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1 
General introduction 

1.1 Polymers 

If we think of for example DNA, proteins, and plastics, it is obvious that polymers are an 

unmistakable part of our daily life. Chemically, a polymer is defined as a substance 

composed of macromolecules.1 Implied by its name, a macromolecule is a ‘large 

molecule’, i.e., a molecule of high relative molecular mass consisting of multiple 

repeating structural units, known as monomers, derived from molecules of low relative 

molecular mass. The monomers are often connected by covalent chemical bonds. Table 

1.1 presents an overview of all copolymers studied in this thesis. 

Table 1.1. Overview of cationic and anionic copolymers used in this thesis. The superscripts a, b, c, 
and d correspond to the polymerisation method (described in the given references) of the 
corresponding block (PAA-b-PEO) or block copolymer (a: reversible addition–fragmentation chain 
transfer (RAFT) radical polymerisation, b: atom transfer radical polymerisation (ATRP), c: anionic 
polymerisation). Molecular formulae are given including the incorporated chain transfer agents / 
initiators (R denotes an unknown chain end). 

Chemical name, acronym,ref and molecular formula 

poly(2-(N,N-dimethylamino)ethyl methacrylate)-block-poly(glyceryl methacrylate), 
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Chemical name, acronym,ref and molecular formula 

poly(N-methyl-2-vinyl pyridinium iodide)-block-poly(ethylene oxide), P2MVP-b-PEO3c 
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poly(4-(2-amino hydrochloride-ethylthio)butylene)-block-poly(ethylene oxide), 
PAETB-b-PEO4, 5c 

CH3

C

CH2

CH3

H

C
H2

C
H

CH2CH2

S
C
H2

C
H2

NH3Cl

x

 
C
H2

C
H

C
H C

H2

CH2

C
HC

H2 C
H2

CH2

S
C
H2

C
H2

NH3Cl

C
H2

O
H

z

 

y

 

co

 
poly(acrylic acid)-block-poly(vinyl alcohol), PAA-b-PVOH6a 
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Chemical name, acronym,ref and molecular formula 

poly(acrylic acid)-block-poly(acryl amide), PAA-b-PAAm8a 
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poly(acrylic acid)-block-poly(ethylene oxide), PAAb-b-PEO9c 

H CH2

CH
x

 
O

CH2

CH2

y

 

R

CH3

CH3
C O

OH

O

 

poly(acrylic acid)-block-poly(isopropyl acrylamide), PAA-b-PNIPAAm10a 
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poly(4-(2-sodium carboxylate-ethylthio)butylene)-block-poly(ethylene oxide), 
PCETB-b-PEO4, 5c 
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1.2 Copolymers and polyelectrolytes 

Polymers are homopolymers when obtained from only one type of monomer and 

copolymers when derived from two or more species of monomer.1 Hence, copolymer 

synthesis (i.e., preparation) involves copolymerisation of two or more monomer species, 

resulting in bipolymers (copolymers consisting of two monomer species), terpolymers 

(copolymers consisting of three monomer species), quaterpolymers (copolymers 

consisting of three monomer species), et cetera. Several types of copolymers, denoted as 

block, graft, random (or statistical), and star (co)polymers can be distinguished according 

to their molecular architecture (Figure 1.1). A block (co)polymer is a macromolecule 

consisting of at least two different types of monomers arranged blockwise in the main 

chain. It results from sequential copolymerisation of two or more monomer species. A 

graft copolymer consists of at least two different monomers species arranged block wise, 

with a minimum of one block type present as side-chains to the main polymer chain. A 

random (or statistical) copolymer is defined as a macromolecule in which the probability 

of finding a given monomeric unit at any given site in the chain is independent of the 

nature of the adjacent units.1 Finally, a star copolymer refers to copolymers wherein 

chains with different constitutional or configurational features are linked through a central 

moiety. 

 
Figure 1.1. Schematic representation of a (a) block, (b) graft, (c) random (or statistical), and (d) star 
copolymer. 

 

Polyelectrolytes are polymers in which a substantial portion of the constitutional units 

contain ionic or ionisable groups, or both. Annealed or weak polyelectrolytes carry acidic 

or basic monomers with a non-fixed degree of ionisation, i.e., they carry ionisable groups, 

whereas the degree of dissociation is fixed in quenched or strong polyelectrolytes, i.e., 

they contain ionic groups. DNA, pectin, carrageenan, and lysozyme are examples of 
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natural polyelectrolytes. Many examples of annealed and quenched synthetic 

polyelectrolytes can be found in Chapter 2. 

1.3 Complex coacervation 

Electrostatic interaction between two oppositely charged polymers in water can give rise 

to an associative phase separation. A macroscopic two-phase system may form with a 

dilute upper phase consisting of (mainly) water and electrolytes (counterions released 

from the polyelectrolytes), while both polyelectrolytes reside in the denser phase below 

(Figure 1.2). Bungenberg de Jong and Kruyt coined the name complex coacervation11 to 

describe this phenomenon, i.e., a liquid-liquid phase separation caused by the interaction 

of two oppositely charged colloids.1 It originates from simple coacervation, which denotes 

a liquid-liquid phase separation in colloidal systems with only one type of colloid.1 In 

practice, the phase more concentrated in the colloid component is called (complex) 

coacervate, even though in many cases, the complexes are solid-like (precipitate) in 

nature. Tiebackx12 was the first to report on complex coacervation, but Bungenberg de 

Jong and Kruyt13 were the first to systematically investigate the phenomenon. They 

investigated, for example, the effect of pH and ionic strength on the associative phase 

separation in the gum arabic-gelatin system. A first theoretical model was developed by 

Overbeek and Voorn.14 

 
Figure 1.2. Schematic representation of complex coacervation. Macroscopic associative phase 
separation occurs upon mixing of an aqueous solution of an anionic (left) and a cationic (right) 
copolymer, resulting in a two-phase system (middle) with a dilute upper phase, consisting of mainly 
water and counterions, and a dense lower phase, containing the majority of the polyelectrolytes. 
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1.4 Complex coacervate core micelles 

The macroscopic phase separation becomes restricted to the colloidal domain, if a neutral 

water-soluble block is attached to the end of one or both of the polyelectrolytes. Micelles - 

defined as aggregates of colloidal dimensions, existing in equilibrium with the molecules 

or ions from which they are assembled1 - are now observed. The complex coacervate 

forms the micellar core, surrounded by one or two stabilizing neutral water-soluble blocks 

(Figure 1.3). Hence, throughout this thesis, we will refer to these micelles as complex 

coacervate core micelles (C3Ms). However, a number of other, equivalent terminologies 

can be found in literature, namely polyion complex (PIC) micelles,15 block ionomer 

complex (BIC) micelles,16 and interpolyelectrolyte complexes (IPEC).17 C3Ms are a 

relatively novel type of micelle, first described in the mid-90s by Harada and Kataoka.15 

 
Figure 1.3. Schematic representation of a complex coacervate core micelle (C3M) consisting of a 
block copolymer and a homopolymer. 

1.5 Outline of this thesis 

This thesis is divided into five parts. Part I concentrates on general characteristics of 

complex coacervate core micelles. Chapter 2 summarises the current state of the 

experimental research on complex coacervate core micelles. In Chapter 3 we present a 

rough, first-order self-consistent field model for co-assembly that mimics several C3M 

characteristics. In Part II we focus on complex coacervate core micelles consisting of one 

block copolymer and one oppositely charged polyelectrolyte. Chapter 4 describes a series 

of small angle neutron scattering experiments to study the effect of concentration and 
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length of the corona block on C3M characteristics. In Chapter 5 we study the applicability 

of scaling laws derived for micelles of polymeric amphiphiles to C3Ms. Part III deals 

with co-assemblies of two oppositely charged block copolymers with identical neutral 

blocks. Chapter 6 addresses the enhanced colloidal stability of complex coacervate core 

micelles consisting of ionic-neutral block copolymers that are amphiphilic at pH values 

corresponding to low copolymer charge densities. In Chapter 7 we investigate the internal 

structure of an adsorption layer of such micelles. Part IV centres around complex 

coacervate core micelles consisting of two block copolymers with different neutral blocks. 

We start off with an introductory chapter on various types of internally organised nano-

assemblies that may be observed in such systems (Chapter 8). The core and corona 

structure of micelles with relatively compatible neutral blocks is studied in Chapter 9. The 

following chapters deal with the formation and structure of micelles consisting of poly(N-

methyl-2-vinyl pyridinium iodide)-block-poly(ethylene oxide), P2MVP-b-PEO, and 

several anionic-neutral copolymers. Chapter 10 investigates the composition, structure, 

and abundance of complexes of P2MVP-b-PEO and poly(acrylic acid)-block-poly(acryl 

amide), PAA-b-PAAm, formed under non-stoichiometric conditions. In Chapter 11 we 

study the formation and structure of the same complexes under stoichiometric conditions 

in dilute aqueous solutions. Chapter 12 investigates when PAAm and PEO chains 

segregate within the corona of these C3Ms. Chapter 13 focuses on micelles with 

polyethylene oxide and polyvinyl alcohol as stabilizing blocks. In Chapter 14 we 

investigate temperature induced morphological changes of C3Ms with poly(isopropyl 

acrylamide). Part V consists of a chapter wherein C3Ms consisting of two diblock 

copolymers have been used as templates in the preparation of hybrid organic-inorganic 

nanoparticles, namely temperature responsive C3Ms with small silver nanoparticles in 

their cores (Chapter 15). 

1.6 References 
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2 
Complex coacervate core micelles∗• 

Abstract 
In this review we present an overview of the literature on the co-assembly of 
neutral-ionic block, graft, and random copolymers with oppositely charged species 
in aqueous solution. Oppositely charged species include synthetic (co)polymers of 
various architectures, biopolymers - such as proteins, enzymes and DNA - 
multivalent ions, metallic nanoparticles, low molecular weight surfactants, 
polyelectrolyte block copolymer micelles, metallo-supramolecular polymers, 
equilibrium polymers, et cetera. The resultant structures are termed complex 
coacervate core / polyion complex / block ionomer complex / interpolyelectrolyte 
complex micelles (or vesicles); i.e., in short C3Ms (or C3Vs) and PIC, BIC or 
IPEC micelles (and vesicles). Formation, structure, dynamics, properties, and 
function will be discussed. We focus on experimental work; theory and modelling 
will not be discussed. Recent developments in applications and micelles with 
heterogeneous coronas are emphasised. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

∗In slightly modified form submitted as: Voets, I. K.; de Keizer, A.; Cohen Stuart, M. A. Advances in 

Colloid and Interface Science 2008. 
•Abbreviatons are listed in section 2.8. 
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2.1 Introduction 

Since the first reports on micelles formed through electrostatic interaction between two 

oppositely charged polymers in the mid-90’s,1-3 the field has attracted considerable 

interest resulting in a burst of papers on fundamental and applied aspects of this novel 

type of nanoparticles. Some work has been discussed in general reviews on 

polyelectrolyte-containing polymers,4, 5 double hydrophilic block copolymers,6, 7 block 

copolymer micelles,8, 9 and reviews related to specific applications, such as drug-

delivery.10-20 The current review aims to present a comprehensive overview of the 

literature on the co-assembly of neutral-ionic block, graft, and random copolymers with 

oppositely charged species in aqueous solution. Oppositely charged species include 

synthetic (co)polymers of various architectures, biopolymers - such as proteins, enzymes, 

and DNA -, multivalent ions, metallic nanoparticles, low molecular weight surfactants, 

polyelectrolyte block copolymer micelles, metallo-supramolecular (coordination) 

polymers, equilibrium polymers, et cetera. Formation, structure, dynamics, properties, and 

function will be dealt with, as well as the experimental methods to study these systems. 

The focus lies on experimental work. See references for theoretical and modelling 

papers.21-26 Recent developments in selected applications and micelles with heterogeneous 

coronas are emphasised. 

Currently, there are four different terms in use to describe these novel micellar and 

vesicular structures. All stem from the composition of the micellar microphase, which is a 

microphase consisting of (i) complexed polyion or (ii) block ionomer chains, i.e., a 

microphase consisting of so-called (iii) interpolyelectrolyte complexes or (iv) a coacervate 

(in case the microphase is liquid-like). Hence, Kabanov and co-workers have coined the 

term block ionomer complexes, BIC,2 Harada and co-workers prefer polyion complex 

micelles, PIC micelles,1 Cohen Stuart et al. use the term complex coacervate core 

micelles, C3Ms,27 and the structures are referred to as (inter)polyelectrolyte complexes, 

(I)PEC, by Zezin et al.28 and Gohy et al.29 

Throughout this review, the term C3Ms will be employed. We define a C3M as a 

core-shell structure formed in aqueous solutions that is stabilised by its shell consisting of 

neutral water-soluble units that surrounds its water-insoluble core consisting of complexed 
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oppositely charged units (Figure 2.1). Hence, this definition does not include soluble 

(core-shell) complexes consisting of a polyelectrolyte and an oppositely charged molecule 

stabilised by excess charge alone, i.e., without the presence of a neutral, lyophilizing 

block, nor onion-type micelles consisting of a hydrophobic core, a coacervate inner 

corona and a charged or neutral outer corona,30-32 that may be formed via co-assembly of 

for example an I-b-A* and C(-b-S) polymer, nor non-aqueous systems.32-42 Strictly 

speaking, the term C3M implies the C3M core to be a coacervate, which is defined as 

liquid-like in nature,43 and the aggregate to be a micelle, i.e., excluding vesicles (for which 

the term C3Vs could be used). For reasons of convenience, we employ a definition of 

C3Ms in this review that is broader than the term itself implies. Hence, the term C3M will 

also be used to refer to vesicles and structures having a solid-like or crystal-like core, i.e., 

macroscopic equivalents would be a precipitate and a crystal respectively. 

 
Figure 2.1. Schematic representation of a spherical complex coacervate core micelle consisting of two 
diblock copolymers. The polyelectrolyte blocks of the neutral-ionic copolymers constitute the core, 
whereas the neutral blocks (light and dark grey) reside in the micellar corona. 

2.2 General features 

2.2.1 Driving forces 

In the introduction, we have defined C3Ms as core-shell structures, stabilised by a shell of 

neutral water-soluble units, surrounding a water-insoluble core consisting of complexed 

oppositely charged units. Hence, the driving force for micellisation is electrostatic 

interaction,1-3, 29 which can be split into two contributions: Coulombic attraction and 

entropy gain through counterion release.23, 25, 44 Depending on the chemistry of the various 
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components involved in the formation of C3Ms, additional driving forces, such as 

hydrophobic interaction, may play a role in complexation.45 Naturally, this alters the 

properties of the resultant aggregates and generally one finds differences between such 

systems and those C3Ms formed through electrostatic interaction alone. Examples include 

a dependence of the CAC on Ncorona/Ncore and surfactant tail length as reported for neutral-

ionic copolymer / surfactant C3Ms,46, 47 and a considerable upwards shift of the critical 

ionic strength, Icr (see page 34 for definition), as observed for D-C3Ms,45 i.e., increased 

stability. 

2.2.2 Co-assembly versus self-assembly 

Generally, C3Ms are co-assemblies of a neutral-ionic copolymer (block, graft, random) 

and an oppositely charged molecule (see Table 2.1). They may also be the result of self-

assembly through complex coacervation of two oppositely charged blocks within a multi-

block copolymer containing (at least) one additional stabilizing neutral water-soluble 

block.48 For example, flowerlike C3Ms can form through self-assembly of C-b-S-b-A 

triblock or A-b-S-b-C-b-S-b-A pentablock copolymers. 

2.3 Complex coacervate core micelles 

In this section we present a near-exhaustive overview of the wide variety of complex 

coacervate core micelles that are currently being investigated experimentally. Whereas the 

next sections will focus on generalities in C3M characteristics, selected topics related to 

the specific nature of the oppositely charged species that is complexed with a certain 

copolymer will be addressed here. Table 2.1 presents an overview of the current literature 

on C3Ms. Additionally, a few non-C3M systems where coacervation plays an important 

role were included as an example.28, 30, 31, 49-57 

2.3.1 Comicellisation with synthetic (co)polymers 

C3Ms consisting of one diblock copolymer and an oppositely charged polyelectrolyte, S-

C3Ms, and C3Ms consisting of two diblock copolymers, D-C3Ms, have been widely 

investigated. Recently, other copolymer architectures, such as graft58-89 and random or 

statistical copolymers46, 47, 56, 59-62, 89, 169-174, 211, 235-243 have also been incorporated into 

C3Ms. Self-assembled C3Ms48 and flowerlike C3Ms221 are rare. 
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Table 2.1. Overview of the literature on complex coacervate core micelles. Note that all systems are 
tabulated with the neutral (in)soluble block first, hence PEO-g-PEI may be a comb-type polymer with 
PEI grafted onto PEO as well as vice versa. Used abbreviations in the column ‘cp + …’: bcp, block 
copolymer; cop, coordination polymer; cp, copolymer; den, dendrimer; gcp, graft copolymer; ma, 
multivalent anion; mc, multivalent cation; np, nanoparticle; oc, low-Mw organic compound; pe, 
polyelectrolyte; pro, protein; pt, peptide; and surf, surfactant. 

Polymer type System cp + … Ref 

S-b-A PEO-b-PAsp + PEO-b-PLys bcp 1, 90, 91 

 PiPrOx-b-PAsp + PiPrOx-b-PLys bcp 92 

 PAAm-b-PAA + PGMA-b-PDMAEMA bcp 93 

 PVOH-b-PAA + PEO-b-P2MVP bcp 94 

 PNIPAAm-b-PAA + PEO-b-P2MVP bcp 95 

 PEO-b-PMAA + PEO-b-P2VP bcp 96 

 PEO-b-PAMPS + PEO-b-PDMAEMA bcp 97 

 PEO-b-PAsp + PEO-b-PLys / PLys pe, bcp 90, 98 

 PEO-b-PCETB + PEO-b-PAETB bcp 45 

 PAAm-b-PAA / PAA + PDMAEMA / PGMA-b-
PDMAEMA pe, bcp 44 

 PAAm-b-PAA + PEO-b-P2MVP bcp 99-102 

 PEO-b-PAsp + PEO-b-P(Asp-AP) / PEO-b-P(Asp-
AE) bcp 103 

 PEO-b-PAsp + PEO-b-P(Asp-AP) bcp 104 

 PEO-b-PMAA + PEO-g-PMOTAC gcp 66 

 PEO-b-PMAA + PMOTAC / PEO-g-PMOTAC pe, gcp 58 

 PEO-b-PSCI + P2MVP pe 105 

 PEO-b-PMAA + (methylglycol) chitosan pe 106 

 PNVP-b-PAA + chitosan pe 107 

 PEO-b-PMAA + PMOTAC pe 108-110 

 Lactose-PEO-b-siRNA + PLys pe 111 

 PEO-b-ODN + PLL / branched PEI pe 112 
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Polymer type System cp + … Ref 

 PEO-b-ODN + PEI pe 113, 114 

 Lactose-PEO-b-ODN + PEI pe 115 

 PEO-b-PMAA + PLys pe 116 

 PAAm-b-PAA + PDMAEMA / P2MVP pe 27, 117, 118 

 PAAm-b-PAA + P2MVP pe 119 

 PEO-b-PAsp + PLys pe 90, 120-123 

 PEO-b-PMAA + P4EVP pe 2 

 PNIPAAm-b-PAA + DTAB surf 124 

 PEO-b-PSCI + DTAB surf 105 

 PAAm-b-PAA + DTAB surf 125-129 

 PMAA-b-PEO + CTAB surf 130-132 

 PAAm-b-PAA / PAAm-b-PSS + DTAB surf 125 

 PEO-b-PMAA + CTAC surf 133 

 PEO-b-PMAA + C16SU surf 134 

 PEO-b-PMAA + CPB / DDDAB / DODAB / 
TMAB surf 135 

 PEO-b-PMAA + DPC / CPB / DTAB / TDTAB / 
CTAB surf 136 

 PEO-b-PMAA + CTAB / DDDAB / DODAB / 
TMAB surf 137 

 PEO-b-PMAA + CPB / DPB surf 138 

 PEO-b-PMAA + PLys / CTAC pe, surf 139 

 PEO-b-ODN + KALA pt 140 

 PEO-b-PAsp + lysozyme pro 141-145 

 PEO-b-P(Asp-Cit) + lysozyme pro 146 

 PNIPAAm-b-PAA + BSA pro 147 

 PEO-b-PAsp + trypsin pro 148, 149 
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Polymer type System cp + … Ref 

 PAAm-b-PAA + PDMAEMA / lysozyme pe, pro 150 

 PEO-b-PMAA + Ag+ cation 151 

 PHEA-b-PAA / PAA-b-PAAm + Al13
7+ mc 152-154 

 PAA-b-PAAm + La3+ mc 154-156 

 PHEA-b-PAA / PAA-b-PAAm + La3+ mc 155 

 PEO-b-PMAA + Ba2+ / Ca2+ mc 139, 157, 158 

 PEO-b-PAsp + Ca2+ / DNA mc + 
DNA 159 

 PEO-b-PAsp + dendrimer porphyrin drug 160-162 

 PEO-b-PAsp + cisplatin drug 163, 164 

 PEO-b-PMAA + dibucaine / tetracaine / procaine drug 165 

 PEO-b-PAA + ETC oc 166 

S-b-I-b-S-b-A PEO-b-PPO-b-PEO-b-PAA + CTAB surf 167 

A-b-S-b-I-b-S-b-A PAA-b-PEO-b-PPO-b-PEO-b-PAA + doxorubicin drug 168 

S-co-A P(NIPAAm-co-AMPS) + P(NIPAAm-co-
MADAMB) cp 169 

 P(DMAAm-co-AA) + P(DMAAm-co-DMAEMA) 
/ P(NVP-co-DMAEMA) cp 170 

 P(EO-co-AMPS) + P(EO-co-DADMAC) cp 171 

 P(NIPAAm-co-AA) + PAH pe 172 

 P(NIPAAm-co-AA) + PLys pe 173 

 P(AAm-co-AA) + DTAB surf 174 

S-g-(A-co-A) PDMAAm-g-P(AA-co-AMPS) + PDADMAC pe 59 

 PDMAAm-g-P(AA-co-AMPS) + DTAB surf 60, 61 

 PDMAAm-g-P(AA-co-AMPS) + BSA pro 62 

S-g-A PEO-g-PAsp + CTAB surf 63 

 PEO-g-PAA + γ-Fe2O3 np 64 
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Polymer type System cp + … Ref 

 PEO-g-PMAA + PDADMAC pe 65 

S-b-I-b-A PEO-b-PS-b-PAA + Cd2+ np 175 

S-b-C PEO-b-P2VP + PEO-b-PMAA bcp 96 

 PEO-b-PAETB + PEO-b-PCETB bcp 45 

 PEO-b-PLys + PEO-b-PAsp bcp 1, 90, 91, 98 

 PiPrOx-b-PLys + PiPrOx-b-PAsp bcp 92 

 PGMA-b-PDMAEMA / PDMAEMA + PAAm-b-
PAA / PAA pe, bcp 44 

 PEO-b-P(Asp-AP) / PEO-b-P(Asp-AE) + PEO-b-
PAsp bcp 103 

 PEO-b-P(Asp-AP) + PEO-b-PAsp bcp 104 

 PGMA-b-PDMAEMA + PAAm-b-PAA bcp 93 

 PEO-b-P2MVP + PAAm-b-PAA bcp 99-102 

 PEO-b-P2MVP + PNIPAAm-b-PAA bcp 95 

 PEO-b-PDMAEMA + PEO-b-PAMPS bcp 97 

 PEO-b-P2MVP + PVOH-b-PAA bcp 94 

 lysozyme-PEO-b-P2MVP + PAA pe 176 

 PEO-b-PDMAEMA + PMAA pe 177 

 PGMA-b-PDMAEMA + PAA pe 3 

 PGMA-b-PDMAEMA + PAA / PMAA pe 27 

 PEO-b-PDEAEMA + PMAA pe 177 

 PEO-b-P2VP + PSS pe 29, 178 

 PEO-b-PAETB + PAA pe 179 

 PEO-b-PLys + PAsp pe 180 

 PEO-b-P2MVP + Zn-L2EO4 cop 181-183 

 PEO-b-P2MVP + Nd2(L2EO4)3 cop 183 

 PEO-b-P2VP + FSA / FSE surf 184 
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Polymer type System cp + … Ref 

 PEOA-b-PTEA + SD / SFD surf 185 

 PEO-b-ODN + PDMAEMA dendrimer den 186 

 PEO-b-PLys + ODN ODN 187-189 

 PEO-b-PSP + ODN ODN 190, 191 

 PEO-b-PEI + ODN ODN 191 

 biotin-PEO-b-PDMAEMA + ODN ODN 192 

 PEO-b-PSP + DNA DNA 193 

 PEO-b-PDMAEMA / PEO-b-PPO-b-PEO-b-
PDMAEMA + DNA DNA 194, 195 

 PEO(Lactose)-b-PDMAEMA + pDNA DNA 196 

 PEO(Acetal)-b-PDMAEMA + pDNA DNA 197, 198 

 PEO-b-PLys + pDNA DNA 199-205 

 PEO-b-PLys-dendrimer + pDNA DNA 206 

 PHPMA-b-PTMAEMA + DNA DNA 202, 207-209 

 PEO-b-KALA + DNA / PEI DNA 210 

 PEO-b-P4MVP / PEO-g-PEI + lDNA / scDNA DNA 77 

 PEO-b-PDMAEMA + DNA DNA 211-213 

 PEO-b-PTMAEMA + DNA DNA 213 

 PEO-b-PDEAEMA + DNA DNA 214 

 PF-b-PPh + DNA DNA 215, 216 

 PHPMA-b-PDMAPMA + siRNA RNA 217 

 PEO-b-P(Asp-APAP) + siRNA RNA 218 

 PEO-b-P2VP + HAuCl4 / H2PtCl6 np 219 

 PEO-b-P2VP + H2PtCl6, K2PtCl6 np 220 

 PEO-b-PDEAEMA + H2PtCl6, K2PtCl6 np 220 

 PHEGMA-b-PDEAEMA + H2PtCl6, K2PtCl6 np 220 
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Polymer type System cp + … Ref 

 PEO-b-P4VP / P4VP-b-PEO-b-P4VP + H2PtCl6 np 221 

 PAAm-b-PTEA + γ-Fe2O3 np 64, 222-224 

 PAAm-b-PTEA + γ-Fe2O3 / CeO2-PAA / Eu:YVO4 np 223 

 PAAm-b-PTEA + CeO2 / γ-Fe2O3 np 224 

 PAAm-b-PTEA + CeO2-PAA / SDS np, surf 225 

 PEO-b-P4VP + SO4
2- ma 226, 227 

 PEO-b-PLys + dendrimer porphyrin drug 160, 228-230 

 
PEO-b-PAEMA / PEO-b-PDEAEMA / PEO-b-
PDEMAEMA / PEO-b-PDMAEMA / PEO-b-

PTMAEMA + heparin 
drug 231 

 PEO-b-PDMAEMA + miltephosine / TCAN-26 drug 232 

 PEO-b-PLys + Moloney leukemia virus virus 233 

 PEO-b-P4VP + pyranine oc 234 

C-b-S-b-C P4VP-b-PEO-b-P4VP / PEO-b-P4VP + H2PtCl6 np 221 

S-b-I-b-S-b-C PEO-b-PPO-b-PEO-b-PDMAEMA / PEO-b-
PDMAEMA + DNA DNA 194, 195 

S-co-C P(NIPAAm-co-MADAMB) + P(NIPAAm-co-
AMPS) cp 169 

 P(EO-co-DADMAC) + P(EO-co-AMPS) cp 171 

 P(AAm–co-DADMAC) + PMAA pe 235 

 P(AAm-co-DADMAC) + PSS / PMAA pe 236-238 

 P(EOMA–co-MAPTAC) + fatty acid salts surf 46 

 P(EOMA–co-MAPTAC) + bile salts surf 47 

 P(EOMA–co-MAPTAC) + SDS surf 239 

 P(EOMA–co-MAPTAC) + DNA DNA 240, 241 

 P(NVP-co-DMAEMA) + DNA DNA 56, 242 

 P(EOMA-co-DMAEMA) / P(HYMIMMA-co-
DMAEMA) / P(HENIMA-co-DMAEMA) + DNA DNA 211 
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Polymer type System cp + … Ref 

 P(EOMA-co-DMAEMA) + DNA DNA 56, 242 

 P(EEI-co-EI) + DNA DNA 243 

S-g-C PEO-g-PMOTAC + PEO-b-PMAA bcp 58, 66 

 polysaccharide-g-PLys + PLac pe 67 

 PEO-g-PMOTAC + SDS surf 69 

 PEO-g-PEI + SDS / TDS / AOT surf 68 

 PEO-g-PEI + OA surf 70 

 PHPMA-g-PEI + ODN ODN 71 

 PHPMA-g-PLys + ODN ODN 72 

 PEO-g-PEI + ODN ODN 73 

 PHPMA-g-PLys, dextran-g-PLys, PEO-g-PLys + 
DNA DNA 74 

 PCL-g-PEI + DNA DNA 75 

 PNIPAAm-b-PFMA + DNA DNA 76 

 PEO-g-PEI / PEO-b-P4MVP + lDNA / scDNA DNA 77 

 PEO-g-PMOTAC + DNA DNA 66, 78 

 PNIPAAm-g-PEI + pDNA DNA 79, 80 

 PNIPAAm-g-PLys + DNA DNA 81 

 PEO-g-PEI + DNA DNA 82 

 PEO-g-PLys + pDNA DNA 83 

 dextran-g-PLys + DNA DNA 84-86 

 Lactose-PEO-g-PLys + pDNA DNA 87 

 polysaccharide-g-PLys + PLac + DNA DNA 67 

 PEO-g-PLys + DNA / KALA DNA, pt 88 

(S-co-C)-g-S P(AAm–co-MAPTAC)-g-PAAm + PAA pe 89 

S-b-C-b-A PEO-b-PDEAEMA-b-PSEMA - 48 
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Polymer type System cp + … Ref 

S-b-I-b-S-b-C PEO-b-PPO-b-PEO-b-PDMAEMA + DNA DNA 194, 195 

I-b-A PIB-b-PMAA + P4EVP pe 28, 30 

 PS-b-PAA + P4EVP, PDADMAC, PDMAEMA pe 50 

 PS-b-PMAA + P4EVP, PDADMAC, PDMAEMA pe 50 

 PS-b-PMAA + P2VP pe 244 

I-co-A P(tBAAm-co-AMPS) + PDADMAC pe 51 

 P(MMA-co-AMPS) + PDADMAC pe 51 

 P(MS-co-MALA) / P(P-co-MALA) + PLys / 
PDADMAC pe 54 

I-b-C PS-b-P4EVP + PMAA pe 31, 49 

 PS-b-P4EVP + PAA, PMAA, PEAA, PSS pe 50 

 PMMA-b-PDMAEMA + SDS surf 57 

 PB-b-P4EVP + DNA DNA 52, 53 

I-co-C PMMA-co-PDMAEMA + DNA DNA 56 

C-b-I-b-A P2VP-b-PMMA-b-PAA - 55 

 
Colloidal stability of S-C3Ms depends on the copolymer block length ratio, the total block 

length of the copolymer, the chemical structure of the corona monomers, and the 

molecular weight and type of ionic groups of the homopolymer (see also section 2.5.6). 

The differences between D-C3Ms and S-C3Ms have been investigated by several 

groups.44, 90, 98 Typically, D-C3Ms exhibit lower critical ionic strengths, Icr, and 

aggregation numbers, Pagg, and higher critical micellisation concentrations (CMCs) than 

their S-C3Ms counterparts. With increasing copolymer block length ratio, Ncorona/Ncore, S-

C3M molecular weight, Mw, Pagg, and hydrodynamic radius, Rh, are found to decrease.27, 60, 

63, 71, 89, 90, 203, 211, 245 For a given Ncorona, micellar size increases with increasing Ncore,18, 90, 92, 

187, 222 while for a given Ncore, Rh increases with increasing Ncorona.118, 119, 125 Van der Burgh 

et al. reported the existence of a critical homopolymer chain length beyond which S-C3M 

Rh increases with increasing homopolymer block length. For N < Ncr, Rh remains 

independent of the homopolymer chain length.27 For S-C3Ms of PAA-b-PAAm and 
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P4EVP / P2MVP, and S-C3Ms of PDMAEMA-b-PGMA and PMAA, the relationship 

between Pagg and Ncorona was found to be in qualitative agreement with scaling models for 

micelles consisting of S-b-I block copolymers.27, 119 Recognition phenomena may occur 

when polyelectrolyte charge densities are high. Modification of coronal chains with 

reactive groups or enzymes may be useful for solution catalysis, hierarchical assembly,192 

molecular recognition,192 or preparation of biologically active surfaces.176, 192 

The presence of two chemically different neutral blocks in D-C3Ms may give rise 

to interesting internal structures. For example, for bi-dispersed brushes, i.e., identical 

block chemistry but different block length, it is known that the shortest block may swell 

less, i.e., partially collapse, due to the presence of a longer block.246 We suppose that a 

difference in solvent quality for two chemically different coronal blocks may give rise to 

the same effect and may thus be the reason for the formation of so-called ‘strawberry-like’ 

micellar structures, i.e., sphere-on-sphere morphologies, as observed by Kuo et al. for 

micelles of PS360-b-P4VPh36 and PMMA150-b-P4VP40 in DMF, with PS (partially 

collapsed) and PMMA forming the micellar corona.247 Gohy et al. described strawberry-

like micelles of PS750-b-P2VP210-b-PEO365 and (PEO11MA)63-b-PAA657-b-(PEO11MA)63, 

with PS (partially collapsed) and PEO forming the micellar corona.42 Such morphologies 

are also thought to occur in D-C3Ms of P2MVP-b-PEO and PAA-b-PVOH.94 

Alternatively, block incompatibility may give rise to a lateral chain segregation as 

observed in C3Ms of PAA-b-PAAm and P2MVP-b-PEO.99-101 For relatively compatible 

neutral blocks, such as PGMA and PAAm in water, and PSS and PMMA in THF, a 

random distribution of coronal chains may occur.38, 93 A combination of 2D 1H NMR 

nuclear Overhauser effect spectroscopy (NOESY), fluorescence resonance energy transfer 

(FRET), small angle neutral scattering (SANS), and cryogenic transmission electron 

microscopy (cryo-TEM) experiments may be used to study chain mixing and segregation. 

For example, the observation of off-diagonal cross-peaks in a 2D 1H NOESY correlogram 

between protons corresponding to two chemically different neutral blocks in the C3M 

corona indicates random mixing, i.e., close proximity (< 0.5 nm).38, 93 They are not 

expected to be visible or beyond the noise level when the micellar corona is 

compartmentalised, i.e., for Janus-type or ‘patchy’ morphologies.99-101 
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2.3.2 Comicellisation with DNA, RNA, and oligonucleotides 

DNA, RNA, and (chemically modified) oligonucleotides have been effectively 

incorporated in C3Ms by complexation with the block, graft, and statistical copolymers 

PEO-b-KALA,210 PEO-b-P(Asp-APAP),218 PEO-b-PDEAEMA,214 PEO-b-

PDMAEMA,192, 194-198, 211-213 PEO-b-PEI,191 PEO-b-PLys,187-189, 199-206 PEO-b-P4MVP,77 

PEO-b-PPO-b-PEO-b-PDMAEMA,194, 195 PEO-b-PSP,190, 191, 193 PEO-b-PTMAEMA,213 

PEO-b-ODN,186 PF-b-PPh,215, 216 PHPMA-b-PDMAPMA,217 PHPMA-b-PTMAEMA, 202, 

207-209 PNIPAAm-b-PFMA,76 dextran-g-PLys,67, 74, 84-86 PCL-g-PEI,75 PEO-g-PEI,73, 77, 82 

PEO-g-PLys,74, 83, 87 PEO-g-PMOTAC,66, 78 PHPMA-g-PEI,71 PHPMA-g-PLys,72, 74 

PNIPAAm-g-PEI,79, 80 PNIPAAm-g-PLys,81 P(EEI-co-EI),243 P(EOMA-co-DMAEMA),56, 

211, 242 P(EOMA–co-MAPTAC),240, 241 P(HENIMA-co-DMAEMA),211 P(HYMIMMA-co-

DMAEMA),211 and P(NVP-co-DMAEMA).56, 242 Most of the characteristics of DNA-

containing C3Ms have been investigated with respect to their potential application as non-

viral gene delivery vehicles. Micellar delivery vehicles are expected to show enhanced in 

vivo distribution but reduced transfection efficiency compared to viral vectors.18 Rather 

recently, the use of DNA-containing C3Ms as (multicolour) biosensors has been 

investigated.76, 215, 216 For efficient gene transport, delivery, and expression, a high stability 

in the extracellular medium is advantageous, but at the same time an efficient DNA 

release in the correct intracellular compartment is necessary.199 Widely investigated topics 

with respect to stability in the extracellular medium, i.e., preventing premature DNA 

release, degradation and denaturation, are DNA structural stability,84, 86, 241, 248 C3M 

stability under physiological conditions (pH, ionic strength, serum / BSA,87, 113, 140, 191, 203, 

210, 218 exchange reactions with linear polyanions present in the blood stream), and DNA 

stability against nuclease attack. Generally, complexation enhances DNA and ODN 

structural stability,84-86, 241, 248 as well as its stability against enzymatic degradation, 11, 87, 

113, 140, 187, 188, 191, 201, 204, 206, 209, 212, 213, 217, 241, 248 which appears to be correlated to the rate of 

interexchange reactions.204 Parameters shown to be of importance are charge density,199, 

243 core cross-linking,188, 199 grafting density,84 and Ncore
11, 115. While DNA should not be 

released in extracellular compartments, DNA-incorporation into the micelles should be 

reversible, as DNA should be released in intracellular compartments, i.e., within the 

correct target cell, for transcription. Hence, polyion exchange reactions are investigated 
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with respect to intra- and extracellular stability, as DNA / polyion exchange is expected to 

be the main mechanism governing DNA-release, i.e., besides C3M dissociation due to low 

pH or high ionic strength. In the intracellular environment, one may envision exchange 

reactions with mRNA, sulphated sugars, and nuclear chromatin, while in the extracellular 

medium, one may think of exchange with blood serum proteins, such as BSA. Several 

studies found DNA-incorporation to be (at least partially) reversible as PAsp could 

replace DNA in DNA/PEO-b-PLys C3Ms248, PSS could (at least partially) replace DNA 

from C3Ms of DNA/PHPMA-g-PLys,71 and PVS could partially replace DNA from C3Ms 

of DNA/PEO-b-PLys.204 Oupicky et al., found that while PSS could, albumin could not 

release DNA from DNA/PHPMA-b-PTMAEMA micelles in the presence of salt.207 The 

increased mobility in the presence of salt is in accordance with the results of Bakeev et al., 

who studied the salt-dependence of the kinetics of exchange reactions of small guest 

polycations on large host polyanions.249 Naturally, parameters that influence C3M 

stability and the rate of exchange reactions, such as ionic strength, cross-linking, and 

charge density, play an important role in the efficiency of DNA delivery and release. The 

efficiency of drug delivery can be improved by end-functionalizing the coronal chains 

with lactose111, 115, 196 or transferrin,73 i.e., molecules that may be recognised by specific 

cells to promote receptor-mediated endocytosis, or by stabilizing C3Ms with a 

polysaccharide instead of PEO corona.67, 84, 86 Otherwise, cellular uptake of drug-

containing C3Ms appears to be limited to fluid-phase endocytosis.18 A relatively new 

strategy to achieve efficient intracellular DNA release while maintaining extracellular 

stability, is the incorporation of acid-labile linkages between the two blocks in the 

copolymer, as for example in ODN-b-PEO,111, 113 to release the oligonucleotides upon 

encountering the low pH environment in the endosome after cellular uptake, or reversible 

cross-linking of the C3M core with disulfide bonds, that are cleaved in the presence of 

glutathione, being present in much larger quantities inside mammalian cells than in the 

blood plasma.188 

DNA and ODN-C3Ms typically exhibit higher transfection11, 74, 83, 88, 205 and 

expression efficiencies112, 114, 115 (in the presence of serum203) than their uncomplexed, 

lipoplex / DNA and/or polycation / DNA counterparts, while little or no cytotoxicity is 

observed.74, 88, 159, 233 However, a decrease in transfection efficiency of DNA / copolymer 
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as compared to DNA / polyelectrolyte polyplexes, especially for relatively large amounts 

of grafts in the graft copolymer and elongated C3Ms, has also been reported.16 The 

increased efficiency is correlated to the increased stability11 of DNA within a C3M. The 

core-shell structure enhances colloidal stability, i.e., complexes remain water-soluble over 

a much wider range of mixing ratios,86 reduces interaction with blood components as the 

DNA is buried within the micellar core shielded by a neutral water-swollen corona, 

increases the blood circulation time, and promotes accumulation through the so-called 

‘enhanced permeation retention effect’ (EPR effect).11, 228 Long term storage in the form 

of freeze-storage was found not to have an effect on the micellar size distribution of C3Ms 

of PEO-b-PLys / ODN,189 while the transfection efficiency of not cross-linked PEO-b-

PLys / DNA C3Ms was found to be significantly lowered after a freeze-thawing cycle.199 

Rather recently, Korobko et al. have shown that DNA can also be incorporated into 

vesicular C3Ms, i.e., C3Vs.52, 53 For more extensive reading on DNA-containing C3Ms, 

we refer to some excellent reviews.4, 9-12, 15, 16, 18, 20 

2.3.3 Comicellisation with proteins, peptides, and enzymes 

Besides comicellisation with DNA and RNA, other biopolymers, such as proteins, 

peptides, and enzymes, may also be encapsulated to preserve and/or promote stability and 

function, as was demonstrated for KALA,88, 140 lysozyme,121, 122, 141-146, 150 trypsin,148, 149 

myoglobin,104 and BSA.62 Circular dichroism (CD) experiments on lysozyme-containing 

C3Ms demonstrated that the secondary structure of free and C3M incorporated lysozyme 

is identical.144 As is the case for DNA-containing C3Ms, complexation with oppositely 

charged copolymers, typically improves protein / enzyme stability with respect to ionic 

strength, dilution, denaturation by urea,149 protease attack,104 which may be further 

enhanced by core cross-linking122, 148, 149 or end-functionalisation of the core-block of the 

copolymer with hydrophobic groups, such as pyrenyl.121 Trypsin and lysozyme activity 

towards small substrates (i.e., substrates that can diffuse into the micellar core) is 

promoted when embedded in C3Ms, i.e., higher initial catalysis148, 149 and overall 

reaction122, 144, 149 rates are observed due to substrate accumulation within the C3M.122, 144 

Discrete on-off control of the elevated initial velocity of lysozyme activity in C3Ms of 

lysozyme / PEO-b-PAsp could be achieved by applying voltages over 63 V cm-1, 
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presumably due to micellar dissociation or a change in core microenvironment.145 

Encapsulated lysozyme remains inactive with respect to large substrates incapable of 

accessing the micellar core. Hence, on-off control of lytic activity of lysozyme in C3Ms of 

lysozyme and PEO-b-PAsp towards microorganisms such as Micrococcus luteus could be 

achieved by reversible C3M association / dissociation due to variation in ionic strength.142 

pH-triggered release of lysozyme in response to the endosomal pH has been achieved 

through complexation with PEO-b-P(Asp-Cit), i.e., a copolymer with pH-dependent 

degradability.146 

2.3.4 Comicellisation with multivalent ions and metallic nanoparticles 

Ionic-neutral copolymers complex with a multitude of mono- and multivalent ions (Table 

2.1),139, 157, 158, 226, 227 forming C3Ms that may function as nanoreactors for the formation of 

small nanoparticles.64, 219-225 Such inorganic / organic hybrid nanoparticles may be formed 

due to spontaneous reduction,151 OH- mediated hydrolysis,154-156 NaBH4 mediated 

reduction,219-221 or exposure to H2S38, 175 after complexation with oppositely charged 

copolymers, as has been shown for HAuCl4,219 H2PtCl6,219-221 K2PtCl6,220 γ-Fe2O3,64, 222-224 

CeO2-PAA,223, 224 225 Eu:YVO4,223 Ag,151 and CdS38, 175 nanoparticles. This type of C3Ms 

has been used to prepare polymer stabilised CdS quantum dots, 38, 175 γ-Fe2O3-containing 

MRI contrast agents,222 silver nanowires,151 and C3Ms with catalytic properties220. 

Polydispersity indices, 2
2 /µ Γ , and critical ionic strength, Icr, of metal / nanoparticle-

containing C3Ms are typically a bit larger than the values for C3Ms incorporating other 

types of oppositely charged species (Table 2.2 and 2.8). The most investigated is the 

effect of two important parameters ionic strength and mixing fraction, f+ (see page 35 for 

definition). Particle growth, stability, and morphology in C3Ms of PAA-b-PAAm and 

La3+ / lanthanum-based nanoparticles were shown to be dependent on f+ and Ncorona.154-156 

2.3.5 Comicellisation with low molecular weight surfactants 

Ionic-neutral block, graft, and statistical copolymers have been complexed with a wide 

variety of oppositely charged surfactants, such as AOT,68 CPB,135, 136, 138 C16SU, 134 

CTAB,63, 136 CTAC,133, 139 DDDAB,135, 137 DTAB,136 DODAB,135, 137 DPC,136 DTAB,60, 61, 

105, 124-129, 174 FSA,184 FSE, 184 CTAB,130-132, 137, 167 OA,70 SD,185 SDS,57, 68, 69, 125, 126, 225, 239 



Complex coacervate core micelles 

 28

SFD,185 TDS,68 TMAB,135, 137 TDTAB,136 bile salts,47 and fatty acid salts.46 

Comicellisation of surfactants with oppositely charged flexible copolymers, typically 

leads to the formation of core-shell aggregates, with a disordered core consisting of one to 

several hundred surfactant micelles connected by the polyelectrolyte copolymer blocks, 

surrounded by a solvent-swollen shell of the neutral copolymer blocks.60, 124, 125, 129 On the 

other hand, comicellisation with stiff copolymers may lead to the formation of rod-like 

complexes as was reported for aqueous mixtures of SDS and PMOTAC-g-PEO.69 The 

solution behaviour of surfactant-containing C3Ms strongly depends on the molecular 

characteristics of both the copolymer (Ncore, Ncorona) and the surfactant (single / double / 

triple tail).135 Whereas complexes of single tail surfactants and copolymers may be (close 

to) equilibrium structures,68 complexes of copolymers and double tail surfactants are 

essentially non-equilibrium structures, as indicated by the dependency on the mode of 

preparation.135 

2.3.6 Comicellisation with other oppositely charged species 

Other oppositely charged species that have been incorporated into C3Ms are drugs, such 

as dendrimer porphyrin,160-162, 228-230 cisplatin,163, 164 dibucaine,165 tetracaine,165 procaine,165 

doxorubicin,168 heparin,231 miltephosine,232 TCAN-26,232 low molecular weight 

compounds other than drugs, such as ETC,166 and pyranine,234 Moloney leukemia virus,233 

and coordination polymers.181-183 

2.4 Methods 

This section describes general features observed in experiments (i) probing micellar 

formation, such as ζ-potential measurements, viscosimetry, conductometry, static light 

scattering, (ii) probing micellar structure, such as static and dynamic light scattering, 

small angle neutron and X-ray scattering, Cryogenic electron microscopy, Atomic force 

microscopy, (iii) probing micellar dynamics, and (iv) probing micellar function. 

2.4.1 ζ-potential 

For C3Ms consisting of synthetic and/or biopolymers, the ζ-potential (measured via light 

scattering detection in a so-called Zetasizer) usually changes from a negative to a positive 
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value passing zero for f+ = 0.5 (if α+ = α-) with increasing f+ from 0 to 1.89, 194 The 

interpretation of these measurements in terms of the type of nanoparticles formed at 

various f+ differs greatly from system to system. Several groups argue that one type of 

particle is formed at every f+, carrying excess negative charge before and excess positive 

charge after the charge neutralisation condition.89 Other groups argue that two types of 

particles of constant composition are present in solution for every f+. For low f+, these are 

so-called anionic soluble complexes and excess anionic homopolymer, for high f+, based 

on symmetry arguments, these are the cationic equivalents: cationic soluble complexes 

and excess cationic homopolymer. For f+ in the proximity of charge stoichiometry, anionic 

or cationic soluble complexes are thought to exist in equilibrium with charge neutral 

C3Ms.27, 44 In the latter molecular picture, the excess charge is thus always incorporated in 

either single polymer or soluble complexes, but never in the micelle. The experimentally 

observed variation of ζ-potential with increasing f+ is consistent with both interpretations, 

assuming the measured ζ-potential is an average of the ζ-potential of all species present in 

solution. For the second interpretation and light scattering detection for the ζ-potential 

measurement (discriminating towards the larger particles, i.e., stronger scatterers) one 

may expect to find variations of the slope in ζ-potential versus f+ where the kinks should 

coincide with the CEAC, CECC, and PMC.27 A relatively flat slope with absolute values 

close to zero may then be expected for the charge stoichiometric region, as the charge 

neutral fraction of the species will be predominantly detected as it is the strongest 

scatterer. 

Also for C3Ms consisting of a neutral-ionic copolymer and an oppositely charged 

surfactant, the ζ-potential changes from a negative to a positive value60 passing zero for f+ 

= 0.5 with increasing f+ from 0 to 1.46, 47, 63, 68, 70, 131, 138, 239 For values of f+ where the 

polyion is in excess, binding of surfactant to the polyion results in an increase or decrease 

of the ζ-potential towards zero with increasing surfactant concentration, as the amount of 

surfactant / copolymer complexes (that are in coexistence with excess polyion) increases. 

For values of f+ where the surfactant is in excess, an increase in surfactant concentration 

typically increases the absolute ζ-potential,46, 47, 60, 68, 70, 138 which is interpreted as 

incorporation of excess surfactant into the surfactant / copolymer complexes due to 
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hydrophobic interactions46, 47, 68, 138 and/or interaction of the surfactant with the neutral 

corona blocks63 and/or formation of surfactant micelles in solution.63 

2.4.2 Viscosimetry 

The reduced viscosity ratio, rrη , is defined as the ratio of the experimentally observed 

reduced viscosity value of the mixture at a certain f+, r
sampleη , and the reduced viscosity 

value of the mixture in case of ideal mixing at the same f+, r
idealη . The latter corresponds to 

the mass average of the reduced viscosities rη+ and rη− of the two polymers that are mixed 

at a certain mass fraction m+ and m-. 

 
r
sampler

r
ideal

rη
η
η

=  (2.1) 

 r r r
ideal m mη η η+ + − −= +  (2.2) 

Usually, one finds a parabolic dependence of rrη on f+ with a minimum at the PMC,1, 89, 98, 

211 as complexation reduces solution viscosity. Hence, the variation of rrη  with f+ was 

found to be nearly independent of Ncorona/Ncore, as Ncorona/Ncore does not affect the position 

of the PMC, and rrη is (mainly) determined by the degree of complexation. Furthermore, 

rrη  was found to increase with increasing ionic strength (for values below the critical ionic 

strength), as the strength of complexation decreases.89 

For neutral-ionic copolymer / surfactant systems, one may represent the viscosity 

data as the specific viscosity against the surfactant concentration to compare the 

experimental data with theoretical predictions by Colby et al. on the rheological properties 

of aqueous polyelectrolyte solutions with oppositely charged surfactants. In several cases, 

theory and experiment have been shown to be fairly consistent.60  

2.4.3 Conductometry 

For C3Ms consisting of a neutral-ionic copolymer and an oppositely charged 

homopolymer one usually finds a maximum in solution conductivity, κ, as a function of f+ 

at the preferred micellar composition,89, 109, 211 which can be related to counterion release 

upon complexation of the oppositely charged macromolecules. For C3Ms consisting of a 
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neutral-ionic copolymer and an oppositely charged surfactant, such an extremum may be 

absent (even if the PMC is within the investigated composition range).46 Generally, one 

observes a break point at the CAC in the linear dependence of κ on f+.46, 47 The 

conductivity in this type of solutions is higher than may be calculated from the 

constituents (counterions, polymer, surfactant) alone.46, 47 It has been argued that counter 

ion hopping through polymer-surfactant nanoparticles has to be taken into account.250, 251 

Several studies46, 47, 89 report an increase in the absolute value of κ with a decrease in the 

polyion mass per charge (i.e., increase in overall polyion degree of dissociation), implying 

that the polyions do contribute to the specific conductivity.89 

2.4.4 Static light scattering (SLS) 

C3M formation can be easily monitored in a static light scattering experiment.27, 44, 45, 89, 90, 

94, 95, 100, 119, 120, 124, 125, 127, 150, 184, 222, 223, 231 One typically finds an increase and subsequently a 

decrease in the total scattered intensity upon an increase in f+ from 0 to 1, with a 

maximum at the preferred micellar composition. This can easily be related to variations in 

molar mass and aggregation number of the formed complexes.27, 44, 89, 94 The specific 

refractive index increment of the micelles, /dn dc , has to be determined or calculated to 

relate the experimentally determined excess Rayleigh ratio, R(θ,C) to the micellar mass. 

Usually, additivity is assumed to calculate the micellar /dn dc . Harada and co-workers 

found good agreement between calculated and experimentally determined values for 

C3Ms consisting of PLys(-b-PEO) and PAsp-b-PEO in 10mM sodium phosphate buffer.90 

The presentation of SLS experiments on C3Ms as a function of mixing fraction, f+, 

is less straightforward than one may imagine, as the known223 or unknown, but potential 

differences in /dn dc for the single components precludes the simple interpretation of the 

90º light scattering intensity, I90°, versus f+ in terms of excess scattering relative to the 

scattering of the single components. Hence, I90° at f+ of 0 and 1 are not necessarily equal 

and instead, a considerable non-zero slope baseline may be hidden in a I90° versus f+ 

plot.89, 223 Additionally, when so-called mole fraction light scattering-titrations, f+ LS-T, 

are performed, one has to correct for dilution effects during the measurement. To 

circumvent the above described problems, without performing a full Zimm-analysis for 

every f+, i.e., extrapolation to zero concentration and scattering vector, several different 
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methods have been used. Some authors plot both sample scattering (solvent scattering 

subtracted) and the hypothetical scattering of the ideal, i.e., non-interacting, mixture.89, 222, 

223 Note that one should be extremely careful when trying to obtain absolute values for 

micellar mass and aggregation numbers by this method, if one divides the sample 

scattering with the hypothetical ideal mixture scattering, as the excess scattering obtained 

in such a manner may contain large errors if the single components scatter little. Such may 

be the case for S-C3Ms, D-C3Ms, and C3Ms formed by complexation with low-MW 

surfactants in dilute solutions. Hence, this method may result in (rather large) 

discrepancies with values obtained by full Zimm analysis. Recently, we have suggested an 

alternative method,94 less prone to generate large errors, where the excess sample 

scattering is essentially determined by calibration with a toluene standard after subtraction 

of solvent and single component scattering. 

The critical ionic strength can be determined from the inclination point in a plot of 

the (initially decreasing) static light scattering intensity upon increasing ionic strength, 

due to a decrease in particle mass and aggregation number upon micellar dissociation until 

the critical ionic strength is reached and no more C3Ms can be observed.29, 96, 100, 150 

Similarly, the critical pH for C3M formation in systems wherein at least one component is 

a weak polyelectrolyte, can be determined from a plot of the static light scattering 

intensity versus pH.100, 252 

2.4.5 Dynamic light scattering 

Particle sizing is the main use of dynamic light scattering (DLS) in C3M literature. As 

aqueous mixtures of two oppositely charged components may contain several types of 

scattering objects, for example C3Ms and one excess component or unimerically 

dissolved non-interaction species, the measured Rh represents a weighted distribution over 

all objects present in solution, weighted with their relative scattering power. Hence, for 

DLS data analysis, inverse Laplace transform (ILT) programs, such as CONTIN and 

REPES, should be preferred to the method of cumulants, which assumes one type of 

scattering object (with a certain polydispersity). Several authors report a minimum in 

particle size under isoelectric conditions, supposedly due to charge neutralisation, i.e., 

excess charge induces particle swelling.89, 133, 138, 143, 211, 234 However, the opposite is also 
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reported. For example, Rh was found to pass through a maximum at (near) isoelectric 

conditions for C3Ms of PTEA-b-PAAm and CeO2 or γ-Fe2O3 nanoparticles.223 Research 

in our laboratory on the effect of the mixing fraction, pH, and ionic strength on micellar 

formation and properties, has benefited greatly from the combination of an automated 

titration and (static and dynamic) light scattering setup.44, 45, 94, 95, 100, 150 

2.4.6 Other methods 

Apart from the standard experimental techniques described above, a wide variety of other 

spectroscopic, scattering, and imaging techniques can provide useful information on C3M 

formation, structure, dynamics, and function. Fluorescence resonance energy transfer 

(FRET)85, 170, 205 and circular dichroism (CD)86, 87, 91, 144, 176, 240, 241, 253 have been applied to 

DNA and protein- / peptide-containing C3Ms to study the secondary structure of 

encapsulated (or attached) DNA and protein / peptide molecules. FRET has also been 

applied to study micellar dynamics.108 Pyrene solubilisation studies have resulted in 

CMCs (and CACs),2, 60, 61, 68, 106, 131 as well as information on the micropolarity (and thus 

microstructure) of the micellar core.46, 47, 60, 133, 239 1H nuclear magnetic resonance (NMR) 

has been employed to study C3M formation, as the co-assembly process may lead to a 

decrease in the mobility and solvation of protons of core-forming blocks, typically 

resulting in a decrease in NMR peak intensity.158 Furthermore, the distribution of 

chemically different segments within the C3M core and corona may be studied in 2D 1H 

NOESY NMR experiments.38, 93, 95, 99-101, 119 Small angle neutron scattering (SANS)62, 69, 99, 

100, 102, 118, 119, 124-127, 152, 154, 155 and small angle X-ray scattering (SAXS)185 have been 

successfully applied to surfactant- and nanoparticle-containing C3Ms to study several 

interesting micellar characteristics, such as mass, size, shape, aggregation number, and 

microstructure. Anomalous small angle X-ray scattering (ASAXS) has been employed to 

obtain size distributions of platinum nanoparticles within the micellar core.221 Magnetic 

sedimentation provided the core size (distribution) of γ-Fe2O3-containing C3Ms,64 while 

UV-VIS spectroscopy was employed to size gold nanoparticles within C3Ms.219 The 

formation of coordination bonds between polyelectrolyte blocks and metal ions in the 

C3M core, has been studied by attenuated total reflectance infrared spectroscopy (ATR-

FTIR).156 Atomic force microscopy (AFM),15, 87, 106, 184-186, 199, 231, 241transmission electron 
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microscopy (TEM),63, 68, 136, 138, 158, 166, 178, 184, 229 and cryogenic transmission electron 

microscopy (cryo-TEM)3, 45, 152-154, 181, 182 have been used to visualise (the core of) C3Ms. 

Potentiometric titrations have been performed to study the binding equilibrium between 

the oppositely charged species.68 Isothermal titration calorimetry (ITC),44, 214 DSC,241 and 

microcalorimetry138 have been applied to study whether the complexation is endothermic 

or exothermic. Chromatography has been used to study the aggregation mechanism, as 

well as recognition phenomena.91, 98 

2.5 Micellar properties 

In section 2.3, we have focused on (the effect of) the nature of the oppositely charged 

species (on the micellar characteristics). This section discusses general trends in the 

properties of all types of C3Ms. Properties related to micellar formation (sections 2.5.1-

2.5.7), micellar structure (sections 2.5.8-2.5.13), and micellar dynamics (sections 2.5.14-

2.5.15) will be dealt with here. The relation between micellar properties and function will 

also be addressed, as in sections 2.3 and 2.6. 

2.5.1 Effect of ionic strength 

An increase in the solution ionic strength, Ic, diminishes the driving force for 

micellisation, as electrostatic interactions become increasingly screened. Hence, C3Ms 

typically swell upon increasing ionic strength; they adopt a looser structure, the 

aggregation number is reduced and eventually, they dissociate above the so-called critical 

ionic strength, Icr (Table 2.2).89, 92, 120, 122, 131, 148, 167, 235 Anomalous behaviour, i.e., 

compaction of C3Ms upon an increase in ionic strength, was reported for micelles 

consisting of P4VP61-b-PEO114 and pyranine,234 PAETB49-b-PEO212 and PCETB47-b-

PEO212,
45 and DTAB and PAA45-b-PNIPAAm135.124 In the latter case, it was argued to be 

related to a decrease in PNIPAAm solvency upon increasing ionic strength. The critical 

ionic strength is strongly dependent on the type of oppositely charged species, solution 

pH, mixing fraction, micellar concentration, and valency and type of added salt.130, 131 For 

addition of monovalent salts under charge stoichiometric conditions (see also sections 

2.5.2-2.5.3), the Icr may vary from 50-600 mM for C3Ms consisting of solely linear 

synthetic polymers,3, 44, 95, 100 and synthetic polymers and proteins,122, 150 up to 1-2.8 M for 
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micelles formed through a combination of driving forces, such as electrostatic and 

hydrophobic interaction45 or metal coordination.152, 154-156 Nanoparticle-containing C3Ms 

generally exhibit a higher Icr than C3Ms consisting of solely linear synthetic polymers. Icr 

is lower for D-C3Ms than for S-C3Ms.44 Reversibility of the salt-induced association / 

dissociation of C3Ms was demonstrated for C3Ms of PEO-b-PAsp and lysozyme142 and 

for C3Ms of PMAA-b-PEO and CTAB.131 

Besides its effect on micellar formation, the solution ionic strength greatly 

influences micellar dynamics. The higher the ionic strength, the faster intermolecular 

exchange processes and rearrangements can take place.249 Hence, C3Ms tend to be closer 

to thermodynamic equilibrium at higher Ic as the probability of being kinetically trapped 

in a certain conformation or composition is smaller at higher salt concentrations. 

2.5.2 Mixing fraction 

The mixing fraction, f+, is defined as the ratio between the number of positively 

chargeable monomers and the sum of the numbers of positively and negatively chargeable 

monomers in solution, i.e., 

 [ ]
[ ] [ ]
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+ −
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Hence, f+ is by definition independent of polyelectrolyte degree of dissociation, α, and 

dependent on the relative polymer concentrations and their block lengths. For strong 

polyelectrolytes, f+ equals the fraction of positively charged monomers as all chargeable 

monomers are charged. For weak polyelectrolytes, f+ is not necessarily equivalent to the 

fraction of positively charged monomers, as the dissociation of annealed acidic and basic 

groups is dependent on solution pH and proximity to other charged and chargeable 

monomers. Note that, in analogy with the theory of simple acids and bases, we define a 

strong poly acid and poly base as a polyelectrolyte whereof all chargeable groups are 

charged when present in aqueous solution, i.e., their charged density is fixed at unity. On 

the other hand, weak poly acids and bases have a pH dependent degree of dissociation, 

which may vary between 0 and 1. This may be different from the common use of the 

terms ‘charge density’ and ‘strong poly acid’ (or base) in polymer chemistry when it 

concerns random or statistical copolymers of quenched and neutral monomers. In those 
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Table 2.2. Critical ionic strength, Icr / mM, and critical micellisation concentration, CMCIcr / g l-1, for 
selected C3Ms in aqueous solutions. See section 2.3.4 for a definition of CMCIcr. 

Polymers Icr CMCIcr Salt Ref 

PDMAEMA45-b-PGMA90 + PAA42-b-PAAm417
 93 1.21 NaNO3 a 

P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88 105 1.46 NaNO3 95 

PEO-b-PAsp + lysozyme ≤ 150 nd NaCl 142 

PAsp63-b-PEO272 + trypsin 150 nd NaCl 148 

PEO45-b-PDEAEMA26-b-PSEMA31 150 10.0 NaCl 48 

PAA42-b-PAAm417 + lysozyme 200 nd NaCl 150 

PAsp28-b-PEO275 + dendrimer porphyrin 250 5.48 NaCl 160 

P2MVP42-b-PEO446 + PAA42-b-PAAm417 340 9.0 NaNO3 100 

PMOTAC9746-g-PEO1720 + PEO114-b-PMAA813 390 1.0 NaCl 66 

PMAA188-b-PEO176 + P4EVP4890 400 0.38 NaCl 2 

PMAA21-b-PEO177 + P2VP41-b-PEO204 400 1.0 NaCl 96 

PDMAEMA45-b-PGMA90 + PAA158 500 0.115 NaCl 3 

P2VP41-b-PEO204 + PSS170 500 1.0 NaCl 29 

PAsp78-b-PEO114 + PLys20 600 2.0 NaCl 120 

PAA14-b-PAAm145 + La3+ > 1M nd NaNO3 155 

PAETB49-b-PEO212 + PCETB47-b-PEO212 > 2M nd NaNO3 45 

PAA-b-PHEA + Al13
7+ 2.8 nd NaNO3 152-154 

PAA-b-PAAm + La3+ > 2.8M nd NaNO3 
154, 
156 

aunpublished data 

 

cases, polymer charge density is usually taken as the ratio between the amount of charged 

and total monomers, and the overall polymer is referred to as a strong poly acid or base 

with a fixed, but non-unity charge density. 

As discussed in section 2.3.2, C3Ms are formed under charge stoichiometric 

conditions, i.e., f fα α+ + − −=  . In other words, the preferred micellar composition, PMC, 
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corresponds to /f f α α+ − − += . Hence, C3Ms of two strong polyelectrolytes have a PMC 

fixed at f+ = f- = 0.5, as α+ = α- = 1, unless part of the charged monomers are inaccessible 

(i.e., steric hindrance effects). For one or more polyelectrolyte blocks however, 

/α α− + depends on solution pH and is not necessarily unity, so that the PMC corresponds 

to f+ = 0.5 only if pH = 0.5·(pKa
 + pKb). Hence, upon increasing f+ from 0 to 1, several 

solutions properties, such as viscosity, conductivity, ISLS, exhibit an extremum at f+ = 0.5 

for C3Ms of two quenched polyelectrolytes at any pH, while the position of this 

extremum is pH dependent as soon as one weak polyelectrolyte is involved.68, 184 The 

PMC appears to be independent of Ncorona.27, 89 

Most studies have focused on so-called stoichiometric, isoelectric, or charge 

neutral conditions, i.e., f fα α+ + − −= , but non-stoichiometric conditions have also attracted 

some attention.26, 47, 72, 89, 106, 125, 133, 138, 141, 143, 154-156, 183, 191, 203, 221-223, 238, 241 Under 

stoichiometric conditions, C3Ms are typically spherical core-shell structures with ζ-

potentials of 0 ± 2 mV,29, 120, 143, 189 1, 29, 62, 68, 120, 141, 156 polydispersity indices, 2
2 /µ Γ , below 

0.1, aggregation numbers of tens to several tens of molecules141, 148 (i.e., relatively low62), 

and are typically 10-50 nm in hydrodynamic radius.152 Under non-stoichiometric 

conditions, provided that C3Ms are observed, the micelles may be non-spherical,155, 156 

charged (see also section 2.5.13), and/or not very or rather loosely structured. 

Intuitively, one supposes a link between the mixing fraction and the micellar 

composition. Hence, one of the questions that has gained considerable interest in the study 

of C3Ms is whether micellar composition is fixed irrespective of f+ or varies with f+. Van 

der Burgh et al. have proposed a so-called speciation diagram for aqueous mixtures of 

oppositely charged polymers, wherein the composition of all species in solution is 

supposed to be independent of f+ and only their relative amounts vary.27, 252 The 

composition of the C3Ms is given by the overall solution composition at the PMC, i.e., the 

PMC corresponds to the mixing fraction where the overall and micellar mixing fraction 

coincide. Based on their light scattering results, they came up with the following 

molecular picture. Upon an increase in f+ for 0 < f+ < PMC, diblock copolymers initially 

assemble into small complexes consisting of a few molecules only, termed soluble 

complex particles, SCP, which in turn (above the so-called CEAC) assemble into C3Ms. 
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The PMC corresponds to the f+ where most micelles are formed as none of the 

components is in excess. Above the PMC, upon an increase in f+, C3Ms dissociate into 

SCPs, now stabilised by excess positive charge, which in turn (above the so-called CECC) 

dissociate into unimerically dissolved polymers. In their view, under non-stoichiometric 

conditions when one of the components is in excess, the excess charge stabilises SCPs and 

is not incorporated in C3Ms.27, 44, 150 Others describe the gradual dissociation of C3Ms into 

unimerically dissolved polymers, without the intermediate SCP, i.e., a picture where the 

micellar composition is not constant, but rather dependent on f+, and C3Ms may be 

overcharged (see also section 2.5.13).89 However, this picture is difficult to reconcile with 

the observed /dI df+  far from the PMC. Gohy et al. found their DLS and ζ-potential 

measurements to be consistent with coexistence of C3Ms (of constant size) and excess 

P2VP41-b-PEO204 for f+ > 0.5, and incorporation of excess of PSS170 into the C3M corona 

for f+ < 0.5.29 C3Ms of P4VP61-b-PEO114 and pyranine were found stable under excess 

pyranine, i.e., f+ < 0.5.234 

For surfactant-containing C3M systems, the speciation is usually described as 

follows. For values of f+ where the polyion is in excess, surfactant binds to the polyion, so 

that surfactant / copolymer complexes are in coexistence with excess polyion.124 For 

values of f+ close to charge stoichiometric conditions, one rather narrow, diffusive 

scattering mode124 and near-zero ζ-potential is typically observed,68 i.e., indicative of the 

formation of C3Ms. For values of f+ where the surfactant is in excess, it is supposed that 

the excess surfactant is incorporated into the surfactant / copolymer complexes due to 

hydrophobic interactions45-47, 68, 138, 239 and/or interaction of the surfactant with the neutral 

corona blocks,63, 68 until electrostatic repulsion prevents further incorporation and 

uncomplexed surfactant micelles additionally reside in solution.63, 138 The results of 

Bronich et al. on C3Ms of PEI-g-PEO and SDS, TDS, and AOT support the importance of 

hydrophobic interactions for the incorporation of excess surfactant into C3Ms, as the least 

hydrophobic surfactant, SDS, results in the smallest deviation of the ζ-potential from zero 

for values of f+ where the surfactant is in excess.68 

2.5.3 Effect of pH 

In case of complexation between two strong polyelectrolytes, solution pH hardly affects 



Chapter 2 
 

 39 

  

Figure 2.2. Top: Theoretical dependence of the degree of dissociation, α, on solution pH (a) for (○) a 
weak poly acid (pKa = 6.1), (∆) a strong poly base with α = 1, (□) a poly base that contains 89% 
quenched monomers and 11% annealed monomers (pKb = 3.4) and (b) for a weak poly acid ((○) pKa 
= 6.1; (∆) pKa = 4.1), and (□) a weak poly base (pKb = 7.3). The dotted lines indicate the pKa and pKb 
values. The arrows indicate the preferred micellar pH (see text). Bottom: Theoretical dependence of 
the excess static light scattering (SLS) intensity, ISLS, on solution pH for C3Ms formed at f+ = 0.5 
consisting of (a) a weak poly acid (pKa = 6.1) and (□) a 89% strong poly base or a (∆) strong poly 
base with α = 1, and (b) consisting of a weak poly base (pKb = 7.3) and a weak poly acid ((○) pKa = 
6.1; (∆) pKa = 4.1). Note that the critical degree of dissociation in these systems is about 0.2, i.e., no 
excess static light scattering is observed for αb and/or αa < 0.2. Note that the higher the amount of 
chargeable monomers involved in charge compensation (maximum 100 versus 89% in (a)), the higher 
the maximum in ISLS.. 

 

C3M formation, as the polyelectrolyte charge densities are fixed. However, C3M 

formation is pH sensitive when components with annealed charges are involved, as their 

degree of dissociation is governed by the solution pH (and their proximity to other 

charges2, 68, 138, 191). C3Ms formed by mixing a weak poly acid with a strong poly base (or 

vice versa), dissociate below (or above) a critical pH; e.g., below a critical degree of 
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dissociation of the annealed polymers (Figure 2.2a).29, 62, 95, 100, 134, 231 C3Ms consisting of 

two chargeable polymers typically exhibit a so-called preferred micellar pH, i.e., several 

solution properties, such as viscosity, conductivity, static scattering intensity, pass through 

an extremum at a certain pH value (Figure 2.2b), which may be referred to as the 

preferred micellar pH.62, 100, 177, 252 Neglecting charge regulation effects due to proximity to 

other charged segments, this extremum is observed at pH = 0.5·(pKb
 + pKa), for equal 

amounts of positively and negatively chargeable monomers within the C3M, i.e., for f+ = 

0.5. For the C3Ms in Figure 2.2b, this condition is met for pH = 0.5·(pKb
 + pKa) = 5.7 and 

6.7. Hence, experiments are typically performed under these conditions.1, 150, 252 For f+ ≠ 

0.5, this value is shifted to higher (f+ > 0.5) or lower (f+ < 0.5) pH values. And similarly, a 

pH induced displacement of the preferred micellar composition, PMC (see also section 

2.5.2), from f+ = 0.5, has been observed,44, 68, 100, 184 when experiments were not performed 

at pH = 0.5·(pKb
 + pKa).60 Hence, C3Ms are formed in a narrow region around charge 

stoichiometry; i.e., f+α+ = f-α-. For a fixed f+, the preferred micellar pH (and similarly, for 

a fixed pH, the preferred micellar composition) is thought to correspond to the pH where 

C3Ms are most abundant, the largest in mass and size, and where their composition equals 

the overall solution composition.44, 102, 252 It seems reasonable to suppose that the higher 

the degree of dissociation at the preferred micellar pH and composition, the denser the 

C3Ms. Finally, for C3Ms consisting of a weak poly acid and a partially strong poly base, 

as for example in C3Ms containing < 100% quaternised P2VP or P4VP monomers, the 

ISLS versus pH curves are a combination of the weak-weak and weak-strong cases. Often, 

these C3Ms do not dissociate under basic conditions due to the quenched nature of the 

quaternised units (leading to a plateau in ISLS versus pH at high pH), but at the same time, 

a peak in ISLS is usually observed at a certain pH value, due to the annealed nature of the 

non-quaternised units (Figure 2.2a).100 As this peak should be located at the pH where f+α+ 

= f-α-, a rough estimate for the degree of quaternisation may be obtained from the peak 

position and the poly acid degree of dissociation. 

It is important to note that the degree of dissociation of (partially) complexed weak 

polyelectrolytes may differ from their degree of dissociation in isolated state; e.g., the 

proximity of an oppositely charged species alters the polyelectrolyte degree of 

dissociation.2, 68, 138, 191 Additional to the above discussed pH and f+ mediated mechanisms, 
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Table 2.3. The critical aggregation concentration, CAC / g l-1, and critical micellisation 
concentration, CMC / g l-1, for selected C3Ms under stoichiometric conditions at an ionic strength, Ic / 
mM. CAC and CMC values are given in total weight concentration, i.e., weight concentration of both 
species. asodium phosphate buffer, bunpublished data 

Polymers CMC CAC Ic Ref 

PTEA-b-PAAm + CeO2-PAA2k < 0.001 - 0 225 

PLys(-b-PEO) and PAsp-b-PEO < 0.01 - 10a 90 

PEI-g-PEO and AOT - 0.060 0 68 

PMAA188-b-PEO176 + DPB - 0.063 0 138 

PEI-g-PEO and SDS - 0.065 0 68 

PEI-g-PEO and TDS - 0.067 0 68 

PMAA188-b-PEO176 + CPB - 0.067 0 138 

PTEA-b-PAAm and SDS - 0.07 0 225 

PMAA188-b-PEO176 and P4EVP100 0.18 - 0 2 

PMAA-b-PEO + Ca2+ 0.2 - nd 157 

PAsp-b-PEO and lysozyme 1.0 - 10a 143 

PAA-b-PAAm and P2MVP-b-PEOb 0.0271 - 1 - 

 

charge compensation may involve the incorporation of unequal amounts of cationic and 

anionic small ions. This phenomenon will be more pronounced for elevated increasing 

ionic strengths and will lead to deviations from f+α+ = f-α- Moreover, it should be 

particularly important for C3Ms of two strong polyelectrolytes with unmatched Ncore, as 

full charge compensation via adjustment of charge densities may not always be feasible. 

Furthermore, we note that the effect of pH on C3M formation may also result from 

its influence on the solvent quality and hydrogen bonding. For example, at low pH, H-

bonds may be formed between PAA or PMAA and PAAm, PNIPAAm, PEO, and PVOH, 

so that the formation of H-bonds between acidic core monomers and neutral corona 

monomers may be in competition with the formation of polyion complexes between acidic 
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and basic core monomers, so that the C3M core-shell structure could be disrupted.48, 95, 96, 

100, 131, 177 

2.5.4 Critical micellisation concentration (CMC) 

Surprisingly, the critical micellisation concentration, CMC, is one of the least investigated 

C3M characteristics. An overview is given in Table 2.3. As sparse as systematic studies 

on the effect of the ionic strength on the critical micellisation concentration are121, 124, 131 

(and vice versa, the effect of C3M concentration on the critical ionic strength, i.e., the 

ionic strength above which no C3Ms could be observed), as numerous are the values 

reported for the critical ionic strength.44, 45, 95, 100, 122, 150 These values can be converted into 

CMCs, i.e., CMCIcr, for this particular system at this particular salt concentration. An 

overview is given in Table 2.2. From Table 2.2 (and Table 2.3, which will be discussed 

later on) we observe the following general trends. Typically, S-C3Ms have lower CMCs 

than D-C3Ms.44 C3Ms containing surfactants and nanoparticles generally exhibit lower 

CMCs (typically < 0.1 g l-1) than C3Ms with proteins, DNA, and synthetic polymers 

(typically > 0.1 g l-1), due to hydrophobic interaction or metal coordination as an 

additional driving force. For CMC < CMCIcr, the CMC typically increases upon an 

increase in ionic strength.121 For CMC ≥ CMCIcr, when the solution ionic strength has 

exceeded the so-called critical ionic strength, Icr (Table 2.2), micellisation no longer 

occurs. Cooperativity is typically reported for C3M formation.2, 18, 25, 29, 68, 69, 120, 135, 138, 191 

2.5.5 Critical aggregation concentration (CAC) 

In mixtures of neutral-ionic copolymers and oppositely charged surfactants, aggregation 

generally occurs for much lower surfactant concentrations than without polymer.63, 124, 138 

For a fixed polymer concentration, the critical aggregation concentration, CAC, where 

complexation starts to occur is generally displaced by 2-3 orders of magnitude compared 

to the CMC of the surfactants in absence of the copolymers.46, 47, 60, 61, 68, 69, 131 The lowest 

charge ratio, f+, for which complexes are found, was reported to be dependent on the block 

length ratio Ncorona/Ncore 46, 47, 239 and surfactant tail length,46 whereas others find no 

dependence on Ncorona/Ncore.60, 63 A dependence of the CAC on Ncorona/Ncore and surfactant 

tail length, may reflect the importance of hydrophobic interaction as an additional driving 

force. At constant f+, a complex containing more ionic blocks (i.e., lower Ncorona/Ncore) 
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contains more hydrophobic surfactant tails. Hence, the CAC shifts to lower values for 

lower Ncorona/Ncore. The same argument can be applied to the dependence on surfactant tail 

length. Note however, that the Ncorona/Ncore also changes the ‘hydrophilic / hydrophobic’ 

balance of the copolymer, i.e., it directly affects the stopping mechanism of C3M 

formation. For example, lower aggregation numbers are found for D-C3Ms compared to 

S-C3Ms, while the constituent blocks are the same, i.e., a dependence on Ncorona/Ncore is 

found without an additional driving force. 

2.5.6 Colloidal stability 

C3M colloidal stability is determined by the balance between the tendency of the 

oppositely charged entities to macroscopically phase separate and the tendency of the 

neutral water-soluble units to restrict this phase separation to the colloidal domain. Hence, 

factors playing a role in colloidal stability either modify the strength of electrostatic 

interaction (such as pH, ionic strength, degree of dissociation, and potential additional 

micellar driving forces, such as hydrophobic interaction), modify the stabilizing effect of 

the corona blocks (such as temperature, co-solutes, co-solvents, block length, molecular 

architecture, polymer compatibility), or affect both these driving and stabilizing forces 

(see sections 2.3.1-2.3.3). One question that may arise is whether there is a critical block 

length ratio of corona to core forming monomers, Ncorona/Ncore, necessary to stabilise C3Ms 

and whether it is dependent on, for example, polymer architecture, i.e., whether the 

neutral units are covalently linked to and separated from the charged units in blocks or 

grafts, or whether they are covalently linked to and ‘dispersed’ between the charged units 

as in the case of random and statistical copolymers. Table 2.4 and 2.5 summarise the 

stability borders for S-C3Ms and surfactant-containing C3Ms respectively. 

For all of the S-C3Ms tabulated in Table 2.4,27, 89 we find precipitation for 

Ncorona/Ncore < 1. Which Ncorona/Ncore results in water-soluble complexes (denoted as ‘S’), 

varies as a function of, for example, the total block length of the diblock copolymer. From 

Table 2.4, we may also conclude that C3M colloidal stability depends on i) the block 

length ratio, ii) the total block length of the diblock copolymer, iii) the chemical structure 

of the corona monomers, and iv) the molecular weight and type of ionic groups of the 

homopolymer. For PAAmx-b-PAAy with PDMAEMA126, we find precipitation for 
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Table 2.4. Overview of colloidally stable and unstable mixtures of oppositely charged polymers, 
whereof at least one is a copolymer, in aqueous solutions under charge stoichiometric conditions. 
Ncorona/Ncore corresponds to the ratio between the number of monomers residing in the micellar corona 
and those residing in the core, i.e., the amount of neutral monomers to chargeable monomers. The 6th 
column contains a ‘P’ if precipitation occurred (i.e., for unstable mixtures), a ‘M’ if stable aggregates 
with a defined core-shell architecture, such as micelles and vesicles were formed, or a ‘S’ if stable, 
loose soluble complexes (not micelles or vesicles) were observed. Hence, systems marked ‘P’ exhibit 
high turbidity, while systems marked ‘M’ and ‘S’ exhibit low to zero turbidity. For clarity and 
consistency, all systems are tabulated with the neutral (in)soluble block first, hence, PEO-g-PEI could 
be a comb-type polymer with PEI grafted onto PEO as well as vice versa. Ic / M, Mw / kDa. 

Copolymer type (Mw
a) Homopolymer type (Mw

a) pH 
corona

core

N
N

 
Ic

f S Ref 

PMOTAC1392-g-PEO246 (300) DNA (nd) nd 0.18 0.02b P 66 

PMOTAC4177-g-PEO737 (900) DNA (nd) nd 0.18 0.02b P 66 

PMOTAC9746-g-PEO1720 (2100) DNA (nd) nd 0.18 0.02b P 66 

PDMAEMA90-b-PGMA30 (19.0) PAA1900 (136.9) ± 7 0.33 0.1 P 27 

P(MAPTAC524-co-AAm484) (150) PAA1665 (120) ± 7.5 0.92 0 P 89 

PAA14-b-PAAm14 (2.0) PDMAEMA126 (19.8) ± 7 1.00 0.03d P 27 

PAA42-b-PAAm42 (6.0) PDMAEMA126 (19.8) ± 7 1.00 0.03d P 27 

PAA42-b-PAAm42 (6.0) P4EVP (various) ± 7 1.00 0.05cd M/Pe 27 

PDMAEMA63-b-PGMA64 (20.2) PAA170 (12.3) ± 7 1.02 0.1 P 27 

PAsp78-b-PEO114 (15.7) PLys20, 45 (4.1–9.3) 7.4 1.45 0.01c M 120 

PAA42-b-PAAm97 (9.9) P4EVP (various) ± 7 2.31 0.05cd M 27 

PAA42-b-PAAm97 (9.9) PDMAEMA126 (19.8) ± 7 2.31 0.03d M 27 

PDMAEMA35-b-PGMA105 (22.3) PAA (various) ± 7 3.00 0.1 M 27 

PDMAEMA35-b-PGMA105 (22.3) PMAA115-7000 (9.9-602.6) ± 7 3.00 0.1bd M 27 

PAETB47-b-PEO212 (16.6) PAA139-2014 (10.0–145) 7 4.33 0.01 M 179 

P(MAPTAC393-co-AAm358)-g-
PAAm1517 (220) PAA1665 (120) ± 7.5 4.77 0 M 89 

PAA14-b-PAAm69 (5.9) PDMAEMA126 (19.8) ± 7 4.93 0.03d S 27 

PAA14-b-PAAm69 (5.9) P4EVP140-3200 (30.0-685.1) ± 7 4.93 0.05cd M 27 

PAA42-b-PAAm208 (17.8) PDMAEMA126 (19.8) ± 7 4.95 0.03d M 27 
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Copolymer type (Mw
a) Homopolymer type (Mw

a) pH 
corona

core

N
N

 
Ic

f S Ref 

PAA42-b-PAAm208 (17.8) P4EVP (various) ± 7 4.95 0.05cd M 27 

P2VP41-b-PEO204 (13.3) PSS9-485 (1.8–100.0) 3 4.98 0.05c M 29, 
178 

P2MVP41-b-PEO204 (13.9) PAA48 (3.5) 7.7 4.98 0.05 M 176 

PAsp18-b-PEO114 (7.5) PLys20, 45 (4.1–9.3) 7.4 6.23 0.01c M 120 

PDMAEMA12-b-PGMA118 (20.8) PAA2100 (151.3) ± 7 9.83 0.1 M 27 

PDMAEMA12-b-PGMA118 (20.8) PAA170 (12.3) ± 7 9.83 0.1 S 27 

PAA42-b-PAAm417 (32.7) PDMAEMA126 (19.8) ± 7 9.93 0.03d M 27 

PAA42-b-PAAm417 (32.7) P4EVP (various) ± 7 9.93 0.05cd M 27 

PAA14-b-PAAm139 (10.9) P4EVP140-3200 (30.0-685.1) ± 7 9.93 0.05cd M 27 

PAA14-b-PAAm139 (10.9) PDMAEMA126 (19.8) ± 7 9.93 0.03d S 27 

PAsp8-b-PEO114 (6.1) PLys20, 45 (4.1–9.3) 7.4 14.15 0.01c S 120 

PDMAEMA5-b-PGMA95 (16.0) PAA1900 (136.9) ± 7 19.00 0.1 S 27 

P(MAPTAC143-co-AAm130)-g-
PAAm2803 (240)  PAA1665 (120) ± 7.5 20.53 0 M 89 

aMw includes the molecular weight of the counterion. bNaCl. cNa2HPO4/NaH2PO4 buffer. dThe authors 
mention different values for the same system in ref27, but most likely the tabulated ones are the correct 
values. eIt is unclear whether these systems precipitate or form micellar solutions and for which 
homopolymer molecular weight. fThe ionic strength, Ic, is given as the concentration (mol l-1) of added 
salt (NaNO3 unless otherwise specified). Hence, the reported value is a minimum value, as the actual 
solution ionic strength is generally higher, due to the presence of a significant amount of counterions 
and protons (due to non-neutral pH). 

 

Ncorona/Ncore ≤ 1.00, micelles may be found for 1.00 < Ncorona/Ncore < 4.93-9.93 (depending 

on the total block length of the diblock copolymer), and soluble complexes are observed 

for Ncorona/Ncore ≥ 4.93-9.93. Hence, the block length ratio is of influence (i). For a given 

Ncorona/Ncore, we find micelles for PAA42-b-PAAm208,417 with PDMAEMA126 and 

P4EVPvarious, but no micelles for PAA14-b-PAAm69,139 with PDMAEMA126 and P4EVP140-

3200. Thus, the total (or core) block length of the diblock copolymer is of influence (ii). For 

PDMAEMA12-b-PGMA118, we find micelles for PAA2100 and soluble complexes for 
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Table 2.5. Overview of colloidally stable and unstable mixtures of a copolymer and oppositely 
charged surfactant (micelles), in aqueous solutions under charge stoichiometry conditions. For 
details, see header of Table 2.4. Ic / M, Mw / kDa. 

Copolymer type (Mw
a) Surfactant type (Mw

a) pH corona

core

N
N

 Ic S Ref 

P(AA247- co-AMPS1295) (320) DTAB (0.31) nd 0 0 P 60, 61 

PMAA147-b-PEO30 (14) CPB / DDDAB / 
TMAB (0.38-0.46) nd 0.20 0 P 135 

P(AA235- co-AMPS1258)-g-
PDMAAm494 (360) DTAB (0.31) nd 0.33 0 M 60 

P(AA232- co-AMPS1281)-g-
PDMAAm1342 (450) DTAB (0.31) nd 0.89 0 M 60 

PMAA188-b-PEO176 (24) 
DPC / CPB / DTAB / 

TDTAB / CTAB (0.28-
0.38) 

8.4–8.6 0.94 0 M 136 

PMAA188-b-PEO176 (24) CPB / DDDAB / 
TMAB (0.38-0.46) nd 0.94 0 M 135 

PMAA180-b-PEO170 (23) CTAC (0.32) nd 0.94 0 M 133 

PMAA188-b-PEO176 (24) CPB / DPB (0.38/0.33) 9.2 0.94 0 M 138 

PMAA188-b-PEO176 (24) C16SU (nd) 8.2–9.5 0.94 0 M 134 

PTEA52-b-PEOA66 (39) SD / SFD (0.19/0.51) 11 1.27 0 M 185 

PEI141-g-PEO239 (17) SDS / TDS / AOT 
(0.29-0.44) 6.0 1.70 0 M 68 

PEI141-g-PEO239 (17) OA (0.30) 6.0 1.70 0.01a M 70 

P(MAPTAC477-co-
EOMA1023) (568) SDS (0.29) nd 2.14 0 P 239 

P(MAPTAC477-co-
EOMA1023) (568) 

Na cholate / 
deoxycholate 
(0.43/0.41) 

nd 2.14 0 P 47 

PMAA97-b-PEO210 (18) 
CTAB / DDDAB / 
DODAB / TMAB 

(0.36-0.63) 
nd 2.16 0 M 137 

PMAA97-b-PEO210 (18) CTAB (0.36) 7.0 2.16 0 M 130-132 

PAA45-b-PNIPAAm135 (19) DTAB (0.31) nd 3.00 0 M 124 

P(AA184-co-AMPS1191)-g-
PDMAAm4681 (760) DTAB (0.31) nd 3.40 0 M 60, 61 
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Copolymer type (Mw
a) Surfactant type (Mw

a) pH corona

core

N
N

 Ic S Ref 

P(AA99-co-AMPS638)-g-
PNIPAAm4634 (680) DTAB (0.31) nd 3.40 0 M 61 

PMOTAC34-g-PEO169 (350) SDS (0.29) nd 4.97 0 M 69 

P2VP41-b-PEO204 (13) FSA / FSE (0.5/0.6) 3 4.98 0.1a M 184 

PAA14-b-PAAm70 (6) DTAB (0.31) nd 5.00 0 M 125 

PMAA35-b-PEO210 (12) CPB / DDDAB / 
TMAB (0.38-0.46) nd 6.00 0 M 135 

PAA69-b-PAAm420 (35) DTAB (0.31) nd 6.09 0 M 125-127, 
129, 254 

P(MAPTAC465-co-
EOMA3724) (1788) SDS (0.29) nd 8.01 0 M 239 

P(MAPTAC465-co-
EOMA3724) (1788) 

Na cholate / 
deoxycholate 
(0.43/0.41) 

nd 8.01 0 M 47 

P(MAPTAC465-co-
EOMA3724) (1788) 

Na oleate / laurate 
(0.30/0.22) nd 8.01 0 M 46 

PAA14-b-PAAm140 (11) DTAB (0.31) nd 10.00 0 M 125 

PTEA41-b-PAAm420 (41) SDS (0.29) nd 10.24 0 M 125, 126, 
129 

PAA69-b-PAAm840 (65) DTAB (0.31) nd 12.17 0 M 125 

PSS33-b-PAAm420 (37) DTAB (0.31) nd 12.73 0 M 125 

P(MAPTAC476-co-
EOMA7592) (3541) 

Na oleate / laurate 
(0.30/0.22) nd 15.95 0 M 46 

P(MAPTAC476-co-
EOMA7592) (3541) 

Na cholate / 
deoxycholate 
(0.43/0.41) 

nd 15.95 0 M 47 

P(MAPTAC476-co-
EOMA7592) (3541) SDS (0.29) nd 15.95 0 M 239 

aNa2HPO4/NaH2PO4 buffer 

 

PAA170. Thus, the molecular weight of the homopolymer is of influence (iv). For PAA14-

b-PAAm69,139, we find micelles for P4EVP140 and soluble complexes for PDMAEMA126. 

Thus, the type of ionic groups of the homopolymer is of influence (iv). For the chemical 
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structure of the corona monomers (iii), we have no fair comparison in Table 2.4 to study 

its influence (independent of parameters (i), (ii) and (iv)), however, its influence may be 

anticipated. Likewise, systematic studies on the effect of copolymer architecture on 

colloidal stability are lacking. 

From Table 2.5, we may conclude that the critical Ncorona/Ncore below which 

precipitation occurs, is 0.33 for aqueous mixtures of a copolymer and oppositely charged 

surfactant (micelles), i.e., significantly lower than the value of unity reported for S-

C3Ms.27, 89 An increase in the critical Ncorona/Ncore may have been anticipated, due to the 

incorporation of hydrophobic surfactant tails into the C3Ms, increasing the overall 

micellar hydrophobicity, but on the other hand, the molecular weight of the surfactant, 

i.e., the equivalent of the homopolymer in S-C3Ms, is very low (iv). 

The stability of C3Ms against dissolution into water-soluble complexes or 

constituent polymers, may be enhanced by core cross-linking,122, 148, 180, 188 incorporation of 

‘hydrophobic polyelectrolyte’ core blocks,45 and end functionalisation of the corona 

chains with a hydrophobic group.121 Yuan et al. have shown that the oppositely charged 

species need to be cross-linked with each other, i.e., cross-linking of one core component 

is insufficient.122 As the degree of dissociation, α, is thought to be correlated with 

stability,150 factors affecting α, such as ionic strength, pH in case of weak polyelectrolytes, 

and the chemical nature of the polyelectrolyte block (for example whether it is of 

quenched or annealed nature) may also alter C3M stability. Precipitation may in some 

cases be prevented by employing a different preparation protocol.135 

2.5.7 Equilibrium 

Typically, polymeric micelles consisting of amphiphilic polymers tend to be in a non-

equilibrium, so-called ‘frozen’ state, in aqueous solutions due to the usually high glass 

transition temperature, Tg, of the core forming monomers (although there are exceptions) 

and the (almost complete) absence of solvent in the micellar core. In contrast, the 

formation of C3Ms is induced by electrostatic interaction, a relatively weak driving force 

compared to hydrophobic interaction, resulting in a highly solvated core and corona (see 

also section 2.5.8),124-126, 224 rendering C3Ms potential equilibrium structures. For C3Ms of 

PEI-g-PEO and SDS,68 PEI-g-PEO and TDS,68 PEI-g-PEO and AOT,68 PEO-g-PMAA 
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and PDADMAC,65 different preparation protocols, such as order of mixing65, 68 or direct 

mixing and slowly titrating to the same fixed composition, resulted in micelles with the 

same light scattering characteristics, i.e., indicative of equilibrium structures. On the other 

hand, for micelles consisting of PAA-b-PAAm and DTAB,127 PMAA-b-PEO and 

DODAB,135 and PAETB-b-PEO and PAA,179 the mode of preparation did influence 

micellar characteristics, i.e., indicative of non-equilibrium structures137 and/or slow 

kinetics.  

2.5.8 Core structure and hydration 

Interesting but sparsely investigated topics related to the C3M core, are the extent of 

counterion inclusion, its internal structure, and the solvent content. The relatively fast 

equilibration, low contrast in electron microscopy imaging, and the visibility of chemical 

shifts of protons within the micellar core (i.e., protons of core-forming blocks in micelles 

with low solvent content typically disappear due to considerable peak broadening) 

indicate that C3Ms must have a considerable amount of solvent in their core (several tens 

of %). Some quantitative estimates have resulted from the comparison between scattering 

experiments on macroscopic coacervates / precipitates and C3Ms. The micellar volume 

fraction in the core of C3Ms of DTAB and PAA-b-PAAm should be < 0.524, as solid 

precipitates of DTAB and PAA with this volume fraction exhibit scattering features of 

ordered systems, while SANS and SAXS experiments on C3Ms of DTAB and PAA-b-

PAAm show no crystalline ordering in the micellar core.124, 125 

A few fluorescence and scattering studies have attempted to resolve the structure of 

the micellar core of surfactant-containing C3Ms. Depending on the aggregation number 

(and above a critical mixing fraction127), such C3Ms are described as onion-like 

structures, with a core consisting of hydrophobic surfactant tails, an inner corona 

consisting of the complexed head groups and ionic polymer blocks, surrounded by an 

outer corona consisting of the lyophilizing block60 or alternatively, as a disordered 

collection of several charged surfactant micelles connected by the polyelectrolyte blocks, 

surrounded by a neutral, water-soluble shell.124, 125, 127, 129, 132 Berret et al. have shown that 

several tens of surfactant micelles are incorporated into the core of C3Ms consisting of 

PTEA-b-PAAm and SDS and C3Ms of PAA-b-PAAm and DTAB.125, 126, 129, 254 The often 
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Table 2.6. Overview of complex coacervate core aggregates with vesicular, cylindrical, elliptical, and 
other rare morphologies in aqueous solutions. Used abbreviations in the column ‘cp + …’: bcp, block 
copolymer; pe, polyelectrolyte; np, nanoparticle; cop, coordination polymer; and surf, surfactant. 

Polymer type System cp + … Morphology Ref 

C-b-S P(Asp-AP)100-b-PEO45 / P(Asp-AE)100-b-
PEO45 + PAsp100-b-PEO45 

bcp vesicle 103, 104 

 P2MVP42-b-PEO446 + PAA42-b-PAAm417 bcp ellipsoid 99-101 

 P2VP251-b-PEO134 + PSS485 / PSS1067 pe rod-like / buckle-
like micelles 178 

 P2MVP41-b-PEO204 + Zn-L2EO4 cop worm-like 
micelle 181 

 P2MVP41-b-PEO204 + FSA / FSE surf vesicle 184 

C-g-S PMOTAC34-g-PEO169 + SDS surf rod 69 

A-b-S PAsp100-b-PEO45 + P(Asp-AP)100-b-
PEO45 / P(Asp-AE)100-b-PEO45 

bcp vesicle 103 

 PAA42-b-PAAm417 / P2MVP42-b-PEO446 bcp ellipsoid 99-101 

 PAA14-b-PAAm145 / + PAA70-b-PAAm435 
lanthanum-based particles np rice grain / 

needle-like 154-156 

 PMAA97-b-PEO210 + DODAB surf pancake shape 137 

 PMAA97-b-PEO210 + DDDAB surf irregular 
elongated 137 

 PMAA188-b-PEO176 + C16SU surf vesicle 134 

 PMAA188-b-PEO176 + DPC / CPB / 
DTAB / TDTAB / CTAB surf vesicle 136 

 

found similarity in micropolarity between the C3M core and surfactant micelles in 

absence of the copolymer appears to confirm the existence of surfactant micelles within 

the C3M core.60 An exceptional case has been reported by Bastardo et al., who 

investigated C3M formation in aqueous mixtures of SDS and a stiff rod-like comb 

copolymer. Their NMR and SANS experiments indicate that the microenvironment of 

SDS molecules within C3Ms is significantly more polar than in SDS micelles in absence 

of copolymer, as SDS is bound to the PMOTAC-g-PEO copolymer in two different ways, 
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both as single molecules and micelles.69 Laschewsky et al. found a lamellar ordering in 

the core of C3Ms of PTEA52-b-PEOA66 and a fluorinated surfactant, SFD.185 

To the best of our knowledge, there are no attempts to directly resolve the core structure 

in C3Ms of solely linear, flexible polymers. The structure of the corresponding 

macroscopic coacervate phases is typically suggested to be zipper-like, i.e., cationic and 

anionic monomers pair and by doing so ‘zip’ the two chains (of which they are a part) 

together.255, 256 

2.5.9 Morphology 

As is the case for amphiphilic block copolymer micelles, the majority of the C3Ms are 

found to be spherical micelles.1, 29, 92, 96, 109, 118-121, 137, 141, 182, 189, 234 Vesicles and other 

morphologies have been reported (Table 2.6), but mainly for systems with additional 

driving or destabilizing forces, such as hydrophobic interaction,68, 136, 137, 184 metal 

coordination,152, 155, 156 segregative phase separation within the micellar corona,99, 100 for 

systems with stiff copolymers,54, 69 or for non-stoichiometric conditions.155, 156, 181 For 

example, under specific non-stoichiometric conditions, the particle aspect ratio of 

asymmetric lanthanum-based nanoparticles decorated with PAA-b-PAAm appears to 

increase with increasing Ncorona/Ncore.155, 156 The copolymer block length ratio does play a 

role, as micelles were found for aqueous mixtures of P(Asp-AP)17-b-PEO45 and PAsp17-b-

PEO45, while vesicles were obtained for P(Asp-AP)100-b-PEO45 and PAsp100-b-PEO45.103
 

Such rare morphologies may have interesting applications. For example, vesicles with 

coacervate membranes are typically semipermeable and may therefore selectively 

encapsulate large macromolecules, such as enzymes, while low molecular weight 

hydrophilic compounds, such as specific reaction products, may diffuse through the 

membrane.103, 134 

Spherical C3Ms typically exhibit ζ-potentials of 0 ± 2 mV,29, 120, 141, 143 

polydispersity indices, 2
2 /µ Γ < 0.1, aggregation numbers of tens to several tens of 

molecules, and radii of several tens of nanometres (Table 2.7, 2.8, and 2.9). Note that the 

high values for 2
2 /µ Γ  and Rg / Rh for C3Ms with P(MAPTAC-co-EOMA) indicate that 

these aggregates are not well defined, for example they are not likely to have a well 

defined core-shell structure. Particle densities, ρ, given as 34
3/wM Rπ / g cm-3, are very
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Table 2.7. Rg / Rh for selected C3Ms. 

C3Ms Rg / Rh Ref 

PAA42-b-PAAm97 + P2MVP209 0.52-0.60 119 

PAA12-39-b-PHEA88-107 + Al13
7+ 0.52-0.82 152 

P4VP61-b-PEO114 + pyranine 0.60-0.75 234 

P2MVP41-b-PEO204 + PAA48 0.69-0.89 176 

PEO0.15x-g-PMOTAC0.85x + DNA 0.70-0.72 78 

PAsp18-b-PEO114 + lysozyme 0.71 141 

P2VP41-b-PEO204 + PSS170 0.71 29 

PEO-b-PAsp + (PEO-b-)PLys 0.74-0.76 1, 90, 120 

PLys31-b-PEO275 + dendrimer porphyrin 0.85 160 

P(MAPTAC476-co-EOMA7592) + SDS 1.8 239 

P(MAPTAC465-co-EOMA3724) + SDS 3.2 239 

 

low, typically < 0.129, 65, 71, 72, 78, 81 for R = Rh or R = Rg. Aggregation numbers of C3Ms are 

generally lower than those of amphiphilic polymeric micelles. Pagg depends on the same 

factors that influence the colloidal stability, such as copolymer molecular weight and 

Ncorona/Ncore, and for some D-C3Ms on the difference in block length of the polyelectrolyte 

blocks.90 Hofs et al. proposed a primitive geometrical core-shell model to estimate the 

variations in size and aggregation number upon substitution of homopolymers for diblock 

copolymers, i.e., for comparison of S-C3Ms with D-C3Ms.44 For C3Ms of PEO-g-PMAA 

and PDADMAC ρ was shown to decrease with increasing PDADMAC block length (as 

observed for Gaussian coils).65 See 69, 90, 120, 141, 143, 176, 217, 232, 239 for measurements on 

second virial coefficients, A2, of C3Ms. 

2.5.10 Block length (ratio) 

The effect of Ncorona/Ncore, the copolymer molecular weight at constant Ncorona/Ncore, and the 

molecular weight and type of ionic groups of the homopolymer on the colloidal stability 

of S-C3Ms has been discussed in section 2.3.6. Here, we address the effect of such 
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Table 2.8. Polydispersity indices, µ2/Γ2, for (presumably) spherical C3Ms. 

C3Ms µ2/Γ2 Ref 

PMAA21-b-PEO177 + P2VP41-b-PEO204 0.005 96 

PLys18-b-PEO + ODN 0.012 189 

P4VP61-b-PEO114 + pyranine 0.025-0.18 234 

PAA14-b-PAAm145 + La3+ 0.05-0.43 155, 156 

P2VP41-b-PEO204 + PSS170 0.054-0.072 29 

P2MVP41-b-PEO204 + PAA48 0.06-0.07 176 

PEO45-b-PDEAEMA26-b-PSEMA31 0.06-0.08 48 

PAsp18-b-PEO114 + Lysozyme < 0.1 141, 142 

PAsp-b-PEO + (PEO-b-)PLys < 0.1 1, 90, 
120 

PAsp63-b-PEO272 + trypsin < 0.1 148 

PTEA41-b-PAAm420 + γ-Fe2O3 0.10-0.25 222, 223 

P(MAPTAC476-co-EOMA7592) + SDS 1.16 239 

P(MAPTAC465-co-EOMA3724) + SDS 1.55 239 

 

parameters on molecular characteristics, such as size (Rg, Rh), mass (Mw), aggregation 

number (Pagg), and morphology. With increasing block length ratio, Ncorona/Ncore, and 

increasing grafting density in graft copolymers, Pagg, Mw, and Rh are found to decrease 

under charge neutral conditions,27, 60, 63, 71, 89, 90, 203, 257 as colloidal stability with respect to 

precipitation is enhanced (Table 2.5 and 2.6). For asymmetric lanthanum-based 

nanoparticles decorated with PAA-b-PAAm under specific non-stoichiometric conditions, 

the particle aspect ratio was found to increase with increasing Ncorona/Ncore.155, 156 For a 

given Ncorona, Rayleigh ratios and micellar size increase with increasing Ncore.18, 90, 92, 187, 222 

For a given Ncore, Rh increases with increasing Ncorona.119, 125 

For C3Ms of PEO-g-PMAA and PDADMAC, Rg and the micellar mass was shown 

to increase with increasing NPDADMAC for 278 < NPDADMAC < 4330, while the structural 

density, ρ, was shown to decrease with increasing PDADMAC block length (as observed 
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Table 2.9. Aggregation numbers, Pagg, cop and Pagg, 2nd corresponding to the number of copolymers and 
2nd component in (presumably) spherical C3Ms under (presumably) isoelectric conditions. 

C3Ms Pagg, cop Pagg, 2nd Ref 

PAsp18-b-PEO114 + PLys18-b-PEO114 31 31 90 

PAsp37-b-PEO114 + PLys35-b-PEO114 39 41 90 

PAsp78-b-PEO114 + PLys78-b-PEO114 87 87 90 

P2VP41-b-PEO204 + PSS170 98 24 29 

PAsp18-b-PEO114 + Lysozyme 42 36 141 

PAsp63-b-PEO272 + trypsin 16 84 148 

PLys31-b-PEO275 + dendrimer porphyrin 39 38 160 

PEIx-b-PEO1.7x + ODN 23 24 191 

PTEA41-b-PAAm420 + SDS ~ 240 71 126 

PAA69-b-PAAm420 + DTAB ~ 100 106 126 

 

for Gaussian coils).65 On the contrary, for C3Ms of P2VP41-b-PEO204 and PSS and C3Ms 

of PAspx-b-PEO114 (x = 8, 37, and 78) and PLys, Rh (and Pagg)90 remained practically 

constant for 9 < NPSS < 17029 and 20 < NPLys < 82.90 Van der Burgh et al. reported the 

existence of a critical homopolymer chain length beyond which Rh increases with 

increasing homopolymer chain length. For N < Ncr, Rh is independent of the homopolymer 

chain length.27 

For Ncation ≠ Nanion, recognition phenomena may occur for very high charge 

densities (see also section 2.5.12). Compared to C3Ms of polymers of a comparable and 

matched degree of polymerisation, but higher charge density, C3Ms of unmatched 

polymers are typically less dense.96 

2.5.11 Scaling behaviour 

The applicability of scaling laws developed for micelles of polymeric amphiphiles to 

C3Ms has been little investigated. C3Ms of PAA-b-PAAm and DTAB were found not to 

follow the same scaling properties as polymeric micelles consisting to I-b-S 

copolymers.125 For S-C3Ms of PAA-b-PAAm and P4EVP / P2MVP, and S-C3Ms of 
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PDMAEMA-b-PGMA and PMAA the relationship between Pagg and Ncorona was found to 

be in qualitative agreement with scaling models for micelles consisting of S-b-I block 

copolymers,27, 118, 119 but the dependence of micellar characteristics on Ncorona was found to 

be more pronounced than predicted.118, 119 

2.5.12 Recognition phenomena 

Generally complexation occurs in aqueous mixtures of any type of oppositely charged 

molecules, such as oppositely charged polymers with both matched and unmatched 

polyelectrolyte chain lengths.2, 44, 66, 94-96, 101, 118, 119 However, recognition phenomena have 

been reported. Harada and Kataoka observed chain length recognition in aqueous mixtures 

of PLys-b-PEO and PAsp-b-PEO,90, 91 at pH = 7.3 ± 0.1, where both PLys-b-PEO and 

PAsp-b-PEO have a high ionisation degree, namely 0.967.1 Under the same conditions, 

PLys-b-PEO was found to nearly completely replace PLys, upon addition of a 

stoichiometric amount of PLys-b-PEO to a C3M solution of PLys and PAsp-b-PEO.98 

Bronich et al. have shown that scDNA is selectively bound to P4VP55-b-PEO200 and 

PEI141-g-PEO239 at pH = 5.0 in mixtures of scDNA and lDNA, while no recognition was 

observed for PEI141-g-PEO239 at pH = 7.0, i.e., lower charge density.77 Hence, as already 

mentioned by Gohy et al.,96 it appears that recognition phenomena are operative primarily 

under conditions of high degrees of ionisation, possibly due to entropic reasons. Consider 

the unmatched case, i.e., unequal amounts and/or positions of cationic and anionic charges 

in the core forming blocks of quenched poly acids and bases, due to, for example, a 

disparity in the amount of randomly incorporated neutral monomers. In such systems, 

neither the charge density, nor the position of the charged groups, can be adjusted to 

overcome local charge build-up, so that small counterions need to be incorporated into the 

C3Ms to neutralise the colloidal object as a whole. Hence, the entropy gain due to the 

release of small counterions is smaller for the unmatched than for the matched case and 

recognition phenomena may occur. Furthermore, the separation between core and coronal 

segments may be important, 90, 91, 98 as for example chain length recognition was observed 

for D-C3Ms of PLys-b-PEO and PAsp-b-PEO,90, 91 but not for S-C3Ms of PLys and PAsp-

b-PEO.90 
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2.5.13 Overcharging 

Whether or not C3Ms can be significantly overcharged, i.e., whether excess positive or 

negative charge can be incorporated in the micellar core and/or corona, is a recurring 

question in C3M literature (see also section 2.5.2).46, 47, 63, 68, 70, 108 Many authors address 

this issue in relation with measurements of the ζ-potential.46, 47, 63, 68, 70, 131, 191 However, the 

interpretation of the results is not as straightforward as often assumed. For example, one 

should consider the meaning of the ζ-potential of a particle surrounded by a considerable 

neutral layer, i.e., the micellar corona, as well as the meaning of the ζ-potential in case the 

measured sample contains a distribution of several particles, or particle with a certain size 

distribution. SANS has been applied by Berret et al. to study the occurrence of 

overcharging, and they found conditions where C3Ms of SDS and PTEA-b-PAAm and 

C3Ms of DTAB and PAA-b-PAAm contain considerably more copolymer molecules than 

needed for charge compensation.126 From light scattering experiments, the same authors 

found almost exact charge compensation for C3Ms of PAAm-b-PTEA and γ-Fe2O3.223 

From a combination of light scattering and ζ-potential measurements, Gohy et al. 

concluded that excess PSS170 is incorporated into the corona of C3Ms of P2VP41-b-PEO204 

and PSS170 for f+ < 0.5,29 while Vinogradov et al. concluded from their ζ-potential 

measurements that excess PSP-b-PEO (or PEI-b-PEO) is not incorporated into C3Ms 

consisting of PSP-b-PEO (or PEI-b-PEO) and ODN.191 Alternatively, C3Ms stabilised by 

a single neutral LCST block, such as PNIPAAm,124 may be used to address the issue of 

overcharging. If colloidal stabilisation is solely achieved through steric stabilisation due to 

the neutral, solvent-swollen corona at temperatures below the LCST, i.e., if C3Ms are 

practically uncharged, i.e., not stabilised by excess charge, then the C3Ms should 

precipitate for T > LCST. Indeed, Annaka et al. find precipitation for T > LCSTPNIPAAm for 

C3Ms of DTAB and PAA45-b-PNIPAAm135 under (close to) isoelectric conditions.124 

Furthermore, the same authors find no dependence of the position of the structure peak 

observed in SANS experiments (attributed to the DTAB inter-micellar distance within the 

C3M core) on f+ for near isoelectric conditions, indicating that the C3M composition does 

not significantly change within this range of f+, as a significant charge imbalance would 

lead to a swelling of the micellar core.124 
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2.5.14 Kinetics of micellisation 

The dynamics of association (and dissociation) in aqueous mixtures of oppositely charged 

polymers remains a sparsely investigated topic. It involves exchange reactions, addition 

reactions, and structural rearrangements within primary complexes. Exchange reactions 

are defined as reactions, such as the exchange of one copolymer for another copolymer of 

the same type, wherein the amount of so-called inter-polymeric salt bonds remains 

unchanged and only the local complex geometry may alter. Hence, the driving force is 

related to the redistribution of salt bonds. An addition reaction, such as the addition of a 

copolymer to an existing oppositely charged complex, does change the amount of inter-

polymeric salt bonds, and may therefore result in an entropic gain due to the (partial) 

replacement of numerous small counterions by a single macroion. Structural 

rearrangements may alter both the amount of inter-polymeric salt bonds and the local 

complex geometry. 

Upon mixing of a diblock copolymer with an oppositely charged homopolymer, 

metastable or unstable complexes are obtained initially that rearrange into (presumably) 

micellar particles on timescales of several milliseconds to several (tens of) hours.3, 12, 179, 

235, 258 The transition to a stable state is faster for mixing fractions corresponding to 

shortage of copolymer and excess charge (i.e., non-stoichiometric conditions),179 for more 

hydrophilic monomers (i.e., PAA versus PSS), in the presence of salt,3, 12, 18, 249 and mixing 

of stock solutions of matched pH.179 A pH cycle may show whether the formed particles 

are in a metastable or stable state.179 Direct measurements of aggregation kinetics are 

problematic, as they typically involve the use of probe molecules, such as fluorescent 

markers,108, 249 which tend to influence the observed kinetics, as labelled polymers 

generally have a higher binding affinity since they are more hydrophobic due to the 

presence of the hydrophobic label. Holappa et al. concluded from their experiments on 

C3Ms of PEO-b-PMAA + PMOTAC that there are two processes involved in the kinetics 

of micellisation, as generally observed in the micellisation of amphiphilic polymers, 

namely ‘merging and splitting’ of micelles and ‘insertion and expulsion’ of single chains, 

the latter supposedly being the faster process.108 
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2.5.15 Exchange kinetics 

The rate of exchange kinetics in C3Ms is found to be highly salt-dependent, in analogy 

with the results of Bakeev et al. who found a strong increase in the rate of polyion 

exchange in complexes of long polyanions (‘hosts’) and short polycations (‘guests’) with 

increasing ionic strength.249 Most studies in this field involve DNA-containing C3Ms, as it 

relates to the question how effectively DNA can be incorporated into C3Ms, i.e., whether 

DNA release due to exchange reactions with anionic macroions present under 

physiological conditions can be prevented.18, 204 Several studies found DNA-incorporation 

to be (at least partially) reversible as PAsp could replace DNA in DNA / PEO-b-PLys 

C3Ms,248 and PSS could (at least partially) replace DNA from C3Ms of DNA / PHPMA-

g-PLys.71 

2.6 Applications 

Amphiphilic block copolymer micelles and vesicles are suitable carrier and reactor 

systems in, for example, drug- and gene-delivery and nanoparticle formation, due to their 

high structural stability, chemical diversity, and neutral, relatively inert, corona. High 

stability stems from high glass transition temperatures and low critical micellisation 

concentrations. Their chemical diversity, i.e., several tens of chemically different 

monomers are reported in literature, can be used to incorporate smart functions, such as 

stimulus sensitivity and site-recognition. 

For specific applications, complex coacervate core micelles and vesicles may be 

advantageous over their amphiphilic counterparts. For example, their relatively 

hydrophilic core renders them permeable to hydrophilic solutes. Ionic species, such as 

DNA and proteins, can be easily incorporated and thereby protected, while this is usually 

not possible in the hydrophobic cores of traditional micelles. Preparation is versatile, i.e., 

one-step mixing of stock solutions is usually sufficient, and does not involve organic 

solvents, so that biocompatibility is enhanced due to the absence of trace impurities 

originating from preparation protocols involving organic solvents (such as the stepwise 

dialysis introduced by Tuzar and Kratochvil259). 
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2.6.1 Biomedical applications 

The use of complex coacervate core micelles in biomedical applications (and particularly 

in drug delivery applications) has been reviewed extensively by several authors. 10-20 

Hence, we will refer to these publications for a general overview of the field and focus on 

recent advances only.  

DNA (gene therapy), oligonucleotides (anti sense therapy), dendrimer porphyrins 

(photodynamic therapy),19, 160, 228-230 and other types of drugs may be complexed with a 

copolymer to form a C3M, so that they are subsequently protected as they are buried 

within the micellar core. Alternatively, charged and neutral hydrophilic drugs (and other 

low molecular weight compounds) may be solubilised in the micellar (or vesicular) core 

of an existing C3M,134, 158 which has a higher affinity for such components than the 

traditional polymeric micelles with a hydrophobic core. Additionally, surfactant-

containing C3Ms may also be capable of solubilising hydrophobic compounds.70, 133, 139 

Recently, vesicular aggregates with a complex coacervate membrane have been prepared 

in aqueous solutions. Harada’s group has reported on the formation of vesicles from PEO-

b-P(Asp-AP) / PEO-b-P(Asp-AE) + PEO-b-PAsp copolymers, which they termed 

PICsomes.103 Semipermeability of the coacervate membrane in these vesicles has been 

demonstrated by addition of TRITC and TRITC-dextran to already formed vesicles. 

TRITC was observed inside the vesicles, while TRITC-dextran was not, i.e., the latter 

compound was too large to diffuse through the membrane.103 In a subsequent study, these 

vesicles were loaded with myoglobine, which could be reversibly oxygenated / 

deoxygenated by S2O4
2-. Myoglobine remained active in the presence of the protease 

trypsin in the surrounding solution.104 

One of the major advantages of C3Ms is the potential of triggered drug release 

upon changes in C3M environment,17, 146, 162, 188 as C3Ms are inherently pH and ionic 

strength responsive. Furthermore, temperature sensitivity can be incorporated by using a 

neutral block with LCST behaviour, such as PNIPAAm61, 79, 81, 95, 124, 169, 172, 173 and 

PiPrOx.92 The downside of the near-equilibrium and responsive nature of C3Ms is their 

relatively low stability as compared to their amphiphilic counterparts. For example, Tg’s 

of DHBCs are usually around or below body temperature, and C3Ms have much higher 

CMCs than their amphiphilic counterparts, that can be raised further upon variations in 
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ionic strength, pH, and composition. Hence, enhancement of micellar stability with 

respect to dilution and ionic strength by means of core cross-linking,122, 158, 180, 188 shell 

cross-linking, incorporation of hydrophobic blocks to include hydrophobic interaction,45 

remains an area of active research. 

2.6.2 Formation of metallic and semi-conducting nanoparticles 

Many different types of applications have been suggested for nanoparticle-containing 

C3Ms, including catalysis of hydrogenation,219 formation of silver nanowires,151 and 

particle growth modifiers.6, 154 γ-Fe2O3-containing C3Ms may prove efficient T2-contrast 

agents in MRI, as the clustering of magnetic nanoparticles in the C3M core appears to 

yield enhanced transverse relaxivities R2 = 1/T2, and relaxivity ratios R2/R1.222 Quantum 

dots may be prepared from C3Ms, as demonstrated by the synthesis of cadmium sulphide 

quantum dots from co-assemblies of PEO-b-PS-b-PAA and Cd2+ in aqueous solution175 

and PS-b-PAA-b-PMMA and Cd2+ in various organic solvents.38 

2.6.3 Other applications 

Besides their solution application as protective encapsulators,11, 62, 87, 88, 104, 113, 121, 122, 140-146, 

148-150, 187, 188, 191, 201, 204, 206, 209, 212, 213, 217, 241, 248 controlled release devices,111, 113 142, 145, 146 

stability modifiers, nanoreactors,139, 148, 149, 151, 154, 157, 178, 220 catalysts,219 MRI contrast 

agents,222 quantum dots,175 (multicolour) biosensors,76, 215, 216 et cetera, C3Ms may be used 

to alter surface properties, as they have been shown to physically adsorb on several 

different types of surfaces.117, 225 In some cases, the resulting layer was found to efficiently 

repel specific proteins,117, 260 i.e., such layers may be used in biofouling applications. 

Alternatively, modification of C3M coronal chains with lysozyme has been suggested as a 

potential route in the preparation of biologically active surfaces.176 

2.7 Conclusions and outlook 

Although the experimental body of knowledge on C3Ms is growing rapidly, many 

interesting questions, both of fundamental and more applied nature, remain to be 

answered. For example, little is known about the C3M internal structure, such as the 

extent of counterion inclusion, the structure of the oppositely charged segments, and the 

solvent fraction. Micellar dynamics, the influence of copolymer architecture on micellar 
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characteristics, and how to control C3M morphology, are topics that have remained 

practically uninvestigated. Several other interesting research topics will be addressed 

below. 

2.7.1 Self-assembled C3Ms 

Table 2.1 clearly shows that C3Ms are typically co-assemblies of a neutral-ionic 

copolymer (block, graft, random) and an oppositely charged molecule. We could find no 

more than one report on C3Ms formed via self-assembly, more specifically through 

coacervation of two oppositely charged blocks within the triblock copolymer PEO-b-

PDEAEMA-b-PSEMA.48 As the number of publications on multi-block copolymers is 

steadily increasing, we anticipate a growing number of publications on self-assembled 

C3Ms, such as flowerlike C3Ms of C-b-S-b-A triblock or A-b-S-b-C-b-S-b-A pentablock 

copolymers. At higher concentrations, such structures may lead to the formation of 

macroscopic gels with tuneable properties. 

2.7.2 PICsomes with asymmetric membranes for the directed insertion of proteins 

Stoenescu and co-workers have prepared vesicles in water with asymmetric PMOX / PEO 

membranes from PEO-b-PDMS-b-PMOX copolymers,261, 262 intended to induce a directed 

insertion of membrane proteins. PEO could be selectively localised in the vesicular 

interior or exterior by variation of the relative lengths of the PMOX / PEO blocks. The 

authors could show that a His-tag labelled membrane protein, Aquaporin 0, could be 

inserted directionally into the asymmetric membrane of these vesicles, whereas no 

preferred orientation was observed in lipid and copolymer vesicles with symmetric 

membranes.263 Furthermore, such systems were argued to offer a convenient way to 

modify the inner and outer surface of vesicles with different functional groups. By 

combination of Harada’s approach to synthesise PICsomes,103 Stoenescu’s reports on the 

directed insertion of membrane proteins in synthetic vesicles with asymmetric 

membranes, and our own work on chain segregation within C3Ms,94, 99-101 PICsomes with 

asymmetric membranes for the directed insertion of proteins may be prepared. 

2.7.3 Semi-dilute and concentrated regime 

So far, almost all reports on C3Ms have focused on dilute conditions. Phase behaviour in 
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more concentrated systems has only rarely been investigated.221, 264 Gel-like properties264 

and exotic phase behaviour, especially for C3Ms consisting of two oppositely charged 

diblock copolymers or triblock copolymers and non-spherical C3Ms, may be anticipated.  

2.7.4 Theranostics 

Combining the recent advances on C3M-assisted formation of MRI contrast agents222 and 

selective targeting of drug-containing C3Ms by means of covalent end-attachment, i.e., 

end-functionalisation,11, 197, 198 of C3Ms with, for example, lactose,87, 115, 196 thiolgroups,192 

biotin,192 and transferrin,73 we anticipate large activity in the field of theranostics. It is our 

expectation that tagged biocompatible C3Ms containing both MRI contrast agents and 

drugs will soon be prepared. Haam and co-workers very recently reported on their 

amphiphilic counterpart: herceptin-tagged magnetic nanocrystal and doxorubicin loaded 

PLGA-b-PEO micelles.265 

2.8 Abbreviations 

A   adenine 

A   anionic (chargeable) component 

AOT   bis(2-ethylhexyl) sulfosuccinate 

BIC   block ionomer complex 

BSA   bovine serum albumine 

C   cationic (chargeable) component 

C3M   complex coacervate core micelle 

CAC   critical aggregation concentration 

CMC   critical micellisation concentration 

CPB   cetylpyridinium bromide or hexadecyl pyridinium bromide 

C16SU   isothiuroniumethylhexadecyldimethylammonium bromide 

CTAB   cetyltrimethylammonium bromide or hexadecyl trimethylammonium 

bromide 

CTAC   cetyltrimethylammonium chloride or hexadecyl trimethylammonium 

chloride 

D-C3M   double copolymer C3M 
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DDDAB  didodecyldimethylammonium bromide 

DHBC   double hydrophilic block copolymer 

DODAB  dimethyldioctadecylammonium bromide 

DPB   dodecylpyridinium bromide 

DPC   dodecylpyridinium chloride 

DTAB   dodecyltrimethylammonium bromide 

Eu:YVO4  europium doped yttrium vanadate 

ETC   (1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide methiodide) 

γ-Fe2O3  maghemite 

FSA   lithium carboxylate anionic fluorosurfactant (Dupont) 

FSE    ammonium phosphate anionic fluorosurfactant (Dupont) 

HPB   hydrogenated poly(butadiene) 

HPI   hydrogenated poly(isoprene) 

I   neutral solvent-insoluble component 

IPEC   interpolyelectrolyte complex 

KALA   a fusogenic peptide 

lDNA   linearised plasmid DNA 

LS-T   Light scattering-titration 

OA   oleic acid 

ODN   (chemically modified) oligonucleotide, such as oligodeoxynucleotide 

PAA   poly(acrylic acid) 

PAAm   poly(acryl amide) 

PAEMA  poly(2-(N-amino) ethyl methacrylate hydrochloride) 

PAETB  poly(4-(2-amino hydrochloride-ethylthio)butylene) 

PAH   poly(allyl amine) hydrochloride 

PAMPS  poly(sodium 2-(acrylamido)-2-methylpropanesulfonate) 

PAsp   poly(α,β-aspartic acid) 

P(Asp-AE)  poly((2-aminoethyl)-α,β-aspartamide) 

P(Asp-AP)  poly((5-aminopentyl)-α,β-aspartamide) 

P(Asp-Cit)  poly((N-citraconyl-2-aminoethyl)aspartamide) 

P(Asp-APAP) poly(3-((3-aminopropyl)amino)propyl aspartamide) 
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PB   poly(1,2-butadiene) 

PCEA   poly(2-cinnamoyloxyethyl acrylate) 

PCEMA  poly(2-cinnamoyloxyethyl methacrylate) 

PCETB  poly(4-(2-sodium carboxylate-ethylthio)butylene) 

PCL   poly(ε-caprolactone) 

PCMA  poly(cesium methacrylate) 

PDADMAC  poly(diallyldimethylammonium chloride) 

PDEAEMA  poly(2-(N,N-diethylamino)ethyl methacrylate) 

PDEMAEMA poly(2-(N,N,N-diethylmethylamino)ethyl methacrylate) 

PDMAAm  poly(N,N-dimethylacryl amide) 

PMADAMB  poly((methacryloyl)oxyethyldimethylbenzylammonium chloride) 

PDMAEMA  poly(2-(N,N-dimethylamino)ethyl methacrylate) 

PDMAPMA  poly(N-(3-dimethylamino)propyl) methacrylamide) 

PDMS   poly(dimethylsiloxane) 

pDNA   plasmid DNA 

PEAA   poly(ethyl acrylic acid) 

PEA   poly(ethyl acrylate) 

PEI   poly(ethylene imine) 

PEO   poly(ethylene oxide) 

PEOA   poly((ethylene oxide)methyl-ether acrylate) 

PEOMA  poly((ethylene oxide)methyl-ether methacrylate)  

P4EVP  poly(N-ethyl-4-vinyl pyridinium bromide) 

PF   poly(fluorene) 

PFMA poly(R methacrylate), R contains fluorene and quaternised amino 

units 

PFS poly(ferrocenylsilane) 

PFD perfluorodecanoic acid 

PFP perfluoropentanoic acid 

PFSA perfluorosebacic acid 

PGMA poly(glyceryl methacrylate) 

PHEA poly(hydroxyethylacrylate) 
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PHEEI  poly(2-hydroxyethyl-ethylene imine) 

PHEGMA  poly(hexa(ethylene glycol) methacrylate) 

PHEMA  poly(2-hydroxyethyl methacrylate) 

PHENIMA  poly(N-(2-hydroxyethyl)nicotinamide methacrylate) 

PHPMA  poly(N-(2-hydroxypropyl) methacrylamide) 

PHYMIMMA poly(4-(5-methylimidazoyl)methyl methacrylate) 

PI   poly(isoprene) 

PIB   poly(isobutylene) 

PIC   polyion complex micelle 

PiPrOx  poly(2-isopropyl-2-oxazoline) 

PLac   poly(D,L -lactic acid) 

PLeuc   poly-L-leucine 

PLys   poly-L-lysine 

PMAA  poly(methacrylic acid) 

PMALA  poly(maleic acid) 

PMAPTAC  poly(3-(methacryloylamino)propyl trimethylammonium chloride) 

PMC   preferred micellar composition 

PMOTAC  poly((methacryloyloxyethyl)trimethylammonium chloride 

PMMA  poly(methyl methacrylate) 

PMS   poly(methylstyrene) 

P2MVP  poly(N-methyl-2-vinyl pyridinium iodide) 

P4MVP  poly(N-methyl-4-vinyl pyridinium iodide) or poly(N-methyl-4- 

vinylpyridinium sulfate) 

PBMA  poly(N-butyl methacrylate) 

PNIPAAm  poly(isopropyl acrylamide) 

PNVP   poly(N-vinyl pyrrolidone) 

PP   poly(propylene) 

PPh   poly(phenylene) 

PSCI   poly((sulfamate-carboxylate)isoprene) 

PSEMA  poly(2-succinyloxyethyl methacrylate) 

PS   polystyrene 
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PSGMA  succinated poly(glyceryl methacrylate) 

PSP   polyspermine 

PSS   poly(styrene sodium sulfonate) 

PtBA   poly(tert-butyl acrylate) 

PtBAAm  poly(t-butyl acryl amide) 

PTEA   poly(trimethylammonium ethyl acrylate methyl sulfate) 

PTMAEMA  poly(2-(N,N,N-trimethylamino)ethyl methacrylate) 

PVOH   poly(vinyl alcohol) 

P2VP   poly(2-vinylpyridine) 

P4VP   poly(4-vinylpyridine) 

P4VPh  poly(4-vinyl phenol) 

PVS   poly(vinyl sulfonate) 

S   neutral solvent-soluble component 

S-C3M  single copolymer C3M 

scDNA  supercoiled plasmid DNA 

SCP   soluble complex particles 

SDS   sodium dodecyl sulfate 

SD   sodium decanoate 

SFD   sodium perfluorodecanoate 

T   thymine 

TDS   sodium tetradecyl sulfate 

TDTAB  tetradecyltrimethylammonium bromide 

TMAB  trioctylmethylammonium bromide 

 
Throughout this review, polymers may be represented as soluble ‘S’, insoluble ‘I’, and 

cationic ‘C’ or anionic ‘A’ (chargeable). Polymers whereof solvent solubility is dependent 

on specific physicochemical conditions, will be categorised according to the following 

rule. Those exhibiting LCST behaviour may be solvent soluble at room temperature, but 

insoluble at elevated temperatures; vice versa for UCST polymers. They will be 

categorised as ‘S’. Likewise, polymers which charge is dependent on pH and ionic 

strength, i.e., weak polyelectrolytes, that may be insoluble at low charge density and 
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soluble at high charge density, will be categorised as ‘C’ or ‘A’. For example, S-b-A 

denotes a block copolymer consisting of a neutral water-soluble and an anionic 

(chargeable) block. In case of copolymers such as random (also known as statistical) 

copolymers, the prefix P is written before the brackets, to indicate that the monomers are 

polymerised simultaneously in a certain ratio. Hence, a copolymer of PAAm, poly(acryl 

amide), PAAm and poly(acrylic acid), PAA is denoted as P(AAm-co-AA). 

Numbers in subscript denote the degree of polymerisation. For random and graft 

copolymers, the subscripts correspond to the total degree of polymerisation, i.e., 

P(AAm100-co-AA20) signifies a random copolymer of AAm and AA in monomer mole 

ratio 100 / 20 corresponding to a total of 100 AAm and 20 AA monomers. A graft 

copolymer with 10 AAm grafts of 5 monomers and 20 AA monomers is denoted as 

PAA20-g-PAAm50, i.e., the same as a PAA graft copolymer with 1 PAAm graft of 50 

monomers. 

Throughout this review, we employ one abbreviation per polymer. Hence, we use 

e.g., PAA and PMAA to refer to poly(acrylic acid) and poly(methacrylic acid) 

independent of the counterion used for neutralisation, whereas they are often referred to as 

PAA and PMAA when neutralised with hydrogen counterions, and as PANa and PMANa 

when neutralised with sodium counterions. 
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3 
Self-consistent field theory for obligatory 

co-assembly∗ 

Abstract 
We present a first-order model for obligatory co-assembly of block copolymers via 
an associative driving force in a non-selective solvent making use of the classical 
self-consistent field theory. The key idea is to use a generic associative driving 
force to bring two polymer blocks together into the core of the micelle and to 
employ one block of the copolymer(s) to provide a classical stopping mechanism 
for micelle formation. The driving force is generated by assuming a negative value 
for the relevant short-range Flory-Huggins interaction parameter. Hence, the model 
may be adopted to study micellisation via H-bonding, acceptor-donor interactions, 
and electrostatic interactions. Here, we limit ourselves to systems that resemble 
experimental ones where the mechanism of co-assembly is electrostatic attraction 
leading to charge compensation. The resulting micelles are termed complex 
coacervate core micelles (C3Ms). We show that the predictions are qualitatively 
consistent with a wide variety of experimentally observed phenomena, even though 
the model does not yet account for the charges explicitly. For example, it 
successfully mimics the effect of salt on C3Ms. In the absence of salt C3Ms are far 
more stable than in excess salt where the driving force for self-assembly is 
screened. The main limitations of the SCF model are related to the occurrence of 
soluble complexes, i.e., soluble, charged particles that coexist with the C3Ms. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

∗In slightly modified form submitted as: Voets, I. K.; Leermakers, F. A. M. Physical Review E 2008. 
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3.1 Introduction 

More than twenty years ago a successful model was launched that is able to account for 

both the starting and the stopping mechanism for self-assembly in a selective solvent 

making use of the self-consistent field (SCF) theory. Typical examples that were 

elaborated on, are the formation of micelles by surfactant molecules (ionic as well as non-

ionic) in water, the formation of bilayer membranes by lipid molecules, again in aqueous 

solutions, and the formation of polymer micelles via copolymer self-assembly in selective 

solvents. For such systems, micelles can already form when there are just two components 

in the system: an amphiphilic entity and a monomeric solvent. The method employs close 

to molecularly realistic input parameters and allows for semi-quantitative predictions of 

many experimental observables, such as the critical micellisation concentration, and 

structural, mechanical, and thermodynamical quantities, such as density distributions, 

compressibility, bending moduli, and interfacial tension. 

The driving forces for polymer micellisation in selective solvents often appear to 

be extremely strong, leading to kinetically frozen micelles of which the structure 

invariably depends on the experimental path followed to produce these objects. Although 

this irreversibility may be beneficial for certain applications where high structural stability 

is required, here we are interested in micelles that are significantly closer to some 

thermodynamic control. In the mid-90's, novel types of polymer micelles that are potential 

(near) equilibrium structures have been developed experimentally.1-3 They are formed 

through a co-assembly process. Two polymers, of which at least one is a block copolymer, 

are mixed in a common solvent. One block of the copolymer has a strong affinity to the 

other chain,1, 3 or to one block of the other chain.2 The polymeric nature gives a 

cooperativity to the micellisation process,1, 4 so that the individual contacts, i.e., on the 

segment level, need not be extremely strong for the associative phase separation to occur. 

Hence, the driving forces may be relatively weak, leading to potential equilibrium 

structures with a non-negligible solvent fraction.4, 5 We call this type of assembly, 

(obligatory) co-assembly, because the micelle formation only occurs if both molecular 

species are present in the system. Examples include micelles formed via H-bonding, donor 

/ acceptor interactions, and electrostatic interaction. The latter type of micelles is termed 
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complex coacervate core micelles (C3Ms), after the nature of the driving force, complex 

coacervation.3 In the absence of a block (as present in the copolymer) that is not involved 

in the associative phase segregation process, macroscopic phase separation would have 

been the result. Indeed, the inactive block accumulates on the outside of the core, 

providing a classical stopping mechanism and leading to micelles of mesoscopic size. 

Their exact size and shape is determined by the molecular composition and the strengths 

of interactions of all molecular species involved. 

Since their discovery in 1995,2 complex coacervate core micelles have been 

systematically investigated. Their micellisation is governed by charge compensation, 

more precisely by Coulombic attraction and entropy gain through counterion release. At 

least three chemically different molecules are involved, monomeric solvent and two types 

of molecules containing charged segments with opposite charge sign. These charged 

segments often carry annealed charges, which means that the segments do not have a 

fixed charge, but there is a certain probability that they may be charged. Their charge 

density is a function of the solution pH, ionic strength, and proximity to other charged 

species. Hence, C3Ms are inherently complex species, as their structure and stability 

depends on a multitude of variables. Apart from those relevant for all micelles stabilised 

via the classical stopping mechanism - such as core and corona block length, and core to 

corona block length ratio - several additional factors affecting the strength of electrostatic 

interactions are of importance, such as the aforementioned charge density and ionic 

strength. As it is impossible to study all possible scenarios experimentally, and rather 

difficult and time-consuming to investigate all parameters individually (i.e., ceteris 

paribus), as some are coupled and/or require synthetic efforts, it is fair to say that the field 

will certainly benefit from a molecular level modelling of these systems. 

Here, we will present a primitive first-order model that captures or mimics the 

basic features of co-assembled systems. It is based on a simplified physical picture, 

implying that, for example, the chemistry of the charged groups, the electrostatic nature of 

the driving force, and the local correlation effects between complexed segments are not 

(explicitly) accounted for. Instead, the key idea is to use a generic associative driving 

force, generated in a purely pragmatic fashion, to bring two polymer blocks together into 

the core of the micelle and to employ one block of the copolymer to provide a classical 
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stopping mechanism for micelle formation. This driving force is generated by assuming a 

negative value for the relevant short-range Flory-Huggins interaction parameter, χ. As we 

will see, such a crude approach is surprisingly capable of mimicking several important 

physicochemical properties of these systems. For example, to optimise the number of 

favourable contacts the system automatically tends to evolve towards a state wherein the 

core has close to equal composition of the attractive species. The theory focuses on the 

properties of the micelles, while the bulk solution (dilute in polymers) is assumed to be 

ideal. The latter is known to be an approximation, because even in dilute solutions 

polymers of opposite charge may form soluble complexes. As a result, we may anticipate 

artefacts of the SCF model. 

First, we will briefly outline general C3M characteristics that may be used to check 

the applicability of the SCF model and subsequently, that we might gain a deeper 

understanding of, via the modelling. Then, the SCF model and underlying theory is 

discussed. Consecutively, we will present results on the co-assembly of two 

homopolymers in a non-selective solvent, giving rise to a macroscopic associative phase 

separation. This study provides us with relevant parameters that will be used in the 

subsequent section on the co-assembly of diblock copolymers giving rise to the formation 

of mixed micelles. Finally, micellisation in asymmetric ternary systems will be addressed 

briefly, i.e., the co-assembly of a diblock copolymer and a homopolymer. Note that the 

results will primarily be given in dimensionless units. 

3.1.1 C3M characteristics 

One of the most fundamental characteristics of complex coacervate core micelles is their 

tendency towards local charge compensation. Indeed, the driving force for micellisation is 

electrostatic in nature, but upon complexation the mean electrostatic potential vanishes. It 

is necessarily replaced by local electrostatic forces driving positive segments to be near 

negative segments, thereby holding the micelles together. Hence, in the micellar core, the 

number of positive and negative charges is approximately equal, and if there is a disparity 

between these two types of segments, there is monomeric salt that will prevent the built-

up of huge electrostatic potentials.4, 5 This brings us to another generic feature, the 

destabilisation of C3Ms upon addition of an excess of monomeric salt via charge 
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screening. Above a certain ionic strength, denoted as the critical ionic strength, micelles 

can no longer be observed experimentally.1, 3, 4 Other general physico-chemical properties 

are rather high critical micellisation concentrations (CMC), polydispersities (in size), and 

solvent fractions, as compared to other types of polymer micelles, and rather low 

aggregation numbers. It seems likely that these differences are related to the relative weak 

nature of the driving force, i.e., electrostatic interaction, as compared to hydrophobic 

interaction. Similarly, it may render (some) C3Ms near-equilibrium structures. 

3.2 Theory 

3.2.1 Thermodynamics 

The thermodynamic analysis of micelle formation is generic. Hence, the type of driving 

force, i.e., whether it is associative (giving rise to obligatory co-assembly) or segregative 

(resulting in self-assembly), is immaterial for a macroscopic description. Therefore, we 

can make use of the existing thermodynamic framework and extend it to the present 

system. According to thermodynamics of small systems,6-8 the central quantity of interest 

is the (excess) grand potential ε of a micelle, which may also be interpreted as the work of 

formation of the micelle. Indeed, in a closed system, i.e., an ( ){ }, ,i V Tµ  ensemble, the free 

energy (Helmholtz energy, F) is the characteristic thermodynamic function, with 

 F U TS≡ − , and (3.1) 

 d d d d di i
i

U T S p V n Nµ= − + +∑ E , (3.2) 

so that  

 d d d d d d di i
i

F dU T S S T p V n N S Tµ= − − = − + + −∑ E , (3.3) 

where i is the index referring to the type of molecule, n is the number of molecules and µ 

is the chemical potential. The optimisation of F to the number of micelles N at constant 

volume V, ni, and temperature T, gives 

 0F
N

∂ = =
∂

E , (3.4) 

i.e., there should be no energy involved in the formation of micelles. The system is 

thermodynamically stable when the second derivative of F to N is positive, i.e., when F is 
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in a minimum. 

Below we will implement an SCF theory that makes use of lattice approximations. 

In such an approach, a liquid phase is typically considered to be incompressible, meaning 

that all lattice sites in the system are filled by solvent or segments of molecules. This 

convention will be followed, i.e., we consider systems that do not have the possibility to 

change their volume. Hence, the volume work term −pdV (Eqn (3.2)) can be dropped in 

the thermodynamic analysis, and by integration over the extensive variables in (3.2) the 

total grand potential reduces to 

 i i
i

N F n µ= −∑E . (3.5) 

Within the SCF model one can only model one micelle (N = 1) that sits with its centre of 

mass in the centre of the coordinate system, i.e., one typically considers a micelle without 

translational degrees of freedom. The grand potential in these calculations is identified by 

εm, often referred to as the translationally-restricted grand potential: 

 lnm B mk Tε ϕ= −E , (3.6) 

where −kBTlnϕm = −TStr, with the Boltzmann constant kB, Str being the entropy associated 

to the translational degrees of freedom of the micelle (dilute solutions, no interactions), 

and εm being the intrinsic work of formation of the micelle. Eqn (3.6) can be used to 

estimate the volume fraction of micelles for a particular case with given εm > 0. 

3.2.2 Molecular modelling 

3.2.2.1 The lattice and the molecules 

Here we follow the method of Scheutjens and Fleer, known as the SF-SCF theory. In 

analogy to the Flory-Huggins theory for polymer solutions, these authors suggested to 

represent a polymer chain by a sequence of segments. As each segment has a length b and 

all further spatial features of the segments are ignored, the segments are essentially 

spheres. [Below we will see how the interactions between segments and the interactions 

between segments and solvent molecules are accounted for.] 

The system consists of the following molecules: two polymeric species
A BN NA B (i = 

1), and
C BN NC B (i = 2), monomeric solvent molecules W1 (i = 3), and (in some of the 
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calculations) an extra pair of monomers N1 (i = 4) and P1 (i = 5). Here the sub index 

indicates the number of repeats of each monomer type. Thus the total number of 

monomers is given by the set { ,  ,  ,  ,  ,  }A B C W N P . In the following, this set will be 

referred to by the sub indices A and/or B. For each molecule all segments obtain a ranking 

number, e.g., for the (i = 1) polymer s = 1, 2, … NA+NB, where the first NA segments are 

of segment type A and the remainder is of type B. We introduce chain architecture 

operators, ,
A

i sδ , which assume the value unity when segment s of molecule i is of segment 

type A and zero otherwise. For example, 2,1 1Cδ = , and 1, 1 1
A

B
Nδ + = , but 3,1 0Nδ = , because 

3,1 1Wδ = . Note that for NB = 0, the system reduces to two homopolymers. Alternatively we 

may choose only to remove the B-block of the second copolymer, which results in a 

system with a copolymer, a homopolymer, and a monomeric solvent. 

Again following Scheutjens and Fleer, and similarly as in the Flory-Huggins 

theory, the space is subdivided into lattice sites. The characteristic length of a lattice unit 

is taken identical to the segment size b, such that all segments fit exactly onto the lattice. 

In the Flory-Huggins theory all lattice sites are identical and there are no spatial gradients 

in the system. In the Scheutjens-Fleer method, however, the lattice sites are arranged in 

layers, and the mean-field averaging is performed only along lattice sites within such 

layer. Volume fraction gradients are allowed to develop between layers only. In the 

classical SF-SCF theory, the lattice layers are parallel arrangements of a very large 

number of lattice sites L and the flat layers are numbered z = 1, 2, …., M. Below we will 

use this approach to evaluate the macroscopic phase behaviour of polymer mixtures in a 

non-selective solvent. In the following we will focus on the case of spherical micelles and 

trust that the applications of the theory for the macroscopic phase behaviour will be 

evident. 

To model (spherical) micelles, one should use a spherical coordinate system that 

consists of shells of lattice sites and use an index r to refer to these layers r = 1, 2, …., M. 

The implementation of the spherical coordinate system has been described in the literature 

several times.9-11 In short, it follows that the number of lattice sites L in layer r from the 

centre, obeys to ( ) ( )( )334 1
3

L r r rπ= − − . Next, there exist transition probabilities ( )',r rλ  
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to go from a site in layer r to a site in 'r  by taking a step of length b. In such cases it is 

clear that one can only end-up within the layer, that is, r = 'r , or in neighbouring layers 
' 1r r− = , and thus that ( )'

'
1, , 1

, 1
r r r r

r rλ
= − +

=∑ . These a priori transition probabilities are 

used to evaluate the short-range lateral interactions between segments as well as in the 

evaluation of the statistical weights of the chain conformations (both issues will be 

discussed below). 

Polymer chains can exist in many different conformations. Here a conformation is 

specified by the set of lattice sites in which the segments are positioned. So conformation 

c of molecule i is given by ( ) ( ) ( )1 2{ 1 , , 2 , ,....., , }c c c
i i i i sc r r s r= . As the statistical weight of 

any conformation can not depend on whether this is evaluated starting form the si = 1 or 

the si = Ni end of the polymer chain, there exists an internal balance equation that links the 

r dependences of the transition probabilities to the r dependence of the number of lattice 

sites: 

 ( ) ( ) ( ) ( )' ' ', ,L r r r L r r rλ λ= . (3.7) 

The total number of distinguishable conformations of a typical polymer molecule i is very 

large. In principle it is possible to restrict the analysis to the set of conformations that are 

self-avoiding, that is, conformations that do not have two segments at the same lattice site. 

The set of self-avoiding conformations is still huge, especially for chain lengths that 

exceed the oligomer length, i.e., Ni > 15. There are a few alternative approaches that one 

can follow at this point. First, it is possible to generate a sub-set of self-avoiding 

conformations and use this subset in the SCF machinery. Such an approach is known as 

the single-chain mean field (SCMF) approach.12 For computational reasons it is hard to 

handle more than say 106 conformations in such a procedure. When the subset of 

conformations is generated without any bias, one should keep in mind that the majority of 

conformations are close to random coil like. Elongated conformations or chains that are 

strongly stretched, such as they typically occur for copolymer chains inside a micelle, will 

be relatively rare. As a result the SCMF approach must be used with caution. 

Alternatively, one can turn to a freely-jointed chain model. It appears that it is 

possible to account for the full set of freely-jointed chain conformations very efficiently. 

In this chain model one accounts for intrachain excluded-volume effects in an 
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approximate way, as it is allowed that some conformations have segments on the same 

site. As in an SCF theory inter-chain excluded-volume effects are already treated on a 

mean-field level, the freely-jointed chain (FJC) model treats the inter-chain and intrachain 

excluded-volume effects on the same footing. That is why we have a strong preference for 

the FJC model, and use a computational technique first suggested by Scheutjens and 

Fleer. Again, within the FJC model there exists an extremely efficient propagator scheme 

to generate the statistical weight of all possible and allowed conformations. This will be 

presented next. 

3.2.2.2 SCF machinery 

At the basis of the molecular modelling is the partition function Q, which essentially is the 

number of relevant distinguishable states that the system can be in. As this partition 

function is of the mean field type, there are major approximations involved. For example, 

the lattice approximations and the fact that the statistical weights of the chains are 

evaluated using a freely-jointed chain approximation, as mentioned above. Even more 

importantly, in a mean field theory the binary interactions that act between molecules are 

replaced by the interaction of a molecule with a pre-averaged surroundings (i.e., the ‘mean 

field’). This surrounding may be seen as some external potential fields u(r). As these 

potentials are iteratively adjusted according to the computed surroundings, the optimised 

potentials are ‘self-consistent’. 

Conjugated to the potentials there are the concentration distributions of the 

components. In a lattice model typically dimensionless concentrations, i.e., volume 

fractions ϕ, are used. These volume fractions ϕ follow uniquely from the potentials and as 

the potentials are a function of the volume fractions, one may also refer to the volume 

fractions as being self-consistent. In short it turns out that the free energy, and thus also 

the grand potential can be written as functions of the couple (ϕA(r), uA(r)). Here the index 

A refers to the type of segment and r refers to a relevant spatial co-ordinate. Thus, the 

machinery of the SCF theory may be schematically summarised by 

 [ ] [ ]u uϕ ϕ→← , (3.8) 

showing that the volume fractions are an unique function of the potentials (left hand side) 

and the potentials are a unique function of the volume fractions (right hand side). [Note 
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that both quantities have an A and r dependence that is not indicated.] 

3.2.2.3 From potentials to volume fractions 

At this point we assume that for all coordinates r and for all segment types A the segment 

potentials are known and illustrate how one then can compute the volume fraction 

profiles, that is, the volume fraction ϕ for each coordinate r for each segment type A. 

When these segment potentials are known it is possible to select the potential felt by 

segment s of molecule i at coordinate r by scanning all segment potentials and using the 

chain architecture operators 

 ( ) ( ) ,, A
i A i s

A
u r s u r δ=∑ . (3.9) 

It is well known that there is a strong analogy between the path followed by a diffusing 

particle and the conformation of a long polymer chain. For a Gaussian chain the analogy 

is complete, because in the Gaussian chain model excluded-volume effects are not 

accounted for. One can account for the excluded volume of the chains in an approximate 

way using the Edwards diffusion equation, i.e., diffusion in a potential field u(r): 

 
2( , ) ( , )= ( , ) ( , )

6
i i

i i
B

G r s u r sb G r s G r s
s k T

∂ ∆ −
∂

, (3.10) 

where the Laplace operator 2=∆ ∇  in the spherical coordinates is given by 

2
2

1= r
r r r

∂ ∂ ∆  ∂ ∂ 
. This differential equation must be complemented with proper initial 

conditions and boundary conditions. Within the Scheutjens-Fleer formalism this equation 

is represented by a set of recurrence equations, and this implies a subtle shift from the 

Gaussian chain to the freely-jointed chain model. The method starts by introducing 

Boltzmann weights ( , )( , ) = exp i
i

B

u r sG r s
k T

− . The chain connectivity is accounted for by two 

propagators that are started from opposite ends: 

 ( , |1) = ( , ) ( , 1|1)i i iG r s G r s G r s −  (3.11) 

 ( , | ) = ( , ) ( , 1| )i i iG r s N G r s G r s N+ , (3.12) 

with initial conditions ( ,0 |1) = ( , 1| ) = 1i iG r G r N N+  for all r. In these equations the 

information in the end-point distribution functions G after the vertical bar reminds us of 
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the segment number (chain end) where the propagators have been initiated. Here the 

angular brackets give a three-layer average weighted by the a priori step probabilities 

 
2

( ) = ( , ) ( ) ( ) ( )
6r

bX r r r X r X r X rλ
′

′ ′ ≈ + ∆∑  (3.13) 

In this equation the site average is illustrated on some function X that depends on r. On the 

right hand side of Eqn (3.13) is the continuum analogue of the site fraction. 

The volume fraction of segment s of molecule i at coordinate r follows from the 

so-called composition law which combines the two complementary end-point distribution 

functions that have been initiated at opposite ends: 

 ( , |1) ( , | )( , ) =
( , )

i i
i i

i

G r s G r s Nr s C
G r s

ϕ  (3.14) 

The division by Gi(r, s) is introduced to account for the fact that the potential field 

experience by segment s of molecule i at coordinate r is accounted for already in both 

complementary end-point distributions. The normalisation constant Ci may be found 

straightforwardly. It can be shown that 

 = =
( |1)

b
i i

i
i i

nC
N G N
ϕ , (3.15) 

where ϕi
b is the volume fraction of molecule i in the bulk (indicated by the super index b), 

and ni is the number of molecules of type i in the system. This quantity is computed from 

= ( , ) ( )i ir s
n r s L rϕ∑ ∑ . The single chain partition function ( |1)iG N  gives the combined 

statistical weight of all possible and allowed conformations of molecule i in the system 

and follows from ( |1) = ( , |1) ( )i ir
G N G r N L r∑ . It can be shown that, because the method 

obeys the inversion symmetry, we have ( |1) = (1| )i iG N G N . From Eqn (3.15) it is clear 

that either ϕi
b, or ni must be an input quantity for the calculations. However, because there 

must be an incompressibility condition in the bulk 

 = 1b
i

i
ϕ∑ , (3.16) 

we can compute the normalisation for one of the components (typically this is done for the 

solvent molecule) from the C values of all other ones. It is of interest to mention that the 

above propagator scheme also applies to monomeric species. For these components the 

procedure reduces to ( ) = ( ,1)i i ir C G rϕ . 
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It is convenient to compute from the volume fractions that depend on the segment ranking 

number, the corresponding quantities that depend on the segment type. These quantities 

are found by scanning all segment distributions and adding them together if the segments 

are of the proper type: 

 ,( ) = ( , ) A
A i i s

i s
r r sϕ ϕ δ∑∑ . (3.17) 

Similarly, one can evaluate the volume fraction of A in the bulk, collected in ϕi
b for all 

segment types A. 

3.2.2.4 From volume fractions to potentials 

In this section we assume that the volume fractions of all segment types are known at all 

coordinates in the system, including the bulk and show that from this the segment 

potentials follow. Physically, the segment potential at coordinate r of segment type A, 

should contain the work needed to bring this segment A from infinite distance (somewhere 

in the bulk where the reference of the potential is chosen) to the coordinate r. 

There exists a recipe to obtain the segment potentials that belong to the 

corresponding Helmholtz energy of the systems. We will not attempt to derive the 

potentials. Instead the final result will be presented. Only two contributions will be 

accounted for: 

 ( ) = ( ) ( )FH
A Au r u r u r′ +  (3.18) 

The first term in Eqn (3.18) is called the Lagrange field. Its value is chosen such that the 

system obeys the incompressibility condition 

 ( ) = 1A
A

rϕ∑ , (3.19) 

 which should be obeyed at all coordinates r. Physically it may be interpreted as the work 

needed to give up an empty lattice site in the bulk and to create one at coordinate r. This 

empty space is needed to place the segment A. This work is independent of the segment 

type, as all segments in our model are of equal size. When for some reason there are 

insufficient segments at some coordinate r′ , the value of ( )u r′ ′ will be decreased such that 

all segment potentials ( )Au r′  decrease proportionally. This will have the consequence that 

more segments are attracted to this coordinate as anticipated. When some coordinate is 
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overpopulated, the value of ( )u r′ will be increased with the effect that segments are 

pushed out. 

The second term in Eqn (3.18) is the term that accounts for the short-range 

interactions between segments and solvent molecules. Within a lattice approach where all 

lattice sites are filled (incompressible system), it is possible to use Flory-Huggins (FH) 

parameters ( )= 2 / 2AB AB AA BB BZ U U U k Tχ − − . In this equation Z is the lattice coordination 

number, that is, the number of neighbours of a particular lattice site which is assumed to 

be constant throughout the lattice. From this FH parameter we see that, when the energetic 

contributions that originate from a contact between A and B (given by UAB) are higher 

than the average contributions between an A-A and a B-B contact, A and B repel each 

other and χAB > 0. On the other hand when the interaction of an A-B contact is more 

favourable than the average of A-A and B-B contacts, then the corresponding χAB < 0 and 

the system has the tendency to make A-B contacts. Below we will focus on such attractive 

conditions to generate associative phase segregation and complex coacervate core 

micelles. Following the Flory-Huggins theory and in its most primitive form, the short 

range interactions can be implemented using the Bragg-Williams approximation. Within 

the Bragg-Williams approximation the probability of having an A-B contact, for a segment 

A at coordinate r is given by the volume fraction of B at this coordinate and thus 

 ( )( ) = ( )FH b
A AB B B

B
u r rχ ϕ ϕ−∑ , (3.20) 

where the angular brackets implement the fact that an A-B contact can also take place 

between two segments that are in neighbouring lattice layers. The quantity b
Bϕ  is 

introduced to normalise the segment potentials to be zero in the bulk. In many SCF 

approaches the angular brackets in the segment potentials are omitted. Note however that 

these angular brackets are essential especially for systems that feature strong volume 

fraction gradients. In mixtures of two strongly segregating monomeric components, the 

angular brackets are essential to model the interface between the two phases. 

3.2.2.5 Numerical solution 

The above set of equations is closed and may be solved numerically once proper boundary 

conditions have been specified. In principle there are only two coordinates that need 



Self-consistent field theory for obligatory co-assembly 

 90

special attention, that is, r = 0 and r = M + 1. As there are no lattice sites at r = 0, there is 

no need to worry about this side of the system. At the other side of the system, however, 

we have implemented reflecting boundary conditions. This means that for all relevant 

quantities ( )X r , we have implemented ( 1) = ( )X M X M+ . Such reflecting boundary 

conditions are needed in the propagators where, e.g., ( 1, |1) = ( , |1)i iG M s G M s+ for all s 

values. Also for all volume fraction distributions, we have ( 1, ) = ( , )i iM s M sϕ ϕ+ . 

Typically, however the value of the last layer M in the system is chosen to be so large that 

around r = M the homogeneous bulk is present. In such case the reflecting boundary 

condition is inconsequential for any system property. 

Solutions of the equation have the property of self-consistency. This means that the 

segment potentials both follow from the volume fractions, but also determine the volume 

fractions and inversely, the segment volume fractions both follow from the potentials and 

determine them. In addition the incompressibility condition is obeyed at all coordinates. 

Below the volume fractions and the segment potentials are accurate in at least 7 

significant digits which are routinely generated using a numerical iterative scheme based 

upon a quasi-Newton iteration. The high accuracy is needed to accurately determine the 

thermodynamic properties of the micelles in the system. 

3.2.2.6 Thermodynamic quantities 

For a given SCF solution the mean-field partition function is available and from these 

quantities various observables can be computed. Typically, the number of molecules is 

fixed (canonical ensemble) and an appropriate thermodynamic analysis is needed to select 

relevant micelles from the possible sets of generated micelles. The central quantity is the 

grand potential εm, which is computed as =m i ii
F nε µ−∑ . It turns out that the grand 

potential can be written as a function of the potentials and segment volume fractions. The 

grand potential is built up from a summation over the so-called grand potential density ω, 

i.e., = ( ) ( )m r
r L rε ω∑ . In turn, the grand potential density is given by 
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( ) ( )

( )( )( ) = ( )

1 { ( ) ( ) ( )
2

b
i iA

A
A iB B i

b b b
AB A B B A B B

A B

ru rr r
k T k T N

r r r

ϕ ϕω ϕ

χ ϕ ϕ ϕ ϕ ϕ ϕ

−− − +

− − −

∑ ∑

∑∑
 (3.21) 

Below we will further need a measure of the micelle size. There are many ways to 

characterise the size of the micelle. Here we choose to focus on the average position of the 

segments B that typically are located in excess in the corona. So for any volume fraction 

distribution of the B block, ϕB(r) and bulk volume fraction of the B segments b
Bϕ , the first 

moment of R can be computed by 

 
( )
( )

( ) ( )
=

( ) ( )

b
B B

r
b

B B
r

L r r r
R

L r r

ϕ ϕ

ϕ ϕ

−

−

∑
∑

, (3.22) 

where it is understood that R is in units of lattice site lengths b. 

3.2.2.7 Parameters 

One of the complications of modelling obligatory co-assembly over classical self-

assembly is the large parameter space that characterises the system. It will prove 

impossible to consider all relevant cases. The choice of some of the parameters used 

below stems from available experimental systems. Furthermore, we opted for the simplest 

systems, wherein the number of different parameters is at a minimum. 

Before we consider micelle formation, we first need to identify the relevant values 

for the two interaction parameters χ and χAC. A reasonable value of these parameters, 

corresponds to sufficient driving force for the assembly process. We may find out whether 

or not this is the case by considering the system of two homopolymers NA
A and NC

C  (and 

thus NB = 0) in the monomeric solvent W. Of course this system can not give rise to the 

formation of stable micelles. Instead, one finds phase coexistence between a phase rich in 

the polymeric components A and C (phase α) and another phase (phase β) rich in the 

solvent. The Flory-Huggins free energy density for a phase with densities ϕA, ϕC, and ϕW, 

is given by 

 ( )= ln ln lnCA
W W A C AC A C W A C

B A C

F
k T N N

φφφ φ φ φ χ φ φ χφ φ φ+ + + + +  (3.23) 
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and can be used to optimise the total free energy of a system 

 
tot

=
B B B

F F FV V
k T k T k T

α β
α β+ , (3.24) 

under the incompressibility constraint ϕA + ϕC + ϕW = 1. As mentioned already, it is also 

possible to make use of the SCF approach to find the composition of coexisting phases. 

As a bonus one can then also compute the interfacial profile that develops between the 

two coexisting phases and evaluate the corresponding interfacial tension. The machinery 

is straightforwardly adjusted to this problem. First, a flat lattice geometry suffices (for this 

case the coordinate z is used) and is implemented by inserting λ-values that do not depend 

on the layer number. Second, the boundary condition near z = 1 is treated similarly as the 

boundary near layer z = M. For the phase coexistence study, M = 500 lattice sites are taken 

and throughout this chapter, λ = 1/3 is used. 

For the micellar case, the minimum number of different molecules is three; one 

monomeric solvent W and two polymeric species, of which at least one is a copolymer. 

We restrict ourselves to NA = NC = 40. The length of the corona block NB will be kept as a 

variable, but will typically be much larger than the core forming blocks. Fundamental to 

the obligatory co-assembly idea is that the solvent is non-selective, e.g., it is a good or at 

least a theta solvent for all blocks. Thus, we are left with the choice of the relevant values 

for the FH-interaction parameters, such as χAC, the driving force for co-assembly, which 

we base upon the study on the coacervation of NA
A and NC

C  described below. As default, 

χAC = −2 is chosen, which gives rise to a strong driving force, as we will see in the 

following section. The set of FH-interaction parameters that includes the solvent is χW ≡ 

χAW = χBW = χCW. The interactions of the corona forming block with the core forming one 

χB ≡ χAB = χBC is the third set of parameters. For simplicity, χ ≡ χW = χB and χ = 0.5 are 

chosen as the default. 

3.3 Results 

Above, we have outlined the SCF theory and how it links to the thermodynamics of small 

systems. Furthermore, complex coacervate core micelles and the system used to model 

such micelles have been introduced. Now, we first focus on the phase behaviour of two 
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Figure 3.1. Three sets of volume fraction profiles across the interface between a polymer-rich phase 
(phase α; low z values), and a solvent rich phase (phase β; high z values), NA = NB = 40, χ = 0.5, for 
three values of the interaction parameter χAC = –2, –1.5, and –1 as indicated. (a) For equal amounts 
of the two polymers, i.e., θA = θC = 50. As in this case ϕA(z) = ϕC(z), the sum of these is presented as 
the solid lines. The dotted lines are the solvent profiles. (b) For three times as much of polymer A as of 
polymer C, i.e., θA = 75 and θC = 25. The solvent is dotted, the A-segments are dashed, and the C-
profile is given by the solid lines. Only 400 layers of the 500 layers that were in the system are plotted. 

 

homopolymers giving rise to associative phase segregation, i.e., complex coacervation. 

From this study, a default set of parameters is selected that will be applied to the more 

complicated case of co-assembly, i.e., micellisation. As discussed above, the molecular 

structures are chosen to resemble experimental systems. For the same reason we will 

focus on spherical micelles only. To illustrate the strength of the model, it will be shown 

that the predictions are qualitatively consistent with a wide variety of experimentally 

observed phenomena. 

3.3.1 Associative phase segregation in a ternary system of two homopolymers in a 

non-selective solvent 

In this section, we will consider systems consisting of two homopolymers (NB = 0) that 

attract each other, dissolved into a non-selective solvent. Thus 

 ( )complex
A C A C→+ ↓← , (3.25) 

where the ↓ indicates the formation of an (AC)complex rich phase. By symmetry (both 

chains are equally long, i.e., NA = NC = 40), the stoichiometric ratio of A and C is 1:1 and 

the (AC)complex phase forms above some threshold concentration (i.e., the solubility limit). 
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The goal of this section is to identify suitable values of the interaction parameters relevant 

for the driving forces that give rise to micelle formation in an obligatory co-assembly 

process. 

We start by analyzing a set of volume fraction profiles for systems that are in a 

two-phase state (Figure 3.1). Both in Figure 3.1a and b we present three sets of volume 

fraction profiles for three values of the strength of the driving force for phase separation, 

i.e., χAC = −2, –1.5, and –1. In these calculations, the volume of the system was fixed to M 

= 500 lattice layers. In all calculations, the amount of both polymers in the system is set, 

i.e., the total amount of polymer θA + θC is set to 100 equivalent monolayers (1/5th of the 

system is filled by polymer). In Figure 3.1a we have equal amounts of the two polymers in 

the system, whereas in Figure 3.1b there is three times as much of A as of C. In both 

graphs we see that the volume fraction profiles are rather simple. The polymer-rich phase 

(phase α) is homogeneous up to close to the interface, where it drops sharply, until a 

second homogeneous value in the water rich phase (phase β) is found. The interface shifts 

to higher z values when the driving force is reduced, that is, for less negative χAC. As the 

amount of polymer is fixed, the amount of water in the polymer-rich phase increases with 

decreasing strength of the attraction between A and C. In Figure 3.1a we present the sum 

of the volume fractions of both polymers (as they are equal in this case). In Figure 3.1b 

the composition of A and B is very different and therefore both profiles are presented 

separately. The need to optimise the amount of A-C contacts (i.e., the need to maximise 

ϕAϕC), results in the polymer-rich phase in a ratio ( ) ( )= 1 / 1A CRα ϕ ϕ  = 2.18, 2.11, and 

2.22, i.e., order unity, for χAC = − 2, –1.5, and –1, respectively. In the β phase, however, 

the ratio is a much stronger function of the attraction, and ( ) ( )= 500 / 500A CRβ ϕ ϕ = 

2.3·106, 3·103, and 23 for χAC = − 2, –1.5, and –1, respectively. The volume fractions that 

exist near the system boundaries, that is, near z = 1 and z = 500, are called the binodal 

values, or simply coexisting values. Even though the overall amount of polymer in both 

graphs is identical, the interface is consistently shifted to higher z values when the 

composition is 1:1 compared to the 3:1 composition. This means that in the symmetric 

case more of the polymer is collected in the polymer-rich phase and the overall polymer 

concentration in the solvent rich phase is lower than in the asymmetric systems. 
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Figure 3.2. (a) Phase diagram in the ϕC-ϕA coordinates on a logarithmic scale for four values of the 
driving force for the phase separation, χAC , as indicated. The dotted line denotes the estimated critical 
points in these systems. For illustration purposes two tie lines that connect coexisting points are 
presented as examples. (b) The corresponding interfacial tension (in units of kBT per unit area b2) as a 
function of the fraction of A segments in the polymer-rich phase. 

 

Figure 3.2a shows typical results for so-called phase diagrams. All compositions (ϕC, ϕA) 

within the closed line are unstable and will separate into two phases. Compositions 

outside this area are stable and the system remains in the one-phase state. The lines in the 

phase diagram represent the combinations ϕA and ϕC that occur in the system when it 

actually has separated into two phases. The lines are generated by systematically varying 

the ratio of the two polymers in the system (the homogeneous system would represent a 

point inside the lines). As our system is symmetric with respect to the exchange of C with 

A, the phase diagram is symmetric with respect to the line ϕA = ϕC. The compositions of 

the concentrated phases (phase α) are given in the top-right part of the curve and in the 

bottom left we have the corresponding compositions of the dilute phases. Obviously one 

point on the top right is connected to a point on the lower part of such graph. One may 

present tie-lines that connect such coexisting points. For illustrative purposes two of these 

tie lines are presented in Figure 3.2a. Again the ratio R can vary wildly in the water rich 

corner, but it remains much closer to unity in the polymer-rich corner. The dotted line 

denotes the estimates of the critical points in these systems. At the critical point the 

composition of the polymer-rich and solvent-rich phases becomes identical. From the 
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series of phase diagrams it is clear that when χAC > −1, the two-phase region will collapse 

and no phase separation can be found. The exact value of the disappearance of the phase 

separation will depend on the degree of polymerisation as well as χAC. At this point, we 

would like to note that the phase diagrams presented in Figure 3.2 strongly deviate from 

the phase diagrams determined experimentally,13, 14 as SCF-theory does not account for 

correlations between oppositely charged polymers in bulk, resulting in soluble complexes. 

Important for the assembly into micelles is the interfacial tension that develops 

between the polymer-rich and the solvent rich phases. The higher the interfacial tension, 

the smaller the area per polymer, the higher will be the crowding (overlap) of the non-

associating block in the corona. In Figure 3.2b, the interfacial tension in dimensionless 

units is plotted as a function of the fraction of A polymers in the polymer-rich phase. 

These curves show that the interfacial tension is at the maximum when the concentration 

of A and C in the polymer-rich phase is equal and is higher the stronger this attraction is. 

Indeed in this case the cohesive interactions are at its optimum. The interfacial tension 

drops upon increasing deviation of the fraction of A in the polymer-rich phase from 0.5. 

At the same time, the overall polymer concentration in the polymer-rich phase decreases 

as mentioned above. Upon the approach towards the critical points the interfacial tension 

drops to zero smoothly. Note that the interfacial tension is significantly lower (by a factor 

of ten) than for the typical case of segregative phase transitions (we obtain ~ 0.16 mM m-1 

for χAC = −2, compared to 30-50 mM m-1 for aliphatic hydrocarbon / water interfaces15). 

In the above results we focused on the special case that both polymers were in 

theta conditions, i.e., χ = 0.5. A higher value corresponds to a poor solvent and will result, 

for very long polymer chains, in a segregative phase transition. A less positive value, on 

the other hand, corresponds to good solvent conditions. Polymers in a good solvent have 

the tendency to accumulate a lot of solvent around their segments. Such hygroscopic 

effects counteract the driving force for associative phase transitions. In Figure 3.3a three 

phase diagrams are presented for a fixed χAC for which the solvency is varied from χ = 

0.5, 0.4, to 0.3. As can be seen from this figure, there is a strong effect of the solvent 

quality. The two-phase region decreases dramatically when the solvent quality is 

improved. Indeed, most water soluble polymers have a solubility parameter close to 0.4. 

Thus we may expect a strong dependency of the type of polymer used in the co-assembly 
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Figure 3.3. (a) Phase diagram in the ϕC-ϕA coordinates on a logarithmic scale for three values of the 
solvent quality χ as indicated for a fixed value of the driving force χAC = –2. The dotted lines are the 
estimated critical points in these systems. (b) The corresponding volume fraction of solvent ϕW as a 
function of the fraction of A segments in the polymer-rich phase. 

 

process. Note that for the obvious choice, namely χ = 0, there would not have been a two-

phase state, unless one accepts very strong driving forces, i.e., χAC < –2. 

The accompanying Figure 3.3b provides additional insights in the composition of 

the polymer-rich phase. For the three phase diagrams presented in panel a, the volume 

fraction of solvent W is shown as a function of the fraction of A chains in the polymer-rich 

phase. As already anticipated from the volume fraction profiles of Figure 3.1, the equal 

composition A:C is the most favourable as such states gives the optimal number of 

attractive contacts. Above we already showed that this results in a relatively low 

interfacial tension (Figure 3.2b) and here we see that it corresponds to a relatively low 

solvent content. A small improvement of the solvent quality from χ = 0.5 to 0.3 can easily 

increase the amount of solvent in the polymer-rich phase by a factor of two. Deviations 

from the equal composition state also result in a significant uptake of solvent. This can 

also be as much as a factor of two. Such effects are important for the micelle formation in 

these systems. 

In systems that form polymer-rich phases due to attractive interactions between 

positively and negatively charged polymers, it is known that the salt concentration can 

counteract such complexation. Here we show that in the primitive model, where the 



Self-consistent field theory for obligatory co-assembly 

 98

 

Figure 3.4. Phase diagrams for the case that the polymers A and C have equal bulk concentrations 
(balanced systems) in the presence of a pair of monomers N and P mimicking salt. (a) Binodals with 
χAC,, ϕC  = ϕA on the y-axis, the concentration of ϕC = ϕA of the two coexisting phases is on the x-axis 
for three values of the salt concentration ϕS ≡ ϕN = ϕP = 0.1, 0.05, and 0.001 as this is present in the 
phase that is dilute in polymer. (b) Binodals with on the y-axis the salt concentration ϕS (in the solvent 
rich phase, and the coexising polymer volume fractions ϕA  on the x-axis, for three values of the 
attraction between A and C, χAC as indicated. All concentrations are plotted on a logarithmic scale. 

 

attractive interactions between plus and minus is represented by an attractive χ parameter, 

it turns out that it is possible to destroy the formation of a polymer-rich phase by adding 

monomeric components with similar interactions as the polymers have. So, we introduce a 

monomeric component N which is energetically equivalent to component A and a 

monomeric component P which behaves similar as C. To prevent the systems from 

becoming exceedingly complex, the special case that the two polymers A and C have 

equal concentrations (both in the dilute as well as in the concentrated phase) is considered. 

Indeed such a balanced system is expected to give the strongest driving force for the 

formation of a coacervate phase. 

Figure 3.4 presents a few sets of phase diagrams that illustrate the effect of salt in 

these systems. In Figure 3.4a we show for three values of the salt concentration (here 

defined as the volume fraction of salt in the phase that is dilute in polymer and rich in 

solvent), the phase diagram in the χAC−ϕA coordinates. Note that the volume fraction of A 

is identical to that of C, that is, ϕA = ϕC, similarly ϕS = ϕN = ϕP. Complementary data are 

shown in Figure 3.4b where the phase diagram is given in the coordinates ϕS−ϕA for three 
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values of χAC. From both phase diagrams we conclude that the addition of 'salt' screens the 

complex coacervate phase formation. This means that the critical point shifts to a stronger 

driving force when more salt is added. In other words, there exists, for a given salt 

concentration, an interaction parameter χAC below (less negative) which the system 

remains homogeneous (Figure 3.4a), or vice versa, for a given value of the attractive 

interactions χAC, there exists a critical salt concentration above which there is no 

coacervate phase formed. For very strong attractive interactions, the amount of salt needed 

to remain in the miscible state becomes larger than ϕS = 0.1. As the polymer concentration 

near the critical point is also near ϕA = ϕC = 0.1 we tend to go to systems that have 

gradually little water present. That is why we have not continued the phase diagrams in 

Figure 3.4b above ϕS = 0.1. 

3.3.2 Complex coacervate core micelles 

In the previous section we have seen that χAC = −2 gives a sufficiently strong driving force 

for association of chains with length N = 40, and that this association can be destroyed by 

the addition of monomeric species. We also arrived at the conclusion that for this 

association the solvent quality is important: it should not be too good. For this reason, χ = 

0.5 will be used as a default. We now proceed by analyzing the formation of micelles by 

considering a pair of copolymers i = 1: 40 BNA B , and i = 2: 40 BNC B . The copolymers have 

an associating block of the same length and identical non-associating block with the 

length NB. Such a system is fully symmetric with respect to the structural composition. 

The next degree of freedom is the choice of the concentration composition of the system. 

The first set of results will focus on the condition that in the bulk the volume fraction of 

both copolymers is the same. The resulting micelles will thus have the same number of 

molecules of both polymers. The aggregation number, g, is computed by the excess of 

both molecules in the micelle 
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3.3.2.1 Symmetric ternary systems 

We focus on micelle formation that can conveniently be represented by the equilibrium 
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 (3.27) 

Let us first give a few typical radial distribution functions for micelles composed of 

copolymers by way of the obligatory co-assembly process. Again, the systems that are 

selected for this are fully symmetric with respect to the molecular composition, the 

interactions and the concentrational composition. First, we focus on the CMC, which 

corresponds here to the overall (bulk) polymer volume fraction above which micelles are 

present and below which the copolymers remain dissolved as monomeric species. The 

micelles that exists at the CMC are the smallest possible (have the lowest aggregation 

number). In Figure 3.5b the grand potential of stable micelles is plotted as a function of 

the aggregation number g. In this figure the smallest micelles that are stable are indicated 

by the open spheres. With increasing corona block length NB, the first stable micelles have 

a lower aggregation number g, which is in line with experimental observations.16, 17 In 

Figure 3.5a the radial distribution functions are given for NB = 50, 100, 200, and 400. The 

volume fraction of the core forming blocks (A+C) goes to a fixed volume fraction of ϕcore 

~ 0.7 for all micelles, i.e., both ϕW and ϕA = ϕC are independent of NB. The interface 

between core and solvent W is rather sharp (occurs over a few lattice layers). The shorter 

NB, the higher the aggregation number (at the CMC) and thus the larger is the core. This is 

seen as the interface between core and corona shifts to larger r values. The corona block 

(B) extends into the solvent. It has the characteristic bell-shape profile. For small NB the 

CMC is very low and on this scale the volume fraction is not distinguishable from zero. 

For the longer B blocks this is no longer the case and clearly the profiles level off to a 

constant value for r > 30. Through inspection of the graphs of Figure 3.5a, one can easily 

estimate the size of the core in relation to that of the corona. For all profiles shown, it is 

true that the size of the corona is larger than that of the core. This indicates that for the 

present setting the spherical micelles are indeed the stable micellar species.18 Calculations 

on cylindrical micelles confirm this (results not shown). Experimentally, spherical C3Ms 

are widely investigated, whereas other morphologies appear to be far less abundant.2, 4, 5, 16 

We now shift our attention to Figure 3.5b. From the thermodynamics of small 

systems it follows that the grand potential of the micelles, εm, which may be interpreted as 

the work of formation of the micelle, must be compensated by translational entropy. So 
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Figure 3.5. (a) A set of radial volume fraction profiles for spherical micelles composed of A40BNB and 
C40BNB copolymers, with NB indicated. The volume fraction of the core blocks A and C are added 
together (and indicated by A + C). The corona block B and the solvent W are plotted separately. All 
profiles correspond to the first stable micelles (i.e., at the CMC) indicated by the open spheres in 
panel b. (b) The grand potential of the micelle εm in units of kBT as a function of the aggregation 
number g (sum of the excess number of copolymers of both species). Only the relevant part of εm is 
plotted, i.e., εm > 0 and ∂εm / ∂g < 0. The open spheres point to the smallest stable micelles of which 
the radial distribution functions are presented in panel a. χAC = −2, χ = 0.5, and ϕ1

b = ϕ2
b. 

 

with decreasing εm the translational entropy decreases, which effectively means that the 

micelle concentration increases. In other words, with increasing micelle concentration the 

aggregation number increases, until a maximum of about twofold the aggregation number 

at the CMC. Note that this result applies to homodisperse molecular species. When the 

copolymers are sufficiently polydisperse (both in core forming as well as in corona 

forming blocks) the opposite trend can be found, i.e., micelles can become smaller upon 

an increase in micelle concentration.18 

As mentioned above, a characteristic quantity of these micelle forming systems is 

the CMC. The volume fractions of both polymers i =1, 2 in the bulk for the smallest 

micelles is exactly the same (by construction) and given by ϕi
b(CMC). Figure 3.6a 

presents the number of molecules per unit volume, which is given by 

 1 2=
40

b b
b

B

c
N
ϕ ϕ+

+
, (3.28) 

where we mention again that this number concentration is computed for the systems that 

have the smallest stable micelles possible (i.e., at the CMC). Inspection of the closed 
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Figure 3.6. (a) The number of polymer molecules per unit volume in the bulk cb at the CMC (closed 
spheres; left ordinate) and the size of the corresponding micelles R (open points: right ordinate) as a 
function of the length of the corona block NB. (b) The aggregation number g of micelles at the CMC as 
a function of the strength of the driving force χAC. (c) The corresponding number concentration 
cb(χAC), and (d) the corresponding volume fraction of the core forming block in the center of the 
micelle ϕ(1). In panels b,c,d the value of NB = 100, in panel a, χAC  = −2. Other parameters as in 
Figure 3.5. 

 

symbols in Figure 3.6a (left ordinate) shows that the number concentration is a very weak 

function of the length of the corona forming block. For comparison, a data point for NB = 

0 has been added to this figure. It corresponds to the number concentration of polymers in 

the system that has phase separated from a polymer-rich phase composed of A40 and C40 

chains (see previous section). Apparently the number concentration of polymers that 

coexists with micelles is two orders of magnitude higher than expected from the phase 

diagram of the core forming blocks only. Note that the result of Figure 3.6a implies that 

the polymer concentrations ϕi
b at the CMC increases almost linearly with NB. 

In the same figure, the micelle size R is presented, here defined as the first moment 

over the distribution of the corona block: 
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From Figure 3.6a right ordinate, it is seen that the micelle size R increases linearly with 

the length of the corona block NB, which is in excellent agreement with our recent 

experimental findings.16 This linear dependence is typical for molecular brushes, i.e., it
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Figure 3.7. (a) The aggregation number g of micelles at the CMC as a function of the 'solvency' 
parameter χ, (b) the corresponding number concentration of polymers in the bulk cb(χ), (c) the 
corresponding volume fraction of micelles. In all cases NB = 100 and χAC =−2. Other parameters as in 
Figure 3.5. 

 

clearly indicates that the corona blocks are overlapping and stretched in the radial 

direction. 

Figures 3.6b, c, d show a selected results for the dependence of the first stable 

micelles (i.e., micelles at the CMC) on the strength of the driving force χAC for the case 

that the copolymers have a corona forming block length NB =100. With a decreasing 

strength of the driving force, i.e., χAC less negative, the aggregation number g decreases 

from close to g = 25 for χAC = –2.5 to g ~ 10 for χAC = –1.6 (Figure 3.6a). The 

corresponding number concentration of polymers in the bulk cb increases by more than a 

decade from cb = 10-5 to cb ~ 4·10-4. The third property that is plotted in Figure 3.6d is the 

polymer concentration in the centre of the core ϕ(1) ≡ ϕA(1) + ϕC(1). As expected this 

concentration drops with decreasing strength of the driving force. This implies that the 

volume fraction of water in the core ϕW(1) ≈ 1 − ϕ(1) increases with decreasing driving 

force. From Figure 3.6d it is seen that the driving force must be rather low before the 

volume fraction of water in the core is larger than that of the polymer. 

Above we have seen that the solvent quality χ strongly influences the associative 

phase behaviour of A40 and C40 chains (Figure 3.3). Hence, a similar strong influence of 

this parameter on the micelle formation of the block copolymers might be expected, 
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namely the better the solvent quality the lower the tendency of the core forming blocks to 

co-assemble. This trend is illustrated in Figure 3.7. Indeed with increasing solvent quality, 

i.e., the lower χ the smaller the aggregation number g at the CMC, the higher the bulk 

concentration above which micelles form (in Figure 3.7b represented by the number 

concentration cb) and the higher the concentration of micelles at the CMC. The latter 

quantity is computed from = exp m
m

Bk T
εϕ − , as the translational entropy of the micelle 

compensates the work of formation of the micelle (Eqn (3.6), only correct for dilute 

solutions where ϕm << 1). One may wonder why stable micelles can form for χ > 0.5. We 

propose to attribute this effect to the finite length of the corona forming block NB, i.e., the 

block will not collapse in the poor solvent before NB(1−2χ) << 1. Furthermore, such 

micelles may show a tendency to aggregate, especially at a high micelle concentration 

(not accounted for). For example, the aggregation observed in aqueous solutions of C3Ms 

of P2MVP-b-PEO and PAA-b-PVOH may be related to the fact that water is only a 

marginal solvent for PVOH.19 Focusing on the lower values of χ, we see that the micelle 

concentration at the CMC becomes extremely high. This means that one will only see 

micelles in such systems if the overall polymer concentration is high and moreover, one 

should also account for intermicellar interactions for such high concentrations of micelles. 

In the above results we have taken χ ≡ χW = χB where χW ≡ χAW = χBW = χCW and 

χB ≡ χAB = χBC. In general a repulsion between core and corona forming segments (as used 

above) helps the formation of well-defined regions (core, corona) in a micelle. For 

classical ionic as well as non-ionic micelles it has been found that such repulsion is 

needed to find good correspondence with experimental data. For the obligatory co-

assembly, a strong repulsion between core and corona forming blocks is not necessarily 

present. It is therefore of significant interest to investigate the effect of χW ≠ χB. From the 

above it is reasonable to select the theta condition for the interactions of the polymer units 

with the solvent, i.e., χW = 0.5, and to vary the way the B-units interact with the two other 

blocks. For this part of the investigation we select once again the system with NB = 100, 

and as χAB = χBC was chosen, the system still qualifies as being symmetric. 

In Figure 3.8 we show that the interaction of the B segments with the other, i.e., A
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Figure 3.8. (a) The aggregation number g of micelles at the CMC as a function of the interaction of 
the B segments with the other polymer segments χB, (b) the corresponding number concentration of 
polymers in the bulk cb(χ), (c) the corresponding size of the micelles, R. In all cases NB = 100 and χAC  
= −2 and χW = 0.5. Other parameters as in Figure 3.5. 

 

and C, segments has a strong influence on the micellar properties. Above a reasonable but 

not extremely strong repulsion of χB = 0.5 was used. Results in Figure 3.8 show what 

happens when the repulsion is reduced and subsequently turned into an attraction. For the 

case of NB = 100, no stable micelles were found for very negative values of χB. We will 

return to this issue below. Figure 3.8a shows that the aggregation number has the tendency 

to increase when the repulsion between core and corona blocks is decreased. Indeed the 

repulsion between these units is part of a stopping force for micelle formation. When the 

stopping mechanism is weakened, an increase in the aggregation number should be 

expected. Interestingly, the size R of the micelle, which was measured by the first moment 

over the B-segments, decreases (Figure 3.8c). This can be explained by a gradual overlap 

of B-segments with the core segments, as will presented below. The third quantity plotted 

in Figure 3.8b is the number concentration of polymers in the bulk at the first appearance 

of micelles. The effect of χB on this quantity is very large. The attraction between the B 

and A / C segments strongly reduces cb. The co-assembly of A, C and B can already occur 

at very low polymer concentrations. 

Results of Figure 3.8 are perhaps best rationalised by discussing a typical radial 

volume fraction profile of a stable micelle existing under a significant attraction between 
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Figure 3.9. Radial volume fraction profile for a micelle (at the CMC) formed by A40B200 and C40B200 
copolymers with χB = −1.5. Other parameters: χW = 0.5, χAC = −2. 

 

B and A / C segments. Figure 3.9 shows a micelle at the CMC for the case that NB = 200 

and χB = −1.5. For such a long B-block the micelles remain stable even at very negative χB 

values. The radial volume fraction profile of Figure 3.9 must be compared to the ones 

shown in Figure 3.5a. There are several noteworthy differences. The most important 

difference is that the B-block has a monotonically decreasing density profile, being the 

highest in the centre of the micelle and decreasing towards the periphery of the micelle 

until it is equal to the bulk concentration (found for r > 25). As the B-block is much longer 

than the A or the C block, there still is a coronalike layer outside the A-C rich core. 

Apparently, such a corona is still sufficient to restrict the aggregation of the copolymers to 

the colloidal domain. The second important issue is that the density of A+C in the core is 

significantly lower in Figure 3.9 as compared to Figure 3.5a. Simultaneously, the volume 

fraction of water in the core increased significantly. Indeed, from Figure 3.9 it is easily 

understood why the measure of the micelle size R is so low: many of the B-segments are 

now residing in the core. The third important difference is that the core is much larger in 

size for χB = −1.5. This explains the relatively large aggregation number as reported in 

Figure 3.8a. 

Radial volume fraction profiles of the type of Figure 3.9 can only lead to stable 

micelles for copolymers with a B-block much longer than the A or C blocks. Indeed, for 

short B-blocks there is the risk that the 'corona' block can be taken up by the core, 



Chapter 3 
 

 107 

depending on the strength of the attraction naturally. Indeed, for χB < −0.33 no stable 

micelles were formed by copolymers with NB = 25. Copolymers with a corona forming 

block NB = 50 were stable as long as χB > −0.52, where for NB = 100 the critical 

interaction strength appeared close to χB = −0.8. This observation may be relevant in 

experimental cases where attraction between corona and core forming segments can not 

be excluded. For example, under acidic conditions, PAA (core forming segment) is known 

to form H-bonded complexes with a large variety of neutral, water-soluble polymers, such 

as PEO, PAAm, PVOH, and PNIPAAm (corona forming segment).20 For C3Ms of PAA-

b-PNIPAAm and P2MVP-b-PEO, precipitation was observed under acidic conditions 

where PAA forms insoluble complexes with both PEO and PNIPAAm, i.e., attraction 

between core and corona forming segments was found to destabilise the C3Ms.21 

3.3.2.2 Micelle formation in the presence of ‘salt’ 

The results on the associative bulk phase behaviour of A40 and C40 in a common solvent 

showed that the driving force for the formation of a coacervate phase is reduced in the 

presence of a pair of monomeric components P and N, where a P monomer is equivalent 

to an A segment and a N monomer to a C segment. Indeed the presence of the ‘salt’ 

screens the attractive interactions between A and C, similarly to the true effect of salt 

when the associative driving forces are due to the attraction between positively and 

negatively charged units. A similar effect is expected for the formation and stability of 

C3Ms. In Figure 3.10, we present how a selection of micellar properties is affected by a 

background concentration of salt, where ϕS corresponds to the concentration of the 

monomeric species in the water rich bulk phase. Again, the concentration of P and N 

monomers in the bulk was kept equal at ϕS ≡ ϕP = ϕN (the sub index s refers to the notion 

of a salt). 

Basically, the addition of salt has the same effect as a reduction of the driving force 

for self-assembly. Therefore, results of Figure 3.10 must be compared with those 

presented in Figure 3.6b-d. Even though the N monomers like to interact with the A 

segments and the P monomers have an affinity for the C segments, the salt components 

are depleted from the core. As long as the concentration of the salt ions in the bulk 

remains low, the number of small ions in the core remains even lower and basically, the 
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Figure 3.10. (a) The aggregation number g of micelles at the CMC as a function of the volume 
fraction of 'salt' ϕs (in logarithmic scale), (b) the corresponding number concentration of polymers in 
the bulk cb(ϕs), (c) the corresponding volume fraction of micelles ϕm. In all cases NB = 100, χAC = −2, 
and χ = 0.5. Other parameters as in Figure 3.5. 

 

micellisation is unaffected by the presence of salt. As a result, the aggregation number g 

(at the CMC), the number volume fraction of polymer in the bulk cb, and the micelle 

concentration (at the CMC), ϕm, are essentially independent of ϕS as long as ϕS < 10-2. 

Then, upon further increase of the ionic strength (in the bulk), gradually also the salt 

concentration in the core of the micelle increases, reducing the number of A-C contacts. 

As a result the aggregation number decreases (Figure 3.10a), the number concentration of 

polymers in the bulk increases (Figure 3.10b), and the micelle concentration at the CMC 

increases strongly (εm decreases). As discussed above, the latter effect implies that, even 

though the aggregation number decreases (to very low values), the total polymer 

concentration needed to find micelles becomes very high at high ionic strengths. 

Experiments for which the overall polymer concentration is fixed will witness a 

disappearance of micelles above some threshold ionic strength. Both effects are indeed 

observed in experiments.1, 4, 5, 22 

Figure 3.6b illustrated that for a system with a smaller intrinsic driving force, i.e., 

not so negative χAC, the threshold ionic strength below which a coacervate phase is stable, 

is lower. Similarly, we must expect that micelles become less stable against dissolution by 

salt, when the driving force for assembly is reduced, and vice versa. In the same token we 
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must anticipate that the amount of salt needed to prevent micellisation is a function of the 

solvent quality, χW, as well as a strong function of the segment-segment interaction 

parameter, χB. 

3.3.2.3 Asymmetric ternary systems 

Up to this point we have focused on symmetric systems. The reason for this choice is 

clear as any type of asymmetry significantly increases the level of complexity, hampering 

a proper analysis of the SCF results. Only for the symmetric case, one can expect the bulk 

concentrations of the two associating molecules to remain equal to each other and the 

volume available per micelle, a quantity that is not a priori known, can be dealt with 

straightforwardly. As soon as the bulk concentrations are not equal, however, there is an 

unequal partitioning of the two molecular components between the bulk and the micelle. 

As a consequence, the volume available per micelle must be known to evaluate the 

composition in the system: a change in the volume available per micelle automatically 

leads to a change in the ratio between the number of molecules of type 1 and 2 in the 

system. Of the many asymmetric cases that one can construct, we select the case of the 

formation of micelles composed of copolymers i = 1: A40B100 mixed with homopolymers i 

= 2: C40 in a non-selective solvent as represented by the equilibrium 

 ( )1 40 100 2 40 1 40 100 2 40 complex
g A B g C g A B g C→+ +←  (3.30) 

We may expect that the micelles composed of this set of molecules have aggregation 

numbers such that g1 ≈ g2. However, in general there is a difference between g1 and g2 

simply because the C40 molecule will have a higher tendency to be part of a micelle than 

the copolymer A40B100. Nevertheless, there may be bulk concentrations ϕ1
b and ϕ2

b for 

which the micellar stoichiometry is exactly maintained. The problem is: how to find this 

composition? We may further anticipate that micelles composed of a copolymer and a 

homopolymer can form easier than with two copolymers, because the homopolymer is not 

accompanied by a corona block. There are also significant consequences for the overall 

aggregation numbers, et cetera. Experimentally accessible is the overall concentration of 

the two polymers in the system. The overall volume fraction of molecule i = 1, ϕ1
t, can be 

estimated from the SCF calculations from the mass balance equation 
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 1 1
1 1 1 1

1 1 2 2

= = expt b b m
m

B

g Nf
g N g N k T

εϕ ϕ ϕ ϕ+ + −
+

m , (3.31) 

where f1 is the fraction (based on the volume) occupied by the copolymer (i = 1) in the 

micelle. A corresponding equation is available for the total volume fraction of the 

homopolymer (i = 2). In Figure 3.11, the total volume fraction of the homopolymer was 

fixed to ϕ2
t = 0.001 and the overall volume fraction of the copolymer ϕ1

t was varied. Note 

that the number concentrations of the two components are found after division by the 

chain length N1 = 140 and N2 = 40, respectively. 

Figure 3.11a shows that the overall composition in the micelles (corresponding to 

the ratio g1/g2) remains close to unity for all micelles, upon an increase of the copolymer 

concentration by as much as a decade. Upon closer inspection however, we observe that 

the ratio remains slighly below unity, indicating that the copolymer is slightly 

underpopulated in the micelle. Obviously, this disparity from stoichiometry decreases 

with increasing copolymer concentration. If one decreases ϕ2
t or increases ϕ1

t, it is 

possible to obtain micelles that are overpopulated by copolymers (data not shown). 

Furthermore, Figure 3.11a shows that the overall volume fraction of micelles increases 

with increasing copolymer concentration. As in first order the micellisation is given by 

reaction (3.30), such a result is natural and must be expected. The more copolymers are 

added, the more homopolymers are consumed to form micelles. However, in static light 

scattering (SLS) experiments studying C3M formation, one typically finds a maximum in 

the SLS intensity at a certain mixing fraction f+ upon gradual addition of the 

homopolymer (e.g., C40) to a solution of copolymers (e.g., A40B100), i.e., both at very low 

and very high copolymer concentration the SLS intensity is low.4, 19, 23, 24 At this f+, 

denoted as the preferred micellar composition (PMC), the C3Ms are argued to be of 

stoichiometric composition, the most favourable, and the largest in mass and/or number. 

The ‘classical’ interpretation to rationalise this maximum in SLS intensity, is to postulate 

the existence of soluble complexes with some excess charge (i.e., overpopulated by either 

copolymers or homopolymers) on either side of the PMC for values of f+ ≠ PMC.17 As 

discussed above, such soluble complexes are not accounted for in the present model, and 

as a consequence, the experimentally observed maximum in micellar number and/or mass 

is not reproduced. 
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Figure 3.11. (a) The volume fraction of micelles ϕm (left ordinate) and the ratio between the number 
of copolymers A40B100 and homopolymers C40 in the micelle, g1/g2 (right ordinate) as a function of the 
overall volume fraction of copolymer in the system for given total volume fraction of homopolymer ϕ2

t 
= 0.001. The open spheres point to a system presented in b. (b) The radial volume fraction profiles of 
the components in the system for the micelle pointed at by the open spheres in panel a. Parameters: 
χAB = −2, χ = 0.5. 

 

As an example, in Figure 3.11b we present radial volume fraction profiles for the 

copolymer (solid line; ϕA and ϕB), the homopolymer (dotted line; ϕC), and the solvent 

(dashed line; ϕW) for the system with ϕ1
t = 0.01. In this case the grand potential εm = 

5.65kBT, i.e., close to the micelles presented in the previous section. The overall profiles 

can thus be compared to those given in Figure 3.5a. Note that in Figure 3.11b the A and C 

profiles are plotted separately and not added together as in Figure 3.5a. In this example, g1 

≈ 66 and g2 ≈ 71. These aggregation numbers are significantly larger than for the micelles 

composed of a pair of copolymers (as also found experimentally4, 23). This increase in the 

aggregation number has significant consequences for the radial volume fraction profiles. 

The core is much thicker, the corona extends to larger distances (R = 20.1), and the 

maximum density in the corona is much higher. The number concentration of the 

copolymer c1
b = 5.5⋅10-5 is very close to that found above. The homopolymer number 

concentration is c2
b ≈ 4⋅10-6, which is a factor of 10 lower than that of the copolymer. 

Such an asymmetry in the bulk concentration has already been discussed for the phase 

diagrams of homopolymers (Figure 3.2). 

Close inspection of Figure 3.11b shows that the homopolymer C is distributed 
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homogeneously through the core. The copolymer however has an inhomogeneous 

distribution. The density of the A block decreases towards the center. As a result, the 

mismatch between the local concentrations, ϕA(r) − ϕC(r), is highest in the center and 

lowest near the core-corona interface. The radial dependence of the mismatch of these 

densities is easily explained by realising that the copolymer is effectively confined to be at 

the core-corona interface with the A-B link. The A block can not assume a random 

conformation, but instead, it needs to assume a rather stretched conformation. As the 

homopolymer does not have positional constraints, it can distribute more evenly. As the 

contribution of the stretching of the core-blocks of the copolymers to the stopping 

mechanism is less pronounced in the asymmetric case (as there are simply less 

copolymers present), it is compensated by a higher corona density. In other words, a 

larger fraction of the stopping force for micellar growth must stem from the crowding of B 

chains in the corona, i.e., the pressure in the corona must be higher, so that the density in 

the corona becomes much higher. 

3.4 Conclusions 

Without explicitly taking into account the fact that the co-assembly is driven by charge-

charge interactions, we have presented a thermodynamically consistent SCF analysis for 

obligatory co-assembly of (co)polymers leading to spherical micelles. In this primitive 

model, the attractive interactions are treated on the Flory-Huggins short-range interaction 

level. It was shown that one can learn much about obligatory co-assembly from this 

model. The results are expected to be qualitatively correct, as many of the predictions 

were shown to be in qualitative agreement with experimental findings on C3Ms, and may 

be applied to systems where co-assembly is driven by other mechanisms, such as H-

bonding. Even in this primitive model, only the symmetric systems are easily analysed. 

Symmetric systems have the property that the two components necessary for co-assembly 

have the same bulk concentrations, the same contribution to the overall aggregation 

number, et cetera. Any deviation from this academic case (which may arise from a 

difference in molecular composition of the two components, from differences with respect 

to the solvent quality, and/or from differences in the concentration composition), 

significantly complicates the analysis. Still, in principle, such asymmetric systems can be 
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analysed and experimentally relevant predictions can be made. We anticipate that future 

theoretical work on electrostatically driven obligatory co-assembly, will focus on bulk 

correlations leading to the experimentally observed soluble complexes and how to take the 

electrostatic nature of the driving force into account explicitly. 
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4 
Electrostatically driven co-assembly of a 

diblock copolymer and an oppositely 

charged homopolymer in aqueous solution∗ 

Abstract 
Electrostatically driven co-assembly of poly(acrylic acid)-block-poly(acrylamide), 
PAA-b-PAAm and poly(N-methyl-2-vinyl pyridinium iodide), P2MVP leads to 
formation of micelles in aqueous solutions. Light scattering and small angle 
neutron scattering experiments have been performed to study the effect of 
concentration and length of the corona block (NPAAm = 97, 208, and 417) on 
micellar characteristics. Small angle neutron scattering curves were analysed by 
generalised indirect Fourier transformation and model fitting. All scattering curves 
could be well described with a combination of a form factor for polydisperse 
spheres in combination with a hard sphere structure factor for the highest 
concentrations. Micellar aggregation numbers, shape, and internal structure are 
relatively independent of concentration for Cp < 23.12 g l-1. The Guinier radius, 
average micellar radius, hydrodynamic radius, and polydispersity were found to 
increase with increasing NPAAm. Micellar mass and aggregation number were found 
to decrease with increasing NPAAm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

∗In slightly modified form published as: Voets, I. K.; van der Burgh, S.; Farago, B.; Fokkink, R.; 

Kovacevic, D.; Hellweg, T.; de Keizer, A.; Cohen Stuart, M. A. Macromolecules 2007, 40 (23), 8476-

8482. 
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4.1 Introduction 

Micelles formed by the electrostatically driven assembly of oppositely charged 

components are relatively novel particles in the field of ‘self’-assembly. The resulting 

particles are termed complex coacervate core micelles (C3Ms), polyion complex (PIC) 

micelles, block ionomer complex (BIC) micelles, or interpolyelectrolyte complexes 

(IPEC). Strictly speaking, the correct term would be co-assembly, as self-assembly 

excludes structures consisting of multiple components. In this study, we focus on C3Ms 

consisting of a neutral-ionic block copolymer and a polyelectrolyte with an opposite 

charge-sign. A sketch of such a system is presented in Figure 4.1. 

 
Figure 4.1. Schematic representation of a complex coacervate core micelle (C3M). The micellar core 
consists of the oppositely charged polyelectrolyte blocks PAA and P2MVP, whereas the corona 
consists of neutral PAAm blocks. Both core and corona are highly water-swollen. 

 

The novelty of C3Ms lies in the fact that the separate components are hydrophilic; i.e., no 

micellisation occurs in solutions of single components. Yet, when mixed under 

appropriate conditions (pH, ionic strength, mixing ratio), C3Ms may form. A number of 

publications on this type of assembly can be found in the literature. The radius of the 

micelles is generally of the order of several tens of nanometres and electrophoretic 

mobility measurements indicate that the micelles carry no excess charge. An important 

driving force for aggregation is the entropy gain associated with the release of counterions 

from the polyelectrolyte double layers. Hence, C3Ms dissociate above a critical ionic 

strength when charges are highly screened. The micelles form in a rather small 

compositional window around the so-called preferred micellar composition, PMC, which 
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corresponds to a mixing ratio of 1:1 as expressed in chargeable monomers for equal 

charge densities of the polyelectrolyte blocks. The following speciation as a function of 

mixing ratio has been proposed.1 When the composition of the system is exactly at the 

PMC, the system exclusively forms micelles. When the composition is chosen somewhat 

away from the PMC, coexistence between soluble complex particles (i.e., small, soluble 

complexes consisting of a few polymers) and micelles occurs. Further away from the 

PMC, the micelles disappear altogether, and soluble complex particles coexist with free 

polymer molecules. 

This chapter describes light and small angle neutron scattering experiments on 

C3Ms consisting of poly(acrylic acid)-block-poly(acrylamide), PAA-b-PAAm and 

poly(N-methyl-2-vinyl pyridinium iodide), P2MVP, intended to study the effect of 

concentration and polymerisation degree of the corona block (NPAAm = 97, 208, and 417) 

on micellar characteristics, such as shape, mass, aggregation number, radius of gyration 

and internal structure. To the best of our knowledge, this is the first SANS study on 

micelles consisting of a neutral-ionic diblock copolymer and an oppositely charged 

homopolymer. Closely related are SANS studies on mixed micelles consisting of a 

neutral-ionic block copolymer and a multivalent ion2, 3 or oppositely charged surfactant 

micelles.4, 5 Berret et al. have published several articles on such systems, incorporating the 

same PAA-b-PAAm diblock copolymers as in this study.3-5 For mixed polymer / 

surfactant micelles, it was found that the aggregation number expressed as the number of 

diblock copolymers per micelle could be as high as 100-250, and that the surfactant 

micelles keep their micellar structure within the larger structure. The core thus consists of 

an ensemble of spherical surfactant micelles that are interconnected by the poly(acrylic 

acid) blocks from the diblock copolymer. The typical distance between the neighbouring 

surfactant micelles showed up as a structure peak at high q values. 

C3Ms are expected to have several potential applications. In solution, the micelles 

can be used for encapsulation, protection, stabilisation, and controlled release of virtually 

any charged species, which may prove to be advantageous in drug delivery, laundry, 

nanoparticle formation,6 and food-stuff applications. Substrates, such as silica and 

polyelectrolyte multilayers, may be rendered antifouling after exposure to C3Ms.7, 8 
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4.2 Experimental part 

4.2.1 Materials 

The diblock copolymers poly(acrylic acid)-block-poly(acrylamide), PAA42-b-PAAm97, 

PAA42-b-PAAm208, and PAA42-b-PAAm417, were a kind gift from Rhodia Chimie, 

Aubervilliers, France. [The subscripts correspond to the degree of polymerisation.] They 

have been synthesised according to the MADIX process, resulting in an estimated 

polydispersity index, PDI ≤ 1.3.9 The oppositely charged homopolymer poly(N-methyl-2-

vinyl pyridinium iodide), P2MVP209 (Mw = 56000 g mol-1, degree of quarternisation ~ 

70%, PDI = 1.09) has been purchased from Polymer Source Inc., Canada. Chemical 

structures are given in Figure 4.2. 

 
 

Figure 4.2. Chemical structure of (left) poly(acrylic acid)-block-poly(acrylamide), PAA42-b-PAAmN (N 
= NPAAm = 97, 208, and 417) and (right) poly(N-methyl-2-vinyl pyridinium iodide), P2MVP209. The 
numbers beside the brackets denote the degree of polymerisation. 

 

Stock solutions of P2MVP (38 g l-1) and PAA-b-PAAm (25-38 g l-1) were prepared in 

Milli-Q water (light scattering-titration) or D2O (99.9% isotopic purity, Isotec Inc., 

Miamisburg, USA) to which NaNO3 (J. T. Baker Chemicals, Deventer, the Netherlands) 

was added to obtain a final concentration of 50 mM. The pH of the stock solutions was 

adjusted with 1 M NaOH / HNO3 (Merck, Darmstadt, Germany) or NaOD / DNO3 to 

obtain pH = 7 for both solutions. All polymers and other chemicals were used as received, 

without further purification. 

4.2.2 Light scattering-titrations (LS-T) 

Details of the experimental setup and data analysis have been reported previously.10 
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Results are typically given as pH, total light scattering intensity, I90º, and hydrodynamic 

radius, Rh, 90º, at a scattering angle of 90º as a function of the mixing fraction, f+. The 

mixing fraction is defined as the ratio between the number of positively chargeable 

monomers (i.e., quaternised and non-quaternised monomers) and the sum of the numbers 

of positively and negatively chargeable monomers, i.e., 

 [ ]
[ ] [ ]
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n n
+

+
+ −

=
+

 (4.1) 

The stock solutions were diluted with a NaNO3 solution of equal ionic strength to obtain 

PAA-b-PAAm solutions of 0.5-1 g l-1 and P2MVP solutions of 5 g l-1. In the LS-T 

experiments, PAA-b-PAAm solutions were titrated with a concentrated solution of 

P2MVP to minimise dilution effects. The LS-T experiments were performed to determine 

the PMC, which is assumed to be independent of concentration. 

4.2.3 Small angle neutron scattering (SANS) 

Small-angle neutron scattering experiments were performed at the Institut Max von Laue - 

Paul Langevin (ILL), Grenoble, France, on the D22 beam line. Two detector distances 

were chosen, such that a q-range of 0.0029-0.137 Å-1
 was covered, with an incident 

wavelength of 0.8 nm and a wave-vector resolution ∆q/q of 10%. The spectra were treated 

according to standard ILL procedures, and the scattering cross-sections are expressed in 

cm-1. The temperature was kept constant at 293 K. Micellar solutions have been prepared 

at the preferred micellar composition, PMC, corresponding to f+ = 0.50 as determined 

from the LS-T measurements, at concentrations 1.7-38.24 g l-1 in pure D2O for contrast 

reasons. 

The q-dependence of the scattered intensity can be described according to the 

general equations11, 12  

 ( ) ( ) ( )2 2( )part part solv partI q n V P q S qρ ρ= − , and (4.2) 

 ( ) ( ) ( )
0

sin
4

qr
I q p r dr

qr
π

∞
= ∫ , (4.3) 

with the particle number density, npart / cm-3, the particle coherent scattering length 

density, ρpart / cm-2, the solvent coherent scattering length density, ρsolv / cm-2, the particle 

volume, Vpart / cm3, the form factor, P(q), the structure factor, S(q), the pair distance 
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distribution function, p(r) / cm-2, and the magnitude of the scattering vector, q / cm-1, 

defined as follows 

 4 sin
2

q π θ
λ

 =  
 

 (4.4) 

with the wavelength of the incident radiation, λ, and the angle between the scattered and 

incident beam, θ. Hence, by indirect Fourier transformation of equation (4.3) one obtains 

the pair distance distribution function. In this study, p(r) functions were computed using 

generalised indirect Fourier transformation employing the GIFT software package.13-15 A 

hard sphere structure factor (Percus-Yevick closure,16 averaged structure factor17) has 

been included to describe the scattering curves of the more concentrated samples. 

Alternatively, I(q) may be modelled by selecting a particle form and structure 

factor fit to describe particle shape and interaction as present in the studied system. In this 

chapter, we applied a hard sphere structure factor (Percus-Yevick closure, decoupling 

approximation using an average particle radius) and a form factor for homogeneous 

spheres. In the latter, size polydispersity was included via a Gaussian (NPAAm = 97 and 

208) and Schulz-Zimm (NPAAm = 417) size distribution, ( ),f R R  with the polydispersity 

index, preal, and the average particle volume, ( )partV R  (see Appendix).  

The forward scattering intensity at q = 0, I0, can be used to obtain the particle mass, 

Mpart / g mol-1, according to  
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with the particle weight concentration, Cpart / g cm-3, the building block (bb, see below for 

definition) coherent scattering length density, ρbb / cm-2, the building block specific 

volume, v0 / cm3 g-1, and Avogadro’s number, Nav / mol-1. The number of PAA42-b-

PAAmN polymers, Pagg, per particle can now easily be obtained by division of the particle 

molar mass, Mpart, by the building block molar mass, Mbb. 

Alternatively, I0 can also be expressed in the following manner 

 2 2 2
0 , ( )bbav

bb solvbb part part
agg

N nI V
P

ϕ ρ ρ= −  (4.6) 

with the building block number density, nbb / mol cm-3, and the building block volume 
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fraction in the particle, ϕbb, part. In this way, the ϕbb, part can be obtained by combination of 

equations (4.5) and (4.6), which is equivalent to stating that 

 ,
0

bb part part av

part

V N
v

M
ϕ

=  (4.7) 

For the C3Ms in this study, we define a building block as a unit consisting of one diblock 

copolymer and a corresponding amount of P2MVP groups, i.e., f+ = 0.5. A building block 

is present Pagg times in one particle. The building block for NPAAm = 97 equals PAA42-b-

PAAm97 + P2MVP42, for NPAAm = 208 it is PAA42-b-PAAm208 + P2MVP42, and for NPAAm 

= 417 a building block consists of PAA42-b-PAAm417 + P2MVP42. An overview of the 

coherent scattering length densities, ρ, specific volume, v0, and molecular weights, Mw, of 

the studied species are given in Table 4.4 (see Appendix). 

4.3 Results and discussion 

4.3.1 Light scattering-titrations (LS-T) 

Figure 4.3 shows the results of a light scattering-titration where PAA42-b-PAAM97 was 

titrated with P2MVP209. In analogy to a previous paper,1 the PMC was found at the 

maximum in scattered intensity and the maximum in dpH/df+; i.e., the PMC is at f+ = 

0.5. Similar experiments were performed for PAA42-b-PAAm208 and PAA42-b-PAAm417 

(data not shown), and the PMC was always found at f+ = 0.5. Hydrodynamic radii, Rh,90º, at 

the PMC are 14.5, 20.2 and 20.4 nm for NPAAm = 97, 208, and 417, respectively. 

4.3.2 Small angle neutron scattering (SANS) 

The SANS scattering curves as obtained after data reduction, subtraction of incoherent 

scattering (both from solvent and hydrogenated polymer units), and division by 

concentration are presented in Figure 4.4. The polymer contribution to the incoherent 

scattering scales linearly with concentration for a given NPAAm (Table 4.3). Some of the 

samples exhibit upturns in the first 4-5 points of the scattering curves, which are caused by 

the presence of a small fraction of larger aggregates, which may be clusters of micelles. 

All scattering curves appear rather smooth, i.e., distinct features such as form factor 

minima are absent, which indicates a rather high polydispersity in these micellar systems.
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Figure 4.3. Results of a light scattering-titration experiment: (a) light scattering intensity, I90º, (b) 
hydrodynamic radius, Rh, 90º, and (c) pH as a function of f+. A relatively concentrated P2MVP209 
solution (~ 8 g l-1) was titrated with a burette into a dilute PAA42-b-PAAm97 solution (~ 0.5 g l-1) in the 
scattering cell. The initial pH values of the solutions were matched at pH = 7, as was the ionic 
strength (50 mM NaNO3). The preferred micellar composition, PMC, was determined as the f+ 
corresponding to a maximum in I90º and p /d H df+ . The PMC was assumed to be independent of 
concentration. 



Chapter 4 
 

 125 

 
Figure 4.4. I(q)/Cp / cm-1 l g-1 versus q / Å-1 for C3Ms of P2MVP209 and (a) PAA42-b-PAAm97 (2.32 g l-1 
≤ Cp ≤ 38.24 g l-1), (b) PAA42-b-PAAm208 (2.17 g l-1 ≤ Cp ≤ 35.12 g l-1), and (c) PAA42-b-PAAm417 (1.70 
g l-1 ≤ Cp ≤ 27.53 g l-1). Scattering curves have been corrected for incoherent scattering, due to solvent 
and hydrogenated polymer segments, and divided by Cp. (d) Guinier representations, ln I(q) versus q2 / 
Å-2 for C3Ms of P2MVP209 and PAA42-b-PAAm97 (○: Cp = 2.32 g l-1; □: Cp = 4.63 g l-1), P2MVP209 and 
PAA42-b-PAAm208 (◊: Cp = 2.17 g l-1; ∆: Cp = 4.37 g l-1), and P2MVP209 and PAA42-b-PAAm97 (+: Cp 
=  1.70 g l-1; ×: Cp = 3.41 g l-1). Used q-range is 0.005 < q < 0.01 Å-1. The first 4-5 points were 
discarded as they lack statistics and/or exhibit upturns resulting from a small fraction of aggregates in 
the system. 

 

Clearly, for constant NPAAm, scattering curves of different polymer weight concentrations, 

Cp, superimpose in the high q-regime (q > 0.02 Å-1) after division by Cp, indicating that 

concentration hardly affects micellar shape on these length scales (that is, < 15 nm 

according to π/q). 

Porod representations of the scattering curves (Figure 4.9, see Appendix) reveal a 

Porod regime for NPAAm = 97 and 208, but for NPAAm = 417 no horizontal plateau is 
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observed as it has shifted to values of q where the signal-to-noise ratio is too low, i.e., the 

Porod regime has disappeared into the background. As observed in Figure 4.4, the 

scattering curves superimpose in the high q-regime in all three systems after division by 

Cp, indicating that concentration hardly affects micellar structure on small length scales 

(down to ~ 5 nm according to π/q). 

4.3.3 Guinier analysis 

Guinier extrapolations (Figure 4.4d) have been performed on the two lowest 

concentrations of each series, to be sure that inter-particle interactions were negligible. 

Results are given in Table 4.1. As expected, we find an increase in the Guinier radius, Rgu 

with increasing block length of PAAm, NPAAm. The values for Rgu /Rh are very low, i.e., 

below the theoretical value of 0.775 for homogeneous hard spheres.18 Still, comparably 

low values have been observed previously for spherical polymeric micelles.19 

Furthermore, we note that Rgu may be underestimated due to little shell scattering, i.e., 

particle scattering will be dominated by the micellar core, as the contrast between shell 

and solvent is much smaller than the contrast between core and shell, as the core is likely 

solvated up to ~ 50%, while the shell is likely solvated up to ~ 90%. Moreover, the Rh may 

be slightly overestimated due to the presence of a small fraction of larger aggregates, 

which causes visible upturns in the first few points of the scattering curves. 

4.3.4 Generalised indirect Fourier transformation (GIFT) 

From the block length ratios, one may anticipate a spherical shape for the C3Ms of 

P2MVP209 and PAA42-b-PAAmN (NPAAm = 97, 208, and 417). To test the validity of this 

assumption and to serve as a basis for further model fitting, p(r) functions were computed 

for C3Ms of P2MVP209 and PAA42-b-PAAm97 (Figure 4.5) using generalised indirect 

Fourier transformation employing the GIFT software package.13-15 A hard sphere structure 

factor (Percus-Yevick closure) has been included to describe the scattering curves of the 

three higher concentrations. The agreement between the experimental data and GIFT 

results is excellent for all samples and results in a very symmetrical shape of the p(r) 

function typical for spherical particles.11 The p(r) curves are nearly congruent, i.e., 

concentration has little effect on the particle shape and structure for 2.32 g l-1 ≤ Cp ≤ 38.24 

g l-1. Hence, we conclude that the GIFT results justify model fitting with a form factor for 
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Table 4.1. Guinier analysis for C3Ms of P2MVP209 and PAA42-b-PAAmN. NPAAm = 97: Cp = 2.32 g l-1 
and 4.63 g l-1; NPAAm = 208: Cp = 2.17 g l-1 and 4.37 g l-1; NPAAm = 417: Cp = 1.70 g l-1 and 3.41 g l-1. 
Guinier representations are given in Figure 4.4d. Rgu / nm and I0 / cm-1 were determined from ln I(q) 
versus q2 for 0.005 < q < 0.01 Å-1. The hard sphere radius, R / nm, has been calculated from the 
Guinier radius, Rgu according to R = √ 5/3Rgu. Rgu/Rh has been calculated using the Rh as determined 
from the LS-T, i.e., Rh has been assumed to be independent of concentration. We estimate the 
uncertainties in R, Rgu, Rh, and I0 to be in the order of 10%. 

 

NPAAm Cp Rgu R I0 Rgu/Rh 

97 2.32 7.52 9.70 1.84 0.52 

97 4.63 7.88 10.17 3.56 0.54 

208 2.17 10.18 13.14 1.46 0.50 

208 4.37 10.23 13.20 3.00 0.51 

417 1.7 13.83 17.85 1.54 0.68 

417 3.41 13.62 17.58 2.29 0.67 

 

Table 4.2. Comparison of GIFT analysis,a Guinier analysis,b and model fittingc for C3Ms of PAA42-b-
PAAm97 and P2MVP209 (2.32 ≤ Cp / g l-1 ≤ 38.24). We estimate the uncertainties in Rg / nm , R  / nm, 
Rgu / nm, and Rh / nm to be in the order of 10%. 

Cp Rg
a Rg/Rh Rgu

b Rgu/Rh 〈R〉c 〈R〉/Rh 

2.32 8.16 0.56 7.52 0.52 9.8 0.68 

4.63 8.38 0.58 7.88 0.54 9.8 0.68 

9.54 7.90 0.55   9.8 0.68 

15.16 7.82 0.54   9.8 0.68 

25.0 8.02 0.55   9.8 0.68 

38.24 8.71 0.60   9.6 0.66 

 

spherical particles. We can obtain the radius of gyration, Rg from the GIFT results in the 

following manner12 
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Table 4.2 compares the radii and R/Rh values obtained through GIFT, Guinier analysis, 

and model fitting (see detailed description below) for C3Ms of PAA42-b-PAAm97 and 

P2MVP209. In all cases, R/Rh values are rather low and consistent with spherical micelles 

with a non-negligible core.20-22 Harada et al. have reported Rg/Rh values of 0.739-0.762 for 

C3Ms of poly(α,β-aspartic acid)-b-poly(ethylene oxide), PAsp-b-PEO, and poly((L)-

lysine)-b-poly(ethylene oxide), PLys-b-PEO, or poly((L)-lysine), PLys.23 

4.3.5 Model fitting 

To minimise the number of adjustable parameters, we selected the simplest possible 

model for polydisperse spherical particles. Thus, we apply a form factor for homogeneous 

spheres and a Gaussian (NPAAm = 97 and 208) or Schulz-Zimm distribution (NPAAm = 417) 

in combination with a hard sphere structure factor (Percus-Yevick closure) for the higher 

concentrations. Equations are given in the materials and methods sections (equations (4.2) 

to (4.7)) and in the Appendix (equations (4.10) to (4.24)). Instrumental resolution is taken 

into account by applying the following equation 

 2 2 2
expreal appp p p= − , (4.9) 

which is exact for a Gaussian size distribution and approximate for a Schulz-Zimm size 

distribution. Hence, the ‘real’ polydispersity, preal, is obtained when the experimentally 

determined polydispersity, pexp (obtained from model fitting the scattering curves), is 

corrected for the apparent polydispersity due to a finite instrumental resolution, papp. 

Results are given in Figure 4.6 and Table 4.3. A global fit, i.e., keeping R , preal 

and RHS constant for a given NPAAm, has been attempted but resulted in a lesser quality of 

fit. Still, apart from RHS, the values are constant within experimental error. As this simple 

model is sufficient to describe the scattering curves for all concentrations, we refrain from 

applying more sophisticated form factor models to the SANS data. Tests of models like, 

e.g., the one proposed by Pedersen24 did not lead to a better description of the 

experimental data compared to the form factor for homogeneous spheres. This is mainly 
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Figure 4.5. Results of a GIFT analysis for C3Ms of P2MVP209 and PAA42-b-PAAm97 (2.32 g l-1 ≤ Cp ≤ 
38.24 g l-1). (a, b) I(q) / cm-1 versus q / Å-1. The scattering curves were corrected for incoherent 
scattering due to solvent and hydrogenated polymer segments and divided by Cp. Markers correspond 
to experimental data; solid lines represent GIFT results. (c) p(r) versus r / Å. Curves have been 
divided by Cp and normalised to a total area of 1; i.e., curves should superimpose in case particle 
shape and structure are independent of concentration. (d) S(q) versus q / Å-1 as obtained by employing 
a hard sphere structure factor (Percus-Yevick closure). Results are given in Table 4.3. Used q-range is 
0.006 < q < 0.18-0.24 Å-1. The first six points were discarded as they lack statistics and/or exhibit 
upturns resulting from a small fraction of aggregates in the system. The used maximum distance, Dmax, 
ranged from 23-31 nm. 

Figure 4.6 (next page). I(q) / cm-1 versus q / Å-1 for C3Ms of P2MVP209 and (a, b) PAA42-b-PAAm97 
(2.32 g l-1 ≤ Cp ≤ 38.24 g l-1), (c, d) PAA42-b-PAAm208 (2.17 g l-1 ≤ Cp ≤ 35.12 g l-1), and (e, f) PAA42-b-
PAAm417 (1.70 g l-1 ≤ Cp ≤ 27.53 g l-1). Three concentrations are plotted per graph for reasons of 
clarity. Scattering curves were corrected for incoherent scattering due to solvent and hydrogenated 
polymer segments and divided by Cp. Markers correspond to experimental data; solid lines represent 
model fitting results. The model includes a form factor for polydisperse homogeneous spheres in 
combination with a hard sphere structure factor (Percus-Yevick closure). Used q-range is 0.006 < q < 
0.15 Å-1. The first six points were discarded as they lack statistics and/or exhibit upturns resulting 
from a small fraction of aggregates in the system. Fit results are listed in Table 4.3. 
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Table 4.3. Model fitting results for C3Ms of P2MVP209 and PAA42-b-PAAm97 (2.32 g l-1 ≤ Cp ≤ 38.24 g 
l-1), PAA42-b-PAAm208 (2.17 g l-1 ≤ Cp ≤ 35.12 g l-1) and PAA42-b-PAAm417 (1.70 g l-1 ≤ Cp ≤ 27.53 g l-

1). The model includes a form factor for polydisperse homogeneous spheres in combination with a 
hard sphere structure factor (Percus-Yevick closure). A Gaussian distribution is used for NPAAm = 97 
and 208, and a Schulz-Zimm distribution is used for NPAAm = 417. Experimental data and fits are given 
in Figure 4.6. We estimate the uncertainties in Mpart / kg mol-1, Pagg, Pagg,PVP, RHS / nm, and ϕbb, part to be 
in the order of 10-15%, considering standard uncertainties in their calculation, such as those in the 
determination of the scattering length densities (see caption of Table 4.4). aResults of a GIFT analysis 
with a hard sphere structure factor (Percus-Yevick closure, Schulz-Zimm distribution). 

NPAAm Cp R  Mpart Pagg Pagg, PVP ϕbb,  part preal RHS ϕHS RHS
a ϕHS

a 

97 2.32 9.8 679 44.9 9.0 0.013 0.22 - - - - 

 4.63 9.8 680 45.0 9.0 0.013 0.22 - - - - 

 9.54 9.8 688 45.5 9.1 0.013 0.22 - - - - 

 15.16 9.8 686 45.4 9.1 0.013 0.22 14.5 0.02 14.5 0.03 

 25.00 9.8 696 46.0 9.3 0.012 0.23 14.5 0.07 13.4 0.07 

 38.24 9.6 622 41.1 8.3 0.011 0.23 13.0 0.10 11.4 0.15 

208 2.17 11.9 534 23.0 4.6 0.004 0.25 - - - - 

 4.37 12.0 548 23.6 4.7 0.004 0.25 - - - - 

 8.68 11.9 556 23.9 4.8 0.005 0.25 - - - - 

 8.85 11.8 524 22.6 4.5 0.005 0.25 - - - - 

 14.18 11.9 544 23.4 4.7 0.004 0.25 17.0 0.05 - - 

 23.12 11.0 390 16.8 3.4 0.004 0.26 17.0 0.08 - - 

 35.12 11.6 477 20.5 4.1 0.004 0.25 16.0 0.15 - - 

417 1.70 17.1 697 18.1 3.6 0.023 0.49 - - - - 

 3.41 16.5 561 14.6 2.9 0.020 0.49 - - - - 

 6.89 16.5 561 14.6 2.9 0.020 0.49 - - - - 

 11.01 16.5 522 13.6 2.7 0.019 0.49 16.5 0.07 - - 

 17.91 16.5 523 13.6 2.7 0.019 0.49 16.5 0.15 - - 

 27.53 16.5 476 12.4 2.5 0.017 0.49 16.5 0.19 - - 
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due to the low contrast between the heavy water and the corona. Contrast variation in 

combination with selective deuteration is necessary to obtain information on particle 

internal structure, such as core and shell sizes. 

As stated previously, the (polymer contribution to the) incoherent scattering, Iincoh, 

scales linearly with concentration for all three systems. In analogy to Rgu, we find an 

increase in R  with increasing NPAAm. A linear dependence of I0 on Cp is found for a 

given NPAAm (Figure 4.7) for concentrations up to 25.00, 14.18, and 17.91 g l-1 for NPAAm = 

97, 208, and 417, respectively. Hence, according to equation (4.5), we may conclude that 

Mpart is concentration independent in this regime of Cp. This nicely corresponds to the 

conclusions drawn from the GIFT results for NPAAm = 97. Indeed, Table 4.3 shows that 

aggregation numbers (the number of diblock copolymers, Pagg, and the number of 

P2MVP209 polymers per micelle, Pagg,PVP) and micellar mass are nearly Cp independent for 

a given NPAAm and decrease with increasing NPAAm, as the polymer footprint (cross-

section) increases with increasing NPAAm. 

The building block volume fraction in the particle, φbb, part, calculated according to 

equation (4.7), is fairly constant at very low absolute values (0.004 < φbb, part < 0.02), 

which may be due to errors in the calculated scattering length densities, an 

underestimation of the instrumental smearing effects and/or equation (4.7) does not fully 

apply. A rather large polydispersity, increasing with increasing NPAAm, is found in all three 

systems. We suspect it is partially stemming from the high PDI of the constituent diblock 

copolymers, and partially intrinsic to C3Ms as they are in the so-called weak segregation 

limit. The latter statement is purely speculative and currently under investigation. 

From the excellent agreement between experimental data and fits (Figure 4.6), we 

may conclude that a hard sphere structure factor can be used to describe C3M interparticle 

interaction. However, as the particles are not hard spheres, the result is to be interpreted as 

an effective structure factor. The values obtained for the (effective) hard sphere interaction 

radius, RHS, are comparable to Rh for NPAAm = 97, while they are equal to R for NPAAm = 

417. As the particles become increasingly hairy and less hard sphere like with increasing 

NPAAm, it seems reasonable that RHS decreases relative to the micellar radius with 

increasing NPAAm. Results of GIFT analysis and model fitting are fairly consistent. 
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Figure 4.7. I0 / cm-1 versus Cp / g l-1 for C3Ms of P2MVP209 and (○) PAA42-b-PAAm97, (□) PAA42-b-
PAAm208, and (◊) PAA42-b-PAAm417. Values of I0 were determined by model fitting (Figure 4.6, Table 
4.3). 

 

Figure 4.8. (a) ○: Rgu, □: R , ◊: Rh, and (b) Pagg as a function of NPAAm. Rgu, R  and Pagg values of 
different Cp are averaged. Lines represent linear scaling consistent with the experimental data. 

4.3.6 Comparison with scaling theories 

Empirically, we find a linear scaling of Rgu (Guinier analysis) and R (polydisperse sphere 

model) with NPAAm (Figure 4.8a), which is a more pronounced dependence of micellar size 

on shell block length than predicted by scaling laws for block copolymer micelles of 

neutral-neutral and neutral-ionic amphiphilic polymers in any (i.e., star- or crew cut) 

limit.25-29 It is likely that this deviation is partially caused by the fact that water is a very 

good solvent for the PAAm block, while most scaling theories suppose θ-conditions for 
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the shell forming block. Similarly, the power law scaling of Pagg with NPAAm (exponent = 

−0.77, Figure 4.8b) is also more pronounced than predicted by these scaling theories, 

although the deviation is smaller. 

4.4 Conclusions 

C3Ms of P2MVP209 and PAA42-b-PAAmN block copolymers of varying PAAm block 

length (NPAAm = 97, 208, and 417) have been studied by light and small angle neutron 

scattering. From LS-T experiments, the preferred micellar composition, PMC, was 

determined to be f+ = 0.5 for all three systems, while the hydrodynamic radius, Rh, was 

found to increase with increasing NPAAm. SANS experiments have been analysed in three 

independent ways, namely, by generalised indirect Fourier transformation, Guinier 

extrapolation, and model fitting. All C3Ms reported in this chapter are spherical in shape 

and have a considerable polydispersity (preal ≥ 0.24). Micellar aggregation numbers, shape, 

and internal structure are relatively independent of concentration for Cp < 38.24 g l-1. The 

Guinier radius, Rgu, and average micellar radius, R , were both found to increase linearly 

with increasing NPAAm, which is a more pronounced dependence of micellar size on NPAAm 

than predicted by scaling theories for block copolymer micelles. Micellar mass and 

aggregation number were found to decrease with increasing NPAAm. 

4.5 Appendix 

4.5.1 Particle form and structure factor 

In this chapter, we selected a form factor for homogeneous spheres 
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and a hard sphere structure factor (Percus-Yevick closure), which can be expressed in the 

following analytical form30 
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with the hard sphere volume fraction, ϕHS, the hard sphere interaction radius, RHS, and 
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( )2 ,HS HSG qR ϕ given by 

 ( )2 ,HS HSG qR C C Cα β γϕ α β γ= + +  (4.12) 

with the coefficients Cα, Cβ, Cγ, α, β, and γ as defined in equations (4.13) to (4.18) 
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Gaussian (NPAAm = 97 and 208) and Schulz-Zimm (NPAAm = 417) size distributions, 

( ),f R R  were applied, with the polydispersity index, preal, and the average particle 

volume, ( )partV R  given by 

 ( ) ( )2
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22
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f R R
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 =realp
R
σ (4.20) 

 ( ) ( )23 24 4 3
3 3partV R R R Rπ π σ= = +  (4.21) 

for a Gaussian size distribution, and 
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for a Schulz-Zimm size distribution, with the variance, σ, the gamma function, ( )1zΓ +  (z 

> -1), the average particle radius, R , and the width parameter, z. 

4.5.2 Input parameters 

Table 4.4 gives an overview of the coherent scattering length densities, ρ, specific 

volume, v0, and molecular weights, Mw of the studied species. 

Table 4.4. Coherent scattering length densities, ρ / 1010 cm-2, specific volume, v0 / cm3 g-1, and 
molecular weights, Mw / g mol-1 of the chemical species studied in this work. 

Speciesa Mw v0 ρ 

D2O 20.00 0.905 6.37 

PAAmbd 73.06 0.741 4.15 

PAA-d 71.05 0.951 1.81 

P2MVP+d 120.17 0.952 1.33 

PAA42-b-PAAm97
d + P2MVP42 15,119 0.826 2.67 

PAA42-b-PAAm208
d + P2MVP42 23,229 0.791 3.17 

PAA42-b-PAAm417
d + P2MVP42 38,499 0.769 3.55 

aValues are given for polyelectrolyte species in absence of counterions, i.e., P2MVP+ without iodide 
and PAA- as carboxylate. bAs samples have been prepared several days prior to measurement and the 
amount of deuterons far exceeds the amount of protons, it is assumed that all NH2 groups have been 
converted into ND2 groups due to exchange of label amide protons with solvent deuterons. cThe 
specific volume of P2MVP+ is assumed to be equal to the specific volume of P2VP.31 dThe spread in 
reported scattering length densities for PAA and PAAm is considerable (10-15%), as different values 
for specific volumes, polymer densities, and molecular volumes have been used to calculate them. The 
spread in ρPAAm is even larger than 15%, as conversion of NH2 into ND2 due to solvent deuteration is 
not always taken into account. We have selected the tabulated values for PAA / PAAm specific 
volumes and scattering length densities, as they seem the most reliable and are the most recently used 
by several authors.3, 32 
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4.5.3 Porod representations 

Porod representations of the scattering curves (Figure 4.9) reveal a Porod regime for 

NPAAm = 97 and 208, but for NPAAm = 417 no horizontal plateau is observed as it has shifted 

to values of q where the signal-to-noise ratio is too low, i.e., the Porod regime has 

disappeared into the background (Figure 4.9c). As observed in Figure 4.4, the scattering 

curves superimpose in the high q-regime (where data statistics is still acceptable, i.e., 0.02 

< q < 0.06 Å-1) in all three systems after division by Cp, indicating that concentration 

hardly affects micellar structure on small length scales (down to ~ 5 nm according to π/q). 

 
Figure 4.9. Porod representations, I(q)·q-4/Cp / 10-1 Å-5 l g-1 versus q / Å-1 for C3Ms of P2MVP209 and 
(a) PAA42-b-PAAm97 (2.32 g l-1 ≤ Cp ≤ 38.24 g l-1), (b) PAA42-b-PAAm208 (2.17 g l-1 ≤ Cp ≤ 35.12 g l-1), 
and (c) PAA42-b-PAAm417 (1.70 g l-1 ≤ Cp ≤ 27.53 g l-1). Scattering curves have been corrected for 
incoherent scattering, due to solvent and hydrogenated polymer segments. 
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5 
On the structure of spherical complex 

coacervate core micelles∗ 

 
Abstract 

Light scattering and small angle neutron scattering experiments were performed on 
comicelles of several combinations of oppositely charged (block co)polymers in 
aqueous solutions. Fundamental differences between the internal structure of this 
novel type of micelle - termed complex coacervate core micelle (C3Ms), polyion 
complex (PIC) micelle, block ionomer complex (BIC), or interpolyelectrolyte 
complex (IPEC) -, and its traditional counterpart, i.e., a micelle formed via self-
assembly of polymeric amphiphiles, give rise to differences in scaling behaviour. 
Indeed, empirically, we find a more pronounced dependence of micellar size and 
aggregation number on corona block length, Ncorona, than predicted by scaling laws 
developed for the traditional polymeric micelles. Generic C3M characteristics, 
such as the relatively high core solvent fraction, the low core-corona interfacial 
tension, and the high solubility of the coronal chains, are causing the deviations. A 
recently proposed primitive first-order self-consistent field (SCF) theory for 
obligatory co-assembly does correctly predict the linear dependence of micellar 
size on Ncorona.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

∗In slightly modified form submitted as: Voets, I. K.; de Vries, R.; Fokkink, R.; Sprakel, J.; May, R. 

P.; de Keizer, A.; Cohen Stuart, M. A. Journal of Physical Chemistry B 2008. 
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5.1 Introduction 

Polymer self-assembly has been a topic of intense investigation for many years. Advances 

in polymer synthesis have provided a wide variety of copolymers differing both in 

composition and architecture, giving rise to various novel classes of hierarchical 

assemblies. One of the recent developments involves the use of electrostatic interaction 

between two oppositely charged blocks in aqueous solutions as a driving force for 

micellisation. 

About a century ago, the associative phase separation of two oppositely charged 

colloids was discovered and the term ‘complex coacervation’ was coined to describe the 

phenomenon. Half a century later, in the mid-90’s, it was recognised that this macroscopic 

phase separation can be restricted to the colloidal domain, simply via attachment of a 

neutral, water-soluble block to one or both of the polyelectrolytes. Instead of mixing two 

oppositely charged polyelectrolytes, an ionic-neutral copolymer was mixed with a 

polyelectrolyte or another ionic-neutral copolymer, giving rise to a novel type of micelles, 

for which several equivalent terms are in use: complex coacervate core micelles (C3Ms),1 

polyion complex (PIC) micelles,2 block ionomer complexes (BIC),3 and 

interpolyelectrolyte complexes (IPEC).4 

By now, many general physicochemical properties of C3Ms have been well 

established. One of the most fundamental is their tendency towards local charge 

compensation. The driving force for micellisation is Coulombic attraction and entropy 

gain through release of many small, monovalent counterions, that are replaced by a large 

counterion, i.e., the oppositely charged polymer. The number of cationic and anionic 

segments within the micellar core is approximately equal, i.e., C3Ms are typically formed 

under charge stoichiometric conditions. As the driving force is of electrostatic nature, 

C3Ms are inherently stimuli responsive: they react to changes in solution ionic strength 

and, in case of weak polyelectrolytes, pH. For example, addition of an excess of salt 

destabilises C3Ms via charge screening. Other general features, such as relatively high 

critical micellisation concentrations (CMC), size polydispersities, and solvent fractions, 

and rather low aggregation numbers, as compared to other types of polymer micelles, are 

similarly related to the relatively weak nature of the driving force, i.e., electrostatic 
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interaction as opposed to hydrophobic interaction. 

The scaling behaviour of structural parameters such as micellar size and 

aggregation number with respect to for example core and corona block length, is sparsely 

investigated.5, 6 One may anticipate similar dependencies as the ones experimentally 

reported and theoretically derived for micelles consisting of polymeric amphiphiles. 

However, it is likely that typical C3M features such as a relatively high core solvent 

fraction, a low core-corona interfacial tension, and a high solubility of the coronal chains, 

generate scaling relations that considerably deviate from those developed for 

hydrophobically driven self-assemblies. The present contribution describes a series of 

light and neutron scattering experiments that collect structural parameters of several types 

of C3Ms, consisting of two diblock copolymers PAA-b-PEO and P2MVP-b-PEO, of an 

annealed copolymer PAA-b-PAAm and a quenched homopolymer P2MVP43, and of an 

annealed copolymer PAA-b-PAAm and an annealed homopolymer PDMAEMA150, as a 

function of NPEO and NPAAm. 

 
Figure 5.1. Schematic representation of a complex coacervate core micelle (C3M) consisting of two 
diblock copolymers. The cationic (light grey) and anionic (black) polyelectrolyte blocks of the 
copolymers reside in the micellar core, while the neutral, water-soluble segments (dark grey) form the 
micellar corona. 

5.2 Experimental section 

5.2.1 Materials 

Poly(acrylic acid)-block-poly(acryl amide) copolymers, PAA-b-PAAm, have been 

synthesised by RAFT with the chain transfer agent (CTA) 3-benzylsulfanyl 
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thiocarbonylsulfanyl propionic acid, also known as benzyl propionic acid trithiocarbonate 

or BPATT.7 PAAm polymerisation from a PAA39 and PAA44 precursor yielded three 

PAA39-b-PAAmx copolymers (NPAAm = 97, 191, 381) and three PAA44-b-PAAmx (NPAAm = 

150, 300, 610) copolymers. Poly(2-vinyl pyridine)-block-poly(ethylene oxide) 

copolymers, P2VP-b-PEO, have been synthesised by sequential anionic polymerisation. 

Poly(2-vinyl pyridine), P2VP43, polymerised via anionic polymerisation, was purchased 

from Polymer Standards Service (Mainz, Germany). Poly(2-(N,N-dimethylamino)ethyl 

methacrylate), PDMAEMA150, poly(acrylic acid)-block- poly(ethylene oxide), PAA51-b-

PEO250, and poly(2-vinyl pyridine)-block-poly(ethylene oxide), P2MVP41-b-PEO95 were 

purchased from Polymer Source Inc. (Montreal, Canada). The PAA-b-PAAm, 

PDMAEMA150, and PAA51-b-PEO250 polymers were used as received. The P2VP and 

P2VP-b-PEO polymers were quaternised with methyl iodide. Elemental analysis on four 

randomly chosen batches of quaternised P2VP and P2VP-b-PEO polymers, yielded a 

degree of quarterisation of 89% for all samples. Hence, we presume all batches of P2VP 

and P2VP-b-PEO polymers to be quaternised for about 89%. Polymer characteristics are 

summarised in Table 5.1 (subscripts correspond to the degree of polymerisation). 

5.2.2 Sample preparation 

For all (i.e., light and neutron scattering) experiments, polymer stock solutions were 

prepared by dissolution of known amounts of polymer into D2O (> 99% isotope purity, 

Aldrich) to which known amounts of NaNO3 (up to a concentration of 1mM NaNO3) were 

added, followed by a pH-adjustment using 0.1 and 1.0 M NaOD and DCl. The measured 

pHapp value was corrected for the known shift in proton activity upon 100% substitution of 

hydrogen into deuterium by adding 0.408 to obtain the pD.8 Polymer stock solutions were 

filtered over 0.20 µm Schleicher and Schuell filters prior to mixing. C3Ms were prepared 

by mixing the polymer stock solutions at the preferred micellar composition, PMC, 

corresponding to a 1:1 ratio of chargeable groups; i.e., a mixing fraction, f+ of 0.5, in case 

equal amounts of positively and negatively chargeable groups are involved in the 

complexation. The mixing fraction is defined as the ratio between the number of 

positively chargeable monomers and the sum of the numbers of positively and negatively 

chargeable monomers, i.e., 
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For C3Ms consisting of polymers with annealed segments, the position of the PMC is pH 

dependent. Hence, polymer stock solutions have been prepared at a pD previously 

determined to result in a PMC at f+ = 0.5, i.e., ~ 7 for the combination PDMAEMA / 

PAA9 and ~ 8 for the combination P2MVP / PAA.10 Unless otherwise specified, all 

experiments were performed at room temperature. 

5.2.3 Methods 

5.2.3.1 Static and dynamic light scattering (SLS / DLS) 

Static and Dynamic light scattering measurements have been performed on an ALV light 

scattering instrument equipped with an (1) ALV-5000 / 60 x 0 digital correlator and a 

Lexel 85 400 mW argon ion laser (C3Ms of PAA-b-PAAm and P2MVP43; C3Ms of 

P2MVP-b-PEO and PAA51-b-PEO250) or an (2) ALV-5000 digital correlator and a Spectra 

Physics 2000 1 W argon ion laser (C3Ms of PAA-b-PAAm and PDMAEMA150), both 

operated at a wavelength, λ, of 514.5nm. A refractive index matching bath of filtered cis-

decalin surrounded the cylindrical scattering cell, and the temperature was controlled at 

(1) 25.0 ± 0.3 ºC using a Haake F8-C35 thermostat and at (2) 21.9 ± 0.1 ºC using a Haake 

F3-K thermostat. The second-order correlation function, G2(t) and total averaged scattered 

intensity were recorded 5 times per angle, for 24 angles, θ, from 30˚ to 145˚ in increments 

of 5˚ to evaluate the angular dependence of the diffusion coefficient, D, and the excess 

Rayleigh ratio, R(θ,C). DLS experiments have been analysed using the method of 

cumulants. The diffusion coefficient extrapolated to zero angle, D0, has been obtained 

from the slope in a plot of the average frequency, Γ versus q2 and has been converted into 

a hydrodynamic radius, Rh
0 via the Stokes-Einstein equation. SLS experiments have been 

analysed in terms of the Zimm (5.2) and Guinier approximation (5.3) 

 2 21 11
( , ) 3 g
KC q R

R C Mθ
 ≈ + 
 

 (5.2) 

 2 21 1exp  ( )
( , ) 3 g
KC q R

R C Mθ
≈  (5.3) 

- both valid for sufficiently dilute conditions; i.e., S(q) = 1, and small values of qRg -, with 
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the weight concentration of scattering particles, C, the molar mass of the scattering 

particles, M, the radius of gyration, Rg, an optical constant, K, being 

 
22 2

4
av 0

4 n dnK
N dc
π

λ
 =  
 

, (5.4) 

and the magnitude of the scattering wave vector, q, being 

 
0

4 sin
2

nq π θ
λ

 =  
 

, (5.5) 

with the solvent refractive index, n, the laser wavelength, λ0 (514.5 nm), Avogadro’s 

number, Nav, and the specific refractive index increment, /dn dc . 

Thus, from the intercept and slope in the extrapolation of KC/R(θ,C) to zero angle 

(q = 0) at a given concentration, one obtains the apparent micellar mass, Mmicelle and the 

radius of gyration extrapolated to zero angle, Rg
0. The apparent micellar aggregation 

number, Pagg, and more specifically, the number of anionic, aggP− , and cationic, 

aggP+ polymers per micelle can be calculated from Mmicelle, Mbuilding block (see ref. 5 for the 

definition of a ‘building block’), and f+. Toluene was used as a reference. Table 5.2 

presents an overview of the relevant values of Mbuilding block and /dn dc . 

5.2.3.2 Small angle neutron scattering (SANS) 

Small angle neutron scattering experiments were performed at the Institut Max von Laue - 

Paul Langevin (ILL), Grenoble, France on the D22 beam line. One (8 m, C3Ms of PAA-

b-PAAm and PDMAEMA150) and two (4 and 17.6 m, C3Ms of PAA-b-PAAm and 

P2MVP43; C3Ms of P2MVP-b-PEO and PAA51-b-PEO250) detector distances were chosen, 

such that a q-range of 0.005-0.100 Å-1 and 0.005-0.137 Å-1, respectively, was covered, 

with an incident wavelength of 0.8 nm and a wavelength resolution ∆λ/λ of 10%. The 

samples were contained in quartz cells (Hellma, Germany) of 1 and 2 mm path length and 

maintained at room temperature. The data were corrected for background scattering, 

detector response, the spectral distribution of the incident neutron beam, and converted to 

an absolute scattering cross-section I(q) / cm−1 according to standard ILL procedures. The 

SANS scattering curves were modelled with a form factor for polydisperse homogeneous 

spheres (Gaussian size distribution). For two samples (see below), a hard sphere structure 



Chapter 5 
 

 145 

Table 5.1. Polymer characteristics: molecular weight, Mw / g mol-1 and polydispersity index, PDI. 

Polymer Mw
a PDIb 

PAA39-b-PAAm97 9977 1.21 

PAA39-b-PAAm191 16659 1.23 

PAA39-b-PAAm381 30164 1.22 

PAA44-b-PAAm150 14105 1.10 

PAA44-b-PAAm300 24767 1.17 

PAA44-b-PAAm610 46801 1.23 

P2MVP41-b-PEO95 13672 1.07 

P2MVP38-b-PEO211 18088 1.01 

P2MVP42-b-PEO446 29366 1.02 

P2MVP71-b-PEO454 36428 1.02 

PAA51-b-PEO250 14688 1.10 

P2MVP43 9950 1.10 

PDMAEMA150 23582 1.04 

aFor PAA-b-PAAm copolymers including the mass of the CTA, 272 g mol-1. For P2MVP-b-PEO 
copolymers assuming 89% quarterisation, mass including counterion iodide. 
bFor PAA-b-PAAm copolymers determined by gel permeation chromatography (GPC) in water. 

 

factor (Percus-Yevick closure, decoupling approximation using an average particle radius) 

was included. Detailed data analysis procedures have been described elsewhere.5 Table 

5.2 presents an overview of the relevant coherent scattering length densities, ρ. 

5.3 Results and discussion 

The structure of three types of complex coacervate core micelles (C3Ms) was investigated 

with light and small angle neutron scattering experiments: (1) C3Ms consisting of two 
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Table 5.2. Scattering input parameters: building block (see ref. 5 for definition) molecular weights, Mw 
/ kg mol-1, specific refractive index increments, /dn dc / cm3 g-1, and the coherent neutron scattering 
length densities, ρ / 1010 cm-2. 

Building block Mw
a 

dn
dc

b ρ 

PAA39-b-PAAm97 + 39/43 P2MVP43 14545 0.228 2.71 

PAA39-b-PAAm191 + 39/43 P2MVP43 21413 0.215 3.16 

PAA39-b-PAAm381 + 39/43 P2MVP43 35295 0.204 3.54 

PAA44-b-PAAm150 + 44/43 P2MVP43 19373 0.222 2.92 

PAA44-b-PAAm300 + 44/43 P2MVP43 30333 0.209 3.35 

PAA44-b-PAAm610 + 44/43 P2MVP43 52982 0.200 3.69 

PAA51-b-PEO250 + 51/41 P2MVP41-b-PEO95 25972 0.185 1.04 

PAA51-b-PEO250 + 51/38 P2VMP38-b-PEO211 33241 0.174 0.96 

PAA51-b-PEO250 + 51/42 P2VMP42-b-PEO446 44623 0.164 0.89 

PAA51-b-PEO250 + 51/71 P2VMP71-b-PEO454 35132 0.172 0.95 

PAA39-b-PAAm97 + 39/150 PDMAEMA150 16067 0.209 2.52 

PAA39-b-PAAm191 + 39/150 PDMAEMA150 22935 0.202 2.99 

PAA39-b-PAAm381 + 39/150 PDMAEMA150 36817 0.197 3.42 

PAA44-b-PAAm150 + 44/150 PDMAEMA150 21091 0.206 2.74 

PAA44-b-PAAm300 + 44/150 PDMAEMA150 32051 0.199 3.21 

PAA44-b-PAAm610 + 44/150 PDMAEMA150 54700 0.194 3.60 

aTabulated values were calculated for polyelectrolyte blocks in charged state and in absence of 
counterions. 
bCalculated using the following /dn dc values for the monomers: 0.187 (PAAm), 0.136 (PEO), 0.261 
(PAA), 0.21 (PDMAEMA), 0.27 (P2MVP). 

 

diblock copolymers, an annealed copolymer PAA51-b-PEO250 and a quenched copolymer 
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P2MVPx-b-PEOy (x1, y1: 41, 95; x2, y2: 38, 211; x3, y3: 42, 446; x4, y4: 71, 454), (2) C3Ms 

consisting of an annealed diblock copolymer PAA39/44-b-PAAmz (z = NPAAm = 97, 150, 

191, 300, 381, and 610) and a quenched homopolymer P2MVP43, and (3) C3Ms 

consisting of an annealed diblock copolymer, PAA39/44-b-PAAmz (z = NPAAm = 97, 150, 

191, 300, 381, and 610) and an annealed homopolymer PDMAEMA150. In the following, 

C3Ms consisting of two diblock copolymers will be referred to as D-C3Ms, while C3Ms 

consisting of one diblock copolymer and one homopolymer will be referred to as S-C3Ms. 

5.3.1 Dynamic light scattering 

Figure 5.2 depicts the results of dynamic light scattering (DLS) measurements on D-

C3Ms of PAA-b-PEO and P2MVP-b-PEO (Figure 5.2a, d), S-C3Ms of PAA-b-PAAm and 

P2MVP43 (Figure 5.2b, e), and S-C3Ms of PAA-b-PAAm and PDMAEMA150 (Figure 

5.2c, f). A linear dependence of Γ on q2 was observed for all samples, resulting in the 

hydrodynamic radii, Rh
0 as presented in Table 5.3. The results in panels 2d-f indicate that 

the C3Ms are probably spherical and not too polydisperse in size, as we find a nearly 

constant value of Rh
θ for all values of q2, with the exception of D-C3Ms of PAA51-b-

PEO250 and P2MVP41-b-PEO95 and S-C3Ms of PAA39-b-PAAm191 and PDMAEMA150. 

The q-dependence of Rh
θ in these samples is probably caused by a small fraction of larger 

aggregates (note also the upturns at low-q values in the SLS results). 

As expected, Rh
0 increases upon increasing Ncorona (not taking into account the 

results for the C3Ms of PAA51-b-PEO250 and P2MVP41-b-PEO95, that exhibit a tendency to 

aggregate). S-C3Ms co-assembled from PAA44-b-PAAm and P2MVP43 have a slightly 

larger Rh
0 than those co-assembled from PAA39-b-PAAm and P2MVP43, i.e., for these S-

C3Ms the micellar size increases with increasing Ncorona and Ncore. On the other hand, we 

find the opposite dependence of Rh
0 on Ncore for S-C3Ms of PAA-b-PAAm and 

PDMAEMA150. This might be related to the disparity in the polyelectrolyte block length, 

i.e., NPDMAEMA = 150, while NPAA = 39 and 44, but currently, we are lacking a satisfactory, 

tentative explanation. 

5.3.2 Static light scattering 

The micellar mass, Mmicelle, the radius of gyration extrapolated to zero angle, Rg
0, and the 
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Figure 5.2 (page 148). DLS results (cumulant analysis). (a, b, c) Γ and (d, e, f) Rh

θ as a function of q2 
for aqueous solutions of C3Ms of (a, d) PAA51-b-PEO250 and (∆) P2MVP41-b-PEO95, (□) P2MVP38-b-
PEO211, (○) P2MVP42-b-PEO446, (+) P2MVP71-b-PEO454 (f+ = 0.50, C = 8.2-8.4 g l-1, T = 25 °C), and 
(b, e) P2MVP43 and (∆) PAA39-b-PAAm97, (○) PAA44-b-PAAm150, (□) PAA39-b-PAAm191, (+) PAA44-b-
PAAm300, (◊) PAA39-b-PAAm381, (×) PAA44-b-PAAm610 (f+ = 0.50, C = 8.3-8.6 g l-1, T = 25 °C), and (c, 
f) PDMAEMA150 and (∆) PAA39-b-PAAm97, (○) PAA44-b-PAAm150, (□) PAA39-b-PAAm191, (+) PAA44-b-
PAAm300, (◊) PAA39-b-PAAm381, (×) PAA44-b-PAAm610 (f+ = 0.50, C = 8.1-8.5 g l-1, T = 25 °C). (d, e, f) 
The upturns at low q-values, most pronounced for C3Ms of PAA51-b-PEO250 and P2MVP41-b-PEO95, 
and C3Ms of PAA39-b-PAAm191 and PDMAEMA150, are presumably due to a small fraction of larger 
aggregates. 

 

Figure 5.3 (page 149). Static light scattering results. Guinier representations. ln R/KC as a function 
of q2 / 10-10 cm-2. Symbols as in Figure 5.2. Data points for θ = 30˚ (and 35˚ for C3Ms of PAA39-b-
PAAm381 and PDMAEMA150) have been excluded from the Zimm and Guinier analysis as they exhibit 
considerable upturns presumably due to a small fraction of larger aggregates. Results are listed in 
Table 5.3. 
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number of anionic, aggP− , and cationic, aggP+ , polymers per micelle can be obtained from the 

angular dependence of the excess Rayleigh ratio, R(θ,C) (Figure 5.3). Averaged values of 

the Guinier and Zimm extrapolations are given in Table 5.3, as the differences are small 

(≤ 8%). In agreement with our previous findings,5 aggP− and aggP+ were found to decrease 

with increasing Ncorona and in analogy to the DLS results, aggP− and aggP+ were found to 

increase with increasing Ncore for S-C3Ms of PAA-b-PAAm and P2MVP43. Both results 

can easily be rationalised with a simple geometrical model.9 With increasing Ncorona, the 

polymers strive to occupy a larger area at the core-corona interface, reducing the core 

radius (to increase the surface to volume ratio), resulting in a smaller aggregation number. 

Similarly, with increasing Ncore, the core radius is increased, resulting in a larger 

aggregation number. Surprisingly, for S-C3Ms of PAA-b-PAAm and PDMAEMA150, we 

find lower aggP− and aggP+ for larger Ncore. We suppose that this system is under some kind of 

stress, indicated by the extremely low aggregation numbers, i.e., they actually correspond 

to the smallest physically reasonable value, as aggP+ ~ 1. As expected, micellar mass, 

aggregation number, and size are a bit smaller for the S-C3Ms of PAA-b-PAAm and 

P2MVP43 reported here, as compared to our earlier results on C3Ms of PAA42-b-PAAmy 

and P2MVP209 (y = NPAAm = 97, 208, and 417),5 i.e., differing only in Ncore. 

Apart from low-q upturns, presumably due to a small fraction of aggregates, the q-

dependence of R(θ,C) is not very pronounced, impeding an accurate determination of Rg
0. 

This is to be expected as for the majority of samples, (qRh
0)2 is quite small, i.e., their sizes 

are just within the Rayleigh limit, as Rh
0 < λ / 20 = 26 nm. Therefore, we have tabulated 

the values of Rg
0 and Rg

0/Rh
0, but question their reliability and thus refrain from a 

quantitative interpretation (note for example the extremely high values for the presumably 

stressed system of PAA-b-PAAm and PDMAEMA). 

5.3.3 Small angle neutron scattering 

Small angle neutron scattering experiments were performed to study the structure and 

morphology of the C3Ms in more detail. As the DLS results indicated that the C3Ms are 

probably spherical, model fitting of the SANS curves was attempted with a form factor for 

polydisperse homogeneous spheres applying a Gaussian size distribution. Figure 5.4a-c 
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Table 5.3. Summary of light and neutron scattering results: micellar mass, Mw / kg mol-1, aggregation 
number given as the number of anionic, aggP− , and cationic, aggP+ polymers per micelle, radius of 
gyration extrapolated to zero angle, Rg

0 / nm, radius of hydration extrapolated to zero angle, Rh
0 / nm, 

radius of gyration (Guinier extrapolation), Rgu / nm, average core radiusc (model fitting), R  / nm, 
average shell radiusc, Rs / nm, core polydispersity (model fitting), preal, and the ratio of the radii of 
gyration and hydration, Rg

 / Rh
0 and Rgu

 / Rh
0. Mw and Rg

0 (SLS) are averages of Guinier and Zimm 
extrapolations (difference between extrapolations was ≤ 1 and 8%, respectively). 

SLS SANS 
Polymers (Mw) 

aggP−
aggP+ Rg

0 Rh
0 Rg/Rh

0 Rgu R  Rs preal Rgu/Rh
0

PAA39-b-PAAm97 + P2MVP43 (295) 20.3 18.4 14.8 11.5 1.29 - 8.3 3.2 0.15 - 

PAA44-b-PAAm150+ P2MVP43 (580) 29.9 30.6 13.9 15.8 0.88 7.4 11.2 4.6 0.17 0.47 

PAA39-b-PAAm191+ P2MVP43 (353) 16.5 14.9 18.0 14.1 1.28 - 10.8 3.3 0.26 - 

PAA44-b-PAAm300+ P2MVP43 (653) 21.5 22.0 15.0 19.5 0.77 9.4 12.5 7.0 0.25 0.48 

PAA39-b-PAAm381+ P2MVP43 (432) 12.2 11.1 12.2 19.3 0.63 9.3 11.5 7.8 0.27 0.48 

PAA44-b-PAAm610+ P2MVP43 (667) 12.6 12.9 14.3 26.1 0.55 12.8 14.5 11.6 0.28 0.49 

P2MVP41-b-PEO95 + PAA51-b-PEO250 (832) 32.0 39.8 28.6 19.4 1.47 10.4 12.0 7.4 0.17 0.54 

P2VMP38-b-PEO211 + PAA51-b-PEO250 (253) 7.6 10.2 19.2 13.7 1.40 8.1 11.5 2.2 0.24 0.59 

P2VMP42-b-PEO446 + PAA51-b-PEO250 (250) 5.6 6.8 22.1 16.3 1.36 9.9 13.1 3.2 0.27 0.61 

P2VMP71-b-PEO454 + PAA51-b-PEO250 (517) 14.7 10.6 16.3 19.8 0.82 - - - - - 

PAA39-b-PAAm97 + PDMAEMA150 (71) 4.4 1.1 26.9 6.1 4.41 - - - - - 

PAA44-b-PAAm150 + PDMAEMA150 (62) 2.9 0.9 28.7 6.2 4.64 - - - - - 

PAA39-b-PAAm191 + PDMAEMA150 (124) 5.4 1.4 33.0 9.1 3.62 5.7 - - - 0.63 

PAA44-b-PAAm300 + PDMAEMA150 (73) 2.3 0.7 19.5 8.0 2.44 4.3 - - - 0.54 

PAA39-b-PAAm381 + PDMAEMA150 (122) 3.3 0.9 26.4 10.5 2.51 6.5 - - - 0.62 

PAA44-b-PAAm610 + PDMAEMA150 (121) 2.2 0.6 22.6 12.1 1.87 7.3 - - - 0.60 
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clearly shows that all experimental curves could be well described with such as first order 

micellar model (fit results are given in Table 5.3). As the q-range for the experiments on 

S-C3Ms of PAA-b-PAAm and PDMAEMA150 was too limited to obtain reliable values 

from model fitting, no model fitting results are given for this system. Note that the ~ 5.3 g 

l-1 solutions were sufficiently dilute to ignore interparticle interference effects, except for 

two samples, namely C3Ms of P2MVP43 and PAA39-b-PAAm97 and PAA39-b-PAAm191. 

An additional S(q) term, in the form of a hard sphere structure factor (Percus-Yevick 

closure), was applied to describe the experimental data in the low-q region. 

The SANS scattering curves in fully deuterated water are dominated by the 

scattering of the micellar core, due to very low relative polymer volume fractions in the 

micellar corona. Hence, R  as obtained from model fitting provides an estimate for the 

core radius, Rc. Taking Rh
0 as the micellar radius, we can obtain the shell radius, Rs from 

the difference between these two values, i.e., Rs = Rh
0 − R . Both R and Rs, as well as 

the size polydispersity, preal, increase with increasing Ncorona (Table 5.3, Figure 5.5c, d). 

Note that the radii for the samples exhibiting interparticle interference seem somewhat 

suppressed. Rather strikingly, we find Rs < Rc for all systems, i.e., the C3Ms of PAA-b-

PAAm and P2MVP, and PAA-b-PEO and P2MVP-b-PEO are all in the so-called ‘crew-

cut’ regime, even for very large ratios of Ncorona to Ncore. Tentatively, we attribute this 

finding to the high core solvent fraction. For the three types of C3Ms studied here, again 

not taking into account the samples that show indications of aggregation, the Guinier 

radius, Rgu, was found to increase with increasing Ncorona (Figure 5.5b). The resulting 

Rgu/Rh
0 values are very low, as observed previously for C3Ms of PAA42-b-PAAm97 and 

P2MVP209.5 

5.3.4 Scaling behaviour 

As mentioned in the introduction, this study was intended to not only investigate the 

structure and morphology of C3Ms, but furthermore, to compare the scaling behaviour of 

micellar aggregation numbers and radii with the theoretical predictions developed for 

micelles consisting of polymer amphiphiles. To do so, the scattering results described in 

this chapter are summarised in Figure 5.5 and Table 5.3. Qualitatively, it is evident that 

Rh, Rgu, Rcore (i.e., <R>), and Rshell increase linearly (or almost linearly) with increasing 
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Figure 5.4 (page 153). SANS results. (a, b, c) Scattering curves, I(q) / cm-1 versus q / Å-1 and (d, e, f) 
Guinier representations, ln I(q) versus q2 / Å-2 for C3Ms of (a, d) PAA51-b-PEO250 and (∆) P2MVP41-b-
PEO95, (□) P2MVP38-b-PEO211, (○) P2MVP42-b-PEO446, (f+ = 0.50, C = 5.1-5.3 g l-1, T = 25 °C), and 
(b, d) P2MVP43 and (∆) PAA39-b-PAAm97, (○) PAA44-b-PAAm150, (□) PAA39-b-PAAm191, (+) PAA44-b-
PAAm300, (◊) PAA39-b-PAAm381, (×) PAA44-b-PAAm610 (f+ = 0.50, C = 5.1-5.3 g l-1, T = 25 °C), and (c, 
f) PDMAEMA150 and (∆) PAA39-b-PAAm97, (○) PAA44-b-PAAm150, (□) PAA39-b-PAAm191, (+) PAA44-b-
PAAm300, (◊) PAA39-b-PAAm381, (×) PAA44-b-PAAm610 (f+ = 0.50, C = 5.1-5.3 g l-1, T = 25 °C). Fit 
results are listed in Table 5.3. (a-c) Scattering curves include incoherent scattering due to solvent and 
hydrogenated polymer segments. Markers correspond to experimental data; solid lines represent 
model fitting results. The model includes a form factor for polydisperse homogeneous spheres (in 
combination with a hard sphere structure factor (Percus-Yevick closure) for C3Ms of P2MVP43 and 
PAA39-b-PAAm97 / PAA39-b-PAAm191). The used q-range is 0.005-0.137 Å-1. When necessary (due to 
lack of statistics and/or upturns resulting from a small fraction of aggregates), the first 1-3 points 
were discarded. Ncorona and the off-set factor used to rescale the scattering curves for better visibility 
are indicated in the Figure. (d-f) The used q-range is 0.007 < q < 0.15 Å-1. Data points ≤ 0.007 Å-1 

were discarded due to lack statistics and/or upturns resulting from a small fraction of aggregates. 

 

Figure 5.5 (page 154). (a) Rh
0, (b) Rgu, (c) R , (d) Rs, and (e) aggP− as a function of Ncorona for C3Ms of 

(○) PAA51-b-PEO250 and P2MVP-b-PEO, (□) P2MVP43 and PAA-b-PAAm, and (×) PDMAEMA150 and 
PAA-b-PAAm. Lines represent linear scaling consistent with the experimental data. 

 

Ncorona, while Pagg decreases almost linearly upon increasing Ncorona. These are more 

pronounced dependencies on Ncorona than predicted by scaling laws developed for 

traditional polymeric micelles, presumably due to several generic C3M characteristics, 

such as the relatively high core solvent fraction, the low core-corona interfacial tension, 

and the high solubility of the coronal chains. This may well be the reason why a recently 

proposed primitive first-order self-consistent field (SCF) theory for obligatory co-

assembly11 does correctly predict the linear dependence of micellar size on Ncorona. For S-

C3Ms of PAA-b-PAAm and P2MVP43, we find larger micelles (mass, size, and 

aggregation numbers) for NPAA = 44 as compared to NPAA = 39, and similarly, larger 

numbers for S-C3Ms of PAA-b-PAAm and P2MVP209
5 as compared to P2MVP43. 

5.4 Conclusions 

Light scattering and small angle neutron scattering experiments were performed on 

spherical C3Ms of PAA-b-PEO and P2MVP-b-PEO, PAA-b-PAAm and P2MVP, and 

PAA-b-PAAm and PDMAEMA150. C3Ms of PAA-b-PEO and P2MVP-b-PEO, and C3Ms 

of PAA-b-PAAm and P2MVP were all found to be of the ‘crew-cut’ type, i.e., the core 

radius, Rc, is larger than the shell radius, Rs, even for very large ratios of Ncorona to Ncore. 
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Micellar size and aggregation number were found to scale (almost) linearly with Ncorona, 

which is a more pronounced dependence than predicted by scaling laws developed for the 

traditional polymeric micelles. We attribute these findings to several generic C3M 

characteristics, such as the relatively high core solvent fraction, the low core-corona 

interfacial tension, and the high solubility of the coronal chains. 
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6 
Irreversible structural transitions in mixed 

micelles of oppositely charged diblock 

copolymers in aqueous solution∗ 
Abstract 

Using light scattering (titration) measurements, we have shown that micelles can be 
formed in aqueous solutions of a mixture of poly(4-(2-amino hydrochloride-
ethylthio)butylene)-block-poly(ethylene oxide), PAETB49-b-PEO212, and poly(4-(2-
sodium carboxylate-ethylthio)butylene)-block-poly(ethylene oxide), PCETB47-b-
PEO212. The driving force is not only electrostatic attraction between the oppositely 
charged polyelectrolyte blocks, but also hydrophobic interaction contributes. For 
pH < 5.3 or pH > 9.7 the single acid or alkaline diblock copolymer also forms 
micelles due to absence of electrostatic repulsion and the presence of only 
hydrophobic interaction. The mixed micelles formed under so-called optimal 
conditions (pH = 7.2, 10 mM NaNO3, T = 25.0 ºC) irreversibly shrink upon an 
increase in pH, ionic strength, and temperature and upon a decrease in pH. 
Restoring pH or temperature to the critical value has no effect on the 
hydrodynamic radius. We propose to relate these changes to an irreversible 
transition of the micellar core from a metastable fluid-like state (complex 
coacervate like) to a more stable glasslike state, triggered by a shift in the balance 
between electrostatic and hydrophobic interactions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

∗In slightly modified form published as: Voets, I. K.; de Keizer, A.; Cohen Stuart, M. A.; Justynska, J.; 

Schlaad, H. Macromolecules 2007, 40 (6), 2158-2164. 
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6.1 Introduction 

When two aqueous solutions of oppositely charged diblock copolymers are mixed, 

complex coacervate core micelles (C3Ms),1-3 also known as polyion complex micelles,4-7 

block ionomer complex micelles,8, 9 or interpolyelectrolyte complexes (IPEC),10 may form 

depending on pH, ionic strength and mixing fraction f+. We define f+ as the number of 

positively chargeable monomers divided by the total number of chargeable monomers. 

 [ ]
[ ] [ ]

n
f

n n
+

+
+ −

=
+

 (6.1) 

Characteristic features of these types of micelles8, 10-12 are their reversible and responsive 

nature. C3Ms dissociate above a critical ionic strength due to charge screening. Micelles 

formed from polymers containing a weak polyelectrolyte block, dissociate below and/or 

above a critical pH, where one of the blocks has too low a charge density. Indeed, the 

micelles only exist in a narrow region around charge neutrality or charge stoichiometry, 

such that they do not exist below and above a critical f+. Furthermore, the steady state is 

independent of the method of preparation. For example, the same structures are obtained 

in solution when a solution of the positive diblock copolymer (dbp+) is titrated into a 

solution of the negative diblock copolymer (dbp-) and vice versa. Hence, C3Ms seem to 

be in thermodynamic equilibrium: they form spontaneously and reversibly, and are 

responsive to external stimuli, such as pH and ionic strength. 

On the contrary, in the case of traditional polymeric micelles, consisting of one 

amphiphilic polymer, a state of thermodynamic equilibrium is generally not reached 

within experimental time scales. Particularly when the water-insoluble, core-forming 

component has a high glass temperature (as for example polystyrene) so-called ‘frozen’ 

structures are formed.12-14 

In this study we have investigated a mixture of two block copolymers (poly(4-(2-

amino hydrochloride-ethylthio)butylene)-block-poly(ethylene oxide), PAETB49-b-PEO212, 

and poly(4-(2-sodium carboxylate-ethylthio)butylene)-block-poly(ethylene oxide), 

PCETB47-b-PEO212), of which the individual polymers can form this latter type of 

polymeric micelles with a hydrophobic core. Upon mixing aqueous solutions of positively 

charged PAETB49-b-PEO212 and negatively charged PCETB47-b-PEO212, mixed micelles 
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are formed with features characteristic of C3Ms as long as experimental conditions are 

within certain boundaries. When these are crossed, the C3Ms undergo a structural 

transition towards another type of mixed micelle that is smaller, contains less water in its 

core, and is hardly responsive to its environment. Very similar transitions have been 

reported on a solid-liquid interface15-17 (polyelectrolyte multilayers) and on a liquid-liquid 

interface18-21 (polyelectrolyte multilayer capsules), where it is argued that intercalated 

water is expelled from the polyelectrolyte multilayer during the transition triggered by 

heating or compression. Hence, we report on mixed micelles with tuneable responsiveness 

by careful control over the experimental parameters. 

The potential of C3Ms in a variety of applications, including the encapsulation of 

proteins, DNA, dendrimers, and drugs as well as hydrophobic and hydrophilic (charged 

and neutral) colloids,3 spans a wide variety of disciplines ranging from medical implants 

and foodstuff encapsulation to personal care products and membrane filtration systems. 

The micelles described in this chapter have additional advantages: enhanced stability and 

tuneable responsiveness. In the field of drug delivery and controlled release, the major 

drawback of C3Ms’ responsive nature is their relative instability which may potentially 

cause premature drug release as the micelles may dissociate in the bloodstream before 

reaching their target.9, 22-24 Instead of cross-linking of the micellar core or corona,25, 26 one 

may use polymers with a more hydrophobic backbone to circumvent dissociation. This 

approach may also be applied to coatings of adsorbed C3Ms, which have been shown to 

render a surface antifouling.3 As C3Ms adsorb onto a wide variety of surfaces 

(hydrophilic/hydrophobic, homogeneous/heterogeneous), simply by bringing the surface 

into contact with the C3M solution, preventing desorption of such a layer would be a great 

advantage in applications such as medical implants or membrane filters with respect to 

lifetime, cost, and, in the case of the former, cytotoxicity. 

6.2 Experimental part 

6.2.1 Materials 

The synthesis of poly(4-(2- amino hydrochloride-ethylthio)butylene)-block-poly(ethylene 

oxide), PAETB49-b-PEO212 and poly(4-(2- sodium carboxylate-ethylthio)butylene)-block-

poly(ethylene oxide), PCETB47-b-PEO212 (polydispersity index, PDI < 1.09), has already 
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Figure 6.1. Chemical structure of the diblock copolymers used in this study. Poly(4-(2- amino 
hydrochloride-ethylthio)butylene)-block-poly(ethylene oxide), PAETB49-b-PEO212 (left), and poly(4-(2- 
sodium carboxylate-ethylthio)butylene)-block-poly(ethylene oxide), PCETB47-b-PEO212 (right). The 
numbers beside the brackets denote the degree of polymerisation. 

 

been described elsewhere.27, 28 [The subscripts correspond to the degree of 

polymerisation.] Figure 6.1 depicts the chemical structure of the diblock copolymers used 

in this study. 

Aqueous solutions of the polymers were prepared by dissolution of known 

amounts of polymer into deionised water (Milli-Q) to which known amounts of NaNO3 

were added, followed by a pH-adjustment using NaOH and HNO3. Unless otherwise 

specified, all experiments were performed at 25.0 ºC at least three hours after mixing 

polymer stock solutions of pH = 7.2 and 10 mM NaNO3. 

6.2.2 Dynamic and static light scattering 

Light scattering measurements were performed on an ALV light scattering instrument 

equipped with an ALV-5000 digital correlator and a 400 mW argon ion laser operated at a 

wavelength of 514.5 nm. A refractive index matching bath of filtered cis-decalin 

surrounded the cylindrical scattering cell, and the temperature was controlled at  

25.0 ± 0.1 ºC using a Haake C35 thermostat. 

Light scattering-titrations (LS-T) were carried out using a Schott-Geräte computer-

controlled titration setup to control sequential addition of titrant and cell stirring. The pH 

was measured with a combined Ag/AgCl glass electrode. These values were converted 

into pH values after calibration of the electrode. During the mole fraction titrations 

(Figure 6.6), PCETB47-b-PEO212
 is titrated with a concentrated solution of PAETB49-b-

PEO212. Typical concentrations of the titrated species are in the order of several mmol l-1, 

expressed in terms of monomer concentration. During the salt and pH titrations, a NaNO3 
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Figure 6.2. (a, b) Rh, 90º (closed circles) and I90º/Cp (open squares) as a function of pH for an aqueous 
solution of (a) PAETB49-b-PEO212 at 10 mM NaNO3, Cp = 2.55-1.46 g l-1 and 25.0 ºC and (b) 
PCETB47-b-PEO212 at 10 mM NaNO3, Cp = 0.99-0.64 g l-1 and 25.0 ºC. A line is drawn through the 
data points as a guide to the eye. Arrows indicate corresponding axes. (c) I90º/Cp as a function of pH 
for an aqueous solution of PAETB49-b-PEO212 and PCETB47-b-PEO212

 at 10 mM NaNO3, Cp = 1.95-
1.39 g l-1, f+ = 0.491, and 25.0 ºC. The arrows indicate the direction of the pH scan. The filled symbols 
correspond to the 1st pH scan (circles: first scan down; squares: first scan up), and the open symbols 
correspond to the second (consecutive) pH scan. The dotted lines mark regions A-D (A: 2.5 < pH < 
5.3; B: 5.3 < pH < 9.7; C: 9.7 < pH < 11; D: 11 < pH < 12). (d) CONTIN distribution as a function 
of pH for an aqueous solution of PAETB49-b-PEO212 (◊: pH = 7.8), PCETB47-b-PEO212 (+: pH = 8.2) 
and their 1:1 mixture (□: pH = 8.4, pH increase in first scan; ■: pH = 5.8, pH decrease in first scan; 
∆: pH = 8.0, pH decrease in second scan;▲: pH = 8.4, pH increase in second scan) at 10 mM 
NaNO3, Cp = 1.95-1.39 g l-1, and 25.0 ºC. 

 

solution (salt LS-T, Figure 6.4b) or NaOH and HNO3 solutions (pH LS-T, Figure 6.2), 

were added to a solution of PAETB49-b-PEO212 and PCETB47-b-PEO212 under optimal 

conditions (pH = 7.2, 10 mM NaNO3, T = 25.0 ºC). After every dosage, pH, 90º light 
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scattering intensity, I90º, and the second-order correlation function, G2(t), were recorded, 

the latter two 5 times during 20-25 s. Consecutively, the five values of I90º and Rh, 90º 

(method of cumulants, see below) were averaged, as well as the five second-order 

correlation functions prior to CONTIN analysis, i.e., CONTIN analysis (see below) was 

performed on the averaged G2(t). Data were reported in terms of total scattered intensity 

normalised to total polymer weight concentration, I90º/Cp, and apparent hydrodynamic 

radius, Rh, 90º, as a function of pH, f+, and ionic strength. LS-T measurements have 

primarily been analysed according to the method of cumulants29 using the standard ALV 

software. A more detailed analysis has been performed by fitting G2(t) with the 

Provencher program CONTIN.30 31 Note that all values of Rh, 90º reported in this chapter 

are apparent values, since no extrapolation to q = 0 has been performed. Moreover, where 

scattering intensity is low (for example, regime III in Figure 6.2a, b) sampling time could 

be increased to obtain more reliable values of Rh, 90º. 

6.2.3 Cryogenic transmission electron microscopy (cryo-TEM) 

Cryo-TEM observations were carried out with a Technai Sphera (FEI Co.) transmission 

electron microscope operating at a voltage of 120 kV. Samples were prepared on 200 

mesh copper grids containing a carbon-coated holey support film (Agar Scientific, UK, 

and Ted Pella Inc., USA). A small drop of sample was placed on the specimen grid, and 

the excess fluid was blotted off using Whatmann #4 filter paper. Preparation was carried 

out in an environmental chamber with high relative humidity to prevent drying and 

subsequent precooling of the dispersions. The thin aqueous films were vitrified in melting 

ethane and transferred under liquid nitrogen into a Gatan CT3500 cryo holder and 

subsequently into the transmission electron microscope. Images were taken under low 

dose conditions. 

6.3 Results and discussion 

6.3.1 Effect of pH 

Rh, 90º and I90º/Cp are plotted as a function of pH for PAETB49-b-PEO212 (Figure 6.2a), 

PCETB47-b-PEO212 (Figure 6.2b), and their 1:1 mixture (Figure 6.2c,d). In Figure 6.2a, we 

clearly observe three regimes. In regime I (pH > 9.7), we observe a high scattering 
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intensity and Rh, 90º = 17.9 ± 0.6 nm, whereas in regime III (pH < 8.7) the scattering 

intensity is low and Rh, 90º = 97 ± 17 nm. A similar picture can be seen in Figure 6.2b, 

where regime I (pH < 5.3) corresponds to high scattering intensity and a Rh, 90º = 14.9 ± 

0.5 nm, while in regime III (pH > 6.2) the scattering intensity is low and Rh, 90º is high  

(Rh, 90º = 129 ± 31 nm, values are rather scattered). 

Regime I corresponds to the pH region where micelles are formed with a core 

consisting of water-insoluble, uncharged PAETB-blocks (high pH, Figure 6.2a) and 

PCETB-blocks (low pH, Figure 6.2b) stabilised by a PEO corona. The micellisation is 

reversible, as one can repeatedly increase and decrease the pH resulting in a cycle of 

association and dissociation of the micelles (data not shown). Regime III corresponds to a 

regime without micelles. 

CONTIN analysis of G2(t) for PAETB49-b-PEO212 (Figure 6.3a) and PCETB47-b-

PEO212 (Figure 6.3b) confirms this pH dependent micellisation. In Figure 6.3a, we 

observe two modes for all pH values. The position of the fast mode is pH independent in 

regimes I and III, but shifts in the transition region from Rh, 90º = 3 ± 1 nm (regime III) to 

Rh, 90º = 12.4 ± 0.4 nm (regime I). The position of the slow mode (Rh, 90º = 106 ± 22 nm, 

values are rather scattered) is pH independent, while its amplitude decreases slightly with 

increasing pH. In Figure 6.3b, we observe a transition from two modes in the CONTIN 

profile for pH > 6.2 (regime III) to a nearly single mode for pH < 5.3 (regime I). As in 

Figure 6.3a, the position of the slow mode (Rh, 90º = 108 ± 17 nm, values are rather 

scattered) is nearly pH independent, but now its amplitude decreases considerably with 

decreasing pH. The position of the fast mode is pH independent in regimes I and III, but 

shifts in the transition region from Rh, 90º = 2 ± 1 nm (regime III) to Rh, 90º = 13.1 ± 0.6 nm 

(regime I). The values of Rh, 90º determined by the methods of cumulants and CONTIN 

agree quite well. Rh, 90º, CUM is slightly larger than Rh, 90º, CONTIN (fast mode) due to the 

presence of the second slow mode. 

The q²-dependent fast mode in CONTIN (see Appendix) corresponds to the 

diffusion of micelles in regime I and polymers in regime III. The q²-dependent slow mode 

(see Appendix) that dominates the CONTIN profile in regime III, which causes large 

values of Rh in the cumulant method, corresponds to a small number of aggregates and/or 
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very large but loose aggregates (i.e., low polymer density). Upon filtration of the solutions 

in regime III over a 0.2 µm filter, I90º decreases considerably (75% for PAETB49-b-PEO212 

and 64% for PCETB47-b-PEO212), while I90º is much less affected by filtration in regime I 

(9% for PAETB49-b-PEO212 and 4% for PCETB47-b-PEO212), where the slow mode is 

much less dominant, i.e., nearly absent. These findings are in line with others by for 

example Gohy et al.,32 who observed aggregates for P2VP-PDMAEMA at pH < 4.5 in a 

regime of low scattering intensity and large hydrodynamic radius. 

Figure 6.2c shows that the effect of pH on the 1:1 mixture is clearly different from 

its effect on the separate polymers. Upon mixing aqueous solutions of PAETB49-b-PEO212 

and PCETB47-b-PEO212 at pH = 7.2 rather large micelles are formed that scatter light 

considerably (Rh, 90º = 32.3 ± 0.6 nm, cumulant analysis; Rh, 90º = 31.0 ± 1.7 nm, CONTIN 

analysis; I90º > 170 kHz). Upon pH increase (or pH decrease), these aggregates shrink (Rh, 

90º = 15.1 ± 0.4 nm, cumulant analysis; Rh, 90º = 11.0 ± 0.6 nm, CONTIN analysis; I90º < 40 

kHz) to a size comparable to and slightly smaller than the Rh, 90º of the micelles consisting 

of either PCETB47-b-PEO212 or PAETB49-b-PEO212 respectively. When pH is decreased 

(or increased) to the initial value, the initial state is not regained, i.e., Rh, 90º ≠ 31-32 nm. 

Instead, Rh, 90º and I90º remain practically independent of pH in the whole pH regime for 

2.5 < pH < 12. In the intermediate pH regime, 6.2 < pH < 8.7 the micelles are necessarily 

mixed micelles, as no micelles exist in the single polymer solutions. CONTIN analysis 

(Figure 6.2d) confirms that the objects found in the mixture of PAETB49-b-PEO212 and 

PCETB47-b-PEO212 for 6.2 < pH < 8.7 are not observed in the solutions of either 

PAETB49-b-PEO212 or PCETB47-b-PEO212. 

Upon closer inspection of I90º and Rh, 90º vs pH (Figure 6.2c,d) in combination with 

a CONTIN analysis at different pH values after the initial decrease in I90º and Rh, 90º (after 

first pH titration run), we observe subtle changes in both parameters. We can identify four 

regions, A-D (Figure 6.2c). As discussed above, for intermediate pH values (region B: 5.3 

< pH < 9.7) we observe nearly constant I90º and Rh, 90º corresponding to mixed micelles. 

Outside this region B, micelles are observed in solutions of either diblock copolymers. 

Thus one might expect to observe micelles of PAETB49-b-PEO212 and unimerically 

dissolved PCETB47-b-PEO212 in regions C and D (pH > 9.7) and vice versa in region A 

(pH < 5.3), i.e., the dissociation of mixed micelles above and below pHcr respectively as 
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Figure 6.3. CONTIN distribution as a function of pH for an aqueous solution of (a) PAETB49-b-
PEO212 at 10 mM NaNO3, Cp = 2.55-1.46 g l-1, and 25.0 ºC (∆: pH = 8.7; ◊: pH = 8.9; □: pH = 9.2, 
+: pH = 9.7), and (b) PCETB47-b-PEO212 at 10 mM NaNO3, Cp = 0.99-0.64 g l-1, and 25.0 ºC (∆: pH 
= 5.3; ◊: pH = 5.9; □: pH = 6.2, +: pH = 7.2). 

 

typically observed for C3Ms. In fact, we observe a decrease in I90º and Rh, 90º, CONTIN in 

region C (9.7 < pH < 11), resulting in a low I90º and Rh, 90º, CONTIN (but large Rh, 90º, CUM due 

to the dominant contribution of a slow mode, compare regime III in Figure 6.2a,b) in 

region D (11 < pH < 12), which is consistent with a dissociation of the mixed micelles. 

However, we do not observe three peaks corresponding to a slow mode (those of 

PCETB47-b-PEO212 and PAETB49-b-PEO212 superimpose) and two diffusive modes, the 

PAETB49-b-PEO212 micelles and PCETB47-b-PEO212 polymers. Rather, we observe one 

slow mode and a diffusive mode with a Rh, 90º = 4.3 ± 0.3 nm. The data in region A (2.5 < 

pH < 5.3) seem more consistent with a decrease in size of the mixed micelles, than with 

their dissociation. As in region D, we observe 2 not 3 peaks, corresponding to a slow 

mode and a fast diffusive mode with a Rh, 90º decreasing to a minimum of about 9 nm. 

Clearly, the behaviour of the mixture of PCETB47-b-PEO212 and PAETB49-b-

PEO212 differs not only from the behaviour of the individual polymers, it is also very 

different from the behaviour of typical C3Ms (consisting of weak polyelectrolyte blocks) 

that dissociate reversibly above and below a critical pH12, 33 as discussed in the 

Introduction. Apparently, the micellisation in aqueous solutions of PAETB49-b-PEO212 

and PCETB47-b-PEO212 is not reversible, as is the micellisation of C3Ms and either 
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PAETB49-b-PEO212 or PCETB47-b-PEO212. We propose that this novel behaviour 

originates from the segment chemistry of the polymers used in this study. PAETB49-b-

PEO212 and PCETB47-b-PEO212 are block copolymers with a polyelectrolyte block that 

contains titrateable groups covalently linked to a rather hydrophobic backbone. Therefore, 

micellisation occurs in aqueous solutions of the separate polymers, and hydrophobic 

interactions play a role in the formation of mixed micelles from aqueous solutions of 

PAETB49-b-PEO212 and PCETB47-b-PEO21. In the intermediate pH regime, both 

electrostatic and hydrophobic interactions act as a driving force for micellisation. Under 

these conditions, the behaviour resembles that of C3Ms. When pH is sufficiently 

increased (or decreased) so that one of the polymers becomes effectively uncharged (i.e., 

micellisation occurs in single-component solutions), the influence of the hydrophobic 

backbone becomes apparent, resulting in behaviour that is strikingly different from ‘C3M 

behaviour’. Electrostatic interactions have confined the polymers in the intermediate pH 

regime within the same aggregate, but now hydrophobic interactions are increasingly 

more dominating and result in the expulsion of water from the micellar core: the micelles 

shrink. Apparently, hydrophobic interactions are strong enough to prevent the mixed 

micelles from dissociation in a regime of low charge density, at least for low pH values, 

where ‘normal’ C3Ms would no longer exist. 

6.3.2 Effect of temperature 

To test the reasoning above, we studied the effect of temperature, T, on the mixed 

micelles. The Rh, 90º of C3Ms is nearly independent of temperature,33 as temperature 

essentially does not effect electrostatic interaction. On the contrary, hydrophobic 

interaction is temperature dependent.33 

Figure 6.4a shows Rh, 90º for the 1:1 mixture as a function of temperature. Again, 

we clearly observe a shrinkage of the size of the mixed micelles: Rh, 90º decreases with 

increasing temperature from Rh, 90º = 31.6 ± 0.3 nm (cumulant analysis; T = 24.9 ± 0.1 ºC) 

to Rh, 90º = 14.2 ± 0.2 nm (cumulant analysis; T = 87.0 ± 0.2 ºC), while I90º decreases from 

I90º = 181.3 ± 1.3 kHz to I90º = 58.3 ± 0.6 kHz. 
As was the case with pH, the initial state is not regained (i.e., Rh, 90º equal to about 

32 nm) by restoring the temperature to its initial value. Instead, Rh, 90º and I90º remain  
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Figure 6.4. (a) Rh, 90º as a function of temperature for a mixture of PAETB49-b-PEO212 and PCETB47-b-
PEO212

 (circles) at pH = 7.2, 10 mM NaNO3, and Cp = 1.77 g l-1, and f+ = 0.490. The arrows indicate 
the direction of the temperature scan; the filled symbols correspond to the scan up, and the open 
symbols indicate the scan down. (b) Rh, 90º (open circles) and I90º/Cp (open squares) as a function of the 
concentration added salt for the mixture of PAETB49-b-PEO212 and PCETB47-b-PEO212

 at pH = 7.2, Cp 
= 0.90-0.64 g l-1, f+ = 0.490, and T = 25.0ºC. Arrows indicate corresponding axes. 

 
Figure 6.5. Cryo-TEM image of a solution of a mixture of (a) PAETB49-b-PEO212 and PCETB47-b-
PEO212

 (pH = 7.2, 10 mM NaNO3, Cp = 1.85 g l-1, f+ = 0.491, and T = 25.0 ºC) and (b) PAETB49-b-
PEO212 and PCETB47-b-PEO212 after the temperature scan shown in Figure 6.4a (pH = 7.2, 10 mM 
NaNO3, Cp = 1.77 g l-1, f+ = 0.490, and T = 25.0 ºC). 

 

practically independent of temperature after the initial response (Rh, 90º = 14.7 ± 1.0 nm and 

I90º = 51.8 ± 2.4 kHz for first down, second up, and second down scan, of which the latter 

two are not shown for clarity). This confirms the proposed idea, that hydrophobic 
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interactions are important in mixed micelles of PAETB49-b-PEO212 and PCETB47-b-

PEO212. Both pH and temperature can shift the balance between the hydrophobic and 

electrostatic driving forces for micellisation, triggering a transition from a relatively 

hydrophilic, swollen state of the core into a more hydrophobic, compact state. As the 

transition is irreversible, the initial state is probably metastable. 

6.3.3 Effect of ionic strength 

Naturally, parameters such as ionic strength and mixing fraction also influence the 

balance between electrostatic and hydrophobic driving forces. An increase in ionic 

strength, increases the charge screening, shifting the balance towards hydrophobic 

interaction. Thus, we expect to observe a decrease of Rh, 90º and I90º/Cp with increasing 

ionic strength. 

Rh, 90º and I90º/Cp are plotted as a function of the concentration of added salt for a 

1:1 mixture of PAETB49-b-PEO212 and PCETB47-b-PEO212 (Figure 6.4b). As expected, Rh, 

90º and I90º/Cp decrease with increasing ionic strength from Rh, 90º = 38.2 ± 0.2 nm 

(cumulant analysis; 0 mM added NaNO3) to Rh, 90º = 18.8 ± 0.7 nm (cumulant analysis; 

[NaNO3] > 950 mM) and I90º/Cp = 131.0 ± 0.5 kHz l g-1 to I90º/Cp = 20.0 ± 2.7 kHz l g-1. 

Note that mixed micelles still exist at added salt concentrations as high as 2 M, i.e., they 

do not dissociate in the experimental range studied. This is in sharp contrast with the 

behaviour observed for C3Ms that typically dissociate above 0.05-0.5 M added salt.12, 33 

As described above for the effect of pH, hydrophobic interaction is apparently sufficient 

to stabilise the micelles under conditions where ‘normal’ C3Ms would dissociate. The 

micellar core becomes considerably more hydrophobic with increasing ionic strength, 

expelling water, and consequently the hydrodynamic radius decreases. 

We have extended our scattering study with electron microscopy experiments, 

which are sensitive to differences in the transmission of electrons and therefore in 

principle to densification (due to increased hydrophobicity) of the micellar core. 

Figure 6.5 shows electron micrographs of aqueous solutions of a 1:1 mixture of 

PAETB49-b-PEO212 and PCETB47-b-PEO212 before (Figure 6.5a) and after a temperature 

scan (Figure 6.5b). The micelles appear as grey spots in Figure 6.5a and darker grey spots 

in Figure 6.5b, which is consistent with a denser micellar core after the temperature scan. 
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Figure 6.6. (a) I90º/Cp as a function of mixing fraction for the mixture of PAETB49-b-PEO212 and 
PCETB47-b-PEO212

 at 10 mM NaNO3, Cp = 0.99-3.42 g l-1, 25.0 ºC, and various pH (○: pH = 5.4; ∆: 
pH = 6.0; +: pH = 6.9; ◊: pH = 7.0; □: pH = 7.2). (b, c) Rh, 90º (closed circles) and I90º/Cp (open 
squares) as a function of mixing fraction for the mixture of PAETB49-b-PEO212 and PCETB47-b-PEO212 
at 10 mM NaNO3, Cp = 0.99-3.42 g l-1, and 25.0 ºC, at (b) pH = 5.4 and (c) pH = 7.2. Arrows indicate 
corresponding axes. 

6.3.4 Effect of mixing fraction 

Interestingly, the effect of f+ on aqueous solutions containing both PAETB49-b-PEO212 and 

PCETB47-b-PEO212 is slightly more complex and can be divided into two categories 

depending on the pH of the stock solutions. I90º/Cp is plotted as a function of f+ for 

different pH values (Figure 6.6a). Two regimes of initial pH can be distinguished: in 

regime I (5.4 < pH < 6.0), I90º/Cp increases monotonically for f+ < PMC (wherein PMC is 

the so-called preferred micellar concentration2), while I90º/Cp decreases with a single slope 

for f+ > PMC. In regime II (6.9 < pH < 7.2), two regions with different slopes can be 
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distinguished for f+ < PMC and f+ > PMC. In the regions closest to the PMC, the curves of 

Rh, 90º and I90º/Cp vs f+ follow the same trend (Figure 6.6c). This behaviour is not observed 

in regime I: there are no values of f+ where the curves of Rh, 90º and I90º/Cp are congruent 

(Figure 6.6b). 

It is likely that in the mixtures of regime I no mixed micelles are formed. The pH 

of the polymer stock solutions is in the vicinity of the critical pH for formation of micelles 

of PCETB47-b-PEO212 alone (pHc = 5.3). As the pH is not buffered during a light 

scattering-titration, it will change due to changes in the degree of dissociation of the 

PAETB and PCETB-blocks of the diblock copolymers, due to complexation.2 In regime I, 

pH decreases with increasing f+ for f+ < PMC until PMC is reached (data not shown), 

while for f+ > PMC pH is nearly constant at a value of ∼ 3.2 (initial pH = 5.4 / 6.0, 

respectively). Thus, for f+ < PMC PCETB47-b-PEO212 alone forms more and more micelles 

with increasing f+ (as pH decreases), resulting in a monotonous increase in I90º/Cp, 

resembling the increase in intensity with decreasing pH in Figure 6.2b in the same pH 

range. For f+ > PMC, pH remains nearly constant, resulting in a nearly constant number of 

micelles. However, the number of free PAETB49-b-PEO212 polymers increases (as f+ 

increases), while they contribute relatively little to I90º, but equally to Cp, resulting in a 

decrease of I90º/Cp for f+ > PMC. 

In regime II, pH remains within the intermediate pH range, where no micelles are 

formed in solutions of either PAETB49-b-PEO212 or PCETB47-b-PEO212 (5.3 < pH < 9.6). 

Thus, both polymers are sufficiently charged to drive the formation of mixed micelles 

through electrostatic interaction. Therefore, we observe a difference in the effect of f+ on 

I90º/Cp and Rh, 90º, namely two regions with different slopes for both f+ < PMC and f+ > 

PMC, as has been described previously for fully reversible C3Ms.2, 11 Apparently, the 

formation of mixed micelles consisting of PAETB49-b-PEO212 and PCETB47-b-PEO212 is 

reversible with respect to f+, as is the case for C3Ms in general.2, 12, 33  

6.3.5 Effect of time 

Contrary to C3Ms, polymeric micelles with a hydrophobic core tend to relax so slowly 

that a state of thermodynamic equilibrium is generally not reached within experimental 

time scales. Thus, we investigated the effect of time on the size of the mixed micelles after  
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Figure 6.7. Rh, 90º as a function of time for a mixture of PAETB49-b-PEO212 and PCETB47-b-PEO212

 (○) 
at pH = 7.2, 10 mM NaNO3, Cp = 1.95 g l-1, f+ = 0.491, and T = 25.0 ºC. The dotted line indicates Rh, 

90º = 28.0 nm, measured 3 days after preparation. 
 

preparation of the two polymer stock solutions (Figure 6.7). Indeed, we observe a 

decrease in micellar size in the first four hours after preparation from Rh, 90º = 75 nm to Rh, 

90º = 28.2 ± 0.5 nm. After 4 hours, Rh, 90º has reached an almost constant value (i.e., Rh, 90º = 

28.0 ± 0.9 nm, measured 3 days after preparation). 

However, the effect of pH, ionic strength and temperature on the micellar size is 

qualitatively independent of the period after preparation, i.e., the observed trends in Rh, 90º 

vs pH, ionic strength, and temperature as described above are also observed in solutions of 

PAETB49-b-PEO212 and PCETB47-b-PEO212 prepared several days before the experiments 

(data not shown). 

6.4 Conclusions 

Using light scattering measurements, we have shown that micelles can be formed in 

aqueous solutions of poly(4-(2-amino hydrochloride-ethylthio)butylene)-block-

poly(ethylene oxide), PAETB49-b-PEO212, and poly(4-(2-sodium carboxylate-

ethylthio)butylene)-block-poly(ethylene oxide), PCETB47-b-PEO212, as well as in a 

mixture of the two. 

In aqueous solutions of either PAETB49-b-PEO212 or PCETB47-b-PEO212, micelles 

are formed when polymer charge density is low (pH < 5.3 for PCETB47-b-PEO212 and pH 
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> 9.7 for PAETB49-b-PEO212). Under these circumstances, the ‘polyelectrolyte’ blocks are 

effectively water-insoluble, resulting in micelles due to hydrophobic interactions. In 

aqueous solutions of PAETB49-b-PEO212 and PCETB47-b-PEO212, mixed micelles are 

formed. Two different states can be distinguished. The first state corresponding to a 

metastable mixed micelle with a swollen, gel-like core, is reached immediately after 

mixing the separate polymer solutions at intermediate pH and f+, low ionic strength and 

moderate temperature. When these aggregates are ‘treated’ by a considerable increase in 

pH, ionic strength, or temperature or by a decrease in pH, the second state is reached, 

corresponding to a more stable state with a glasslike micellar core. 

The metastable state shows several similarities to ‘normal’ C3Ms. First, for pH ≥ 

6.9 the micelles dissociate upon under-/overdosing of PAETB49-b-PEO212. Second, the 

micelles are responsive to their environment. But there are also clear differences: these 

mixed micelles have enhanced stability as they are stable up to 2 M of NaNO3 and in a 

wide pH region (2.5 < pH < 9.7), which are circumstances where C3Ms typically no 

longer exist. Furthermore, the hydrodynamic size of these aggregates is strongly 

dependent on temperature. Apparently, these micelles are not typical C3Ms, formed 

through electrostatic interaction only, but a combination of electrostatic and hydrophobic 

interactions drives their micellisation. 

The structural transition occurring upon pH, T, or ionic strength ‘treatment’ into the 

second, more stable state is caused by a shift in the balance between the two driving 

forces. Hydrophobic interactions are favoured in such a way that water is expelled from 

the core as it becomes increasingly more hydrophobic, while the micelles shrink about a 

factor of two in size. A similar phenomenon has been reported previously for 

polyelectrolyte multilayer systems on flat and curved surfaces.15-17, 21 As the initial state is 

metastable, the structural transition is irreversible. Once the micelles have a glasslike core, 

they hardly respond to a change in environment. For example, after a pH or temperature 

treatment, the Rh is nearly fixed, irrespective of changes in pH or temperature. 

We relate this novel behaviour to the chemical properties of the polymer segments 

used in this study. PAETB49-b-PEO212 and PCETB47-b-PEO212 are block copolymers with 

a polyelectrolyte block that contains titrateable groups covalently linked to a rather 

hydrophobic backbone. Therefore, micellisation occurs in aqueous solutions of the 
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separate species, and hydrophobic interactions play a role in the formation of mixed 

micelles when these aqueous solutions are mixed. Ion pairs in water have interaction 

energies of a few kT, whereas in a low dielectric cavity this energy may become of order 

100 kT. Hence, a rather hydrophobic backbone resulting in a rather hydrophobic micellar 

core stabilises the polyelectrolyte complexes enormously. 

By carefully controlling the experimental parameters, one can tune the transition 

towards more stable and less responsive micelles. Hence, stability and responsiveness 

have become tuneable parameters. Naturally, this will positively affect the applicability of 

these micelles in industrial and biomedical applications. 

6.5 Appendix 

Angular dependent light scattering measurements have been performed on aqueous 

solutions of poly(4-(2-sodium carboxylate-ethylthio)butylene)-block-poly(ethylene 

oxide), PCETB65-b-PEO212 (Figure 6.8a and Figure 6.10a), poly(4-(2-amino 

hydrochloride-ethylthio)butylene)-block-poly(ethylene oxide), PAETB65-b-PEO212 (Figure 

6.8b and Figure 6.10b), and their mixture (Figure 6.9). 

The fast mode that is observed in aqueous solutions of the polymers PCETB65-b-

PEO212 (Figure 6.8a) and PAETB65-b-PEO212 (Figure 6.8b), shows a q²-dependent 

behaviour in all three regimes. In regime I it corresponds to micelles, in regime III to 

polymers. Figure 6.10 shows that there is hardly any angular dependence of the diffusion 

coefficient 2qΓ/ for aqueous solutions of PCETB65-b-PEO212 and PAETB65-b-PEO212 in 

regime I and II. Due to the low total scattering intensity, the data in regime III are not 

accurate enough to determine the angular dependence of the diffusion coefficient. 

The slow mode is dominant in regime III but much less pronounced/nearly absent 

in regimes I and II. Hence, its angular dependence is determined in regime III alone. 

Figure 6.11 shows that both the fast and slow mode, exhibit a q²-dependent behaviour, 

i.e., they are diffusive. As discussed in the main body of the article, the fast mode 

corresponds to polymers, while the slow mode corresponds to a small number of 

aggregates and/or very large, but loose aggregates (i.e., low polymer density). 

Note that the ordinate at q = 0 in Figures 6.8, 6.9a, and 6.11 differs slightly from 

the expected value of 0. The difference is close to or within experimental error (≤ 10%). 
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Figure 6.8. Results of a CONTIN analysis. Γ as a function of q2 (fast mode) for an aqueous solution of 
(a) PCETB65-b-PEO212 at 10 mM NaNO3 and 25.0 ºC in regime I (∆: Cp = 8.61 g l-1, pH = 0.7), regime 
II (◊: Cp = 9.90 g l-1, pH = 5.8), and regime III (: Cp = 8.60 g l-1, pH = 13.0), and (b) PAETB65-b-
PEO212 at 10 mM NaNO3 and 25.0 ºC in regime I (∆: Cp = 8.85 g l-1, pH = 13.0), regime II (◊: Cp = 
9.95 g l-1, pH = 9.1) and regime III (: Cp = 10.21 g l-1, pH = 6.4). The lines indicate linear fits to the 
data in regime I, II and III. 

 

Figure 6.9. Results of a CONTIN analysis. (a) Γ and (b) 2qΓ/ as a function of q2 for a mixture of 
PAETB65-b-PEO212 and PCETB65-b-PEO212 at 10 mM NaNO3, Cp = 1.77 g l-1, pH = 7.2, f+ = 0.482 
and 25.0 ºC. 

 

For the slow mode corresponding to aggregates shown in Figure 6.11, rotational and 

bending modes may contribute to this deviation. 
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Figure 6.10. Results of a CONTIN analysis. 2qΓ/  as a function of q2 (fast mode) for an aqueous 
solution of (a) PCETB65-b-PEO212 at 10 mM NaNO3 and 25.0 ºC in regime I (∆: Cp = 8.61 g l-1, pH = 
0.7), regime II (◊: Cp = 9.90 g l-1, pH = 5.8), and regime III (: Cp = 8.60 g l-1, pH = 13.0), and (b) 
PAETB65-b-PEO212 at 10 mM NaNO3 and 25.0 ºC in regime I (∆: Cp = 8.85 g l-1, pH = 13.0), regime II 
(◊: Cp = 9.95 g l-1, pH = 9.1) and regime III (: Cp = 10.21 g l-1, pH = 6.4). The lines indicate linear 
fits to the data. 

 
Figure 6.11. Results of a CONTIN analysis. Γ as a function of q2 for an aqueous solution of (a) 
PCETB65-b-PEO212 at 10 mM NaNO3, Cp = 8.60 g l-1, pH = 13.0 and 25.0 ºC in regime III and (b) 
PAETB65-b-PEO212 at 10 mM NaNO3, Cp = 10.21 g l-1, pH = 6.4 and 25.0 ºC in regime III. Fast mode: 
∆, slow mode: ◊. The lines indicate linear fits to the data. 
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7 
Internal structure of a thin film of mixed 

polymeric micelles on a solid/liquid 

interface∗ 

Abstract 
The adsorption of mixed micelles of poly(4-(2-amino hydrochloride-ethylthio)-
butylene)-block-poly(ethylene oxide), PAETB49-b-PEO212 and poly(4-(2-sodium 
carboxylate-ethylthio)-butylene)-block-poly(ethylene oxide), PCETB47-b-PEO212 
on a solid/liquid interface has been studied with light, X-ray, and neutron 
reflectometry. The structure of the adsorbed layer can be described with a two-
layer model consisting of an inner layer formed by the coacervate of the 
polyelectrolyte blocks PAETB49 and PCETB47 (∼ 1 nm), and an outer layer of 
PEO212 blocks (∼ 6 nm). The micelles unfold upon adsorption forming a rather 
homogeneous flat layer that exposes its polyethylene oxide chains into the solution, 
thus rendering the surface (partially) antifouling after modification with the 
micelles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

∗In slightly modified form published as: Voets, I. K.; de Vos, W.; Hofs, B.; de Keizer, A.; Cohen 

Stuart, M. A.; Steitz, R.; Lott, D. Journal of Physical Chemistry B 2008. 
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7.1 Introduction 

One of the most important and widespread applications of polymer brushes coated onto 

surfaces is antifouling, i.e., prevention of unwanted adsorption.1 Examples include the 

fields of medicine (contact lenses, implants), membrane technology (water purification), 

and potentially laundry. Several approaches have been shown to succesfully obtain a 

polymer-coated surface, such as the “grafting from” and “grafting to” methods. Recently 

Van der Burgh et al.2 have shown that adsorption of micelles formed through complex 

coacervation may be a versatile new method to obtain antifouling surfaces. 

The associative phase separation of two oppositely charged polyelectrolytes 

(complex coacervation) can be used as a driving force for micellisation, when at least one 

of the charged or chargeable blocks is covalently linked to a neutral water-soluble block. 

The resulting structures are termed complex coacervate core micelles (C3Ms), polyion 

complex micelles (PIC micelles), block ionomer complexes, or polyelectrolyte 

complexes.3 They may be equilibrium structures that are highly responsive to stimuli from 

their environment, such as ionic strength and pH. While early reports on C3Ms focused on 

their formation and properties in aqueous media, by now, the emphasis has shifted 

towards their application in a variety of fields, such as drug delivery, nanoparticle 

stabilisation, nanoreactors, and more recently, antifouling. 

Van der Burgh et al.2 have shown that C3Ms adsorb on silica and polystyrene 

surfaces, forming a (partially) protein repellant layer. Hence, an antifouling coating can be 

established simply by dipping a surface into a C3M solution, similar to the dip-coating of 

surfaces with polyelectrolyte multilayers. The authors proposed that the adsorbed layer is 

a two-layered thin film consisting of an inner layer of oppositely charged polyelectrolytes 

(micellar core) covered by a brush layer consisting of neutral water-soluble blocks 

(micellar corona) as depicted in Figure 7.1b. Thus, the wetting ability of the coacervate 

ensures adhesion to the surface (homogeneous, heterogeneous, hydrophilic, hydrophobic), 

while the brush layer may render the modified surface antifouling. This proposed structure 

would be consistent with their experimental observations that maximum C3M adsorption 

occurs under charge stoichiometric conditions and adsorbed layers are protein repellant.2 

Alternatively, one may imagine that the micelles do not unfold upon adsorption but rather 



Chapter 7 
 

 181 

adsorb as intact micelles (Figure 7.1a). In some cases, it could be the neutral water-soluble 

block that preferentially adsorbs to the surface (Figure 7.1c, 1d). Moreover, it is highly 

likely that the structure of the micellar layer and hence its antifouling capacity is 

dependent on the type of surface, polymers, and proteins, as will be investigated in two 

subsequent papers.4, 5 

 
Figure 7.1. Overview of the potential internal structures of the adsorbed micellar layer. Micelles may 
remain intact (a) or may unfold (b-d) upon adsorption. The formed layer may be a monolayer (a-c) or 
a bilayer (d). The polyelectrolyte blocks may adsorb (b) or the neutral blocks may adsorb (a, c, and d). 
The polyelectrolyte (pe) blocks are depicted in black (positive pe) and light grey (negative pe); the 
neutral water-soluble blocks are shown in dark grey. See page 364 for colour version. 

 

In this chapter, we present results of light, X-ray, and neutron reflectivity measurements 

that provide insight into the internal structure of the adsorbed micellar layer on two 

different surfaces: silica and a polyelectrolyte multilayer (PEM layer) consisting of 

poly(styrene sodium sulfonate), PSS, and poly(allyl amine) hydrochloride, PAH. The 

PEM layer is a particularly suitable substrate in neutron reflectometry experiments, as its 

contrast is dependent on the mole fraction of deuterium in the solvent due to a 

considerable amount of solvent adsorption by the PEM layer. Hence, the PEM – solvent 

interface can be made invisible by contrast matching, so that any observable Kiessig 

oscillations must stem from the adsorbed micellar layer. C3Ms have been prepared from 

poly(4-(2-amino hydrochloride-ethylthio)-butylene)-block-poly(ethylene oxide), 

PAETB49-b-PEO212, and poly(4-(2-sodium carboxylate-ethylthio)-butylene)-block-

poly(ethylene oxide), PCETB47-b-PEO212. The aim of the present study is to investigate 
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whether (1) C3Ms unfold or stay intact upon adsorption, (2) it is the coacervate core or the 

neutral blocks that adsorb to the surface, (3) the neutral blocks form a brush layer. Figure 

7.1 gives an overview of the potential internal structures of the adsorbed micellar layer. 

7.2 Experimental section 

7.2.1 Materials 

Poly(4-(2- amino hydrochloride-ethylthio)-butylene)-block-poly(ethylene oxide), 

PAETB49-b-PEO212 (Mw = 18394 g mol-1) and poly(4-(2- sodium carboxylate-ethylthio)-

butylene)-block-poly(ethylene oxide), PCETB47-b-PEO212 (Mw = 17823 g mol-1), both 

having a polydispersity index, PDI < 1.09, were a kind gift from H. Schlaad. [The 

subscripts correspond to the degree of polymerisation.] Their synthesis has already been 

described elsewhere.6, 7 Poly(styrene sodium sulfonate), PSS339 (Mw ≈ 70000 g mol-1), 

poly(ethyleneimine), PEI17414 (Mw ≈ 750000 g mol-1), poly(allyl amine) hydrochloride, 

PAH748 (Mw ≈ 70000 g mol-1), and lysozyme (L6876) were purchased from Sigma-

Aldrich. Deuterated poly(styrene sodium sulfonate), d-PSS379 (Mw = 80800 g mol-1) was 

purchased from Polymer Standards Service (Mainz, Germany). Figure 7.2 depicts the 

chemical structure of the polymers used in this study. All chemicals were used without 

further purification. Polymer solutions were prepared in water purified using a Milli-Q 

device (Millipore, Barnstead, Netherlands) or D2O (> 99.9% deuterium, Sigma-Aldrich). 

7.2.2 Preparation of polymer stock solutions 

Aqueous stock solutions of PAETB49-b-PEO212 (Cp = 5.6·10-5 M) and PCETB47-b-PEO212 

(Cp = 5.8·10-5 M) were prepared by dissolution of known amounts of polymer into de-

ionised water (Milli-Q) or D2O (> 99% deuterium, Sigma-Aldrich) to which NaNO3 was 

added to obtain [NaNO3] = 1mM, followed by a pH-adjustment to pH = 7.2 using NaOH 

and HNO3. For the polymer solutions in D2O, the measured apparent pH value, pHapp, was 

corrected for isotope effects8 using equation (1) wherein pI is the generalised equivalent of 

pH including all isotopes and n is the atom fraction of deuterium in the solvent. 

 2p p 0.3314 0.0766appI H n n= + +  (7.1) 

C3M stock solutions were prepared by one-step mixing of PAETB49-b-PEO212 and 

PCETB47-b-PEO212 stock solutions to f+ ≈ 0.49 (corresponding to the preferred micellar 
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Figure 7.2. Chemical structure of the (diblock co)polymers used in this study: poly(4-(2- sodium 
carboxylate-ethylthio)-butylene)-block-poly(ethylene oxide), PCETB47-b-PEO212; poly(4-(2- amino 
hydrochloride-ethylthio)-butylene)-block-poly(ethylene oxide), PAETB49-b-PEO212; poly(styrene 
sodium sulfonate), PSS339; deuterated poly(styrene sodium sulfonate), d-PSS379; poly(allyl amine) 
hydrochloride, PAH748; and poly(ethyleneimine), PEI17414. The numbers beside the brackets denote the 
degree of polymerisation. 

 

composition),9 followed by dilution with 1mM NaNO3 (pH = 7.2 ± 0.1) for all 

reflectometry experiments. The mixing fraction, f+, is defined as the number of positively 

chargeable monomers divided by the total number of chargeable monomers. 

 [ ]
[ ] [ ]+ =f

+

+
+ −

 (7.2) 

Aqueous stock solutions of PSS339 (Cp = 2.1 g l-1), PAH748 (Cp = 0.9 g l-1), and PEI17414 (Cp 

= 1.1 g l-1) were prepared by dissolution of known amounts of polymer into de-ionised 

water (Milli-Q). In this manner, the concentration of charged monomers in stock solutions 

of PSS, d-PSS, PAH, and PEI was equal, namely, 10-2 M. NaCl was added to the PSS, d-

PSS and PAH solutions to obtain [NaCl] = 1 M. 

7.2.3 Preparation of substrates 

Silicon wafers for ellipsometry and optical or X-ray reflectometry (XR) experiments were 

purchased from Wafernet GmbH (Germany). They were oxidised for 80-90 minutes at 

1000 ˚C to obtain an oxide layer of about 73 nm thickness as determined by ellipsometry. 
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The wafers were subsequently cut and cleaned following a standardised cleaning 

procedure that includes an ultrasonic treatment of 15 minutes in ethanol, a rinsing step 

with water and ethanol, drying in a stream of nitrogen, and in conclusion, 10 minutes of 

cleaning in the plasma cleaner. All substrates were subsequently stored in Milli-Q water. 

The silicon substrates for neutron reflectivity ((NR), both large sides polished, dimensions 

8 x 5 x 1.5 cm, (111) lattice plane), were purchased from Siliciumbearbeitung Andrea 

Holm (Tann, Germany). They were cleaned by piranha treatment (a mixture of 60 ml of 

H2O2 (30%) and 60 ml of H2SO4 (96%)) for 30 minutes, followed by excessive rinsing 

with Milli-Q H2O for about 30 minutes. Note that the different surface treatments generate 

different thicknesses of the silica layer, but it is likely that differences in the surface 

densities of the hydroxyl groups are small and will not significantly effect the formation 

of the PEM or C3M layer. Nevertheless, to maximise comparability the thick silicon layer 

required for the OR measurements was also applied for the XR measurements despite the 

fact that the interpretation of the XR measurements was hampered by the presence of this 

thick oxide layer. To facilitate interpretation of the NR results, a different silicon 

treatment was used rendering a thin silica layer only. To further facilitate the 

interpretation of the NR results, a PEM layer of PEI / d-PSS / PAH is adsorbed onto the 

silicon substrate. Its contrast with respect to neutrons is dependent on the mole fraction of 

deuterium in the solvent subphase due to a considerable amount of solvent adsorption by 

the PEM layer. Hence, the PEM – solvent interface can be made invisible by contrast 

matching in order to enhance the sensitivity of the neutron reflectivity experiments 

towards the adsorbed micellar layer. We have opted for the PEM system of PEI / d-PSS / 

PAH as - with PSS - it is widely investigated in, for example, NR experiments.10-12 

All adsorption steps in the optical reflectometry (OR) experiments, such as the 

buildup of the polyelectrolyte multilayers (PEM layers), occurred in situ. For the XR and 

NR experiments, Si/SiO2 surfaces were precoated with the PEM and micellar layer in the 

following manner. The substrate was immersed for 20 min in a solution of PEI, PSS (XR) 

or d-PSS (NR), or PAH, followed by a washing step of 2 minutes soaking per beaker in 

three consecutive beakers of Milli-Q water. This adsorption / washing cycle was repeated 

for each adsorption step until the desired number of layers had been reached. For the XR 

experiments, the micellar layer was either adsorbed onto the Si/SiO2 surface directly after 
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Table 7.1. Sensitivity factors, As / dm3 kg-1 and specific refractive index increments, dn/dc / dm3 kg-1, 
for PSS, PAH, PEI, and C3Ms. Input parameters are specified below. 

 dn/dc As 

PSS 0.192b 25.23e 

PAH 0.213b 21.16e 

PEI 0.210c 24.96 

C3Ms onto Si/SiO2 0.160d 28.7 ± 2.4f 

C3Ms onto Si/SiO2/PEI-(PSS/PAH)6
a 0.160d 39.4 ± 1.2f 

C3Ms onto Si/SiO2/PEI-(PSS/PAH)6-PSSa 0.160d 40.3 ± 1.1f 

As the adsorbed mass per unit area is calculated from ∆S during flushing of the cell with Milli-Q 
water, we used a refractive index of 1.3327 for the bulk solution. Other input parameters: nSi = 3.85, 
nSiO2 = 1.461 and dav, Si02 = 73.0 nm (latter two determined by ellipsometry). The average adsorbed 
layer thickness was estimated from literature and X-ray reflectivity results at 2.5 nm (PSS, PAH)10, 11, 

27 and 0.5 nm (PEI). We have averaged As for the micellar layer for thicknesses varying between 2.5 
and 24 nm. aUsing the refractive indices for the individual PSS and PAH layers reported in ref. 28, we 
have calculated an average nPEM of 1.476. bTaken from ref. 28 (PSS/PAH in H2O, T = 20˚C, λ = not 
stated, but probably 632.8 nm). cTaken from ref. 29 (branched PEI in H2O, T = 35˚C, λ = 632.8 nm). 
dValue is an estimate. eAs is calculated for adsorption onto Si/SiO2. Hence, the dependence of As on the 
number of preadsorbed PEM layers has been neglected. fTo minimise the error in the experimentally 
determined values of ΓC3M, we have taken into account the dependence of As on (a) Γ and (b) the 
presence / absence of a preadsorbed PEM layer. Hence, we have calculated As for C3M adsorption 
onto Si/SiO2, Si/SiO2/PEI-(PSS/PAH)6, and Si/SiO2/PEI-(PSS/PAH)6-PSS separately. The latter two 
values have also been used for adsorption of C3Ms onto Si/SiO2/PEI-(PSS/PAH)4 and Si/SiO2/PEI-
(PSS/PAH)4-PSS. 

 

cleaning or directly after the last washing cycle of the PEM buildup, in both cases by 

immersion of the substrate in a 0.1 g/l C3M solution (20 min). All substrates were stored 

in Milli-Q water. The substrates were dried against air at least one hour before the 

measurement. For the NR experiments, the substrates (with precoated PEM layer) were 

stored in closed plastic beakers and treated with the micellar solution shortly before the 

NR experiment, followed by storage in mixtures of H2O and D2O. 

7.2.4 Optical reflectometry 

Polymer adsorption onto Si/SiO2 was monitored in real time by means of optical 

reflectometry (OR). The experimental setup includes a He/Ne laser (supplying linearly 
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polarised light with a wavelength, λ of 632.8 nm under an incident angle, θ of 71˚) and an 

impinging-jet flow cell. For a detailed description of the experimental setup, we refer to a 

previous publication.13 Suffice to say that the adsorbed mass per unit area, Γ (mg m-2), can 

be obtained from the recorded incremental signal ∆S, where ∆S = S – S0, S0 being the 

signal from the bare surface and S being the output signal, in the following way, 

 
s 0

1 S
A S

Γ ∆=  (7.3) 

where As is the sensitivity factor. The sensitivity factors for PSS, PAH, PEI, and C3Ms are 

tabulated in Table 7.1. 

The optical reflectometry experiments were performed as follows. As a first step, 

Milli-Q water was flushed through the cell until a stable baseline was reached. 

Subsequently ∆S/S0 values were recorded while exposing the substrate to different 

solutions. A switch between consecutive solutions was made after a stable plateau value 

was reached (usually < 15 min). 

Large differences in refractive index between the polymer solutions of consecutive 

adsorption steps (PSS / PAH solutions contained 1 M NaCl, while the other solutions 

contained very little or no added salt), resulted in unstable signals during the first few 

minutes after a change of solution. To minimise the time span of these effects, the cell was 

emptied manually with a pipet while exposing the surface to the fresh solution. During 

this period (< 3 minutes) no signal was recorded. Hence, the time axis in Figures 7.3 and 

7.4 corresponds to the total time during which the signal was recorded. As the micellar 

solution was prepared under low salt conditions, the cell was not emptied, and the signal 

was recorded continuously. 

7.2.5 X-ray (XR) and neutron reflectometry (NR) 

XR experiments were performed on a triple axis diffractometer using Cu Kα radiation (λ 

= 1.54 Å) built at the Hahn-Meitner Institut, Berlin, Germany. The NR experiments were 

performed on NeRo at the GKSS Forschungszentrum, Geesthacht, Germany (λ = 4.34 Å). 

A home-built flow cell especially designed for NR experiments at the solid-liquid 

interface was used (see ref 14 for details). In both cases the reflectivity, R, was recorded 

as a function of scattering vector, 4 sin /q π θ λ=  with θ as the reflection angle. Data were 
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background and footprint corrected prior to analysis. In the XR experiments, the scattered 

photons were recorded with a single scintillation counter. The scattering background was 

estimated from the constant scattered intensity at high q, 0.6 Å-1 to 1.0 Å-1. In the NR 

experiments, the scattered neutrons were recorded with a two-dimensional (2D) position 

sensitive detector which allowed simultaneous measurements of the specular reflectivity 

and the diffuse scattering from the interfaces. The diffuse scattering was subtracted from 

the specular signal to achieve background corrected data. Footprint correction was applied 

for XR and NR experiments for all reflection angles, θ, smaller than the so-called 

footprint angle, θf. The footprint angle is the angle at which the length of the sample is 

matching the projection of the incident beam on the sample’s surface. For θ smaller than 

the footprint angle and smaller than the critical angle of total external reflection, θc, the 

reflected intensity, I(θ), scales to a very good approximation (sin θ ≈ θ for small θ) as A + 

B·θ with the experimental constants A and B. Intersection of that slope with the incident 

beam intensity I(0) yields ( )f = (0) /I A Bθ + . For θ < θf, R(θ) is given by 

( )( ) /I A Bθ θ+ ⋅ , while for θ ≥ θf, R(θ) is given by ( ) / (0)I Iθ . 

Both XR and NR data were fitted by applying the optical matrix method using the 

Paratt software [http://www.hmi.de], resulting in a layer thickness, d, an interface 

roughness, σ, and a scattering length density, ρn (NR), or electron density, ρx (XR). The 

layer thickness was calculated from the spacing between neighbouring interference fringes 

(i.e., the periodicity), while the amplitude of the oscillations couples to the gradient in ρn, 

respectively ρx and the damping of the oscillations to the interfacial roughness. 

An extensive introduction to the theoretical background (and applicability in soft 

condensed matter) of X-ray and neutron reflectometry can be found elsewhere.15-19 

7.2.6 Atomic force microscopy (AFM) 

Tapping mode AFM was carried out with a Nanoscope III, multimode scanning force 

microscope (Digital Instruments, USA), with Nanoscope software version 6.11r1. Images 

(25 x 25 or 10 x 10 µm2) of the substrates were obtained in air and Milli-Q water in a 

special cell for liquid tapping mode AFM with a rubber O-ring. Images of the 

polyelectrolyte multilayer were likewise obtained, after which C3Ms were adsorbed by 
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taking the substrate out of the cell and allowing C3Ms to adsorb for 30 minutes (as stable 

plateau values for C3M adsorption were reached well within this timescale). The substrate 

was then replaced into the special cell, which was subsequently filled with de-ionised 

water and left for 30 minutes to settle. The obtained raw images were flattened and a 1st 

order plane fit was applied (with the aforementioned software). For determination of σRMS 

( 2
RMS /iZ Nσ = ∑ , where Zi is the deviation from the mean for point i and N the number 

of points), at least 7 small sub-areas of 1 x 1 µm2 were measured, and the average and 

standard deviation determined. 

7.2.7 Dynamic light scattering (DLS) 

DLS measurements have been performed on an ALV light scattering instrument equipped 

with an ALV-5000 digital correlator and a 400 mW argon ion laser operated at a 

wavelength of 514.5 nm. A refractive index matching bath of filtered cis-decalin 

surrounded the cylindrical scattering cell, and the temperature was controlled at ∼ 23 ºC 

using a Haake F8-C35 thermostat. All measurements were performed at a scattering angle 

θ of 90˚, to determine the apparent radius of hydration, Rh, 90˚ via the Stokes-Einstein 

equation. Rh, 90˚ is an apparent value as no extrapolation to zero angle or concentration was 

made. However, Rh, 90˚ should not deviate considerably from the ‘true’ hydrodynamic 

radius, as measurements were performed on rather dilute solutions of spherical micelles. 

7.3 Results and discussion 

7.3.1 Optical reflectometry 

Figure 7.3 and 7.4 present results of the optical reflectometry (OR) measurements, where 

C3Ms of PAETB49-b-PEO212 and PCETB47-b-PEO212 (Cp = 0.1 g l-1, f+ = 0.51, 1 mM 

NaNO3) have been adsorbed onto PAH-terminated PEMs (Figure 7.3) and PSS-terminated 

PEMs (Figure 7.4) of 4 and 6 layers. While C3M adsorption appears to be relatively 

independent of the number of preadsorbed PEM layers, it is highly dependent on whether 

the final adsorbed layer is PAH or PSS, which amounts to ∼ 0.14 mg m-2 and ∼ 2.0 mg m-2 

for these two cases respectively. The difference between C3M adsorption on PAH and 

PSS may be an effect of hydrophobicity (contact angles against H2O are 37˚ and 63˚ for 
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Figure 7.3. Results of an OR experiment schematically represented by (a) 
Si/SiO2/PEI/(PSS/PAH)4/C3M and (b) Si/SiO2/PEI/(PSS/PAH)6/C3M. Markers denote the various 
adsorption steps. ∆: PSS, ◊: PAH, □: PEI, ○: C3M, +: H2O. Inset is an enlargement of the C3M 
adsorption step and neighbouring regions. 

 

PSS and PAH respectively),20 surface charge, and/or specific interaction with C3Ms. 

The adsorbed amounts for C3Ms of PAETB49-b-PEO212 and PCETB47-b-PEO212 on 

PSS terminated PEM layers (∼ 2.0 mg m-2) and bare silica surfaces (∼ 2.9 mg m-2) are of 

the same order of magnitude as reported previously for C3Ms of poly(acrylic acid)-block-

poly(acrylamide), PAAx-b-PAAmy and poly(N-methyl-4-vinyl pyridinium iodide), 

P4MVP209 on silica (∼ 3 mg m-2).2 As found previously,2 the total adsorbed amount upon 

contacting a C3M solution is considerably larger than upon contacting a solution of either 

PAETB49-b-PEO212 or PCETB47-b-PEO212 (Figure 7.4c), indicating that both species, that 

is, micelles, adsorb from the C3M solution onto the PSS terminated PEM layer. 

Furthermore Figure 7.4c shows that lysozyme adsorption is reduced to ~ 0.43 mg m-2 

(uncoated PEI/(PSS/PAH)3/PSS: ~ 2.0 mg m-2,21 i.e., ~ 79% reduction) on the PSS 

terminated PEM layer and to ~ 0.10 mg m-2 on bare silica (uncoated: ~ 0.7 mg m-2,4 i.e., ~ 

86% reduction). Hence, the C3M layer consisting of PAETB49-b-PEO212 and PCETB47-b-

PEO212 is partially antifouling. 

Using the experimentally obtained Γ we can estimate the thickness of the micellar 

layer according to 
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Figure 7.4. Results of an OR experiment schematically represented by (a) 
Si/SiO2/PEI/(PSS/PAH)4/PSS/C3M and (b) Si/SiO2/PEI/(PSS/PAH)6/PSS/C3M. (c) Results of OR 
experiments schematically represented by (×) Si/SiO2/C3M/lysozyme, (□) Si/SiO2/ 
PEI/(PSS/PAH)4/PSS/C3M/lysozyme, (- - -) Si/SiO2/ PEI/(PSS/PAH)4/PSS/PAETB49-b-PEO212, and 
(−−−) Si/SiO2/ PEI/(PSS/PAH)4/PSS/PCETB47-b-PEO212. Only the last two adsorption steps 
(adsorption of C3Ms and lysozyme onto bare and PEM-coated silica) or plateau values obtained after 
adsorption of PAETB49-b-PEO212 or PCETB47-b-PEO212 onto PEM-coated silica, are shown. The 
arrows denote exposure to C3Ms (1st), lysozyme (2nd), and solvent (3rd) for a bare silica (open arrows, 
curve is marked by x) and PEM-covered surface (closed arrows, curve is marked by □). 

 

 PEO PEO av PAETB PAETB av PCETB PCETB av
 C3M

PEO PAETB PCETB

DP DP DP= v N v N v Nd f fΓ Γ Γ
ϕ ϕ ϕ+ −+ + , (7.4) 

with the monomer volume, v, the degree of polymerisation, DP, Avogadro’s number, Nav 

and the polymer volume fraction, ϕ. This formula simply states that the full volume of the 

adsorbed layer corresponds to the total volume occupied by adsorbed PEO, PAETB, and 
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PCETB segments, as well as solvent molecules. Hence, the thickness of the layer can be 

calculated from the adsorbed amount of C3Ms, Γ, and estimated values for the monomer 

volumes, the polymer (and solvent) volume fraction, et cetera. From the mole fraction of 

chargeable groups in the block copolymers, one can calculate the contribution of the 

neutral and chargeable monomers to the layer thickness. 

In this manner, we obtain values for the thickness of the micellar layer, dC3M, in the 

range of 1 - 24 nm, depending on the substrate (Table 7.2). Note that the absolute values 

of the thickness of the PEO layer are very sensitive to the estimated ϕPEO, i.e., ϕPEO = 0.12 

would result in dPEO = 16 and 7 nm for bare silica and PSS terminated PEM layers, 

respectively. Hence, the thicknesses listed in Table 7.2 should be regarded as rough first 

estimates, only to be interpreted qualitatively. We may speculate that the high ionic 

strength of the solutions used to prepare the PEM multilayer (1 M NaCl) may cause the 

difference in thickness between the adsorbed layers on the PSS terminated PEM layer and 

on bare silica, in analogy to the decrease in size of the micelles of these copolymers in 

aqueous solution upon addition of salt.9 

Alternatively, one may estimate the height of the PEO brush from simple scaling 

laws for polymer brushes, such as 1/3
PEO PEO~ DPd σ (valid for roughly 2 0.5 1gR σ > − ), with 

the grafting density, σ, as determined from the OR results.22 From literature on PEO block 

copolymers anchored at the air/water interface, we obtain a prefactor of roughly unity,23 

so that dPEO becomes 10 and 9 nm for bare silica and PSS terminated PEM layers, 

respectively. Using 2 4 1.14.08 10g wR M−= ⋅  as reported by Kawaguchi et al.,24 we 

obtain 2 23.1gR σ σ=  = 0.9 and 0.6, i.e., the adsorbed layers are just at the limit of the brush 

regime. 

In case C3Ms adsorb as intact micelles (Figure 7.1a) or form a bilayer at the 

surface (Figure 7.1d), dC3M should correspond to roughly twice the micellar hydrodynamic 

radius, while dC3M should be roughly equal to the hydrodynamic radius for the other 

proposed internal structures (Figure 7.1b, c). Experimentally, we find a value of Rh, 90˚ = 

23.6 ± 0.3 nm from DLS experiments (Cp = 0.1 g l-1, f+ = 0.49, 1 mM NaNO3, T ≈ 23˚C), 

which is larger than or equal to the layer thickness on all three surfaces. For the PAH 

terminated PEM layers, partial surface coverage seems likely, so that none of the 
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Table 7.2. Thickness, d / nm of the adsorbed micellar layer on Si/SiO2, Si/SiO2/PEI-(PSS/PAH)x and 
Si/SiO2/PEI-(PSS/PAH)x-PSS (x = 4,6) estimated from equation (7.4) using Γ / mg m-2 as determined 
by optical reflectometry. Note that the three values correspond to the total layer thickness of the 
corresponding unit. For example, in case of a bilayer structure as depicted in Figure 7.1d, dPEO 
corresponds to the summed thickness of both PEO layers. The experimental error in the tabulated 
values is in the order of 10%. Furthermore, as some input parameters are estimated, the listed 
thicknesses should only be interpreted qualitatively. 

 

Substrate Γ dC3M dPEO dcoacervate 

Si/SiO2 ∼ 2.9 24 21 3 

Si/SiO2/PEI-(PSS/PAH)x ∼ 0.14 1 1 0.1 

Si/SiO2/PEI-(PSS/PAH)x-PSS ∼ 2.0 16 14 2 

Input parameters: ρPEO = 1.20 kg l-1,25 ρPAETB = ρPCETB = 1.20 kg l-1, vPEO = 0.06 nm3, vPAETB = 0.26 
nm3, vPCETB = 0.25 nm3, ϕPEO = 0.06 (comparable to literature values23), ϕPAETB = ϕPAETB = 0.4 (a 
reasonable value for a coacervate26), f+ = 0.51. 

 

proposed structures in Figure 7.1 actually apply. This result is consistent with the 

observation that the multilayer buildup can be continued after contacting the PAH 

terminated PEM layer with a C3M solution (data not shown), while the multilayer can not 

be continued after contacting a PSS terminated PEM layer with a C3M solution. For the 

bare silica and Si/SiO2/PEI-(PSS/PAH)x-PSS substrates, a monolayer of adsorbed 

unfolded micelles would be the more likely internal structure. Furthermore, as C3M layers 

have been shown to render the surface partially antifouling (Figure 7.4c), it is unlikely that 

the coacervate forms the outermost, solvent exposed layer, since such an internal structure 

(Figure 7.1c) is not likely to be protein repellant.2, 26 Moreover, the total adsorbed amount 

of PEO (Mw = 20 kg mol-1 and 1030 kg mol-1, corresponding to the molecular weight of 1 

and 57 pairs of PAETB49-b-PEO212 and PCETB47-b-PEO212 respectively) onto a PSS 

terminated PEM layer is < 0.2 mg m-2 (data not shown), i.e., 10 times lower than C3M 

adsorption, again indicating that the micelles are likely to adsorb via the coacervate. 

7.3.2 Atomic force microscopy (AFM) 

In case the C3Ms indeed unfold upon adsorption on bare silica and PSS-terminated PEM 

layers, one would expect to find similar values for the surface roughness before and after 

adsorption. Table 7.3 and Figure 7.5 show that there is indeed no (or hardly any) 
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Table 7.3. AFM results. σRMS / nm, stdev / nm. Measured area = a1 x 1 µm2 and b2 x 2 µm2 

 Subphase σRMS Stdev 

Si/SiO2 air 0.09a 0 

Si/SiO2 water 0.08a 0.01 

Si/SiO2/C3M water 0.09 0.01 

Si/ SiO2/PEI-(PSS/PAH)6-PSS air 3.0b 0.8 

Si/ SiO2/PEI-(PSS/PAH)6-PSS water 2.1b 0.7 

Si/ SiO2/PEI-(PSS/PAH)6-PSS/C3M air 2.6b 0.6 

Si/ SiO2/PEI-(PSS/PAH)6-PSS/C3M water 2.4b 1.0 

 

 
Figure 7.5. Tapping mode AFM pictures of PSS terminated PEM layers in air (a, c) and water (b, d) 
with (c, d) and without (a, b) adsorbed C3Ms. Image size: 10 x 10 µm2, height scale (right): 50 nm. 
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observable difference between the surface roughness before and after adsorption of C3Ms 

on bare silica and PSS-terminated PEM layers. 

7.3.3 X-ray reflectometry 

To study the internal structure in more detail, we performed XR and NR measurements. 

XR experiments were carried out against air, so that the adsorbed micellar layer was 

expected to be at least partially collapsed. In case of a fully collapsed homogeneous layer 

(ϕPEO = ϕPAETB = ϕPCETB = 1), the maximum C3M layer thickness would be 2.4 nm for Γ = 

2.9 mg m-2 (bare silica), 1.7 nm for Γ = 2.0 mg m-2 (PSS-terminated PEM layer), and 0.1 

nm for Γ = 0.14 mg m-2 (PAH-terminated PEM layer). Clearly, the C3M layer on a PAH-

terminated PEM layer cannot be homogeneous, as the estimated layer thickness for that 

case, 0.1 nm, was smaller than the cross-section of a single aliphatic chain, ∼ 0.5 nm. In 

view of the thick SiO2 (50 - 70 nm) and PEM layer (∼ 30 nm) below the C3M layer, 

determination of the C3M layer’s thickness is at the limit of resolution of the XR 

experiments, which for the same reason are not likely to resolve the internal structure of 

the micellar layer with reasonable accuracy. Still, it should be possible to elucidate 

whether C3M adsorption disrupts the PEM layer. 

Figure 7.6 shows reflectivity curves for bare silica substrates (Figure 7.6a) and 

PEM layers (Figure 7.6b). Lines correspond to best fits to the experimental data 

(corresponding parameters are given in Table 7.2). 

In a first step of data analysis, fitting parameters included the thickness and 

roughness of each layer/interface, as well as ρPEM. As a second step, we approximated a 

global fit, by using one fixed value for ρPEM (11.9·10-6 Å-2) and the roughness (1.96 nm) of 

the PEM/C3M to air interface, which had been obtained in the previous fitting step. 

Results are shown in Table 7.2. The values for dSiO2 as determined by XR and 

ellipsometry agree within experimental error, with the exception of the quite large 

deviation for Si/SiO2/PEI-(PSS/PAH)6. No extra layer had been included to describe C3M 

adsorption, as fits were not significantly improved by doing so, except for the 

Si/SiO2/C3M experiment, where a micellar layer had to be included to obtain a reasonable 

fit to the data. Instead, the PEM and micellar layer were modeled as one layer, using a 

fixed value, ρPEM = 11.9·10-6 Å-2, which is about 10% larger than the value reported in a 
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Figure 7.6. Reflectivity curves from an XR experiment on (a) Si/SiO2/C3M (triangles), Si/SiO2 
(squares), and (b) Si/SiO2/PEI/(PSS/PAH)6 (triangles), Si/SiO2/PEI/(PSS/PAH)6/C3M (squares), and 
Si/SiO2/PEI/(PSS/PAH)6/PSS/C3M (diamonds). 

 

Table 7.2. XR results. Values are given in nanometres. 

 dSiO2
a dSiO2

b σ1
c d2

d σ2
e 

Si/SiO2 54.3 53.6 ± 1.0 0.42 - - 

Si/SiO2/C3M 66.0 67.7 ± 2.0 0.73 2.0 1.0 

Si/SiO2/PEI-(PSS/PAH)6 54.2 49.0 ± 1.0 0.30 29.9 1.96 

Si/SiO2/PEI-(PSS/PAH)6/C3M 52.9 53.0 ± 1.0 0.61 30.5 1.96 

Si/SiO2/PEI-(PSS/PAH)6-PSS/C3M 50.6 51.0 ± 1.0 0.24 31.1 1.96 

Input parameters: ρx
SiO2 = 18.91·10-6 Å-2, Im(ρx)SiO2 = 2.445·10-7 Å-2, ρx

Si = 20.15·10-6 Å-2, Im(ρx)Si = 
4.588·10-7 Å-2. aObtained from XR reflectometry. bObtained from ellipsometry. cσ1 corresponds to the 
roughness of the SiO2/PEM interface for all systems with a PEM layer, to the roughness of the 
SiO2/C3M interface for Si/SiO2/C3M, and to the roughness of the SiO2/air interface for Si/SiO2. dd2 
corresponds to the PEM + C3M layer thickness in all systems, except Si/SiO2/C3M where it solely 
corresponds to the C3M layer thickness. eσ2 corresponds to the roughness of the PEM/air or C3M/air 
interface for all systems with a PEM layer or to the roughness of the C3M/air interface for 
Si/SiO2/C3M. 

 

previous publication for the PEM layer alone (10.74·10-6 Å-2).27 The thickness of the PEI-

(PSS/PAH)6 layer in the Si/SiO2/PEI-(PSS/PAH)6 system, 29.9 nm, is about 10% smaller 

than the value of 33.6 nm reported previously27 (same preparation protocol), which is 
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consistent with the increased electron density. The roughness is found to be in the same 

order of magnitude (0.5 nm).27 

We observe an expected increase of d2 in the PEM systems upon micellar 

adsorption / addition of an extra PSS layer, but quantitatively, the values are different 

from those expected (Table 7.2): (i) For PAH-terminated PEM layers, we find a micellar 

layer thickness of 0.6 nm compared with an estimated value of 0.1 nm; (ii) we would 

expect a PSS/C3M layer thickness of 4.2 nm (2.5 + 1.7 nm), but find a value of 1.2 nm. 

On bare silica, we find a C3M layer thickness of 2.0 nm, which is reasonably close to the 

estimated maximum value of 2.4 nm. The resolution of the measurement seems sufficient 

to determine C3M layer thickness on bare silica with reasonable accuracy, while this is 

not possible in the PEM systems. However, the observed trends are as expected and we 

may conclude that micellar adsorption does not appear to disrupt the PEM layer much. 

7.3.4 NR experiments 

Contrary to XR experiments, NR experiments can be performed with a solvent as 

subphase, so that the micellar layers can be investigated under ‘native’ conditions, 

namely, in their swollen state. We will limit the discussion of our NR experiments to 

Si/SiO2/PEI-(d-PSS/PAH)x-d-PSS substrates, as Si/SiO2/PEI-(d-PSS/PAH)x surfaces 

covered with C3Ms have not been measured since the adsorption of C3Ms was minimal 

and measurements on bare silica substrates were not sensitive enough to perform 

quantitative data analysis. On the basis of the large similarity between the results on bare 

silica and PSS terminated PEM layers discussed so far, we would like to note that the 

information obtained from NR experiments on d-PSS terminated PEM layers should 

provide a good description for the structure of the adsorbed C3M layer on both surfaces. 

First, a series of contrast matching experiments (Figure 7.7a) have been performed 

to determine the match point of the PEM layer. The scattering length densities of the PEM 

layer and the solvent subphase were precisely matching for 82.7 vol% D2O and 17.3 vol% 

H2O, corresponding to a ρn = 5.17·10-6 Å-2 (Figure 7.7b). Hence, the well-pronounced 

Kiessig oscillations for Si/SiO2/PEI-(d-PSS/PAH)6-d-PSS/D2O and SiO2/PEI-(d-

PSS/PAH)6-d-PSS/H2O (virtually) disappeared when the solvent was exactly index 

matched (middle curve in Figure 7.7a). 
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Figure 7.7. (a) Reflectivity curves from an NR experiment on Si/SiO2/PEI/(d-PSS/PAH)6/d-PSS/D2O 
(squares), Si/SiO2/PEI/(d-PSS/PAH)6/d-PSS/H2O (triangles) and Si/SiO2/PEI/(d-PSS/PAH)6/d-
PSS/IMW (diamonds). The well-pronounced Kiessig oscillations for top and bottom curve (virtually) 
disappeared when the solvent was exactly index matched (ρn = 5.17·10-6 Å-2). (b) Calculation of match 
point from fit results to NR reflectivity curves as depicted in Figure 7.7a. Dash dotted line corresponds 
to ρPEM = ρsolvent. Matchpoint corresponds to ρn = 5.17·10-6 Å-2. 

 
Figure 7.8. (a) Reflectivity curves from a NR experiment on Si/SiO2/PEI/(d-PSS/PAH)6/d-PSS/IMW 
(squares) and Si/SiO2/PEI/(d-PSS/PAH)6/d-PSS/C3M/IMW (triangles). The Kiessig oscillations were 
retrieved upon incubation of the substrate with a diluted solution of C3Ms in indexed-matched water 
(ρn = 5.17·10-6 Å-2). Note that the reflectivity curves of Si/SiO2/PEI/(d-PSS/PAH)6/d-PSS/IMW in 
Figure 7.7a (diamonds) and Figure 7.8a (squares) are identical, as corresponding to the same 
measurement. See text for explanation of the fits (broken, dotted, and full lines). (b) Reflectivity curves 
from a NR experiment on Si/SiO2/PEI/(d-PSS/PAH)6/d-PSS/ D2O (squares) and Si/SiO2/PEI/(d-
PSS/PAH)6/d-PSS/C3M/D2O (triangles). Note that the reflectivity curves of Si/SiO2/PEI/(d-
PSS/PAH)6/d-PSS/D2O in Figure 7.7a (squares) and Figure 7.8b (squares) are identical, as 
corresponding to the same measurement. See text for explanation of the fits (broken, dotted, and full 
lines). See page 364 for colour version. 
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The Kiessig oscillations reappeared upon incubation of the substrate with a diluted 

solution of C3Ms in indexed-matched water (IMW) (Figure 7.8a): a clear signature of the 

C3M adsorption layer formed at the PEM/liquid interface. The Kiessig oscillations 

observed for Si/SiO2/PEI-(d-PSS/PAH)6-d-PSS/D2O shift to lower q upon incubation of 

the substrate with a diluted solution of C3Ms in D2O (Figure 7.8b), indicating an increase 

in layer thickness due to C3M adsorption. 

From Figure 7.8 it is clear however that the differences in reflectivity curves 

between the substrates before and after exposure to a diluted C3M solution are small. In a 

first step of data analysis, the data had been fitted with a three box model (i.e., PEM, 

coacervate phase, PEO phase) in which ρn was fixed at the measured value (ρn
PEM,D2O = 

5.80·10-6 Å-2, ρn
PEM,IMW = 5.17·10-6 Å-2) or calculated using the same volume fractions as 

for the OR measurements (ρn
coacervate,D2O = 4.08·10-6 Å-2, ρn

coacervate,IMW = 3.36·10-6 Å-2, 

ρn
PEO,D2O = 6.03·10-6 Å-2, ρn

PEO,IMW = 4.90·10-6 Å-2). All interfacial roughness was set to 

zero except the one at the silicon-PEM interface. The fits describe the data well (Figure 

7.8, dotted line), but we obtained a layer thickness (coacervate + PEO = 0.6 + 6.6 nm 

(D2O) / 0.6 nm + 6.3 nm (IMW)), which is at most half of the expected value for both the 

coacervate and the PEO layer from the OR results. In a further step of data analysis, we 

refined the model by applying a gobal fitting strategy where thickness, d, and remaining 

interfacial roughness, σ, were fixed at their respective mean values (σSi-PEM = 0.9 nm, dPEM 

= 35.8 nm, dcoacervate = 0.6 nm, dPEO = 6.4 nm) while the scattering length densities of the 

coacervate and PEO layer, ρn
coacervate and ρn

PEO, were allowed to float. The resulting values 

for the measurements against IMW and D2O were then used to calculate the mean volume 

fractions ϕ  of coacervate and PEO to 0.33 ± 0.07 and 0.05 ± 0.03, respectively. The 

numbers are in good agreement with the estimated values of 0.40 and 0.06. In the final 

step, we then combined the mean volume fractions ϕ  from neutron reflectivity with the 

calculated mean scattering length densities ρ , n
coacervateρ  = 0.65·10-6 Å-2 and n

PEOρ  = 

0.70·10-6 Å-2, to achieve the scattering length densities of coacervate and PEO layers of 

the adsorbed C3Ms against IMW and D2O to ρn
coacervate,IMW = 3.70·10-6 Å-2, ρn

coacervate,D2O = 

4.51·10-6 Å-2, ρn
PEO,IMW = 4.97·10-6 Å-2 and ρn

PEO,D2O = 6.11·10-6 Å-2. That way, the 

resulting model I no longer contained any adjustable parameter, while it still described 
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Figure 7.9. Simplified box models to schematically represent internal layer structures depicted in 
Figure 7.1. Models I (corresponding to Figure 7.1b) and II (corresponding to Figure 7.1c) are three 
box models, each with a total micellar layer of 7 nm, whereof the coacervate layer (I: bottom, II: top) 
is 0.6 nm thick and the PEO layer (I: top, II: bottom) is 6.4 nm thick. Model III (corresponding to 
Figure 7.1a and d) is a four box model, with two PEO layers of 3.2 nm and a 0.6 nm coacervate layer 
in the middle. 

 
Figure 7.10. Calculated reflectivity curves for box model I (black line), II (broken line) and III (dotted 
line) to describe experimental NR results for (a) Si/SiO2/PEI/(d-PSS/PAH)6/d-PSS/C3M/IMW and (b) 
Si/SiO2/PEI/(d-PSS/PAH)6/d-PSS/C3M/D2O. The inset corresponds to the scattering length density 
profile for box model I. 

 

the measured neutron reflectivity curves well (Figure 7.8, full line). On the basis of model 

I, the proposed layer structures in Figure 7.1 were then simplified into three box-models 

as shown in Figure 7.9. Figure 7.10 presents the calculated reflectivity curves for the box 

models of Figure 7.9, i.e., using the parameters, such as ϕ , ρ , and layer thickness, as 

obtained in the previous section. Clearly, only box model I can describe the data with 

reasonable accuracy (I: χ2 < 0.03), as the calculated reflectivity curves for box models II 
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and III do not superimpose well with the experimental data points (II, III: χ2 > 0.06). 

Therefore, we may conclude that the adsorbed micellar layer is likely to have an internal 

structure as depicted in Figure 7.1b, rather than an internal structure as depicted in Figure 

7.1a, c or d. 

7.4 Conclusions 

Using optical, X-ray, and neutron reflectometry measurements, we have investigated the 

adsorption of mixed micelles of poly(4-(2-amino hydrochloride-ethylthio)-butylene)-

block-poly(ethylene oxide), PAETB49-b-PEO212, and poly(4-(2-sodium carboxylate-

ethylthio)-butylene)-block-poly(ethylene oxide), PCETB47-b-PEO212, on bare silica and 

silica surfaces coated with a polyelectrolyte multilayer, as well as the internal structure of 

the resulting layer. The C3Ms adsorb only in small amounts on PAH-terminated PEM 

layers, leading to at most partial surface coverage, while the adsorption on the other two 

substrates is considerably higher. From X-ray experiments, it is concluded that micelles 

adsorb onto the PEM layer without disrupting or dissolving it much. NR experiments were 

analysed with three different box models, corresponding to various proposed internal 

structures, but only one of the models gives a reasonable description of the experimental 

data. Thus, it seems reasonable to conclude that the C3Ms unfold upon adsorption 

forming a thin film consisting of an inner coacervate layer and an outer PEO layer which 

potentially renders the surface antifouling. 
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8 
Multicompartment polymeric nano-

assemblies∗ 
Abstract 

When two aqueous solutions of oppositely charged diblock copolymers A-b-B and 
C-b-D are mixed, complex coacervate core micelles are formed, consisting of a 
complex coacervate core surrounded by a neutral, water-soluble corona. Depending 
on the miscibility and segment density of the corona-forming segments B and D, 
the polymers may be mixed or demixed within the micellar corona. In the latter 
case, so-called ‘multicompartment polymeric nano-assemblies’ may be formed, 
i.e., nanoparticles (possibly micelles) consisting of more than two domains, i.e., 
more than the typically observed core and corona domains. This chapter describes 
what types of internal organisation may be achieved, as well as experimental 
methods to characterise these internal structures and their preparation protocols 
(including methods for non-C3M multicompartment systems). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

∗In slightly modified form to be submitted as: Voets, I. K.; de Keizer, A.; Cohen Stuart, M. A. Soft 

Matter 2008. 
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8.1 Introduction 

Polymer micelles consisting of two distinct domains, termed core (inner domain) and shell 

(outer domain), have been widely investigated. Depending on the driving force for 

micellisation, the inner domain may consist of for example hydrophobic polymer 

segments, oppositely charged polyelectrolyte segments, or hydrogen-bonded segments. 

The outer, solvent-exposed domain consists of solvophilic segments that provide the 

nanoparticle the necessary colloidal stability. More recently, the idea has surfaced to 

construct polymer micelles consisting of more than two domains, by segregation within 

the core and/or shell. Here, we discuss the various approaches used nowadays to obtain 

such particles and several experimental methods to study their internal structure, but first, 

we discuss the different types of multidomain micelles that may be envisioned. Later on 

(Chapters 9-15), we will describe complex coacervate core micelles consisting of two 

diblock copolymers with four chemically different blocks, i.e., systems wherein we may 

observe multicompartment polymeric nano-assemblies. 

8.2 Scenarios 

Consider a spherical polymeric micelle consisting of a core and shell domain, wherein the 

shell contains polymer chains of two chemically different monomers B and D. Such a 

nanoparticle may be the result of self-assembly of a B-b-A-b-D or A-b-B-b-D triblock 

copolymer, co-assembly of A-b-B and C-b-D diblock copolymers, et cetera. For two fully 

miscible segments B and D, one may expect random mixing within the micellar shell as 

depicted in panel a of Figure 8.1. On the contrary, if B and D segments are only partially 

immiscible, we may anticipate a tendency towards local phase segregation, i.e., demixing 

within the micellar shell. This may occur laterally (Figure 8.1bc), radially (Figure 8.1d), 

or both laterally and radially (Figure 8.1e). Lateral segregation of B and D segments into 

two distinct hemispheres surrounding a micellar core, gives rise to so-called ‘Janus-

micelles’, after the two-faced roman deity Janus. Alternative to this face / face 

segregation, face / edge segregation would also be feasible. Radial segregation of B and D 

segments of for example A-b-B-b-D diblock copolymer micelles, may yield so-called 

‘onion-like’ micelles, i.e., centrosymmetric micelles consisting of two separate domains or 
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‘rings’ around a central core. When the segregation of B and D segments occurs both in 

the radial and lateral direction, ‘patchy’ micelles as depicted in panel e of Figure 8.1 may 

be the result. 

 
Figure 8.1. Schematic representation of the various types of internal organisation that may occur in 
multicompartment polymeric nano-assemblies. Depicted are nanoparticles with a shell of B (dark 
grey) and D (light grey) segments that show (a) no segregation, (b, c) lateral segregation, (d) radial 
segregation, and (e) both lateral and radial segregation. (a) Centrosymmetric spherical micelle with 
mixed B and D segments, (b) non-centrosymmetric spherical micelle with the B and D segments 
demixed into two hemispheres, i.e., Janus-type or face / face segregation, (c) non-centrosymmetric 
spherical micelle with demixed B and D segments, i.e., face / edge segregation, (d) centrosymmetric 
spherical micelle with the B and D segments radially segregated into two rings surrounding an inner 
core, and (e) spherical micelle with the B and D segments both radially and laterally segregated, 
leading to patches of partially collapsed / less swollen B (or D) segments within a layer of strongly 
stretched / more swollen D (or B) segments. See page 364 for colour version. 

8.3 Preparation protocols 

The ways to prepare multicompartment polymeric nano-assemblies can be distinguished 

into two categories: physical and chemical preparation protocols. Physical protocols 

achieve the formation of multicompartment structures by employing (a combination of 

several) spontaneously occurring physical processes, such as associative and segregative 

phase separation, while chemical protocols rely on chemical synthesis (of for example 

polymers with immiscible segments), cross-linking, et cetera to form and preserve 

segregated domains. Naturally, for some specific cases, this classification is rather 

arbitrary. 

Physical protocols typically involve co-assembly of two chemically different 

components. For example, onion-type, i.e., core-shell-corona nanoparticles, can be formed 

(i) via addition of a non-stoichiometric amount of polyelectrolytes to oppositely charged, 

already self-assembled solvophobic-ionic copolymer micelles,1-5 (ii) via adsorption of a 

diblock copolymer on a preformed micelle, for example through basification of an acidic 

solution of PS-b-P2VP or PtBA-b-P2VP in the presence of P2VP-b-PEO6-8 or via addition 

of H-bond formation upon addition of P4VP-b-PEO to preformed PS-b-PAA micelles in 
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ethanol,9 or (iii) via comicellisation of two amphiphilic block copolymers I-b-S1 and I-b-

S2 with NS1 >> NS2, where the core consists of I segments, the shell of H-bonded S1 and S2 

segments, and the corona of excess S1 segments.10, 11 ‘Strawberry-like’ micelles, i.e., 

‘spheres-on-sphere’ morphology due to (partial) collapse of PS globules within a PEO 

corona, have been reported upon mixing of PS750-b-P2VP210-b-PEO365 and (PEO11MA)63-

b-PAA657-b-(PEO11MA)63 in DMF.12 Comicellisation of a S1-b-I diblock copolymer with a 

I-b-S2-b-I triblock copolymer in selective solvents may lead to the formation of micelles 

with a corona consisting of two chemically different polymer blocks, whereas 

micellisation was absent in solutions of I-b-S2-b-I alone.13, 14 Metal induced micellisation 

of a triblock copolymer may lead to the formation of micelles with a corona consisting of 

two chemically different polymer blocks in non-selective solvents.15 Electrostatically 

driven co-assembly of two oppositely charged diblock copolymers A-b-B and C-b-D, may 

lead to the formation of so-called complex coacervate core micelles with mixed coronas. 

C3Ms with a mixed B / D corona are formed for relatively miscible neutral water-soluble 

B and D blocks,16-18 while lateral segregation occurs for relatively incompatible B and D 

segments.19 Co-assembly of amphiphilic I-b-S1 and I-b-S2 copolymers, in some cases 

promoted by H-bonding20, 21 or the addition of multivalent ions,22 is another versatile 

approach to achieve micelles with a corona consisting of two different polymer chains23, 24 

and has been shown to result in vesicles with one solvophilic block on the inside and the 

other on the outside of the vesicular membrane.25 H-bond driven co-assembly in non-

aqueous systems, has been reported to result in vesicles with presumably segregated PS 

(outside) and PB (inside) membranes,26 to micelles with PMMA / PS corona,27 and to 

worm-like aggregates with a mixed PEO / PNIPAAm shell.28 

A wide variety of chemical protocols has resulted in multicompartment polymeric 

nano-assemblies. Triblock copolymers consisting of a relatively short middle block and 

long terminal blocks, may self-assemble in bulk into a morphology consisting of spherical 

domains (cylindrical, and lamellar domains are observed for other block length ratios) of 

the inner block on the interface between alternating lamellae of the two outer blocks. 

Cross-linking of the spherical domains, followed by dispersion (via sonication) in solvents 

selective for the terminal blocks, resulted in the formation of Janus-particles.29-35 Self-

assembly of triblock copolymers with a solvophobic middle block and two solvophilic 
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outer blocks, may give rise to the formation of micelles with a corona consisting of two 

chemically different polymer blocks36-40 or to the formation of vesicles with one 

solvophilic block on the inside and the other on the outside,41-44 whereas self-assembly of 

triblock copolymers with one solvophobic outer block and two solvophilic blocks45-53 or 

one solvophilic terminal block and two solvophobic blocks54-56 results in the formation of 

onion-type micelles, onion-type toroids,52 and onion-type spherical, rod-like, and vesicular 

aggregates (depending on the solvents chosen and conditions used).56 Unimolecular 

dendritic core-shell-corona structures, consisting of an hydrophobic inner core (i.e., the 

dendrimer), surrounded by a hydrophilic shell and corona (i.e., the two blocks that are 

attached to the dendrimer) have also been prepared.57 Yet another synthetic approach to 

obtain core-shell-corona micelles, is the polymerisation of a relatively hydrophobic 

monomer in the presence of micelles of solvophobic-ionic copolymers, so that the newly 

formed homopolymer forms a layer on the surface of the micellar core.58 Cross-linking of 

A blocks in a mixture of two unimerically dissolved block copolymers A-b-B and A-b-C 

may induce the formation of micelles with mixed B / C corona.59 Synthesis of linear 

triblock copolymers,60, 61 and miktoarm star terpolymers62-65 with highly incompatible 

hydrogenated and fluorinated segments has successfully been applied in the preparation of 

multicompartment micelles. 

8.4 Methods: studying the internal structure 

One of the major experimental challenges in the field of multicompartment polymeric 

nano-assemblies is to determine the aggregate’s internal structure. Sometimes it can be 

deduced from indirect measurements on the response of the aggregates to external stimuli. 

For example, Shi et al. argued that directed co-assembly of P4VP58-b-PNIPAAm93 and 

P4VP58-b-PEO114 in aqueous solutions results in the formation of spherical micelles of the 

core-shell-corona type at T = 50 °C with a P4VP core, a PNIPAAm shell (in the form of a 

more or less continuous membrane, consisting of interconnected PNIPAAm globules for 

41 wt% PEO), and a PEO corona, as the micelles were not disrupted, but merely swelled 

upon acidification, i.e., upon increasing the solubility of the core-forming P4VP blocks.22 

Similarly, we deduced the nanoparticle structure of co-assemblies of P2MVP38-b-PEO211 

and PAA55-b-PNIPAAm88 at T = 60 °C and 1mM NaNO3 in aqueous solutions to be of the 



Multicompartment polymeric nanoassemblies 

 210

core-shell-corona type, with a PNIPAAm core, a mixed PAA / P2MVP coacervate shell, 

and a PEO corona, from mass and size changes upon addition of NaNO3.18 Alternatively, 

quenching of a specific bulk morphology with distinctly segregated domains may result in 

a known, predetermined multidomain aggregate structure, under the assumption that the 

preparation protocol (such as cross-linking) is mild enough not to interfere with the 

templating bulk morphology, but strong enough to sustain segregation of the polymer 

segments in the resulting nanoparticles.29-35  

(Cryogenic) transmission electron microscopy (cryo-TEM), 2D 1H NMR nuclear 

Overhauser effect spectroscopy (2D 1H NMR NOESY), small angle neutron scattering 

(SANS), and fluorescence resonance energy transfer (FRET) experiments may be used to 

directly measure the extent of chain mixing within nanosized colloids. Intrinsically, only 

FRET requires a system perturbation in the form of labelling with fluorescent probes, 

while the other methods can be used on the system as such. In practice however, one often 

needs to employ selective (negative) staining or solvent and/or segment deuteration to 

obtain sufficient contrast, which may be equally disturbing. Alternatively, one may 

anticipate the necessity to distinguish between the two chemically different polymers in 

order to study the extent of chain mixing and use it as a selection criterion. For example, 

besides their relatively high incompatibility making them promising candidates for the 

preparation of multicompartment nanoparticles,66 hydrogenated and fluorinated segments 

have considerable contrast with respect to electrons. Hence, (cryo-)TEM is highly 

insightful in such systems.60, 61, 63-65, 67 On the contrary, the very low (coronal) polymer 

volume fractions, as well as the absence of contrast between a wide variety of neutral, 

water-soluble blocks, such as PEO, PNIPAAm, PAAm, PGMA, et cetera, make cryo-

TEM ill suited to study radial and lateral segregation within (the corona of) complex 

coacervate core micelles. Selective staining may in some cases enhance the contrast 

between the different micellar domains.20, 49, 50, 59 

Whereas 2D 1H NMR NOESY experiments are quite commonly employed to 

unravel complicated 3D protein structures, its applicability in the field of multidomain 

polymeric micelles has only recently been discovered.15, 17-19, 68 2D 1H NMR nuclear 

Overhauser effect spectroscopy is a two-dimensional NMR technique that probes 

intermolecular through-space proximity (distances < 0.5 nm) by means of the Nuclear 
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Overhauser effect, which inversely scales with the sixth power of the internuclear distance 

between two protons A and B, r, i.e., NOE ∝ r−6. The results of a 2D 1H NMR NOESY 

experiment are typically presented in a so-called contour plot, where the 1-dimensional 1H 

NMR spectra are plotted on the vertical and horizontal axis. Nuclear Overhauser effects 

(NOE’s) between protons A and B will appear as a so-called cross-peak on the 

intersection of two straight lines at the chemical shifts (δ) of proton A and B. Hence, for 

micelles with two chemically different polymer segments within the corona, (random) 

chain mixing has been concluded from the presence of cross-peaks,15, 17, 18 whereas 

segregation was deduced from the absence of cross-peaks.19, 68 

In spite of being quite a promising candidate to study chain mixing on the 

molecular level, FRET has not yet been applied (to the best of our knowledge). An 

advantage of FRET over 2D 1H NMR NOESY would be the tuneability of its sensitivity 

to the relevant length scales via selection of a suitable pair of fluorescent dyes. This is 

because the efficiency of energy transfer between a so-called donor and acceptor depends 

on their average distance compared to the so-called Förster distance of the pair. 

Additionally, FRET is sensitive to longer distances, as Förster distances are typically 1-10 

nm. A disadvantage is the necessity of labelling of the polymer molecules, unless both 

monomers under scrutiny are inherently fluorescent. Apart from disturbing the system, 

labelling may be a considerable synthetic challenge, particularly if one wishes to control 

the exact location of the label on polymers consisting of a large number of reactive 

monomers, such as poly acids and poly alcohols. Furthermore, labelling of one polymer 

(block) with a donor (P1-D*) and the other polymer (block) with an acceptor (P2-A*) is 

insufficient, as one would need to know the average distance between the two polymers 

(or polymer blocks) in the mixed and segregated case to be able to distinguish between the 

two scenarios. A convincing proof would involve one experiment on micelles containing 

P1-D* and P2-A* and another experiment on micelles containing P1-D* and P1-A* (or P2-

D* and P2-A*). Only then is it experimentally feasible to distinguish between random 

mixing and (partial) segregation of P1 and P2 polymers, assuming that the distribution of 

fluorescently labelled chains reflects the average distribution of polymer chains, i.e., 

assuming that the labels do not induce interchain complexation, chain back folding, etc.. 

The majority of the previously discussed methods can at best qualitatively 
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distinguish between chain mixing and segregation. In absence of a standard, it is (almost) 

impossible to know whether a certain result corresponds to full or partial mixing (i.e., 

formation of patches, et cetera). For example, a decrease in energy transfer between an 

acceptor and donor for micelles containing P1-D* and P2-A* polymers as compared to 

micelles containing P1-D* and P1-A* (and/or P2-D* and P2-A*) polymers, indicates chain 

segregation, but the extent and type of chain segregation is not quantitatively known. 

Small angle neutron experiments (in particular employing so-called ‘contrast variation’) 

may be the exception. The calculations performed by Fütterer et al. indicate that it is 

virtually impossible to distinguish the particle scattering factors of Janus micelles and the 

corresponding core-shell micelles without application of contrast variation techniques. A 

strong indication for the presence of Janus micelles would be a variation in scattered 

intensity (at fixed q in the range of 3 < qR < 4) of less than about two orders of magnitude 

upon maximum variation of the solvent contrast.69 Larger variations would be indicative 

of a mixed corona. 

Finally, we note that, for specific systems, other types of direct measurements may 

be applicable. For example, segregation of cationic and anionic segments into the inside 

and outside of the vesicular membrane in vesicles of cationic-block-solvophobic-block-

anionic triblock copolymers can be studied with ζ-potential measurements.41 

In conclusion, we note that it is possible to determine the aggregate’s internal 

structure, but it is rather difficult and time-consuming. Typically, it is necessary to employ 

at least several characterisation techniques to be able to distinguish beyond reasonable 

doubt between the different types (and extents) of lateral and/or radial chain segregation. 
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9 
Core and corona structure of mixed 

polymeric micelles∗ 
Abstract 

Mixed polymeric micelles have been prepared from aqueous solutions of poly(2-
(N,N-dimethylamino)ethyl methacrylate)-block-poly(glyceryl methacrylate), 
PDMAEMA45-b-PGMA90 and poly(acrylic acid)-block-poly(acrylamide), PAA42-b-
PAAm417 through complex coacervation of the oppositely charged blocks. Rather 
monodisperse, spherical aggregates are formed with a Rh = 15.2 ± 0.4 nm. The 
extent of chain mixing between poly(acrylic acid) and poly(2-(N,N-
dimethylamino)ethyl methacrylate) in the micellar core and poly(acrylamide) and 
poly(glyceryl methacrylate) in the micellar corona has been investigated by 2D 1H 
NMR NOESY experiments. The presence of cross-peaks for protons in different 
core and corona blocks, indicates that the two blocks are in close proximity (< 0.5 
nm) and micelles are formed in which both core and corona are mixed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

∗In slightly modified form published as: Voets, I. K.; de Keizer, A.; Cohen Stuart, M. A.; de Waard, P. 

Macromolecules 2006, 39 (17), 5952-5955. 
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9.1 Introduction 

Structure and morphology of polymeric micelles is an active branch of colloid science.1, 2 

In recent years, a combination of several types of associative and/or segregative 

microphase separation has been used to form a variety of complex and hierarchical 

morphologies consisting of more than two domains, by segregation inside the core or the 

shell. Several approaches have been used to form micelles with multi-domain cores, such 

as onion-type micelles3-6 and multi-compartment micelles involving di- and triblock 

copolymers,7 as well as miktoarm stars.8 Multi-domain shell structures,9-12 including 

vesicles13-16 with phase separated solvent-soluble blocks, one residing inside and one 

outside the vesicle wall, have also been reported by several groups. 

 
Figure 9.1. Schematic representation of polymer chain mixing in the core and corona of complex 
coacervate core micelles consisting of PDMAEMA45-b-PGMA90 and PAA42-b-PAAm417. 

 

It is well-known that two polymers in a common (good) solvent usually segregate. Despite 

the current interest in multi-domain micelles, there have been very limited studies on the 

extent of chain mixing in a micellar corona on a molecular level.2 In this work, we present 

2D 1H NMR NOESY experiments that measure polymer chain mixing in situ in both 

micellar core and corona. In principle, this technique can be applied to any kind of self-

assembled structure, for any geometry (i.e., globules, vesicles, rods, et cetera) or type of 

constituents (i.e., low-molecular weight surfactants, high-molecular weight amphiphiles 

forming conventional block copolymer micelles with a hydrophobic core). However, the 

2D NOESY technique probes internuclear distances (typically < 0.5 nm) only if the 

protons maintain sufficient rotational mobility within the aggregate, as the degree of peak 

broadening is inversely proportional to the rotational mobility. 
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We prepared so-called complex coacervate core micelles (C3Ms)1, 17, 18 of poly(2-(N,N-

dimethylamino)ethyl methacrylate)-block-poly(glyceryl methacrylate), PDMAEMA45-b-

PGMA90 and poly(acrylic acid)-block-poly(acrylamide), PAA42-b-PAAm417 (1 mM 

NaNO3, pH = 6.7, 25 ºC), consisting of a complex coacervate core (PAA42 + 

PDMAEMA45) and a water-swollen corona (PAAm417 + PGMA90). Other terms used to 

denote this type of micelles are polyion complex micelles,14 block ionomer complex 

micelles or interpolyelectrolyte complexes (IPEC).3 Dynamic light scattering has been 

used to investigate the overall micellar characteristics, such as hydrodynamic radius (Rh) 

and the extent of core and corona chain mixing (Figure 9.1) has been studied by 2D 1H 

NMR NOESY experiments. 

9.2 Experimental section 

9.2.1 Materials 

Poly(acrylic acid)-block-poly(acrylamide), PAA42-b-PAAm417, synthesised according to 

the MADIX process,19 has been kindly provided by Rhodia (Aubervilliers, France). 

Poly(2-(N,N-dimethylamino)ethyl methacrylate)-block-poly(glyceryl methacrylate), 

PDMAEMA45-b-PGMA90 was synthesised as described previously.20 [The subscripts 

correspond to the degree of polymerisation.] Figure 9.2 depicts the chemical structure of 

the diblock copolymers used in this study. 

Aqueous solutions of micelles were prepared by mixing of polymer stock solutions 

at a molar fraction, f+, of 0.5. The molar fraction denotes the ratio of positively chargeable 

monomers to total amount of chargeable monomers in solution (f+ = 

[PDMAEMA]/[PDMAEMA+PAA]). Typical concentrations of the polymer solutions are 

in the order of several (LS) to several tens (1H NMR) of millimoles per liter, expressed in 

terms of monomer concentration. Aqueous solutions of the polymers were prepared by 

dissolution of known amounts of polymer into de-ionised water or commercial heavy 

water for the 1H NMR experiments, followed by a pH-adjustment using NaOH and HNO3. 

Unless otherwise specified, all experiments were performed at 1 mM NaNO3 and 25.0 ºC. 

9.2.2 Dynamic light scattering 

Light scattering measurements were performed with an ALV light scattering-apparatus, 
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Figure 9.2. Chemical structure of the diblock copolymers used in this study. PDMAEMA45-b-PGMA90 
(left) and PAA42-b-PAAm417 (right). The numbers beside the brackets denote the degree of 
polymerisation. The numbers 1-14 correspond to the chemical shifts listed in table 9.1. 

 

equipped with a 400 mW argon ion laser operated at a wavelength of 514.5 nm. A 

refractive index matching bath of filtered cis-decalin surrounded the cylindrical scattering 

cell, and the temperature was controlled at 25.0 ± 1.0 ºC using a Haake C35 thermostat. 

Total static light scattering intensity (I) and the second-order correlation function G2(t) 

were recorded as a function of scattering angle (70 - 120º). 

The second-order correlation function G2(t) can be expressed in the first-order 

correlation function G1(t) according to the Siegert-relation: 

 2
2 1( ) B(1 ( ) )G t G t= + β  (9.1) 

where B is the baseline constant and β is an optical constant. In case of a perfect setup, 

both equal unity. 

In the case of single-exponential decay, G1(t) can be expressed in terms of a typical 

decay rate Γ and time t. 

 1( ) tG t e−Γ=  (9.2) 

The apparent translational diffusion coefficient Da is given by: 

 2= aD qΓ  (9.3) 

where q is the absolute value of the scattering vector 

 =(4 nsin( /2))/q θ λπ  (9.4) 

where n is the refractive index of the solvent, θ is the scattering angle, and λ is the 

wavelength of the incident light. 
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For spherical particles, the translational diffusion coefficient can be related to the 

hydrodynamic radius Rh according to the Stokes-Einstein equation: 

 B= /(6 )a hD k T Rπη , (9.5) 

where kB is the Boltzmann constant, T is the absolute temperature, and η is the viscosity 

of the solvent. DLS measurements have been analysed according to standard methods 

(method of cumulants21 using standard ALV software and CONTIN22, 23). 

9.2.3 1H NMR 

Nuclear Overhauser Effect Spectroscopy (NOESY) is a two-dimensional NMR technique 

probing internuclear distances by means of the Nuclear Overhauser Effect. This effect 

describes the change in resonance intensity of a proton A, due to saturation of a nearby 

proton B and depends on the fraction of spin-lattice relaxation (T1) of proton A caused by 

its dipolar interaction with proton B. The NOE scales with r−6, where r is the internuclear 

distance between proton A and B, as the relaxation effect is proportional to the square of 

the dipolar field, which is proportional to r−3. The results of a 2D 1H NMR NOESY 

experiment are typically presented in a so-called contour plot, where the 1-dimensional 1H 

NMR spectra are plotted on the vertical and horizontal axis. Nuclear Overhauser Effects 

(NOE’s) between protons A and B will appear as a so-called cross-peak on the 

intersection of two straight lines at the chemical shifts (δ) of proton A and B. Cross-peaks 

between two unlike protons, i.e., two protons that differ in chemical shift, are necessarily 

off-diagonal, but symmetrical with respect to the diagonal. In other words, a cross-peak 

between protons A and B appears at the intersection of δx,A and δy,B, and of δx,B and δy,A.  

A more extensive introduction to 2D 1H NMR NOESY can be found elsewhere.24, 25 
1H NMR spectra of the individual polymers were recorded at 298K on a Bruker 

AMX-400 spectrometer, operating at 400 MHz. 1H NMR spectra of the micellar solutions 

were recorded at 298K on a Bruker AMX-500 spectrometer, operating at 500 MHz, 

located at the Wageningen NMR Centre. For the 2D NOESY spectrum 976 experiments 

of 2048 data points were recorded, consisting of 16 scans per T1 value, using standard 

Bruker software. The mixing time was varied in the range of 200 - 1000 ms. The time 

domain data were multiplied with a phase-shifted sine-square window. Phase-sensitive 

Fourier transformation, resulting in a data set of 1024 x 512 complex points, was followed 
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by polynomial baseline corrections in both directions. The spectra obtained with different 

mixing times are essentially the same, but the contour plot from the mixing time of 200 

ms is clearest. 

9.3 Results and discussion 

9.3.1 Micellar characteristics 

Upon mixing of PDMAEMA45-b-PGMA90 and PAA42-b-PAAm417 (1 mM NaNO3, pH = 

6.7, 25 ºC, f+ = 0.5) complex coacervate core micelles are formed, consisting of a complex 

coacervate core (PAA42 + PDMAEMA45) and a water-swollen corona (PAAm417 + 

PGMA90). From dynamic light scattering measurements, we obtain a value of  

Rh = 15.2 ± 0.4 nm. The Rh shows a negligible angular and concentration dependence  

(0.4 < Cp < 1.5 g l-1, 70 < θ < 120º), indicative of a solution of relatively monodisperse, 

spherical micelles. The reversibility of this type of micelles with respect to mixing 

fraction, ionic strength, and pH has been discussed previously1, 18 and will be discussed in 

detail for this particular system in a forthcoming paper.17 For the present contribution, we 

will briefly summarise the main characteristics of this relatively novel type of micelles, as 

they are important for the interpretation of the NMR results. 

Contrary to the more traditional hydrophobic core micelles, complex coacervate 

core micelles are highly penetrated by solvent, both in the core and the corona. The 

polymer volume fraction will therefore be relatively low enhancing the mobility of the 

polymer segments within the whole micelle. The driving force for micellisation, 

electrostatic interaction, is typically weaker than its hydrophobic counterpart, resulting in 

two important characteristics: a relatively low chain density of polymer chains in the 

micellar corona, enhancing segment mobility further and more importantly, the 

spontaneously formed micelles are reversible stimuli-responsive micelles existing in full 

thermodynamic equilibrium. They respond reversibly to external stimuli such as mixing 

fraction, ionic strength, and pH and dissociate when the driving force for micellisation is 

no longer sufficient, for example due to charge screening (above a certain critical ionic 

strength) or due to low charge densities (above and below a critical pH in case of weak 

polyelectrolytes). 
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9.3.2 Core and corona structure 

The upper and middle panels in Figure 9.3 depict the 1H NMR spectra obtained for the 

individual polymers. Peaks have been assigned (Table 9.1) on the basis of these spectra. 

 
Figure 9.3. 1H NMR spectra for solutions of PDMAEMA45-b-PGMA90 (upper panel), PAA42-b-
PAAm417

 (middle panel), and their mixture (lower panel) in D2O. 

 

A comparison has been made between the proton chemical shifts and peak widths for the 

individual polymer solutions and their mixture. Rather strikingly, the influence of 

micellisation on both the proton chemical shifts and the relative peak widths seems to be 

negligible, indicating the high polymer flexibility in the complex coacervate core micelle, 

as described above. No apparent shifts in peak position, indicative of interaction with 

neighbouring protons in the micelle,26 have been observed. 

To study the interactions and 3D spatial correlations between protons in the mixed 

micelle more directly, we performed 2D 1H NMR NOESY experiments with several 
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Table 9.1. Chemical shifts (δ in ppm) for solutions of PAA42-b-PAAm417 (dbp-), PDMAEMA45-b-
PGMA90 (dbp+), and their mixture (micelle). 

 chemical shift (δ in ppm) 

proton dbp+ dbp- micelle

1 1.95a  1.96 

2 1.08a  1.08 

3 4.38  4.37 

4 3.53  3.54 

5 2.96  2.96 

6 1.95a  1.96 

7 0.90  0.90 

8 4.00  4.00 

9 4.10  4.10 

10 3.64  3.67 

11  1.73 1.76 

12  2.29 2.32 

13  1.61 1.64 

14  2.16 2.18 

a Chemical shift assignment is somewhat arbitrary due to peak overlap (see Figure 9.3, upper panel). 

 

mixing times. Protons that are in close proximity (typically < 0.5 nm) will give a 

symmetric off-diagonal cross-peak in the NOESY contour plot (Figure 9.4), due to cross-

relaxation. Clearly, several cross-peaks can be distinguished (Table 9.2), both intra- 

(encircled with dotted and full lines) and intermolecular (small circles with full and 

broken lines). Naturally, the intramolecular cross-peaks are substantially more 



Chapter 9 
 

 223 

 
Figure 9.4. 2D 1H NMR NOESY contour plot of complex coacervate core micelles of PDMAEMA45-b-
PGMA90 and PAA42-b-PAAm417

 (1 mM NaNO3, pH = 6.7, 25 ºC, f+ = 0.5, Cp = 10 g l-1) in D2O. Circles 
indicate intramolecular cross-peaks within PAA42-b-PAAm417 (large circles, full lines) and 
PDMAEMA45-b-PGMA90 (dotted lines), as well as intermolecular cross-peaks between core blocks 
PAA42 and PDMAEMA45 (small circles, full lines) and corona blocks PAAm417 and PGMA90 (small 
circles, broken lines). See page 365 for colour version. 

 

pronounced than the intermolecular cross-peaks. Intermolecular correlations are found 

between protons of the two different core (full lines) and corona (broken lines) blocks, 

with the former being relatively stronger. These results are consistent with and directly 

show the close spatial correlation due to electrostatic interaction between acidic and basic 

monomers in the complex coacervate core. Relatively weak, but still visible are the cross-

peaks between the two different corona blocks, of which those between the backbone 

methylene protons are most pronounced. These results can be interpreted as a 

consequence of chain mixing between PAAm417 and PGMA90 in the micellar corona, as 
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Table 9.2. Intramolecular and intermolecular NOE interactions in complex coacervate core micelles 
of PDMAEMA45-b-PGMA90 and PAA42-b-PAAm417

 (1 mM NaNO3, pH = 6.7, 25 ºC, f+ = 0.5, Cp =  
10 g l-1) in D2O. The numbers 1-14 correspond to the chemical shifts listed in table 9.1. 

Intramolecular NOE interactions 

Core/core PAA 11 - 12 (i.e., all) 

 PDMAEMA 2 - 5a (i.e., all) 

Core/corona PAA/PAAm 11 - 14 (i.e., all) 

 PDMAEMA/PGMA 
2, 3 of PDMAEMA with 7 - 10;  

4, 5 of PDMAEMA with 7, 10 but not 
with 8, 9b 

Corona/corona PAAm 13 - 14 (i.e., all) 

 PGMA 7 - 10b (i.e., all) 

Intermolecular NOE interactions 

Core/core PAA/PDMAEMA 
12 of PAA with 2 - 5a 

11 of PAA with 2, 5 but not with 3, 4a  

Core/corona PAA/PGMA 
11 with none; 

12 with 7c 

 PDMAEMA/PAAm 
13 of PAAm with 5, 2c but not with 3, 4a;
14 of PAAm with 2c but not with 3 - 5a 

Corona/corona PAAm/PGMA 
13 of PAAm with 7 - 10b; 

14 of PAAm with 7, 8 but not with 9, 10b

aNOE interactions with proton 1 are not determined due to overlap with proton 6 
bNOE interactions with proton 6 are not determined due to overlap with proton 1 
cmaybe a subject of some debate 

 

shown in the schematic representation of Figure 9.1. The weak nature of the cross-peaks 

between the corona blocks reflects the low chain density in the corona (as discussed 

previously), as well as the difference between the block lengths of PGMA90 and PAAm417. 

Upon closer inspection, one can even observe cross-peaks between core and corona 



Chapter 9 
 

 225 

blocks, both inter- and intramolecular. The intramolecular NOE interactions are well 

pronounced, but the intermolecular NOE interactions, except between protons 13 and 5, 

are extremely weak and their assignment maybe subject of some debate. This implies that 

core and corona blocks are not intricately mixed, i.e., the interfacial width between core 

and corona is not very large. However, we note that this experiment is not well suited to 

afford such a conclusion, due to the inherent low intensity of the NOE interactions. 

9.4 Conclusions 

Mixed polymeric micelles have been prepared from aqueous solutions of PDMAEMA45-

b-PGMA90 and PAA42-b-PAAm417 (1 mM NaNO3, pH = 6.7, 25 ºC) through complex 

coacervation of the polyelectrolyte blocks. Rather monodisperse, spherical aggregates are 

formed with a Rh = 15.2 ± 0.4 nm. 2D 1H NMR NOESY experiments indicate close 

proximity between protons of both the core and corona forming blocks, which we 

interpret as a consequence of mixing of the PAA42 and PDMAEMA45 blocks in the core 

and of PAAm417 and PGMA90 blocks in the corona. 
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10 
Complex formation in aqueous solutions of 

oppositely charged double hydrophilic 

block copolymers at non-stoichiometric 

conditions∗ 

 
Abstract 

Light scattering, neutron scattering, and 1H NMR experiments have been 
performed on aqueous mixtures of poly(N-methyl-2-vinyl pyridinium iodide)-
block-poly(ethylene oxide), P2MVP42-b-PEO446 and poly(acrylic acid)-block-
poly(acryl amide), PAA42-b-PAAm417 under non-stoichiometric conditions. The 
results were interpreted in terms of the aggregation diagram posed by Van der 
Burgh et al., relating the concentration of micelles, soluble complexes, and 
polymers at different mixing fractions. Whereas light scattering and NMR 
experiments could not resolve separate signals for the different types of 
copolymers and complexes, small angle neutron scattering experiments were best 
modelled with a linear combination of two form factors, one corresponding to 
random coils and one corresponding to ellipsoids. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

∗In slightly modified form to be submitted as: Voets, I. K.; Weise, C.; King, S. M.; de Keizer, A.; 

Scheler, U.; Cohen Stuart, M. A. S Journal of Colloid and Interface Science 2008. 



Complex formation at non-stoichiometric conditions 

 228

10.1 Introduction 

Recently, driving forces other than hydrophobic interaction have been shown to induce 

micellisation in aqueous solutions and organic media.1-5 For example, electrostatic 

interaction between two oppositely charged polymers in aqueous solutions may result in 

the formation of so-called complex coacervate core micelles (C3Ms), also referred to as 

polyion complex (PIC) micelles, block ionomer complexes (BIC), and interpolyelectrolyte 

complexes (IPEC). Such micelles consist of a mixed polyelectrolyte core, surrounded by a 

shell of neutral, water-soluble segments, as demonstrated for PLys-b-PEO and PAsp-b-

PEO,4 PMAA-b-PEO, and P4EVP,3 and many other cases. Note that water is a non-

selective solvent for all polymer segments in these systems. From the earliest reports on 

C3Ms, these micelles were shown to be stimuli-responsive, as they are sensitive to 

environmental parameters, such as pH and ionic strength, affecting the strength of 

electrostatic interactions, i.e., the driving force for their formation.3, 5, 6 

Besides intermolecular coacervation, intramolecular coacervation may also give 

rise to C3Ms. For example, two oppositely charged blocks separated by a neutral water-

soluble block in a cationic-block-neutral-block-anionic copolymer, may assemble into 

‘flower-like’ C3Ms. Still, most reports on electrostatically driven micellisation involve co-

assembly of two oppositely charged species, whereof at least one is a copolymer. 

Naturally, co-assembly introduces additional degrees of freedom in the system as 

compared to self-assembly. One of the most obvious is the mixing fraction, f+, defined 

here as the ratio between the number of positively chargeable monomers, n+, and the sum 

of the numbers of positively and negatively chargeable monomers, n−, i.e., 

 [ ]
[ ] [ ]

n
f

n n
+

+
+ −

=
+

  (10.1) 

Typically, one observes a near-parabolic dependence of the static light scattering intensity 

on f+ in C3M systems.7-11 It is thought that the maximum intensity corresponds to the 

mixing fraction, f+, where both micellar mass and number density are at its maximum.7, 9, 

10 Moreover, it is no coincidence that this composition tends to coincide with equal 

number densities of anionic and cationic monomers in case of quenched polyelectrolyte 

segments, while for the annealed case, f fα α+ + − −=  (i.e., the PMC is pH dependent), with 
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α- and α+ being the degree of dissociation of the anionic and cationic (co)polymers. These 

and other observations led to the construction of an aggregation diagram, posed by Van 

der Burgh et al. in 2004 to describe their light scattering results on aqueous mixtures of 

oppositely charged polymers in terms of concentration, Cp, and composition of the 

different types of complexes present in their system.7 The authors postulated that the 

composition of all of these complexes is independent of f+, and only their relative amounts 

vary (Figure 10.1). The composition of the micelles is given by the overall solution 

composition at the so-called preferred micellar composition (PMC). Upon an increase in f+ 

for 0 < f+ < PMC (and symmetrically, upon a decrease in f+ for PMC < f+ < 1), diblock 

copolymers initially assemble into small complexes consisting of a few molecules only, 

termed soluble complex particles, SCP, which in turn assemble into C3Ms within a small 

region around f+ = PMC. Hence, the aggregation mechanism involves five different types 

of species: unimerically dissolved cationic (C-b-S) and anionic (A-b-S) block copolymers, 

cationic and anionic SCPs, and C3Ms. At the PMC, none of the copolymers is in excess, 

and hence the highest number of micelles is formed at this mixing fraction. For all other 

mixing fractions, excess charge is present in solution, destabilizing the C3Ms and 

enhancing the formation of SCPs, stabilised by both neutral, solvent-swollen segments 

and excess positive (PMC < f+ < 1) or negative (0 < f+ < PMC) charge. 

One of the most striking and perhaps counterintuitive aspect of the aggregation 

mechanism described above is the existence of the soluble complex particles. However, if 

one considers the co-assembly process in terms of the equilibrium 

 Pagg,+ C-b-S + Pagg,- A-b-S →←  (Pagg,+C-b-S + Pagg,-A-b-S)complex, (10.2) 

it becomes apparent that some kind of complexes, other than micelles, need to exist in 

order to obtain a maximum in light scattering intensity upon variation of f+. Consider the 

situation that a solution of C-b-S is gradually titrated into a solution containing A-b-S 

copolymers, such as typically done during a so-called light scattering-titration (LS-T).7, 9-11 

During such an experiment, ignoring dilution effects, the concentration of A-b-S is fixed, 

whereas the concentration of C-b-S and hence f+ gradually increases. According to 

equation (10.2), C3Ms may form without intermediate SCPs upon addition of C-b-S and 

will form until all A-b-S copolymers are consumed. Upon addition of an excess of C-b-S, 

i.e., for f+ > 0.5, equation (10.2) provides no reason whatsoever for the dissociation of 
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C3Ms, i.e., the concentration of C3Ms would remain constant, yielding a plateau value in 

the scattered intensity versus f+. Hence, this picture is not in accordance with the 

experimentally observed maximum in light scattering intensity, and thus, there must be 

another type of complex present in solution actively extracting copolymers from the 

C3Ms upon addition of an excess of cationic copolymer. These complexes are the so-

called soluble complex particles and occur as an intermediate between unimerically 

dissolved copolymers and C3Ms. Van der Burgh et al. postulated the existence of a so-

called critical excess anionic and cationic charge (CEAC and CECC, respectively), 

corresponding to values of f+ where anionic or cationic SCPs are the only species present 

in solution, in analogy to the PMC, where only C3Ms are observed.7 

 
Figure 10.1. Aggregation diagram as proposed in ref. 7. The concentration, C, of the various species 
(free anionic polymer, negatively charged soluble complex particles, micelles, positively charged 
soluble complex particles, and free cationic polymer) is given as a function of overall mixing fraction. 

 

The present contribution aims to study the aggregation diagram posed by Van der Burgh 
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et al. in detail by attempting to resolve separate signals for the different types of 

copolymers and complexes present in aqueous mixtures of poly(N-methyl-2-vinyl 

pyridinium iodide)-block-poly(ethylene oxide), P2MVP42-b-PEO446 and poly(acrylic 

acid)-block-poly(acryl amide), PAA42-b-PAAm417. Previously, we have reported on the 

structure and solution behaviour of the C3Ms formed in such mixtures under 

stoichiometric conditions.12, 13 The results indicated that the micelles are equilibrium 

structures, as their size is independent of the preparation protocol and no significant effect 

of solvent deuteration was observed.13 Here, we apply light scattering, small angle neutron 

scattering, and nuclear magnetic resonance experiments intended to answer questions, 

such as: can we directly measure the existence of SCPs? Can we estimate the composition 

of such particles? Can we find values of f+ where indeed only SCPs or C3Ms are present 

in solution? 

10.2 Experimental section 

10.2.1 Materials 

Poly(N-methyl-2-vinyl pyridinium iodide)-block-poly(ethylene oxide), P2MVP42-b-

PEO446 has been synthesised by sequential anionic polymerisation (polydispersity index, 

PDI ~ 1.02), followed by quaternisation with methyl iodide (degree of quaternisation ~ 

89%). Poly(acrylic acid)-block-poly(acryl amide), PAA42-b-PAAm417 has been 

synthesised by RAFT according to the MADIX process (PDI ~ 1.3). Details regarding the 

polymerisation procedures can be found elsewhere.12, 14, 15 Polymers and other chemicals 

were used as received, without further purification. Chemical structures are shown in 

Figure 10.2, subscripts correspond to the degree of polymerisation. 

Aqueous polymer stock solutions were prepared by dissolution of known amounts 

of polymer into D2O (> 99% isotope purity, Aldrich, Zwijndrecht, The Netherlands) to 

which known amounts of NaNO3 were added, followed by a pH-adjustment using 0.1 and 

1.0 M NaOH and HNO3 (Merck, Darmstadt, Germany). Complexes were prepared by 

direct mixing the P2MVP42-b-PEO446 and PAA42-b-PAAm417 stock solutions at several 

mixing fractions. Unless noted otherwise, experiments were performed at pD ~ 8.1, 1mM 

NaNO3, and T = 25 °C. 
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Figure 10.2. Chemical structure of P2MVP42-b-PEO446 (left) and PAA42-b-PAAm417 (right). The 
numbers beside the brackets denote the degree of polymerisation. 

10.3 Methods 

10.3.1 Static and dynamic light scattering (SLS / DLS) 

For details on the experimental setup, we refer to Chapter 6.11 Results are given as I90º/Cp, 

being the light scattering intensity at a scattering angle of 90º divided by the polymer 

concentration, and Rh, 90º, which is the hydrodynamic radius at a scattering angle of 90º, as 

a function of f+. The obtained correlation functions have been analysed by the method of 

cumulants, by inverse Laplace transform using the CONTIN routine, and by fits to a 

double so-called Kohlrausch-Williams-Watts (KWW) function 

 ( ) ( )( ) ( )( )3 6
2

1 2 4 51 exp + exp  a ag t a a t a a t − = − −
 

, (10.3) 

resulting in comparable values. The cumulant results are slightly higher due to the 

presence of a slow mode (i.e., dust or aggregate contribution) and the CONTIN routine 

yields excellent fits, but represents broad distributions as multiple peaks and is sensitive to 

the exclusion of points at the fast and slow end of the frequency spectrum, especially for 

low and high values of f+. Hence, fits to the double KWW-function are presented as they 

yielded the most stable results for all values of f+. 

10.3.2 Small angle neutron scattering (SANS) 

SANS measurements were performed on the LOQ diffractometre at the ISIS pulsed 

neutron source at the Rutherford Appleton Laboratory in the scattering vector range of 

0.008 to 0.25 Å−1. The samples were contained in Hellma 5 mm path length quartz cells 

and maintained at a temperature of 25 ºC. The data were corrected for background 

scattering, detector response, the spectral distribution of the incident neutron beam, and 
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converted to an absolute scattering cross-section, I(q) / cm−1, using standard ISIS 

procedures. Data analysis was performed using specialised macros for IGOR PRO 

provided by NIST16 and GIFT17. For details, we refer to Chapter 4.10 An overview of the 

coherent scattering length densities, ρN, specific volumes, v0, the specific refractive index 

increments, /dn dc  / cm3 g-1, and molecular weights, Mw / g mol-1, of the solvent and 

monomers is given in Table 10.1. 

Table 10.1. Small angle neutron scattering and static light scattering input parameters: coherent 
neutron scattering length density, ρN / 1010 cm-2, specific volume, v0 / cm3 g-1, specific refractive index 
increment, /dn dc / cm3 g-1, and molecular weight, Mw / g mol-1 of the solvent and monomers in this 
chapter. 

Speciesa Mw v0 
dn
dc

 ρN 

D2O 20.00 0.905 nd 6.37

PAAmd in H2O 71.08 0.741 0.18718 1.88

PAAmbd in D2O 73.06 0.741 nd 4.15

PEO 44.05 0.83418 0.136 ± 0.00318 0.68

PAA-d 71.05 0.951 0.146 (α = 0) / 0.261 (α = 1)19 1.81

P2MVP+ 120.17 0.952c 0.2719 1.33

P2VP+ in H2O 106.15 0.952 0.2719 1.55

P2VP+ in D2O 107.14 0.952 nd 2.15

aValues correspond to polyelectrolyte species in charged state; i.e., P2MVP+ without iodide, PAA- as 
carboxylate and P2MVP+ with NH-group. bIt is assumed that all NH2 groups have been converted into 
ND2 groups due to exchange of label amide protons with solvent deuterons. cThe specific volume of 
P2VP20 is used. dAs noted previously,10 the spread in reported scattering length densities for PAA and 
PAAm is considerable (10-15%), due to - amongst other reasons - the spread in the reported specific 
volumes and for PAAm, due to the conversion of NH2 into ND2 which is not always taken into account. 
We have selected the tabulated values for PAA / PAAm specific volumes and scattering length 
densities, as they seem the most reliable and are the most recently used by several authors.21, 22 Still, 
Molyneux recommends the use of v0 = 0.76918 instead of v0 = 0.741 for PAAm, remarking that lower 
values of v0 are due to retention of water. 

10.3.3 1H NMR spectroscopy (PFG NMR / E-NMR) 

Pulsed field gradient NMR (PFG NMR) experiments have been performed on a Bruker 

Avance 500 NMR spectrometer operating at a Larmor frequency of 500 MHz for protons 
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equipped with a DIFF 30 probe head generating a maximum gradient strength of 12 T m-1. 

The gradient pulse duration, δ, and diffusion times, ∆, have been adjusted between 0.8 to 

2 ms for δ and 8 to 20 ms for ∆ to allow optimal resolution for each potential size of the 

copolymers and complexes. Diffusion coefficients have been determined by a linear fit to 

the Stejskal-Tanner equation. 

Electrophoresis NMR (E-NMR) experiments have been performed on a Bruker 

Avance 300 NMR spectrometer operating at a Larmor frequency of 300 MHz for protons 

with an in-house-built electrophoresis probe head utilizing a Bruker micro2.5 imaging 

gradient system generating magnetic field gradient strengths of up to 1 T m-1. The 

electrophoretic mobility is a model-free read out from the two-dimensional 

electrophoresis NMR spectrum. Data processing has been performed according to the 

STATES method employing MatNMR and in-house written scripts. 

10.4 Results and discussion 

10.4.1 Static light scattering 

Figure 10.3a presents results of static light scattering experiments on mixtures of PAA42-

b-PAAm417 and P2MVP42-b-PEO446 in D2O as a function of f+, concentration and time 

after preparation. Seemingly, we may conclude that time effects are absent, at least on the 

studied time-scale, as identical results are obtained for 1.0 g l-1 samples measured shortly 

and several days after preparation. Qualitatively, the I90º/Cp versus f+ curves for mixtures 

prepared at 1.0 g l-1 and 9.9 g l-1 show the same behaviour, but the curves clearly do not 

superimpose. The scattered intensity may be suppressed at 9.9 g l-1 due to long-range 

interactions (interparticle interference effects are observed for Cp > 9.9 g l-1 in SANS 

measurements) and a shoulder is observed for f+ > 0.6 at Cp = 9.9 g l-1. 

Previously, it was suggested that for sufficiently dilute C3M systems, an increase 

in I90º/Cp is directly related to an increase in particle mass (and aggregation number). 

Naturally, this applies only in absence of inter- and intraparticle interference effects, and 

moreover the particle differential refractive index, /dn dc , has to be (nearly) independent 

of f+.7, 13 This appears to be the case, since if we calculate the /dn dc  for both polymers by 

summation of the block weight fraction multiplied by the block /dn dc , we obtain 0.180 
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Figure 10.3. (a) I90º/Cp as a function of mixing fraction, f+, for 1.0 g l-1 solutions (pD = 8.3) measured 
(○) 1 day and (□) 20 days after preparation, and 9.9 g l-1 solutions (pD = 8.2) measured (◊) directly 
and (+) 2 days after preparation. (b) Dt, 90º and D as a function of mixing fraction as determined from 
(◊) DLS experiments (Cp = 9.9 g l-1, pD = 8.2) and PFG NMR experiments (Cp = 1.0 g l-1, pD = 8.3) at 
(□) δ ~ 2.3 ppm, corresponding to PAA42-b-PAAm417, and (○) δ ~ 3.7 ppm, corresponding to 
P2MVP42-b-PEO446. 

 

cm3 g-1 for P2MVP42-b-PEO446 and 0.183 cm3 g-1 (α = 0) and 0.194 cm3 g-1 (α = 1) for 

PAA42-b-PAAm417 cm3 g-1, i.e., the /dn dc  varies at most 7.5% as a function of f+. Hence, 

we may interpret the variations in I90º/Cp versus f+ shown in Figure 10.3a, as an increase in 

(average) particle mass and aggregation number with increasing f+ for 0 < f+ < 0.54 and a 

decrease in (average) particle mass and aggregation number with increasing f+ for 0.54 < f+ 

< 1. Apparently, the preferred micellar composition (PMC) corresponds to f+ = 0.54. 

Hence, we observe a pH induced shift of the PMC from the previously reported f+ = 0.49 

(H2O, pH = 7.7)13 to f+ = 0.54 (D2O, pD = 8.1), due to the weak polyelectrolyte nature of 

PAA. As discussed in the introduction, the two regions of different slopes that can 

generally be distinguished before and after the maximum in I90º/Cp, are thought to 

correspond to mixtures of different complexes, being unimerically dissolved copolymers 

and SCPs for f+ < CEAC and f+ > CECC and SCPs and C3Ms for CEAC < f+ < CECC. 

Hence, in the vicinity of the maximum in I90º/Cp, mixed micelles consisting of both 

copolymers are thought to be in equilibrium with so-called soluble complex particles, 

SCPs, consisting of only a few polymers. Further away from the maximum; i.e., beyond 

the so-called critical excess cationic or anionic charge (CECC, CEAC), the soluble 
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complex particles are supposed to be in equilibrium with free diblock copolymers and no 

micelles are present under these conditions. As the static light scattering results depicted 

in Figure 10.3a can not directly resolve these different types of species, additional 

experiments were performed. 

10.4.2 Pulsed field gradient NMR and dynamic light scattering 

Detecting small complexes in the presence of larger complexes is notoriously difficult 

with light scattering experiments, as the distributions are intensity-weighted.23 On the 

other hand, mass-weighted distributions are obtained in PFG NMR and E-NMR 

experiments, so that the contribution of a small complex to the NMR signal may be (more 

easily) measurable. Furthermore, so-called 2D 1H NMR DOSY experiments yield a 

diffusion coefficient for each individual chemical shift, so that the diffusion coefficients 

of PAA42-b-PAAm417 and P2MVP42-b-PEO446 can be determined independently, using δ ~ 

2.3 ppm for PAA42-b-PAAm417 and δ = 3.7 ppm for P2MVP42-b-PEO446. 

The agreement between the translational diffusion coefficients obtained from DLS 

and PFG NMR experiments at 0 < f+ < 1 is rather good for values of f+ close to the PMC 

(Figure 10.3b), whereas the deviation is much larger for values of f+ far from charge 

stoichiometry. This is due to a considerable error in the DLS values, as the DLS 

experiments suffer from low signal-to-noise ratios in this regime. The diffusion 

coefficients at δ = 2.3 ppm (PAA42-b-PAAm417) and δ = 3.7 ppm (P2MVP42-b-PEO446) as 

determined from PFG NMR experiments are identical within experimental error. Thus, 

either the resolution of the experiment is insufficient to separate diffusion coefficients 

differing at most ~18.9 10-12 m2 s-1 (i.e., difference between the smallest and largest 

measured D) or the polymers exchange so rapidly between the different species, that the 

experimental resolution necessarily corresponds to the difference between the average 

PAA42-b-PAAm417 and P2MVP42-b-PEO446 diffusion coefficients at a given f+. 

10.4.3 Small angle neutron scattering (SANS) 

As neither light scattering, nor PFG NMR experiments were able to resolve coexisting 

species, small angle neutron scattering experiments were undertaken on aqueous mixtures 

of PAA42-b-PAAm417 and P2MVP42-b-PEO446 at various mixing fractions. Results are 
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Table 10.2. SANS (and SLS, I90º / kHz) 
results. Values for I0 / cm-1, Rg / nm, a / 

nm, and b / nm were obtained from model 
fits presented in Figure 10.4a, b, and c. 

 
Table 10.3. SANS results. Values for Idebye / 
[a.u.], Iellips / [a.u.], Rg / nm, a / nm, and b / 
nm were obtained from model fits presented 

in Figure 10.4a, b, and c. 

f+ I0 I90º Rg a b  f+ Idebye Iellips Rg a b 

0.00 0.04 10 5.5 - -  0.00 0.04 - 5.5 - - 

0.15 0.10 11 5.5 - -  0.15 0.10 - 5.5 - - 

0.29 0.16 15 5.5 - -  0.29 0.16 - 5.5 - - 

0.41 0.70 25 10.0 - -  0.41 0.21 0.0024 5.5 1.7 17.5 

0.45 1.68 41 - 1.1 15.0  0.45 0.133 0.0075 5.5 1.7 17.5 

0.48 2.42 54 - 1.7 15.8  0.48 0.04 0.0123 5.5 1.7 17.5 

0.50 3.63 62 - 1.3 17.5  0.50 0.012 0.015 5.5 1.7 17.5 

0.54 4.30 69 - 1.7 17.5  0.54 - 0.0195 - 1.7 17.5 

0.60 4.30 64 - 1.7 17.5  0.60 - 0.0195 - 1.7 17.5 

0.64 3.72 56 - 1.7 16.3  0.64 0.06 0.0183 4.3 1.7 17.5 

0.70 2.49 51 - 1.0 14.5  0.70 0.11 0.0145 4.3 1.7 14.8 

0.85 1.31 39 9.2 - -  0.85 0.285 0.005 4.3 1.7 17.5 

1.00 0.37 21 4.3 - -  1.00 0.37 - 4.3 - - 

 

given in Figure 10.4, Table 10.2, and Table 10.3. For f+ ranges of 0.00-0.41 and 0.85-1.00, 

the experimental data can be described reasonably well with a form factor developed for 

random coil polymers (known as the Debye model24), while a uniform oblate ellipsoid 

may serve as a model description for the scattering particles for 0.45 < f+ < 0.70 (Figure 

10.4a, b, and c). Hence, within the framework of the aggregation diagram presented in 

Figure 10.1, we expect to find the CEAC around f+ = 0.41, the PMC around f+ = 0.54 and 

the CECC around f+ = 0.70. Moreover, if we construct a diagram as presented in Figure 

10.3a from the SANS results, we find a good agreement between the SANS and SLS data 
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(Figure 10.5a). 

The description of the experimental data can be improved further, by linear 

combination of the two form factors used above (Figure 10.4d, e, f, and Table 10.3). To 

limit the amount of adjustable parameters, we used the results given in Table 10.2 as 

constraints; i.e., Rg was fixed to 5.5 nm for f+ < 0.54 and to 4.3 nm for f+ > 0.54, while the 

dimensions of the ellipsoid were fixed to 1.7 x 17.5 x 17.5 nm3 for all values of f+. Hence, 

the experimental system can be modelled as consisting of only two types of particles, 

which are present in a certain ratio, depending on the overall mixing fraction. In reality 

the system may consist of over 2 types of particles, but such complexity is beyond the 

resolution of our SANS experiments. If we plot the mixing ratios of the two types of 

particles versus the overall mixing fraction (Figure 10.5b), we obtain a graph not unlike 

the speciation diagram in Figure 10.1. We may speculate that the random coil fraction of  

 

Figure 10.4 (right). SANS results. I(q) / cm-1 versus q / Å-1 for mixtures of PAA42-b-PAAm417 and 
P2MVP42-b-PEO446 at (a, d) 0.00 < f+ < 0.41, (○) f+ = 0, (□) f+ = 0.15, (◊) f+ = 0.29, (∆) f+ = 0.41, (b, 
e) 0.45 < f+ < 0.54, (○) f+ = 0.45, (□) f+ = 0.48, (◊) f+ = 0.50, (∆) f+ = 0.54, and (c, f) 0.60 < f+ < 
1.00, (○) f+ = 0.60, (□) f+ = 0.64, (◊) f+ = 0.70, (∆) f+ = 0.85, (+) f+ = 1.0 (Cp = 9.9 g l-1). Four to five 
scattering curves are plotted per graph for reasons of clarity. Scattering curves were corrected for 
incoherent scattering due to solvent and hydrogenated polymer segments. Markers correspond to 
experimental data; solid lines represent model fitting results (a-c: Debye model: f+ = 0.00-0.41, 0.85-
1.00; uniform ellipsoid model: 0.45 < f+ < 0.70). Fit results are listed in Table 10.2 and 10.3. 

 

 
Figure 10.5. (a) Comparison of SLS and SANS results. (□) I90º / kHz measured directly after 
preparation, and (○) I0 / cm-1 as a function of mixing fraction for 9.9 g l-1 solutions (pD = 8.2). Values 
are tabulated in Table 10.2. (b) SANS results. Scale / a.u. of (○) random coil fraction with Rg = 5.5 
nm, (□) ellipsoidal fraction with dimensions 1.7 x 17.5 x 17.5 nm, and (◊) random coil fraction with Rg 
= 4.3 nm for the same mixtures as in Figure 10.4. 
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Rg = 5.5 nm corresponds to both free PAA42-b-PAAm417 diblock copolymers and anionic 

SCPs, so that the CEAC is found around f+ = 0.41. Here, we observe a maximum in the 
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amount of anionic SCPs, as well as the first occurrence of micelles. The PMC would 

correspond to about f+ = 0.54-0.60, from which point onwards the amount of free 

P2MVP42-b-PEO446 diblock copolymers and/or cationic SCPs increases. As the ellipsoidal 

fraction persists for all high values of f+ (but is necessarily absent at f+ = 1), C3Ms appear 

to be more stable in the presence of an excess of P2MVP42-b-PEO446 as compared to an 

excess of PAA42-b-PAAm417 diblock copolymers. We may speculate that there are no 

cationic SCPs; i.e., micelles coexist with free P2MVP42-b-PEO446 diblock copolymers, or 

alternatively, that the scattering of the cationic SCPs is dominated by the scattering of the 

P2MVP42-b-PEO446 copolymers, so that the intensity correlated to the P2MVP42-b-PEO446 

/ cationic SCP fraction increases with increasing f+ as the particle number density 

increases. Hence, the SANS experiments are consistent with the light scattering and PFG 

NMR results, and provide us with some indications regarding the aggregation diagram. 

10.4.4 Electrophoresis NMR (E-NMR) 

Light scattering, PFG NMR, and SANS experiments have provided some indications 

regarding the aggregation diagram, but no definite conclusions regarding the composition 

or (relative) concentration of the different species could be drawn. Hence, E-NMR 

experiments were initiated. Note that an E-NMR experiment can be described as a PFG 

NMR experiment performed while applying an electric field. Thus, the probed quantity is 

the electrophoretic mobility, µel, of the various species present in solution, instead of their 

translational diffusion. As the polymers and their complexes should differ considerably in 

charge - the free diblock copolymers are highly charged, the soluble complexes carry a 

certain amount of excess negative or positive charge and the micelles are charge neutral4, 6 

- their electrophoretic mobility should differ considerably. However, we again observe 

rather similar values for at δ ~ 2.3 ppm (PAA42-b-PAAm417) and δ ~ 3.7 ppm (P2MVP42-

b-PEO446) as shown in Figure 10.6. The most plausible, but tentative, explanation seems 

to be that the signal is dominated by the species wherein both copolymers are complexed, 

possibly as its number density is much larger than that of the other species. Note that the 

increase of µel with increasing f+, passing the origin around the PMC, is in line with 

expectation, although the whole curve seems to be somewhat shifted to negative values. 



Chapter 10 
 

 241 

 
Figure 10.6. The electrophoretic mobility, µel / 10-9 m2 V-1 s-1 as a function of mixing fraction as 
determined from E-NMR experiments (Cp = 1.0 g l-1, pD = 8.3) at (□) δ ~ 2.3 ppm, corresponding to 
PAA42-b-PAAm417, and (○) δ ~ 3.7 ppm, corresponding to P2MVP42-b-PEO446. 

10.5 Conclusions 

SLS, DLS, SANS, PFG NMR, and E-NMR experiments have been performed on aqueous 

mixtures of poly(N-methyl-2-vinyl pyridinium iodide)-block-poly(ethylene oxide), 

P2MVP42-b-PEO446 and poly(acrylic acid)-block-poly(acryl amide), PAA42-b-PAAm417 

under non-stoichiometric conditions. The results are interpreted in terms of the 

aggregation diagram posed by Van der Burgh et al.7 Whereas light scattering and NMR 

experiments could not resolve separate signals for the different types of copolymers and 

complexes, small angle neutron scattering experiments are best modelled with a linear 

combination of two form factors, one corresponding to random coils and one 

corresponding to ellipsoids. From those results, estimates for the position of the CEAC, 

PMC, and CECC could be obtained, but no definite conclusions regarding the 

composition or (relative) concentration of the different species could be drawn. Mixing of 

the signals corresponding to copolymers, SCPs and/or C3Ms, may be the result of fast 

copolymer exchange (i.e., fast compared to the experimental time scale), lack of 

experimental resolution, and/or significantly asymmetric number densities. Additional 

experiments sensitive only to the total amount of particles present in solution irrespective 

of their mass, size, or charge, such as measurements of the osmotic pressure, and single-

particle techniques, such as (capillary) electrophoresis equipped with fluorescence 
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detection, may provide additional insights. 
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11 
Multi-responsive Janus micelles∗ 

 
Abstract 

This study describes the spontaneous assembly of two oppositely charged double 
hydrophilic block copolymers into ‘multi-responsive’ Janus micelles: core-shell 
nanoparticles, of which the shell is segregated into two hemispheres. Electrostatic 
interaction between two oppositely charged polyelectrolyte blocks, drives the 
comicellisation of poly(N-methyl-2-vinyl pyridinium iodide)-block-poly(ethylene 
oxide), P2MVP42-b-PEO446 and poly(acrylic acid)-block-poly(acryl amide), PAA42-
b-PAAm417 into cigar-shaped ellipsoidal micelles with a disc-like core, as 
evidenced by DLS, DDLS, SLS, cryo-TEM, SANS, and SAXS experiments. 2D 1H 
NMR NOESY experiments show that the incompatibility of the PAAm and PEO 
blocks leads to their segregation in the micellar shell. Light scattering-titration 
experiments reveal the multi-responsive nature of the Janus micelles as they 
reversibly associate and dissociate upon changes in mixing fraction, pH, and ionic 
strength. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

∗In slightly modified form submitted as: Voets, I. K.; Fokkink, R.; Hellweg, T.; King, S. M.; de 
Waard, P.; Frederik, P. M.; Bomans, P. H. H.; de Keizer, A.; Cohen Stuart, M. A. Journal of the 
American Chemical Society 2008. 
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11.1 Introduction 

Hierarchical assembly of polymers has been subject of intense investigation for many 

years. Traditionally, amphiphilicity was employed to obtain micelle-like aggregates, with 

a core consisting of solvophobic blocks and a shell consisting of solvophilic blocks.1 More 

recently, it was demonstrated that interactions other than hydrophobic interaction may act 

as a driving force for micellisation, such as hydrogen bonding,2, 3 and electrostatic 

interaction.4-6 In such systems, micelles are generally formed by co-assembly of two (or 

more) different molecules, rather than self-assembled from a large number of identical 

ones. As a result, the particles consist of at least three different building blocks. For 

example, electrostatically driven aggregation of a neutral-ionic diblock copolymer and an 

oppositely charged homopolymer results in a so-called complex coacervate core micelle 

(C3M) with a mixed core of both polyelectrolyte blocks surrounded by a shell of neutral 

water-soluble blocks.4-6 

Another recent development in polymer assembly is the preparation of ‘multi-

domain micelles’; i.e., micelles consisting of more than two (core, shell) domains by 

segregation of the core and/or shell into several units. Multi-compartment micelles,7 

strawberry-like micelles,8 and Janus particles9 all belong to this novel class of 

nanostructures. Several successful strategies have been developed to produce such 

aggregates, often including complicated synthesis procedures and multi-step preparation 

protocols. In sharp contrast, electrostatically driven co-assembly of two double 

hydrophilic block copolymers may lead to multi-domain micelles, simply by mixing of 

two polymer stock solutions. The miscibility of the shell-forming blocks, and thereby the 

extent of chain mixing / segregation in the micellar corona, can be tuned easily by, for 

example, segment chemistry and solvent quality. Micelles with a mixed corona form for 

relatively compatible blocks,10 while a de-mixed shell is formed for relatively 

incompatible blocks.11 Besides their spontaneous formation, C3Ms have yet another 

advantage: they may be equilibrium structures,4 in sharp contrast to other types of multi-

domain micelles and polymeric micelles in general, which are usually ‘frozen’ due to their 

glassy-like core, and may even be cross-linked to preserve a particular internal structure.9 

Hence, C3Ms possess the (relative) unique ability to combine a compartmentalised 
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internal structure with full responsiveness to external stimuli, such as pH, ionic strength, 

and mixing fraction.6 Furthermore, temperature sensitivity can easily be achieved through 

incorporation of a LCST block in the micellar corona, as will be discussed in Chapter 

14.12 

Here, we describe the formation of micelles from two oppositely charged ionic-

neutral diblock copolymers in aqueous solutions with relatively incompatible neutral 

blocks, namely poly(N-methyl-2-vinyl pyridinium iodide)-block-poly(ethylene oxide), 

P2MVP42-b-PEO446, and poly(acrylic acid)-block-poly(acryl amide), PAA42-b-PAAm417. 

cryo-TEM, light, and neutron scattering experiments show the formation of prolate 

ellipsoidal particles with an oblate ellipsoidal core, while 2D 1H NMR NOESY results 

indicate segregation between PAAm and PEO blocks in the micellar corona (Figure 11.1). 

The multi-responsive nature of these complex coacervate core Janus particles, resulting in 

reversible association and dissociation upon changes in pH, mixing fraction, and ionic 

strength, is studied by light scattering-titration experiments. A first brief account of our 

results has recently been published elsewhere.11 

 
Figure 11.1. Schematic representation of a prolate ellipsoidal (cigar-like) Janus micelle with an 
oblate ellipsoidal (disc-like) core. Complex coacervate core (PAA and P2MVP): middle; coronal 
hemispheres: left (PEO) and right (PAAm). See page 365 for colour version. 

11.2 Experimental section 

11.2.1 Materials 

The synthesis of the block copolymers poly(N-methyl-2-vinyl pyridinium iodide)-block-

poly(ethylene oxide), P2MVP42-b-PEO446 and poly(acrylic acid)-block-poly(acryl amide), 

PAA42-b-PAAm417 has been described elsewhere.11, 13 Briefly, P2VP42-b-PEO446 has been 

synthesised by sequential anionic polymerisation14 (polydispersity index, PDI ~ 1.02), 

followed by quaternisation with methyl iodide (degree of quaternisation ~ 89%), while  
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Figure 11.2. Chemical structure of the diblock copolymers P2MVP42-b-PEO446 (left) and PAA42-b-
PAAm417 (right). The numbers beside the brackets denote the degree of polymerisation. 

 

PAA42-b-PAAm417 has been synthesised by RAFT according to the MADIX process (PDI 

~ 1.3). Chemical structures are given in Figure 11.2, subscripts correspond to the degree 

of polymerisation. 

Aqueous polymer stock solutions were prepared by dissolution of known amounts 

of polymer into Milli-Q water or D2O (> 99% isotope purity, Aldrich) to which known 

amounts of NaNO3 were added, followed by a pH-adjustment using 0.1 and 1.0 M NaOH 

and HNO3. C3Ms were prepared by mixing the P2MVP42-b-PEO446 and PAA42-b-

PAAm417 stock solutions at the preferred micellar composition, PMC, corresponding to a 

1:1 ratio of chargeable groups; i.e., a mixing fraction of 0.5, for pH = 7.7. The mixing 

fraction, f+ is defined as the ratio between the number of positively chargeable monomers 

and the sum of the numbers of positively and negatively chargeable monomers, i.e., 

 [ ]
[ ] [ ]

n
f

n n
+

+
+ −

=
+

 (11.1) 

Unless otherwise specified, all experiments were performed in H2O (D2O for SANS, 1H 

NMR, and some light scattering experiments) at pH (pD) = 7.7, 1mM NaNO3, f+ = 0.5, 

and 25.0 ºC. In D2O, we corrected the measured pHapp value according to the known shift 

in proton activity upon 100% substitution of hydrogen into deuterium, i.e., 0.408, to 

obtain the pD.15 For light scattering experiments, polymer stock solutions were filtered 

over a 0.20 / 0.45 µm Acrodisc / Schleicher and Schuell filter prior to mixing. All 

polymers and other chemicals were used as received, without further purification. 

11.2.2 Light scattering-titrations (LS-T) 

The experimental setup and data analysis procedures have been detailed in Chapter 6.16 
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Results are given as total light scattering intensity, I90º, divided by the polymer 

concentration, Cp, and hydrodynamic radius, Rh, 90º at a scattering angle of 90º as a 

function of f+. During the mole fraction titrations, a PAA42-b-PAAm417 solution in the 

scattering cell (~ 1 g l-1), was titrated with a concentrated solution of P2MVP42-b-PEO446 

(~ 9 g l-1), to minimise dilution effects. During the salt titrations, a ~ 3.6 M NaNO3 

solution, and during the pH titrations, a 0.01 or 0.1 M NaOH or HNO3 solution, was 

added to a 1:1 mixture of PAA42-b-PAAm417 and P2MVP42-b-PEO446. 

11.2.3 Static and dynamic light scattering (SLS / DLS) 

Static and dynamic light scattering measurements have been performed on an ALV light 

scattering instrument with an ALV-5000 digital correlator and a Spectra Physics 2000  

1 W argon ion laser operated at a wavelength of 514.5 nm. A refractive index matching 

bath of filtered cis-decalin surrounded the cylindrical scattering cell, and the temperature 

was controlled at 25.0 ± 0.3 ºC using a Haake F8-C35 thermostat. The second-order 

correlation function, G2(t) and total averaged scattered intensity were recorded 5 times per 

angle, for 24 angles, θ, from 30˚ to 145˚ in increments of 5˚ to evaluate the angular 

dependence of the diffusion coefficient, D, and the excess Rayleigh ratio, R(θ,C). DLS 

experiments have been analysed using the method of cumulants and inverse Laplace 

transformation (CONTIN software). The diffusion coefficient extrapolated to zero angle, 

D0, has been obtained from the slope in a plot of the average frequency, Γ versus q2 and 

has been calculated into a hydrodynamic radius, Rh
0 via the Stokes-Einstein equation. SLS 

experiments have been analysed in terms of the Zimm and Guinier approximation, to yield 

the apparent micellar mass, Mmicel, radius of gyration extrapolated to zero angle, Rg
0, and 

apparent micellar aggregation number, Pagg. Toluene was used as a reference. The excess 

Rayleigh ratio, R(θ,C) can be calculated from the measured sample scattering, Isample, 

solvent scattering, Isolvent, toluene scattering, Itoluene, and the excess Rayleigh ratio of 

toluene, R(θ)toluene, being 3.2 10-5 cm-1, according to 

 ( , ) ( )sample solvent
toluene

toluene

I I
R C R

I
θ θ

−
=  (11.2) 

On the other hand, the experimentally accessible quantity R(θ,C) is linked to the 

molecular characteristics of the scattering particles according to the general equation
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 ( , ) ( ) ( )part partR C KC M P q S qθ =  (11.3) 

with the weight concentration of scattering particles, Cpart, the molar mass of the scattering 

particles, Mpart, the form factor, P(q), the structure factor, S(q), and an optical constant, K, 

being 

 
22 2

4
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π

λ
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 (11.4) 

with the solvent refractive index, n, the laser wavelength (514.5 nm), λ0, Avogadro’s 

number, Nav, and the specific refractive index increment, /dn dc , estimated at ~ 0.181  

cm3 g-1 for the C3Ms in this study, and the magnitude of the scattering wave vector, q, 

being 
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 (11.5) 

Several approximations have been proposed for equation (11.3) to easily obtain particle 

mass and aggregation number. By series expansion of the expression for the form factor 

P(q) in increasing powers of q and ignoring all higher order terms (valid for small values 

of qRg), one obtains the following simple expression for P(q)17 

 ( ) 2 2 2 21 11 .... 1
3 3g gP q R q R q= − + ≈ −  (11.6) 

For sufficiently dilute conditions; i.e., S(q) = 1, R(θ,C) can then be approximated by 

 2 21 11
( , ) 3
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known as the Zimm approximation, using 1(1 ) 1x x−− ≈ + , and by 

 2 21 1exp  ( )
( , ) 3

part
g

part

KC
q R

R C Mθ
≈  (11.8) 

known as the Guinier approximation, using 211 ... 1
2

xe x x x− = − + − ≈ − , both valid for 

small values of qRg, yielding the radius of gyration, Rg, and the particle mass, Mpart. Thus, 

from the intercept and slope in the extrapolation of 
( , )

partKC
R Cθ

to zero angle at a given C3M 

concentration, one obtains the apparent micellar mass, Mmicel and its apparent radius of 

gyration, Rg
0

. 
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11.2.4 Small angle neutron scattering (SANS) 

SANS measurements were performed on the LOQ diffractometer at the ISIS pulsed 

neutron source at the Rutherford Appleton Laboratory in the scattering vector range of 

0.008 to 0.25 Å−1. The samples were contained in Hellma 5 mm path length quartz cells 

and maintained at a temperature of 25 ºC. The data were corrected for background 

scattering, detector response, the spectral distribution of the incident neutron beam, and 

converted to an absolute scattering cross-section I(q) / cm−1 using standard ISIS 

procedures. Data analysis was performed with software packages such as macros for 

IGOR PRO provided by NIST18 and GIFT19. 

The q-dependence of the absolute scattering cross-section can be written as20, 21  

 ( ) ( ) ( )2 2( )part part solv partI q n V P q S qρ ρ= − , and (11.9) 

 ( ) ( ) ( )
0

sin
4

qr
I q p r dr

qr
π

∞
= ∫ , (11.10) 

with the particle number density, npart / cm-3, the particle coherent scattering length 

density, ρpart / cm-2, the solvent coherent scattering length density, ρsolv / cm-2, the particle 

volume, Vpart / cm3, the pair distance distribution function, p(r) / cm-2 and the magnitude of 

the scattering vector, q, as defined in equation (11.5), with the wavelength of the incident 

radiation, λ0, the angle between the scattered and incident beam, θ and n = 1. 

The pair distance distribution function can be obtained easily by indirect Fourier 

transformation of equation (11.10). The radius of gyration can be obtained from the GIFT 

results by applying21 
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Alternatively, a suitable form and structure factor may be selected to be substituted into 

equation (11.9). Here, we assume S(q) to be unity, as dilute solutions are measured, while 

several form factors (including P(q) for homogeneous spheres, core-shell spheres, oblate 

ellipsoids, prolate ellipsoids) were attempted to fit the data. The particle mass, Mpart / g 

mol-1 can be obtained from the forward scattering intensity at q = 0, I0 / cm-1, according to
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Table 11.1. Molecular weight, Mw / g mol-1, specific volume, v0 / cm3 g-1, specific refractive index 
increment, /dn dc  / cm3 g-1, and coherent neutron, ρN, and X-ray, ρX, scattering length density / 1010 
cm-2. 

Species Mw v0 
dn
dc

 ρN ρX 

D2O 20.00 0.905 nd 6.37 9.34 

PAAm in H2O 71.08 0.741 0.18722 1.88 12.21 

PAAm in D2O 73.06 0.741 nd 4.15 11.88 

PEO 44.05 0.83422 0.136 ± 0.00322 0.68 11.05 

PAA- 71.05 0.951 0.26123 1.81 9.26 

P2MVP+ 120.17 0.952 0.2723 1.33 9.61 

P2VP+ in H2O 106.15 0.952 0.2723 1.55 9.55 

P2VP+ in D2O 107.14 0.952 nd 2.15 9.46 

C3Ms in H2O 57254 0.798 1.181 1.40 11.40 

C3Ms in D2O 58086 0.798 nd 2.51 11.24 

Values are given for polyelectrolyte species in charged state. P2MVP42-b-PEO446 is assumed to be 
89% quaternised. The specific volume and specific refractive index increment of P2MVP+ have been 
approximated by those of P2VP. As D2O samples have been prepared several days prior to 
measurement and the amount of deuterons far exceeds the amount of protons, it is assumed that all 
NH2 groups in D2O have been converted into ND2 groups due to exchange of label amide protons with 
solvent deuterons. 
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with the particle weight concentration, Cpart / g cm-3, the building block coherent scattering 

length density, ρbb / cm-2, and the building block specific volume, v0 / cm3 g-1. The number 

of PAA42-b-PAAm417 polymers, Pagg
-, and P2MVP42-b-PEO446 polymers, Pagg

+
 per particle, 

can now easily be obtained by division of the particle molar mass, Mpart, by the building 

block molar mass, Mbb. For the C3Ms in this study, we define a building block as a neutral 

unit consisting of one PAA42-b-PAAm417 polymer and one P2MVP42-b-PEO446 polymer, 

i.e., f+ = 0.5. A building block is present Pagg = Pagg
+ = Pagg

- times in one particle. An 

overview of the coherent scattering length densities, ρ, specific volume, v0, /dn dc , and 
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molecular weights, Mw of the monomers, solvent, and C3M building blocks are given in 

Table 11.1. 

11.2.5 Small angle X-ray scattering (SAXS) 

SAXS experiments were performed on a SAXSess camera (Anton-Paar, Graz, Austria) 

using an X-ray generator (Philips, PW 1730/10) operated at 40 kV and 50mA with a 

sealed-tube Cu anode. A Göbel mirror was used to convert the divergent polychromatic 

X-ray beam into a collimated line-shaped beam of Cu Kα radiation (λ = 0.154 nm). The 

2D scattering pattern, as recorded on a two-dimensional imaging phosphor storage plate, 

was integrated to yield I(q) versus q using SAXSQuant software (Anton-Paar). The 

sample holder consisted of a quartz capillary in a metal block, temperature controlled by a 

Peltier element at ± 0.1 °C. Electron densities are given in Table 11.1. 

11.2.6 Cryogenic transmission electron microscopy (cryo-TEM) 

Cryo-TEM observations were carried out at 100K on a Philips CM12 Microscope 

operating on at 120kV. Samples were prepared on Quantifoil® grids (R2/2, 200 mesh 

grids with a pattern of 2 µm holes in a support film) using the Vitrobot®. Images were 

taken under low dose conditions. 

11.2.7 2D 1H NMR nuclear Overhauser effect spectroscopy (2D 1H NOESY NMR) 

Nuclear Overhauser effect spectroscopy is a two-dimensional NMR technique probing 

internuclear distances by means of the nuclear Overhauser effect. A more detailed 

introduction to the technique has been given in Chapter 9.10 1H NMR spectra of the C3M 

solutions were recorded at 298K on a Bruker AMX-500 spectrometer, operating at 500 

MHz, located at the Wageningen NMR Centre. For the 2D NOESY spectrum 976 

experiments of 2048 data points were recorded, using standard Bruker software. The 

mixing time was 500 ms. 

11.3 Results and discussion 

First, we investigate complex formation in aqueous solutions of P2MVP42-b-PEO446 and 

PAA42-b-PAAm417, to establish which experimental conditions give rise to the occurrence 

of complex coacervate core micelles. Their stimuli responsive nature is demonstrated with  
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Figure 11.3. I90º/Cp / kHz l g-1 as a function of mixing fraction, f+, for mixtures of PAA42-b-PAAm417 
and P2MVP42-b-PEO446 (Cp = 0.99 - 3.26 g l-1) at pH+ = pH- = (○) 6.5, (□) 7.5, (◊) 7.7, and (+) 8.7. 
pH+ corresponds to the pH of the P2MVP42-b-PEO446 stock solution; pH- corresponds to the pH of the 
PAA42-b-PAAm417 stock solution. 

 

a series of light scattering experiments on the effect of pH and ionic strength, followed by 

scattering measurements to derive the micellar mass and aggregation number. Finally, it 

will be shown that the particles exhibit an extraordinary morphology and internal 

structure: they are prolate ellipsoidal (cigar-like) particles with an oblate ellipsoidal (disc-

like) core, as evidenced by cryo-TEM, light, and neutron scattering experiments. This  

compartmentalised, non-spherical structure is induced by the chain segregation of PAAm 

and PEO blocks in the micellar corona, as probed directly in 2D 1H NMR NOESY 

experiments. A first brief account of our results has recently been published elsewhere.11 

11.3.1 Responsivity 

11.3.1.1 Effect of mixing fraction 

I90º/Cp / kHz l g-1 is plotted as a function of mixing fraction, f+, for different initial pH 

values (Figure 11.3). The preferred micellar composition, PMC, which is defined as the 

mixing fraction where most micelles are formed, is found at the maximum I90º/Cp in a LS-

T plot.5, 6 From equations (11.3) and (11.4), assuming P(q), S(q) ≈ 1, and /dn dc  is 

independent of f+, we find that an increase in I90º/Cp is directly related to an increase in 

particle mass (and aggregation number). Thus, Figure 11.3 shows an increase in average 
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Table 11.2. Hydrodynamic radii, Rh, 90º / nm and preferred micellar composition, PMC, for micelles of 
PAA42-b-PAAm417 and P2MVP42-b-PEO446 in aqueous solution as a function of pH. pH+ corresponds 
to the pH of the P2MVP42-b-PEO446 stock solution used for C3M preparation; pH- corresponds to the 
pH of the PAA42-b-PAAm417 stock solution. 

pH+ ± 0.3 pH- ± 0.3 PMC Rh, 90º 

6.5 6.4 0.39 17.2 

7.4 7.5 0.48 17.5 

7.7 7.7 0.50 17.6 

8.7 8.7 0.52 17.9 

 

particle mass upon increasing f+ for f+ < PMC, and a decrease in average particle mass 

upon over-titration, i.e., upon addition of extra charge (in the form of P2MVP42-b-PEO446) 

beyond the PMC, in analogy to our previous findings for C3Ms consisting of two 

annealed polymers.5, 6 Mixed micelles of PAA42-b-PAAm417 and P2MVP42-b-PEO446, 

which dissociate when considerable excess positive or negative charge is present in 

solution, are formed in a narrow region around the PMC. The PMC is pH dependent as the 

polyacid block in PAA42-b-PAAm417 (and the P2VP segments within the P2(M)VP42-b-

PEO446 copolymer) is a weak polyelectrolyte. As the charge density of PAA42-b-PAAm417 

increases with increasing pH, the PMC shifts to higher values of f+, as more P2MVP42-b-

PEO446 polymers are necessary to reach charge neutrality (Table 11.2). As C3Ms are 

(presumably) most stable when charge stoichiometry is reached at exactly f+ = 0.5, all 

experiments will be performed with polymer stock solutions prepared at pH = 7.7. 

11.3.1.2 Effect of pH 

As C3Ms are most stable under charge neutral conditions, i.e., f fα α− − + += , micellar 

stability depends on mixing fraction and the degree of dissociation, α which is pH 

dependent in case of weak polyelectrolyte blocks. In analogy to the mole fraction titration 

in Figure 11.3, where the charge balance is varied by varying f+, the charge balance in a 

pH LS-T is varied by varying pH. C3Ms composed of two oppositely charged polymers, 

both containing weak polyelectrolyte blocks, dissociate above and below a certain critical 

pH, when either α−  or α+  is below the minimum required value for micellisation. In this 
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Figure 11.4. pH LS-T of a 1:1 mixture of PAA42-b-PAAm417 and P2MVP42-b-PEO446 (f+ = 0.49, Cp = 
0.82 - 1.01 g l-1, D2O). Results are given as Rh, 90º / nm (left axis, ○: 1st cycle downwards; □: 1st cycle 
upwards, ∆: 2nd cycle downwards) and I90º/Cp / kHz l g-1 (right axis, +: 1st cycle upwards) as a function 
of pH. Four pH cycles were performed; three pH cycles are shown for reasons of clarity. The open 
arrow indicates the axis for the I90º/Cp / kHz l g-1 versus pH curve. The closed arrow indicates the pD 
at maximum I90º/Cp, which is 6.7. The ionic strength increases about 14 mM during the pH LS-T due to 
acid/base addition. 

 

study however, C3Ms are composed of two diblock copolymers, one containing a weak 

polyelectrolyte block, PAA42-b-PAAm417, and one containing a polyelectrolyte block that 

is partially quaternised, P2MVP42-b-PEO446, i.e., its charge is only partially pH dependent. 

Hence, C3Ms are expected to dissociate at low pH, but may remain stable (enough) at 

high pH. 

Figure 11.4 shows Rh, 90º / nm and I90º/Cp / kHz l g-1 as a function of pD for a pH 

LS-T in D2O. In analogy to Figure 11.3, we observe a maximum in I90º/Cp at the preferred 

pD for f+ = 0.49. For pD < pDmax and pD > pDmax, we observe a decrease in I90º/Cp, 

consistent with a decrease in the average particle mass. Contrary to the symmetry 

observed in Figure 11.3, both I90º/Cp and Rh, 90º show a dependence on pD that is 

asymmetric with respect to pDmax. For pD > 5.7, Rh, 90º has a rather constant value of 20.8 

± 2.2 nm, while I90º/Cp reaches a maximum value at 6.7. For pD < 5.7, Rh, 90º is no longer 

constant, while I90º/Cp decreases with decreasing pD. Apparently, C3Ms are present at 

intermediate to high values of pD (5.7 < pD < 12.9), the maximum amount of micelles 

occurs at pD = 6.7, and no C3Ms exist at low pD, i.e., below ~ 5.7. [Note however that an 

alternative explanation for the existence of micelles under basic conditions, may be self-
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assembly of P2MVP42-b-PEO446 copolymers (i.e., in coexistence with unimerically 

dissolved PAA42-b-PAAm417 copolymer), as micellisation is observed in aqueous 

solutions of P2VP-b-PEO for pH > 6.1.24] The increase in Rh, 90º for pD < 5.7 is 

counterintuitive, as C3Ms dissociate into soluble complexes consisting of a few polymers 

and free P2MVP42-b-PEO446 polymers, which one naturally presumes to be smaller in size 

as both have a smaller mass and aggregation number than the C3Ms. However, we 

obtained Rh, 90º = 45.4 ± 9.8 nm (I90º/Cp = 0.72 ± 0.09 kHz l g-1) for a separate pH LS-T 

experiment on an aqueous P2MVP42-b-PEO446 solution (D2O, 2.7 < pD < 12.5), and Rh, 90º 

= 10.5 ± 1.8 nm (I90º/Cp = 0.78 ± 0.04 kHz l g-1) for an aqueous PAA42-b-PAAm417 

solution (3.9 < pH < 12.6). Hence, due to the large Rh, 90º of P2MVP42-b-PEO446 in 

aqueous solution, C3M dissociation can indeed lead to the observed increase in Rh, 90º for 

pH < 5.7. We note that presently, the origin of the shoulder in the I90º/Cp versus pH curve 

for 4 < pH < 5.7 is not understood and warrants further investigation. We may speculate 

that it is related to the formation of hydrogen bonds between AA and AAm units of 

PAA42-b-PAAm417, as both I90º/Cp and Rh, 90º were found to increase for pH < 3.9 in 

aqueous solutions of PAA42-b-PAAm417 in absence of P2MVP42-b-PEO446 (data not 

shown). Finally, we observe that the association and dissociation of C3Ms is pH-

reversible, as nearly equal values of I90º/Cp and Rh, 90º are obtained for a given pH in 

subsequent pH cycles. 

11.3.1.3 Effect of ionic strength 

As charge screening increases with increasing ionic strength, diminishing the strength of 

electrostatic interactions, C3M stability decreases until eventually, dissociation occurs 

above a so-called critical ionic strength, Icr. For 1:1 mixtures of PAA42-b-PAAm417 and 

P2MVP42-b-PEO446 in H2O and D2O (Figure 11.5), we find a value of [NaNO3] = 0.34 M. 

The hydrodynamic size is found to decrease with increasing ionic strength to a constant 

value of 7.4 ± 0.5 nm, i.e., smaller than the hydrodynamic radius observed in 1:1 mixtures 

at 1mM NaNO3 for pH < 5.7 (Figure 11.4). At low pH and ionic strength, the soluble 

complexes (if present) and polymer molecules are highly swollen due to their excess 

charge, while charge screening and charge neutral conditions lead to less swollen 

structures at high ionic strength (Figure 11.5). 
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Figure 11.5. Salt LS-T of a 1:1 mixture of PAA42-b-PAAm417 and P2MVP42-b-PEO446 in H2O (□: f+ = 
0.50, Cp = 7.22 - 10.01 g l-1, pH = 7.7) and D2O (○: f+ = 0.50, Cp = 7.41 - 10.22 g l-1, pH = 7.7). 
Results are given as the normalised light scattering intensity, I90º/I0 versus [NaNO3] / M. The line 
indicates the critical ionic strength, Icr, corresponding to [NaNO3] = 0.34 M. Note that solvent 
scattering has not been subtracted. 

 

Table 11.3. Hydrodynamic radii, Rh, 90º / nm for 1:1 mixtures of PAA42-b-PAAm417 and P2MVP42-b-
PEO446 in H2O and D2O obtained through a mole fraction LS-T, a pH LS-T and direct mixing. 

Preparation Method Solvent Rh, 90º
a Rh, 90º

b 

direct mixing D2O 19.6 18.1 

pH LS-T D2O 20.8 ± 2.2c 18.5 ± 0.5c 

direct mixing H2O 17.3 16.9 

f+ LS-T H2O 17.6 17.8 

aCumulant analysis, bCONTIN analysis, caveraged value for pH > 5.7 

11.3.2 Equilibrium 

The hydrodynamic radii of C3Ms obtained through a mole fraction titration, pH titration, 

and direct mixing are compared to evaluate whether the micelles are equilibrium 

structures. If they are, Rh, 90º should be independent of the preparation method. Table 11.3 

shows that for a given solvent, Rh, 90º obtained for C3Ms prepared according to different 

protocols are indeed identical within experimental error. Furthermore, as a CONTIN 

analysis (where the aggregates are considered separately) results in a marginal difference 

in Rh, 90º for C3Ms in D2O compared to C3Ms in H2O, we conclude that the effect of 
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Figure 11.6. (a) Guinier representations, ln R/KC versus q2 / 10-10 cm-2 and (b) partial Zimm 
representations, KC/R versus q2 / 10-10 cm-2 for C3Ms of PAA42-b-PAAm417 and P2MVP42-b-PEO446 in 
H2O. (○) Cp = 1.71 g l-1, (□) 1.45 g l-1, and (◊) 0.32 g l-1. q-range is 1.98 < q < 2.82 10-5 cm-1. Lines 
represent fits to the experimental data points. 

 

solvent deuteration on C3M size is negligible. The cumulant values for C3Ms in D2O are 

slightly higher, due to the presence of aggregates. 

11.3.3 Size, mass, and aggregation number 

DLS and SLS experiments have been performed to obtain micellar characteristics, such as 

micellar size, mass, and aggregation number. Results are given in Figure 11.6, Figure 

11.11, and Table 11.4. The presence of a (small) number of large (loose) aggregates 

hampers quantitative data analysis and introduces an additional systematic uncertainty in 

the tabulated values. A limited θ-range of 75 - 120° has been considered for the SLS 

experiments, as upturns were observed for smaller angles, assuming that the high q 

scattering is predominately stemming from the C3Ms. 

We find a value for the micellar mass of about 500 kg mol-1, so that each C3M 

consists of about 16 - 18 diblock copolymers in total, 8 - 9 of each as f+ = 0.50. The rather 

high values of Rg/Rh (Rg/Rh = 0.775 for uniform hard spheres) have been reported for star-

like spherical micelles25, 26 and non-spherical, elongated objects,26 such as ellipsoids. Still, 

it is rather tricky to deduce micellar morphology from these data, especially since the Rh 

and Rg values are corrected differently for the presence of aggregates. Extrapolation of 

( , )R Cθ  to zero concentration results in estimates for the second virial coefficient, A2, of 
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Table 11.4. Light scattering results for 1:1 aqueous mixtures of PAA42-b-PAAm417 and P2MVP42-b-
PEO446. Experimental error is estimated at about 10 - 15%. Radii / nm, Mw / kg mol-1, Cp / g l-1, and D0 
/ 108 cm2 s-1. 

Solvent f+ Cp D0 Rh
0a Mw

b Mw
c Pagg

b Pagg
c Rg

0b Rg
0c Rg

0/Rh
0 b Rg

0/Rh
0 c

D2O 0.52  10.6 18.5         

H2O 0.50 1.71 14.5 17.1 457 459 7.9 7.9 19.1 19.8 1.1 1.2 

H2O 0.50 1.45   471 472 8.1 8.1 18.8 19.5 1.1 1.1 

H2O 0.50 0.32   541 541 9.3 9.3 15.6 15.9 0.9 0.9 

aCONTIN analysis, bGuinier analysis, cZimm analysis 

 

Table 11.5. SANS and SAXS results for C3Ms of PAA42-b-PAAm417 and P2MVP42-b-PEO446 in D2O 
(pD = 7.8, Cp = 4.19 g l-1). Experimental data and fits are given in Figure 11.8 and 11.9. We estimate 
the uncertainties in Mpart / kg mol-1 and Pagg to be in the order of 10 - 15%, considering standard 
uncertainties in their calculation, such as those in the determination of the scattering length densities. 
The incoherent scattering (of solvent and hydrogenated polymer segments) of 7·10-3 cm-1 was 
subtracted from the SANS scattering curves. Radii are given in nm, I0 / cm-1. 

Experiment Analysis Rg, R  I0 Mpart Pagg Rg/Rh
0 

SANS Guinier 11.9 1.98 324 6 0.64 

 Model - 2.12 348 6 - 

 GIFT 12.1 - - - 0.66 

SAXS Guinier 9.04 0.24 163 3 0.49 

 Model - 0.24 163 3 - 

 GIFT 11.9 - - - 0.64 

 

8.3·10-5 m3 mol kg-2 (Guinier and Zimm extrapolation) and 9.8·10-5 m3 mol kg-2 (Debye 

analysis, i.e., extrapolation to zero concentration, at θ = 90°). However, these values are to 

be taken as very rough estimates, due to the limited concentration range studied (0.32 - 

1.71 g l-1). 

Just like from SLS experiments, the radius of gyration, the micellar mass, and the 

aggregation number can be obtained from SANS and SAXS scattering curves when the 
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Figure 11.7. Cryo-TEM images of a 1:1 mixture of PAA42-b-PAAm417 and P2MVP42-b-PEO446 in H2O 
(Cp = 0.97 g l-1, f+ = 0.53). 

 

data are brought to absolute scale. Table 11.5 presents an overview of the molecular 

characteristics obtained from the different methods of data analysis (see below for 

details). The SANS values for Mpart and Pagg are comparable to the SLS values, but the 

SAXS values are considerably lower. A tentative explanation may be the presence of a 

non-negligible amount of counterions in the micellar core, leading to incorrect coherent 

X-ray scattering length densities. The small values of Rg and Rg/Rh
0 result from the low 

shell contrast, as discussed previously for C3Ms of PAA42-b-PAAm417 and P2MVP209.27 

11.3.4 Morphology of the micellar core 

Cryo-TEM (Figure 11.7) and small angle scattering experiments (Figure 11.8) have been 

performed to elucidate the morphology of the micellar core. The corona contributes only 

marginally in these experiments, due to its low relative polymer volume fraction. Even the 

micellar cores typically appear as rather vague light greyish dots in electron micrographs, 

as they are highly solvent swollen. Definite conclusions about the shape of the micellar 

core can not be drawn from the electron micrograph, but the 2D shape irregularity 

suggests a non-spherical morphology, as projection of a spherical structure into different 

directions would lead to identical circular images. [Alternative, equally tentative 

explanations, for the observed irregularity, may be polydispersity and shape fluctuations.] 

We note that contrary to the particle shape, the particle size is rather constant. The average 

distance between greyish spots, <d> = 28 ± 3 nm, is close to twice the hydrodynamic 
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radius (~ 34 nm), while the average spot size of <2R> = 20 ± 2 nm and <thickness> = 7 ± 

2 nm maybe taken as a rough estimate for the core dimensions. 

Small angle neutron and X-ray experiments have been performed to study the 

particle form factor under different contrast conditions. Previously, we have reported 

SANS measurements on C3Ms consisting of PAA42-b-PAAm417 and P2MVP209, which 

were found to be rather polydisperse and spherical in shape.27 Rather symmetrical pair 

distance distribution functions were obtained and scattering curves could be modelled 

well with a form factor for polydisperse, homogeneous spheres (Schulz-Zimm 

distribution). 

On the contrary, rather odd-shaped and asymmetrical pair distance distribution 

functions were obtained for aqueous solutions of PAA42-b-PAAm417 and P2MVP42-b-

PEO446 (Figure 11.8); i.e., inconsistent with a (polydisperse) spherical structure. For a flat 

particle and very small values of r (r < thickness), p(r) will increase quadratically with r, 

while p(r) will increase linearly with r, for small values of r > thickness.21 For the micellar 

cores, which are flattened, but not flat particles, we find such a transition in slope (from 

steep to less steep) at ~ 5.7 nm (SAXS) and ~ 6.7 nm (SANS); i.e., values corresponding 

nicely to the thickness estimate obtained from the electron micrograph. Based on the 

GIFT results, we selected a model for polydisperse oblate ellipsoids to describe the 

scattering data and indeed find an excellent agreement between experimental results and 

the model (Figure 11.9). We obtain radii of 15.5 nm and 1.6 nm from the SAXS model 

fitting, and 20.0 nm and 2.2 nm from the SANS model fitting. 

11.3.5 Morphology of the micellar corona 

Above we have shown that cryo-TEM, SANS, and SAXS experiments are consistent with 

a non-spherical micellar core, i.e., it appears to be oblate ellipsoidal (disc-like). Naturally, 

the question now arising is: what is the overall micellar morphology? Depolarised 

dynamic light scattering (DDLS) measurements have been performed to address this 

issue. Three modes were observed at θ = 30° (as discussed above, one presumably 

corresponds to a (small) number of large (loose) aggregates), yielding a rotational 

diffusion coefficient, Dr ~ 9400 Hz, and a translational diffusion coefficient, Dt ~ 

11.49·10-8 cm2 s-1. Rather strikingly, these values are not consistent with the Perrin’s 
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Figure 11.8. SANS (□) and SAXS (∆) experiments on a 1:1 mixture of PAA42-b-PAAm417 and 
P2MVP42-b-PEO446 in D2O (pD = 7.8, Cp = 4.19 g l-1). (a) I(q) / cm-1 versus q / Å-1. Scattering curves 
were corrected for solvent scattering. Markers correspond to experimental data; solid lines represent 
GIFT approximations. (b) Pair distance distribution functions, p(r) versus r / Å. Curves have been 
normalised to the total area under the curve. 

 
Figure 11.9. Model fitting of the SANS (□) and SAXS (∆) experiments shown in Figure 11.8. I(q) / cm-1 
versus q / Å-1 on double log scale (a) and log lin scale (b). Scattering curves were corrected for 
solvent scattering. Markers correspond to experimental data; solid lines represent fits with a model 
for monodisperse oblate ellipsoids. 

 

equations28-30 for oblate ellipsoidal particles. Instead, they are in agreement with a prolate 

ellipsoidal shape of ~ 45 x 21 x 21 nm. The similarity in the long (SANS) and small 

(DDLS) axis values, i.e., 20 and 21 nm respectively, is striking. Actually, if one rotates 

the disc-like core by 90°, it would fit perfectly within the centre of the prolate ellipsoid, 

segregating the micellar corona into two distinct hemispheres (Figure 11.1). Naturally, 



Multi-responsive Janus micelles 

 262

one may anticipate that such a rare morphology is related to, and possibly even induced 

by, the relative immiscibility of the two chemically different coronal blocks PAAm and 

PEO. 

11.3.6 PAAm / PEO chain segregation with the micellar corona 

From PAAm / PEO compatibility studies reported in literature31-33, we obtain a rough 

estimate for the Flory-Huggins interaction parameter, χ of 0.05, based on the equation φχN 

= 2 (with the polymer volume fraction, φ, and the degree of polymerisation, N) valid in 

the critical point. Hence, PAAm and PEO are fairly incompatible and expected to avoid 

each other in the micellar corona. Hence, 2D 1H NMR NOESY experiments were 

performed to study the proximity of PEO and PAAm chains within the micellar corona 

directly (Figure 11.10). Off-diagonal cross-peaks should appear for nearby unlike protons, 

i.e., within 0.5 nm, as observed previously for C3Ms of PAA42-b-PAAm417 and 

PDMAEMA45-b-PGMA90.10 The circles in Figure 11.10 mark the positions where such 

cross-peaks between the coronal blocks PAAm and PEO should occur. Clearly, no 

significant peaks are observed. More quantitatively, the area under the intramolecular 

PAA-b-PAAm cross-peaks is about 5 - 30% of the corresponding diagonal peak, while 

nothing > 0.2% is observed at the encircled positions (Figure 11.12). As PEO and PAAm 

are both highly flexible, we may conclude that the blocks indeed avoid each others 

presence, i.e., PEO and PAAm chains tend to segregate. 

Figure 11.1 provides a graphical summary of the above described scattering, 

imaging, and spectroscopic experiments performed to elucidate the C3M internal 

structure. The elliptical morphology, disc-like for the core and cigar-like for the corona, 

appears to be a consequence of the delicate interplay between several opposing forces, 

such as the attraction between the core-forming P2MVP and PAA blocks, and the 

repulsion between the corona-forming PEO and PAAm blocks. We presume that the 

coronal volume fraction of EO and AAm monomers, the polymerisation degree of the 

PAAm and PEO blocks, the core-corona interfacial tension, the tendency towards local 

charge compensation dictating intricate mixing of PAA and P2MVP blocks, are just a few 

of the parameters at play. The following chapter will investigate the influence of some of 

these parameters on particle asymmetry and coronal heterogeneity. 
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Figure 11.10. 2D 1H NMR NOESY contour plot of a 1:1 mixture of PAA42-b-PAAm417 and P2MVP42-b-
PEO446 in D2O at 1mM NaNO3 (f+ = 0.50). 

11.4 Conclusions 

Hierarchical co-assembly of oppositely charged poly(N-methyl-2-vinyl pyridinium 

iodide)-block-poly(ethylene oxide), P2MVP42-b-PEO446 and poly(acrylic acid)-block-

poly(acryl amide), PAA42-b-PAAm417, was found to occur spontaneously in aqueous 

solutions under charge neutral conditions. The micelles reversibly associate and dissociate 

in response to changes in mixing fraction, pH, and ionic strength, and may thus be termed 

‘multi-responsive’. From a combination of several scattering techniques, as well as cryo-

TEM experiments, it was concluded that the C3Ms (f+ = 0.50, 1mM NaNO3, pH/D = 7.7) 

have an oblate ellipsoidal (i.e., disc-like) core, while the overall micellar morphology is 

prolate ellipsoidal (i.e., cigar-like). 2D 1H NMR NOESY experiments show that the shell-

forming PAAm and PEO blocks avoid each others presence. 

11.5 Appendix 

11.5.1 Dynamic light scattering 

Angular dependent light scattering measurements have been performed on 1:1 mixtures of 

poly(N-methyl-2-vinyl pyridinium iodide)-block-poly(ethylene oxide), P2MVP42-b-

PEO446 and poly(acrylic acid)-block-poly(acryl amide), PAA42-b-PAAm417 in H2O and 
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Figure 11.11. Results of a CONTIN analysis. (a) Γ / Hz as a function of q2 (fast mode), and (b) 2qΓ/  
/ 108 cm2 s-1 as a function of q2 for a 1:1 mixture of PAA42-b-PAAm417 and P2MVP42-b-PEO446 (◊: f+ = 
0.50, Cp = 1.71 g l-1, H2O; ∆: f+ = 0.52, Cp = 1.01 g l-1, D2O). Lines indicate linear fits to the 
experimental data. 

 
 

Figure 11.12. 1.64 ppm line of the 2D 1H NMR NOESY contour plot of a 1:1 mixture of PAA42-b-
PAAm417 and P2MVP42-b-PEO446 in D2O (f+ = 0.50, 1 mM NaNO3). 

 

D2O. The fast mode shows a q2-dependent behaviour (Figure 11.11a), while the behaviour 

of Γ / q2 is not clearly q-independent. 

11.5.2 2D 1H NMR NOESY 

Figure 11.12 indicates clearly that the potential PAAm / PEO cross-peak (1.64 / 3.65 

ppm) is not significantly above the noise level, while the intramolecular cross-peaks 

between PAAm / PAA (1.64 / 2.29 ppm) and PAAm / PAAm (1.64 / 2.16 ppm) clearly 

are. 
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12 
On the transition between a heterogeneous 

and homogeneous corona in mixed 

polymeric micelles∗ 

 
Abstract 

2D NMR and small angle neutron scattering experiments were performed on 
comicelles of poly(N-methyl-2-vinyl pyridinium iodide)-block-poly(ethylene 
oxide), P2MVP-b-PEO, and poly(acrylic acid)-block-poly(acryl amide), PAA-b-
PAAm in aqueous solutions to study whether a transition between a heterogeneous 
(Janus-type) and homogeneous corona can be observed upon a variation of 
parameters that are anticipated to affect the miscibility of the PEO and PAAm 
coronal blocks. Investigated were the effect of a salt-induced decrease in micellar 
aggregation number, Pagg for 1 ≤ [NaNO3] ≤ 279 mM, a temperature increase for 25 
≤ T ≤ 80 °C, a variation of the fraction of EO monomers in the corona, fEO at a 
fixed corona block length, Ncorona, for 0 ≤ fEO ≤ 1, a decrease in the PEO block 
length, NPEO, at a fixed PAAm block length, NPAAm, for 200 ≤ NPEO ≤ 450, and 
finally, upon a decrease in corona block length at NPAAm = NPEO for 100 ≤ Ncorona ≤ 
400. These parameters should affect the mixing / demixing transition via their 
effect on the PEO / PAAm interfacial area (e.g., as in the case of fEO and Pagg) or 
the Flory-Huggins interaction parameter (e.g., as in the case of temperature). None 
of the above parameters was shown to yield a transition towards a homogeneous 
corona wherein the polymer chains are randomly mixed, i.e., the segregation of 
PAAm and PEO chains within the micellar corona of comicelles of PAA-b-PAAm 
and P2MVP-b-PEO appears to be rather robust. 
 
 
 
 
 
 
 
 
 
 
 

∗In slightly modified form submitted as: Voets, I. K.; Fokkink, R.; de Keizer, A.; May, R.; de Waard, 
P.; Cohen Stuart, M. A. Langmuir 2008. 
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12.1 Introduction 

Since the classical works of Flory and Huggins, extended by Scott to describe solutions of 

two polymers,1 it is a well known fact that two neutral (symmetric) polymers in a common 

good solvent tend to demix; i.e., they macroscopically phase separate. Famous examples 

are aqueous solutions of starch and gelatin,2 and dextran and polyethylene oxide.3 The 

critical point, i.e., the concentration above which a 2-phase system forms, is determined 

by the mixing fractions, molecular weight, polymer miscibility (i.e., polymer-polymer 

interaction parameter), solvent quality (i.e., polymer-solvent interaction parameter), pH, 

ionic strength, temperature, et cetera. Much less is known about the tendency of two 

neutral polymers to phase separate within a micellar corona; i.e., they may phase separate 

mesoscopically into (at least) two compartments within the micelle. Recent experimental 

examples include reports by Gohy et al.4 on spherical ‘patchy’ comicelles of 

poly(styrene)-block-poly(2-vinylpyridine)-block-poly(ethylene oxide) and a tapered 

triblock copolymer consisting of a PAA central block and PEO macromonomer-based 

outer blocks in DMF, by Walther et al.5 on sheet- and disc-like Janus-particles of 

poly(styrene)-block-poly(butadiene)-block-poly(tert-butyl methacrylate) in THF, and by 

Voets et al.6, 7 on ellipsoidal Janus-type comicelles of poly(N-methyl-2-vinyl pyridinium 

iodide)-block-poly(ethylene oxide), P2MVP-b-PEO, and poly(acrylic acid)-block-

poly(acryl amide), PAA-b-PAAm. 

As such nanoscale phase separation is much more difficult to observe than its 

macroscopic counterpart, the development of techniques to observe segregative phase 

separation within a micellar aggregate has gone hand in hand with the preparation of 

systems exhibiting the phenomenon. Recently, we have discussed the applicability of 2D 
1H NMR NOESY experiments.6-8 NOESY is a NMR correlation technique that probes 

intermolecular through-space proximity (distances < 0.5 nm) without the necessity of 

additional labeling. In this earlier work, we were able to relate the absence of cross-peaks 

between EO and AAm segments in 2D 1H NMR NOESY experiments on 1:1 mixtures of 

PAA42-b-PAAm417 and P2MVP42-b-PEO446 to the segregation of PAAm and PEO chains 

in the micellar corona.6, 7 Alternatively, one may employ Förster resonance energy 

transfer, FRET, and/or (cryogenic) transmission electron microscopy, (cryo-)TEM, in 
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combination with selective staining, but both methods require labeling, which, besides 

from being a synthetic challenge in itself, may influence the system under scrutiny. Small 

angle neutron scattering, SANS, in combination with contrast variation was suggested as 

yet another possibility9, 10 and may be the only means to potentially discriminate between 

different types of coronal phase separation, i.e., edge / face, face / face (Janus type), 

patchy spheres, et cetera. In spite of its potential, SANS has only been applied sparsely to 

such systems,11, 12 presumably because of the complexity involved in the data 

interpretation. Note that whereas NOESY and SANS do not require labeling, both 

techniques require the use of (partially) deuterated solvents, which may likewise result in 

(slightly) different physico-chemical properties as compared to the native system. 

In a recent publication on self-consistent field modelling of triblock copolymer 

micelles with two relatively incompatible corona blocks, Charlaganov et al. suggested that 

a transition from a heterogeneous to a homogeneous corona may occur in micelles with a 

heterogeneous corona of the Janus-type upon a decrease in the micellar aggregation 

number, Pagg.13 The reasoning is as follows: as the aggregation number decreases, the 

number of energetically unfavourable contacts decreases until a point is reached where the 

entropy of mixing overcomes the energetic penalty of mixing and polymer chains will 

start to mix. Alternatively, one may vary the amount of contacts between the corona 

monomers A and B by introducing a disparity in the corona chain lengths, i.e., NA ≠ NB. 

The present contribution aims to study experimentally whether a transition from 

heterogeneous to homogeneous corona can be observed in 2D 1H NMR NOESY and 

SANS experiments on aqueous mixtures of PAA-b-PAAm and P2MVP-b-PEO by varying 

the solution ionic strength (and therewith the micellar aggregation number), the PEO and 

PAAm solvency, the relative amounts of EO and AAm monomers within the micellar 

corona, and the PEO and PAAm block lengths at fixed EO / AAm monomer ratio. 

12.2 Experimental section 

12.2.1 Materials 

Poly(2-vinyl pyridine)-block-poly(ethylene oxide) copolymers, P2VP-b-PEO, have been 

synthesised by sequential anionic polymerisation by H. Schmalz in the group of A. H. E. 

Müller (Universität Bayreuth).6 Poly(2-vinyl pyridine), P2VP43, polymerised via anionic 
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polymerisation, was purchased from Polymer Standards Service (Mainz, Germany). 

Poly(2-vinyl pyridine)-block-poly(ethylene oxide), P2VP41-b-PEO95 was purchased from 

Polymer Source Inc. (Montreal, Canada). Poly(acrylic acid), PAA42, and poly(acrylic 

acid)-block-poly(acryl amide) copolymers, PAA-b-PAAm, have been synthesised by 

RAFT. The PAA42 and PAA42-b-PAAm417 copolymers, synthesised according to the 

MADIX process, were a kind gift from Rhodia (Aubervilliers, France). The PAA39-b-

PAAm (NPAAm = 97, 191, and 381) copolymers, have been synthesised with the chain 

transfer agent 3-benzylsulfanyl thiocarbonylsulfanyl propionic acid by P. E. Millard in the 

group of A. H. E. Müller (Universität Bayreuth).14 The P2VP and P2VP-b-PEO polymers 

were quaternised with methyl iodide. Elemental analysis on four randomly chosen batches 

of quaternised P2VP and P2VP-b-PEO polymers, yielded a degree of quaternisation of 

89% for all samples. Hence, we presume all batches of P2VP and P2VP-b-PEO polymers 

to be quaternised up to about 89%. The PAA and PAA-b-PAAm polymers, and all other 

chemicals were used as received, i.e., without further purification. Polymer characteristics 

are summarised in Table 12.1, chemical structures of the diblock copolymers are given in 

Scheme 12.1, subscripts correspond to the degree of polymerisation. 

 
Scheme 12.1. Chemical structure of the diblock copolymers (a) P2MVPa-b-PEOb and (b) PAAx-b-
PAAmy. Note that a denotes the sum of the number of quaternised (~ 89%) and non-quaternised 
monomers. See Table 12.1 for polymer characteristics. 

12.2.2 Sample preparation 

Polymer stock solutions were prepared by dissolution of known amounts of polymer into 

D2O (> 99% isotope purity, Aldrich) to which known amounts of NaNO3 were added, 

followed by a pD-adjustment to pD = 7.7 using 0.1 and 1.0 M NaOD and HNO3 and 

filtration over a 0.20 / 0.45 µm Acrodisc / Schleicher and Schuell filter prior to mixing. 

C3Ms were prepared at room temperature by mixing the P2MVP(-b-PEO) and PAA(-b-

PAAm) stock solutions at a 1:1 ratio of chargeable groups, i.e., at a mixing fraction, f+ of 

0.5. The mixing fraction, f+ is defined as the ratio between the number of positively 
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chargeable monomers and the sum of the numbers of positively and negatively chargeable 

monomers, i.e., 

 [ ]
[ ] [ ]

n
f

n n
+

+
+ −

=
+

. (12.1) 

Table 12.1. Polymer characteristics: molecular weight, Mw / g mol-1 and polydispersity index, PDI. 

Polymer Mw
a PDIb

PAA39-b-PAAm97 9977 1.21

PAA39-b-PAAm191 16659 1.23

PAA39-b-PAAm381 30164 1.22

PAA42-b-PAAm417 32666 1.30

P2MVP41-b-PEO95 13672 1.07

P2MVP38-b-PEO211 18088 1.01

P2MVP42-b-PEO446 29366 1.02

P2MVP71-b-PEO454 36428 1.02

PAA42 3027 1.30

P2MVP43 9950 1.10

aFor PAA39-b-PAAm copolymers including the mass of the CTA, 272 g mol-1. For P2MVP-b-PEO 
copolymers assuming 89% quaternisation, mass includes the counterion iodide. bFor PAA39-b-PAAm 
copolymers determined by gel permeation chromatography (GPC) in water 

12.2.3 Static and dynamic light scattering (SLS / DLS) 

Static and dynamic light scattering measurements have been performed on an ALV light 

scattering instrument equipped with a Spectra Physics 2000 1 W argon ion laser operated 

at a wavelength of 514.5 nm. A refractive index matching bath of filtered cis-decalin 

surrounded the cylindrical scattering cell, and the temperature was controlled at 25.0 ± 0.3 

ºC using a Haake F3-K thermostat. The second-order correlation function, G2(t) and total 

averaged scattered intensity were recorded 5 times per angle, for 24 angles, θ, from 30˚ to 

145˚ in increments of 5˚ to evaluate the angular dependence of the diffusion coefficient, 

D, and the excess Rayleigh ratio, R(θ,C). DLS experiments have been analysed via the 



On the transition between a heterogeneous and homogeneous corona 

 272

method of cumulants and inverse Laplace transformation (CONTIN software). The 

diffusion coefficient extrapolated to zero angle, D0, has been obtained from the slope in a 

plot of the average frequency, Γ versus q2 and has been converted into a hydrodynamic 

radius, Rh
0 via the Stokes-Einstein equation. SLS experiments have been analysed in terms 

of the Zimm ((12.2)) and Guinier approximation ((12.3)) assuming ideal behaviour, i.e., 

 2 21 11
( , ) 3 g
KC R q

R C Mθ
 ≈ + 
 

 (12.2) 

 2 21 1exp  ( )
( , ) 3

g
KC q R

R C Mθ
≈  (12.3) 

- both valid for sufficiently dilute conditions; i.e., S(q) = 1, and small values of qRg -, with 

the weight concentration of scattering particles, C, the molar mass of the scattering 

particles, M, the radius of gyration, Rg, an optical constant, K, being 
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the magnitude of the scattering wave vector, q, being 
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, (12.5) 

with the solvent refractive index, n, the laser wavelength, λ0 (514.5 nm), Avogadro’s 

number, Nav, and the specific refractive index increment, /dn dc . 

Thus, from the intercept and slope in the extrapolation of / ( , )KC R Cθ to zero angle 

at a given concentration, one obtains the apparent micellar mass, Mmicelle, the radius of 

gyration extrapolated to zero angle, Rg
0, and the apparent micellar aggregation number, 

Pagg. Toluene was used as a reference. 

12.2.4 Small angle neutron scattering (SANS) 

Small-angle neutron scattering experiments were performed at the Institut Max von Laue - 

Paul Langevin (ILL), Grenoble, France on the D22 beam line. Two detector distances 

were chosen (4.2 and 11.2 m), such that a q-range of 0.005 < q < 0.10 Å-1 was covered, 

with an incident wavelength of 0.6 nm and a wave-vector resolution ∆q/q of 10%. The 

samples were contained in Hellma 1 and 2 mm path length quartz cells and maintained at 

room temperature. The data were corrected for background scattering, detector response, 



Chapter 12 
 

 273 

the spectral distribution of the incident neutron beam, and converted to an absolute 

scattering cross-section I(q) / cm−1 according to standard ILL procedures. Data analysis 

was performed with macros for IGOR PRO provided by NIST15. Detailed data analysis 

procedures were described elsewhere.16 See Appendix for the definition of a ‘building 

block’ and an overview of the coherent scattering length densities, ρ, specific volumes, v0, 

and molecular weights, Mw of the C3M building blocks (Table 12.3). 

12.2.5 2D 1H NMR nuclear Overhauser effect spectroscopy (2D 1H NOESY NMR) 

1H NMR experiments were performed on a Bruker AMX-500 spectrometer, operating at 

500 MHz, located at the Wageningen NMR Centre. For each 2D NOESY spectrum, 976 

experiments of 2048 data points were recorded, using standard Bruker software. The 

mixing time was 500 ms. For details, see Chapter 9.8 

 
Figure 12.1. Schematic representation of an ellipsoidal Janus micelle consisting of PAA42-b-PAAm417 
and P2MVP42-b-PEO446. The laterally segregated PAAm (right) and PEO (left) chains form a cigar-
like corona, surrounding a disc-like core consisting of mixed PAA and P2MVP segments. See p 368 
for colour version. 

12.3 Results and discussion 

12.3.1 Formation of Janus micelles 

In the previous chapter, we have reported on the micelle formation in aqueous solutions of 

poly(acrylic acid)-block-poly(acryl amide), PAA42-b-PAAm417 and poly(N-methyl-2-vinyl 

pyridinium iodide)-block-poly(ethylene oxide), P2MVP42-b-PEO446.6, 7 It was found that 

the micelles reversibly associate and dissociate in response to changes in mixing fraction, 

pH, and ionic strength. The preferred micellar composition, PMC, defined as the mixing 

fraction where most micelles are formed, was determined to be f+ = 0.5 for [NaNO3] = 

1mM and pH/D = 7.7. Under these conditions, the micelles were found to consist of an 

oblate ellipsoidal, i.e., disc-like, core of PAA and P2MVP blocks, surrounded by a prolate 
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ellipsoidal, i.e., cigar-like, corona of segregated PAAm and PEO chains (Figure 12.1). 

As mentioned in the introduction, the distribution of PAAm and PEO chains in the 

micellar corona is dependent on both AAm / EO miscibility and the amount of AAm / EO 

contacts, which may be tuned via the micellar aggregation number, the PEO and PAAm 

solvency, the relative amounts of EO and AAm monomers within the micellar corona, and 

the PEO and PAAm block lengths at fixed EO / AAm monomer ratio. Hence, we will use 

the ellipsoidal PAA42-b-PAAm417 / P2MVP42-b-PEO446 Janus micelles as a starting point 

for the experiments described in the following sections, where we investigate which of 

these parameters are indeed able to drive a transition from the heterogeneous Janus-type 

corona towards a (more) homogeneously mixed corona. 

12.3.2 Addition of salt 

An increase in ionic strength decreases the electrostatic interaction between two 

oppositely charged macromolecules via charge screening. As C3M formation is 

electrostatically driven, experimentally one typically observes that addition of salt 

destabilises C3Ms until they eventually dissociate above a so-called critical ionic strength, 

Icr.17
 Static light scattering experiments were performed to study this phenomenon in 

aqueous mixtures of PAA42-b-PAAm417 and P2MVP42-b-PEO446 (Figure 12.2).7 If we 

ignore form factor deviations from unity, equations (12.2) and (12.3) can be rewritten 

into ( , )R C KCMθ ∝ , and we obtain ( , )R C Mθ ∝ , upon correction for dilution effects and 

assuming K to be salt-independent. Thus, a decrease in ( , )R Cθ  corresponds to a decrease 

in average mass and aggregation number of the scattering particles. Figure 12.2 clearly 

confirms that addition of salt indeed destabilises the C3Ms, i.e., it induces a decrease in 

average Pagg. The dotted line at about 340 mM NaNO3 marks the critical ionic strength. 

Hence, we have performed 2D 1H NMR NOESY experiments at various salt 

concentrations to study whether a decrease in the aggregation number can drive a 

transition from a Janus-type corona at 1mM NaNO3 (Figure 12.3a) to C3Ms with a 

homogeneous corona at elevated ionic strength. The NOESY contour plots should show a 

cross-peak at the encircled positions (Figure 12.3a) in case of a homogeneous corona, i.e., 

mixing of PAAm and PEO chains. However, none of the contour or line plots (Figure 

12.3b) show significant cross-peaks at those positions. On the contrary, cross-peaks 



Chapter 12 
 

 275 

 
Figure 12.2. The normalised light scattering intensity, I90º/I0, versus [NaNO3] / M for a 1:1 mixture of 
PAA42-b-PAAm417 and P2MVP42-b-PEO446 in D2O (f+ = 0.50, Cp = 7.41 - 10.22 g l-1, pH = 7.7). I0 = 
I90° at 1mM NaNO3. The line indicates the critical ionic strength, Icr, corresponding to [NaNO3] = 0.34 
M. The arrows indicate the salt concentrations of the 2D 1H NMR NOESY experiments in Figure 12.3. 
Note that I90º/I0 is given instead of 0( , ) / ( , )R C R Cθ θ , as no absolute calibration of the SLS 
measurements has been performed and the solvent scattering has not been subtracted. 

 

 
Figure 12.3. (a) 2D 1H NMR NOESY contour plot of a 1:1 mixture of PAA42-b-PAAm417 and 
P2MVP42-b-PEO446 in D2O at 1 mM NaNO3. (b) Line plots at δ = 1.64 ± 0.01 ppm (AAm resonance) 
for [NaNO3] = 1 - 279 mM (f+ = 0.5, C = 9.5 - 10.2 g l-1). 

 

between the apparently miscible corona monomers PAAm and PGMA were observed in 

2D 1H NMR NOESY experiments on C3Ms of PDMAEMA-b-PGMA and PAA-b-
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PAAm8 (Figure 12.10), even though the PGMA resonance signal is much smaller than the 

signal of PEO. Hence, we must conclude that there is no observable transition from a 

heterogeneous to a homogeneous corona upon an increase in ionic strength, i.e., upon a 

decrease in average Pagg. Assuming that such a transition is not beyond the detection limit 

of our NMR experiments, it is an indication that the corona of comicelles of PAA42-b-

PAAm417 and P2MVP42-b-PEO446 is laterally segregated into two distinct PAAm and PEO 

domains independent of the solution ionic strength.* 

12.3.3 The effect of temperature 

While PAAm becomes more water-soluble upon an increase in temperature, PEO 

solvency decreases.18 Hence, PAAm and PEO are expected to become more immiscible 

upon an increase in temperature. Again, 2D 1H NMR NOESY experiments were 

performed (Figure 12.4). The contour and line plots taken at 25 ≤ T ≤ 80 °C show no 

significant differences, confirming the Janus type morphology for all temperatures within 

the studied range, as expected. 

12.3.4 The effect of EO mole fraction and unequal core or corona block lengths 

In the above sections, we have seen that 2D 1H NMR NOESY experiments did not 

register any differences in PEO / PAAm chain segregation upon changes in ionic strength 

or temperature. In this section, we vary the relative amounts of EO and AAm monomers 

within the micellar corona by (partial) substitution of either PAA42-b-PAAm417 or 

P2MVP-b-PEO copolymers with the polyelectrolytes PAA42 or P2MVP43 for three 

different P2MVPa-b-PEOb copolymers (a1 = 38, b1 = 211; a2 = 42, b2 = 446; a3 = 71, b3 = 

454). Doing so, we directly affect the number of potential energetically unfavourable EO / 

AAm contacts. The mole fraction of EO monomers in the micellar corona, fEO, is 

gradually varied from 0 to 1, so that full chain mixing has to occur in the extreme cases, 

i.e., in absence of EO (fEO = 0) or AAm monomers (fEO = 1). Here, the C3Ms consist of 

one diblock copolymer and one homopolymer, i.e., they are so-called ‘single diblock 

C3Ms’ or in short S-C3Ms. The complex coacervate core micelles of PAA42-b-PAAm417 

and P2MVP42-b-PEO446 with approximately equal amounts of EO and AAm monomers, 

i.e., fEO = 0.52, correspond to the previously discussed ‘reference’ system, i.e., ellipsoidal 

Janus micelles.6, 7 Hence, for extreme but non-zero fEO, chain mixing may be observed, 



Chapter 12 
 

 277 

 
Figure 12.4. 2D 1H NMR NOESY line plots at δ = 1.65 ± 0.02 ppm (AAm resonance) for a 1:1 mixture 
of PAA42-b-PAAm417 and P2MVP42-b-PEO446 in D2O at T = 25, 40, 60, and 80 °C (f+ = 0.5, 1 mM 
NaNO3, C = 11.6 g l-1). 

 

while chain demixing is expected for fEO close to 0.5. 

A summary of the light scattering results for C3Ms of PAA42-b-PAAm417 and 

P2MVP42-b-PEO446 is given in Table 12.2. As fEO has been varied through replacement of 

the diblock copolymers with homopolymers, instead of the copolymers PAA42-b-PEO417 

or P2MVP42-b-PAAm446, the ratio of diblock copolymers to homopolymers within the 

C3Ms varies with fEO. In agreement with our previous findings on the difference between 

double diblock C3Ms, D-C3Ms and single diblock C3Ms, S-C3Ms,19 C3Ms with a larger 

amount of diblock copolymers are smaller and lighter, i.e., exhibit smaller values of Rh
0, 

Mw, and Pagg, than their single diblock counterparts (Table 12.2). The number of polymers 

in the C3Ms ranges from 6 to 40, with sizes ranging from 17 to 24 nm. 

2D 1H NMR NOESY experiments were performed to study the extent of chain 

mixing / segregation within the micellar corona. Line plots at δ ~ 1.6 ppm (AAm 

resonance) for C3Ms of PAA42(-b-PAAm417) and P2MVPa(-b-PEOb) for 0.26 < fEO < 0.76 

are given in Figure 12.5 and 12.6. Again, no significant cross-peaks are observed with 

δPEO, indicative of chain segregation for EO mole fractions within the range 0.26 - 0.76 for 

C3Ms of PAA-b-PAAm and P2MVP-b-PEO with NPAA ~ NP2MVP and NPAAm ~ NPEO 

(Figure 12.5), with NPAA ~ NP2MVP and NPAAm ~ 2NPEO (Figure 12.6a), and with 2NPAA ~ 

NP2MVP and NPAAm ~ NPEO (Figure 12.6b). 
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Table 12.2. Light scattering results: micellar mass, Mmicelle / kg mol-1, aggregation number (i.e., the 
number of building blocks per micelle), Pagg, the radius of gyration extrapolated to zero angle, Rg

0 / 
nm, the radius of hydration, Rh

0 / nm, and the ratio of the radii of gyration and hydration, Rg
0 / Rh

0. 
Plots of Γ and Rh

θ as a function of q2 are given in Figure 12.11. Input parameters: see Table 12.3 in 
the Appendix. 

fEO Mmicelle
a Pagg

a Rg
0a

 Rh
0 Rg

0/Rh
0 

1 371 13 nd 18.3 nd 

0.76 276 7 7.4 17.9 0.41 

0.52 174 3 10.3 16.6 0.62 

0.51 185 3 11.5 16.9 0.68 

0.26 505 11 nd 23.5 nd 

0 769 20 nd 23.9 nd 

aNumbers correspond to the averaged values as determined from independent Guinier and Zimm 
analysis (difference < 1%). Note that the angular dependence of R(θ,C) is very small, i.e., less than 
8% for 0 < fEO < 1 for 55° < θ < 145°, and only over 10% for 0.51 < fEO < 1 when 30° < θ < 55° (i.e., 
angles prone to include contributions of dust and interparticle interference) are included. Hence, 
values of Rg

0 could only be determined for selected samples (data for 30° < θ < 145° included) , and 
even then, the values may likely contain an error of 10 - 20% due to upturns at low q-values (Figure 
12.11c). 

 
Figure 12.5. 2D 1H NMR NOESY line plots at δ = 1.62 ± 0.01 ppm (AAm resonance) for 1:1 mixtures 
of PAA42(-b-PAAm417) and P2MVP42(-b-PEO446) in D2O for 0.26 < fEO < 0.76 (f+ = 0.5, 1 mM NaNO3, 
C = 9.1 - 11.6 g l-1). 

 

We selected one of these systems, namely C3Ms of PAA42-b-PAAm417 and P2MVP42-b-

PEO446 (i.e., NPAA ~ NP2MVP and NPAAm ~ NPEO), for further detailed investigation of the 
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Figure 12.6. 2D 1H NMR NOESY line plots at δ = 1.63 ± 0.01 ppm for 1:1 mixtures of PAA42(-b-
PAAm417) and (a) P2MVP38(-b-PEO211) or (b) P2MVP71(-b-PEO454) for 0.26 < fEO < 0.51 in D2O (f+ = 
0.5, 1 mM NaNO3, C = 9.7 - 11.7 g l-1). 

 

coronal heterogeneity. In the previous chapter,6, 7 we suggested that the coronal demixing 

of PEO and PAAm chains into two distinct hemispheres in C3Ms of PAA42-b-PEO417 and 

P2MVP42-b-PAAm446 probably induces their ellipsoidal morphology. Following this 

reasoning, i.e., if we consider a correlation between micellar morphology and PAAm / 

PEO coronal chain segregation, we would anticipate spherical micelles for fEO = 0 and 1, 

and ellipsoidal micelles for fEO values close to 0.52. Indeed, we find that the small angle 

neutron scattering curves (Figure 12.7) for S-C3Ms of fEO = 0 and 1 could be modelled 

with a form factor for polydisperse, homogeneous spheres, while this was not the case for 

other values of fEO. However, at this stage more conclusive statements are not feasible as 

no obvious best fit was obtained for 0.26 < fEO < 0.76, i.e., several (homogeneous and 

core-shell) ellipsoidal models led to a reasonable - but not fully satisfactory - description 

of the SANS curves. It appears that a more complex form factor should be developed to 

accurately describe these curves in the full q-range. 

Still, via an alternative method, namely a contrast variation series, SANS 

experiments might provide some insight into the coronal homogeneity. Fütterer et al. have 

shown in a theoretical paper that if I(q) varies less than about two orders of magnitude 

with ρsol at a fixed q, where 3 < qRmicelle < 4, this may be regarded as strong evidence for 

the presence of Janus micelles.9 For Rcore > 0.5Rmicelle, this effect, i.e., the small variation 

of I(q) with ρsol, is significantly reduced. Based on the very asymmetric block lengths, 

Ncorona is about 5 - 10 times Ncore, and the ratio between the Guinier radius of C3Ms of 
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Figure 12.7. Small angle neutron scattering curves (I(q) / cm-1 versus q / Å-1) for C3Ms of PAA42(-b-
PAAm417) and P2MVP42(-b-PEO446) (100% D2O, 1mM NaNO3, T = 25 °C) with (∆) fEO = 1 (f+ = 0.51, 
C = 4.8 g l-1), (○) fEO = 0.76 (f+ = 0.51, C = 5.9 g l-1), (□) fEO = 0.52 (f+ = 0.51, C = 7.5 g l-1), (+) fEO = 
0.51 (f+ = 0.51, C = 7.4 g l-1), (◊) fEO = 0.26 (f+ = 0.51, C = 5.9 g l-1), and (×) fEO = 0 (f+ = 0.52, C = 
5.2 g l-1). The scattering curves were only corrected for incoherent scattering due to solvent (i.e., not 
due to the hydrogenated polymer segments) and divided by C. fEO and the off-set factor used to rescale 
the scattering curves for better visibility are indicated in the Figure. 

 
Figure 12.8. (I(q)-Isolv)/C / cm-1 l g-1 versus % D2O in solvent for C3Ms of PAA42(-b-PAAm417) and 
P2MVP42(-b-PEO446) (1mM NaNO3, T = 25 °C) with (∆) fEO = 1, (□) fEO = 0.52, (+) fEO = 0.51, and (×) 
fEO = 0 at (a) a fixed q-range of 0.013 - 0.017 Å-1 corresponding to 3 < qRmicelle < 4 for Rmicelle = Rh for 
fEO= 0 and (b) at 3 < qRh < 4 for each individual system. For sample details see caption to Figure 
12.7. 

 

P2MVP42-b-PEO446 and PAA42 in 100% D2O (full particle contrast, i.e., Rgu ~ Rmicelle) and 

19% D2O (shell matched, i.e., Rgu ~ Rcore), i.e., Rmicelle
 / Rcore = 12.5 / 5.5 = 2.3, the C3Ms 

described in this chapter would fulfil the requirement of Rcore < 0.5Rmicelle. Hence, we have 
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plotted I(q) versus fD2O for C3Ms of P2MVP42-b-PEO446 and PAA42-b-PAAm417 (Figure 

12.8). To be able to compare the different curves, we have divided the intensity by 

concentration and corrected all curves for the solvent background scattering. The analysis 

was performed at the required 3 < qRmicelle < 4, which defines a q-range with boundary 

conditions dependent on the choice of Rmicelle (i.e., whether Rh, Rg, or Rgu is taken), and in 

our case dependent on fEO, as Rmicelle varies with fEO (Table 12.2). Irrespective of the 

precise choice of this q-range, i.e., whether the analysis is performed at a fixed q for all 

C3Ms, or whether q is fixed per system according to 3 < qRg < 4 or 3 < qRh < 4, the 

variation of I(q) with ρsol is always less than two orders of magnitude for C3Ms of PAA42-

b-PAAm417 and P2MVP42-b-PEO446 with fEO = 0.51 and 0.52. Hence, according to Fütterer 

et al.9 and in accordance with our other results, we find a strong indication for the 

presence of Janus micelles. Unfortunately, we must note that the variation of I(q) with ρsol 

for S-C3Ms of PAA42-b-PAAm417 and P2MVP43 and PAA42 and P2MVP42-b-PEO446 is 

equal to or only slightly larger than two orders of magnitude, i.e., even for C3Ms with a 

homogeneous corona we find a very small variation of the scattered intensity with fD2O. 

Tentatively, we suppose that the apparent inapplicability of the method to the current 

system is caused by several factors, such as the failure to fulfil the most suitable 

conditions for the analysis, such as ρcore = 0.5·(ρPEO + ρPAAm), and possibly the ellipsoidal 

shape. 

12.3.5 The effect of Ncorona 

So far, we have not found any experimental evidence for a transition towards a 

homogeneous corona, i.e., the Janus-type phase segregation of PAAm and PEO corona 

chains appears to be quite stable. Here, we study the effect of a decrease in Ncorona for 

NPAAm ~ NPEO from about 400 segments to 200 and 100 segments. Figure 12.9 presents the 

corresponding NOESY line plots at δ = 1.63 ± 0.01 ppm. Again, we do not observe any 

significant cross-peak between the PAAm and PEO resonances, indicative of distances 

between PAAm and PEO segments over 5 Å. 

12.4 Conclusions 

In the previous chapter, we have reported on the formation of ellipsoidal Janus micelles in  
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Figure 12.9. 2D 1H NMR NOESY line plots at δ = 1.63 ± 0.01 ppm for 1:1 mixtures of (A) PAA39-b-
PAAm97 and P2MVP41-b-PEO95, (B) PAA39-b-PAAm191 and P2MVP38-b-PEO211, and (C) PAA39-b-
PAAm381 and P2MVP42-b-PEO446 in D2O (f+ = 0.5, 1 mM NaNO3, C = 8.4 - 8.7 g l-1). 

 

aqueous solutions of P2MVP42-b-PEO446 and PAA42-b-PAAm417.6, 7 Here, 2D NMR and 

small angle neutron scattering experiments were performed on various comicelles of 

P2MVP-b-PEO and PAA-b-PAAm copolymers in aqueous solutions to investigate the 

robustness of the PAAm / PEO phase segregation within the micellar corona. Five 

different parameters that are anticipated to affect the miscibility of the PEO and PAAm 

coronal blocks via their effect on the PEO / PAAm interfacial area or the Flory-Huggins 

interaction parameter, χ, were varied to study whether a transition between a 

heterogeneous and homogeneous corona could be observed. Investigated were the effect 

of (1) a salt-induced decrease in micellar aggregation number, Pagg for 1 ≤ [NaNO3] ≤ 279 

mM, (2) a temperature increase for 25 ≤ T ≤ 80 °C, (3) a variation of the fraction of EO 

monomers in the corona, fEO for 0 ≤ fEO ≤ 1 at a fixed corona block length, Ncorona, (4) a 

decrease in the PEO block length, NPEO, at a fixed PAAm block length, NPAAm, for 200 ≤ 

NPEO ≤ 450, and finally, (5) a decrease in corona block length at NPAAm = NPEO for 100 ≤ 

Ncorona ≤ 400. A transition towards a homogeneous corona wherein the polymer chains are 

in close proximity (i.e., within 5 Å) was not observed in any of the cases. Hence, 

assuming the experimental resolution to be sufficient, the segregation of PAAm and PEO 

chains within the micellar corona of comicelles of PAA-b-PAAm and P2MVP-b-PEO 

appears to be rather robust. At present, we might speculate on the reason why no random 

mixing can be induced. For example, PEO and PAAm might be too incompatible to 

observe the transition, i.e., the coronal volume fraction where ideal mixing of PEO and 
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Table 12.3. Coherent neutron scattering length density in D2O, ρN / 1010 cm-2, specific volume, v0 / cm3 
g-1, molecular weight in D2O, Mw / g mol-1, and specific refractive index increment in H2O, /dn dc / 
cm3 g-1 of the building blocks of C3Ms of PAA42(-b-PAAm417) and P2MVP42(-b-PEO446) in D2O. Input 
values for ρN: 6.37 (D2O), 1.88 (PAAm in H2O), 4.15 (PAAm in D2O), 0.68 (PEO), 1.81 (PAA), 1.33 
(P2MVP), 1.55 (P2VP in H2O), 2.15 (P2VP in D2O).20-22 Input values for /dn dc  (mass-weighted 
additivity is assumed): 0.187 (PAAm), 0.136 (PEO), 0.261 (PAA), 0.27 (P2(M)VP).20-22 

fEO Mw v0 ρN dn
dc

 

1 28222 0.850 0.70 0.173 

0.76 38845 0.825 1.19 0.177 

0.52 58645 0.799 1.59 0.180 

0.51 57632 0.798 1.61 0.181 

0.26 45064 0.783 1.90 0.194 

0 38795 0.770 2.10 0.204 

 

 
Figure 12.10. Line plot at δ = 1.64 ± 0.01 ppm for C3Ms of PDMAEMA-b-PGMA and PAA-b-PAAm. 

 

PAAm chains occurs might be below the experimental resolution. Further investigations 

into this topic, for example on systems with slightly more compatible blocks, would 

certainly be very interesting. 

12.5 Appendix 

12.5.1 Small angle neutron scattering input parameters 

PAA42-b-PAAm417 / PAA42 and P2MVP42-b-PEO446 / P2MVP43 mixtures were used in the 



On the transition between a heterogeneous and homogeneous corona 

 284

 
Figure 12.11. (a, b) Cumulant results. (a) Γ as a function of q2 and (b) Rh

θ as a function of q2 for 
C3Ms of P2MVP42-b-PEO446 / P2MVP43 and PAA42-b-PAAm417 / PAA42 (1mM NaNO3 D2O, T = 25 °C) 
with (∆) 100% EO (f+ = 0.51, C = 7.4 g l-1), (◊) 76% EO (f+ = 0.51, C = 9.1 g l-1), (□) 52% EO (f+ = 
0.51, C = 11.6 g l-1), (○) 51% EO (f+ = 0.51, C = 11.4 g l-1), (×) 26% EO (f+ = 0.51, C = 9.1 g l-1), and 
(+) 0% EO (f+ = 0.52, C = 7.9 g l-1) in the micellar corona. The lines represent (a) a linear 
extrapolation of Γ versus q2 to q2 = 0. Results in terms of Rh

0 are given in Table 12.2. (c) Static light 
scattering results. R(θ,C) as a function of q2 for the same mixtures as in Figure 12.11. Results in terms 
of Pagg and Rg

0 are given in Table 12.2. 

 

SANS experiments to gradually vary the amount of EO / AAm monomers in the micellar 

corona, while keeping f+ fixed at 0.5. Hence, for the C3Ms in this study, we may define a 

building block as a unit consisting of one equivalent PAAx-b-PAAmy polymer and one 

equivalent P2MVPn-b-PEOm polymer (with x / n including the AA / 2MVP monomers of 

both the homopolymer and the copolymer) so that f+ = 0.5. For example, for 0% PAAm in 
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the micellar corona (fEO = 0), a building block consists of PAA42 + P2MVP43-b-PEO457 (f+ 

= 0.51). A building block is present Pagg = Pagg
+ = Pagg

- times in one particle. An overview 

of the coherent scattering length densities, ρN, specific volume, v0, and molecular weights, 

Mw of the C3M building blocks is given in Table 12.3. 

12.5.2 2D 1H NMR NOESY 

To demonstrate that chemically unlike protons of miscible segments give rise to 

observable NOE signals, we present a line plot at δ = 1.64 ± 0.01 ppm (= proton ‘13’, 

corresponding to PAAm) for C3Ms of PDMAEMA-b-PGMA and PAA-b-PAAm.8 

Amongst others, we clearly observe intermolecular NOE interactions with protons 9, 8, 

10, and 7 (most pronounced), corresponding to the PGMA segments. 

12.5.3 Light scattering 

Plots of Γ (Figure 12.11a), Rh
θ (Figure 12.11b), and R(θ,C) (Figure 12.11c) as a function 

of q2 for C3Ms of P2MVP42(-b-PEO446) and PAA42(-b-PAAm417) for 0 < fEO < 1 (1mM 

NaNO3 D2O, T = 25 °C). The q2-dependence of Γ in Figure 12.11a indicates diffusivity for 

all C3Ms. Deviations from linearity in the low-q regime in Figure 12.11b and Figure 

12.11c are caused by dust, aggregate, and/or interparticle interference contributions to the 

scattering. The input parameters used to obtain Pagg and Mmicelle from the static light 

scattering experiments are tabulated in Table 12.3. 

12.6 References 
* Note that a decrease in ( , )R C KCMθ ∝  relates to a decrease in the average Pagg, i.e., 

averaged over all species in solution. One may speculate that the equilibrium between C3Ms 
and soluble complex particles (SCPs) shifts towards the SCPs upon increasing ionic strength, 
i.e., C3Ms are destabilised, so that the average Pagg decreases. At the same time, C3Ms are 
typically found to swell (solvent volume fraction increases) upon an increase in ionic strength, 
so that even if mixing entropy can overcome the energetic penalty of mixing, and PEO and 
PAAm chains would mix, the coronal segments may still be relatively far apart due to low 
polymer volume fractions. This is an alternative, tentative explanation for the absence of 
cross-peaks in the NOESY contour plots, i.e., as opposed to lateral chain segregation.  
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13 
Electrostatic hierarchical co-assembly in 

aqueous solutions of two oppositely charged 

double hydrophilic diblock copolymers∗ 

 
Abstract 

The formation of spherical micelles in aqueous solutions of poly(N-methyl-2-vinyl 
pyridinium iodide)-block-poly(ethylene oxide), P2MVP-b-PEO and poly(acrylic 
acid)-block-poly(vinyl alcohol), PAA-b-PVOH has been investigated with light 
scattering-titrations, dynamic and static light scattering, and 1H 2D Nuclear 
Overhauser Effect Spectroscopy. Complex coacervate core micelles, also called 
PIC micelles, block ionomer complexes, and interpolyelectrolyte complexes, are 
formed in thermodynamic equilibrium under charge neutral conditions (pH = 8, 
1mM NaNO3, T = 25 °C, f+ = 0.4) through electrostatic interaction between the 
core-forming P2MVP and PAA blocks. 2D 1H NOESY NMR experiments show no 
cross-correlations between PEO and PVOH blocks, indicating their segregation in 
the micellar corona. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

∗In slightly modified form submitted as: Voets, I. K.; Debuigne, A.; Detrembleur, C.; Jérôme, R.; de 
Keizer, A.; Cohen Stuart, M. A. Macromolecules 2008. 
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13.1 Introduction 

Electrostatic interaction between two oppositely charged molecules in aqueous solution 

leads to a macroscopic associative phase separation, known as complex coacervation,1 

provided certain requirements such as proximity to charge neutrality, are met. Naturally, 

the tendency to phase separate is tuneable with parameters influencing the electrostatic 

interaction between the two (macro)molecules, such as ionic strength, mixing fraction, 

and pH in case of weak acids and/or bases. Moreover, the associative phase separation can 

be restricted to the colloidal domain by attaching a solvophilic group to one or both of the 

molecules, resulting in mixed aggregates, such as vesicles2, 3 or micelles. As complex 

coacervation is the governing principle in the formation of this latter, relatively new type 

of colloids, we employ the term complex coacervate core micelles (C3Ms).4-7 Other 

equivalent terms in use are polyion complex micelles,8-11 block ionomer complexes,12, 13 or 

interpolyelectrolyte complexes (IPEC).14 C3Ms can be formed from virtually any 

combination of oppositely charged species, provided at least one of the species carries one 

or several solvophilic units that remain soluble upon complexation. By far the most 

studied are combinations including a diblock copolymer to stabilise the complex, while 

combinations with random15 and graft16 copolymers are relatively little reported on. 

Recent examples include C3Ms consisting of a copolymer and DNA, 16, 17 RNA, 18 

enzymes, 11 homopolymer,5 dendrimer,9 drug,9 surfactant,15 metal ion,19, 20 or coordination 

polymer.21 

The aim of the present contribution is to reach yet another level of structural 

hierarchy, by incorporating into these micelles two solvophilic entities with a tendency to 

avoid each other, leading to a second level of compartmentalisation, i.e., beyond core-

shell. The simplest manner to obtain such a structure is by mixing two diblock 

copolymers, each containing a charged or chargeable block, and a solvophilic (in this 

study hydrophilic, as all experiments are performed in aqueous solution) neutral block. 

Thus, electrostatic interaction is employed to force the two diblock copolymers to form 

one mixed aggregate, leaving the immiscible but hydrophilic neutral blocks no other 

choice than to avoid each other within the shell of the aggregate. Clearly, the force 

balance is delicate: strongly segregating neutral blocks cannot be employed, as they might 
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lead to dissociation of the micelles, while on the other hand too compatible hydrophilic 

blocks will result in a mixed corona. Recently, we have reported on the formation of 

micelles with a segregated corona in aqueous mixtures of poly(N-methyl-2-vinyl 

pyridinium iodide)-block-poly(ethylene oxide), P2MVP42-b-PEO446 and poly(acrylic 

acid)-block-poly(acrylamide), PAA42-b-PAAm417,6 while a combination of poly(2-(N,N-

dimethylamino)ethyl methacrylate)-block-poly(glyceryl methacrylate), PDMAEMA45-b-

PGMA90 and poly(acrylic acid)-block-poly(acrylamide), PAA42-b-PAAm417
7 results in 

spherical micelles with a mixed corona. 

13.2 Experimental part 

13.2.1 Materials 

Three different samples of poly(N-methyl-2-vinyl pyridinium iodide)-block-poly(ethylene 

oxide), P2MVP38-b-PEO211, P2MVP42-b-PEO446, and P2MVP71-b-PEO454 have been 

synthesised by sequential anionic polymerisation (polydispersity index, PDI < 1.05) by H. 

Schmalz (Universität Bayreuth),6, 22 followed by quaternisation with methyl iodide. [The 

subscripts correspond to the degree of polymerisation.] The average degree of 

quaternisation has been determined by elemental analysis and was found to be 89 ± 2%. 

2,2’–azo-bis-(4-methoxy-2,4-dimethyl valeronitrile) (V-70) (Wako) and cobalt (II) bis-

acetylacetonate (> 98%, Merck) were used as received. Vinyl acetate (VAc) and 

acrylonitrile (AN) (Aldrich) were dried over calcium hydride, degassed by several freeze-

thawing cycles before being distilled under reduced pressure. All polymerisation 

experiments were performed by classical Schlenck techniques under nitrogen. Liquids 

were transferred with syringes and stainless steel capillaries. 

13.2.2 Synthesis of poly(acrylic acid)-block-poly(vinyl alcohol), PAA305-b-PVOH184
23 

13.2.2.1 Synthesis of poly(vinyl acetate)184-block-poly(acrylonitrile)305 (PVAc184-b-PAN305) 

Co(acac)2 (0.140 g, 5.44·10-4 mol) and V-70 (0.546 g, 1.77·10-3 mol) were added into a 50 

ml flask and degassed by three vacuum-nitrogen cycles. Vinyl acetate (15.0 ml, 0.162 

mol) was then added with a syringe under nitrogen. The purple mixture was stirred and 

heated at 30 °C until the monomer conversion reached 50% (~ 40h). A sample is 
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Figure 13.1. Chemical structure of the diblock copolymers used in this study. Left: poly(N-methyl-2-
vinyl pyridinium iodide)-block-poly(ethylene oxide), P2MVPx-b-PEOy (x1 = 38, y1 = 211, Mw = 18088 
g mol-1; x2 = 42, y2 = 446, Mw = 29366 g mol-1; x3 = 71, y3 = 454, Mw = 36428 g mol-1). Note that x 
denotes the sum of the number of quaternised and non-quaternised monomers. Right: Poly(acrylic 
acid)-block-poly(vinyl alcohol), PAA305-b-PVOH184 (Mw = 30085 g mol-1). The numbers beside the 
brackets denote the degree of polymerisation. The numbers 1-5 correspond to the chemical shifts 
listed in table 13.4. 

 

withdrawn for SEC analysis in THF (Mn (SEC, THF) = 15800 g mol-1; Mw/Mn = 1.22) 

which gives a molecular weight very close to the molecular weight determined by 1H-

NMR,24, 25 before removal of the unreacted vinyl acetate under vacuum at room 

temperature. After dissolution of PVAc in a degassed anisole/toluene (9/1 : v/v; 15ml), 

mixture, distilled and degassed acrylonitrile (10 ml, 0.151 mol) was added. The reaction 

medium was stirred for 30 min at 30 °C (~ 90% conversion). The crude mixture was then 

diluted by DMF and the copolymer was precipitated in a methanol/water (20/80) mixture. 

This purification step was repeated two times before SEC analysis (Mn (SEC, DMF) = 

117000 g mol-1; Mw/Mn = 1.44 compared to the macroinitiator eluted in the same 

conditions: Mn (SEC, DMF) = 65400 g mol-1; Mw/Mn = 1.14). The unreacted PVAc 

macroinitiator was then removed from the copolymer by soxhlet extraction with methanol 

for 48h and the pure PVAc-b-PAN copolymer was recovered (Mn (SEC, DMF) = 138100 

g mol-1; Mw/Mn = 1.37). 1H NMR analysis of the copolymer in DMSO allows the 

determination of the copolymer composition by integrating the signal characteristic of -

CH2-CH(OAc)- of PVAc and -CH2-CH(CN)- of PAN at 4.85 ppm and 3.35 ppm, 

respectively (PVAc184-b-PAN305). 

13.2.2.2 Hydrolysis of PVAc-b-PAN into PVOH184-b-PAA305 

PVAc-b-PAN (0.5 g) was added to a 100 ml flask, followed by 10 ml ethanol and 45 ml 

of an aqueous KOH solution (2.0 g KOH in 90 ml of water). The mixture was stirred at  

75 °C for 24h. The insoluble polymer rapidly became red and then yellow when slowly 

solubilising in the reaction medium. After hydrolysis, the copolymer was precipitated 
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three times in THF, solubilised in water, dialysed for 48h against pure water through a 

6000-8000 Spectrapore membrane, and finally lyophilised to give a white powder. 1H 

NMR analysis of the copolymer in D2O confirmed the complete hydrolysis of both blocks 

as assessed by the disappearance of the signal characteristic of -CH2-CH(OAc)- of PVAc 

at 4.85 ppm and the signal characteristic of -CH2-CH(CN)- of PAN at 3.35 ppm, and the 

appearance of new signals characteristic of -CH2-CH(OH)- of PVOH at 4.05 ppm and of -

CH2-CH(COOH)- of PAA at 2.15 ppm. 

The chemical structure of the diblock copolymers used in this study is depicted in 

Figure 13.1. 

13.2.3 Sample preparation 

Aqueous solutions of the polymers were prepared by dissolution of known amounts of 

polymer into de-ionised water (Milli-Q) to which known amounts of NaNO3 were added, 

followed by a pH-adjustment using NaOH and HNO3. For 2D 1H NOESY NMR 

experiments, D2O (> 99% deuterium, Aldrich) was used instead of de-ionised water. 

Unless otherwise specified, all experiments were performed at 25.0 ± 0.2 °C and 1mM 

NaNO3. For the polymer solutions in D2O, the measured apparent pH value, pHapp, has 

been corrected for isotope effects26 using equation (13.1) wherein pI is the generalised 

equivalent of pH including all isotopes and n is the atom fraction of deuterium in the 

solvent. 

 2
appp = p + 0.3314 + 0.0766I H n n  (13.1) 

Polymer solutions were filtered at least once over a 0.45µm Schleicher and Schuell filter 

prior to mixing. This is necessary as C3Ms have a tendency to adsorb to a wide variety of 

surfaces,4 so that solutions cannot be filtered after mixing. Table 13.1 gives an overview 

of the stock solutions. 

We define the important experimental parameter mixing fraction, f+, as the number 

of positively chargeable monomers divided by the total number of chargeable monomers. 

 [ ]
[ ] [ ]+ =f

+
+ + −

 (13.2) 
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Table 13.1. Overview of all polymer stock solutions used in this study. 

Cp 
Solution 

g l-1 mol l-1
Solvent pI 

P2MVP38-b-PEO211
a 10.42 5.58⋅10-4 H2O 7.81 

PAA305-b-PVOH184
a 0.52 1.72⋅10-5 H2O 7.70 

P2MVP38-b-PEO211
b 11.02 6.09⋅10-4 D2O 7.73 

P2MVP42-b-PEO446
b 11.05 3.76⋅10-4 D2O 7.75 

P2MVP71-b-PEO454
b 11.09 3.04⋅10-4 D2O 7.69 

PAA305-b-PVOH184
b 4.10 1.36⋅10-4 D2O 7.73 

aStock solutions used in the mole fraction titration. For P2MVP38-b-PEO211 and PAA305-b-PVOH184. 
Cp corresponds to the concentration in the burette and in the titration cell respectively, prior to the 
light scattering-titration. 
bStock solutions used to prepare samples for 2D 1H NMR NOESY, DLS, and SLS measurements. 

13.2.4 Light scattering 

Light scattering measurements have been performed on an ALV light scattering 

instrument equipped with an ALV-5000 digital correlator and a Spectra Physics 2000 1 W 

argon ion (dynamic and static light scattering, DLS / SLS) laser or a 400 mW argon ion 

laser (light scattering-titrations, LS-T) operated at a wavelength, λ, of 514.5 nm. A 

refractive index matching bath of filtered cis-decalin surrounded the cylindrical scattering 

cell, and the temperature was controlled at 21.5 ± 0.3 °C using a Haake F3-K thermostat 

(DLS / SLS) and at 25 ± 0.2 °C using a Haake F8-C35 thermostat (LS-T). 

13.2.5 Light scattering-titrations (LS-T) 

LS-Ts were performed at a fixed scattering angle, θ, of 90˚. A Schott-Geräte computer-

controlled titration setup controlled sequential addition of titrant and cell stirring. The pH 

was measured with a combined Ag/AgCl glass electrode. The recorded mV values were 

converted into pH values after calibration of the electrode with five buffers of known pH 

(3 ≤ pH ≤ 7). After every dosage, pH, 90º light scattering intensity, I90º, and the second-

order correlation function, G2(t) were recorded, the latter two 5 times during a period of 



Chapter 13 
 

 293 

25 s. Averaged values of the intensity, reliσ (see below), hydrodynamic radius, Rh, 90º and 

polydispersity index, PDI (µ2/Γ2, method of cumulants) are reported as a function of f+. 

For the mole fraction titrations, we introduce the reduced excess relative intensity, 

reliσ , to present I90º as a function of f+ in a manner independent of the experimental design, 

i.e., independent of the light scattering instrument, volume changes, concentration of 

titrant et cetera. reliσ  is defined in equations (13.3) to (13.5) as the Rayleigh ratio of the 

sample minus the reduced Rayleigh ratios of the ‘blanks’ (the polymer solutions in the 

burette and scattering cell), all divided by the total polymer concentration at f+ = 0.5, *c . 

( )*
, 0.5 , 0.5

, 0.5 1

sample solvent ct bt sample solvent ct bt sample solvent ct bt
rel

toluene c bb f c f toluene
c f toluene

b c

I I i i I I i i I I i i
i

c I q Mc c I c I
q M

σ

+ += =
+=

− − − − − − − − −
= = =

×  + × + ⋅ × 
 

 (13.3) 

 ( )0
0

ct
ct c solvent

c

ci I I
c

= − ×  (13.4) 

 ( )0
0

bt
bt b solvent

b

ci I I
c

= − ×  (13.5) 

The subscripts ‘b’ and ‘c’ denote the polymer in the burette and scattering cell 

respectively, prior to the LS-T. The subscripts ‘0’, ‘f+ = 0.5’ and ‘t’ denote before LS-T, 

during LS-T at f+ = 0.5 and during LS-T at f+ corresponding to a certain value ‘t’, 

respectively. qb and qc are the number of chargeable groups in polymer b and polymer c, 

while Mb and Mc are their molar masses. 

In this manner, the ‘blanks’ are subtracted according to what they would contribute 

to the scattering at the actual f+ if no complexation would occur, ict and ibt, i.e., only excess 

scattering due to complexation remains. Furthermore, division by the total polymer 

concentration is necessary to be able to compare measurements independent of the initial 

concentration of the stock solutions. For C3M systems, it seems most logical to divide by 
*c , the total polymer concentration corresponding to the preferred micellar composition, 

PMC27 in the ideal case, i.e., when the charge neutrality condition is met at f+ = 0.5 (equal 

amounts of chargeable groups). Whether the PMC occurs at f+ = 0.5, depends on the pH of 

the polymer stock solutions in case one or both of the polymers contain(s) weak 

polyelectrolyte groups. 
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13.2.6 Dynamic light scattering (DLS) 

A minimum of five second-order correlation functions G2(t) were recorded at 24 angles, θ, 

from 30˚ to 145˚ in increments of 5˚ to evaluate the angular dependence of the diffusion 

coefficient. The diffusion coefficient, extrapolated to zero angle, D0, has been obtained 

from the slope in a plot of the average frequency, Γ (obtained from a cumulant or 

CONTIN analysis of the data) versus q2. Via the Stokes-Einstein equation, D0 has been 

calculated into Rh
0 to be compared with the radius of gyration extrapolated to zero angle, 

Rg
0 obtained from static light scattering measurements. Moreover, the CONTIN routine 

has been used to analyse the DLS data in terms of size distributions. 

13.2.7 Static light scattering (SLS) 

The angular dependence of the excess Rayleigh ratio, R(θ,C) was recorded at 24 angles 

from 30˚ to 145˚ in increments of 5˚, and has been analysed in terms of both the Zimm 

and Guinier approximation. Toluene was used as a reference. 

 ( , ) ( )sample solvent
reference

reference

I IR C R
I

θ θ−=  (13.6) 

In the Zimm approximation, for sufficiently dilute conditions, R(θ,c) is given by 

 2 2
g

w

1 11
( , ) 3
KC R q

R C Mθ
 ≈ + 
 

, and (13.7) 

 
22 2

4
av 0

4 n dnK
N dc
π

λ
 =  
 

, (13.8) 

where K is an optical constant, Nav is Avogadro’s number, λ0 is the wavelength of the 

laser (514.5 nm), n is the solvent refractive index (1.332 for H2O, T = 25.0 ± 0.1 ºC; 1.331 

for D2O, T = 21.5 ± 0.3 ºC), /dn dc  the specific refractive index increment, and q the 

magnitude of the scattering wave vector, given by 

 
0

4 sin
2

nq π θ
λ

 =  
 

 (13.9) 

Alternatively, in the Guinier approximation for sufficiently dilute conditions, 

/ ( , )KC R Cθ  is given by 

 2 21 1exp  ( )
( , ) 3

g
w

KC q R
R C Mθ

≈  (13.10) 
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Thus, from the intercept and slope in the extrapolation of / ( , )KC R Cθ  to zero angle at a 

given concentration, one obtains the apparent molecular weight, Mw of the scattering 

particle and its apparent radius of gyration, Rg
0. 

13.2.8 1H NMR 

Nuclear Overhauser Effect Spectroscopy (NOESY) is a two-dimensional NMR technique 

probing internuclear distances by means of the Nuclear Overhauser Effect. A more 

detailed introduction on the technique can be found in Chapter 9.7 1H NMR spectra of the 

micellar solutions were recorded at 298K on a Bruker AMX-500 spectrometer, operating 

at 500 MHz, located at the Wageningen NMR Centre. For the 2D NOESY spectrum 976 

experiments of 2048 data points were recorded, using standard Bruker software. The 

mixing time was 500 ms. 

13.2.9 Size exclusion chromatography (SEC) 

SEC of polyvinyl acetate was carried out in THF (flow rate : 1 ml min-1) at 40 °C with a 

Waters 600 liquid chromatograph equipped with a 410 refractive index detector and 

styragel HR columns (four columns HP PL gel 5µm 105, 104, 103, and 102Å). Polystyrene 

standards were used for calibration. The molar mass of PVAc determined by SEC in these 

conditions with PS calibration was in good agreement with that determined by 1H NMR 

whenever the α end group of the initiator (-OCH3 at δ = 3.13 ppm) could be observed and 

compared to the –CHOCOCH3 proton at δ = 4.8 ppm of the monomer unit.24, 25 Size 

exclusion chromatography (SEC) of poly(vinyl acetate)-b-poly(acrylonitrile) was carried 

out in dimethylformamide containing 25mM LiBr (flow rate : 1 ml min-1) at 55 °C with a 

Waters 600 liquid chromatograph equipped with a 410 refractive index detector (four 

columns Waters styragel HR 1 (100-5000), HR 3 (500-30000), HR 4 (5000-500000), HR 

5 (2000–4000000) (7.8×300 mm). Poly(styrene) standards were used for calibration. 

13.3 Results and discussion 

13.3.1 Effect of mixing fraction 

Figure 13.2 shows Rh, 90º, reliσ , and PDI as a function of f+ for a mole fraction light 

scattering-titration of an aqueous solution of P2MVP38-b-PEO211 (cb0 = 10.42 g l-1 = 
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5.58⋅10-4M, pH = 7.81) to an aqueous solution of PAA305-b-PVOH184 (cc0 = 0.52 g l-1 = 

1.72⋅10-5M, pH = 7.70) at 1mM NaNO3, *
tc = 0.52-3.17 g l-1 and 25.0 ± 0.1 ºC. We can 

clearly distinguish three regimes. The first regime, 0 ≤ f+ ≤ 0.25, is characterised by high 

apparent values of Rh, 90º and PDI, both decreasing with f+, and low values of reliσ  increasing 

with f+. The second regime, 0.25 ≤ f+ ≤ 0.55, shows a maximum in reliσ and minimum in 

PDI at f+ ≈ 0.4 while Rh, 90º is nearly constant at 17.8 ± 0.4 nm. In the third regime, reliσ  

seems fairly constant while Rh, 90º and PDI appear to increase slightly. A more conclusive 

statement cannot be made due to the small number of data points in this regime. Note that 

the kinetics of complexation has been reported to be f+ dependent, so that full equilibrium 

may not have been established for all values of f+.28 Moreover, the Rh, 90º values reported 

for this mole fraction titration are apparent values, i.e., they have not been extrapolated to 

zero concentration or angle. As the polymer solution in the scattering cell is rather dilute 

and concentration does not have a considerable effect on micellar size (see below), 

extrapolation to zero concentration would probably have only a very small effect on the 

results, but the diffusion coefficient may show a considerable angular dependence for 

some values of f+, particularly for f+ < 0.25 where large values of Rh, 90º and PDI are found. 

Indeed, even at the PMC some angular dependence was found, but at the same time, 

values for Rh, 90º and Rh
0 are probably not too different (compare Rh, 90º = 18.7 nm and Rh

0 = 

18.3 nm for C3Ms of P2MVP38-b-PEO211 to PAA305-b-PVOH184 in D2O, Cp = 7.86 g l-1, f+ 

= 0.40). 

Rather strikingly, Rh, 90º and reliσ do not show the expected dependence on f+, that is, 

symmetric around the preferred micellar composition, PMC, of f+ = 0.4, as is commonly 

observed for C3Ms consisting of two annealed (co)polymers.5, 27 The present results are 

somewhat different, particularly in the third regime, i.e., for f+ ≥ 0.55. For 0 ≤ f+ ≤ 0.25, 

complexes between oppositely charged diblock copolymers are formed, evolving most 

likely from large, loose aggregates into better defined, smaller and denser structures, as 

indicated by the increase in reliσ  and decrease in PDI and Rh, 90º for increasing f+. For 0.25 ≤ 

f+ ≤ 0.55, these aggregates associate into C3Ms and consecutively partially dissociate into 

another type of soluble complexes, resulting in a maximum excess scattering and 

minimum PDI at f+ = 0.4, the so-called preferred micellar composition. Note that the PMC 
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Figure 13.2. Rh, 90º (circles), reliσ (squares), and PDI (triangles) as a function of f+ for a mole fraction 
light scattering-titration of an aqueous solution of P2MVP38-b-PEO211 to PAA305-b-PVOH184 at 1mM 
NaNO3, *

tc = 0.52-3.17 g l-1 and T = 25.0 ± 0.1 ºC. Arrows indicate corresponding axes. 

 

is displaced from the expected f+ = 0.5, which implies not all chargeable PAA groups are 

involved in the complexation. 

Both the asymmetric dependence of Rh, 90º and reliσ on f+, and the displacement of the 

PMC from f+ = 0.5 to f+ = 0.4 are related to the degree of quaternisation of P2MVP38-b-

PEO211 and the large difference between NPAA and NP2MVP. It is possible to roughly 

estimate the degree of quaternisation from the peak position in Figure 13.2. At the PMC, 

charge neutrality is met, i.e., f+α+ = f-α-. From the position of the PMC, f+ = 0.4, and α- = 

0.60 (measured for PAA42 in 5 mM NaNO3 at the same pH,29 being 6.51, i.e., the pH 

decreases during the LS-T due to complexation as PAA units deprotonate and the solution 

pH is not buffered), we obtain α+ = 0.91, i.e., in excellent agreement with the value 

determined by elemental analysis (see experimental section). However, it is evident that 

the degree of PAA dissociation is not only determined by bulk pH, but also by proximity 

to the cationic copolymer, i.e., one should actually determine α- from a protonation curve 

in the presence (not absence) of P2MVP38-b-PEO211. Furthermore, partial compensation of 

PAA by monovalent counterions instead of P2MVP segments could be an alternative 

explanation for the displacement of the PMC from the expected f+ = 0.5. Consider a strict 

core-shell segregation where all PAA / PVOH and P2MVP / PEO junctions are locked to 
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the core / corona interface, restricting the number of possible chain conformations. It is 

likely that the short cationic blocks are incapable of compensating all charges of the much 

longer anionic blocks, i.e., it would involve a considerable stretching penalty if at all 

possible, so that small, monovalent counterions are uptaken into the micellar core to 

establish charge neutrality. To test this latter proposition, one should determine the PMC 

for C3Ms of P2MVP-b-PEO and PAA-b-PVOH of which the PAA / P2MVP block length 

ratio is systematically varied. 

The complexes formed for f+ > 0.4 are stabilised by excess positive charge, while 

those for f+ < 0.4 are stabilised by excess negative charge. Typically, these soluble 

complexes dissociate into their molecular constituents at some point far away from charge 

neutrality, resulting in zero reliσ .5, 27 Indeed, this dissociation is observed for the soluble 

complexes stabilised by excess negative charge, but not for those stabilised by excess 

positive charge; those remain relatively stable for f+ ≥ 0.55. We propose to attribute this 

difference to the molecular architecture of the diblock copolymers. Whereas PAA305-b-

PVOH184 remains water-soluble in uncharged state (data not shown), P2VP-PEO forms 

micelles in aqueous solutions for pH > 6.1.14 Although the P2MVP38-b-PEO211 in this 

study is about 90% quaternised, the relatively hydrophobic backbone may enhance 

stability of the C3Ms and cationic complexes, as recently reported elsewhere.30  

In sharp contrast to traditional polymeric micelles consisting of amphiphilic 

polymers, C3Ms may be in thermodynamic equilibrium.1, 7 To test whether this also 

applies to the system under investigation, we have compared micellar sizes for C3Ms of 

P2MVP38-b-PEO211 and PAA305-b-PVOH184 at the preferred micellar composition 

prepared in a one-step fashion by simply mixing the polymer solutions and those obtained 

in the corresponding LS-T experiment, using the same stock solutions (Table 13.1). For 

the titration method, we find Rh, 90º = 18.3 ± 0.1 nm (Cp = 1.87 g l-1, f+ = 0.39), while we 

find Rh, 90º = 18.1 ± 0.3 nm (Cp = 1.87 g l-1, f+ = 0.40) for the one-step procedure. 

Moreover, for C3Ms of P2MVP38-b-PEO211 and PAA305-b-PVOH184 in D2O (Table 13.2), 

we find Rh, 90º = 18.7 ± 0.2 nm (Cp = 7.86 g l-1, f+ = 0.40). Hence, we find no dependence 

of micellar size on preparation protocol, suggesting that indeed these C3Ms might be 

equilibrium structures. At the same time, the data suggest that neither concentration nor a 

change of solvent from H2O to D2O, has considerable effect on micellar characteristics. 



Chapter 13 
 

 299 

 
Figure 13.3. Cumulant results. Rh(θ) as a function of q2 (a) and Γ as a function of q2 (b) for mixtures 
of PAA305-b-PVOH184 and P2MVP38-b-PEO211 (triangles, Cp = 7.86 g l-1, f+ = 0.40), P2MVP42-b-
PEO446 (diamonds, Cp = 8.48 g l-1, f+ = 0.39), and P2MVP71-b-PEO454 (squares, Cp = 8.01 g l-1, f+ = 
0.40) at 1mM NaNO3 and T = 21.5 ± 0.3 ºC. Error bars correspond to the standard deviation. 

13.3.2 Micellar structure 

Figures 13.3 and 13.4 show the angular dependence of the diffusion coefficient (Figure 

13.3a), frequency, Γ (Figure 13.3b) and excess Rayleigh ratio, R(θ,C) (Figure 13.4a) as a 

function of q2. Clearly, the hydrodynamic radius is not independent of scattering angle, 

showing large upturns for smaller values of the q2. As Γ does show a linear dependence on 

q2, the signature of a diffusive mode, it is likely that the upturns are caused by a fraction 

of large aggregates present in the system. This interpretation is corroborated by the static 

light scattering results (Figure 13.4a), where we also observe an upturn for small q values, 

indicating an increase in scattering mass. Therefore, we have used the linear dependence 

of Γ on q2 for 30˚ ≤ θ ≤ 145˚ (CONTIN analysis) and the near-linear dependence of 

R(θ,C) on q2 for 70˚ ≤ θ ≤ 145˚ to obtain D0 and Rg
0 respectively. 

CONTIN analysis (Figure 13.4b) indeed shows the presence of two distinctive 

modes for all three systems. For the fast mode corresponding to single micelles we find a 

linear dependence of Γ on q2 (Figure 13.4c) and an angular dependence of the diffusion 

coefficient (Figure 13.4d), which would indicate non-spherical morphology or quite a 

large polydispersity. However, in the systems reported here, it is likely to be a fitting 

instability rather than a physical phenomenon, as the slow mode contributes considerably, 

especially at low q values. The angular dependence of Γ corresponding to the slow mode, 
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Figure 13.4. (a) SLS results. R(θ,C) as a function of q2 for the same mixtures as in Figure 13.3. (b-d) 
CONTIN results. (b) Equal area representation (θ = 90˚) for mixtures of PAA305-b-PVOH184 and 
P2MVP38-b-PEO211 (dotted line, Cp = 7.86 g l-1, f+ = 0.40), P2MVP42-b-PEO446 (continuous line, Cp = 
8.48 g l-1, f+ = 0.39), and P2MVP71-b-PEO454 (chain dotted line, Cp = 8.01 g l-1, f+ = 0.40) at 1mM 
NaNO3 and T = 21.5 ± 0.3 ºC. (c) Γ as a function of q2 and (d) Rh(θ) as a function of q2 for the same 
mixtures as in Figure 13.3. Errors bars correspond to the standard deviation. 

 

does not show a particular trend (as would be expected for a diffusive mode 

corresponding to aggregates); the values are rather scattered. If we convert the measured Γ 

into Rh, θ, the values are between 100 and 400nm for all three systems. 

To obtain more detailed information on micellar structure, we have obtained 

quantitative values for Rh
0, Rg

0, Rg
0/Rh

0, Mw, and Pagg from the static and dynamic light 

scattering measurements by applying equations (13.6) to (13.10). Results are summarised 

in Table 13.2. Rh
0 values obtained through CONTIN analysis of the data are 14.2, 17.4, 
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Table 13.2. Light scattering results for the mixtures of polymer stock solutions in table 13.1. Data 
obtained for T = 21.5 ± 0.3 ºC. Viscosity of D2O was calculated to be 1.2062 ± 0.0095 cP at this 
temperature.32 For all C3Ms, /dn dc has been estimated at 0.158 cm3 g-1. Radii / nm, D0 / 10-8 cm2 s-1), 
Mw / kg mol-1. 

Cationic polymer f+ D0 Rh
0c Rh

0d Mw
a Mw

b Pagg
+ a Pagg

- a Rg
0a Rg

0b Rg
0/Rh

0a Rg
0/Rh

0b

P2MVP38-b-PEO211 0.40 9.9 14.2 18.3 800 794 41 8 26.1 24.5 1.43 1.34 

P2MVP42-b-PEO446 0.39 8.0 17.4 22.4 706 701 23 5 26.2 24.6 1.17 1.10 

P2MVP71-b-PEO454 0.40 7.4 20.4 24.2 1436 1434 37 13 18.8 18.2 0.78 0.75 

a Obtained by the Zimm approximation according to equation (13.7). 
b Obtained by the Guinier approximation according to equation (13.10). 
c Obtained from a CONTIN analysis. 
d Obtained from a cumulant analysis. 

 

and 20.4nm for C3Ms of PAA305-b-PVOH184 and P2MVP38-b-PEO211, P2MVP42-b-

PEO446, and P2MVP71-b-PEO454 respectively. They are considerably smaller than those 

obtained from the cumulant analysis, which is due to the fraction of aggregates. The 

obtained Rg
0/Rh

0 values agree well with those found in literature for spherical block 

copolymer micelles, where a Rg
0/Rh

0 of 0.75 (Guinier approximation) / 0.78 (Zimm 

approximation) for C3Ms consisting of PAA305-b-PVOH184 and P2MVP38-b-PEO211 is 

close to the theoretical value of a hard sphere (0.775), while a Rg
0/Rh

0 of 1.34 (Guinier 

approximation) / 1.43 (Zimm approximation) for C3Ms consisting of PAA305-b-PVOH184 

and P2MVP71-b-PEO454 is close to the values reported for star-like micelles. Moreover, 

Mw and Pagg show the expected trends, i.e., decrease with increasing lyophilic block length 

(compare P2MVP38-b-PEO211 and P2MVP42-b-PEO446) and increase with increasing core-

forming block length (compare P2MVP42-b-PEO446 and P2MVP71-b-PEO454). Rh
0 seems to 

increase with overall degree of polymerisation, as observed previously,27, 31 while Rg
0 

shows the opposite trend. Hence, we observe an expected decrease in Rg
0/Rh

0 with an 

increase in block length of the core-forming block (compare P2MVP42-b-PEO446 and 

P2MVP71-b-PEO454), which may be attributed to a more compact micellar structure. On 

the contrary, the increase of Rg
0/Rh

0 with increasing PEO block length (compare 

P2MVP38-b-PEO211 and P2MVP42-b-PEO446) is counterintuitive and as yet remains 
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unexplained. A more quantitative analysis and/or comparison with theory has not been 

attempted, as it would require a larger data set to be reliable. Moreover, the results of 

Table 13.2 may contain a considerable error due to the tendency to form larger aggregates 

in these systems, as evident from Figures 13.3a and 13.4. 

From the micellar mass, Mw, polymer weight concentration, Cp (corrected for the 

counterions) and micellar radius Rh
0, we can calculate the total volume fraction of 

micelles in the aqueous solutions. We find values of 0.12, 0.29 and 0.16 for C3Ms of 

PAA305-b-PVOH184 and P2MVP38-b-PEO211, P2MVP42-b-PEO446, and P2MVP71-b-PEO454 

respectively; i.e., all scattering experiments were performed in the dilute regime. 

Furthermore, upturns such as shown in Figure 13.3a, were observed for C3Ms of PAA305-

b-PVOH184 and P2MVP38-b-PEO211 in H2O (data not shown) for four-fold lower polymer 

concentration (Cp = 1.87 g l-1 instead of Cp = 7.86 g l-1), i.e., even further away from 

overlap. Thus, as discussed previously, it is likely that the observed slow mode is related 

to the presence of aggregates, even though there is no linear dependence of the 

corresponding Γ on q2. The physical origin of the aggregates is as yet unknown. Their 

presence may be related to interpolymer complexation between PAA and PEO or PVOH, 

although this phenomenon is usually observed under more acidic conditions; i.e., pH < 

4.33, 34 Khutoryanskiy et al.,33, 35 reported the formation of insoluble polycomplexes below 

pH = 2.67 ± 0.05 for PAA and PVOH in salt-free solution (Mw, PAA = 450 kg mol-1, Mw, 

PVOH = 205 kg mol-1, [PAA] = [PVOH] = 0.01 M in base-mole units) and for pH = 2.88 ± 

0.05 for PAA and PEO in salt-free solution (Mw, PAA = 450 kg mol-1, Mw, PEO = 20 kg mol-1, 

[PAA] = [PEO] = 0.01 M in base-mole units). The block length ratio, i.e., NPVOH/PEO to 

NPAA/P2MVP, is not expected to cause this apparent instability, as the tendency to aggregate 

is not most pronounced in the system with the shortest PEO block, although C3Ms 

consisting of one diblock copolymer and an oppositely charged homopolymer are 

generally reported to be unstable for corona to core block length ratios below unity (see 

for example refs 27, 36). The observed aggregation may be related to the solubility of the 

PVOH segments, as water is only a marginal solvent for PVOH,37 and aggregation is also 

reported in dilute aqueous solutions of PVOH homopolymers.38 On the other hand, we 

must note that the mole fractions of ethylene oxide monomers, calculated from the light 

scattering results in Table 13.2, are much larger than 0.5, namely 0.86, 0.92, and 0.87 for 
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Table 13.3. Comparison of model5 with experiment for C3Ms of PAA305-b-PVOH184 and P2MVP38-b-
PEO211, P2MVP42-b-PEO446, and P2MVP71-b-PEO454. Radii / nm, cross-section, A / nm2. 

System Model Experiment 

Cationic polymer A Rtotal Rcore n+ n- Rh
0 Pagg

+ a Pagg
- a 

P2MVP38-b-PEO211 12.0 17.7 6.9 41 8 18.3 41 8 

P2MVP42-b-PEO446 15.3 21.1 5.8 23 5 22.4 23 5 

P2MVP71-b-PEO454 16.6 25.3 8.1 37 13 24.2 37 13 

aObtained by the Zimm approximation according to equation (13.7). 

Cross-section, A, micellar radius, Rtotal, core radius, Rcore, aggregation number of cationic diblock 
copolymer, n+ and aggregation number of anionic diblock copolymer, n-, were obtained from a simple 
geometrical model as described by equations 2-6 in a previous publication.5 Input: total volume 
fraction of polyelectrolyte in the micellar core, ϕ  = 0.4, density of the polyelectrolyte blocks, ρ± = 1.1 
kg l-1, density of the neutral blocks, ρ = 1.127 kg l-1, PAA charge density, αPAA = 0.60, P2(M)VP 
charge density, αP2(M)VP = 0.91, total volume fraction of PEO in the micellar corona, ϕPEO211 = 0.03, 
ϕPEO446 = ϕPEO454 = 0.02, total volume fraction of PVOH in the micellar corona, ϕPVOH = ϕPEO. ϕPEO446 
= ϕPEO454 < ϕPEO211, as the density of a polymer brush is expected to increase with decreasing block 
length. For a detailed explanation of the model and choice of input parameters, we refer to the 
publication of Hofs et al.5 

 

C3Ms of PAA305-b-PVOH184 and P2MVP38-b-PEO211, P2MVP42-b-PEO446, and P2MVP71-

b-PEO454, respectively, i.e., the marginally soluble vinyl alcohol monomers constitute 

only a minor part of the micellar corona. 

A comparison has been made between our light scattering results and a simple 

geometrical model for spherical micelles that has been introduced in a previous paper.5 

The results in Table 13.3 show that model and experiment are in rather good quantitative 

agreement. From the PEO cross-sections, APEO and the radii of gyration for the PEO 

polymer chains39 in salt-free aqueous solutions, Rg,PEO, we can estimate the amount of 

overlap between PEO chains using Rg,PEO
2/APEO. For C3Ms of PAA305-b-PVOH184 and 

P2MVP38-b-PEO211, P2MVP42-b-PEO446 and P2MVP71-b-PEO454, we find values of 0.79, 

1.41 and 1.32 respectively, implying that the coronal chains stabilise the micelles 

sufficiently as soon as they start to overlap. Note that in the above calculation, we have 

not taken the PVOH chains into account, which represent < 14% of the corona monomers 

(see below). 



Electrostatic hierarchical co-assembly 

 304

13.3.3 Corona structure 

Recently, we have shown that in 2D 1H NMR NOESY experiments it is possible to 

observe cross-peaks between protons of two different polymer blocks in a micellar corona 

provided that they are in close proximity (< 0.5 nm).7 In C3Ms of PAA42-b-PAAm417 and 

P2MVP42-b-PEO446, we have related the absence of cross-peaks between PAAm and PEO 

protons to a segregation of these blocks in the micellar corona.6 Similarly, 2D 1H NMR 

NOESY experiments can provide information on the extent of chain mixing / segregation 

within C3Ms of PAA305-b-PVOH184 and P2MVP38-b-PEO211, P2MVP42-b-PEO446, and 

P2MVP71-b-PEO454. In macroscopic systems, immiscibility of PEO and PVOH chains was 

reported for binary blends,40, 41 while Wanchoo et al. found the ternary PEO (565 kg mol-

1)/ PVOH (127 kg mol-1)/ salt-free water system to satisfy four previously posed criteria 

for miscibility.42 

Figure 13.5 presents contour plots of C3Ms of PAA305-b-PVOH184 and (a) 

P2MVP38-b-PEO211, (b) P2MVP42-b-PEO446, and (c) P2MVP71-b-PEO454. The hydroxyl 

protons of the polyvinyl alcohol chains are not visible in the 1D spectrum due to proton 

exchange with the solvent (D2O). The relatively sharp peaks correspond to 13C satellite 

signals (~ 3.5 and 3.8 ppm) and trace amounts of solvents used during the synthesis and 

quaternisation procedures of P2MVPx-b-PEOy, as been observed previously6: 2.2 ppm 

(acetone), 2.7 and 3.1 ppm (presumably DMF). As observed previously,6 protons of 

P2MVP are not visible (arguably, as a consequence of peak broadening due to chain 

stiffness), so that we can not observe cross-peaks between protons within P2MVPx-b-

PEOy, nor within the micellar core. More importantly, we do observe large NOE’s 

between neighbouring protons within PAA305-b-PVOH184, but no cross-correlations 

between protons of PVOH and PEO, i.e., indicative of segregation of PEO and PVOH 

chains in the micellar corona. If we consider the tendency of PEO and PVOH chains to 

segregate, the fact that the corona constitutes of ≤ 15% vinyl alcohol monomers, and the 

fact that water is only a marginal solvent for PVOH and a good solvent for PEO at T =  

25 °C, a PEO / PVOH chain segregation resulting in a ‘patched’ micelle as schematically 

depicted in Figure 13.6 seems the most plausible (see also Appendix, and compare for 

example the brush structure of bimodal or bidisperse brushes43). Finally, we note that, in 

light of the small amount of coronal vinyl alcohol segments, one may wonder whether the 
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Table 13.4. Chemical shifts (δ in ppm) for C3Ms of P2MVPx-b-PEOy and PAA305-b-PVOH184. The 
numbers 1 - 5 correspond to protons as indicated in Figure 13.1. 

Proton PAA305-b-PVOH184 P2MVPx-b-PEOy

1 1.5-1.85  

2 2.15  

3 1.5-1.85  

4 3.95-4.1  

5  3.68 

 
Figure 13.5. 2D 1H NMR NOESY contour plot of complex coacervate core micelles of (a) PAA305-b-
PVOH184 and P2MVP38-b-PEO211, (b) P2MVP42-b-PEO446, and (c) P2MVP71-b-PEO454 for the same 
mixtures as in Figure 13.3. Peaks have been assigned (Table 13.4) on the basis of the 1D spectra. 
Cross-correlations between PEO (proton 5) and PVOH blocks (protons 3, 4) were not observed, while 
there are large NOE’s within PAA305-b-PVOH184 (proton 4 and 1 and/or 3; proton 1 and 3). 
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amount of contacts between PEO and PVOH monomers would be sufficient to observe 

NOE’s even in case of ideal mixing. A paper on the comparison between 2D 1H NMR 

NOESY experiments on several different systems intended to address such matters, is 

currently in progress. 

 
 

Figure 13.6. Schematic representation of C3Ms of P2MVPx-b-PEOy and PAA305-b-PVOH184 at 1mM 
NaNO3 and 25 °C (x1 = 38, y1 = 211, x2 = 42, y2 = 446, x3 = 71, y3 = 454). The C3Ms consist of a 
mixed PAA / P2MVP complex coacervate core, surrounded by a two-layered shell. The PVOH chains 
form ‘patches’ on the core, i.e., they are less swollen, and less stretched, than the PEO chains, as 
water is a marginal solvent for the vinyl alcohol segments and a good solvent for the PEO segments. 
Hence, the C3Ms could be described as a ‘patched’ micelle. See p 368 for colour version. 

13.4 Conclusions 

Using light scattering measurements, we have shown that micelles can be formed in 

aqueous solutions of poly(N-methyl-2-vinyl pyridinium iodide)-block-poly(ethylene 

oxide), P2MVP38-b-PEO211 and poly(acrylic acid)-block-poly(vinyl alcohol), PAA305-b-

PVOH184. At the preferred micellar composition, f+ = 0.40, presumably spherical micelles 

are formed of relatively low polydispersity (PDI < 0.2) with Rh, 90º = 18.1 ± 0.3 nm (Cp = 

1.87 g l-1, 1mM NaNO3, T = 25.0 ± 0.1 ºC). 

DLS and SLS experiments on aqueous solutions of PAA305-b-PVOH184 and 

P2MVP38-b-PEO211, P2MVP42-b-PEO446, or P2MVP71-b-PEO454 show a coexistence of 

presumably spherical micelles with larger aggregates. Experimental results were 

compared to a simple geometrical model, yielding cross-sections from 12 - 17 nm2 and 

coronal volume fractions ≤ 0.03, implying colloidal stabilisation can be achieved when 

coronal chains start to overlap. 2D 1H NMR NOESY experiments indicate segregation of 
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PEO and PVOH chains in the micellar corona, but a more detailed quantitative analysis of 

2D 1H NMR NOESY experiments in mixed polymeric micelles is necessary to verify this 

interpretation. Tentatively, we depict the C3Ms as ‘patched’ micelles, with a mixed 

P2MVP / PAA core, surrounded by a two-layered shell, consisting of highly swollen PEO 

and less swollen PVOH chains. 

13.5 Appendix 

13.5.1 Self-consistent field calculations 

To study what type of chain segregation would be most likely in these systems, i.e., C3Ms 

of PAA-b-PVOH and P2MVP-b-PEO, self-consistent field (SCF) calculations were 

performed (see Chapter 3 for a detailed explanation of the theory and SCF machinery and 

ref. 44 for SCF calculations on polymer brushes). We assume that the choice of geometry 

will not significantly influence the results and thus opt for a flat geometry to maximise the 

computational speed, whereas in reality of course, the PEO / PVOH brush is of spherical 

geometry. Hence, in the calculations the system consists of two polymers A and B, 

representing PVOH and PEO. The chains are grafted to an impenetrable surface. Two 

types of calculations were performed. First only gradients in the volume fraction profiles 

normal to the surface were considered (one-gradient (1G) calculations, i.e., in the z-

direction and mean field approximation in the x-y plane). Here the chains can not diffuse 

laterally and can only segregate in the normal direction. Second two gradients, one 

perpendicular and one parallel to the surface, were considered (2G calculations, i.e., both 

in the x- and z-direction and the mean-field approximation in the y-direction). In the latter 

case the chains can translate along the surface and the system can segregate both in the 

normal as well as in the parallel direction with respect to the surface. The amount of 

ethylene oxide monomers is fixed to 90% and the amount of vinyl alcohol monomers to 

10%. The PEO - water Flory Huggins interaction parameter, χPEO-W, is fixed at 0.4 (i.e., 

good solvent conditions), while both χPVOH-W and χPEO-PVOH are varied. Moreover, 

calculations were performed for systems with both longer (NPEO = 400) and shorter PEO 

(NPEO = 200) than PVOH chains (NPVOH = 300). Results are given in Figure 13.7. In panels 

a and b the 1G results are given. Here the first moment over the end-point distribution of 
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both the PEO as well as the PVOH polymers, hg, is plotted versus χPVOH-W. In panels c-f 

the volume fraction profiles ϕ(x,z) for PEO and PVOH are shown for a special case: χPEO-

PVOH = 0.4 and χPVOH-W = 0.52 potentially resembling the experimental situation, as 

described above, where the solvent quality of PVOH is marginal, that of PEO is slightly 

better, and PEO and PVOH are rather incompatible.37, 40, 41 Note that we purposely 

neglected potential disparities in surface affinity et cetera, as they are, to the best of our 

knowledge, not known for the system. 

It is clear from the 1G calculations in Figure 13.7a and b that the PEO and PVOH 

are segregated in the z-direction, thus avoiding each other, under nearly all conditions. In 

part this is due to the difference in solvent quality, the difference in the length of the 

chains, and differences in grafting density (the majority component is closest to the 

surface), moreover, the miscibility of PEO and PVOH segments is naturally of 

importance. The PVOH chains nearly always reside on the outside of the brush hg,PEO > 

hg,PVOH (even if they are shorter than the PEO chains), except for very poor solvent quality 

for PVOH (χPVOH-W > 0.5) where they collapse onto the surface. The χPVOH-W where the 

transition occurs is shifted to lower values for longer PEO chains, and less repulsion 

between PEO and PVOH segments (i.e., smaller values of χPEO-PVOH). For NPEO = 400 and 

χPEO-PVOH = 0.4 (Figure 13.7b), we observe a hysteresis in the volume fraction profiles 

proving the segregation transition is a jump-like (first-order) transition. In such case the 

natural question arises whether the transition is influenced by lateral mobility. Hence, 2G 

calculations were performed (Figure 13.7c-f). As expected, we observe both lateral and 

‘radial’ segregation of PEO and PVOH chains for χPEO-PVOH = 0.4 and χPVOH-W = 0.52 for 

NPEO = 400. The swollen PEO chains surround and enclose these collapsed chains. 

Interestingly for NPEO = 200, where in the 1G calculations one homogeneous solution was 

found, we also observe a lateral inhomogeneous layer. The difference between 1G and 2G 

results for a mixed polymer brush definitely needs further investigations. To our opinion, 

these preliminary SCF results, even though we did not yet focus on the correct geometry 

and neglected several other complications, support the conclusion that the C3Ms of PAA-

b-PVOH and PMVP-b-PEO are likely to resemble a ‘patched micelle’ as depicted in 

Figure 13.6. 
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Figure 13.7. Results of SCF calculations for a flat brush composed of PVOH and PEO polymers. (a, 
b) Brush height, hg (in units of lattice sites) of PVOH (lines) and PEO (dashed) as a function of the 
PVOH - water Flory Huggins interaction parameter, χPVOH-W, for 0 ≤ χPEO-PVOH ≤ 0.4 as indicated, for 
(a) NPEO = 200 (1G), (b) NPEO = 400 (1G). (c, d) Two-gradient volume fraction, ϕ(x,z) profiles for (c, 
e) PVOH and (d, f) PEO, for (c, d) NPEO = 400 and (e, f) NPEO = 200. χPEO-PVOH = 0.4 and χPVOH-W = 
0.52. Input parameters: χPEO-W = 0.4, NPVOH = 300. In the 2G calculations, the chains have lateral 
mobility in the x-direction. A cubic lattice is used with reflecting boundary conditions in the x-
direction. The grafting surface is positioned at z = 0. The lateral inhomogeneity of the brush follows 
from the fact that the profiles vary in the x-direction. We have chosen to place the collapsed chain 
(PVOH) to be around x = 30. In all cases the brush consists of 90% vinyl alcohol monomers and 10% 
ethylene oxide monomers and the total amount of polymer equals 3.3 equivalent monolayers. 
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14 
Complex coacervate core micelles with a 

PEO and PNIPAAm corona∗ 

 
Abstract 

In aqueous solutions at room temperature, poly(N-methyl-2-vinyl pyridinium 
iodide)-block-poly(ethylene oxide), P2MVP38-b-PEO211 and poly(acrylic acid)-
block-poly(isopropyl acrylamide), PAA55-b-PNIPAAm88 spontaneously co-
assemble into micelles, consisting of a mixed P2MVP / PAA polyelectrolyte core 
and a PEO / PNIPAAm corona. These so-called complex coacervate core micelles 
(C3Ms), also known as polyion complex (PIC) micelles, block ionomer complexes 
(BIC), and interpolyelectrolyte complexes (IPEC), respond to changes in solution 
pH and ionic strength as their micellisation is electrostatically driven. Furthermore, 
the PNIPAAm segments ensure temperature responsiveness as they exhibit LCST 
behaviour. Light scattering, 2D 1H NOESY NMR, and cryo-TEM experiments 
were carried out to investigate micellar structure and solution behaviour at 1mM 
NaNO3 and T = 20 and 60 °C, i.e., below and above the LCST of ~ 32 °C. At T = 
25 °C, C3Ms were observed for 7 < pH < 12 and NaNO3 concentrations below ~ 
105 mM. The PEO and PNIPAAm chains appear to be (randomly) mixed within 
the micellar corona. At T = 60 °C, onion-like complexes are formed, consisting of a 
PNIPAAm inner core, a mixed P2MVP / PAA complex coacervate shell, and a 
PEO corona. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

∗In slightly modified form accepted as: Voets, I. K.; Moll, P. M.; Abdelhafid, A.; Jérôme, C.; 
Detrembleur, C.; de Waard, P.; de Keizer, A.; Cohen Stuart, M. A. Journal of Physical Chemistry B 
2008. 
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14.1 Introduction 

Stimuli-responsive polymeric micelles, i.e., micelles that respond to environmental 

changes such as pH, ionic strength, and temperature, are widely investigated systems as 

they are interesting both from a fundamental and applied point of view. They may be used 

for nanotemplating, as sensors, as ‘smart’ delivery vehicles for a large number of 

compounds, et cetera. Their responsive nature may improve (control over) performance, 

as demonstrated by for example pH-controlled (and localised) drug release, temperature-

induced permeability, and salt-induced dissociation.1-5 

A special class of stimuli-responsive micelles are so-called complex coacervate 

core micelles (C3Ms), also known as polyion complex (PIC) micelles, block ionomer 

complexes (BIC), and interpolyelectrolyte complexes (IPEC).1, 2, 6 They result from the 

co-assembly of an ionic-neutral copolymer with an oppositely charged species, which may 

be anything ranging from low-molecular weight molecules, such as surfactant micelles, 

inorganic nanoparticles, and multivalent ions, to synthetic polymers, dendrimers, proteins, 

DNA et cetera.1, 4 As their formation is electrostatically driven, C3Ms are by default 

responsive to ionic strength, and in case of weak polyelectrolytes, to pH. Additionally, 

temperature sensitivity can be incorporated by complexation with a temperature-sensitive 

polymer, i.e., containing for example poly(N-isopropyl acrylamide) (PNIPAAm), poly(2-

isopropyl-2-oxazoline) (PiPrOx), poly(N,N-diethylacrylamide) (PDEAAm), or 

poly(di(ethylene glycol) methacrylate) (PDEGMA) monomers, as demonstrated very 

recently by Kataoka et al.7 

While there are many papers on the temperature response of micelles consisting of 

a single copolymer (A-B), such as PAA-b-PNIPAAm,8-11 there are only a handful of 

reports on the temperature-sensitivity of micelles containing two different copolymers, 

i.e., micelles with a mixed core (consisting of A-B + C-B copolymers),7 micelles with a 

mixed corona (consisting of A-B + A-D copolymers),12, 13 or micelles with both a mixed 

core and corona (consisting of A-B and C-D copolymers).14 Lü et al. studied the 

formation of worm-like aggregates of PEO45-b-PAA180 and PNIPAAm167-b-P4VP200 in 

ethanol,14 and Shi et al. investigated the formation of spherical micelles of P4VP58-b-

PNIPAAm93 and P4VP58-b-PEO114 in aqueous solutions.12 
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The present contribution investigates the structure and solution behaviour of C3Ms of 

poly(N-methyl-2-vinyl pyridinium iodide)-block-poly(ethylene oxide), P2MVP38-b-

PEO211 and poly(acrylic acid)-block-poly(isopropyl acrylamide), PAA55-b-PNIPAAm88 

above and below ~ 32 °C, corresponding to the LCST of the PNIPAAm monomer. We 

will show that, at room temperature, the pH and ionic strength responsive micelles consist 

of a mixed PAA / P2MVP core, surrounded by a PEO / PNIPAAm shell, i.e., the corona 

consists of two neutral hydrophilic blocks. PEO / PNIPAAm chain mixing is measured 

directly by means of 2D 1H NOESY NMR experiments. [In future work at elevated 

temperatures, NOESY may provide valuable insights into the formation of semi-

permeable PEO ‘channels’ within collapsed PNIPAAm domains, that may form 

depending on the distribution of PEO and PNIPAAm chains in the micellar corona at 

room temperature.12] Temperature-induced aggregation occurs above ~ 33 °C, as 

PNIPAAm becomes insoluble and thus looses its function as a stabilising corona chain 

that restricts the associative phase separation of PAA and P2MVP to the formation of a 

micellar microphase. Instead, PNIPAAm has now been converted into a destabilising 

block introducing hydrophobic interaction as an additional driving force for particle 

aggregation. Hence, large structural rearrangements occur resulting in the localisation of 

PNIPAAm-monomers in the micellar core. ‘Onion’ or ‘core-shell-corona’ type complexes 

are now formed, consisting of a PNIPAAm inner core, a mixed P2MVP / PAA coacervate 

shell, and a PEO corona. To the best of our knowledge, such a micellar system has not yet 

been investigated. 

14.2 Experimental section 

14.2.1 Materials 

N-isopropylacrylamide (NIPAAm, Aldrich, 97%) was recrystallised twice from benzene / 

hexane 3:2 (v / v) and dried under vacuum prior to use. 2,2’-Azobis(isobutyronitrile) 

(AIBN, Fluka) was recrystallised from methanol. Acrylic acid (AA) was purified by 

distillation under reduced pressure. 2-dodecylsulfanylthiocarbonylsulfanyl-2-methyl 

propionic acid (DMP) was synthesised according to Lai et al.15 Poly(N-methyl-2-vinyl 

pyridinium iodide)-block-poly(ethylene oxide), P2MVP38-b-PEO211 (Mw = 13 kg mol-1) 

has been synthesised by sequential anionic polymerisation16,17 (polydispersity index, PDI 
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~ 1.01), followed by quaternisation with methyl iodide (degree of quaternisation ~ 89%). 

PNIPAAm354 (Mw = 40 kg mol-1) was purchased from Polysciences. PEO454 (Mw = 20 kg 

mol-1) was purchased from Fluka. PAA42 (Mw = 3 kg mol-1) was a kind gift from Rhodia. 

Dimethylformamide (DMF), 2,2-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V70, 

Wako), PNIPAAm354, PEO454, PAA42, NaNO3, HNO3, and NaOH were used as received, 

without further purification. Chemical structures of the polymers used in this study are 

given in Scheme 14.1. [Subscripts correspond to the degree of polymerisation.] 

14.2.2 Synthesis of PAA55-b-PNIPAAm88 

14.2.2.1 Synthesis of the PAA precursor block 

0.012 g azo-bis-isobutyronitrile (7.31 · 10-5 mol), 1.09 g DMP (3 · 10-3 mol), 15 ml of AA 

(1.98 · 10-1 mol), and 15 ml of DMF were mixed together in a 250 ml Schlenk flask. The 

mixture was degassed by four freeze-pump-thaw cycles. This reaction mixture was heated 

in an oil bath at 70 ºC for 4 h. The polymer was precipitated in diethylether, and dried 

under vacuum up to constant weight. The dried polymer was then analysed by 1H NMR 

(250 MHz, 298 K, DMSO-d6) δ (ppm) : 3.30 (2H, CH3-(CH2)10-CH2-SCS), 2.24 (55H, 

CH-COOH), 1.93-1.60 (110H, CH  2-CH-COOH), 1.05 (6H, C(CH  3)2COOH), 0.92 (3H, 

CH  3-C11H22-SCS), 1.24 (20H, CH3-(CH2)10-CH2-SCS). The polymerisation degree, DP, of 

polyacrylic acid was determined as follows 2.24 0.923 /nDP I I= , where I0.92 and I2.24 are the 

intensity of the proton resonances at δ = 0.92 ppm, corresponding to the ω-chain end 

(CH  3-C11H22-SCS, t), and at δ = 2.24 ppm, corresponding to the polymer chain (CH-

COOH, m), respectively. We obtain DPPAA = 55. The polydispersity was measured by size 

exclusion chromatography (SEC) in water (0.2 M NaNO3) (Mn (SEC) = 14800 g mol-1; 

Mw/Mn = 1.15). 

14.2.2.2 Synthesis of PAA-b-PNIPAAm 

This copolymer was prepared according to a procedure described elsewhere.18 Typically, 

1g of trithiocarbonate-capped PAA (2.5 · 10-4 mol; Mn (NMR) = 4000 g mol-1 and Mw/Mn 

= 1.15), 17g of NIPAM (0.15 mol), 10-2
 
g V70 (3.33 · 10-5 mol), and 55 ml of DMF were 

mixed together. The mixture was degassed by four freeze-pump-thaw cycles and the 

reaction solution was kept stirring at room temperature for 2h. The copolymer was then 
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Scheme 14.1. Chemical structure of the polymers used in this study. The numbers beside the brackets 
denote the degree of polymerisation. The numbers 1-7 correspond to the chemical shifts listed in Table 
14.1. Depicted are poly(isopropyl acrylamide), PNIPAAm354; poly(ethylene oxide), PEO454; 
poly(acrylic acid), PAA42; poly(acrylic acid)-block-poly(isopropyl acrylamide), PAA55-b-PNIPAAm88; 
poly(N-methyl-2-vinyl pyridinium iodide)-block-poly(ethylene oxide), P2MVP38-b-PEO211. Note that 
38 denotes the sum of the number of quaternised (~ 89%) and non-quaternised monomers. 

 

precipitated into diethylether and dried in vacuum up to constant weight. The composition 

of the copolymer was determined by 1H NMR in DMSO-d6 by comparing the peak at δ = 

4.01 ppm (N-CH(CH3)2) for the PNIPAAm block to the peak at δ = 2.24 ppm (CH-

COOH) for PAA block (PAA55-b-PNIPAAm88). The polydispersity was determined by 

SEC in water (0.2 M NaNO3) (Mn (SEC) = 16800 g mol-1; Mw/Mn = 1.11). 

14.2.2.3 Characterisation of PAA and PAA-b-PNIPAAm 

SEC was carried out in a Waters SEC Module equipped with a Waters 2414 Differential 

Refractive Index (dRI) Detector. Empower 2 (Build 2154) software was used to collect 

the data. The solvent used was an aqueous solution of NaNO3 (0.2 M) filtered with a 0.2 

µm membrane filter at a flow rate of 0.8 ml min-1 with a continuous online degasser and a 

column temperature at 25 °C. Four Waters Ultrahydrogel columns 1000, 500, 250, and 

120 were used in series as well as a Waters Ultrahydrogel guard column. PEO standards 

were used for calibration. 1H NMR spectra were recorded at 298 K on a 250 MHz Bruker 

Spectrometer in DMSO-d6. 
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14.2.3 Sample preparation 

Aqueous polymer stock solutions were prepared by dissolution of known amounts of 

polymer into Milli-Q water or D2O (> 99% isotope purity, Aldrich) to which known 

amounts of NaNO3 were added, followed by a pH-adjustment using 0.1 and 1.0 M NaOH 

and HNO3. C3Ms were prepared by mixing the filtered P2MVP38-b-PEO211 and PAA55-b-

PNIPAAm88 stock solutions (1 x over a 0.20 / 0.45 µm Acrodisc / Schleicher and Schuell 

filter) at the preferred micellar composition, PMC, corresponding to a 1:1 ratio of 

chargeable groups; i.e., a mixing fraction of ~ 0.5 for pH = 7.7. The mixing fraction, f+ is 

defined as the ratio between the number of positively chargeable monomers and the sum 

of the numbers of positively and negatively chargeable monomers, i.e., 

 [ ]
[ ] [ ]
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f

n n
+

+
+ −

=
+

 (14.1) 

Unless otherwise specified, all experiments were performed in H2O (D2O for 1H NMR 

experiments) at pH (pD) = 7.7 ± 0.1, 1mM NaNO3, and f+ = 0.5. In D2O, we corrected the 

measured pHapp value according to the known shift in proton activity upon 100% 

substitution of hydrogen into deuterium, i.e., 0.408, to obtain the pD.19 

14.2.4 Methods 

14.2.4.1 Light scattering-titrations (LS-T) 

See Chapter 6 for a detailed description of the experimental setup and data analysis 

procedures.20 Results are given as the reduced excess relative intensity, reliσ , PDI, 2
2 /µ Γ  

(cumulant analysis), 0/w wM M (see caption to Figure 14.3) and hydrodynamic radius, Rh, 90º 

at a scattering angle of 90º as a function of f+. reliσ  is used to present the mole fraction LS-T 

results in a manner independent of the experimental design, i.e., independent of the light 

scattering instrument, volume changes, concentration of titrant et cetera. The reduced 

excess relative intensity is defined as the Rayleigh ratio of the sample minus the reduced 

Rayleigh ratios of the ‘blanks’ (the polymer solutions in the burette and scattering cell), 

all divided by the total polymer concentration at f+ = 0.5, *c .21 During the mole fraction 

titrations, a PAA55-b-PNIPAAm88 solution in the scattering cell (~ 0.7 g l-1), was titrated 

with a concentrated solution of P2MVP38-b-PEO211 (~ 9.8 g l-1). During the salt and pH 
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titrations, a ~ 3.2 M NaNO3 solution (Figure 14.3) or 0.1 M NaOH and HNO3 solutions 

(Figure 14.2), were added to a 1:1 mixture of cationic and anionic copolymers.  

14.2.4.2 Static and dynamic light scattering (SLS / DLS) 

Static and dynamic light scattering measurements have been performed on an ALV light 

scattering instrument equipped with an ALV-5000 digital correlator and a Spectra Physics 

2000 1 W argon ion laser operated at a wavelength of 514.5 nm. A refractive index 

matching bath of filtered cis-decalin surrounded the cylindrical scattering cell, and the 

temperature was controlled at 25.0 ± 0.2 ºC using a Haake F8-C35 thermostat. The 

second-order correlation function, G2(t) and total averaged scattered intensity were 

recorded 5 times per angle, for 19 angles, θ, from 35˚ to 135˚ in increments of 5˚ to 

evaluate the angular dependence of the diffusion coefficient, D, and the excess Rayleigh 

ratio, R(θ,C). DLS experiments have been analysed using the method of cumulants and 

inverse Laplace transformation (CONTIN software). The diffusion coefficient 

extrapolated to zero angle, D0, has been obtained from the slope in a plot of the average 

frequency, Γ versus q2 and has been calculated into a hydrodynamic radius, Rh
0 via the 

Stokes-Einstein equation. 

Following Liu et al.,22 we use the DLS data, i.e., the ΓG(Γ) vs log(Γ) plots, to 

separate the intensity belonging to the ‘slow’ and ‘fast’ mode to construct scattering 

curves (I(q) versus q) that provide information on the micellar aggregates in the presence 

of multiple scattering modes. Hence, C3M scattering curves were obtained by 

multiplication of the averaged total scattering intensity with the peak area ratio of the 

micellar mode. Due to the small value of qR (0.1 ≤ qR ≤ 0.4 for 35 ≤ θ ≤ 135˚, obtained 

by substitution of R by Rh
0), P(q) hardly deviates from unity (at most ~ 6%). Thus, SLS 

experiments have not been analysed in terms of a standard Guinier or Zimm analysis, 

instead only Mw was determined, according to 

 1
( , )
KC

R C Mθ
≈  (14.2) 

- valid for sufficiently dilute conditions; i.e., S(q) = 1 -, with the weight concentration of 

scattering particles, C, the molar mass of the scattering particles, M, an optical constant, K 
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the magnitude of the scattering wave vector, q, being 

 
0

4 sin
2

nq π θ
λ

 =  
 

, (14.4) 

with the solvent refractive index, n, the laser wavelength, λ0 (514.5 nm), Avogadro’s 

number, Nav, and the specific refractive index increment, /dn dc . Toluene was used as a 

reference. 

For practical purposes, we define a ‘C3M building block’ as a unit consisting of 

one P2MVP38-b-PEO211 polymer and one effective PAA38-b-PNIPAAm61 polymer, i.e., f+ 

= 0.5. A building block is present Pagg times in the corresponding C3M. Using the values 

of /dn dc = 0.167 (T < LCST) and 0.172 cm3 g-1 (T > LCST) for the PNIPAAm segments 

from refs,23, 24 we estimate the /dn dc for a C3M building block as described above to be 

0.185 for T < LCST and 0.187 for T > LCST (additivity is assumed). As the difference is 

< 1%, we may regard /dn dc to be temperature-independent. 

14.2.4.3 Cryogenic transmission electron microscopy (cryo-TEM) 

Cryo-TEM observations were carried out at 100K on a Philips CM12 Microscope 

operating on at 120kV. Samples were prepared on Quantifoil® grids (R2/2, 200 mesh 

grids with a pattern of 2 µm holes in a support film) using the Vitrobot®. Images were 

taken under low dose conditions.  

14.2.4.4 2D 1H NMR nuclear Overhauser effect spectroscopy (2D 1H NOESY NMR) 

1H NMR spectra were recorded at 25 and 60 ºC on a Bruker AMX-500 spectrometer, 

operating at 500 MHz, located at the Wageningen NMR Centre. For the 2D NOESY 

spectrum 976 experiments of 2048 data points were recorded, using standard Bruker 

software. The mixing time was 500 ms. Details can be found in Chapter 9.25 

14.3 Results and discussion 

14.3.1 Micelle formation 

Figure 14.1 shows Rh, 90º (cumulant analysis), and reliσ  as a function of f+ for a mole fraction 
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Figure 14.1. Rh, 90º (∆), and reliσ  (◊) as a function of f+ for a mole fraction light scattering-titration of 
an aqueous solution of P2MVP38-b-PEO211 (C = 9.8 g l-1, pH = 7.8) to an aqueous solution of PAA55-
b-PNIPAAm88 (C = 0.7 g l-1, pH = 7.8) at 1mM NaNO3 and 25.0 ± 0.3 ºC. Lines are drawn to guide 
the eye. 
 

light scattering-titration of an aqueous solution of P2MVP38-b-PEO211 to an aqueous 

solution of PAA55-b-PNIPAAm88. The behaviour is typical for an aqueous solution of 

P2MVP-b-PEO with an oppositely charged ionic-neutral block copolymer (i.e., see for 

comparison Chapter 13 on aqueous solutions of P2MVP38-b-PEO211 and PAA305-b-

PVOH184
21 and Chapter 11 on aqueous solutions of P2MVP42-b-PEO446 and PAA42-b-

PAAm417).26 We can distinguish three regimes. For small values of f+, we observe high 

values of Rh, 90º and low values of reliσ  that decrease, respectively increase, with increasing 

f+. The second regime, is characterised by a maximum in reliσ and minimum in Rh, 90º at 31.3 

± 0.9 nm. In the third regime, reliσ  and Rh, 90º are found to decrease and increase slightly 

upon increasing f+. As the values of Rh, 90º should be regarded as apparent values, we limit 

our interpretation to a discussion in terms of trends, i.e., not absolute values. One may 

imagine rather loose complexes being formed at low and high values of f+, so-called 

‘soluble complex particles’, i.e., water-soluble, charged complexes consisting of a few 

polymers only (and aggregates thereof), as we find excess scattering and rather large 

values of Rh, 90º under these conditions. These loose particles aggregate into denser 

structures at intermediate values of f+, so-called complex coacervate core micelles 
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(C3Ms), as the amount of excess charge that swells the soluble complex particles reaches 

a minimum at the so-called preferred micellar composition, PMC. Hence, we observe a 

minimum in particle size and size distribution at the PMC, while the excess scattering 

reaches a maximum. As observed previously for P2MVP-b-PEO containing systems,21, 26 

Rh, 90º and reliσ do not show a symmetrical dependence on f+ around the PMC, as observed in 

aqueous solutions of PDMAEMA(-b-PGMA) and PAA42-b-PAAm417.
27 This asymmetry 

may be related to a difference in particle mass, density, and/or composition.21 Note that 

the PMC is a bit displaced from the expected f+ = 0.50, which implies not all chargeable 

groups are involved in the complexation. As this (apparent) displacement may be caused 

by uncertainties in the solution pH, and/or P2MVP38-b-PEO211 molecular weight due to 

the uncertainty in the degree of quaternisation (and thus the amount of heavy iodide ions 

in the sample), we decided to perform all further experiments under the standard 

conditions for C3Ms with a P2MVP / PAA core, being pH = 7.7 and f+ = 0.5.16, 21, 26 

14.3.2 Micellar characteristics at room temperature 

Now that we have established the formation of micelles in aqueous solutions of P2MVP38-

b-PEO211 and PAA55-b-PNIPAAm88, we may investigate their structure and solution 

behaviour in detail. As mentioned in the introduction, these so-called C3Ms posses a 

sensitivity to parameters influencing electrostatic interaction, i.e., pH and ionic strength, 

as it is the driving force for their formation. 

Figure 14.2 shows the effect of pH on the aggregates formed in 1:1 aqueous 

mixtures of P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88. Whereas C3Ms consisting of 

two chargeable polymers typically dissociate both at high and low pH, C3Ms formed by 

mixing a weak poly acid with a strong poly base dissociate only at low pH, i.e., below a 

critical degree of dissociation of the poly acid. The C3Ms in this study consist of a weak 

poly acid and a partially strong poly base. Hence, we expect the C3Ms to dissociate under 

acidic conditions and to remain stable under basic conditions due to the quenched nature 

of the majority of the cationic segments. Indeed, Figure 14.2 clearly demonstrates the 

existence of C3Ms for 7 < pH < 12 with Rh
cum ~ 20-25 nm and PDI ~ 0.26, but, contrary to 

expectation, no dissociation is observed under acidic conditions. Instead, both Rh
cum and 

PDI were found to increase upon pH decrease for pH < 7 until both reach a plateau value 
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Figure 14.2. pH LS-T of a 1:1 mixture of P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88 (f+ = 0.51, C = 
0.9 - 1.5 g l-1, T = 22.0 ± 0.2 ºC). Results are given as Rh, 90º / nm (left ordinate, ●: upwards pH cycle; 
■: downwards pH cycle) and PDI, 2

2 /µ Γ  / [-] (right ordinate, ○: upwards pH cycle; □: downwards 
pH cycle) as a function of pH. Two pH cycles were performed, starting with an upwards scan from pH 
= 6.7 to pH = 11.7, followed by a downwards scan to pH = 2.4. The open arrow indicates the ordinate 
for the PDI versus pH curve, the closed arrow indicates the ordinate for the Rh, 90º versus pH curve. 
The ionic strength increase due to acid / base addition was about 14 mM. 

 

of about 45 nm and 0.34, respectively, for 3 < pH < 5. Addition of HNO3 beyond pH ~ 3 

results in precipitation. We tentatively propose this aggregation to result from H-bonding 

between PAA and PNIPAAm / PEO segments under acidic conditions. For example, we 

observed that aqueous solutions of PNIPAAm354 (and PEO454) remain clear to the eye for 

2 ≤ pH ≤ 12, while precipitation occurs in aqueous solutions of PAA55-b-PNIPAAm88 and 

aqueous mixtures of PNIPAAm354 and PAA42 for pH < 4.8 (see Appendix). Moreover, 

Khutoryanskiy et al.,28 reported the formation of insoluble polycomplexes below pH = 

4.60 ± 0.05 for PAA and PNIPAAm in salt-free solution (Mw, PAA = 450 kg mol-1, Mw, 

PNIPAAm = 450 kg mol-1, [PAA] = [PNIPAAm] = 0.01 M in base-mole units) and for pH = 

2.88 ± 0.05 for PAA and PEO in salt-free solution (Mw, PAA = 450 kg mol-1, Mw, PEO = 20 

kg mol-1, [PAA] = [PEO] = 0.01 M in base-mole units). Hence, we find aggregation for 3 

< pH < 7, where the interaction between PAA and PNIPAAm becomes increasingly 

attractive, and precipitation for pH < 3, when the critical pH for formation of insoluble 

polycomplexes between PAA and both PNIPAAm and PEO has been reached. Note that 

these results are in qualitative agreement with our recent work on a primitive SF-SCF 

model for obligatory co-assembly, that indicates that an attraction between core- and 
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Figure 14.3. Salt LS-T of a 1:1 mixture of P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88 (f+ = 0.51, C 

= 0.8-1.5 g l-1, pH = 7.8) at (○) 25 and (□) 60 °C. Results are given as (a) 0/w wM M , 

i.e., [ ] [ ]( ) ( )3 3 1 1( , ) / / ( , ) /NaNO NaNO mM mMR C C R C Cθ θ (ignoring deviations from unity in the form and 

structure factor, and ignoring deviations in /dn dc for different [NaNO3]) and (b) Rh, 90º / nm versus 
[NaNO3] / M. Dotted line indicates the critical ionic strength, Icr, corresponding to ~ 105 mM NaNO3. 

 
Figure 14.4. CONTIN results. (a) Γ as a function of q2 and (b) Rh

θ as a function of q2 for an aqueous 
solution of P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88 (1mM NaNO3 H2O, f+ = 0.51, Cp = 1.48 g l-1, 

T = 25 °C). The lines represent (a) a linear extrapolation of Γ versus q2 to q2 = 0, yielding Rh
0 = 13.6 

nm and (b) the average hydrodynamic radius, Rh
av = 13.7 ± 0.4 nm. Note that the CONTIN analysis is 

very sensitive to exclusion of endpoints at both ends of the correlogram, due to q-dependent mixing of 
the ‘fast’ and ‘slow’ mode. 

 

corona-forming segments destabilises C3Ms and may result in aggregation (and 

eventually precipitation).29 
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The effect of solution ionic strength is shown in Figure 14.3. Initially, the C3Ms swell 

( 0/w wM M  decreases strongly, while Rh, 90° increases) upon an increase in ionic strength, 

until a critical value where (nearly) all C3Ms are dissociated and C3Ms can no longer be 

observed. From Figure 14.3, we determine the critical ionic strength, Icr, to be ~ 105 mM, 

which is within the range of Icr values (50-500 mM) typically found for this type of 

micelles.26, 30 Aggregation into (presumably) micelles with an Rh, 90º ~ 24 nm is observed 

for [NaNO3] > 0.45M. Presumably, these structures consist of insoluble PNIPAAm blocks 

stabilised by a PAA corona as PNIPAAm354 precipitates from aqueous solutions for 

[NaNO3] > 0.45 M (Figure 14.11). Note that PEO454 remains soluble up to [NaNO3] ~ 

1.3M (Figure 14.11). 

14.3.3 Micellar structure at room temperature 

DLS, SLS, and 2D 1H NMR NOESY experiments have been performed at 25 °C to 

determine micellar size, mass, aggregation number, and corona structure. As commonly 

reported for aqueous solutions of water-soluble ionic-neutral copolymers,21, 26 we observe 

upturns in Rh
θ versus q in the low-q region (cumulant analysis of DLS results), which are 

caused by the presence of a ‘slow mode’ (CONTIN analysis of DLS results), presumably 

corresponding to a (small) number of large (loose) aggregates.8 The ‘fast’ mode 

corresponding to C3Ms shows a diffusive behaviour with a nearly q-independent Rh
θ 

(Figure 14.4), i.e., indicative of a spherical shape and rather narrow size distribution. We 

obtain Rh
0 = 13.6 nm, and Rh

av = 13.7 ± 0.4 nm. From SLS experiments (data not shown), 

we find a value for the micellar mass of 380 kg mol-1 (using /dn dc = 0.185 cm3 g-1), i.e., 

each C3M consists of about 16 building blocks, ~ 16 P2MVP38-b-PEO211 and ~ 11 PAA55-

b-PNIPAAm88 copolymers. 

2D 1H NMR NOESY experiments were performed to study the spatial organisation 

of polymer chains within the micellar corona. The contour plot at room temperature shows 

several intramolecular cross-peaks within PAA55-b-PNIPAAm88, and one intermolecular 

cross-peak between PEO and PNIPAAm, indicated by the black arrow (Figure 14.5, Table 

14.1). Hence, the coronal polymer chains are (at least partially) mixed, since cross-peaks 

appear only for protons that are within 0.5 nm distance of each another. These results are 

in good agreement with the literature, where mixing was reported for co-assembled 



Complex coacervate core micelles with a PEO and PNIPAAm corona 

 326

Table 14.1. Chemical shifts (δ in ppm) for C3Ms of P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88. The 
numbers 1-7 correspond to protons as indicated in Scheme 14.1. a13C satellite signals at 3.55 and 
3.83 ppm 

Proton PAA55-b-PNIPAAm88 P2MVP38-b-PEO211 

1 1.70  

2 2.10  

3 1.56  

4 2.00  

5 3.88  

6 1.13  

7  3.69a 

 

micelles of P4VP58-b-PNIPAAm93 and P4VP58-b-PEO114 in aqueous solution.12 Cross-

peaks between P2MVP and PAA were not observed, due to the very weak and broad 

P2MVP signals, as observed previously for P2MVP and P4VP copolymers in aqueous 

solution.12, 16, 21, 26 

14.3.4 Temperature-induced aggregation 

Static light scattering experiments provide a first insight into the temperature-sensitivity 

of the PNIPAAm-containing C3Ms (Figure 14.6), confirming the expected temperature-

induced aggregation upon heating above ~ 32 °C. Ignoring deviations from unity in the 

form and structure factor, we obtain ( , )R C KCMθ ∝ , wherein both K and C are constant 

(see Experimental Section), i.e., ( , )R C Mθ ∝ . Hence, from the approximately 16-fold 

increase in scattering intensity upon a temperature increase from 20 to 60 °C, we may 

conclude that the particle mass increases ~ 16 times. Particle size and polydispersity 

(cumulant analysis) also increase, about 3- and 2-fold respectively, so that the particle 

density (determined as ( )3
4
3/ cum

w hM Rπ ) remains approximately constant. The observed 

LCST of ~ 33 °C is close to that of pure PNIPAAm (~ 32 °C), indicative of C3M charge 

neutrality, as the LCST of charged PNIPAAm-containing molecules and aggregates 

deviates from 32 °C.9, 10 
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Figure 14.5. 2D 1H NMR NOESY spectrum of a 1:1 mixture of P2MVP38-b-PEO211 and PAA55-b-
PNIPAAm88 (1mM NaNO3, f+ = 0.5, Cp = 9.2 g l-1, T = 25 °C). The numbers 1-7 correspond to protons 
as indicated in Scheme 14.1 and Table 14.1. Black arrows indicate the positions of cross-peaks 
between PNIPAAm and PEO. The unassigned, relatively sharp peaks in the 1D spectrum correspond 
to trace impurities, such as solvents (DMF: δ = 7.91, 2.99, and 2.84 ppm; acetone: δ = 2.20 ppm), 
monomers,31 and RAFT agent (δ = 1.35 ppm). 

 

Aggregate size, mass, and (presumably) structure can be tuned and ‘frozen-in’ by choice 

of a suitable heating / cooling rate for rates > 0.03 °C / min (see Appendix). Upon slow 

heating / cooling, i.e., ≤ 0.03 °C / min, aggregate size, mass, and (presumably) structure 

are defined by temperature alone, i.e., independent of scan rate and history. For example, 

the apparent LCST, ( , )TR Cθ , and Rh
T determined in two consecutive heating and cooling 

scans coincide for scan rates ≤ 0.03 °C / min, i.e., the hysteresis observed for faster rates 

vanishes. Note that interestingly, Shi et al.12 and Huang et al.13 reported no aggregation or 
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Figure 14.6. Temperature ramp with scan rate 0.03 °C min-1 on a 1:1 mixture of P2MVP38-b-PEO211 
and PAA55-b-PNIPAAm88 (1mM NaNO3, f+ = 0.51, Cp = 1.5 g l-1, pH = 7.7). Results are given as 

0/w wM M , i.e., 25°( , ) / ( , )T CR C R Cθ θ as a function of temperature. The dotted line indicates the 
LCST at ~ 33 °C. 

 

precipitation upon increasing the temperature from 25 to 50 °C in aqueous solutions of 

mixed micelles consisting of P4VP58-b-PNIPAAm93 and P4VP58-b-PEO114, and PtBA60-b-

P4VP80 and PtBA45-b-PNIPAAm91 respectively. Hence, they concluded that the micelles 

form a core-shell-corona structure (P4VP-PNIPAAm-PEO, and PtBA-PNIPAAm-P4VP, 

respectively) at T = 50 °C, with the number, size, and interconnectivity of the collapsed 

PNIPAAm domains being dependent on the weight fraction of PNIPAAm in the mixed 

shell.12 

The collapse of the PNIPAAm chains can be monitored in 1H NMR experiments, 

as the PNIPAAm resonance signals disappear upon collapse due to the loss of proton 

rotational mobility resulting in a peak broadening beyond the resolution of the NMR 

experiment. Figure 14.7 shows that all but the PEO signals have disappeared above the 

LCST of the PNIPAAm-containing C3Ms, i.e., no signals are observed for PAA, P2MVP, 

or PNIPAAm at T = 60 °C. Apparently PNIPAAm considerably affects the mobility of 

most polymer protons in the micelles. All proton signals were recovered upon cooling the 

sample back to room temperature, indicative of a reversible transition (see Appendix). 

14.3.5 Micellar structure at elevated temperatures 

Light scattering and cryo-TEM experiments were performed to obtain a detailed picture of 
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Figure 14.7. 1H NMR spectra of a 1:1 mixture of P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88 (1mM 
NaNO3, f+ = 0.5, Cp = 9.2 g l-1) in D2O at (grey) T = 25 °C (prior to heating), (black) 60 °C, and 
(grey) 25 °C (after heating). The numbers 1-7 correspond to protons as indicated in Scheme 14.1 and 
Table 14.1. Note that the peak position of the HOD proton in D2O shifts 0.35 ppm upon heating,32 
while no other chemical shifts appear shifted. See p 369 for colour version. 

 

the aggregate structure at elevated temperature. In particular, it was investigated whether 

the micellar aggregates consist of a 2-layered core surrounded by a PEO corona as 

depicted schematically below (Scheme 14.2). The aggregate structure ‘a’ represents a 

nanoparticle wherein the PNIPAAm globules form a compact inner core covered by a 

coacervate layer, which is in turn covered by a PEO brush layer. Such aggregates 

resemble the so-called ‘onion-type’ or core-shell-corona micelles formed upon 

complexation of an ionic-lyophilic diblock copolymer with micelles of an ionic-lyophobic 

block copolymer.33 Alternatively, one may imagine that the micellar core is incapable of 

rearranging so dramatically. Instead, the collapsed PNIPAAm chains may be dispersed on 

the coacervate core into one to several spheres (or as a more or less continuous 

membrane), embedded in an outer PEO layer (aggregate structure ‘b’), forming a 

‘patched’ micelle.12, 34 

Cryo-TEM experiments were performed to locate the PNIPAAm-containing 

regions within the micelles, as the low amount of solvent in the collapsed domains should 

considerably increase their contrast (i.e., presumably, an increase in polymer volume 

fraction leads to an increase in contrast with respect to electrons). Hence, these regions are 

anticipated to show up as relatively dark spots within (scheme 14.2a) or dotted onto 
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Scheme 14.2. Schematic representation of C3Ms of P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88 at 
1mM NaNO3  and 25 °C (left) and the potential aggregate structure at 1mM NaNO3 and 60 °C (right). 
At elevated temperatures, the micellar aggregates consist of a two-layered core surrounded by a PEO 
corona. The collapsed PNIPAAm blocks may reside (a) in the inner core or in the (b) outer core. (a) 
The PNIPAAm blocks form a compact inner core, covered by a ‘wetting’ coacervate layer (PAA / 
P2MVP blocks), surrounded by a PEO brush layer, i.e., a so-called ‘onion-type’ or ‘core-shell-
corona’ micelle is formed. (b) The inner core consists of PAA and P2MVP blocks, dotted with spheres 
consisting of the collapsed PNIPAAm chains, surrounded by and embedded in an outer PEO brush 
layer, i.e., forming a so-called ‘patched’ micelle. Note that the PNIPAAm dots may be so abundant 
that they interconnect forming a more or less continuous membrane around the PAA / P2MVP inner 
core. See p 368 for colour version. 

 

(scheme 14.2b) a light-grey area. Figure 14.8 depicts cryo-TEM images taken at T = 25 

and 60 °C. Note that the corona contributes only marginally in these experiments, due to 

its low relative polymer volume fraction, i.e., the observed dimensions roughly 

correspond to those of the aggregate core. In Figure 14.8a, we observe light grey spots of 

about ~ 8 nm, while the slightly darker spots in Figure 14.8b correspond to a diameter of 

about 32 nm. The spots appear rather homogeneous in both images, i.e., there is no sign of 

a single small dot or several small dots (or a single ring) of higher contrast in Figure 

14.8b. Hence, the cryo-TEM experiments remain inconclusive with respect to the 

aggregate internal structure at T = 60 °C. 

Next, a salt LS-T was performed at T = 60 °C (Figure 14.3). Naturally, such an 

experiment can not be used to directly study the internal aggregate structure. Still, the 

response to NaNO3 addition should be very different for the different structures depicted 
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Figure 14.8. Cryo-TEM images of a 1:1 mixture of P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88 
(1mM NaNO3, f+ = 0.51, Cp = 1.5 g l-1) at (a) T = 25 °C and (b) T = 60 °C. Samples were blotted over 
4 days after storage at T = 25 and 60 °C. 

 

in Scheme 14.2. As addition of salt will disrupt the coacervate shell of core-shell-corona 

micelles with a PNIPAAm core (aggregate a, Scheme 14.2), the aggregate mass should 

decrease due to dissolution of the P2MVP-b-PEO polymers, yielding a micelle with a 

PNIPAAm core and PAA corona. If the internal structure resembles that of aggregate ‘b’ 

shown in Scheme 14.2, both aggregate mass and radius will decrease dramatically upon 

initial salt addition, as the aggregates dissociate into P2MVP-b-PEO polymers and small 

aggregates of PAA-b-PNIPAAm. Eventually, the latter will reaggregate into micelles with 

a PNIPAAm core and PAA corona, leading to an increase in mass and radius. Suppose 

that the aggregates are not a ‘patchy’ micelle (aggregate ‘b’, Scheme 14.2), but instead, 

the PNIPAAm domains are interconnected forming a more or less continuous membrane 

around the coacervate core, then it is expected that the micelles will not be disrupted upon 

NaNO3 addition, but merely swell (reflected in a constant mass and increase in Rh), as 

observed upon acidification of aqueous solutions of comicellised P4VP-b-PEO and P4VP-

b-PNIPAAm with 41 wt% PEO.12 With increasing salt concentration, Figure 14.3 clearly 

shows a decrease in aggregate mass, accompanied by an increase in size. These 

observations are in line with the aggregate structure ‘a’ presented in Scheme 14.2, as can 

be rationalised in the following manner. Initially, the coacervate shell dissolves, releasing 

(part of the) P2MVP38-b-PEO211 chains, resulting in a decrease in 0/w wM M  as micelles 

consisting of PAA55-b-PNIPAAm88 copolymers remain. Upon further NaNO3 addition, 



Complex coacervate core micelles with a PEO and PNIPAAm corona 

 332

the PAA chains stretch as their degree of dissociation increases due to the increased 

screening of the electrostatic interactions, resulting in an increase in Rh, 90°. 

14.4 Conclusions 

Co-assembly of oppositely charged poly(N-methyl-2-vinyl pyridinium iodide)-block-

poly(ethylene oxide), P2MVP38-b-PEO211 and poly(acrylic acid)-block-poly(isopropyl 

acrylamide), PAA55-b-PNIPAAm88, was found to occur spontaneously in aqueous 

solutions at room temperature under charge neutral conditions. At room temperature, 

spherical micelles, consisting of a mixed P2MVP / PAA polyelectrolyte core and a mixed 

PEO / PNIPAAm corona, (reversibly) associate and dissociate in response to changes in 

mixing fraction, pH, and ionic strength, and may thus be termed ‘multi-responsive’. The 

PNIPAAm segments give rise to temperature-induced aggregation above ~ 33 °C. Light 

scattering measurements indicate that the nanoparticles are of the ‘onion’ or ‘core-shell-

corona’ type at 1mM NaNO3 and T = 60 °C, consisting of a PNIPAAm core, covered by a 

mixed P2MVP / PAA layer, surrounded by a PEO shell, as depicted schematically by 

aggregate a in scheme 14.2. The aggregation process was found to be fully reversible. 

14.5 Appendix 

14.5.1 Temperature-induced aggregation 

The apparent LCST of a 1:1 mixture of P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88 

(1mM NaNO3, f+ = 0.51, Cp = 1.5 g l-1, pH = 7.7) is dependent on scan rate and whether it 

is determined upon heating or cooling for scan rates 1.33-0.03 °C min-1 (Table 14.2). The 

hysteresis decreases with decreasing scan rate from ~ 11 °C for 1.33 °C min-1 to ~ 8 °C for 

0.67 °C min-1, and vanishes for very slow scan rates, resulting in a single LCSTapp of ~ 33 

°C. Aggregation / dissolution is reversible and the LCSTapp is history-independent, i.e., the 

LCSTapp determined in the 1st heating (/cooling) cycle is equal to the LCSTapp determined 

in the 2nd heating (/cooling) cycle. As for aqueous solutions of PNIPAAm354 and PAA55-b-

PNIPAAm88, I90° versus T superimposes for consecutive slow temperature ramps upwards 

or downwards, but temperature shock experiments show that aggregate size, mass, and 

presumably structure can be tuned and ‘frozen-in’ by choice of a suitable fast heating rate 

(Figure 14.9). In these experiments, the sample is taken from a thermostated bath at T =
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Table 14.2. LCSTapp for salt-free aqueous solutions of 10 g l-1 PNIPAAm354, PAA55-b-PNIPAAm88, and 
C3Ms, i.e., 1:1 mixtures of PAA55-b-PNIPAAm88 and P2MVP38-b-PEO211. 

Scanrate 

°C min-1 
 PNIPAAm354 PAA55-b-PNIPAAm88 C3Ms 

1.33 up - - 35 

 down - - 24 

0.89 up - - 35 

 down - - nd 

0.84 up - 36 - 

 down - 27 - 

0.67 up - - 34 

 down - - 26 

0.42 up - 34 - 

 down - 28 - 

0.35 up  33 - 

 down  28 - 

0.25 up 33 - - 

 down 28 - - 

0.13 up 32 - - 

 down 29 - - 

0.06 up 32 - - 

 down 30 - - 

0.03 up - 39 33 

 down - 28, 38 nd 

 

20 °C (/ 60 °C) and placed within 20s into the light scattering instrument thermostated at 

T = 60 °C (/ 20 °C). The upwards temperature shock results in values of I90° and Rh, 90° far 

from the equilibrium values at T = 60 °C, while the system nearly recovers its original I90° 

and Rh, 90° within three hours after the downwards temperature shock back to T = 20 °C. 
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Figure 14.9. Temperature shock on a 1:1 mixture of P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88 
(1mM NaNO3, f+ = 0.51, Cp = 1.5 g l-1, pH = 7.7). Averaged light scattering intensity, I90°, 
hydrodynamic radius, Rh, 90°, and polydispersity index, PDI, as a function of time, t, after shock to 20 
and 60 °C. The horizontal (dotted) line corresponds to the equilibrium I90° (and Rh, 90°) at T = 20 °C. 
The lines through the I90° vs time data points are drawn to guide the eye. 

14.5.2 pH-induced aggregation 

An aqueous solution of (i) PNIPAAm354 (1mM NaNO3, Cp = 1.0 g l-1, T = 24.9 °C), and 

(ii) PNIPAAm354 and PEO454 (1mM NaNO3, Cp = 9.5 g l-1, T = 24.9 °C) remains clear to 

the eye for (i) 2.5 ≤ pH ≤ 12.3 and (ii) 1.8 ≤ pH ≤ 11.8, while precipitation occurs in an 

aqueous solution of (iii) PNIPAAm354 and PAA42 (1mM NaNO3, Cp = 9.3 g l-1, T =  

24.9 °C) almost instantly upon addition of a 1M HNO3 solution, and (iv) PAA55-b-

PNIPAAm88 (1mM NaNO3, Cp = 0.70 g l-1, T = 24.9 °C) for pH < 4.8 (Figure 14.10). The 

latter value is in good agreement with the results by Khutoryanskiy et al.28, who reported a 

critical pH of 4.60 ± 0.05 for PAA and PNIPAAm in salt-free solution (Mw, PAA = 450 kg 

mol-1, Mw, PNIPAAm = 450 kg mol-1, [PAA] = [PNIPAAm] = 0.01 M in base-mole units). 

The authors defined the critical pH as the pH value where ‘the solution became opaque 

and turbidity increased sharply in a narrow pH range due to the formation of insoluble 

polycomplexes.’ 

14.5.3 Salt-induced aggregation 

Figure 14.11 shows that PNIPAAm354 precipitates from aqueous NaNO3 solutions above 

[NaNO3] ~ 0.45M, while PEO454 remains soluble up to [NaNO3] ~ 1.3M. 
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Figure 14.10. Light scattering intensity normalised to the light scattering intensity at pH = 8 and 
corrected for dilution, I90°/I0, versus pH for an 0.07 wt% aqueous solution of PAA55-b-PNIPAAm88 
(1mM NaNO3, T = 24.9 °C). Vertical dotted arrow indicates the onset of precipitation, pHcr = 4.8. 

 
Figure 14.11. Light scattering intensity normalised to the light scattering intensity at [NaNO3] = 1mM 
and corrected for dilution, I90°/I0, versus the concentration of added NaNO3, [NaNO3], for an aqueous 
solution of (□) PNIPAAm354 (Cp = 7.6 g l-1, T = 24.9 °C) and (○) PEO454 (Cp = 9.8 g l-1, T = 24.9 °C). 
Vertical dotted arrow indicates the onset of PNIPAAm354 precipitation, [NaNO3] ~ 0.45 M. 
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15 
Environment-sensitive stabilisation of silver 

nanoparticles in aqueous solutions∗ 

 
Abstract 

We describe the preparation and characterisation of inorganic-organic hybrid block 
copolymer silver nanoparticles via the preparation of spherical multi-responsive 
polymeric micelles of poly(N-methyl-2-vinyl pyridinium iodide)-block-
poly(ethylene oxide), P2MVP38-b-PEO211 and poly(acrylic acid)-block-
poly(isopropyl acrylamide), PAA55-b-PNIPAAm88

1 in the presence of AgNO3. 
Hence, the P2MVP and PAA segments were employed to fix Ag+ ions within the 
micellar core (25 °C) or shell (60 °C), while the PEO segments ensured 
spontaneous reduction of Ag+ ions into metallic Ag, as well as colloidal 
stabilisation. Spherical and elongated composite core-shell(-corona) nanoparticles 
(CNPs) were formed containing several small, spherical silver nanoparticles within 
the micellar core or shell. As the co-assembly of the oppositely charged 
copolymers into micelles is electrostatically driven, the CNPs can be destabilised 
by, for example, addition of simple salts, i.e., the CNPs are stimuli responsive. 
CNP size and morphology control can be achieved via the preparation protocol. 
For example, heating to 60 °C, i.e., above the PNIPAAm LCST, results in core-
shell-corona CNPs with the Ag-NPs situated in the aggregate shell. Potentially, this 
approach may be applied for the preparation of environment-sensitive silver 
quantum dots. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

∗In slightly modified submitted as: Voets, I. K.; de Keizer, A.; Frederik, P. M.; Jellema, R.; Cohen 

Stuart, M. A. Soft Matter 2008. 
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15.1 Introduction 

The preparation of well-defined polymer stabilised metallic nanoparticles has been topic 

of active research for many years. Various applications have been suggested including 

their potential as semiconductors, quantum dots, catalysts,2, 3 particle growth modifiers,4, 5 

and MRI contrast agents.6 Solution routes for the preparation of such nanometre sized 

metallic colloids typically involve the micellisation of block copolymers. Metal precursors 

(or preformed nanoparticles) may be loaded into already formed micelles, but 

alternatively, they may also be used to induce micellisation of the otherwise soluble block 

copolymers. Via nucleation and growth processes within the composite nanoparticles 

(CNPs), the initially formed primary metal atoms may further aggregate into clusters, 

resulting in either one single colloid per micellar core or into several small colloids within 

a micellar core.7 Recently, also bimetallic colloids have been formed in solution.8 In 

general, the formation of the metal NP from the metal precursor typically involves the 

addition of a reducing agent (e.g., LiAlH4, NaBH4, H2N-NH2, LiBEt3H, or H2 may be 

added to reduce the metal precursor into the metal) and semiconductor NPs can be 

obtained by addition of H2S to the metal precursors to form metal sulfides. 

In aqueous solutions, electrostatically driven co-assembly of charged copolymers 

and oppositely charged metal precursors gives rise to the formation of so-called complex 

coacervate core micelles (C3Ms), also known as polyion complex (PIC) micelles, block 

ionomer complexes (BIC), and interpolyelectrolyte complexes (IPEC). Examples include 

Au- and Pt-NP formation in aqueous mixtures of P2VP-b-PEO and a wide variety of Au 

and Pt-NP precursors,2, 9 comicellisation of γ-Fe2O3 and PTEA-b-PAAm,6 and La(OH)3-

NP formation in aqueous solutions containing La3+ ions and PAA-b-PAAm copolymers.5, 

10, 11 Inspired by the spontaneous formation of silver nanowires in the presence of PMAA-

b-PEO,12 i.e., without addition of a reducing agent, and the numerous studies on NP-

formation in the presence of P2VP and P4VP-containing copolymers (exhibiting a rather 

high affinity for many metal precursors due to the formation of coordination bonds 

between the metal ions and the pyridinium segments2, 7, 13), we decided to study Ag-NP 

formation in C3Ms consisting of poly(N-methyl-2-vinyl pyridinium iodide)-block-

poly(ethylene oxide), P2MVP38-b-PEO211 and poly(acrylic acid)-block-poly(isopropyl 
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acrylamide), PAA55-b-PNIPAAm88. As suggested by Zhang et al.,12 the presence of PEO 

should ensure the spontaneous reduction of Ag+ to Ag through oxidation of the 

oxyethylene groups, while the P2MVP segments should coordinate with the Ag+ ions, so 

that the C3Ms may serve as a template for the spontaneous formation of silver 

nanoparticles. Previously, we have demonstrated the formation of core-shell C3Ms at T = 

25°C and the formation of core-shell-corona aggregates at T = 60°C in aqueous solutions 

of P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88 in the absence of AgNO3.1 Hence, size 

and location control of Ag-NPs in the inorganic-organic hybrid nanoparticles may be 

achieved via preparation at different temperatures. 

15.2 Experimental section 

15.2.1 Materials 

Poly(N-methyl-2-vinyl pyridinium iodide)-block-poly(ethylene oxide), P2MVP38-b-

PEO211 (Mw = 13 kg mol-1) has been synthesised by sequential anionic polymerisation14,15 

(polydispersity index, PDI ~ 1.01), followed by quaternisation with methyl iodide (degree 

of quaternisation ~ 89%). Poly(acrylic acid)-block-poly(isopropyl acrylamide), PAA55-b-

PNIPAAm88 (Mw = 14 kg mol-1) has been synthesised by RAFT (PDI ~ 1.10), according to 

a procedure described elsewhere.1, 16 All polymers and other chemicals were used as 

received, without further purification. Chemical structures are given in Scheme 15.1. 

[Subscripts correspond to the degree of polymerisation.] 

 
 

Scheme 15.1. Chemical structure of the polymers used in this study. (left) poly(acrylic acid)-block-
poly(isopropyl acrylamide), PAA55-b-PNIPAAm88; (right) poly(N-methyl-2-vinyl pyridinium iodide)-
block-poly(ethylene oxide), P2MVP38-b-PEO211. Note that 38 denotes the sum of the number of 
quaternised and non-quaternised monomers (~ 11%). The numbers beside the brackets denote the 
degree of polymerisation. 
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15.2.2 Sample preparation 

Aqueous polymer stock solutions were prepared by dissolution of known amounts of 

polymer into Milli-Q water to which NaNO3 was added to obtain [NaNO3] = 1 mM, 

followed by a pH-adjustment to pH = 7.7 ± 0.1 using 0.1 and 1.0 M NaOH and HNO3. 

The stock solutions were mixed in a 1:1 ratio of chargeable groups; i.e., at a mixing 

fraction, f+ of 0.5. For pH = 7.7, this mixing fraction corresponds to the so-called preferred 

micellar composition (PMC).1 The mixing fraction, f+ is defined as the ratio between the 

number of positively chargeable monomers and the sum of the numbers of positively and 

negatively chargeable monomers, i.e., 

 [ ]
[ ] [ ]

n
f

n n
+

+
+ −

=
+

 (15.1) 

The control samples A, B, and C were prepared by mixing the filtered P2MVP38-b-PEO211 

and PAA55-b-PNIPAAm88 stock solutions (1 x over a 0.45 µm Schleicher and Schuell 

filter). The samples D, E, F, and K were prepared by mixing the filtered P2MVP38-b-

PEO211 and PAA55-b-PNIPAAm88 stock solutions, followed by addition of an excess of 

AgNO3 (e.g., [Ag+] >> [P2(M)VP]), and centrifugation for at least 20 minutes at 13000 

rpm, to remove the precipitated AgI formed through complexation of Ag+ with the 

P2MVP+ counterions, i.e., I-. The supernatant was decanted into a vial and AgNO3 was 

again added in excess (e.g., [Ag+] >> [P2(M)VP]). Now, no more precipitation is 

observed, indicating that in the previous step all I- counterions have been replaced by NO3
- 

counterions. The control samples A, B, and C without silver ions, and the samples D, E, F, 

and K with silver ions were placed in the fridge (A, D, K) or in a programmable 

thermostated bath. Silver containing P2MVP38-b-PEO211 stock solutions for samples H 

and J were prepared by addition of AgNO3 to the filtered P2MVP38-b-PEO211 stock 

solution, followed by the same procedure as used in the preparation of samples D, E, and 

F to get rid of the insoluble salt AgI. The stock solutions of P2MVP38-b-PEO211 and 

PAA55-b-PNIPAAm88 for the control samples G and I without silver ions, and for the 

samples H and J with silver ions were placed in the fridge (G, H) or in the thermostated 

bath (I, J). Sample B was heated from 25 °C to 60 °C with a rate of 0.03°C min-1, while 

the samples C, E, F, and the stock solutions for the samples I and J were kept at 33 °C for 

23 hrs, followed by heating from 33 °C to 60 °C in ~ 25 min. The P2MVP38-b-PEO211 and



Chapter 15 
 

 343 

Table 15.1. Overview of the various samples in this study. AgNO3 was added after C3M formation in 
samples D, E, F, and K, while AgNO3 was added to the P2MVP38-b-PEO211 stock solution prior to 
C3M formation in samples H and J. Samples A, B, C, G, and I are control samples to which no AgNO3 
is added. The column tAgNO3 denotes ‘a’ when AgNO3 was added after C3M formation, while ‘p’ 
denotes AgNO3 addition prior to C3M formation. The column AgNO3 denotes ‘-’ if no AgNO3 was 
added to the sample and ‘x’ if AgNO3 was added to the sample. Tf / °C refers to the temperature at 
which the C3Ms were prepared, i.e., the temperature at which the P2MVP-b-PEO and PAA-b-
PNIPAAm stock solutions were mixed. Ts / °C corresponds to the temperature at which the C3Ms were 
stored after preparation, i.e., after mixing the P2MVP-b-PEO and PAA-b-PNIPAAm stock solutions. 
Radii are given in nanometres, the ionic strength is given in mM.. 

 

Sample tAgNO3 AgNO3 [NaNO3] Tf Ts Rh, 90°
c Rh, 90°

d 

A - - 1 25 25 18.2 ± 0.3 19.3 ± 0.4 

B - - 1 25b 60 47.2 ± 0.7 56.7 ± 1.0 

C - - > Icr 25b 60 58.6 ± 1.7 - 

D a x 1 25 25 64.2 ± 1.0 104.8 ± 2.9 

K a x 1 25 25 23.8 ± 0.3 93.1 ± 2.6 

E a x 1 25b 60 98.0 ± 3.1 118.0 ± 9.0 

F a x > Icr 25b 60 123.6 ± 6.3 - 

G - - 1 25 25 - 19.6 ± 0.7 

H p x 1 25 25 - 60.6 ± 0.7 

I - - 1 60ab 60 - 63.6 ± 1.6 

J p x 1 60ab 60 - 89.6 ± 5.6 

 

aA premixed Ag+/P2MVP-b-PEO solution was added to a PAA-b-PNIPAAm stock solution (stored at 
33 °C for 23 hrs, followed by heating from 33 °C to 60 °C in ~ 25 min), so that PAA-b-PNIPAAm had 
already formed micelles with a PNIPAAm core and a PAA corona, as Tf > LCSTPNIPAAm. bSample B 
was heated from 25 °C to 60 °C with a rate of 0.03°C min-1, while the samples C, E, F, and the stock 
solutions for the samples I and J were kept at 33 °C for 23 hrs, followed by heating from 33 °C to 60 
°C in ~ 25 min. cDLS measurements were performed ~ 3 days after C3M formation in samples A-F, 
and K, and prior to addition of NaNO3 to raise [NaNO3] > Icr in samples C and F. dDLS 
measurements were performed ~ 7 days after C3M formation in samples A-F, and K, and ~ 4 days 
after C3M formation in samples G-J and addition of NaNO3 to raise [NaNO3] > Icr in samples C and 
F. 
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PAA55-b-PNIPAAm88 stock solutions for samples G, H, I, and J were mixed at T = 25 (G, 

H) and 60 °C (I, J) one full day after storage in the fridge or the thermostated bath. A 

concentrated NaNO3 solution was added to samples C and F ~ 36 hrs after their 

preparation. A summary of the preparation protocol of the various samples is given in 

Table 15.1. 

15.2.3 Dynamic light scattering (DLS) 

Dynamic light scattering measurements have been performed on (1) an ALV light 

scattering instrument equipped with an ALV-5000/60x0 digital correlator and a Lexel 85 

400 mW argon ion laser operated at a wavelength of 514.5 nm, on (2) an ALV light 

scattering instrument equipped with an ALV-5000 digital correlator and a Spectra Physics 

2000 1 W argon ion laser operated at a wavelength of 514.5 nm, and on (3) an ALV light 

scattering instrument equipped with an ALV-5000 digital correlator and a 100 mW DPSS 

laser operated at a wavelength of 532 nm. In all three setups, a refractive index matching 

bath of filtered cis-decalin surrounded the cylindrical scattering cell, and the temperature 

was controlled using (1) a Haake F8-C35 thermostat, (2) a Haake F3-K thermostat, and 

(3) a Haake Phoenix II - C25P thermostat. 

The second-order correlation function, G2(t), was recorded 5 times per angle, θ, at 

θ = 90˚ or at 19 angles (35˚ < θ < 135˚, increments of 5˚) to evaluate the angular 

dependence of the diffusion coefficient, D. DLS experiments have been analysed using 

the method of cumulants. The diffusion coefficient extrapolated to zero angle, D0, has 

been obtained from the slope in a plot of the average frequency, Γ versus q2 and has been 

calculated into a hydrodynamic radius, Rh
0 via the Stokes-Einstein equation. 

15.2.4 Cryogenic transmission electron microscopy (cryo-TEM) 

Cryo-TEM observations were carried out at 100K on a Philips CM12 Microscope 

operating on at 120kV. Samples were prepared on Quantifoil® grids (R2/2, 200 mesh 

grids with a pattern of 2 µm holes in a support film) using the Vitrobot®. Images were 

taken under low dose conditions. For details see.17 Samples A, D, G, H, K, and AgNO3 

containing P2MVP38-b-PEO211 solution for sample H were blotted at T = 25 °C. Samples 

B, E, I, J, and AgNO3 containing P2MVP38-b-PEO211 solution for sample J were blotted at 

T = 60 °C. In between storage and blotting, the temperature was carefully kept at 60 ≤ T ≤ 
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Figure 15.1. Cryo-TEM images of a 1:1 mixture of P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88 at 
(a) T = 25 °C (sample A) and (b) T = 60 °C (sample B). 

 

65 °C. Blotting was performed at least 96 hrs after the last sample preparation step, i.e., 

either mixing of the (Ag-containing) P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88 stock 

solutions (samples A, B, G, H, I, and J) or addition of AgNO3 to the preformed C3M 

solutions (samples D, E, and K). 

15.3 Results and discussion 

15.3.1 Micelle formation in the absence of AgNO3 

As reported previously, spherical micelles (Rh
0 = 13.6 nm) are formed spontaneously in 

aqueous mixtures of P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88.
1 They appear to be in 

coexistence with a (small) number of large (loose) aggregates, as a ‘fast’ and a ‘slow’ 

mode is observed in DLS experiments. From SLS experiments, the C3Ms were found to 

consist of about 16 cationic and 11 anionic copolymers. Upon addition of NaNO3, the 

C3Ms were found to swell until above ~ 105 mM NaNO3 micelles could no longer be 

detected. Temperature-induced aggregation was observed upon raising the temperature 

from 25 °C to temperatures above the LCST of PNIPAAm (~ 33 °C). Aggregate size and 

mass were found to be dependent on temperature, and for fast scan rates (> 0.03 °C min-1), 

on scan rate and history. The aggregate structure at 60 °C was found to be of the ‘core-
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shell-corona’ type; i.e., the aggregates consist of a PNIPAAm core, surrounded by a 

coacervate shell, stabilised by a PEO corona. Cryo-TEM images on the control samples A 

and B, i.e., in the absence of AgNO3, are presented in Figure 15.1. The greyish dots in 

Figure 15.1a, corresponding to the micellar cores of the core-shell C3Ms in sample A (Tf 

= Ts ≤ 25 °C), are much smaller (R ~ 4 nm) than those observed in Figure 15.1b (R ~ 16 

nm), corresponding to the aggregate core (and possibly shell) of the core-shell-corona 

micelles in sample B, which was heated from 25 °C to 60 °C with a rate of 0.03°C min-1 

shortly after mixing the polymer stock solutions. 

15.3.2 Nanoparticle formation within preformed C3Ms 

Upon addition of AgNO3 to the preformed C3Ms depicted in Figure 15.1a so that [Ag+] 

>> [P2(M)VP], precipitation occurs, as an insoluble AgI salt is formed due to 

complexation of Ag+ with I- ions (see materials and methods section). After removal of 

this precipitate, further addition of AgNO3 does not result in precipitation. In analogy to 

the coordination of Ag+ with PMAA segments and Au and Pt-NP precursors with P2VP 

segments in aqueous mixtures of PMAA-b-PEO / Ag+12 and P2VP-b-PEO / Au and Pt-NP 

precursors,2, 9 silver ions are now selectively incorporated into the C3M cores as they 

contain pyridinium and acid groups. This results in the spontaneous formation of silver 

nanoparticles within the C3Ms, i.e., without the addition of a reducing agent, as 

manifested by a gradual yellowish / reddish coloration of the Ag-containing solutions 

(Figure 15.7). In the cryo-TEM images, we observe tiny dark dots corresponding to silver 

nanoparticles (R < 4 nm) and larger greyish spots corresponding to the C3M cores (Figure 

15.3). Clearly, there is quite some variation in particle size, aggregation state, and shape. 

In both images, (near) spherical, as well as elongated (open arrows), worm-like structures 

can be observed. Besides, there is a non-negligible amount of approximately spherical 

objects of considerably higher (circles) and lower (closed arrows) contrast than average. 

These results are in agreement with the DLS measurements, where Rh, 90° was found to be 

larger for samples D and K than for sample A (Table 15.1). Moreover, deviations from 

linearity are observed in Rh
θ versus q2 in the low-q region (cumulant analysis of DLS 

results), which are caused by the presence of a (small) number of large (loose) aggregates 

as observed previously,1 and/or non-spherical particles (Figure 15.2). Samples A and K  
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Figure 15.2. Cumulant results. (a) Γ as a function of q2 and (b) Rh
θ as a function of q2 for (∆) sample 

A, 3 days after C3M formation in absence of Ag+, (◊) sample D, 3 days after C3M formation, ~ 52 hrs 
after addition of Ag+, (□) sample K, 3 days after C3M formation, ~ 29 hrs after addition of Ag+, and 
(+) sample J, 6 days after addition of Ag+ to the P2MVP38-b-PEO211 stock solution, and ~ 64 hrs after 
C3M formation. 

 

show the smallest deviation from linearity, consistent with the fact that the smallest 

amount of aggregates and/or non-spherical particles was observed in the cryo-TEM 

images of these samples, and furthermore, they contain the smallest particles, and are thus 

closest to the Rayleigh limit (R < λ / 20). 

The NP induced increase in Rh, 90° is a rather slow process, occurring on a timescale 

of several days. For example, about 3 days after C3M formation and 29 hrs after addition 

of Ag+, Rh, 90° ~ 23.8 ± 0.3 nm (sample K), while after 52 hrs, Rh, 90° ~ 64.2 ± 1.0 nm 

(sample D). About 7 days after C3M formation, and 132 hrs after addition of Ag+, Rh, 90° ~ 

93.1 ± 2.6 nm, while after 155 hrs, Rh, 90° ~ 104.8 ± 2.9 nm. The particles continue to grow 

for several days, but the absolute difference in particle size becomes smaller with 

increasing time after Ag+ addition, indicating the existence of a maximum particle size. 

While the Ag-NPs appear to be randomly distributed within the micellar cores of about 8 

nm in diameter, they are mostly found at the periphery of the larger and darker spherical 

objects (circles). The slow kinetics and random Ag-NP distribution is in agreement with 

the results of Zhang et al., who observed Ag-NP formation within an aging time of 5 hrs 

in the PMAA-b-PEO / Ag+ system. Contrary to their system, where the formation of 

smooth silver nanowires was observed after > 54 hrs of aging, we do not observe
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Figure 15.3. Cryo-TEM images of a 1:1 mixture of P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88 in 
the presence of AgNO3 at T = 25 °C. The sample was blotted (a) ~ 8 days (sample D) and (b) ~ 7 days 
(sample K) after addition of AgNO3. Circles and closed arrows indicate approximately spherical 
objects of considerably higher (circles) and lower (arrows) contrast than average. Several elongated, 
worm-like structures are indicated with open arrows. 

 

aggregation into clusters of continuous Ag-NPs. Still, some elongated, worm-like objects 

containing several separated Ag-NPs are clearly observed. One might hypothesise that NP 

formation at a different f+ may lead to the incorporation of a larger number of silver ions, 

and could thus potentially lead to the formation of continuous metal nanowires. 

The encircled aggregates in Figure 15.3 resemble the objects found in sample E 

(Figure 15.4), where the first stages of NP formation take place at 33 °C, as the sample 

was kept at 33 °C for 23 hrs, followed by heating from 33 °C to 60 °C in ~ 25 min. Here, 

most objects appear spherical with R ~ 7-10 nm, containing small NPs on the periphery, 

confirming the core-shell-corona structure of P2MVP38-b-PEO211 and PAA55-b-

PNIPAAm88 aggregates at elevated temperatures. As Ag+ coordinates with the PAA 

and/or P2(M)VP monomers in the coacervate layer, the NPs should be formed at the 

periphery of the core, i.e., in the shell of the core-shell-corona particles, where they are 

indeed observed. The cryo-TEM images suggest that the cores of the CNPs of sample E 

are smaller than those of sample B, i.e., 14-20 nm instead of ~ 32 nm, in agreement with 

our previous findings on aqueous mixtures of P2MVP38-b-PEO211 and PAA55-b-

PNIPAAm88 in the absence of Ag+, where quick heating to 60 °C resulted in smaller 
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Figure 15.4. Cryo-TEM image of sample E. AgNO3 was added to a 1:1 mixture of P2MVP38-b-PEO211 
and PAA55-b-PNIPAAm88, followed by storage at 33 °C for 23 hrs and consecutive heating from 33 °C 
to 60 °C in ~ 25 min. The sample was blotted at T = 60 °C ~ 7 days after addition of AgNO3. 

 

particle sizes.1 However, Table 15.1 shows that, 3 days after C3M formation, the Rh, 90° of 

CNPs (sample E, F) are larger than those of the aggregates without Ag-NPs (sample B, 

C). A tentative explanation might be that there is an increased tendency for secondary 

aggregation in the Ag-containing samples due to the oxidation of the oxyethylene groups. 

As observed for the CNPs at T = 25 °C, Rh, 90° increases with increasing time after Ag+ 

addition. 

15.3.3 Nanoparticle formation after premixing Ag+ and P2MVP-b-PEO 

Figure 15.5 shows cryo-TEM images of samples G and H (T = 25 °C), where G is the 

control sample, i.e., in the absence of Ag+, and H is the sample where C3M formation 

occurred after premixing of Ag+ and P2MVP38-b-PEO211. Both images depict objects of R 

~ 4 nm (approximately the same size as in Figure 15.1a), while in Figure 15.1b we can 

again clearly observe the NP formation. However, contrary to samples D and K (Figure 

15.3), nearly all objects are spherical, and hardly any elongated, worm-like structures are 

observed. As observed for Ag-NP formation after C3M formation, premixing of Ag+ with 

P2MVP38-b-PEO211 before C3M formation results in CNPs with larger Rh, 90° than the 

corresponding NPs (i.e., compare Rh, 90° of samples H and G, and those of samples D, K, 

and A), which may be caused by the presence of aggregates, i.e., the (near) spherical 
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Figure 15.5. Cryo-TEM images of a 1:1 mixture of P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88 (a) 
in the absence (sample G) and (b) in the presence (sample H) of AgNO3 at T = 25 °C. Sample H was 
blotted ~ 8 days after addition of AgNO3 to the P2MVP38-b-PEO211 stock solution, and ~ 6 days after 
mixing the stock solutions of cationic and anionic polymers (i.e., ~ 52 hrs passed between addition of 
AgNO3 to the P2MVP38-b-PEO211 stock solution and mixing of the stock solutions). 

 

objects of considerably higher contrast (with the NPs mainly at the periphery) visible in 

Figure 15.5b. 

When C3M formation occurred at T = 60 °C after premixing of Ag+ and P2MVP38-

b-PEO211 (Sample J), i.e., after formation of PAA55-b-PNIPAAm88 micelles with a 

hydrophobic PNIPAAm core and a negatively charged PAA corona, large aggregates of R 

~ 16 nm are observed, as in the control sample I in absence of Ag+, and in addition tiny 

dark spots corresponding to NPs, larger and darker than in samples D, K, H, where 

micellisation occurred at T = 25 °C, and sample E where micellisation occurred at T = 60 

°C (Figure 15.6). Contrary to those samples, there is a considerable amount of NPs that 

appear not to be associated with the aggregate cores, i.e., they are not found within or on 

the periphery of the objects, but are seemingly ‘free’. This is in agreement with the 

observation of (partial) macroscopic precipitation in sample J, as the free NPs, i.e., 

without stabilisation by polymer micelles, are colloidally instable. 

15.3.4 Environment-sensitive stabilisation 

The stimuli responsive nature of C3Ms is well established.1, 18 Here, we demonstrate the 
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Figure 15.6. Cryo-TEM images of a 1:1 mixture of P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88 (a) 
in the absence (sample I) and (b) in the presence (sample J) of AgNO3 at T = 60 °C. Sample J was 
blotted ~ 8 days after addition of AgNO3 to the P2MVP38-b-PEO211 stock solution, and ~ 6 days after 
mixing the stock solutions of cationic and anionic polymers at T = 60 °C (i.e., ~ 52 hrs passed between 
addition of AgNO3 to the P2MVP38-b-PEO211 stock solution and mixing of the stock solutions). See 
also Figure 15.2 for DLS experiments on this sample. 

 
Figure 15.7. Pictures of samples A-K, taken over 10 days after micellisation. The sample codes 
correspond to those given in Table 15.1. Ag-NP formation is manifested by a yellowish / reddish 
coloration of the Ag-containing samples, being samples D, E, F, H, J, and K. Precipitation of the Ag-
NPs is observed after addition of NaNO3 to raise [NaNO3] > Icr (sample F), while no precipitation is 
visible for [NaNO3] = 1 mM (sample E). See p 369 for colour version. 

 

environment sensitive Ag-NP stabilisation for one case only, namely with respect to ionic 

strength. Two samples E and F, containing a colloidally stable mixture of Ag+, P2MVP38-

b-PEO211, and PAA55-b-PNIPAAm88, were prepared in an identical manner. When an 

excess of NaNO3 is added to sample F, the C3Ms that stabilise the silver nanoparticles 

dissociate, as the ionic strength exceeds the so-called critical ionic strength.1, 18 Here, the 

electrostatic interactions have become screened to the extent that complexes of P2MVP38-

b-PEO211 and PAA55-b-PNIPAAm88 no longer exist and precipitation follows (Figure 

15.7), confirming the anticipated stimuli responsive nature of the hybrid nanoparticles. 
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Additionally, these findings indicate that the Ag-NPs are stabilised by C3Ms, while 

uncomplexed cationic or anionic copolymers, as present in sample F, are incapable of 

providing the necessary colloidal stability. 

15.4 Conclusion 

Composite nanoparticles (CNPs) consisting of two oppositely charged block copolymers 

P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88 and Ag-NPs are formed spontaneously, 

i.e., without addition of a reducing agent, in aqueous solutions. At room temperature, 

upon addition of Ag+ after comicellisation of the block copolymers, the resulting core—

shell CNPs contain several small Ag-NPs in the micellar core of spherical and worm-like 

micelles. Upon premixing Ag+ and P2MVP38-b-PEO211, the resulting CNPs are of 

comparable size, but now nearly all objects are spherical and hardly any elongated, worm-

like structures are observed. When the C3Ms formed at room temperature are heated to T 

= 60 °C in the presence of Ag+, the resulting core-shell-corona CNPs are larger and 

contain several Ag-NPs in the micellar shell. Upon premixing Ag+ and P2MVP38-b-

PEO211, and addition of this solution to a PAA55-b-PNIPAAm88 solution at T = 60 °C, i.e., 

containing preformed PAA55-b-PNIPAAm88 micelles, similar core-shell-corona CNPs are 

formed containing larger Ag-NPs, in coexistence with a considerable amount of non-

associated ‘free’ Ag-NPs, leading to (partial) macroscopic precipitation. Macroscopic 

precipitation of the Ag-NPs can also be achieved by a sufficiently high increase in 

solution ionic strength, resulting in a dissolution of the interpolyelectrolyte complexes. In 

summary, we have demonstrated possibilities for location control of the Ag-NPs, size, and 

morphology control of the CNPs, and stimuli responsive (de)stabilisation of the Ag-NPs, 

i.e., their release can be triggered by for example an increase in ionic strength. This 

approach may potentially be applied for the preparation of environment-sensitive silver 

quantum dots. 
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16 
Summary and general discussion 

The interest in complex coacervate core micelles (C3Ms), also known as block ionomer 

complexes (BIC), polyion complex (PIC) micelles, and interpolyelectrolyte complexes 

(IPEC), has increased tremendously since their discovery in the mid 90’s. While early 

work focused on the physical phenomena related to their formation, structure, and 

dynamics, most of the more recent work has focused on their function, especially in the 

field of biomedical applications, such as (targeted) drug delivery and controlled release. 

Other potential applications include the use of C3Ms as nanoreactors, flocculants, anti-

fouling agents, enzyme carrier systems, and stabilisers. 

By now it is well established that C3Ms form in a composition window around 

charge stoichiometry. They dissociate above a certain critical ionic strength, as well as 

below and/or above a critical pH in case one or both constituent macromolecules contain 

annealed polyelectrolyte blocks. The typically spherical micelles exhibit a core-shell 

structure with both a highly solvated core and corona. Still, there are many open questions 

remaining on micellar properties related to formation, structure, and dynamics, which are 

of great importance, not in the least for obtaining a deeper understanding of micellar 

function. 

The first three parts of this thesis aim at addressing some of these unresolved 

issues, while the latter two parts deal with hitherto not investigated matters. Part four 

makes use of the current experimental body of knowledge to construct C3Ms of a high 

structural complexity. It describes C3Ms formed via co-assembly of two oppositely 

charged (i.e., Opposites attract!) diblock copolymers (A-b-B and C-b-D). A strong 

emphasis lies on the PAA-b-PAAm / P2MVP-b-PEO system with two neutral relatively 

incompatible coronal blocks (B and D), giving rise to a local chain segregation (i.e., 

Opposites attract?). In part five we present an example of an application of C3Ms 

consisting of A-b-B and C-b-D copolymers. 
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16.1 Summary 

Understanding the general characteristics of complex coacervate core micelles is the 

central issue in Part I. Chapter 2 presents an exhaustive overview of the experimental 

literature on the aqueous co-assembly of neutral-ionic copolymers with oppositely 

charged species. C3M formation, structure, dynamics, properties, as well as C3M function 

are discussed. In Chapter 3 we present a primitive first-order self-consistent field model 

for obligatory co-assembly of block copolymers in a non-selective solvent leading to the 

formation of C3Ms. The key idea is to make use of a generic associative driving force to 

bring two polymer blocks together into the micellar core and to employ one block of the 

copolymers to provide a classical stopping mechanism for micellisation. The driving force 

is generated via the choice of a negative value for the relevant short-range Flory-Huggins 

interaction parameter. The predictions are shown to be qualitatively consistent with a wide 

variety of experimentally observed phenomena, even though the model does not yet 

account for electrostatic interaction explicitly. 

Part II deals with the structure of complex coacervate core micelles consisting of a 

block copolymer and an oppositely charged homopolymer. Chapter 4 describes a series of 

small angle neutron scattering experiments to study the effect of concentration and length 

of the corona block (NPAAm = 97, 208, and 417) on C3M characteristics. The shape, 

internal structure, and aggregation numbers of the spherical micelles were found to be 

relatively independent of concentration up to 23.12 g l-1. Whereas the Guinier radius, 

average micellar radius, hydrodynamic radius, and polydispersity were found to increase 

with increasing NPAAm, the micellar mass and aggregation number were found to decrease 

with increasing NPAAm. In Chapter 5 we study the scaling behaviour of C3Ms. Scaling 

laws derived for micelles of polymeric amphiphiles were found not to be applicable to 

C3Ms. The high solvent fraction within the micellar core and corona, as well as the fact 

that water is a good solvent for (most of) the corona blocks (most scaling theories suppose 

θ-conditions) are suggested as reasons why this is the case. 

C3Ms consisting of two oppositely charged block copolymers with identical 

neutral blocks are discussed in Part III. The rather hydrophobic copolymer backbone 

results in a dual driving force for micellisation, i.e., both electrostatic attraction and 



Chapter 16 
 

 357 

hydrophobic interaction contribute. Chapter 6 describes the irreversible structural changes 

which take place in the mixed micelles formed under so-called ‘optimal conditions’ upon 

an increase in pH, ionic strength, and temperature, and upon a decrease in pH. It was 

proposed that these changes are related to an irreversible transition of the micellar core 

from a metastable fluid-like state (complex coacervate like) to a more stable glass-like 

state, triggered by a shift in the balance between electrostatic and hydrophobic 

interactions. The reflectometry experiments presented in Chapter 7 reveal that these 

micelles unfold upon adsorption on a solid / liquid interface, forming a rather 

homogeneous flat layer that exposes its polyethylene oxide chains into the solution, 

rendering the surface potentially antifouling after modification with the C3Ms. 

Part IV is the key section of this thesis. It centers around complex coacervate core 

micelles consisting of two block copolymers with different neutral blocks, i.e., consisting 

of A-b-B and C-b-D copolymers. We start off with an introductory chapter on 

multicompartment polymeric nano-assemblies (Chapter 8). Various types of internally 

organised nanoparticles are presented, as well as their preparation protocols and methods 

to characterise their internal structure. This sets the stage for the next chapters dealing 

with C3Ms that may consist of more than two domains, i.e., the typically observed core 

and corona domains, depending on the miscibility of the two chemically different neutral 

blocks residing in the micellar corona. The 2D 1H NMR NOESY experiments in Chapter 

9 indicate that the relatively compatible blocks PAAm and PGMA give rise to C3Ms in 

which both the core and corona consist of (randomly) mixed polymer segments. Chapter 

10 investigates the composition, structure, and abundance of complexes formed under 

non-stoichiometric conditions in dilute aqueous mixtures of PAA-b-PAAm and P2MVP-

b-PEO. The results were interpreted in terms of the aggregation diagram posed by Van der 

Burgh et al.1 In Chapter 11 we study the formation and structure of complexes of the 

same copolymers under stoichiometric conditions. The existence of ellipsoidal Janus 

micelles, being ellipsoidal core-shell nanoparticles of which the shell is segregated into 

two distinct hemispheres (Janus refers to the two-faced roman deity), was deduced from a 

combination of scattering and spectroscopic techniques. Chapter 12 investigates the 

stability of the coronal segregation of PAAm and PEO reported in the previous chapter. 

Contrary to expectation, no transition towards a homogeneously mixed PAAm / PEO 
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corona could be observed upon variations in the micellar aggregation number, mole 

fraction of EO and AAm monomers, or coronal block length (ratio). C3Ms consisting of 

another pair of relatively incompatible neutral blocks, PVOH and PAAm, are described in 

Chapter 13. The absence of cross-correlations between protons of the corona forming 

blocks in 2D 1H NOESY NMR experiments, indicate local chain segregation, i.e., 

compartmentalisation within the micellar corona. C3Ms consisting of two block 

copolymers with relatively miscible neutral blocks are studied in Chapter 14. At room 

temperature and low salt concentration, C3Ms are formed with a mixed polyelectrolyte 

core and a mixed PEO / PNIPAAm corona. As the PNIPAAm segments exhibit LCST 

behaviour, the C3Ms are temperature responsive. From indirect measurements it was 

concluded that at 60 °C and low salt concentration, onion-like complexes are most likely 

formed, consisting of a PNIPAAm inner core, a mixed complex coacervate shell, and a 

PEO corona. 

Part V is just a small foretaste of the wide variety of hierarchical assemblies that 

may be prepared from C3Ms consisting of A-b-B and C-b-D copolymers. In Chapter 15 

we report on the preparation of small silver nanoparticles within the C3Ms described in 

Chapter 14. Without the addition of a reducing agent, spherical and worm-like hybrid 

organic-inorganic nanoparticles were formed containing several small Ag-NPs in the 

micellar core or shell. 

16.2 Outlook 

As C3Ms have attracted a great deal of attention since their discovery in the mid 90’s, 

many aspects of C3M formation, structure, dynamics, properties, and function have been 

described at least qualitatively. On the other hand, every day practice tells us that every 

new research topic and every investigated system brings along even more interesting and 

intriguing issues that remain unaddressed at the end of the project. Some of these have 

already been mentioned in Chapters 2 and 8 of this thesis. 

With respect to C3Ms in general, micellar formation and properties, as well as their 

dependence on solution parameters such as ionic strength, pH, and temperature, have 

widely been investigated in dilute solution. Much less is known about micellar dynamics, 

internal structure, the equilibrium between soluble complex particles, free polymers, and 



Chapter 16 
 

 359 

C3Ms, and the (semi-)concentrated regime. What factors determine the kinetics of 

micellar formation and equilibration? Which mass exchange processes, such as insertion / 

expulsion of single chains and merging / splitting of micelles, are involved? How fluid is 

the micellar core? What is the structure of the complexes at elevated ionic strength? How 

much water does it contain, and can we control this solvent fraction? Are all non-

polymeric counterions released upon complexation? Whereas reports on co-assembled 

C3Ms are numerous, self-assembled C3Ms, such as flower-like C3Ms of C-b-S-b-A 

triblock or A-b-S-b-C-b-S-b-A pentablock copolymers, have attracted little attention so 

far. An enormous challenge that still lies before us is the development of a comprehensive 

theory on electrostatically driven co-assembly. Mean-field descriptions of these complex 

systems are of limited use because of the presence of correlations, both in bulk, giving rise 

to the formation of so-called soluble complex particles, and within the C3Ms, resulting in 

the acid-base pairing. A good step forward was the work of Castelnovo and Joanny,2-4 but 

their treatment only elaborated the strictly stoichiometric case. 

As C3Ms consisting of two block copolymers A-b-B and C-b-D are sparsely 

investigated, there are even more open problems related to these nanoparticles. 

Theoreticians and experimentalists alike may seek to find the boundary conditions for the 

occurrence of phase separation within a micellar aggregate. And provided that these 

minimum requirements are met and unlike polymer chains phase segregate within the 

micellar corona, what type of chain segregation (radial segregation, or lateral segregation 

into face / face, i.e., Janus-type, face / edge, or patches) will occur? What is the correlation 

between macroscopic segregative phase separation and segregative phase separation 

restricted to the colloidal domain? Are similar parameters, such as polymer molecular 

weight, of importance? What is the relevant polymer volume fraction or segment density, 

i.e., the overall chain density or the density at the core / corona interface? What is the 

correlation between the number, size, and interconnectivity of B and D domains on one 

hand, and B / D miscibility, B / D mixing ratio, et cetera on the other? Does chain 

segregation within the micellar corona induce deviations from spherical morphology? 

Experimentally, the challenge lies in finding an experimental technique capable of 

studying chain mixing / segregation on the molecular level, and at the same time, in 

finding a model system to calibrate the experimental technique. The potential of several 
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experimental techniques has been investigated, but lack of suitable model systems of 

known internal structure and capable of benchmarking one technique with another, has 

impeded the interpretation of experimental results beyond qualitative statements and 

indications. Synthesis of thiol-functionalised diblock copolymers as initiated recently, 

may enable us to perform FRET experiments in the near future. The results may then be 

compared with those of 2D 1H NMR NOESY experiments which are sensitive to 

relatively small distances only. 

Amongst the most studied aspects of C3Ms is their relevance in biomedical 

applications. The electrostatic driving force associated with their formation, renders these 

nanoparticles inherently stimuli responsive. Triggered and controlled release of active 

compounds, as well as tunable membrane permeability and directed insertion of 

membrane proteins, are now feasible. Other applications have attracted far less attention, 

but this may change in future. It was shown rather recently that C3Ms may be adsorbed on 

solid / liquid interfaces to boost surface properties or to serve as protective layer against 

biofouling. Research in this field will probably focus on the balance between stability and 

renewability, shear induced dissolution, and how to reach sufficiently high polymer 

densities, i.e., how to obtain a sufficiently dense polymer brush by means of the ‘grafting 

to’ approach. Multidomain C3Ms and hierarchical assemblies thereof, may be used as 

polymer templates in the formation of, for example, inorganic nanowires, hollow 

capsules, and quantum dots of controllable size. Spontaneous emulsification of 

macroscopically phase-segregated polymer-polymer systems, may occur upon addition of 

C3JMs, and controlled aggregation of C3JMs may give rise to asymmetric aggregates 

with an additional level of structural hierarchy. 
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Samenvatting 
 

Lees dit (eerst) als u het boekje wat te dik of te technisch vindt! Gaandeweg deze zeer 

beknopte Nederlandse samenvatting, vindt u namelijk ook een uitleg van een aantal 

scheikundige termen, die (weliswaar in het Engels) veelvuldig in dit proefschrift gebruikt 

worden. 

In het inleidende eerste deel staan de algemeen geldende eigenschappen van 

zogeheten complex coacervaat kern micellen, afgekort C3Ms, centraal. Dit zijn micellen 

opgebouwd uit twee tegengesteld geladen polymeren, oftewel polyelectrolieten, waarvan 

tenminste één polymeer een copolymeer is, d.w.z. bestaat uit verschillende soorten 

monomeren. De tegengesteld geladen monomeren trekken elkaar aan (de titel ‘Opposites 

attract!’ verwijst hiernaar) en vormen de micelkern. De corona, oftewel de ‘schil’ om de 

micelkern, bestaat uit de neutrale, d.w.z ongeladen, monomeren. Hoofdstuk 2 geeft een 

uitgebreid overzicht van de experimentele literatuur over dit type micellen. Aan bod 

komen o.a. de vorming, structuur, eigenschappen en functie van C3Ms. In Hoofdstuk 3 

wordt een vrij ruw model beschreven, ontwikkeld met behulp van de zogenaamde ‘zelf-

consistente veld-theorie’, om comicellisering (def.: micellisering van tenminste twee 

verschillende moleculen) van diblokcopolymeren in een niet-selectief oplosmiddel te 

bestuderen. We gebruiken een generieke, associatieve drijvende kracht tussen twee 

polymeerblokken om de polymeren in hetzelfde aggregaat bijeen te brengen, gegenereerd 

middels een negatieve waarde van de zogenaamde Flory-Huggins interactieparameter. De 

berekeningen blijken kwalitatief consistent met veel experimentele observaties. 

Deel II concentreert zich rondom C3Ms bestaande uit een diblokcopolymeer 

(copolymeer bestaande uit twee blokken van monomeren, bijvoorbeeld AA…A-b-

BB...BB oftewel A-b-B) en een homopolymeer. Hoofdstuk 4 beschrijft een serie 

neutronenverstrooiingsexperimenten die het effect van de polymeerconcentratie en 

bloklengte (het aantal monomeren waaruit een polymeerblok bestaat) op de 

eigenschappen van C3Ms bestudeert. De micelvorm, de interne structuur en het 

aggregatiegetal (het aantal polymeren in een aggregaat, hier C3M) bleken nagenoeg 

onafhankelijk van de polymeerconcentratie te zijn. Hoe langer de polymeerblokken in de 
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corona zijn, des te groter (en breder) is de straal (en grootteverdeling) van de bolvormige 

micellen, en des te kleiner is hun massa en aggregatiegetal. In Hoofdstuk 5 bestuderen we 

het schalingsgedrag van C3Ms, m.a.w. we zoeken naar simpele wiskundige relaties tussen 

bloklengte en bijvoorbeeld micelmassa of –grootte. De schalingswetten, ontwikkeld voor 

een ander type micellen, bestaande uit amfifiele polymeren (polymeren met 

‘waterlievende’ oftewel ‘hydrofiele’ monomeren en ‘olielievende’, ‘watermijdende’ 

oftewel ‘hydrofobe’ monomeren), bleken niet voor C3Ms te gelden, waarschijnlijk 

vanwege hun hoge watergehalte en goed wateroplosbare coronablokken. 

C3Ms opgebouwd uit twee tegengesteld geladen blokcopolymeren met identieke 

coronablokken, komen aan bod in deel III. Het polyelectrolietblok van deze specifieke 

polymeren is in ongeladen toestand vrij hydrofoob, zodat hier zowel elektrostatische als 

hydrofobe interactie bijdraagt aan de micelvorming. Hoofdstuk 6 beschrijft irreversibele, 

d.w.z. onomkeerbare, veranderingen in de structuur van de micellen als gevolg van een 

verandering van pH, zoutsterkte en temperatuur ten opzichte van de ‘optimale condities’. 

Deze veranderingen zijn waarschijnlijk gerelateerd aan een irreversibele overgang van de 

micelkern van een metastabiele vloeistofachtige toestand naar een meer stabiele, 

glasachtige toestand, als gevolg van een verschuiving in de balans tussen de twee 

drijvende krachten. De reflectometrie experimenten in Hoofdstuk 7 wijzen erop dat de 

adsorptie van deze micellen op een vast / vloeistofgrensvlak resulteert in een vrij vlakke, 

homogene polymeerlaag, waarvan de polyethyleenoxide ketens in contact staan met de 

vloeistof, waardoor het vaste oppervlak (ten dele) beschermd wordt tegen ongewenste 

adsorptie van bijvoorbeeld het enzym ‘lysozym’. 

Deel IV is het centrale deel van dit proefschrift. Hierin worden C3Ms besproken 

die bestaan uit twee blokcopolymeren met verschillende neutrale blokken (B en D), in het 

kort aangeduid met A-b-B en C-b-D. Het inleidende Hoofdstuk 8 legt uit hoe de interne 

structuur van zulke micellen eruit zou kunnen zien, hoe ze gesynthetiseerd, d.w.z. bereid, 

kunnen worden, en welke technieken informatie kunnen verschaffen over de interne 

structuur van deze zogenaamde multidomein nanodeeltjes. In het algemeen leiden goed 

mengbare blokken B en D tot C3Ms bestaande uit slechts twee domeinen, namelijk een 

kern en een corona, terwijl slecht mengbare blokken tot multidomeinvorming leiden (de 

titel ‘Opposites attract?’ verwijst hiernaar). Met behulp van magnetische resonantie 
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experimenten (2D NMR 1H NMR NOESY), komen we in Hoofdstuk 9 tot de conclusie 

dat zowel de kern als coronablokken (aangeduid met PAAm en PGMA) van dit specifieke 

systeem goed mengbaar zijn. In Hoofdstuk 10 doen we onderzoek naar de samenstelling, 

de structuur en hoeveelheid (van) complexen van de polymeren PAA-b-PAAm en 

P2MVP-b-PEO gevormd onder niet-stoichiometrische omstandigheden, d.w.z. als het 

aantal negatieve en positieve polyelectrolietmonomeren in de oplossing (hier PAA en 

P2MVP) niet gelijk aan elkaar is. In Hoofdstuk 11 bestuderen we de vorming en structuur 

van dezelfde complexen, maar nu onder stoichiometrische condities. Middels een 

combinatie van verschillende spectroscopische en verstrooiingstechnieken komen we tot 

de conclusie dat sigaarvormige ‘Janus’ micellen worden gevormd. Dit zijn ellipsoïde 

nanodeeltjes waarin de corona door de kern in twee afzonderlijke helften opgedeeld wordt 

(Janus verwijst naar de tweekoppige Romeinse god), waarvan één helft bestaat uit PAAm 

blokken en één uit PEO blokken. In Hoofdstuk 12 wordt de stabiliteit van deze locale, 

laterale fasescheiding onderzocht. Tegen de verwachting in, leiden veranderingen in o.a. 

de coronabloklengte en de verhouding tussen de hoeveelheid PAAm en PEO polymeren in 

de corona, niet tot een waarneembare overgang naar een gemengde corona. Hoofdstuk 13 

heeft betrekking op C3Ms bestaande uit een ander paar blokcopolymeren met de relatief 

slecht mengbare neutrale blokken PVOH en PAAm. Nu is de fasescheiding 

hoogstwaarschijnlijk radiaal en lateraal, resulterend in micellen zoals schematisch 

afgebeeld op bladzijde 306. Een systeem met de goed mengbare combinatie PEO en 

PNIPAAm wordt bestudeerd in Hoofdstuk 14. Bij kamertemperatuur en lage zoutsterkte 

worden C3Ms gevormd, waarbij (zoals in hoofdstuk 9) zowel de kern- als coronablokken 

goed gemengd zijn. Bij 60 °C echter (PNIPAAm is temperatuurgevoelig), bestaan de 

uiachtige aggregaten waarschijnlijk uit een kern van PNIPAAm blokken, omringd door 

een binnenschil van polyelectrolietblokken en een buitenschil van PEO blokken. 

Deel V geeft een klein voorproefje van de mogelijke toepassingen van en de 

complexe structuren die gevormd kunnen worden middels C3Ms van A-b-B / C-b-D 

polymeren. In Hoofdstuk 15 bereiden we kleine zilveren nanodeeltjes binnenin de 

micellen zoals beschreven in Hoofdstuk 14, met als eindresultaat bolvormige en 

draadvormige ‘hybride’ organische-anorganische aggregaten met enkele zilveren 

nanodeeltjes in de micelkern of corona. 
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Colour figures 

 
Figure 7.1. (page 181) 

 

 
Figure 7.8. (page 197) 

 

 
Figure 8.1. (page 207) 
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Figure 9.4. (page 223) 

 

 
Figure 11.1. (page 245) 
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Figure 7.1. Overview of the potential internal structures of the adsorbed micellar layer. Micelles may 
remain intact (a) or may unfold (b-d) upon adsorption. The formed layer may be a monolayer (a-c) or 
a bilayer (d). The polyelectrolyte blocks may adsorb (b) or the neutral blocks may adsorb (a, c, and d). 
The polyelectrolyte (pe) blocks are depicted in black (positive pe) and red (negative pe); the neutral 
water-soluble blocks are shown in green. 

 

Figure 7.8. (a) Reflectivity curves from a NR experiment on Si/SiO2/PEI/(d-PSS/PAH)6/d-PSS/IMW 
(green squares) and Si/SiO2/PEI/(d-PSS/PAH)6/d-PSS/C3M/IMW (red triangles). The Kiessig 
oscillations were retrieved upon incubation of the substrate with a diluted solution of C3Ms in 
indexed-matched water (ρn = 5.17·10-6 Å-2). Note that the reflectivity curves of Si/SiO2/PEI/(d-
PSS/PAH)6/d-PSS/IMW in Figure 7.7a (black diamonds) and Figure 7.8a (green squares) are 
identical, as corresponding to the same measurement. See text for explanation of the fits (green, red, 
and blue lines). (b) Reflectivity curves from a NR experiment on Si/SiO2/PEI/(d-PSS/PAH)6/d-PSS/ 
D2O (green squares) and Si/SiO2/PEI/(d-PSS/PAH)6/d-PSS/C3M/D2O (red triangles). Note that the 
reflectivity curves of Si/SiO2/PEI/(d-PSS/PAH)6/d-PSS/D2O in Figure 7.7a (black squares) and Figure 
7.8b (green squares) are identical, as corresponding to the same measurement. See text for 
explanation of the fits (green, red, and blue lines). 

 

Figure 8.1. Schematic representation of the various types of internal organisation that may occur in 
multicompartment polymeric nano-assemblies. Depicted are nanoparticles with a shell of B (green) 
and D (blue) segments that show (a) no segregation, (b, c) lateral segregation, (d) radial segregation, 
and (e) both lateral and radial segregation. (a) Centrosymmetric spherical micelle with mixed B and 
D segments, (b) non-centrosymmetric spherical micelle with the B and D segments demixed into two 
hemispheres, i.e. Janus-type or face / face segregation, (c) non-centrosymmetric spherical micelle with 
demixed B and D segments, i.e. face / edge segregation, (d) centrosymmetric spherical micelle with 
the B and D segments radially segregated into two rings surrounding an inner core, and (e) spherical 
micelle with the B and D segments both radially and laterally segregated, leading to patches of 
partially collapsed / less swollen B (or D) segments within a layer of strongly stretched / more swollen 
D (or B) segments. 

 

Figure 9.4. 2D 1H NMR NOESY contour plot of complex coacervate core micelles of PDMAEMA45-b-
PGMA90 and PAA42-b-PAAm417

 (1mM NaNO3, pH=6.7, 25ºC, f+=0.5, Cp=10g/l) in D2O. Circles 
indicate intra-molecular cross-peaks within PAA42-b-PAAm417 (purple) and PDMAEMA45-b-PGMA90 
(blue), as well as inter-molecular cross-peaks between core blocks PAA42 and PDMAEMA45 (red) and 
corona blocks PAAm417 and PGMA90 (green). 

 

Figure 11.1. Schematic representation of a prolate ellipsoidal (cigar-like) Janus micelle with an 
oblate ellipsoidal (disc-like) core. Complex coacervate core (PAA and P2MVP): grey; coronal 
hemispheres: green (PEO) and blue (PAAm). 

 

Figure 12.1. Schematic representation of an ellipsoidal Janus micelle consisting of PAA42-b-PAAm417 
and P2MVP42-b-PEO446. The laterally segregated PAAm (blue) and PEO (green) chains form a cigar-
like corona, surrounding a disc-like core consisting of mixed PAA and P2MVP segments. 

 

Figure 13.6. Schematic representation of C3Ms of P2MVPx-b-PEOy and PAA305-b-PVOH184 at 1mM 
NaNO3 and 25 °C (x1 = 38, y1 = 211, x2 = 42, y2 = 446, x3 = 71, y3 = 454). The C3Ms consist of a 
mixed PAA / P2MVP complex coacervate core (grey), surrounded by a two-layered shell. The PVOH 
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chains (green) are less swollen, and less stretched, than the PEO chains (blue), as water is a marginal 
solvent for the vinyl alcohol segments and a good solvent for the PEO segments. Hence, the C3Ms 
could be described as a ‘patched’ micelle. 

 

Figure 14.7. 1H NMR spectra of a 1:1 mixture of P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88 (1mM 
NaNO3, f+ = 0.5, Cp = 9.2 g l-1) in D2O at (red) T = 25 °C (prior to heating), (black) 60 °C, and (blue) 
25 °C (after heating). The numbers 1-7 correspond to protons as indicated in Scheme 14.1 and Table 
14.1. Note that the peak position of the HOD proton in D2O shifts 0.35 ppm upon heating,32 while no 
other chemical shifts appear shifted. 

 

Scheme 14.2. Schematic representation of C3Ms of P2MVP38-b-PEO211 and PAA55-b-PNIPAAm88 at 
1mM NaNO3 and 25 °C (left) and the potential aggregate structure at 1mM NaNO3 and 60 °C (right). 
At elevated temperatures, the micellar aggregates consist of a two-layered core surrounded by a PEO 
corona. The collapsed PNIPAAm blocks may reside (a) in the inner core or in the (b) outer core. (a) 
The PNIPAAm blocks form a compact inner core, covered by a ‘wetting’ coacervate layer (PAA / 
P2MVP blocks), surrounded by a PEO brush layer, i.e., a so-called ‘onion-type’ or ‘core-shell-
corona’ micelle is formed. (b) The inner core consists of PAA and P2MVP blocks, dotted with spheres 
consisting of the collapsed PNIPAAm chains, surrounded by and embedded in an outer PEO brush 
layer, i.e., forming a so-called ‘patched’ micelle. Note that the PNIPAAm dots may be so abundant 
that they interconnect forming a more or less continuous membrane around the PAA / P2MVP inner 
core. PNIPAAm and PEO segments are depicted in green and blue respectively, the complex 
coacervate is shown in grey. 

 

Figure 15.7. Pictures of samples A-K, taken over 10 days after micellisation. The sample codes 
correspond to those given in Table 15.1. Ag-NP formation is manifested by a yellowish / reddish 
coloration of the Ag-containing samples, being samples D, E, F, H, J, and K. Precipitation of the Ag-
NPs is observed after addition of NaNO3 to raise [NaNO3] > Icr (sample F), while no precipitation is 
visible for [NaNO3] = 1 mM (sample E). 



On the electrostatically driven co-assembly of polymers in aqueous solution 

 368

 
Figure 12.1. (page 273) 

 

 
Figure 13.6. (page 306) 

 
Scheme.14.2. (page 330) 
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Figure 14.7. (page 329) 

 

 
Figure 15.7. (page 351) 
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Ostwald colloquium Berlin, Germany 2004 

Polyamphi meeting‡ Berlin, Germany 2004 

Schiermonnikoog meeting Schiermonnikoog, The 
Netherlands 2004 

SANS course Palau, Italy 2004 

FOM-days Condensed Matter* Veldhoven, The Netherlands 2004 

Molecular Modeling (PCC-30806) Wageningen, The Netherlands 2004 

Symposium Macroion Complexation Wageningen, The Netherlands 2005 

Han-sur-Lesse winterschool Han-sur-Lesse, Belgium 2005 

Understanding the Self- Organization of 
Charged Polymers* Bad Honnef, Germany 2005 

BASF meeting Ludwigshafen, Germany 2005 

Liquid matter conference Utrecht, The Netherlands 2005 

Polyamphi meeting‡ Arcachon, France 2005 

Student Conference‡ Biezenmortel, The Netherlands 2005 

Henkel meeting‡ Düsseldorf, Germany 2005 

Polyamphi meeting‡ Chodova Plana, Czech Republic 2005 

RPK B Polymer Physics Utrecht, The Netherlands 2005 

Dutch Polymer Days (DPI) Lunteren, The Netherlands 2006 

Meeting study group Liquids and Interfaces 
(NWO) ‡ 

Lunteren, The Netherlands 2006 



Opposites attract?! 
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Course / Conference Location Year 

Symposium Bionanotechnology (Dies 
Natalis WUR)* Wageningen, The Netherlands 2006 

SANS course‡ Bombannes, France 2006 

Structure and Dynamics of Self-Organized 
Macromolecular Systems* 

Prague, Czech Republic 2006 

ESF conference* Pisa, Italy 2006 

ECIS‡ Budapest, Hungary 2006 

IACIS‡ Beijing, China 2006 

Dutch Polymer Days (DPI)‡ Lunteren, The Netherlands 2007 

Student Conference‡ Ven, Sweden 2007 

STIPOMAT meeting* Les Diablerets, Switserland 2007 

Polyamphi summerschool Biezenmortel, The Netherlands 2007 

Polyamphi meeting* Biarritz, France 2008 

General courses 

Doelgericht werken en plannen (FOM) Utrecht, The Netherlands 2004 

 

‡oral presentation 

*poster presentation 
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