyophobic blocks have a different scaling dependence on the block length, as discussed in 

§ 2.4.

The size prediction diagram for spherical micelles reported in Fig. 4.2 a shows how the 

hydrodynamic size varies with the BCP composition, covering a radius range between 4.5 and 12 

nm, by using variations of the PEO and PCL block molar masses. Similar plots can be generated 

to predict the cross-sectional radius of cylindrical micelles, and the thickness of vesicles and flat 

bilayers (not reported here). The hydrodynamic radius 𝑅𝑅H calculated by the concentration 

profiles  (see Chapter 2) for several spherical micelles, follows the scaling behaviour predicted by 

Zhulina and coworkers5 for star-like micelles (𝑅𝑅H~𝑚𝑚3/5, with 𝑚𝑚 indicating the number of CL

units). The concentration profiles have been also used to quantify the core and corona sizes and 

the solvent fraction in both the core and the corona (Table 4.1). 
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Fig. 4.1 Morphology diagram for PEO-PCL BCPs in water at 𝑇𝑇 = 20 °C obtained by SF-SCF. 

The curves separate the stability regions for different morphologies, indicated by the schematics. 

The composition of the BCPs are expressed in terms of number-averaged molar mass (𝑀𝑀n) and 

block lengths (𝑛𝑛 and 𝑚𝑚).  

4.3 Experimental analysis of selected PEO-PCL self-assembled structures 

Following the SF-SCF predictions reported in the morphology diagram, three different BCPs, 

each supposed to assemble into a different morphology, spherical micelles (Me-EO45-b-CL12), 

cylindrical micelles (Me-EO45-b-CL35), and bilayers (Me-EO45- b-CL87), have been synthesized. 

The BCPs were characterized by NMR and SEC, and their assemblies in water were characterized 

by SAXS, cryo-TEM, and DLS. The results are summarized in Table 4.1 and the details for each 

method are given in §4.A.   

 4.3.1 On the preparation of self-assembled structures 

Copolymer assemblies are dynamic, i.e. there is an exchange equilibrium between assembled and 

freely dissolved macromolecules31–33. Due to this exchange out of equilibrium structures can 

evolve towards thermodynamic equilibrium. 
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Fig. 4.2 a) SF-SCF size prediction diagram for Me-PEO-b-PCL BCPs of different compositions. 

Data points from SF-SCF are compared with the scaling behaviour predicted for star-like micelles 

by Zhulina and Borisov 7. b-d) SF-SCF concentration profiles, showing how the volume fraction 

(𝜑𝜑) of a certain component varies as a function of the distance from the center of the lattice (𝑟𝑟), 

for b) Me-EO45-b-CL12 spherical micelles, c) Me-EO45-b-CL35 cylindrical micelles and d) Me-

EO45-b-CL87 bilayers.  

If the solubility of the BCP is very low, this evolution becomes so slow that the structures can be 

considered as frozen33. Hence, in the experimental design, it is extremely important to select a 

preparation procedure which ensures the formation of assemblies close to the thermodynamic 

equilibrium. For PEO-PCL BCPs it has been shown experimentally25,30 that the final morphology 

depends on the preparation procedure, leading to the coexistence of mesoscale and nanoscale 

aggregates of various morphologies. The preparation process plays an important role, especially 

for objects with complex geometry such as cylinders or hollow spheres. Two different kinds of 

approaches are usually followed to prepare self-assembled structures: bottom-up, when the 

polymer is molecularly dissolved in a good solvent and forced to assemble by a change in solvent 

selectivity30, and top-down, where a precursor phase is induced to rearrange in solution34. To 
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prepare complex architectures with a bottom-up approach (e.g. solvent switch30) the chains need 

time to organize into a stable conformation. If the solvent switch is too fast the lyophobic chains 

tend to collapse aggregating into spherical particles, as this is a faster way to reduce their interfacial 

area. These structures are metastable and are not the most stable conformation that the system 

can adopt3. To prepare structures close to equilibrium via a top-down approach (e.g. thin film 

rehydration25,30) three conditions need to be fulfilled: first, the chains need enough mobility to 

rearrange, meaning that the lyophobic blocks need to be above the glass transition temperature; 

second, the reorganization must lead to the segregation of lyophilic and lyophobic chains into 

two domains. The driving force for this segregation may consist of the intrinsic incompatibility 

between the two blocks together with the tendency of the hydrophilic block to maximize contact 

with the solvent. Third, the assemblies must be dynamic in order to reach the equilibrium value 

of 𝑁𝑁agg. In the case of PEO-PCL in solution at room temperature, the presence of hydrogen-

bonded water on the PEO chains35,36 mediates the interaction between the blocks, resulting in a 

high effective incompatibility37. When the system is heated to promote film rehydration (see the 

preparation procedure adopted by Qi et al.25), the PCL chains gain mobility, but the PEO chains 

start to lose the hydrogen-bonded water and become insoluble. As a consequence, the stabilizing 

effect of the PEO domains and the overall BCP solubility are strongly reduced. This may result in 

the formation of out of equilibrium structures.  

One can deduce that a bottom-up approach should be preferred for BCPs with highly lyophobic 

blocks or thermosensitive lyophilic blocks. A top-down approach can be suitable for BCPs made 

of highly incompatible blocks with low glass transition temperature and relatively high solubility. 

The SF-SCF model proposed here identifies the equilibrium morphology and size of self-

assembled structures as a function of the copolymer composition (Fig. 4.1 and 4.2). If the 

parameters used for the modeling are accurate, a comparison between experimental results and 

SF-SCF computations can be used as a feedback loop to rationalize whether or not a certain 

procedure results in the formation of equilibrium self-assembled structures.  

4.3.2 Spherical Micelles from Me-EO45-b-CL12  

The SF-SCF results for Me-EO45-b-CL12 copolymers show that the preferred configuration in 

water is spherical micelles with a core radius of 4.5 nm, a corona thickness of 4.5 nm (total RH = 

9 nm) and an aggregation number of 𝑁𝑁aggSCF = 231. The SF-SCF results also show the average

solvent volume fraction in the core and corona to be 0.05 and 0.75 respectively. Due to the 

symmetry of the spherical micelle morphology, SF-SCF essentially provides a full (radially-

averaged) description of the molecular organization within the self-assembled structures.  
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Experimentally, the spherical morphology is confirmed via the cryo-TEM (Fig. 4.3) and SAXS 

(Fig. 4.4). A good fit of SAXS scattered intensity data was obtained using a spherical core-shell 

form factor38. The core size was measured to be 4±2 nm via cryo-TEM, while both the core size 

and overall particle radius were determined to be 8 nm and 11 nm, respectively, from the SAXS 

data. The particles hydrodynamic radius was measured by DLS, which gave a value of 9 nm. The 

SAXS analysis is also able to estimate the average solvent volume fraction in the coral and coronal 

domains. This can be evaluated via the electron length density values obtained by the fitting 

(1.036 ∙ 10−5 Å−2 for the core, 9.855 ∙ 10−6 Å−2 for the shell) which resulted in values of 0.05 

and 0.87, respectively (details of these calculations available in §4.A). From the forward 

scattered intensity value (𝑞𝑞 → 0, with 𝑞𝑞 being the scattering vector, see Chapter 2 and §4.A), it 

was possible to calculate the micelles aggregation number 𝑁𝑁aggSAXS = 225 for Me-EO45-b-CL12,

which is in close agreement with the SF-SCF value of 231.  

Hence, the experimental data qualitatively and quantitatively agree with the theoretical SF-SCF 

predictions, which validates the model and indicates that the micelles are close to thermodynamic 

equilibrium.  

4.3.3 Cylindrical Micelles from Me-EO45-b-CL35  

For Me-EO45-b-CL35 copolymer the SF-SCF calculations reveal the preferred configuration in 

water is a cylindrical micelle geometry with a cross-sectional core radius of 8 nm, a corona 

thickness of 4 nm (total cross-sectional radius = 12 nm). The length of cylindrical micelles is 

determined by kinetic parameters which are not accounted for in our approach. However, if the 

length of the cylinders can be determined experimentally this information combined with the SF-

SCF simulations can be used to estimate the mean aggregation number of the structures. The SF-

SCF average solvent volume fraction in the core and corona are, respectively, 0.05 and 0.74. 

The morphology of the Me-EO45-b-CL35 copolymer assembly was again confirmed via cryo-

TEM (Fig. 4.3) and SAXS measurements. The scattered intensity profile shows the typical 

features associated with the presence of cylindrical objects. At low 𝑞𝑞 the scattered intensity gets 

proportional to 𝑞𝑞−1, as expected for cylinders. The intensity 𝐼𝐼(𝑞𝑞) data were fitted to a flexible 

cylinder form factor39 (Fig. 4.4) with cylinder cross-sectional radius of 6±1 nm and Kuhn length 

60 nm. This indicates that the cylindrical micelles of PEO-PCL are partially flexible in solution, 

which is in contradiction to the cryo-TEM analysis. However, the cryo-TEM procedure involves 

confinement of the cylinders to a thin (usually of the order of 100-200 nm) film of water. In this 

regime, due to their high excluded volume, rods might align to maximize their 
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Fig 4.3 Cryo-TEM images of a) EO45-b-CL12; images show spherical micelles with a radius of 

4.5±1 nm. b) Me-EO45-b-CL35 ; images display cylindrical micelles with a cross sectional radius 

of 8±1 nm surrounded by minor ice contamination. c,d) Me-EO45-b-CL87; in image d) multiple 

leaf shaped bilayer, the dominant observed morphology, can be seen. At high magnification c) 

an edge with thickness 14±9 nm can be observed. Further, in image d) centre-left a seemingly 

micellar packed spherical structure can be observed. Areas with darker contrast in the bilayer are 

attributed to the presence of crystalline domains. Images by M. van Rijt and J. Patterson, TU/e. 
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Fig 4.4 SAXS scattered intensities as function of the wave vector 𝑞𝑞 for Me-EO45-b-CL12, Me-

EO45-b-CL35 and  Me-EO45-b-CL87 copolymers in water at concentration of 5 mg · mL−1. Fits 

of form factors for lamellae, cylinders and (core + shell) spheres are plotted as the solid curves. 

translational entropy40, assuming a straight configuration which may result in an apparently larger 

persistence length. However, the cryo-TEM analysis shows that the cylinders are not perfectly 

straight, but present small bending points spaced roughly 50-70 nm. This distance compares with 

the Kuhn length measured by SAXS. 

A comparison of the experimental data with the SF-SCF concentration profile (Fig. 4.2 c) shows 

that the cross-sectional radius obtained by SAXS (6±1 nm) and cryo-TEM (8±4 nm) 

correspond to the size of the dense PCL core. This is a consequence of the low contrast of the 

highly hydrated PEO coronal region.  
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4.3.4 Bilayers from Me-EO45-b-CL87 

The SF-SCF computations for Me-EO45-b-CL87 copolymers show that the preferred 

morphology in water is bilayer with a core thickness of 16 nm and corona thickness of 6 nm (total 

thickness of 28 nm). In solution, bilayers are known to adopt either flat, curved or closed 

spherical (vesicles) morphologies. 

 The SAXS scattered intensity data (Fig. 4.4) were modeled using flat lamellae form factor41, 

resulting in a thickness of 12±2 nm. At 𝑞𝑞 ≈ 2 ∙ 10−3 Å-1, it is interesting to note the contribution 

of small aggregates with sizes in the order of a few tens of nm. These aggregates can be kinetic 

products originating from the preparation procedure. At lower 𝑞𝑞 values (𝑞𝑞 < 10−3 Å-1), the 

intensity deviates from the typical behaviour expected for flat objects (𝐼𝐼~𝑞𝑞−2). This is due to the 

contribution of the structure factor, indicating the tendency of the lamellae to form stacks. 

The cryo-TEM image shows the presence of both flat/curved bilayers (Fig. 4.3 d) and vesicles 

(Fig. 4.A.5). The flat bilayers (with membrane thickness of 14±9 nm) are observed much more 

frequently than the vesicles. This explains the good fit of the SAXS data to the flat bilayer model, 

as they will dominate the scattering profile.  

Table 4.1 Characteristics of the PEO-PCL diblocks synthesized in this study: a) number-

averaged molar mass (from NMR); b) molar mass dispersity; c) morphology of the self-

assembled structure in water at 𝑇𝑇 = 20 °C: S=Spherical, C=Cylindrical, B=Bilayer; d) size of the 

PCL core obtained by SF-SCF; e) total hydrodynamic size from SF-SCF; f) size measured by 

DLS; g) size measured by SAXS; h) size measured by cryo-TEM. Experimental size data are 

provided with the respective standard deviation. 

Me-EO45-b-CL12 Me-EO45-b-CL35 Me-EO45-b-CL87 
a)𝑀𝑀𝑛𝑛

𝑁𝑁𝑁𝑁𝑁𝑁(kDa) 3.3 6 12 
b) Đ 1.08 1.34 1.28 
c) Shape S C B 
d) SF-SCF core (nm) 4.5 7 16 
e) SF-SCF (nm) 1) 9 2) 12 3) 28 
f) DLS (nm) 1) 9±1 - - 
g) SAXS (nm) 1) 11±1 2) 6±1 3) 12±1 
h) Cryo-TEM  (nm) 1) 4±2 2) 8±4 3) 14±9 

1) value refers to the radius of spherical micelle R; 2) value refers to the cylindrical micelle cross 

sectional radius; 3) value refers to the bilayers thickness. 
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According to the SF-SCF theory, the vesicle configuration is favored over the planar as long as 

the number of polymers per surface area is smaller in the inner layer than in the outer one42,43. In 

this case, the curvature reduces the steric repulsion between the lyophilic chains, and no edges 

are present. Me-EO45-b-CL87 forms mostly leaf shape bilayer due to the presence of crystalline 

domains, which prevent the bending of the structure into vesicles. The presence of crystalline 

material was investigated in solution via X-ray diffraction (XRD) and on a freeze-dried sample 

via differential scanning calorimetry (DSC). The XRD pattern (Fig. 4.A.3) shows diffraction 

peaks corresponding to a d-spacing of 4.2 and 3.8 nm, which is consistent with  PCL crystals44. 

The DSC thermogram shows a clear melting peak with a maximum at 56 °C (Fig. 4.A.4), 

associated with the PCL crystals melting45. The morphology of the leaf-shaped bilayers also links 

to those observed for PEO-PCL single crystals prepared in dilute solutions of n-hexanol24,46. 

From the cryo-TEM image of the lamellar structures it is also possible to identify regions with 

higher contrast, which are probably domains with higher crystallinity. The data show that PCL 

crystallization (formation of flat bilayers) take place during the gradual solvent switch from 

acetone to water and is favored by polymer tendency to form bilayerd self-assembled structures. 

Finally, it seems that also for the leaf-shaped bilayers SAXS and cryo-TEM provide a 

measurement of the dense PCL core size, similarly to the case of worm-like micelles (Table 4.1). 

4.4 Conclusions 

Herein, it is shown that SF-SCF computations enable reliable predictions for the self-assembly 

behaviour of PEO-PCL BCPs in water. These predictions, in the form of quantitative phase and 

size diagrams, allow the a priori design of BCPs supramolecular architectures with tailored size 

and morphology. This represents a huge advantage, as time consuming experimental trial and 

error can be avoided. The SF-SCF predictions also provide a framework to understand whether 

a self-assembled structure is close to thermodynamic equilibrium or not. This is extremely 

important, as out of equilibrium structures can be unstable over time.  

The self-assembly behaviour of BCPs corresponding to the ones used for the SF-SCF predictions 

was investigated experimentally by means of complementary characterization methods, such as 

SAXS, cryo-TEM and DLS. 

The theoretically predicted and measured morphologies and sizes of the BCPs self-assembled 

structures are in agreement. Furthermore, the SF-SCF computations show good agreement with 

literature data (Fig. 4.A.6). This shows that SF-SCF is a very powerful tool for both making 

reliable predictions about the equilibrium properties and guiding the interpretation of 

experimental data concerning self-assembled BCPs structures. 
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Crystallization and self-assembly can simultaneously occur for Me-EO45-b-CL87 copolymer, 

predicted to assemble into a planar morphology. This suggest that the interplay between 

crystallization and self-assembly depends upon the BCP relative block length. This aspect will be 

further investigated in Chapter 6 and 7. 
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4.A Materials, methods and supplementary discussions

4.A.1 Setup for the SF-SCF computations 

The computations have been performed on lattices of three different geometries, spherical, 

cylindrical and flat. In each lattice, gradients are accounted for in only one direction. Each lattice 

consisted of 100 lattice layers in the gradient direction. The lattice size has been chosen such that 

a 50% decrease or a 50% increase in the number of layers does not affect the results of the 

computations. A coordination number of the lattice 𝑧𝑧 = 3 was used for all the geometries. In the 

flat geometry two mirrors are placed at the first and the last lattice sites. For spherical and 

cylindrical geometries a mirror was located at the last lattice layer, and the first layer corresponds 

to the center of the lattice. In the lattice each solvent molecule (S) and ethylene oxide (A) 

monomer occupy one lattice site, while caprolactone (B) monomer occupies two lattice sites. 

This is based on the fact that CL monomers have a molar mass and a molar volume which are 

roughly twice as large as that of EO. For example, a copolymer with the formula Me-EO45-CL16 

is modeled as A45-B32 with equal size of the lattice sites for A and B. For all computations the 

values 𝜒𝜒AS = 0.4, 𝜒𝜒BS = 3 and 𝜒𝜒AB = 1, reported by Lebouille et al. 47 have been used. It has 

been shown that these parameters well describe the PEO-PCL-water system. The value of χAB =
1 has been chosen to account for water hydrogen-bonding to  the PEO chains35,36. This mediates 

the interaction between the blocks and results in a high incompatibility37. Each lattice site was set 

to the size of an EO monomer (𝑙𝑙=0.4 nm). This value was estimated by applying the relation 

𝑙𝑙 = �
𝑀𝑀PEO

𝜌𝜌 ∙ 𝑛𝑛PEO ∙ 𝑁𝑁AV
�
1
3

, (4.1) 

where 𝑙𝑙 is the lattice size, 𝑀𝑀PEO is the molar mass of the PEO block, 𝑛𝑛PEO its degree of 

polymerization, 𝜌𝜌 its density and 𝑁𝑁AV the Avogadro’s number. 

All the copolymers in the computations are modeled as monodisperse. The synthesized polymers 

are modeled using their number averaged molar mass obtained by NMR (𝑀𝑀n
NMR) analyses (Table

4.1). The equilibrium morphology and the aggregation numbers have been computed according 

to the method described in Chapter 2 for copolymers composed of four different PEO blocks 

(𝑛𝑛 = 17,𝑛𝑛 = 30,𝑛𝑛 = 38,𝑛𝑛 = 45).The PCL block length (𝑚𝑚) was varied from 2 to 100 with a 

step size of 2 monomeric units (4 lattice units). The obtained SF-SCF results were used to build 

an equilibrium structure diagram.  

The equilibrium concentration profiles of spherical micelles have been used to calculate the 

hydrodynamic radius (𝑅𝑅H), according to the method proposed by Scheutjens et al. 48 based on 
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the Debye-Bueche equation for permeability (see Chapter 2 for details about the procedure). The 

resulting 𝑅𝑅H values have been used to construct size prediction diagrams.  

4.A.2 Materials 

Me-EO45  and ε-caprolactone (ε-CL) where purchased from Sigma Aldrich, fumaric acid (FA) 

from Fluka and absolute ethanol and acetone from Biosolve, the Netherlands. 

4.A.3 Synthesis and purification of the copolymers 

Three different PEO-PCL copolymers, namely Me-EO45-b-CL12, Me-EO45-b-CL35 and Me-

EO45-b-CL87 have been synthesized and purified, using the one-pot metal-free ring opening 

polymerization procedure reported in Chapter 3. The number-averaged molar mass 𝑀𝑀n
NMR of

the synthesized copolymers was calculated by 1H NMR, carried out on a Varian 400 (400 MHz) 

spectrometer at 25 °C in deuterated chloroform. The molar mass dispersity Đ was determined 

from the molar mass distribution obtained by means of Size Exclusion Chromatography (SEC), 

using a Waters GPC equipped with Waters (model 510) pump and a (model 410) differential 

refractometer. A set of two mixed bed columns (Mixed-C, Polymer Laboratories, 30 cm, 40 °C) 

was used and THF was selected as eluent. The system was calibrated using narrow molar mass 

polystyrene standards, ranging from 600 to 7106 Da. 

4.A.3 Preparation of the self-assembled structures 

Depending on the expected morphology two different procedures have been applied to prepare 

the self-assembled structures. For PEO-PCL spherical micelles it has been shown that after a fast 

solvent switch the formed structures are close to the thermodynamic equilibrium14,47. Thus for 

the copolymer Me-EO45-b-CL12, that according to our model should assemble into spherical 

particles, the nanoprecipitation method49, consisting of an instantaneous solvent switch, was 

used. A solution has been prepared dissolving 20 mg of Me-EO45-b-CL12 in 1 mL of acetone. 

Each solution was then filtered with a 0.22 μm PTFE syringe filter, and 1 mL of the filtrate was 

quickly added to 9 mL of filtered deionized water. The solution was shaken by hand to ensure 

complete mixing. Other solutions have been prepared and analysed via DLS to investigate the 

effect of the starting concentration on the final features of the assemblies. Details of this analysis 

are reported in SI. 

For polymers with long PCL blocks, such as Me-EO45-b-CL35 and Me-EO45-b-CL87 a fast solvent 

switch could result in the formation of kinetic aggregates. To avoid this, their self-assembly were 

prepared via a slow solvent switch. First 1 mL of a 50 mg·mL-1 solution of each polymer, 

previously filtered with a 0.22 μm PTFE syringe filter, was placed in a clean 20 mL vial with 
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magnetic stirring bar. Subsequently, 9 mL of water was slowly added by means of a syringe pump 

at the speed of 0.05 mL·min-1 under vigorous stirring. The vial was capped to avoid acetone 

evaporation and the water addition was performed through a hole in the cap via a Teflon 

capillary. 

4.A.4 Small Angle X-ray Scattering (SAXS) 

SAXS measurements were performed on a SAXSLAB GANESHA 300 XL SAXS system 

equipped with a GeniX 3D Cu Ultra Low Divergence micro focus sealed tube source producing 

X-rays with a wavelength 𝜆𝜆 =  1.54 Å at a flux of 108 photons·s−1 . The instrument was equipped 

with a Pilatus 300 K silicon pixel detector. Two configurations with sample-to-detector distance 

of 713 mm and 1513 mm respectively have been used to access a 𝑞𝑞-range of 0.015 ≤  𝑞𝑞 ≤
 0.447 Å−1 and 0.007 ≤  𝑞𝑞 ≤  0.212 Å−1 , with wave vector 𝑞𝑞 =  4πsin( 𝜃𝜃/2)/𝜆𝜆. Each 

sample was measured during 2 hours in each configuration. Silver behenate was used for 

calibration of the beam centre and the q range. Samples were placed in 2 mm quartz capillaries 

(Hilgenberg, Germany). 

The two-dimensional SAXS patterns were brought to an absolute intensity scale using the 

calibrated detector response function, known sample-to-detector distance, measured incident 

and transmitted beam intensities, and azimuthally averaged to obtain one-dimensional SAXS 

profiles. The scattering curves of the samples were obtained by subtraction of the scattering 

contribution of the solvent and quartz capillaries. 

Fig. 4.A.1 Guinier plot of the scattering data obtained from sample Me-EO45-b-CL12. 
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Data were modelled with SasView 3.1.2 (http://www.sasview.org/) using pre-developed form 

factors. 38,39,41 For each sample the size and the electron length density (𝜌𝜌) of the self-assembled 

structures have been computed fitting the data in the interval 0.07 ≤  𝑞𝑞 ≤  0.2 Å − 1. The 

copolymer concentration and the solvent electron length density 𝜌𝜌H2O have been used as 

constant values during the fitting.  

The electron length density values (Table 4.A.1), calculated with the dedicated utility of SasView, 

have been used as reference values for pure H2O (𝜌𝜌H2O), PCL( 𝜌𝜌PCL) and PEO 

(𝜌𝜌PEO) , respectively.  

For sample Me-EO45-b-CL12 the average amount of solvent present in the coral and coronal 

domains have been evaluated using the relations 

𝜌𝜌COREfit = 𝜑𝜑H2O𝜌𝜌H2O + (1 − 𝜑𝜑H2O)𝜌𝜌PCL ,  𝜌𝜌SHELLfit = 𝜑𝜑H2O𝜌𝜌H2O + (1 − 𝜑𝜑H2O)𝜌𝜌PEO,     (4.2) 

where 𝜑𝜑H2O represents the water volume fraction.For Me-EO45-b-CL12 sample the aggregation 

number 𝑁𝑁aggSAXS has been calculated dividing the micelle mass 𝑀𝑀SAXS by the copolymer number

averaged molecular weight 𝑀𝑀n
NMR. Assuming the structure factor equal 1, the micelle molar mass

has been calculated from the equation 

𝑀𝑀SAXS = 𝐼𝐼0
𝑁𝑁A
𝑐𝑐∆𝜌𝜌M2

 ,  (4.3) 

where 𝐼𝐼0 is the forward scattered intensity, 𝑁𝑁A is the Avogadro constant, 𝑐𝑐 is the copolymer 

weight concentration and  ∆𝜌𝜌M2  is the electron length density difference per mass 50. The value of 

𝐼𝐼0 was extrapolated with a linear fitting of the natural logarithm of the absolute scattering intensity 

versus 𝑞𝑞2 (Guinier plot) in the range 0.07 ≤  𝑞𝑞 ≤  0.22 Å−1  (Fig. 4.A.1). The parameter ∆𝜌𝜌M2  

has been calculated according to the relation ∆𝜌𝜌M = ∆𝜌𝜌�̅�𝜈 where ∆𝜌𝜌 represents the electron 

length density difference between copolymer and solvent, and �̅�𝜈 is the copolymer specific 

volumes.  The value of ∆𝜌𝜌 has been estimated using the relation 

∆𝜌𝜌 ≈ 𝜌𝜌solv − 𝜌𝜌COREfit  ,  (4.4) 

as it is expected that the dominant contribution to the scattering intensity come from the coral 

region.  The specific volume of the micelles �̅�𝜈 has been determined from density measurements 

on 0 and 5 mg·mL-1 dispersion of the copolymer in water, applying the relation 

�̅�𝜈 =
�1−Δ𝑑𝑑𝑐𝑐 �

𝑑𝑑solv
= 1.47938 .       (4.5) 
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Here Δ𝑑𝑑 represents the density difference between solvent and solution, c is the concentration of 

the sample and 𝑑𝑑solv the density of the solvent 50. Density measurements have been performed 

by means of an Anton Paar SVM 3000 instrument. 

Table 4.A.1 Electron length density values (ρ) for PEO, PCL and water. 

COMPOUND ρ / Å−2 

Water 9.47·10-6 

PEO 1.12·10-5 

PCL 1.05·10-5 

4.A.6 Multi-Angle Dynamic Light Scattering (DLS) 

DLS measurements were performed by using an ALV CGS-3 instrument equipped with a 532 

nm green laser and ALV-LSE5004 digital correlator. Scattering data were recorded at 50, 70, 

90, 110, 130 and 150 degrees. 

Freshly-prepared solutions of Me-EO45-CL12 copolymers in water at four different 

concentrations (0.5, 1, 1.5 and 2 mg·mL-1) were analyzed to verify eventual concentration effects 

and to check the reproducibility. 

The raw intensity data where analyzed with After-ALV software developed by Dullware Inc., 

which uses the CONTIN algorithm 51 based on the Inverse Laplace Transform. From the intensity 

autocorrelation function 𝑔𝑔2 (Fig. 4.A.2) the decay rate (𝛤𝛤) has been calculated at every angle. A 

linear relation between Γ and squared scattering vector (𝑞𝑞2) is observed (see Fig. 4.A.2), with 

slope corresponding to the diffusion coefficient of the particles 𝐷𝐷. Upon applying the Stokes-

Einstein equation (eq. 2.41) the particle size can be obtained (for water at 295K, 𝜂𝜂 = 1 mPas was 

used). The average value of 𝐷𝐷 = 2.75·10-11 ±5·10-13 m2s-1 was evaluated from the linear regression 

of the data averaged at every 𝑞𝑞2 value. 
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Fig. 4.A.2 a) Autocorrelation function decay rate 𝛤𝛤 as a function of the squared scattering vector 

𝑞𝑞2 for samples of different concentrations. Black line represents the linear regression of the 

averaged data; b) example of autocorrelation function for Me-EO45-CL12 in water 2 mg·ml-1. Data 

recorded at 𝜃𝜃 = 90°. 

4.A.7 X-ray diffraction (XRD) 

X-ray diffraction (XRD) measurements are performed on a Bruker D8 discover with GADDS, a 

2D detector system, using Cu radiation, wavelength 1.54184Å, at 40kV and 40mA. The 

measurements are obtained in transmission mode using parallel beam optics with a sample to 

detector distance of 40 mm and an exposure time of 1800 s. 

Fig. 4.A.3 a) 2D and b) 1D XRD pattern of a 5 mg·mL-1 acqueous dispersion of self-assembled 

Me-EO45-b-CL87. 
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4.A.8 Differential Scanning Calorimetry (DSC) 

DSC analysis has been performed on the precipitate obtained after freeze-drying a 5 mg·mL-1 

solution of self-assembled Me-EO45-b-CL87 to verify the presence of crystallinity in the sample. 

The measurements were performed using a TA Q2000 differential scanning calorimeter in the 

temperature range between 20 °C and 100 °C. 3 mL of solution containing the self-assembled 

structures have been first vitrified by quenching in liquid nitrogen to avoid new crystallization 

events to occurs. The vitrified solution has subsequently freeze-dried at 0.014 mbar overnight. 

DSC curves (Fig. 4.A.4) were obtained using 2.198 mg of sample at a scan speed of 10 °C·min-1 

Fig. 4.A.4 DSC curve for Me-EO45-b-CL87 freeze-dried lamellae. 

4.A.9 Cryogenic Transmission Electron Microscopy (Cryo-TEM) 

Cryo-TEM samples were prepared by depositing 3 µl of sample on a 200 mesh Cu grids with 

Quantifoil R 2/2 holey carbon films (Quantifoil Micro Tools GmbH). An automated vitrification 

robot (FEI Vitrobot Mark III) was used for plunging in liquid ethane. All TEM grids were surface 

plasma treated for 40 seconds using a Cressington 208 carbon coater prior to use. Cryo-TEM 

studies were performed on the TU/e CryoTITAN (FEI, www.cryotem.nl) operated at 300 kV, 
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equipped with a field emission gun (FEG), a postcolumn Gatan Energy Filter GIF) and a post-

GIF 2k × 2k Gatan CCD camera. Gatan DigitalMicrograph and an in-house Matlab script were 

used for TEM image analysis. Sizes are based on averaging over >100 particles or segments 

(cylindrical  micelles). The layer thickness of bilayer structures was determined by measuring the 

edge thickness of these structures.  

Fig. 4.A.5 a) Histograms of the measured diameters for Me-EO45-b-CL12, Me-EO45-b-CL35 and 

Me-EO45-b-CL87 self-assembled structures; b) cryo-TEM image of Me-EO45-b-CL35 cylindrical 

micelles showing the selected measurement points; c-d)  cryo-TEM images of observed Me-

EO45-b-CL87 vesicles with average bilayer thickness of 53±6 nm. Typically, these structures are 

only observed in relative thick vitrified water layers. These regions, commonly near the edge of 

the image region, possess imperfect vitrified water layers observed as the spot like pattern; e) cryo-

TEM image of Me-EO45-b-CL87 platelet; f) intensity plots of the two marked sections displaying 

a decrease in electron transmission at the edge of the structure.  Images and analysis by J. Patterson 

and M. van Rijt, TU/e. 



CHAPTER 4 

62 

4.A.10 Comparison of literature data with the SF-SCF model 

Fig. 4.A.6 Data from three different works are visually compared with the SF-SCF equilibrium 

structure phase diagram a) copolymers synthesized in this work; b) Adams et al.20; c) Du et al.21; 

d) Qi et al25. Morphology code: S=spherical micelles; C = cylindrical micelles; V= vesicles; P = 

particles of various size; MS = mesoscale aggregates of different morphology and shape. When 

more than one morphology is reported, the first one reported is observed more frequently. 
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Chapter 5   

The role of phase separation in amphiphilic self-

assembly 

The self-assembly of amphiphilic molecules in solution is a ubiquitous process in both natural 

and synthetic systems. The ability to effectively control the structure and properties of these 

systems is essential for tuning the quality of their functionality, yet there is limited understanding 

of the underlying mechanisms governing the transition from molecules to assemblies. In this 

Chapter, it is described how amphiphilic self-assembly can be preceded by liquid–liquid phase 

separation. The assembly of a poly(ethylene oxide)-block-poly(ε-caprolactone) block 

copolymer into vesicular structures was probed through a combination of self-consistent field 

computations, theoretical calculations and liquid-phase electron microscopy. This analysis 

shows the formation of polymer-rich liquid droplets that act as a precursor in the bottom-up 

formation of spherical micelles, which then evolve into vesicles. The liquid–liquid phase 

separation plays a role in determining the resulting vesicles’ structural properties, such as their 

size and membrane thickness, and the onset of kinetic traps during self-assembly. 
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5.1 Phase separation and self-assembly 

Despite the significant efforts that have been made to study the self-assembly of amphipathic 

molecules,1–10 the mechanisms underlying the structural evolution in self-assembly processes are 

still not fully resolved, particularly in relation to controlling out-of-equilibrium pathways.11,12 As 

discussed in Chapter 4, amphiphilic assemblies can be prepared by either top-down or bottom-

up methods. Top-down methods can be used for relatively soluble or mobile molecules, for 

which a precursor phase is broken down and dispersed in solution, for example the direct 

dissolution of powders and thin film rehydration.13 In bottom-up methods, molecules are first 

dissolved in a good solvent, after which a change in the solution conditions or the molecular 

structure increases amphiphilicity and initiates self-assembly. Bottom-up approaches are the 

basis of many strategies for block copolymer (BCP) self-assembly, including the solvent switch 

method14, temperature15 and pH induced16 aggregation, and polymerization-induced self-

assembly (PISA).17–19 

For the bottom-up assembly of BCP systems the first step in the self-assembly process is thought 

to be the formation of spherical micelles,7,9,17 which may either stabilize or transform into other 

structures, such as cylinders or vesicles. 7,9,17 It is well-known that in poor solvents, homopolymers 

can undergo liquid-liquid phase separation, forming polymer-rich liquid droplets as a result of a 

spinodal decomposition process (see Chapter 2).20,21  Recently, Sato and Takahashi described the 

phase behaviour of amphiphilic BCPs in weakly selective solvents.22  As bottom-up self-assembly 

involves a gradual increase of amphiphilicity by changing the solvency of a part of the molecules 

involved, liquid-liquid phase separation could be a precursor to self-assembly for many systems. 

Moreover, it has been shown that when self-assembly occurs in liquids with phase-separated 

domains,23 these domains will influence the assembly process, hence, these liquid phase 

precursors may be important for controlling the final self-assembled structures.  

Here, this phenomenon is investigated by modifying the recently developed theoretical frame 

work of Sato and Takahashi22 to demonstrate that phase separation occurs during bottom-up 

self-assembly in a wide range of amphiphilic systems. To verify the validity of this modified Sato-

Takahashi theory, the self-assembly of poly(ethylene oxide)-block-poly(ε-caprolactone) (PEO-

PCL) BCP into vesicles was studied.7,24–26 Using a combination of liquid phase transmission 

electron microscopy (LP-TEM),27–29 and self-consistent mean field (SF-SCF) theory,30 the 

formation of the liquid precursor phase and the role of phase separation in the vesicle formation 

process are revealed.  



CHAPTER 5 

69 

5.2 Modified Sato-Takahashi theory 

To study the thermodynamics of the early stages of vesicle formation the theory proposed by Sato 

and Takahashi22, which is based upon comparing the free energy of mixing (�̅�𝐺mix
bcp) and of micelle 

formation (�̅�𝐺mic
bcp), was used to determine which process is favored. The theory is modified to

incorporate binary solvent mixtures in an attempt to improve the quantitative predictive power. 

In the model the authors describe the copolymer as a homopolymer which interacts with the 

solvent via a sort of effective interaction parameter. A different theoretical approach is followed 

here: the Flory-Huggins (F-H) energy of mixing (�̅�𝐺mix
bcp) of the BCP is derived and adapted to

describe the solvent switch process. To this end, the solvent is modeled as mixture of two miscible 

solvents S1 and S2. To simplify the formulation of �̅�𝐺mix
bcp, the solvent mixtures is considered as a

single solvent S, the composition of which is described by 𝜑𝜑S1 and 𝜑𝜑S2, defined as:  

𝜑𝜑S1 =
𝑛𝑛S1
 𝑛𝑛S

 , 𝜑𝜑S2 =
𝑛𝑛S2
 𝑛𝑛S

 = 1 − 𝜑𝜑S1.                                       (5.1)

Here, 𝑛𝑛S1 and 𝑛𝑛S2 are the number of molecules of S1 and S2, respectively, while 𝑛𝑛S = 𝑛𝑛S1 + 𝑛𝑛S2 

is the total number of solvent molecules. The system is considered to contain 𝑛𝑛S molecules of 

solvent and 𝑛𝑛P molecules of AB BCP; each solvent molecule is composed of 𝑁𝑁S = 𝑁𝑁S1 = 𝑁𝑁S2 

segments while the blocks chain lengths are denoted as 𝑁𝑁A and 𝑁𝑁B, respectively. The average 

volume fractions of  solvent, A and B segments in the system are than defined as: 

𝜙𝜙S =
𝑛𝑛S𝑁𝑁S

𝑛𝑛P(𝑁𝑁A + 𝑁𝑁B) + 𝑛𝑛S𝑁𝑁S
,𝜙𝜙A =

𝑛𝑛P𝑁𝑁A
𝑛𝑛P(𝑁𝑁A + 𝑁𝑁B) +  𝑛𝑛S𝑁𝑁S

 ,𝜙𝜙B =
𝑛𝑛P𝑁𝑁B

𝑛𝑛P(𝑁𝑁A + 𝑁𝑁B) +  𝑛𝑛S𝑁𝑁S
 .  (5.2) 

The total average copolymer segment volume fraction in the system 𝜙𝜙P is 

𝜙𝜙P =
𝑛𝑛P(𝑁𝑁A + 𝑁𝑁B)

𝑛𝑛P(𝑁𝑁A + 𝑁𝑁B) +  𝑛𝑛S𝑁𝑁S
 (5.3) 

Obviously, 𝜙𝜙A and 𝜙𝜙B are related to 𝜙𝜙P by 

𝜙𝜙A = 𝜙𝜙P
𝑁𝑁A

𝑁𝑁A + 𝑁𝑁B
 , 𝜙𝜙B = 𝜙𝜙P

𝑁𝑁𝐵𝐵
𝑁𝑁A + 𝑁𝑁B

 (5.4) 

It is assumed that the entropy of mixing BCPs and a solvent equals that of a homopolymer with 

total chain length 𝑁𝑁 = 𝑁𝑁A + 𝑁𝑁B in solution. The BCP enthalpy of mixing is modelled as that of 

a three-component system, where two distinct polymers are mixed in a solvent. Therefore the 
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Gibbs energy of mixing for BCPs is obtained combining the F-H mixing entropy expression for 

a two-component system20 with the mixing enthalpy expression for a three-component system20: 

�̅�𝐺mix
bcp =

Δ𝐺𝐺mix
bcp

𝑘𝑘B𝑇𝑇
= 𝑛𝑛Sln(𝜙𝜙S) + 𝑛𝑛Pln(𝜙𝜙P) + 𝑁𝑁S𝑛𝑛S𝜙𝜙A𝜒𝜒AS + 𝑁𝑁S𝑛𝑛S𝜙𝜙B𝜒𝜒BS + 𝑁𝑁A𝑛𝑛P𝜙𝜙B𝜒𝜒AB.  (5.5) 

The terms 𝜒𝜒AS, 𝜒𝜒BS and 𝜒𝜒AB are the F-H interaction parameters (see Chapter 2 for the formal 

definition), which depend upon the solvent composition: 

𝜒𝜒AS = 𝜑𝜑S1𝜒𝜒AS1 + (1 − 𝜑𝜑S1)𝜒𝜒AS2 ,  𝜒𝜒BS = 𝜑𝜑S1𝜒𝜒BS1 + (1 − 𝜑𝜑S1)𝜒𝜒BS2 .  (5.6) 

The parameters 𝜒𝜒AS1, 𝜒𝜒AS2, 𝜒𝜒BS1 and 𝜒𝜒BS2 are the Flory-Huggins interaction parameters20 

describing the interaction of the A and B blocks with S1 and S2 respectively. 

The derivatives of �̅�𝐺mix
bcp with respect to 𝑛𝑛P and 𝑛𝑛S are the copolymer and solvent chemical 

potentials respectively, which using (5.4), can be written as 

𝜇𝜇bcp − 𝜇𝜇bcp0

𝑘𝑘B𝑇𝑇
= �̅�𝜇bcp = �

∂�̅�𝐺mix
bcp

∂𝑛𝑛P
�
𝑇𝑇,𝑃𝑃,𝑛𝑛S

= 

ln(𝜙𝜙P) + �1 −
𝑁𝑁A + 𝑁𝑁B

𝑁𝑁S
� (1− 𝜙𝜙P) + (𝑁𝑁A𝜒𝜒AS + 𝑁𝑁B𝜒𝜒BS)(1−𝜙𝜙P)2 +

𝜒𝜒AB𝑁𝑁A 𝑁𝑁B𝜙𝜙P
𝑁𝑁A + 𝑁𝑁B

(2 −𝜙𝜙P),     (5.7) 

𝜇𝜇S − 𝜇𝜇S0

𝑘𝑘B𝑇𝑇
= �̅�𝜇S = �

∂�̅�𝐺mix
bcp

∂𝑛𝑛S
�
𝑇𝑇,𝑃𝑃,𝑛𝑛P

= 

ln(1− 𝜙𝜙P) + �1 −
𝑁𝑁S

𝑁𝑁A + 𝑁𝑁B
�𝜙𝜙P +

𝑁𝑁S
𝑁𝑁A + 𝑁𝑁B

�𝑁𝑁A𝜒𝜒AS +  𝑁𝑁B𝜒𝜒BS −
𝜒𝜒AB𝑁𝑁A 𝑁𝑁B
𝑁𝑁A + 𝑁𝑁B

�𝜙𝜙P
2.       (5.8) 

It is easy to show that for 𝑁𝑁𝑃𝑃 = 𝑁𝑁A + 𝑁𝑁B,  𝜒𝜒AB = 0 and 𝜒𝜒AS = 𝜒𝜒BS, the F-H chemical potentials 

for the homopolymer-solvent case are recovered, see equations (2.5) and (2.6).  

Imposing 𝜕𝜕�̅�𝜇S/𝜕𝜕𝜙𝜙P = 0 (or 𝜕𝜕�̅�𝜇bcp/𝜕𝜕𝜙𝜙P = 0) yields the critical conditions for phase 

separation. The critical polymer volume fraction 𝜙𝜙Pcrit follows as 

𝜙𝜙Pcrit =
�𝑁𝑁A 𝑁𝑁S + 𝑁𝑁B 𝑁𝑁S−𝑁𝑁S

𝑁𝑁A +  𝑁𝑁B − 𝑁𝑁S
 ,  (5.9) 

and the critical demixing conditions are given by 

𝑁𝑁A𝜒𝜒AS +  𝑁𝑁B𝜒𝜒BS −
𝜒𝜒AB𝑁𝑁A 𝑁𝑁B
𝑁𝑁A +  𝑁𝑁B

=  
𝑁𝑁A + 𝑁𝑁B

2𝑁𝑁S�1 − 𝜙𝜙Pcrit�
2  (5.10) 

Insertion of these results into (5.6) yields the critical solvent mixture composition 𝜑𝜑S1crit
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𝜑𝜑S1crit =
�
𝑁𝑁A + 𝑁𝑁B + 𝑁𝑁S + 2�(𝑁𝑁A + 𝑁𝑁B)𝑁𝑁S

2𝑁𝑁S
+ 𝜒𝜒AB𝑁𝑁A 𝑁𝑁B
𝑁𝑁A +  𝑁𝑁B

− 𝑁𝑁A𝜒𝜒AS2 − 𝑁𝑁B𝜒𝜒BS2�

𝑁𝑁A(𝜒𝜒AS1 − 𝜒𝜒AS2) + 𝑁𝑁B(𝜒𝜒BS1 − 𝜒𝜒BS2)  (5.11) 

For the calculation of �̅�𝐺mic
bcp the original formulation22 is used, with the interaction parameters

defined by equation (5.6). This enables to express the Gibbs micelle energy as a function of the 

solvent mixture composition. It is noted that this modified Sato-Takahashi theory could easily 

be adapted to describe self-assembly processes mediated by other external stimuli. For thermo-

responsive systems, for example, this could be done by incorporating the temperature 

dependence of the interaction parameters (see §6.C). 

5.3 Solvent switch phase diagrams: the liquid phase precursor 

By comparing �̅�𝐺mix
bcp with the free energy density derived for the micelle phase by Sato and

Takahashi (�̅�𝐺mic
bcp)22 the 𝜑𝜑S1 onset value at which  the copolymer assembles into micelles (𝜑𝜑S1mic)

can be derived. The formation of a spherical micelle is considered the first step in the formation 

of the copolymer vesicles. This aspect is further discussed in §5.4. For 𝐺𝐺�mic
bcp < �̅�𝐺mix

bcp, the micelles

become stable and can coexist with a solvent-rich phase22. If 𝜑𝜑S1crit < 𝜑𝜑S1mic the system phase-

separates before it starts forming micelles. With this strategy it is possible to build solvent switch 

phase diagrams (Fig 5.1) describing the thermodynamic evolution of a solvent-copolymer 

system as a function of the solvent mixture composition. It is noted that the possibility of 

crystallization (see Chapter 4)  is not accounted for.  

From the illustrative phase diagrams depicted in Fig. 5.1, it can be seen that phase separation is a 

precursor to self-assembly for a wide range of BCP compositions (Fig 5.1 b), with the restrictions 

of a low incompatibility between the blocks (Fig. 5.1 a,c), and a moderate solubility of the 

lyophilic block (Fig. 5.1 b). This polymer-rich liquid phase is expected to act as a precursor in 

the bottom-up formation of spherical micelles, cylindrical micelles and vesicles from a wide 

variety of amphiphilic systems (see §5.A and Table 5.A.2). This process is somewhat analogous 

to the liquid phase precursors found in studies of protein, biomineral and inorganic crystal 

formation, where the formation of the precursors is known to lower the activation barriers to 

crystallization and can result, for example, in increased nucleation rates.31–35 These formation 

processes are often described as two-step formation pathways, where the liquid phase precursors 

are meta-stable intermediate species with respect to the crystalline products.  
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Fig. 5.1 Examples of solvent switch-diagrams displaying the preferred thermodynamic states of 

BCP dispersions as a function of the solvent mixture compositions and copolymer features. 

Homogeneous solution (HS), liquid-liquid phase separation (LLP) or self-assembly (SA) can be 

found depending on the system parameters (reported in each plot). 

 5.4 Self-assembly of Me-EO45-CL87 

5.4.1 Theoretical predictions 

To confirm the existence of this polymer-rich liquid phase and to understand its influence on 

self-assembly, the bottom-up formation of vesicles from Me-EO45-CL87 is studied in detail.  The 

formation of vesicles is promoted through the solvent switch process from the good solvent 

acetone (S2=Ac) to the selective solvent water (S1=W). Earlier work19,21,36 suggests that spherical 

micelles are the first type of assemblies to appear. Using the theory described in §5.2, the water 

volume fraction (𝜑𝜑W) at which phase separated droplets (𝜑𝜑Wcrit = 0.06) and self-assembled 
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spherical micelles (𝜑𝜑Wmic = 0.11) become stable were calculated, which indicated that liquid-liquid 

phase separation occurs for 0.06 < 𝜑𝜑W < 0.11, after which self-assembly (micelle formation) is

expected to occur (Fig. 5.2). The Scheutjens-Fleer self-consistent field (SF-SCF) computations 

have been used to study the evolution of the micelles and to determine the equilibrium 

morphology at different solvent compositions (see Chapter 2 and §5.A for details).30 The SF-

SCF computations predict that, in agreement with the theoretical model, at 𝜑𝜑W = 0.1 the 

copolymer forms spherical micelles, which convert to cylindrical micelles at 𝜑𝜑W = 0.11 and then 

form bilayered structures at 𝜑𝜑W > 0.12.  Combination of the insights from the theoretical model 

and the SF-SCF computations for the formation of Me-EO45-CL87 bilayers via solvent switch, 

reveal that the self-assembly process starts with the formation of liquid-like, polymer-rich 

droplets; these droplets evolve into vesicles via the formation of spherical micelles, which grow 

into cylinders and eventually turn into the vesicle membranes, see Fig. 5.2.  

Fig. 5.2 Schematic representation of the vesicle formation process upon increasing the solvent 

selectivity (from left to right), obtained combining modified Sato-Takahashi theory and SCF 

computations. 

5.4.2 Direct observation of liquid phase precursor 

To directly observe this polymer-rich liquid phase precursor and investigate its effect on the 

formation of the vesicles, the assembly process was monitored in real-time using liquid phase 

transmission electron microscopy (LP-TEM)27,36,37. In-situ observations were made using a liquid 

flow cell holder, which allows for solvent mixing inside the cell (see §5.A and Fig. 5.A.2). It is 

important to note that BCP self-assembly, crystallization and phase separation are kinetically 

regulated processes, which implies that the resulting morphology is highly dependent on the 

preparation conditions (for example the solvent mixing rate).13,17,38 As controlling the solvent 

mixing inside the liquid cell is challenging, vesicle formation was achieved through  
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Fig. 5.3 Formation process of Me-EO45-b-CL87 BCP vesicles followed by LP-TEM. a) single 

frame time series from one of the LP-TEM movies; b)  a single vesicle is displayed as a relative 

intensity cross-sectional time series, insets show the first (left) and last (right) frame with the 

vertical red lines indicating where the cross-section was taken; d) radial average intensity plots for 

the vesicle. The dashed black vertical line in c) and d), located at 137 s, indicates the transition 

from the phase separation regime to the self-assembly regime, when the membrane of the vesicle 

starts to form. Scale bars: a) 400 nm, b) 200 nm, d) 100 nm; d,e) time-lapsed relative intensity 

maps show the evolution of the membrane for a vesicle;  e) relative intensity angular maps, 

obtained as shown in Fig. 5.B.2 from the individual frames in d), showing the membrane 

evolution. Video analysis by H. Wu, J. Patterson, H. Friedrich and A. Keizer, TU/e. 
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multiple mixing experiments, where vesicles were successfully formed on four occasions out of 

>50 attempts. The analysis reported here focuses on the formation of the liquid phase precursors 

and their influence on the formation of the vesicles; however, other morphologies were observed 

in both the in-situ and ex-situ (Fig. 5.B.4) experiments, as shown in §5.A and Chapter 4. 

 Individual frames from one of the recorded movies, displaying the vesicles formation process, 

are reported in Fig. 5.3 a. The formation process of single vesicles can be displayed as a time series 

of central line intensity profiles, herein referred to as a cross-sectional time series (Fig. 5.3 b). The 

cross-sectional times series shows an increase of contrast throughout the evolution of the vesicle, 

from a highly solvated state with extremely low contrast (t ≤ 137 s), to a desolvated state where 

the PCL membrane displays high contrast (t > 137 s). The size and contrast of the highly solvated 

state strongly suggest it is not a self-assembled structure, but indeed the predicted polymer-rich 

liquid phase precursor. The radially averaged intensity maps (Fig. 5.3 c) enable to quantify the 

contrast increase in time and show that the membrane thickness increases over time until a 

plateau value is reached (see also Fig. 5.5 c).  

Individual vesicle analysis (see for example Fig 5.3 d) illustrate the spherical morphology of the 

liquid phase precursor (t = 62 s). The time series further shows that the membrane, 

corresponding to the darker regions in the intensity scale, forms through the appearance of 

multiple separate patches (t = 242 s), at the interface between the liquid precursor and the bulk 

solution. These patches then grow and coalesce to form the continuous membrane (Fig. 5.3 d, t 

= 689 seconds).  This can be better observed in the angular map time series (Fig. 5.3 e), displaying 

the relative intensity as a function of distance from the centre and angular location around the 

vesicle (see §5.A for details). 

To provide further experimental evidence for the initial appearance of a polymer-rich liquid 

droplets and show their role in the overall formation process, the evolution of the vesicles over 

both short and long time domains (Fig. 5.4) has been considered. Individual frames represent the 

location of the assemblies at a single moment in time (Fig. 5.4 a); images created by averaging 30 

frames show the localisation of the assemblies within the liquid phase precursor (Fig. 5.4 b, c, and 

§5.A for details). The single frame time series of Fig. 5.4 a shows that in the early stages (t = 46 

s) only a small number of individual pixels display contrast. Over time, the appearance of several 

distinct assemblies (t = 130 s) is observed, which grow and coalesce (t = 242 s) to eventually form 

a stable vesicle structure (t = 912 s).  
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Fig. 5.4 Overview of the vesicle formation mechanism. Comparison of a) individual frame time 

series with b) 30 frame averages time series (scale bar = 100 nm) and c) corresponding plot 

profiles for the 30 frame averages. The individual frame at t = 46 s shows separate dense patches. 

The 30 frame average over 25 < t < 62 s shows these dense patches are localised inside a spherical 

object (the polymer-rich droplet). The 30 frame averages at 102 < t < 137 show that the droplet 

has internally phase separated, creating a membrane like structure. At t = 242 s, the individual 

frame shows an ‘open vesicle’ structure, whereas the 30 frame average over this time period 

indicates the phase separation within the dense liquid phase has increased. At 880 < t < 912 

seconds the single frame and 30 frame averages are comparable, indicating a stable structure has 

formed. Video analysis by H. Wu, J. Patterson, H. Friedrich and A. Keizer, TU/e. 
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The 30 frame average time series shows that in the early stages (25 < t < 62 s) the precursor has a 

spherical morphology. Over time the nucleation and growth of the assemblies at the interface 

appear as a continuous structure when analysed in the long time domain, giving the appearance 

of an ‘internal phase separation’ process (102 < t < 137 and 209 < t < 242 s). In the final stages 

(880 < t < 912 s) the single frame and 30 frame averages are comparable, indicating that a stable 

structure has formed. This reveals that the time-domain in which the in-situ data is displayed can 

change the apparent formation mechanism. These experimental findings confirm the theoretical 

prediction that the formation of polymer vesicles occurs through the nucleation and growth of 

polymer-rich liquid droplets followed by the localised assembly of spherical micelles at the 

interface. These micelles then grow by unimer addition and coalescence, evolving into cylinders 

and bilayers eventually closing to form vesicles (Fig. 5.2). The growth of the liquid phase 

precursor, observed in the initial stages of vesicle formation, was found to be different in different 

in-situ experiments. This indicates that the kinetics of how the phase diagram (Fig. 5.1) is 

traversed can affect the formation mechanism. Further work is needed to determine how the 

variation in the nucleation and growth rates of the polymer-rich liquid droplets and self-

assembled species can influence the final particle morphology. 

It is noted that PCL crystallization, observed in Chapter 4 for the same of Me-EO45-CL87 

copolymer, is not observed in the LP-TEM experiments. Probably, this is caused by a 

combination of kinetic effects due to an uncontrolled solvent mixing rate, and a sample-electrons 

interaction that suppress crystallization. The strong kinetic dependence of Me-EO45-CL87 self-

assembly is further supported by the ex-situ experiments reported in 5.A.5 and Fig 5.B.4.  

5.4.3 Quantitative analysis of vesicle formation  

To understand the polymer-rich liquid droplet to vesicle transformation the cross-sectional time 

series and radially averaged intensity profiles have been used to measure changes in particle 

diameter (𝐷𝐷V, Fig. 5.5 a), normalized particle contrast (𝑄𝑄/𝐷𝐷V, Fig. 5.5 b) and membrane 

thickness (𝑇𝑇V, Fig. 5.5 c) for five vesicles (see §3.6 and Fig. 5.B.1). The formation process is 

divided into two regimes: growth of the polymer-rich liquid droplet (t ≤ 137 s) and nucleation 

and growth of the assemblies (t > 137 s). The contrast of the particles is related to their 

composition, and an increase in contrast is indicative of an increase in polymer concentration. 

To compare individual particles, the contrast is normalized based on the particle diameter. In the 

early stages (t < 137 s) the increase in size and contrast is related to the growth of the polymer-

rich liquid droplet by accumulation of polymer from the bulk solution. In the later stages 
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(t  >137 s) the size of the particles stabilizes (Fig 5.5 a) as self-assembly becomes preferred over 

phase separation, and the liquid droplet begins to evolve into the vesicle. During this process the 

contrast at the interface between the droplet and the solution continues to increase (Fig. 5.5 b). 

This indicates that after self-assembly occurs, the vesicles continue to form via addition of 

polymer from the bulk solution (rather than simply a reorganization of polymer inside the liquid 

phase precursor). Interestingly, while the general trends are the same, each individual vesicle 

follows its own unique formation pathway.  

Fig. 5.5 Quantitative analysis of the LP-TEM data (symbols). Evolution of a) particle diameter, 

𝐷𝐷V, b) diameter-normalized membrane contrast, 𝑄𝑄/𝐷𝐷V and c) membrane thickness, 𝑇𝑇V as a 

function of time for five vesicles. d) Evolution of membrane thickness 𝑇𝑇V as a function of 𝑄𝑄/𝐷𝐷V.  

Continuous curves are obtained by fitting the data with exponential functions. Video analysis by 

H. Wu, J. Patterson, H. Friedrich and A. Keizer, TU/e. 
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Fig. 5.6 a) Schematic representation of the chain ends labelling used in the SF-SCF 

computations; b) Probability distribution describing the position of the end of the PCL chains 

A and the junction between the PEO and PCL block B as function of the distance from the center 

of the bilayer 𝑟𝑟; dashed curves are data at 𝜙𝜙W = 0.12, while continuous curves are data at 𝜙𝜙W =
0.9  c) SF-SCF evolution of average end-to-end distance of the PCL, 𝜀𝜀, and PEO, 𝛿𝛿, blocks as a 

function of increasing polymer volume fraction in the membrane 𝜑𝜑PCL(𝑟𝑟 = 0); d) Evolution of 

the polymer interfacial area, 𝛼𝛼, and aggregation number 𝑁𝑁agg, as a function of the solvent 

composition 𝜙𝜙W; e)  Evolution of the solvent content in the vesicle membrane (𝑟𝑟 = 0) as a 

function of  𝜙𝜙W; f) Schematic illustrating the BCP conformational changes as 𝜙𝜙W increases. In 

c-e), the symbols are the SF-SCF data, while the curves are fitting functions. 
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To gain a molecular understanding of the individual particle self-assembly pathways, the 

experimental results (Fig. 5.5) are compared with results from SF-SCF computations (Fig. 5.6 

and Fig 5.7). The computations were performed on BCPs without (Fig. 5.6) and with (Fig. 5.7) 

molar mass dispersity, to simulate the measured dispersity in our system and to understand its 

effect on the vesicle formation process. For the computations of monodisperse BCPs, labelling 

the monomers at the end of the two blocks and the junction between the PCL and PEO blocks 

(Fig. 5.6 a) enables to track the average end-to-end distance of each block (𝜀𝜀 for PCL and 𝛿𝛿 for 

PEO, see Fig. 5.6 b). The quantity 𝜀𝜀 is related to 𝑇𝑇V, and both 𝜀𝜀 and  𝛿𝛿 reflect the stretching of the 

blocks (Fig. 5.6 c). For a bilayer morphology, the interfacial area (𝛼𝛼, illustrated in Fig. 5.6 f) 

decreases with increasing water volume fraction in the environment (𝜙𝜙W) (Fig. 5.6 d). 

Simultaneously, the volume fraction of PCL in the membrane, 𝜑𝜑PCL(𝑟𝑟 = 0), increases, which is 

essentially a replacement of the solvent molecules inside the membrane for polymer molecules 

from solution (Fig 5.6 e). This results in increased steric repulsion between the PCL and PEO 

blocks in the membrane and consequently the blocks stretch (Fig. 6.6 f, see Chapter 2 for a 

theoretical description of the process), leading to an increase in membrane thickness. In fact, for 

the entire assembly process the SF-SCF computations predict a linear relationship between 

𝜑𝜑PCLand the average end-to-end distance of the PCL and PEO blocks (Fig. 5.6 c), where 𝜀𝜀 is 

considered as half the membrane core thickness (Fig. 5.6 f).  

A linear relationship between membrane thickness and 𝜑𝜑PCL(𝑟𝑟 = 0) is found also for 

polydisperse systems. SF-SCF computations where performed for BCPs composed of different 

moieties with monodisperse PEO block but different PCL block lengths 𝑛𝑛 (see §5.A), for 𝜙𝜙W >
0.12. From the equilibrium concentration profiles the spatial arrangement of each moiety of the 

distribution can be visualized. Some illustrative results are plotted in Fig. 5.7 a, b.  It appears that 

the copolymers having PCL block lengths (𝑛𝑛) larger than the number-avered value 𝑛𝑛� are located 

preferentially in the center of the core, while the blocks with 𝑛𝑛 < 𝑛𝑛� are symmetrically displaced 

towards the outer regions of the bilayer (Fig. 5.7 a, b). Such partitioning over the bilayer is 

maintained over the entire solvent switch process, but the relative distribution of shorter (𝑛𝑛 < 𝑛𝑛�) 

and longer (𝑛𝑛 > 𝑛𝑛�) chains varies slightly.  

The structure of the PCL core in the membrane can be visualized by integrating the PCL volume 

fractions of the separated moieties. From the resulting PCL concentration profiles, plotted in Fig. 

5.7 c, it is possible to estimate the membrane thickness 𝑇𝑇VSCF (see §5.A).
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Fig. 5.7 a,b) Concentration profiles as a function of the distance from the center of the bilayer 

(𝑟𝑟) of the different moieties composing the polydisperse PEO-PCL copolymer obtained at a) 

𝜙𝜙W = 0.12 and b) 𝜙𝜙W = 0.9; c) Overall thickness of the PCL core of the self-assembled 

structure. d) SF-SCF membrane thickness 𝑇𝑇VSCF versus 𝜑𝜑PCL at the center of the core (orange

squares) and fit of  𝑇𝑇VSCF~𝜑𝜑PCL (solid curve).

It appears that in the early stage, 0.12 < 𝜙𝜙W < 0.16,  𝑇𝑇VSCF is nearly constant, while the PCL

volume fraction at the center of the membrane, 𝜑𝜑PCL(𝑟𝑟 = 0), increases with increasing 𝜙𝜙W. For 

𝜙𝜙W > 0.16 the increase in 𝜑𝜑PCL(𝑟𝑟 = 0) is associated with a clear increase of 𝑇𝑇VSCF. These two

trends can be explained by the change in relative membrane composition: in the early stage the 

membrane is mainly composed by the more insoluble 𝑛𝑛 ≥ 𝑛𝑛� moieties. With increasing 𝜙𝜙W the 

shorter blocks become also more insoluble, accumulating in the outer regions of the bilayer. 

In Fig. 5.7 d, 𝑇𝑇VSCF is plotted versus the 𝜑𝜑PCL(𝑟𝑟 = 0). It is clear that the linear relation between

membrane thickness and polymer volume fraction, found for the monodisperse BCPs, still holds. 

This linear relationship can be considered a hallmark of the equilibrium assembly process for this 
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system: it is expected that the membrane contrast measured by LP-TEM (proportional to 𝜑𝜑PCL) 

also scales linearly with 𝑇𝑇V (𝑄𝑄/𝐷𝐷V~𝑇𝑇V) for an equilibrium self-assembly pathway. Vesicle 5 

displays a near linear relationship between contrast and thickness for the entire movie (Fig. 5.5 

d), as predicted by SF-SCF computations.  

The other vesicles (Fig. 5.5 d) deviate from linearity at different stages and to different degrees, 

but all showing an increase in contrast without the predicted increase in thickness, indicating 

pathways in which kinetic traps occur. Intuitively, deviations from the thermodynamic pathway 

would be expected to occur at either a defined membrane thickness, or a defined water 

composition, when the dynamics of reorganization becomes slow compared to the rate of 

mixing.17 However, the differences observed in Fig. 5.5 d indicate that the onset of the kinetic 

traps is specific to the organization or composition at the level of a single particle.  

5.5 Conclusion 

The theoretical and experimental results reported in this Chapter show that liquid-liquid phase 

separation can influence the self-assembly of amphiphilic BCPs in several ways. When phase 

separation takes place prior self-assembly, the formation of the self-assembled structures is 

dictated by the size and composition of the phase-separating polymer-rich domains. Nucleation 

and growth of the polymer-rich domains occurs until self-assembly becomes thermodynamically 

favourable. After self-assembly evolves, the size of the polymer-rich liquid droplet stabilises and 

determines the final size of the assemblies. The onset of self-assembly occurs at the interface 

between the liquid droplet and the bulk solution. As the liquid precursor controls the nucleation 

and growth of the assemblies, it also regulates the thermodynamic and kinetic pathways of the 

assemblies.  

Since the nucleation of the precursor droplet is a stochastic process, the growth kinetics depend 

on the experimental conditions, such as polymer concentration, and the rate at which the solvent 

quality is varied. This could explain why the formation of disperse vesicles with no preferred 

curvature has often been observed experimentally,39 and why the mixing rate during self-

assembly has been shown to influence vesicle size40. The data also indicate that the kinetics with 

which the thermodynamic regimes are traversed can affect both the details of the formation 

mechanism and the final morphology. These findings have several practical implications. The 

encapsulation of hydrophilic molecules in self-assembled structures, such as the internal water 

pool of vesicles, can be controlled by creating models that consider the encapsulant affinity for 

the polymer-rich droplet, as well as the thermodynamic and kinetic transport processes across 
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the patchy membrane. The modified Sato-Takahashi model predicts that liquid-liquid phase 

separation occurs for a wide range of amphiphilic systems; its consideration during the design of 

amphiphilic assemblies will afford a greater control over the structure and properties of the 

resulting materials.  

It is important to bear in mind that crystallization might also take place during the bottom-up 

assembly of block copolymers with crystalline blocks. In such a case, the assembly pathways 

strongly depend on environmental conditions and kinetic factors; for certain experimental 

conditions, also an interplay between crystallization, phase separation and self-assembly can be 

expected. 
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5.A Materials and methods

5.A.1 Setup of the SF-SCF computations. 

 The computational modeling was performed using Scheutjens-Fleer self-consistent field (SF-

SCF) theory5,30 by means of the SFBox. The computations were performed as described in 

Chapter 2 and Chapter 4, but using a binary mixture of solvents, as described below. To study 

the equilibrium properties of the bilayers, a planar lattice was used, accounting for gradients in 

one direction in a box containing 100 lattice layers.  A mirror was placed in the first and in the 

last lattice site. The coordination number of the lattice 𝑧𝑧 was set to 𝑧𝑧 = 6. The size of a lattice unit 

𝑙𝑙 was set equal to the size of an EO monomer (𝑙𝑙 = 0.4 nm), as discussed in Chapter 4. In the lattice 

each solvent molecule (W), acetone (AC) and ethylene oxide monomer (EO) occupy one site, 

while the larger caprolactone monomer is assumed to occupy two lattice sites (CL2, see Chapter 

4). The ends of the two blocks have been labeled to quantify the end-to-end distance of each 

block in the self-assembled structure. The free end of the PCL block was labeled as A, the 

connection point between the two blocks was labeled as B and the free end of PEO was labeled 

as C (Fig. 5.6 a). As a result, Me-EO45-CL87 is modeled as A-CL172-B-EO44-C with equal size of 

the lattice sites for A, B, C, EO, CL.  

The A, B and CL units are chemically equivalent and therefore interact only via excluded volume 

interactions; the same holds for C and EO. The 𝜒𝜒 parameters (see Chapter 2) used in the 

calculation are reported in Table 5.A.1. As we are interested in the early stages of the assembly 

process, where the amount of water in the system is small, the effective value for the interaction 

parameter between the two blocks used in Chapter 4 is not suitable. Such a value, in fact, account 

for H-bonded water on the PEO chains, which mediates the interaction between the blocks (see 

Chapter 4). Hence, the interaction parameter between the two blocks, 𝜒𝜒CL−EO = 0.156 was 

calculated from the cohesive energy densities computed by means of molecular dynamics 

simulations41. It follows that 𝜒𝜒CLC = 𝜒𝜒AC = 𝜒𝜒BC = 𝜒𝜒AEO = 𝜒𝜒BEO = 0.156. The interaction 

parameter between acetone and water was calculated from the Hansen solubility parameters.42 

For the others parameters, literature data have been used43–46. For the monodisperse case, the 

equilibrium properties of the assembly have been calculated for water/acetone mixtures 

characterized by a water volume fraction (𝜙𝜙W) of 0 ≤ 𝜙𝜙W ≤ 0.9. The end-to-end distance for 

the PCL block (𝜀𝜀) and for the PEO block (𝜎𝜎) have been determined from the concentration 

profiles by computing the distance between the volume fraction maxima of the distributions of 



CHAPTER 5 

85 

A and B for the core and B and C for the corona. SF-SCF predictions for acetone, water and PCL 

volume fraction inside the core were calculated from the concentration profiles. 

5.A.2 SF-SCF  modeling of disperse block copolymers. 

 The SF-SCF computations predict a linear relation between PCL volume fraction at the center 

of the bilayer 𝜑𝜑PCL(𝑟𝑟 = 0) and the end-to-end distance for the PCL block (𝜀𝜀). Hence the 

thickness 𝑇𝑇V of the PCL core of the membrane scales as 𝑇𝑇V~𝜑𝜑PCL. To verify whether this relation 

depends on the molar mass distribution, membrane density profiles have been computed as a 

function of the solvent mixture composition 𝜙𝜙W in the presence of CLn-EO45 BCPs having 

disperse PCL blocks. The block dispersity has been modeled by means of the Flory-Schulz 

probability distribution20 

𝜓𝜓(𝑛𝑛) =
1

Γ(𝜍𝜍 + 1)
�
𝜍𝜍 + 1
𝑛𝑛�

�
𝜍𝜍+1

𝑛𝑛𝜍𝜍e
�−𝑛𝑛�𝜍𝜍+1𝑛𝑛� ��

 .  (5.12) 

Here, 𝑛𝑛� is the number-averaged chain length, Γ indicates the gamma function and 𝜍𝜍 is a 

parameter related with the chain length dispersity. The relative number of molecules having PCL 

chain length 𝑛𝑛 with respect to the ones having a chain length 𝑛𝑛� can be calculated as:  

Σ(𝑛𝑛) =
𝜓𝜓(𝑛𝑛)
𝜓𝜓(𝑛𝑛�) .  (5.13) 

To incorporate the chain length dispersity into the SF-SCF computations the relative distribution 

Σ(𝑛𝑛) is sampled in 11 points (one of which corresponding to the number-averaged chain 

length 𝑛𝑛�, where Σ(𝑛𝑛�) = 1). The relative distribution obtained by applying equation (5.13) is 

depicted in Fig. 5.A.1 with a blue curve, while the red dots represent the sampled points. This 

procedure is applied to model the behaviour CL𝑛𝑛 − EO45 with 𝑛𝑛� = 174 , 𝜍𝜍 = 3, which 

corresponds to a distribution having a relative standard deviation of ≅50%.  

The computations for the membrane evolution are performed as follows: for a certain solvent 

composition a certain number of copolymer molecules having a PCL block length 𝑛𝑛�, Θ𝑛𝑛� , are 

placed in the lattice. The number of copolymer molecules for the other 10 moieties composing 

the sampled distribution (𝑛𝑛 ≠ 𝑛𝑛�) are obtained from Θ𝑛𝑛 = Σ(𝑛𝑛)Θ𝑛𝑛� . The SF-SCF procedure is 

used to compute the excess grand potential of the system Ω, and the parameter Θ𝑛𝑛�  is varied until 

the grand potential 𝛺𝛺 = 0 (see Chapter 2), which corresponds to the formation of an equilibrium 

structure. The procedure is performed for various solvent compositions in the range 0.12 <
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𝜙𝜙W < 0.9. The core thickness 𝑇𝑇VSCF was calculated from the integrated PCL concentration

profiles (Fig. 5.7 c) computing the distance between the positions where 𝜑𝜑PCL = 0.2. 

Table 5.A.1 𝜒𝜒 parameters used in the calculations. 

i j 𝜒𝜒ij 

AC CL 0.46 
AC A 0.46 

AC B 0.46 

AC C 0.47 

AC EO 0.47 

AC W 0.185 

W CL 3 

W A 3 

W B 3 

W C 0.49 

W EO 0.49 

CL A 0 

CL B 0 

CL C 0.156 

CL EO 0.156 

EO A 0.156 

EO B 0.156 

EO C 0 

A B 0 

A C 0.156 

B C 0.156 
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Fig. 5.A.1 Simulated distribution (blue curve) and sampled points in the SF-SCF computations 

(red dots) obtained from applying equation (5.13) for a PCL block with 𝑛𝑛� = 174 , 𝜍𝜍 = 3. 

5.A.3 Validity of the model for commonly used block copolymers 

In §5.3 it is shown that phase separation is precursor to self-assembly if the lyophilic blocks are 

moderately soluble and if there is low incompatibility between the blocks. While the first depends 

upon the solvent used, the second is an inherent copolymer characteristic. Below, 𝜒𝜒ABvalues are 

calculated for several common BCPs. These values could be used in combination with the solvent 

switch diagrams to determine for which systems phase separation occurs prior self-assembly.  

The value of 𝜒𝜒AB for several BCPs (Table 5.A.2) can be estimated from the Hansen solubility 

parameters (HSPs) of the blocks according to the relation proposed by Lindvig et al.42  

𝜒𝜒AB = 0.6
𝑉𝑉A + 𝑉𝑉B
𝑅𝑅𝑇𝑇

��𝛿𝛿d,A − 𝛿𝛿d,B�
2 +

1
4
�𝛿𝛿p,A − 𝛿𝛿p,B�

2 +
1
4
�𝛿𝛿h,A − 𝛿𝛿h,B�

2

�      (5.14) 

Here 𝑉𝑉A and 𝑉𝑉B are the molar volumes of the monomers of A and B, R is the gas constant, T  the 

absolute temperature, while 𝛿𝛿d, 𝛿𝛿p and 𝛿𝛿h are the HSPs. The molar volume of the monomers can 

be estimated from the ratio between monomer molar mass and the polymer density. For the 

calculation literature values of the HSPs have been used47,48.  
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Table 5.A.2 Estimated values of 𝜒𝜒AB for several BCPs from Hansen solubility parameters. 

Copolymer Acronym 𝝌𝝌𝐀𝐀𝐀𝐀 

Poly(ethylene oxide)-block-Poly(lactic-co-glycolyc acid) PEO-PLGA (50:50) 0.06 

Poly(ethylene oxide)-block-Poly(propylene oxide) PEO-PPO 0.09 

Poly(ethylene oxide)-block-Polystyrene PEO-PS 0.43 

Poly(ethylene oxide)-block-Poly(methyl methacrylate) PEO-PMMA 0.1 

Poly(ethylene oxide)-block-Poly-L-lactide PEO-PLLA 0.02 

Poly(ethylene oxide)-block-Polyethylene PEO-PE 0.5 

Poly(vinyl alcohol)-block-Poly-ε-caprolactone PVOH-PCL 0.29 

Poly(vinyl alcohol)-block- Poly(lactic-co-glycolyc acid) PVOH-PLGA (50:50) 0.08 

Poly(vinyl alcohol)-block- Poly(propylene oxide) PVOH-PPO 0.15 

Poly(vinyl alcohol)-block- Polystyrene PVOH-PS 0.38 

Poly(vinyl alcohol)-block-(methyl methacrylate) PVOH-PMMA 0.17 

Poly(vinyl alcohol)-block- Polypropylene PVOH-PLLA 0.11 

Poly(vinyl alcohol)-block- Polyethylene PVOH-PE 0.53 

5.A.4 PEO-b-PCL 

 The Me-EO45-CL87 BCP reported in Chapter 4 was used for this study. 

5.A.5 Ex-situ self-assembly 

 To perform ex-situ self-assembly 1 mL of a solution of Me-EO45-b-CL87 in acetone 

(0.05 mg·ml- 1 – 5 mg·ml-1), previously filtered with a 0.22 μm PTFE syringe filter, was poured 

with a glass syringe into 20 mL vial with a magnetic stirring bar. Subsequently, 9 mL of water were 

added by means of a syringe pump (9 mL·s-1 - 0.05 mL·min-1) under vigorous stirring. The vial 

was capped to avoid acetone evaporation and the water addition was performed through a hole 

in the cap via a Teflon capillary. The range of conditions was used to explore the possible final 

morphologies for this system (Fig. 5.B.4) 
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5.A.6 Cryo-TEM 

 Cryo-TEM samples were prepared by depositing 3 µl sample on a 200 mesh Cu grids with 

Quantifoil R 2/2 holey carbon films (Quantifoil Micro Tools GmbH). All TEM grids were 

surface plasma treated for 40 seconds using a Cressington 208 carbon coater prior to use. An 

automated vitrification robot (FEI Vitrobot Mark III) was used for plunge vitrification in liquid 

ethane. Cryo-TEM studies were performed on the TU/e cryoTITAN (FEI, www.cryotem.nl) 

operated at 300 kV, equipped with a field emission gun (FEG), a post column Gatan Energy Filter 

(GIF) and a post-GIF 2k x 2k Gatan CCD camera. Gatan DigitalMicrograph. Images were 

recorded with a total electron flux of 24 e·Å-2. In-house Matlab scripts were used for TEM image 

analysis. 

5.A.7 LP-TEM  

Self-assembly was initiated inside the cell using a 3-step diffusion method. 1) A solution of Me-

EO45-b-CL87 (5 mg/mL in acetone) was flown into the tip of the holder containing the pre-

assembled liquid cell. It is important to assemble the cell dry and flow in liquid, as this method 

allows the creation of thin liquid layers, rather than direct loading of a solution, which often 

results in the creation of thick cells, unless specialized low volume dispensing equipment is used.49 

2) Using a 1 mL syringe acetone saturated vapor (created by filling a 1.0 mL syringe with ca. 0.2

mL acetone and 0.8 mL air, and then waiting several minutes for some of the acetone to evaporate 

and fill the syringe) was blown into tip, which expels the acetone solution from the lines and the 

end of the tip, but leaves the liquid cell full with the acetone polymer solution. The flow of the 

vapor is stopped when the acetone solution no longer comes out the exit line. 3) Water was flown 

into the tip, surrounding the cell and creating a diffusion gradient between the two solvents. Due 

to the large excess of water (compared to acetone), the solvent in the cell after full mixing will be 

almost entirely composed of water (Fig. 5.A.2). TEM imaging was performed on a FEI Technai 

20 (type Sphera) operated at 200 kV equipped with a LaB6 filament and a 1k × 1k Gatan CCD 

camera. The movie was captured using a screen capture software recording the Gatan Digital 

Micrograph during the experiments at 30 fps. Please note that the movie shows the color index 

instead of the original pixel intensity due to scaling of Digital Micrograph. During display, 

DigitalMicrograph uses the color index (0 to 255) to correlate each color in the grayscale color 

table with those pixels with specific intensities. More specifically, after capturing a frame, Digital 

Micrograph first automatically surveys the image to determine the contrast limits of the image's 

data, then transforms each mapped data value linearly into a grayscale value from 0 to 255, and 
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finally, each value from 0 to 255 is associated with a grayscale color to display each pixel, e.g. 255 

corresponds to white and 0 to black. Therefore, when the screen capture software was used to 

record the movie, we only recorded the scaled pixel values from the display. For this reason we 

interpret the relative changes in contrast rather than the absolute values. 

Fig. 5.A.2 Schematic diagram showing the three-step diffusion method for mixing two liquid 

inside the liquid cell.  

5.A.8 Movie analysis 

 Movie analysis have been performed by Hanglong Wu, Joseph Patterson, Heiner Friedrich and 

Arthur Keizer. Details about the movie analysis procedure can be find in the published version 

of this Chapter.50  

5.A.9 Control experiments 

Several control experiments, not reported in this thesis, have been performed by Hanglong Wu, 

Paula Vena and Mark van Rijt. These experiments can be find in the published version of this 

Chapter.50  
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5.B Supplementary figures

Fig. 5.B.1 Location map of the 5 analyzed vesicles. Five vesicles are located in different areas in 

the liquid cell and of different size ranging from 100 to 200 nm. Scale bar: 400 nm. 

Fig. 5.B.2 Schematic representation of the processing strategy used to build angular maps. 
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Fig. 5.B.3 Multiple time domain analysis of the early stages in the formation of vesicle 1. a. 3 

frames averaged time series sequence. b. 10 frames averaged time series sequence. c. sum up time 

series sequence. Scale Bar: a-e: 100 nm.  
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Fig. 5.B.4 Cryo-TEM images of different morphologies found in the Me-EO45-b-CL87 samples. 

Scale Bar: a-e: 400 nm, f: 1 µm. Images by M. van Rijt. 
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Chapter 6   

Hierarchical structures from the interplay between block 

copolymer phase separation, crystallization and 

segregation 

The temperature-responsive phase behaviour of crystalline-crystalline block copolymers 

composed of poly(ethylene oxide) and poly-𝜀𝜀-caprolactone (PEO-PCL) in ethanol is 

investigated. It is found that these copolymers undergo an articulated temperature-driven 

structure formation in ethanol, which is promoted by the interplay of crystallization, phase 

separation and block segregation. The pathway that leads to a specific structure depends on the 

copolymer composition because PEO and PCL exhibit different types of phase behaviour. For 

asymmetric block copolymer compositions the phase behaviour is dominated by the longer 

block, while a symmetric composition confers to the phase behaviour intermediate 

characteristics. As a result of this processes, different kinds of complex structures with up to four 

levels of hierarchical organization can be obtained. 
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6.1 Towards block copolymer hierarchical structures 

Living organisms often synthesize hierarchical materials with attractive features1,2. Nacre3  and 

bone4 are explicative examples of how hierarchy can be exploited to introduce functional 

properties, making the whole greater than the sum of the parts. In natural materials, controlled 

synthesis of building blocks and level-by-level assembly of the structure take place simultaneously 

and are directed by the biological matrix2. Conversely, artificial hierarchical materials are often 

prepared using procedures in which synthesis and assembly are separated, as the sophisticated 

strategy adopted by nature is still challenging to replicate. 

As discussed in the previous chapters, block copolymers (BCPs) are versatile synthetic self-

assembling building blocks for the preparation of different kinds of colloidal and bulk 

materials5– 7. Usually, bulk and solution self-assembly of BCPs result in the formation of 

structures with typically up to two hierarchical levels, as shown by several theoretical and 

experimental studies8– 11. Therefore, new strategies are desired to control block copolymer self-

assembly across multiple hierarchical levels.  

In weakly selective solvents, where there is a small solubility difference between the blocks, BCP 

dispersions might undergo phase separation. Such a process is intrinsically different from self-

assembly, as it involves a disordered aggregation of copolymer molecules. It has recently been 

shown12 that if the blocks are only weakly incompatible, phase separation is preferred over self-

assembly in these solvents. As shown in Chapter 5, this has important consequences on the 

formation mechanisms of self-assembled structures in solution13, where gradual changes in the 

solvent selectivity are often used to promote self-assembly. After phase separation, internal long-

range periodicity might evolve within the copolymer aggregates due to block segregation, 

similarly to what happens in the bulk8.  

Block copolymer phase separation has another interesting feature: it can often be (reversibly) 

controlled with temperature14,15. This is possible because weak amphiphilicity implies that the 

copolymer is overall poorly soluble but not far from theta conditions, and thus the phase 

boundaries between soluble and insoluble states might be crossed with relatively narrow 

temperature variations.  

The presence of crystalline blocks might further complicate this already rich behaviour16. Only 

recently, scientists started to pay attention to the effect of crystalline blocks on self-assembly, both 

in bulk17,18  and in solution16,19,20 . Dispersed crystalline block copolymer can potentially follow 

different organization pathways: crystallization from solution, phase-separation followed by 

internal block segregation, and phase separation followed by crystallization (of one or more 

blocks). Interplay between these processes can also be expected for certain experimental 
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conditions, solvent and copolymer composition. In this Chapter, it is shown that such 

comportment can be controlled to prepare structures with complex architectures and up to four 

levels of hierarchical organization. 

Crystalline-crystalline block copolymers made of poly(ethylene oxide) (PEO) and poly-ε-

caprolactone (PCL) are selected as a model system for this study. Both PEO and PCL are 

crystalline. The crystallization of PEO-PCL block copolymers is mostly regulated by the relative 

block chain length20: in symmetric PEO-PCL the blocks crystallize simultaneously, while for 

asymmetric compositions the longer block crystallizes first20. 

In certain solvents, such as hexanol19, amyl-acetate19 and water-acetone mixtures (Chapter 4), 

PEO-PCL block copolymers form lamellar crystals upon crystallization of either PEO or PCL, 

depending on the solvent. In ethanol, as shown in Chapter 3, PEO-PCL block copolymers show 

a thermo-responsive phase behaviour, with a demixing temperature that depends on the 

copolymer composition. Such a system is interesting not only from a material-science 

perspective: ethanol is more biocompatible than the other commonly used PEO-PCL solvents 

(mostly THF and acetone). Moreover, precipitation from ethanol is used as a purification 

strategy for these copolymers (see Chapter 3). Gaining control over this procedure would allow 

integrating copolymer purification and processing, with a significant energetic (and hence 

economic) advantage. 

6.2 Experimental approach 

The behaviour of PEO-PCL in ethanol is studied here using Small- and Wide-Angle synchrotron 

X-ray Scattering (SAXS/WAXS), Differential Scanning Calorimetry (DSC), and Scanning 

Electron Microscopy (SEM). Synchrotron X-ray scattering measurements are especially suited 

for this study because they provide in situ, time-dependent and temperature-dependent 

structural information over a broad range of length scales. Furthermore, they provide an 

ensemble-averaged information. The DSC analysis provides energetic information and is useful 

to study crystallization phenomena, while SEM imaging enables direct visualization of the 

copolymer structures at the length scale of few tens micrometers, not easily accessible with 

SAXS/WAXS. 

The behaviour of PEO-PCL block copolymers in ethanol is controlled by many parameters, such 

as the total and relative chain length of the blocks, their (temperature-dependent) solubility, their 

crystallization enthalpy and temperature, and the inter-block compatibility. The behaviour of the 

individual PEO and PCL homopolymers in ethanol is first studied to provide a frame of 
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reference, which is used to understand the behaviour of the copolymers in ethanol. All 

characterizations are performed on 50 mg ∙ ml−1 dispersions upon cooling from 𝑇𝑇 = 70 ℃ to  

𝑇𝑇 = −20 ℃. Unless specified otherwise, data were obtained with a cooling rate 𝑣𝑣c = 10 ℃ ∙
min−1. Details of the sample preparation, characterization and data analysis procedures are 

described in §6.A. It is noted that each SAXS/WAXS experiment reported in this Chapter is 

composed of many scattering curves. For clarity, these are combined into temperature-

dependent 3D plots and contour maps. In the contour maps, the scattered intensities are 

represented using variations of a color scale. Such a representation enables an accessible visual 

comparison between data from different experiments. Some relevant scattering curves are 

compared with theoretical models for single-particle scattering (or form factors, see Chapter 2) 

to determine the aggregation state (morphology and size) of the dispersed BCPs. For mixtures 

containing particles with different shapes and sizes, a comparison with theoretical form factors is 

difficult. In such cases, scattering data are interpreted on the basis of the scaling exponent 𝜛𝜛 of 

the scattered intensity with respect to the scattering vector 𝑞𝑞 (𝐼𝐼~𝑞𝑞−𝜛𝜛). In the small angle regime, 

depending on the investigated 𝑞𝑞 range and the particles size, the exponent 𝜛𝜛 depends on the 

fractal dimension of the particles or on the fractal dimension of their surface21,22; therefore 𝜛𝜛 can 

provide information about shape21 and surface roughness22 of the particles. The presence of 

diffraction peaks in the small-angle scattering patterns indicates long-range ordering in the 

system. The position of the diffraction peaks can reveal the symmetry and the size of the repeating 

pattern23. Phase separation (𝑇𝑇p) and crystallization (𝑇𝑇xtl) temperatures are determined from the 

SAXS/WAXS and DSC measurements, respectively, as described in 6.A and Fig. 6.D.2. The 

experimental data are first presented for PEO and PCL homopolymers and then for PEO-PCL 

block copolymers. 

6.3 PEO and PCL homopolymers in ethanol 

PEO (MeEO45) and PCL (CL17) exhibit different types of phase behaviours in ethanol. Above 

the crystallization temperature (𝑇𝑇xtl ≈ 3.6 ℃ ), small-angle scattering (Fig. 6.1 a and c) shows 

that PEO is homogenously dissolved in ethanol, with a radius of gyration 𝑅𝑅g ≈ 1.5 nm, obtained 

by fitting the scattering data (Fig. 6.2 a) with a form factor for polymer coils with excluded 

volume24 (see Fig. 6.D.1 a for an example). The value of 𝑅𝑅g is fairly constant with temperature 

(𝑇𝑇xtl > 3.6 ℃ ) until demixing takes place. The demixing of the PEO solution leads to the 

formation of larger aggregates, causing an increase of the SAXS intensities at the smallest 𝑞𝑞-values 

(Fig. 6.2a). Phase separation is detected at the onset of crystallization (𝑇𝑇p ≈ 𝑇𝑇xtl),  suggesting that 

PEO phase separation is induced by crystallization, in agreement with previous literature25. 
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Fig. 6.1 a, b) 3-D representation of the SAXS data, and relative c, d) contour maps, where 

variations of the scattered intensity are represented as variations over a color map; a, c) are the 

scattering data from PEO in ethanol (50 mg ∙ ml−1), while b, d) are the scattering data from PCL 

in ethanol (50 mg ∙ ml−1). The vertical dashed lines in c, d) represent the crystallization onset 

temperatures (𝑇𝑇xtl) determined by DSC (Fig. 6.D.2). 

By contrast, the size of dispersed PCL chains does vary with temperature, with a maximum value 

of  𝑅𝑅g ≈ 7 nm reached at  𝑇𝑇 ≈ 50 ℃ (Fig. 6.1b and d, Fig. 6.2 b and Fig. 6.D.1 a). Such a value 

probably indicates that clusters, made of few polymer coils, form and are stable in solution. In 

fact, a radius 𝑅𝑅g ≈ 7 compares with half the polymer contour length; if referred to a single PCL 

molecule, such a value would indicate that the chain is in a rather (almost completely) stretched 

conformation. Such a behaviour could be expected for charged ionic BCPs, where charge 

repulsion can be minimized by stretching the polymer chains, but is rather unusual for a non-

ionic block copolymer. At 𝑇𝑇p ≈ 24 ℃ , an increase of the small-𝑞𝑞 SAXS intensity (Fig. 6.1 b and 

d) indicates the onset of phase separation. Crystallization starts at lower temperature (𝑇𝑇xtl ≈
15 ℃). These observations lead to the conclusion that PCL aggregation follows a two-step 

process, involving first aggregation and then crystallization, differently from PEO which directly 

crystallizes from solution. 
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Fig. 6.2 Selected SAXS data from a, c) PEO and b, d) PCL at a,b) high temperatures (indicated 

in the legends) and c, d) 𝑇𝑇 = −20 ℃. In c, d) the scattering data (markers) are compared with 

two proposed models (curves): c) is interpreted as the combination of individual lamellae27 

(LAM) with ≈ 7 nm thickness (polydispersity 0.1) and lamellar crystals27 (LC) with lamellar 

thickness ≈ 7 nm (polydispersity 0.1) and repeating spacing ≈ 7.5 nm (polydispersity 0.11); d) 

is interpreted as a poorly ordered lamellar crystal (LC) with average lamellar thickness ≈ 7.5 nm 

(polydispersity 0.16) and repeating spacing ≈ 11 nm (polydispersity 0.3). In c) and d) the small-

𝑞𝑞 scattered intensity is proportional to 𝑞𝑞−2, which is typical for two-dimensional scattering 

objects such as lamellae or flat lamellar structures. All polydispersities are estimated assuming a 

Gaussian distribution, from the ratio between standard deviation and mean of the distribution. 

The WAXS curves of PEO and PCL crystals formed from ethanol are presented in Fig. 6.D.1 b. 

The differences in PEO and PCL demixing mechanisms are reflected in the nano- and micro-

structure of the formed aggregates. PEO forms mixtures of individual and stacked lamellas with 

≈ 7 nm thickness, as shown by both SAXS (Fig. 6.2 c) and SEM analysis (Fig. 6.3 a and c) 

performed on a freeze-dried sample (see 6.A for details). The PCL aggregates have a different 

kind of hierarchical architecture: a poorly-ordered nanometric lamellar arrangement (Fig. 6.2 d) 
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Fig. 6.3 SEM micrographs at different magnifications of freeze-dried a, c) PEO and b, d) PCL 

samples previously equilibrated at 𝑇𝑇 =  −20 ℃ in ethanol. 

is the structural motif for a fractal microstructure with seemingly continuous micrometer-sized 

porosity (Fig. 6.3 b and d). Such a structure forms through the interplay of phase separation and 

crystallization. 

6.4 Block copolymers in ethanol 

Ethanol dispersions of three different PEO-PCL block copolymers, having the same PEO block 

but containing different PCL mass ratios (𝑓𝑓PCL = 𝑀𝑀n
PCL/𝑀𝑀n

PEO) have been studied to determine

their phase behaviour. The copolymers were labeled BCP1 (Me-EO45-CL30, 𝑓𝑓PCL = 1.71), BCP2 

(Me-EO45-CL13, 𝑓𝑓PCL = 0.74) and BCP3 (Me-EO45-CL6, 𝑓𝑓PCL = 0.34). The SAXS/WAXS 
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measurements (Fig. 6.4 a, c and e) reveal that above the phase separation temperatures (𝑇𝑇p ≈
34, 6.6 and −2.3 ℃ for BCP1, BCP2, and BCP3, respectively), the copolymers are molecularly 

dissolved. The radius of gyration 𝑅𝑅g (Fig. 6.5 a) of the dissolved copolymers, estimated from 

fitting the scattering data at various temperatures with a form factor for polymer coils with 

excluded volume24 (not shown), slightly increase with decreasing temperature until phase 

separation takes place. Such a behaviour is interpreted as an increase in the segregation state of 

the two blocks mediated by temperature, rather than a solvent-induced expansion of the 

copolymer chains. 

Phase separation of BCP1, the block copolymer with the longest PCL blocks (𝑓𝑓PCL = 1.71), is a 

two step-process similar to that of PCL. The onset of phase separation (𝑇𝑇p ≈ 34℃) is associated 

with a collapse of the copolymer chains (Fig. 6.4 a) and with an increase of the scattered intensity 

at small 𝑞𝑞. Crystallization takes place at lower temperature (𝑇𝑇xtl ≈ 18.6℃) and leads to the 

formation of two-dimensional structures, which can be recognized from the 𝐼𝐼~𝑞𝑞−2 scaling of the 

small-𝑞𝑞 scattered intensity (Fig. 6.4 b) and from comparison with a theoretical model (Fig. 6.5 

b). When the temperature reaches  𝑇𝑇 =  −20 ℃, the 2-D structures form big aggregates with an 

irregular shape and rough surface, as testified by a scaling of the scattered intensity 𝐼𝐼~𝑞𝑞−3.1 (Fig. 

6.4 b). This is confirmed by the SEM image in Fig. 6.6 a, showing a freeze-dried BCP1 sample 

previously equilibrated at 𝑇𝑇 =  −20 ℃ in ethanol. The SEM image (Fig. 6.6 a) shows the 

formation of flower-like aggregates in coexistence with sponge-like particles.  

The appearance of shallow diffraction peaks in the small-angle scattering at 𝑇𝑇 =  −20 ℃ (Fig. 

6.4 b) suggests that the copolymer chains rearrange forming poorly ordered periodic structures. 

The position of the small-angle diffraction peaks (Fig. 6.5 c) with respect to the position of the 

most intense peak 𝑞𝑞∗, is related to the symmetry of the formed phase. In the case of BCP1, the 

relative peak positions (approximately √2𝑞𝑞∗, √4𝑞𝑞∗ and √6𝑞𝑞∗, and  √10𝑞𝑞∗) suggest a cubic 

bicontinous arrangement23  (Fig. 6.5 c). The rearrangement observed at low 𝑇𝑇 is induced by a 

secondary crystallization event, with onset at 𝑇𝑇 ≈ −8 ℃, which is visible in the DSC curves (Fig. 

6.D.2 c). The WAXS patterns (Fig. 6.5 d and Fig. 6.D.3 c) reveals that the second thermal

transition originates from the (partial) crystallization of the PEO blocks. In fact, at 𝑇𝑇 > −8 ℃ 

only the diffraction signal from crystalline PCL domains is detected in the SAXS data, while at 

𝑇𝑇 < −8 ℃ reflections from PEO also become visible (Fig. 6.5 d). The phase separation 

temperature of BCP2, determined by SAXS (𝑇𝑇p ≈ 7 ℃), is lower than the crystallization 

temperature determined by DSC (𝑇𝑇xtl ≈ 9℃). This is an apparent effect because crystallization 

is per se a phase separation process. Likely, this is caused by kinetic effects due to differences in 

the way heat is transferred to the sample in the two measurements setup, and to the stochastic 



CHAPTER 6 

107 

Fig. 6.4 a, c, e) 3-D representation of the SAXS data and b,d,f) 2D representations of selected 

scattering curves. a, b) are the scattering data from BCP1; c, d) are the scattering data from BCP2; 

e, f) are the scattering data from BCP3. 

nature of the process. These data suggest that BCP2 in ethanol undergoes a crystallization-

induced phase separation, like pure PEO. 
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Fig. 6.5 a) Radius of gyration 𝑅𝑅g as a function of temperature 𝑇𝑇 for the three BCPs studied. 

Vertical dashed-lines indicate the phase separation temperature 𝑇𝑇p. b) Calculated theoretical 

scattering curves used for the interpretation of the scattering data from BCP1 and BCP2. The 

models describe the scattered intensities of mixtures of molecularly dissolved BCPs24 (POL) with 

lamellae27 (LAM) or cylinders28 (CYL). At small 𝑞𝑞 the typical scaling of the scattered intensity 

can be recognized. c) Kratky plots obtained from SAXS data at 𝑇𝑇 =  −20 ℃, used to enhance 

the visibility of the diffraction peaks. d) Selected WAXS data. Vertical black and red dashed lines 

indicate the position of PEO and PCL reflections respectively, determined in Fig. 6.D.1 b. 

The evolution of the demixing process (Fig. 6.4 c, d) resembles that of BCP1 (Fig. 6.4 a, b), but 

the formation of cylindrical or ribbon-like structures at 𝑇𝑇 ≈ 6 ℃ precedes the formation of two-

dimensional structures, which aggregate at lower temperature forming irregular clusters with a 

rough surface (Fig. 6.4 d). This is corroborated by the change of the scaling exponent of the small-

𝑞𝑞 scattered intensities from 𝐼𝐼~𝑞𝑞−1 (𝑇𝑇 ≈ 6 ℃ ) to 𝐼𝐼~𝑞𝑞−2 (𝑇𝑇 ≈ 0 ℃ ) and finally to 𝐼𝐼~𝑞𝑞−3.2 
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(𝑇𝑇 = −20 ℃ ), shown in Fig. 6.4 d, and compared with theoretical models for the form factor 

of different morphologies in Fig. 6.5 b. The SEM analysis again confirms such observations, 

showing that BCP2 forms palmate particles made of ribbon- or leaf-shaped building blocks. Such 

particles coexist with much bigger planar structures, in agreement with the SAXS/WAXS data. 

 A clear diffraction peak is observed for  𝑇𝑇 ≲ 4 ℃. This peak suggests that the BCP2 ribbon or 

leaf-shaped aggregates are composed of a stack of multiple lamellar layers (Fig. 6.4 d). The 

position of this diffraction peak shifts from 𝑞𝑞 ≈ 0.45 nm−1 to 𝑞𝑞 ≈ 0.5 nm−1 with decreasing 

temperature (Fig. 6.4 d), indicating that the size of the repeating copolymer domains decreases 

from ≈ 14 to ≈ 12.5 nm. Such a decrease is consistent with a crystallization-induced ordering 

of the copolymer chains. At 𝑇𝑇 = −20 ℃, the appearance of other shallow diffraction peaks (Fig. 

6.4 d and Fig. 6.5 c) at approximately √2𝑞𝑞∗, √4𝑞𝑞∗ and √10𝑞𝑞∗ suggests that the copolymers 

arrange into a cubic bicontinous phase. The DSC data show that BCP2 crystallizes in a single 

event (Fig. 6.D.2 d). The wide-angle scattering analysis (Fig. 6.5 d and Fig. 6.D.3 d) at 𝑇𝑇 =
−20 ℃ reveals that both blocks crystallize. 

Also BCP3, with the shorter PCL block (𝑓𝑓PCL = 0.34), undergoes crystallization-induced phase 

separation, with a demixing temperature 𝑇𝑇p ≈ −2 ℃, again apparently lower than the 

crystallization temperature (𝑇𝑇xtl ≈ 3℃). The phase separation of BCP3 is sharp and produces 

lamellar crystals (Fig. 6.4 f). The repeating spacing of such crystals decreases from ≈ 11 nm 

(𝑇𝑇 = −4.8 ℃) to ≈ 9 nm (𝑇𝑇 = −20 ℃), similarly to BCP2 (Fig. 6.4 f). At 𝑇𝑇 = −20 ℃, the 

appearance of other diffraction peaks at √4𝑞𝑞∗, √9𝑞𝑞∗ (Fig. 6.4 f and Fig. 6.5 c) confirm the 

lamellar arrangement of the copolymer molecules. This is further confirmed by the SEM analysis 

(Fig. 6.6 d). The crystallization of BCP3 also takes place in a single event (Fig. 6.D.2 e); only the 

PEO blocks crystallize according to the WAXS analysis (Fig. 6.5 d and Fig. 6.D.3 e).  

Due to the different phase behaviours of the individual blocks and to the different PCL block 

lengths, the three copolymers studied exhibit fundamentally different structure formation 

mechanisms in ethanol. It can be concluded that the copolymer phase behaviour is dictated by 

the characteristics of the longer block. A longer PCL block gives rise to a two-step process with 

liquid-liquid phase separation preceding a crystallization dominated structural rearrangement. 

The process leads to the formation of flower-like particles. A longer PEO block results in 

crystallization-induced phase separation which leads to the formation of lamellar structures. A 

quasi-symmetric composition seems to infer intermediate characteristics to the demixing 

process.  

The structure of BCP1 and BCP2 aggregates is hierarchical and consists of four levels of 

organization. At the microscale, aggregates with complex shapes are formed and are composed  
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Fig. 6.6 SEM micrographs of freeze-dried a) BCP1, b, c) BCP2 and d) BCP3 samples, previously 

equilibrated at 𝑇𝑇 =  −20 ℃ in ethanol. 

of smaller micrometer sized planar sub-units. Within these sub-units, the copolymers are 

arranged in a periodic fashion due to the tendency of the blocks to separate in different domains. 

Inside these domains, the chains of each block can adopt either amorphous or crystalline 

configurations. The formation of hierarchical structures is promoted by an interplay between 

macroscopic phase separation, block segregation and crystallization of both blocks (see 6.B for 

further discussion). 

Furthermore, it has been found that the cooling rate 𝑣𝑣c (see experimental results in Fig. 6.D.4) 

affect both phase separation and crystallization temperatures, as described in detail in 6.C. 

Extrapolation of 𝑇𝑇p and 𝑇𝑇xtl to vanishing 𝑣𝑣c (Fig. 6.D.5), yields kinetic-independent transition 

temperatures (𝑇𝑇p
𝑣𝑣c→0 and 𝑇𝑇xtl

𝑣𝑣c→0), reported in Fig. 6.D.6 a. The gap between 𝑇𝑇p
𝑣𝑣c→0 and 𝑇𝑇xtl

𝑣𝑣c→0
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gets wider with increasing PCL molar mass, hence, when the PCL block gets longer, it 

increasingly dominates the copolymer phase behaviour. Interestingly, the 𝑇𝑇p
𝑣𝑣c→0 value of BCP3

is lower than that of pure PEO (Fig. 6.D.6 a). Although counterintuitive, such a phenomenon 

can be theoretically rationalized by means of Flory-Huggins theory (see 6.C and Fig. 6.D.6 a) and 

is probably an effect of the interblock incompatibility.  

6.5 Conclusions 

Complex structures with up to four levels of hierarchical organization can be obtained from 

crystalline-crystalline PEO-PCL block copolymers in ethanol by varying temperature. The 

pathway that leads to the formation of the hierarchical structure involves different kinds of 

intermediate structures and depends upon the copolymer composition because PEO and PCL 

exhibit radically different demixing behaviours in ethanol: PEO undergoes crystallization-

induced phase separation, while PCL demixes via an aggregation process followed by 

crystallization. It is found that the structure-formation pathway of asymmetric block copolymers 

is dominated by the longer block, while that of the quasi-symmetric block copolymer possesses 

intermediate characteristics. 

The formation of hierarchical structures seems to be promoted by an interplay between 

macroscopic phase separation, block segregation and crystallization. Understanding how these 

processes interact, and hence gaining control over the (out-of-equilibrium) structural formation 

pathways of block copolymers in weakly selective solvents, offers new opportunities to prepare 

complex hierarchical architectures. 
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6.A Materials and Methods

6.A.1 Materials 

The PEO-PCL block copolymers used in this study were prepared as described in Chapter 3. The 

PEO (MeEO45,𝑀𝑀n ≈ 2 kDa) initiator used for the preparation of the copolymers, and PCL 

(CL17, 𝑀𝑀n ≈ 2 kDa) homopolymer were from Sigma Aldrich. Absolute (dehydrated) ethanol 

was from BioSolve. All samples analyzed in this study consisted of 50 mg ∙ ml−1 polymer (PEO, 

PCL) or block copolymer (PEO-PCL) dispersions in ethanol. 

6.A.2 Synchrotron X-ray Scattering (SAXS/WAXS) 

SAXS/WAXS measurements were performed at ID02 beamline of ESRF in Grenoble. The high 

brilliance of the Synchrotron source enabled extremely short measurement times (a fraction of a 

second), allowing to perform kinetic measurements. Measurements were performed in quartz 

capillaries with 1 mm diameter, upon cooling from 𝑇𝑇 = 70 ℃ to  𝑇𝑇 = −20 ℃. Before filling the 

capillaries, the BCP solutions were pre-heated at 70 ℃. Temperature control was achieved by 

means of a Linkham heating stage. Different cooling rates 0.5 < 𝑣𝑣c < 50 ℃ ∙ min−1 were 

applied. The scattered beam was simultaneously detected by two detectors, one collecting the 

atomic diffraction from the system at wide angles, and one collecting the small-angle scattering. 

The small-angle detector was placed at 1 m distance from the sample to access a scattering vector 

(𝑞𝑞) range 0.06 < 𝑞𝑞 < 6 nm−1. Automatic data reduction and calibration were performed at the 

beamline.  

The scattered signal of an empty capillary, used as background, was recorded at different 

temperatures −20 < 𝑇𝑇 < 70 ℃. Background subtraction was automatized by means of a 

custom-made script. Ethanol was not included in the background for two reasons: first, different 

capillaries have different diameters, therefore subtraction of the ethanol signal could have resulted 

in negative scattering data at high 𝑞𝑞; second, the scattering of ethanol is expected to be  𝑞𝑞-

independent at small angles, hence its contribution is a constant. The script for the background 

subtraction operates as follows: the scattering patterns of the empty capillaries and of the samples 

are indexed based on the acquisition temperature. For each sample, the script subtracts the 

background recorded at the closest temperature. On average, the temperature differences 

between sample and background was always smaller than 1 ℃. 

The phase separation temperature, 𝑇𝑇p,  is estimated as the temperature at which structure-factor 

contributions appear in the low angle scattering, and the size of the dispersed copolymer chains, 
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determined via fitting the scattering data with a form factor for polymer coils with excluded 

volume24, diverges. 

6.A.3 Differential scanning calorimetry (DSC) 

DSC measurements were performed by means of a TA Q 2000 over a temperature range −20 <
𝑇𝑇 < 70 ℃ ad using various cooling rates 5 < 𝑣𝑣c < 20 ℃ ∙ min−1. Samples (50 mg ∙
ml−1 block-copolymers in ethanol) were measured in hermetic TA pans. Prior the actual 

measurement, a DSC heating-cooling cycle was performed to erase the samples thermal history. 

The data, displayed in Fig. 6.D.2, were analyzed with TA Universal Analysis software. The 

crystallization temperature, 𝑇𝑇xtl, was determined from the onset of the crystallization peak in the 

DSC curves, as shown in Fig. 6.D.2.  

6.A.4 Scanning electron microscopy (SEM) 

Samples where freeze-dried to remove ethanol without compromising the structure of the 

polymer and copolymer aggregates. The polymer dispersions, previously equilibrated at −20 ℃, 

where frozen with liquid nitrogen and subsequently freeze-dried. The obtained powder was 

deposited on a carbon-tape-coated sample holder and covered with sputtered gold. The 

sputtering conditions were 60 mA and 30 s. SEM analysis was performed using a FEI Quanta 

microscope. 

6.B Interplay between block segregation and crystallization

6.B.1 Comparison with theoretical models for block segregation 

PEO and PCL are weakly incompatible polymers: the driving force for block segregation is 

weak.20 In absence of solvent, block segregation of an A-B block copolymer (with blocks 

composed of 𝑁𝑁A and 𝑁𝑁B segments, respectively) is controlled by8 the block volume fractions 

𝜑𝜑A = 1 − 𝜑𝜑B = 𝑁𝑁A/(𝑁𝑁A + 𝑁𝑁B), and by the product between the total number of segments per 

BCP (𝑁𝑁 = 𝑁𝑁A + 𝑁𝑁B) and the inter-block Flory-Huggins interaction parameter 𝜒𝜒AB. Using self-

consistent field theory, Matsen and Bates8 computed a phase diagram for A-B melts with 

conformationally equivalent blocks (the sizes of the A and B segments are equal), which can be 

used to estimate whether block segregation takes place, and the structural motif of the formed 

phase. To use such a diagram to predict the behaviour of the PEO-PCL dispersions studied in 

this Chapter, the conformationally equivalent compositions and the value of the 𝜒𝜒AB parameter 

needs to be determined. In line with Chapter 4 and 5, it is assumed that one PCL monomer is 

comformationally equivalent to two PEO monomers. The value of 𝜒𝜒AB is estimated to be  𝜒𝜒AB ≈



CHAPTER 6 

114 

0.16 at room temperature13, and is expected to increase with decreasing temperature29 (𝜒𝜒AB ≈
0.18 at 𝑇𝑇 = −20 ℃).  

Using these values as a reference, it was estimated that 17 ≲ 𝑁𝑁𝜒𝜒AB ≲ 19 and 𝜑𝜑A ≈ 0.43 for 

BCP1, 11 ≲ 𝑁𝑁𝜒𝜒AB ≲ 13  and 𝜑𝜑A ≈ 0.63 for BCP2, and 9 ≲ 𝑁𝑁𝜒𝜒AB ≲ 10 and 𝜑𝜑A ≈ 0.79 for 

BCP3 in the temperature interval −20 ≲ 𝑇𝑇 ≲ 20 ℃. On the basis of these estimates, comparison 

with the Matsen-Bates phase diagram show that BCP 1 is close to the phase boundary between 

lamellar and bicontinuous cubic phases, BCP2 is in proximity of the order-disorder transition 

and not far from the cylindrical to bicontinuous cubic phase boundary, while BCP3 falls into the 

disordered region. Even though the presence of solvent might shift the phase boundaries, and the 

actual values of the block volume fractions might be different, such a comparison is a useful frame 

of reference to understand the interplay between block segregation and crystallization. 

Crystallization is known to produce lamellar structures30. For BCP3, the crystallization process 

directs the copolymer organization into lamellar structures because there is no interference from 

the block segregation. Conversely, there seems to be an interplay between crystallization and 

nano-phase separation, which contributes to the formation of the complex BCP1 and BCP2 

hierarchical arrangement.  

6.B.2 Insights from DSC measurements 

Integration of the DSC crystallization peaks yields the crystallization enthalpy per gram of 

polymer, ∆𝐻𝐻xtl, which were used to calculate the non-dimensional crystallization enthalpy per 

polymer molecule ∆ℎxtl: 

∆ℎxtl =
 ∆𝐻𝐻xtl𝑀𝑀n

𝑘𝑘B𝑇𝑇𝑁𝑁Av
.  (6.1) 

Here, 𝑀𝑀n is the number-averaged molar mass of the polymer, 𝑘𝑘B Boltzman’s constant and 𝑁𝑁av 

Avogadro’s constant. For homopolymers like PEO and PCL, the crystallization enthalpy per 

monomer, 𝜖𝜖xtl, can be calculated upon dividing ∆ℎxtl by the average degree of polymerization 

(𝑁𝑁EO and 𝑁𝑁CL, respectively). 

The 𝜖𝜖xtl values of the pure PEO and PCL homopolymers are 𝜖𝜖EOxtl ≈ 2.8 𝑘𝑘B𝑇𝑇 and 

𝜖𝜖CLxtl ≈  2.0 𝑘𝑘B𝑇𝑇, respectively. Such values have been used to calculate reference crystallization

enthalpies for the BCPs, which can be compared with the experimentally measured ones 

(∆ℎPEO−PCLxtl ) to determine how the copolymer characteristics affect the crystallization of the

blocks. For a PEO-PCL copolymer composed 𝑁𝑁EO and 𝑁𝑁CL monomers, one 

expects ∆ℎPEO−PCLxtl ≈ 𝑁𝑁EO𝜖𝜖EOxtl + 𝑁𝑁CL𝜖𝜖CLxtl if the copolymer architecture does not affect the

crystallization process, ∆ℎPEO−PCLxtl > 𝑁𝑁EO𝜖𝜖EOxtl + 𝑁𝑁CL𝜖𝜖CLxtl if the copolymer architecture favors
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crystallization, and ∆ℎPEO−PCLxtl < 𝑁𝑁EO𝜖𝜖EOxtl + 𝑁𝑁CL𝜖𝜖CLxtl if the copolymer architecture hinders

block crystallization. If only one of the blocks crystallizes, the crystallization enthalpy of the block 

can be also compared with single-block predicted values (𝑁𝑁EO𝜖𝜖EOxtl or 𝑁𝑁CL𝜖𝜖CLxtl) to determine 

whether the copolymer arrangement favors or disfavors the block crystallization. 

From the wide-angle scattering it was found that only PCL crystallizes in BCP1 (for 𝑇𝑇 >
−10 ℃), both blocks crystallize in BCP2 and only PEO crystallizes in BCP3. Hence, the 

crystallization enthalpies per polymer ∆ℎPEO−PCLxtl  determined by DSC, were compared with

𝑁𝑁CL𝜖𝜖CLxtl for BCP1, with 𝑁𝑁EO𝜖𝜖EOxtl + 𝑁𝑁CL𝜖𝜖CLxtl for BCP2 and with 𝑁𝑁EO𝜖𝜖EOxtl for BCP3. The value of

∆ℎBCP1xtl  was determined upon integration of the primary (PCL) crystallization peak only.

The results, reported in Table 1, show that PEO crystallization is suppressed for 𝑇𝑇 > −10 ℃, the 

PCL crystallization in BCP1 is favored by the copolymer bulk arrangement, which according to 

the scattering data is lamellar at 𝑇𝑇 > −10 ℃. In fact, ∆ℎBCP1xtl > 𝑁𝑁CL𝜖𝜖CLxtl. Differently, ∆ℎBCP2xtl  is 

only slightly smaller than the predicted value, which seems to indicate that a bicontinous 

arrangement helps the contemporary crystallization of the blocks, different from a lamellar 

arrangement which seems to promote the crystallization of only one block. 

Finally, from a comparison with the model of Matsen and Bates8, it seems that BCP3 molecules 

tend to mix into a random phase. Therefore, in this case, the interplay between block segregation 

and crystallization observed for BCP1 is not present, and PEO crystallization is partially hindered 

(∆ℎBCP3xtl <  𝑁𝑁EO𝜖𝜖EOxtl).

Table 6.B.1 Comparison between measured and predicted crystallization enthalpies for the 

block copolymers. 

Sample 1𝑁𝑁EO 1𝑁𝑁CL 2,3∆ℎPEO−PCLxtl 3,4prediction 5hypothesis 

BCP1 45 30 6126 60 𝑁𝑁CL𝜖𝜖CLxtl

BCP2 45 13 140 152 𝑁𝑁EO𝜖𝜖EOxtl + 𝑁𝑁CL𝜖𝜖CLxtl

BCP3 45 6 104 126  𝑁𝑁EO𝜖𝜖EOxtl

1Average values obtained by 1H-NMR; 2measured by DSC; 3values are in numbers of 𝑘𝑘B𝑇𝑇; 
4predictions based upon the crystallization enthalpies of PEO and PCL homopolymers; 5on the 

basis of WAXS data; 6obtained upon integration of the PCL crystallization peak only. 
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6.C Effect of the cooling rate

The SAXS/WAXS and DSC experiments have been performed at different cooling rates (Fig. 

6.D.4). The results show that both the crystallization and the phase separation temperatures

increase with decreasing cooling rate 𝑣𝑣c. Extrapolation to 𝑣𝑣c → 0 was used to estimate the 

kinetic-independent phase separation and crystallization temperatures (𝑇𝑇p
𝑣𝑣c→0 and 𝑇𝑇xtl

𝑣𝑣c→0). The

values of 𝑇𝑇p
𝑣𝑣c→0 and 𝑇𝑇xtl

𝑣𝑣c→0 were determined by linear regression of 𝑇𝑇p and 𝑇𝑇xtl with respect to

𝑣𝑣c
1
3, as it was found that both 𝑇𝑇p and 𝑇𝑇xtl scale linearly with 𝑣𝑣c

1
3 (Fig. 6.D.5 a and b). The physical 

meaning of such (apparent) relations is not investigated here. 

The difference between 𝑇𝑇p
𝑣𝑣c→0 and 𝑇𝑇xtl

𝑣𝑣c→0 increases with increasing the PCL molar mass. Hence,

when the PCL block gets longer, it increasingly dominates the copolymer phase behaviour. 

The values of 𝑇𝑇xtl
𝑣𝑣c→0 also increase with increasing the PCL block length, meaning that there is an

interplay between phase separation and crystallization. It is interesting to note that the kinetically-

independent phase separation temperature 𝑇𝑇p
𝑣𝑣c→0 of BCP3 is lower than that of pure PEO.

This finding can be rationalized by means of the Flory-Huggins (F-H) mean-field theory29 (see 

6.A). According to this theory, the components of a mixture can be modeled as sets of connected

segments distributed over a lattice. The sizes and interactions between the components determine 

whether the mixture is homogeneous or not. The interactions are modeled via a set of parameters, 

𝜒𝜒, which describe the effective enthalpic interactions between pairs of different segments (see 

Chapter 2). The F-H theory describes liquid-like random phases, therefore it is not suitable to 

quantitatively describe the phase behaviour of mixtures containing crystalline compounds, where 

orientation-dependent interactions and ordered arrangement of the components are important. 

However, it can provide a qualitative understanding of the copolymer composition dependence 

of 𝑇𝑇p
𝑣𝑣c→0.

In Chapter 5, the critical conditions at which phase-separation takes place (eq. 5.11) were derived 

for an A-B block copolymer, with chain length of the blocks 𝑁𝑁A and 𝑁𝑁B, in a solvent S composed 

of 𝑁𝑁S segments. By definition, the interaction parameters between the component of the system 

(χAS, 𝜒𝜒BS and 𝜒𝜒AB) depend upon the inverse of temperature, and hence their temperature 

dependence can be expressed as  

𝜒𝜒(𝑇𝑇) = 𝜒𝜒(𝑇𝑇R)
𝑇𝑇R
𝑇𝑇

,  (6.2) 

where 𝜒𝜒(𝑇𝑇R) is the value of the interaction parameter at a reference (absolute) temperature 𝑇𝑇R. 
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Expressing all the interaction parameters in equation (5.11) by means of equation (6.2) yields an 

expression for the upper critical solution temperature (𝑇𝑇UCS): 

𝑇𝑇UCS  = 𝑇𝑇R
2𝑁𝑁S �𝑁𝑁AχAS +  𝑁𝑁B𝜒𝜒BS −

𝜒𝜒AB𝑁𝑁A 𝑁𝑁B
𝑁𝑁A +  𝑁𝑁B

��1 −
−𝑁𝑁S + �𝑁𝑁A 𝑁𝑁S + 𝑁𝑁B 𝑁𝑁S

𝑁𝑁A + 𝑁𝑁B − 𝑁𝑁S
�
2

𝑁𝑁A + 𝑁𝑁B
.    (6.3) 

Equation 6.3 is used here to predict the 𝑇𝑇UCS of A-B BCPs (𝑇𝑇A−BUCS) as a function of the

solvophobic B block length (𝑁𝑁B) at a constant A block length (𝑁𝑁A). For the sake of comparison, 

𝑇𝑇A−BUCS is normalized with respect to the 𝑇𝑇UCS of the pure lyophilic block A (𝑇𝑇AUCS). The ratio

𝑇𝑇A−BUCS/𝑇𝑇AUCS is plotted in Fig. 6.D.6 b. for a weakly amphiphilic (𝜒𝜒AS = 0.5,𝜒𝜒BS = 0.6) and

weakly segregated (𝜒𝜒AB = 0.2) block copolymer with 𝑁𝑁A = 45 (the same degree of 

polymerization of the PEO used in the experiments). The theoretical model predicts that block 

copolymers with a short B block have a lower 𝑇𝑇UCS than the pure PEO block (𝑇𝑇A−BUCS/𝑇𝑇AUCS < 1),

in agreement with our experimental observations (Fig. 6.D.6). 

6.D Supplementary Figures

Fig. 6.D.1 a) Examples of experimental data (symbols) and fitted curves (using a form factor for 

polymer coils with excluded volume24 as fitting model) for the PEO and PCL SAXS data at 𝑇𝑇 =
50 ℃ and b) selected WAXS data for PEO and PCL at 𝑇𝑇 = −20 ℃. 
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Fig. 6.D.2 DSC cooling curves for a) PEO (MeEO45), b) PCL (CL17), c) BCP1 (MeEO45-CL30), 

d) BCP2 (MeEO45-CL13) and e) BCP3 (MeEO45-CL6). In each graph, data obtained at different 

cooling rates are displayed: From top to bottom 𝑣𝑣c =  5, 10, 15 and 20 ℃ ∙ min−1. The 

crystallization onset temperature (𝑇𝑇xtl) is displayed for each curve. 
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Fig. 6.D.3 3D representations of the WAXS data for a) PEO (MeEO45), b) PCL (CL17), c) BCP1 

(MeEO45-CL30), d) BCP2 (MeEO45-CL13) and e) BCP3 (MeEO45-CL6). 
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Fig. 6.D.4 SAXS contour plots obtained at different cooling rates (indicated in each graph) for 

a) BCP1, b) BCP2 and c) BCP3.

Fig. 6.D.5 a) Crystallization (𝑇𝑇xtl) and b) phase separation (𝑇𝑇p) temperatures obtained at 

different cooling rates, showing linear scaling with 𝑣𝑣c1/3.
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Fig. 6.D.6 a) Values of the kinetic-independent phase separation and crystallization 

temperatures (𝑇𝑇p
𝑣𝑣c→0 and 𝑇𝑇xtl

𝑣𝑣c→0). Dashed curves are depicted to guide the eye. b) Upper critical 

solution temperature (𝑇𝑇UCS) for A-B block copolymers as a function of the lyophobic B block 

length, normalized by the 𝑇𝑇UCS of the lyophilic A block, calculated by means of equation (11). 
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Chapter 7   

Solvent selectivity governs the emergence of temperature 

responsive block copolymer self-assembly 

In strongly selective solvents for one of the blocks, block copolymers form association colloids, 

while in solvents with poor selectivity they exhibit a temperature controlled (de)mixing 

behaviour. Herein, it is shown that a temperature-responsive self-assembly behavior emerges in 

solvent mixtures of intermediate selectivity. These results open up the possibility to induce 

temperature-responsive properties in many kinds of block copolymers. 
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7.1 On-demand temperature-responsive properties 

The preparation of stimuli-responsive block copolymers (BCPs) is becoming increasingly 

important, as it enables to design smart materials which modify their properties under an external 

stimulus, such as temperature1,2 and light3,4. At present this strategy requires a careful design of 

the molecular architecture of the blocks, which may be challenging to realize from a synthetic 

point of view.  

An interesting alternative would be to induce new stimuli-responsive properties in commonly 

used and widespread BCPs, for instance by controlling the solvency conditions. BCPs lose the 

ability to self-assemble in poorly selective solvents, where there is a small solubility difference 

between the lyophilic and the lyophobic blocks5. In such solvents, the (de)mixing behavior can 

be typically controlled by varying the solvent quality by means of temperature (Chapter 6).6 In 

this Chapter, it is investigated whether BCPs dispersed in mixtures of a weakly and a strongly 

selective solvent exhibit a thermo-responsive self-assembly behavior.  

Biocompatible and widespread poly-ethylene(oxide)-block-poly-ε-caprolactone (PEO-PCL) 

BCPs are selected for this study. These copolymers show a temperature controlled phase 

behavior in the weakly selective solvent ethanol (Chapter 3), where the interplay between 

crystallization, phase-separation, and block segregation leads to the formation of hierarchical 

structures (Chapter 6). By contrast, in water, a strongly selective solvent for the PEO block, the 

copolymers form colloidal self-assembled structures (Chapter 4).  

To illustrate this, the behavior of a PEO-PCL BCP, with composition Me-EO45-CL30, is studied 

in water-ethanol mixtures at different temperatures with Small and Wide Angle X-ray Scattering 

(SAXS/WAXS) and Scanning Probe Microscopy (SPM). The results reported in this work can 

be, in principle, applied to design processing strategies enabling to control the self-assembly of 

many BCPs with temperature. 

7.2 Me-EO45-CL30 in water-ethanol mixtures 

The formation of dispersed Me-EO45-CL30 (50 mg ∙ ml−1) structures  in water-ethanol mixtures 

containing water volume fractions 0.1 < 𝜙𝜙W < 0.5 was studied by means of SAXS/WAXS. In 

addition, SPM was performed on a selected sample. Scattering measurements provide an 

ensemble-averaged representation of the system, while SPM provides detailed structural and 

morphological information.  

The SAXS and WAXS measurements were combined into contour maps, where variations of the 

scattered intensities as a function of the scattering vector 𝑞𝑞 (see Chapter 2) and temperature 𝑇𝑇, 
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are displayed as color variations (Fig. 7.1). Such a representation facilitates the comparison 

between data from different samples. The data are also represented as 3D plots, which helps 

visualizing the features of the scattering curves (Fig. 7.2). Selected scattering curves are 

individually analyzed to assess the morphology and size of the scatterers. The SAXS data (Fig. 7.1 

a and Fig. 7.2 a and b) reveal that Me-EO45-CL30 is molecularly dissolved for 𝑇𝑇 > 20 ℃ in 

mixtures with composition 0.1 < 𝜙𝜙W < 0.2. 

Fig. 7.1 Contour maps of a) small-angle (SAXS) and b) wide-angle (WAXS) data from 50 mg ∙
ml−1Me-EO45-CL30 in water-ethanol mixtures. The mixture composition is indicated inside 

each plot as water volume fraction 𝜙𝜙W. In the WAXS plots, PCL diffraction peaks can be 

recognized as horizontal lines. 
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Fig. 7.2 3D representations of the SAXS data from 50 mg ∙ ml−1 Me-EO45-CL30 in different 

solvent-mixtures, containing water volume fractions a) 𝜙𝜙W = 0.1, b) 𝜙𝜙W = 0.2, c) 𝜙𝜙W = 0.3, 

d) 𝜙𝜙W = 0.4, e) 𝜙𝜙W = 0.5. 

In that regime, the copolymer mean radius of gyration, obtained by fitting of the scattering data 

with a form factor for polymers with excluded volume7(Fig. 7.B.1), is  𝑅𝑅g ≈ 2.7 nm and is rather 

constant with temperature.  
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An increase in the scattered intensity at low-𝑞𝑞 (structure factor contribution) can be recognized 

in the small-angle data for 0.1 < 𝜙𝜙W < 0.2 at 𝑇𝑇 > 20 ℃ (Fig. 7.B.1), indicating that attractive 

interactions between dissolved BCP molecules are operational. This, however, does not yet lead 

to demixing. When decreasing the temperature, a sudden change in the scattering profiles occurs 

at 𝑇𝑇 ≈ 20 ℃ (Fig. 7.1 a and Fig. 7.2 a and b). The low-𝑞𝑞 scaling of the scattered intensity 𝐼𝐼 ∼
𝑞𝑞−1(Fig. 7.3 a) indicates the formation of cylindrical self-assembled structures. Comparison with 

a theoretical scattering model for core-shell cylinders8 (Fig. 7.3 a) provides an estimation of the 

cross-sectional diameter of the PCL core (𝐷𝐷core ≈ 7 nm) and the thickness of the PEO corona 

(𝑇𝑇 ≈ 4 nm).  

At 𝑞𝑞 ≈ 0.2 nm−1, a rather wide and shallow diffraction peak can be observed (Fig. 7.3 a). This 

peak is difficult to interpret, as it could be caused by either the presence of a ~30 nm structural 

periodicity inside the cylinders with rather polydisperse spacing, the presence of ~30 nm 

aggregates, or correlations in the spatial distribution of different cylinders. The formation of 

cylinders is associated with the simultaneous appearance of PCL diffraction peaks at wide 

scattering angles (Fig. 7.1 b). Hence, it can be concluded that the cylinders form via a 

crystallization-induced self-assembly process. 

Fig. 7.3 a) Small-angle scattering profiles for 50 mg ∙ ml−1 Me-EO45-CL30 in water-ethanol 

mixtures containing water volume fractions 0.1 < 𝜙𝜙W < 0.4 at 𝑇𝑇 = −20 ℃. The continuous 

curve is the theoretical form factor of a core-shell cylinder8 (CS-CYL) with core cross-sectional 

diameter of the core 𝐷𝐷core = 7 nm (polydispersity 0.2, see §7.A) and a shell thickness 𝑇𝑇 =
4 nm. The arrow indicates the wide peak at 𝑞𝑞 ≈ 0.2 b) Small-angle scattering profiles for Me-

EO45-CL30 at 𝜙𝜙W = 0.3 at 𝑇𝑇 =  30 and 60 ℃ . Continuous curves are the theoretical form 

factors for polymer coils with excluded volume7 (POL) with a radius of gyration 𝑅𝑅g = 2.7 nm, 

while the dashed curve is the theoretical form factor of mondisperse spheres9 (SPH) with radius 

𝑅𝑅 =  5.5 nm, use as a fitting model for the micelles. 
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Fig. 7.4 SPM images of Me-EO45-CL30 self-assembled structures formed in a water-ethanol 

mixture with 𝜙𝜙W = 0.3 at 𝑇𝑇 ≈ 20 ℃ (see 7.A for details on the sample preparation procedure). 

a) and b) topographies showing individual cylinders at different magnifications; c) a Fourier-

filtered version of b), where the helical structure of the cylinders is enhanced. Insert in a) shows 

an example of cross-section measurement used to determine the average cross-sectional 

diameter. SPM measurements were performed by M. M. R. M. Hendrix, TU/e. 

For 𝜙𝜙W = 0.3, three different states can be observed in the scattering profiles (Fig. 7.1a and Fig. 

7.2 c). For 𝑇𝑇 ≳ 40 ℃, the copolymers are molecularly dissolved, with a radius of gyration  𝑅𝑅g =
2.7 nm (Fig. 7.3 b). Spherical micelles with radius 𝑅𝑅 ≈ 5.5 nm form instead below 𝑇𝑇 ≈ 40 ℃ 

coexisting with free, molecularly dissolved BCP molecules (Fig. 7.3 b). The micellar state is stable 

over the temperature range 20 ≲ 𝑇𝑇 ≲ 40 ℃. Below 𝑇𝑇 ≈ 20 ℃, crystallization again induces the 

formation of cylindrical micelles. The cylindrical morphology is confirmed by SPM 

measurements (Fig. 7.4 a, b and c), which further reveals that the cylinders have a helical 

structure, with pitch between 30 and 40 nm  (Fig. 7.4 c). This helicity is probably induced by 

crystallization, and is likely responsible for the wide scattering peak observed at 𝑞𝑞 ≈ 0.2 nm−1 in 

the SAXS profiles. A cross-sectional diameter 𝐷𝐷 = 10 ± 2 nm, consistent with the SAXS data 

(Fig. 7.3 a), was obtained from analyzing the SPM images (see 7.A). Planar, leaf-shaped particles, 

originating from the aggregation of the cylindrical micelles, were also found in the SPM images 

(Fig. 7.B.3). These structures formed upon drying, during the SPM sample preparations. In fact, 

they were not visible in the SAXS data, as their presence would be associated with a 𝐼𝐼 ∼ 𝑞𝑞−2 low-
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𝑞𝑞 scaling of the scattered intensity10.  Strikingly, the hierarchical arrangement of the cylindrical 

micelles into these planar particles (Fig. 7.B.3) resembles the structure of certain natural 

biomaterials like chitin11.  

For 𝜙𝜙W = 0.4 (Fig. 7.1 a and Fig. 7.2 d), spherical micelles with a mean radius 𝑅𝑅 ≈ 6 nm are 

already present at 𝑇𝑇 = 70 ℃, as the higher water content led to an increase of the solvent 

selectivity and a concomitant decrease of the overall copolymer solubility. At 𝑇𝑇 ≈ 20 ℃ 

crystallization induce the formation of cylindrical micelles (Fig. 7.3 a), as also found for lower 

𝜙𝜙W.  

Finally, for mixtures with 𝜙𝜙W = 0.5 (Fig. 7.1 and Fig. 7.2 e), only spherical micelles with mean 

radius 𝑅𝑅 ≈ 8 nm are found. The size of the micelles increases with increasing 𝜙𝜙W, consistent with 

an increase of the aggregation number promoted by the reduction of the copolymer solubility12. 

The predicted scattering curves of interacting hard spheres9,13 (HS) at a volume fraction 𝜙𝜙HS =
0.2 is plotted Fig. 7.5 a (details of the model are reported in the figure’s caption). At high volume 

fractions, the scattered intensity of a collection of hard spheres becomes concentration-

dependent (see Chapter 2). This concentration-dependence is quantified by the structure factor 

𝑆𝑆(𝑞𝑞,𝜙𝜙) (see Chapter 2). Comparison of the simulated curves with the experimental SAXS data 

suggests that the PEO-PCL micelle concentration is high (close to 20% in volume), and 

correlation in their spatial distribution causes the decrease of the scattered intensities at low-𝑞𝑞 

(Fig. 7.5 a).  

Fig. 7.5 Small angle scattering data at different temperatures for 50 mg ∙ ml−1 Me-EO45-CL30 

dispersed in a water-ethanol mixture at 𝜙𝜙W = 0.5: In a), data at 𝑇𝑇 = 20 ℃ are compared with 

calculated scattering profiles for collections of monodisperse hard spheres9,13 (HS) with radius 

𝑅𝑅 =  8 nm at a volume fraction 𝜙𝜙HS = 0.2 . In b), data at 𝑇𝑇 = −20 ℃ present an increase in 

the low-𝑞𝑞 scattering intensity due to the formation of micelle clusters. 
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Crystallization of PCL is partially suppressed by the addition of water and takes place at a lower 

temperature (𝑇𝑇 ≈ 0 ℃), as shown by the WAXS data (Fig. 7.1 b and Fig. 7.B.2). The partial 

suppression of PCL crystallization hinders the crystallization-induced sphere-to-cylinder 

morphology transition observed for 𝜙𝜙W ≤ 0.4. Instead, crystallization causes the appearance of 

attractive interactions between the micelles. Attractive interactions lead to the formation of 

micelle clusters which cause an increase of the scattered intensity at low 𝑞𝑞, as illustrated in Fig 7.5 

b.  

The water-induced suppression of PCL crystallization is probably responsible for the progressive 

reduction of the wide peak observed at 𝑞𝑞 ≈ 0.2 nm−1 in the low-angle scattering for 0.1 <
𝜙𝜙W < 0.4 (𝑇𝑇 < 20 ℃, see Fig. 7.3 a). Such a reduction indicates that the helicity (Fig. 7.4 b and 

c) is progressively lost upon addition of water.

7.3 Conclusions 

PEO-PCL BCPs exhibit a temperature-responsive self-assembly behavior, which emerges when 

the BCPs are dispersed in solvent mixtures of intermediate selectivity (mixtures of a weakly and 

a strongly selective solvent). The solvent mixture composition enables to tailor the morphology 

transitions. For the PEO-PCL copolymer studied here, crystallization of the lyophobic PCL 

blocks triggers an additional morphology transition from spherical micelles to semi-crystalline 

cylindrical micelles. Upon drying, dispersions of these semi-crystalline cylindrical micelles might 

aggregate forming planar hierarchical structures resembling those of certain biomaterials like, for 

instance, chitin. Gaining control over this process seems a promising perspective to design and 

prepare biomimetic hierarchical materials, and deserves further investigations. 

The strategy proposed in this study can be applied to BCPs with different molar masses, in order 

to access a wide range of morphologies, and can in principle be applied to many kinds of BCPs. 

Predictive models need to be developed to design a priori systems with predefined responsivity. 
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7.A Materials and Methods

7.A.1 Materials 

The Me-EO45-CL30 BCPs used in this study was prepared as described in Chapter 3. The PEO 

(MeEO45,𝑀𝑀n ≈ 2 kDa) initiator used for the preparation of the copolymerswas from Sigma 

Aldrich. Absolute (dehydrated) ethanol was from BioSolve. Deionized water was prepared by 

means of a MilliQ apparatus.  

7.A.2 Small and Wide Angle Synchrotron X-ray Scattering (SAXS/WAXS) 

SAXS/WAXS measurements were performed at ID02 beamline of ESRF in Grenoble. The high 

brilliance of the Synchrotron source enabled extremely short measurement times (a fraction of a 

second), allowing to perform kinetic measurements. Measurements were performed in quartz 

capillaries with 1 mm diameter, upon cooling from 𝑇𝑇 = 70 ℃ to  𝑇𝑇 = −20 ℃. Temperature 

control was achieved by means of a Linkham heating stage. A cooling rate 𝑣𝑣c = 10 ℃ ∙
min−1 was applied. The intensity of the scattered beam was simultaneously detected by two 

detectors, one collecting the atomic diffraction from the system at wide angles, and one collecting 

the small-angle scattering. The small-angle detector was placed at 1 m distance from the sample 

to access a scattering vector (𝑞𝑞) range 0.06 < 𝑞𝑞 < 6 nm−1. Automatic data reduction and 

calibration was performed at the beamline.  All samples analyzed in this study consisted of 50 

mg ∙ ml−1  copolymer dispersions in water-ethanol mixtures containing water volume fractions 

0.1 < 𝜙𝜙W < 0.5 . 

The scattering intensity of an empty capillary, used as background, was recorded over a 

temperature range −20 < 𝑇𝑇 < 70 ℃. Background subtraction was automatized by means of a 

custom made script. The solvent mixtures were not included in the background for two reasons: 

first, different capillaries have different diameters, therefore subtraction of the solvent signal could 

have resulted in negative scattering data at high 𝑞𝑞; second, the scattering of the solvents is 

expected to be  𝑞𝑞-independent at small angles, hence their contribution is a constant. The script 

for the background subtraction operates as follows: the scattering patterns of the empty capillaries 

and of the samples are indexed based on the acquisition temperature. For each sample, the script 

subtracts the background recorded at the closest temperature. The temperature difference 

between sample and background was always smaller than 1 . 0 ℃. 

All polydispersities used for the calculation of theoretical form factors are estimated assuming a 

Gaussian distribution, from the ratio between standard deviation and mean of the distribution. 
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7.A.3 Scanning Probe Microscopy 

Height and phase characterization was performed with a NT-MDT Solver Next Scanning Probe 

Microscope (SPM) in semi-contact (tapping) mode using the Bruker silicon tips, RTESPA-150 

as well as PEAKFORCE-HIRS-F-A. The RTESPA-150 were in general used for revealing the 

larger scale and have a typical spring constant of 6 N/m, a resonance frequency of 150kHz and 

tip radius size of 8 nm. The PEAKFORCE-HIRS-F-A were applied for higher resolution and 

have a typical spring constant of 0.35 N/m, a resonance frequency of 165 kHz and tip radius size 

of 1 nm. 

The sample was prepared as follows: 50 mg ∙ ml−1  copolymer dispersions in a water-ethanol 

mixture containing a water volume fraction 𝜙𝜙W =  0.3 was first heated to 𝑇𝑇  = 70 ℃, then cooled 

to room temperature overnight. The solution was then diluted 100 times with a 𝜙𝜙W = 0.3 water-

ethanol mixture, deposited on a silicon wafer and dried with a nitrogen flow. 

The cross-sectional diameter of the cylinders was determined by averaging the cross-sectional 

height (see Fig. 7.4 a for an example) of three different cylinders. For each cylinder, the cross-

section was measured at four different locations 
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7.B Supplementary Figures

Fig. 7.B.1 SAXS profiles for 50 mg ∙ ml−1  Me-EO45-CL30 dispersed in water-ethanol mixtures 

with 𝜙𝜙W = 0.1 and   𝜙𝜙W = 0.2 at a temperature 𝑇𝑇 = 60 ℃. Data are compared with a form 

factor for polymers with excluded volume7 (POL) to estimate the polymer radius of gyration. 

Fitting was performed in the range 0.4 < 𝑞𝑞 < 6 nm−1, while the result are plotted in the full 𝑞𝑞 

range. 

Fig. 7.B.2 Wide-angle scattering (WAXS) profiles for 50 mg ∙ ml−1  Me-EO45-CL30 dispersed 

in water-ethanol mixtures with 𝜙𝜙W = 0.3 and   𝜙𝜙W = 0.5 at a temperature 𝑇𝑇 = −20 ℃. 
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Fig. 7.B.3 a) topography and b) phase composite images, showing a hierarchical leaf-shaped 

planar particle originating upon drying by the assembly of cylindrical micelles. SPM 

measurements were performed by M. M. R. M. Hendrix, TU/e. 
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Chapter 8   

Design principles for metamorphic block-copolymer 

assemblies 

Certain block copolymer assemblies in selective solvents undergo dynamic morphology 

transitions (metamorphism) under the influence of external stimuli. Despite the great application 

potential, there is a lack of fundamental understanding of the relation between copolymer 

composition and metamorphic behaviour. Herein this relationship is studied by applying 

Scheutjens-Fleer Self-Consistent Field (SF-SCF) theory; the SF-SCF results are translated into 

principles for the design of block copolymers exhibiting metamorphic behaviour. 
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8.1 Metamorphic block-copolymer assemblies 

Stimuli responsive block copolymers,3–5 have been given considerable attention because of their 

rich and versatile self-assembly behaviour.  When dispersed in selective solvents, block 

copolymers (BCPs) form supramolecular colloidal structures whose equilibrium characteristics 

are dictated by the copolymer composition and how each block interacts with the solvent.1,6–8 

Such self-assembly is spontaneous and is driven by the tendency of the lyophobic block to 

minimize its contact with the solvent owing to a finite block-solvent interfacial tension (𝛾𝛾). This 

leads to the formation of structures, where collapsed lyophobic chains and the well-solvated 

lyophilic chains are segregated into different domains. Various morphologies have been 

observed experimentally, including spherical micelles, worm-like micelles, vesicles, platelets, and 

other more complex architectures.1,9,10 To modulate self-assembly, the copolymer composition 

(i.e., the relative degrees of polymerization of each block) is usually varied. This is, however, 

hardly a reversible process.  

In some cases, the equilibrium morphology can be dynamically and reversibly modified by using 

external stimuli (hence without modifying the copolymer composition).5,11–14  Such assemblies 

will be referred to as metamorphic.  

Metamorphic assemblies have several potential applications, including drug delivery,3,5 

preparation of thermoreversible hydrogels11 and as stimuli-responsive oil thickeners13. The 

design of metamorphic assemblies is challenging because the underlying mechanisms regulating 

the transitions between different morphologies are only partially understood, particularly in 

relation to the copolymer (structural and chemical) composition. From an applications 

perspective, it would be useful to be able to predict metamorphic self-assembly behaviour for a 

given new diblock copolymer in order to avoid extensive trial-and-error investigations. In this 

work, the metamorphic self-assembly of AB diblock copolymers is studied using Scheutjens-

Fleer Self-Consistent Field (SF-SCF) theory.15,16 This approach is based on Flory-Huggins mean-

field theory,17 but accounts for inhomogeneity and concentration gradients in the system, 

enabling the formation of self-assembled structures to be studied. Lattices with different 

geometries (spherical, cylindrical or planar) can be used to study spherical micelles, worm-like 

micelles or vesicles in order to determine which morphology is thermodynamically preferred 

under a given set of conditions (e.g., copolymer composition, solvent, temperature, etc.). With 

this strategy, the evolution in metamorphic assemblies on changing the copolymer solvency 

conditions can be examined. Furthermore, short computational times enable systematic studies 



CHAPTER 8 

141 

and provide a detailed structural description of the diblock copolymer nano-objects. This 

information can be translated into novel design principles for metamorphic BCP self-assembly.  

8.2 Modeling approach 

Metamorphism can be achieved in several ways, for example by changing the solvent itself,14 by 

varying temperature11,13, and using light12,18 (also pH can be used, but this case is not discussed 

here as it involves ionic groups and requires a different theoretical treatment). Herein we focus 

on thermally-induced metamorphism. In this case, a change in solvency for at least one of the 

blocks triggers the (often) reversible transition between two (or more) morphologies. Such 

changes can be mapped onto variations of a set of interaction parameters, called Flory-Huggins 

𝜒𝜒 parameters17, which are a measure of the compatibility (miscibility) between the individual 

components in the system. Hence they can be regarded as general indicators for solvency. 

Conveniently, these 𝜒𝜒 values are input parameters for the SF-SCF computations (see 8.A). Thus, 

the self-assembly of a AB diblock copolymer is studied in a solvent S. The lyophilic A block and 

the lyophobic B block are composed of 𝑁𝑁A and 𝑁𝑁𝐵𝐵  segments, respectively. As the system 

comprises three components (A, B and S), three pairwise interaction parameters 𝜒𝜒AS, 𝜒𝜒BS,𝜒𝜒AB 

need to be specified in the calculations. A full description of the computational set-up is reported 

in 8.A. 

Metamorphism is often observed in systems with stimuli-responsive lyophobic blocks. In the SF-

SCF computations, metamorphism is induced by varying the interaction parameter between 

solvent and the lyophobic block 𝜒𝜒BS, which is varied between 0.5 and 2.5. Practically, the interval 

0.5 ≲ 𝜒𝜒BS ≲ 1.5 is the most relevant for thermoreversible metamorphic behaviour, as for 𝜒𝜒BS ≲
0.5 the copolymer is expected to be always soluble17, while for 𝜒𝜒BS ≳ 1.5 the assemblies are likely 

to be kinetically frozen, thus losing their ability to switch morphology owing to an extremely low 

(tending to zero) critical aggregation concentration (i.e. the concentration of free copolymer 

chains that are in equilibrium with the assemblies).19–21 It is emphasized here that the SF-SCF 

computations performed here do not account for kinetic effects - it is not possible to assess the 

time scales that might be required for the observation of metamorphic behaviour. 
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8.3 SF-SCF results 

The SF-SCF computations have been first performed to evaluate the preferred morphology of 

AB diblock copolymers with  𝑁𝑁A = 50  and various relative block lengths 𝑓𝑓B = 𝑁𝑁B/𝑁𝑁A. The 

calculations are performed assuming 𝜒𝜒AS = 0.4 and 𝜒𝜒AB = 1, corresponding to a moderately 

soluble A block well segregated from the B block. The results are summarized in a phase diagram 

(Fig. 8.1 a) that reveals an optimal 𝑓𝑓B window (3.5 ≲ 𝑓𝑓B ≲ 5.5), where all the possible 

copolymer morphologies can be obtained within a reasonably narrow 𝜒𝜒BS range. Outside of this 

𝑓𝑓B interval, only one (𝑓𝑓B ≲ 2) or two (2 ≲ 𝑓𝑓B ≲ 3, 𝑓𝑓B ≳ 5.5) morphologies are predicted when 

varying 𝜒𝜒BS between 0.5 and 2.5. 

 Fig. 8.1 SF-SCF equilibrium morphology diagrams, displaying the preferred morphology as a 

function of the lyophobic block solubility 𝜒𝜒BS for a) copolymers with different relative block 

lengths 𝑓𝑓B = 𝑁𝑁B/𝑁𝑁A (𝑁𝑁A = 50,𝜒𝜒AS = 0.4 and 𝜒𝜒AB = 1) and b) copolymers with fixed 𝑓𝑓B = 4 

and different total copolymer chain lengths 𝑁𝑁 ( 𝜒𝜒AS = 0.4 and 𝜒𝜒AB = 1). The markers represent 

the SF-SCF data; the curves serve as a guide to the eye. 

The 𝜒𝜒BS values marking the sphere-to-cylinder (𝜒𝜒BSS→C) and cylinder-to-bilayer (𝜒𝜒BSC→B) 

transitions are also influenced by the total copolymer chain length 𝑁𝑁 =  𝑁𝑁A + 𝑁𝑁𝐵𝐵 (Fig. 8.1 b).  

As shown in Fig. 8.1 b, 𝜒𝜒BSS→C is only weakly dependent on 𝑁𝑁, while a marked, linear 𝜒𝜒BSC→B increase 

is observed when increasing 𝑁𝑁 at a fixed 𝑓𝑓B = 4 value. When increasing the overall copolymer 

chain length, the stability window for the various morphologies becomes wider (Fig. 8.1 b).  
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Fig. 8.2 a) Solvent volume fraction in the lyophobic core of the assemblies 𝜑𝜑Score, b) 

dimensionless surface area 𝛼𝛼� occupied by each polymer at the core-corona interface, and c) 

dimensionless end-to-end distance of the lyophobic block 𝜀𝜀 ̅ for A50-B200 (𝜒𝜒AB = 1,𝜒𝜒AS =
0.4) as a function of the interaction parameter between the solvent and the lyophobic block 

𝜒𝜒BS. The stability regions for the different morphologies are denoted by the differing background 

colors. The schematic representation in d) illustrates the changes in the end-to-end distances 

calculated for the lyophilic (𝛿𝛿) and lyophobic (𝜀𝜀) chains associated with the morphology 

transitions for a fixed 𝛼𝛼 value. 

Together with the preferred morphology, the SF-SCF computations provide structural 

information, such as the mean aggregation number 𝑁𝑁agg and the amount of solvent present in 

the core of the self-assembled structure 𝜑𝜑Score (see 8.A for details). These quantities can be used 

to estimate the average end-to-end distance of the lyophobic B block (𝜀𝜀) and the area that each 

copolymer chain occupies at the core-corona interface (𝛼𝛼). The calculations for 𝜀𝜀 and 𝛼𝛼 are 



CHAPTER 8 

144 

described in 8.A. The 𝜒𝜒BS dependence of these quantities, illustrated in Fig. 8.2 for A50-B200 (𝑓𝑓B =
4, 𝜒𝜒AS = 0.4, 𝜒𝜒AB = 1), provide a molecular-level interpretation of the metamorphic 

behaviour.  Increasing 𝜒𝜒BS causes a reduction in compatibility between B and S, which drives the 

expulsion of solvent from the nano-objects (Fig. 8.2 a), in agreement with previous experimental 

investigations.11 As a result, the copolymer chains come into closer proximity (increasing the 

aggregation number with a consequent reduction in 𝛼𝛼, Fig. 8.2 b) and are forced to stretch 

(increase in 𝜀𝜀, see Fig. 8.2 c). Such block stretching triggers the morphology transition. The 

equilibrium morphology of the assemblies is determined by the balance between interfacial 

energy (Δ𝑔𝑔interface = 𝛾𝛾𝛼𝛼), core elastic energy (Δ𝑔𝑔core) and corona elastic energy22,23 

(Δ𝑔𝑔corona), as discussed in Chapter 2. Core and corona elastic energies are entropic 

contributions. They account for variation in the configurational entropy caused by perturbations 

of the core (𝜀𝜀) and corona (𝛿𝛿) end-to-end distances (Fig. 8.2 d).  For a fixed 𝛼𝛼 value, Δ𝑔𝑔interface 

is morphology-independent and the preferred morphology is dictated by the balance between 

Δ𝑔𝑔corona and Δ𝑔𝑔core. The spherical morphology is associated with the lowest Δ𝑔𝑔corona but the 

highest Δ𝑔𝑔core (Fig. 8.2 d). Conversely, bilayer morphologies such as vesicles exhibit the 

highest Δ𝑔𝑔corona but the lowest Δ𝑔𝑔core.  

Fig. 8.3 SF-SCF equilibrium morphology diagrams, displaying the preferred morphology as a 

function of the lyophobic block solubility 𝜒𝜒BS for a) copolymers with differing lyophilic block 

solubilities  𝜒𝜒AS (𝑁𝑁A = 50,𝑁𝑁B = 200 and 𝜒𝜒AB = 1) and b) copolymers with differing inter-

block compatibilities  𝜒𝜒AB (𝑁𝑁A = 50,𝑁𝑁B = 200 and 𝜒𝜒AS = 0.4).  
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Fig. 8.4 Equilibrium concentration profiles of A and B segments, showing the spatial distribution 

of the lyophilic (orange) and lyophobic (purple) blocks as a function of the distance 𝑟𝑟 from the 

center of A50-B200 cylindrical micelles (𝜒𝜒BS = 0.9,𝜒𝜒AS = 0.4) for various inter-block 

compatibilities 𝜒𝜒AB. 

Therefore, an increase in 𝜀𝜀 modifies the energetic balance between any given pair of assemblies, 

thus driving the morphology transition (first to cylindrical, then to bilayer morphology). Each 

transition is accompanied by a steep reduction in 𝜀𝜀 (Fig. 8.2 c) at the expense of an increasing 𝛿𝛿 

(Fig. 8.2 d).  

The effect of varying the lyophilic block solubility (𝜒𝜒AS) and the degree of compatibility between 

A and B (𝜒𝜒AS) was also investigated. A reduction in 𝜒𝜒AS (increase in solubility) leads to expansion 

of the corona chains because the effective excluded volume of the segments in the A block 

increases.8,16 As a result, the energy penalty associated with stretching these lyophilic chains is 

lower. This affects the balance between Δ𝑔𝑔corona and Δ𝑔𝑔core, which in turn shifts the 

morphology transitions towards higher 𝜒𝜒BS values (Fig. 8.3 a). 
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In contrast, lower 𝜒𝜒AB values (which correspond to greater inter-block compatibility) are 

associated with a reduction in 𝜒𝜒BSS→C and 𝜒𝜒BSC→B because the lyophilic chains are partially

embedded at the core-corona interface (Fig. 8.4) and hence screen the cores from the solvent to 

some extent. As 𝜒𝜒AB is reduced, contact between the A and B blocks becomes more favorable 

and the core screening more effective. This leads to a broader core-corona interface, as indicated 

by the concentration profiles shown in Fig. 8.4. Entrapment of more A segments through the 

interface can be interpreted as an effective reduction in the corona chain length, with the 

consequent increase in 𝑓𝑓B shifting the morphology transitions towards lower 𝜒𝜒BS values (Fig. 8.1 

a). These results suggest that the choice of the lyophilic block can strongly influence the 

metamorphic behaviour. 

8.4 Translating the SF-SCF results into design principles 

As discussed above, SF-SCF theory can be used to guide the design of new experimental systems 

that exhibit the desired metamorphic behaviour. It appears that a composition window 

(expressed in terms of the relative block length) of 3.5 ≲ 𝑓𝑓B ≲ 5.5 is optimal as the resulting 

assemblies exhibit metamorphic behaviour within a useful 𝜒𝜒BS range. The values of  𝜒𝜒BSS→C and 

𝜒𝜒BSC→B can be controlled by varying 𝑓𝑓B and adjusted by an appropriate choice of the lyophilic

block (Fig. 8.3 a) and the overall degree of polymerization of the diblock copolymer chains (Fig. 

8.1 b). 

 The most important aspect of the design of metamorphic assemblies is to evaluate how 𝜒𝜒BS 

depends on the applied stimulus. There are various ways to determine 𝜒𝜒 parameters24 but many 

of them are only valid for soluble polymers and are typically time-intensive measurements 

requiring specific equipment24. For insoluble polymers, there is a relationship between 𝜒𝜒 and the 

amount of solvent taken up by the polymer (𝜑𝜑SP), as described by the Flory-Huggins solution

theory17. Unfortunately, this relationship cannot be expressed in terms of an exact analytical 

solution. However, an empirical relation can be derived using numerical analysis or SF-SCF 

computations (see 8.A).  Values of 𝜑𝜑SP are computed for a polymer P as a function of the

polymer-solvent interaction parameter 𝜒𝜒SP for various mean degree of polymerization, 𝑁𝑁P.  
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Fig. 8.5 SF-SCF results (markers) for the relationship between the polymer-solvent interaction 

parameter 𝜒𝜒SP and the solvent volume fraction in the polymer 𝜑𝜑SP for various homopolymers of

differing degrees of polymerization, 𝑁𝑁P. The full curve represents the empirical fit obtained using 

eq. 8.1. 

According to Fig. 8.5, 𝜑𝜑SP is chain length-independent, and fitting provides the following

approximate empirical relationship:  

𝜒𝜒SP ≈
0.56

(𝜑𝜑SP)
1
2

 .  (8.1) 

Using (8.1), a numerical value for 𝜒𝜒BS and its dependence on the applied stimulus can be readily 

determined by measuring the solvent uptake (𝜑𝜑SP) for a homopolymer with the same

composition as the lyophobic block. This can be achieved simply by using a precision 

microbalance. 



CHAPTER 8 

148 

It is emphasized that the SF-SCF relative block length 𝑓𝑓B does not always correspond to the actual 

experimental block length ratio. Within the lattice-based SF-SCF theory, all segments have the 

same size and flexibility, which is not necessarily true in reality. For flexible linear copolymers, 

one strategy is to compute the ratio between the volumes of the B (𝑉𝑉B) and A (𝑉𝑉A) monomers, 

𝜐𝜐 = 𝑉𝑉B/𝑉𝑉A (the monomer volume can be calculated as the monomer mass divided by the block 

density). The parameter 𝜐𝜐 can be multiplied by the experimental block length ratio 𝑓𝑓B to obtain 

an effective parameter (𝑓𝑓Beff =  𝜐𝜐𝑓𝑓B), which is an appropriate and reliable reference for

interpreting the SF-SCF predictions. Alternatively, one can map the copolymer by considering 

the actual chain flexibility of each block, which in principle can be evaluated via scattering 

experiments. 

Finally, when designing a suitable metamorphic system, it is important to bear in mind that 

copolymer dispersions might undergo liquid-liquid phase separation under certain conditions, 

as shown in Chapter 5. Such phase separation can be minimized by ensuring high inter-block 

segregation (high 𝜒𝜒AB) and choosing highly soluble (low 𝜒𝜒AS) lyophilic blocks (see Chapter 5).  

The principles summarized above can be combined with the SF-SCF results to guide the design 

of metamorphic assemblies, thus avoiding laborious trial-and-error experimentation.  

8.5 Conclusions 

Scheutjens-Fleer Self-Consistent Field (SF-SCF) numerical lattice computations have been used 

to systematically study diblock copolymer self-assemblies that undergo thermally-induced 

metamorphism, i.e. reversible morphology transitions between spherical micelles, cylindrical 

micelles, and bilayers (vesicles). It is found that methamorphism is caused by variation in the 

degree of stretching of the lyophobic blocks in response to changes in solvency. Such 

metamorphism is only observed over a relatively narrow block composition interval. The most 

relevant composition range is 3.5 ≲ 𝑓𝑓B ≲ 5.5, where 𝑓𝑓B is the block length ratio. The transition 

from sphere to cylinders and from cylinders to bilayers can be controlled by varying 𝑓𝑓B, the 

overall degree of polymerization of the diblock copolymer and by choosing an appropriate 

lyophilic block. Empirical relationships are provided to establish a connection between the SCF-

SCF predictions and experimental observations. This study provides a complete theoretical 

framework for the rational design of AB diblock copolymers that exhibit metamorphic self-

assembly behaviour.   
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8.A Methods

Numerical SF-SCF lattice computations were performed with the SFbox provided by Prof. Frans 

Leermakers (Wageningen University). The settings of the boundary conditions, the lattice and 

interaction parameters are described below. 

8.A.1 Lattice and boundary conditions 

Unless specified, SCF computations were performed on lattices containing 𝐿𝐿 = 200 lattice layers 

and either spherical, cylindrical or planar geometries to study spherical micelles, cylindrical 

micelles or vesicles, respectively. It was confirmed that variation of 𝐿𝐿 did not affect the computed 

equilibrium properties; no lattice size-related artifacts were observed. A lattice coordination 

number (z) of 3 was used for each geometry and the lattice constant l (i.e. the size of the lattice 

unit) was set to unity. For a flat geometry, two mirrors are placed at the first and the last lattice 

sites. For the spherical and cylindrical geometries, a mirror was located at the last lattice layer 

(with the first layer corresponding to the center of the lattice). 

All compounds (the solvent molecule S and the A and B monomer segments) were assumed to 

occupy a single lattice site. The diblock copolymer chains were assumed to be neutral 

(uncharged) in character and perfectly monodisperse in terms of their chain length.  

8.A.2 Interaction parameters 

The system is composed of three components so three pair interaction parameters χ (𝜒𝜒AS, 

𝜒𝜒BS,𝜒𝜒AB) must be specified in the calculations. The parameter 𝜒𝜒BS is varied between 0.5 and 2.5 

to simulate changes in the solubility of the lyophobic block in response to the applied stimulus. 

Several values for 𝜒𝜒AS and 𝜒𝜒AB were examined; these values are specified each time during the 

discussion of the results. 

8.A.3 Determination of the equilibrium properties of the assemblies. 

 For each copolymer and each set of interaction parameters, the equilibrium self-assembled 

structure was determined as described in §2.5 

8.A.4 Calculation of 𝜑𝜑𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝛼𝛼 and 𝜀𝜀

The solvent volume fraction in the core 𝜑𝜑Score can be estimated from the solvent equilibrium 

concentration profile at the center of the insoluble B core. From the values of 𝜑𝜑Score and 𝑁𝑁agg the
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surface area 𝛼𝛼 occupied by each copolymer chain at the core-corona interface can be calculated. 

For the different lattice symmetries, geometric arguments can be used to show that 

𝛼𝛼� =
𝛼𝛼
𝑙𝑙2

= �
36π𝑁𝑁B2

(1 − 𝜑𝜑Score)2𝑁𝑁agg
�

1
3

 (8.2) 

for the spherical geometry, 

𝛼𝛼� = �
4π𝑁𝑁B

(1 − 𝜑𝜑Score)𝑁𝑁agg
�

1
2

 (8.3) 

for the cylindrical geometry, and 

𝛼𝛼� =
2

𝑁𝑁agg
 (8.4) 

for the planar geometry. 

In principle, the end-to-end distance of the B blocks, 𝜀𝜀, could be determined by the 

concentration profiles from the thickness of the B core. In practice, the existence of a wide 

interface (Fig. 8.4) makes it difficult to formally define the boundary of the core region. 

Therefore, 𝜀𝜀 has been derived based on geometric arguments. The resulting expressions are 

𝜀𝜀 ̅ =
𝜀𝜀
𝑙𝑙

=  
3𝑁𝑁B

𝛼𝛼(1 − 𝜑𝜑Score)
  (8.5) 

for the spherical geometry, 

 𝜀𝜀 ̅ =  
2𝑁𝑁B

𝛼𝛼(1 − 𝜑𝜑Score)
  (8.6) 

for the cylindrical geometry, and 

𝜀𝜀 ̅ =  
𝑁𝑁B

𝛼𝛼(1 − 𝜑𝜑Score)
  (8.7) 

for the planar geometry. These geometrical definitions of 𝛼𝛼� and 𝜀𝜀  ̅ imply that the molecular 

packing parameters25 of the assemblies, is 𝑃𝑃 ≡ 1/3 for the spherical morphology, 𝑃𝑃 ≡ 1/2 for 

the cylindrical morphology and 𝑃𝑃 ≡ 1 for the bilayer (vesicle) morphology. 
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8.A.5 Determination of 𝜒𝜒SP from 𝜑𝜑SP

The SCF computations have been used to derive an empirical relationship that allows the 

polymer-solvent interaction parameter 𝜒𝜒SP to be determined for an insoluble homopolymer P 

in a solvent S. According to this method,  𝜒𝜒SP can be evaluated by measuring the volume fraction 

𝜑𝜑SP of S taken up by P when these two species are in contact. This can be achieved using a

microbalance if the density of the homopolymer and the solvent are known. 

SF-SCF calculations have been used to compute equilibrium concentration profiles for 

homopolymer-solvent systems for a planar geometry (𝐿𝐿 = 100, 𝑙𝑙 = 1) as a function of 𝜒𝜒SP in 

the range 0.5 ≤ 𝜒𝜒SP < 2. Various homopolymers (P), with 100 ≤ 𝑁𝑁P ≤ 800, have been 

simulated. The same lattice occupancy 𝜃𝜃 = 10 was used for each computation. For 𝜒𝜒SP ≳ 0.7 

phase separation into P-rich and S-rich phases is predicted. The solvent concentration in the P-

rich phase, 𝜑𝜑SP, is fitted with 𝜒𝜒SP to provide the empirical relationship shown in eq. (8.1).
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Chapter 9   

Controlling the spatial distribution of solubilized 

compounds within block copolymer micelles 

The solubilization of lyophobic compounds in block copolymer micelles has been extensively 

investigated but remains only partially understood. There is a need to understand the 

fundamental parameters that determine the spatial distribution of the solubilized compounds 

within the micelles. Controlling this feature is a key aspect in the design of drug delivery systems 

with tailored release properties. Using Scheutjens-Fleer Self-Consistent Field (SF-SCF) 

computations it is found that solubilization is regulated by a complex interplay between enthalpic 

and entropic contributions and that the spatial distribution can be controlled by the 

concentration and the solubility of the guest compound in the dispersion medium. Upon 

solubilization, a characteristic change in size and mass of the micelles is predicted. This can be 

used as a fingerprint to indirectly assess the spatial distribution. Based on these findings two 

experimental protocols to control and asses the spatial distribution of lyophobic compounds 

within block copolymer micelles have been developed. 
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9.1 The importance of the solubilization region 

The presence of additional compounds in solution might further complicate the already complex 

behaviour of a copolymer dispersion. In this Chapter, the effect of solubilized compounds on the 

equilibrium properties of self-assembled of block copolymer (BCP) micelles is investigated. 

Block copolymer micelles are often used to disperse and transport compounds at concentrations 

exceeding their solubility in the medium. This strategy is widely applied in industrial 

formulations1 and has great potential for transportation and targeted delivery of drugs in-vivo.2– 5 

Solubilization of guest compounds has been studied extensively during the last few decades. 

Based on spectroscopic studies (UV-Visible6,7, NMR8), small angle scattering experiments 

(SAXS9, SANS8) and theoretical considerations10 it has been proposed that the solubilized 

compound can be located in two regions of the micelles: within the interior of the core, and near 

the core-corona interface. This spatial distribution (or solubilization region) is of key importance 

as it determines the local environment of the guest molecules. This can dramatically affect, for 

instance, the release kinetics of the encapsulated compounds in drug delivery systems.11,12 The 

release of compounds adsorbed at the core-corona interface is typically fast11, while the release of 

compounds solubilized into the core can be very slow11, as diffusion throughout the dense 

desolvated core of the micelle is required prior to release in solution11. Hence the ability to control 

the solubilization region is crucial for the design of drug delivery systems with controlled release 

properties.  

The factors controlling the solubilization region are however only partially understood, as most 

of the efforts have been paid to understand what controls the solubilization efficiency. Some 

studies13,14 hypothesize that the latter is governed by specific interactions between the guest and 

the micelle, and semi-empirical predictive models have been developed accordingly14. Although 

these models provide useful insights on the compatibility between the guest and the micelles, they 

do not enable accurate quantitative predictions of the encapsulation efficiency and guest 

distribution14. In other studies the solubilization is treated as a partition equilibrium between the 

solvent and the micelle15–17, thus considering the latter as a macroscopic phase where there is no 

distinction between different solubilization regions. Both approaches have another fundamental 

limitation in common: they do not take into account the change in free energy of the micelle due 

to the presence of solubilized material. This aspect has been included in the theoretical approach 

of Nagarajan et al.10,18, but their model does not provide quantitative information about the spatial 

distribution of the guest compounds within the micelle.  

The Scheutjens-Fleer Self-Consistent Field theory19,20 (SF-SCF, see Chapter 2 for details) is a 

numerical lattice-based method19 which allow computing the equilibrium properties of self-

assembled BCPs structures in the presence of guest compounds.20–22 The SF-SCF computations 
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are typically very fast (only a few seconds are required to compute the equilibrium properties of 

a single self-assembled structure), therefore SF-SCF is a suitable method to systematically study 

solubilization.  

The radial concentration profiles (see Fig. 9.1) generated from the computations describe the 

spatial arrangement of the components inside and outside the self-assembled structure and can 

be used to assess the preferred solubilization region, while simultaneously monitoring any change 

in the micelle structure. Furthermore, the SF-SCF method provides access to important 

information, such as the number of copolymer chains per micelle at equilibrium (also known as 

aggregation number, 𝑁𝑁agg) and the critical micelle concentration. With the SF-SCF method, it is 

investigated which parameters control the solubilization and the local distribution of a model 

guest compound in BCP micelles dispersed in a solvent; a signature effect on the micelle 

equilibrium properties is identified and discussed in detail. 

The theoretical findings have been used to design a simple experimental protocol where the 

dominating solubilization region is actively controlled by tuning the guest solubility. To test this 

methodology, the solubilization of the solvatochromic dye Nile Red (NR) in micelles composed 

of poly-(ethylene oxide)-block-poly-ε-caprolactone (PEO-PCL) is investigated. These 

biocompatible BCPs are used in biomedical applications and represent suitable candidates for 

the design and preparation of drug delivery systems.3 The absorption spectrum of NR in the UV-

Visible range, particularly the wavelength of the absorption maximum 𝜆𝜆max, are sensitive to the 

polarity of the environment23. Therefore it is possible to monitor the position of dye within the 

micelles via UV-Visible spectroscopy. Since NR is poorly soluble in water (< 5 ∙ 10−7 mol ∙
L−1, see §9.A) but well soluble in ethanol, mixtures of water and ethanol have been used to tune 

the NR solubility and control the solubilization region. Further, the SF-SCF theoretical insights 

have been used to develop an experimental procedure which has been used to determine 

experimentally the solubilization region of naphthalene (NF), benzophenone (BP) 

and  2,2’- bipyridine (BPy) into PEO-PCL micelles. These compounds have been chosen 

because they are characterized by similar structures but different solubility in water. The 

procedure uses static and dynamic light scattering (SLS, DLS) measurements to monitor the 

influence of solubilization on size and mass of the assemblies.  
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Fig. 9.1 Solubility of the guest compound (G) and concentration profile for the model A-B 

micelle a) Solubility of G (𝜙𝜙G∗ ) as a function of 𝜒𝜒GS (𝜙𝜙G∗ = 102.52−3.61𝜒𝜒GS); b) SF-SCF 

concentration profile showing the structure of the A45-B28 micelle in the solvent S (𝜒𝜒SA = 0.4, 

𝜒𝜒SB = 3 and 𝜒𝜒AB = 1). The local concentration (𝜙𝜙) of each component is plotted as a function 

of the distance from the micelle’s center 𝑟𝑟. The vertical black line indicates the hydrodynamic 

radius 𝑅𝑅H of the micelle (see Chapter 2 for details). 

9.2 SF-SCF study of solubilization 

9.2.1 Solubility of the guest compound 

Before discussing the SF-SCF results it is important to establish a connection between the SF-

SCF-related quantities and the experimentally measurable ones. The SF-SCF method is based 

upon Flory-Huggins (FH) theory, therefore it uses the so-called FH interaction parameters (𝜒𝜒) 

as a measure of the pair interaction between all the components of the system of interest24 (see 

Chapter 2). The components are modeled as sets of connected segments distributed over a 

lattice.24 According to FH theory, the size of the components (number of connected segments) 

and their 𝜒𝜒 parameters determine their miscibility24. To ease the interpretation of the SF-SCF, 

results, the solubility (𝜙𝜙G∗ ) of the guest compound (G) in the solvent (S), in absence of the BCP 

molecules, has been calculated as a function of the interaction parameter 𝜒𝜒GS (see Fig. 9.1 a and 

§9.A for details). In the following discussion, the solubility will be expressed as a volume fraction 

𝜙𝜙G∗ , instead of 𝜒𝜒GS. 

9.2.2 Self-assembly of A-B block copolymers  

The model BCP used to systematically study the solubilization was an A-B type BCP (A45-B28, for 

which an experimental analog was available) where A is the lyophilic and B the lyophobic block 



CHAPTER 9 

159 

(𝜒𝜒SA = 0.4, 𝜒𝜒SB = 3 and 𝜒𝜒AB = 1). In the absence of the guest compound, the equilibrium SF-

SCF computations predict the formation of spherical micelles. These micelles are characterized 

by an average aggregation number 𝑁𝑁agg = 306 and a hydrodynamic radius 𝑅𝑅H = 23 lattice units 

(see §9.A and Chapter 2 for more details). From the radial concentration profiles (Fig. 9.1 b) it 

appears that the blocks are segregated into different domains: a solvent-poor core and a solvent-

rich corona (Fig. 9.1b), connected via a 3-4 lattice units wide interface.  

9.2.3 Effect of the guest solubility and concentration on solubilization  

For understanding how the guest solubility and concentration affect the solubilization of G within 

the A-B micelles, it is useful to start by neglecting the effect of specific interactions between G and 

the copolymer blocks. In the SF-SCF computations, such interactions are defined by the two 

parameters 𝜒𝜒GA  and 𝜒𝜒GB, which were set to be zero. Under this condition G and the copolymer 

interact only via excluded volume. Unless specified otherwise, the average concentration of G in 

the computational lattice 𝜙𝜙𝐺𝐺 = 2 ∙ 10−3 and  𝜙𝜙G∗  is tuned by varying 𝜒𝜒GS.

The solubilization efficiency 𝛴𝛴G (Fig. 9.2), defined as the ratio between the number of G 

molecules solubilized in the micelle and the total number of G molecules in the computational 

lattice, has been evaluated as a function of the guest solubility 𝜙𝜙G∗  (see §9.A for details). It is 

found a ΣG transition between the regimes 𝜙𝜙G∗ > 𝜙𝜙G and 𝜙𝜙G∗ < 𝜙𝜙G, illustrated in the radial 

concentration profiles in Fig. 9.3.  

Fig. 9.2 Solubilization efficiency 𝛴𝛴G of guest compound (G) into the A45-B28 micelles as a 

function of the G solubility 𝜙𝜙G∗ . 
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Fig. 9.3 Concentration profiles showing the structure of the A-B micelle upon solubilization of 

G at a) 𝜙𝜙G∗ > 𝜙𝜙G and b) 𝜙𝜙G∗ < 𝜙𝜙G. The local concentration (𝜙𝜙) of the B blocks (dashed curves) 

and G (continuous curves) are plotted as a function of the distance from the micelle’s center r for 

different 𝜙𝜙G∗  values. The A blocks and S are omitted to increase the clarity of the graph. c) 

Schematic representation of the structure A45-B28 micelle upon solubilization of G in the two 

regimes as can be derived from the SF-SCF concentration profiles. 

Transferring molecules from solution and confining them into a micelle is associated with an 

entropy penalty which (in absence of attractive interactions) must be overcompensated by a 

favorable change in the Gibbs energy of the micelle. Still, even for athermal interactions and 

completely soluble G, a portion of the G molecules is already solubilized in the micelle. In fact, 

for 𝜙𝜙G∗ > 𝜙𝜙G a small but finite value of 𝛴𝛴G is observed(Fig. 9.2). The radial concentration profiles 

(Fig. 9.3 a), show that for 𝜙𝜙G∗ > 𝜙𝜙G the solubilized G molecules are mainly adsorbed at the core-

corona interface. In Fig. 9.4 the value of 𝑁𝑁agg, the surface area 𝛼𝛼  per polymer at the core-corona 

interface, the micelle hydrodynamic size 𝑅𝑅H, the concentration of G into the micelle core 

𝜑𝜑𝐺𝐺core and at the core-corona interface, 𝛩𝛩, derived from the SF-SCF computations are presented 

as a function of 𝜙𝜙G∗ . The adsorption of G reduces the tension of the core-corona interface18,25 

which leads to a lower effective attraction between the lyophobic chains.  
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Fig. 9.4 SF-SCF results for a) the aggregation number 𝑁𝑁agg, b) the surface area occupied by each 

polymer at the interface between core and corona 𝛼𝛼, c) the hydrodynamic radius of the micelle 

𝑅𝑅H as a function of the guest solubility 𝜙𝜙𝐺𝐺∗ . d) Local volume fraction of G in the center of the core 

𝜑𝜑Gcore (continuous curves) and degree of coverage of the core-corona interface 𝛩𝛩 (dashed 

curves) as a function of 𝜙𝜙𝐺𝐺∗ . Results are plotted for different values of the total number of lattice 

layers L.  The black vertical lines indicate where 𝜙𝜙G∗ = 𝜙𝜙G and separate the adsorption-

dominated region (Ad) from the encapsulation-dominated one (En). 

This is reflected in the decrease of 𝑁𝑁agg  and in the increase of the surface area 𝛼𝛼 (𝛼𝛼 ~𝑁𝑁agg−1, see

Chapter 2 and eq. 9.3 in §9.A) observed in Fig. 9.4 a and b respectively. A larger 𝛼𝛼 value allows 

a reduction of the chain stretching both in the core and in the corona, with consequent increase 

of the configurational entropy (as schematically depicted in Fig. 9.3 c). In case the guest 

concentration exceeds the solubility (𝜙𝜙G∗ < 𝜙𝜙G),  𝛴𝛴G increases dramatically (Fig. 9.2). 
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When 𝜙𝜙G∗  is approximately ten times smaller than 𝜙𝜙G the value of ΣG approaches 1 (𝛴𝛴G =1 

corresponds to a solubilization efficiency of 100%).  In this regime G increasingly accumulates 

within the core of the micelle, which results in the formation of a G-rich domain, as follows from 

the concentration profiles in Fig. 9.3 b. The values of 𝑁𝑁agg and 𝑅𝑅H increase (Fig. 9.4 a and c) with 

decreasing 𝜙𝜙G∗ , while 𝛼𝛼 decreases as more A-B molecules accumulates at the surface of the G-rich 

droplet. In the encapsulation-dominated regime (𝜙𝜙G∗ < 𝜙𝜙G) the value of 𝑁𝑁agg and  𝑅𝑅H strongly 

depend on the size of the computational lattice 𝐿𝐿, as shown in Fig. 9.4. This indicates that upon 

solubilization the equilibrium characteristics of the assembly depend on the relative amount of 

guest and copolymer molecules present in solution (see related discussion in §9.A), similarly to 

what is observed for emulsions.19,26  

The comparison between the local concentration of G inside the lyophobic core (𝜑𝜑Gcore), or the 

fraction (𝛩𝛩) of the core-corona interface covered by G as a function of 𝜙𝜙G∗  (Fig. 9.4 d), 

corroborates that the crossover between adsorption-dominated and encapsulation-dominated 

regimes is sharp and occurs at 𝜙𝜙G ≈ 𝜙𝜙G∗ . In the encapsulation-dominated regime adsorption still 

takes place, with an interfacial coverage value 𝛩𝛩 ≈ 0.6 and almost independent on the guest 

concentration (Fig. 9.4 d). 

In another set of computations, the coverage of the core-corona interface 𝛩𝛩 has been studied as 

a function of the overall guest concentration 𝜙𝜙G (thus varying the total number of G molecules 

in the computational lattice) for three different 𝜙𝜙G∗  values. The adsorption can be properly 

described with a Langmuir isotherm for 𝛩𝛩 ≪ 𝛩𝛩max, as shown in Fig. 9.5. This finding is in 

agreement with experimental observations of Choucair and Eisenberg6, who studied the 

solubilization of 2-nitrodiphenylamine in polystyrene-poly(acrylic acid) micelles. The deviation 

of the SCF data from the Langmuir model (Fig. 9.5) probably results from a competition between 

adsorption and encapsulation. 

It is concluded that in the absence of specific interactions between the guest and the micelles, the 

guest concentration and solubility govern the preferred solubilization region. At 𝜙𝜙G∗ > 𝜙𝜙G guest 

molecules adsorb at the core-corona interface in spite of the loss of translational entropy. 

Adsorption is driven by a reduction of the interfacial tension between the micelle’s core and the 

solvent. The typical signature of this process is a reduction of the aggregation number of the 

micelle. Insoluble compounds, which in absence of the BCP molecules would phase separate, 

accumulate in droplets surrounded by the BCP molecules, forming emulsion-like structures. The 

typical signature of this process is an increase in the size and the aggregation number of the 

assemblies, which is a function of the relative concentration between polymer and guest.  
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Fig. 9.5 Degree of coverage of the core-corona interface of PEO-PCL micelles upon adsorption 

of the guest molecule G as a function of the solubility G (𝜙𝜙G), as obtained from the SF-SCF 

computations. The results are displayed for three different values of the solubility of G (𝜙𝜙G∗ ) and 

are fitted with a Langmuir isotherm (𝛩𝛩 = 𝐾𝐾ad𝜙𝜙G/(1 + 𝐾𝐾ad𝜙𝜙G) where 𝐾𝐾ad is the adsorption 

constant) for 𝜙𝜙G < 𝜙𝜙G∗ , corresponding to the conditions where adsorption dominates. The 

vertical dashed lines indicates the three 𝜙𝜙G = 𝜙𝜙G∗  values. 

9.2.4 Effect of specific interactions between the guest and the micelles 

To determine how specific interactions affect solubilization, two sets of computations have been 

performed, in which G interacted with the corona (A) or with the core (B) forming blocks 

respectively. The specific interactions were introduced by assigning a nonzero value to either 𝜒𝜒GA 

or 𝜒𝜒GB. Both attractive (𝜒𝜒GA,𝜒𝜒GB = −0.25,−0.5,−1) and repulsive (𝜒𝜒GA,𝜒𝜒GB = 1) 

interactions were tested. Illustrative results are plotted in Fig. 9.6 and Fig. 9.7. 

Again two distinct regimes could be identified, characterized by a dramatic difference in 

encapsulation efficiency. The crossover between the two regimes take place at 𝜙𝜙G∗ > 𝜙𝜙G if 

attraction with one of the blocks (𝜒𝜒GA,𝜒𝜒GB < 0) is present (see Fig. 9.6 a, b) indicating that, not 

surprisingly, specific attraction allows solubilizing the compounds more efficiently. Interestingly, 

a strong repulsion with the corona blocks (𝜒𝜒GA = 1) seems to have little effect on the 

solubilization efficiency (Fig. 9.6 a), while strong repulsion with the core blocks (𝜒𝜒GB = 1, Fig. 

9.6 b) shifts the position of the transition point towards  𝜙𝜙G∗ < 𝜙𝜙G as upon solubilization G is 

mostly in contact with the core.     
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Fig. 9.6 Effect of specific interactions between the guest G and a) the corona blocks and b) the 

core blocks on the solubilization efficiency ΣG of G into the A45-B28 micelles as a function of the 

G solubility 𝜙𝜙G∗ . c, d) Local volume fraction of G in the center of the core 𝜑𝜑Gcore  and degree of 

coverage of the core-corona interface 𝛩𝛩 at 𝜙𝜙G∗ = 0.34 as a function of c) 𝜒𝜒GA and d) 𝜒𝜒GB. e, f) 

Influence of 𝜙𝜙G∗  on the relative mass of the self-assembled structures 𝜁𝜁SF−SCF. 
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Above the transition point (𝜙𝜙G∗ > 𝜙𝜙G) attraction between G and the corona blocks (𝜒𝜒GA < 0) 

enhances the interfacial adsorption (Fig. 9.6 c) but does not affect the concentration of G within 

the core. In contrast, attraction between G and the core blocks (𝜒𝜒GB < 0) enhances both 

interfacial adsorption and core encapsulation, leading to preferential core encapsulation, even at 

𝜙𝜙G∗ ≫ 𝜙𝜙G (Fig. 9.6 d).  

The ratio between the mass of the self-assembled structures with solubilized material M over the 

mass of the bare empty micelles 𝑀𝑀0 is defined here as 𝜁𝜁SF−SCF = 𝑀𝑀/𝑀𝑀0  (Fig. 9.6 e, f).  The SF-

SCF computations predict that if interfacial adsorption dominates 𝜁𝜁SF−SCF < 1, while if 

encapsulation is preferred 𝜁𝜁SF−SCF > 1 regardless of the way G interacts with the micelles. This 

quantity is relevant as it can be compared with experimental data. 

The radial concentration profiles plotted in Fig. 9.7 for 𝜙𝜙G∗ < 𝜙𝜙G show that the presence of 

attractive interactions strongly affect the equilibrium morphology of the assemblies. Strikingly, 

attraction with the corona (Fig. 9.7 a-c) leads to the stabilization of multi-shell “onion-like” 

structures, where G is mostly dispersed in the A-rich shells. Medium (𝜒𝜒GB = −0.5) and strong 

(𝜒𝜒GB = −1) attraction for the core results in a stabilization of bilayer vesicular structures (Fig. 

9.7 e-g) where G is mostly located into the B-rich region.  This morphology is preferred as it 

allows maximizing the favorable contact between G and B while reducing the stretching of the B 

chains. In Fig. 9.7 d and h it is shown that a repulsive interaction between G and one of the blocks 

results in the formation of a G-rich core inside the micelles, similarly to what was observed in 

absence of specific interactions with G.  

Attraction enhances the uptake of guest molecules by the micelles, while in the presence of 

repulsion, even if strong (𝜒𝜒GA,𝜒𝜒GB = 1), solubilization is mostly controlled by lyophobic forces 

as in the absence of specific interactions. It is noted that although the SF-SCF computations 

predict a change in the equilibrium morphology, polymer self-assembly is (usually) controlled 

by a combination of thermodynamic and kinetic factors, as discussed in Chapters 4, 5 and 6. 

9.3 Experimental study of solubilization 

9.3.1 Active control of the dominating solubilization region  

The SF-SCF computations predict that the preferred solubilization region is influenced by the 

solubility and concentration of the guest compound. Hence tuning the solubility of the guest 

should enable control over the dominating solubilization region. To verify this, an experimental 

system it was designed, where PEO-PCL micelles were used to solubilize Nile Red (NR) in 

different water-ethanol mixtures. In such mixtures the solubility of NR (𝐶𝐶NR∗ ) is a function of the 

water-ethanol ratio, see Fig. 9.8 a and §9.A for more details. NR is a solvathochromic dye,  
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Fig. 9.7 Radial concentration profiles 𝜙𝜙(𝑟𝑟) and resulting 2-D representations showing the 

structures of the micelle-guest complex at 𝜙𝜙G∗ = 9.6 ∙ 10−3 (𝜒𝜒GS = 2) and 𝜙𝜙G =  2 ∙ 10−3 for 

different values of the interaction parameters, indicated at the top of each profile.  The 2-D 

representation of the concentration profiles provide the volume fraction of the guest (G) 

molecules (left) and the volume fraction of the BCPs (right).  
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meaning that its photophysical properties depend on the physical properties of the environment. 

Specifically, the shift in the position of the absorption maximum 𝜆𝜆max in the visible range can be 

used to probe the polarity of the environment23. To use this shift for determining the preferred 

solubilization region of NR, reference solutions which mimic the polarity of the core and the 

core-corona interface region were prepared. The information obtained Chapter 4 were used to 

determine the composition of such solutions: the core-mimicking was prepared by mixing 95 % 

of ε-caprolactone, 5 % water, while the interface-mimicking was composed of 50 % of ε-

caprolactone, 15% PEO and 35 % deionized water. The 𝜆𝜆max values (𝜆𝜆maxcore = 546
nm, 𝜆𝜆maxinterface = 569 nm) obtained from the absorption spectra of NR in these solutions (Fig.

9.A.7) are depicted in Fig. 9.8 b as horizontal lines. Next, UV-Vis spectra of NR have been 

recorded in the different water-ethanol mixtures in the absence of micelles (Fig. 9.A.4) to 

monitor the 𝜆𝜆max shift as a function of the mixture composition (Fig. 9.8 b, dots). Increasing the 

volume fraction of water 𝜙𝜙W enhances the average polarity of the solvent resulting in a red-shift 

of the absorption maximum 𝜆𝜆max from 576 to 635 nm (Fig. 9.8 b).  

Fig. 9.8 Nile Red solubilization. a) Nile red solubility (𝐶𝐶NR∗ ) in water-ethanol mixtures as a

function of the water volume fraction 𝜙𝜙W. b) Position of the Nile Red absorption maximum 

𝜆𝜆max as a function of 𝜙𝜙W in the absence (dots) and presence (diamonds) of the PEO-PCL 

micelles at a fixed NR concentration 𝐶𝐶NR = 4 ∙ 10−6 M value. The spline curves are depicted to 

guide the eye. The vertical dashed line indicates the point where the concentration of Nile Red 

equals its solubility (𝐶𝐶NR∗ = 𝐶𝐶NR). The horizontal lines correspond to the 𝜆𝜆max values of Nile Red

into the core (𝜆𝜆maxcore = 546 nm) and interface (𝜆𝜆maxinterface = 569 nm) mimicking solutions.



CHAPTER 9 

168 

Subsequently, PEO-PCL micelles were prepared in the different mixtures in the presence of the 

NR to study the solubilization of the dye. A fixed concentration 𝐶𝐶NR = 4 ∙ 10−6 M was used in

all experiments with NR, hence, according to our solubility measurements the condition 

𝐶𝐶NR∗ = 𝐶𝐶NR is achieved at 𝜙𝜙W ≈ 0.72 (Fig. 9.8 b, vertical dashed line).

In Fig. 9.8 b it is shown that the 𝜆𝜆max value of NR is not affected by the presence of PEO-PCL 

micelles for 𝜙𝜙W = 0.5. This indicates that the dye is mostly dispersed in solution and does not 

accumulate inside the micelles. The 𝜆𝜆max values follow from the UV-vis spectra of the (PEO-

PCL containing) NR solutions reported in Fig. 9.A.6. By contrast, for 𝜙𝜙W ≥ 0.6 a gradual blue 

shift of 𝜆𝜆max from 582 to 544 nm is observed, which is opposite to the red-shift observed for NR 

in absence of micelles (Fig. 9.8 b). This indicates the dye is mainly surrounded by an environment 

with lower polarity then the solvent, hence it is preferentially located inside the micelles. When  

𝐶𝐶NR∗ ≈ 𝐶𝐶NR  the value 𝜆𝜆max ≅ 𝜆𝜆maxinterface indicates that NR is preferentially located at the core-

corona interface. When 𝜙𝜙W increases (hence the solubility further decreases), 𝜆𝜆max shifts 

towards lower wavelengths until the reference  plateau value for the core 𝜆𝜆maxcore = 546 is reached.

Hence for   𝐶𝐶NR∗ ≳ 𝐶𝐶NR (𝜙𝜙W ≲ 0.72) interfacial adsorption dominates, while for 𝐶𝐶NR∗ ≲ 𝐶𝐶NR
(𝜙𝜙W ≳ 0.72) encapsulation in the core takes place, as predicted by the SF-SCF computations. 

It is confirmed experimentally that tuning the solubility of the guest compound allows to actively 

control the solubilization region. 

9.3.2 Determination of the dominating solubilization region  

The experimental determination of the preferred solubilization region by electron microscopy or 

small angle scattering methods is often not possible due to the low contrast difference between 

polymeric micelles and organic guest compounds. However, the SF-SCF results presented here 

provide a relation between the preferred solubilization region and the hydrodynamic size 𝑅𝑅H and 

relative mass of the assemblies 𝜁𝜁SF−SCF. Consequently, the solubilization region should be 

indirectly assessable by performing simple static and dynamic light scattering experiments on the 

micelles in the presence and absence of the guest. To verify this methodology the self-assembly 

behaviour of the PEO-PCL upon solubilization of three compounds, naphthalene (NF), 

benzophenone (BP) and 2,2’-bipyridine (BPy), was investigated. It is noted that the structure of 

these molecules are comparable with the structure of our SF-SCF guest molecule G, see Fig. 

9.A.1. Although not relevant for biomedical applications, these compounds represent an 

interesting model system, since their chemical structures are (qualitatively) similar to that of many 

small drugs, and are characterized by different water solubility values: 𝐶𝐶BPy∗ > 𝐶𝐶BP∗ > 𝐶𝐶NF∗  (see

Table 9.A.1). Dynamic and static light scattering properties of the resulting assemblies are plotted 

in Fig. 9.9. These data have been used to calculate the ratio between the average mass of the 

micelles 𝑀𝑀0 with solubilized material over the mass of the bare empty micelles 𝑀𝑀 (see section 9.A 
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Table 9.1 Summary of the features of EO45-CL14 micelles with and without solubilized guest 

compounds as predicted by SF-SCF (denoted by the SF-SCF superscript) and measured 

experimentally (denoted by the “exp” superscript).  

Sample a, c)𝜻𝜻𝐒𝐒𝐒𝐒−𝐒𝐒𝐒𝐒𝐒𝐒 b, c)𝜻𝜻𝐞𝐞𝐞𝐞𝐞𝐞 a)𝑹𝑹𝐇𝐇𝐒𝐒𝐒𝐒−𝐒𝐒𝐒𝐒𝐒𝐒/ nm b)𝑹𝑹𝐇𝐇
𝐞𝐞𝐞𝐞𝐞𝐞 / nm

Bare micelles - - 9.2 9 

+ 0.4 mg·mL-1 BPy 0.97 0.61 9.2 8 

+ 2 mg·mL-1 BPy 0.66 0.37 8.8 8 

+ 0.4 mg·mL-1 BP 0.92 0.72 9.6 9 

+ 2 mg·mL-1 BP 1.94 2.19 12.4 13 

+ 0.4 mg·mL-1 NF 1.05 1.27 10.0 9 

+ 2 mg·mL-1 NF 2.07 NA 12.8 NA 

a) value predicted with SF-SCF; b) value obtained from static light scattering (see Chapter 2 and

§9.A for details); c) 𝜁𝜁 > 1 indicates encapsulation-dominated, 𝜁𝜁 < 1 indicates preferential 

interfacial adsorption 

and Chapter 2). This parameter, defined 𝜁𝜁exp = 𝑀𝑀/𝑀𝑀0, is the experimental analogue of

 𝜁𝜁SF−SCF. It is expected that if interfacial adsorption dominates 𝜁𝜁exp < 1, while if encapsulation 

is preferred 𝜁𝜁exp > 1. The obtained values of 𝜁𝜁exp  are reported in Table 9.1 for the different 

samples together with the SF-SCF theoretical predictions. The samples studied are bare micelles 

composed of EO45-CL14 BCPs and micelles plus either 0.4 or 2 mg·ml-1 guest molecules. The 

solubilization of the more soluble BPy results in 𝜁𝜁BPy
exp < 1 values at both concentrations, which

are below the BPy solubility 𝐶𝐶BPy∗ , indicating that interfacial adsorption dominates. The

solubilization of BP results in interfacial adsorption at low concentration (𝜁𝜁BP
exp < 1), while at

high concentration core encapsulation takes place, as testified by the 𝜁𝜁BP
exp > 1 value, associated

with an increase of the radius of the micelle (see Table 9.1).In contrast, the radius of the micelle 

remains fairly constant when adsorption at the core-corona interface takes place (𝜁𝜁BP
exp < 1).

These observations are consistent with a guest concentration-dependent transition between the 

two solubilization regimes. In the case of NF, 𝐶𝐶e > 𝐶𝐶NF∗  already at 0.4 mg·ml-1. Hence the 

solubilization of NF results in a value of 𝜁𝜁NF
exp > 1 at the lower concentration. At high NF 

concentration, a turbid dispersion containing precipitate was repeatedly observed and therefore 

those sample could not  
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Fig. 9.9 Results of the light scattering characterizations. a) Decay rates obtained by fitting the 

autocorrelation functions at different scattering angles for various samples, as a function of the 

squared scattering vector 𝑞𝑞2. b) Debye plots obtained from the static light scattering (SLS) 

measurements at a scattering angle 𝜃𝜃 = 90° and different sample concentrations. 

be analyzed. The experimental results are in agreement with the SF-SCF predictions for the 

solubilization of NF, BP and BPy into PEO-PCL micelles. A final consideration regards the 

change in the micelle’s second virial coefficients upon solubilization (change in the slopes of the 

Debye plots upon different conditions, Fig. 9.9 b). It seems that the presence of solubilized 

materials affects the way micelles interact, which may be indicative of the type of interaction of 

the encapsulated compounds with the lyophilic blocks (PEO).  

9.4 Conclusions 

The solubilization locus of guest compounds inside BCP micelles is mostly determined by the 

concentration and the solubility of the guest molecules. The presence of attractive interactions 

between guest and BCP molecules enhances the uptake of guests by the micelles and effects the 

equilibrium morphology of the assemblies. Both experiments and SF-SCF computations reveal 

that interfacial adsorption is preferred at guest concentrations lower than the solubility, while at 

concentrations that exceed the guest solubility, core encapsulation dominates. The experimental 

studies performed with Nile Red show that solvent mixtures can be used to tune the solubility of 

the guest compound, in order to actively control the solubilization region. The SCF 

computations predict that encapsulation resembles the formation of a nano-emulsion since a 

droplet enriched in guest molecules is formed at the center of the micelle’s core. Each of these 

two regimes has a characteristic signature on measurable properties of the micelles. Upon 

adsorption, the mass of the micelles decreases while their size remains rather constant. Upon 
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encapsulation, the mass of the micelles increases, together with their hydrodynamic radius. 

Hence the preferred solubilization region, usually difficult to assess via direct methods, can be 

predicted and experimentally determined by monitoring the change in size and mass of the 

micelles upon solubilization, for instance via static and dynamic light scattering. 
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9.A Materials, methods and supplementary discussions

9.A.1 SF-SCF computations 

Setup of the computations 

The numerical SF-SCF computations were performed using the SFbox developed by F.A.M. 

Leermakers and J. van Male at Wageningen University, the Netherlands. Most of the SF-SCF 

computations for the micelle-guest mixtures have been performed using a spherical lattice 

composed of 𝐿𝐿 concentric layers. Unless otherwise indicated, all SCF computations are 

conducted considering concentration gradients in one direction, hence taking advantage of the 

spherical symmetry for the problem of interest. Results are presented for 𝐿𝐿 = 200 unless 

otherwise indicated. As coordination number of the lattice 𝑧𝑧 = 3 was used. A mirror was located 

at the last lattice layer. The first layer corresponds to the center of the lattice.  The guest molecule 

(G) is modeled as shown in Fig. 9.A.1. The BCP was modeled as A45-B28, with A being the 

lyophilic and B the lyophobic block, while the size of the solvent molecules (S) corresponds to a 

single lattice site. The BCP Flory-Huggins interaction parameters used are 𝜒𝜒S−A = 0.4, 𝜒𝜒SB = 3 

and 𝜒𝜒AB = 1 (according to Chapter 4). The 𝜒𝜒GA, 𝜒𝜒GB = −1,−0.5,−0.25, 0 and 1 values have 

been tested to simulate different kinds of interactions between the guest and the copolymer 

blocks. The condition 𝜒𝜒GA, 𝜒𝜒GB =  0 (athermal interaction) accounts for hard-core excluded 

volume interactions only. Different values of 𝜒𝜒GS simulate different bulk solubilities of G (Fig. 9.1 

a). In the SF-SCF computations, the concentrations are expressed as volume fractions 𝜙𝜙.  In the 

following the total bulk concentration of G in the system will be indicated as 𝜙𝜙G. The quantity 

𝜙𝜙G corresponds to the number of lattice sites occupied by G, regardless of its spatial distribution, 

divided by the total volume of the lattice (𝑉𝑉lat = 4𝜋𝜋𝐿𝐿3/3). The quantity 𝜙𝜙G∗  is the solubility limit

of G and represents the maximum volume fraction of G which can be dissolved in the solvent 

before phase separation occurs.  

Determination of the solubility of G 

Next, it is explained how the solubility limit of G (𝜙𝜙G∗ ) was evaluated. In order to characterize the 

solubility limit of G in solution (in the complete absence of BCPs), a series of SCF computations 

in a planar lattice with 𝐿𝐿 = 100 was performed. A planar lattice is used in these computations in 

order to avoid interfacial curvature effects27 in the FH phase diagram. The minima and maxima 

of the guest concentration (𝜓𝜓G) were collected from the concentration profiles, from which the 

phase diagram can be constructed and compared with the standard Flory-Huggins results. The 

concentration profiles are plotted in Fig. 9.A.2 a. The SCF-generated phase diagram was 

compared with the standard FH phase diagram of a linear homopolymer composed of the same 

number of segments (𝐿𝐿p = 9)  (Fig. 9.A.2 b). It can be observed that 𝜙𝜙𝐺𝐺∗ = 𝜓𝜓G in the solvent-
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rich branch of the binodal curve of the Flory-equivalent (a homopolymer whose length 𝐿𝐿p is 

𝐿𝐿p = 9). The deviation at high 𝜒𝜒GS is due to the numerical precision of the approach followed. 

The exponential fit relating 𝜒𝜒GS and 𝜙𝜙G∗  is shown in the inset of Fig. 9.A.2 c. The size of G is not 

big enough for its particular shape to induce an appreciable difference in solubility as compared 

to a linear homopolymer. An exponential fit of the solvent-rich branch of the FH binodal leads 

to an empirical relation between 𝜙𝜙G∗  and 𝜒𝜒GS.  

𝜙𝜙G∗ = 102.52−3.61𝜒𝜒GS   (9.1) 

Self-assembly of the A-B diblock copolymer and solubilization of G 

To simulate the formation of a micelle in presence and absence of guest molecules, a certain 

amount of BCP and G molecules is placed in the lattice, the free energy of the system is minimized 

and the value of the grand potential 𝛺𝛺 is calculated. The amount of polymer in the lattice is 

subsequently varied (while keeping the total amount of G molecules constant, 𝜙𝜙G = 2 · 10−3) 

until the equilibrium condition 𝛺𝛺 = 0 is met (see Chapter 2). The thermodynamic properties of 

the micelle can thus be evaluated, together with the distribution of G inside and outside the self-

assembled structure. This procedure was repeated multiple times with varying 𝜒𝜒G−S (thus 

resulting in a change of 𝜙𝜙G∗ ). In this way, it was possible to study the effect of the guest solubility 

on the preferred solubilization region of G.  

Subsequently, three different 𝜒𝜒G−S values have been chosen (𝜒𝜒GS = 1, 1.5, 2), resulting in three 

different 𝜙𝜙G∗  values (𝜙𝜙G∗= 4.7·10-2, 1.5·10-3, 3.1·10-5) and for each 𝜒𝜒G−S value the equilibrium 

properties of the micelle plus guest system have been computed at different  𝜙𝜙G values. This 

enabled to study the effect of the guest concentration at three different degrees of hydrophobicity, 

corresponding to the different 𝜙𝜙G∗  values. 

The concentration profile at equilibrium have been used to calculate the hydrodynamic radius 

(𝑅𝑅H) of the assemblies according to the method proposed by Scheutjens et al.28,29 based on the 

Debye-Bueche equation for permeability (see Chapter 2).  
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Fig. 9.A.1 (top) SF-SCF structure of the model guest compound (G) and EO45-CL14 and 

(bottom) chemical structure of the solubilized compounds naphthalene (NF), benzophenone 

(BP) and 2,2I-bipyridine (BPy). 

Discussion on the lattice-size dependence of the equilibrium aggregation number 

From the thermodynamic theories of micelle formation (see Chapter 2) it is known that the free 

energy change per polymer associated with the formation of a micelle is related to the BCP critical 

micelle concentration30 (𝜑𝜑BCPbulk) as ∆�̅�𝑔BCPsas ≈ ln�𝜑𝜑BCPbulk� − ln(𝑁𝑁A + 𝑁𝑁B) and it is expected to be 

independent on the total amount of dispersed copolymer 𝜙𝜙A−B. As a consequence the 

equilibrium value of the micellar aggregation number, 𝑁𝑁agg, is also independent on 𝜙𝜙A−B. 

Changing the latter only affects the total number of micelles formed (𝑛𝑛mic). Within a lattice 

model this can be expressed as: 

𝜙𝜙A−B =
𝑛𝑛mic𝐿𝐿A−B𝑁𝑁agg

𝑉𝑉lat
+ 𝜑𝜑BCPbulk,  (9.2) 

Where 𝑉𝑉lat = 4π𝐿𝐿3/3 is the volume of a spherical lattice and 𝐿𝐿A−B represents the total number

of segments per BCP molecule. 

As described in Chapter 2, the SF-SCF procedure works within a small system thermodynamics 

framework, therefore in the computational lattice always 𝑛𝑛mic = 1. This means that for a fixed 
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value of 𝑉𝑉sol the equilibrium condition 𝛺𝛺 = 0 is met only for a single 𝜙𝜙A−B value. Usually to find 

the condition 𝛺𝛺 = 0 the value of 𝑉𝑉lat is fixed while 𝜙𝜙A−B is varied20, but the same results would 

be obtained by fixing a 𝜙𝜙A−B value and varying 𝑉𝑉lat.  

Differently, the size of an emulsion droplet depends on the relative amount of BCP and 

emulsified phase. The number of BCP molecules 𝑁𝑁agg that sits at the interface of an emulsion 

droplet of radius R can be expressed as  

𝑁𝑁agg =
4π𝑅𝑅2

𝛼𝛼
,  (9.3) 

where 𝛼𝛼 is the surface area occupied by one BCP at the droplet-solvent interface (the same 

relation holds for spherical micelles where 𝑁𝑁agg is the micelle aggregation number and 𝑅𝑅 indicates 

the core radius). In the small-system thermodynamics approach the volume of the emulsion 

droplet (𝑉𝑉em) composed of G molecules is proportional to 𝑉𝑉em~𝑉𝑉lat�𝜙𝜙G − 𝜑𝜑Gbulk�/(1 − 𝜑𝜑W),

where 𝜑𝜑Gbulk is the concentration of G in the solvent-rich phase and 𝜑𝜑W is the solvent

concentration in the G droplet. Using the relation between the radius and the volume of a sphere, 

𝑁𝑁agg can be written as:  

𝑁𝑁agg~𝐿𝐿2
4π
𝛼𝛼
�
𝜙𝜙G − 𝜑𝜑Gbulk

1 − 𝜑𝜑W
�

2
3

,  (9.4) 

which provides the lattice size dependence of  𝑁𝑁agg for 𝜙𝜙G > 𝜙𝜙G∗ . 

Fig. 9.A.2 From the concentration profiles of G in solution (a), the FH-like phase diagram can 

be calculated (b) from the coexisting maxima and minima of the guest concentrations (𝜓𝜓G). By 

fitting the solvent-rich binodal (c) with the Flory-equivalent of the guest, the experimentally 

measured solubilities can be assigned to a specific FH interaction parameter 𝜒𝜒GS. 
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SF-SCF computations with concentration gradients in two directions 

To verify the accuracy of the calculations conducted in a spherical lattice using one concentration 

gradient, selected conditions were computed using a cylindrical lattice with concentration 

gradients in two directions. Such a lattice consists of 𝐿𝐿𝑟𝑟  lattice sites in the radial direction and 𝐿𝐿𝑦𝑦  

lattice sites along the longitudinal direction, hence its volume is 𝜃𝜃max = π𝐿𝐿𝑟𝑟2𝐿𝐿𝑦𝑦. The rotational

symmetry of the lattice is around the 𝑦𝑦 direction. The same method described above was followed 

to compute the equilibrium properties of the self-assembled structures. It is noted here that 

calculations using two concentration gradients are computationally significantly more expensive 

than those performed using a single concentration gradient. In the absence of G, the 

concentration profiles of the BCP micelle obtained with two gradients match the one-gradient 

ones (see Fig. 9.A.3, top row, right panel). 

To compare the results obtained in the presence of G with different lattice topologies (spherical 

with one concentration gradient and cylindrical with two concentration gradients), one must 

account for the lattice size dependence in the encapsulation-dominated regime. The simplest way 

would be to use lattices with the same volume and performing the computations at a fixed  𝜙𝜙Gtot. 
However, since the computational time is proportional to the size of the lattice, this approach 

would result in very inefficient computations. For this reason, the computations were performed 

using a cylindrical lattice with a smaller volume than the spherical, but the same lattice occupancy 

for G, 𝜃𝜃G (meaning that the same amounts of G molecules are present in the two lattices), was 

set. In Fig. 9.A.3 the concentration profiles obtained in the two lattice topologies at the same 

lattice occupancy (𝜃𝜃G =  1810) are compared for a highly insoluble G (𝜒𝜒GS = 2) with different 

preferences for the core and corona regions. As can be observed, the profiles at equilibrium are 

very similar and thus independent on the lattice topology. The low concentration of G prevents 

the formation of a nanoemulsion. The guest molecules rather find their equilibrium 

configuration by distributing both in the core and at the core-corona interface. An (enthalpic) 

affinity for the core (𝜒𝜒GB = −1) is not sufficient to form a nanoemulsion, again due to the low 

concentration of guest considered. As expected, when affinity for the corona is higher (𝜒𝜒GA =
−1), more guest accumulates at the core-corona interface. The agreement between 1D and 2D 

SF-SCF show that the less expensive single gradient computations provide sufficient accuracy. 
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Fig. 9.A.3 Concentration profiles at equilibrium for a) 𝜃𝜃G = 0,  b-d) 𝜃𝜃G =  1810 considering a 

guest with 𝜒𝜒GS = 2 . Interaction paremeters of the guest with the blocks are: b) pure excluded 

volume, 𝜒𝜒GA ≡ 𝜒𝜒GB = 0; c) guest with affinity for core, 𝜒𝜒GA = 0; 𝜒𝜒GB = −1; d) guest with an 

affinity for the corona: 𝜒𝜒GA = −1, 𝜒𝜒GB = 0. Left panels are the 2D concentration profiles of G 

(left) and AB (right) obtained with the two-gradients computations. In the right panels, the 

radially averaged 2D concentration profiles (red curves) are compared with the 1D results (black 

curves). 



CHAPTER 9 

178 

Computations for the solubilization of BPy, BP and NF 

In the lattice, each water molecule (W) and ethylene oxide (A) monomer occupies a single site, 

while caprolactone (B) occupies two lattice sites, as its molar volume is almost twice that of an 

EO monomer. Therefore EO45-CL14 is modeled as A45-B28 (Fig. 9.A.1) with equal size of the lattice 

sites for A and B. As discussed in Chapter 4, Flory-Huggins interaction parameters 𝜒𝜒GA= 𝜒𝜒GB =
 0,  𝜒𝜒WA = 0.4, 𝜒𝜒WB = 3 and 𝜒𝜒AB = 1 have been used. The value of 𝜒𝜒AB = 1 has been chosen 

to account for the presence of hydrogen-bonded water to  the PEO chains.31,32 This mediates the 

interaction between the blocks and results in a high incompatibility.33 Each lattice site was 

considered to have the size of an EO monomer, as discussed in Chapter 3. 

The solubilization of BPy, BP and NF into the PEO-PCL micelles have been modelled by means 

of SF-SCF to provide a direct comparison with the experimental results. It was assumed the SF-

SCF structures of these molecules to correspond to the structure of G. The interaction parameters 

of BPy, BP and NF have been evaluated from their experimental 𝜙𝜙G∗  values. The value of 𝜙𝜙BPy∗ ,

𝜙𝜙BP∗  and 𝜙𝜙NF∗  have been estimated by dividing the experimental solubility of the compounds,

expressed in mass concentration 𝐶𝐶G∗, by the density of the compounds. The solubility and density 

values used in this work have been retrieved from the HSDB TOXNET34 database and are listed 

in Table 9.A.1. Equation (9.1) was used to estimate 𝜒𝜒BPyS, 𝜒𝜒BPS and 𝜒𝜒NFS  from 𝜙𝜙BPy∗ , 𝜙𝜙BP∗  and 

𝜙𝜙NF∗ . The results are reported in Table 9.A.1.

Table 9.A.1 Values of density (𝜌𝜌), solubility in water expressed as a mass concentration (𝐶𝐶G∗) 

and volume fraction (𝜙𝜙G∗ ) and Flory-Huggins interaction parameter with water of BPy, BP and 

NF.  

G ρ / g⋅L-1 𝐶𝐶G∗ / g⋅L-1 𝜙𝜙G∗ 𝜒𝜒G−S 

BPy 1320 5.9 4.4·10-3 1.35 

BP 1110 0.137 1.2·10-4 1.8 

NF 1160 0.031 2.6·10-5 2 

9.A.2 Materials.  

Unless differently specified, all the chemicals were obtained from Sigma and the solvents were 

obtained from Biosolve, the Netherlands.  
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9.A.3 Synthesis, purification and characterization of PEO-PCL.  

The BCP EO45-CL14 (PEO-PCL) has been synthesized and purified, using a polymerization 

procedure and purification method reported in Chapter 3. 

The number-average molar mass of the synthesized BCP 𝑀𝑀n
NMR = 3.6 kDa, based upon the

degree of polymerization, was measured via 1H NMR, carried out on a Varian 400 (400 MHz) 

spectrometer at 25 °𝐶𝐶 in deuterated chloroform.  

The molar mass dispersity Đ = 𝑀𝑀n
SEC/𝑀𝑀w

SEC was determined by means of Size Exclusion

Chromatography (SEC), using a Waters GPC equipped with Waters (model 510) pump and a 

(model 410) differential refractometer. A set of two mixed bed columns (Mixed-C, Polymer 

Laboratories, 30 cm, 40 °C) was used and THF was selected as eluent. The system was calibrated 

using narrow molar mass polystyrene standards, ranging from 600 to 7106 Da. A value of Đ=
1.10 was obtained for the synthesized BCP. 

9.A.4 Nile Red characterization.  

UV-VIS spectroscopy measurements were performed on a Shimadzu 2700 spectrophotometer. 

The absorbance (A) spectra of the Nile Red (NR) solutions were recorded as a function of the 

incident light wavelength using a 0.5 nm step size at medium measurement speed with a 1 nm slit  

Fig. 9.A.4 Absorption spectra of NR in different water-ethanol mixtures at 𝐶𝐶NR = 𝐶𝐶NR∗ , 

exhibiting the decrease in solubility and the red shift of the adsorption maximum with increasing 

ϕW. 
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Fig. 9.A.5 Absorbance values at 𝜆𝜆max =  576 nm as a function of the NR concentration.size. 

The samples and the reference (pure dispersion media) were placed in quartz cuvettes with a path 

length of 1 cm.  

The molar attenuation coefficient of NR was determined in a water-ethanol mixture containing 

a water volume fraction 𝜙𝜙W = 0.5. To this end, absorption spectra of solutions with 

concentrations of 3·10-5, 3·10-5, 3·10-5, and 5·10-6 M were measured in the wavelength 

range 400 ≤ 𝜆𝜆 ≤ 800 nm. NR shows a single absorption peak with the maximum at 𝜆𝜆max =
 576 nm. The absorbance 𝐴𝐴 at 𝜆𝜆max was fitted as a function of the dye concentration with a linear 

regression, to obtain the molar attenuation coefficient of NR, 𝜀𝜀NR = 33400 L · mol−1·cm−1, as 

follows from the Lambert-Beer law (𝐴𝐴 = 𝜀𝜀𝜀𝜀𝐶𝐶, with 𝜀𝜀 =  1 cm the optical path length, and C  the 

molar concentration). The data are plotted in Fig. 9.A.5. The linear behaviour is lost at higher 

concentration and the intercept of the fitted line differs significantly from zero. This might 

indicate the formation of NR dimers or other small, stable, aggregates in water-ethanol mixtures. 
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Fig. 9.A.6 Normalized absorption spectra of NR micelles mixtures, showing a blue shift of the 

absorption maxima with increasing 𝜙𝜙W. 

The solubility of NR in water-ethanol mixtures was determined as a function of the water volume 

fraction 𝜙𝜙W. An excess of NR, was added to different water-ethanol mixtures with 0.5 < 𝜙𝜙W <
0.95 and the mixtures were shaken on a shaking table for 2 h. Centrifugation at 5000 rcf and 

filtration via a 0.22 µm PTFE syringe filter (VWR) were used to remove the excess insoluble NR 

before measuring the UV-VIS absorbance of the mixtures. The NR solubility 𝐶𝐶NR∗  was

determined from the value of 𝜀𝜀NR, approximated as constant in all the water ethanol mixtures 

(the determination of 𝜀𝜀NR for high-𝜙𝜙W mixtures is challenging due to the extremely low dye 

solubility). Under this assumption, 𝐶𝐶NR∗  is slightly overestimated, as changes in the attenuation

coefficients (of the order of few percent), are known to occur in similar systems with increasing 

𝜙𝜙W.35 This, however, is not expected to influence the qualitative interpretation of the data. 

9.A.5 Micelle formation in 50:50 water-ethanol mixture.  

A mixture containing 100 mg of PEO-PCL and 2 mL of a 𝜙𝜙W = 0.5 water-ethanol mixture was 

heated to 60 °C while stirring. At this temperature the solution becomes optically transparent 

after a few minutes, indicating the formation of a micelle dispersion. The mixtures were 

subsequently cooled down to 40 °𝐶𝐶 and half of it (1 mL) was diluted by quickly adding of  9 mL 

𝜙𝜙W = 0.5 water-ethanol mixture at room temperature. The diluted dispersion was analyzed via 

light scattering to verify the formation of the micelles. The results are reported in Table 9.A.2. 
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9.A.6 Solubilization of NR in PEO-PCL micelles.  

A set of 6 mixtures containing 100 mg of PEO-PCL and 2 mL of 4·10-6 M NR solution in 𝜙𝜙W =
0.5 water-ethanol mixtures were heated to 60 °𝐶𝐶  while stirring. At this temperature after a few 

minutes the solution becomes optically transparent, indicating the formation of a micelle 

dispersion. The mixtures were subsequently cooled down to 40 °𝐶𝐶 and 1 mL of each mixture was 

quickly transferred into a vial containing 9 mL solvent mixture at room temperature. The 

composition of the 6 mixtures was set in order to obtain final water-ethanol volume fractions of 

 𝜙𝜙W = 0.5, 0.6, 0.7, 0.8, 0.9, 0.95 respectively. The final dispersions were analyzed via UV-

Visible to determine their 𝜆𝜆max  values. The normalized spectra of the final NR/micelles mixtures 

are plotted in Fig. 9.A.6, while the 𝜆𝜆max  values are plotted in Fig. 9.8 b. 

9.A.7 Determination of the solubilization region of NR.  

The position of the absorption maximum 𝜆𝜆max depends on the polarity of the environment23 and 

hence it can be used to distinguish the solubilization region of NR. However to unambiguously 

identify such regions, 𝜆𝜆max reference values for NR located at the core-corona interface and 

inside the core of the micelles are needed. 

In Chapter 4, it was found that the core of PEO-PCL micelles is composed of 95% of PCL and 

5% of water, while the average composition of the corona was found to be approximately PEO 

13% water 87%. Based on these data two solutions which mimic the polarity of the core and the 

core-corona interface were prepared. The core-mimicking solution was prepared by mixing 

95 % of ε-caprolactone, 5 % water, while the interface-mimicking was composed of 50 % of 

ε- caprolactone (Sigma) 15 % PEO (Sigma, 𝑀𝑀n = 400 Da), 35 % deionized water. PEO 400 kDa 

has been chosen to reduce the possibility of aggregation of the polymer in solution36. All the 

solutions were optically homogeneous (no turbidity due to demixing was observed). The UV-

VIS absorption spectra of NR dispersed into the core and interface mimicking solutions (Fig. 

9.A.7) where used as references to determine whether the dye was encapsulated into the core or

adsorbed at the core-corona interface of the micelles. To this end the 𝜆𝜆max values obtained from 

these spectra were compared with that of NR obtained in the different water-ethanol mixtures in 

the presence of the micelles to identify the solubilization region. 
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Fig. 9.A.7 Normalized absorption spectra of NR in the core and interface mimicking solutions. 

9.A.8 Solubilization of NF, BP, and BPy.  

Micelles of EO45-CL14 in water have been prepared by adding 1 mL of acetone containing 50 mg 

of the BCP to 9 mL of distilled water, leading to a final BCP concentration of 5 mg·mL-1. The 

solution was shaken by hand to ensure complete mixing. A similar procedure has been applied 

to solubilize NF, BP, and BPy into the micelles: two different amounts of encapsulants (4 mg and 

20 mg) have been added in 1 mL acetone together with 50 mg of the BCP, followed by quick 

addition of the solution in 9 mL of deionized water. Each solvent was filtered prior to use with an 

appropriate 0.22 μm syringe filter. The micelle dispersions where subsequently diluted with 

deionized water in order to obtain suspensions with various polymer concentration, which have 

been analyzed to determine the molar mass and the size of the micelles via light scattering. 

9.A.9 Light Scattering 

Scattering measurements were performed by using an ALV CGS-3 instrument equipped with a 

532 nm green laser and ALV-LSE5004 digital correlator.   

Static light scattering (SLS)  

The scattered intensities of the samples were recorded at 𝜃𝜃 = 90° at four different sample 

concentration (𝐶𝐶) values to determine the molar mass of the assemblies 𝑀𝑀exp (see equation 2.41 

in Chapter 2). In the calculation of 𝐶𝐶 the mass of the guest compound has been added to the one 
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of the BCP. This implies that the guest molecules was considered as completely solubilized into 

the micelles. The results of the characterization are reported in Fig. 9.9 b. 

The differential refractive index increment d𝑛𝑛 d𝐶𝐶⁄  for the micelles-guest complex was 

determined as follows. The micelles-guest complex is not homogeneous but composed of three 

different components: PEO, PCL and the solubilized compound. For the sake of simplicity 

d𝑛𝑛 d𝐶𝐶⁄  was estimated as given by the weighted-average of the  d𝑛𝑛 d𝐶𝐶⁄  values of the single 

components.37 For PEO this value is known (d𝑛𝑛 d𝐶𝐶PEO = 0.134 ⁄ mL∙g-1)38. Because PCL and 

the guest compounds are insoluble in water, their  d𝑛𝑛 d𝐶𝐶⁄  values have been estimated from the 

values in THF39, as the difference in  d𝑛𝑛 d𝐶𝐶⁄  in two solvents equals the difference in refractive 

index of the solvents.38,40 For the guest compounds no reference data were available. As they 

contain aromatic rings, the  d𝑛𝑛 d𝐶𝐶⁄  value of polystyrene40 has been used as approximation.  The 

obtained values are d𝑛𝑛 d𝐶𝐶PCL = 0.15 ⁄ mL∙g-1 and d𝑛𝑛 d𝐶𝐶NF,BP,BPy = 0.25 ⁄ mL∙g-1. The 

approximations introduced here might slightly affect the numerical accuracy of the results, but 

do not affect the observed trends. 

Dynamic Light Scattering (DLS) 

Fluctuations in the scattered intensity were recorded at scattering angles between 50°, and 150° 

with angular steps of 10°, performing 3 runs per angle with durations of 20 seconds each. The 

raw data were analyzed with After-ALV software developed by Dullware Inc., which uses the 

CONTIN algorithm42 based on the Inverse Laplace Transform. From the intensity 

autocorrelation function the decay rate (𝛤𝛤) has been computed at every scattering angle. Plotting 

𝛤𝛤 as function of the squared scattering vector (𝑞𝑞2) yields the diffusion coefficient of the particles 

𝐷𝐷44. The Stokes-Einstein equation (equation 2.44 in Chapter 2) was used to determine the 

particle hydrodynamic radius 𝑅𝑅H. 

DLS of PEO-PCL micelles in the 𝜙𝜙W = 0.5 mixture 

A 5 mg·ml-1 dispersion of PEO-PCL BCPs in a 𝜙𝜙𝑊𝑊 = 0.5 water-ethanol mixture at 40 °𝐶𝐶 has 

been analyzed via DLS as described above. The autocorrelation function (see Fig. 9.A.9 a for an 

example) shows two different relaxation times. The slow relaxation is due to big aggregates. 

However the fast relaxation is consistent with the formation of small spherical micelles. An 

hydrodynamic radius 𝑅𝑅H = 12 nm, in fact, can be obtained upon applying equation 2.7 (using 

a value of 𝜂𝜂 = 1.048 mPa ∙ s for the solvent viscosity and a solvent refractive index 𝑛𝑛 = 1.36). 

The 𝛤𝛤 values for the fast relaxation, obtained by the CONTIN fitting of the autocorrelation 

functions, are plotted in Fig. 9.A.9 b as a function of the squared scattering vector (𝑞𝑞2). 
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Fig. 9.A.8 Example autocorrelation functions obtained at various scattering angles for a

5 mg·ml- 1 dispersion of PEO-PCL BCPs in water 

Fig. 9.A.9 a) Example autocorrelation function obtained measuring at a scattering angle 𝜃𝜃 = 50° 

a 5 mg·ml-1 dispersion of PEO-PCL BCPs in a 𝜙𝜙W = 0.5 water-ethanol mixture at 𝑇𝑇 = 40 °C. 

Two relaxation modes can be observed. b) Decay rates of the fast relaxation mode as a function 

of the squared scattering vector obtained by CONTIN fitting of the autocorrelation functions. 
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Table 9.A.2 Results of the SLS characterizations 

Sample 𝑴𝑴𝐞𝐞𝐞𝐞𝐞𝐞
 
 / MDa 𝑨𝑨𝟐𝟐 / 𝐦𝐦𝟑𝟑 ∙ 𝐦𝐦𝐦𝐦𝐦𝐦 ∙ 𝐠𝐠−𝟏𝟏

Bare micelles 74.6 8.5·10-11

+ 0.4 mg·mL-1 BPy 45.5 2.8·10-10 

+ 2 mg·mL-1 BPy 28.1 3.6·10-10 

+ 0.4 mg·mL-1 BP 54.1 −5.5·10-10 

+ 2 mg·mL-1 BP 164.0 −1.4·10-10 

+ 0.4 mg·mL-1 NF 95.1 8.0·10-11 

+ 2 mg·mL-1 NF - - 
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10.1 A helicopter view: conclusions and outlook 

In this thesis, an experimental model system consisting of poly(ethylene oxide)-block-poly-ε-

caprolactone (PEO-PCL) block copolymers (BCPs), in combination with theoretical modeling 

and numerical computations have been used to study how the solvency conditions affect the 

association behaviour of dispersed BCPs with weakly incompatible and crystalline blocks.  

The theoretical and the experimental results reported in this thesis show how the interplay of self-

assembly, phase separation, crystallization and block segregation can drive the organization of 

block copolymers in solution through different pathways (as sketched in Fig. 10.1). Although 

this interplay is rather challenging to control, it opens up new possibilities to prepare complex 

materials, for instance, with a hierarchical structure. 

The approach used in this thesis is to look at BCPs organization “from the solvent point of view”.  

The solvent does not only affect BCPs self-assembly and phase behaviour (Chapter 5): it also 

mediates the compatibility between the blocks (Chapter 4) and can promote or hinder their 

crystallization (Chapters 4, 6, and 7). Controlling the solvency conditions (solvent composition 

and temperature) allows to guide BCPs organization into a variety of structures and the 

emergence of new properties, such as temperature-responsive metamorphism (Chapter 7 and 

8). Moreover, the solvent strongly mediates the interaction between guest molecules and BCP 

association colloids (Chapters 9). On one hand, this finding enables a more efficient design of 

BCP-based carriers for guest compounds, for instance, micelles-based drug-delivery systems. On 

the other hand, it suggests that BCPs organization can be tuned with the addition of external 

compounds. 

In summary, designing solvents for block copolymers rather than designing block copolymers 

for solvents, provides new ways of controlling the organization of BCPs in solution. 
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Fig. 10.1 Schematic of possible pathways of a block copolymer dispersion. The red arrows 

represent the associative-dissociative processes, while the grey arrows represent the 

reorganizational processes. Rectangular blocks identify possible mixed states. 
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10.1.1 On the kinetic and thermodynamic modeling of BCPs organization. 

The development of a comprehensive theoretical framework is important to successfully translate 

the findings reported in this thesis into applications. The thermodynamic model presented in 

Chapter 5 enables to estimate whether phase separation is preferred over bottom-up self-

assembly. Following a similar approach, a Gibbs energy expression for lamellar crystals could (in 

principle) be derived and incorporated into the theory presented in Chapter 5.  However, 

because of the mean-field nature and the approximations involved, such models yield 

quantitative information only in limited cases. 

Scheutjens-Fleer self-consistent field (SF-SCF) theory provides a rather accurate description of 

BCP self-assembly in solution (Chapter 4 and 5) because, despite the mean-field nature, it 

accounts for inhomogeneity and concentration gradients. The SF-SCF theory is a useful tool in 

the design of BCP assembly (Chapters 4 and 8), and to study self-assembly in the presence of 

external compounds (Chapter 9). However, SF-SCF theory is based upon Flory-Huggins theory 

and hence is not suitable to describe crystallization (see §6.C). Computer simulations, such as 

molecular dynamics1, can yield more accurate predictions. 

Kinetic modeling is a possible alternative strategy to develop a predictive framework which can 

account for self-assembly, phase separation and crystallization.  The interplay between these 

processes can be envisaged as the network of equilibria sketched in Fig. 10.1. Two kinds of 

processes can be recognized: associative-dissociative equilibria (red arrows in Fig.10.1), where 

molecularly dissolved BCPs form aggregates and vice versa, and reorganizational processes (grey 

arrows in Fig.10.1) involving rearrangements of the BCP chains within aggregates.  

Such a set of equilibria allows the system to equilibrate in the configuration with the lower Gibbs 

energy through pathways (and over time scales) regulated by kinetics. Each associative-

dissociative equilibrium might represent the first step of BCP organization. In the dilute regime, 

these processes are mostly regulated by diffusion because no long-range interactions (charges) 

are present. Kinetic models for BCP micelles formation are already present in literature2. Von 

Smoluchowski’s theory for coagulation3 and collision theory4 can be adapted to describe phase 

separation. A kinetic model for BCPs solution crystallization could be derived by adapting the 

von Smoluchowski formalism to describe the formation and aggregation of disk-like particles.   
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The theoretical description of reorganizational processes is important for predicting the 

structural evolution of BCP aggregates, but rather complicated. Kinetic theories for polymer 

crystallization (and crystal melting) in the bulk5, as well as kinetic theories for the phase 

separation6, could possibly be used as a starting point for the kinetic modeling of reorganizational 

processes.  

10.1.2 Effects of additional dispersed compounds 

Block copolymer micelles are widely used in biomedical and industrial applications since they 

can be used, for instance, as carriers of solubilized lyophobic compounds. In Chapter 9, the 

mechanisms regulating solubilization of guest compounds have been investigated. It has been 

found that the presence of additional compounds impacts the equilibrium properties of the 

micelles through an interplay of enthalpic and entropic effects. Crystallization and phase 

separation might affect the solubilization, transport and release of additional compounds. 

Further investigations could elucidate these aspects.  

It is also relevant to study the effect of added polymers or other types of compounds to mimic 

complex environments. It is expected that dispersed additional compounds might mediate the 

colloidal stability of the association colloids, for instance via depletion attraction7 or bridging 

flocculation8, as observed for “hard” colloids. However, because of their associative and dynamic 

nature (see Fig 10.1), the interaction between BCP aggregates cannot be described using theories 

for hard colloids9. Further work is being carried out (in collaboration with Á. González-García, 

TU/e) to understand and quantify these phenomena, which are of key importance for the 

application of self-assembled structures in crowded environments (for example the blood stream 

or industrial formulations).  

10.1.3 Chain length dispersity 

For the sake of simplicity, most of the theoretical modeling strategies used in this thesis assume 

monodisperse block copolymers. However, synthesized BCPs are often dispersed in chain 

length. In Chapter 5 it is shown that chain length dispersity affects the formation mechanism of 

BCP vesicles. Not surprisingly, it is found that the BCP molecules with longer lyophobic blocks 

start aggregating before the others during bottom up-self-assembly. This sequential assembly is 

expected to influence the solubilization of small compounds, and deserves further investigation.  
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Chain length dispersity also influences self-assembly10, crystallization11 and block segregation12, 

and hence is expected to have a dramatic effect on their interplay. To understand this, 

experimental results from disperse and discrete block copolymers (K. Petkau-Milroy and 

colleagues, TU/e) are currently being compared with SF-SCF predictions. 

 

10.2 The modeling- characterization feedback loop 

The results discussed in this thesis show the importance of combining theoretical modeling and 

experimental characterization. A theoretical model is not reliable without experimental 

validation, and experimental characterization without theoretical understanding provides only 

limited information, and can easily lead to trial and error like research. To describe systems where 

several processes take place at different time- and length-scales, it is often necessary to combine 

different theoretical approaches, as in Chapter 5. Experimental characterization provides a 

framework to connect and validate these different theoretical models. The use of complementary 

techniques, such as in situ scattering and in situ microscopy, is of particular interest: the former 

yield information on ensemble-averaged properties over a broad range of length-scales and time-

scales, the latter provide direct access to local properties with resolution up to the single-particle 

level.  

When combined into a feedback loop, theoretical modeling and multiscale in situ 

characterization yield a deeper understanding of the system under study, which can be translated 

into more efficient material design.   
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