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ABSTRACT 

Double-hydrophilic block copolymers of ethylene oxide and acrylic or methacrylic acid, 
PEO-block-P(M)AA, have been synthesised via radical polymerisation using two 
different methods. Depending on the synthesis method used, branched or linear 
structures have been obtained. Solution properties of two different kinds of ionisable 
block copolymers have been investigated. PEO-block-PMAA forms selfcomplexes via 
hydrogen bonding. The evolution of the self-complexation as a function of the degree of 
ionisation has been studied. Polyelectrolyte complexes form between polyanions and 
polycations. Complexation between poly(methacryloyloxyethyl trimethylammonium 
chloride), PMOTAC, and poly(ethylene oxide)-block-poly(sodium methacrylate), PEO-
block-PMANa has been investigated.  
 

The solution properties of the ionised PEO-block-P(M)AA were studied under 
varying ionic strength by dynamic light scattering and viscosimetry. Branching affects 
strongly the flow properties of the polymer solutions. Rheologically the solutions of 
branched polymers are Newtonian. Fast diffusion of the polymer substructures could be 
detected by light scattering. Linear block copolymers show shear thinning behaviour as 
well as scattering behaviour typical to polyelectrolytes, as expected. 
 

The selfcomplexation of PEO-block-PMAA with two different methacrylic acid 
block lengths was explored by means of fluorescence spectroscopy and dynamic light 
scattering. The conformation of the block copolymers changes with varying degree of 
ionisation due to the hydrophobic nature of the methyl group of the methacrylic acid 
units as well as due to the hydrogen bonding that takes place between the methacrylic 
acid units and ethylene oxide units. The limiting degrees of ionisation between states 
where the block copolymers are molecularly dissolved or intra- or intermolecularly 
complexed were determined. The chain exchange between the self-complex particles at 
low degree of ionisation was observed to take place via two mechanisms. Insertion and 
expulsion of the single chains is responsible of the faster exchange event whereas the 
slower chain exchange event occurs by merging and splitting of the self-complex 
particles. 

 
Polyelectrolyte complexes of poly(methacryloyloxyethyl trimethylammonium 

chloride) and PEO-block-PMANa, with two different molecular weights of the PMANa 
block were investigated by dynamic and static light scattering, viscosimetry, 
asymmetrical flow field-flow fractionation, and fluorescence spectroscopy. PEO blocks 
provide the colloidal stability of the polyelectrolyte complexes, including the 
stoichiometric complexes. The complexes were stable also in solutions with 
comparatively high ionic strength, but the particle size increased, however. The chain 
exchange processes between the stoichiometric complexes took place via two 
mechanisms, insertion and expulsion of the single chains, and merging and splitting of 
the polyelectrolyte complex particles. With an excess of either the cationic or anionic 
component, charged non-stoichiometric complexes were formed. The overcharging of 
the polyelectrolyte complexes by the anionic guest component was of special interest. 
The mechanism of the chain insertion, as well as the structure of the PECs at different 
degrees of overcharging were evaluated. 
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ABBREVIATIONS AND SYMBOLS 

ABBREVIATIONS 
 
3-MPA 3-mercaptopropionic acid 
AA acrylic acid 
ACPA 4,4’-azobis(4-cyanopentanoic acid) 
AsFlFFF asymmetric flow field-flow fractionation 
DLS dynamic light scattering 
EO ethylene oxide 
MAA methacrylic acid 
MAI macroazoinitiator 
MOTAC methacryloyloxyethyl trimethylammonium chloride 
Np naphthalene 
NRET nonradiative energy transfer 
PE polyelectrolyte 
PEC polyelectrolyte complex 
PEO poly(ethylene oxide) 
PAA-block-PEO poly(acrylic acid)-block-poly(ethylene oxide) 
PANa-block-PEO poly(sodium acrylate)-block-poly(ethylene oxide) 
PEO-block-PMAA poly(ethylene oxide)-block-poly(methacrylic acid) 
PEO-block-PMANa poly(ethylene oxide)-block-poly(sodium methacrylate) 
PEO-NH2 amino terminated poly(ethylene oxide) 
PMOTAC poly(methacryloyloxyethyl trimethylammonium chloride) 
PTMSMA poly(trimethylsilyl methacrylate) 
Py pyrene 
SEC size exclusion chromatography 
SLS static light scattering 
TMSMA trimethylsilyl methacrylate 
 
 
SYMBOLS 
 
D diffusion coefficient 
I ionic strength 
I1 emission intensity of pyrene at peak 1 
I3 emission intensity of pyrene at peak 3 
INp emission intensity of naphthalene 
IPy emission intensity of pyrene 
α degree of ionisation 
γ shear rate 
η viscosity 
λ = cPE/cs ratio of molar concentrations of polyelectrolyte repeating 

unit and salt 
λexc excitation wavelength 
λem emission wavelength 
τ fluorescence lifetime 
<τ> average fluorescence lifetime 
Rh hydrodynamic radius 
Rg radius of gyration 
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1 INTRODUCTION 

 
The importance of non-covalent interactions in guiding the assembling of natural and 
synthetic systems has been long recognised and, more recently, strategies based on 
weak interactions have been devised to create functional nanosystems. The weak forces 
at play belong to three categories: electrostatic forces, hydrogen bonds, and the so-
called hydrophobic interactions. Very often they act in concert, and it is difficult to 
ascertain the true mechanism of the interactions and to assess the relative contribution 
of each force. 
 

Amphiphilic block copolymers are of special interest in construction of the 
nanosystems due to their capability to form stable particles with a core-shell structure in 
solution. Typically the amphiphilic block copolymers consist of a hydrophilic and a 
hydrophobic block. Stimulus responsive, intelligent systems can, however, be built out 
of block copolymers where the solubility of the other block is tuneable. They are 
switchable amphiphiles in a sense that the other block is for dissolution and the 
hydrophilicity of the other block can be turned into hydrophobicity by changing the 
solution pH,1,2 ionic strength3 or temperature,4,5 or by interacting with substrates.6-9 

 
Poly(ethylene oxide)-block-poly(methacrylic acid), PEO-block-PMAA, is a 

switchable amphiphile. In a solution with a high pH, it behaves like a normal 
polyelectrolyte. Typically to polyelectrolytes, introduction of a polycation into the 
vicinity of the negatively charged methacrylic acid block leads to a spontaneous 
formation of a polyelectrolyte complex, PEC. Stoichiometric complexes of 
homopolyelectrolytes precipitate, but the stoichiometric PECs of the PEO-block-PMAA 
are colloidally stable because of the steric stabilisation provided by PEO blocks. At low 
pH, the protonated homo-PMAA is water-soluble, but the PEO-block-PMAA copolymer 
undergoes a complex formation instead. The core of the complexes is held together by 
hydrogen bonds between EO and MAA units, and the segment in excess forms the 
stabilising shell of the complexes. 

 
The switchable amphiphile systems, like the ones based on PEO-block-PMAA, 

are potential materials for various applications. Possible fields of application are e.g. 
drug delivery and gene therapy,7,8,10-17 emulsifiers,1,18 flocculants for wastewater 
treatment and papermaking,19,20 soil improvement,21 mineralisation templates and 
crystal growth modifiers.22-25 In addition to the vast field of possible applications, the 
research of model systems of synthetic polymers provides valuable information on the 
mechanisms of the interactions in living organisms. 
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1.1 Review 
 
Poly(methacrylic acid) is a weak polyelectrolyte, i.e. the degree of dissociation depends 
on the pH of the solution. Consequently, it can form complex particles via hydrogen 
bonds with a proton-accepting polymer, as well as polyelectrolyte complex particles via 
ionic bonding with a polycation. The proportion of active and inactive sites for 
complexation can be adjusted by controlling the degree of ionisation of the 
poly(carboxylic acid). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 1. 
 

In the following, both the complexation via hydrogen bonding and the 
polyelectrolyte complexation are reviewed. 
 
 
 
1.1.1. Brief history 
 
The contribution of electrostatic forces on the mutual precipitation of natural polymers 
was realised for the first time by Albrecht Kossel in 1896.26 He reported that the 
electrostatic interactions were the driving force for the phase separation in the system of 
oppositely charged proteins and carbohydrates. Fuoss et al. reported the first complexes 
of synthetic polyelectrolytes in 1949.27 Morawetz et al. explored the interactions of 
proteins with synthetic polyelectrolytes in 1952.28 The more extensive research and 
development of the polyelectrolyte complexes started only in 1961, when Miekka et al. 
reported the formation and properties of stoichiometric complexes of synthetic 
polyelectrolytes, and presented ideas about possible applications.29 
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One of the first studies on the interpolymer complex formation via hydrogen bonding 
was conducted by Bailey et al. in 1964.30 They showed that the stoichiometry of 
complexes of poly(carboxylic acid) and poly(ethylene oxide) approaches 1:1. At low 
pH, the system tends to phase separate but at higher pH, the complex exists in solution. 
The effect of the concerted effect of other secondary forces, such as hydrophobic 
interaction, or the degree of ionisation of the carboxylic groups on the complexation 
was studied by Ikawa et al. in 1975.31 Since those times lots of research has been done 
to resolve the features of complexation and the structure of complexes. 
 
 
 
1.1.2. Complexes formed via hydrogen bonding 
 
The utility of block-, graft-, and crosslinked copolymers of PEO and P(M)AA to various 
applications has been explored intensively.1,11,12,22,23,32 However, studies about the 
special characteristics of the selfcomplexation of the block- and graft-copolymers are 
still limited to few.33-36 The complexation of homopolymers, poly(ethylene oxide) 
(PEO) and either poly(methacrylic acid) (PMAA) or poly(acrylic acid) (PAA) via 
hydrogen bonding is well established.37-40 A variety of techniques, such as 
viscometry,31,41 sedimentation,42 potentiometric titration,31,38,41,43,44 fluorescence 
spectroscopy,43-47 NMR spectroscopy,35 and small-angle neutron scattering (SANS),48 
have been used to study their association in water. 
 

Hydrogen bonds are formed between proton-donating and proton-accepting 
moieties. The polymeric nature of the complexing species is however essential for the 
formation of interpolymer complexes via hydrogen bonding. Thus, the complex 
formation via hydrogen bonding is a cooperative process.37-40,47 Consequently, a certain 
critical sequence length is needed for the formation of a stable complex. In addition, 
because of the cooperativity of the processes, the association and dissociation of the 
complexes occur usually in a narrow range of pH, ionic strength and solvent 
composition.  
 

Hydrogen bonding is one of the several non-covalent binding forces, and in real 
cases these forces never act individually but instead they work concertedly. The 
concerted effect of different non-covalent interactions on the complexation may well be 
seen by comparing the complexation of PEO with either PAA or PMAA in various 
solvent compositions.45,49 In an interpolymeric complex system, the resulting complex 
itself becomes more hydrophobic in comparison to the complexing polymers. This is 
because the hydrophilic groups, a carboxyl group of PAA or PMAA and an ether group 
of PEO, are shielded by the main chains of the polymers away from the water 
molecules.46,50 The hydrophobic effect on the complex formation is enhanced by the α-
methyl group of PMAA in comparison to PAA. Frank et al.45 studied the complexation 
between PAA or PMAA and pyrene end-labelled PEO by fluorescence spectroscopy. 
They found that PMAA suppresses the intramolecular mobility of PEO more efficiently 
than PAA, thus creating a more compact and rigid structure upon complexation due to 
the hydrophobic interaction in water. However, at some methanol-water composition 
the hydrophobic interactions were suppressed and the fluorescent properties of the 
PEO/PMAA system coincided with those of the PEO/PAA in water, where the 
hydrophobic interactions provide a minor influence. 
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In terms of thermodynamics, hydrophobic solutes form local regions of 
hydrophobic hydration, in which the water molecules are even more ordered and even 
more hydrogen bonded than in bulk. Since the formation of the hydrophobic hydration 
is entropically very unfavourable, hydrophobic groups are attracted to one another by 
the hydrophobic interaction. A part of the highly structured water molecules is thereby 
released back to the bulk when the hydrophobic groups come close to one another. The 
formation of hydrogen bonds is exothermic, and thus is the formation of the 
hydrophobic hydration as well. Therefore, the hydrophobic interaction must be 
endothermic. Baranovsky et al.49 have shown that in aqueous media, both the enthalpy 
change ∆H0 and the entropy change ∆S0 of the complexation of PEO and PMAA are 
positive. The strong influence of the hydrophobic interaction, the dehydration of PEO 
and PMAA upon complexation, induces the positive ∆H0. Moreover, although PEO and 
PMAA loose entropy upon complexation the gain of the total entropy is achieved via 
the release of the water molecules. In methanol-water system (30/70 v/v), the enthalpy 
of the complexation is negative instead. Methanol is less polar solvent than water. It 
disrupts the ordered hydrophobic hydration layer, thus suppressing the hydrophobic 
interactions. Consequently, the hydrogen bonds between PEO and P(M)AA play the 
main role in the complex formation in methanol-water system. 
 

Hydrogen bonding is a significant driving force for the intermolecular 
complexation in the aqueous solutions of PEO and PAA or PMAA, but as presented 
above, the hydrophobic forces stabilise the complexes. This stabilising hydrophobicity 
influences the critical properties, such as the critical sequence length, created by the 
cooperativity of the complexation.31,37,38,51 The critical sequence lengths of both the 
PEO and the polyacid are shorter in the system PEO/PMAA in comparison to the 
system PEO/PAA. Moreover, upon addition of methanol, the critical sequence length of 
PAA is constant whereas the one of PMAA increases because of the weakening 
hydrophobic forces. 
 

Upon ionisation of the poly(carboxylic acid), the complexes held together by 
hydrogen bonds dissociate. Because of the cooperativity of the complexation, the 
dissociation (and association) takes place within a narrow pH range. Depending on the 
analysis method, different characteristic degrees of ionisation, or pH values, for 
complexation of homopolymers of PEO and PMAA or PAA have been observed. 

 
Frank et al.43 have studied a mixed system of PEO and PMAA homopolymers 

by fluorescence spectroscopy where PEO was labelled at both ends by pyrene 
fluorophores, Py. They found that the critical degree of ionisation for complexation 
between PEO and PMAA, i.e. the degree of ionisation above which complexation does 
not occur, was α = 0.3. However, at this α PMAA has adopted a compressed coil 
conformation due to the methyl group of MAA unit thereupon offering a more 
favourable hydrophobic surrounding for the Py labels at the PEO chain ends, in 
comparison to the aqueous medium. Therefore, the experimental set-up may have 
affected the result in comparison to unmodified system. 

 
In comparison, Zeghal et al.48 investigated the complexation of unmodified 

PMAA and PEO by small angle neutron scattering, SANS. According to their results, as 
α increases above 0.1, no complexation occurs and the conformation of each polymer in 
the mixture resembles that of the same polymer alone in the solution at the same 
concentration. 



 5

Furthermore, Poe et al.35 have studied a system consisting of PMAA grafted 
with PEO, PMAA-graft-PEO, in comparison to a mixture of PEO and PMAA 
homopolymers with NMR and DLS. By NMR, the T2 relaxation of the protons of EO 
units was measured versus solution pH, as well as the polymer self-diffusion by pulsed 
gradient spin echo (PGSE) experiments. They explored a pH range of 5 – 10.5. The 
mixture of homopolymers did not show any signs of H-bonding down to pH 5 (α = 
0.15). In the solution of PMAA-graft-PEO at pH below 5.6 – 5.7, corresponding α = 0.3 
– 0.35, the intrapolymeric H-bonding was observed to occur. Any intermolecular 
interactions were not, however, observed either by the PGSE or the DLS experiments in 
the polymer systems within the studied pH range. 

 
To put it briefly, in mixed systems of homopolymers PEO and PMAA, 

complexation occurs only at α < 0.1, when any additional hydrophobic factors are not 
involved. The covalent bonding between the PEO and PMAA blocks increases the 
critical degree of ionisation of the complexation. This subject will be explored in the 
experimental section in more detail. 
 
 
 
1.1.3. Polyelectrolyte complexes 
 
Polyelectrolyte complexes are formed via non-covalent forces as well, namely by ionic 
bonding.52,53 Mixing of solutions of oppositely charged polyelectrolytes leads to a 
spontaneous formation of a polyelectrolyte complex. Complexes are formed between 
polyacids and polybases, as well as between their metal and halogenide salts. The 
complex formation is mainly entropy driven. The counterions of free polyelectrolytes 
are localised in the proximity of the polyelectrolyte backbone. Thus, the total entropy of 
the system increases once the counterions are liberated upon the formation of a 
polyelectrolyte complex. Similar to the complexation via hydrogen bonding, the 
complex formation via ionic bonding is a cooperative process, and it may act 
concertedly with other weak forces. 
 
Complexation of oppositely charged polyelectrolytes occurs spontaneously, but the 
actual mechanisms and the states of equilibrium are affected by a variety of factors. 
With varying monomer ratio the polyelectrolyte complex, PEC, system can basically be 
formed of either a mixture of nearly stoichiometric complexes and the excess 
component, or charged complexes that have integrated the excess component.54,55 As a 
rule, weak polyelectrolytes with unequal molecular weights can form 
thermodynamically stable PECs in the presence of low molecular weight salt.54,56 
Further, for an even distribution of the component in deficiency to take place, the higher 
molecular weight host component must be in excess.38,54-56 Strong PEs and/or high 
molecular weight PEs form more aggregated PECs and the formation is strongly 
kinetically controlled.57,58 
 

Typically, PECs with the anion to cation ratio close to unity are not soluble in 
water. The stoichiometric complex particles may, however, be stabilised as aqueous 
colloids by utilising double-hydrophilic block copolymers.34,59-64 Thus, the range of 
applicable repeating unit ratios is dependent on the type of stabilisation of the particles, 
electrostatic or steric, as in the complexes of homo-PEs or PEs with neutral segments, 
respectively. In the case of electrostatically stabilised homo-PECs, as the ratio 
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approaches unity, very often secondary aggregation takes place, leading to precipitation. 
In addition, the stability of homo-PECs is very sensitive to the ionic strength of the 
solution.52,53,58,65 The steric stabilisation provided by the neutral segment enables the 
formation of equimolar PEC particles, which are stable in a much broader pH and ionic 
strength range in comparison to the complexes of homo-PEs.34,59-61 
 

Due to the electrostatic nature of the interactions, the ionic strength of the 
solution plays a decisive role in the formation and the properties of the PECs. In pure 
water, the formation of the PECs is strongly kinetically controlled. Frozen systems are 
formed, which in the case of non-stoichiometric homopolyelectrolyte systems consist of 
a charge neutralised core and an electrostatically stabilising shell. The presence of salt 
during the formation of the PECs enables the rearrangement of the ionic bonds as well 
as the exchange processes, and shifts the reaction closer to the thermodynamic 
equilibrium.54-56 The degree of aggregation can be controlled with the concentration of 
the added salt.58,66 A small amount of added salt decreases the particle size, compared to 
that of the PECs formed in pure water. Increasing the salt concentration further, 
increases the particle size again. Subsequent addition of salt induces secondary 
aggregation, which with increasing salt concentration leads to precipitation. The 
precipitate of the complexes of weak polyelectrolytes may be dissolved again into 
individual components by increasing the ionic strength further, whereas the complex of 
strong polyelectrolytes is not redissolvable.  
 

Neutral blocks or grafts improve the colloidal stability of the PECs. By utilising 
double-hydrophilic block copolymers, colloidally stable stoichiometric PECs can be 
formed. Zintchenko et al.63 studied the complexation of poly(diallyldimethylammonium 
chloride), PDADMAC, with PEO-block-PAMPS focusing on the effect of the length of 
the stabilising PEO block. They found that the fraction of the neutral block in the 
copolymer has a great effect on the aggregation level of the PECs but does not play a 
dominant part in stabilising the particles against salt induced flocculation. In this 
respect, the length of the neutral block is important instead. The stability of the 
polyelectrolyte complexes was significantly improved in higher salt concentrations by 
using the anionic copolymer with long PEO blocks in combination with PDADMAC. 
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1.1.4. Equilibrium of complexes formed through weak interactions 
 
Complexes formed via weak interactions may be considered as ‘living systems’ since 
they respond very sensitively to changes of their environment. A characteristic feature 
of a living system is that it is in a thermodynamic equilibrium. In solution, the complex 
particles constantly interact with each other. Despite the steric stabilisation provided by 
the uncomplexed units, the complex particles may undergo chain exchange reactions. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 2. 
 

The chain exchange reactions between micelles composed of small molecular 
surfactants occur fast and the mechanism of the exchange is the insertion and expulsion 
of the unimers.67,68 The earliest kinetic studies on the chain exchange between polymer 
complexes were done with complexes of the homopolymers of ethylene oxide, acrylic 
acid and vinyl pyrrolidone.69,70 Those studies, as well as the more recent ones about the 
micelles composed of amphiphilic block copolymers have shown that the chain 
exchange occurs more slowly due to the more complicated diffusion of the polymeric 
segments.71-80 In addition, very often the exchange rate cannot be fitted single 
exponentially, despite the polydispersity of the polymers.69,70,73-76 Also, a few 
theoretical studies have been performed about the chain exchange between polymeric 
micelles.81-83 Two basic mechanisms are considered to give rise to chain exchange, 
insertion and expulsion of single chains, and merging and splitting of the micelles. The 
balance between the two mechanisms depends on (1) thickness of the shell, (2) core 
size, (3) molecular weight of the insoluble block, and (4) the quality of the solvent. 

                 Merging and splitting 
            of micelles 
Expulsion and insertion    
      of a single chain 

Chain exchange mechanisms between polymeric micelles 
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1.2 Aim of the study 
 
Double-hydrophilic block copolymers, capable of forming colloidally stable nanosized 
particles via noncovalent interactions, were synthesised. Both the selfcomplexation via 
hydrogen bonding and the formation of polyelectrolyte complexes were studied. The 
primary goal of this work has been to achieve an understanding of the factors affecting, 
and the mechanisms of, the complex formation of poly(carboxylic acid)-block-
poly(ethylene oxides). 
 

First, the block copolymers of PEO and either PAA or PMAA were synthesised 
via radical polymerisation. Syntheses were done by two different methods, which 
resulted in different structural architectures. PEO-block-PAA was polymerised by 
utilising a macroinitiator technique, and PEO-block-PMAA was prepared via 
condensing two prepolymers. 
 

Second, the solution properties of the PEO-block-PAA and PEO-block-PMAA 
were examined. The effects of the structural architecture of the block copolymers and 
the ionic strength of the aqueous solution on the rheological and scattering properties of 
the solutions were under focus. 
 

Third, the property of selfcomplexation of PEO-block-PMAA at low pH was 
studied. The complexation occurs through hydrogen bonding. The corresponding 
complexation of the mixtures of homopolymers has previously been well explored. The 
effect of the covalent bonding between the two polymers on the critical stages of 
complex formation and the properties of the complexes formed via hydrogen bonding 
was of interest. The dynamics of the selfcomplexes was studied. The particles are held 
together by weak forces, thus their mutual interactions result in exchange processes. 
Knowledge of the kinetics and the mechanisms of these processes is essential for 
numerous applications. 
 

Fourth, the polyelectrolyte complexes of PEO-block-PMAA and PMOTAC were 
studied. The influence of monomer mixing ratio, ionic strength of the solution, and the 
molecular weight of the anionic block on PECs was considered. Owing to the 
cooperative and concerted nature of the complexation of polyelectrolytes all these 
factors have a remarkable effect on the PECs. Depending on the monomer mixing ratio 
the stabilisation of the PECs is either steric or electrosteric. Consequently, the 
morphology of the particles varies. The sensitivity of the PECs to ionic strength is 
apparent. The molecular weight of the anionic block regulates the ratio of the 
hydrophilic and the hydrophobic fractions in the PECs. The PECs interact with each 
other as well, hence the mechanisms and the kinetics of these processes were studied as 
well. In addition, the formation of overcharged particles was of interest. The maximum 
degree of overcharging was traced as well as the mechanisms of the formation of 
overcharged PECs. 
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2 EXPERIMENTAL 

2.1 Polymer Syntheses 
 
2.1.1. Poly(acrylic acid)-block-poly(ethylene oxide)I 
 
Macroazoinitiator. The synthesis of the macroinitiator was conducted in two steps. 
Firstly, 4,4’-azobis(4-cyanopentanoic acid), ACPA, was converted to the corresponding 
acyl chloride, 4,4’-azobis(4-cyanopentanoyl chloride), ACPC, by the method of 
Smith.84 ACPA was treated with PCl5 in a molar ratio of 1:2 in benzene at room 
temperature. Secondly, MAI was prepared by a condensation reaction of ACPC and 
poly(ethylene oxide) monomethyl ether with Mw=5000 g/mol, PEO, in dichloromethane 
in the presence of an excess amount of triethylamine,85,86 the reaction time being two 
days. MAI was purified by ultrafiltration in water, to remove the unreacted PEO and 
ACPC. 
 
PAA-block-PEO. Acrylic acid was radical polymerised using the MAI as an initiator. 
The polymerisation was conducted in an aqueous solution at 65°C for three hours. The 
molar ratio of the monomer to the initiator was 250 and the monomer concentration was 
7 mass-%. The polymerisation was terminated by pouring the reaction mixture into an 
excess amount of cold methanol. 
 
 A reference polymerisation of acrylic acid was done in order to inspect the 
presence of possible chain transfer reactions. The polymerisation was conducted under 
the same reaction conditions as described above. Polymerisation of AA was initiated 
with ACPA and the reaction media was an aqueous PEO solution, where the molar ratio 
of PEO and ACPA was 2:1 as in the case of using MAI. 
 

Both product copolymers were purified by ultrafiltration (molecular weight cut 
off 30 000) in aqueous 0.1 M NaOH and subsequently with water. Characteristics of the 
polymers are shown in Table 1. 
 
Table 1. Characteristics of PANa-block-PEO. 

Polymer n(AA) 
mass-% 

n(initiator) 
mol-% 

Mn 
g/mol 

Mw/Mn 

PANa-block-PEO 7 0.4 / MAI 115 000a 
82 200b 

2.42 

Ref-PANa-block-PEO 7 0.4 / ACPA 262 000a 
180 000b 

1.57 

a) determined by SEC 
b) determined by 1H-NMR, Mn of PEO 5000 g/mol 
 
 
 
2.1.2. Poly(ethylene oxide)-block-poly(methacrylic acid)II-V 
 

To synthesise PEO-block-PMAA copolymers, trimethylsilyl methacrylate, 
TMSMA, was first radical polymerised using ACPA as an initiator, and 3-
mercaptopropionic acid, 3-MPA, as a chain transfer agent. Reactions were carried out in 
dioxane at 60°C under nitrogen for 18 hours. After the reaction, solvent was evaporated 
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and the polymer dried under vacuum at room temperature overnight. The product was 
purified by precipitation from acetone to acetonitrile. It was filtered, and dried under 
vacuum overnight. The second step of the synthesis was the activation of the carboxylic 
acid end groups of the PTMSMA prepolymers by using an excess amount of N-
hydroxysuccinimide.87,88 This was carried out in dioxane in the presence of DCC for 
two days. The reaction mixture was precipitated in acetonitrile and the product was 
dried under vacuum. In the final step the activated PTMSMA and the amino terminated 
PEO were attached to each other through a condensation reaction. The reaction was 
carried out in dioxane under nitrogen at room temperature in dark for two weeks. The 
product was precipitated in acetonitrile. All the reaction steps were done in dry 
conditions in order to prevent the hydrolysis of the protecting trimethylsilyl group. The 
protecting silyl groups were removed by washing the product first with 0.1 M NaOH 
and subsequently with water, after which the block copolymer was in its sodium 
methacrylate form, PEO-block-PMANa. Characteristics of the polymers are shown in 
Table 2. 
 
Table 2. Characteristics of PEO-block-PMANa 

Polymer n(TMSMA) 
mass-% 

n(ACPA) 
mol-% 

n(3-MPA) 
mol-% 

Mn 
g/mol 

Mw/Mn 

PEO-block-PMANa207 14 2.0 - 31 800a 

27 400b 
2.26 

PEO-block-PMANa122(1) 10 1.3 1.7 15 800a 
18 200b 

1.44 

PEO-block-PMANa294(2) 10 0.25 0.3 47 100a 
36 700b 

1.59 

a) determined by SEC 
b) determined by 1H-NMR, Mn of PEO 5000 g/mol 
 
 
 
2.2 Instrumentation 
 
1H-NMR spectra were recorded either on a Varian Gemini 2000I-V or on a Bruker 
Avance-400III, IV spectrometer, using polymer solutions in D2O. 
 

UV absorbance spectra were measured with either a Shimadzu UV-1601PC UV-
Visible SpectrophotometerI,III,IV or a Hewlett-Packard 8452A diode-array 
spectrometer.III, IV 

 
Size exclusion chromatography, SEC, measurements were made with Waters 

chromatographic system with 2410 refractive index detector.I-V For the PTMSMA 
precursors THF was used as an eluent and the columns were calibrated with PMMA 
standards (PSS Polymer Standards Service GmbH). For the MAI, PANa-block-PEO, 
and PEO-block-PMANa, 0.1 M aqueous NaNO3 + 3 % acetonitrile was used as an 
eluent and the columns were calibrated with poly(ethylene oxide) (Polymer 
Laboratories) or poly(acrylic acid) (Waters) standards. 
 

Dynamic light scattering (DLS)I-V and static light scattering (SLS)II 
measurements were performed with a Brookhaven Instruments BI-200SM goniometer 
connected to a BI-9000AT digital correlator and equipped with a Lexel 85 Ar-laser (λ 
=514.5 nm).  The time correlation functions were analysed by CONTIN algorithm or by 
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a cumulant fit method. The SLS data were analysed by using Zimm’s double 
extrapolation method. The specific refractive index increments, dn/dc, of the polymers 
and the polyelectrolyte complexes in 20 mM NaCl were determined with 
WYATT/OPTILAB 903 interferometric refractometer at 514.5 nm. 
 

Rheological measurements were conducted with a Bohlin VOR rheometer with 
concentric cylinders.I 
 

Reduced viscosity was measured by Micro-Ubbelohde viscometer with Lauda 
S5 detector, which was connected to Lauda PVS1 Processor Viscosity System with a 
PVS 2.49e analysis program.II 
 

Conductivity measurements were performed with Consort C833 multi-parameter 
analyser calibrated with a series of KCl solutions, 0.01, 0.1, and 1M.II 
 

Potentiometric and pH measurements were performed by using PHM210 
Standard pH meter (Meterlab, Radiometer, Copenhagen) calibrated with pH buffer 
standards 4.0 and 10.0 (Merck) prior to each titration.I-IV 

 
Steady state fluorescence spectra were recorded on a Fluorolog Tau-3 

spectrometer (Jobin-Yvon Horiba) equipped with a GRAMS/32 (Galactic Ind) data 
analysis system.III, IV The slits were set at 0.5 to 0.6 mm (excitation) and 0.2 to 0.3 mm 
(emission) depending on the chromophore concentration. Emission spectra were 
obtained with excitation wavelengths of 342 nm (pyrene-labelled polymers) and 290 nm 
(naphthalene-labelled polymers). Excitation spectra were measured in the ratio mode 
and were monitored at 380 nm. Fluorescence lifetime measurements were conducted on 
a Fluorolog Tau-3 multifrequency phase modulation fluorimeter (Jobin-Yvon Horiba).III 
The excitation light from a 450 W xenon lamp was modulated with a Pockels cell. 
Phase and modulation values were determined relative to a glycogen aqueous solution. 
The excitation wavelength was set at 342 nm. The pyrene emission was monitored at 
376 nm. The frequency of the analysing light was chosen in the range of 0.1-100 MHz. 
Data were analysed with the Datamax Spectroscopy software based on GRAMS/32 
from Galactic Ind. 
 

The FlFFF channel was obtained from the research centre for field flow 
fractionation at Salt Lake City, Utah, USA, and consists of two poly(methyl 
methacrylate) (Plexiglas) blocks with porous frits inside.V The upper block of the FlFFF 
channel was replaced with a Plexiglas plate (without a frit) to carry out AsFlFFF. The 
lower block was used as an accumulation wall to study the analytes of interest. In the 
upper wall of the AsFlFFF instrument, inlet and outlet holes were drilled 38 cm apart 
and a sample inlet hole was placed 2 cm from the inlet end. A regenerated cellulose 
acetate ultrafiltration membrane with a molar mass cut-off of 10 000 (DSS-RC70PP, 
Nakskov, Denmark) was laid on the top of the porous frit. A Mylar™ spacer having a 
thickness of 500 µm, with the channel shape cut out, was placed between the 
ultrafiltration membrane and the upper glass plate. The nominal channel dimension was 
38 cm x 2 cm x 500 µm. An HPLC pump (model PU-980, JASCO International Co., 
Ltd., Tokyo, Japan) was used to move the carrier liquid. Samples were introduced into 
the channel at 1.0 ml/min for ~5 min by another HPLC pump. During the injection-
relaxation-focusing period, the carrier liquid was delivered from the front and backside 
of  the  channel.  The  outlet  flow  from  the  channel  was  monitored  at 214 nm with a 
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UV/VIS detector (HP1050 model 79853C, Tokyo, Japan). The flow rates at the main 
and cross flow outlets were 1.2 and 1.8 ml/min, respectively. Capillary Teflon tubes 
(i.d. 0.5 mm), restrictors, and three way valves (V101T; Upchurch Scientific, Oak 
Harbour, WA, USA) were used to control the carrier liquid flows. Agilent ChemStation 
for LC and LC/MS systems (Palo Alto, CA, USA) were used for data acquisition. The 
carrier medium used in AsFlFFF for the fractionation of PECs was either distilled water 
or aqueous NaCl solution (20, 80 and 160 mM). 
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3 AQUEOUS SOLUTIONS OF PAA-block-PEO AND PEO-block-
PMAA COPOLYMERSI, III 

 
 
The aim of the synthetic work was to produce linear block copolymers of ethylene 
oxide and (meth)acrylic acid. Two different synthesis routes were used, the 
macroinitiator (MAI) method, and combination of the prepolymers by a condensation 
reaction. The macroinitiator technique has been used successfully in polymerisations of 
various monomers, e.g. styrene89,90 and methyl methacrylate,89 
diallyldimethylammonium chloride,91 and N-isopropyl acrylamide.92 However, the 
reaction conditions for producing linear block copolymers by radical polymerisation of 
AA with MAIs containing PEO segments, could not be optimised, but the chain transfer 
to PEO played a noticeable role in the polymerisation. Thus, branched structures were 
obtained. Instead, the condensation reaction of the prepolymers gave the desired block 
copolymer. 
 

Chemically, the block copolymers PAA-block-PEO and PEO-block-PMAA 
differ from each other only by the extra methyl group of methacrylic acid. In alkaline 
conditions, this difference has a minimal effect on the solution properties of the 
polymers. Remarkable differences in the solution properties of the branched PANa-
block-PEO and the linear PEO-block-PMANa were, however, observed. The effect of 
the different architectures, as well as the presence of the PEO block, on solution 
properties will be reviewed next and compared to those typical for polyelectrolyte 
solutions. 
 
 
 
3.1 Rheological properties 
 
Results of the steady shear viscosity measurements on the salt-free and saline aqueous 
solutions of the branched PANa-block-PEO, and the linear PEO-block-PMANa, are 
shown in Figure 1. Solutions of the branched PANa-block-PEO exhibited a Newtonian 
flow, but those of the linear PEO-block-PMANa were shear thinning. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Steady shear viscosities of the linear PEO-block-PMANa, cp=10 
weight-% cs=0.5 M (NaNO3), (diamonds) and the branched PANa-block-
PEO, cp=5 weight-% cs=1.0 M (NaNO3), (squares) in salt-free solutions 
(filled symbols) and in saline solutions (open symbols). 
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Generally, the solutions of non-interacting spheres exhibit Newtonian flow. This 
condition is met e.g. in the solutions of dendrimers, hyperbranched polyesters, and 
aromatic poly(ether imide)s.93-96 In the case of dendrimers, shear thinning is not 
observed owing to the compact structure of the solute; long chains with a capability of 
forming entanglements with each other do not exist. Some polyelectrolytes exhibit 
Newtonian viscosity in salt-free aqueous solutions as well, but become shear thinning 
once the ionic strength is increased.97 The polyelectrolyte solutions show Newtonian 
flow because of the electrostatic repulsion between chains with like charges. Addition 
of salt screens out the charges and the solutions of polyelectrolytes start to behave like 
those of neutral polymers. 
 

PANa-block-PEO is a polyelectrolyte, which in part may induce the Newtonian 
behaviour in a salt-free solution. However, increasing the ionic strength of the solution 
does not turn the sample shear thinning. This strongly suggests dense branching of the 
block copolymer, which leads to a compact structure. Similarly, the viscosities of the 
solutions of the reference polymer, Ref-PANa-block-PEO, exhibited Newtonian 
behaviour in salt-free and saline solutions (results not shown). Hence, the chain transfer 
reactions during the polymerisation appear to determine the architecture of the 
copolymer. In contrast to the Newtonian flow curves of the PANa-block-PEO, the 
viscosities of the solutions of the linear PEO-block-PMANa are non-Newtonian. The 
saline solution of PEO-block-PMANa exhibits a strongly shear thinning behaviour, like 
neutral linear polymers. But also, in a salt-free solution of PEO-block-PMANa slight 
shear thinning can be observed. The repulsion between the PMANa blocks is not 
necessarily strong enough to induce Newtonian flow. However, the difference in the 
degree of freedom of the PEO blocks between the linear and branched copolymers may 
contribute the flow as well. Neutral PEO blocks in the chain ends of PEO-block-
PMANa are free to coil, whereas in PANa-block-PEO the PEO blocks are tightly bound 
to and surrounded by PANa blocks and hence incapable of forming entanglements. 
 
 
 
3.2 Dynamic Light Scattering 
 
DLS reflects the motions of all scattering moieties in a system under investigation. 
Polyelectrolyte solutions are complicated systems due to a variety of interactions. Both 
the branched PANa-block-PEO and the linear PEO-block-PMANa show the typical 
features of polyelectrolyte solutions at varying ionic strengths studied by DLS, Figure 2. 
The scattering of the aqueous polyelectrolyte solutions is strongly dependent on the 
ionic strength of the solution.98-103 Depending on the ratio of the polyelectrolyte and the 
salt concentrations λ = cpe/cs, different species are responsible of the observed diffusion. 
Qualitative description is the following. In the dilute lattice regime, λ < 1, each polyion 
is surrounded by its own ion cloud and only one diffusive process, DF, is observed. At a 
transition regime, λ ≈ 1, the value of the diffusion coefficient increases with increasing 
λ and it splits up into fast and slow diffusive processes. In a semidilute regime, λ > 1, 
the ion clouds of neighbouring polyions overlap and temporal large domains form. Both 
fast and slow diffusive processes are observed. Origin of the slow diffusion in the 
transition and semidilute regimes is in the diffusion of the temporal aggregates.98 Fast 
diffusion process taking place in the transition and semidilute regimes is attributed to 
the thermally excited displacement fluctuations of polymer segments between the 
entanglements. This is often referred to as the gel mode of the transient network. 
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Figure 2. The diffusion coefficients DS (squares) and DF (diamonds) of the block 
copolymers against the ionic strength of the solution. a) The linear PEO-block-PMANa, 
cp = 5 mg/ml. (Open symbols, see text.) b) The branched PANa-block-PEO, cp = 1 
mg/ml. 
 

In salt-free solutions, and when λ > 1, the diffusing species observed in the 
solutions of the linear PEO-block-PMANa and the branched PANa-block-PEO are alike, 
they both show bimodal distributions of diffusion coefficients. With increasing ionic 
strength, the transition regime is reached at 0.06 M NaNO3, λ ≈ 1, (calculated value 
0.04 M) for PEO-block-PMANa, and at 0.02 M NaNO3 (calculated value 0.01 M) for 
PANa-block-PEO. The block copolymers adopt a coiled conformation and start to 
diffuse as single molecules. 
 

The diffusion of the linear PEO-block-PMANa and the branched PANa-block-
PEO in saline solutions induces different scattering behaviours. The presence of 
covalently bound PEO does not alter the diffusion of the PEO-block-PMANa from that 
typical of polyelectrolytes. In the transition regime, λ ≈ 1, the diffusion coefficients DS 
and DF merge as a transition from the diffusion of the temporal domains and the chain 
entanglements to the diffusion of single molecules takes place. The origin of the slow 
diffusion process at λ < 1 is most likely the proximity of the critical overlap 
concentration of the polymer itself, 7.43 mg/ml in 0.1 M NaNO3, as determined by light 
scattering (open squares in Figure 2). 
 

The branched structure of the PANa-block-PEO contributes to the scattering 
behaviour of its saline solutions. At λ < 1, the process of selfdiffusion can be observed, 
but in addition, the value of the fast diffusion coefficient increases discontinuously. As 
the transition regime is exceeded the slower process arises from the diffusion of single 
molecules as in the solutions of the linear polyelectrolyte, but the origin of the very fast 
diffusion is the gel mode. In the dilute regime the gel mode arises from the diffusion of 
the substructures of the branched block copolymer. 
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3.3 Potentiometric titration 
 
Potentiometric titrations were made for block copolymers PEO-block-PMAA1,2 to find 
out the effect of the PEO block on the ionisation behaviour of the block copolymer, as 
well as the relationship between the solution pH and the degree of ionisation. The 
ionisation energy of a polyelectrolyte increases with increasing degree of ionisation. 
Consequently, the dissociation constant pKa of a polyelectrolyte is not constant 
throughout the whole range of the degree of ionisation. The conformational transitions 
of the polyelectrolytes cause nonlinearity into the pKa versus α curves, as well. PMAA 
undergoes conformational transitions induced by the delicate balance between the 
hydrophobic and electrostatic interactions. Figures 3.a and b present the apparent pKa 
values of the block copolymers, and the pH of the solutions against α, respectively. The 
shapes of the pKa and pH curves coincide to those typical for syndio- and atactic PMAA 
at ionic strength of cMAA < cNaCl.104,105 In consequence, the ionisation of PEO-block-
PMAA under varying pH can be considered to be unaffected by the covalently linked 
PEO. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. a) pKa and b) pH of PEO-block-PMAA1 (solid symbol) and PEO-block-
PMAA2 (open symbol) against α. Polymer solutions of concentration 0.5 g/l in 50 mM 
NaOH were titrated with 100 mM HCl. 
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4 SELFCOMPLEXATION OF PEO-block-PMAA AT LOW 
pHI,III 

 
 
In water of low pH, complexes of PMAA and PEO form, with a 1:1 molar ratio of 
repeating units. Complexation occurs readily via hydrogen bonds between hydrogen 
donors, in this case the non-dissociated polyacids, and hydrogen acceptors, i.e. the ether 
oxygens of poly(ethylene oxide) (PEO).37-40 The complexes are broken by the 
neutralisation of PMAA or by addition of alcohols, which disrupt the hydrogen bonds 
and modify the hydrophobicity of the complexes. This chapter reviews the different 
stages in the conformational changes of PEO-block-PMAA during the formation of 
polymeric micelles with varying degrees of ionisation, and the kinetics of the chain 
exchange processes among the polymeric micelles. 
 
 
 
4.1 The conformational changes of PEO-block-PMAA upon 

changing the pH of the solution 
 
4.1.1. Dynamic light scattering 
 
The selfcomplexation of PEO-block-PMAA block copolymers with varying pH can 
roughly be divided into regimes where the interactions are either intermolecular, pH < 
4.5 i.e. α < 0.07 or, where the interactions are intramolecular, α > 0.07. This is well 
illustrated in Figure 4 presenting the effect of solution pH on the particle size of PEO-
block-PMAA. The fully protonated PEO-block-PMAAs adopt a conformation of 
polymeric micelles with an apparent Rh value of 45 nm. Increasing the pH of the 
solution induces different events: First, a sharp decrease of the size of the scattering 
object, which reaches a minimum value of ~ 8 nm in the pH range 4.5 < pH < 5.5, 
followed by a slight increase in Rh for pH above 5.5. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Apparent hydrodynamic radius, Rh,app, of PEO-block-PMAA2 as a 
function of solution pH. Inset: Size distributions at pH 3.5 (dash-dotted 
line), pH 4.0 (dotted line), pH 4.5 (dashed line), and at pH 6.5 (solid line); 
polymer concentration: 0.5 g/l, I = 25 mM. 

 
The changing particle size may be rationalised as follows. At low pH, when the 

copolymers are fully protonated, the carboxylic acid groups undergo hydrogen bonding 
with all the EO units available. Interpolymeric micelles with a narrow size distribution 
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form, consisting of a hydrophobic core of complexed PMAA and PEO, and a shell of 
the excess MAA units, pH < 4.5 (α < 0.07). In consequence of further ionisation of the 
carboxylic units, 4.5 < pH < 5.5 (0.07 < α < 0.3), fewer hydrogen bonds can form with 
the EO units, which leads to a progressive destruction of the interpolymeric complexes. 
The number of free but contracted copolymer chains increases. The complexation still 
occurs intramolecularly between the EO units of one block and the MAA units of the 
other. The intramolecular H-bonding broadens the size distribution towards smaller 
sizes at pH 4.5 in comparison to the size distribution presenting the situation in pH 6.5, 
see the inset in Figure 4. Intrapolymeric H-bonds are broken upon further ionisation of 
the carboxylic groups and the polymer chains take an uncomplexed conformation at 5.5 
< pH < 6.0 (0.3 < α < 0.42). However, only at pH > 6 (α > 0.42) the copolymers adopt 
the fully extended conformation characteristic of polyelectrolytes in water. The last 
chain expansion follows from the cooperative release of the hydrophobic forces in the 
PMAA blocks. 
 

The morphology of the particles, micellar or randomly aggregated, is further 
elucidated by the potentiometric data, Figure 3. The presence of the covalently linked 
PEO does not complicate the ionisation of PEO-block-PMAA, which suggests a 
micellar morphology in accordance with the study of Wang et al.,106 concerning the 
aggregation behaviour of random and block copolymers of MAA and ethyl acrylate, 
EA. The shape of the PMAA-block-PEA pKa curve coincided with the titration curves 
in the present study, whereas the changes of the pKa of the random copolymer were 
more drastic. The difference in the potentiometric behaviour was concluded to rise from 
the difference in the particle morphologies at low pH. The random copolymer forms 
latex particles in which a part of the carboxylic groups are trapped inside the compact 
particles. At low pH, the ionisation of the acid groups is energetically very unfavourable 
due to the closeness of the other acid groups. Therefore, with increasing pH the pKa 
undergoes a sudden increase. At a certain pH the particles begin to disintegrate with 
increasing α, which makes the extending of the polymers possible. Consequently, the 
dissociation of the polyacids is more favourable, thus inducing decreasing pKa. The 
particles formed by the block copolymer have micellar morphology, hydrophobic EA 
core and a corona composed of MAA. The ionisation of the MAA groups is easier in the 
particle shell in comparison to the ionisation in the random aggregates, and the 
potentiometric curve similar to that in Figure 3 was obtained. Therefore, it is reasonable 
to consider the PEO-block-PMAA particles as polymeric micelles. 
 
 
 
4.1.2. Fluorescence spectroscopy 
 
While DLS provides a view of the polymeric micelles on the 2 to 100 nm length scale, 
fluorescence spectroscopy affords a look at the molecular interactions within a single 
macromolecule or between different chains. Fluorescently labelled derivatives of PEO-
block-PMAA were prepared, where the labels, pyrene (Py) or naphthalene (Np), were 
linked to some of the carboxylic acid residues of the PMAA blocks. The two 
chromophores were selected as they are capable of mutual non-radiative energy transfer 
and, consequently, report on the proximity of two chains labeled, one with Py, the other 
with Np.107-109 Moreover, Py photophysics convey information on the polarity of the 
probe environment, via changes in the relative intensities of the characteristic bands of 
the emission spectrum110-112 and in the fluorescence lifetime.112 
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In solutions where the Np- and Py-labelled copolymers, Np-PEO-block-PMAA 

and Py-PEO-block-PMAA are confined in close proximity within polymeric micelles, 
the inter-chromophore separation is within the range of NRET, and, consequently, 
excitation at 290 nm will result in emissions from excited Np (λ: 310 to 400 nm) and 
from Py excited via NRET from Np* (λ > 380 nm). The effect is exemplified in Figure 
5.a, where the emission spectra of mixed solutions of Np-PEO-block-PMAA1 and Py-
PEO-block-PMAA1 of pH 3.7 (α = 0) and pH 6.7 (α = 0.62) upon excitation at 290 nm 
are presented. The total copolymer concentration (0.1 g/l) and the relative amounts of 
both copolymers are the same in the two solutions. Both spectra exhibit a contribution 
from Np* (300-360 nm) and a contribution from Py* (360-450 nm), but the emission 
originating from Py excited by NRET from Np* is much stronger, relative to the Np 
emission, in the solution of pH 3.7 than in the solution of pH 6.7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. a) Fluorescence spectra of a mixed solution of Py-PEO-block-PMAA1 and 
Np-PEO-block-PMAA1 in aqueous solutions at pH 3.7 (solid line) and at pH 6.7 
(dashed line), and of Np-PEO-block-PMAA1 at pH 3.7 (dash-dotted line) and at pH 6.5 
(dotted line). b) Changes in the ratio IPy/INp of pyrene and naphthalene emission 
intensities as a function of pH for PEO-block-PMAA1 solutions prepared by 
codissolution of dry samples (full symbols) or by mixing of preformed solutions (open 
symbols); polymer concentration: 0.1 g/l, I = 10 mM, [Np]/[Py] = 4. 
 

A qualitative measure of the relative extent of energy transfer can be obtained by 
taking the ratio IPy/INp of the intensity of the emission at 396 nm to that of the average of 
the emission intensities at 323 nm and 338 nm. In this scale, a higher value reflects a 
higher NRET efficiency. The largest value (IPy/INp = 2.7) was recorded for mixed 
aqueous solutions of the fully-protonated copolymers. It was much lower for mixed 
solutions of the ionised copolymers (IPy/INp = 0.8). Emission of mixed solutions was 
measured for low to neutral pH in order to monitor the dependence of IPy/INp on α. The 
trends are depicted in Figure 5.b., where IPy/INp are plotted as a function of pH for mixed 
solutions of PEO-block-PMAA1 in relative amounts such that [Np]/[Py] = 4. A sharp 
decrease takes place, within a narrow range of pH (3.5 to 4.5), in IPy/INp for the 
emissions of mixed solutions of the block copolymer signalling a decline in NRET 
efficiency and, consequently, the disruption of the polymer micelles. 
 

Steady-state and time-resolved fluorescence provide further information on the 
pH-triggered disruption of the polymeric micelles. From the steady-state emission 
spectrum of pyrene the ratio I1/I3 of the intensity of the (0,0) band, I1, to that of the (0,3) 
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band, I3, was recorded as a function of pH. The ratio gives an indication of the 
micropolarity sensed by the probe, increasing as the micropolarity experienced by the 
probe increases.110 From time-resolved fluorescence measurements the micropolarity of 
the probe environment can be obtained based on the fact that the fluorescence lifetime 
of pyrene is longer in apolar than in polar media.112 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Changes on a) the I1/I3 of the pyrene emission spectra, and b) the average 
lifetimes, τav, of pyrene for solutions of Py-PEO-block-PMAA1 (solid symbols) and Py-
PEO-block-PMAA2 (open symbols) as a function of pH; polymer concentration: 0.1 g/l, 
I = 10 mM. 
 

The I1/I3 ratio in solutions of the fully protonated copolymers (α =0) has a value 
of ~1.3. Within 4.5 < pH < 5.5 with increasing α, the ratio increases slightly up to a 
value of ~ 1.4. A marked change in the ratio I1/I3 is observed in solutions of pH > 5.5, it 
rises sharply in a narrow range of pH to reach a maximum value of ~ 1.7, a value close 
to that typical for pyrene in a polar environment. The changes in I1/I3 with pH for 
solutions of labelled copolymers are presented in Figure 6.a. The data allow the 
detection of the breaking of the intramolecular hydrogen bonding as well as the full 
extension of the PMAA chain, but seem rather insensitive to the disruption of the 
polymeric micelles, which takes place in solutions of lower pH and was observed by 
DLS and NRET experiments. 
 

The time dependent data are represented in Figure 6.b, where the changes in the 
average Py lifetime are plotted as a function of the pH of the solutions. The curves for 
both copolymers present two transitions, one for pH 5 – 5.5, which, from I1/I3 
measurements, can be assigned to the disappearance of the hydrogen bonds between 
MAA and EO units, and a second transition for pH 5.5 – 6.0, ascribed to the full 
extension of the ionised copolymer. 
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4.1.3. Critical pH values 
 
According to the data presented above, four main regimes of the different 
conformational states and the types of interactions may be recognised, as depicted in 
Scheme 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 3. 
 

Within regime I, pH < 4.5, α < 0.07, the hydrophobicity of the H-bonded 
complexed segments exceeds the capability of the uncomplexed PMAA segments to 
keep the polymers dissolved on a molecular level, and therefore intermolecular 
selfcomplex particles are formed. Within this pH range, the polarity of the environment 
of Py remains unchanged as is observed from the I1/I3 and the lifetime data. However, 
the extent of NRET decreases as pH increases, which is indicative of reducing 
compactness of the particles. The distance between the chain segments increases in the 
particle core and subsequently, Py and Np labels are pulled further apart. Also, it turns 
out that the stabilising power of the PMAA segments increases even due to a minor 
increase in the degree of ionisation of the carboxylic groups and, consequently, less 
polymers are driven together and the particle size decreases slightly. Further ionisation 
of the acid groups destabilises the intermolecular particles and they break apart as seen 
from the disappearance of NRET and the strong reduction of the particle size. 
 

Within regime II, 4.5 < pH < 5.5, 0.07 < α < 0.3, the intrapolymeric H-bonding 
dominates. The block copolymers are unimolecularly dissolved, but still contracted as 
seen from the smaller particle size when compared to solutions with higher pH. Also, 
the surroundings that the Py labels experience are less polar than aqueous environment. 
 

Above pH 5.5, (regime III, 0.3 < α < 0.42) also the intrapolymeric H-bonds have 
broken up and the polymers have adopted an uncomplexed coil conformation. The fully 
extended coil conformation is achieved, however, only at pH 6 (regime IV, α > 0.42) 
when the contracting effect of the hydrophobic methyl groups of the MAA units is 
overcome by the increased degree of ionisation. 
 

Depending on the analysis method, different characteristic degrees of ionisation 
or pH values for complexation of PEO and PMAA have previously been reported.35,43,48 
These characteristic degrees of ionisation varied within α = 0.1 – 0.35, noteworthy 
being however the fact that the complexation between homopolymers via H-bonding 
was not observed when α > 0.1. Congruent to the data presented here, the H-bonding 

  

pH < 4.5   
intermolecular H-bonding dominates   

4.5 < pH < 5.5
intramolecular H-bonding dominates

pH > 5.5   
dissociated polymers, 

fully extended  
conformation at   pH > 6.0   

           Keys:
PEO
PMAA
Pyrene
Naphthalene



 22

has been observed to occur at α = 0.3 – 0.35 in the case of graft or block copolymers. In 
conclusion, the covalent binding between the two polymers enhances the formation of 
H-bonding in comparison to the mixtures of homopolymers. The difference in the 
complexation ability between the copolymers and a mixture of homopolymers may be 
attributed to the net free energy of complexation. The loss in translational degrees of 
freedom is less in the case of copolymers than in the mixtures of homopolymers, and 
therefore the energy change becomes more favourable and the complexation takes place 
at a wider range of the degrees of ionisation. 
 
 
 
4.2 Chain exchange 
 
The chain exchange of the polymeric micelles is slow due to the complicated diffusion 
of the polymeric segments,71-80 in comparison to the chain exchange reactions between 
small molecular surfactant micelles.67,68 In addition, very often the exchange rate cannot 
be fitted single exponentially.69,70,73-76 The chain exchange between polymeric micelles 
is considered to take place via two basic mechanisms, insertion and expulsion of single 
chains, and merging and splitting of the micelles.81-83 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 4. 
 

The dynamics of the chain exchange reactions between the selfcomplex particles 
of PEO-block-PMAA was studied by means of NRET. The generally assumed chain 
exchange mechanisms are illustrated in Scheme 4, which also illustrates the principle of 
the NRET experiment. The experiments were conducted by mixing the low pH 
solutions of the naphthalene labelled polymers and the pyrene labelled polymers. 
Subsequently, the decrease of the naphthalene intensity in the emission spectrum was 
monitored. To analyse the non-radiative energy transfer kinetic data, the naphthalene 
emission intensity at a given time t (It) was plotted as a function of time, and fitted to 
equation (1): 
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where I0 is the initial Np emission intensity (set to 1), f1 and f2 are the fractions of the 
fast and slow chain exchange events and, k1 and k2 are the kinetic coefficients for the 
fast and slow events, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Changes in normalized naphthalene emission INp,norm as a function of the time 
following the injection of a solution of Py-labelled copolymer to a solution of Np-
labelled copolymer for a) PEO-block-PMAA1 and b) PEO-block-PMAA2 at pH 3.8. 
Data points were fitted to the insertion/expulsion model (dashed line) and the 
merging/splitting model (solid line). 
 

Figure 7 presents the progress of the chain exchange between the particles as 
INp,norm, with the calculated curves corresponding to equation 1 for the fast and slow 
events. The kinetic coefficients are presented in Table 3. Both chain exchange 
mechanisms, insertion/expulsion of single chains and merging/splitting of the micelles, 
take place in the chain exchange processes of the two block copolymers, PEO-block-
PMAA1 and PEO-block-PMAA2. The balance between the two mechanisms and their 
rates are typically determined by the following factors. (1) Thickness of the shell.75,76,83 
Diffusion of a single chain through the corona, or the deformation of the corona prior to 
the micellar merging is very often the rate-determining step in the chain exchange 
between micelles. (2) Core size.75,83 The increasing core size slows down the chain 
diffusion. (3) Molecular weight of the insoluble block.75,76,78 Increasing molecular 
weight decreases the diffusion rate of polymers. (4) The quality of the solvent.73-

76,78,79,82 Improving of the solvent quality for the insoluble block swells the core. On one 
hand, this increases the diffusion rate, but on the other hand, makes the interface 
between the core and shell blurred, which makes the diffusion of a single chain more 
difficult but facilitates the merging of two micelles. 
 

The thickness of the corona has a remarkable influence on the chain exchange 
rate.75,83 The molecular weight of the PMAA block determines the thickness of the 
corona. It varies significantly in the two block copolymers. The micelles consisting of 
the shorter PEO-block-PMAA1 have a very thin corona in comparison to the micelles 
consisting of the longer PEO-block-PMAA2, which have a thick corona. As a result, 
kinetic coefficients for both events, insertion/expulsion and merging/splitting, are higher 
for the shorter block copolymer, PEO-block-PMAA1, Table 3. 
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Table 3. Kinetic coefficients for chain exchange between the selfcomplexes at low pH. 
Determined from the decay of naphthalene intensity 

 k1  /  10-4 s-1 f1 k2  /  10-4 s-1 f2 kav  /  10-4 s-1 
PEO-block-PMAA1 12.1 0.43 0.77 0.57 5.62 
PEO-block-PMAA2 6.26 0.33 0.20 0.67 2.22 
 

The mechanism of the chain exchange is also affected by the molecular weights 
of the PMAA blocks. The compactness of the cores obviously depends on the length of 
the PMAA block. In the case of the longer PEO-block-PMAA2 in comparison to the 
shorter PEO-block-PMAA1, the structure of the cores may be less perfect and thus, less 
compact, due to the possibility of loop formation in the aggregates. This leads to a less 
sharp interface between the core and corona. Accordingly, for the particles with less 
compact cores and fuzzier interface the merging/splitting mechanism is even more 
important than in the case of the shorter PEO-block-PMAA1. 
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5 POLYELECTROLYTE COMPLEXESII, IV, V 

Polyelectrolyte complexes build up spontaneously between oppositely charged 
polyelectrolytes. By using double-hydrophilic block copolymers, a wider range of 
monomer mixing ratios may be utilised to produce colloidally stable PECs.34,59-61 This 
chapter reviews the effect of the monomer mixing ratio on the PECs in general, the 
colloidal stability of the stoichiometric PECs in terms of chain exchange processes, and 
the formation of overcharged PECs by the lower molecular weight guest 
polyelectrolyte. 
 
 
 
 
 
 
 
 
 
 
 

Scheme 5. 
 
5.1 Monomer ratio 
 
Polyelectrolyte complexes of PEO-block-PMANa and PMOTAC were studied with 
varying monomer mixing ratios. The particle size distributions for the complexes 
formed by PEO-block-PMANa1 and PMOTAC, PEC1, in the ionic strengths of 20 mM 
and 80 mM, and by PEO-block-PMANa2 and PMOTAC, PEC2, in the ionic strength of 
20 mM are shown in Figure 8. Throughout the mixing ratio range, colloidally stable, or 
soluble PECs were formed. The particles that are formed with the mixing ratios of 0.6-
1.4 show narrow size distributions. The size of the PECs is Rh = 44 nm or 70 nm 
depending on the molecular weight of the PEO-block-PMANa. Increasing the molecular 
weight of the anionic block increases the particle size. The fraction of the solubilising 
PEO block in the longer PEO-block-PMANa2 is smaller, thus a higher amount of 
polymers is needed for obtaining a sufficient stabilisation. 
 

For the PECs formed with an excess of either anionic or cationic components, 
the size distributions are substantially different from those of the PECs formed with the 
mixing ratios of 0.6-1.4. The deviations from the stoichiometric mixing ratios broaden 
the size distributions and decrease the mean diameter of the particles. There are several 
possible reasons for the broadening of the size distributions. The solutions may have 
heterogeneous compositions, comprising of stoichiometric complexes and uncomplexed 
polymers. On the other hand, the solutions may contain strongly charged PECs, which 
have bound all the excess polymers. The broadness of the distributions would then arise 
from the polydispersity of the particles plus the polyelectrolyte effect. Also, both 
stoichiometric and strongly charged PECs may coexist.54,57,113-115 The validity of 
different hypotheses is discussed in more detail in Chapter 5.3. 
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Figure 8. The particle size distributions and polydispersities of the PEO-block-PMANa 
and PMOTAC complexes in different mixing ratios, [MOTAC]/[MANa], in aqueous 
NaCl solutions determined by DLS. a) PMOTAC/PEO-block-PMANa1, 20 mM NaCl, b) 
and 80 mM NaCl, and c) PMOTAC/PEO-block-PMANa2, 20 mM NaCl. cpol 1 g/l. For 
every curve, mixing ratio/polydispersity is indicated. 
 

Dautzenberg66 has reported the influence of the ionic strength of the solution on 
the level of aggregation of the PECs of homopolyelectrolytes upon formation of the 
complexes. In salt-free systems of homopolyelectrolytes, highly aggregated PECs are 
formed due to the kinetic entrapment of the polyelectrolytes. A small increase of the 
ionic strength first leads to the formation of smaller particles as conformational 
adaptation becomes possible. Further increase in ionic strength decreases the repulsion 
between the charged shells leading to secondary aggregation and the formation of 
bigger particles again. Accordingly, in the present case the formation of PECs in 80 mM 
solution instead of 20 mM increases the particle size of the PECs with different 
monomer mixing ratios systematically. The hydrophobic cores of the particles are 
further attracted to each other until the stabilisation against further aggregation 
improves with the increasing relative number of PEO chains on the particle surface. 
Further, in the nonstoichiometric complexes the repulsion between the charged 
monomer units decreases which is also seen as increasing particles sizes, and also as 
narrowed size distributions of the PECs with anionic excess.  
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Table 4. SLS Data for the Polyelectrolyte Complexes in 20 mM NaCl. 
PEC of PMOTAC and cation/anion Mw  /  g/mol Rg  /  nm Rg/Rh 

*βPMOTAC 
*βBC 

PEO-block-PMANa1: 0.3 1.25 × 106 28.6 0.91 1.0 48 
 1 3.84 × 107 36.2 0.83 67 976 
 3.3 7.75 × 105 45.7 2.16 1.7 7.5 

PEO-block-PMANa2: 0.3 5.78 × 105 56.2 2.23 0.5 7.5 
 1 5.14 × 108 92.5 1.33 969 4271 
 3.3 7.48 × 105 47.1 2.37 1.7 2.2 

* βPMOTAC and βBC stand for a number of PMOTAC and PEO-block-PMANa in one PEC. 
 

The data collected by SLS for the PECs with cation/anion ratio 0.3, 1 and 3.3 is 
presented in Table 4. The requirement for the sufficient number of solubilising PEO 
blocks in a PEC causes more than a tenfold difference in the molecular weights between 
the two different stoichiometric complexes. The number of both PMOTAC and PEO-
block-PMANa in a complex particle, β, may be calculated from the molecular weight of 
the stoichiometric PECs and are presented in Table 4 as well. 

 
The SLS data of the PECs gives further information about the architecture of the 

complex particles. The experimental Rg/Rh ratios of the PEO-block-PMANa1 
complexes, PEC1, with mixing ratios of 0.3 and 1 equal 0.91 and 0.83, respectively, 
indicative of compact structures as compared to the theoretical value of 0.775 for hard 
spheres. In comparison, the Rg/Rh ratio of the stoichiometric PEO-block-PMANa2 
complexes, PEC2, equals 1.33 indicating a looser structure. The Rg/Rh ratio of 1.2 has 
been obtained for particles, which were prepared by crosslinking bifunctional linear 
polystyrenes with a tetrafunctional crosslinking agent at subcritical concentrations. In 
comparison, Rg/Rh ratios of 1.27 and 0.75 were determined for a linear PS and for a 
microemulsion polymerisate with the same branching density under similar conditions, 
respectively.116 These comparisons demonstrate the influence of many small loops, 
which do not significantly alter the chain dimensions, compared with linear chains. 
Thus, in spite of the stoichiometric ratio of the charged units it appears that in the 
complexes of the longer PEO-block-PMANa2, PEC2, there still exist uncomplexed 
fractions of the PEs that form loops. The Rg/Rh ratios of 2.16 - 2.37 were obtained for 
the PEC1 with mixing ratio 3.3 and the PEC2 with mixing ratio 0.3 and 3.3. The Rg/Rh 
ratio is expected to be >2.0 for rod-like particles. 
 
 
 
5.2 Stability of stoichiometric PECs, chain exchange 
 
In saline solutions in general, PECs are in a thermodynamic equilibrium allowing 
interactions between the particles and reorganisation of the polyelectrolytes. As 
discussed in the context of the selfcomplexes of PEO-block-PMAA, Chapter 4.2, the 
reorganisation of polymeric micelles often occurs via two mechanisms, 
insertion/expulsion of single polymers and merging/splitting of the micelles. The 
kinetics and the fraction of different chain exchange mechanisms between the PECs of 
PEO-block-PMANa and PMOTAC were evaluated. The stability of PECs was 
investigated by fluorescence spectroscopy utilising the NRET. 
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A solution of Py-PEC was injected into a solution of Np-PEC, and the changing 
intensities of Py and Np emissions were monitored as a function of time. A charge ratio 
of 0.9, rather than 1.0 was selected since labelled PEC with a [+]/[-] of 1 tended to 
flocculate during the overnight stabilization period. As a result of the chain exchange 
between the PECs, the IPy/INp ratio increases as seen from Figure 9. The experimental 
data is presented with the curves corresponding to equation 2 for the fast and slow 
mechanism. 
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Figure 9. Changes in normalized IPy/INp ratio as a function of the time following the 
injection of a solution of Py-PEC to a solution of Np-PEC for a) PEO-block-PMAA1 
and b) PEO-block-PMAA2 at I = 10 mM. Data points were fitted to the 
insertion/expulsion model (dashed line) and the merging/splitting model (solid line). 
 

The two kinetic events, a slow and a fast one, are present in both the PEC1 and 
PEC2 solutions. The fast event dominates in the case of PEC1s, which are formed by 
complexation of PMOTAC with the shorter PEO-block-PMANa1, whereas the slow 
event is preponderant in the case of PEC2, which incorporate the longer PEO-block-
PMANa2. The respective kinetic coefficients are of the same order of magnitude 
independently of the length of the PMANa segment of the diblock copolymer, Table 5. 

 
Table 5. Kinetic coefficients of the chain exchange of PECs. Determined from the 
increase of the IPy/INp ratio. 

 k1  /  10-4 s-1 f1 k2  /  10-4 s-1 f2 kav  /  10-4 s-1 
PEC1 121 0.54 1.00 0.46 65.3 
PEC2 132 0.42 0.56 0.58 56.0 

 
The factors affecting the kinetics and the mechanisms of the chain exchange 

were presented in Chapter 4.2. Similar to the selfcomplexes, the thickness of the shell of 
the complexes, and the fuzziness of the interface between the core and the shell appear 
most important factors in determining the kinetics of the chain exchange between the 
PECs. The molecular weight of the PEO blocks in the copolymers are the same, thus, 
the thickness of the PEO shell of the PEC1 and PEC2 is the same. As the diffusion of 
the single chain through the corona, or the deformation of the corona prior to the 
micellar merging is often the rate-determining step in the chain exchange between 
micelles, the kinetic coefficients are approximately the same for both of the PECs.  

Different molecular weight of the PMAA leads to different compactness of the 
cores of the PECs. The complexes of the longer PEO-block-PMAA2 have less dense 
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structure due to the higher possibility of loop and tail formation. On one hand, this 
increases the diffusion rate, but on the other hand, makes the interface between the core 
and shell blurred, which makes the diffusion of a single chain more difficult but 
facilitates the merging of two micelles. Accordingly, the merging/splitting mechanism is 
favoured over the insertion/expulsion mechanism in the chain exchange between both 
the PECs of the longer PEO-block-PMAA2. The chain exchange mechanisms are 
depicted in Scheme 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 6. 
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IPy/INp increases via both mechanisms but with different kinetics. 
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5.3 Formation of overcharged PECs 
 
The question about the composition of the non-stoichiometric solutions was left open in 
Chapter 5.1. A solution to this question has been traced by viscosimetry, fluorescence 
spectroscopy, and by asymmetric flow field-flow fractionation. 
 

The specific viscosity of the PEC solutions provides an idea about the 
dimensions of the PECs, as well as the interactions between them. The specific 
viscosities of the PEC solutions were compared to the specific viscosities of the pure 
uncomplexed species, Figure 10. The viscosities of the PEC solutions are plotted 
against the calculated mass concentration of the fraction exceeding the stoichiometric 
consumption of the component in excess. Thus, e.g. in the case of anionic excess, Fig. 
10.a,b, when the cation to anion ratio is zero, c in the abscissa has a value 1 g/l, and 
with the ratio equal to one, c = 0 g/l. The contribution of the uncharged stoichiometric 
particles to the solution viscosity is of the order of nil. Therefore, the option of 
stoichiometric complexes plus dissolved polymers can be excluded, since in that case 
the viscosities of the PEC solutions should be similar to the viscosities of the pure 
polymer solutions due to the uncomplexed components. The other possibilities, solution 
containing strongly charged PECs, which have bound all the excess polymers, as well as 
a mixed solution of both stoichiometric and strongly charged PECs, are in accordance 
with the viscosimetry data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Specific viscosities of PEO-block-PMANa and PMOTAC (filled symbols) 
and their complexes (open symbols) in aqueous NaCl solutions against polymer or 
excess polymer concentration, respectively. The component in excess is a) PEO-block-
PMANa2, 20 mM NaCl, b) PEO-block-PMANa1, 20 mM NaCl (circles) and 80 mM 
NaCl (squares), c) PMOTAC, 20 mM NaCl (circles) and 80 mM NaCl (squares). Notice 
different scaling on y-axes. 
 

Different kinds of species build up the viscosity of the solutions presented in 
Figure 10. The PEC solutions with a cationic excess, Fig. 10.c, exhibit lower viscosities 
both in 20 and 80 mM NaCl solutions in comparison to the viscosities of the solutions 
consisting only of PMOTAC in corresponding ionic strengths. The particles consist of 
one or two (1.7 according to SLS, Table 4.) host PMOTAC chains, which have 
complexed all the available guest PEO-block-PMANa. The complexes may be 
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considered as necklaces with uncharged complexed segments as pearls and 
uncomplexed PMOTAC segments as strings. The necklace architecture leads to a more 
compact conformation than the conformation of undisturbed polyelectrolyte under the 
same conditions. 
 

The specific viscosities of the PEC solutions in an excess of the anionic 
component are higher in 20 mM NaCl solutions than the viscosities of the solutions 
consisting only of PEO-block-PMANa at same ionic strength. Interestingly, the 
viscosity curves go through a maximum as the monomer mixing ratios are decreased. 
As the mixing ratio is changed from 1 towards 0.1, the concentration of the host 
polycations is decreased since the total polymer concentration is kept constant in all the 
solutions. So, the increase in the solution viscosity is due to the increased anionic 
charge of the particles, which property exceeds the effect of decreasing particle 
concentration until the maximum in the binding capacity of PMOTAC is reached. After 
the maximum point the solution viscosity decreases because of dilution. 
 

In the ionic strength of 80 mM the specific viscosities of the PEC solutions 
increase only when [+]/[-] < 0.3. This suggests that the excess components are 
integrated into the PECs, but the PECs are still compact in spite of the excessive 
negative charges they carry. Due to the higher ionic strength of the solution the 
repulsion between the uncomplexed MANa units is not sufficient to induce higher 
viscosity. The excess charges act only as extra stabilisers in the particles. 
 
 
 
5.3.1. Particle size distribution vs. monomer mixing ratio and ionic strength 
 
The dynamic light scattering and viscosimetry data, Figures 8. and 10., show that 
different kinds of PEC species build up under different monomer mixing ratios and 
ionic strengths. In addition to DLS, asymmetric flow field-flow fractionation was used 
to examine the particle size distributions of the PEC solutions. A more detailed picture 
of the size distributions can be obtained by AsFlFFF, see Figure 11, since the intensity 
of the signal of different components of the mixture is not dependent on the size of the 
particles as it is in the case of DLS. In DLS, the scattering from the large particles is 
much stronger than the scattering from the smaller particles. 
 

The weighted averaged mean diameters of the PEC particles were calculated, 
and are shown in Figure 12. Three major points can be highlighted from Figures 11 and 
12. First, increasing the ionic strength increases the diameter of the PECs, from about 
95 nm (20 mM) to 125 nm (160 mM) for the stoichiometric PECs. Second, the tendency 
of the excess PEO-block-PMANa to incorporate into the PECs increases with increasing 
ionic strength. The signal of the free polymer is detected only after a larger excess of the 
block copolymer is added. And third, PECs with different structures form in solutions 
with different mixing ratios. 
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Figure 11. The particle size distributions of the PEO-block-PMANa1 and PMOTAC 
complexes in different mixing ratios, [MOTAC]/[MANa], in aqueous NaCl solutions 
determined by AsFlFFF. PEC solutions – solid lines, polyelectrolyte solutions – dotted 
lines. a) 20 mM NaCl, b) 80 mM NaCl, and c) 160 mM NaCl.  
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Figure 12. Average particle sizes obtained by AsFlFFF at various 
PMOTAC/PEO-b-PMANa mixing ratios in 20 mM (square), 80 mM 
(triangle) and 160 mM (diamond) NaCl solutions. 

 
 
 

The size of the particles increases because the solubility of the hydrophobic 
complexed fractions decreases with increasing ionic strength. A higher amount of 
polyelectrolytes aggregates in order to achieve a higher number of PEO chains, as well 
as the excess units of PMANa at nonstoichiometric mixing ratios, to stabilise the PECs.  
 

At the stoichiometric ratio of 1, the particles with a hydrophobic core and a 
hydrophilic shell have the most compact structure, see Table 4. As the amount of the 
anionic PEO-block-PMANa is increased (the mixing ratio [+]/[-] decreases), the particle 
size first increases and then decreases, Figures 11 and 12, and finally the number of 
particles decreases below the detection limit of the AsFlFFF technique. The higher the 
degree of overcharging of the particles is, the looser the structure of the particles gets, 
finally leading to disintegration of the PECs. At the lowest ionic strength, 20 mM, the 
excess PEO-block-PMANa is incorporated into the PECs up to the mixing ratio [+]/[-] = 
0.5. From thereon, the repulsion between the polyelectrolyte units is too strong, and the 
osmotic pressure too high, for further incorporation of the excess component. 
Thereafter, PECs with different equilibrium states coexist with dissolved 
polyelectrolytes. At a mixing ratio of 0.2, the number of PECs is below the detection 
limit. At higher ionic strengths, the repulsion between polyelectrolytes with similar sign 
is weaker, which leads to higher degrees of overcharging of the particles. The higher 
degrees of overcharging do not, however, induce higher viscosities due to the weakened 
repulsion. In the solutions with ionic strengths of 80 mM and 160 mM the PECs are the 
only observed particles up to the mixing ratios of 0.4 and 0.3, respectively. At mixing 
ratios of 0.1 and 0.05 the number of PECs is below the detection limit of AsFlFFF. 
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5.3.2. Mechanism of the overcharging 
 
The capability of the oppositely charged particles/molecules to undergo charge 
inversion via binding a certain amount of the component in excess is a necessity for 
some applications. Therefore, the understanding of the mechanisms behind the binding 
events and the factors affecting them is of high importance. There are many studies 
concerning the charge inversion of particles via interactions of a polyelectrolyte and a 
charged latex particle117-119 or an inorganic particle,120 or a charged surface.121-124 
Formation of multilayers is actually based on the ability of polyelectrolytes to bind in 
excess in layers and the mechanism is widely studied.119,122-124 However, reports on the 
charge inversion of PEC particles by binding the shorter guest polyelectrolytes are 
scarce. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Changes in IPy/INp ratio as a function of the time following the injection of a 
solution of unlabeled PEO-block-PMAA to a solution of a) Np-Py-PEC1 and b) Np-Py-
PEC2 at I = 10 mM. [+]/[-] equals 0.7 (filled diamond), 0.3 (open square), 0.15 (open 
triangle), 0.1 (filled circle), and 0.06 (cross). 
 

Incorporation of the excess anionic component to preformed PECs was studied 
by a fluorescence experiment. In the experiment, unlabelled block copolymers in 
different amounts were added into a solution of the preformed [+]/[-] = 0.9 Np-Py-
PECs. Decreasing IPy/INp ratios with time were monitored, and plotted for PEO-block-
PMANa1 and PEO-block-PMANa2, as shown in Figures 13.a and 13.b respectively. 
The time-dependant changes of IPy/INp were fitted to equation 1 (Chapter 4.2), yielding 
two kinetic coefficients, kfast and kslow, listed in Table 6. With increasing amounts of 
added diblock copolymer (or decrease in [+]/[-]), the fraction of fast events decrease, 
relative to the slower events. The magnitude of both kinetic coefficients increase with 
decreasing [+]/[-], with an enhancement of several orders of magnitude in the case of 
the slower event. 
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Table 6. Kinetic coefficients of the integration of the unlabelled block copolymers to 
preformed Np-Py-PECs. Determined from the decay of IPy/INp ratio. 

 C0,PEC  /  M C0,PEO-b-PMANa  /  M kfast  /  s-1 kslow  /  s-1 ffast <k>  /  s-1 

final monomer 
ratio [+]/[-] PEC1* + PEO-block-PMANa1 

0.7 5.83 × 10-9 0.14 × 10-5 0.90 × 10-2 1.21 × 10-5 0.39 0.35 × 10-2 
0.3 5.83 × 10-9 1.02 × 10-5 3.92 × 10-2 7.45 × 10-4 0.59 2.36 × 10-2 
0.15 5.83 × 10-9 2.55 × 10-5 7.58 × 10-2 4.65 × 10-3 0.60 4.75 × 10-2 
0.1 4.66 × 10-9 3.06 × 10-5 8.56 × 10-2 7.00 × 10-3 0.93 7.98 × 10-2 
0.06 4.66 × 10-9 6.12 × 10-5 8.99 × 10-2 5.43 × 10-2 0.89 8.61 × 10-2 

 
PEC1* + PEO-block-PMANa2 

0.285 5.83 × 10-9 3.66 × 10-6 7.96 × 10-2 1.47 × 10-3 0.43 3.53 × 10-2 
0.14 5.83 × 10-9 9.14 × 10-6 7.33 × 10-2 6.76 × 10-3 0.83 6.20 × 10-2 

 
PEC2* + PEO-block-PMANa2 

0.7 4.30 × 10-10 0.43 × 10-6 0.59 × 10-2 4.37 × 10-6 0.40 0.24 × 10-2 
0.3 4.30 × 10-10 3.66 × 10-6 4.41 × 10-2 1.04 × 10-3 0.60 2.67 × 10-2 
0.15 4.30 × 10-10 9.14 × 10-6 8.91 × 10-2 2.91 × 10-3 0.76 6.86 × 10-2 
0.06 3.44 × 10-10 21.9 × 10-6 14.8 × 10-2 8.13 × 10-2 0.90 14.2 × 10-2 

 
PEC2* + PEO-block-PMANa1 

0.315 4.30 × 10-10 1.02 × 10-5 7.03 × 10-2 9.50 × 10-4 0.49 3.52 × 10-2 
0.16 4.30 × 10-10 2.55 × 10-5 1.45 × 10-2 1.89 × 10-3 0.84 1.25 × 10-2 

* denotes for the presence of fluorescence labels. 
 

Analogously to the interpretation of the chain exchange process (Chapter 5.2), 
the fast event is assigned to the process of copolymer chain incorporation/expulsion and 
the slower event to that of micelle splitting. To strengthen this hypothesis, the kinetic 
coefficients were extrapolated to the ratio [+]/[-] = 0.9 used in the chain exchange 
experiments and values in agreement with the ones listed in Table 5 were obtained.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Concentration normalised kinetic coefficients, k/C0,total versus 
monomer mixing ratio. PEC1 (square), PEC2 (triangle), kfast/C0,total (open 
symbol), and kslow/C0,total (solid symbol). 
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The concentration normalisation gives further insight into the incorporation 
mechanisms. The kinetic coefficients were divided by the total molar concentration of 
the added block copolymer, BC, and of the preformed PECs (C0,total = C0,PEC + C0,BC) 
and the concentration-normalised data are shown in Figure 14. The coefficient 
describing the fast process kfast/C0,total turns out to be nearly independent on the 
monomer mixing ratio. Thus, the fast process is linearly dependent on the collision 
frequency between the species. However, the kinetics of this process is not limited by 
the diffusion of the species. The calculated diffusion rate constant for a 10 nm polymer 
coil is kdiff ~109 M-1s-1,56 whereas the concentration normalised coefficients for the fast 
event are of the order of ~103 to 104 M-1s-1. The kslow/C0,total arising from the splitting of 
the particles, maintains an increasing trend with increasing PEO-block-PMANa amount. 
The increasing osmotic pressure within the particles leads to faster swelling and 
disintegration on the way to a new equilibrium state of the overcharged PECs. The 
measurements by FFF chromatography and DLS carried out with the same, but 
unlabelled, polymers have indicated that when the ratio [+]/[-] ranges between 1 and ~ 
0.4, the PECs retain their globular morphology, while under conditions where [+]/[-]< 
0.3 PECs undergo chain expansion, due to an increase in osmotic pressure within the 
micellar core. The effect of increasing amount of PEO-block-PMANa to the PECs is 
illustrated in Scheme 7. The particles swell until the osmotic pressure becomes too high, 
and then disintegrate into smaller units to decrease the charge density. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 7. 
 

The present system is probably best compared to those studied by Zhulina et 
al.125 who studied a system of an oppositely charged polymeric micelle and a 
polyelectrolyte by different theoretical approaches. Their results show that the chains in 
the charged layer of the micelle are segregated into two populations, adsorbed and 
extended ones. The ones that are adsorbed near the surface are responsible of the 
overcharging of the micelles. This occurs especially when the charged layer of the 
micelle is thick. Simmons et al.126 have shown that the internal structure of a 
polyelectrolyte-micelle complex can be affected by a block-like charge distribution of 
the polyelectrolyte, which thus could enable the overcharging. 
 

Experimentally, the kinetics and the mechanism of the addition of an excess 
amount of the host polyelectrolytes to preformed PECs, has been discussed e.g. by 
Bakeev et al.56 and Zintchenko et al.55 In the study of Bakeev et al.56 the PECs were 
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composed of homopolyelectrolytes, the guest poly(N-ethyl-4-vinyl pyridinium 
bromide), PEVPB, and the host sodium poly(methacrylate), PMANa. The PECs were 
already excessive with the host polyelectrolyte as further PMANa was added. The 
driving force for the incorporation of the further excess of the host polyelectrolyte was 
considered the decrease of the free energy as a result of redistribution of interpolymeric 
salt bonds between the PEC and the free added host polyelectrolyte. The kinetics of the 
reaction was found to be strongly dependent on the ionic strength of the solution, degree 
of polymerization of the guest PEVPB but not of the host PMANa, as well as the degree 
of ionisation of the guest PEVPB. 
 

In the experiments by Zintchenko et al.55 a combination of a host 
homopolyelectrolyte poly(2-acrylamido-2-methyl-1-propanesulfonic acid), PAMPS, 
and a cationic guest block copolymer poly(ethylene glycol)-block-
poly(diallyldimethylammonium chloride), PEO-block-PDADMAC, were used. The 
initial composition of the PEC solution was a mixture of dissolved PAMPS and nearly 
stoichiometric PEC particles in salt free conditions. The system was distracted by 
addition of salt, which triggered off the incorporation of the excessive polyelectrolytes 
into the PECs. As above, the rate of the incorporation events increased with the 
increasing salt concentration as well as with the increasing concentration of the reacting 
species. Also, as the relative amount of the free PAMPS in comparison to the amount of 
the stoichiometric PECs was increased, the integration events were noticed to be faster. 
The formation of the new equilibrium after the addition of salt was considered to occur 
in two main stages. In the first stage, the dissolved chains are adsorbed into the particle, 
the salt bonds are redistributed, and the guest polycations exchange between the 
particles and the dissolved host polyanion. In the second stage of the equilibration 
process, the increased osmotic pressure inside the particles drives to the splitting of the 
particles. 
 

Reports on the overcharging of the PECs by the guest polyelectrolyte are few. 
Talingting et al. have reported on the charge overcompensation in the complexation of 
sodium poly(styrene sulfonate) with cationic polymer micelles.127 They observed that 
approximately fivefold negative charge excess was integrated into the cationic 
polymeric micelles, independent on the molecular weight of the poly(styrene sulfonate). 
Also, Lysenko et al.128 reported recently the formation of thermodynamically stable 
PECs with an excess of the guest component. These authors used a cationic polymer 
micelle composed of polystyrene-block-poly(N-ethyl-vinylpyridinium bromide) and 
sodium poly(methacrylate). 
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5.3.3. Effect of molecular weight of PEO-block-PMANa 
 
The influence of the length of the negatively charged segment on the mechanism of 
diblock copolymer chain incorporation within preformed PECs was evaluated. The 
same NRET experimental protocol was carried out, but a given diblock copolymer was 
added to a PEC formed with a diblock copolymer with an anionic segment of a different 
length; i.e. PEO-block-PMANa1 + Np-Py-PEC2. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15. Changes in IPy/INp ratio as a function of the time following the 
injection of a solution of unlabeled PEO-block-PMAA1 to a solution of Np-
Py-PEC1 (open square) and Np-Py-PEC2 (filled triangle), and a solution of 
PEO-block-PMAA2 to a solution of Np-Py-PEC2 (open triangle) and Np-Py 
PEC 1 (filled square); I = 10 mM, final mixing ratio [+]/[-] = 0.3. 

 
The effect of the molecular weight of the polyelectrolytes appeared nearly 

meaningless on the chain incorporation kinetics. A double exponential decay of the ratio 
IPy/INp as a function of time following the addition of unlabelled chains to labelled PECs 
took place as in the case of the matched pairs yielding the kinetic coefficients for the 
fast and slow events (Table 6). For the most part, the rates of the chain incorporation 
events are independent on the molecular weight of the PMANa segment. Apparently, 
under the present conditions, the effect of the shielding shell dominates over the effect 
of the redistribution of the salt bonds between the polyelectrolyte segments in the core. 
The extent to which the added chains interfere with the structure of the core of the PEC 
in the new equilibrium is, however, affected by the molecular weight. Figure 15 
presents normalised data about the chain integration of the unlabelled block copolymers 
to the preformed Np-Py-PECs to a final ratio of [+]/[-] = 0.3 both in homo- and 
heteromixtures. The preferable complexation of the longer block copolymer into the 
PEC1 of the shorter block copolymer, and consequently more extensive changes in the 
PEC structure, is seen as a stronger decrease in the IPy/INp. 
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5.3.4. Effect of ionic strength 
 
The PEC structures are considered frozen in pure water, whereas in the saline solutions 
thermodynamic equilibrium exists.54-56 The incorporation of excess unlabelled block 
copolymer into Np-Py-PEC in the absence of added salt was studied. The final ratio 
[+]/[-] was 0.15, a situation where the splitting of the particles takes place in saline 
conditions. Figure 16 shows the changes in IPy/INp ratio with time following the addition 
of the unlabelled block copolymer to Np-Py-PECs both in salt-free and saline 
conditions. In both of the saline systems, the maximum incorporation of the added PEO-
block-PMAA takes place, and both the fast and the slow event are clearly present, 
whereas in salt-free systems much smaller but abrupt changes in the IPy/INp ratios take 
place. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16. Changes in IPy/INp ratio as a function of the time following the 
injection of a solution of unlabeled PEO-block-PMAA1 to a solution of Np-
Py-PEC1 (open and solid triangle), and PEO-block-PMAA2 to a solution 
Np-Py-PEC1 (grey triangle), and a solution of PEO-block-PMAA2 to a 
solution of Np-Py-PEC2 (squares). Open symbols – I = 10 mM, solid and 
grey symbols – in pure water, final mixing ratio [+]/[-] = 0.15. 

 
The reorganisation of the polyelectrolyte segments is highly unfavourable in a 

salt-free system. However, the uncomplexed loops of the PECs provide complexation 
sites for the added block copolymers. Consequently, the added PEO-block-PMANa are 
bound to the PECs. The composition of the cores changes, and the positions of the Py- 
and Np-labels are disturbed. The influence of the chain length of the added component 
on IPy/INp ratio is not as remarkable as in a saline solution but clearly indicative of a 
higher tendency of the longer PEO-block-PMANa2 to modify the core structure. 
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6 CONCLUSIONS 

In this research block copolymers of ethylene oxide and (meth)acrylic acid were 
studied. The research proceeded from the synthesis of the block copolymers to the 
investigation of their physical properties, and further to the study of the complexation 
through noncovalent forces. Two different ways of complexation were of interest, the 
selfcomplexation of PEO-block-PMAA via hydrogen bonding, and the formation of 
polyelectrolyte complexes with PMOTAC through ionic bonding. 
 

Two different synthesis routes for producing block copolymers were used. 
Radical polymerisation of acrylic acid was initiated with a PEO containing 
macroinitiator, and PEO-block-PMAA was prepared via condensing two prepolymers. 
In case of acrylic acid, the macroinitiator technique did not prove to be a proper way to 
produce linear block copolymers, but a highly branched block copolymer PANa-block-
PEO was obtained instead. A linear product, PEO-block-PMANa, was attained by a 
condensation reaction. 

 
Both block copolymers exhibit typical features of polyelectrolytes in alkaline 

aqueous media, with special characteristics arising from the branched structure, 
however. The viscosities of the salt-free solutions are substantially higher owing to the 
extended conformation of the block copolymers, in comparison to the ones of the saline 
solutions where the block copolymers have a coiled conformation. However, owing to 
the dense branching of PANa-block-PEO the viscosities of both aqueous and saline 
solutions were Newtonian. In solutions of low ionic strength, both block copolymers 
exhibited a typical light scattering behaviour of the polyelectrolytes. Two diffusive 
processes were present. The slow diffusion process originates from the diffusion of the 
temporal aggregates of the polymers. The fluctuations of polymer segments between 
entanglements within the temporal aggregates are responsible for the fast diffusion 
process. Typically, the fast and slow diffusive processes merge upon an increase of 
ionic strength. However, in the case of PANa-block-PEO both the fast and slow 
diffusive processes are present through a wide range of added salt concentration due to 
the internal motions of the molecules. 

 
A decrease in the solution pH triggers the amphiphilic properties of the PEO-

block-PMAA copolymers. Particles build up, which have a hydrophobic core composed 
of hydrogen bonded PEO and PMAA segments, and a hydrophilic shell consisting of 
the excess component in the block copolymer. The covalent binding between the two 
polymers enhances the formation of H-bonding in comparison to the mixtures of 
homopolymers. In the case of the block copolymers the H-bond formation takes place at 
pH <5.5, corresponding to α < 0.3, whereas in the mixed solutions of homopolymers H-
bonds form only at α < 0.1. The selfcomplexation of PEO-block-PMAA copolymers 
can roughly be divided into regimes where the interactions are either intermolecular, pH 
< 4.5 i.e. α < 0.07 or, where the interactions are intramolecular, α > 0.07. In more 
detailed categorisation, four different conformation regimes have been recognized. 
Within stage I, α = 0 – 0.07, the block copolymers form intermolecular aggregates. 
Within stage II, α = 0.07 – 0.3 (pH 4.5 – 5.5), the conformation of the block copolymers 
is governed by the intramolecular hydrogen bonding. Within stage III, α = 0.3 – 0.42 
(pH 5.5 – 6), the polymer coils are still contracted due to the hydrophobic effect of 
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methyl groups. Finally, in stage IV, α > 0.42 (pH > 6), the block copolymers are in an 
open coil conformation typical for polyelectrolytes. 

 
In the ionised form, PECs are formed between PEO-block-PMANa and 

PMOTAC. The hydrophilic PEO block provides for the colloidal stability of the 
complexes also in equimolar mixing ratios. Increasing the length of the anionic block 
increases the particle size, due to the smaller fraction of the solubilising PEO in the 
block copolymer. A larger number of PEOs are needed also for the stabilisation of the 
PECs in solutions of higher salt concentration, and thus bigger particles are formed. 
PMOTAC and PEO-block-PMANa form charged polyelectrolyte complexes both in the 
excess of the cationic host polyelectrolyte PMOTAC, and, most interestingly in the 
excess of the anionic guest polyelectrolyte PEO-block-PMANa. In contrast, the PECs of 
homopolyelectrolytes have not shown similar overcharging by the guest component. 
The degree of incorporation of the excess PEO-block-PMANa is dependent on the ionic 
strength of the solution. The ability of polyelectrolyte complexes to incorporate an 
excess PEO-block-PMANa increases with increasing ionic strength due to the decreased 
repulsion between charges. Depending on the degree of overcharging, different 
structures are formed. A small excess of PEO-block-PMANa induces an increase in the 
particle size. Further excess of the block copolymer swells the particle owing to the 
osmotic pressure, which finally induces splitting of the particles. 

 
Complexes formed via hydrogen bonding or via ionic bonding can be thought as 

‘living systems’, because in solution, the complex particles constantly interact with each 
other, and they often are in a thermodynamic equilibrium. Despite the steric 
stabilisation provided by the uncomplexed units, the complex particles undergo chain 
exchange reactions. The chain exchange between both the selfcomplexes of PEO-block-
PMAA, and PEC particles, occurs via two mechanisms, that is insertion/expulsion of 
single chains, and merging/splitting of the particles. Two most evident factors affecting 
the balance between the exchange mechanisms and the kinetics of them are the 
thickness of the stabilising shell and the length of the complex forming PMAA block. 
The thickness of the stabilising shell determines the kinetics of the chain exchange 
reactions. In the PECs, the PEO shell is equally thick both in the PECs of the shorter, as 
well as in the PECs of the longer block copolymer. Consequently, the kinetics of the 
insertion/expulsion and merging/splitting mechanisms coincide in the PECs of the 
longer and the shorter block copolymer. In the selfcomplexes, the stabilising shell is 
composed of the excess MAA units and thus the thickness of the shell is different 
between the two block copolymers. The exchange processes are faster in the case of the 
selfcomplexes composed of the shorter block copolymer than those of the 
selfcomplexes composed of the longer block copolymer. The balance between the two 
exchange mechanisms is determined by the fuzziness of the interface between the core 
and the shell of the particles, and the fuzziness of the interface is related to the length of 
the PMAA block. Thus, the chain exchange mechanism merging and splitting of the 
particles is favoured over the insertion and expulsion of the single chains between both 
the PECs and the selfcomplexes of the longer PEO-block-PMAA. 

 
Block copolymers of poly(ethylene oxide) and poly(methacrylic acid) are 

capable of complexation via hydrogen bonding as well as via ionic bonding, thus 
enabling a variety of nanoparticle based applications. In addition, information on the 
complexation obtained from synthetic polymers may be utilised in the research on 
complexation processes in living organisms. The contribution of this work is the further 
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understanding of the factors affecting, and the mechanisms of, the complexation of 
PEO-block-PMAA copolymers.  
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