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Preface

The spontaneous assembly of amphiphilic molecules in an aqueous environment
represents a generic mechanism of self-organization on the supramolecular level
exemplified by nature. In the living cell, the process of hierarchical assembly
of bio(macro)molecules propagates from the nano- to the mesoscopic level and
beyond, giving rise to highly organized structures, each perfectly adjusted for per-
forming specific functions. This self-organization across multiple length scales
occurs as an outcome of a delicate balance between a number of attractive and repul-
sive interactions: electrostatic, hydrophobic, hydrogen bonding, metal coordination,
etc., each with its characteristic strength and range.

Recent advances in polymer chemistry, in particular, in controlled radical poly-
merization, have enabled the synthesis of complex macromolecular architectures
with controlled topology, which comprise chemically different (functional) blocks
of controlled length in well-defined positions. Block co- and terpolymers, molecu-
lar and colloidal polymer brushes, and star-like polymers present just a few typical
examples. Furthermore, miktoarm stars, core-shell stars and molecular brushes, etc.
exemplify structures where chemical and topological complexity are combined in
one macromolecule.

Significant progress has been made in terms of understanding the self-assembly
of amphiphilic diblock copolymers in selective solvents. In aqueous solutions, the
assembly is typically driven by hydrophobic attraction between associating blocks
and gives rise to diverse nanostructures (micelles, vesicles) and mesophases. The-
ory has established relationships between the macromolecular architectures of ionic/
hydrophobic diblock copolymers and the equilibrium morphologies of the self-
assembled aggregates. Unusual responsive properties of micelles with pH-sensitive
coronas were predicted on the basis of the concept of coupling between ionization
of the polyelectrolyte block and the aggregation state of the copolymer molecule
and they have been recently observed in experiments. A multitude of experimental
techniques, including radiation scattering, fluorescence spectroscopy, electron and
atomic force microscopy, etc., have been used for structural and dynamic charac-
terization of the block-copolymer self-assembly in solution and at liquid–solid and
liquid–air interfaces.

ix



Preface

Self-assembled structures of amphiphilic copolymers have been extensively
explored in biomedicine as vectors for targeted delivery of drugs and biological
molecules (enzymes, nucleic acids), in biomaterials engineering (antifouling
surfaces), biosensors, etc. Further applications include food industry and agro-
chemistry, uptake and pre-concentration of toxic organic compounds and heavy
metal ions in water treatment, molecular templates for nano-electronic devices.
Many water-based industrial formulations include polymeric amphiphiles that ag-
gregate and co-assemble with other macromolecules, nanoparticles and surfactants
to form nano-aggregates, and different types of mesophases and structures at in-
terfaces. An important requirement for the biomedical applications are pronounced
stimuli-responsive properties of the polymeric nano-structures, that is ability of a
triggered response to smoothly varied external conditions (e.g., tiny variations in
temperature or pH) or recognition of weak specific stimuli (e.g., trace concentrations
of biologically active or toxic compounds).

The electrostatic attraction between oppositely charged ionic macromolecules
and (bio)nanocolloids is an appealing alternative mechanism for building up func-
tional nano-assemblies in aqueous media. The association of linear polyelectrolytes
in solutions or at charged interfaces leads to interpolyelectrolyte complexes or poly-
electrolyte multilayers. The strength of attractive electrostatic interactions can be
easily tuned by the pH or ionic strength of the solution. Hence, electrostatically as-
sembled structures exhibit pronounced stimuli-responsive features. The enormous
diversity of possible combinations of co-assembling components, including oppo-
sitely charged ionic polymers, nucleic acids and proteins, metal/ligand complexes,
and inorganic nano-particles, opens a fascinating perspective of the possibility to
use this mechanism to design novel functional materials based on supramolecular
and supracolloidal assemblies.

Furthermore, such advanced applications as (bio)nanoreactors or molecular tem-
plates require progressing beyond the most elementary forms of self-organization
and generic types of copolymer nanostructures. We need to explore routes of self-
and co-assembly of macromolecules into non-centrosymmetric multi-compartment
supramolecular nano-assemblies. For example, construction of nanoreactors for en-
zymatic (cascade) reactions requires immobilization of multiple proteins in close
proximity to each other in well-segregated (protective) environments. Such enzyme
cascades are very promising in biotechnological applications. The development of
pathways for fabrication of well-defined multi-domain nano-structures via the spon-
taneous assembly of elementary macromolecular building blocks represents one of
the future challenges in supra-macromolecular chemistry.

Co-assembly of amphiphilic and bis-hydrophilic block copolymers with oppo-
sitely charged polyelectrolyte blocks gives rise to sophisticated nanostructures with
compartmentalized core or corona domains. The combination of nano-sized com-
partments that differ in polarity and composition within one colloidally stable poly-
meric nanostructure is promising in the development of novel, highly effective, mul-
tifunctional polymeric reagents for wastewater treatment (e.g., an one-stage removal
of organic impurities and heavy metal ions from aqueous environment) as well as
smart nano-containers capable of incorporation of various physiologically active
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compounds, e.g., proteins and nucleic acids. Co-assembly of two ionic-neutral block
copolymers can lead to surface-compartmentalized polymer-based Janus nanopar-
ticles (“Janus micelles”) with two chemically different “faces” exposed to the
surrounding environment. Janus micelles with coronas solvated in a common good
solvent (e.g., water), but laterally segregated, are promising as they can selectively
incorporate different enzymes or metal nano-particles possessing catalytic activity
in segregated compartments, thus offering opportunities for (bio)catalytic cascades.
Janus micelles are intrinsically highly surface active; their use may cut down the use
of conventional surfactants with concomitant environmental impact.

Biomedical applications strongly require nanostructures based on the assembly
of amphiphilic macromolecules comprising functional blocks of biological origin
(peptides, oligo- or polynucleotides, polysaccharides) or their synthetic analogs. A
novel class of biohybrid copolymers comprising a synthetic block conjugated to
a polypeptide or polynucleotide block has attracted considerable attention. Their
self-assembly gives rise to diverse ordered structures in aqueous media and at
solid–liquid interfaces. The ability of biopolymer blocks to take part in specific
interactions (e.g., ligand–receptor, DNA hybridization, etc.) with target molecules
opens up a fascinating perspective for the design of novel generations of label-free
diagnostic systems, or of smart vector systems that can deliver drugs or biologically
active molecules on the basis of self-assembled bio-hybrid structures.

Based on these considerations, the European Union funded a Marie Curie
Research Training Network “Self-Organized Nanostructures of Amphiphilic
Copolymers (POLYAMPHI).” This network, consisting of 14 research teams from
7 European countries, worked successfully from 2004 to 2008. Some of the results
obtained in these collaborations are presented in these two volumes, supplemented
by chapters dealing with additional aspects of the topic. Thus, we present a com-
prehensive overview of the state of the art in experimental research and theory
of self-organization via self- and co-assembly of amphiphilic or hydrophilic ionic
(macro)molecules in aqueous solutions and at interfaces.

Pau and Bayreuth Oleg Borisov
Summer 2011 Axel Müller
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Abstract Aqueous solutions of star-like polyelectrolytes (PEs) exhibit distinctive
features that originate from the topological complexity of branched macro-
molecules. In a salt-free solution of branched PEs, mobile counterions preferentially
localize in the intramolecular volume of branched macroions. Counterion localiza-
tion manifests itself in a dramatic reduction of the osmotic coefficient in solutions
of branched polyions as compared with those of linear PEs. The intramolecular os-
motic pressure, created by entrapped counterions, imposes stretched conformations
of branches and this leads to dramatic intramolecular conformational transitions
upon variations in environmental conditions. In this chapter, we overview the the-
ory of conformations and stimuli-induced conformational transitions in star-like
PEs in aqueous solutions and compare these to the data from experiments and
Monte Carlo and molecular dynamics simulations.
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1 Introduction

Ionic polymers constitute an important class of water-soluble macromolecules [1].
Synthetic polyelectrolytes (PEs) and polyampholytes have been in the focus of
attention for many years. Most biomacromolecules (proteins, nucleic acids and
polysaccharides) carry ionizable groups and are therefore included in this class
of polymers. Ionic macromolecules have an ability to significantly change their
conformations as a response to variations in the environmental conditions. This
makes them interesting candidates for technological applications that range from
nanomedicine and food production to paper making and oil recovery.
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Highly intriguing and truly unique properties of PE solutions arise from an
interplay between long-ranged electrostatic interactions and the chemical connectiv-
ity of ionic monomers in these polymer chains. Even though the basic understanding
of properties of linear PEs has advanced during the past decade (see, for example,
reviews [2, 3] and references therein), the corresponding insights for more complex
macro- and supramolecular PE assemblies are less developed. Examples of such as-
semblies include colloidal PE brushes [4], ionic dendrimers [5], charged microgels
[6], randomly [7] or regularly branched PEs [8, 9], and aggregates of amphiphilic
ionic block copolymers [10].

Self-assembled nanostructures of biopolymers play an important role in nature.
For example, extracellular branched polysaccharides decorate bacterial surfaces
and therewith mediate cell adhesion [11], aggrecans (protein–polysaccharide com-
plexes) control mechanical stresses in synovial joints [12], whereas neurofilaments
(neuron-specific protein assemblies) support the elongated cell shape and partici-
pate in the maintenance of the axonal caliber [13]. It is believed that these biological
functions rest on the ability of bioassemblies to provide adequate responses to vari-
ations in the local environment. Therefore, a better understanding of the physical
mechanisms that govern conformational rearrangements in (bio)nanostructures, is of
key importance, not only for colloid and material sciences, but also for cell biology.

The molecular organization of biopolymers is often much more complex than
that of polymers synthesized in a chemical laboratory. Work is underway to sys-
tematically close this gap. Recent progress in controlled radical polymerization has
made it possible to synthesize increasingly complex ionic macromolecules with con-
trolled dimensions and topology. As a result, well-defined ionic block copolymers
[10], colloidal [4] and molecular [8] PE brushes, and star-like PEs [9] have become
available. In addition to emerging applications, such nanostructures constitute ex-
cellent model systems.

Star-shaped macromolecules exemplify generic features that result from the
branched topology [14, 15]. Started by pioneering work of Stockmayer and Zimm
[16], conformations of nonionic star-branched macromolecules were amply studied
theoretically [16–20]. The fact that conformations of nonionic star-shaped polymers
in dilute and semidilute solutions are determined by the repulsive short-range binary
(in good solvent conditions) or ternary (in theta-solvent conditions) interactions be-
tween monomers has been demonstrated by more recent scaling models of Daoud
and Cotton [21] and of Zhulina and Birhstein [22–24]. The equilibrium size of a
star-like polymer (or simply star polymer) is determined by the conformations of its
branches. These are controlled by the balance between intramolecular repulsive in-
teractions, which induce stretching at the expense of conformational entropy losses.

Compared to short-ranged excluded-volume interactions, long-ranged in-
tramolecular electrostatic repulsion has a much bigger impact on the conformations
of the arms in ionic polymer stars. The Coulomb interactions in a PE solution are,
however, always partially screened by small mobile counterions that are invariably
present to ensure the electroneutrality of the system. The importance of nonlinear
screening effects and of the counterion localization in solutions of strongly charged
linear polyions, was first understood in terms of the Manning condensation [25].
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In a dilute salt-free solution of branched PEs, the distribution of counterions is
strongly inhomogeneous [26–35]. Similarly to strongly charged colloidal particles
[36], branched PEs (stars, dendrimers, hyperbranched PEs, molecular and colloidal
PE brushes) can maintain a high local electrostatic potential. The latter might be
so strong that the attraction of mobile counterions to such macroion competes with
their translational entropy. As a result, ions remain preferentially localized in the
vicinity of macroions. In contrast to a classical solid colloidal particle, a branched
PE macromolecule has a relatively low internal volume fraction of the monomer
units and, therefore, these molecules can accommodate a huge fraction of its counte-
rions in their volume. The escape of counterions into the bulk solution is discouraged
by the strong Coulombic attraction to these highly branched (and thereby heavily
charged) macromolecules. Because the internalized counterions retain some trans-
lational freedom, they generate an osmotic pressure. As a response to this pressure,
a branched ionic macromolecule can stretch its arms, providing more space for the
counterions. The equilibrium structure is thus the result of the balance between a
restoring force in stretched arms and an osmotic one.

The concept of counterion localization in colloidal PE brushes and star-like PEs
was first formulated on the basis of scaling arguments [26, 27], and later supported
by a Poisson–Boltzmann-type analysis [27, 29, 37]. It has been further understood
that the counterion localization and the osmotic swelling are generic properties of
branched macroions, and that the onset of counterion localization occurs at a cer-
tain characteristic degree of branching for each particular polyion topology [31–33].
Unambiguous evidence of a clearly inhomogeneous distribution of counterions in
solutions of star polyions, was provided by Monte Carlo [38] and molecular dy-
namics simulations [39–42]. A convincing experimental proof of the counterion
localization, was given by osmotic pressure measurements in dilute salt-free solu-
tions of PE star polymers [43] and colloidal PE brushes [44, 45].

Due to the counterion localization, conformations of branched macroions that
comprise strongly dissociating groups (charge is quenched) are almost insensitive
to the addition of salt, up to relatively high salt concentrations. The ability of a
branched polyion to maintain a virtually constant ionic strength in its interior is of
special interest for potential applications, where a controlled (buffered) microen-
vironment is essential (e.g., colloidal bionanoreactors, smart nanocontainers for
biologically active molecules, etc.).

In quenched PE stars, the degree of dissociation is hardly affected by the proton
concentration inside the macroion volume. In contrast to this, in a weakly dissoci-
ating (charge is annealing) branched macroion, the degree of ionization is affected
by the local intramolecular proton concentration, which may differ from that in the
bulk. The change in charge density in the PE star has a corresponding effect on the
charge compensation by the counterions. Annealing PE stars, therefore, have pecu-
liar responsive properties, e.g., they exhibit a non-monotonic variation of their size
as a function of the ionic strength in the solution [28, 30].

Experimental studies of solutions of PE star polymers are rare, because the syn-
thesis of macromolecules with a controlled number and length of branches still
presents a significant challenge. A few recent studies report on various properties
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of solutions of star-branched PEs, in which the number of arms was systematically
varied [43, 46–51]. A number of studies on the pH and salt response, has been per-
formed on star-like micelles with a PE corona and a kinetically frozen hydrophobic
core [52–63]. These micelles mimic many-armed PE stars, although the number of
arms (equal to the micelle aggregation number) is poorly controlled.

The objective of this chapter is to present an overview of the existing theories
on conformations of star-branched PEs and to compare these to experimental data
and the results of computer simulations. Some emphasis is made on the effect of
counterion localization and its consequences for the conformations of branched PEs.

We start with a brief reminder on the scaling theory of nonionic star-branched
polymers (Sect. 2), and proceed with the scaling model of a PE star polymer in a
salt-free dilute solution (Sect. 3). We then discuss the physical basis of counterion
localization and its manifestation in branched PEs of different topologies (Sect. 4).)

A quantitative analysis of counterion localization in a salt-free solution of star-
like PEs is carried out on the basis of an exact numerical solution of the correspond-
ing Poisson–Boltzmann (PB) problem (Sect. 5). Here, the conformational degrees
of freedom of the flexible branches are accounted for within the Scheutjens–Fleer
self-consistent field (SF-SCF) framework. The latter is used to prove and to quan-
tify the applicability of the concept of colloidal charge renormalization to PE stars,
that exemplify “soft” charged colloidal objects. The predictions of analytical and
numerical SCF–PB theories are complemented by results of Monte Carlo (MC) and
molecular dynamics (MD) simulations. The available experimental data on solution
properties of PE star polymers are discussed in the light of theoretical predictions
(Sect. 6).

Finally, an analytical theory of conformations of highly branched PE stars is
discussed (Sect. 7). The predictions are critically compared to numerical SCF–PB
results. Here we focus on the responsive properties of strongly and weakly dissoci-
ating PE star polymers, e.g., their ability to change their conformations in response
to a varied ionic strength and pH in solution. Inferior solvent quality triggers con-
formational transitions in PE star polymers (Sect. 8). Relevant theoretical insights
are reviewed and compared to MD simulation results.

2 Solutions of Neutral Star Polymers: Reminder on the Scaling
Theory

We start with a brief review of the theory for conformational and solution properties
of neutral (uncharged) star-branched polymers.

Consider a star polymer, composed of p linear arms, each arm with a length of N
monomers. As shown in Fig. 1, a star comprises a central “core” domain onto which
the linear arms are grafted by one of their ends. The effect of a finite core size on the
star characteristics is negligible, as long as the dimensions of extended arms exceed,
by far, that of the core. The arms of the star are assumed to be intrinsically flexible,
so that the Kuhn length is on the order of monomer size a.
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Fig. 1 Blob model for nonionic polymer stars: a single star under good or theta-solvent condi-
tions (a), semidilute star solution (b), single polymer star partially collapsed in poor solvent (c). r
distance from the center of the star

In the classical theory of Stockmayer and Zimm [16], a star polymer consists
of p ideal (Gaussian) non-interacting branches, linked together in the center of the
molecule. This model can be used to evaluate the decrease in the size of a star poly-
mer (e.g., in its radius of gyration), as compared with that of a linear macromolecule
with the same degree of polymerization pN. The theory further developed by Benoit
presents an estimate for the form factor, explaining the scattering of radiation by a
dilute solution of (ideal) star polymers [17, 18]. Because interarm interactions are
neglected in this model (i.e., the arms are treated as independently fluctuating ideal
coils), the overall size of the star is systematically underestimated.
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Short-range interactions (van der Waals attraction and hard-core repulsion)
between monomers can be accounted for using a virial expansion. As long as
the volume fraction of monomers in a star polymer is significantly below unity,
only pairwise monomer–monomer interactions, with second virial coefficient
υ ∼ a3(1− 2χ(T )), or ternary interactions, with third virial coefficient w ∼ a6,
are relevant. The former depends on the Flory–Huggins parameter χ and is positive
under good solvent (χ < 1/2) and negative under poor solvent conditions (χ > 1/2).
In a good solvent, binary interactions are dominated by the repulsive part of the
monomer–monomer interaction potential (hard-core repulsion), whereas in a poor
solvent, binary interactions are attractive (due to the van der Waals forces). A
special case υ = 0 (vanishing net binary interactions) corresponds to theta-solvent
conditions, where weak attraction between monomers is exactly compensated by
their excluded volume.

Subsequent theoretical studies [19, 20] have incorporated short-range monomer–
monomer interactions using the mean field approximation, but systematically un-
derestimated conformational entropy losses in the stretched arms. These theories
thus overestimate the star size.

The first theories that implemented a proper balance of intramolecular inter-
actions and conformational elasticity of the branches were developed by Daoud
and Cotton [21] and by Zhulina and Birshtein [22–24]. These theories use scaling
concepts (the blob model), originally developed by de Gennes and Alexander to de-
scribe the structure of semidilute polymer solutions [64] and planar polymer brushes
[65, 66]. Here, the monomer–monomer interactions were incorporated on the level
of binary or ternary contacts (corresponding to good and theta-solvent conditions,
respectively), and both dilute and semidilute solutions of star polymers were con-
sidered. Depending on the solvent quality and the intrinsic stiffness of the arms, the
branches of a star could be locally swollen, or exhibit Gaussian statistics [22–24].

2.1 Star Polymer Conformation in a Dilute Solution

According to the blob model, a flexible neutral star polymer can be envisioned as
an array of concentric shells of closely packed blobs. For a visualization of the
blobs, see Fig. 1a. The chain ends are assumed to be localized at the edge (i.e.,
within the outermost blobs), and each chain contributes one blob to each shell. The
chain segment inside a blob remains unperturbed by the interactions with other
branches and, therefore, exhibits Gaussian or excluded-volume statistics under
theta- or good solvent conditions, respectively. For transparency, we consider first
athermal, υ ∼= a3, and theta-solvent, υ = 0, conditions. The blob size at distance r
from the star center is equal to the average interchain separation ∼= r/p1/2, which
coincides with the local correlation length, ξ (r). The latter is related to the local
polymer concentration, cp(r), by the same scaling law as in a semidilute polymer
solution, ξ (r) ∼= a[cp(r)a3]−ν/(3ν−1), where ν is the Flory exponent (ν ≈ 3/5 and
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ν = 1/2 under good and theta-solvent conditions, respectively). Hence, the blob
picture enables one to derive the power law for the radial decay in polymer density:

cp(r) ∼= (p1/2a/r)(3ν−1)/νa−3 (1)

Here and below, the sign “∼=” implies that a numerical coefficient on the order of
unity, is omitted.

The radial decay in polymer density corresponds to a radial decrease in local
stretching of the arms, dr/dn ∼= p/[r2cp(r)] ∼= a(p−1/2r/a)(ν−1)/ν . At the same
time, the local stretching of the branches controls the elastic tension and, thereby,
the size of the elastic blob [67], ξelastic

∼= a(adn/dr)ν/(1−ν). Within the blob pic-
ture, ξelastic(r) ∼= ξ (r). Hence, the radial increase in the size of the concentrational
blob, ξ (r), also ensures the decrease in local tension in the arms of the star,
ξ−1

elastic
∼= p1/2/r.

Making use of the normalization condition for the density profile:

4π
∫ R

0
cp(r)r2dr = pN (2)

one obtains a scaling expression for the overall size R of a star polymer:

R ∼= aNν p(1−ν)/2 (3)

As follows from (3), the star size, R, depends on the degree of polymerization, N,
of the individual arms, with the same power law as that for a linear polymer chain,
R ∼ Nν . However, the repulsion between the branches of the star leads to the exten-
sion of its branches in the radial direction, as compared with the dimensions of an
individual linear chain with the same degree of polymerization N. This cooperative
effect of interbranch repulsion is described by the factor p(1−ν)/2 in (3). Because of
the relatively high monomer concentration in the intramolecular volume of the star,
the extension of its arms occurs even under theta-solvent conditions. In contrast to a
linear polymer, the repulsion due to ternary monomer–monomer contacts inside the
star ensures the stretching of its branches with respect to the Gaussian dimension.
Remarkably, if the solvent is marginal good, the corona of a star with sufficiently
long arms consists of two regions. In the central (theta) region, the chain segments
within the blobs retain Gaussian statistics, and the density profile decays here as
cp(r) ∼= p1/2(wa−6)−1/4a−2r−1. Closer to the star periphery, the blobs become suf-
ficiently large and swollen the density profile acquires a shape that is typical for a
good solvent, cp(r) ∼= p2/3υ−1/3a−2/3r−4/3. The boundary between these regions,
rθ , is determined by the condition ξ (rθ )υa−4 ∼= 1, i.e., rθ ∼= p1/2υ−1a4. On the
scale of the star as a whole, the crossover from the theta-regime to the good solvent
regime can be estimated from the condition of swelling of the outermost coronal
blob, ξ (R)υa−4 ≥ 1, and implies Nυ2 p−1/2a−6 ≥ 1. The overall star size R is then
given by:

R ∼=
{

aN3/5(υ/a3)1/5 p1/5, good solvent
aN1/2(w/a6)1/8 p1/4, theta-solvent

(4)
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The scaling arguments presented above capture the essential features of a neutral
star polymer both in good and theta-solvent conditions: there is a power law decay
of the radial monomer density and there are scaling dependencies for the overall star
size R on number of branches p and the degree of polymerization N. These scaling
predictions were tested by MD and MC simulations [68–72] and experimentally
[73–79]. Although certain discrepancies were detected (see, e.g., the discussion in
[72]), a simple blob model remains an important theoretical tool for interpreting ex-
perimental data on nonionic star macromolecules. A similar blob Ansatz, however,
cannot be directly applied to the case when long-ranged electrostatic interactions
come into play.

2.2 Effects of Concentration and Interactions Between
Polymer Stars

Interactions between star polymers in dilute solutions were considered by Witten
and Pincus [80, 81] using a scaling approach. According to the scaling model, the in-
termolecular repulsion between two star polymers arises at distance d ≤ 2R between
their centers, due to the overlap of the coronae. The interactions are described by
a “soft” binary repulsive potential Ustar(d)/kBT ∼= p1/2 ln(2R/d) in both good and
theta-solvents. The corresponding second virial coefficient of interaction between
two nonionic stars scales as ∼= R3. A more complex analytical expression for the
interaction potential interpolating between the logarithmic behavior at d ≤ 2R and
the Yukawa form at d ≥ 2R has been suggested in [82] to fit the experimental data
on scattering from star polymer solutions. The structure factor of a dilute solution
of star polymers can be approximated by that of a solution of soft spheres [82, 83].

There are relatively few experimental studies on the interactions between star
polymers. Therefore, to date, MD simulations have mostly been used to validate
theoretical models. A comprehensive comparison between theoretical and experi-
mental results has recently been reviewed by Jusufi and Likos [84].

Beyond the overlap concentration threshold, c≥ c∗ ∼= pN/R3, star polymers form
a semidilute solution. Because of the fact that the arms in a star are stretched, the
scaling theory [24] predicts that the properties of semidilute solutions of star poly-
mers are distinctively different from those of linear polymers. When the polymer
concentration c ≥ c∗, a semidilute solution is envisioned as a system of closely
packed and virtually non-interpenetrating (segregated) polymer stars. A further in-
crease in polymer concentration leads to a progressive contraction of the coronae
of the individual stars. This contraction results in an increase in the conformational
entropy of the partially stretched star arms.

The blob picture of a semidilute solution of polymer stars is schematically
presented in Fig. 1b. The peripheral (contracted) regions of the star coronae are
envisioned as a “sea of blobs” of constant size, which corresponds to a constant
polymer concentration in this region. In contrast to this, within radius ρ(c) ≤ R,
the structure of the corona of individual stars is preserved (a system of growing
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in radial direction blobs). Remarkably, the segments of star branches in the sea of
blobs remain stretched up to relatively high polymer concentrations [24]. The local
stretching of the arms decreases monotonously with increasing distance r from the
center of the star. The interpenetration of the stars occurs at the periphery of the
coronae, where the terminal segments of the arms in the sea of blobs lose stretching
with respect to the Gaussian dimensions. An increase in the concentration, c, leads
to the decrease in both ρ(c) and overall star size R and, progressively, there is an
increase of the interpenetration.

The conformational structure of stars in a semidilute solution regime is mirrored
by the corresponding thermodynamic consequences. There is, e.g., a discontinuity
in the osmotic compressibility near c∗ [81]. The intensity of scattered radiation (nor-
malized by the polymer concentration) exhibits a pronounced correlation peak, as a
function of the scattering vector, in both dilute and semidilute regimes close to the
overlap concentration c∗. The evolution of the correlation peak in these scattering
curves has a remarkable dependence on the polymer concentration: its magnitude
increases below, and decreases above c∗. The latter is due to the increasing inter-
penetration of the coronae and the decreasing size of the unperturbed central region
of the stars [86, 87]. The theory of scattering from semidilute solutions of star poly-
mers was developed in [85–87].

Only at a sufficiently high polymer concentration, when the dimensions of the
arms approach those of individual linear chains in a semidilute solution at the same
concentration, do the star coronae become fully interpenetrated and the correlation
peak in the scattering curves disappears. In this concentration regime, the thermo-
dynamic properties of the solution of branched macromolecules become similar to
those of linear chains.

3 Cell Model of the Salt-Free Solution of Polyelectrolyte Stars

We will now focus on star polymers that carry charges, and introduce a cell model
for a dilute solution of such macromolecules. To this end, we consider a PE star
that occupies the central region of a spherical cell of radius D ≥ R, as shown in
Fig. 2. The cell comprises at least the corresponding number of mobile monova-
lent counterions that compensate the charge of the PE star, and additional salt may
be included. Typically, the ion concentrations are different in the intrastar volume,
0 ≤ r ≤ R, and in the exterior part of the cell, R ≤ r ≤ D. We will first focus on
the case that no salt is added to the cell, and thus only counterions participate
in the partial screening of long-ranged electrostatic interactions. A fraction α of
the monomers in a PE star is electrically charged (ionized). If the Bjerrum length
lB = e2/εkBT is on the order of monomer size a, the condition of weak charging,
α ≤ 1, implies that a local stiffening of the arms due to the intraarm Coulomb re-
pulsion can be neglected [2, 88, 89]. The “bare” charge of the star-branched polyion
is Qe = pαNe, where e is the elementary charge.
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Fig. 2 Anionic star PE with eight arms having a radius R in 1:1 electrolyte solution (as indicated
by the small spheres that carry a plus or a minus sign) in a spherical electroneutral Wigner–Seitz
cell with radius D

We will distinguish between strongly and weakly ionizable PEs. In the former
case, the fraction α ≤ 1 of “permanently” ionized monomers is quenched and de-
termined by the chemical sequence in the arms. Environmental conditions, such
as the pH and the local ionic strength, have a negligible effect on the charge of
these quenched PEs. Partially sulfonated poly(styrene) (PSS) or partially quater-
nized poly(4-vinylpyridine) (PVP) are typical examples of a quenched polyanion
and a polycation, respectively.

In the case of weakly ionizable PEs, the fraction of charged monomer units,
α , is controlled by an ionization equilibrium and is affected by the local proton
concentration and ionic strength. Weak polyacids such as poly(acrylic acid) (PAA)
and poly(methacrylic acid) (PMAA), or polybases such as PVP and poly(dimethyl-
aminoethyl methacrylate)(PDMAEMA) are typical examples of these pH-sensitive
or “annealing” PEs.

Each monomer of a weak polyacid can be ionized via the dissociation of a hy-
drogen ion, H+. The degree of dissociation of such acidic monomer, α(r), depends
on the local concentration of hydrogen ions, cH+(r), via the mass action law:

α(r)
1−α(r)

=
Ka

cH+(r)
(5)
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where Ka is the acidic ionization constant for an isolated monomer. For a polybase,
the ionization occurs through the protonation of the monomers, and the generaliza-
tion of the theory for this case is straightforward.

Remarkably, for branched PEs, which are characterized by a high intramolecu-
lar concentration of ionized monomers and, consequently, by a high intramolecular
electrostatic potential, the value of the pH (here defined as minus the logarithm of
the local proton concentration) in the intramolecular volume may differ significantly
from that in the surrounding solution. Moreover, because of the connectivity of the
charged monomers in the branches of the star, the local (excess) electrostatic po-
tential created by neighboring monomers along a given arm is even larger than the
average intramolecular one. The chemical connectivity of charges can be accounted
for via an effective dissociation constant of a monomer, Keff

a ≤ Ka. However, in our
subsequent discussion, we disregard these effects in the branches and only allow for
radial gradients in the (average) intramolecular electrostatic potential, i.e., we will
assume that cH+(r) = cH+(r) and α(r) = α(r).

3.1 Box-Like Cell Model of a Polyelectrolyte Star

The box-like cell model of a PE star can be considered as a generalization of a clas-
sical mean-field Flory approach, which was first suggested to describe the swelling
of a polymer chain in a good solvent [90]. The Flory approach estimates the equilib-
rium dimensions of a macromolecule, as a function of its parameters, by balancing
the free energy of intramolecular (repulsive) interactions with the conformational
entropy loss of a swollen chain. Within the box-like approximation, the star is char-
acterized by the radius of its corona, R (end-to-end distance of the arms), or by the
average intramolecular concentration of its monomers:

c =
3

4π
pN
R3 (6)

where radial gradients in polymer density, degree of ionization of the arms, and
distributions of small ions are disregarded.

The free energy of the star is:

F = Fconf + Fev + FCoulomb + Fions (7)

Provided that the arms remain stretched with respect to their Gaussian size, R ≥
aN1/2, the conformational free energy of p uniformly stretched Gaussian chains
(arms) is:

Fconf/kBT = p
3R2

2Na2 = p
3

2Na2

(
3N p
4πc

)2/3

(8)

The free energy of non-electrostatic interactions is, within the virial expansion,
given by:

Fev/kBT = pN
(
υc + wc2) (9)
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In the absence of charges, or at a low degree of ionization of the arms, the star
conformation is controlled by a balance between two first terms in (7) (i.e., the short-
range interarm repulsions and the conformational entropy of stretched arms). As a
result, the star size is given by (4). That is, the power law dependencies, obtained on
the basis of the blob model, are recovered. The physical reasons why there is a match
of the star size as obtained by the scaling and in the mean field approximations are
discussed in details in [23].

3.2 Polyelectrolyte Star Conformation in a Dilute Salt-Free
Solution

The box-like model allows for a straightforward analysis of the counterion localiza-
tion, which is essential for understanding the specific properties of salt-free solutions
of branched PEs. In the case of a PE star, the first two terms in the free energy in
(7) are complemented by a contribution due to Coulomb interactions between all
the charges (charged monomers and mobile ions) in the cell, FCoulomb, and by the
translational entropy of all mobile ions, Fions. Following the line of arguments of
[27, 29], we first focus on the case when no salt is added, and the cell contains
only mobile (monovalent) counterions, which compensate the net charge of the star
polyion. We assume that Q∗ ≤ Q counterions are localized in the outer volume of
the cell, R ≤ r ≤ D, whereas the remaining (Q−Q∗) counterions are retained inside
the star volume (0 ≤ r ≤ R). In the framework of the box-like model, the counterion
concentration is assumed to have constant (but different) values inside and outside
the star: c(in)

ions = 3(Q−Q∗)/4πR3 and c(out)
ions = 3Q∗/4π(D3 −R3), respectively. The

entropic term in the free energy is, therefore, given by:

Fions/kBT = (Q−Q∗) lnc(in)
ions + Q∗ lnc(out)

ions (10)

and the Coulomb interaction term is given by:

FCoulomb/kBT = lB
Q∗

R
ϑ(R/D) (11)

where lB = e2/εkBT is the Bjerrum length and ϑ(x) is a rational function of x,
whose form is specified in [27, 29]. At the limit, when the cell size far exceeds the
star size, x = R/D → 0, ϑ(x) → 3/5. The minimization of the free energy, (7), (8),
(9), (10), and (11), results in equilibrium values of the star size, R, and that of the
uncompensated charge, Q∗. The latter is of special interest and can be found from
the equation:

Q∗ =
R
lB

1
2ϑ(R/D)

ln

[(
Q
Q∗ −1

)(
D3

R3 −1

)]
(12)



14 O.V. Borisov et al.

It follows from the analysis of (12) that, in the limit of dilute solutions D � R,
the distribution of counterions is governed by the parameter lBQ/R, which is pro-
portional to the dimensionless excess electrostatic potential (in units kBT/e) created
by the bare charge, Q∗ ≈ Q of the star. When QlB/R 	 1, the Coulomb attraction of
counterions to the star polyion is weak compared to the thermal energy kBT , and the
counterions are distributed fairly uniformly in the solution. The uniform distribution
optimizes the translational entropy for the ions. As a result, in the limit of dilute so-
lutions, D � R, the fraction of counterions found in the intramolecular volume of
the star is negligible, Q∗ ≈Q, and the charged monomers in the branches interact via
unscreened Coulomb repulsion. Balancing the Coulomb energy, (11), with the con-
formational penalty for the extension of the branches, (8), and neglecting the contri-
butions due to non-electrostatic monomer–monomer interactions, (9), one obtains:

R ∼= aN(α2lB/a)1/3 p1/3 (13)

According to (13), the arms of the star are stretched proportionally to their degree of
polymerization N, similarly to linear PEs in a dilute salt-free solution [91, 92]. The
additional factor, p1/3 ≥ 1, reflects the interarm Coulomb repulsion. A comparison
to (4) shows that long-ranged interbranch Coulomb repulsion has a much stronger
effect on the size of a PE star than the short-range interbranch repulsion that is found
in a neutral star.

As follows from (13), the ratio QlB/R increases upon an increase in the num-
ber of arms p, because the star size R ∼ p1/3 grows less fast than the bare charge
Q ∼ p. The excess electrostatic potential becomes on the order of kBT/e at p ∼=
α−1/2(lB/a)−1. Increasing the number of arms above this value causes the excess
electrostatic potential to become sufficiently strong that it will retain the majority of
counterions within the intramolecular volume. Indeed, as follows from (12), when
QlB/R � 1, the number of counterions released from the intrastar volume (and,
correspondingly, the uncompensated charge Q∗ of the star), scales as Q∗ ∼= R/lB,
and increases only logarithmically with Q. When Q � Q∗ ∼= R/lB, one can neglect
FCoulomb and the second term in (10), and find the size of the star by balancing the
translational entropy of Q−Q∗ ≈ Q counterions, which are confined inside the in-
trastar volume, with the conformational entropy of the stretched arms. This leads to
the expression:

R ∼= aNα1/2 (14)

which can also be interpreted as a result of balancing the osmotic pressure of the
confined counterions with the elastic (entropic) force that arises from stretching the
arms. A striking feature of (14) is the absence of a power law dependence of the star
size R on the number of arms p. In the limit of dilute solutions, D � R, an equation
for the star size, which interpolates between the QlB/R 	 1 and QlB/R � 1 limits
(i.e., takes into account the contributions of both the Coulomb repulsions and the
osmotic pressure of counterions), is given by:

R ∼= a(N/p)1/3[Q∗2lB/5a + R(Q−Q∗)a−1]1/3 (15)
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Fig. 3 Blob model of a PE
star in salt-free solution

Remarkably, in a salt-free solution of the PE stars, the star size is found to be
proportional to N, i.e., R ∼ N, for both considered regimes. As a result, each arm
can be envisioned as a string of elastic blobs of constant (independent of r) size
[27], ξelastic

∼= a(α2lB/a)−1/3 and ξelastic
∼= aα−1/2, in the regimes of unconfined

and confined counterions, respectively. Hence, in contrast to the blob picture of a
neutral star, the blobs in a PE star are not close-packed in a salt-free solution (see
Fig. 3 for a schematic drawing).

3.3 Charge Renormalization Concept

The idea of counterion confinement (charge renormalization), is of central impor-
tance in understanding the properties of salt-free solutions of branched PEs. The
concept was first formulated for a dilute salt-free solution of spherical charged col-
loidal particles by Alexander et al. [36]. It is illustrative to repeat the arguments
briefly. Let us consider a dilute salt-free solution of charged colloidal particles with
radius Rc and (positive) charge eQ. Counterions are distributed non-uniformly in
the solution, with the highest concentration near the surface of the particles. If one
applies a cell model, in which each particle is placed at the center of a regular
Wigner–Seitz cell (approximated as a sphere), the osmotic pressure in the solution
is determined by the counterion concentration at the cell boundary. The distribution
of the electrostatic potential and that of the counterions within the cell (in the range
Rc ≤ r ≤ D, where r is the radial distance from the center of the particle and D is
the cell radius), are determined by the PB equation:

1
r

∂ 2rψ(r)
∂ r2 = 4π lBn0 exp(ψ(r)) (16)
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where n(r) = n0 exp(ψ(r)) is the local number density of (negatively charged)
counterions, ψ(r) ≡ eΨ(r)/kBT is the dimensionless electrostatic potential, and
n0 is a constant that depends on the calibration of the electrostatic potential. If we
set ψ(D) = 0, then n0 is the concentration of counterions at the cell edge, r = D.
Equation (16) has to be complemented by two boundary conditions:

(
∂ψ(r)

∂ r

)
D

= 0

(
∂ψ(r)

∂ r

)
Rc

= − lBQ
R2

c
(17)

where the former reflects the electroneutrality of the cell as a whole.
If the value of the electrostatic potential at the particle surface is low, ψ(Rc) ≈

lBQ/Rc 	 1, the electrostatic potential at r ≥ Rc is even lower and the linearized
form of the PB equation, often referred to as the Debye Hückel (DH) approximation:

1
r

∂ 2rψ(r)
∂ r2 = κ2(1 + ψ(r)) (18)

can be safely applied in the whole cell volume, Rc ≤ r ≤ D. Equation (18), together
with the boundary conditions (17), correctly describe the electrostatic potential ψ(r)
and the number density of counterions n(r) = κ2(1+ψ(r))

4π lB
in the whole cell. Here

κ2 = 4π lBn(D) and the value of κ has to be found from the boundary conditions
(and the calibration of the potential, ψ(D) = 0), together with the solution of (18).
In the dilute regime, D � Rc, one finds that κ2 ≈ 2lBQ/D3. The counterion con-
centration at r = D, which determines the osmotic pressure in the solution, equals
n(D) = κ2/4π lB. Hence, n(D)≈Q/2πD3, and the counterions are distributed fairly
uniformly throughout the cell (the concentration of counterions near the edge of the
cell is close to the average concentration). This is what one also expects from the
Boltzmann law, n(r) = n(D)exp(ψ(r)), with a low value of the reduced potential
(ψ(r) ≤ 1) throughout the cell.

If the particle is strongly charged, so that it creates a large surface potential
ψ(Rc) = lBQ/Rc � 1, the DH approximation cannot be used in the proximity of
the surface. However, the DH approximation can still be safely applied far away
from the particle surface (close to the cell boundary r = D, where the potential
is reduced to values ψ(r) ≤ 1). At this point, we come to the concept of charge
renormalization: when lBQ/Rc � 1 and the electrostatic potential at the surface of
the charged particle is high, ψ(Rc) � 1, a certain number of counterions become
localized (“condensed”) in the vicinity of the surface and this reduces the apparent
surface potential down to a level ψ ∼ 1. The last condition determines the number of
uncondensed (osmotically active) counterions as Q∗ ∼ Rc/lB. In the range r � Rc,
where the potential is sufficiently reduced, one can again apply the DH approxima-
tion and describe the radial distribution of uncondensed counterions using the DH
equation presented above, wherein the actual charge of the particle Q is replaced
by a renormalized charge Q∗ ∼ Rc/lB. Similarly to the case for weakly charged
particles, the osmotically active counterions are distributed fairly uniformly in the
range Rc 	 r ≤ D, so that their concentration at r = D and the osmotic pressure
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coincide (with the accuracy of a numerical factor on the order of unity) with their
average concentration in the cell ∼ Q∗/D3. We note that, even though one can never
unambiguously distinguish between condensed and uncondensed counterions, the
value of Q∗ has a clear physical meaning (as it appears in the DH solution), which
properly matches the exact (PB) distribution of the potential (and of the counterion
density) in the peripheral and intermediate regions of the cell.

In contrast to a solid charged colloid, a branched polyion can accommodate a
large number of counterions in its interior volume. The analogy between the charge
renormalization in a solution of hard-core colloids and the counterion localization in
a star-like PE or a colloidal PE brush was first pointed out by Pincus [26]. Because
counterions retain translational degrees of freedom in the intramolecular volume
of a polyion, they exert an osmotic pressure to the volume of the corona. Hence,
the polyion swells due to the “entrapped” counterions. The uncompensated charge
within the star corona with radius R equals the number of released (osmotically
active) counterions and is given by Q∗ ∼ R/lB. The electrostatic potential drops to a
value ψ(R) ∼= 1 at the edge of the corona, and the distribution of counterions in the
exterior space, R ≤ r ≤ D, is fairly uniform.

3.4 Effects of Concentration and Interactions in Star
Polyelectrolyte Solutions

The cell model enables one to describe the effects of polymer concentration, which
manifest themselves in a salt-free solution of PEs, even in the dilute regime. Here,
the solution is modeled as an array of spherical Wigner–Seitz cells, each compris-
ing one branched polyion with its counterions. The radius D of each cell equals half
the average distance between polyions in the solution. As has been demonstrated in
[29], PE stars exhibit a pronounced contraction upon an increase in polymer con-
centration (a decrease in D) in dilute solutions, D ≥ R. This effect is caused by
the progressive re-partitioning of counterions from the inter- to the intramolecular
space. An increase in polymer concentration makes the counterion distribution more
uniform, leading thereby to a decrease in the uncompensated charge of the star Q∗
and a corresponding decrease of the electrostatic potential ψ at the edge of the star.

A decrease in the size, R, of a PE star as a function of polymer concentration is
most pronounced for polyions with a relatively small number of branches p. As dis-
cussed above, in this case the counterions are distributed most uniformly between
intra- and intermolecular space. Therefore, an increase in the average concentration
of counterions in the solution leads to a proportional increase in their concentration
in the intramolecular volume of these branched polyions. In contrast to this, stars
that have many arms have a modest response to an increase in the PE concentra-
tion. This is because at any (arbitrarily small) solution concentration, only a small
fraction of the counterions is found in the intermolecular space. This behavior of
PE stars should be contrasted with that of neutral star polymers. In the latter case,
screening of the intramolecular excluded-volume repulsion, and the contraction of
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star-branched polymers upon the increase in star concentration, occurs only in the
semidilute regime, i.e., when the average polymer concentration in the solution ex-
ceeds the intramolecular concentration in an isolated star [24].

The repulsive forces acting between the PE stars in salt-free solutions are of long-
range character. Analogous to the crystalline ordering of charged colloids [36], PE
stars might organize in a three-dimensional periodic lattice. This long-ranged order-
ing is governed by the Coulomb repulsion between star polyions. The magnitude of
this repulsion is controlled by the effective (uncompensated) charge Q∗ of the star.
The formation of a periodic supramolecular structure is only expected in a certain
range of PE concentrations. The lower concentration limit is specified by the condi-
tion that the energy of Coulomb repulsion between neighboring polyions becomes
on the order of kBT . An upper concentration limit arises due to the enhanced screen-
ing of interstar Coulomb repulsion upon an increase in the solution concentration
[27].

Probing forces between PE stars in a solution is a challenging experimental
problem. However, advances in the technique of optical tweezers now allow direct
measurement of repulsive forces between brushes of DNA [94, 95] and synthetic
PE chains [96, 97] grafted onto colloidal particles of submicrometer size.

The MD simulation study of the interaction between PE stars in a salt-free solu-
tion has been performed in [39]. The simulation results were fitted using a simplified
analytical equation for repulsive force, which arises due to the decrease in transla-
tional entropy of counterions entrapped in overlapping star coronae. In this model,
the repulsion starts at distances between star centers smaller than 2R, where R is the
unperturbed size of an individual star. A similar approach has been applied in [40]
to describe repulsion between colloidal PE brushes.

The repulsive force between colloidal PE brushes in a salt-free solution can be
calculated within the PB–Derjaguin approximation (Zhulina and Borisov, unpub-
lished data) without pre-assumptions about the spatial distribution of counterions.
This can be done on the basis of an exact solution of the PB problem for a planar PE
brush in a salt-free solution [98]. Application of the Derjaguin approximation im-
plies that size of the particle, Rc +H (where H is the thickness of corona of colloidal
PE brush) exceeds by far the characteristic thickness of ionic atmosphere. Then, the
total force F acting between spherical PE brushes is given by:

F(d) = 2π(Rc + d)
∫ ∞

d
Π(D)dD (19)

Here, 2d is the smallest distance between the surfaces of spherical core particles,
whereas Π(D) is the disjoining pressure between two planar PE brushes (with the
same grafting density, degree of ionization, and degree of polymerization of grafted
PEs) at separation 2D between the grafting surfaces. Note that the latter expression
is applicable in the range of interparticle separations 2d 	 2(Rc+H). The disjoining
pressure, Π(D), as well as the brush thickness, H(D), were calculated in [98].

Analysis shows that the force versus separation profile, calculated from (19),
exhibits a different shape depending on the surface charge density due to grafted
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polyions. If the surface of the particle is decorated by the “osmotic” PE brush, i.e.,
H(d = ∞) � Λ , where Λ = s/2π lBαN and s is the grafting area per chain, then the
majority of counterions are localized inside the brush and:

F
kBTR

≈
{

π2/4lBd, H(d = ∞) 	 d 	 Rc

(Λ lB)−1 ln [H(d = ∞)/d] , d 	 H(d = ∞)
(20)

In the opposite case of a relatively sparse PE brush, H(d = ∞) 	 Λ , the thickness
of ionic atmosphere is ∼= Λ , and most of counterions are retained in the proximity
of the particle outside the brush. Under these conditions, the force–distance profile
is given by:

F
kBT R

≈
{

π2/4lBd, Λ 	 d 	 Rc

(Λ lB)−1 ln(Λ/d) , d 	 Λ
(21)

Comparison of (20) and (21) shows that at large separations, the force F de-
cays as ∼ 1/d, irrespective of the charge density created on the particle surface by
the PE brush. In the case of a sparse PE brush with fairly uniform distribution of
counterions within the layer of thickness ∼= Λ , the crossover to logarithmic force
decay occurs smoothly at d ∼= Λ . By contrast, in the case of the osmotic brush with
strongly inhomogenous distribution of counterions (most of them trapped inside the
brush), the repulsive force F sharply increases at d ∼= H(∞), i.e., when the coronas
of colloidal PE brushes approach close contact.

We emphasize that the Derjaguin approximation leads to a qualitatively different
physical picture for interacting colloidal PE brushes compared to that in [40]. Ac-
cording to [40], the repulsion between spherical colloids decorated by PE brushes
starts when the opposing brushes “touch” each other, i.e., at distance 2d = 2H be-
tween colloid surfaces, where H = H(d = ∞) is the thickness of the unperturbed
PE brush. According to the PB–Derjaguin approximation, the interaction between
counterion atmospheres perturbs the chain conformations in PE brushes prior to
their overlap. The grafted chains in the gap between core particles locally contract,
and the PE brush becomes asymmetric upon the approach of colloids. That is, the
brush thickness H(d) is minimal at the smallest distance, 2d, between surfaces of
core particles, and gradually increases up to H(d = ∞) outside the gap between col-
loids. In contrast to the model in [40], PE colloidal brushes remain separated by a
layer of water, containing mobile ions, for a range of distances 2d < 2H(∞), until
the thermal fluctuations of terminal arm segments close the gap between PE brushes.

It is expected that a similar physical picture also holds for interacting PE stars.
At distances between core domains 2d ≥ 2R, the star coronae would start to con-
tract due to the overlap of ionic atmospheres. As a result, the stars would become
asymmetric and remain separated by a water layer in a range of distances 2d < 2R.
The long-range interactions due to the overlap of ionic atmospheres are essential for
PE stars with a moderate number of arms (typical for experimental systems), and at
low ionic strength in the solution [27].
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4 Localization of Counterions in Salt-Free Solutions
of Branched Polyelectrolytes: Effect of the Polyion Topology

The localization of counterions in the intramolecular volume is a common feature
manifested in dilute salt-free solutions of branched polyions of different topolo-
gies, including dendritic (star-burst), randomly (hyper)branched PEs, PE molecular
brushes, etc. The physical reason for this phenomena is the same as outlined for PE
stars: a strongly charged, branched, macroion creates a high electrostatic potential,
which attracts counterions and retains them in the intramolecular volume, in spite
of a significant loss in the translational entropy. The effect is most pronounced in a
dilute solution, where the concentration of counterions in the bulk is extremely low.

Remarkably, linear PEs of arbitrary large N cannot induce a similar effect. This
is because both the charge, αNe, and the size, R ∼= aN(α2lB/a)1/3, of a stretched
polyion in a dilute salt-free solution, scale proportionally to N [91, 92], so that their
ratio remains ∼α1/3 ≤ 1. Note that we do not discuss here the effect of Manning
condensation, which occurs when the distance between two neighboring charges
along the chain is smaller than lB. A detailed discussion of this case can be found
in [93].

A theoretical analysis of the effect of counterion localization in a dilute solution
of weakly charged branched polyions of different topologies [31–33] and ionic mi-
crogels [34, 35], was performed on the basis of a cell model, similar to that used
here for a star-like PE. The elastic term in the free energy that accounts for the
conformational entropy of a uniformly swollen branched macromolecule, has to be
specified depending on the polyion topology. The shape of the cell might also be
modified. For example, in the case of a molecular PE brush, a cylindrical instead of
spherical cell should be used.

Similarly to the case of a quenched star-like PE, two regimes of ion distribu-
tion were distinguished. A fairly uniform distribution of “free” counterions is found
at low degree of branching, whereas a strong localization of counterions in the in-
tramolecular volume is expected for a high degree of branching of the polyion. In
the latter case only a minor fraction of the counterions is released to the exterior
volume of the cell.

We recall that for a star-like PE, the transition from the regime of a barely charged
polyion, to the osmotic regime, occurs at a characteristic number of branches, p ∼=
α−1/2(lB/a)−1. The latter depends on the combination of the parameters α(lB/a)2,
and is independent of the length N of an arm. Below we briefly summarize the
results obtained for branched polyions of different topologies.

4.1 Ionic Dendrimers (Star-Burst Polyelectrolytes)

The conformations of charged (regular) star-burst polymers (flexible ionic
dendrimers), were analyzed theoretically in [33]. Referring to Fig. 4a, relevant
architectural parameters for a star-burst polymer are the number of generations,
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a b c

Fig. 4 Branched polyions of different topologies: star-burst (a), randomly branched or hyper-
branched (b), molecular brush (c)

g, and the length of a spacer, n. If each branching point has a functionality 2, then
the total degree of polymerization is N = 3n(2g − 1), where g = 1,2, . . . . In a uni-
formly swollen dendrimer, all the spacers are extended in the radial direction. The
conformational free energy of a dendrimer, with a distance R between the center of
the molecule and the ends of the last generation spacers, is given by [33]:

Fconf/kBT ∼= 2R2(g)
na2

(
1− 4

3
g−2
)−1

(22)

where a force balance condition was used in each branching point. Substituting this
equation into the free energy of the cell model, (7), leads to the following expression
for the size of ionic dendrimer:

Rdendr
∼=
{

aN2/3(α2lB/a)1/3n1/3, N/n 	 (α(lB/a)2)−1

aN1/2α1/2n1/2, N/n � (α(lB/a)2)−1 (23)

Hence, counterion localization occurs when the number of generations in the
star-burst polymer, g ≈ log2(N/n), reaches some characteristic value, which is con-
trolled by the same combination of the parameters, α−1(lB/a)−2, as for a PE star.
Note that this combination is independent of the spacer length, n.

4.2 Randomly Branched Polyelectrolytes and Charged Fractals

A randomly branched PE was modeled in [31, 32], as a branched tree (without
loops) formed by N bi- and trifunctional monomers, cf. Fig. 4b. The average number
of trifunctional monomers (branching points) is ∼ N/n, so that the average number
of monomers in a spacer, connecting two neighboring branching points, is n. The
condition of N/n � 1 corresponds to the limit of strong branching, whereas at low
branching probability, N/n ∼= 1, the linear chain behavior is recovered. Here we
insist that the average spacer contains a large number of monomers, n � 1. The op-
posite limit of n ∼= 1 corresponds to a hyper-branched polymer. The conformational
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entropy losses due to the uniform swelling of a randomly branched polymer, up to
the size R, can be accounted for as [99, 100]:

Fconf/kBT ∼= R2

(Nn)1/2a2
(24)

where Rideal
∼= a(Nn)1/4 is the unperturbed, Gaussian, size of an ideal, randomly

branched polymer [101]. Balancing the entropic elastic force with the intramolecu-
lar Coulomb repulsions and/or the osmotic pressure of counterions leads to:

Rrandom
∼=
{

aN5/6(α2lB/a)1/3n1/6, N/n 	 (α(lB/a)2)−2

aN3/4α1/2n1/4, N/n � (α(lB/a)2)−2 (25)

An interesting feature of (25) is the fractal dimension, specifying how the mass ∼ N
of a randomly branched PE depends on its size R. For small clusters that release
many counterions into the bulk solution, df = 6/5, whereas for large (osmotic) clus-
ters, df = 4/3. Again, the counterion localization threshold is set by the increase in
the electrostatic potential, ∼= lBQ/R which grows upon an increase in N as ∼N1/6 in
the regime of free counterions (small clusters). Another remarkable feature of (25)
is, that the counterion condensation threshold occurs when the number of branching
points N/n reaches the characteristic value ∼= α−2(lB/a)−4, which again is indepen-
dent of the spacer length n.

These results have been generalized further in [31], for charged polymeric frac-
tals with arbitrary connectivity characterized by spectral dimension, ds, (the latter
relates the longest path in the fractal, Rmax ∼= aN1/ds , to its mass ∼ N) and arbitrary
fractal dimension df (in the absence of ionic charges) in d-dimensional space. For
ideal (Gaussian) fractals df = 2ds/(2−ds). For charged fractals:

Rfractal
∼=
⎧⎨
⎩

aN
2df−ds

dsdf+(d−2)(df−ds) (α2lB/a)
df−ds

dsdf+(d−2)(df−ds) , N 	 N∗

aN1/dsα
df−ds
dsdf , N � N∗

(26)

Here, the threshold value for the number of monomers, corresponding to the onset
of charge renormalization, is specified as:

N∗ ∼= α
dsdf−(d−2)(df−ds)

df(d−2−ds) (lB/a)
ds

(d−2−ds) (27)

As follows from (26) charge renormalization effects occur only when d < ds +2.

4.3 Polyelectrolyte Cylindrical (Molecular) Brushes

Molecular brushes are polymers composed of a long main chain (backbone), onto
which side chains (grafts) are attached at regular intervals. See Fig. 4c for a graphic
illustration. The graft-copolymers are classified as molecular brushes, provided the
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number of monomer units in a graft, n, exceeds that in a spacer (the segment of
the backbone between two neighboring grafts), m. A steric or electrostatic repulsion
between the grafts (referred to as crowding), leads to their extension in the radial
direction. The crowding of grafts induces an axial tension in the backbone, which,
in turn, also gets stretched. Locally, the molecular brush acquires a cylindrical sym-
metry on a length scale that is characterized by an apparent (or induced) persistence
length [102–107]. The latter is comparable to, or exceeds, the brush thickness, which
is controlled by the radial extension of the side chains, R.

The box-like model considers a molecular PE brush with the backbone extended
along the axis of an (infinitely long) cylindrical cell of radius D, wherein the end
segments of the grafts are localized at a distance R	D from the axis of the cell. The
cell contains counterions who compensate the net charge of the brush. This model
enables one to analyze the local conformational properties and the distribution of
the counterions in a dilute salt-free solution of molecular PE brushes. The Coulomb
interactions (calculated per graft) can be presented as:

FCoulomb/kBT = −lBq∗ ln(R/a)ϕ(R/D) (28)

where q∗ is the number of counterions, per unit length along the cell axis, that is
released from the brush, and ϕ(x) is a rational function of x. The conformational
free energy (per graft) includes the contributions from both a spacer, extended up to
length h, and a graft, extended up to length R:

Fconf/kBT =
3

2a2

(
R2

n
+

h2

m

)
(29)

The Gaussian elasticity of the grafts and spacers could be modified to account for
the local swelling effects [102]. Finally, the translational entropy of the counterions
is accounted for as:

Fions/kBT = h(q−q∗) ln c(in)
ions + hq∗ lnc(out)

ions (30)

where q ≈ αn/h. The minimization of this free energy with respect to R, h and q∗,
provides the thickness of a molecular PE brush:

R ∼=
{

an7/6(α2lB/a)1/3m−1/6, n/m 	 (α(lB/a)2)−1

anα1/2, n/m � (α(lB/a)2)−1 (31)

The characteristic branching parameter (grafting density), n/m ∼= α−1(lB/a)−2,
specifies the onset of counterion localization inside the molecular brush. Note that in
the osmotic regime, the spacers get fully extended, h ∼ m. It is therefore not surpris-
ing, that the counterion localization in a cylindrical molecular brush coincides (in
scaling terms) with the Manning condensation threshold [25] for a charged cylinder,
qlB ∼= 1.

Molecular brushes composed of biopolymers, are typically more complex than
their synthetic analogs. They may comprise different types of biomacromolecules,
and involve self-assembly mechanisms. For example, in aggrecanes [108] and
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mucins [109], polysaccharide side chains are densely grafted (m ∼= 1) to an
unfolded core protein with intergraft distance h ∼= am. In cylindrical assemblies
of neuronal proteins (neurofilaments, or NFs), a rigid core comprises numerous
coiled-coil domains of constituent proteins. The flexible side arms of three different
lengths (referred to as projections) emanate from the core at a distance h = 2−3 nm
between the grafts, and form a corona with thickness R � 40 nm [110]. The large
persistence length � 450 nm [110] insures local cylindrical symmetry and the ne-
matic ordering of NFs in hydrogels [111, 112]. Variations in the environmental
conditions (pH, solution salinity, etc.) affect the conformations of protein projec-
tions, but do not change intergraft distance h. The brushes (coronae) of heavily
charged (α � 0.1 − 0.2) projections prevent close approach of neurofilaments,
presumably due to the electrostatic repulsions between the grafts [113].

Box-like model highlights generic PE features of a neurofilament brush [114]. It
specifies the onset of osmotic regime, and rationalizes the increase in brush thick-
ness, R, upon progressive protein phosphorylation (an increase in α). An advanced
SF-SCF numerical modeling highlights the respective roles of different NF pro-
teins in coronal organization and the conformational re-arrangements triggered by
the phosphorylation [115–119]. It demonstrates an approximately parabolic profile
for the electrostatic potential ψ(r) in the NF brush proximal region, occupied by
the shortest projections. A parabolic shape of ψ(r) was theoretically predicted for
a planar PE brush [98], and is also found to be a reasonable approximation for a
cylindrical PE brush [114].

5 Localization of Counterions in a Salt-Free Solution of
Polyelectrolyte Stars: Numerical Results

Theoretical predictions concerning the localization of counterions in salt-free solu-
tions of star-branched PEs have provoked a number of studies on this effect using
different numerical simulation techniques. Although MD [40–42] and MC [38] sim-
ulations have given a qualitative proof of a clearly inhomogeneous distribution of
the counterions (whose concentration differs between the interior and exterior of the
star), the numerical SCF modeling has allowed a more systematic and quantitative
study of the effect of macroion branching on the degree of counterion localization.
The latter technique was used to explore the transition from the charged star regime
to the osmotic regime, and to quantify the fraction of released (osmotically active)
counterions as a function of number of branches in a star polymer.

5.1 Molecular Dynamics and Monte Carlo Simulations

MC [38] and MD simulations [39–42] provided an unambiguous proof of the pref-
erential localization of counterions in the intramolecular volume of a star polymer.
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Furthermore, in the case of a sufficiently high linear charge density in the branches
(α ∼= 1), the simulations indicated a strong correlation in the angular distribution of
the counterions and the position of an arm. That is, a certain fraction of the counte-
rions that are entrapped inside a star polymer have restricted translational freedom
and can be envisioned as “condensed” on the branches. This effect is analogous to
the classical Manning condensation of counterions on a strongly charged linear PE
[25]. A typical snapshot of the PE star with its counterions is shown in a paper of
Jusufi et al. (see figure 2b of [84]), wherein three possible states of the counteri-
ons can be visually distinguished: (a) condensed around the arms, (b) possessing
translational freedom but localized in the intrastar volume, and (c) released into the
solution.

Mean field theories that implement a spherically symmetric distributions of coun-
terions assume that the (effective) charge density on the star branches is below the
Manning condensation threshold. In this limit, one can neglect the angular correla-
tions between the positions of the arms of the star and those of its counterions.

5.2 Self-Consistent Field Poisson–Boltzmann Theory

A quantitative analysis of counterion localization in a salt-free solution of star-like
PEs is described in [29, 37]. Radial distributions for both the electrostatic potential
and the density of counterions were obtained by a numerical solution of the corre-
sponding PB problem within a cell model. The conformational degrees of freedom
of the branches of a central star were accounted for within the SF-SCF method
[120]. Due to the computational efficiency, the SF-SCF framework allows for a sys-
tematic study of a many-armed star with sufficiently long arms in a large cell. The
range of the parameters that could be covered by the SF-SCF method exceeds that
of contemporary MD and MC simulations.

The PB equation was solved at low concentrations of 1:1 electrolyte using the
discretization scheme in a spherical coordinate system with a PE star in the cen-
ter. The characteristic length of a lattice site is set equal to the monomer length,
which is fixed to a = 0.5 nm (close to the Bjerrum length lB ≈ 0.7 nm in water).
The corresponding conversion factor for the volume fraction of salt, ϕs, to the cor-
responding molar concentration obeys cs ≈ 12.9ϕs M. All lengths are normalized
with the length a of a lattice site. The default value of N = 200 was taken for the
arm length. The number of arms per star p was varied in the range 20–50. The first
segment of each arm was restricted to be near the center of the coordinate system.
PE stars with a fixed (quenched) fraction of charged monomers 0.2 ≤ α ≤ 1.0 were
considered. Because the monomer size a is slightly smaller than lB, the effect of
Manning condensation becomes relevant for α ≈ 1. It can, however, be safely ne-
glected at lower values of the fractional charge α . The outer radius of the cell D was
taken as large enough to minimize finite cell size effects. All nearest-neighbor in-
teractions, except for the excluded volume effects, were neglected (athermal solvent
conditions). Further details of the SF-SCF method can be found in [37].



26 O.V. Borisov et al.

Fig. 5 Fraction of
counterions localized inside
the star (at r < R) as a
function of the number of
branches, p, under
theta-solvent conditions;
N = 200, α = 0.2, D = 150,
volume fraction of salt in the
bulk solution ϕb

s = 10−7; Q
total bare charge of the star,
Q∗ uncompensated charge 0.2
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Fig. 6 (a) The first moment of the radial end-point distribution, R, as a function of the number
of arms p in the PE stars; N = 100, D = 500, and α as indicated. (b) The corresponding excess
density (volume fraction) of ions at the system boundary. The dotted lines are the expected results
when all counterions of the PE star are distributed homogeneously in the system

In Fig. 5, the average fraction of counterions, 1−Q∗/Q, that are localized inside
the star (i.e., at r ≤ R, where the star size R is introduced as a first moment of
the radial distribution of arm terminal segments) is presented as a function of the
number of branches, p.

In Fig. 6, the star size R and the excess concentration of counterions at the outer
cell boundary, r = D, are presented as a function of the number of arms, p, for
different values of α (shown by solid lines). Dotted lines in Fig. 6b, indicate the
corresponding expectations for uniform distribution of the cell counterions. An in-
crease in the number of arms in each star implies an increase in the number of
charged monomers Q = pαN, and in the corresponding number of mobile coun-
terions in the cell. Figures 6 and 7 clearly demonstrate a transition from a “barely
charged” to an “osmotic” star behavior upon the increase in p. At a relatively small
number of arms, the star size and the concentration of counterions at the outer cell
boundary grow as a function of p. The latter is approximately proportional to p and
is close to the average counterion concentration in the cell. This proves that ions



Conformations and Solution Properties of Star-Branched Polyelectrolytes 27

10−4

10−6

p = 3

20

100

806040

0

0.001

0.004

0 5 10 15 20
r

p=20

3

100

jp

mp

j+
p

Fig. 7 Radial volume fraction profile, normalized per arm and by the distance between charges
m = α−1, i.e., ϕp(r)/pm (solid lines), and the radial counterion density profile, normalized by
the number of arms, i.e. ϕ+/p (dotted lines), for stars with different numbers of branches p as
indicated, under theta-solvent conditions; N = 200, α = 0.2, D = 150, ϕb

s = 10−7. Inset: the same
curves in log–log coordinates

are distributed fairly uniformly between interior and exterior volumes of a star with
a small number of branches. By contrast, the size of a many-armed star becomes
almost independent of p (in line with the expectation in the osmotic regime). Here,
the concentration of osmotically active counterions grows weakly as a function of p,
and is much smaller than the average concentration of counterions in the cell. (The
latter grows proportionally to p, as shown by the dotted lines in Fig. 6b).

In Fig. 7, the radial density profiles of charged monomers and of counterions
(normalized for one branch) are shown for stars with different numbers of arms, p
(in a salt-free system). For small p, the distribution of counterions is fairly uniform,
whereas that for the stars with a large number of arms both distributions almost
coincide.

Based on the SF-SCF results, we may give a quantitative estimate for the charac-
teristic number of branches at which a PE star enters the osmotic regime. As follows
from Fig. 7, for the experimentally relevant range of α ≤ 1, this number is of the or-
der of unity. That is, a star polymer with ∼ 10 arms efficiently retains its counterions
and is reliably found in the osmotic regime.

6 Localization of Counterions in a Salt-Free Solution
of Star-Like Polyelectrolytes: Experimental Results

The effect of counterion confinement in star-branched polyions manifests itself
most directly in osmotic pressure measurements. The osmotic pressure is a colliga-
tive property of the solution and is determined by the (number) density of mobile
particles. In a dilute salt-free PE solution, the osmotic pressure is controlled by the
number density of osmotically active counterions, because their number is much
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larger than the number of polyions. The degree of confinement of counterions is
quantified by the osmotic coefficient φ , which is the ratio of the measured osmotic
pressure to the net average concentration of counterions in the solution.

As discussed in Sect. 3.3, the distribution of the counterions outside the corona
of the PE star is fairly uniform. Therefore, the osmotic coefficient φ approximately
equals the ratio Q∗/Q.

The osmotic coefficient φ has been measured both in solutions of strongly dis-
sociating poly[2-(methacryloyloxy)ethyl]-trimethylammonium iodide (PMETAI)
[48], and weakly dissociating PAA [43] star polymers.

Figure 8a presents the osmotic coefficients measured in solutions of PMETAI
and PAA stars with 18 and 21 arms, respectively, as a function of the polymer

Fig. 8 Osmotic coefficients in solutions of (a) PMETAI stars with 18 arms, each comprising
170 monomer units (closed squares) and PAA stars with 21 arms, each comprising 100 monomer
units, degree of neutralization α = 0.24 (open squares), and (b) PAA stars with 8 (circles) and 21
(squares) arms, each arm comprises 100 monomer units, degree of neutralization α = 0.25, as a
function of polymer concentration
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concentration. The experimental curves demonstrate a weak increase in the osmotic
coefficient as a function of polymer concentration. However, in both cases, the os-
motic coefficient is significantly lower than unity and its magnitude is close to that
obtained in [37] on the basis of SF-SCF calculations. This unambiguously proves
the reduced osmotic activity of counterions. This reduction can be rationalized by
their confinement in the intramolecular volume.

Clearly, for pH-sensitive PAA stars, the osmotic coefficient depends on the de-
gree of ionization α , which is controlled by the pH in the solution. Under these
conditions, the lower charge of a PAA star as compared with that of a fully ionized
(α ∼= 1) PMETAI star, leads to a lower degree of localization of counterions and,
thereby, to a larger value of the osmotic coefficient φ .

In Fig. 8b, we show the osmotic coefficients for PAA stars that differ with re-
spect to the numbers of arms at the given degree of neutralization. In accordance
with theoretical predictions, the osmotic coefficient φ decreases (i.e., the degree of
localization of counterions increases) upon an increase in the number of arms, p, in
the star. Note that in the case of star polymers with relatively small number of arms,
the osmotic coefficient is significantly larger (by two orders of magnitude) than that
measured previously in the solutions of colloidal PE brushes [44, 45].

7 Effects of Ionic Strength and pH on the Polyelectrolyte
Star Conformation

From the summary of the theoretical results presented above, it follows that the
intramolecular volume of a star-branched PE, with a sufficiently large number of
arms, is essentially electroneutral. That is, the bare charge of a star polymer is neu-
tralized by mobile counterions. These counterions are predominantly retained inside
the macroion volume, even if the star is immersed in a dilute salt-free solution.
Moreover, if the “intrinsic” Debye length associated with the intramolecular con-

centration of entrapped counterions, r(in)
D

∼= (lB pαN/R3)−1/2, is used as an upper
estimate for the intramolecular electrostatic screening length, one finds that in the
osmotic PE star, p � α−1/2(lB/a)−1, the electrostatic interactions are screened at
distances much smaller than the star size R.

Therefore, a detailed analysis of the conformations of many-armed star-like PEs
may take place within the so-called local electroneutrality approximation (LEA).
The latter also allows for an equilibrium of the ionization of the macroion, hence
also covering the pH-responsive (annealing) star-like PEs.

As long as monovalent salt ions are added to the solution, the total ion
concentration:

Φion ≡ ∑
j

cb j (32)

determines the ionic strength, and the Debye screening length in the bulk of the
solution is:

rD = (4π lBΦion)−1/2 (33)

(The summation in (32) is performed over all ion species, including H+ and
OH− ions).
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The effect of salt on the conformations of a many-arm (osmotic) PE star becomes
important when the salt-controlled bulk Debye screening length, given by (33), be-

comes smaller than the intrinsic screening length, r(in)
D , in a salt-free osmotic PE

star. This is also true, equivalently, when the concentration of added salt exceeds the
intramolecular concentration of counterions in the osmotic star. Clearly, the local
electroneutrality in this case is ensured, and the LEA is applicable for analysis of
the PE star conformations on a length scale larger than rD.

The opposite limiting case of a PE star with a small number p 	 α−1/2(lB/a)−1

of arms in a salt-free solution was considered in [121]. In the latter case, the coun-
terions can be disregarded and the Poisson equation allowed for an exact numerical
solution for the polymer density profile, which confirmed the uniform stretching of
the arms in the interior region of the star. The LEA may be applied for analysis of
conformations of stars with a small number of arms in salt-added solution, provided
the bulk Debye length rD is smaller than the overall size of the star [28].

7.1 The Mean-Spherical Equal Arm Stretching Approximation:
General Formalism

To analyze the effects of ionic strength and pH of the solution on the conformations
of PE stars, we switch from the “canonical” cell model (where the number of ions
was fixed) to the “partially open” ensemble. In the latter model, (a) one central
star polymer occupies a spherical volume within radius R, and (b) the chemical
potentials of all mobile ions are set equal to those in the bulk of the solution (infinite
reservoir).

The concentrations cb j (or, equivalently, the chemical potentials) of all the mobile
ions are assumed to be constant in bulk solution. Therefore, the relevant free energy
of the corona is the Gibbs free energy.

If all the star branches are assumed to be equally stretched (i.e., all the ends of
the arms are localized at the edge of the star), the free energy of a star polymer can
be presented as:

F = p
3kBT
2a2

∫ R

0

(
dr
dn

)
dr + 4π

∫ R

0
fint{cp(r)}r2dr (34)

Here, the first term accounts for the conformational entropy losses in non-uniformly
extended branches that exhibit the Gaussian elasticity [122], whereas the second
term is the interaction contribution to the free energy. The local chain exten-
sion (dr/dn) at distance r from the center is related to the local concentration of
monomers, cp(r), as:

cp(r) =
p

4πr2

dn
dr

(35)
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Then, the free energy, (34), can be presented as:

F = 4π
∫ R

0
f{cp(r),r}r2dr (36)

where:

f{cp(r),r} =
3kBT p2

32π2a2r4cp(r)
+ fint{cp(r)} (37)

is the total density of the free energy in a star polymer.
The term fint{cp(r)} accounts for the short-ranged (excluded volume) interac-

tions between monomers fev{cp(r)} and for the ionic contribution fion{cp(r)}:

fint{cp(r)} = fev{cp(r)}+ fion{cp(r)} (38)

where:
fev{cp(r)}/kBT = υc2

p(r)+ wc3
p(r)+ ... (39)

The expressions for the ionic contribution to the free energy density, fion{cp(r)},
are derived within the LEA in the Appendix, both for quenched and annealing PE
coronas.

The polymer density profile, cp(r), and the radius of the star, R, are determined
from the minimization of the free energy, (36), while taking the conservation of the
number of monomer units, (2) into account as a constraint. This leads to:

δ
δcp(r)

f{cp(r),r} = λ (40)

Here λ is a Lagrange multiplier that is coupled to the constraint that the total number
of the monomer units, (2) is conserved. The constant λ coincides with the exchange
chemical potential of the monomer, which is constant throughout the star. The equi-
librium value of R is obtained by a minimization of the free energy with respect to R,
which is equivalent to the condition that the differential osmotic pressure vanishes
at the edge of the corona r = R:

ΔΠ(r = D) ≡
(

cp(r)
δ

δcp(r)
f{cp(r),r}− f{cp(r),r}

)
r=R

= 0 (41)

In a simplified model, which generalizes the Daoud–Cotton approach [21], the
condition of a local balance between the elastic tension in the extended branches and
the excess osmotic pressure due to (repulsive) monomer–monomer interactions:

cp(r)
δ

δcp(r)
f{cp(r),r}− f{cp(r),r} = 0 (42)

is implemented at all distances r from the center of the polyion. This “quasi-planar”
approach generalizes the blob model that was described in Sect. 2. Clearly, the nor-
malization condition for the polymer density profile (2) also has to be satisfied.
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When (42) is used in the derivation of the polymer density profile, the profile
appears independent of the degree of polymerization N of the arms. The degree of
polymerization N only determines the cut-off distance for the profile via the normal-
ization condition, (2). This implies that the local conformations of the arms at any
distance r < R are independent of N. In particular, the elastic tension in the chains
at any distance r < R does not depend on the overall degree of polymerization of the
chains.

Alternatively, implementing (40) and (41) leads to a quite different picture for
the star structure. Here, the elastic tension in the arms is determined by the local
monomer–monomer repulsion only at the edge of the corona, r = R. At r < R the
arms are stretched more strongly, due to an excess pulling force exerted by the ter-
minal parts of the arms. Therefore, the polymer density profile cp(r,N,R) and the
chemical potential λ (N,R) depend explicitly on N (or the star size R) [123].

7.2 Density Profiles

Closed analytical expressions for the polymer density profiles cp(r) can be ob-
tained only in certain limiting cases (asymptotic regimes), when the free energy
density can be presented as a power law function of the polymer concentration,
fint{cp(r)} ∼ cγ

p(r). The density profiles have the simplest form when they are pre-
sented in reduced variables, r/R and cp(r)/cp(R).

A simplified quasi-planar approach predicts a power law decay of the density
profile for any value of γ and at any distance r:

cp(r)/cp(R) ≈ (R/r)
4

γ+1 (43)

A more accurate theory predicts a different functional form for the density profile
that depends on the value of γ . The polymer concentration, cp(r), can be approxi-
mated by a power law function only in the central region of the corona.

For a neutral star, γ = 2 or 3 in a good or a theta-solvent, respectively. The same
exponent, γ = 2, is found for a PE star in a concentrated salt solution, see (60). The
latter is not surprising, because at a high salt concentration, the electrostatic repul-
sion between charged monomers is partially screened and the monomer–monomer
interactions are described via binary short-range repulsion.

By simultaneously solving (40) and (41), one gets for the polymer density profile:

cp(r)/cp(R) ≈
(

γ −1
2γ

) 1
γ+1

(R/r)
4

γ+1 (44)

Hence, the power law dependencies cp(r) ∼ r−4/3 and cp(r) ∼ r−1, derived above
for neutral star polymers under good and theta-solvent conditions, are recovered,
but the numerical prefactor is smaller than in quasi-planar model, (43).
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In the case of a quenched PE star in a low salt solution (osmotic regime), γ = 1
and:

cp(r)/cp(R) ≈ (R/r)2{2ln[cp(r)/cp(R)]}−1/2 (45)

We, therefore, find a logarithmic correction to the polymer density profile predicted
earlier, cp(r) ∼ r−2, which corresponds to a uniform radial stretching of the arms.

Finally, the density profile found for an annealing PE star in the low salt regime,
γ = 1/2, is:

cp(r)/cp(R) ≈ (R/r)2/31/2 (46)

Here, the density profile decays as cp(r) ∼ r−2, which corresponds to a uniform
stretching of the arms in interior region of an annealing PE star. Note that this re-
sult differs from that obtained in a simplified quasi-planar model (cp(r) ∼ r−8/3).
The latter predicts an increase in the local stretching of the arms as a function of
distance r from the star center. Remarkably, in spite of the difference in the poly-
mer density distributions specified by the two models, the overall size R of the star
macromolecule obeys the same power law dependence [123]. One can therefore use
either of the two approaches, or even a box-like cell model, to get the power law
dependencies for the star size R.

We emphasize that in both models discussed here, the free ends of the branches
are fixed at the external boundary of the corona. Relaxation of this constraint is
possible in the numerical SCF model of Scheutjens and Fleer. It is therefore instruc-
tive to compare the predictions of the analytical theory to the more accurate results
obtained by means of the numerical SF-SCF computations.

In Figs. 9 and 10a, the polymer volume fraction profiles are presented in dou-
ble logarithmic (log–log) coordinates for both quenched and annealing stars with
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Fig. 9 Radial volume fraction profile ϕp(r) (in log–log coordinates) for quenched PE stars with
different numbers of branches p; theta-solvent conditions; N = 200, α = 0.2, D = 150, ϕb

s = 10−7.
The dotted line indicates the slope −2, corresponding to a uniform extension of the branches
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Fig. 11 Radial distribution of end segments ne(r) for three values of the difference between
pH and pKa: -1, 0 and 1 under theta-conditions; N = 4000 p = 20, ϕb

s = 10−7; semilogarithmic
coordinates

different numbers of arms, p, respectively. A power law decay with slope −2 is
clearly seen in central regions of both quenched and annealing PE stars. This corre-
sponds to a uniform stretching of the arms. In Fig. 10b, the volume fraction profiles
for annealing PE stars are presented in semilogarithmic coordinates. These prove
that there is an exponential decay of the polymer density in the peripheral region of
the star corona.

In Fig. 11, the radial distribution of the end segments in an annealing PE star,
with different number p of arms, is shown for a range of pH values. A “dead zone”,
i.e., a region close to the center of the star where free ends are depleted, is visible.
The end-point distribution is clearly bimodal for pH ≥ pKa, when the star corona
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Fig. 12 Radial volume fraction profile of polymer segments ϕp(r) in log–log coordinates, of a
quenched PE star with p = 20 branches under theta-conditions; N = 200, α = 0.2, D = 300, for
various ionic strength conditions (ϕb

s ) as indicated. The dotted line with the slope −2 corresponding
to a uniform extension of the branches

is moderately ionized. Obviously, the two peaks in the distribution of chain ends
correspond to two populations of the arms: the stronger ionized ones constitute
the distal maximum in the distribution, whereas the weaker ionized ones are less
stretched and contribute to the proximal maximum.

In Fig. 12, similar segment density profiles are presented for quenched PE stars
with a given number of arms, p = 20, and for several salt concentrations, in log–log
coordinates. Clearly, in the central region a power law regime is recovered. At low
salt concentration, the slope −2 corresponds to the uniform stretching of the arms.
Upon an increase in salt concentration, this slope is progressively changed to −4/3,
corresponding to the salt-dominated regime.

The results of the SF-SCF calculations indicate that fluctuations in the exten-
sion of individual branches lead to a wide peripheral distribution of the free ends.
Similarly to a neutral star polymer [124], the corona of a PE star consists of two
regions. In the internal region, the arms are stretched fairly equally, and the decay
of the polymer density is described by a power law function. This is in good agree-
ment with findings of the analytical theory, which uses the assumption of equal
stretching of the arms. At the periphery of a star polymer, the curvature effects are
less important. Here, the corona can be structurally mimicked by a quasi-planar
PE brush [98]: the free ends are distributed throughout the peripheral region with
a well-pronounced maximum. For a quenched PE star polymer, the self-consistent
electrostatic potential can be approximated by a parabolic function, whereas the
number density profile of monomers has either a Gaussian (in a salt-free case) or a
parabolic (in a salt-added case) shape, followed by an exponential decay at the tail
of the distribution. The latter arises due to the fluctuations of non-stretched terminal
segments of the arms.
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7.3 Star Size and Degree of Ionization

In the context of the LEA, the size R of a PE star can be obtained by integrating the
polymer density profile, cp(r), according to (2). In the limiting cases, when the den-
sity profiles are described by a power law function of distance from the star center,
(44)–(46), the exact numerical pre-factors in the scaling expressions can be speci-
fied for the star size. Remarkably, if the simplified quasi-planar approach is applied,
the star size is systematically underestimated. As mentioned above, this is due to a
neglected additional pulling force exerted on the central regions of the star by the
terminal segments of its arms. The difference between the results obtained by the
two different approaches is marginal in the case of nonionic star polymers, whose
conformations are governed by short-ranged repulsive intramolecular interactions,
or for PE stars at high salt concentration. However, it becomes significant for PE
stars at low salt concentrations, particularly for weakly dissociating (pH-sensitive)
PE stars.

Quenched Polyelectrolyte Star

For the dimensions of a quenched PE star in a salt-free osmotic regime, one recovers
the scaling dependence, (14), obtained earlier on the basis of a box-like model.

An increase in concentration Φion of added salt ions, leads to the penetration of
salt ions into the star interior and a decrease in the differential osmotic pressure.
When the concentration of added ions sufficiently exceeds the average concen-
tration of counterions in the osmotic star, the polyion is found in the so-called
salt-dominated regime. Here, the differential osmotic pressure of ions is equivalent
to that created by binary monomer–monomer interactions with an effective second
viral coefficient υeff = α2/2Φion. As a result, one recovers the same scaling depen-
dence for the size of a PE star as that found for neutral star polymer under good
solvent conditions, (4), with replacement υ → υeff:

R ∼= aN3/5 p1/5(α2/a3Φion)1/5 (47)

We, therefore, find that the PE star size, R, in the salt-dominated regime de-

creases as Φ−1/5
ion , upon an increase in salt concentration. Note that the same scaling

dependence is obtained when the electrostatic repulsions between the charged
monomers are accounted for through the screened Coulomb binary interaction
potential, u(r)/kBT = lBr−1 exp(−r/rD). A further increase in Φion leads to an
additional decrease in υeff. When υeff becomes on the order of the bare virial co-
efficient υ , the star size R approaches that of a neutral star, (4). Therefore, the size
R of a quenched PE star demonstrates a plateau at low salt concentrations (in the

osmotic regime), decreases in the salt-dominated regime as R ∼ Φ−1/5
ion , and ap-

proaches a second plateau at high salt concentrations (in the quasi-neutral regime),
as schematically illustrated in Fig. 13.
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Fig. 13 Evolution of the size (radius R) of quenched and annealing PE stars as a function of salt
concentration Φion. See text for details
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Fig. 14 Quenched PE star size R as a function of the volume fraction of salt in the bulk ϕb
s (in log–

log coordinates) for stars with different number of branches p as indicated, under theta-conditions;
N = 200, α = 0.2, D = 150. The size is normalized with respect to the limiting value at low ionic
strength conditions Rlow

In Fig. 14, the overall size of a quenched PE star is plotted as a function of salt
concentration for different values of p (in log–log coordinates). In accordance with
the analytical predictions, the plateau at low salt is followed by a decrease in the star
size with a slope of −0.2.

The salt-controlled behavior of PE coronae of kinetically frozen star-like mi-
celles was examined experimentally [52, 58]. A good correspondence between the
theoretical (−1/5) and the observed (−0.18 in [52], and −0.2 in [58]) values of the
exponent was found.
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A more refined scaling model, developed recently in [93], introduces the concept
of a screening length rB < rD to specify the PE star behavior in the salt-dominated
regime. According to [125], rB governs the screening of the electrostatic interactions
in a semidilute PE solution with added salt. A smaller value of rB = rDα1/6, with re-
spect to the salt-controlled Debye length, rD, is due to a more effective screening by
charged polymer segments than by single ions. However, such modification leads to
a rather moderate revision compared to the osmotic model described above. In par-

ticular, it predicts the appearance of a very narrow subregime, wherein R ∼ Φ−1/2
ion .

This dependence is expected in the middle of the salt-dominated regime (wherein

R ∼ Φ−1/5
ion ), but up to now it has not been detected experimentally.

Annealing Star Polyelectrolyte

In contrast to the monotonous decrease in R expected for quenched PE stars upon
an increase in salt concentration, an annealing PE star polymer demonstrates more
sophisticated behavior. As discussed above, the ionization equilibrium in a strongly
branched polyion is coupled to the local concentration of hydrogen ions in its inte-
rior (local pH) according to the mass action law (5). The local pH (computed using
the local proton concentration) in an anionic star is always lower than the “buffered”
pH in the solution, and the degree of ionization α of a monomer in a polyion interior
is, therefore, lower than that in the bulk of the solution. Therefore, the degree of ion-
ization of the star branches could be tuned by variations either in the ionic strength
or in the pH of the solution. As a result, an annealing PE star might demonstrate a
non-monotonous variation of its dimensions as a function of salt concentration Φion.

The LEA gives, for the average degree of ionization α of a highly branched
PE star:

α ∼=
{

α2
b a6N4 p−2Φ2

ion, αbcp/Φion � 1
αb, αbcp/Φion 	 1

(48)

where αb is the degree of ionization of a monomer in the bulk solution at given pH.
Hence, at low salt concentration Φion, the average degree of ionization of monomers
in a star polymer is a decreasing function of the number of arms, p, and increases
upon an increase in Φion, asymptotically approaching (from below) the value of αb.

In Fig. 15, the average degree of ionization versus the bulk pH is plotted for weak
polyacid stars with different numbers of arms. A progressive shift of the curves to-
wards larger pH values upon an increase in p is clearly noticeable. Correspondingly,
at low salt concentrations, the size R ∼= aNα1/2 of an annealing PE star is given by:

R ∼= a4N3 p−1αbΦion, αbcp/Φion � 1 (49)

The theory, therefore, predicts a linear increase in the size of an annealing PE star
polymer at relatively low salt concentration (in the osmotic regime), as shown by
the dashed line in Fig. 13. When salt is added, salt ions substitute protons in the
interior of the polyion and thereby increase the local pH. As a result, the ionization
of the branches increases, and the PE star swells upon an initial increase in Φion.
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Fig. 15 Average fraction of dissociated groups 〈α〉 as a function of the difference between pH of
the solution and the pKa value of the weak acidic groups. The number of branches (p) is indicated;
theta-conditions and N = 200 The ionic strength is ϕb

s = 10−5 (cs = 10−4 M) (solid lines) and
ϕb

s = 10−7 (cs = 10−6 M) (dashed lines)
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Fig. 16 Size of an annealing PE star R as a function of the ionic strength for N = 200, D = 500,
m = 5, pKa = 6 under theta-conditions. The pH is 6 or 7, and the number of branches p is 5, 20, or
100 as indicated

When the local (interior) pH approaches the bulk pH, α ∼= αb and the size of a
swollen polyion reaches its maximum, R ∼= aNα1/2

b . After this point, the behavior
of quenched and annealing PE star polymers becomes similar: both decrease their

size R upon a further increase in Φion as R ∼ Φ−1/5
ion , following (47), and approach

the quasi-neutral plateau at high salt conditions (as schematically shown in Fig. 13).
In Fig. 16, the average size R of an annealing PE star (specified as the first

moment of the end segment distribution) is plotted as a function of the salt con-
centration, Φion ∼ ϕb

s , for different values of the bulk pH. A maximum is observed
for pH ≤ pKa.
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At low salt concentration, however, the degree of ionization α of an annealing
PE star might become so low that a star macroion releases a noticeable fraction
of its counterions into the surrounding solution. As a result, the increase in local
pH promotes ionization of the branches. The released counterions become more
strongly attracted to the macroion and eventually condense back into its interior.
Therefore, under low salt conditions, an annealing branched macroion stays at the
threshold of ion release, Q = α pN ∼= R/lB. The ion localization condition, α pN ∼=
R/lB, together with the intrastar osmotic balance condition, R ∼= aα1/2N, set the
scaling dependence for the star size in this so-called annealing charged regime [28]:

R ∼= a2N
lB p

(50)

The crossover between (49) and (50) specifies the boundary between the
annealing osmotic and the annealing charged regimes as a2lBαbN2Φion ≈
a2lBKaN2Φion/cbH+ � 1.

Remarkably, in both annealing charged and annealing osmotic regimes, (49) and
(50) predict a decrease in the star size as a function of the number of branches p.
The reason for this is a decrease in the average degree of ionization of the arms upon
an increase in the intramolecular density of the monomers. However, the strong
dependence, R ∼ p−1, predicted by (49) and (50) is hardly observable in real or
numerical experiments because of a corresponding increase of the non-electrostatic
(excluded-volume) intramolecular repulsion.

Various scaling regimes of quenched and annealing PE star polymers are summa-
rized in the diagram of states given in Fig. 17. For an annealing star, in addition to
the annealing osmotic and annealing charged regimes (where the star size R is given
by (49) and (50), respectively), one finds the regime of a charged star (13), the salt-
dominated regime (47), and the regime of a neutral star (3). The latter is specified
in Fig. 17 for theta-solvent conditions, υ = 0. Remarkably, in the charged annealing
regime, the size R of a star polymer does not exhibit a power law dependence on
Φion. This might explain why, in contrast to planar brushes, the spherically curved
weak PE colloidal brushes do not demonstrate a distinct increase in R upon an in-
crease in Φion [45]. Note that, in a planar geometry, the scaling theory predicts a

salt-induced increase in brush thickness, H ∼ Φ1/3
ion , for both the annealing osmotic

and the annealing charged regimes [126]. Whereas the general theoretical trends
predicted for the annealing planar and quasi-planar brushes were confirmed in a
number of experimental studies [45, 127–133], a comprehensive test of annealing
star-like spherical brushes remains a challenging problem. The width of the osmotic
annealing regime is rather limited (see diagram in Fig. 17), and a proper choice of
the relevant parameters (p, N, and pH) is of crucial importance for detecting the
R ∼ Φion dependence, (49).

The coupling between the ionization of an annealing polyion and its confor-
mation is expected for other branched macroions as well. Recently, this effect
was unambiguously demonstrated for thermoresponsive spherical star-like micelles
of diblock copolymers with a polybasic (PDMAEMA) corona [134]. Due to the
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Fig. 17 Diagram of states of annealing (a) and quenched (b) PE stars. The ratio lB/a is set to
unity. See text for details

connection between the conformations of coronal chains and the ionization of their
segments, variations in the temperature and pH could cause large micelles with
a quasi-neutral corona to reversibly abruptly rearrange into small micelles with a
highly charged corona.

7.4 Annealing Star Polyelectrolytes: Titration Curves

To experimentally monitor the ionization of weak PE stars, one can measure the
variation of the pH in the solution of PE stars upon adding strong acid or strong base.
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Fig. 18 Potentiometric titration curves for PAA stars: (PAA100)21 (closed squares), (PAA100)8
(closed circles), (PAA100)5 (closed triangles), and linear PAA100 (open squares). Inset is the cutout
of (PAA75)8 (open triangles), (PAA160)8 (open diamonds), and (PAA100)8 (closed circles) [43].
Reprinted by permission of Wiley-VCH

The degree of neutralization of the PE macroion can be calculated from the added
amount of acid or base in relation to the detected pH. The apparent pKa (or pKb)
values can be found from the pH that corresponds to the degree of neutralization of
α = 0.5.

A solution of PAA stars was titrated by adding a concentrated NaOH solution,
giving a titration curve [43]. Figure 18 shows the obtained result for pH as a func-
tion of the degree of neutralization, α =[Na+]/[COOH], where [COOH] is the total
concentration of carboxyl and carboxylate groups of the stars and [Na+] is equal to
the amount of added NaOH. It is clearly seen that the titration curves are system-
atically shifted toward larger pH values when the number of arms (at constant arm
length) is increased. This result is in accordance with (48). Thus, the apparent pKa

increases as a function of the number or arms, as predicted by theory: the larger the
number of arms, the higher the excess electrostatic potential inside the star and the
smaller is the degree of ionization of the arms.

7.5 Effect of Counterion Valency

As discussed in the previous section, the addition of monovalent salt to a solu-
tion of PE stars leads to a screening of the intramolecular Coulomb repulsion
and a subsequent decrease of the differential osmotic pressure. For quenched PE
stars, this results in a monotonic decrease in the star size, most pronounced in the
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salt-dominated regime. For pH-sensitive PE stars, the promotion of ionization due
to replacement of H+ (or OH−) counterions by salt ions dominates under low salt
conditions and, as a result, the star swells upon an addition of salt (cf. osmotic an-
nealing regime in Fig. 17). This swelling is followed by a decrease in the star size,
R, at higher salt concentrations (salt-dominated regime in Fig. 17). Both trends are
strongly affected by the valency of the counterions.

The effect of counterion valency on the swelling behavior of planar and colloidal
PE brushes was theoretically studied in [135–137]. In the case of a counterion with
a valency of Z (Z = 1, 2 and 3 for, e.g., Na+, Ca2+ and Al3+ ions, respectively), the
Donnan equilibrium is formulated as:

cZ+/cbZ+ = (c j+/cb j+)Z = (cb j−/c j−)Z = exp(−ZeΔΨ/kBT ) (51)

where cZ+ and cbZ+ are the concentrations of the Z-valent ions inside and outside
the star, and c j± and cb j± are the concentrations of monovalent ions (including H+

and OH− ions) inside the star volume and in the bulk of the solution, respectively. In
experiments, the ratio cbZ/Z ∑ j+ cb j+ ≡ ζ and the total concentration of monovalent
salt co-ions, ∑ j− cb j− ≡ Φs/2, are often used as control parameters.

By combining (51) with the local electroneutrality condition, ∑ j− c j− + αcp =
∑ j+ c j+ + ZcZ+, one finds an equation for the excess (Donnan) potential inside the
star and for the differential osmotic pressure. This differential osmotic pressure has
to be balanced with the elastic force of entropic origin that is linked to the extension
of the branches to give the equilibrium size of the star polymer.

It can be shown that the addition of trace amounts of Z-ions to the solution leads
to a rapid substitution of monovalent counterion in the star corona by Z-ions. This
is due to their stronger attraction to the oppositely charged PE star polymer. Since a
smaller number of Z-ions is needed to ensure the electroneutrality of the star interior,
an increase in ζ (i.e., in relative amount of Z-ions in the bulk of the solution) leads
to a rapid decrease in the osmotic pressure inside the corona and, consequently,
to a de-swelling of the PE star. This effect, of replacing monovalent counterions
by multivalent ones is most pronounced at low salt concentrations (in the osmotic
regime), where:

R ∼= aN
(α

Z

)1/2
(52)

and, thus, RZ=1/RZ
∼= Z1/2. By contrast, in the salt-dominated regime, the differen-

tial osmotic pressure and the star size, R, are controlled by the ionic strength in the

solution via rD. That is, R ∼= aN3/5 p1/5υ1/5
eff , where:

υeff = 2πα2lBr2
D =

α2

Φs
· 1 + Z2ζ

2 + Z2ζ + Z3ζ
(53)

Thus, the replacement of monovalent counterions by multivalent ones (at constant
and high bulk concentration of monovalent salt co-ions), results in a contraction of
the star macroion by a factor of RZ=1/RZ

∼= Z1/5.
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The effect of multivalent counterions has been studied experimentally for
colloidal PE brushes in [137]. Remarkably, the magnitude of the observed col-
lapse described in [137] exceeds the decrease in R predicted on the basis of osmotic
balance arguments (52). A similar trend was also found for planar PE brushes in
the presence of multivalent ions [132, 138]. At least two additional effects might be
responsible for this behavior. Firstly, a correlational attraction in the star corona, due
to Z-ions, may serve as a co-driving force of the star collapse. Secondly, multivalent
counterions might bind specifically (adsorb) to the star branches, thereby reduc-
ing their effective charge density. Under these conditions, the Donnan equilibrium
should be supplemented by a Langmuir-like balance [139] between the counterions
that are adsorbed onto the branches and the mobile ones in the star interior. Finally,
one has to keep in mind that the replacement of monovalent counterions by multi-
valent ones reduces the maximal charge density on the arms corresponding to the
Manning condensation threshold.

For an annealing star polyion, the degree of ionization, α, becomes a function
of the counterion valence, Z, and of the Z-ion bulk concentration, cbZ , due to a
progressive substitution of the monovalent counterion (H+ for a polyacid) by Z-ions
and the corresponding increase in local pH inside the star. Implementation of the
Donnan rule (51), together with the mass action law (5) and the osmotic balance
(52), provides a scaling dependence for the star size:

R ∼= aαZ/(2Z−1)
b N(2Z+1)/(2Z−1)

(
ZcbZ

p

)1/(2Z−1)

(54)

where the exponents depend on the counterion valency, Z ≥ 1. Remarkably, under
low salt conditions the substitution of monovalent counterions by multivalent ones
leads to a weaker swelling of the star corona (as a function of the added salt concen-
tration). In the salt-dominated regime, multivalent counterions provide a stronger
screening of the electrostatic interactions (smaller value of the Debye length, rD)
for both quenched and annealing polyions.

8 Collapse of a Polyelectrolyte Star in Poor Solvent

Triggered by a decrease in the solvent strength, isolated nonionic star polymers
suffer a collapse transition. The theory of the collapse transition has been developed
in [140, 141]. This theory predicts a progressive deswelling (collapse) of the star
polymer as a function of decreasing solvent strength. The onset of the collapse
transition, which corresponds, e.g., to a vanishing second virial coefficient of inter-
actions between the stars in solution, is shifted with respect of the theta-point for
linear polymers, υ = 0, towards poorer solvent strength conditions, υ ≤ 0. In the
framework of the blob model, the onset of the collapse of a star polymer as a whole
corresponds to the collapse of the outermost coronal blobs. A further decrease
in the solvent strength results in the formation of a region of virtually constant
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concentration at the periphery of the star, see Fig. 1c. This concentration is
determined by the local balance of binary attractive and ternary repulsive inter-
actions. In a more dense central region, the stretching of the arms is controlled
by ternary monomer–monomer interactions. Upon progressive decrease in solvent
strength, the boundary between the collapsed and the theta-region shifts progres-
sively towards the center of the star. The star acquires a conformation of a spherical
globule with a uniform density of its monomers.

These theoretical predictions are in good agreement with experiments [142]
on the collapse transition in dilute solutions of organosoluble star polymers, i.e.,
poly(styrene) stars in cyclohexane. In these experiments, the temperature was var-
ied around the theta-point (ca. 34.5◦C). Lowering the temperature corresponds to an
inferior solvent strength of cyclohexane.

In water, the solubility of most of synthetic PEs (e.g. PMAA or polysulfonic acid)
depends strongly on the presence of ionized groups. In other words, the monomers
of most synthetic PEs are often intrinsically hydrophobic [143].

In contrast to organosoluble polymers, for most known water-based nonionic
polymers, the quality of water as a solvent decreases upon an increase in tempera-
ture. This is known as LCST (lower critical solution temperature) behavior [144].
Experimental observations of LCST behavior (thermoinduced collapse) of neutral
stars or spherical polymer brushes in water are rare [145, 146], and do not yet pro-
vide systematic relationships between the LCST and the degree of branching.

Furthermore, polymers such as PDMAEMA combine a weak polybase character
with thermoresponsive properties: at high pH and low temperatures PDMAEMA
is not ionized, but, nevertheless, is soluble in water. An increase in temperature,
however, leads to an increase in the hydrophobicity of the monomers and, at T
≥ LCST, the unionized polymers collapse, lose solubility, and precipitate from
aqueous solution [47].

In poor solvents, the conformations of charged macromolecules are controlled
by the competition between short-ranged attractive monomer–monomer interactions
and long-ranged electrostatic repulsions between ionized monomers. The first the-
ory of the collapse transition in a single linear (quenched) PE chain was proposed by
Khokhlov [147], who predicted a gradual collapse of a PE chain upon a decrease in
the solvent strength. According to this theory, a partially collapsed PE chain acquires
the conformation of a longitudinally uniform cylindrical (“cigar-like”) globule. The
collapse transition in a weak (pH-sensitive) PE chain was considered by Raphael
and Joanny [148], who predicted an abrupt transition from a stretched to a collapsed
globular state, because of the coupling between the conformations and the ioniza-
tion of a weak PE chain. That is, a lower degree of ionization of the monomers is
expected in the collapsed globular conformation.

The theory of Khokhlov [147] was revised by Dobrynin, Rubinstein and
Obukhov [149], who demonstrated that a partially collapsed quenched PE chain ac-
quires a “pearl-necklace” conformation, consisting of collapsed globular beads con-
nected by stretched bridges. The pearl-necklace structure appears due to interplay of
short-range monomer-monomer attraction with long range repulsion and is a mani-
festation of the Rayleigh instability constrained by the chain connectivity [158, 159].
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The size of each globular bead is controlled by a balance between the excess interfa-
cial free energy of a bead and the intrabead Coulombic repulsion. The length of the
bridges (strings of thermal blobs) adjusts the Coulomb force of the interbead repul-
sion to a critical force at which the mechanical unfolding of a polymer globule oc-
curs [152]. MC and MD simulations unambiguously indicated the formation of such
a intramolecular pearl-necklaces structure in strongly dissociating PE chains, where
the local collapse is due to short-range monomer–monomer attraction [153, 154].

The nonlinear branched topology is expected to introduce novel specific features
in the collapse transition of individual charged macromolecules, due to the interplay
between intra- and interbranch Coulomb repulsion. Conformations of intrinsically
hydrophobic star-branched PE have been studied experimentally in the past decade
[50, 51]. Recently synthesized PDMAEMA stars responsive to both pH and tem-
perature [47, 48] are expected to undergo an intramolecular collapse transition as a
response to the increase in temperature. The latter provokes a decrease in the solu-
bility of the monomers in the star arms.

The theory of the collapse transition in star-like PEs was developed by Borisov
et al. [155] and Ross and Pincus [156] on the basis of a box-like model, which
assumes a fairly uniform concentration of the monomers within the star (see Sect. 5).
This analysis suggested that, in contrast to a neutral polymer star, which collapses
gradually upon a decrease in the solvent strength [141], the collapse of a PE star has
a first-order nature and involves coexistence of the collapsed and swollen states.

In a salt-free solution, the onset of collapse transition in a PE star corresponds to
the collapse of individual electrostatic blobs in the uniformly stretched arms of the
star. An increase in the number of star branches, p, enhances interbranch Coulomb
repulsions, and, thereby, decreases the electrostatic blob size. Therefore, the col-
lapse transition is shifted towards poorer solvent conditions upon an increase in p.

The picture of the collapse transition in quenched PE star has been revised by
Misra et al. [157], who proposed that microphase coexistence, between a collapsed
core domain and a swollen corona may occur inside an individual PE star. An
essential Ansatz of all the mean field theories developed in [155–157] is the pre-
assumption that the PE star retains its spherically symmetrical configuration in a
partially collapsed state. The collapse transition is described in terms of the evolu-
tion of radial density distribution as a function of the solvent quality.

In contrast to this, the scaling theory of the PE star collapse developed in [27]
suggested that, instead of the formation of a collapsed core, a decrease in the sol-
vent strength may provoke the formation of bundles by the sticking of individual
branches to each other. The bundle formation reduces the excess interfacial free
energy of the collapsed domains, without a significant penalty in terms of the
intramolecular Coulomb repulsion. More recently, the formation of bundles was
theoretically predicted in colloidal PE brushes [42].

An intriguing question is, however, whether the pearl necklace, or some other
types of multidomain intramolecular structures of low symmetry, may correspond
to the equilibrium conformation of a partially collapsed star-branched PE. This
problem has been recently addressed by Kosovan et al. [158] by means of MD
simulations.
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Fig. 19 MD simulation snapshot of a PE star in poor solvent; p = 10, N = 200, α = 0.25

The simulations proved that a progressive decrease in the solvent quality
induces a series of conformational transitions, giving rise to intramolecular
multidomain structures of different morphologies. The pearl-necklace structures in
separate branches are found at moderately poor solvent conditions. This structural
motive persists for stars with a relatively small number of arms, also in the inter-
mediate range of solvent quality. With inferior solvent strengths, the simulations
provide evidence of sticking of individual branches/necklaces into bundles. The
bundling is more pronounced in the central region of many-armed stars, whereas
at the periphery of the star the bundles split into single-chain necklaces, Fig. 19.
At sufficiently poor solvent strength, multiple intramolecular structures of different
morphologies are observed in the simulations, i.e., the system is strongly frustrated.
It is anticipated that this behavior is an inherent property of branched PEs, where the
repulsive electrostatic interactions that operate on a large length scale compete with
short-ranged attractions under the constraints of monomer connectivity in branched
topologies.

9 Conclusions

We have presented an overview of theories that describe the conformations and
solution properties of star-branched PEs. Whereas the principal qualitative re-
sults can be obtained on the basis of a simplified box-like cell model, systematic
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treatments of the corresponding PB problem were achieved by employing the
SF-SCF approach. The latter gives access to the partition function of stars in the
self-consistent electrical field created by the charged arms in the presence of mobile
counterions. Additional insights into counterion distributions in PE stars in both
radial and angular directions are provided by MC and MD simulations.

The theoretical analysis proves that the majority of the counterions are local-
ized inside the star, provided that the number of arms is large. The arm length
has no significant influence on the degree of counterion localization. The PB anal-
ysis shows that the dimensionless electrostatic potential at the edge of the star
corona drops almost to unity. Consequently, the counterions outside the corona
are distributed fairly uniformly. The effective (renormalized) charge of the star,
which determines the counterion concentration at the boundary of the Wigner–
Seitz cell, approximately coincides with the total uncompensated charge Q∗ within
the star corona. The phenomenon of counterion localization in the intramolecular
volume is typical for dilute salt-free solutions of highly branched polyions of ar-
bitrary topology, including randomly branched, dendritic polyions, PE molecular
brushes, etc.

The LEA can be applied to the analysis of conformations of PE stars with
a sufficiently large number of arms. In contrast to neutral stars, for which the
generalized Daoud–Cotton approach provides an accurate description of the star
structure in terms of radial power law decay of polymer concentration and of local
stretching of the arms, the nonlocal effects (related to the additional pulling force
exerted by the terminal segments of the arms) are essential for PE stars in salt-free
solutions.

Some peculiar effects arise in pH-sensitive stars because of a coupling between
the conformations and the degree of ionization of the arms. In particular, the overall
extension of the arms of the star depends in a non-monotonic fashion on the ionic
strength in the bulk and on the number of the arms of the star.

The mean-spherical approximation provides an adequate description of the PE
star conformation under conditions of good or theta-solvent. However, in contrast
to some early theoretical predictions, simulations give evidence that conformational
transition related to the collapse of hydrophobic or thermosensitive PE stars is ac-
companied by the formation of various intramolecular structures of low symmetry
(pearl necklaces, bundles).

Experiments on PE stars show extremely low values of the osmotic coefficient
in salt-free star solution, thus proving the concept of counterion localization. Poten-
tiometric titration experiments confirm theoretical predictions concerning a shift of
the effective pKa upon an increase in the number of arms.

Acknowledgment The support of the European Union within the Marie Curie Research and
Training Network POLYAMPHI and of the Russian Foundation for Basic Research, grant 08-03-
33126a is gratefully acknowledged. OVB acknowledges the Alexander von Humboldt Foundation
for support of his stay in the University of Bayreuth. We thank A.A. Polotsky, F.A. Plamper and
P. Kosovan for creating Figs. 2,8, and 19, respectively.



Conformations and Solution Properties of Star-Branched Polyelectrolytes 49

Appendix: Local Electroneutrality Approximation

The local electroneutrality approximation (LEA) assumes that the local number den-
sity of charged monomer units in the PE corona is approximately equal to local
(excess) number density of mobile counterions:

∑
j−

c j−(r)+ α(r)cp(r) = ∑
j+

c j+(r) (55)

We will focus on the case of a solution that contains, in addition to H+ and OH− ions
(whose concentration is controlled by the pH in the bulk), also monovalent co- and
counterions due to added salt (e.g., Na+, Cl−, etc.). Here, c j(r) is the local concen-
tration of ions of type j, and cp(r) and α(r) are the concentration of the monomer
units and the degree of ionization in the corona at a distance r from the center of
the star, respectively. Note that we assume that the star is negatively charged. The
summation on the right-hand side of (55) includes all the cationic species (i.e. salt
ions, cNa+ , and hydrogen ions, cH+), whereas the summation on the left-hand side of
(55) includes all the anionic species (i.e. salt ions, cCl− , and hydroxyl ions, cOH−).

The concentrations cb j (or, equivalently, the chemical potentials) of all the mo-
bile ions are assumed to be constant in bulk solution, wherein the osmotic pressure
is given by:

Πb/kBT = Φion ≡ ∑
j

cb j (56)

(Here, the summation is performed over all ion species including H+ and OH−
ions).

In the framework of LEA, the electrostatic interactions manifest themselves
through the entropy of ions disproportionated between the interior of a strongly
branched macromolecule and bulk solution. Therefore, the driving force for
swelling of a branched polyion can be formulated in terms of the differential
osmotic pressure of small ions inside and outside of the macromolecule.

If the (excess) electrostatic potential ΔΨ(r) is ascribed to the intramolecular vol-
ume of the star, then the concentrations of all mobile ions obey the Donnan rule (the
Boltzmann law):

c j−(r)/cb j−(r) = cb j+(r)/c j+(r) = exp(eΔΨ(r)/kBT ) (57)

Note, that here all the small ions (co- and counterions) are assumed to be monova-
lent.

Combining (55) and (57), we find for the excess electrostatic potential:

exp(eΔΨ(r)/kBT ) =
√

1 +(α(r)cp(r)/Φion)2 −α(r)cp(r)/Φion (58)

It follows from (57) and (58), that the total concentration of counterions inside the
star is ∑ j+ c j+(r) ∼= α(r)cp(r), provided that α(r)cp(r)/∑ j cb j → ∞. That is, in the
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limit of low salt concentrations, the charge density created by the charged monomers
is locally matched by that of the mobile counterions (osmotic regime).

Quenched Polyelectrolyte Corona

For a strongly dissociating (quenched) PE star, the density of the Gibbs free energy
is given by:

fion,quenched{cp(r)}/kBT = ∑
j

c j(r)[lnc j(r)−1]+ Πb/kBT −∑
j

cb j lnc jb =

αbcp(r)
((

1−
√

1 +(αbcp(r)/Φion)2

)
/(αbcp(r)/Φion)

+ Arsh(αbcp(r)/Φion)
)

(59)

where Arsh(x) ≡ ln(x +
√

1 + x2). An expansion of fion{cp(r)} in series of
αbcp(r)/Φion leads to the asymptotic power law dependencies:

fion{cp(r)}
kBT

∼=
{

αbcp(r) ln(2αbcp(r)/eΦion), αbcp(r)/Φion � 1
α2

b c2
p(r)

2Φion
, αbcp(r)/Φion 	 1

(60)

corresponding to the limits of low and high salt concentrations, respectively. As
follows from (60), at low concentrations of added salt the free energy is domi-
nated by the translational entropy of the counterions that are confined inside the
PE corona. When the concentration of added ions far exceeds the average concen-
tration of counterions in the PE corona (salt-dominated regime), the differential
swelling pressure of the counterions can be described as excluded-volume (bi-
nary) monomer–monomer interactions with an effective second viral coefficient
υeff = α2/2Φion.

Annealing Polyelectrolyte Corona

For an annealing (weakly dissociating) PE star, one has to account for the shift in
the local ionization equilibrium, whose free energy cost, fionization, must complement
the free energy of the star:

fionization{cp(r)}/kBT = cp(r)[
α(r) ln α(r)+ (1−α(r)) ln(1−α(r))−α(r) ln

Ka

cbH+

]

(61)
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This leads to:

fion,annealing{cp(r)}/kBT =
(

1−
√

1 +(α(r)cp(r)/Φion)2

)
Φion

+ cp(r) ln (1−α(r)) (62)

where α(r) = α{cp(r),Φion} is determined by the following equation:

α(r)
1−α(r)

· 1−αb

αb
=
√

1 +(α(r)cp(r)/Φion)2 −α(r)cp(r)/Φion (63)

and αb is the degree of ionization of an isolated acidic monomer in the bulk solution
at given pH. The detailed derivation of the free energy density for the annealing PE
corona can be found in [159].

Equations (62) and (63) can be expanded in series of α(r)cp(r)/Φion, and the
logarithm in (62) can be expanded up to linear order in α(r) 	 1. As a result, one
gets:

α(r) ∼=
⎧⎨
⎩
(

αb
1−αb

· Φion
2cp(r)

)1/2
, α(r)cp(r)/Φion � 1

αb, α(r)cp(r)/Φion 	 1
(64)

and:

fion{cp(r)}
kBT

∼=

⎧⎪⎨
⎪⎩

−
(

2αb
1−αb

Φioncp(r)
)1/2

, α(r)cp(r)/Φion � 1

α2
b c2

p(r)
2Φion

+ cp(r) ln (1−αb), α(r)cp(r)/Φion 	 1
(65)

As follows from (64), at low salt concentrations (annealing osmotic regime),
the degree of ionization of the monomers in the corona is an increasing func-
tion of the salt concentration, Φion and a decreasing function of local polymer
concentration, cp(r).
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1 Introduction

The assembly of amphiphilic (macro)molecules in aqueous environments is a
generic mechanism of self-organization on multiple length scales that is amply
exploited by nature. The spontaneous formation of self-assembled structures of
phospholipids and biomacromolecules, exemplified by living cells, is the outcome
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of a delicate balance between attractive and repulsive forces, among which hy-
drophobic attraction, hydrogen bonding, metal-coordination forces, and steric or
electrostatic repulsion play dominant roles.

In the realm of technology, the self-assembly of synthetic amphiphilic molecules
is also widely exploited. Many water-based industrial formulations include small
amphiphilic molecules (surfactants) and polymeric amphiphiles, which self- and
co-assemble with other molecules and colloidal (nano)particles.

In the past decade, significant progress has been made in terms of understanding
the self-assembly of amphiphilic diblock copolymers in selective solvents [1–9]. In
aqueous solutions, the assembly is driven by hydrophobic attraction between as-
sociating blocks and is counterbalanced by electrostatic and/or steric repulsions
between ionic or neutral water-soluble blocks. As a result, diverse nanostructures
emerge. Among them, spherical core–corona micelles, formed by copolymers with
a relatively long solvophilic block, have been extensively studied. Similarly to low
molecular weight amphiphiles (surfactants), block copolymers with more bulky
(longer) solvophobic blocks may self-assemble in cylindrical wormlike micelles,
bilayer vesicles (“polymersomes”), lamellar mesophases, etc.

Self-assembled nanoaggregates of amphiphilic block copolymers attract strong
research interest due to the large number of emerging and potential applications.
These include smart nanocontainers for encapsulation, delivery and controlled re-
lease of biologically active molecules in nanomedicine, food and personal care
products, and agrochemistry. Uptake of heavy metal ions, radionuclides, and toxic
organic compounds is being explored for water treatment and environment moni-
toring purposes. Polymeric nanostructures of different and controlled morphologies
could serve as molecular templates for nanoelectronic devices.

Necessary requirements for many applications include: (1) precise control over
the size (on nanometer length scale) and morphology of the assembled aggregates,
and (2) pronounced stimuli-responsive properties. The latter imply that these struc-
tures can change their size, aggregation number, etc. in a significant way when the
physical and/or chemical properties of the surroundings (temperature, pH, ionic
strength, etc.) are varied smoothly, or that the structures recognize weak specific
stimuli such as trace concentrations of biologically active or toxic molecules. Both
requirements can be met by nanoaggregates that emerge as a result of the assembly
of amphiphilic block copolymers with tailored molecular architecture. The latter
implies properly chosen molecular weight of the blocks and the correct balance
of intramolecular hydrophilic and hydrophobic interactions or, more specifically,
an appropriate composition of the macromolecule in terms of non-ionic, ionic and
pH-sensitive, and hydrophobic (thermosensitive) components.

Self-assembly of block copolymers that are made of poly(ethylene oxide), PEO,
as the hydrophilic non-ionic block, has been extensively explored. The research
interest in PEO-containing block copolymers was motivated, to a great extent, by
potential biomedical applications, which rely on the finding that PEO moieties are
biocompatible. Because amphiphilic block copolymers of PEO and poly(propylene
oxide) PPO (pluronics) are produced on an industrial scale, research on these non-
ionic polymeric surfactants resulted in many technological applications. Both PPO
and PEO are thermoresponsive, having a low solution critical temperature (LSCT),
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so nanostructures formed from pluronics also demonstrate thermoresponsive fea-
tures. Unfortunately, they do not show a pronounced response to salt or pH changes
in the solution.

Structures formed by amphiphilic block copolymers composed of a hydrophilic
block with ionic and, in particular, pH-sensitive (weak polyelectrolyte) segments,
linked to a hydrophobic block, are more responsive. This is because the strength of
repulsive Coulomb interactions between the polyelectrolyte (PE) segments can be
efficiently tuned by variations in pH or/and ionic strength in the aqueous solution,
while their thermoresponsive nature can be maintained if the hydrophobic block is
well chosen.

The responsive features of micelles with a PE corona, e.g., the ability of micelles
to change their size, aggregation number and morphology, as a response to variations
in ionic strength and pH, were demonstrated and studied experimentally. However,
association of the hydrophobic blocks in water often results in a dense core wherein
structural rearrangements are hindered by high energy barriers (the cores are found
in a glassy state). In this state, the dynamic equilibrium between copolymers in the
micelle and freely dispersed in solution (unimers) does not exist, and these micelles
must be characterized as out-of-equilibrium “frozen” aggregates. Under preparation
conditions, either the temperature is very high or mixtures of water and a common
(organic) co-solvent are used. In these mixed solvents or at high temperatures, the
dynamic equilibrium between unimers and aggregates is attained and the responsive
features can be exploited.

The response of frozen micelles to varied ionic strength and pH is thus limited
to conformational changes in the hydrated PE corona domains, and is similar to that
discussed for PE stars in [10].

One of the possible solutions for design of truly responsive (“dynamic”) micelles
is to use copolymers with “soft” hydrophobic blocks. For example, at the stage
of copolymer synthesis, one can incorporate a small fraction of pH-sensitive co-
monomer units in the hydrophobic moiety. This opens up the possibility of turning
on some repulsive contributions in a net attractive domain, leading to a softer core.
Alternatively, one can opt for copolymers that are made of a PE block that is linked
to a thermosensitive block [11]. This gives the possibility of triggering the formation
and dissociation of micelles by variations in the temperature [12].

In spite of significant experimental efforts made in the last decade, it remains
difficult to provide an unambiguous proof of the dynamic (equilibrium) nature
of polymeric micelles. A review of selected experimental results on the stimuli-
responsive behavior of PE micelles is presented at the end of this chapter.

A number of theoretical studies have been devoted to analysis of the self-
assembly of amphiphilic ionic/hydrophobic diblock copolymers [13–24]. Most of
these studies considered copolymers with strongly dissociating (also referred to as
“quenched”) PE blocks [13–18, 20] and extensively exploited the analogy between
the conformation of PE blocks in a corona and that in a spherical PE brush [25–33]
or PE stars (see [10] for a review). The micellization and the responsive behavior of
nanostructures formed by copolymers with pH-sensitive PE blocks have also been
systematically studied in recent years [19, 21–23].
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We present an overview of the statistical thermodynamic theories of self-
assembly in aqueous media for amphiphilic diblock copolymers that are composed
of one PE block and one hydrophobic block. In all theoretical models, the
hydrophobic block is assumed to be “soft” enough to ensure the equilibrium
character of self-assembly. We outline here the arguments that were presented in
more detail in the corresponding original papers [18–23].

We start with a brief reminder of the theory of self-assembly in a selective solvent
of non-ionic amphiphilic diblock copolymers. Here, the focus is on polymorphism
of the emerging copolymer nanoaggregates as a function of the intramolecular hy-
drophilic/hydrophobic balance. We then proceed with a discussion of the structure
of micelles formed by block copolymers with strongly dissociating PE blocks in
salt-free and salt-added solutions. Subsequently, we analyze the responsive behavior
of nanoaggregates formed by copolymers with pH-sensitive PE blocks. The predic-
tions of the analytical models are systematically complemented by the results of a
molecularly detailed self-consistent field (SCF) theory. Finally, the theoretical pre-
dictions are compared to the experimental data that exist to date.

2 Thermodynamic Principles of Micellization

2.1 Critical Micelle Concentration and Aggregation Number

The general principles of self-assembly of amphiphilic molecules into finite-sized
aggregates (micelles) are described in a number of classic books [34–36]. In our
analysis of micelle formation we apply the equilibrium “close association” model.
That is, we assume first that only one population of micelles, with an aggregation
number p (number of copolymers in one aggregate), is present in the system at any
given concentration of amphiphiles in the solution, or that there are no micelles
at all; and second, that the free energy per molecule in a micelle, Fp, exhibits a
minimum at a certain value of the aggregation number, p = p0.

The thermodynamic model of micellization, presented here, describes the asso-
ciation of any amphiphilic molecules, including low molecular weight surfactants
or polymeric amphiphiles. The physical origin of the minimum in the free energy,
as a function of p, is specified by the molecular architecture and the interactions
between amphiphilic molecules involved in the assembly, and will be discussed in
the corresponding sections. An extension of the model for the case of a continuous
distribution of micelles with respect to aggregation number (polydispersity of the
aggregates) involves the value of ∂ 2Fp/∂ p2. If this quantity is small in the vicinity
of p = p0, then the micelle distribution is wide, and vice versa [37]. The approxi-
mation of micelle monodispersity is essential for application of the numerical SCF
model which is discussed in Sect. 9.

We consider a solution with a volume V that contains Np amphiphilic block
copolymer molecules. The total number density of the amphiphiles is c = Np/V .
We assume that c1 is the concentration (number density) of the amphiphiles that are
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found in the unimer (nonassociated) state, whereas cmic = (c− c1)/p is the num-
ber density of the monodisperse micelles with aggregation number p. The relevant
thermodynamic potential is the Helmholtz free energy F(V,Np,T ). Assuming that
the solution is dilute and that intermicelle and micelle–unimer interactions can be
ignored, the free energy of the system can be presented as:

F/VkBT = pcmicFp/kBT + cmic(lncmic −1)+ c1F1/kBT + c1(lnc1 −1), (1)

wherein kB is the Boltzmann constant and T is the temperature. Here, the first term
represents the free energy of the micelles (Fp is the free energy of one amphiphile
in a micelle comprising p molecules), the second term is the translational entropy
of micelles, the third term is the free energy of unimers, and the last term is the
translational entropy of unimers.

The minimization of the Helmholtz free energy, F , with respect to p and cmic,
(∂F/∂ p = 0, ∂F/∂cmic = 0) leads to the following equations:

p
∂Fp

∂ p
=

kBT
p

lncmic, (2)

Fp + p
∂Fp

∂ p
≡ ∂ (pFp)

∂ p
= μ1(c1), (3)

where:

μ1(c1) = F1 + kBT lnc1 (4)

is the chemical potential of unimer, and (3) implies the equality of chemical poten-
tials of a free unimer and an amphiphile incorporated in a micelle.

Equations (2)–(4) determine the equilibrium aggregation number, peq, the num-
ber densities of unimers, c1, and of micelles, cmic, at a given value of the total
number density of amphiphiles, c. With the account of (4), we can rewrite (2) as:

kBT lncmic = − [pFp − pμ1(c1)] = −Ω(c1), (5)

where Ω is (by definition) the grand potential of a micelle.
Note that the condition of thermodynamic stability requires that the free energy

of a micelle, Fmicelle ≡ pFp, is a concave function of the aggregation number, p.
That is:

∂ 2(pFp)
∂ p2 > 0. (6)

Therefore, as follows from (3) and (5), in a thermodynamically stable system:

∂ μ1(c1)/∂ p ≥ 0 (7)

and:
∂Ω
∂ p

= −p
∂ μ1(c1)

∂ p
≤ 0. (8)



Self-Assembled Structures of Amphiphilic Ionic Block Copolymers 63

Hence, under equilibrium conditions, the chemical potential of a unimer must be
an increasing function of the aggregation number p, and the grand potential of a
micelle, Ω(p), must be a decreasing function of p.

The minimal aggregation number, p = pmin, in a thermodynamically stable mi-
celle, is determined by the condition:

(
∂ 2(pFp)

∂ p2

)
p=pmin

= 0. (9)

That is, ∂Ω/∂ p = ∂ μ1/∂ p = 0 at p = pmin, and the micelles with p < pmin are
thermodynamically unstable.

A minimal micelle with peq = pmin appears in the system at a certain (minimal)
threshold concentration, cmin, which can be identified as the “theoretical critical
micellization concentration”. Below this threshold, c ≤ cmin, no micelles and only
unimers are found in the solution. At amphiphile concentration c = cmin, the number

density of micelles, c(min)
mic = exp [−Ω(pmin)/kBT ], is negligible with respect to the

unimer density, c(min)
1 . A subsequent increase in the concentration of amphiphiles,

c≥ cmin, leads to an increase in both the concentration of micelles, cmic, and the con-
centration of unimers, c1, and an increase in both the chemical potential of unimers
and the aggregation number, peq.

Often, the critical micelle concentration (CMC) is defined as the total concen-
tration of amphiphiles at which the number of unimers is equal to the number of
amphiphiles incorporated into the micelles, pcmic = c1 = CMC/2. In this case, the
CMC is specified by the equation:

kBT ln

(
CMC

2

)
=
(

∂ (pFp)
∂ p

)
p=peq(CMC)

−F1, (10)

where Fp is the free energy per chain in the equilibrium micelle with p = peq(CMC).
A frequently used simplifying approximation is based on neglecting the transla-

tional entropy of micelles (i.e., the second term in (1) is omitted). This approxima-
tion is justified as long as the aggregation number in an equilibrium micelle is large.
Then, (2)–(4) reduce to:

∂Fp(p)
∂ p

= 0, (11)

c1 = exp [(Fp(p0)−F1)/kBT ] , (12)

cmic =
c− c1

p0
. (13)

Within this approximation, (11) specifies the equilibrium aggregation number p0,
corresponding to the minimum of function Fp(p), which does not depend on the con-
centration of amphiphiles. According to (12), the concentration of unimers, c1, re-
mains constant at c≥CMC, irrespective of the total concentration of amphiphiles, c.
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According to the above definition of CMC, an approximate expression for the CMC
is given by:

kBT ln

(
CMC

2

)
approx

= Fp (p0)−F1 =
(

∂ (pFp)
∂ p

)
p=p0

−F1. (14)

As follows from (2), (∂Fp/∂ p)p=peq < 0. Because Fp exhibits a minimum at
p = p0, the equilibrium micelle is always smaller than that predicted by the approx-
imate theory, i.e., peq ≤ p0. An increase in the concentration of amphiphiles beyond
the cmin threshold results in a progressive increase in the equilibrium aggregation
number peq, that asymptotically approaches the value of p0.

A comparison of (10) and (14) indicates that because of the stability condition,
(8), the exact CMC [defined by (10)] is smaller than the CMC obtained from the
approximate analytical model, (14). Accounting for the translational entropy of mi-
celles leads, therefore, to a lower value of the aggregation number, peq(c) < p0, and
a lower CMC.

The statistical thermodynamic theory of self-assembly of amphiphilic ionic/
hydrophobic diblock copolymers, reviewed in this chapter, is based on the sim-
plifying approximation (11)–(13), which neglects the translational entropy of the
micelles. In particular, we pre-assume that at the copolymer concentration beyond
the CMC, the solution contains only micelles with the “optimal” aggregation num-
ber, p = p0, which corresponds to the minimum of the free energy, Fp. As a result,
the fluctuations around the most probable ground state, p = p0, which give rise to
the equilibrium distribution with respect to the aggregation number (polydispersity
of the aggregates), are also neglected.

The simplified model enables one to account, in a straightforward way, for the
effects of charge on the micellization of ionic amphiphiles. The electrostatic interac-
tions between ionic groups of the amphiphilic molecules in a micelle are included in
the free energy term, Fp. In a salt-free solution, the association of amphiphiles in ag-
gregates is accompanied by the localization (“condensation”) of counterions, which
are necessarily present in the system to ensure its total electroneutrality. While in
solution of unimers (below the CMC), the counterions are distributed fairly uni-
formly, the formation of large aggregates leads to a restriction in the mobility of
counterions. More specifically, a significant fraction of counterions are “trapped” in
the vicinity of an aggregate due to the large local attractive electrostatic potential.
This effect is well known for simple ionic amphiphiles, but becomes much more
pronounced for polymeric species. Consistent with the discussion in [10], a major
fraction of the counterions in PE micelles are entrapped in the highly hydrated PE
coronas. Hence, the aggregation of PE copolymers in micelles is opposed not only
by losses in the translational entropy of the polyamphiphiles but, much more signif-
icantly, by losses in the translational entropy of mobile counterions. Formally, the
effect of counterions can be accounted for by adding the term:

Fions/VkBT = c1Q[ln(Qc1)−1] (15)



Self-Assembled Structures of Amphiphilic Ionic Block Copolymers 65

to the free energy in (1). Here, Q is the number of elementary charged groups in one
polyamphiphile and we assume that the “bare” charge, pQ, in the corona of a micelle
with p copolymers, is totally neutralized by the localized counterions. The validity
of this approximation is discussed in [10]. A more accurate analysis indicates that
the degree of neutralization of the micelle charge by its counterions (the fraction
of trapped counterions) is a function of p, which, however, approaches the plateau
value of unity at large p � 1.

The free energy, (1), complemented by the contribution due to counterions, cf.
(15), can be minimized with respect to cmic and p. When the translational entropy
of micelles is neglected, the optimal aggregation number, p = p0, is still given by
(11). The concentration of unimers that coexist with micelles, and thus the CMC, is,
however, significantly larger than for neutral (uncharged) amphiphiles:

c1 ≈ 1
Q

exp [(Fp(p0)−F1)/QkBT ] (16)

provided that Q � 1. This increase in the CMC upon an increase in Q is a direct
consequence of the loss in translational entropy of a large number of counterions
upon the aggregation of polyamphiphiles. A similar effect of significant increase in
the CMC for ionic low molecular weight surfactants has been discussed in [38]. An
addition of salt to the solution results in the decrease of excess electrostatic potential
associated with the PE corona and, at sufficiently high ionic strengths, (11)–(13)
apply for ionic polyamphiphiles.

2.2 Block Copolymer Micelles

As follows from Sect. 2.1, in order to find the optimal (equilibrium) aggregation
number and the CMC, a theoretical model has to specify the functional form of
the free energy Fp per amphiphile as a function of p in an aggregate of a given
morphology. This free energy depends on the molecular architecture as well as on
the interaction parameters, which, in general, can be affected by the environmental
conditions (temperature, ionic strength, pH, etc.).

We consider a dilute solution of diblock copolymer, which is composed of a
hydrophilic (non-ionic or ionic) block with a degree of polymerization NA and a
hydrophobic (associating) block with a degree of polymerization NB. Here, we focus
mostly on the specifics of self-assembly of the copolymer whose hydrophilic block
A is charged.

A poor solubility of the hydrophobic blocks B in water provides the driving force
for self-assembly of polymeric amphiphiles in aqueous media. This driving force
is counterbalanced by repulsive interactions between the hydrophilic blocks, which
ensure the formation of finite-sized aggregates in favor of a macroscopic phase sep-
aration at concentrations above the CMC. In these aggregates, blocks B associate in
a dense hydrophobic core that is surrounded by a hydrated corona, formed by the
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soluble blocks A. The preferred morphology of the core domain in the equilibrium
aggregate is controlled by a subtle balance of solvophilic–solvophobic interactions,
and the conformational entropy of both blocks.

Due to the strong hydrophobicity of the blocks B, the interface between the col-
lapsed hydrophobic domain and the surrounding aqueous environment is narrow
compared to the size of the core. Therefore, the coronal blocks A can be envisioned
as tethered to the interface to form a polymer brush [33, 39, 40]. The hydration
of the corona and the repulsion between different coronae ensure the solubility
(aggregative stability) of the micelles in water.

2.2.1 Corona Domain

The conformational characteristics of the corona-forming blocks are controlled by
the balance between repulsive monomer–monomer interactions and the conforma-
tional entropy penalty for chain stretching.

For uncharged coronal blocks A, the short-ranged (van der Waals) interactions
between monomer units are described in terms of a virial expansion. The latter
accounts for the monomer–monomer binary (pair) interactions, with second virial
coefficient vAa3, or the ternary interactions with third virial coefficient wAa6. We
assume that the monomer unit length, a, is the same for both blocks A and B. In the
following, we use a as a unit length to make all lengths dimensionless and elimi-
nate a in further equations. We also assume that the (dimensionless) second virial
coefficient vA ≥ 0 and that the third virial coefficient wA � 1.

The ionization of the soluble blocks A of the polymeric amphiphile introduces
long-ranged repulsive interactions in the corona of a micelle. We discuss sepa-
rately the cases of amphiphilic diblock copolymers containing strongly dissociating
(“quenched”) and weakly dissociating (“annealing” or pH-sensitive) PE block A
linked to the associating hydrophobic block B. In the former case, the fraction of
charged monomer units, αb, in the block A is quenched according to its chemi-
cal sequence (as in the case of, e.g., partially sulfonated polystyrene). In the latter
case, the fraction of charged monomer units, α(r), is controlled by the local pH (i.e.,
minus the log of the proton molar concentration), which depends on the bulk (buffer)
pH, and the local electrostatic potential Ψ(r). The degree of dissociation of the
monomer unit, α(r), of a weak polyacid depends on the local concentration cH+(r)
of hydrogen ions via the mass action law:

α(r)
1−α(r)

=
Ka

cH+(r)
, (17)

where Ka is the acidic ionization constant for an isolated monomer. For a polybase,
the ionization occurs through the protonation of the monomers, and a generalization
of the theory is straightforward.
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2.2.2 Core Domain

The compact core of a micelle is characterized by a uniform polymer density,
ϕ(χBS), chemical potential per monomer unit, kBT μB(χBS), and excess free energy
per unit area of the core–water interface, kBTγ(χBS). Here, χBS(T ) is the Flory–
Huggins parameter of monomer (B)–solvent (S) interaction, and χBS(T )≥ χBS(θ ) =
1/2 under poor solvent conditions for the monomer units of block B. Although the
solubility of polymers in organic solvents usually decreases with a decrease in tem-
perature, ∂ χ(T )/∂T ≤ 0, the situation is more complex in aqueous solutions. In
particular, it appears that the solubility of thermosensitive block B in water typically
decreases with an increase in temperature [11], and hence ∂ χBS(T )/∂T ≥ 0. In this
case, the collapse of blocks B and the aggregation of the block copolymers into mi-
celles occur at T ≥ LCST, where LCST is the lower critical solution temperature.

Within this so-called volume approximation [41], all the partial parameters,
ϕ(χBS), μB(χBS), and γ(χBS) are independent of the core size. This approximation
is applicable as long as the width of the core–water interface, Δ, is much smaller
than the core size, Rcore, i.e., Rcore � Δ. The excess free energy of the core–water
interface originates from an enhanced probability of unfavorable contacts between
solvophobic monomer units of block B and solvent (water) molecules in the inter-
facial region. The surface tension γ also accounts for local conformational entropy
losses in the segments of blocks B localized close to the core–solvent interface.

The explicit dependencies of ϕ(χBS), μB(χBS), and γ(χBS) on the χBS parameter
can be obtained [42] within the Flory theory of polymer solutions [43]. However,
in the vicinity of the theta point (or LCST) for the core-forming block B, |χ(θ )−
χ(T )|/χ(θ )≈ |T −θ |/θ 	 1, all the partial parameters can be expressed [41, 44] as
power law functions of the dimensionless virial coefficients of monomer–monomer
interactions for block B:

ϕ ≈−vB/2wB
∼= τ, (18)

γ/kBT ≈ v2
B/27/231/2w3/2

B
∼= τ2. (19)

Here, the second virial coefficient (excluded-volume parameter), vB
∼= [1 −

2χ(T )]≤0, is negative because water is a poor solvent for the hydrophobic block
B. The third virial coefficient, wB, is positive, and τ ≡ |T −θ |/θ is the relative de-
viation from the theta temperature. At small deviations from the theta point, τ 	 1,
the surface tension γ and the polymer volume fraction ϕ are related as γ/kBT ∼= ϕ2.
However, at larger deviations from the theta point, ϕ becomes comparable to unity
and the latter relationship breaks down. Because in a typical experimental situation
ϕ ∼= 1, we treat ϕ and γ as two independent parameters. Note that in a general
case, surface tension γ and width Δ of the core–corona interface depend on both the
polymer–solvent interaction parameter χBS(T ) for the core-forming block and the
incompatibility χAB between monomers of blocks A and B. That is, γ could depend
on the concentration of monomers of the coronal block A near the core surface. We,
however, neglect this (weak) dependence and assume that the surface tension γ is
not affected by conformations of the coronal blocks in a micelle.
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The combination of packing constraints (constant concentration of B segments in
the core and the localization of junctions between blocks B and A at the core–corona
interface) implies the stretching of the core-forming blocks in the radial direction.
This stretching leads to conformational entropy losses in the core-forming blocks.
For a given core surface area per molecule, the stretching of a core block is maximal
in a spherical geometry, and it decreases with decreasing curvature, i.e. going from
spherical to cylindrical to lamellar geometries. Explicit expressions for the confor-
mational entropy of core-forming blocks are presented below.

2.2.3 Free Energy

The free energy F per one block copolymer in a micelle can be presented as:

F = Fcorona + Finterface + Fcore. (20)

Here, the term Fcorona includes contributions due to the conformational entropy of
the coronal blocks and the (repulsive) interactions in the coronal domain. The term
Finterface is the excess free energy of the core–water interface. It is proportional to
the interfacial area, s, per copolymer molecule:

Finterface/kBT = γs. (21)

Finally, the term Fcore ∼ kBTR2
core/NB accounts for the conformational entropy of

stretched core-forming blocks, for which the numerical prefactor depends on the
particular morphology of the aggregate.

The volume contribution, NBμB, to the free energy of the collapsed core-forming
block is independent of the aggregation number, p, and therefore is disregarded in
subsequent equations.

The second term in (20) favors larger micelles (the area per chain, s, is a decreas-
ing function of the aggregation number, p), whereas the first and the last terms are
increasing functions of p, and thus limit the growth of micelles.

As discussed below, the first two terms in (20) always dominate over the last
term, i.e., the area per chain, s, is determined by the balance between the repulsive
interactions in the corona and the excess free energy of the interface. The confor-
mational entropy of the core-forming blocks, however, controls the morphology of
the aggregates if the size of the core exceeds that of the corona (so-called crew-cut
micelles, vesicles).

A minimization of the free energy, (20), with respect to its structural parame-
ters, i.e., the aggregation number p or, equivalently, the core radius or area of the
core–water interface per molecule, enables one to specify the values of structural
parameters, corresponding to the minimum in the free energy of an aggregate of a
given morphology. A subsequent comparison of the free energies, corresponding to
the “optimal” aggregates of different morphologies, allows one to identify which
morphology has the lowest free energy, i.e., which is the equilibrium morpholigy.
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Finally, making use of the theory of polymer and PE brushes of different morpholo-
gies, one can calculate experimentally observable properties such as the radius of
gyration and/or hydrodynamic radius of equilibrium aggregates.

3 Scaling Theory of Non-ionic Block Copolymer Micelles

3.1 Spherical Non-ionic Micelles

We first review the main results of the scaling theory for micelles formed by block
copolymers with a neutral (non-ionic) soluble block [37, 45–50].

In the case of strongly asymmetric block copolymers (NA � NB), the size of the
micellar core, Rcore, is much smaller than the radius Rcorona of the corona. In this
case, “starlike” micelles with spherical cores are formed (Fig. 1a). In the opposite
limit of short hydrophilic block, NA 	 NB, the size of micellar core, Rcore, exceeds
by far the thickness of the corona. The coronae of these crew-cut micelles can be
viewed as quasi-planar polymer brushes [51, 52], see Fig. 1b.

In the framework of the scaling theory, the corona of a spherical micelle can
be envisioned [53–56] as an array of concentric spherical shells of closely packed
blobs. The blob size, ξ (r) ∼= r/p1/2, grows as a function of the radial distance r
from the center of the core. Each blob comprises a segment of the chain within the
local correlation length of the monomer density fluctuations [57], and corresponds
to a ∼ kBT contribution to the free energy of steric repulsion between the coronal
chains. After calculating the total number of blobs in the micellar corona, one finds
the free energy (per coronal chain) as:

Fcorona(p)/kBT ∼= p1/2 ln

(
Rcorona

Rcore

)
, (22)

a
b

Fig. 1 Spherical starlike (a) and crew-cut (b) block copolymer micelles
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where:

Rcore ∼= (pNB/ϕ)1/3 (23)

is the radius of micellar core, Rcorona is the outmost radius of the corona, and
Hcorona = Rcorona −Rcore is its thickness. The excess free energy of the core–corona
interface is given by:

Finterface(p)/kBT ∼= γs ∼= γ
(

NB

ϕ

)2/3

p−1/3, (24)

where:

s ∼= R2
core/p ∼= (NB/ϕ)2/3 p−1/3 (25)

is the area of the core–corona interface per chain.
Finally, the conformational entropy contribution of stretching in the radial direc-

tion of the core-forming block B scales as:

Fcore(p)/kBT ∼= R2
core/NB. (26)

3.1.1 Starlike Spherical Non-ionic Micelles

For strongly asymmetric copolymers, NA � NB, the structure of a micelle is con-
trolled by the balance of the coronal free energy, Fcorona, and the excess free energy
of the core–corona interface, Finterface.

The minimization of the free energy with respect to p results in the equilibrium
aggregation number:

peq ∼= γ6/5(NB/ϕ)4/5
(

ln
Rcorona

Rcore

)−6/5

. (27)

Here, Rcorona ∼= Nν
A p(1−ν)/2v2ν−1

A is the external radius of the corona, and ν is the
Flory exponent for the coronal block A (ν ≈ 3/5 and ν = 1/2 under good and theta-
solvent conditions, respectively).

With the accuracy of the logarithmic factors, the corona and the core radii are
given by:

Rcorona ∼= Nν
A v2ν−1

A γ3(1−ν)/5
(

NB

ϕ

)2(1−ν)/5

(28)

and:

Rcore ∼= γ2/5
(

NB

ϕ

)3/5

(29)

respectively.
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An important feature of (27), (29) is the absence of a power law dependence of
the aggregation number peq and Rcore on the length NA of the coronal block. Micelles
are starlike, i.e., Rcorona � Rcore, provided that:

NA � γ(3ν−1)/5νv(1−2ν)/ν
A

(
NB

ϕ

)(2ν+1)/5ν
. (30)

By using (22), (24), and (27), one can calculate the free energy of the equilibrium
micelle, and, by using (14), estimate the CMC as:

lnCMC ≈−γ
(

NB

ϕ

)2/3

+ γ3/5
(

NB

ϕ

)2/5(
ln

Rcorona

Rcore

)2/5

, (31)

where Finterface(p = 1)/kBT ∼= γ(NB/ϕ)2/3 ∼= (NBτ2)2/3 is the excess interfacial free
energy of an individual block B collapsed in water. The latter provides the dominant
contribution to the CMC [the first term in (31)]. The second term in (31) describes
the repulsive interactions in the corona, balanced with the excess interfacial free en-
ergy, (24). As long as the aggregation number in the equilibrium micelle peq � 1,
the second term in (31) is relatively small with respect to the first (dominant) term.
Hence, in the case of non-ionic copolymer micelles, the CMC is determined mostly
by the solubility of hydrophobic block B and is weakly affected by the properties of
the coronal block A. An increase in length of the soluble block A leads to the loga-
rithmic increase in the CMC via the increase in Rcorona. These theoretical predictions
are in qualitative agreement with experimental findings [58].

3.1.2 Crew-Cut Spherical Non-ionic Micelles

In the case of crew-cut micelles, Hcorona 	 Rcore and the logarithm in (22)
can be expanded up to the term linear in Hcorona/Rcore, to give Fcorona/kBT ∼=
Hcorona/s1/2 ∼= Hcorona/ξ . The thickness of the corona, Hcorona, scales as Hcorona ∼=
NAs−(1−ν)/2νv(2ν−1)/ν

A . In the framework of the Alexander–de Gennes blob model
[51, 52], the micellar corona (the planar brush) can be envisioned as an array of
closely packed blobs with size ξ ∼= s1/2, equal to the average distance between the
coronal blocks. We note that a constant size of the blobs implies Hcorona ∼ NA. The
number of coronal blobs per chain ∼ Hcorona/ξ is proportional to the free energy of

the interchain repulsion that equals Fcorona/kBT ∼= NAs−1/2νv(2ν−1)/ν
A .

Taking the relation s ∼= (NB/ϕB)2/3 p−1/3 into account and minimizing the free
energy with respect to p, one obtains the equilibrium aggregation number:

peq ∼=
(

NB

ϕ

)2(NA

γ

)−6ν/(2ν+1)

v−6(2ν−1)/(2ν+1)
A (32)



72 O.V. Borisov et al.

and the core radius, which determines the overall size of the crew-cut micelle:

Rcore ∼= NB

ϕ

(
NA

γ

)−2ν/(2ν+1)

v−2(2ν−1)/(2ν+1)
A . (33)

The core–corona surface area per chain is given by

seq ∼=
(

NA

γ

)2ν/(2ν+1)

v2(2ν−1)/(2ν+1)
A . (34)

Interestingly, this area is independent of the length of core-forming block B. In
contrast to the case of starlike micelles, the equilibrium aggregation number and the
core radius in a crew-cut micelle strongly decrease upon an increase in the degree
of polymerization of the coronal block, NA. The thickness of the corona is given by:

Hcorona ∼= N3ν/(2ν+1)
A v3(2ν−1)/(2ν+1)

A γ(1−ν)/(2ν+1) (35)

and it is easy to check that Hcorona ≤ Rcore provided that:

NA ≤ γ(3ν−1)/5νv(1−2ν)/ν
A (NB/ϕ)(2ν+1)/5ν . (36)

Similarly to the case of starlike micelles, the CMC is controlled by the gain in free
energy upon association of blocks B and is only weakly affected by the properties
of coronal block A:

lnCMC ∼= −γ(NB/ϕ)2/3 +(γN2ν
A )1/(2ν+1)v2(2ν−1)/(2ν+1)

A . (37)

An increase in the length of the core-forming block B leads to the progressive in-
crease in the conformational entropy penalty for their stretching, Fcore(p), given by
(26). However, before Fcore(p) becomes comparable to the dominant terms in the
free energy, Fcorona + Finterface, the spherical crew-cut micelles change their mor-
phology, i.e., they undergo a thermodynamic transition into cylindrical micelles, as
discussed in the following section.

3.2 Polymorphism of Aggregates of Non-ionic Block Copolymers

For strongly asymmetric block copolymers with long hydrophobic blocks, NB �NA,
the conformational entropy losses in the stretched core-forming blocks B determine
the equilibrium morphology of an aggregate. Because for given surface area s per
chain, the stretching of the core-forming blocks decreases from the spherical to the
cylindrical and to the lamellar topology, one anticipates that copolymers with longer
blocks B might form nonspherical aggregates.
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Fig. 2 Self-assembled block-copolymers aggregates of different morphologies: spherical (i = 3),
cylindrical (i = 2), lamellar (i = 1). Hydrophobic blocks B and polyelectrolyte blocks A form the
core and the corona of the micelle, respectively

The polymorphism of non-ionic block copolymer aggregates was theoretically
analyzed by Zhulina and Rubinstein [50], and here we briefly summarize the main
results.

The morphology of a block copolymer aggregate is specified by index i. We
distinguish between spherical (i = 3), cylindrical (i = 2), and planar (i = 1) mor-
phologies (see Fig. 2). The latter describes lamellae, vesicles, discs, etc. Edge effects
for nonspherical aggregates (i = 1,2) can be incorporated on the level of correction
terms.

The condition of constant core density ϕ imposes a relation between the core
radius, Rcore, and the interfacial area per chain, s(Rcore), in an aggregate of mor-
phology i as:

s = s(Rcore) =
iNB

ϕRcore
i = 1,2,3. (38)

The latter determines the excess interfacial free energy per chain as:

F (i)
interface(Rcore)

kBT
= γs(Rcore), i = 1,2,3. (39)

The elastic free energy of a stretched block B in the core of an aggregate with
morphology i yields:

F (i)
core(Rcore)

kBT
= bi

R2
core

NB
, (40)

where:

bi =

⎧⎨
⎩

π2/8, i = 1
π2/16, i = 2
3π2/80, i = 3

. (41)

The values of the numerical coefficients in (41) account for the nonuniform and
nonequal extension of the core blocks in micelles of different morphologies. They
were first calculated by Semenov [59] for a dense micellar core, ϕ = 1, within
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the so-called strong stretching approximation, i.e., when the chains are noticeably
stretched with respect to their Gaussian size. The coefficients bi in (41) remain valid
also for a condensed core with ϕ ≤ 1 (provided that the polymer density profile in
the core is uniform).

Finally, the coronal contribution, F(i)
corona(Rcore), to the free energy of an aggregate

of morphology i is calculated as the free energy of a planar (i = 1) or curved (i = 2,3)
polymer brush. This is attained by a generalization of the blob model for the case of
an arbitrary (finite) curvature of the grafting surface:

F (i)
corona/kBT =

∫ Rcore+Hcorona

Rcore

s(r)dr
ξ 3(r)

. (42)

Here:

s(r) = s(Rcore)
(

r
Rcore

)i−1

, i = 1,2,3 (43)

is the area per chain at a distance (r − Rcore) from the surface of the core, and
kBT ξ−3(r) = f (r) is the free energy density in the corona. The latter accounts,
in the scaling approximation, both for the conformational entropy losses and the
monomer–monomer interactions, where ξ (r) ∼= s(r)1/2 is the local correlation
length in the corona. Note that at i = 3, (42) and (43) lead to (22).

It can be demonstrated that a spherical starlike micelle is always thermodynami-
cally stable with respect to nonspherical aggregates. It has a lower free energy than
the cylindrical micelle or the lamella, as long as the size of the corona exceeds that
of the core, Hcorona � Rcore.

Morphological transitions sphere–cylinder–lamella occur, therefore, when the
aggregates acquire the crew-cut shape. It is instructive to consider first a lamellar
aggregate, i = 1. Here, the coronal contribution is given by the number of blobs per
chain in a planar brush:

F (1)
corona

kBT
∼= NAs−1/(2ν)v(2ν−1)/ν

A . (44)

By balancing F (1)
corona �F (1)

interface, one finds the equilibrium area per chain s in a planar
lamella:

s ∼=
(

NA

γ

)2ν/(1+2ν)

v2(2v−1)/(1+2v)
A . (45)

The thickness H(1)
corona of the corona is given by:

H(1)
corona

∼= γ(1−ν)/(1+2ν)N3ν/(1+2ν)
A v3(2ν−1)/(2ν+1)

A (46)
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while the free energy per chain yields:

F (1)

kBT
∼= γ1/(1+2ν)N2ν/(1+2ν)

A v2(2ν−1)/(2ν+1)
A . (47)

In a spherical or cylindrical crew-cut micelle (i = 2,3), the coronal free en-
ergy is lower than in a planar brush. At small curvatures of the core, the coronal
contribution, given by (42), can be expanded with respect to the small parameter

H(1)
corona/Rcore 	 1, with an account of the normalization condition:

NA =
∫ Rcore+Hcorona

Rcore

cp(r)s(r)dr. (48)

Here, cp(r) is the polymer concentration (number density of the A monomers) at
a distance (r − Rcore) from the core, and one can use the scaling relation [57]
between the local polymer concentration and the correlation length, cp(r) ∼=
ξ (1−3ν)/ν(r)v(1−2ν)/ν

A . Retention of the first (linear in H(1)
corona/Rcore) term provides

an approximate expression:

F(i)
corona

kBT
≈ F(1)

corona

kBT

[
1− 1

2

(
∂ lncp(r)

∂ lnr
− ∂ ln f (r)

∂ lnr

)
H(1)

corona

Rcore

]
=

=
F(1)

corona

kBT

[
1− (i−1)

4ν
H(1)

corona

Rcore

]
, (49)

where f (r) ∼ ξ−3(r) ∼ r−3(i−1)/2 is the free energy density in the corona, H(1)
corona is

given by (46), and Rcore is related to i and s via (38).
Within this line of approximations, the total free energy per chain in a crew-cut

aggregate of morphology i yields:

F(i)

kBT
=

F(1)

kBT
−b0

(i−1)
2i

γ(2−3ν)/(1+2ν)N7ν/(1+2ν)
A v7(2ν−1)/(2ν+1)

A
ϕ
NB

+bii
2 NB

ϕ2

(
NA

γ

)−4ν/(1+2ν)

v4(1−2ν)/(2ν+1)
A . (50)

In this equation, the first (dominant) term is the free energy per chain in the equilib-
rium planar lamella (i = 1). The second term is a decrease in coronal free energy due
to curvature of the core (the numerical coefficient b0 � 1 does not depend on i). The
third term gives the elastic free energy of the core block [the numerical coefficients
bi are specified in (41)]. The radius Rcore of the core in a cylindrical (i = 2) or spher-
ical (i = 3) micelle is calculated via (38) and (45), whereas the corona thickness
H(i)

corona ≈ H(1)
corona, cf. (46).
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A morphological transition (i+1)=⇒ i is specified by the condition F (i+1) = Fi,
to give the following equation for the binodals:

b0

2i(i+ 1)[bi+1(i+ 1)2 −bii2]
ϕ3

N2
B

γ(2−7ν)/(1+2ν)N11ν/(1+2ν)
A v11(2ν−1)/(2ν+1)

A = 1

(51)

By substituting i = 1 in (51) and solving it with respect to NB, one finds the degree

of polymerization of the insoluble block, N(l−c)
B , corresponding to a lamella-to-

cylinder transition:

N(l−c)
B =

√
2b0

π
ϕ3/2γ(2−7ν)/(2+4ν)N11ν/(2+4ν)

A v11(2ν−1)/(4ν+2)
A . (52)

Substitution of i = 2 in (51) gives the degree of polymerization N(c−s)
B , correspond-

ing to a cylinder-to-sphere transition:

N(c−s)
B =

√
20
21 b0

π
ϕ3/2γ(2−7ν)/(2+4ν)N11ν/(2+4ν)

A v11(2ν−1)/(4ν+2)
A . (53)

Because both binodals N(l−c)
B and N(c−s)

B obey the same power law dependencies on
NA, γ , νA, and ϕ , the region of thermodynamic stability of the cylindrical micelles

(N(c−s)
B < NB < N(l−c)

B ) constitutes a narrow corridor with the boundaries that differ
only in the numerical prefactor. Remarkably, the relative width of this corridor:

ΔNB

N(l−c)
B

=
N(l−c)

B −N(c−s)
B

N(l−c)
B

= 1−
√

10
21

≈ 0.31 (54)

is independent of the solvent strength (the value of ν). However, a weak dependence
on the solvent quality is found for the inverted binodals (i.e., the degrees of polymer-

ization of the coronal block, N(l−c)
A (NB,γ,ϕ) and N(c−s)

A (NB,γ,ϕ), corresponding to
the lamella-to-cylinder and the cylinder-to-sphere transitions, respectively):

ΔNA

N(l−c)
A

=
N(c−s)

A −N(l−c)
A

N(l−c)
A

=
(

21
10

)(1+2ν)/11ν
−1 ≈

{
0.28, ν = 3/5,

0.31, ν = 1/2.
(55)

Hence, upon a progressive decrease in the solvent strength, a slight increase is
predicted for the relative interval of molecular weights of soluble block A that cor-
responds to thermodynamically stable cylindrical micelles.

In Fig. 3 we present the theoretical diagram of states in NA, NB coordinates,
which specifies the stability regions of spherical (S), cylindrical (C), and lamellar
(L) aggregates in dilute solutions of non-ionic block copolymer [50]. The bin-
odals (solid lines) are calculated using the full expressions for the corresponding
free energy of an aggregate of morphology i. The latter involves the numerical
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Fig. 3 Diagram of states for non-ionic block copolymer with soluble A and insoluble B blocks
with theoretically predicted stability regions of spherical (S), cylindrical (C), and lamellar (L) ag-
gregates. Values of the theoretical parameters are adjusted for PS-PI copolymer in n-heptane [50].
Different symbols specify morphology of the experimental samples: spherical micelles (squares),
cylindrical micelles (triangles), and insoluble aggregates, presumably lamellae (diamonds). AFM
images of spherical and cylindrical micelles are adopted from [50]

values of all the parameters, adjusted for a specific block copolymer system, namely
polyisoprene(PI)-polystyrene(PS) in n-heptane. Samples with different molecular
weights of the soluble (PI) and insoluble (PS) blocks were examined by static and
dynamic light scattering. The morphology i of the aggregates in each sample, spec-
ified by respective degrees of polymerization, NA and NB, of PI and PS blocks is
indicated in the diagram by squares (spheres, i = 3), triangles (cylinders, i = 2), and
diamonds (insoluble aggregates). The latter presumably correspond to associated
lamellae (i = 1) in the sediment. The shapes of soluble aggregates (spherical and
cylindrical micelles of PI–PS diblock copolymer) are visualized by atomic force
microscopy (AFM).

Note that for spherical (starlike as well as crew-cut) micelles, the most probable
aggregation number [specified by (11)] is close to the average aggregation number.
For large p � 1, the concentration-dependent corrections arising due to transla-
tional entropy of micelles are negligible. The thermal (equilibrium) fluctuations in
the aggregation number (polydispersity of micelles) are controlled by the shape,
∂ 2F(p)/∂ p2, of the free energy near the bottom of the minimum attained at p = p0.
By contrast, in the solution containing cylindrical micelles (at the total polymer
concentration c ≥ CMC), the distribution with respect to the length (the aggregation
number) is wide and follows an exponentially decaying function [35, 37]. The aver-
age length of a cylindrical micelle increases proportionally to the square root of the
total polymer concentration, c, and grows exponentially as a function of excess free
energy of the end-cap of the cylindrical micelle [35, 60].
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4 Scaling Theory of Micelles with Polyelectrolyte Corona

The structure and the basic thermodynamics of micelles formed by amphiphilic
block copolymers with a PE coronal block A can be analyzed using the blob model.
However, the ionization of block A in a polymeric amphiphile introduces long-
ranged repulsive interactions in the corona of a micelle. As a result, the blob picture
for the micellar corona has to be modified, as explained in this section.

4.1 Starlike Micelles with Quenched Polyelectrolyte Corona

We start with the case of a salt-free dilute solution that contains asymmetric (NA ≥
NB) ionic/hydrophobic block copolymers with a long quenched PE block. These
copolymers associate into starlike micelles. The corona of such micelle resembles a
star-branched PE [61–64], discussed in detail in [10].

Long-ranged repulsive Coulomb interactions between the coronal blocks A dom-
inate over short-ranged excluded-volume monomer–monomer repulsions, provided
that the fraction of charged monomer units is sufficiently large. The block copoly-
mer solution also contains mobile counterions that spread fairly uniformly over the

volume of the solution if the aggregation number p is small, p ≤ α−1/2
b l−1

B . Here,
lB = e2/aεkBT is the Bjerrum length measured in units of monomer length a, e is
the elementary charge, and ε is the dielectric permittivity of the solvent. By con-

trast, a micelle with large aggregation number, p � α−1/2
b l−1

B , retains the majority
of its counterions inside the corona. The coronal contribution to the free energy is
dominated by Coulomb repulsions between charged blocks A in the former case,
and by the translational entropy of counterions confined in the corona in the latter
case (the so-called osmotic regime). The combined action of Coulomb repulsion and
osmotic pressure of counterions entrapped in the corona results in a uniform radial
stretching of the coronal blocks A, Rcorona ∼ NA. If Gaussian entropic elasticity of
the coronal chains is assumed, Felastic

∼= kBT R2
corona/NA, then each coronal block can

be envisioned as a string of Gaussian electrostatic blobs with constant size:

ξ ∼=
{

(α2
b lB)−1/3 p−1/3, p 	 α−1/2

b l−1
B ,

α−1/2
b , p � α−1/2

b l−1
B .

(56)

Hence, the radius of the corona is given by:

Rcorona(p) ∼= NA

ξ
∼=
{

NA(α2
b lB)1/3 p1/3, p 	 α−1/2

b l−1
B ,

NAα1/2
b , p � α−1/2

b l−1
B

(57)

and the free energy is given by:

Fcorona/kBT ∼= NA

ξ 2 . (58)
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Balancing the coronal free energy, Fcorona, with the excess free energy of the core–
corona interface [cf. (24)] leads to the equilibrium aggregation number:

peq ∼=
{

γ(NB/ϕ)2/3N−1
A (α2

b lB)−2/3, peq 	 α−1/2
b l−1

B ,

γ3(NB/ϕ)2(NAαb)−3, peq � α−1/2
b l−1

B

(59)

the radius of the core:

Rcore ∼=
{

γ1/3(NB/ϕ)5/9N−1/3
A (α2

b lB)−2/9, peq 	 α−1/2
b l−1

B ,

γ(NB/ϕ)(NAαb)−1, peq � α−1/2
b l−1

B

(60)

and the corresponding radius of the corona:

Rcorona ∼=
{

N2/3
A γ1/3(NB/ϕ)2/9(α2

b lB)1/9, peq 	 α−1/2
b l−1

B ,

NAα1/2
b , peq � α−1/2

b l−1
B

(61)

which determines the experimentally measurable (e.g., in dynamic light scattering
experiments) size of the micelle.

As in the case of micelles formed by copolymers with non-ionic coronal blocks,
the aggregation number p increases as a power law function of the length NB of the
core-forming block. A new feature, introduced by ionic interactions in the corona,
is, however, a strong decrease in the aggregation number as a function of the length
NA of the coronal block A and its degree of ionization, αb. As follows from (59),

micelles with a small aggregation number, peq ≤ α−1/2
b l−1

B , that release counteri-
ons from their barely charged coronae into the bulk of the solution, are formed if

N3
Aα5/2

b ≥ γ3(NB/ϕ)2lB. In the case of shorter coronal and/or longer core-forming

blocks, N3
Aα5/2

b 	 γ3(NB/ϕ)2lB, osmotic micelles with larger aggregation numbers,

peq � α−1/2
b l−1

B are formed, which retain most of their counterions in the coronal
domain. This situation usually occurs in experimental systems. Remarkably, as fol-
lows from (61), the radius of the micellar corona in the osmotic regime is controlled
(in terms of its power law dependence) solely by the length, NA, and the degree of
ionization, αb, of the coronal block.

Another specific feature of osmotic micelles in salt-free solutions is the strong
increase of the CMC as a function of NA and αb. As follows from (16), the dominant
term for the CMC of micelles in the osmotic regime is given by:

lnCMC ≈−γ(NB/ϕ)2/3(αbNA)−1. (62)

As discussed in Sect. 2.1, the origin of this increase in the CMC is the translational
entropy penalty for the localization of counterions in the corona upon the association
of block copolymers into micelles.

For micelles with a small aggregation number, p ≤ α−1/2
b l−1

B , screening effects
of low molecular weight salt that is added to the micellar solution, become im-
portant when the salt-controlled Debye screening length becomes smaller than the
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micellar size, rD ≤ Rcorona. For micelles with a large aggregation number, whose
coronae are found in the osmotic regime, the effect of salt on the self-assembly be-
comes essential when the (bulk) salt concentration Φion exceeds the concentration
of counterions entrapped in the corona, Φion ≥ pα−1/2

b N−2
A . As discussed in detail

in [18, 62], in the salt-dominated regime, the micellar corona can be subdivided
into several concentric regions that differ with respect to local structural properties
(e.g., radial dependence of the coronal blob size). Importantly, the size of the coro-
nal blobs in salt added solution is an increasing function of the distance from the
center of a micelle, though the blobs are not closely packed [18, 62]. However, with
a good (experimentally accessible) accuracy, the effect on the self-assembly of the
screening of the electrostatic interactions in the micellar corona, can be accounted
for within the mean-field approximation, as explained in Sect. 6.

4.2 Crew-Cut Micelles with Quenched Polyelectrolyte Corona

Strongly asymmetric copolymers with long hydrophobic blocks form crew-cut
micelles with Hcorona 	 Rcore. The coronae of such micelle can be treated as quasi-
planar PE brushes [25–33].

A detailed analysis shows [30] that when the surface area per coronal chain is suf-
ficiently small, the majority of counterions are localized inside the brush. The free
energy of such corona is dominated by the translational entropy loss of the entrapped
counterions (the corona is equivalent to the “osmotic” PE brush). More specifically,
this is the case when Hcorona � Λ, where Λ = s/2π lBαbNA is the Gouy–Chapman
length. In the opposite limit of a relatively sparsely “grafted” corona formed by
blocks A that have few charged groups, Hcorona 	 Λ, and most of the counterions
escape from the corona, but are retained in the proximity of the core within a dis-
tance ∼ Λ provided that Λ 	 Rcore. We assume that the corona of a crew-cut PE
micelle is in the osmotic regime (this situation is typical for experimental systems).

For crew-cut PE micelles, the coronal chains can be presented as being com-

posed of strings of Gaussian electrostatic blobs of size ξ ∼= α−1/2
b . The average

distance between the coronal chains, ∼s1/2 exceeds the blob size ξ . This implies
that the electrostatic blobs in the quasi-planar corona of a crew-cut micelle are also
not closely packed. Remarkably, in the osmotic regime, the size of the electrostatic

blob and, consequently, the corona thickness, Hcorona ∼= NA/ξ ∼= NAα1/2
b , are inde-

pendent (in terms of power law dependencies) of the aggregation number p (i.e.,
independent of area s(Rcore) per PE block A at the core–corona interface).

As a result, the equilibrium aggregation number and the core radius in a crew-cut
spherical micelle are given (with the accuracy of numerical factors) by the same
expressions [second lines in (59) and (60)] as for a starlike spherical micelle in the
osmotic regime:

peq ∼= γ3(NB/ϕ)2(NAαb)−3, (63)

Rcore ∼= γ(NB/ϕ)(αbNA)−1. (64)
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The aggregation number and the core size increase as a function of the length of the
hydrophobic block, NB and decrease as a power law function of the length of the PE
block, NA. The surface area per chain:

seq ∼= αb
NA

γ
(65)

is independent of the length NB of the core block [cf. (34)]. The CMC for the crew-
cut micelles in a salt-free solution is also given by (62).

The condition Hcorona 	 Rcore holds as long as NA 	 (NBγ/ϕ)1/2α−3/4
b . In the

opposite limit, NA � (NBγ/ϕ)1/2α−3/4
b , the micelles are starlike, Hcorona � Rcore.

Addition of salt in the solution leads to the screening of electrostatic repulsions
between the coronal chains and a decrease in the excess osmotic pressure, as soon
as the corona is found in the salt-dominated regime [28]. This regime is entered
when the bulk concentration of added salt exceeds significantly the concentration

of counterions trapped inside the corona, Φion � α1/2
b s−1 ∼= γα−1/2

b N−1
A . Here, one

can use the local electroneutrality mean-field approximation, discussed in Sect. 5.

5 Mean-Field Theory of Block Copolymer Micelles:
Boxlike Model

The mean-field approach provides a convenient framework for the analysis of
copolymer self-assembly leading to micellar structures. Combining the mean-field
approach with the local electroneutrality approximation (LEA) enables us to gener-
alize the theory for micelles with ionic coronal blocks that feature stimuli-responsive
properties.

The LEA assumes that the charge of coronal chains is compensated by the (ex-
cess) local concentration of counterions. The LEA is applicable provided that the
number of copolymer chains in one micelle is sufficiently large that the excess
electrostatic potential is great enough to retain the mobile counterions inside the
corona, even at low salt concentrations in the solution. In the LEA framework,
the electrostatic interactions manifest themselves through the entropy of the ions,
disproportionated between the interior of the corona and the bulk solution. The
mean-field theory in combination with the LEA scheme gives a route wherein
one can account explicitly for the ionization equilibrium and the interplay of elec-
trostatic and nonelectrostatic interactions in the micellar corona. This is of key
importance for the analysis of stimuli-induced structural transitions in micelles
formed by copolymer that contains a weakly ionizable (pH-sensitive) PE block. The
latter demonstrate a strong coupling between the ionization and aggregation state of
the block copolymer.

Within a mean-field approximation, the interaction part of the free energy density
in the corona, fint{cp(r)}, can be presented as a function of the local concentration
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of monomer units, cp(r). It comprises the contributions fev{cp(r)} and fion{cp(r)}
that arise due to the repulsive short-ranged (excluded volume) monomer–monomer
interactions and due to the charges along the coronal chains:

fint{cp(r)} = fev{cp(r)}+ fion{cp(r)}. (66)

Here:

fev{cp(r)}/kBT = vAc2
p(r)+ wAc3

p(r)+ · · · , (67)

whereas the ionic contribution, fion{cp(r)}, is specified below in Sects. 6 and 7.
Since solvent is assumed to be good for uncharged monomer units of the block A,
we retain only the first term in (67) (to account for binary short-ranged repulsions).

At this stage, we neglect the radial gradients in the polymer density distribution
within the corona and in the elastic stretching of the A and B chains. In other words,
we implement a boxlike model wherein the average concentration of monomer units
inside the corona is given by:

cp =
3pNA

4π(R3
corona −R3

core)
(68)

and the free energy of a spherical micelle with arbitrary size ratio, Rcorona/Rcore ≡
Hcorona/Rcore + 1, can be presented as:

F
kBT

∼= 3R2
core

2NB
+

3(Rcorona −Rcore)2

2NA
+

3γNB

Rcoreϕ
+

Fint(cp)
kBT

. (69)

In this equation, the first and the second terms describe the respective confor-
mational entropies of stretched core and coronal blocks, whereas the third term,
∼γs(Rcore), accounts for excess interfacial free energy [here, s(Rcore) is specified by
(38)]. The last term in (69) accounts for repulsive interactions in the corona,

Fint(cp) = (4π/3)(R3
corona−R3

core) fint(cp). (70)

The radii of the core, Rcore, and of the corona, Rcorona, are related as:

Rcorona

Rcore
=
(

1 +
NAϕ
NBcp

)1/3

. (71)

When (71) is substituted into (69), one can formulate the free energy of a micelle as
a function of two independent variables, Rcore and cp. The minimization of this free
energy with respect to Rcore provides a relation between cp and Rcore:

Rcore =
(

γN2
B

ϕ

)1/3
⎧⎨
⎩1 +

NB

NA

[(
1 +

NAϕ
NBcp

)1/3

−1

]2
⎫⎬
⎭

−1/3

(72)
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and [using the packing condition, (23)] between cp and the aggregation number p:

p =
4πγNB

3

⎧⎨
⎩1 +

NB

NA

[(
1 +

NAϕ
NBcp

)1/3

−1

]2
⎫⎬
⎭

−1

(73)

in the equilibrium micelle. Correspondingly, the free energy per chain in a micelle
becomes a function of a single structural parameter, cp:

F(cp)
kBT

=
9
2

(
γ
ϕ

)2/3

N1/3
B

⎧⎨
⎩1 +

NB

NA

[(
1 +

NAϕ
NBcp

)1/3

−1

]2
⎫⎬
⎭

1/3

+
Fint(cp)

kBT
.

(74)

In the limiting cases of starlike (NAϕ/NBcp � 1) and crew-cut (NAϕ/NBcp 	 1)
micelles, the free energy in (74) can be approximated as:

F(cp)
kBT

≈ Fint(cp)
kBT

+

⎧⎨
⎩

9
2 γ2/3(NB

ϕ )4/9N−1/9
A c−2/9

p , NAϕ/NBcp � 1,

92/3

2 γ2/3N1/3
A c−2/3

p , NAϕ/NBcp 	 1.
(75)

A closer inspection of the free energy (74) and (75) as a function of cp allows us
to specify the structural properties (aggregation number and size) of the equilibrium
micelle as a function of the copolymer composition (values of NB and NA) and the
external parameters that control the strength of interactions in the coronal domain.

5.1 Non-ionic Block Copolymer Micelles

In the case of non-ionic or weakly charged coronal chains, the excluded-volume
repulsions in the corona dominate over ionic interactions. In this case, the ionic
contribution can be neglected and the corresponding contribution to the free energy
can be presented as:

Fint(cp)
kBT

= vANAcp. (76)

The minimization of the free energy, (74) or (75), with respect to cp gives the
structural properties of a spherical micelle with a quasi-neutral corona. For a starlike
micelle one finds:

peq ∼= γ15/11
(

NB

ϕ

)10/11

N−3/11
A v−6/11

A , (77)
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Rcorona ∼= γ3/11
(

NB

ϕ

)2/11

N6/11
A v1/11

A , (78)

Rcore ∼= γ5/11
(

NB

ϕ

)7/11

N−1/11
A v−2/11

A . (79)

The micelles are starlike, i.e. Rcore 	 Rcorona, as long as block A is sufficiently
long:

NA � γ2/7
(

NB

ϕ

)5/7

v−3/7
A (80)

In the range of block lengths specified by (80), starlike spherical micelles are ther-
modynamically most favorable. Copolymer aggregates with other morphologies
(cylindrical micelles, vesicles) are metastable (i.e., have a larger free energy per
chain). The most important factor that contributes to the stability of spherical mi-
celles with relatively long NA is that overlap, and therefore repulsions, between
coronal blocks are minimal in the spherical geometry. The ionization of coronal
chains results in their additional stretching as compared to quasi-neutral micelles.
Therefore, the micelles with ionized corona remain spherical (starlike), provided
(80) is fulfilled.

For the crew-cut quasi-neutral micelles with Hcorona 	 Rcore, that are formed by

strongly asymmetric copolymers with short coronal blocks, NA 	 γ2/7(NB
ϕ )5/7v−3/7

A ,
one finds:

peq
∼= (γ/NA)9/5

(
NB

ϕ

)2

v−6/5
A , (81)

Rcore ∼= (γ/NA)3/5
(

NB

ϕ

)
v−2/5

A , (82)

Hcorona ∼= γ1/5N4/5
A v1/5

A . (83)

Due to the mean-field approximation used to account for excluded-volume inter-
actions in the coronal domain, the power law exponents in (77)–(82) differ slightly
from those obtained in the scaling framework in Sect. 3.1. This is because the mean-
field approach neglects the local density correlations and overestimates the free
energy of the micellar corona.

6 Mean-Field Theory of Block Copolymer Micelles
with Quenched Polyelectrolyte Corona

Structural rearrangements in a micelle with quenched PE corona can be investi-
gated using the mean-field approach (described in Sect. 5) in combination with
the local electroneutrality approximation (LEA). As before, we neglect here the
radial gradients in the polymer density and mobile ion distributions (i.e., imple-
ment the boxlike model). Moreover, we omit the contribution due to nonelectrostatic
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(excluded volume) repulsions. In such a framework, the free energy of a quenched
PE corona is formulated as:

Fion(cp)
kBT

= αbNA

[(
1−
√

1 +(αbcp/Φion)2

)/
(αbcp/Φion)+ Arsh(αbcp/Φion)

]

≈
⎧⎨
⎩

αbNA[ln(2αbcp/Φion)−1], αbcp/Φion � 1,

NA
α2

b cp
2Φion

, αbcp/Φion 	 1,
(84)

where:

Φion ≡ ∑
j

cb j (85)

is the total concentration of (monovalent) ionic species in the bulk of the solution
(including H+ and OH− ions) and Arsh(x) ≡ ln(x +

√
x2 + 1) is the inverse hyper-

bolic sine function.
Combining (84) and (74), one finds a closed expression for the free energy of

a spherical micelle with a quenched PE corona as a function of a single structural
parameter, cp.

In the low salt limit, αbcp � Φion, the coronal contribution to the free energy is
dominated by the translational entropy of counterions entrapped inside the corona,
Fint

∼= kBTαbNA(lncp −1). In this case, all results of the blob model are recovered
both for osmotic starlike and crew-cut spherical micelles (59), (61), and (62).

In the high salt limit, αbcp 	 Φion, the contribution of the translational entropy
of mobile ions, disproportionated between the interior and the exterior of the corona,
is equivalent to a renormalization of the second virial coefficient of monomer–
monomer interactions, as vA → veff = vA + α2

b/2Φion, [see (84)].
At any salt concentration, Φion, the F(cp) curve exhibits a single minimum as

a function of cp that corresponds to a single population of equilibrium micelles.
Using approximate expressions in (75), one can derive the power law dependencies
for the structural properties of starlike and crew-cut micelles on the block lengths,
NA and NB, the degree of ionization αb, the hydrophobicity of the block B, and the
salt concentration, as discussed in the following section.

6.1 Starlike Micelles with Quenched Polyelectrolyte Corona

Within the mean-field approximation, the coronal contribution to the free energy in
the salt-dominated regime can be calculated as:

Fint(p)/kBT ∼= veffNAcp =
(

vA +
α2

b

2Φion

)
NAcp, (86)

where veff = vA +α2
b /2Φion is the salt-dependent effective second virial coefficient.

The equilibrium aggregation number and the core size in a starlike PE micelle
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increase as a function of the salt concentration Φion according to the following
equations:

peq(Φion) ∼= γ15/11(NB/ϕ)10/11N−3/11
A

(
vA +

α2
b

Φion

)−6/11

, (87)

Rcore(Φion) ∼= γ5/11(NB/ϕ)7/11N−1/11
A

(
vA +

α2
b

2Φion

)−2/11

. (88)

An increase in the aggregation number peq(Φs) ∼ Φ6/11
ion , accompanied by a de-

crease in the strength of repulsive electrostatic interactions (due to added salt ions),
results in a very weak decrease in the coronal size in a starlike PE micelle as a
function of the salt concentration:

Rcorona(Φion) ∼= γ3/11(NB/ϕ)2/11N6/11
A

(
vA +

α2
b

2Φion

)1/11

. (89)

The micelles are starlike, i.e., Rcorona � Rcore as long as NA � γ2/7(NB/ϕ)5/7(vA +
α2

b /2Φion)−3/7.
Under the so-called salt dominance conditions, the association of block copoly-

mers into micelles does not lead to significant losses in the translational entropy of
counterions (whose concentrations inside the corona and in the bulk of the solution
are approximately equal). Therefore, within the accuracy of the main term, the CMC
is controlled by the hydrophobicity of the block B:

lnCMC ≈−γ(NB/ϕ)2/3 + γ6/11(NB/ϕ)4/11N1/11
A

(
vA +

α2
b

2Φion

)2/11

. (90)

An increase in the salt concentration Φion, leads only to a decrease in the second
(correction) term and to a mild decrease in the CMC.

At high salt concentrations Φion � v−1
A α2

b , the structural properties (e.g.,
peq(Φion), and Rcorona(Φion)) approach the values that are found for starlike mi-
celles with non-ionic corona, (77), (78).

Because an increase in salt concentration leads to the increase in the core size,
Rcore, and in the simultaneous decrease in the corona size, Rcorona, the starlike
micelle can transform into the crew-cut micelle with an increase in the salt con-
centration.

6.2 Crew-Cut Micelles with Quenched Polyelectrolyte Coronae

In the salt-dominated regime, the free energy of the quasi-planar corona of a crew-
cut micelle is given by:

Fint/kBT ∼= NAs−2/3v2/3
eff = NAs−2/3

(
vA +

α2
b

2Φion

)2/3

. (91)
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It decreases as a function of the salt concentration. Balancing the free energy, (91),
with the excess free energy of the core–corona interface, (24), gives the equilibrium
interfacial area per copolymer chain:

seq ∼= (NA/γ)3/5
(

vA +
α2

b

2Φion

)2/5

(92)

and the equilibrium aggregation number in a salt-dominated crew-cut micelle:

peq(Φion) ∼= (γ/NA)9/5(NB/ϕ)2
(

vA +
α2

b

2Φion

)−6/5

. (93)

As expected, the aggregation number increases with increasing salt concentration
Φion. The corresponding power law exponent, 6/5, is remarkably larger than in the
case of starlike micelles. This is due to stronger repulsive interactions between PE
blocks in the quasi-planar corona of a crew-cut micelle as compared to those in
a starlike corona. Similarly to the case of a starlike micelle, the thickness of the
corona, Hcorona, in a crew-cut micelle decreases as a function of the salt concen-
tration, Φion, although the area s(Φion) per PE chain at the core–corona interface
decreases:

Hcorona(Φion) ∼= γ1/5N4/5
A

(
vA +

α2
b

2Φion

)1/5

. (94)

The size of the core, which dominates the overall dimensions of a crew-cut micelle,
grows upon an increase in salt concentration as:

Rcore(Φion) ∼= (γ/NA)3/5(NB/ϕ)
(

vA +
α2

b

2Φion

)−2/5

. (95)

Upon further increase in the salt concentration, Φion � v−1
A α2

b , the structural
properties of crew-cut micelles with a quenched PE corona asymptotically approach
these of micelles with a non-ionic corona, (81)–(83).

Similarly to the case of crew-cut micelles composed of non-ionic block copoly-
mers, an increase in the length of the core-forming block B leads to an increase in
entropic penalty for stretching the chains. As a result, copolymers with longer insol-
uble block B might associate in nonspherical aggregates (e.g., cylindrical crew-cut
micelles). These morphological changes will be discussed in detail in Sect. 10.

7 Mean-Field Theory of Block Copolymer Micelles
with Annealing Polyelectrolyte Corona

Within the framework of the boxlike model, the free energy of the corona of micelle
with annealing PE block can be formulated as:



88 O.V. Borisov et al.

Fion(cp)
kBT

= NA

[(
1−
√

1 +(αcp/Φion)2

)
+ ln(1−α)

]

≈ NA ·
⎧⎨
⎩

−α + ln(1−α), αbcp/Φion � 1,

α2
b cp

2Φion
+ ln(1−αb), αbcp/Φion 	 1.

(96)

Here, the average degree of ionization α of the coronal block A depends not only on
the pH (via αb), but also on the ionic strength in the bulk solution (buffer), and the
average polymer concentration in the corona, cp, as:

α
1−α

· 1−αb

αb
=
√

1 +(αcp/Φion)2 −αcp/Φion, (97)

where αb is the degree of ionization of a single monomer in the bulk solution of
given pH:

αb =
10pH−pKa

10pH−pKa + 1
. (98)

Equation (97) can be used to obtain approximate expressions for the degree of ion-
ization of the monomer units of the coronal block A in the limiting cases of low and
high salt concentrations:

α ∼=

⎧⎪⎨
⎪⎩

(
αb

1−αb
· Φion

2cp

)1/2
, αcp/Φion � 1,

αb

[
1− αbcp

Φion
(1−αb)

]
, αcp/Φion 	 1.

(99)

The coupling between the ionization of the coronal block A and the association
equilibrium of the copolymers gives rise to unique features for the self-assembly of
amphiphilic block copolymers with a weak (pH-sensitive) PE block. In other words,
the levels of ionization for unimers in solution and for copolymers incorporated in
micelles, can be noticeably different due to different values of the pH inside mi-
cellar corona and in the bulk solution. Furthermore, the strength of the electrostatic
repulsion in the corona can be affected not only by variations in the ionic strength
(as it is for micelles with quenched PE corona), but also by variations in the pH,
which affect the ionization of the coronal chains.

Moreover, the effect of added salt on the self-assembly of block copolymers with
an annealing PE block is more complicated than for copolymers with a quenched PE
block. The reason for this is that at pH ∼= pK, an addition of small amounts of salt
into the bulk solution leads to substitution of H+ (or OH−) counterions in the mi-
cellar corona by salt ions. The latter promotes ionization of the coronal chains and
affects the strength of repulsive interactions between the corona-forming blocks.
At low salt concentrations, ionization of the monomer units in coronae of micelles
formed by copolymers with an annealing PE block can be strongly suppressed. As a
result, the coronal contribution to the free energy of the micelle might be dominated
by nonelectrostatic excluded-volume repulsions between corona-forming blocks
(the so-called quasi-neutral micelle regime).
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7.1 Structural Transitions in Starlike Micelles with Annealing
PE Corona

The block copolymer chains with a strongly asymmetric composition, NA �
γ2/7(NB/ϕ)5/7v−3/7

A , form starlike micelles at an arbitrary small degree of ion-
ization of the coronal block. The free energy per chain in a starlike micelle with an
annealing PE coronal block is given by:

F
kBT

∼= 9
2

γ2/3
(

NB

ϕ

)4/9

N−1/9
A c−2/9

p + NA

[
vAcp +

(
1−
√

1 +(αcp/Φion)2

)

+ ln(1−α)
]
, (100)

where the degree of ionization α(αb,Φion,cp) is determined from (97).
Further analysis of the free energy as a function of cp (or α), (100) and (97),

indicates the existence of a single minimum at both low, Φion 	 αbcp, and high,
Φion � αbcp, salt concentrations. This minimum corresponds to a single population
of micelles that coexist with unimers either at low or at high salt concentration in
the solution. At intermediate salt concentrations, F(cp) might exhibit two minima
as a function of cp. The presence of two minima in the free energy indicates the
possibility of abrupt (quasi-first order) salt- and pH-induced structural transitions in
block copolymer micelles. These transitions are discussed below in Sect. 7.1.3.

7.1.1 Quasi-neutral Micelles

At low salt concentrations, Φion 	 αbcp, the ionization of A segments in the micelle
corona is low, α 	 αb. In this case, the excluded-volume repulsions (binary inter-
actions) give the dominant contribution to the free energy of the corona. As a result,
the structural properties of the quasi-neutral micelles approximately coincide with
those formed by non-ionic block copolymers and are given by (77) and (78).

An increase in the salt concentration leads to the progressive replacement of H+

ions in the micellar corona by, e.g., Na+ ions of the added salt (i.e., increases the
local pH in the corona). This promotes the increase in the degree of ionization α of
the coronal blocks as:

α ∼=
(

αb

1−αb
·Φion

)1/2

γ−3/11
(

NB

ϕ

)−2/11

N5/11
A v9/22

A . (101)

The latter leads to a slight decrease (on the level of the correction terms) in the
aggregation number, and an increase in the radius of the corona.

The free energy per chain in a quasi-neutral micelle is given by:

Fquasi−neutral/kBT ∼= γ6/11(NB/ϕ)4/11N1/11
A v2/11

A + NA ln(1−α). (102)

Here, the first term is dominant because α, given by (101), is small.
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Although at low salt concentrations the structural parameters of quasi-neutral
micelles formed by copolymers with an annealing PE block are close to those of
micelles formed by non-ionic block copolymers, the CMC for the former is signifi-
cantly larger than that for the latter. Indeed, the degree of ionization of the annealing
PE blocks in the unimer state of copolymer, αb, is significantly larger than that of
the copolymers incorporated in micelles. Hence, the association of copolymers into
micelles is accompanied by an additional free energy penalty (recombination of sig-
nificant fraction of counterions with the acidic groups of the annealing PE blocks).
As a result, the CMC increases as a function of NA and αb according to the equation:

lnCMCquasi−neutral ≈ −γ(NB/ϕ)2/3 + γ6/11(NB/ϕ)4/11N1/11
A v2/11

A −NA ln(1−αb)

= lnCMCneutral −NA ln(1−αb). (103)

Here, the first two terms specify the CMC for equivalent uncharged (neutral) block
copolymer with lengths of blocks, NA and NB:

lnCMCneutral ≈−γ(NB/ϕ)2/3 + γ6/11(NB/ϕ)4/11N1/11
A v2/11

A , (104)

and we have neglected the NA(1−α) term in the free energy of the coronae of the
quasi-neutral micelles as well as the contribution due to intramolecular repulsive
interactions and the stretching of the block A in unimers.

Equation (103) demonstrates that the CMC for quasi-neutral micelles is a
strongly increasing function of αb, i.e., it is strongly affected by the value of
the bulk pH. When −NA ln(1−αb) ≥ γ(NB/ϕ)2/3, quasi-neutral micelles do not
form at any copolymer concentration in the solution.

7.1.2 Charged Micelles

In the opposite limit of high salt concentration, Φion �αbcp, the difference between
the pH in the bulk solution and inside the micellar corona is negligible. At a given
solution pH, αb is specified according to (98), and the monomer units of blocks
A in the micellar corona approach their maximal at given pH degree of ionization,
α ≈ αb. The corona is indistinguishable from that formed by quenched PE chains
with a degree of ionization αb in the salt-dominated regime. The evolution of the
structural parameters of the micelles follows the same trends as described above: the
aggregation number increases and the coronal dimensions decrease upon an increase
in the salt concentration according to (87) and (89), respectively. An increase in αb

(an increase in the pH) enhances repulsive interactions in the corona and thus leads
to a progressive decrease in the aggregation number and an increase in the coronal
dimensions.
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The free energy of micelles in the salt-dominated regime is formulated as:

F/kBT ∼= γ6/11(NB/ϕ)4/11N1/11
A (α2

b /2Φion + vA)2/11 + NA ln(1−αb), (105)

whereas the CMC is given by:

lnCMCcharged ≈ −γ(NB/ϕ)2/3 + γ6/11(NB/ϕ)4/11N1/11
A

(
vA +

α2
b

2Φion

)2/11

= lnCMCneutral + γ6/11(NB/ϕ)4/11N1/11
A v2/11

A

×
[(

1 +
α2

b

2ΦionvA

)2/11

−1

]
. (106)

7.1.3 Micelle-to-Micelle Transition

Remarkably, in the intermediate range of salt concentrations, starlike micelles
formed by block copolymer with an annealing PE block exhibit a discontinuous
variation of their structural parameters upon a smooth variation in either the salt
concentration, Φion, or the pH of the solution.

Analysis of (100) indicates that at moderate salt concentrations, the free energy
versus cp curves might exhibit two minima, one corresponding to a quasi-neutral
(weakly ionized) micelle with high aggregation number, and the other correspond-
ing to a micelle with strongly charged corona, α ≈ αb, and low aggregation number.
These two minima correspond to two populations of micelles that coexist in the so-
lution in a certain range of salt concentrations.

When the two minima are equally deep, the transition from large (quasi-neutral)
to small (charged) micelle occurs as a jump-wise quasi-first order phase transi-
tion. (A more accurate analysis [23] points at a finite interval of salt concentrations
wherein the two types of micelles coexist). Using (102) and (105) for the free energy
of quasi-neutral and charged micelle, and assuming α2

b /ΦionvA � 1, the character-
istic salt concentration at the transition point can be evaluated as:

Φ∗
ion

∼= α−7/2
b γ3

(
NB

ϕ

)2

N−5
A . (107)

Decomposition of large micelles into many smaller ones is accompanied by an
abrupt increase in the degree of ionization of the corona from α ≈αb(Φ∗

ion/αbcp)1/2

to αb, accompanied by a substantial drop in the aggregation number:

pquasi−neutral

pcharged

∼=
(

1 +
α2

b

2vAΦ∗
ion

)6/11

. (108)
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A combined action of the decrease in the number of coronal chains and the increase
in their ionization results in a relatively small jump up in the coronal dimensions:

Rcorona,charged

Rcorona,quasi−neutral

∼=
(

1 +
α2

b

2vAΦ∗
ion

)1/11

. (109)

The diagram of states of the solution of block copolymer that forms starlike mi-
celles is presented using as coordinates either polymer concentration versus salt
concentration (Φion) (Fig. 4a) or polymer concentration versus bulk degree of ion-
ization (αb) (Fig. 4b).

When the polymer concentration is below CMCquasi−neutral (CMCqn), micelles do
not form in the range of Φion to the left of the CMCcharged (CMCch) line. When the
CMCch line is crossed, starlike micelles with charged, α ≈ αb coronae appear in the
solution.

When the polymer concentration exceeds CMCqn, quasi-neutral micelles with
weakly ionized, α 	 αb, coronae are found in the range of low salt concentrations
(small Φion). At the transition concentration, Φion = Φ∗

ion, these micelles abruptly
rearrange into micelles with smaller aggregation number, but stronger charged coro-
nae. Further increase in salt content, Φion > Φ∗

ion , leads to progressive increase in
the micelle aggregation number.

Alternatively, decomposition of large quasi-neutral micelles into smaller charged
micelles (upon crossing of Φ∗

ion(αb) line) may be triggered by an increase in the
pH (i.e., in αb) at the polymer concentration above CMCqn. An increase in the pH
both below and above the transition threshold, leads to a continuous decrease in the
aggregation number and an increase in the span of the corona. At polymer concen-
trations below CMCch, only unimers are found in the solution at high pH (αb ≈ 1).
A decrease in pH leads to a decrease in chain ionization and in Coulomb repulsions
between unimers, and may trigger micellization upon crossing the CMCch or the
CMCqn lines.

Figure 5 demonstrates the diagram of states for starlike micelles in the Φion,αb

coordinates. We delineate four regions, denoted as Sqn, Sqn′ , Sch and U . In region
Sqn, the starlike micelles are quasi-neutral, and their structural parameters are given
by (77), (78), and (101). The dotted line divides region Sqn into two parts. To the left
of the dotted line, the CMCqn is virtually unaffected by the polyelectrolyte nature of
the coronal chains (it coincides with the CMC for the equivalent neutral copolymer).
To the right of the dotted line, the CMCqn is shifted according to (103).

In region Sch, the coronal blocks are charged, α ≈ αb, and the parameters of
equilibrium micelles are given by (87) and (89). The bold line separating regions
Sch and Sqn is the line of abrupt rearrangements of the micelles, Φion = Φ∗

ion(αb).
In region Sqn′ , the coronal blocks A are ionized, α ≈ αb, but the electrostatic in-
teractions are strongly screened due to the high salt concentration. As a result, the
structural parameters of the micelles are the same as in region Sqn.

Finally, in region U the micelles are unstable, and only free ionized unimers (with
α = αb) are found in the solution for any polymer concentration.
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Fig. 4 Diagram of states for solution of block copolymers with pH-sensitive PE blocks. Coor-
dinates are (a) polymer concentration C and salt concentration Φion (at constant buffer pH); (b)
polymer concentration C and pH (at constant salt concentration). Dashed lines in (b) indicate shift
of the boundaries of different regimes upon increasing hydrophobicity of the blocks B
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Fig. 5 Diagram of states in αb,Φion coordinates for dilute solution of block copolymers with

pH-sensitive PE blocks, that associate in starlike micelles, NA � γ2/7( NB
ϕ )5/7v−3/7

A . The dotted
arrow indicates cross-section of the diagram corresponding to the evolution of the micelle param-
eters as a function of salt concentration presented in Fig. 6a, b

Figure 6 shows the evolution of both the aggregation number and the radius of
the corona for starlike micelles upon variations in the salt concentration (6a, b) and
in the pH (6c,d). All the structural properties of starlike micelles with pH-sensitive
coronal blocks exhibit a non-monotonous and discontinuous variation as a function
of Φion: the aggregation number exhibits a minimum (with a jump down at Φion ≈
Φ∗), whereas the coronal dimensions exhibit a weak maximum (with a jump up at
Φion ≈ Φ∗).

7.2 Crew-Cut Micelles with Annealing Polyelectrolyte Coronae

Crew-cut micelles with Hcorona 	 Rcore are formed by copolymers with compara-

tively long hydrophobic and short hydrophilic blocks, NA 	 γ2/7(NB
ϕ )5/7v−3/7

A . The
latter condition ensures that quasi-neutral micelles have a crew-cut shape. As we
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Fig. 6 Dependency of (a) aggregation number p; (b) radius of the corona Rcorona for starlike
micelles with annealing coronal block as a function of salt concentration. The pH is fixed according
to the position of the dotted arrow in Fig. 5. Dependency of (c) p and (d) Rcorona as a function of pH

will show, the progressively increasing role of electrostatic interactions at interme-
diate salt concentrations leads to the decrease in the size ratio, Rcore/Hcorona, which
suggests possible transformation of crew-cut into starlike micelles.

The corona of a crew-cut micelle can be viewed as a quasi-planar annealing PE
brush, as long as Rcore � Hcorona. The ionization-recombination balance and the
structural properties of a planar PE brush were discussed in detail in [31]. Here,
we focus on the evolution of crew-cut micelles caused by an increase in the salt
concentration, Φion, and pH.

Using (75) (at NAϕB/NBcp 	 1) and (96), we find that with the accuracy of
numerical coefficients:

F
kBT

∼= 92/3

2
γ2/3N1/3

A c−2/3
p

+NA

[
vAcp + ln(1−α)− Φion

cp

(√
1 +(αcp/Φion)2 −1

)]
, (110)

where α(cp,Φion) is determined by (97).



96 O.V. Borisov et al.

In the low salt limit, Φion 	 αbcp, the coronal chains are weakly ionized, i.e.,
α 	 αb ≤ 1. Making use of (96), we represent the free energy in (110) as:

F
kBT

∼= 92/3

2
γ2/3N1/3

A c−2/3
p +

NA[vAcp + ln(1−α)−α]. (111)

At very low salt concentrations α 	 αb ≤ 1, and the last two terms in (111)
are negligible compared to the second term (steric repulsions). The structure of
micelles is determined by the competition between steric repulsions (the second
term) and excess free energy of the core–corona interface (the first term). Balance
of these terms indicates that the structural parameters are given by (81)–(83) for
quasi-neutral crew-cut micelles.

The degree of ionization of the coronal chains increases as a function of the salt
concentration (99) and is given by:

α ∼=
(

αbΦion

1−αb

)1/2 N1/5
A v3/10

A

γ1/5
. (112)

As long as steric repulsions ∼ cpvA in the corona dominate over the ionic contribu-
tions ∼ α, the increase in α does not affect the structure of the micelles.

The ionic contributions start to dominate over steric repulsions at:

Φion ≥ Φ(1)
ion ≡

1−αb

αb

(
γ

NA

)6/5

v1/5
A . (113)

The equilibrium structure of the micelle is now determined by a balance between
the osmotic pressure of counterions in the corona and excess interfacial free energy
of the core–corona boundary. Here, the micellar corona is equivalent to a quasi-
planar PE brush in the annealing osmotic regime [31].

The aggregation number and the thickness of the corona depend on the degree of
ionization α in the same way as for crew-cut micelles with osmotic quenched PE
corona:

p ∼= γ3(NB/ϕ)2(NAα)−3, (114)

Hcorona ∼= aNAα1/2, (115)

s ∼= α
NA

γ
, (116)

but now the degree of ionization α of the coronal blocks depends on the ionic
strength, Φion, and on the polymer concentration in the corona cp

∼= NA/sHcorona

via (99), which leads to:

α ∼=
(

αb

1−αb

NAΦion

γ

)2

. (117)

Hence, α rapidly increases as a function of Φion.
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An increase in the degree of ionization of blocks A leads to an increase in osmotic
repulsion in the corona, and the aggregation number rapidly decreases as:

peq ∼=
(

NB

ϕ

)2( γ
NA

)9( 1−αb

αbΦion

)6

. (118)

The extension of coronal chains is therefore given by:

Hcorona ∼= α1/2NA
∼= N2

A

γ
αbΦion

1−αb
, (119)

i.e., the corona thickness increases with increasing salt concentration Φion, while the
size of the core:

Rcore ∼=
(

NB

ϕ

)(
γ

NA

)3( 1−αb

αbΦion

)2

(120)

decreases with Φion due to the decrease in aggregation number, (118). As a result,
the ratio Rcore/Hcorona decreases with increasing salt concentration as ∼1/(Φion)3.

The annealing osmotic regime holds as long as α 	 αb, i.e., in the range of salt
concentrations:

Φion 	 Φ(2)
ion ≡

γ
NA

α−1/2
b (1−αb). (121)

At Φion
∼= Φ(2)

ion, the coronal blocks reach maximal ionization, α ≈ αb, and maximal

extension, Hcorona ∼= α1/2
b NA. In contrast, the aggregation number reaches its mini-

mal value, which coincides with the aggregation number for a quenched PE micelle
with α = αb in a salt-free solution and is given by (63).

The ratio Rcore/Hcorona also passes through a minimum at Φ(2)
ion:

(
Rcore

Hcorona

)
Φ(2)

ion

∼= NB

ϕ
γ

N2
A

α−3/2
b . (122)

At larger salt concentrations, Φion � Φ(2)
ion, the corona is found in the salt-

dominated regime. Here, α ≈ αb and the structural parameters of these micelles
coincide with those of crew-cut micelles with a quenched PE coronal block, given
by (93)–(95). The CMC of copolymers with an annealing PE block at high salt con-
centration also coincides with that for copolymers with quenched PE block.

In the range of salt concentrations Φ(2)
ion 	 Φion 	 α2

b /vA, the electrostatic con-
tribution of veff dominates over the steric contribution, and veff = vA + α2

b/Φion
∼=

α2
b /Φion. At higher salt content, Φion � α2

b /vA, the electrostatic interactions are
screened, and the micelles are found in the quasi-neutral regime (81)–(83).

The scenario of crew-cut micelle evolution (described above) holds if Hcorona 	
Rcore in the whole range of salt concentrations (including Φ(2)

ion, where Rcore and
Hcorona reach their minimal and maximal values, respectively).
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The condition Hcorona 	 Rcore can, however, break down at relatively high
values of αb and/or for moderately asymmetric block copolymers, i.e., at αb ≥
(γNB/N2

Aϕ)2/3. In this case, the stronger electrostatic interactions in the corona
transform crew-cut micelles whose coronae are in the osmotic annealing regime,

Φion ≥ Φ(1)
ion, into salt-dominated starlike micelles when the bulk concentration of

salt reaches the value of Φion = Φ∗
ion ≤ Φ(2)

ion.
The transition point Φ∗

ion is specified by (107), and this rearrangement occurs
abruptly (as the first-order phase transition). In the transition range two population
of micelles, quasi-neutral crew-cut micelles and charged starlike micelles coexist in
the solution.

The equilibrium parameters of the micelles after the transition coincide with
those for charged starlike micelles.

In Fig. 7 the diagram of states for crew-cut micelles is presented in the Φion,αb

coordinates. The diagram contains regions CCqn, CCqn′ , CCosm, CCch and Sch.
In region CCqn, the micelles are quasi-neutral, and the coronae are weakly ion-
ized, α 	 αb. The dotted line indicates the value of αb above which the CMCqn
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Fig. 7 Diagram of states in αb,Φion coordinates for dilute solution of block copolymers with

pH-sensitive PE blocks, that associate in crew-cut spherical micelles, NA 	 γ2/7( NB
ϕ )5/7v−3/7

A . Ver-
tical and horizontal dotted arrows indicate fixed values of pH and salt concentration corresponding
to Fig. 8a, b and Fig. 8c, d, respectively
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Fig. 8 Dependency of (a) aggregation number p; (b) radius of the core Rcore and thickness of
the corona Hcorona in crew-cut spherical micelles with pH-sensitive coronal block as a function of
salt concentration. The pH is fixed according to the position of the vertical dotted arrow in Fig. 5.
Dependency of (c) p, and (d) Rcore and Hcorona as a function of pH. Salt concentration is fixed
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deviates from CMCn, cf. (103). In region CCqn′ , the coronal blocks are ionized,
α ≈ αb, but the electrostatic interactions are strongly screened due to high salt con-
centration, and structural parameters of the micelles are the same as in region CCqn.

Line Φ(1)
ion separates regions CCqn and CCosm. The bold line indicates the transi-

tion line Φion = Φ∗
ion(αb), where weakly ionized osmotic crew-cut micelles abruptly

transform into strongly charged starlike micelles (region Sch). In region CCch, the

charged micelles acquire crew-cut shape. Line Φ(2)
ion separates regions CCosm from

CCch. Upon crossing this line, a continuous transformation of micelles occurs.
The evolution in aggregation number, core radius, degree of dissociation, and

extension of the coronal chains in a crew-cut micelle, as a function of salt concen-
tration and pH, are schematically presented in Fig. 8.

In contrast to a nonmonotonous behavior of the equilibrium parameters of crew-
cut micelles, the CMC decreases monotonously as a function of the bulk salt
concentration, Φion. Namely:

lnCMCCC
∼= −γ(NB/ϕ)2/3

+

{
−NA ln(1−αb)−N3

A[αbΦion/γ(1−αb)]2, Φion 	 Φ(2)
ion,

N3/5
A γ2/5(vA + α2

b/2Φion)2/5, Φion � Φ(2)
ion.

(123)
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8 Micelles with Quenched and Annealing Polyelectrolyte
Coronae: Nonlocal Mean-Field Approach

The mean-field approach combined with the local electroneutrality approximation
(LEA) can be extended beyond the boxlike model. To calculate the free energy of a
micellar corona with the radial gradients in polymer density, we assume that all the
free ends of blocks A are located at the corona periphery and are equally stretched.
Within this model, the free energy of a micelle of morphology i (i = 1,2,3), can be
explicitly calculated for both quenched and annealing PE coronae. We outline here
only a general scheme of the approach, whereas the details can be found in [22, 32].

The Gibbs free energy per chain in the corona of morphology i is formulated as:

F (i)
corona =

3kBT
2

∫ Rcorona

Rcore

(
dr
dn

)
dr +

∫ Rcorona

Rcore

fint{cp(r)}s(r)dr. (124)

Here, the first term accounts for the nonuniform stretching of the coronal block,
whereas the second term accounts for the excluded-volume interactions, the trans-
lational entropy of mobile ions, and (in the case of an annealing PE block) the free
energy gain due to corona ionization, as specified by (66), (67).

The local chain stretching at distance r from the center of micelle, dr/dn, is
related to local polymer density, cp(r), as:

cp(r) =
dn

s(r)dr
, (125)

where:

s(r) = s(Rcore)
(

r
Rcore

)i−1

, i = 1,2,3. (126)

This enables one to represent the free energy of the corona, (124), in the form:

F (i)
corona =

∫ Rcorona

Rcore

f{cp(r),r}s(r)dr, (127)

where the free energy density in the corona is given by:

f{cp(r) ,r} =
3kBT

2cp(r)s2(r)
+ fint{cp(r)}. (128)

The outermost radius Rcorona of the corona follows from the normalization
condition: ∫ Rcorona

Rcore

cp(r)s(r)dr = NA. (129)
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Minimization of the coronal free energy, (127), under the constraint given by
(129) leads to the following equations for polymer density profile, cp(r), and for the
radius of the corona, Rcorona:

δ
δcp(r)

f{cp(r),r} = λ , (130)

(
cp(r)

δ
δcp(r)

f{cp(r),r}− f{cp(r),r}
)

r=Rcorona

= 0, (131)

where λ is the (exchange) chemical potential of monomer unit of the coronal
block. For specified density of the interaction free energy, fint{cp(r) = fev{cp(r)}+
fion{cp(r)}, the coronal free energy, F (i)

corona, can be calculated with the account of
(127)–(131) at arbitrary radius of the core, Rcore. The density of the free energy
of non-ionic interactions, fev{cp(r)}, is given by (66). Within the LEA, the ionic
contribution, fion{cp(r)}, can be obtained from (84) or (96) for a quenched and
an annealing corona, respectively, by replacing cp → cp(r),α → α(r). In the latter
case, the degree of ionization of the coronal chains α(r) becomes also a function of
the radial coordinate, r, and is related to local polymer concentration, cp(r), by (97)
and (99).

Compared to the boxlike model, the nonlocal mean-field approach provides
deeper insights in the structure of a micellar corona. In particular, in starlike mi-
celles (Rcorona � Rcore), the polymer density, cp(r), decays as a power law function
of r in the central regions of the corona. At low salt concentration, the local de-
gree of ionization in the corona increases as a power law function of r, according
to the relation between cp(r) and α(r), specified by (99). In both limits of starlike
(Hcorona � Rcore) and crew-cut (Hcorona 	 Rcore) micelles, the asymptotic power law
expressions for the coronal size and the free energy, obtained in the framework of
the boxlike model, are recovered. In addition, explicit numerical prefactors for both
properties can be calculated [22].

Analysis of the radial gradients in polymer and free energy densities in the corona
of aggregate with morphology i enables one to obtain linear in curvature correc-
tion terms for the coronal free energy of crew-cut micelles, Hcorona 	 Rcore. As we
demonstrate below in Sects. 10 and 11, the magnitude of these curvature-dependent
terms can be tuned by variations in the pH and ionic strength in the solution. As a re-
sult, morphological transformations of block copolymer aggregates can take place.

9 Self-Consistent Field Modeling of Micelle Formation

Scaling approaches to predicting structural dependencies for micelles are useful to
reveal power law behavior, but lack the precision with respect to numerical coef-
ficients. The mean-field theory for self-assembly, as discussed above, unravels the
general trends for these complex micellar systems, but implements major approx-
imations. In particular, the boxlike model neglects gradients in the local densities
in both the core and corona regions. A more advanced nonlocal mean field model
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accounts for radial gradients in the coronal density profile and in local stretching of
both the coronal and the core-forming blocks, but implements the strong stretching
approximation. Moreover, large-scale fluctuations in stretching of the coronal chains
(distribution of the free ends) are neglected. Therefore, one cannot expect truly ac-
curate molecularly detailed results from these analytical theories. In this section
we discuss the numerical self-consistent field (SCF) approach to self-assembly of
block copolymers [65–69]. The SCF approach is also of the mean-field type and
thus has a known tendency to overestimate the free energy of the unimers, as well
as the free energy for the polymer brushes that make up the micelle coronae. In con-
trast to the box model, one can account for all relevant gradients in densities in the
micelle [70–73] because it includes the statistical weights of all possible chain con-
formations within a freely jointed chain approximation [74] and therefore is able to
account for molecular details. Not surprisingly, the equations need to be solved nu-
merically [75], and the calculations really become challenging for weakly charged
and pH-dependent systems, especially in the limit of low salt concentrations. As
computations are more demanding, the SCF approach should be seen to comple-
ment the analytical approaches rather than to replace them.

The scaling laws and the analytical dependencies that are discussed in this review,
are expected to hold in the limit of long chains. In stark contrast, well-defined block
copolymers that form responsive micelles often have a limited molecular weight.
The analytical theory is only expected to give some guidance and trends for micelles
composed of short polymers because several of its premises are not met. From this
perspective, there exists a need to forward approaches that can give accurate in-
formation on self-assembly for relatively short copolymers [76]. As computational
difficulties are gradually overcome, Monte Carlo and molecular dynamics computer
simulations are used to generate results for self-assembly of copolymers in selective
solvents. Accurate results are expected for short copolymers, but detailed analysis
for micellization of amphiphilic ionic copolymers is not yet available.

Numerical SCF theory can be used to probe the self-assembly of both long
and short copolymers [72, 73, 77], for non-ionic [78–82] as well as ionic systems
[83–86]. For long polymers, we can use the numerical SCF theory to check the scal-
ing predictions and to test the validity of the analytical approximations. For short
chains, the numerical theory is still expected to give reasonable predictions and
results can be used to analyze experiments on the one hand, and to complement
computer simulation results on the other hand.

9.1 Spherical Micelles: Implementation of Numerical
SF-SCF Method

Here, we discuss results from the SF-SCF model wherein the SCF equations are
implemented using the discretization scheme of Scheutjens and Fleer. Details of
this approach have been presented in the literature [74]. Here, we only specify the
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main approximations of the model and focus on diblock copolymers ANA BNB in a
selective monomeric solvent S that may contain monovalent salt ions as well as
hydroxyl and hydrogen ions.

Calculations are done in a spherical coordinate system wherein lattice sites are
organized in layers with spherical geometry [70, 87, 88], resulting in measurable
radial volume fraction profiles for all the components ϕ(r). Generalizations to other
geometries are straightforward and one can therefore use the SCF approach to study
micelle–cylinder–lamelle transitions. To date, the SCF work in this direction has
been limited to surfactant systems [70, 88]. In this review, we thus focus on the
block copolymer micelles of spherical geometry. Besides the volume fractions ϕ(r),
the SCF theory features radial segment potential profiles u(r) for each type of seg-
ment X = A,B,S, · · · . Using these profiles, the free energy F can be computed. The
optimization of this free energy results in the self-consistent field machinery:

u[ϕ(r)] ↔ ϕ [u(r)]. (132)

The left-hand side of this equation indicates that the segment potentials are uniquely
computed from the volume fractions. First of all we have a Lagrange field, which is
coupled to the incompressibility relation ∑X ϕX (r) = 1 implemented for all coordi-
nates r. In addition there are the excluded volume interactions. These are accounted
for using the Bragg–Williams approximation, where the interactions are parameter-
ized by Flory–Huggins χ parameters. When the segments are charged they give rise
to an electrostatic contribution, eΨ(r)/kBT , where Ψ is the local electrostatic po-
tential. The potentials follow from solving, for a specified charge distribution q(r),
the Poisson equation. In these systems we introduce a 1:1 electrolyte wherein the
ions take up the same volume as a solvent molecule [89]. A two-state model is im-
plemented when the A segments are weakly charged. Depending on the local proton
concentration and the pKa value, a segment can either be in the state with a negative
charge or in a neutral form. These two states are equilibriated with the account of
the autodissociation of water. In this way, the degree of dissociation of a monomer
unit A, α, is a function of the radial coordinate [90]. For such system, we introduce
proton and hydroxyl ions (both of the same size as the water molecules) into the
system and fix the bulk concentration of hydrogen ions to set the (bulk) pH.

The right-hand side of (132) indicates that the segment volume fractions are
uniquely computed from the segment potentials. As mentioned above, we imple-
ment a freely jointed chain model, which ensures the chain connectivity, but which
does not prevent backfolding of the chain to previously occupied lattice sites. For
this chain model, the volume fractions can be computed efficiently using a propaga-
tor formalism, which is intimately related to the Edwards equation [91].

The free energy of n micelles in a volume (which is assumed to be incompress-
ible) that has a solvent, copolymers, etc. ( j = 1,2, . . .) as its molecular species, is
given by F = Ωn + ∑ j n jμ j where n j and μ j are the number and chemical poten-
tial of molecules of type j. The optimization of the free energy with respect to the
number of micelles leads to the condition of equilibrium for micelles, i.e., Ω = 0
[36, 92]. The SCF model gives access to the grand potential Ωm of the micelle that
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is pinned at the center of the computational box. When the micelle is sufficiently
large, we may ignore the translational entropy and define stable micelles having
Ωm ≈ Ω = 0 (cf. (5) with lncmic ≈ 0). Unless mentioned otherwise, we follow this
Ansatz in this section. By doing so we give an upper limit of the micelle size and
aggregation number (see discussion in Sect. 2.1).

We will focus on spherical micelles formed by copolymers in a monomeric sol-
vent. The default parameters are consistent with a selective solvent χBS = χAB = 1.5
and χAS = 0. The discretization length (size of a lattice site = size of a segment) a
is equal to 0.5 nm, which is chosen to be close to the Bjerrum length for aqueous
solutions around room temperature. The relative dielectric constant ε is set equal to
80 for all species except for apolar species, for which εB = 2. Further details are
given in the relevant sections.

The radial density profile (polymer volume fraction ϕA) in the corona of micelle
can unambiguously be used to find the aggregation number p. The sizes of core and
corona are less trivially obtained. To help define the micellar dimensions we have
incorporated two molecular markers at both ends of the hydrophilic block, named
X2 (at the junction between A and B segments) and X1 (at the free end of the A
block). The first moment < Xk >:

〈Xk〉 ≡ ∑r L(r)rϕXk (r)
∑r L(r)ϕXk (r)

k = 1,2, (133)

where L(r) ∝ r2 is the number of lattice sites at coordinate r, is a measure for the
average position of the marker. The X2 is typically at the boundary between the core
and the corona and 〈X2〉 is a measure for the core size, Rcore. The average position of
the first marker is a measure of the overall size of the micelle, Rcorona. The difference
between these two average positions is a measure for the dimension of the corona,
Hcorona.

The CMC of the copolymer system can also be extracted from the radial pro-
file ϕA because it corresponds to the concentration of copolymers in the limit of
r → ∞.

9.2 Neutral Micelles of Amphiphilic Block Copolymers

The SF-SCF approach has been used to consider many aspects of amphiphile self-
assembly [77, 82, 88, 93–96]. Here, we focus on results that are relevant for the
self-assembly of non-ionic copolymers in spherical micelles. The self-assembly of
non-ionic copolymers is characterized by relatively few parameters, and we will
use this system to show the micellar properties as a function of the most relevant
molecular parameters.

In Fig. 9 we give, as an example, the radial density (volume fraction) profiles
through a spherical micelle composed of A200B50 copolymers with a four times
longer hydrophilic block than the hydrophobic block. Inspection of the radial profile
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Fig. 9 Radial volume fraction profiles for the core-forming (B) segments, the corona-forming (A)
segments, and the monomeric solvent S for copolymer A200B50. The vertical dashed lines specify
the core size Rcore, the overall size of the micelle Rcorona, and the size of the corona Hcorona. These
measures are found by two markers placed in the molecule. One of the markers, X1, is positioned
between blocks A and B; the second marker, X2, is at the end of the hydrophilic block A. The first
moments of the density distributions of these markers are indicated by the two vertical dashed
lines. The Flory–Huggins parameters have the default values χBS = χAB = 1.5 and χAS = 0. The
grand potential Ωm = 0, which represents equilibrium when translational entropy of the micelle is
ignored

for the core-forming block B exemplifies that, as anticipated above, the core has
a homogeneous density. The density in the core is an increasing function of χBS.
In contrast to the assumption in the boxlike model, the volume fraction profile in
the corona has a clear dependence on r. Analysis of the latter profile indicates the
following generic features: For very small cores, the profile represents that of a
starlike micelle and the volume fraction of monomers A decays as a power law
near the micelle center, in accordance to the predictions of the analytical theory. At
larger distances (at the periphery of the corona), the profile is quasi-parabolic. The
core–solvent interface is sharp and becomes progressively sharper with increasing
χBS, but also when the repulsion between A and B (specified by the value of χAB)
increases. In Fig. 9 we also show the sizes of the micelle, Rcorona, and of the core,
Rcore (dashed vertical lines), and the thickness of the corona, Hcorona, obtained as
explained above.

The dependence of the aggregation number and the CMC on the lengths of the
polar blocks are given in Fig. 10a, b, respectively, for two values of the core-forming
block and for two values of the solvent quality of the corona-forming block. The
scaling theory and also the boxlike model give different dependencies for these
quantities, depending on the geometry of micelle (crew-cut or starlike). The size
of the core, Rcore, and that of the corona, Hcorona, are presented as a function of the
length of the soluble block A in Fig. 10c. As can be seen in Fig. 10c, the size of the
core decreases and that of the corona increases with increasing length of the coronal
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Fig. 10 (a) The micellar aggregation number p as a function of the length of the polar block NA;
(b) CMC (volume fraction of copolymer in the bulk) as a function of the block length NA; and
(c) the core size Rcore and corona size H as a function of NA for equilibrium micelles (Ωm = 0)
with NB = 50 (dotted lines) and NB = 100 (solid lines) and χAS values of 0 (good solvent) and
0.5 (theta solvent). Other parameters have the default values. (d) CMC as a function of the length
of the core-forming block NB for NA = 1000 and for different values of the solvent quality of the
core-forming block χBS as indicated

block. The boundary from crew-cut to starlike shape appears around NA ≈ 100 for
NB = 50 and is about twice as high for NB = 100. Over a wide range of NA values,
the core and corona dimensions are comparable and therefore there is a wide range
of parameters for which the micelle is in the crossover from crew-cut to starlike
regimes. Starlike micelles occur over a wider range of parameters when the solvent
quality for the corona chains is better.

From Fig. 10a, b it is difficult to extract clear power law dependencies. There-
fore, we only qualitatively discuss the trends that are in qualitative agreement with
the scaling analysis. The longer the polar block A, the smaller the aggregation num-
ber and the higher the CMC, (31). Inferior solvent quality for the polar block makes
these trends less pronounced. The decrease in the aggregation number with increas-
ing length of the polar block approximately follows a power law dependence, where
the apparent exponent is highest in the crossover regime. The slope of the depen-
dence p(NA) is not a strong function of the length of the core-forming block. It is
more steep for good solvent than for theta solvent conditions.
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In Fig. 10d we show that the CMC depends exponentially on the length NB of
the core-forming block. The slope of this dependence is proportional to the χBS,
and is well documented in the surfactant literature. We note that the dependence
of the CMC on the length of the core block (Fig. 10d) is much stronger than that
of the corona (Fig. 10b). In passing, we note that the SCF theory assumes that the
chains in the bulk are ideal and are fully surrounded by the solvent. The method
thus ignores the possibility that the core-forming block of unimers is collapsed. In
such a state, the unimer also avoids most contacts with the solvent and we conclude
that the SF-SCF approach overestimates the free energy of unimers. Collapse of the
hydrophobic block of unimer would increase CMC according to (31), (37).

9.3 Micelles with Quenched Polyelectrolyte Corona

For block copolymers comprising ionic hydrophilic blocks one has, in addition to
the parameters discussed in the previous section, several new parameters that influ-
ence the micelle characteristics. Here, we focus on how these new parameters, i.e.,
the charge density in the corona and the ionic strength influence the micelle charac-
teristics. In this section we therefore focus on a given molecular composition and we
opt for a symmetric case, A200B200, and fixed the values for the excluded-volume in-
teractions parameters: χBS = χNaB = χClB = χAB = 1.5 and χAS = χNaS = χClS = 0.
Hence, we choose for the scenario that the ions have similar excluded-volume inter-
actions with the polymer segments as the solvent. Note that in practice ions might
have some specific affinity for either the core or the coronal blocks, and this situation
could be also addressed in frames of the SF-SCF model.

In Fig. 11 we show an example of the relevant radial distributions for an equi-
librium micelle composed of a symmetric ionic/non-ionic diblock copolymer with a
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Fig. 11 (a) Radial volume fraction profiles for apolar block B and charged coronal block A with
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and the dimensionless radial charge density q(r)/e (right ordinate)
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charge density of −0.2 charges per segment in the coronal chain in a Φs = 0.001 salt
solution. In Fig. 11a, the volume fractions of the polar and apolar blocks are shown
in combination with that of the two markers. The distributions of the salt ions are
given as well (in the inset). Compared to Fig. 9 we show here a result for which the
core is larger. In the corona the counterions (Na) accumulate and the co-ions (Cl)
are depleted with respect to the bulk concentrations. Both co- and counterions avoid
the core because they interact with B monomers as molecules of a poor solvent.

In Fig. 11b the radial distribution of the electrostatic potential is shown in combi-
nation with the overall distribution of the charge density. As, in this case, the charge
along the chain is quenched, the charge distribution due to the polymers in the mi-
celle simply follows the distribution of the A segments. The total charge profile is
now computed from q(r)/e = −0.2ϕA(r) + ϕNa(r)−ϕCl(r). As seen in Fig. 11b,
the overall charge in the corona chain is very low, proving that the LEA is accurate
in this case. The radial electrostatic potential in the micelle is negative throughout
the micelle, as expected. One can systematically investigate the radial profile of the
electrostatic potential and one then finds that the electrostatic potential is approxi-
mately parabolic in the corona region. As compared to Fig. 9 the average density of
segments in the corona is significantly lower in the case of the charged micelle than
for the non-ionic case. The accumulation of counterions in the corona causes a local
high osmotic pressure, which, in turn, swells the corona region. This is typical for
micelles with a PE corona.

Copolymers with quenched PE blocks form micelles that strongly respond to
variations in the ionic strength in solution. To illustrate this behavior, which is al-
ready anticipated above from the scaling theory and the boxlike model, we show the
micelle characteristics in Fig. 12. In these graphs, we plot the aggregation number,
the CMC and the sizes of the core and corona as a function of the fractional charge
along the corona block for various values of the salt concentration Φs.

Inspection of the results of Fig. 12 shows that in the limit of high ionic strength
and low charge density, the micelle parameters go to the limit of non-ionic micelles.
With increasing charge and decreasing ionic strength, rather dramatic changes in
micellar properties are predicted. As illustrated in Fig. 12a, the aggregation num-
ber dramatically drops to very low values. More specifically, when Φs = 10−4 the
micelles disappear when the fractional charge is more negative than −0.1. Corre-
spondingly, the CMC is a very strong function of the charge density along the A
chain, especially when the ionic strength is low. This strong dependence is traced
to the loss in translational entropy of the entrapped counterions. As the density of
segments in the core is not a strong function of the aggregation number, the size of
the core follows the aggregation number. Hence, Rcore is a strongly decreasing func-
tion of the charge density. On the other hand, the size of the corona increases with
increasing charge density. The higher the charge density in the corona, the more
counterions are localized in the corona, with corresponding consequences for the
osmotic driving force that swells the corona. At the same time, the effective sec-
ond virial coefficient of monomer–monomer interactions in the corona is a strongly
increasing function of the charge density and a decreasing function of the ionic
strength.
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Fig. 12 (a) Dependence of
the aggregation number p; (b)
CMC; and (c) core size Rcore

and corona size Hcorona as a
function of the fractional
charge αb for quenched PE
block at Φs values of 10−1,
10−2, 10−3, and 10−4. Both
blocks have the length of 200
segments. Ωm = 0 and the
interaction parameters have
the default values
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From the above it is clear that one needs relatively long core-forming blocks in
order to generate a strong enough associating force to keep highly charged coronal
chains in the micelle. This observation explains why, in the next section, we focus
on copolymers with a longer apolar block.
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9.4 Micelles with Annealing Polyelectrolyte Corona

When the charge density in the corona chains is pH-dependent (i.e., the charges
are annealing), the micelles are even more responsive. Here, we consider micelles
composed of a relatively long hydrophobic block, NB = 300, and a shorter acidic
coronal block, NA = 100, to illustrate the properties of these systems. It is assumed
that the A segments have an (intrinsic) pKa and when the pH � pKa, all the segments
release a proton so that each one acquires a negative charge (−e) and αb = 1. For
pH 	 pKa all segments are in the protonated (neutral) state, i.e. αb = 0. The dif-
ference ΔpH = pKa− pH is important. When the chargeable segments are isolated
in the bulk solution, half the segments will be charged at pH = pKa (i.e., αb = 0.5),
as described by (98). In the corona, however, the locally high electrostatic poten-
tial suppresses the degree of dissociation and, typically, the effective pKeff

a (defined
as the pH at which half the groups are titrated) is shifted by several pH units with
respect to the intrinsic pKa.

The radial volume fraction profiles of monomer units in such micelle at a pH one
unit below the intrinsic pKa and for a salt concentration of Φs = 10−3 are shown in
Fig. 13. In this case, the degree of dissociation in the bulk is αb ≈ 0.1. As shown
in Fig. 13 (right ordinate), the degree of dissociation is significantly suppressed in
the corona region of the micelle. This is due to the negative electrostatic potential
in the corona. As shown for quenched micelles, the electrostatic potential is low
outside the corona of the micelle (i.e., both in the core and in the bulk solution)
and this is why α(r)/αb ≈ 1 in these regions. In this particular example, the corona
block is rather small and the ionic strength is not too low. This is why in this case
the core size exceeds that of the corona. Hence in this example the micelle is in the
crew-cut regime. For such a micelle, the curvature in the coronal part of the micelle
is not very important and the profile is close to that in a planar PE brush. Such a
brush is known [30] to have a parabolic profile of the electrostatic potential.

Fig. 13 Radial density profiles for A and B segments (left ordinate), and radial distribution of the
degree of dissociation normalized to the dissociation of an A segment in the bulk, α(r)/αb ≈ 1
(right ordinate), for A100B300, Φs = 10−3, and pH−pKa = −1
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Fig. 14 (a) Aggregation number p, and (b) core size Rcore and corona size Hcorona as a function
of the difference between pH and pKa for Φs = 10−4, 10−3, 10−2, and 10−1 as indicated. The
copolymer chain A100B300 has polar A segments with annealing charges. Other parameters have
the default values

For micelles composed of diblock copolymers with pH-sensitive coronal blocks,
all measurable characteristics become a strong function of the pH and ionic strength
in solution. In Fig. 14 we show how the aggregation number and the sizes of the
core and corona change over a wide range of these parameters. With increasing pH,
the polyacid chains become gradually more charged, (117), and the response of the
micelles is to decrease the aggregation number as well as the core size [cf. (118),
(120)]. At the same time the corona size increases, (119) so that the overall size of
the micelle is a much weaker function of the pH.

As illustrated in Fig. 14 there is a nontrivial salt concentration dependence for the
aggregation number and core size: both pass through a minimum at low salt concen-
tration, if pH ≈ pKa (cf. predictions of the analytical theory schematically depicted
in Fig. 8). In all cases, the drop in aggregation number, as well as the size changes
are more dramatic for lower ionic strengths. Furthermore, the major changes occur
near pH ≈ pKa; however, in the series Φs = 10−1, 10−2 and 10−3 the drop in p
and Rcore and the rise in Hcorona occur at gradually lower pH values, but this trend
reverses for even lower ionic strength. More specifically, for Φs = 10−4 the drop
occurs very close to pH ≈ pKa at a value of the pH that is larger than for Φs = 10−3.
For even lower ionic strengths this upward shift continues (not shown). It is relevant
to mention that for these low ionic strengths, no stable micelles are present when
pH is much larger than pKa.

Comparing the core and corona sizes as presented in Fig. 14 we see that for these
rather asymmetric copolymers with a much longer apolar block than polar block, the
micelles remain in the crew-cut regime for all pH values (Rcore > Hcorona) at high
ionic strength. For lower ionic strengths, there is a transition from a crew-cut to a
starlike micelle that takes place around pH ≈ pKa. Typically, the overall size of the
crew-cut micelles (Rcorona = Rcore+ Hcorona) decreases with pH due to the dominant
decrease in Rcore. However, for very low ionic strengths, the overall micelle size
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goes through a minimum around the crossover from crew-cut to starlike micelles.
This minimum appears due to interplay of the opposite trends in evolution of Rcore

and Hcorona as a function of pH. The transition from crew-cut to starlike micelles
becomes progressively sharper the lower the ionic strength in the solution.

From Fig. 14 it is noticed that the crew-cut to starlike micelle transition becomes
sharper with decreasing ionic strength. In Fig. 14 we focused on micelles with a
vanishing grand potential, and that have the property that ∂Ωm/∂ p < 0 [see (8)]. As
discussed in Sect. 7.2, below some threshold ionic strength the crew-cut to starlike
micelle transition becomes jump-like and, under certain conditions, both the starlike
and the crew-cut micelles coexist in equilibrium. We illustrate this coexistence with
a study on micelles at low salt concentration, Φs = 10−5. For more details we refer
to the literature where the transition is analyzed in depth for a slightly different
case [23].

The coexistence between crew-cut and starlike micelles is demonstrated for mi-
celles composed of A50B300 copolymers using the default solvency parameters. We
selected the low ionic strength conditions, Φs = 10−5. In this case, the pH-induced
micelle-to-micelle jump-like transition occurs around pH −pKa ≈ 1, i.e., for a pH
just above the pKa. It is illustrated in Fig. 15a that in a narrow pH range, the grand
potential Ωm develops a new region of stability at small values of p (indicated
by the conditions Ωm > 0 and ∂Ωm/∂ p < 0). For lower values of the pH (upper
curve in Fig. 15a), the grand potential becomes an increasing function of p, which
signals that these micelles are unstable. For higher values of the pH (lower curves
in Fig. 15a), the grand potential becomes negative for small values of p, imply-
ing that these small micelles spontaneously disintegrate. For coexistence between
starlike and crew-cut micelles, it is further necessary that the chemical potentials
of the copolymers in both aggregates match. As proven in Fig. 15b, it is possible
to find such conditions. For stable micelles, the condition ∂ lnϕb/∂ p > 0 should
be fulfilled and, as can be seen in Fig. 15b, this occurs both for small values of p
(starlike micelle) and for much larger values (crew-cut micelle). For the value of pH
−pKa = 1, we therefore find a corridor of micelle sizes for which the two types of
micelles coexist at the same chemical potential (indicated by the shaded area). For
lower values of the pH, it is found from the chemical potentials that crew-cut mi-
celles are more favorable than the starlike micelles (not shown), whereas at higher
pH values the opposite occurs. Indeed, the coexistence region (in terms of a pH
interval) is very narrow.

In Fig. 15c,d we show the radial volume fraction profiles for A and B segments.
By visual inspection of the two profiles, it is clear that the coronal size is much larger
than the core size in Fig. 15c (starlike micelle) and the opposite occurs in Fig. 15d
(crew-cut micelle). For the starlike micelle, the density in the corona is much lower
than in the crew-cut case. Due to the curvature, the corona of a starlike micelle layer
has two regions: near the core the density drops as a power law function of the
distance from the center of the core and near the periphery the shape of the profile
resembles that in a planar-like corona. These trends are in line with predictions of
the analytical theory.

In the SCF results discussed in this section, it was pre-assumed that the geometry
of the micelles is spherical. Especially for the cases that the micelles are in the crew-
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(very close to zero) and their copolymers have (almost) the same chemical potentials. In all panels
Φs = 10−5

cut regime, one should consider the relative stability of the aggregates of the same
copolymers, being in the same physical chemical conditions, but with a different
geometry (cylindrical or lamellar). Although such analysis is possible, systematic
SCF analysis of nonspherical block copolymer aggregates is currently lacking in
the literature.

10 Polymorphism of Self-Assembled Aggregates of Block
Copolymers with Quenched Polyelectrolyte Blocks

Similarly to the case of non-ionic micelles, micelles with a charged corona can
demonstrate shape transformations. The physical origin of these morphology
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changes is the same as in non-ionic micelles. That is, an increase in curvature of
the micellar core decreases the coronal electrostatic interactions (with respect to a
planar PE corona) at the cost of an additional stretching of the insoluble core blocks.
These changes in the coronal and core free energies become comparable when the
size of the core, Rcore, becomes larger than that of the corona, Rcore ≥ Hcorona.
Therefore, one anticipates morphological transformations (under both low and high
salt conditions), when spherical micelles acquire the crew-cut shape. In the case
of ionic coronal block, the morphological transitions can be triggered by tuning
the strength of repulsive interactions in the corona, e.g., by variation in the ionic
strength of the solution.

To specify the range of thermodynamic stability of micelles with morphology i,
at a given salt concentration, Φion, we go beyond the boxlike model and incorpo-
rate polymer density gradients in the coronal domain and account for a nonuniform
stretching of the blocks. We follow here the arguments of [20, 22].

In a crew-cut aggregate with morphology i, the free energy per chain is given

by F (i) = F(i)
core + F(i)

interface + F(i)
corona, where the first two terms are specified by (40),

(41), and (39), whereas the coronal contribution is approximated if the core of the

aggregate is weakly curved, Hcorona/Rcore ≈ H(1)
corona/Rcore 	 1, as:

F(i)
corona ≈ F(1)

corona − 3(i−1)
2

(
H(1)

corona

N1/2
A

)2
H(1)

corona

Rcore
. (134)

Here, H(1)
corona and F (1)

corona are the respective thickness and free energy (per chain) in
a planar brush with grafting area s(Rcore) = iNB/ϕRcore. The specific expressions

for H(1)
corona and F (1)

corona are determined by the state of a PE brush (osmotic, salt-
dominated, or quasi-neutral). By substituting the corresponding expressions for

H(1)
corona and F (1)

corona in (134), one finds the coronal free energy per chain, F (i)
corona,

in an aggregate of morphology i and, subsequently, the equilibrium value of the
free energy, F (i), in a weakly curved crew-cut aggregate. The binodals, separating
stability regions of aggregates with morphologies i and i + 1, are derived from the
condition F (i) = F (i+1).

10.1 Salt-Free Solution

We first find the binodals in a salt-free solution of block copolymers with a quenched
PE block A. Assuming Gaussian elasticity of the stretched coronal blocks, and tak-
ing advantage of the LEA (all mobile counterions are entrapped inside the corona),
one finds [22]:

F(1)
corona

kBT
= αbNA

[
ln

( √
3αb

s(Rcore)

)
− 1

2

]
(135)
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and:

H(1)
corona =

1√
3

α1/2
b NA. (136)

Note that the LEA can be safely applied in salt-free solutions of the
ionic/hydrophobic block copolymers at concentrations sufficiently larger than the
CMC to insure finite electrostatic screening length in the solution.

The free energy per chain, F (i), in an aggregate of morphology i yields:

F (i)

kBT
≈ F (1)

corona

kBT
+ γs(Rcore)− (i−1)

2i
√

3

α5/2
b N3

Aϕ
γNB

+ bi
i2NBγ2

ϕ2α2
b N2

A

. (137)

Here, the first two terms are the free energy of the planar corona and core–water
interface, respectively. The third term is the reduction of coronal free energy due to
curvature, while the last term accounts for the elastic stretching of the core blocks.
Similarly to the case of non-ionic micelles, the area s per chain is determined by
balancing the dominant free energy contributions (the first and the second terms in
(137)). Correspondingly, the binodals are specified from balancing the correction
terms [the third and forth terms in (137)] in the free energies of aggregates with
morphology i and i+ 1, as:

α9/2
b N5

Aϕ3

N2
Aγ3

= 2
√

3i(i+ 1)
[
bi+1(i+ 1)2 −bii

2] i = 1,2. (138)

The transition from morphology i to i + 1 (i.e., lamella to cylinder or cylinder to
sphere) occurs upon an increase in the degree of ionization of the coronal blocks, αb,
and/or an increase in NA/decrease in NB. These molecular parameters are specified
by the block copolymer composition. Therefore, to detect the predicted structural
transformations, one has to use a series of block copolymer with finely tuned
molecular weights of the blocks. As follows from (138), the relative width of the
corridor, delineating the stability range of cylindrical micelles in a low salt solution,

(N(c−s)
A −N(l−c)

A )/N(l−c)
A ≈ 0.16, is rather small. Moreover, the absolute width of the

corridor, N(c−s)
A −N(l−c)

A , is also small due to the typically short length of block A. A
more practical route to search for morphological transitions in diblock copolymers
with quenched PE block is to exploit the response of charged micelles to variations
in the content of added salt.

10.2 Salt-Dominated Solution

Under salt dominance conditions (i.e., when the concentration of salt, Φion, ex-
ceeds by the far the concentration of counterions in salt-free osmotic corona),
the electrostatic interactions in the corona are described via an effective second
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virial coefficient of binary monomer–monomer interactions, veff. The structure of
a planar brush, wherein the interactions are determined by binary contacts between
monomers, is specified by the free energy per chain:

F(1)
corona

kBT
=

34/3

2
NAv2/3

eff s(Rcore)−2/3 (139)

and the brush thickness:

H(1)
corona =

1

31/3
NAv1/3

eff s(Rcore)−1/3, (140)

where s(Rcore) is the grafting area per chain. By using (39), (40), (41), and (134),
and by optimizing the free energy with respect to area s, we find the equilibrium
free energy per chain, F (i), in a weakly curved crew-cut aggregate of morphology i
[20]. Within the accuracy of linear in curvature terms:

F (i)

kBT
≈ 5

2
31/5N3/5

A v2/5
eff γ2/5 − (i−1)

2i
N2

Aϕveff

NB
+ bi

i2NB

32/5ϕ2

(
γ

NAv2/5
eff

)6/5

(141)

for i = 1,2,3. Here, the first term is the free energy of a planar PE corona balanced
with the surface free energy, the second term specifies the reduction in coronal free
energy caused by the core curvature, and the third term is due to elastic stretching
of core blocks B. An approximate expression for the binodals that separate regions
of thermodynamic stability of aggregates with morphology i and i+1, are given by:

veff = vA+α2
b /2Φion ≈ N10/9

B

N16/9
A

γ2/3

ϕ5/3

{
2i(i+ 1)

32/5

[
bi+1(i+ 1)2 −bii

2]}5/9

i = 1,2.

(142)

A progressive increase in the salt concentration, Φion, leads first to the sphere-to-
cylinder and then to cylinder-to-lamella transitions, which occur almost at a constant
surface area per chain, s.

The regions of thermodynamic stability of the aggregates of different morpholo-
gies are presented in Fig. 16a, b as a function of variable length of the ionic and
hydrophobic blocks, respectively. As follows from Fig. 16, spherical micelles are
stable in a wide range of salt concentrations if NA � NB and even if NA ≤NB. Cylin-
drical micelles and vesicles (or lamellar structures) are found in a narrow range of
(high) salt concentration for strongly asymmetric, NB � NA copolymers. For each
morphology i, an increase in salt concentration leads to the progressive decrease
in the corona thickness, Hcorona, and in a simultaneous increase in the radius of
the core Rcore. At the transition (sphere-to-cylinder and cylinder-to-lamella) points,
these smooth dependencies are interrupted by a drop in the core size (which enables
relaxation of the elastic tension in the core blocks) and in a simultaneous jump up
in the thickness of the corona. The ratio Hcorona/Rcore monotonically decreases as a
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Fig. 16 Phase diagrams of the solution of ionic/hydrophobic diblock copolymers as a function of
salt concentration and the length of the hydrophilic (A) (a) and hydrophobic (B) (b) blocks

function of salt concentration for each particular morphology, but jumps up at the
transition point, as demonstrated in Fig. 17.

We emphasize that it is a reduction in elastic stretching of the core blocks B,
that drives the change in micelle morphology. Similarly to the case of salt-free solu-
tions, both the elastic stretching of the core blocks and the reduction in electrostatic
interactions in weakly curved corona constitute only small corrections to the major
free energy terms: the surface free energy at core–corona interface, balanced with
the ionic contribution in a quasi-planar corona [the first term in (141)]. However, the
interplay between these corrections dictate the morphology i of crew-cut aggregates.
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Fig. 17 Ratio of the coronal
thickness Hcorona to the core
radius Rcore, as a function of
the salt concentration (via the
effective second virial
coefficient α2

b/2Φion) in the
aggregates of different
morphologies. Arrows
indicate transitions from
spherical to cylindrical, and
from cylindrical to lamellar
morphology
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Salt-induced transitions between charged aggregates of different morphologies
were also considered in [17]. In contrast to our findings, the transitions sphere-to-
cylinder and cylinder-to-lamella were predicted in the starlike regime of charged
aggregates with corona thickness Hcorona ≥ Rcore. (We refer to such aggregates as
starlike irrespective of morphology i.) The origin of this discrepancy is traced to
an inadequate extrapolation of the asymptotic expressions for the free energy of
a starlike corona (that are valid only in the limit Hcorona � Rcore) to the range
Hcorona � Rcore. As a result of such treatment, the free energies of the spheri-
cal (i = 3), cylindrical (i = 2), and lamellar (i = 1) starlike aggregates intersect
when Hcorona ≥ Rcore, resulting in improper location of the sphere-to-cylinder and
cylinder-to-lamella morphological transitions. These transitions were erroneously
attributed in [17] to the gain in entropy of counterions. Remarkably, if the finite size
of the core is taken into account, but the conformational entropy of the core-forming
blocks B is disregarded, a spherical shape of the micelle provides the minimal free
energy at any values of the interaction parameters. As emphasized earlier, the driv-
ing force for morphological transitions is the successive relaxation of the elastic
stretching of the core blocks going from a spherical to cylindrical and finally to
the lamellar topology. Without this effect, a spherical micelle with a quenched PE
corona would be stable at any salt concentration [20].

11 Re-entrant Morphological Transitions in Aggregates
of Block Copolymers with Annealing Polyelectrolyte Block

Remarkably, in micelles with weakly dissociating (pH-sensitive) coronae an in-
crease in the salt concentration, Φion, might invert the sequence of morphologi-
cal transformations from sphere–cylinder–lamella to lamella–cylinder–sphere [21].
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This “unusual” sequence of transitions occurs under low salt conditions, when the
coronal ionization is strongly coupled to the conformations of the soluble block A.
The physical origin of inverted morphological transitions is the same as for non-
ionic micelles and micelles with quenched PE corona. The elastic stretching of the
core-forming blocks increases in the series lamella–cylinder–sphere, whereas the
average coronal concentration of ionizable monomer units decreases upon an in-
crease in curvature of coronal domain. As a result, the ionization of the coronal
blocks, α , increases, and the corresponding ionic contribution to the free energy
decreases. When gains in the ionic contribution in the corona of micelle become
comparable to the losses in elastic stretching of core blocks, micelles might change
morphology. To specify the binodals, separating the regions of thermodynamic sta-
bility for aggregate of morphology i, we use (134). As is discussed earlier, this
equation approximates the coronal free energy of a crew-cut aggregate with a

weakly curved core, Rcore � Hcorona. Recall that H(1)
corona and F(1)

corona in (134) are the
thickness and the free energy of a planar corona under the corresponding conditions
(i.e., for pH-sensitive chains with varying α).

When the degree of ionization of monomer units in the corona is relatively small,
α << αb ≤ 1, the effect of short-ranged interactions is not negligible. Therefore, in
a weakly dissociating corona, both ionic and nonelectrostatic binary interactions
(specified by the second virial coefficient vA) should be taken into account. In this

case, the corresponding expressions for H(1)
corona and F(1)

corona can be represented as
[22, 97]:

H(1)
corona =

1

31/3
NAv1/3

A s(Rcore)−1/3 z1/3

(√
1 + z−1

)2/3
, (143)

F (1)
corona

kBT
=

34/3

2
NAv2/3

A s(Rcore)−2/3

√
1 + z−3

z1/3
(√

1 + z−1
)1/3

, (144)

where the combination of parameters:

z =
24vA

s(Rcore)2

1−αb

αbΦion

depends on both area per chain, s(Rcore), and the strength of steric and electrostatic
repulsions (via vA and αb).

The coronal free energy in a weakly curved aggregate of morphology i is then
specified as [22]:

F(i)
corona ≈ F(1)

corona

[
1− (i−1)

H(1)
corona

3Rcore

z(√
1 + z−3

)(√
1 + z−1

)
]

. (145)

We now introduce the new combinations of the parameters, t and u:

t =
s(Rcore)

31/5v2/5
A

(
γ

NA

)3/5

; u =
24v1/5

A

32/5

(
γ

NA

)6/5 1−αb

αbΦion
. (146)
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Here, t is proportional to the still-unknown area per chain, s(Rcore), whereas u spec-
ifies the relative strength of non-ionic and ionic interactions. When electrostatic
interactions are weak compared to nonelectrostatic interactions, u → ∞. In the op-
posite limit, i.e., when electrostatic interactions dominate, u → 0.

By balancing the dominant contribution in the coronal free energy, F(i)
corona ≈

F (1)
corona, with the surface free energy, F (i)

interface = γskBT, we find the equilibrium area,
s(Rcore), or, equivalently, the relation between t and u:

u2/3

t3
(√

1 + u/t2−1
)4/3

= 1. (147)

The equation for binodals is obtained along the same lines as before. One finds [22]:

N2
Bγ6/5

ϕ3N16/5
A v9/5

A t(u)9/2

{
2

32/5
i(i+ 1)

[
(i+ 1)2bi+1 − i2bi

]}
= 1 i = 1,2, (148)

where t(u) is the solution of (147).
When electrostatic interactions are weak, u → ∞ (or, equivalently, αb → 0), the

solution of (147), t(u) → 1, and one finds asymptotic expressions for the binodals
in the quasi-neutral limit. Note that due to the mean-field nature of the model used
here, the exponents are slightly different from these in (51), obtained for non-ionic
micelles in the scaling framework. The difference is, however, minor.

When u → 0 (the so-called osmotic annealing limit), t(u) ≈ 16/u2. Here, one
finds the asymptotic expressions for the binodals as:

αbΦion

1−αb
= 35/9210/9 N2/9

B γ4/3

ϕ1/3N14/9
A

i(i+ 1)
[
(i+ 1)2bi+1 − i2bi

]
i = 1,2. (149)

As follows from (149), an increase in Φion triggers the lamella–cylinder–sphere
transformations in a crew-cut micelle with an annealing osmotic corona. As dis-
cussed earlier, an increase in Φion leads to an enhanced ionization of the coronal
blocks, driven by the substitution of hydrogen ions by the salt ions and, thereby, de-
creasing local pH inside the corona. As a result, the ionic contribution to the coronal
free energy decreases, and the spherical shape of the aggregate is stabilized. In other
words, in order to transform a cylindrical aggregate into spherical micelles, one has
to increase the concentration of salt ions in the solution. Recall that such behavior
is expected only under low salt conditions, when salt-induced screening of electro-
static interactions is negligible.

In a salt-dominated solution, the behavior of weakly and strongly dissociating
PEs becomes indistinguishable, α ≈ αb. Here, the addition of salt leads predom-
inantly to an enhanced screening of electrostatic interactions in the corona (via
the decrease in the effective virial coefficient, veff = vA + α2

b /2Φion). Therefore,
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block copolymer with a pH-sensitive block demonstrates under these conditions the
conventional sequence of morphological transitions (see Sect. 10 ). The correspond-
ing binodals are specified by (142).

Figure 18a demonstrates the diagram of states in NB, Φion coordinates for block
copolymer with the length of pH-sensitive block NA = 50, and pH = pKa (i.e., for
αb = 0.5). Solid lines indicate the binodals calculated according to (148) and (142).
A smaller value of αb = 0.1 is used in Fig. 18b The diagrams localize the stability
regions of three main morphologies of block copolymer aggregates: spherical, S
(i = 3), and cylindrical C (i = 2) micelles, and lamellae L (i = 1). The latter can
further associate due to Van der Waals forces, and precipitate from the solution.

Comparison of diagrams of Fig. 18a, b indicates that morphology i of aggregate
formed by pH-sensitive block copolymers can be tuned by variations in both con-
centration of added salt, Φion and pH in solution. For example, when pH < pKa

(e.g., at αb = 0.1, Fig. 18b), a copolymer with lengths of the blocks, NA = 50 and
NB = 125, retains the cylindrical (C) morphology at any salt concentration, Φion.
In contrast, when pH = pKa (αb = 0.5, Fig. 18a), the same copolymer makes cylin-
drical (C) micelles only at low salt concentrations, and associates into spherical (S)
micelles upon a further increase in Φion.

In addition to three canonical morphologies of aggregates (S, C, and L), more
complex associations of block copolymer molecules could be found in certain re-
gions of the diagram. In particular, a recent theoretical study [24] predicts the
existence of branched cylinders in the vicinity of the S–C binodal line. The lat-
ter occupy a narrow corridor and coexist with cylindrical and spherical micelles.
Branched structures and networks of aggregates formed by diblock copolymer with
quenched PE block were also considered in [17].

12 Experiment Versus Theory

In this last section of the review, we compare the theoretical results with the avail-
able experimental data. Clearly, we can not discuss here all the relevant papers on
self-assembly of ionic/hydrophobic block copolymers. A comprehensive discussion
of experimental developments and trends in this field can be found elsewhere (see,
e.g., [8, 9]). Instead, we focus here on selected experimental findings that are used
to confront the predictions of theoretical models formulated above.

The assembly of amphiphilic ionic/hydrophobic block copolymers in aqueous
media suggests that the effective (hydrophobic) attraction between the associating
blocks is sufficiently strong to counterbalance repulsions between the PE blocks.
That is, the corresponding cohesive free energies for the hydrophobic core-forming
blocks are significantly larger than those involved in the assembly of non-ionic
block copolymers in selective organic solvents. In order to assure the stability of
micelles in wide ranges of temperature and salinity, polymers with high Tg, e.g.,
PS or poly(tert-butyl sterene) are often chosen for core-forming block [98–114].
The hydrophobic domains in these aggregates are found in a glassy (“frozen”) state
and can hardly rearrange once micelles are formed. Moreover, assembly of the
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Fig. 18 Diagram of states in NB,Φion coordinates for diblock copolymer solution at different
values of pH−pKa, corresponding to αb = 0.5 (a) and αb = 0.1 (b). Other parameters are γ = 1,
ϕ = 1, vA = 0.4, NA = 50. Dashed and dotted lines correspond to asymptotic expressions for the
binodal lines given by (142) (at αb = 0) and (149)



Self-Assembled Structures of Amphiphilic Ionic Block Copolymers 123

ionic/hydrophobic block copolymers in water may lead to out-of-equilibrium frozen
aggregates, even for copolymers with a core-forming block that exhibits relative low
Tg, e.g., poly(n-butyl acrylate) [115–119]. The nonequilibrium nature of the aggre-
gates with non-glassy cores is often explained by high activation energy barriers for
exchange between copolymers included in the micelles and those existing in unimer
state in the solution [120].

Depending on the intramolecular hydrophilic/hydrophobic balance, micelles
with frozen cores can be obtained either by direct dissolution of the copolymers
in water (at elevated temperature) or by dialysis of the molecular solution of the
copolymer from common solvent (e.g., dioxane) to water. The “freezing” of the
core (quenching of the aggregation state) occurs below a certain temperature or
upon a decrease of the content of the common solvent in the mixture with water.

The aggregation number (and the size of core domain) in micelles with glassy
core, is little affected by variations in environmental conditions. Moreover, the
frozen micelles retain their integrity at arbitrary low concentration, i.e., exhibit no
CMC. Since the aggregation number is fixed, variations in the ionic strength and/or
in pH may lead to only conformational changes in the corona. Depending on the
ratio between the lengths of the hydrophobic and PE blocks, the coronae of frozen
micelles are similar to colloidal PE brushes or to multiple-arm PE stars.

Structural characterization of block copolymer aggregates by dynamic and static
light scattering (DLS and SLS) in combination with small angle neutron scattering
(SANS) at variable ionic strength and pH in the solution enables one to discriminate
between frozen and dynamic (equilibrium) micelles. In particular, SANS provides
direct information about the core size and shape because of relatively low scattering
density of the corona.

The theory predicts that in the case of frozen starlike micelles with strongly dis-
sociating PE corona, the hydrodynamic radius of the micelle (measured by DLS)

is expected to decrease as Rcorona ∼ c−1/5
s upon an increase in salt concentration cs

[10]. This theoretical prediction is in agreement with findings in [106] on poly(tert-
butyl sterene)-block-poly(sodium styrene sulfonate) micelles, that proves the frozen
nature of these aggregates. Starlike micelles with frozen PS core and pH-sensitive
poly(acrylic acid) coronae were systematically studied in [112–114]. Conforma-
tional changes in the corona induced by variations in the ionic strength and pH in
the solution were analyzed by SANS, and a good agreement with theoretical predic-
tions [62, 64] concerning conformations of pH-sensitive PE stars was established.

Hence, it is still a challenging experimental task to produce dynamic, equilib-
rium micelles. The dynamic nature of micelles is inherently linked to the stimuli-
responsive properties, i.e., an ability to change reversibly the aggregation number
and morphology of the aggregate in response to specific variation in the environ-
mental conditions. An ability of micelles to disintegration, triggered by external
stimuli, is most valuable in certain applications, e.g., drug delivery and controlled
release systems [121, 122].

Most experimental studies searching for dynamic micelles have focused on the
proper choice of “soft” hydrophobic block to assure equilibrium,i.e., reversible as-
sociation of the ionic/hydrophobic block copolymers. Copolymers with such soft
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hydrophobic blocks as poly(ethylethylene) [123], poly(isobutylene) [124–127], or
poly(diethyleneglycol ethylether acrylate) [128] have been extensively explored.

The solution behavior of poly(ethylethylene)-block-poly(styrene sulfonic acid)
was studied by combining DLS, SLS, cryo-TEM, and SANS [123]. Here, the com-
bination of a soft hydrophobic block (with Tg ≈−25◦C) with a strongly dissociating
PE block was chosen to analyze the effect of ionic strength on the block copolymer
assembly in a wide range of salt concentrations (three orders of magnitude in cs). It
was found that an increase in concentration of added salt leads to an increase in the
aggregation number (and in core size) and in a simultaneous decrease in the hydro-
dynamic radius of the micelle as Rcorona ∼ c−x

s with the apparent exponent x ≈ 0.12.
The latter value is close to the theoretical exponent 1/11 ≈ 0.09 (89), which is ex-
pected for equilibrium micelles in which the aggregation number increases upon
an increase in salt concentration (87). Note that the value of experimental expo-
nent is noticeably smaller than the 0.2, predicted for frozen micelles (PE stars).
This suggests that micelles of poly(ethylethylene)-block-poly(styrene sulfonic acid)
copolymer in aqueous solution might be close to equilibrium.

Micellization of poly(isobutylene)-block-poly(methacrylic acid) copolymers
with short hydrophobic and long PE blocks has been studied [124–127] by DLS,
SLS, SANS, and pyrene titration experiments supported by cryo-TEM imaging. It
was unambiguously demonstrated that at high pH, when the poly(methacrylic acid)
blocks are fully ionized, the aggregation number increases whereas the hydrody-
namic radius decreases as a function of salt concentration. Both dependencies can
be approximated by power laws with exponents close to those predicted by theory
(87), (89), which again points to the dynamic nature of these micelles.

Micellization of poly[2-(dimethylamino)ethyl methacrylate]-block-poly[2-
(diethylamino)ethyl methacrylate] (DMAEMA/DEAEMA) gives rise to pH-
responsive spherical micelles that are found in aqueous solution above a certain
critical pH [129, 130]. Under acidic conditions, protonation of the amino groups
transforms the block copolymers in PEs and keeps them as unimers in solution.
Deprotonation of the DEAEMA block by addition of base makes this block
hydrophobic and causes formation of micelles, with the corona formed by still-
protonated (annealing) DMAEMA blocks. The electrostatic properties of the
micellar corona were additionally tailored by using copolymer with the DMAEMA
block selectively quaternized with benzyl chloride (Q-DMAEMA/DEAEMA), and
by substituting the DMAEMA block by a PEO block. In the former case, one
finds strongly charged (quenched) corona whereas in the latter case the hydrophilic
micellar corona is electroneutral [130]. The data obtained from potentiometric
titrations, DLS, SLS, and SANS allowed the probing of the dependence of ag-
gregation number p as a function of the degree of chain ionization, α ∼ αb. The
starlike DMAEMA/DEAEMA micelles demonstrated a power law decrease in ag-
gregation number, p ∼ α−y

b with apparent exponent y = 1.5, upon an increase
in αb (a decrease in pH). The equilibrium theory predicts the value of exponent
y = 12/11 ≈ 1.1 for starlike micelles in the salt-dominated regime, (87). The
theoretical exponent is reasonably close to the experimental exponent, specified
for DMAEMA/DEAEMA micelles at the boundary between osmotic and salt-
dominated regimes [130]. At the same time, the rearrangements of these micelles
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due to additions of salt ions after micellization were hindered, suggesting the lack of
full equilibrium. “Softness” of the core-forming DEAEMA block was also demon-
strated by the salt-induced rearrangements in Q-DMAEMA/DEAEMA micelles.
Here, the degree of ionization of the coronal blocks, α ∼ 1, was not sensitive to
variations in solution pH, but the forming micelles responded to additions of salt
both before and after micellization.

We remark, however, that a soft hydrophobic block alone does not necessar-
ily ensure the dynamic (equilibrium) nature of the forming aggregate. On the
contrary, there are experimental indications that a combination of softness of the
core-forming block with “intrinsic hydrophobicity” of the PE block [e.g., in the
cases of poly(styrene sulfonic) or poly(methacrylic) acid] might be important. A
tentative explanation assumes the influence of the coronal block on the core–corona
interfacial energy. In addition, we also note that in experimental studies of dynamic
micelles, mostly asymmetric or nearly symmetric block copolymers with longer
PE block were investigated. These block copolymers form starlike aggregates in
aqueous solutions. Currently, we are not aware of reliable experimental evidence
of dynamic crew-cut micelles formed by copolymers with long hydrophobic core-
forming block.

An alternative strategy for design of dynamic, stimuli-responsive PE micelles
is to use block copolymers with thermosensitive associating blocks, e.g., poly(N-
isopropylacrylamide) [131, 134, 135] poly(N,N-diethylacrylamide) [131–133], and
poly(N,N-dimethylacrylamide) [134]. In this case, reversible micellization–
dissociation can be triggered by temperature variations that affect the solubility
of the core-forming blocks. For example, in [131] it was shown that poly(acrylic
acid)-block-poly(N-isopropylacrylamide) copolymers can form micelles with
poly(N-isopropylacrylamide) core and poly(acrylic acid) corona at pH 6 and
T ≥ 45◦C, whereas at pH 4 and room temperature “inverse” micelles are formed.

Moreover, in the vicinity of the LCST (or UCST) the insoluble core is
soft enough to undergo structural transformations in response to variations in
strength of ionic interactions in the corona. In [135], micellization of poly(N-
isopropylacrylamide)-block-poly(DMAEMA) in aqueous solution was studied as
a function of pH and temperature. Predicted by the theory [19], a pH-induced,
jump-wise transition between spherical micelles with distinctively different aggre-
gation numbers was observed by combination of DLS and AFM at temperatures
T > LCST for the core-forming N-isopropylacrylamide block. To the best of our
knowledge, to date this study is the only experimental evidence of abrupt structural
transformations in spherical micelles with annealing PE corona.

Nonspherical aggregates (cylindrical micelles, vesicles, lamellae, etc.) were de-
tected experimentally for a number of non-ionic block copolymers (see, e.g., [50,
136–139]) and copolymers with weakly dissociating PE block [102, 140]. Mor-
phological transformations in non-ionic PI-block-PS micelles were triggered by
variations in molecular weight of the PS block [50] or by variations in the sol-
vent composition [137, 138]. The latter studies clearly indicate the possibility of
stimuli-responsive transitions (sphere → cylinder → vesicle) for non-ionic block
copolymer aggregates in mixed organic solvents. It was also demonstrated [58] that
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mild swelling of PS core of the micelle in a single solvent n-heptane (a preferential
solvent for PI block) leads to the decrease in Tg of the core-forming block down to
�28◦C, and allows for a close to equilibrium state of the aggregates at temperatures
slightly elevated above Tg.

Experimental observations on stimuli-induced equilibrium morphological tran-
sitions in aggregates formed by amphiphilic ionic/hydrophobic block copolymers,
are still lacking. Nanoaggregates of different morphologies (spherical starlike and
crew-cut micelles, cylinders, vesicles and “complex” micelles) were obtained by
Eisenberg et al [102, 140] via dialysis of the molecular solution of poly(acrylic
acid)-block-PS copolymers from a common solvent (dioxane) into water at different
pH. The aggregates (spherical or cylindrical micelles) were formed by copolymers
with different ratios of the lengths of PE and hydrophobic blocks at a certain compo-
sition of the mixed solvent. Copolymer with shorter PS blocks formed spheres, and
longer hydrophobic blocks gave rise to cylinders. However, below a certain content
of dioxane, the PS core was kinetically frozen. Hence once formed, the aggregates
could not change the morphology (aggregation state) upon variations in the ionic
strength and pH, but rather responded by conformational changes in the corona.
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Abstract This review reports advances in experimental and theoretical research on
interpolyelectrolyte complexes based on polyionic species of star-shaped polyelec-
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1 Introduction

During the last few years, polymer scientists have focused considerable attention
on the easy and straightforward design of multifunctional macromolecular architec-
tures with a specific combination of properties required for their desired end-use
applications. One of the possible and most robust approaches for building up such
architectures is to apply co-assembly processes, which proceed in multicomponent
polymer systems comprising complementary macromolecular components. In par-
ticular, one can exploit the electrostatically driven co-assembly occurring upon the
simple mixing of aqueous solutions of oppositely charged polyelectrolytes (PEs),
often referred to as interpolyelectrolyte complexation. This process results in the
formation of so-called interpolyelectrolyte complexes (IPECs) [1], which represent
macromolecular co-assemblies stabilized by a cooperative system of interpolymer
salt bonds. Hydrogen bonding, hydrophobic interactions, charge-transfer interac-
tions, and van der Waals forces can also contribute to their stabilization, thereby
modulating the electrostatic attraction between the oppositely charged polymeric
components.

IPECs are of considerable interest because of their numerous promising
(potential) applications in agriculture, water treatment, biotechnology, and
medicine. Some examples include effective and available binders for dispersed
systems and flocculants of colloidal dispersions [2], biocompatible coatings [3, 4],
components of membranes [5–11], carriers of biologically active compounds
(including enzymes and DNA) [12–16], matrices for metal ions and metal nanopar-
ticles [17–22], and the formation of multilayered PE films and capsules using
layer-by-layer techniques [23–32].

The general rules for the formation of such macromolecular co-assemblies, as
well as their properties and behavior in solution and in bulk, have been extensively
investigated by a number of research groups and the results of their studies have
been exhaustively reviewed, e.g., in [33–36]. It has been recognized that one of the
main driving forces for interpolyelectrolyte complexation in aqueous media is the
gain in translational entropy of small counterions released into the bulk solution
due to the strong electrostatic attraction between ionic groups of oppositely charged
polymeric components interacting in a cooperative manner. The structure and prop-
erties of IPECs are determined by a number of factors, such as characteristics of the
polymeric components (e.g., the nature of their ionic groups, degrees of polymeriza-
tion, topology, charge densities) and their concentrations, the ratio between amounts
of the oppositely charged groups of PEs (i.e., base-molar stoichiometry of a mixture
of oppositely charged PEs), the conditions of the surrounding solution (e.g., ionic
strength, pH, temperature) and, in some cases, the procedure or method employed
for the preparation of such macromolecular co-assemblies.

Up to now, studies on IPECs have mostly been focused on the macromolecu-
lar co-assemblies formed by the oppositely charged linear polyions, both synthetic
and natural (e.g., DNA). However, in recent years there have also been reports
of IPECs based on nonlinear polyionic species, such as slightly cross-linked PE
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hydrogels [37–51], dendrimers bearing ionic groups [47–64], micelles of ionic
amphiphilic (di/tri)block (co/ter)polymers [65–78], star-shaped PEs [79–81], cylin-
drical PE brushes [64, 82–85], and planar PE brushes [86–88].

Depending on the above-mentioned parameters, IPECs formed by oppositely
charged linear polyions can be either insoluble or soluble in aqueous media. If ionic
groups of the polymeric components are incorporated in these co-assemblies in an
equivalent ratio (1:1 base-molar stoichiometry), the generated IPECs are insoluble
in aqueous media and form precipitates that are rather swollen because water acts
as an effective plasticizer for such macromolecular co-assemblies. However, if one
of the polymeric components involved (the lyophilizing or so-called host PE, HPE)
is present in a certain base-molar excess compared to its polymeric counterpart (the
blocking or so-called guest PE, GPE), one can prepare IPECs that are soluble in
aqueous media, typically provided that the degree of polymerization of the HPE
exceeds that of the GPE. Such water-soluble IPECs are often referred to as water-
soluble nonstoichiometric IPECs.

The domain of water-soluble IPECs was thoroughly and systematically in-
vestigated by Kabanov and Zezin and their coworkers, who suggested that such
macromolecular co-assemblies can be considered as peculiar amphiphilic block
copolymers whose solubility in aqueous media results from charged fragments of
the HPE that do not form interpolymer salt bonds with their polymeric counter-
parts [33]. The structure of water-soluble nonstoichiometric IPECs with ladder-like
sequences of interpolymer salt bonds proposed by Zezin and Kabanov is schemati-
cally depicted in Fig. 1.

The significant progress in the controlled synthesis of well-defined polymers
achieved during the few last years has offered unique possibilities for design-
ing novel and, as yet, unexplored macromolecular co-assemblies comprising PE
species with nonlinear architectures. These co-assemblies considerably increase the
complexity of the IPECs, into which new properties and/or functionalities can be
imparted. Studies on the formation and properties of IPECs incorporating polyionic
species with a higher level of structural organization (nanostructured polyionic
species) are highly required for rapidly developing nanotechnologies because such
macromolecular co-assemblies appear to be valuable candidates for the construction
of nanodevices, nanocontainers, and nanoreactors.

HPE

GPE A hydrophilic
block

+ + + +

+ + + +

+ + + +

− − − −

− − − −
− − − −

A hydrophobic
block

Fig. 1 Structure of water-soluble nonstoichiometric IPECs formed by oppositely charged linear
PEs with considerably different degrees of polymerization. HPE host PE, GPE guest PE [33]
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This review deals with recently obtained experimental results on IPECs based on
branched PE species, specifically including PE stars, star-like micelles generated in
aqueous solutions of ionic amphiphilic block co- and terpolymers, and cylindrical
PE brushes. In addition, we will also present the results of molecular dynamics
(MD) simulations performed for some of these systems, which enable the possible
structural organization of the formed macromolecular co-assemblies to be revealed.

2 IPECs Based on Polyelectrolyte Stars

2.1 Experimental Results

The advances in controlled polymerization achieved in recent years have opened
up the possibility of synthesizing well-defined star-shaped PEs, particularly those
containing a large number of arms. To the best of our knowledge, no publications on
the interaction of PE stars with oppositely charged macromolecules or investigations
on the properties of the resulting macromolecular co-assemblies can be found in the
literature to date, except for a few papers [79–81] that are discussed below.

Pergushov et al. [79] demonstrated for the first time that the interaction of
poly(acrylic acid) stars [(PAA)X, where X denotes the number of arms] with rel-
atively long cationic PEs, namely quaternized poly(4-vinylpyridine) (P4VPQ), at
pH 7 can lead to the formation of water-soluble IPECs in which the star-shaped PEs
play a lyophilizing role, i.e., they act as HPEs, providing solubility of the whole
macromolecular co-assemblies in aqueous media. Specifically, it was observed that
the addition of P4VPQ into an aqueous solution of the (PAA)X stars causes macro-
scopic phase separation of the mixture of oppositely charged polymeric components
only if their base-molar ratio Z (Z = [N+]/[COO− + COOH], Z < 1) exceeds a
certain threshold value ZM (Fig. 2), thereby strongly suggesting the formation of
water-soluble IPECs at Z < ZM. The values of ZM were found to increase with an
increase in the number of arms (Fig. 2, inset). This tendency, as shown by the same
authors [79], became more pronounced at higher ionic strengths of the aqueous mix-
tures of oppositely charged polymeric components.

It is remarkable that an aqueous solution of the reference linear PAA becomes
turbid after adding the first portion of the aqueous solution of P4VPQ (Fig. 2, inset).
This clearly indicates that the reference linear PAA, in contrast to the (PAA)X stars,
cannot form water-soluble IPECs via this method under the same conditions and
also clearly manifests a pronounced effect of the topology of the polymeric com-
ponent involved in interpolyelectrolyte complexation on the possibility of preparing
water-soluble macromolecular co-assemblies.

A detailed examination of the homogeneous mixtures of (PAA)X stars and
P4VPQ [79] by dynamic light scattering (DLS) provided evidence of a distinct co-
existence of the two populations of macromolecular co-assemblies: (1) A dominant
fraction comprising particles of water-soluble IPECs that result from interactions
between oppositely charged polymeric components; their hydrodynamic size was
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Fig. 2 Turbidimetric titration curve of an aqueous solution of (PAA)8 stars with an aqueous solu-
tion of P4VPQ. Inset shows the corresponding turbidimetric titration curves for aqueous solutions
of (PAA)X stars with X = 5 (down triangles), 8 (circles), and 21 (up triangles), as well as the
reference linear PAA (crosses). Z is the base-molar ratio of components and ZM is the threshold
value at which phase transition occurs. Reprinted from [79] with permission from the American
Chemical Society

very close to that of the original (PAA)X stars. (2) A minor fraction compris-
ing some large but rather compact complex aggregates that were concomitantly
generated in such mixtures.

These authors [79] proposed two tentative scenarios for interpolyelectrolyte com-
plexation (schematically depicted in Fig. 3). In the case of (PAA)X stars with a small
number of arms (i.e., the total number of ionic groups of a single PE star is lower
than or comparable to the total number of ionic groups of a chain of the oppositely
charged linear PE), each dominant complex species is assumed to contain several
(PAA)X stars per P4VPQ+ chain (Fig. 3a). This suggests that association of several
molecules of the star-shaped PE can be induced via their interaction with a chain of
the oppositely charged linear polyion. In the case of (PAA)X stars with a large num-
ber of arms (i.e., the total number of ionic groups of a single PE star is considerably
larger than the number of ionic groups of a chain of the oppositely charged linear
PE), each dominant complex species is considered to comprise one (PAA)X star and
one or more P4VPQ+ chains (Fig. 3b).

Further studies carried out by the same authors [80] demonstrated that for a spe-
cific system, namely aqueous mixtures of (PAA)X with a large number of arms
(X = 21) and very short quaternized poly(2-vinylpyridine) (P2VPQ), the fraction of
the large complex aggregates generated at Z < ZM is quite negligible, thus making
static light scattering (SLS) measurements feasible. The weight-average molecu-
lar weight of such macromolecular co-assemblies determined by SLS indicates that
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each of them only contains one (PAA)X star, whose charge is partially compensated
by the P2VPQ+ chains. It was suggested that the P2VPQ+ chains are predomi-
nantly located in the central region (near the branching point) of the star-shaped PE,
thereby forming an inhomogeneous core–corona structure. A relatively hydrophobic
core of such macromolecular co-assembles is assembled from coupled fragments of
oppositely charged polymeric components (the so-called complex coacervate do-
main), which incorporates the opposite charges in a ratio of nearly 1:1. Meanwhile,
a hydrophilic (ionic) corona is built up from the excess fragments of (PAA)X (those
not involved in interpolyelectrolyte complexation), providing solubility of the whole
complex species in aqueous media (Fig. 4).

Two different possible structural organizations of the IPECs based on PE stars
can be proposed. As schematically depicted in Fig. 4, the first scenario (structure I)
assumes that the arms of the star-shaped HPE split into two populations upon in-
terpolyelectrolyte complexation. Some of the arms are completely embedded into

Fig. 4 Proposed inhomogeneous core–corona structure of the macromolecular co-assemblies
formed in aqueous mixtures of (PAA)21 stars (in the form of sodium salt) and P2VPQ. In
structure I, some of the arms of the star-shaped HPE are embedded in the core and others are
extended. In structure II, all of the arms contribute segments of equal length to the core. Reprinted
from [80] with permission from Springer
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the complex coacervate core, whereas the others remain extended and form the
hydrated corona of the co-assemblies. Experimental observation that the hydrody-
namic radius of the formed co-assemblies only weakly depends on their base-molar
stoichiometry (degree of charge compensation of the branched HPE by GPE chains)
supports this first scenario. An alternative possibility (structure II) assumes that all
of the branches of the star-shaped HPE contribute segments of equal length to the
central core (complex coacervate) domain. The lyophilizing corona is formed by the
terminal segments of the star-shaped HPE that are not involved in the complexation
with chains of the linear GPE. Obtaining experimental proof of the thermodynam-
ically preferred structure of such macromolecular co-assemblies is a challenging
task; a deeper insight into this problem has been enabled by MD simulations and
scaling arguments, as discussed in Sect. 2.2.

An interesting example of macromolecular co-assemblies derived from star-
shaped polyionic species was reported by Ge et al. [81]. The authors found
that a star-shaped double hydrophilic poly(methacrylic acid)-poly(ethylene
oxide) heteroarm copolymer [(PMAA)X-PDVB-(PEO)X, with PDVB being
poly(divinylbenzene) and X denoting the number of PMAA and PEO arms] can
interact in alkaline media with a double hydrophilic poly(ethylene oxide)-block-
quaternized poly[2-(dimethylamino)ethyl methacrylate] (PEO-b-PDMAEMAQ)
diblock copolymer. At Z = [PDMAEMAQ]/[PMAA] = 1, well-defined water-
soluble onion-like (core–shell–corona) macromolecular co-assemblies are formed,
with a hydrophobic core consisting of a PDVB microgel. The interaction of the
PMA− arms of the hybrid coronas of such copolymer stars with the PDMAEMAQ+

blocks of the diblock copolymer generates an insoluble inner layer (shell) around
a PDVB core. Meanwhile, PEO blocks from both PEO-b-PDMAEMAQ and
(PMAA)X-PDVB-(PEO)X build up a hydrophilic nonionic corona that stabilizes
the whole complex in aqueous media.

2.2 Molecular Dynamics Simulations

A pioneering attempt to unravel the internal structural organization of IPECs formed
from the interaction between oppositely charged star-shaped PEs (HPEs) and lin-
ear PEs (GPEs) was recently made by Larin et al. [89]. The total number of ionic
groups of a single PE star was taken to considerably exceed the total number of
ionic groups of a chain of an oppositely charged linear PE. Using MD simulations
(coarse-grained bead–rod model), the authors showed the stable inhomogeneous
structure of the formed macromolecular co-assemblies. Specifically, they demon-
strated that the resulting IPEC species comprise three distinct domains: (a) a dense
central domain where chains of the linear PE partially compensate the local charge
of the arms of the star-shaped PE; (b) a complex coacervate domain where the local
charge of the arms of the star-shaped PE is nearly fully compensated by chains of the
linear PE, the majority of which are found here; and (c) a periphery domain where
the charge of the arms of the star-shaped PE is considerably undercompensated.
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Thus, the results of MD simulations provide ultimate support for the core–corona
[the core comprises domains (a) and (b), as revealed in MD simulations] model of
the structural organization of IPECs based on the star-shaped PEs, which was sug-
gested on the basis of experimental findings [80]. Together, experimental results
and MD simulations provide evidence for a compartmentalized micelle-like struc-
ture that results from a pronounced nonuniform distribution of chains of the linear
PE within the volume occupied by a molecule of the star-shaped PE.

The MD simulations [89] also gave another very important insight into the
structure of IPECs based on the star-shaped PEs that would be difficult to obtain
experimentally. Following from the radial distributions of the end monomer units
demonstrated in Fig. 5, a progressive repartitioning of the arms of the star-shaped
PE from the periphery region to the complex coacervate domain was observed with
an increase in content of the linear PE. Figure 6 clearly illustrates the pronounced
segregation of the arms of the star-shaped PE into two populations, one of which
forms the complex coacervate domain together with chains of the linear PE, and the
other builds up the corona domain.

The MD-predicted intramolecular segregation of the arms of the star-shaped PE
into two populations (collapsed and extended ones) provides an explanation for the
experimentally observed absence of a dependence (or relatively weak dependence)
of the hydrodynamic size of the IPEC species on the number of incorporated chains
of the linear PE.

Simple scaling arguments [89] enable a rationalization of the origin of the parti-
tioning of arms of the star-shaped HPE between the core and the corona domains:
the free energy of the core (complex coacervate) domain is controlled (in the main
part) by the total number of positively and negatively charged monomer units form-
ing the complex coacervate core, i.e., by the degree of charge compensation of the
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Fig. 6 Snapshot of the typical conformations of a bare PE star (top) and its IPEC with the op-
positely charged linear PE (bottom). Chains of linear PE are shown by the light-colored beads.
Reprinted from [89] with permission from the American Chemical Society

star-shaped HPE by chains of the linear GPE. At the same time, at a given number of
monomer units of HPE in the coronal domain, the free energy of the corona is lower
when it is formed by a smaller number of longer arms than by a larger number of
shorter arms. This is the case, for example, when the Coulomb repulsions or osmotic
pressure of the entrapped counterions dominate the interactions in the corona region.

We should emphasize that the trends discussed in this section are also expected
to manifest for IPECs based on other types of branched PE species acting as HPEs.
In particular, they can be related to IPECs derived from star-like micelles of ionic
amphiphilic block copolymers. These are considered from the experimental point of
view in Sect. 4.
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3 IPECs Based on Cylindrical Polyelectrolyte Brushes

3.1 Experimental Results

Cylindrical PE brushes represent another type of PE with a branched topology. They
consist of long backbones with densely attached, relatively short PE side chains, and
are thus highly anisotropic polymeric objects. To the best of our knowledge, only a
few studies devoted to IPECs based on cylindrical PE brushes have been reported
so far [64, 82–85].

Ishizu et al. [82, 83] described macromolecular co-assemblies formed through
the interaction of a so-called anionic prototype copolymer brush, namely the
poly(ethylene oxide)/poly(sodium styrene sulfonate) (PEO/PSSNa) brush, with
a linear cationic PE, P4VPQ. The authors found that the macromolecular co-
assemblies resulting from the interactions of such oppositely charged polymeric
components in aqueous media were very large aggregates with a hydrodynamic
diameter of ca. 250 nm and a rod-like cylindrical morphology, as shown in scanning
electron microscopy (SEM) micrographs. The authors considered these aggregates
to be highly anisotropic supramolecular polymeric architectures (supermicelles)
(Fig. 7).

In a paper by Störkle et al. [64], the co-assembly between DNA and cationic
cylindrical PE brushes with P2VPQ side chains and poly(ethylene imine) (PEI) side
chains was investigated. The authors showed that macromolecular co-assemblies
formed in diluted solutions exhibited a similar size (30–55 nm) in terms of the
mean square radius of gyration, regardless of the cationic cylindrical PE brush.
The extremely large charge density mismatch between DNA and the P2VPQ and
PEI brushes was claimed to be a reason for the formation of strongly “overcharged”
cationic complex species when there was an excess of charged groups of the cationic
cylindrical PE brushes compared to the charged groups of DNA, or for formation of
slightly negatively charged complex species when there was excess of the charged
groups of DNA.

The analytical ultracentrifugation (AUC) and DLS experiments for the mixtures
of an anionic cylindrical PAA brush acting as the HPE and a linear P4VPQ acting as
the GPE demonstrated that at Z < ZM (Z = [N+]/[COO− + COOH], Z < 1), a sin-
gle type of colloidally stable IPEC with a hydrodynamic size nearly coinciding with
that of the original cylindrical PE brush is formed in the solution [84]. Similarly
to the IPECs derived from the star-shaped PEs, this system also undergoes macro-
scopic phase separation at Z > ZM. The colloidal stability of the IPECs based on the
cylindrical PE brush suggests that such macromolecular co-assemblies have a core–
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Fig. 7 Interaction between a PEO/PSSNa prototype copolymer brush and P4VPQ in aqueous
medium. Reprinted from [82] with permission from the American Chemical Society



Interpolyelectrolyte Complexes Based on Polyionic Species of Branched Topology 143

Fig. 8 AFM images of IPEC formed by the PDMAEMAQ brush complexed with PSSNa at
Z =

[
SO3

−]/[N+] = 0.75: (a) height image, Z range 20 nm; (b) phase image, Z range 25◦;
(c) magnified image of a selected area from a. (d) Section analysis of the cursors displayed in
a. Reprinted from [85] with permission from the American Chemical Society

corona structure, and intuition would predict a cylindrical complex coacervate core.
However, the results of the MD simulations presented in Sect. 3.2 indicate that the
complex core appears to be split into a necklace of complex coacervate pearls.

Using atomic force microscopy (AFM), Xu et al. [85] showed that similar
macromolecular co-assemblies derived from the cylindrical PE brush based on quat-
ernized poly[2-(dimethylamino) ethyl methacrylate] (PDMAEMAQ) complexed
with short poly(sodium styrene sulfonate) (PSSNa) have distinct longitudinal un-
dulations (Fig. 8), thereby apparently providing experimental proof of a peculiar
pearl-necklace structure of IPECs based on such branched PEs.

3.2 Molecular Dynamics Simulations

The structural organization of IPECs resulting from interactions between the
cylindrical PE brush acting as a HPE and oppositely charged chains of the lin-
ear GPE was recently investigated by Larin et al. using MD simulations [84].
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Fig. 9 Snapshots of the typical conformations of the bare cylindrical PE brush (top) and of IPECs
of the cylindrical PE brush with linear GPE at the degrees of charge compensation of 0.25 (middle)
and 0.5 (bottom). Red PE brush backbone, yellow PE brush side chains, blue chains of the linear
GPE. Reprinted from [84] with permission from the Royal Society of Chemistry

A very similar computational model to the one used for simulations of IPECs based
on the star-shaped HPE and described in Sect. 2.2 was applied. Typical equilibrium
conformations of the bare cylindrical PE brush and of the IPECs with the degree of
charge compensations of 0.25 and 0.5 are presented in Fig. 9. The simulation results
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confirmed the core–corona structure of the formed co-assemblies, which is in ac-
cordance with experimental observations and explains the colloidal stability of the
IPECs in aqueous media. However, instead of the intuitively expected cylindrical
core, the snapshots clearly demonstrate that the core domain splits into a necklace
of complex coacervate pearls. The pearls are decorated by a hydrophilic corona
formed by the excess side chains of the cylindrical PE brush, which do not form
interpolymer salt bonds with the chains of oppositely charged linear GPE.

The longitudinal instability of the cylindrically uniform complex coacervate core
domain is a manifestation of the Rayleigh instability. The latter occurs when sur-
face tension at the core–water interface is counterbalanced by long-range repulsive
forces stretching the core. For the specific system considered here, the effective
long-range repulsions arise because of interactions between the side chains forming
the cylindrical corona of the IPEC. Similar pearl-necklace structures have previously
been theoretically predicted and experimentally observed for amphiphilic cylindri-
cal brushes in selective solvents [90–92].

Figure 10 presents the radial distributions of the terminal segments of the side
chains of the cylindrical PE brush in the complex with oppositely charged linear
GPE chains. As can be seen, a single maximum typical for the bare cylindrical PE
brush splits into two maxima: the proximal maximum corresponds to the side chains
of the cylindrical PE brush being completely embedded into complex coacervate
domains, and the distal maximum corresponds to the side chains constituting the
corona of the complex. As described for IPECs based on star-shaped PEs (Sect. 2.2),
the side chains of the cylindrical PE brush demonstrate progressive repartitioning
from the corona to the collapsed complex coacervate domains with increasing con-
tent of linear PE (Fig. 10).
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4 IPECs Based on Star-like Micelles of Ionic Amphiphilic Block
Co- and Terpolymers

4.1 IPECs Based on Micelles of Ionic Amphiphilic Diblock
Copolymers

The core–corona micelles generated via self-assembly in aqueous solutions of ionic
amphiphilic diblock copolymers resemble star-shaped PEs with a high number of
arms, provided that the radius of the hydrophobic core is considerably smaller
than the thickness of the PE corona. The properties of these micelles are reviewed
in detail elsewhere [93]. In most cases, the core domain formed upon associa-
tion of strongly hydrophobic blocks is found in a kinetically “frozen” state, e.g.,
poly(styrene) (PS) associating blocks are in a glassy state. These “frozen” micelles
do not change their aggregation numbers with variations in the environmental con-
ditions; therefore, their behavior in solution is equivalent to that of PE stars with
a fixed number of arms. Recently, significant efforts have been made to obtain
“dynamic” or equilibrium micelles with PE coronas. In these micelles, there is a dy-
namic equilibrium between macromolecules of diblock copolymers self-assembled
into micelles and those existing in the form of unimers in solution. These micelles
are expected to respond to changing environmental conditions by tuning the strength
of electrostatic interactions in the PE corona (e.g., by variations in pH or ionic
strength) or by varying the strength of attraction between associating blocks (e.g.,
by varying the temperature) through a variation in their aggregation number.

The core–corona micelles with PE coronas are naturally expected to interact
with oppositely charged macromolecules, thereby generating IPECs. Although only
structural changes are anticipated to take place in the PE corona (as in the case of the
PE stars) upon interpolyelectrolyte complexation of frozen micelles, the dynamic
micelles might exhibit more complex responsive behaviors, e.g., undergo rearrange-
ment of their nonpolar cores and a variation in their aggregation number.

To the best of our knowledge, the pioneering attempt to investigate the forma-
tion of IPECs in such systems and to determine the characteristics of the generated
co-assemblies was realized by Talingting et al. [65], who described interpoly-
electrolyte complexation of protonated poly(styrene)-block-poly(2-vinylpyridine)
(PS-b-P2VPH+) micelles with PSSNa in strongly acidic media. By means of laser
microelectrophoretic and SLS measurements, these authors [65] demonstrated con-
siderable mass overcompensation of the PS-b-P2VPH+ micelles by PSSNa, even
under a low concentration regime, which apparently enabled the formation of
bridged structures to be avoided. The molecular weight increased by a factor of
about 5–6, which corresponds to about 4.7–5.5 sulfonate groups per pyridinium
group. This was accompanied by a concomitant and remarkable charge inversion
for the PS-b-P2VPH+ micelles. Although the molecular weight of PSSNa varied
from 5.00× 103 to 8.01× 105 g/mol (corresponding to the degree of polymeriza-
tion, which ranged from about 0.1 to about 15 times the degree of polymerization
of the P2VPH+ block), only a minor effect on the characteristics of the generated
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macromolecular co-assemblies was revealed. Talingting et al. suggested that some
of the PSS− chains were strongly associated with P2VPH+ blocks while some of
them were not, thereby forming “loop and train” structures. For the longer PSS−
chains, the authors expected parts of the PSS− chains to be extended outside the
micellar coronas, providing additional overcompensation, whereas they proposed
the formation of “bottle-brush” structures for the shorter PSS− chains (Fig. 11). As
also indicated by the authors, the formation of the massively overcharged complex
species could be a result of the “kinetic trapping” of PSS− chains in the coronas of
PS-b-P2VPH+ micelles due to the strong binding of oppositely charged polymeric
components and, therefore, to the rather low rate of macromolecular rearrangements
that would lead to alignment of the PSS− chains along P2VPH+ blocks, thereby
providing a charge balance for the formed complex species.

Further investigations in this field, specifically studies on the interaction of
poly(isobutylene)-block-poly(sodium methacrylate) (PIB-b-PMANa) micelles with
P4VPQ in alkaline media by Pergushov et al. [66–68] and Burkhardt et al. [69],
demonstrated for the first time the possibility of formation of novel macromolec-
ular co-assemblies in which the original diblock copolymer micelles apparently
play a lyophilizing role. Such micelles act as the HPE and provide solubility
(stability against aggregation and precipitation) of the whole complex in aqueous
media. To explain the experimental observations, the onion-like (core–shell–corona)
structural model of these IPECs was proposed. In contrast to the previous paper by
Talingting et al. [65], the PIB-b-PMANa micelles were used in excess compared to
P4VPQ so that the molar concentration of their ionic groups in the aqueous mixtures
of the oppositely charged polymeric components exceeded that of the linear PE.

The addition of P4VPQ into an aqueous solution of the PIB-b-PMANa micelles
was found to induce macroscopic phase separation of the aqueous mixtures of
oppositely charged polymeric components only if the ratio between the molar con-
centrations of their ionic groups Z (Z = [N+]/[COO−], Z < 1) exceeded the certain
threshold value of ZM (Fig. 12). At Z < ZM, the aqueous mixtures of the PIB-b-
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PMANa micelles and P4VPQ remained transparent, thus strongly suggesting the
formation of water-soluble IPECs enriched by ionic groups of the micelle-forming
polymeric component. This trend is very similar to that discussed in Sect. 2.1 for
the formation of IPECs between star-shaped HPE and linear GPE chains.

The examination of homogeneous mixtures of the PIB-b-PMANa micelles and
P4VPQ at Z < ZM carried out using various techniques, including AUC [66, 67],
fluorescence spectroscopy (with the use of pyrene as a polarity probe) [66, 67],
DLS [67–69], small-angle neutron scattering (SANS) [67–69], and cryogenic trans-
mission electron microscopy (cryo-TEM) [69], provided evidence that the formed
water-soluble IPECs have peculiar onion-like (or multilayer) micellar structure. It is
remarkable that the hydrodynamic sizes [67–69] and morphologies [69] of such
macromolecular co-assemblies were found to be quite close to or virtually the same
as those of the original PIB-b-PMANa micelles. These observations suggest that,
similarly to IPECs based on star-shaped HPEs, the co-assembly between micelles
with PE coronas and chains of oppositely charged linear GPE results in intra-coronal
disproportionation of PE blocks. A certain fraction of such blocks is completely em-
bedded in the complex coacervate shell, whereas the rest of the coronal blocks only
contribute a small number of their monomer units in the shell domain and form the
lyophilizing corona.

According to the authors of [66–69], each of the water-soluble complex species
contains a hydrophobic core formed by PIB blocks (A in Fig. 13), which is sur-
rounded by a compact complex coacervate inner shell assembled from oppositely
charged fragments of the polymeric components (PMA− blocks and P4VPQ+

chains) (B in Fig. 13) and by a hydrophilic (ionic) corona built up from excess
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Fig. 13 Onion-like core (A)–shell (B)–corona (C) structure of the micellar IPEC formed upon
interaction between PIB-b-PMANa micelles and P4VPQ. Reprinted from [67] with permission
from Elsevier
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Fig. 14 SANS intensity (I) as a function of the scattering vector (q) for alkaline aqueous solutions
of the PIB-b-PMANa micelles (1) and their IPEC with P4VPQ at Z = [N+]/[COO−] = 0.4 (2).
Reprinted from [67] with permission from Elsevier

PMANa blocks that are not involved in interpolyelectrolyte complexation with
P4VPQ+ (C in Fig. 13).

Detailed analysis of the scattering curves obtained by SANS (Fig. 14) strongly
suggest that the aggregation number of the original PIB-b-PMANa micelles hardly
changes upon their interaction with P4VPQ [67–69], i.e., upon formation of the
complex particles, although the original micelles exhibit “dynamic” properties [94].
Apparently, interpolyelectrolyte complexation of such micelles with oppositely
charged linear PE does not make them “frozen” structures as their aggregation num-
bers remain sensitive to variations in the pH of the surrounding solution [69].

The time-dependent turbidity measurements carried out by the authors of [69]
suggest that the mixing of aqueous solutions of PIB-b-PMANa micelles and P4VPQ
is at first accompanied by the formation of large multimicellar aggregates, which
gradually split into smaller ones. At the same time, P4VPQ+ chains initially bound
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to peripheral (outmost) parts of micellar coronas penetrate deeper inside them to
eventually become located at the core–corona interface. This structure enables the
interface between the complex coacervate domain and the hydrated ionic corona
in the formed macromolecular co-assemblies to be minimized. Finally, these rear-
rangements lead (typically, within tens of minutes) to the formation of equilibrium
water-soluble macromolecular co-assemblies from the nonequilibrium large aggre-
gates that were initially generated.

Another example of core–shell–corona macromolecular co-assemblies result-
ing from poly(styrene)-block-quaternized poly(4-vinylpyridine) (PS-b-P4VPQ)
micelles interacting with poly(sodium methacrylate) (PMANa) [or fluorescent
pyrenyl-labeled PMANa (PMA∗Na)] in alkaline media was reported by Lysenko
et al. [70, 72] and Chelushkin et al. [71]. They showed that the formation of water-
soluble IPECs can either be realized in a certain excess of positively charged groups
of the PS-b-P4VPQ micelles (Fig. 15, region I) or in a certain excess of negatively
charged groups of PMA∗Na (Fig. 15, region V) compared to the amount of the
charged groups of the corresponding polymeric counterparts (PMANa or PS-b-
P4VPQ, respectively). Otherwise, the aqueous mixtures of the oppositely charged
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Fig. 15 Solubility diagram of the mixtures of (a) PS-b-P4VPQ micelles and PMA∗Na and (b)
P4VPQ and PMA∗Na, presented as the dependence of the relative concentrations (C/C0) of the
PEs remaining in solution on the base-molar stoichiometry (Z) of the mixtures of oppositely
charged polymeric components (Z = [COO−]/[N+]). The data shown are (a) for PS-b-P4VPQ
(triangles) and PMA∗Na (circles) for different mixing orders: the PMA∗Na solution was added to
the solution of PS-b-P4VPQ micelles (closed symbols) or the solution of PS-b-P4VPQ micelles
was added to the solution of PMA∗Na (open symbols) and (b) for P4VPQ (squares) and PMA∗Na
(circles); the solution of PMA∗Na was added to the solution of P4VPQ. Water-soluble IPECs are
formed in regions I and V , phase separation occurs in regions II and IV, and there is precipitation of
insoluble IPECs in region III. Reprinted from [72] with permission from the American Chemical
Society
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P4VPQ

PMANa

PS

-COO- + EtPy-

ba

Fig. 16 Structure of (a) positively charged (excess of PS-b-P4VPQ) or (b) negatively charged
(excess of PMANa) micellar IPEC formed upon the interaction of PS-b-P4VPQ micelles with
PMANa. Reprinted from [72] with permission from the American Chemical Society

polymeric components undergo distinct macroscopic phase separation: the PS-b-
P4VPQ micelles become colloidally unstable and precipitate as insoluble IPECs
(Fig. 15, regions II–IV).

On the basis of the results obtained by SLS and transmission electron microscopy
(TEM), it was concluded that binding of PMANa to the PS-b-P4VPQ micelles
hardly affected the structure of the PS core, i.e., no disaggregation, fusion, or
flocculation of the original micelles occurred as a result of their interaction with
the oppositely charged linear PE [70–72]. The water-soluble macromolecular co-
assemblies have also been considered as multilayer IPECs with a core–shell–corona
structure (Fig. 16), for which the original PS-b-P4VPQ micelles act as peculiar
“nucleating” particles. Depending on the lyophilizing polymeric component (PS-b-
P4VPQ micelle or PMANa), the particles of such multilayer IPECs are stabilized in
aqueous solutions by coronas built up either by excess fragments of P4VPQ blocks
(positively charged micellar IPECs, Fig. 16a) or by excess fragments of PMANa
chains (negatively charged micellar IPECs, Fig. 16b).

Further investigations carried out by Chelushkin et al. [73] for various combina-
tions of micelles formed in aqueous media by ionic amphiphilic diblock copolymers
[PS-b-P4VPQ, poly(styrene)-block-poly(sodium acrylate) (PS-b-PANa), and PS-b-
PMANa)] with oppositely charged linear PEs (polycarboxylates, polysulfonates,
polyphosphates, and aromatic, aliphatic, and alicyclic quaternized polyamines) have
demonstrated that the solubility of IPECs is decisively determined by (1) the
aggregation state of the excess polymeric component (micelles versus individual
polymeric coils) and (2) the procedure or method employed for the preparation of
such macromolecular co-assemblies.

When the diblock copolymer micelles play a lyophilizing part (i.e., when they act
as HPEs), water-soluble micellar IPECs can be typically obtained via at least one
of the preparation routes described by the authors [73]. In this case, the chemical
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nature and the degree of polymerization of the linear PE determines whether such
IPECs can be obtained independently of the procedure used for their preparation
(e.g., PS-b-P4VPQ/polycarboxylates) or via the specific procedure comprising mix-
ing of the oppositely charged polymeric components at high values of ionic strength
(to prevent interpolyelectrolyte complexation) followed by dilution with a solvent
to lower the ionic strength (to switch on interpolyelectrolyte complexation). The
latter procedure would be followed for, e.g., PS-b-PANa/aromatic, aliphatic, and
alicyclic quaternized polyamines. Furthermore, the hydrodynamic characteristics
(hydrodynamic size and sedimentation coefficient) of the formed macromolecular
co-assemblies are predominantly determined by the corresponding hydrodynamic
characteristics of the original diblock copolymer micelles.

When the linear PE plays a lyophilizing role (i.e., when it acts as an HPE),
water-soluble micellar IPECs can only be generated for some selected combina-
tions of oppositely charged polymeric components, namely if the linear PE can form
water-soluble IPECs with the corresponding linear analog of the PE block of the
ionic amphiphilic diblock copolymer (e.g., PS-b-P4VPQ/PMANa, where PMANa
as the HPE forms water-soluble IPECs with P4VPQ). In this case, the hydrodynamic
characteristics (hydrodynamic size and sedimentation coefficient) of the formed
macromolecular co-assemblies are decisively determined by the molecular weight
and chemical nature of the excess linear PE.

4.2 IPECs Based on Micelles of Ionic Amphiphilic Block
Terpolymers

A fascinating example of water-soluble micellar IPECs was recently found
and thoroughly investigated by Schacher et al. [74]. In particular, it was
demonstrated that polyampholytic amphiphilic polybutadiene-block-quaternized
poly(2-vinylpyridine)-block-poly(methacrylic acid) (PB-b-P2VPQ-b-PMAA) tri-
block terpolymers can generate peculiar multicompartment self-assemblies in
aqueous media. According to these authors, each micelle comprises a hydrophobic
poly(butadiene) (PB) core, multiple PMA−/P2VPQ+ domains [patches, or intram-
icellar IPECs] on the PB core that are caused by electrostatic interaction between
both oppositely charged PE blocks, and a corona composed of excess fragments of
the longer PE block (either PMAA or P2VPQ depending on their degrees of poly-
merization). The ionic corona provides solubility (stability against intermicellar
aggregation and precipitation) of the whole macromolecular self-assembly in aque-
ous media (Fig. 17). In contrast to the considerations in Sect. 4.1 for IPECs formed
by micelles of ionic amphiphilic diblock copolymers interacting with the oppositely
charged linear PE, the PMA−/P2VPQ+ shell in this case appears to be distinctly
noncontinuous (patchy), as shown in the cryo-TEM micrographs (Fig. 17A, B, E).

The PB-b-P2VPQ-b-PMAA micelles are apparently dynamic colloids because
they change their aggregation numbers upon variations in ionic strength of the sur-
rounding solution. Specifically, the aggregation number of such micelles was found
to decrease with increasing ionic strength, which was attributed to the salt-induced



Interpolyelectrolyte Complexes Based on Polyionic Species of Branched Topology 153

Fig. 17 (a, b) Cryo-TEM micrographs of PB-b-P2VPQ-b-PMAA micelles (the PMAA block is
longer than the P2VPQ block) in aqueous solution at pH 10. (c) Gray scale analysis of a micellar
cross-section for the PB-b-P2VPQ-b-PMAA micelles at pH 10. (d) Proposed structure of the PB-b-
P2VPQ-b-PMAA micelles at high pH. (e) Cryo-TEM micrograph of the PB-b-P2VPQ-b-PMAA
micelles (the PMAA block is longer than the P2VPQ block) in aqueous solution at pH 4; inset
shows an enlargement of a single micelle. (f) Proposed solution structure of the PB-b-P2VPQ-b-
PMAA micelles at low pH. Reprinted from [74] with permission from the American Chemical
Society
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dissociation of the intramicellar IPECs. In that way, both PE compartments of the
PB-b-P2VPQ-b-PMAA block terpolymers are uncomplexed, resulting in a higher
hydrophilicity and the formation of classical core–shell–corona micelles.

As recently shown by Schacher et al. [75], the preformed, negatively charged,
PB-b-P2VPQ-b-PMAA micelles with PMAA corona (where the PMAA block is
longer than the P2VPQ block) in alkaline media can further interact with pos-
itively charged, double hydrophilic ionic/nonionic diblock copolymers, namely
a quaternized poly(2-vinylpyridine)-block-poly(ethylene oxide) (P2VPQ-b-PEO).
The occurring complexation reaction generates a “second” shell that consists of op-
positely charged fragments from both polymeric building blocks (the excess PMA−
of PB-b-P2VPQ-b-PMAA and the P2VPQ+ blocks of P2VPQ-b-PEO) and that
buries the “first” original patchy shell. The obtained core–first shell/second shell–
corona complex macromolecular species are thought to be stabilized by the PEO
blocks, or by both the PEO blocks and the remaining excess PMAA if a charge
balance is not reached. The schematic representation of the proposed structure of
the multicompartment micellar IPEC formed at Z = [N+]/[COO−] = 1 is given in
Fig. 18.

Such micellar IPECs were also shown to exhibit an interesting slow structural
rearrangement within about 10 days, changing from the initially star-shaped objects
with patchy shells and ray-like protrusions (Fig. 19) to a final (presumably equilib-
rium) core–first shell/second shell–corona structure with thick, fuzzy, continuous
shells (Fig. 20), as revealed by cryo-TEM and scanning (atomic) force microscopy
(SFM). It is remarkable that the sizes of the PB cores of the original PB-b-P2VPQ-b-
PMAA micelles and the final multicompartment micellar IPEC appear to coincide,
thereby suggesting that no changes in the aggregation number occur during their
interactions with the P2VPQ-b-PEO chains.

Fig. 18 Multicompartment micellar IPEC formed by the interaction between negatively charged
PB-b-P2VPQ-b-PMAA micelles and P2VPQ-b-PEO at Z = [N+]/[COO−] = 1. Reprinted from
[75] with permission from the American Chemical Society
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Fig. 19 (a, b) Cryo-TEM micrographs of the micellar IPEC formed upon interaction between
negatively charged PB-b-P2VPQ-b-PMAA micelles and P2VPQ-b-PEO in alkaline media at Z =
[N+]/[COO−] = 1 after a mixing time of 1 h at different locations of the same sample. (c, d) SFM
height images of the same micellar IPEC deposited onto a carbon-coated TEM grid. Reprinted
from [75] with permission from the American Chemical Society

Another example of multicompartment micellar IPECs is the macromolec-
ular co-assembly of the triblock terpolymer poly(N,N-dimethylacrylamide)-
block-poly(N-acryloylalanine)-block-poly(N-isopropylacrylamide) or the diblock
terpolymer poly(N,N-dimethylacrylamide)-block-poly(N-isopropylacrylamide)-
stat-(N-acryloylvaline), interacting in aqueous media with poly(ar-vinylbenzyl)
trimethylammonium chloride (PVBTAC) [76, 77]. The authors demonstrated that
interpolyelectrolyte complexation of such assemblies formed with PVBTAC within
specific pH and temperature ranges makes them stable with respect to the disassem-
bly induced by cooling below critical micellization temperatures.

4.3 Polyion Interchange Reactions Involving Micellar IPECs

One of the very characteristic features of IPECs is their ability to participate in
so-called polyion interchange (exchange and substitution) reactions, previously in-
vestigated for aqueous mixtures of oppositely charged linear PEs by Kabanov
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Fig. 20 (a) Cryo-TEM micrographs of the micellar IPEC formed by the interaction between
negatively charged PB-b-P2VPQ-b-PMAA micelles and P2VPQ-b-PEO in alkaline media at
Z = [N+]/[COO−] = 1 after a mixing time of 10 days; (b) enlargement of a single micellar IPEC.
(c) Proposed structure of the macromolecular co-assembly. Reprinted from [75] with permission
from the American Chemical Society

and Zezin and their coworkers [95]. As revealed by Chelushkin et al. [78], the
aggregation state of the polymeric component(s) involved in such reactions has a
significant effect on the reaction rates.

In particular, by means of fluorescence measurements with the use of 4′-
(aminomethyl) fluorescein-labeled PMANa and PS-b-PMANa (PMA∗Na and
PS-b-PMA∗Na, respectively) they studied the following polyion interchange re-
actions:

IPEC(PMA−/P4VPQ+)+ PMA∗Na → PMANa+ IPEC(PMA∗−/P4VPQ+)

(1a)

IPEC(PMA∗−/P4VPQ+)+ PMANa → PMA∗Na + IPEC(PMA−/P4VPQ+)
(1b)

IPEC(PS−b−PMA−/P4VPQ+)+ PMA∗Na → PS−b−PMANa

+ IPEC(PMA∗−/P4VPQ+) (2a)

IPEC(PS−b−PMA∗−/P4VPQ+)+ PMANa → PS−b−PMA∗Na

+ IPEC(PMA−/P4VPQ+) (2b)
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IPEC(PS−b−PMA−/P4VPQ+)+ PS−b−PMA∗Na → PS−b−PMANa

+ IPEC(PS−b−PMA∗−/P4VPQ+) (3a)

IPEC(PS−b−PMA∗−/P4VPQ+)+ PS−b−PMANa→ PS−b−PMA∗Na

+ IPEC(PS−b−PMA−/P4VPQ+) (3b)

where PMANa, PMA∗Na, PS-b-PMANa, and PS-b-PMA∗Na play the role of HPEs.
These polyion interchange reactions result in the migration of P4VPQ+ chains be-
tween PMANa coils (1a, 1b), between PS-b-PMANa micelles and PMANa coils
(2a, 2b), and between PS-b-PMANa micelles (3a, 3b).

It was demonstrated that all these reactions have the same basic features as re-
vealed earlier for the mixtures of oppositely charged linear PEs [95], regardless
of the aggregation state of the excess polymeric component. The reaction rates in-
crease with the decreasing degree of polymerization of P4VPQ, as well as with the
increasing ionic strength of the solution. At the same time, if at least one of the ex-
cess polymeric components participating in such reactions exists in such mixtures in
the aggregated (i.e., self-assembled into micelles) state, they become considerably
slower. Specifically, the rates of the polyion interchange reaction decrease in the fol-
lowing order: coil/coil (seconds) > coil/micelle (tens of seconds) > micelle/micelle
(thousands of seconds).

The authors explained the observed differences in the rates of such polyion
interchange reactions in terms of the “collision” model [95]. This model consid-
ers the transfer of the GPE from the original to the added HPE to proceed via a
short-living intermediate ternary complex. Such a ternary complex is formed due
to the diffusion-controlled approach and interpenetration of the HPE species oc-
cupied by chains of GPE and of free HPE species. Because the electrostatic and
steric repulsions upon the approach and interpenetration of the reacting species for
the coil/micelle combination (2a, 2b) and, especially, for the micelle/micelle com-
bination (3a, 3b) are obviously much stronger than for the coil/coil combination
(1a, 1b), the rates of the polyion interchange reactions show a pronounced decrease
in the abovementioned order.

A similar trend was also found for the following polyion coupling reactions (4–6)
[78]:

PMA∗Na+ P4VPQ → IPEC(PMA∗−/P4VPQ+) (4)

PS−b−PMA∗Na+ P4VPQ → IPEC(PS−b−PMA∗−/P4VPQ+) (5)

PS−b−P4VPQ+ PMA∗Na → IPEC(PS−b−P4VPQ+/PMA∗−) (6)

where either PMA∗Na or PS-b-PMA∗Na were taken as HPEs, i.e., reactions (5, 6)
involving one of the polymeric components in the aggregated (micellar) state were
much slower than similar reactions involving the polymeric coils (4). The polyion
coupling reaction is considered to involve two stages: first, a fast coupling of oppo-
sitely charged polymeric components that results in nonequilibrium macromolecular
co-assemblies; and second, a slower stage leading to equilibrium macromolecular
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co-assemblies via polyion interchange reactions [95]. Thus, the observed trend can
be reasonably explained, as for the polyion interchange reactions discussed above.

5 Conclusions

The results of experimental and theoretical research on water-soluble (nonstoichio-
metric) IPECs based on nonlinear (branched) polyionic species (HPE) complexed
with oppositely charged linear PEs (GPE) demonstrated that the main feature of
such macromolecular co-assemblies is their pronounced compartmentalized struc-
ture, which results from a distinctly nonuniform distribution of the linear GPE
chains within the intramolecular volume of the branched HPE. In the case of star-
shaped PEs or star-like micelles of ionic amphiphilic block copolymers, this com-
partmentalization leads to the formation of water-soluble IPECs with core–corona
(complex coacervate core) or core–shell–corona (complex coacervate shell) struc-
tures, respectively. Water-soluble IPECs based on cylindrical PE brushes appear to
exhibit longitudinally undulating structures (necklace) of complex coacervate pearls
decorated by the cylindrical PE corona.

An important inherent feature of IPECs comprising branched HPEs is the in-
tramolecular segregation of its branches: a certain fraction of the branches whose
charge is compensated by chains of the linear GPE is nearly completely embedded
into the complex coacervate domains, whereas other branches that are virtually free
of linear GPE chains form the hydrated corona.

Finally, the enormous number of possible combinations of oppositely charged
polymeric components that can be involved in interpolyelectrolyte complexation
offers attractive perspectives for the preparation of water-soluble multicompartment
nanosized macromolecular co-assemblies with desired properties. We believe that
such novel IPECs are very promising and will be in demand for their future ap-
plications in nanomedicine (e.g., gene and drug delivery, and diagnostic systems),
biotechnology, and nanotechnology as nanocontainers, nanoreactors, and molecular
templates for nanoelectronic devices.
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Co-assembly Towards Janus Micelles

Ilja K. Voets, Frans A. Leermakers, Arie de Keizer, Marat Charlaganov,
and Martien A. Cohen Stuart

Abstract In this paper, we report on our recent findings concerning the structure
of complex coacervate core micelles composed of two types of (complementary)
block copolymers. Both copolymers have a polyelectrolyte (one cationic and the
other anionic) block combined with a neutral one. The opposite charges attract
and form a close-to-electroneutral core. The two neutral blocks form the corona
of the micelles. Here, we focus on the structure of the corona, which among other
possibilities assumes the Janus configuration. Corresponding self-consistent field
calculations confirm the rich behaviour of these systems. Unless the solvent quality
of one of the corona chains is poor, we do not expect an onion-like corona with a
clear interface between the layers. Disparities in chain length and solvent quality
may only lead to gradual differences (local enrichments) in radial distributions. In
the case that both corona chains are in good solvent, an unfavourable mixing of the
two chains leads to the formation of Janus micelles, where the two blocks occupy
different hemispheres. The interface that separates the two regions exerts a force on
the core, which will deform when the core surface tension is not too high. In line
with experimental results, the core flattens like a disk and the corona chains extend
most in the direction of the poles.
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1 Introduction

Self-assembly of identical molecules, such as amphiphilic surfactants or polymers,
into micelles or vesicles has long been a topic of great interest. Although the vast
majority of amphiphilic molecules give rise to spherical micelles consisting of two
distinguishable domains (i.e. a core consisting of solvophobic units and a shell
consisting of solvophilic units), other morphologies may also be encountered. For
example, if the chain length of the solvophobic part of the molecules is increased
relative to the chain length of the solvophilic part, the micellar morphology may
exhibit a transition from sphere to cylinder to vesicle [1–4]. The introduction of ex-
otic units (such as sugars, amino acids, crystalline monomers, halogens), topology
(graft, dendritic, random copolymers instead of block copolymers, miktoarm stars),
or multiple solvophilic and solvophobic units, such as in terpolymers, may likewise
induce a deviation from the classical spherical core–shell type micelle [5–11].

Alternatively, the level of structural complexity may be affected in a totally dif-
ferent manner: employing co-assembly of chemically unlike molecules instead of
self-assembly of chemically identical molecules [12–20]. We refer to the resul-
tant micelles as mixed micelles or co-micelles to indicate that this type of micelle
consists of more than one type of molecule, whereas classical micelles consist of
identical molecules (polydispersity effects not taken into account). Consider two
chemically distinguishable amphiphilic molecules A–B and C–D. Self-assembly
into A/C or B/D micelles consisting of a core–shell structure, with a core solely
consisting of A or C units and a shell solely consisting of B or D units, will only oc-
cur if the A or C units are solvophobic and the B or D units are solvophilic. However,
if all units (A and B, or C and D) are solvophobic, phase separation will occur on
a macroscopic level and result in a macroscopically inhomogeneous two-phase sys-
tem. Conversely, if all units (A and B, or C and D) are solvophilic, phase separation
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will not occur at all. Hence, only the combination of hydrophobic and hydrophilic
units within one molecule will lead to an assembly process. By contrast, co-
assembly may occur in solutions containing (1) solvophilic–solvophobic molecules
[12, 19, 21–25], (2) solvophilic–solvophilic molecules [15–17, 20, 26–30] and (3)
a mixture of solvophilic–solvophobic and solvophilic–solvophilic molecules [25].
Note that we limit our discussion here to mixtures of diblock copolymers, i.e. we do
not include combinations of block copolymers and homopolymers, terpolymers and
homopolymers, etc. (see for example [31–37]). It is clear that the number of possi-
ble arrangements of four different units (A, B, C and D) into one aggregate is larger
than that of two different units (either A and B, or C and D). Thus, mixed micelles
can be employed as a route towards more complicated micellar architectures.

Let us elaborate on this line of thought with a model system consisting of
two block copolymers A–B and C–D. The monomers A and C are oppositely
charged in all cases, while the neutral monomers B and D are (I) both hydropho-
bic, (II) both hydrophilic, or (III) hydrophobic (B) and hydrophilic (D). In aqueous
solutions of oppositely charged ionic–hydrophobic block copolymers (system I),
co-precipitation of B and D monomers may give rise to a core consisting of B and
D units, while A and C reside in the shell. In system II, electrostatic interaction
between fully water-soluble A and C units will induce an associative phase sepa-
ration, while the water-soluble C and D units restrict this phase separation to the
microscopic domain, i.e. resulting in the formation of mixed A–B/C–D micelles.
Intuitively, one may anticipate that in both of these systems, dependent on the mis-
cibility of A and C (and likewise, B and D) monomers, the mixed micelles may
exhibit a certain segregation into multiple domains, via segregation of the core
and/or shell into several domains. Alternatively, a vesicular structure with the A
and C monomers residing on either side of the mixed B/D membrane may be envi-
sioned. In system III, the micelles are likely to exhibit a three-layered structure, with
a core consisting of hydrophobic B units, surrounded by a mixed A/C shell, which
in turn is encapsulated in a hydrophilic D corona. This type of micelle is generally
referred to as an onion-like micelle or core–shell-corona micelle [22–24, 38, 39]. In
the above discussion, we have considered electrostatically driven co-micellisation
of diblock copolymers. The resultant mixed micelles are generally termed complex
coacervate core micelles, C3Ms [15, 32, 40, 41], polyion complex (PIC) micelles
[26, 42], block ionomer complex (BIC) micelles [34] and interpolyelectrolyte com-
plexes [37]. Other types of non-covalent interactions that may likewise be employed
as a driving force are π–π stacking, donor–acceptor interactions, metal–ligand coor-
dination and hydrogen bonding [12, 25, 27, 28, 39, 43, 44].

In this contribution, we describe our recent experimental and theoretical find-
ings on complex coacervate core micelles. We have investigated the co-assembly of
several types of oppositely charged ionic–hydrophilic block copolymers into mixed
micelles. In particular, we have focused on chain mixing/segregation in the micellar
corona as a function of monomer type and (the ratio between the) chain length of
the polymer blocks in the corona. Our aim has been to employ co-assembly in such
systems as a route towards formation of reversible Janus micelles. These are mi-
celles with a corona that exhibits two distinguishable sides (hemispheres in the case
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of spherical Janus micelles), referring to the two-faced Roman deity Janus. Another
important keyword is the term “reversible”, indicating that we are interested in mi-
celles that can associate and dissociate upon a change in environmental parameters,
such as ionic strength, pH, and/or block copolymer mixing fraction.

2 Characteristic Features of Complex Coacervate Core Micelles

Since the pioneering work of Harada and Kataoka in 1995 [26], many character-
istic features of complex coacervate core micelles (C3Ms) have been described in
the literature. One of the most fundamental is their tendency towards local charge
compensation, i.e. the number of cationic and anionic segments within the micellar
core is approximately equal. This is a consequence of the driving force for micelli-
sation: Coulombic attraction and entropy gain occur through release of many small,
monovalent counterions as they are replaced by a large counterion (the oppositely
charged copolymer). Hence, C3Ms are typically formed under charge stoichiometric
conditions. Mathematically, these can be captured in the formula:

f+α+ = f−α− (1)

where f+ is the mixing fraction and α the degree of dissociation. Here, the mix-
ing fraction is defined as the number of positively chargeable monomers divided
by the total number of chargeable monomers, so that f+ = 1− f−. From (1), it
follows that the association and dissociation of micelles is affected by both the
mixing fraction [41] and the degree of dissociation of the chargeable monomers.
In the case of weak polyelectrolytes, this translates into a dependence on the pH
[34, 45–47]. Additionally, the ionic strength is an important parameter. The driv-
ing force for micellisation decreases with increasing ionic strength, as electrostatic
interactions become increasingly screened. Experimentally, one can determine a
(concentration-dependent) critical ionic strength, Ic, above which micelles can no
longer be observed [20, 29, 33, 37].

Because C3Ms are intrinsically responsive to several parameters, such as mix-
ing fraction, ionic strength and pH (in the case of weak polyelectrolytes) [17, 20, 29,
32–34, 37, 40, 41, 48], they may be termed stimuli-responsive. Additionally, it has
been shown that C3Ms can be rendered temperature-responsive via the introduction
of temperature-sensitive polymer blocks, such as poly(2-isopropyl-2-oxazoline),
PiPrOx [30] or poly(isopropyl acrylamide), PNIPAAm [17]. Intuitively, one an-
ticipates a relatively low micellar stability as the (usually) undesirable counterpart
of a responsive nature. Indeed, block copolymer C3Ms exhibit several hallmarks
of a relatively weak driving force: rather high critical micellisation concentrations,
size polydispersities and solvent fractions, as well as rather low aggregation num-
bers, as compared to micelles consisting of amphiphilic block copolymers [20].
Considerable effort has thus been devoted (rather successfully) to increasing the sta-
bility of C3Ms through incorporation of chargeable monomers that have a relatively
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hydrophobic backbone (sometimes referred to as hydrophobic ionomers) [49, 50]
and crosslinking of the oppositely charged monomers in the micellar core [51–54].
These studies have been particularly important for the application of C3Ms as con-
tainers for drugs and other active compounds. It goes without saying that tunability
of the micellar stability (preventing premature release) and its response to environ-
mental parameters (enabling controlled release on the target location) is ideal when
tailoring the protective delivery system for a particular application. For further de-
tails, we refer to some recent reviews on several aspects of complex coacervate core
micelles [40, 55–57].

3 Experimental Results

As we are interested in reversible Janus micelles, i.e. non-centrosymmetric nanopar-
ticles with compartmentalised shells (Fig. 1), complex coacervate core micelles are
a rather natural choice. As described in the previous section, electrostatic interaction
is a rather weak driving force as compared to hydrophobic interaction. C3Ms may
thus form under full thermodynamic control. Although ABC triblock copolymers in
selective solvents (poor solvent for B; good solvent for both A and C) may also yield
Janus micelles, they most frequently aggregate into micelles with a quenched rather
than a dynamic nature, such that the aggregation number is fixed and no reversible
association/dissociation is observed (on experimental time scales).

Now that we have established the requirements for the formation of reversible
Janus micelles, we turn our attention to the choice of ionic–hydrophilic block
copolymers. The ionic blocks have to be oppositely charged to ensure co-assembly
in aqueous solutions, whereas the neutral blocks have to be water-soluble. Further-
more, the unlike water-soluble polymer blocks need to segregate, not mix within the
micellar corona. Since the classical works of Flory and Huggins, extended by Scott
to describe binary polymer solutions [58], it is well known that two unlike polymers

Fig. 1 Representation of a prolate ellipsoidal (cigar-like) Janus micelle with an oblate ellipsoidal
(disc-like) core. The complex coacervate core is depicted in grey, while the corona is depicted in
blue (ethylene oxide monomers) and green (acryl amide monomers)
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have a tendency to demix. For sufficiently long chains and high volume fractions,
ϕ , this will result in a macroscopic phase separation, as described by the equation:

ϕχN ≥ 2 (2)

where χ is the Flory–Huggins interaction parameter between the segments of the
two polymers, each with chain length N. Here it is understood that the equal-
ity sign is valid at the critical point and that this equation holds for a symmetric
system of two homopolymers of equal length in a monomeric non-selective sol-
vent. An extension of this formula to include nanoscale chain segregation, such as
a mixing/demixing transition within a micellar corona, has yet to be developed.
Hence, we have investigated a number of different sets of hydrophilic polymers,
both experimentally and theoretically, in terms of their tendency towards local chain
segregation.

3.1 Reversible Janus Micelles

Complex coacervate core micelles of poly(N-methyl-2-vinyl pyridinium iodide)-
block-poly(ethylene oxide), P2MVP42-b-PEO446, and poly(acrylic acid)-block-
poly(acryl amide), PAA42-b-PAAm417, were prepared by mixing aqueous solutions
under charge stoichiometric conditions ( f+ = 0.5,pH 7.7, 1 mM NaNO3). The
resultant mixed micelles have a molar mass of about 500kgmol−1 and both a hy-
drodynamic radius and radius of gyration of about 18 nm. Each micelle consists of
about 16–18 diblock copolymers in total, 8–9 of each. Although the characteristics
of these micelles are dependent on f+, pH and ionic strength, they are independent
of the preparation pathway, which indicates that these C3Ms may be formed in full
thermodynamic equilibrium.

In the absence of PAAm, we observed a spherical morphology for C3Ms of
identical composition (P2MVP, PAA, PEO) [59, 60], but depolarised dynamic light
scattering (DDLS), cryogenic transmission electron microscopy (cryo-TEM), and
small angle X-ray and neutron scattering (SAXS, SANS) experiments all indicated
a non-spherical particle shape for C3Ms of P2MVP42-b-PEO446 and PAA42-b-
PAAm417 (Figs. 2 and 3) [15, 16, 61]. To be more precise, although the DDLS
experiments were consistent with a prolate ellipsoidal shape (cigar-like), all others
were consistent with an oblate ellipsoidal shape (disc-like). This apparent incon-
sistency can be related to the part of the micelle probed: DDLS experiments are
sensitive to the overall hydrodynamic volume of the particle, whereas all other ex-
periments are sensitive only to regions of sufficient contrast between particle and
solvent, i.e. beyond a certain threshold polymer fraction. Hence, DDLS experi-
ments provide information on the overall particle shape, whereas the cryo-TEM
and SAXS/SANS experiments describe the dimensions of the core of the particle
(the polymer volume fraction in the micellar corona is too low to contribute signifi-
cantly). We note the striking similarity between the value obtained for the long axis
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Fig. 2 Cryo-TEM images of a 1:1 mixture of PAA42-b-PAAm417 and P2MVP42-b-PEO446 in H2O
(concentration 0.97gL−1, f+ = 0.53). The arrows indicate head-on and side-on projections of the
ellipsoidal 3D objects onto the 2D image
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Fig. 3 Small angle neutron (squares) and X-ray (triangles) scattering curves given as I(q)/cm−1

versus q/−1. The symbols correspond to the experimental data and the solid lines represent fits
with a form factor model for monodisperse oblate ellipsoids

of the oblate ellipsoid (∼20nm) and the short axis of the prolate ellipsoid (∼21nm).
If one were to rotate the oblate ellipsoid by 90◦ with respect to the prolate ellipsoid,
and place the oblate ellipsoid in its centre, it would divide the prolate ellipsoid (and
therefore the micellar shell) into two distinct domains, as schematically depicted
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in Fig. 1. To the best of our knowledge, such a peculiar topology has not yet been
reported for another polymeric micelle. One may anticipate that such a rare mor-
phology is related to and even induced by the delicate balance between the two
opposing forces at play in the current system: attraction between the core-forming
monomers, forcing PAAm and PEO chains within the same entity, and repulsion
between the corona-forming monomers PAAm and PEO, pushing them to be as far
apart as possible.

Indeed, based on (2) and PAAm/PEO compatibility studies reported in the
literature [62–64], we obtain a rough estimate for the Flory–Huggins interaction pa-
rameter χ of 0.05, indicating that PAAm and PEO are indeed fairly incompatible and
should tend to avoid each other in the micellar corona. As an independent measure-
ment of chain mixing within the micellar corona, we performed two-dimensional
nuclear Overhauser-effect magnetic resonance spectroscopy experiments (2D 1H
NOESY NMR). The technique probes intermolecular through-space proximity (dis-
tances < 0.5nm) by means of the nuclear Overhauser effect (NOE) which is
extremely sensitive to the internuclear distance r (NOE ∝ r−6). The results are typ-
ically represented in a so-called contour plot with the one-dimensional 1H NMR
spectra on both axes and cross-peaks due to NOEs on the intersection of two straight
lines at the chemical shifts of the corresponding protons. For example, the contour
plot of C3Ms of poly[2-(dimethylamino)-ethyl methacrylate]-block-poly(glyceryl
methacrylate), PDMAEMA45-b-PGMA90, and poly(acrylic acid)-block-poly(acryl
amide), PAA42-b-PAAm417 showed off-diagonal cross-peaks between both core-
and corona-forming blocks, indicating that PAA/PDMAEMA chains in the core
and PGMA/PAAm chains in the corona are (randomly) mixed (Fig. 5) [65]. Con-
versely, no cross-peaks could be observed between PAAm and PEO protons in the
contour plot of C3Ms of PAA42-b-PAAm417 and P2MVP42-b-PEO446, indicating
that PAAm and PEO reside in different domains within the micellar corona (Fig. 6)
[15, 16, 61]. Hence, from a combination of many different experimental techniques,
we arrive at the conclusion that the reversible Janus micelles formed in aqueous
solutions of PAA42-b-PAAm417 and P2MVP42-b-PEO446 can schematically be de-
picted as shown in Fig. 1. Furthermore, the Janus character of these C3Ms seems to
be rather robust as we did not observe a transition towards a heterogeneous corona
upon systematic variation of several important factors, such as the ionic strength and
the PEO/PAAm mixing fraction, anticipated to decrease the tendency towards phase
separation [61].

3.2 Radial Chain Segregation

Hence, we have investigated two different experimental systems and found two
different coronal structures: chain mixing was observed in C3Ms of PAA42-b-
PAAm417 and PDMAEMA45-b-PGMA90 (Figs. 4a and 5) [65], and lateral chain
segregation was observed in C3Ms of PAA42-b-PAAm417 and P2MVP42-b-PEO446
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Fig. 4 Representation of the various types of internal organisation that may occur in micelles
formed through co-assembly of charged block copolymers. Depicted are micelles with a corona
consisting of two different neutral monomers (shown in blue and green) that are (a) mixed, (b)
laterally segregated, (c) radially segregated, and (d) laterally and radially segregated. Both cen-
trosymmetric micelles (a, c) and non-centrosymmetric micelles (b, d) are depicted. The micelle
with a laterally segregated corona is generally referred to as a Janus micelle (b). The micelle de-
picted in (c) is most commonly known as onion-like or core–shell–corona micelle. The micelle
with a laterally and radially segregated corona (d) is usually called a “patched” micelle. Note that
in the case of (c) and (d) the blue and the red/black chains may also switch position

Fig. 5 2D 1H NMR NOESY contour plot of a 1:1 mixture of PDMAEMA45-b-PGMA90 and
PAA42-b-PAAm417 in D2O at 1mM NaNO3( f+ = 0.5). Circles indicate intramolecular cross-
peaks within PAA42-b-PAAm417 (large circles, solid lines) and PDMAEMA45-b-PGMA90 (large
circles, dotted lines), as well as intermolecular cross-peaks between core blocks PAA42 and
PDMAEMA45 (small circles, solid lines) and corona blocks PAAm417 and PGMA90 (small cir-
cles, dotted lines). Adapted from [65]
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Fig. 6 2D 1H NMR NOESY contour plot of a 1:1 mixture of PAA42-b-PAAm417 and P2MVP42-b-
PEO446in D2O at 1mM NaNO3( f+ = 0.50). The circles indicate where cross-peaks would appear
in case of close contact between PAAm and PEO chains. Adapted from [16]

(Figs. 4b and 6) [15, 16, 61]. We then extended our experimental studies with two
additional pairs of neutral polymers, to assess whether other types of chain segrega-
tion may also be observed experimentally.

Poly(N-methyl-2-vinyl pyridinium iodide)-block-poly(ethyleneoxide), P2MVP38

-b-PEO211 and poly(acrylic acid)-block-poly(isopropyl acrylamide), PAA55-b-
PNIPAAm88, were mixed under stoichiometric conditions ( f+ = 0.5, pH 7.7, 1 mM
NaNO3) at room temperature [17]. Spherical micelles were obtained with a hydro-
dynamic radius of about 14 nm and a micellar mass of roughly 380kgmol−1, i.e.
each micelle contains ∼16 P2MVP38-b-PEO211 and ∼11 PAA55-b-PNIPAAm88

copolymers. The micelles consist of a mixed PAA/P2MVP core and PEO/PNIPAAm
corona, as deduced from the presence of cross-peaks between PEO and PNIPAAm
protons in the NOESY contour plots (Fig. 4a). Interestingly, we are able to tune
the solvency of the PNIPAAm chains with temperature: the polymer has a lower
critical solution temperature (LCST) of about 32◦C. Hence, at room temperature,
the present experimental system corresponds to an A–B/C–D mixture with two
charged monomers A and C, and two neutral hydrophilic monomers B and D
(denoted system II in Sect. 1), and conversely, to an A–B/C–D mixture with two
charged monomers A and C, one neutral hydrophobic monomer B, and one neutral
hydrophilic monomer D (denoted system III). Hence, at elevated temperatures,
i.e. above the LCST, we expect a structural rearrangement into a three-layered
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core–shell–corona micelle (B–A/C–D) as discussed in Sect. 1. Indeed, based on
light-scattering titration experiments, we found that the C3Ms completely and re-
versibly rearrange upon a temperature increase, changing the internal structure
from mixed core/mixed corona (as depicted in Fig. 4a) to core/mixed shell/corona
(as depicted in Fig. 4c) [17]. Hence, yet another type of nanoscale chain segrega-
tion has been obtained through co-assembly of charged copolymers: radial chain
segregation.

Mixing of poly(N-methyl-2-vinyl pyridinium iodide)-block-poly(ethylene ox-
ide), P2MVP-b-PEO, and poly(acrylic acid)-block-poly(vinyl alcohol), PAA305-b-
PVOH184, also gives rise to the formation of complex coacervate micelles under
charge neutral conditions (pH 8, 1mM NaNO3, f+ = 0.4) [66]. Note that the large
asymmetry between the PAA and P2MVP block lengths (NPAA = 305; NP2MVP = 38,
42 and 71) results in a corona that contains ≤15% vinyl alcohol monomers. Spher-
ical micelles with a hydrodynamic radius of 14–20 nm and a micellar mass of
800–1400gmol−1 were obtained for P2MVP38-b-PEO211, P2MVP42-b-PEO446 and
P2MVP71-b-PEO454, respectively. 2D1H NOESY NMR experiments did not show
any cross-correlations between PEO and PVOH protons, again indicating their seg-
regation in the micellar corona. Because the large difference between the amount of
ethylene oxide and vinyl alcohol monomers in the micellar corona renders a Janus-
type segregation improbable, and under the experimental conditions water is only a
marginal solvent for PVOH and a good solvent for PEO, a “patchy” corona wherein
PEO and PVOH chains are both laterally and radially segregated seems to be more
plausible (Fig. 4d). Self-consistent field (SCF) calculations support this reasoning
[66]. We note, however, that no direct experimental evidence has been provided.

In conclusion, we have investigated four different types of complex coacer-
vate core micelles formed through co-assembly of two double hydrophilic block
copolymers. In two of these systems at room temperature, PDMAEMA45-b-
PGMA90/PAA42-b-PAAm417 and P2MVP38-b-PEO211/PAA55-b-PNIPAAm88,
the neutral blocks in the micellar corona were found to mix (Fig. 4a) [17, 65].
Co-assembly of PAA42-b-PAAm417 and P2MVP42-b-PEO446 gave rise to reversible
Janus micelles (Fig. 4b) [15, 16, 61], whereas radial chain segregation was observed
when the temperature of a solution containing C3Ms of P2MVP38-b-PEO211 and
PAA55-b-PNIPAAm88 was raised above the LCST of PNIPAAm (Fig. 4c) [17].
Finally, the PVOH and PEO chains in co-micelles of PAA305-b-PVOH184 and
P2MVP38-b-PEO211, P2MVP42-b-PEO446 or P2MVP71-b-PEO454 were found to
probably be both laterally and radially segregated (Fig. 4d) [66].

Let us now turn our attention to SCF calculations in order to gain a better under-
standing of the various parameters governing the (internal) micellar structure.

4 Theory and Modelling

Compared to surfactant self-assembling systems, the parameter space for polymer
co-assembly is notably larger, and guidance of some sort (e.g. to assist interpreta-
tion of experiments, as discussed above) is timely. From previous work, we know
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that it is feasible to present models for polymer assemblies using numerical SCF
approaches. It is important to mention that for a successful analysis it is not
necessary to go into all the molecular details. In fact, it is reasonable to design
coarse-grained models, provided that the relevant molecular structures (i.e. the se-
quence of the segments in the chains, as well as the inter- and intramolecular
interactions) are accurately accounted for. To explore the complete phase behaviour
of A–B/C–D polymer assemblies is a formidable task and currently the work is far
from finished. In particular, many open questions exist, not only for, e.g., kinetic
effects, but also for various structural and equilibrium aspects.

From a philosophical point of view, we may argue that even when large scale
simulations can precisely reproduce experimental observations, we still may not un-
derstand the detailed principles at work. For this we need more deep and systematic
insights in sub-problems that present themselves, e.g. with respect to the segregation
of chains in the core or in the corona. For this reason, it is of considerable interest
to focus here on the phase behaviour of a mixed spherical polymer brush, which
mimics the behaviour of chains in a spherical corona.

In a recent two-gradient SCF analysis, some of us have shown that Janus micelles
can be analysed in depth [67]. In this work, the focus was on the fully symmetric
case, where the complexity was reduced to the micellisation of triblock copolymers
(terpolymers) with a core forming middle block. Both the micellar structure and
its thermodynamic stability were considered. The two chains in the corona were
equally long, had perfectly symmetric interactions with the core and the solvent,
and only the interaction parameter between the segments of the two types of chains
varied. In experiments, there is virtually always a chain length disparity, and the
solvent strength cannot be the same for both polymer chains. Moreover, the number
of corona chains and, hence, the average grafting density of the two chains is prob-
ably different for the two chains in the corona. Finally, there may be a difference
in adsorption energy of the chains to the core. With this in mind, it is reasonable to
collect systematic information on the importance of the various disparities for the
structural features in the corona. We note that preliminary calculations of a mixed
polymer brush in a flat geometry have been presented before to explain some of the
experimental observed phenomena [66]. The goal here is to put these preliminary
calculations in a somewhat broader perspective.

While focussing on phenomena that occur in the corona, it makes sense to sim-
plify the problem right from the beginning. We therefore focus on systems that
cannot adjust the aggregation number nor the geometry of the micelle by simpli-
fying the system such that each (corona) chain is grafted with one of its ends onto
the surface of a spherical core of given size (in 1G calculations). In line with exper-
imental counterparts, we allow for the lateral mobility of the two chains, so that (in
two-gradient calculations) lateral segregation is possible.

Let us further restrict our task to two types of chains, with chain lengths NB and
ND, each with (spherical, flexible) segments with length b, grafted onto a (small)
spherical particle with radius R = 5b. The two chains have grafting densities σB and
σD, respectively. Instead of the grafting density, we prefer the use of the number
of chains per particle, which is given by n = 4πR2σ , for both chains. Interactions



Co-assembly Towards Janus Micelles 175

are taken into account using the well-known Flory–Huggins interaction parameters
within a Bragg–Williams approximation [68]. There will be a monomeric solvent,
and the solvent qualities for the two chains are denoted byχB and χD. The θ value
χ = 0.5 separates the regimes where long polymer chains collapse (χ > 0.5) or
are swollen (χ < 0.5). The pair interaction χBD controls the miscibility of the two
chains. By convention, when this value is positive, the segments repel each other.
For reasons of simplicity, we take the core surface to be ideal such that the core-
chain interactions are equally strong as the chain-solvent interactions.

The SCF model takes the geometry of the system as an input. When our interest
is in a Janus configuration of the chains, a two-gradient (2G) cylindrical coordi-
nate system is appropriate, but in many other situations we may obtain first insights
from a one-gradient (1G) spherical geometry, e.g. when the structure is onion-like.
Because the 1G calculations are computationally less demanding than the 2G calcu-
lations, it is reasonable to explore the possible scenarios with the simplest geometry
first. We will see, however, that one has to be cautious about direct interpretation of
1G results in this type of problem. This is illustrated by presenting the corresponding
2G results.

4.1 1G SCF Results

To solve the SCF equations, we make use of the discretisation scheme of Scheutjens
and Fleer [69]. It is understood that here we cannot give full details on the SCF ma-
chinery. For this we refer to the literature [67, 70–72]. However, pertinent issues and
approximations will be mentioned in passing. The radial coordinate system is im-
plemented using spherical lattice layers r = 1, . . . , rM, where layers r = 1, . . . , 5 are
reserved for the solid particle. The number of sites per layer is a quadratic function
of the layer number, L(r) ∝∼ r2. The mean-field approximation is applied within
each layer, which means that we only collect the fraction of lattice sites occupied
by segments. These dimensionless concentrations are referred to as volume frac-
tion ϕ(r). We assume that the system is fully incompressible, which means that in
each layer the volume fraction of solvent ϕs = 1−ϕB(r)−ϕD(r). Conjugated to
the volume fractions are the segment potentials u(r). The segment potentials can be
computed from the volume fractions as briefly mentioned below.

The first SCF result that we discuss here is shown in Fig. 7. In this case, χBD

has been varied from 0 to 1.5, with steps of 0.5, for the case that the lengths of the
two chains is varied under the constraint that the sum of the two is fixed to 200.
The most simple system is found for NB = ND = 100 and χBD = 0. In this case, we
have a spherical homodisperse, athermal brush. For this situation, the (dimension-
less) segment potential is simply given by u(r) = ln[1−ϕS(r)] [73]. In short, within
a freely jointed chain model, we generate all possible conformations of the polymer
chains with the constraint that the first segment is positioned at r = 6 (next to the
surface). Depending on the positions visited by, e.g. a conformation c, we can ex-
actly enumerate the potential felt by this conformation uc. The statistical weight of
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Fig. 7 (a) The height of the corona layer h in units of the segment size b as a function of the length
of the B chain for four values of the pair interaction χBD as indicated. In all systems, NB +ND = 200
and the number of chains per particle nB = nD = 15. The dashed lines give the height (and profile)
of the D chain and the solid lines those of the B chain. (b) The radial volume fraction profiles for
NB = ND = 100 for four values of χBD = 0, 0.5, 1.0, 1.5 (only the extremes are indicated). (c) The
same as for (b), but with NB = 120 and ND = 80

this conformation is then given by the Boltzmann law: Gc = exp(−uc). Knowing the
statistical weights of all conformations gives, after normalisation, the volume frac-
tion distribution of the polymer chains (and using the compressibility relation also
for the solvent). Numerically, we (iteratively) search for the distribution of the brush
segments for which the potentials are consistent with the volume fractions [70].

Once the self-consistent distributions are known, we can compute measurable
quantities. In Fig. 7a we present the average position of the end-segment of both
chains (for which we use the parameter h) above the core surface. This value is
computed by the first moment:

hX = ∑r (r−5)L(r)ϕX (r,N)
∑r L(r)ϕX (r,N)

(3)

where ϕX(r,N) is the radial distribution of segment s = N of chain type X. This value
is a measure for how far the chain extends from the core. Inspection of Fig. 7a shows
that the longer chain extends further from the core. It is seen that the end-point of
the longest chain is relatively independent of the length NB, whereas the extension
of the shortest chain is proportional to its length. As expected, the switching of
positions occurs for NB = ND = 100, and the switching is more cooperative when
the two chains repel each other stronger. In passing, we note that now the system is
not athermal; in this case the segment potential for B is given by:

uB(r) = − ln[1−ϕS(r)]−2χB 〈ϕB(r)〉+(χBD − χD − χB)〈ϕD(r)〉 (4)

and that of D is found by exchanging D for B and vice versa. In (4), the angular
brackets give a three-layer average, properly weighted and adjusted to the geometry
[74]. Interestingly, the height of the longest chain (cf Fig. 7a) passes through a weak
maximum around the situation that the longest chain is about 50% larger than the
smallest one.
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In Fig. 7b, c we give the radial volume fraction distributions for the symmetric
chain length case and for a slightly asymmetric length distribution (near the max-
imum in height difference). Much is known about the conformation of a spherical
brush, even though a strong analytical theory is not available. In the case of a poly-
mer star, there are two regions. In a proximal (inner) region the density profile falls
off as a power-law, exactly in the region where the chain ends are depleted (dead
zone). At larger distances from the centre, where the curvature is less strong, the
profile is “quasi” parabolic [75]. In this example (Fig. 7b, χBD = 0), the dead zone
is mostly masked by the solid core and primarily the profile is parabolic-like (visible
for r > 10).

Focussing on the case that the two chains are equally long, we can see from
Fig. 7b that the profile extends slightly when the repulsion between the two chains
increases. When solvent molecules enter the brush (and thus swell the brush), the
number of unfavourable interactions between polymer segments is reduced. This
has the same effect as improving the solvent quality slightly [67]: the height of a
homopolymer brush increases with improving solvent quality. A systematic analysis
of Fig. 7c proves that the smaller chain is somewhat compressed (as compared to a
homodisperse brush) and that the longest one is pushed to the periphery and assumes
an inhomogeneous conformation known as the flower [76]: a strongly stretched stem
is formed in the region of the small chain and a coiled crown (much less stretched)
is formed on the outside.

Even though we know that this system can, particularly for the higher values of
χBD (e.g. when χBD = 1), maintain a Janus-type distribution of its chains (see also
Sect. 4.2), we find that the stratified structure (forced in a 1G calculations), as shown
in Fig. 7c, is formed smoothly, i.e. without a jump. Although we do not exclude the
possibility that jump-like changes may occur for very large values of χBD, space
does not allow us to elaborate on this. Let us proceed to other scenarios for which
similar transitions are (at least on the SCF level) expected.

Figure 8 gives information on what happens to the binary spherical brush when
the solvent quality for the longest chain (here we choose the B chain) worsens. In a
flat geometry, this is a scenario in which a jump-like transition was observed [66].
Basically, when χB increases, there is a tendency that the chain collapses. Quite
obviously, the height of the B chain should then dramatically decrease. Inspection
of Fig. 8a proves that this is indeed the case. The point at which the chain retracts to
the surface depends also on the affinity of the B chain for the core. The stronger the
chain is attracted to the surface (negative value of χcoreB), the easier it is for the chain
to collapse on the core. In these calculations we retained the repulsion between the B
and D chains to a reasonably strong value of χBD = 1. For this reason, the transition
occurs in a rather abrupt manner. A strong affinity for the surface makes the collapse
transition of the B chains also less abrupt. Exactly in the transition region it is found
that the D chain is pushed slightly outward and the height passes through a small
maximum. Again, this behaviour is more gradual when the transition is smooth, as
is the case when χBD = 0 (results not shown).

We may learn more about the collapse transition by inspection of the radial vol-
ume fraction and end-point distribution. In Fig. 8b, c we give an example for the
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case that the B chain is half-way in its transition, for χcoreB = 0. Discussing the end-
point distribution first (Fig. 8c) we see that the ends of B are more widely distributed
than those of D (which are more confined to the periphery). This wider distribution
is characteristic for a chain that fluctuates more in terms of its conformations. Some
chains have already contracted and are near the core, while other chains are still
on the outside. The increased level of end-point fluctuations is characteristic for a
chain that suffers a conformational transition. In line with this, the overall volume
fraction profiles shown in Fig. 8b prove that the B chains near the surface are in the
process of collapsing. The density at the core has increased already by about 50%
compared to the case of the brush in good solvent. With decreasing solvent quality,
this condensation process becomes more pronounced. Hence, if the solvent qual-
ity decreases further, the end points of the B chains go to smaller r-values and the
D chains remain on the outside. Hence, these distributions become separated from
each other more than is the case in Fig. 8c. Eventually an interface, including an
interfacial tension between D and B, develops.

4.2 2G SCF Results

Above we have shown that the chain lengths, solvent qualities and adsorption ener-
gies are all relevant for how a bidisperse spherical brush is structured. In addition,
the grafting densities of the chains are another factor. Depending on conditions, we
can have a stratified configuration and the segregation/overlap of segment types re-
mains significant even when the polymer segments of the two corona chains repel
each other. One can wonder how realistic this scenario is. The weak point of the 1G
calculations is that we do not allow for structures that reduce their symmetry, e.g.
the Janus configuration.
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There exists a threshold χcr
BD below which the two corona chains mix, and above

which the Janus configuration becomes stable. For the symmetric system it was
found [67] that this threshold interaction obeys the relationship χcr

BDNϕm ≈ 2, where
N is the length of the corona chains and ϕm the maximum density of chains in the
corona (somewhere close to the core). In general, this value should (slightly) depend
on chain lengths and chain length differences, solvent quality of the corona chains,
etc. Up to now, we have chosen a relatively high χBD that is significantly larger
than the threshold value mentioned above. We will now limit ourselves to the strong
segregation case, mainly for illustration purposes.

Let us therefore move to the 2G SCF computations and focus on micellar objects
with two sides. Again, it is obvious that we need repulsion between the two types of
segments (as in Fig. 7), or poor solvent conditions for one of the chains (as in Fig. 8)
for this to occur. The exact structures that are formed may be further influenced
by the adsorption strength, the chain length differences and/or the grafting density
disparities. We cannot deal here with all these degrees of freedom and therefore we
choose to take the system of Fig. 8 and consider how this system behaves in a 2G
analysis.

When the corona is laterally segregated and, hence, when there is an interface
running in the radial direction between the two species of the corona, one should
expect a non-trivial shape of the core. To investigate such phenomena, it is not
appropriate to take an inert core (as described above). We thus extend the molec-
ular model with a core-forming block. As in previous studies [67], we use triblock
copolymers with a central block that (strongly) segregates from the monomeric sol-
vent, i.e. (B)NB − (C)NC − (D)ND . The length of the central block is chosen such
that the core has a radius R = 5 when it is spherical. Again we focus on micelles
with aggregation numbers n = 15. In the first example, we wish to remain close to
the system discussed in Fig. 8 and therefore we choose a strong segregation of C
with the solvent such that χC = 2. This leads to a high interfacial tension between
core and corona and, for this reason, minimal deviations of the core shape from the
sphere are expected. The SCF machinery for the 2G cylindrical coordinate system is
not much more complex than the 1G spherical ones. All quantities now are function
of two coordinates, where z runs along the axis of the cylinder and the r-coordinate
goes in the radial direction.

Figures 9–11 give volume fraction contour plots in the (z, r) plane that cuts
through the centre of the micelle. As above, the B chain is represented by solid
lines and the D chain by dashed ones. For these graphs, we only varied the solvent
quality of the longer B chain, ranging from a good solvent (Fig. 9) to a theta solvent
(Fig. 10) to a poor solvent (Fig. 11). The shorter D chain is in good solvent con-
ditions in all cases. As expected, we see a Janus structure in all three graphs. The
micelle is oriented such that the B chain is situated at lower z-values and the D chain
at higher z-values. The interface between the two types of chains is, at least quali-
tatively, seen from the figures. When the solvent quality decreases for the B chain,
the volume occupied by B chains diminishes and the interface goes away from the
equatorial plane, to close to an angle of 45◦ in the poor solvent case.



180 I.K. Voets et al.

10

30

50

70

z

r

Fig. 9 Volume fraction contour plots for a cross-section through a Janus micelle composed of
two types of chains NB = 120 (solid lines), ND = 80 (dashed lines), with nB = nD = 15. The
dashed lines gives the height (and profiles) of the D chain, and the solid lines those of the B chain.
χB = χD = 0, χCB = χCD = χC = 2, and χBD = 1. The rotational symmetry-axis around r = 0
(C1 symmetry) is indicated by a vertical solid line. As indicated on the z-axis, the distance between
two ticks is 10b

z

10

30

50

70

r

Fig. 10 Volume fraction contour plots as in Fig. 9, with χB = 0.5



Co-assembly Towards Janus Micelles 181

zz

r

1010

3030

5050

7070

Fig. 11 Volume fraction contour plots as in Fig. 9, with χB = 1.0

A more detailed investigation of the collapse transition of the B chains reveals
that this process occurs smoothly, i.e. without a jump. This is consistent with the
known behaviour of the collapse of a polymer brush upon a worsening of the solvent
quality. In these calculations, the B and D chains have the same affinity for the
core and thus the condensed B chains do not wet the core completely. Instead, a
microscopic contact angle of approximately 90◦ is observed. Hence, the core and the
collapsed B chain sit side-by-side, as can be seen from Fig. 11. The D chains remain
on the side with high z-values, basically because these chains emanate from the core
from that side. Only when the D chains are extremely long might we expect that
they lean over to the side where the B chains have collapsed. Configurations such as
those shown in Fig. 11 can thus be seen as super-amphiphiles, and these structures
will aggregate with others such that the B core reduces contacts with the solvent.
Anisometric Janus micelles have recently been reported, which subsequently were
able to aggregate into supermicelles [77].

Figures 9–11 show that the 1G SCF predictions can only qualitatively be used
to analyse binary spherical brushes. By the same token, we might expect that a 3G
SCF analysis may give a binary spherical brush even more degrees of freedom to
form structures with even lower symmetries, for example by splitting up the com-
pact B regions over several subregions. So-called raspberry-like multicompartment
micelles have indeed been reported recently [14, 18, 78, 79].

We conclude the results section by illustrating how the shape of the core can
be influenced by the demixing that takes place in the corona. Close inspection of
Figs. 9–11 shows that the perfect spherical shape of the core is not found, even
with the high interfacial tension between core and solvent. Figure 12 shows a Janus
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fraction of approximately ϕ = 4×10−3, indicates the density “seen” hydrodynamically

micelle composed of symmetric triblocks (B)100(C)33(D)100. As can be seen from
Fig. 12, the interface between B and D is exactly in the equatorial plane. The in-
teraction parameters of the core-forming block with B, D and the solvent are now
reduced to a value 1.3. Comparison of the shapes of the core of, e.g., Fig. 10 with
Fig. 12 shows that in the latter case the core is indeed wider in the equatorial plane
than in the z-direction and the ratio of these dimensions is approximately 1.9. To
estimate the asymmetry seen in a hydrodynamic experiment, we envision that the
very dilute extremities of the micelle will not be seen, but rather that there exists a
threshold density that resists the flow of solvent. In Fig. 12 we have chosen (quite
arbitrarily) a contour line representing a volume fraction ϕ = 4× 10−3. Using this
contour line (dashed line in Fig. 12), we estimated that the width in the equatorial
direction over that in the z-direction is approximately 0.875. These trends are con-
sistent with the results of the experiments discussed above.

From the modelling, we may conclude that it is possible to have mixed micelles
with a segregated corona. Qualitatively, the information that can be extracted for
these micelles is consistent with experimental findings. Moreover, this gives support
for the interpretation of experiments and strengthens the hopes that we can use SCF
modelling to learn about complex forms of self-assembly. Even though the models
that were used in the calculations were inspired by the experimental counterparts,
we hasten to mention that we did not try to match the models and the experimental
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results. For this we first need to account more fundamentally for the electrostatic
driving forces that keep the binary copolymers together. A very primitive approach
to try to capture the complex coacervate core properties was recently attempted by
some of us [80], but we feel that much more work in this direction is necessary
before a true comparison between theory and experiment is realistic.

5 Conclusion

We have shown that a combination of four simple building blocks (i.e. monomers)
and exclusively non-covalent interaction forces, achieved via the co-assembly of
fully water-soluble double hydrophilic block copolymers, results in mixed micelles
in aqueous solutions. The chemically unlike polymer chains in the micellar corona
may give rise to various coronal microstructures, ranging from mixed to segregated,
in either the radial or lateral direction, or in both. Hence, co-assembly of charged
block copolymers can result in the spontaneous formation of reversible Janus mi-
celles.

Various aspects of the molecular modelling of Janus micelles are possible us-
ing suitable SCF theory. Modelling co-assembly and reversible micellisation is in
principle possible but rather tedious. One way to use SCF models is to investigate
scenarios. We have illustrated this by considering the binary spherical polymer brush
both by 1G (spherical) and 2G (cylindrical) SCF models, focussing mainly on the
structure of the corona. In 1G models, one can only consider the onion-like config-
uration in which the system is segregated radially. Even in the absence of repulsive
interactions between the two polymer species, a gradual separation of segments may
occur, e.g. due to disparities in chain length or solvent strength. Unless the solvent
quality becomes poor, we are unlikely to find a true interface in the radial direc-
tion between repelling blocks. This rather occurs in the lateral direction, as shown
in 2G calculations. When the interfacial tension between core and solvent is high,
the deformation of the core away from the spherical shape may be small. However,
when this interfacial tension is reduced, significant shape deviations of the core are
predicted. The interface in the corona exerts a pulling force on the core such that
the core flattens as a disk. At the same time, the corona elongates. Such trends were
also seen in experiments on Janus micelles.
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Fluorescence Spectroscopy as a Tool
for Investigating the Self-Organized
Polyelectrolyte Systems

Karel Procházka, Zuzana Limpouchová, Filip Uhlík, Peter Košovan,
Pavel Matějíček, Miroslav Štěpánek, Mariusz Uchman, Jitka Kuldová,
Radek Šachl, Jana Humpolíčková, and Martin Hof

Abstract In this article, we outline the principles and application of several
time-resolved fluorescence techniques for studying the behavior of stimuli-
responsive self-assembled polymer systems. We demonstrate the high research
potential of fluorescence using results of several published studies performed by the
research team at the Charles University in Prague in the framework of the Marie
Curie Research Training Network “Self-Organized Nanostructures of Amphiphilic
Copolymers” (MRTN-CT-2003-505027). We have chosen several interesting ex-
amples of complex self-assembling systems, the behavior of which could not have
been understood without the help of targeted fluorescence studies. We have chosen
four different techniques, two of them relatively popular (fluorescence anisotropy
and nonradiative excitation energy transfer) and two only little used in polymer
science (the solvent relaxation method and fluorescence correlation spectroscopy).
The last part of the article is devoted to computer simulations (Monte Carlo and
molecular dynamics) aimed at the interpretation of fluorescence data.
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PE Polyelectrolyte
PEO Poly(ethylene oxide)
PMA Poly(methacrylic acid)
PS Polystyrene
PVP Poly(2-vinylpyridine)
rhs Right hand side
SLS Static light scattering
SRM Solvent relaxation method
TCSPC Time-correlated single photon counting
TRES Time-resolved emission spectra
TRFS Time-resolved fluorescence spectroscopy

1 Introduction

For several decades, fluorescence spectroscopy has been one of the most frequently
used techniques for studying the conformations and dynamics of synthetic and
natural macromolecules. The versatility and broad applicability of fluorescence
techniques for investigation of both static and dynamic properties of different sys-
tems stems from two grounds:

1. Fluorescence, i.e., the emission of a photon due to a spontaneous spin-allowed
transition from the excited to the ground state, is a phenomenon concerning
an energetically rich species (excited fluorophore) that strongly interacts with
surrounding molecules. Hence, this phenomenon is influenced by interactions
of the fluorophore with its microenvironment and yields indirect information on
properties of the host system in which the fluorophore is embedded. Because
the fluorophore “feels” the effect only of neighboring molecules, fluorescence
techniques can be used for probing very small spatial regions. This offers
the possibility to investigate small domains in nano-to-meso-heterogeneous
systems, where most of common macroscopic techniques fail. Some fluores-
cence characteristics (e.g., the excitation and emission wavelength) depend
both on interactions of the fluorophore in the ground and excited state, and
others (e.g., the fluorescence lifetime) on interactions in the excited state only.
This generates certain diversity in the dependence of individual fluorescence
characteristics on the properties of the host system and broadens the research
potential.

2. The second fact that enables monitoring fast dynamic processes is that the excita-
tion (absorption of a photon) and the “red-shifted” fluorescence emission are two
events separated by a time-window ranging from units to hundreds of nanosec-
onds (depending on the fluorophore and the surrounding medium). On this time-
scale, a number of molecular processes proceed, e.g., translational and rotational
diffusion of the fluorophore in a small volume comparable with the range of in-
teractions, reorientation of molecules in the solvate shell, segmental dynamics of
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flexible polymer chains, and nonradiative energy transfer due to dipole–dipole
interactions. All those processes affect the fluorescence characteristics. The ad-
vanced fluorescence measurements introduced about 40 years ago with a time
resolution corresponding to the rate of these processes (i.e., nanosecond and
subnanosecond time-resolved fluorescence measurements) almost immediately
opened a new field of study of fast processes at the molecular level.

As a result of enormous development in the technology and production of pulse
lasers, laser diodes, detector systems, and powerful computers in recent decades,
steady-state and time-resolved fluorometers now belong to the standard equipment
of biochemical and macromolecular laboratories. For example, there are appara-
tuses combined with microscopes that are suitable for time-resolved fluorescence
measurements of individual organelles in living cells. However, the widespread use
of fluorescence techniques generates certain danger, which is connected with their
routine use. We would like to point out that the fluorescence spectroscopy is an indi-
rect technique and that the interpretation of results needs great care and precaution.
It almost always requires additional information on the system.

When designing a fluorescence experiment and interpreting data, one more pos-
sible complication has to be kept in mind: Only a limited number of systems involve
intrinsic fluorophores and are inherently luminescent. Such systems (e.g., proteins
containing tryptophan) are very suitable for fluorescence studies and reliable in-
formation on the location, mobility, and accessibility of tryptophane residues can
be obtained in a relatively straightforward way. In other cases, an extrinsic fluores-
cence probe has to be added to the system. Its addition modifies the system, which
can be a problem (more or less severe) depending on the system studied and on
the fluorescence technique used. Because the fluorescence reports on the behavior
of the microenvironment of the probe, it does not yield information on the orig-
inal system, but only on its small perturbed part, even though the overwhelming
part of the system has not been altered at all and behaves as the system without
added fluorophore. It is obvious that an attempt to reduce the probe content in
the host system could partially suppress this problem, but would not eliminate it
entirely.

The aim of this feature article is to outline our application of fluorescence tech-
niques to polymer self-assembly studies. We do not intend to give a complete survey
of the use of fluorescence in polymer chemistry. We focus only on techniques that
we have been using within the POLYAMPHI network. We start with a description of
the principles of fluorescence phenomena and an explanation of the role of processes
that influence the rates of transition and the spectroscopic characteristics. Then we
discuss several examples of our experimental studies, in which we applied different
variants of time-resolved measurements. Finally, we show how computer modeling
can be used to support the interpretation of data on complex systems.
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2 Principles of the Fluorescence Techniques Used

2.1 State Diagram and the Characteristics of Time-Dependent
Fluorescence

The most comprehensive description and explanation of all processes that affect the
fluorescence and the role of additional external factors is provided by the Jablonski
diagram (Fig. 1), which represents the scheme of energy levels of electronic and
vibrational states of a molecule and the possible transitions [1].

The vertical axis indicates increasing energy of different quantum states in vacuo
or the Gibbs free energy of the fluorophore in condensed systems (e.g., in solutions).
Individual states corresponding to the optimum molecular geometry are depicted by
horizontal lines. The arrows indicate possible transitions between different states.
Typical values of rate constants of all processes have been also included.

Prior to excitation, the molecule is in the lowest vibrational state of the lowest
electronic state (ground state), S0. The absorption of a photon is governed by opti-
cal selection rules [2]. Its probability is proportional to the square of the transition
dipole moment. The most severe restriction concerns the spin conservation. Fur-
ther restrictions reflect the symmetry and overlap of corresponding wave functions.
Regardless of the probability (reflected by the molar absorption coefficient), the sin-
gle act of transition to a higher excited state due to absorption of a photon belongs
to the fastest processes that occur in nature (except nuclear processes) and proceeds
on timescales shorter than 10−15 s [3]. In this short time, neither the position of

Fig. 1 The Jablonski diagram: the energies of the ground electronic singlet state S0, excited singlet
S1, and triplet T1 are depicted by bold horizontal lines; vibrational states by narrow lines; the
most important transitions are depicted by arrows and wavy lines; the typical values (in orders of
magnitudes) of rate constants of the processes have been also included
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Fig. 2 The Franck–Condon principle: the energies of the ground and the first excited singlet states,
S0 (lower curve) and S1 (upper curve), respectively, of a diatomic molecule are presented as func-
tions of the distance between atoms, r. The probabilities of distances, r, are depicted by dotted
curves; the vertical arrows A and F stand for absorption and emission, respectively

nuclei nor of surrounding molecules change and the excitation proceeds adiabat-
ically without interaction with the environment. Immediately upon excitation, the
molecule still keeps its ground state geometry (the Franck–Condon principle) [4, 5].
The excitation of a diatomic molecule is depicted in more detail in Fig. 2. Here, the
energies of the ground and excited states (together with several vibrational levels)
are drawn as functions of the distance between the atoms. The scheme is supple-
mented by several vibration wave functions to see the spatial overlap. The spatial
overlap of wave functions shows that the absorption generates both the electronic
and vibration excited state.

The vibration relaxation proceeds in most nonviscous solutions at timescales of
10−14–10−12 s [6]. The excess energy is transferred to the surrounding medium
during collisions of vibrating molecules with solvent molecules efficiently and
quickly, because the collisions proceed roughly at the same frequency as vibrations
(i.e., 1012–1014 collisions s−1) and the masses of colliding species are comparable.
The series of nonradiative relaxation processes in the excited state involves one more
process – the relaxation of the microenvironment that proceeds only in condensed
polar systems. This process will be discussed in detail below (see Sect. 2.3).

So far, we have considered only the excitation to S1. If the molecule is excited
to a higher electronic state (S2, S3, etc.), in the overwhelming majority of cases,
it reaches the lowest excited singlet state S1 on the picosecond timescale by a cas-
cade of nonradiative (vibration relaxation) processes and only then can the emission
of a photon occur. There exist only a few exceptions from this rule, e.g., azulene [7],
which exhibits fluorescence from S2.
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When describing the fluorescence as an observable spectroscopic phenomenon,
we have to discuss the depletion of the excited state in a large ensemble of
molecules. Even though the concentration of fluorophores and the fraction of excited
molecules in fluorescence measurements are low (typically 10−6–10−5 mol L−1 and
less than 10−6, respectively), the common steady-state irradiation generates about
109 excited molecules per milliliter. The depletion of the excited state is a stochastic
process that involves a number of independent competing contributions, both radia-
tive (fluorescence) and nonradiative (internal conversion or intersystem crossing to
the triplet state T1, both followed by the vibration relaxation). The probabilities (and
rate constants) of individual contributing processes depend on the chemical nature
of the molecule (on its spectroscopic properties) and on interactions with surround-
ing molecules.

The process that we are interested in, is the spin-allowed S1 → S0 emission of
a photon (fluorescence). Analogously to the absorption, its probability depends on
the change of the dipole moment during the transition. It also depends on the en-
ergy difference between S0 and S1 [3]. For a fully allowed (spin, symmetry, overlap
allowed) spontaneous emission, the quantum mechanics calculations predict a rate
constant of about 109 s−1. This means that the natural lifetime of the excited state of
most molecules are in nanoseconds and that the depletion rate, measured as the num-
ber of excited photons per time unit (light intensity), after a short excitation pulse
decays (in a simple case exponentially) on the nanosecond timescale. The observed
lifetimes are often much shorter because different nonradiative processes contribute
significantly to the depletion of the excited state. In some cases, they can be longer
(101–102 ns) if the transition is not fully allowed, e.g., (a) the symmetry rule is
not obeyed, but antisymmetric vibrations relax the selection rules or (b) the spatial
overlap of the ground and excited state wave functions is small.

Because the probabilities of absorption and emission depend on dipole mo-
ments in the same states, there exists a straightforward (linear) relationship between
the molar absorption coefficient and the rate constant of the spontaneous emission
(the higher the probability of absorption, the higher the emission) [7]. However, the
observed fluorescence intensity is often much weaker than that expected, because
the competitive nonradiative processes can deplete the excited state much faster
than fluorescence. Hence, according to the Franck–Condon principle, the molecule
finishes in a higher vibrational level of the ground state S0. Then, a fast vibrational
relaxation takes place that causes the intrinsic Stokes shift (the red shift of fluores-
cence with respect to absorption) [8]. One more fact is important and should be kept
in mind for further discussion: the absorption and emission of a photon by a partic-
ular molecule are two almost infinitely fast events, but they are separated by a time
window of nanoseconds.

There exist a number of competing nonradiative processes that deplete the ex-
cited state and quench the fluorescence. The first one is the internal conversion,
IC. Its rate varies over a wide range of orders of magnitudes. Its probability (effi-
ciency) depends on the structure and properties of the molecule and on interaction
with surrounding molecules. It can be affected experimentally, e.g., by the choice of
solvent. For flexible and strongly interacting molecules, the process can proceed on
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the picosecond timescale and can deplete the excited state before the considerably
slower emission occurs. This explains why most molecules do not exhibit any fluo-
rescence at all and only fairly rigid molecules are strongly emitting fluorophores,
and why the fluorescence intensity increases in viscous solvents, at low tem-
peratures (when the mobility of molecules and both the frequency and energy of
collisions decreases), and in nonpolar solvents (where the interactions with solvent
molecules are relatively weak).

Another important nonradiative process is the S1 → T1 intersystem crossing, ISC.
This transition is strictly forbidden by the spin-selection rule [2], but the selection
rule is in reality relaxed by spin–orbital interaction in many systems that contain
heavy atoms in the molecule (in this respect, the adjective “heavy” is relative: even
carbon is heavy enough to break the rule). The probability (rate) of ICS depends
on the energy difference between S1 and T1. For molecules with energetically close
S1 and T1 states, the process can be very efficient (kISC ca. 1012 s−1) due to the
resonance effect and intermixing of S1 and T1 states. For other molecules with a
large energy difference between the excited singlet and triplet state, the role of ISC
is negligible.

After the S1 → T1 transition, the molecule finishes in a dangerous situation.
It contains a lot of excess energy and is therefore more reactive than in the ground
state. The probability of photon emission and its return to the ground state S0

(phosphorescence) is low because it represents the spin-forbidden transition and,
in this case, the difference between T1 and S0 energies is large. The danger de-
rives from a high probability of collisions with other molecules, which can cause
a photochemical reaction and creation of a new chemical species (i.e., destruction
of the original one). Indeed, most photochemical reactions involve molecules in
T1 state (as reactants, photosensitizers, etc.) [3]. It follows from the above outline
that the phosphorescence is red-shifted with respect to fluorescence and that its in-
tensity is usually very low due, in part, to its low natural rate (rate constants kP

ca. 10−3–103 s−1) and to efficient competitive nonradiative depletion of the T1 state
(mostly by vibrational relaxation, collision energy transfer, etc.). In some cases (if S1

and T1 states are energetically close), the molecule can gain enough energy either
during collision with non-reactive solvent molecules or as a result of triplet–triplet
annihilation and return to S1. In this case, delayed fluorescence can be observed [3],
but we will not discuss this process in detail.

Before we finish the general outline, a few characteristics have to be defined. The
total rate constant of the depletion of the excited state S1 is the sum of rate constants
of all monomolecular depletion processes, ktot = ∑ki. If some bimolecular processes
such as collision quenching contribute, then the corresponding terms would be the
products of the pertinent bimolecular rate constants and quencher concentrations.
The fluorescence quantum yield is the ratio of photons emitted per given number of
absorbed photons, qF = Nem/Nabs. It is (in contrast to the quantum yield of chemical
reactions) always lower than 1 and it can be expressed as the ratio of time constant
of fluorescence and the total rate constant, qF = kF/ktot. Analogously the quantum
yields of other processes can be defined.

In an ensemble of equivalent fluorophores (which concerns both their chemi-
cal structure and environment), e.g., in a dilute solution, the fluorescence intensity
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after excitation with an ultrashort pulse decays exponentially. The experimen-
tal fluorescence lifetime (time in which fluorescence decays to 1/e of the initial
value), τF, is the reciprocal value of ktot (τF = 1/ktot). If individual fluorophores
experience different microenvironments (in heterogeneous systems), their emission
wavelengths and decay times differ and therefore the emission band is fairly broad,
sometimes bimodal or multimodal and the decay is no longer single-exponential.

In the time window between the absorption and emission of a photon, a number
of molecular processes can occur. They concern either (a) the fluorophore itself
(its rotational and translational diffusion, conformational changes, transition be-
tween electronic states differing in dipole moment) or (b) molecules in its immediate
vicinity (reorganization of the solvent shell, diffusion of quenchers, etc.). All these
processes influence the fluorescence properties (position and shape of the emission
band, quantum yield, decay time, etc.). In most cases, both the fluorophore and the
surrounding molecules participate in the process and fluorescence characteristics are
in fact influenced by their mutual interactions. Figure 3 shows a survey of important

Fig. 3 The outline of fast dynamic processes: the rate of the polymer chain dynamics (vibrational
motion and relaxation) strongly overlaps that of electronic relaxation and can be studied by the
time-resolved fluorescence
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dynamic processes that proceed at comparable velocities with the depletion of the S1

state and can be studied by time-resolved fluorescence spectroscopy (TRFS). Some
of them will be addressed in more detail in Sect. 2.2.

2.2 Time-Resolved Fluorescence Anisotropy

The photon absorption probability by a given molecule depends on a magnitude
of the absorption dipole moment, µA, and on its orientation with respect to the
excitation polarization described by the angle φ . The molecules with their transition
dipole moment parallel to the excitation polarization are excited preferentially, while
those oriented perpendicular are not excited at all. For a general orientation, the
dipole moment can be decomposed into parallel and perpendicular components, µA

cosφ and µA sinφ , respectively, and the excitation probability is simply proportional
to (cosφ ). The absorption and emission transition dipole moments, µA and µE, can
form any angle, ω ; however, they are usually parallel in fluorophores containing
symmetry planes.

Although the fluorophores are usually oriented randomly before the excitation
(e.g., in solutions), the population of excited molecules with µA parallel with respect
to excitation polarization dominates immediately after the short polarized excitation
pulse. The anisotropic orientation of excited molecules starts to relax due to the rota-
tional Brownian motion of fluorophores and the excitation energy migration among
fluorophores. The rate of the latter process depends strongly on the distance between
fluorophores, and an appropriate dilution suppresses its effect considerably. The re-
laxation can be monitored by measuring the time-resolved fluorescence anisotropy,
which is defined as r(t) = [III(t)− I⊥(t)]/ [III(t)+ 2I⊥(t)], where III(t) is the paral-
lely polarized and I⊥(t) is the perpendicularly polarized fluorescence intensity with
respect to the excitation pulse.

The theory shows that the time-resolved fluorescence anisotropy r(t) is the
autocorrelation function of orientations of the absorption dipole moment at the
instant of excitation of a molecule, µA(t =0), and that of emission at the time t,
µE(t) : r(t) = 2/5 〈P2 (µA (t = 0)µE (t))〉, where P2 stands for the Legendre poly-
nomial of the second order and brackets 〈〉 denote the ensemble averaging. The
initial anisotropy, r(t = 0) = r0 = 0.6cosω −0.2 depends on the angle ω between
µA and µE and varies between limiting values −0.2 and 0.4, for perpendicular and
parallel orientation of µA and µE, respectively.

In many fluid systems, the rotational diffusion proceeds at the timescales com-
parable with the fluorescence decay and can be used for studying the viscosity of
the microenvironment, local geometrical constraints, segmental motion of polymer
chains, etc. In non-viscous solvents, it decays usually faster than fluorescence, but
in very viscous systems a full randomization occurs at times much longer than the
fluorescence lifetime. The extrapolation to t → ∞ yields the residual anisotropy, r∞.
In the case of some polymer systems with entrapped fluorophores, only a partial



Fluorescence Spectroscopy as a Tool for Investigating the Polyelectrolyte Systems 197

(i.e., locally anisotropic) orientation reorganization of the fluorophore proceeds and
therefore r∞ can give a non-zero value.

There exist a number of models predicting the time evolution of r(t) for small flu-
orophores in the solution. They differ in accuracy and detail of physical description
and in mathematical approximations. The simplest rotational model is based on the
Debye hydrodynamic theory [9]. It assumes that the rotational diffusion proceeds in
small steps between collisions of the fluorophore with surrounding molecules. An
analytical expression for r(t) as a sum of several exponentials was first derived by
Favro [10]:

r(t) = ∑
i

Ai exp

(
− t

τc,i

)
. (1)

The number of terms (up to five, but only three of them independent) and values of
pre-exponential factor Ai depend on the fluorophore symmetry and on the orienta-
tions of µA and µE in the molecule. The rotation correlation times, τc,i, reflect the
main components of the gyration tensor only. For the parallel orientation of both
dipole moments, the initial anisotropy in a fluid system has the highest possible
value, r0 = ∑i Ai = 0.4. In the case of a spherical rotor, fluorescence anisotropy re-
duces to a single exponential function. For a symmetric rotor, r(t) is either single-
or double-exponential, depending on the orientation of dipole moments with respect
to the long axis.

A typical time evolution of fluorescence anisotropy is a monotonously decreasing
function. However, the sum of several exponentials with both positive and negative
prefactors derived on the basis of a rigid rotor model does not preclude increasing
or even a non-monotonous time evolution. The non-monotonous time evolution has
been observed for perylene excited to S2 quite far in the “blue region” with respect
to the emission [11]. It starts, as predicted for the perpendicular orientation of dipole
moments, at r0 = −0.2, but increases rapidly to a slightly positive transient value
and then decreases more slowly to r∞ = 0. The non-monotonous r(t) decay can be
rationalized by the solvent effect on the rotation of the flat disc-like perylene around
three different axes.

If the fluorophore contains several energetically close excited states differing in
the polarization direction [12, 13], the excitation to higher states is usually followed
by a few vibrational relaxations routs. In this case, the emission is strongly depolar-
ized from the very beginning and the anisotropy measurement is useless. However,
a similar depolarization occurs if the angle ω (quite common for low-symmetry flu-
orophores) is close to the magic angle, γ = 54.7 ◦. In this case, cosγ = 1/3 and the
fluorescence is depolarized at t = 0.

The rigid rotor model has been currently used for small fluorophores, but it is
not suitable for tagged or labeled polymers. In this case, r(t) monitors a com-
bination of a fast rotation of the fluorophore around one or several single bonds
attaching it to the polymer backbone, and a slower complex motion of a part of
the chain together with the fluorophore. The relatively slow rotation of the whole
polymer coil proceeds on a longer timescale than the fluorescence decay and is
“invisible” in the time-resolved fluorescence measurement. It can be detected as a
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significant residual anisotropy. Therefore, the anisotropy decay is often fitted to a
double-exponential function with a constant term r∞. There exist several models de-
scribing the behavior of labeled polymers with fluorophores embedded in the main
chain. A convenient formula has been derived by Valeur and Monnerie [14] in the
form: r (t) = r0 exp(−t/τ)exp(−t/ρ)erfc

√
t/ρ , where r0 is the initial anisotropy,

and τ and ρ are two rotation correlation times describing a perturbed “crankshaft
motion” of several successive polymer segments. This model reflects the facts that
(a) fast local motion of segments resembles the rotation of a crankshaft, and (b)
simultaneous distortion of several successive dihedral angles lowers the correspond-
ing rotational barrier considerably.

For successful monitoring of the microviscosity, one aspect is very important: the
emission wavelength of the probe should not be polarity-dependent. In many sys-
tems, the solvent relaxation proceeds at a comparable timescale with the rotational
diffusion of the probe (see Sect. 2.3), the shape of fluorophore with its solvate shell
continuously changes, and the emission maximum shifts with time. In such a case,
the anisotropy measurements at different wavelengths yield different rotation corre-
lation times, because the red-shifted decay reflects the behavior of a more relaxed
state than that measured in the blue part of the emission band [15].

Some information on the microviscosity can also be obtained by steady-state
anisotropy measurements. A comparison of results for different media (e.g., for a
series of mixed solvents differing in composition) is tricky and requires the measure-
ment of fluorescence lifetimes. The steady-state anisotropy, 〈r〉, is a time-average
weighted by the fluorescence intensity decay, I(t):

〈r〉 =
∫ ∞

0 r(t)I(t)dt∫ ∞
0 I(t)dt

. (2)

From (2), it is evident that the average value depends on the fluorescence lifetime
and that the long-living probes always yield low 〈r〉. The best probe for anisotropy
measurement should have a little faster r(t) than I(t) decay. The same condition
applies for the time-resolved studies. If I(t) decays much faster than r(t), only a
small portion of r(t) is accessible. In the opposite case, the decay curves have to be
measured with high statistics in a broad time range, but only small initial parts of
III(t) and I⊥(t) curves are exploited for the evaluation of r(t) decays. This prolongs
needlessly the time-correlated single photon counting (TCSPC) time.

Fluorescence anisotropy studies are popular in biological and biochemical re-
search of lipid membranes [16–18], proteins [19–22], etc. and also in polymer
science. They have been performed for monitoring the conformations and flexi-
bility of polymer chains in dilute, semidilute and concentrated solutions [23–27],
in polymer melts and blends [28–31], and also for studying polymer self-assembly
[32–34]. Nowadays, steady-state and time-resolved fluorescence anisotropy are cur-
rently used methods in polymer chemistry.
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2.3 Solvent Relaxation

2.3.1 Theoretical Background

The solvent relaxation method (SRM) is a technique that provides unique informa-
tion on the polarity and viscosity (more precisely on mobility) of the fluorophore
solvate shell. Suitable probes should exhibit a large shift of their emission max-
ima to longer wavelengths in media with increasing polarity, but their photophysics
should not be too complicated; that is, neither the position nor the shape of the emis-
sion band should be significantly affected by specific effects like hydrogen bonding,
promoted dissociation in the excited state, charge transfer, structural changes, etc.
Measurements with specifically interacting probes are possible and they have been
applied in a number of studies, because such probes exhibit large changes in dipole
moment upon excitation and sometimes offer additional advantageous properties.
However, the interpretation of their behavior is not universal and needs very detailed
knowledge of the probe photophysics [35]. Hence, we will confine the discussion
to relatively simple probes and describe the technique that was originally developed
and first applied for monitoring the relaxation behavior of the solvate shell in sim-
ple liquids. Popular probes for this purpose are coumarin dyes [36–38] or prodan
[39–41], which undergo large dipole moment changes upon excitation and show
quite regular polarity shifts. Now, we will explain the solvent relaxation for the case
of a regular fluorophore dissolved in a simple liquid.

As already mentioned, the necessary condition for any radiative electronic tran-
sition (both for absorption and emission) is the change of the dipole moment of the
molecule. The solvent relaxation process is depicted in Fig. 4 for a fluorophore that
is immersed in a polar solvent and has the excited state dipole moment, µ*, higher
than that in the ground state, µ. The vertical axis shows the Gibbs free energy of the
solvated fluorophore. Prior to excitation, the optimum arrangement and orientation
of polar solvent molecules in the solvation shell of the fluorophore (with respect
to its dipole) minimizes the Gibbs free energy of the system. Solvent molecules
are usually small as compared with the fluorophore and they catch up both with its
translational and rotational diffusion.

The absorption of a photon occurs in less than 10−15 s and the “electron cloud”
redistribution and the consequent change of the dipole moment, Δµ = µ*–µ, of
the fluorophore (precisely of its electronic part) are almost immediate processes as
compared with the rates of motions of nuclei within the fluorophore and surround-
ing molecules. This means that immediately upon excitation, the geometry of the
fluorophore and the arrangement of molecules in the solvate shell correspond to
the ground state. The solvation is not the optimum one and the Gibbs free energy
of the solvated fluorophore at early times after excitation is higher than that in the
equilibrium state.

The orientation polarization motions of solvent molecules necessary for optimum
reorganization of the solvent shell are slower than the vibrational relaxation of the
fluorophore, and the free energy after the vibrational relaxation is therefore higher
than that in the equilibrium state. Although the vibrational relaxation is a process
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Fig. 4 Solvent relaxation: energies of the electronic states of a solvated fluorophore are depicted
by bold lines, vibrational states by thin lines; the long arrows and wavy lines show individual
processes; the changes of the dipole moment and geometry of the fluorophore upon excitation and
emission are depicted by different orientations of the short arrow and the ellipsoidal prolongation.
The changes in the arrangement and orientation of polar solvent molecules are also indicated

that occurs independently of the solvent polarity, the solvent relaxation proceeds
only in polar solvents. Its extent is given by the strength of the dipole–dipole inter-
action between the fluorophore and the molecules in the solvate shell (local polarity
of the nanoenvironment),while its rate reflects the mobility of the solvate shell (local
viscosity of the nanoenvironment). In non-viscous solvents, the solvent relaxation
can be quite fast and may partially overlap with the vibrational relaxation.

The next process is the emission of a photon. As already mentioned, the emission
of photons in a macroscopic system of fluorophores proceeds on the nanosecond
timescale. This means that most photons are usually emitted and detected from
excited states with fully relaxed solvate shell. Because the excited state population
decays exponentially, fast measurements enable detection of “hot” photons from
non-relaxed states at early times. When discussing the relaxation at the level of a
single molecule, we have to consider different timescales. An isolated single emis-
sion event is as fast as the absorption, and the electronic transition takes less than
10−15 s. It is evident that the fluorophore does not reach the relaxed ground state
immediately after the emission of a photon. What follows, is a cascade of processes
that resemble the mirror image of the above-described relaxations. Firstly, the vi-
brational relaxation occurs and, finally, the solvent equilibrates corresponding to
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the ground state dipole. The above description explains the red-shift of the emission
of common fluorophores in polar solvent, which is an experimentally recognized
phenomenon known as the Stokes shift.

The simplest quantitative treatment of the solvent relaxation assumes that the
fluorophore is placed in the cavity of radius a in the medium characterized by the
relative dielectric permittivity ε and the refractive index n. It yields the Lippert equa-
tion [42] for the wavenumber shift between absorption and emission maxima of the
fully relaxed host system:

Δν =
2(μ∗ −μ)2

hca3

(
ε −1

2ε + 1
− n2 −1

2n2 + 1

)
, (3)

where h is the Planck constant and c is the light speed in vacuum. This equation
offers the possibility to probe local polarity in heterogeneous systems (providing
that the partitioning of the fluorophore between different domains is known).

2.3.2 Specific Features of Solvent Relaxation in Heterogeneous Systems

The majority of experimental works have addressed solvent relaxation in biological
systems such as lipid membranes [43–45], proteins [46, 47], or nucleic acids [48],
although a number of low-molar-mass systems have also been investigated [49–51].
Recently, very interesting relaxation processes on a relatively slow (nanosecond)
timescale have been discovered in low-molar-mass solvent mixtures, reflecting the
redistribution of solvent components in the solvate shell [52–54]. A couple of re-
search groups have turned their attention to surfactants and polymeric nanoparticles
(Pluronics micelles, etc.) [55, 56]. In the following discussion, we will focus on
systems containing water-soluble nanoparticles with preferentially adsorbed probes
that we studied experimentally. We will outline the strategy and goals of our studies
and describe the methodology that we developed.

The studied aqueous system contains (a) relatively large polymeric nanoparti-
cles, either simple spherical core–shell micelles or multilayer (onion skin) micelles,
the hydrodynamic radius of which ranges from a few tens to one hundred nanome-
ters; (b) much smaller fluorescence probes (units of nanometers), which have high
affinity to the nanoparticle (otherwise they would escape in bulk solvent and would
not report on the nanoparticle); and (c) even smaller solvent molecules. The flu-
orescent molecules are either hydrophobic or amphiphilic (fluorescent surfactants
with a long hydrophobic tail and a water-soluble, often electrically charged fluo-
rescent head group) and they bind in specific nanodomains in the core or close to
the core–shell interface. The system is dilute, but the probes are localized either
inside the nanoparticle or in the vicinity of its surface, where the concentration of
polymer units is high. The discussion will be confined to fluorescent surfactants
that physically bind in the inner part of the water-soluble shell of micelles formed
by hydrophobic–hydrophilic copolymers. In contrast to the low-molar-mass solu-
tions studied by SRM, the system is locally concentrated and strongly anisotropic.
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The properties of the shell [density of polymer units, ionization degree (in weak
polyelectrolyte shells), ratio of free-to-bound (solvating) water molecules, effective
dielectric permittivity, etc.] change in the radial direction from the core–shell inter-
face. In dense parts of the shell, the fluorophore often competes for water molecules
with water-soluble polymer units. The relaxation of the solvate shell is very com-
plicated compared with isotropic systems of small molecules and contains several
contributions that differ significantly in relaxation rates. The complexity (when un-
derstood) offers an opportunity for detailed analysis, but a reliable knowledge of the
behavior obtained by an independent method is indispensable. The time-resolved
Stokes shift provides indirect information both on the solvation (hydration) of water-
soluble polymer chains and on the segmental dynamics, because water molecules
are engaged in the solvation of polymer segments, their motion is slowed down
and coupled with segmental dynamics of polymer chains. If the affinity of the fluo-
rophore to the nanoparticle is not high enough, the fluorescent part can move after
excitation in the radial direction with respect to the nanoparticle and can experience
higher microenvironment polarity during the lifetime of the excited state. This ap-
plies, e.g., to fluorescent surfactants with a short aliphatic tail that are not strongly
anchored to the hydrophobic core. It is thus obvious that it is impossible to offer
a universal scheme for the interpretation of solvent relaxation curves for systems
containing fluorophores bound to nanoparticles. In Sect. 3.3, we will demonstrate
that a careful analysis of data obtained by a combination of fluorescence SRM mea-
surements with other experimental techniques provides details that are otherwise
inaccessible, and that such an analysis helps to formulate reliable conclusions on
the system behavior. As already mentioned, SRM has been very little used in poly-
mer research so far. The main goal of pertinent parts of the paper is to “advertise”
this technique and show its scientific potential.

2.4 Fluorescence Quenching and Nonradiative Excitation
Energy Transfer

2.4.1 Fluorescence Quenching

In the preceding sections, it was shown that all nonradiative processes that com-
pete with fluorescence shorten the fluorescence lifetime and weaken the emission
intensity. Some of them, such as vibrational relaxation, depend on the fluorophore,
solvent, and temperature. They predetermine the natural fluorescence lifetime, τF0,
which is defined as the lifetime in the absence of any additional factors that can
specifically quench the fluorescence. The molecules that strongly interact with the
excited fluorophore are therefore called quenchers.

Fluorescence quenching requires a close approach of the quencher to the
fluorophore and hence it can be used for studying various structural problems
and dynamic processes. When both the fluorophore and quencher are dissolved
in a solution, the time-resolved data report on the rate of diffusion. When the
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fluorophore is covalently attached to a polymer that segregates in aqueous media
into hydrophobic and hydrophilic domains, study with a water-soluble quencher
can answer the question of whether the labeled part of a polymer chain is accessible
to water or not. Fluorescence quenching experiments are easy to perform and they
have been used in biochemistry and in polymer science since the early 1950s [57].

One can distinguish two types of quenching processes: (a) dynamic (collision)
and (b) static quenching. In the first case, the quencher (usually a transition or heavy
metal ion, a complex containing a metal ion, a molecule containing a heavy atom,
or oxygen) collides with excited fluorophore. During the contact, the excitation en-
ergy is transferred to the quencher and dissipates into the surrounding medium. This
quenching affects the lifetime and consequently the emission intensity. Both fluo-
rescence characteristics fulfill the well-known Stern–Volmer equation [58]:

F0

F
=

τF,0

τF
= 1 + KSVcQ, (4)

where F0 and F , and τF,0 and τF are the steady-state fluorescence intensities and flu-
orescence lifetimes in the absence and presence of the quencher, respectively. KSV

is the dynamic Stern–Volmer constant, which is a product of the dynamic quench-
ing rate constant kq and the fluorescence lifetime in the absence of the quencher,
KSV = kqτF,0, and cQ is the concentration of the quencher. If the motion of the flu-
orophore and quencher is a free diffusion, the dynamic quenching constant, kq, is
a product of the quenching efficiency, γ , and the diffusion-limited bimolecular rate
constant for collision, k, which can be calculated from the Smoluchovski equation:

k = 4πDRmolNA, (5)

where D and Rmol are the sum of diffusion coefficients and molecular radii, respec-
tively, and NA is the Avogadro number.

Quenching may also occur by a static process, which does not involve diffusion,
due to a reversible formation of a nonfluorescent fluorophore–quencher complex in
the ground state. In this case, part of fluorophore is incorporated into the complex
and does not contribute to the fluorescence at all, and another part of the fluorophore
exhibits the unaffected fluorescence with the natural fluorescence lifetime, τF,0. The
intensity of the fluorescence in the presence of the quencher is weaker, but the life-
time is unaffected. The Stern–Volmer plot is again linear and reads:

F0

F
= 1 + KAcQ, (6)

where KA is the association constant for the fluorophore–quencher complex. It is
evident that a combination of steady-state and time-resolved measurements allows
an unambiguous discrimination between pure static and dynamic quenching. An
independent test can be based on measurements at different temperatures. Increasing
temperature accelerates the rate of diffusion and generally promotes the dissociation
of the complex. Hence, the slope increases with temperature for dynamic quenching
and decreases for static quenching.
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In many real systems, the Stern–Volmer plots are not linear due to various
transient effects, which might lead to an up-curvature of the plot. On the other hand,
an uneven accessibility of fluorophores in heterogeneous systems causes down-
curvature and the leveling of the plot. Quite a number of models for analyzing
fluorescence decays in specific systems have been proposed in the literature [8].

2.4.2 Nonradiative Excitation Energy Transfer

The nonradiative excitation energy transfer, NRET (called also the resonance or
direct energy transfer), belongs to processes that quench the fluorescence of the
excited fluorophore (donor) by transferring the excitation energy to another fluo-
rophore (acceptor) over nanometer distances. Its mechanism was first elucidated
by Förster about 60 years ago. In contrast to collision quenching, which requires
a close approach of interacting species, Förster quenching assumes a “long range”
electrostatic interaction of the dipole moment of the excited donor and acceptor in
the ground state. The theory predicts that the interaction strength decays with r−6,
which limits the NRET effect for most practically important donor–acceptor couples
to the nanometer range. The transfer concerns the short-living and only weakly in-
teracting excited states of both fluorophores and proceeds under the condition of the
conservation of total energy as a resonant process. The energy conservation requires
that the excited electronic state of the acceptor is either the same or slightly less than
that of the donor, because some excess energy can be dissipated in the vibrational
energy. From the spectroscopic point of view, it means that the emission band of
the donor has to overlap with the absorption band of the acceptor. If the interaction
is purely dipolar and weak, and if the rate of transfer is proportional to the square
of vibronic interaction energy, then the Förster formula holds for the transfer rate
constant [59–61]:

kT =
(

1
τd

)(
R0

R

)6

, (7)

where τd the fluorescence lifetime of the donor in the absence of the acceptor, R
is the distance between donor and acceptor, and R0 is the Förster radius, which is
defined as the critical distance for which the rate of energy transfer is the same as
that of fluorescence:

R0 =
9(ln10)κ2QdJ

128π5n4NA
, (8)

where κ2 is the orientation factor for the dipole–dipole interaction (depending on the
angle between the involved dipole moments), Qd is the quantum yield of the donor
emission in the absence of the acceptor, n is the refractive index, NA the Avogadro
number, and J is the normalized spectral overlap integral given by:

J =

∫
Fd(λ )εa(λ )λ 4dλ
∫

Fd(λ )dλ
, (9)
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where Fd(λ) is the emission spectrum of the donor (i.e., the fluorescence intensity
of the donor in the absence of the acceptor at a given wavelength λ) and εa(λ) is
the molar absorption coefficient at the wavelength λ. The energy transfer efficiency
ξ T is equal to kT/(kT + kF + k′), where kT and kF are the rate constant of the energy
transfer and fluorescence decay, respectively, and k′ is the sum of rate constants of
all nonradiative de-excitation processes. ξ T depends on the distance between the
fluorophores, on the spectra overlap, and on the orientation factor κ2 [62, 63]. This
factor ranges from 0 to 4 depending on the orientation of fluorophores. It reaches
the minimum value for the perpendicular orientation and the maximum value for
the parallel and aligned orientation. Its evaluation causes some problems in experi-
mental studies. For a random orientation of fast-rotating fluorophores, the averaging
gives its “random dynamic” limit, κ2 = 2/3.

Fluorescence quenching and NRET belong to popular fluorescence variants that
have been exploited in a number of fields, including polymer and biopolymer re-
search. NRET has been used in studies of polymer chain conformations [64–68],
polymer miscibility [69–71], etc. Collision quenching, which reflects the accessibil-
ity of different quenchers, has been applied for testing the environment of pendant
quenchers in polymer and biopolymer structures and associates [72–74]. Because
the measurement is relatively simple, both techniques are “benchmark” fluores-
cence techniques in polymer science. Therefore, we could not avoid their use and,
in spite of a number of review articles on that subject, we will briefly outline our
results aimed at polymer self-assembly.

2.5 Fluorescence Correlation Spectroscopy

Fluorescence correlation spectroscopy (FCS) [75] is an optical method for studying
dynamic processes, particularly the diffusion of intrinsically fluorescent or fluores-
cently labeled species, ranging from small molecules to nanoparticles. It has been
widely used in biochemistry and biology [76–80], but its applications in polymer
science [81, 82] are rather limited. In a typical experimental setup, the excitation
beam passes through a very dilute (typically 10−9 M) solution of fluorescent par-
ticles and is focused in a very narrow region of roughly ellipsoidal shape. A small
active (effective) volume, from which the signal (fluorescence emission) is detected,
contains only a few fluorescent particles. The spatial profile of the excitation irradi-
ation, E(r), can be reasonably approximated by the Gaussian function:

E(r) = E0 exp

(
−x2 + y2

2ω2
1

− z2

2ω2
2

)
, (10)

where E0 is the maximum intensity, r = (x,y,z) is the position with respect to the
maximum irradiated center of the active volume and ω1 and ω2 are the half-axes
of the ellipsoid and depend on the experimental setup. The fluorescent molecules
undergo a translational diffusion motion, i.e., they enter and leave the active volume
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and visit places irradiated with different intensity of the excitation beam. This affects
the probability of excitation and causes non-negligible fluctuations in the fluores-
cence intensity.

The time-resolved monitoring and evaluation of the autocorrelation function of
the emission intensity fluctuations yield information on the diffusion rate of fluo-
rescent species. However, the experimental measurement is affected by a number
of parasite side effects. First, the intensity of the focused beam is very high, which
promotes photobleaching (mainly the transition to the triplet state). Hence, only a
few very stable and resistant fluorophores (rhodamine dyes or BODIPY) can be
employed and still an appropriate correction has to be used when evaluating the
diffusion coefficients. Second, the multiple labeling of particles of finite size can
generate additional problems. We will focus on some of these complications in
Sects. 3.5 and 4.3.

The quantity measured in FCS experiments is the autocorrelation function of the
fluorescence intensity fluctuations, G(τ), defined as:

G(τ) =
〈F(t)F(t + τ)〉

〈F(t)〉2 , (11)

where F(t) is the emission intensity at time t and τ is the lag time. When it is
assumed that the motion of photophysically and photochemically stable point-like
particles is strictly diffusive, and the excitation intensity profile is exactly Gaussian,
an analytical expression for the autocorrelation function can be derived in the
form [83]:

G(τ) = 1 +
1

VeffcF

(
1 +

τ
τD

)−1
[

1 +
(

ω1

ω2

)2 τ
τD

]−1/2

, (12)

where τD is the characteristic diffusion time and cF is the average concentration of
fluorescent particles in the active (effective) volume, i.e., their macroscopic concen-
tration if we neglect the potential “optical tweezer” effect of the strong electric field.
The illuminated effective volume Veff is defined as:

Veff =

[∫
V

E(r)d3r
]2

∫
V

E2(r)d3r
. (13)

The characteristic diffusion time, τD, is the typical time within which a particle
diffuses over the diameter of the active volume. It is related to the translational diffu-
sion coefficient D = ω2

1/4τD. Of the parameters of (12), only three are independent.
The parameters of the optical setup, Veff and ω1/ω2 ratio, can be determined be-
forehand from an independent measurement using a small fluorophore with known
diffusion coefficient (e.g., rhodamine B). Thus, only two unknown parameters, cF

and τD, remain to be obtained from the experimental data fit.
When discussing the application of FCS in polymer science, it is instructive

to compare its advantages and disadvantages with the dynamic light scattering
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(DLS) method, which serves as a “benchmark” technique for measuring diffusion
coefficients of polymers. For sufficiently large, strongly scattering polymers and
polymeric nanoparticles, DLS is a generally applicable technique and yields more
precise data because it is less affected by parasite side effects and requires the
evaluation of a lower number of unknown parameters from the fit than does FCS.
A further advantage of DLS in comparison with FCS consists in the exponential
form of individual contributions to autocorrelation functions, which facilitates the
treatment of polydisperse systems and/or separation of translational diffusion of the
particles from their internal motions by means of inverse Laplace transformation.
Last, but not least, the possibility of performing angular measurements provides an
additional piece of information on the character of processes that generate fluctua-
tions in the scattered light intensity.

In contrast to light scattering (LS) techniques, FCS can be used for a wider range
of particle sizes, but it requires strong fluorescence of the studied species. This ap-
parent drawback is often advantageous and FCS can be used for studying relatively
small fluorescent particles in an excess of strongly scattering large particles. Care-
ful design of the FCS experiment (proper choice of the extrinsic probe, exploitation
of the dependence of the quantum yield on experimental conditions, etc.) can add
other advantages. For example, fluorescent surfactants with a long aliphatic tail are
hardly soluble in water and form self-quenched dimers and trimers at concentra-
tions well below the critical micelle concentration (c.m.c.). They bind strongly to
polymeric nanoparticles in the form of monomers and the emission increases after
binding. Hence, the partitioning of probes between nanoparticles and the bulk aque-
ous phase, and the potential presence of a fraction of free and fast-moving probes in
the solution does not perturb the study of large labeled nanoparticles [84].

There is one more difference between DLS and FCS results. DLS provides the
z-average D, which is strongly affected by the presence of small amounts of large
and strongly scattering species such as microgels, micellar aggregates, etc. In some
cases, the scattering can be dominated by traces of such strong scatters, and in-
formation on 90–95 wt% of the polymer material of interest is lost. In contrast to
DLS, FCS yields the number average characteristics, which are equally affected by
particles of all sizes and reflect their number fractions.

In our recent studies, we focused on several complicating factors arising in stud-
ies of nanoparticles of a non-negligible size (e.g., polymeric micelles, vesicles) that
can carry several fluorescent labels. When the dimensions of such particles become
comparable to the typical dimensions of the effective volume (ω1, ω2), the corre-
lated motion of the fluorophores located on a single particle affects the shape of the
autocorrelation function. Recently, an approximate expression for the FCS autocor-
relation function of diffusing particles of finite size has been derived by Wu et al.
[85]. They have shown that the autocorrelation function of uniformly labeled spher-
ical particles can be expressed in a form similar to (12) where the diffusion time,
concentration, and dimensions of the active volume are replaced by corresponding
apparent quantities that depend on the particle size. Qualitatively, the same results
were obtained in our computer simulations, which are discussed later (see Sect. 4.3).
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Another contribution to the correlation function, which cannot be neglected for
large particles, is their rotational motion. This problem has not been treated the-
oretically so far but intuitively one can expect that when a large particle rotates,
the mean-square displacement of embedded flurophores would be larger than that
without rotation. Hence, a higher apparent diffusion coefficient than that for a pure
translational diffusion should be observed. Recently, we also addressed this prob-
lem in our computer simulations. Because the use of FCS in polymer science is very
limited, we will describe its advantageous features in Sect. 3.5.

3 Fluorescence Studies of Self-Organizing Polymer Systems

3.1 Brief Introductory Remarks

In this section, we will outline our work [84, 86–98] performed either within
(or strongly related to) the POLYAMPHI network. We selected four typical ex-
amples that show (a) application of different variants of TRFS and (b) their high
research potential. We describe the motivation and strategy of each study, sum-
marize the most important observations obtained by a combination of several
experimental techniques underlining the results of fluorescence methods, and dis-
cuss their specific advantages. Finally, computer simulations aimed at the support
and elucidation of the complex behavior are outlined (Sect. 4).

The first study [86] concerns the conformational transition of polyelectrolyte
(PE) chains in aqueous solutions with pH. The only used experimental technique
was time-resolved fluorescence anisotropy. The experimental work suggesting
the formation of “supercoiled” globular structures within poly(methacrylic acid)
(PMA) chains with decreasing degree of ionization was done before the publication
of the highly recognized paper by Dobrynin, Rubinstein and Obukhov [99] and
before our participation in POLYAMPHI. However, thanks to the advances in com-
puter technology and the methodology of computer simulations, we were recently
able to support our earlier conclusions, made on the basis of fluorescence study, by
molecular dynamics (MD) simulations [87] (described in Sect. 4).

The second example concerns the multidisciplinary study of the micelliz-
ing block copolymer polystyrene-b-poly(2-vinylpyridine)-b-poly(ethylene oxide)
(PS–PVP–PEO), which shows a high tendency to aggregation and the formation of
micellar clusters [88, 89]. It shows the application of SRM for studying the mobility
and structural details of different domains in micelle-like polymeric nanoparticles.
The fluorescence technique reveals interesting features of studied systems that are
hardly accessible by other techniques. Section 3.3 is devoted to the development
of the methodology of the solvent relaxation technique for studying nanostructured
self-assembling systems.

The third example concerns a series of our LS and fluorescence studies on the
structure and dynamics of micellar shells formed by weak PEs [90, 91] and the
effects caused by the hydrophobic modification of shell-forming blocks [92–96].
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The knowledge of changes in the shell structure due to hydrophobic modification of
micelles is very important for their application as vessels in targeted drug delivery
systems. In commonly designed systems, a small number of targeting groups are
attached at the ends of shell-forming chains. The targeting groups are usually quite
large and complex structures and may have an amphiphilic character due to the pres-
ence of one or more hydrophobic domains. When attached to micelles, they could
try to avoid the polar aqueous medium and bury partially in the shell, which would
decrease the targeting efficiency. To address this problem, we performed studies of
model micellar systems tagged by small, but strongly hydrophobic, fluorophores.
The experimental study employed a combination of time-resolved fluorescence
measurement of the nonradiative energy transfer with LS techniques and the data
were interpreted with help of Monte Carlo (MC) computer simulations.

The last example is meant as a sort of advertisement of FCS in polymer research
[84, 90, 97, 98]. This experimental technique is very popular in biochemical and
biological research, but is only little used in polymer science.

3.2 Conformational Transition in Weak Polyelectrolyte Systems
Studied by Fluorescence Anisotropy

3.2.1 Motivation

Weak PEs contain ionizable groups in their chains that can dissociate in polar sol-
vents, leaving electric charges on the chain and producing small mobile counterions
that can escape into the bulk solvent. In contrast to strong PEs, where the positions
and the number of the charged groups on the chain is determined by the synthesis
and are independent of external conditions (pH, ionic strength, etc.), the dissociation
of weak PEs depends on pH, ionic strength and other parameters of the system. Un-
der equilibrium conditions, the charges appear and disappear at different positions
on the chain via reversible dissociation/association processes with a fairly high fre-
quency. Hence, the distribution of charges is an “annealed variable” in contrast to
strong PEs, where it is “quenched”. This is why strong and weak PEs are also called
“quenched” and “annealed” polyelectrolytes, respectively. Due to the high impor-
tance of PEs, their solutions and melts have been studied for a long time by a number
of teams of experimentalists and theoreticians, and also by computer simulations
[100]. The number of published studies is so vast that it is futile to give all relevant
references. In the following text, we include only references to recent review articles
and to the most important seminal studies relevant for the studied topic.

Because the understanding of the behavior of quenched PEs in solutions is much
better than that of annealed PEs, first we will briefly summarize the most important
conclusions concerning quenched PEs to show common features and then extend
the discussion to weak PEs. It was realized relatively early that a sparsely ionized
PE chain forms a compact globular conformation in a poor solvent whereas the
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conformation of the chemically similar, but highly ionized polymer is much more
expanded. Hence, the solvent quality for a PE not only depends on the polymer,
solvent, and temperature but also on the degree of ionization. A poor solvent for a
neutral chain can be a good solvent for the same polymer when it is charged. The
first theoretical attempt to treat the quenched PE chain in poor solvent was made by
Khokhlov [101]. He showed that a spherically symmetrical globular globular con-
formation deforms in a prolate ellipsoid (almost a cylinder) with increasing charge.
More detailed (nowadays generally accepted) description is provided by the pa-
per by Rubinstein, and Obukhov [99]. The article predicts the formation of “pearl
necklace” structures as a series of collapsed parts of the chain (globules, pearls)
interconnected by stretched parts of the chain (strings). This inspired by earlier
theoretical works by Kantor and Kardar [102], who explained the pearl necklace
formation by physical arguments as used by Rayleigh in 1882 when he explained
the instability of charged oil droplets [103]. The repulsion of electric charges tends
to expand the droplet, but the interfacial energy tries to contract it. When a critical
charge is reached, the droplet becomes unstable and splits in two smaller droplets,
which move away from each other, thus minimizing the Gibbs energy. Analogous ar-
guments explain the formation of “pearls” on the chain. In poor solvents, an attempt
to minimize the number of unfavorable interactions between the polymer segments
and solvent molecules leads to a compact globular conformation with minimum
surface area. When the charge in the globule is such that the Rayleigh instability
condition is fulfilled, it splits in two smaller globules. Because of chain connectiv-
ity, the daughter globules (pearls) are kept at a certain distance by a stretched part of
the chain and cannot separate from each other. The above hypothesis was confirmed
both by MC and MD simulations [104, 105] and at present, it is a generally accepted
scheme of behavior of quenched PE chains.

In annealed PE chains, the situation is more complex. The probability of disso-
ciation of a particular ionizable group depends, among other factors, on its distance
from the nearest already ionized group. Hence, the distribution of charges may
change in a cooperative manner with changing conformation. Therefore, it is not
surprising that both theoretical and computer studies predict behavior that differs
from that of quenched PEs. It was theoretically predicted by Raphael and Joanny
[106] that an annealed PE in poor solvent should undergo the first-order transition
from a highly charged expanded conformation to a collapsed conformation with
very low ionization degree with a change in pH. Recently, it was shown by MC
simulations in a semi-grand canonical ensemble [107, 108] that this behavior oc-
curs deep in the poor solvent regime. However, in a mild poor solvent (close to
θ -conditions), the transition proceeds via the necklace of pearls. A number of the-
oretical studies and MC simulations that have appeared recently support the above
scheme. Most of these studies confirmed the possibility of the cascade transition
via the pearl necklace structure only under conditions close to the θ -state. However,
some controversy still exists because, e.g., Ulrich et al. [109, 110] found the neck-
lace of pearl structure in very bad solvents at high degrees of ionization, and other
authors, e.g., Borukhov et al. argued that the plateau on the titration curve does not
have to be related to the sharp conformational transition [111].
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PMA belongs to the most common and most important weak PEs. The behavior
of its aqueous solutions has been a subject of numerous studies [112–118], which
started in early 1950s with the paper by Katchalski [112]. The most important
achievements were made by Strauss et al. [113–116], Morawetz et al. [117], and by
Ghiggino et al. [118]. It was soon recognized that PMA differs from other PEs, e.g.,
from chemically similar poly(acrylic acid). In 1985, Ghiggino and Phillips [118]
were the first to propose the “necklace of pearls” model specifically for PMA on
the basis of indirect fluorescence studies, i.e., more than 10 years before a similar
model by Dobrynin became popular and generally recognized (however, their paper
is almost unknown).

3.2.2 Outline of Experimental Study and the Most Important Observations

As already mentioned, our experimental study [86] was inspired by the Ghiggino
work [118] and by papers published by the Morawetz group [117]. The study was
performed several years before the the Dobrynin paper [99] and was aimed at bet-
ter understanding the conformational transition at that time called “hypercoiling” or
“supercoiling”. We wanted to find our whether the transition proceeds as a cooper-
ative sharp transition or as a progressive smooth process.

The strategy of the study was straightforward. A series of linear PMA samples
differing in molar mass (Mw ca. 300,000) were synthesized and randomly tagged by
pendant dansyl probes with degree of tagging below 1 mol%. Fluorescence lifetime
and anisotropy measurements were performed in solutions differing in pH, ionic
strength, and polymer concentration. The results were analyzed according to the
model of Ghiggino and Phillips, and the working hypothesis that the supercoiling is
a progressive process was tested. A dansyl moiety attached to the chain by a short
flexible spacer (Fig. 5) is a suitable probe for this type of study. The position of the
emission band does not depend on microenvironment polarity, but its quantum yield

Fig. 5 The structure
of dansyl-labeled PMA
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Fig. 6 Typical dependence
of (a) the fluorescence
lifetimes τF,1 and τF,2 (1 fast
process, 2 slow process) and
(b) relative amplitude of the
fast process A1 of the
dansyl-labeled PMA on pH

and fluorescence lifetime do. It is also a good probe for anisotropy measurements.
The probes covalently attached to stretched parts of the chain (Fig. 5) are exposed to
polar water molecules and can rotate fast, but those entrapped in nonpolar collapsed
domains are considerably immobilized. It is evident that both the fluorescence and
anisotropy decays monitor changes in chain conformation.

The most important results can be summarized as follows: The time-resolved
fluorescence intensity decays measured in solutions of several PMA samples in a
wide range of pH and ionic strength were always double-exponential. Both the short
(units of nanosecond) and the long (tens of nanoseconds) fluorescence lifetimes
increase with decreasing pH. Typical data are shown in Fig. 6a. The τF,1 and τF,2

dependences vs. pH (curves 1 and 2, respectively) exhibit a pronounced sigmoid
shape, with the inflection point close to pH 5.5. The relative pre-exponential factor
of the short-living fluorescence component, A1, increases with increasing pH. The
A1 dependence on pH is depicted in Fig. 6b.

The obtained results can be explained as follows. In the pH region where the
necklace of pearls structure exists, a fraction of probes are entrapped in compact
globules and experience the nonpolar medium. The other probes attached to the
stretched parts of the chains are exposed to polar water molecules. The probes
are thus effectively distributed in two different microenvironments. The short life-
time corresponds to the water-exposed and the long one to the globule-embedded
probes. The pre-exponential factors, when corrected by corresponding quantum
yields, give the number fractions of both types of probes in the macroscopic ensem-
ble. In the first approximation, the factors reflect the average numbers of monomer
units in stretched and collapsed parts of the chain.

As the probe is more hydrophobic than the PMA monomer unit, we expect it
induces a preferential collapse of the PMA chain in its vicinity. Nevertheless, the
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Fig. 7 Typical dependence
of the mean rotation
correlation time τc and the
mean fluorescence lifetime τF
of dansyl-labeled PMA on pH
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measurements indicate that significant numbers of probes are exposed to water, even
at low pH. A steep increase of fluorescence lifetimes and pre-exponential factor
at around pH 5.5 suggests a sudden change in the microenvironment polarity of a
considerable fraction of probes in a very narrow pH region.

Because of the complexity of the reorientation motion, we will discuss only the
mean rotation correlation times, τc, even though the anisotropy decays indicate the
presence of fast- and slowly rotating pendant probes. At high pH, the rotation cor-
relation times are short (units of nanoseconds and less), but the residual anisotropy
is non-negligible. It means that the rotation around single bonds of the spacer is
fast, but reorientation does not proceed in all dimensions in the nanosecond time
window. The τc dependence on pH is shown in Fig. 7. It is evident, that the re-
orientation slows down considerably with decreasing pH, but the change is quite
gradual as compared with changes in mean fluorescence lifetime τF. The increasing
values of the rotation correlation time reflect both (a) the locally restricted motion
of the probe embedded in a collapsing part of the chain, and (b) rotation of the col-
lapsed part of the chain around the axis defined by stretched parts connecting it with
other globules (tens of nanoseconds are reasonable values for such a rotation). This
type of “pseudo-one-dimensional” rotation of globules is supported by high residual
anisotropy obtained at low pH.

A comparison of τF and τc vs. pH curves reveals interesting details: (a) curves
in Fig. 7 differ in the steepness of the region close to their inflection points, and
(b) onset of rising parts is shifted. Analysis of the above differences offers a deeper
insight into behavior at the molecular level. The fluorescence lifetimes are sensitive
to the polarity of the immediate microenvironment of the probe: when the chain
starts to collapse at a certain pH, a small part of it reorganizes around the probe.
Decreasing polarity hinders the dissociation of carboxylic groups in this domain
and the interactions of the fluorophore with the microenvironment change suddenly
(non-dissociated polymer units induce changes in the structure of water). The fluo-
rescence lifetime is affected immediately and increases steeply with decreasing pH.
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In contrast, the average rotation correlation time changes more slowly and we
suppose that it better monitors the conformational behavior of PMA and shows grad-
ual changes of chain conformations. A slow growth of τc is a result of a compromise
between two effects: (a) the gradual increase in the mass of collapsing and fus-
ing globules and (b) their increasing compactness. We believe that the comparison
of τF and τc versus pH dependences supports the hypothesis that the conforma-
tional change is a gradual transition via the pearl necklace structures with pH. In
the intermediate pH region, small globules grow and fuse with decreasing pH and
simultaneously their density increases. At low pH, when only one compact globular
conformation has been created, further decrease in pH promotes its compactness,
which translates in its decreasing size and faster rotation. Hence the curve, which
first rises with decreasing pH, drops appreciably in the low pH region.

The conclusions that we formulated in early 1990s are, in principle, in agree-
ment with up-to-date knowledge. Water is a poor (but not too bad) solvent for
non-ionized PMA and, hence, the conformational transition is expected to proceed
not as a sharp transition, but via a cascade of pearl necklace structures. In Sect. 4.1,
we will show that our recent MD simulations support the above description of the
behavior. We included this almost-forgotten experimental study in the present fea-
ture article mainly because we returned to this problem and studied it theoretically
within the POLYAMPHI network.

3.3 Solvent Relaxation Study of Self-Assembled Systems

3.3.1 Reversible Aggregation of Block Copolymer Micelles with PVP–PEO
Shells in Acid Aqueous Solutions

Motivation

In a series of recent papers, we studied the copolymers containing PEO blocks
[119–121]. PEO is biocompatible and easily soluble in aqueous media, and there-
fore it has been used as a shell of self-assembled biocompatible nanoparticles
designed for targeted drug delivery [122]. The behavior of concentrated aqueous
PEO solutions is fairly complex. It is influenced by the presence of a strongly hy-
drophobic (–CH2CH2–) group and hydrophilic (hydrogen-bonding) oxygen atom in
its monomer unit. The amphiphilic character of PEO results in a strong aggrega-
tion tendency in some solvents. The presence of aggregated PEO chains in solutions
has been proven by different experimental techniques, including light [123–127]
and small-angle neutron scattering [128] and pulsed-field-gradient nuclear magnetic
resonance (NMR) spectroscopy [125]. Even though various explanations of the ag-
gregation mechanism (crystallization [123], inter-chain hydrogen bonding or the
chain-ends effect [128], and subtle phase separation [129]) have been proposed,
the exact origin of PEO aggregation under different conditions (PEO concentration,
temperature, and also specific interactions with solvent molecules and other compo-
nents) remains uncertain.



Fluorescence Spectroscopy as a Tool for Investigating the Polyelectrolyte Systems 215

Some time ago, we investigated the behavior PEO-containing PE terpolymer
PS–PVP–PEO in aqueous solutions [88, 89]. The micellization of this copoly-
mer is strongly pH-dependent because PVP is protonized and therefore soluble
in acidic solutions at pH lower than 4.8, but is deprotonized and therefore water-
insoluble at higher pH. The PS–PVP–PEO micelle is a three-layer nanoparticle in
which the PVP blocks form a middle layer between the rigid PS core and the PEO
shell. The PVP layer is either collapsed at high pH, so that PS–PVP–PEO micelles
resemble onion micelles formed in mixtures of PS–PVP and PVP–PEO diblock
copolymers, or it is partially protonized, swollen, and flexible in acid aqueous me-
dia, so that the PVP layer becomes a soluble inner shell between the core and the
outer PEO shell.

We found that the studied micelles containing long PEO chains, which should as-
sure their solubility and thermodynamic stability, are surprisingly apt to a secondary
aggregation and formation of micellar clusters. We suspected that the secondary
aggregation of the PEO shell is caused by a hindered and incomplete solvation.
Therefore, we supplemented the LS study of micellar solutions by SRM, with the
aim of obtaining detailed information on the solvation of micellar shells.

Outline of Experimental Study and the Most Important Observations

The studied triblock copolymer PS–PVP–PEO was purchased from Polymer Source
(Dorval, Canada). The number-average molar masses of PS, PVP, and PEO blocks
were 2.1 × 104, 1.2 × 104, and 3.5 × 104 g mol−1, respectively, and the poly-
dispersity index of the sample was 1.10. The copolymer is insoluble in aqueous
media, but the micelles can be prepared indirectly both in acidic and alkaline aque-
ous solutions by dialysis from 1,4-dioxane–methanol mixtures [88]. The micelles
can be transferred from acidic to alkaline alkaline solutions and vice versa, but the
addition of a base together with intense stirring promotes aggregation. Two factors
contribute to the destabilization of micelles after the pH increase: (a) In alkaline
media, the PVP blocks become insoluble, collapse and form an upper layer of the
core. Since the cores of micelles are kinetically frozen, the association number does
not change. The mass of insoluble cores increases, while the length of soluble shell-
forming chains decreases, which results in a deteriorated thermodynamic stability of
micellar solutions. (b) The PVP middle layer shrinks and PEO chains come close to
each other, which worsens the solubility due to insufficient solvation of PEO blocks.

The most surprising feature of the behavior of PS–PVP–PEO micelles with
water-soluble PVP (protonized) and PEO blocks in acidic media is their aggrega-
tion in the region of low pH. Because it is a rather unexpected phenomenon, we
studied it in more detail. The distributions of relaxation times obtained by DLS
are bimodal (Fig. 8). Angular dependences (not shown) prove that both fast and
slow relaxation modes correspond to diffusive processes. The intensity of the slow
mode decreases with increasing pH and decreasing copolymer concentration. At
very low copolymer and HCl concentrations, the slow mode disappears completely.
The DLS measurements thus show that PS–PVP–PEO solutions contain two types



216 K. Procházka et al.

10−1 100 101 102

cp=0.09 g/L

10−1

10−2

10−3

10−4

τA
(t

)

τ / ms

cHCl, mol/L

10−1 100 101 102

cp , g/L

cHCl = 10−3 M

0.75

0.38

0.19

0.09

Fig. 8 Relaxation time distributions for PS–PVP–PEO solutions in HCl aqueous solutions, mea-
sured (left) at the copolymer concentration, cp, of 0.09 g L−1 and HCl concentrations of 10−4,
10−3, 10−2 and 10−1 mol L−1; and (right) in 10−3 M HCl, with copolymer concentrations of 0.09,
0.19, 0.38, and 0.75 g L−1

Fig. 9 Hydrodynamic radius,
RH, of PS–PVP–PEO
micelles in acidic aqueous
solutions, as a function of pH
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of particles and the balance between individual micelles and aggregates shifts in
favor of aggregates with (a) increasing concentration of HCl and (b) increasing
copolymer concentration.

A strong effect of electrostatic screening is evident from the dependence of the
size of micelles on pH (Fig. 9). In the pH range above 3, the concentration of ions
and the screening are negligible and RH increases with decreasing pH due to sub-
stantial protonization of PVP blocks. The maximum RH is reached at around pH 3.
Below this pH value, a decrease in RH is observed due to electrostatic screening by
an increasing concentration of small ions.
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Fig. 10 Structures of (I) patman, (II) prodan, and (III) laurdan

Even though the aggregation of evenly charged micelles is a slightly surprising
phenomenon, the effect of pH is an understandable result of electrostatic inter-
actions. The addition of HCl supports the protonization of PVP blocks, but the
H3O+ and Cl− ions efficiently screen the electrostatic forces, which promotes the
aggregation.

We performed the solvent relaxation study of acidic PS–PVP–PEO solutions with
the aim of (a) proving the assumption that the formation of micellar clusters is a
result of an insufficient solvation of PEO units, and (b) understandinghow the sol-
vation is affected by pH and ionic strength.

First, we studied the solvent relaxation in solutions of diblock copolymer
micelles. A commercially available polarity-sensitive probe, patman (Fig. 10,
structure I), frequently used in phospolipid bilayer studies [123], was added to
aqueous solutions of PS–PEO micelles. The probe binds strongly to micelles be-
cause its hydrophobic aliphatic chain has a strong affinity to the nonpolar PS core.
The positively charged fluorescent headgroup is supposed to be located in the PEO
shell close to the core–shell interface. The assumed localization has been supported
by time-resolved anisotropy measurements.

The time-resolved emission spectra (TRES), FTR(ν, t), were reconstructed us-
ing the steady-state emission spectrum, F(ν), and the fluorescence decays, I(ν,t),
measured at different wave numbers ν , according to the formula [130]:

FTR(ν, t) =
I(ν, t)F(ν)

∞∫

0

I(ν, t)dt

. (14)
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For monitoring the relaxation process, we used two parameters of the time-resolved
emission spectrum: (a) the full width in the half-maximum (fwhm) at the time t
after excitation, δ (t), and (b) the correlation function, C(t), corresponding to the
normalized time-dependent Stokes shift [130]:

C(t) =
νmax(t)−νmax(∞)
νmax(0)−νmax(∞)

, (15)

where νmax(t) the wave number of the emission maximum at the time t after ex-
citation. The value,νmax(0), corresponding to the energy level of the maximum
disturbed system immediately upon excitation is not experimentally available but
can be estimated by assuming that the initial Stokes shift corresponds to the differ-
ence of the absorption maxima between the studied polar solvent and a nonpolar
reference solvent (hexane, etc.) [131]. For patman, which is charged and insoluble
in nonpolar nonpolar solvents, we used spectra of an analogous compound, prodan
(Fig. 10, structure II), because their spectra are almost identical in a large series of
common solvents.

The comparison of the span of measured values with that based on the “time
zero” estimation suggests that at least 70% of the reorientation motion has been dis-
played by monitoring the fluorescence behavior of micelle-embedded patman with
our instrumental setup (time resolution). Figure 11 (curve 1) depicts the relaxation
correlation function monitored by patman bound to diblock PS–PEO micelles.

Furthermore, we measured the time-dependent halfwidth of the emission spec-
tra, which provides useful information on the extent of the studied process. It has
been shown that the halfwidth should be constant in continuously relaxing ho-
mogeneous systems. In spatially inhomogeneous systems, the relaxation behavior
proceeds differently. Because the properties of the system vary in space, indi-
vidual fluorophores distributed in the system are nonequivalent and their solvent
shells respond with different rates to the local electric field. This inhomogeneity
gives rise to a new phenomenon that reflects the time distribution of phases of

Fig. 11 Time-resolved
Stokes shift, C(t), of patman
in PS–PEO micelles (curve 1)
and PS–PVP micelles
(curve 2). Inset:
Time-dependent halfwidth of
the time-resolved emission
spectra of patman in PS–PEO
micelles (curve 1′) and in
PS–PVP micelles (curve 2′)
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relaxations of individual solvation shells during the relaxation. The observed
transient inhomogeneity increases significantly and the time-dependence of the
observed halfwidth passes a pronounced maximum.

The time evolution of the halfwidth of the emission spectra provides informa-
tion on whether the entire response, or just a part of it, was captured within the
time-window of the experiment. If only a decrease is observed, the early part of
the relaxation process is beyond the time resolution of the TCSPC equipment. By
contrast, if only an increase is observed, the process is slow and the lifetime of the
used fluorophore is not long enough for monitoring the overall relaxation process.
The time evolution of the halfwidth is depicted in the inset in Fig. 11 (curve 1′). The
curve with a well-pronounced maximum supports the conclusion that the experi-
mental setup detects ca. 70% of the total response, which we have drawn from the
“time zero” frequency estimate. Therefore, we assume that a major part of the relax-
ation dynamics of bound water molecules engaged in the solvation sphere of PEO
units occurs in the nanosecond time-range and can be monitored by time-resolved
fluorescence measurement.

In order to get an idea of where the dye is located in the micelle, we performed
time-resolved anisotropy measurements. The anisotropy of polarity-sensitive probes
is not a good tool for monitoring the microviscosity because both the reorientation
time and the residual anisotropy are influenced by solvent relaxation, and are thus
wavelength-dependent [15]. Nevertheless, the measurements provides rough infor-
mation on the viscosity of the microenvironment of the probe. The measurement
of decay curves was performed at different wavelengths. All decays clearly showed
high residual anisotropy (Fig. 12), indicating that the dye is localized in a con-
strained and considerably rigid domain close to the core–shell interface.

To support the conclusion on the patman location, the PS–PEO micelles
were also labeled by laurdan, which has a shorter aliphatic chain and al-
most the same fluorescent headgroup, but it misses the permanent charge at
the nitrogen atom. The measurement shows that the entire Stokes shift is small
and the microenvironment relaxation is very slow, without any fast process beyond

Fig. 12 Time-resolved
anisotropy (experimental data
and double exponential fits),
r(t), of patman in the
PS–PEO micelles at emission
wavelengths of 430 nm (curve
1) and 510 nm (curve 2)
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experimental resolution. This indicates that the laurdan fluorescent headgroup is
embedded in the PS core and that the aliphatic chain serves as an efficient anchor.

As we intended to study the pH-dependent hydration of PEO in triblock copoly-
mer micelles, we measured the solvent relaxation for patman embedded in PS–PEO
micelles both in acidic (0.01 M HCl) and alkaline (0.01 M NaOH) solutions for com-
parison. Because we found only marginal differences in the relaxation behavior, we
can conclude that the dye itself does not exhibit any pH-dependent changes after
binding to micelles and that the solvation of short PEO does not change much with
pH (it is very important to emphasis that the PEO blocks are significantly shorter
than those in the studied PS–PVP–PEO copolymer).

Consequently, the solvent relaxation was studied in PS–PVP micelles in 0.01 M
HCl solution. The micelles are stable in acidic solution, where they are positively
charged. Nevertheless, our earlier studies suggest that the PVP layer partially col-
lapses around the core because PVP is only slightly protonized close to the nonpolar
PS core [132]. A fairly high value of the residual anisotropy (around 0.2) measured
at the maximum emission intensity (467 nm) suggests that patman is embedded
in considerably rigid and little protonized domains close to the PS–PVP interface,
which means that its location in PS–PVP micelles is similar to that in PS–PEO
micelles.

The solvent relaxation in patman-labeled PS–PVP micelles is significantly
faster than that in PS–PEO micelles. The shell-forming PVP chains are electri-
cally charged and stretched at pH 2. A relatively open structure and low density
of PVP shells assumes a considerable content of water and, therefore, an apprecia-
ble fraction of water molecules is not engaged in the solvation of PVP units. The
fluorophore does not compete with PVP units for water molecules and the solvent
reorganization is only weakly coupled with PVP segmental dynamics. The “time
zero” estimation suggests that ca 60% of relaxation processes are beyond the exper-
imental resolution. This conclusion is also supported by monitoring the fwhm that
shows only the decrease (inset in Fig. 11, curve 2).

One can conclude that in both PS–PEO and PS–PVP micellar systems, the flu-
orescent surfactant patman is embedded in PEO-rich parts of the shell where the
mobility of chains is strongly restricted. The differences in rates of the relax-
ation processes are mostly due to different solvation of the shell-forming chains
and the different structure of water in the two types of shells. From the geomet-
rical point of view, PEO chains are easily incorporated in the ice-like structure
and the presence of both the hydrogen-bonding oxygen atom and the hydropho-
bic –CH2– group promotes the structure formation. The water-structure-supporting
character of PEO is generally recognized and was confirmed by different experi-
ments [133, 134]. The ice-like-structured water molecules bound to the concentrated
and geometrically constrained (and hence only slightly mobile) PEO chains in the
inner part of micellar shells are responsible for the slow relaxations in PS–PEO
micelles.

After the study of reference diblock systems, the behavior of PS–PVP–PEO
triblock was investigated in detail. For a correct interpretation of the pH effect
on relaxation rates, the localization of the patman headgroup has to be known.
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The following arguments support the assumption that it resides at the PVP–PEO
interface and that pH changes do not cause hardly any displacements in the radial
direction:

1. The hydrophobic chain tends to be buried in nonpolar parts of micellar structures
(PS or non-protonized PVP), whereas the charged fluorophore headgroup prefers
a polar environment.

2. At low pH, the swollen shell-forming PVP chains are partially protonized and
we assume that the aliphatic chain of patman, which prefers the PS core to the
partially protonized PVP, tries to pull the fluorophore closer to the core. How-
ever, the headgroup, which bears the same positive charge as the protonized PVP
units, prefers the location in the PEO outer shell to the PVP middle shell due
to electrostatic repulsion. Therefore, both effects roughly compensate each other
and the location of patman hardly varies with pH. This assumption is supported
by the experimental observation that in low pH solutions (below pH 4), both C(t)
and δ (t) show similar relaxation behavior as in PS–PEO micelles, which indi-
cates the same microenvironment and supports the location of the headgroup in
the PEO layer.

3. The time-resolved anisotropy measurements performed for pH 2 and 4 revealed
fairly high values of the residual anisotropy (0.2 and 0.3, respectively), which
indicates high rigidity of the microenvironment.

4. Fluorescence intensity measurements suggests that patman does not come to the
immediate proximity of PVP segments: The patman fluorescence is quenched by
deprotonized PVP chains. This was observed either in dioxane solution or in the
alkaline solution of patman-labeled PVP–PEO micelles [89]. Becuase there is
no observable decrease in fluorescence intensity for triblock copolymer micelles,
it can be concluded that patman is not in direct contact with deprotonized PVP
units.

5. Last, but not least, the measurements with increasing ionic strength of the solu-
tion at pH 2 did not show any effect on the solvent relaxation, which precludes
significant displacement of patman in the radial direction from the interfacial
region, either due to increasing protonization or to screening of electrostatic re-
pulsion (at higher salt concentrations).

The correlation curves, as well as the shape of the time-dependent halfwidth, clearly
suggest that the average mobility of the solvent molecules around patman decreases
with increasing pH (Fig. 13). Although for pH 2–3, the limiting factor is the time-
resolution of the instrumental setup, at pH 4, the relaxation processes is slow and
its study is limited by the lifetime of the dye. We observe that the fast (experimen-
tally unresolved) contribution decreases with increasing pH and that the nanosecond
process, which is considered to be caused by the reorganization of bound water
molecules engaged in the solvation sphere of PEO, prevails in the region of higher
pH. At pH 4, we cannot monitor the end of the relaxation because the second con-
tribution is too slow. The segmental motion and reorganization of the dehydrated
polymer chains are assumed to be responsible for the slow relaxation, which ex-
ceeds the patman fluorescence lifetime.
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Fig. 13 Time-resolved
Stokes shift, C(t), of patman
in PS–PVP–PEO micelles at
pH values of 2, 3, and 4, as
indicated on the
corresponding curves. Inset:
Time-dependent halfwidth,
δ (t), of the time-resolved
emission spectra of patman in
PS–PVP–PEO micelles at
different pH values, as
indicated
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The pH dependence of the solvent relaxation rate offers an explanation of the
observed instability of micellar solutions at low pH and formation of a fraction of
micellar clusters. The stability of micellar solutions assumes a proper solvation of
PEO chains. However, PEO solvation promotes the ice-like structure and reduces
entropy, which may cause solubility problems in systems with crowded PEO chains
such as micellar shells formed by long PEO blocks. The addition of HCl (or other
small ions) breaks the water structure, increasing the fraction of free and mobile
water molecules, and reduces the fraction of PEO solvation-capable structured wa-
ter molecules. Regarding the enthalpy-to-entropy interplay, the effect of increasing
acidity resembles the effect of increasing temperature in the lower critical solu-
tion temperature (LCST) region. In both cases, the mobile solvent molecules would
have to “condense” at the chain to assure its solubility and sacrifice considerable
translational entropy. Regarding the LCST, the unfavorable entropy contribution in-
creases with increasing temperature and at LCST, the phase separation occurs. In
the studied case, the entropy contribution increases with the concentration of HCl:
the mobile water molecules “liberated” due to the breakdown of the ice-like struc-
ture after the addition of small ions would have to form the structured solvation shell
of PEO monomer units to provide sufficient thermodynamic stability of micelles in
the solution. The complex entropy-to-enthalpy balance shifts towards free water
molecules with decreasing pH, which promotes the formation of micellar clusters
and minimizes the fraction of water molecules engaged in solvation shells.

The relaxation behavior at pH 1 is very interesting, but we could not analyze it be-
cause the time-resolved emission bands were bimodal. We studied the possibility of
analyzing complex time-resolved spectra and in our recent paper [135] we describe
a successful method of decomposition and treatment of bimodal time-resolved spec-
tra. We used two probes with the same fluorescent headgroup differing in the length
of the aliphatic tail. They have different affinity to micelles that allows study of
their partitioning between micelles and bulk solvent. A detailed description and ex-
tended discussion exceeds, unfortunately, the scope of this paper, but we not only
succeeded in treating the two time-resolved contributions (from free and micelle-
solubilized probes) separately, but we also identified a slow contribution due to the
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motion of the probe with respect to micelle upon excitation. Because the solvent
relaxation processes are very specific and complex, we have not yet attempted to
perform the corresponding computer simulations.

3.4 Study of Shell-Forming Chain Conformations
by Nonradiative Energy Transfer

3.4.1 Studies of Reference Systems of Nonmodified Weak Polyelectrolyte
Shells in Solutions with Low Ionic Strength

Motivation

The properties of PE micelles in aqueous solutions are determined by the behav-
ior of micellar shells, which can be regarded as convex PE brushes. Depending
on the degree of charging and ionic strength, the PE brush can undergo several
patterns of behavior. In systems where the density of charge on the PE chains is
high, the electrostatic force acting on counterions is strong and prevents their es-
cape in bulk solvent, which means that the brush remains electrically neutral. At low
ionic strength, the osmotic pressure is high and individual brush-forming chains are
strongly stretched. The brush is swollen and obeys the osmotic regime. In solutions
with high ionic strength, the excess of small ions screens electrostatic interactions
and the brush collapses, obeying the salted brush regime. We have been systemat-
ically studying the behavior of both hydrophobically modified and unmodified PE
shells by a combination of several experimental techniques. Even though we have
been interested mainly in modified systems, which we studied using fluorescence
techniques, first we had to study the corresponding unmodified micelles as refer-
ence systems for comparison.

Outline of Experimental Studies and the Most Important Observations

The micelles were prepared by stepwise dialysis of diblock copolymer PS–PMA
from mixed solvents to pure water. The copolymer contains one PS and one PMA
block with an almost identical number of monomeric units (about 200). Further ex-
perimental details and copolymer characterization are given in [90]. Micelles were
characterized by static light scattering (SLS) and DLS. The Zimm plot of experi-
mental data in a borate buffer is regular and we used it for the evaluation of the
weight average molar mass (Mw) of micelles and their radius of gyration. The scat-
tering functions depend almost linearly on q2 (scattering vector), which indicates
that the micelles interact weakly with each other and that their interaction can be
described by the excluded volume effect only. The monodisperese spherical mi-
celles were further visualized by atomic force microscopy after their deposition on
a fresh mica surface [90].
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Fig. 14 Zimm plot of
PS–PMA micelles in pure
water (concentration range:
2.5× 10−3 to 2.0 g L−1)
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The Zimm plot of micelles in a solution with extremely low ionic strength, which
was prepared by repeated dialysis against an excess of deionized water in plastic
flasks to prevent an alkaline ions release from glass, is shown in Fig. 14. At medium
concentrations, one can observe an enormous deviation from the regular (linear) be-
havior. The dependences exhibit minima at q values that change with concentration.
Such type of behavior is due to spatial correlations between individual micelles and
is typical for strongly interacting systems. Because the irregular shape is observed at
concentrations at which the average distances between micelles exceed 10–20 times
their diameter, it suggests that structural correlations of scatters and the observed
destructive interference of the scattered light at non-zero angles is due to long range
electrostatic forces between significantly charged micelles.

We can conclude that that the “charged osmotic brush” regime, in which counte-
rions escape into bulk solvent, can be observed when the experiments are performed
in solutions with pH close to pKA at very low ionic strength. Because our study pro-
vided the very first indirect evidence of behavior of PE micelles that, at that time,
was only hypothetical and highly doubted by recognized theoreticians, we were
looking for independent support and performed an MC study (see Sect. 4.2).

3.4.2 Nonradiative Energy Transfer Study of Conformations
of Hydrophobically Modified Shell-Forming PMA Chains

Motivation

Many systems based on water-soluble block copolymer micelles have been de-
veloped and studied as vehicles for targeted drug delivery [122, 136, 137]. A
typical copolymer suitable for such applications should fulfill several conditions:
biocompatibility, biodegradability, and the ability to form hydrophobic domains
that are capable of solubilizing and delivering hydrophobic drugs. The nanoparti-
cles for an efficient targeted delivery have to bear targeting (recognition) groups at
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their periphery. They are usually chemically attached to the shell-forming blocks
[138–142]. The targeting groups are chemically complex structures and may have
an amphiphilic or partially hydrophobic character that could influence the targeting
effect. In other worlds, their interaction with water does not have to be favorable
and they could try to escape from the energetically unfavorable aqueous surround-
ing at the micellar periphery and bury deep within the shell close to the hydrophobic
core. When this happens, their disappearance from the uppermost part of the shell
negatively affects the drug delivery efficiency.

We addressed the above problem by studying a system of modified PS–PMA
micelles with long PMA blocks end-tagged by a strongly hydrophobic molecule in
mixtures of water with organic solvents and in purely aqueous media where elec-
trostatic effects dominate the behavior [93–96]. We used anthracene (An) as the
end-attached hydrophobic group, which allowed for fluorescence study. When we
started the study, it was not a priori clear what would happen when such slightly
modified micelles were dispersed in aqueous media.

Outline of Experimental Study and the Most Important Observations

For the experimental study, we used two almost identical PS–PMA samples, very
similar to those studied in the above-described study. The first sample contained
one pendant naphthalene group (Np) in between PS and PMA blocks. The second
sample was tagged by Np in the same way as the previous one, but also by one An at
the end of the PMA block. The two fluorophores, Np and An, were chosen because
they represent a suitable pair for NRET studies and they can be chemically attached
to specific sites of the studied system [143].

Experimental results were obtained by two experimental techniques, LS and
TRFS. When the micelles are formed, all attached Np molecules (potential exci-
tation energy donors) are localized at the core–shell interface. The Np fluorescence
quenching due to NRET is expected if some energy traps (An) come relatively close
to Np, i.e., to distances shorter or comparable with the Förster radius, R0 (for the
Np–An pair, ca. 2.1 nm [144]). Hence, the NRET study should prove whether a
fraction fraction of shell-embedded An could closely approach the core.

The time-resolved quenching of the Np emission due to Np-to-An energy trans-
fer is shown in Fig. 15. Three transfer-affected fluorescence decays (measured in the
double-tagged system) normalized by decays in the absence of traps (measured in
the single-tagged system under identical conditions) are plotted as functions of time
in solvents differing in polarity (1,4-dioxane/water mixtures). The broken-like curve
obtained in water-rich media, consisting of a steeply decreasing part and a constant
part with almost no smoothly curved part in between, can be neither explained nor
fitted by assuming any type of a continuous monomodal distribution of Np–An dis-
tances [92, 95]. It suggests the existence of two types of Np donors, which are
either very strongly affected by NRET, or fully unaffected. In a spherically symmet-
rical system in which all Np are uniformly distributed in a narrow spherical layer
at the core–shell interface, the concept of two types of Np molecules looks strange.
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Fig. 15 Experimental kinetic NRET curves (Np-to-An energy transfer) of fluorescently labeled
PS–PMA micelles in 5% water, 95% 1,4-dioxane (top); in 20% water, 80% 1,4-dioxane (center);
and in water (bottom). Experimental data fitted by multiexponential functions

Fig. 16 Hydrophobically
modified PS–PMA micelles
with attached Np and An
probes
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However, it can be rationalized when we postulate a rather specific conformational
behavior of An-tagged shell-forming chains, which is depicted in Fig. 16.

The model assumes the coexistence of two distinctly different conforma-
tions created by identical shell-forming chains in each micelle under equilibrium
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conditions. The coexisting forms are (a) strongly collapsed and (b) stretched chains
(see Fig. 16). Accepting the above scheme, it is obvious that some Np donors are
affected by pendant An traps, which return in their immediate vicinity, while the
other Np donors remain unaffected. Because in a typical fluorescence measurement,
the fraction of excited fluorophores is less than 10−6, a maximum of one Np per
micelle is excited in the experimental study. Hence, the fluorescence decay from
some micelles is very strongly quenched and that from others is unaffected by
NRET, which leads to the “broken-like” time-resolved fluorescence response.

A pronounced bimodal distribution of chain conformations in a micelle that con-
tains about 102 chains is something that one would hardly expect in an equilibrium
system, even though bimodal distributions have been tentatively proposed for some
other equilibrium polymer systems [145]. To elucidate the studied problem, we per-
formed a series of simulations for modified micellar shells using the MC technique
for neutral systems and the combined MC-mean field simulation. The simulations
are described later (see Sect. 4.2).

3.5 Comparative Experimental FCS and DLS Study of Polymeric
Nanoparticles

3.5.1 Motivation

For almost a decade, we have been using both DLS and FCS for studying vari-
ous self-assembling polymer systems. We have developed a simple titration method
for the evaluation of the number-average molar mass, Mn, of amphiphilic water-
soluble nanoparticles. This method is very useful because the Mn of large particles
is not easy accessible by common techniques such as osmotic pressure measure-
ments, which lose precision for masses exceeding 105 g mol−1. In the developed
FCS method, an aqueous solution of the fluorescent surfactant with a strong affinity
for polymeric nanoparticles and the self-quenched fluorescence (due to the forma-
tion of associates) is continuously added to the aqueous solution of nanoparticles.
At relatively low fluorophore-to-nanoparticle ratios, ξ , single fluorophore molecules
(which are no longer self-quenched) bind to different nanoparticles and the fraction
of labeled fluorescent particles increases, which means that the particle number,
〈N〉, measured as the frequency of fluctuations, grows. When ξ = 1, each nanopar-
ticle is on average labeled by one fluorescent probe (in reality, there is a Poisson
distribution of the number of probes per one micelle) and the added probes start
to bind to the already labeled polymer particles. If the size of nanoparticles is small
enough, the frequency of fluctuations stops increasing and levels off, because the de-
tector registers the double-labeled (or multiply-labeled) particle as one “point”. The
only difference is that some fluctuations are larger that the other. The experimen-
tal frequency as a function of the added amount of the probe consists of a linearly
increasing and a constant part. The crossing point yields the number concentra-
tion of nanoparticles and the Mn. Very soon, we observed that the method gives
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good results for small nanoparticles (RH ca. 10–30 nm, Mn ca. 105–107 g mol−1),
but it strongly underestimates molar masses of large nanoparticles (RH higher than
50 nm). Because the Mn evaluation is very simple and does not require fitting the
correlation curve, the analysis of discrepancies is straightforward and shows that
the multiple labeling of large particles causes a higher frequency of fluctuations
than that corresponding to the correct particle number. A careful comparison of re-
sults of both methods (based on autocorrelation functions) shows that they agree
reasonably well for small and monodisperse particles, whereas for large particles,
FCS yields very low values for 〈R−1

H 〉−1
n in comparison with the LS data and that the

different polydispersity-affected averaging procedures cannot explain the observed
differences. Therefore, we decided to perform a systematic comparative study de-
voted to the solution of the above open questions. In Sect. 3.5.2, we present some
unpublished preliminary data on that topic.

3.5.2 Outline of Experimental Studies

In several of our papers [84, 90, 97, 98], we describe the characterization of var-
ious amphiphilic block copolymer micelles by FCS. The amphiphilic fluorophore
octadecyl rhodamine B (ORB, Fig. 17) was used as a fluorescent marker for the
micelles. ORB is suitable for labeling the micelles because it has a very low
intersystem-crossing rate, which makes it highly resistant to photobleaching. More-
over, the contribution of the free probe emission to the signal is typically lower than
10% under the used experimental conditions because (a) free ORB in aqueous so-
lutions forms self-quenched aggregates with a low fluorescence quantum yield, and
(b) ORB is sparingly soluble in water and has a high binding affinity to amphiphilic
block copolymer micelles in aqueous media. Using time-resolved fluorescence mea-
surements, the partition coefficient, K, between PS–PMA micelles and bulk aqueous
solution was found to be 1.5 × 105 [84].

In the experiments described below, FCS measurements were performed for
varying concentrations of ORB added to the studied solution of micelles. The ob-
tained autocorrelation curves were fitted to the function, assuming the presence of
two types of fluorescent particles (free probe and labeled micelles) characterized

CH3

CH3

CH3

Cl−
H3C

H3C O

O

N+N

Fig. 17 Octadecyl rhodamine B
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by diffusion times τD,1 and τD,2, absorption cross-sections σ1 and σ2, and
fluorescence quantum yields q1 and q2:

G(τ) = 1 +
1−Φ(1− e−τ/τC)

〈N〉 (1−Φ)

2
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Yiσ2
i q2

i

(
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τ
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)−1
[
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(
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ω2

)2 τ
τD,i

]−1/2

,

(16)

where 〈N〉 is the particle number, Φ is the fraction of molecules converted to the
triplet state and τC is the characteristic time for the transition (τ−1

C is the transition
rate), Y1 and Y2 are the molar fractions of the two types of particles, and ω1/ω2

has the same meaning as in (12). It is necessary to point out that the simple model
assumes only diffusive motions of point-like particles and does not account for pho-
ton correlations caused by rotational motion of the micelles or by multiple labeling,
which will strongly affect the behavior of large particles (RH exceeding 50 nm) in
the FCS experiment.

Figure 18 shows a typical dependence of the particle number on the ORB con-
centration, cORB (the inset in Fig. 18 shows a typical FCS autocorrelation function).
As explained in the previous section, the curve reaches the limiting value, 〈Nsat〉,
at the ORB concentrations at which virtually all micelles bear at least one ORB
label. Provided that the effective volume, Veff, is known from an independent cali-
bration measurement based on the acquisition of 〈N〉 for a fluorescent dye solution
of a known concentration, the Mn of micelles can be calculated using a simple
relationship:

〈M〉FCS
n =

cNA

〈Nsat〉Veff
, (17)

where c is the weight concentration of the copolymer and NA is the Avogadro
constant. The diffusion time of the labeled micelles, yields the number-average
translational diffusion coefficient of the micelles, 〈D〉n = ω2

1 /4τD,2, from which
the hydrodynamic radius, 〈R−1

H 〉−1
n , can be calculated using the Stokes–Einstein

formula.

Fig. 18 Particle number, 〈N〉,
as a function of the
fluorescent probe
concentration, cORB, for
PS–PVP–PEO micelles in
0.01 M HCl. Inset: Typical
correlation curve for an FCS
measurement of ORB-labeled
PS–PVP–PEO micelles
0.01M HCl
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Table 1 Molar masses and hydrodynamic radii of several micellar systems, measured by light
scattering and by FCS

Mw ×10−6 Mn ×10−6 〈R−1
H 〉−1

z 〈R−1
H 〉−1

n

Copolymera Solvent (g mol−1)b (g mol−1)c (nm)b (nm)c Ref.

PS198–PMA221 0.05 M Na2B4O7 8.0 4.7 54 42 [84]
PS136–PVP117–PEO795 0.01 M HCl 2.7 0.5 37 28 [97]
PS136–PVP117–PEO795 0.01 M NaOH 5.4 1.1 35 22 [97]
PS272–PMA155 0.01 M Na2B4O7 3.0 2.3 30 – [90]
PS29/PVPd

217 0.1 M HCl 0.8 0.5 32 28 [98]
aSubscripts denote degrees of polymerization of the blocks
bMeasured by LS
cMeasured by FCS
dMultiarm star copolymer with 20 PS29 and 20 PVP217 arms

Table 1 summarizes the molar masses and hydrodynamic radii of several am-
phiphilic block copolymer micelles obtained by FCS and LS measurements. Not
surprisingly, values found by LS are larger due to the very high sensitivity of LS to
larger particles (LS provides Mw and z-average provides the diffusion coefficients).
A closer inspection of data and of experimental conditions is interesting, e.g., for
PS–PVP–PEO micelles, the differences are very pronounced. One source of dis-
crepancy is the different concentration ranges used in FCS and LS. As the FCS
measurements were performed at lower concentrations, the differences reflect the
secondary aggregation of PS–PVP–PEO micelles at higher concentrations, i.e., in
the concentration range of LS measurements (units of g L−1). Under experimen-
tal conditions of FCS measurements (polymer concentrations about 10−2 g L−1),
only individual micelles are present in the solution. Table 1 includes data for rela-
tively small nanoparticles only. The effect of the size of studied nanoparticles has
already been described in Sect. 3.5.1. To get better understanding of the effects
caused by multiple labeling, etc., we performed a series of MC simulations (see
Sect. 4.3).

4 Interpretations of Fluorescence Data with the Help
of Computer Simulation

4.1 Interpretation of Time-Resolved Fluorescence Anisotropy
Data by Molecular Dynamics Simulations

In a series of simulation papers, we used MD for studying the conformational be-
havior of linear and branched PEs. In one study, we addressed the time-resolved
fluorescence anisotropy decays from fluorescently tagged weak PE chains in aque-
ous media, which we had experimentally studied earlier (see Sect. 3.2). We wanted
to investigate and explore the relationship between the conformational behavior of
the PE and the experimentally observable fluorescence anisotropy decays.
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Fig. 19 Polymer model used in the simulations. Red uncharged monomer units, blue charged
monomer units, grey counterions, brown fluorophore

4.1.1 The Model

In the simulation study of fluorescence anisotropy decay, a generic bead-spring
model of the polymer was used. It is schematically shown in Fig. 19. Each bead
can represent one or several monomer units in a real polymer. The degree of disso-
ciation, α , is defined as the fraction of monomer units carrying electric charges. The
interaction between monomer units of the polymer is modeled by the Lennard–Jones
potential and the solvent quality is controlled by the depth of this potential, ε . As
shown by Micka, Holm and Kremer, ε ≈ 0.34 corresponds to the theta state [146].
The simulation study was performed for several values of ε > 0.33, i.e., under poor
solvent conditions. The simulation technique used was MD coupled to a Langevin
thermostat, i.e., the polymer was simulated in an implicit solvent. The counterions
were simulated explicitly. A more detailed description of the polymer model can be
found in the original paper [87].

The fluorophore was modeled by two beads that are attached as a short pendant
side-chain (tag). Both the absorption and emission dipole moments of the fluo-
rophore are defined by the direction of the tag (parallel), as indicated by the vector
in Fig. 19, and the fluorescence anisotropy was calculated from its orientation au-
tocorrelation function. For simplicity, we assumed that the reorientaional motion of
the fluorophore is the only source of fluorescence depolarization. We neglected en-
ergy transfer and other processes that might occur in real systems. The fluorescence
anisotropy decays were interpreted using the mean relaxation time, defined as:

τmean =
∑
i

Aiτi

∑
i

Ai
=

∞∫

0

r(t)dt. (18)
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There were two reasons for using the mean correlation time, τmean, rather than
relaxation times of individual modes, τ i: (a) experimental data were analyzed in the
same way, (b) individual components, τ i, reflect different types of the real motion,
but they have no clear physical meaning in the coarse-grained model.

4.1.2 Conformational Behavior

Here, we summarize the patterns of conformational behavior that obviously affect
the fluorescence anisotropy decay. For a detailed discussion we refer the reader
to the original paper and references therein [87]. The conformational behavior of
the polymer reproduced by simulations is in line with theoretical predictions [99]
as well as other simulation works [104, 105]. The basic trends are depicted by a
few snapshots in Fig. 20. With increasing degree of charging, the polymer under-
goes the following conformations: a collapsed spherical conformation (Fig. 20a)
deforms first in a prolate ellipsoid (Fig. 20b). At higher degrees of charging, it goes
through a series of pearl-necklace structures with gradually increasing number of
pearls (Fig. 20c). At high degrees of ionization, it ends up in an expanded confor-
mation (Fig. 20d).

4.1.3 Comparison of Simulated and Experimental Data

The simulation study was aimed at the question of whether our intuitive interpre-
tation of experimental fluorescence anisotropy data on PMA solutions was correct

Fig. 20 Polyelectrolyte conformation as a function of the degree of dissociation (α). Simulation
snapshots of the polymer with ε = 1.3, for several degrees of ionization: α = 0.06 (a), α = 0.20
(b), α = 0.25 (c), and α = 0.33 (d). Counterions not shown. For better visibility the snapshots
differ in magnification; the real sizes of the monomer units are the same in all cases
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or whether it needed revision. At the time our experimental study was performed,
the nature of the PMA supercoiling process was not understood. A vivid discussion
was focused on the question of whether the conformational change with pH is a co-
operative (i.e., almost discontinuous) or progressive (continuous) process. It is fair
to say that the present knowledge is still limited and there survives certain contro-
versy concerning the interpretation by different research groups. Despite a number
of later experimental and theoretical studies [104, 105, 107, 108, 147], the above
question has not been unambiguously resolved until now. As mentioned above, the-
oretical studies by Raphael and Joanny [106] and recent MC simulations by Uyaver
and Seidel [107, 108] indicate that a sudden sharp transition from a very compact
globule to an almost fully stretched chain conformation occurs in really bad sol-
vents, while in solvents of medium quality a gradual transition via the “necklace
of pearls” takes place. Concerning PMA, water is a bad but certainly not too bad a
solvent because the non-dissociated (i.e., uncharged) COOH is a hydrophilic group
and almost neutral PMA is still reasonably soluble at low pH.

The comparison of simulation data with experimental data is shown in Fig. 21.
It has to be noted that a strongly simplified polymer model was used and therefore
only semiquantitative agreement was expected and achieved. The problem of map-
ping the simulation model onto a real polymer has been extensively discussed in the
original paper [87]. The simulated and experimental orientational correlation times
exhibit the same type of behavior, i.e., they progressively decrease with increas-
ing degree of dissociation. The results of MD simulations thus support our intuitive
interpretation of fluorescence experiments on PMA performed about two decades
earlier.

Fig. 21 Comparison of the
experimental data (diamonds)
and simulation (circles) of the
mean characteristic decay
time of the fluorescence
anisotropy
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4.1.4 Molecular Dynamics Simulations of Annealed Polyelectrolyte Chains

The main simplification of the above study can be summarized as follows: although
the simulation was performed for a polymer with a fixed distribution of charges,
it was compared to an experiment when the real PE was annealed, i.e. the charges
on the polymer were not fixed but mobile. Therefore, we wanted to see to what
extent the assumption of fixed charges affects the simulation. For this purpose, we
simulated a polymer with mobile charges using essentially the same model as be-
fore [148]. The employed model for the mobile charges was simple, yet it captured
certain essential features of the weak (annealed) PEs. The dissociation of the weak
PE groups was modeled using a MC procedure. At a predetermined rate, the MD
simulation was stopped, a random charged group on the chain was selected, and the
charge was moved to a new position on the chain. The move was accepted using the
standard Metropolis criterion [149]. In this way, the overall degree of charging of
the polymer was kept constant while the distribution of charges along the polymer
chain was allowed to vary.

The main result of the simulations was that the conformation of the polymer
and distribution of charges along the chain are correlated. When the solvent for the
polymer is not too poor, the charges are almost homogeneously distributed along the
chain [148] and the probability of charging slightly increases close to the ends of
the polymer. The inhomogeneity close to the ends is a consequence of lower charge
density around the ends of the polymer. This intuitive result is in agreement with the
simulation study of Limbach and Holm on end-effects on strong PEs [150].

A similar behavior was observed for PEs in poorer solvents when their degree
of charging was high, as shown in Fig. 22. The simulation snapshot shows that

Fig. 22 The probability of
charging of individual
monomer units as a function
of their position in the chain,
in poor solvent for α =0.33
and ε =m1.0
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Fig. 23 The probability
of charging of individual
monomer units as a function
of their position in the chain,
in poor solvent for α = 0.1
and ε = 1.0

the polymer conformation is expanded and that the plot of probability of charging
of individual monomers as a function of their position in the backbone is homo-
geneous except for the ends, in accordance with the results for polymers in better
solvents. However, when the degree of charging of such polymer is decreased so
that the pearl-necklace conformation is formed, the situation changes dramatically.
Figure 23 shows a simulation snapshot of such polymer and the plot of the probabil-
ity of charging has a clear maximum in the central part that corresponds to the string
connecting the pearls. This behavior can be understood when it is compared to the
case of a polymer with fixed distribution of charges. In the latter case, when the
pearl-necklaces are formed, there is a high density of charge inside pearls whereas
the charge density in the strings is much lower. The strong (quenched) PE may
respond by adopting the internal structure of the pearl so that the charged groups
concentrate at its periphery, which has been observed in our simulation work on
fluorescence anisotropy decays [87]. Besides this possibility, the weak PE has an
option to transfer some portion of the charge from the pearls to the string and in this
way to reduce the charge density in the pearls. This is exactly what is shown in the
plot in Fig. 23. Hence, it could be concluded that the mobility of charges can serve
as an additional mechanism for stabilizing the pearl-necklace structures in weak
PEs as compared to the strong ones. Again, these results support the arguments for
the formation of pearl-necklaces in weak PE systems. Yet, it has to be kept in mind
that it is not the end of the puzzle. Some theoretical studies [106] predict a stepwise
transition of weak PEs from a high degree of charging directly to a low degree of
charging. In other words, they predict a forbidden range of degrees of ionization
of a weak PE. In the light of these arguments, it would be desirable to work out a
model in which the dissociation is explicit, i.e. the degree of dissociation is not fixed
but comes out as a result of the simulation. This is the subject of currently running
research projects and results may be expected in near future.
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4.2 Monte Carlo Simulation of Shell-Forming Chain
Conformations

4.2.1 Models and Simulation Techniques

In our computer studies of the conformational behavior of the shell-forming chains,
we used MC simulations [91, 95] on a simple cubic lattice and studied the shell
behavior of a single micelle only. Because we modeled the behavior of shells of
kinetically frozen micelles, we simulated a spherical polymer brush tethered to the
surface of a hydrophobic spherical core. The association number was taken from
the experiment. The size of the core, lattice constant (i.e., the size of the “lattice
Kuhn segment”) and the effective chain length were recalculated from experimental
values on the basis of the coarse graining parameterization [95].

The interactions are described by contact energies and the electrostatic energy.
For contact energies we used the common matrix of interaction parameters in
which the “reference interactions”( i.e., those where solvent is involved) are zero.
The optimized parameters in units of kT are εS-S = 0, εPMA-S = 0, εC-S = 0,
εPMA-PMA = −0.27, εPMA-C = 0.8, and εC-C = 0.8, where S, C and PMA stand
for solvent (i.e., empty lattice site, occupied implicitly by solvent), C core (lattice
point at the surface of the core or an attached hydrophobic pendant group), and the
PMA bead (i.e., the Kuhn lattice segment, irrespectively of the ionization).

The electrostatic interactions (in aqueous solutions of annealed PEs, such as
PMA, where the potentially ionizable groups get charged) are treated indirectly
by solving the spherically symmetrical Poisson–Boltzmann equation (PBE) for the
electrostatic potential ϕ(r) [95]:

1
r2

d
dr

[
r2 dφ(r)

dr

]
= −ρ(r)

ε0εr
, (19)

where ε0 and ε r are the dielectric vacuum permittivity and the relative (position de-
pendent) permittivity of the dielectric medium, and the charge density ρ(r) includes
both the charge of the micelle (in the mean-field approximation) and of all small
ions.

We consider the following components: –COOH, –COO−, H3O+, OH−, Na+,
and Cl−, but not all are independent since they have to fulfill the relations, Kw =
aH3O+ ·aOH− and KA =

(
aH3O+ ·aA−

)
/aCOOH, where Kw and KA are the ionization

product of water and the effective dissociation constant describing the dissociation
of carboxylic groups in PMA, respectively. The effective dissociation constant for
PMA in solutions as a function of ionic strength and degree of ionization was mea-
sured by Morcellet et al. [151] and by Porasso et al. [152]. Nevertheless, we use
the constant value pKA = 4.69 for the monomeric methacrylic acid as a reasonable
first approximation [153] because most theoretical calculations for PEs employs
pKA for the monomeric unit, which facilitates the comparison with data of other
authors on similar systems. The activities of components ai are calculated using
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the Debye–Hückel limiting law [91]. The only independent parameters used in our
simulations are pH and ionic strength, I = (1/2) Σciz 2

i . The position-dependent
concentrations of small ions are expressed according to the Boltzmann theorem as
ci(r) = ci,∞ exp(–qiziϕ(r)/kT).

In summary, the computer simulation of micelles with shells formed by an
annealed PE is a combination of MC with the self-consistent field treatment of elec-
trostatic forces. However, it goes beyond the mean-field approximation. It is also
evident from simulation snapshots (see below) that the a priori assumption of the
spherical symmetry of the electrostatic field (which is an inherent feature of studied
micelles) does not impose a strong constraint on instantaneous chain conformations.

4.2.2 Results and Discussion: Shell-Forming Chains at Low Ionic Strengths

We performed a series of coarse-grained lattice MC simulations for PE brushes
tethered to spherical cores that mimic the studied micelles as close as possible.
Details on the coarse-graining procedure can be found in [95]. MC simulations
yield (a) snapshots of micellar structures and (b) a number of ensemble average
characteristics, such as radius of gyration, RG (as a function of pH and I) and its dis-
tribution, segment density profiles of the shell-forming blocks, ionization profiles,
radial dependences of the electrostatic potential, etc. To give an idea of simulated
structures, we show two snapshots that depict typical micelles at different pHs (pH 4
and 6, Figs. 24 and 25, respectively). A comparison of both snapshots shows increas-
ing swelling of micellar shells with pH due to the well-known effect of ionization.
The dependences of gyration radii on pH are shown in Fig. 26. The snapshots and
rather trivial dependences of radii of gyration on pH have been included in order

Fig. 24 Snapshot pf
PS–PMA micelle at pH 4 and
I 0.01
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Fig. 25 Snapshot pf
PS–PMA micelle at pH 6 and
I 0.01

Fig. 26 Simulated
dependence of RG of
PS–PMA micelles on pH
for ionic strengths, I, of 0.01
and 0.01
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to document the basic correctness of the model and the simulation procedure used.
We would like to point out that the pronounced coiling of the shell-forming chains
at the micellar periphery, where the degree of dissociation and electrostatic interac-
tions are important, demonstrates that the constraint imposed by the a priori assumed
spherical symmetry of the electrostatic field is weak and does not artificially restrict
the conformational behavior of individual chains.

Furthermore, we discuss data that are directly related to the PE behavior at low
close to pKA. Figure 27 shows the electrostatic potential as a function of the dis-
tance from the micellar center, r (the function related to the vertical scale on the
right) and the r-dependent concentration profiles of the positive and negative charge
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Fig. 27 Simulated
concentration profile (black
circles correspond to left axis)
and electrostatic potential
(white circles correspond to
right axis) in PS–PMA
micelles as a function of the
distance from the micellar
center for pH 5 and ionic
strength 0.001
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(corresponding to the vertical scale on the left) for the same condition, i.e., pH 5 and
I = 0.001. It is evident that the electrostatic potential at the periphery of micelles is
significantly negative and that there exists an excess of negative charge in the shell
and an excess of positive charge around micelles.

4.2.3 Interpretation of NRET Data: Conformations of Hydrophobically
Modified Chains

A pronounced bimodal distribution of chain conformations in a micelle that contains
about 102 chains is something that one would hardly expect in an equilibrium sys-
tem, even though bimodal distributions were earlier tentatively proposed for some
other equilibrium polymer systems [145]. To elucidate the studied problem, we
performed a series of simulations for modified micellar shells using the MC tech-
nique for neutral systems and the combined MC-mean field simulation technique
for charged aqueous systems. Figure 28 compares the distributions of radial dis-
tances of end segments from the core (i.e., distances of An), ρT(r), in the modified
and unmodified systems. Similar information can be obtained from the distribution
function of random Np–An pair distances, PNA(rNA), i.e., the distribution of dis-
tances of An traps around a randomly excited Np donor, averaged over all donors
in the modified micellar system, which allows for the calculation of fluorescence
decays. Both functions are bimodal in the modified system (with a narrow peak in
the region of small distances), which confirms our working hypothesis used for the
above-outlined tentative interpretation of NRET results. The Np fluorescence decay
can be calculated using the PNA(rNA) function; however, the MC method offers a
more direct evaluation of its shape. The simulation yields a number of independent
micelles and, for each equilibrated micelle, it is possible to solve numerically the
master equation [92] describing the probability p(t) that the excitation is located at
time t at the fluorophore that was excited at time t = 0:

dp(t)
dt

= −
[

1
τd

+
n

∑
i=1

kT(ri)

]
p(t), (20)
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Fig. 28 Simulated distributions of radial distances of end segments from the core in hydrophobi-
cally modified (black circles) and unmodified (white circles) PS–PMA micelles

where τd is the natural (unaffected) fluorescence lifetime of the donor (Np) and
kT(ri) are the position-dependent rate transfer constants:

kT(ri) =
(

1
τd

)(
R0

ri

)6

, (21)

describing the rate of NRET for individual pairs, i, formed by the randomly excited
Np and all fixed An traps in one micelle. The first term of the right hand side (rhs) of
(20) describes the depletion rate of the excited state by fluorescence, and the sum of
kT(ri) multiplied by p describes the net effect of NRET in system with a fixed posi-
tion of all An. The averaging over different arrangements of traps around the excited
donor (i.e., over all possible conformations of the shell-forming chains in the micel-
lar system) yields the following formula for the enumeration of the experimentally
accessible fluorescence decay:

Iq
d (t) = I0

d(t)

〈
exp

[
−

n

∑
i=1

(
R0

ri

)6( t
τd

)]〉
. (22)

The comparison of experimental and calculated decays that is depicted in Fig. 29
shows a good quantitative agreement of both dependences.

To summarize the results of MC simulations, we can say that the computer study
confirmed our hypothesis on the bimodal distribution of conformations of the mod-
ified shell-forming chains. The results are interesting both from the theoretical and
practical points of view. Concerning the practical design of micelle-based systems
with the end-attached targeting groups, the study indicates that the choice of a suit-
able group requires great care.
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Fig. 29 Comparison of
experimental curve (noisy)
and simulated data (circles)
describing the NRET kinetics
of fluorescently labeled
PS–PMA micelles
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4.3 Monte Carlo Simulation of FCS Data

As mentioned in Sect. 2.5, we used computer simulations to address some problems
that arise when FCS is used to study the diffusion of larger particles. In particular,
we simulated how the FCS results are affected when large particles carry multiple
labels and looked at how important is the effect of the rotational diffusion of such
particles.

We used a simple simulation program that was developed in our laboratory. The
program simulates an FCS experiment, i.e., it emulates the behavior of an ensemble
of particles diffusing in a volume irradiated by a laser beam with a defined spatial in-
tensity profile. The particles can be either point-like or finite-sized and they perform
both translational and rotational diffusive motion. The probability of displacement
in time Δt is drawn from the known probability distribution:

P(x,Δt) =
1
2

√
πDΔt exp

(
− x2

4DΔt

)
, (23)

where x is the position of the particle, Δt is the time interval and D is the translational
diffusion coefficient. Besides translational diffusive motion, the finite-sized objects
can optionally perform rotational diffusion. Because the probability distribution for
the rotational diffusion cannot be expressed in an analytical form, the rotational
diffusion is simulated “by definition”, i.e., in the time interval Δt, each object is
rotated nrot times around random axes by an angle ϕ given by the expression:

φ =
√

6ΘΔt
nrot

, (24)

where Θ is the rotational diffusion coefficient, which is related to the translational
diffusion coefficient, D, as:

Θ =
kT

8πηR3 =
3D
4R2 , (25)
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where R is the radius of the particles, k is the Boltzmann constant, T is the temper-
ature and η is the viscosity of the solvent. Each of the diffusing particles can carry
several fluorescent labels distributed over its volume or on the surface. The number
of emitted photons in the interval Δt is given by the Poisson distribution:

Pν(n) = νn e−ν

n!
, (26)

where ν is the expected mean number of successful results (number of photon emis-
sions in our case). For a particle in position (x,y,z) we obtain ν as:

ν = QΔt E(x,y,z), (27)

where E(x,y,z) is the excitation profile defined by (10) and Q is the instrument con-
stant. In a real system, Q comprises a number of factors such as detection efficiency
and quantum yield. In the simulation, it is an adjustable parameter that influences
the computational efficiency but has no effect on the results. The simulated system
is in spherical boundary conditions so that when a particle diffuses out of the simu-
lation cell, it is deleted and a new particle is generated at a random position on the
surface of the cell. The boundary conditions perturb the correlations at longer times
that may potentially cause problems. However, for a given size of the simulation
cell, as well as other parameters of the simulated system, analytical expressions can
be derived that estimate the expected systematic error. Moreover, this error can be
made arbitrarily small by choosing a large enough system and simulating for long
enough. On the other hand, a natural limitation is the acceptable computer time
for one simulation. For practical purposes, we accept an error of up to 5% in the
obtained diffusion coefficient and concentration, which is still better than can be
obtained from experiments.

4.3.1 Simulation Results

We used the computer simulations to study the effect of the size of diffusing particles
on the results obtained from the FCS measurements. The simulated particles were
spheres that could carry one of more particles on their surface. The translational
diffusion coefficient of the particles was calculated from (25) and was used as an
input parameter. The obtained fluorescence intensity trace of the simulated system
was processed to calculate the autocorrelation function G(τ) (11), which was then
fitted using the analytical expression for point-like particles (12).

When the diffusing particles carry only one fluorescent label, the statistical char-
acteristics of the diffusion of the labels exactly corresponds to that of point-like
particles. Data points in Fig. 30 show the simulation data for particles carrying one
label. The data are plotted using relative units: On the vertical axis, we plot the ratio
of the apparent diffusion time (i.e., that obtained from the fit of the autocorrelation
function) to the true diffusion time (i.e., that which was an input parameter of the
simulation). On the horizontal axis, we plot the ratio of the particle radius, R, and
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Fig. 30 Effect of multiple labeling on the apparent diffusion timesgτApp, (left) and on the apparent
concentration, 〈C〉App (right)

the typical dimension of the active volume, ω1. Since the particles carrying one
single label behave in the same way as point-like particles, in our set of units, we
should obtain that the ratio τApp/τD = 1.0. The deviations from this value character-
ize the intrinsic error of the simulation. As mentioned in previous paragraphs, we
set up the simulated system so that the error should be up to 5%. Since these sim-
ulation data agree well with the theory, we used them as a reference set of data to
which other results are compared. In the case of particles, which carry more fluores-
cent labels, there is an additional correlation between the motion of labels attached
to the same particle, which is reflected in the autocorrelation function. When data
from such simulation are fitted using (23), an apparent diffusion time is obtained,
which should be significantly different from the translational diffusion time used as
an input for the simulation. Figure 30 also shows the simulation results for particles
carrying four labels. The data in the left graph of Fig. 30 show that when R«ω1,
the apparent diffusion time does not significantly differ from the true value. On the
other hand, when R ≈ ω1, the apparent diffusion time significantly differs from the
real value. This is in agreement with the theoretical predictions of Wu et al. [85].
A similar plot for the apparent concentration is shown is shown in the right graph of
Fig. 30. Again, for point-like particles the single-label data points are very close to
unity for any particle size while the four-label data points significantly deviate from
the real values when R ≈ ω1.

Another, yet unexplored, problem is the extent to which the autocorrelation func-
tion and the obtained diffusion characteristics are affected by the rotational diffusion
of the particles. Intuitively, one can expect that the rotational diffusion effectively
speeds up the decay of the autocorrelation function and hence shorter diffusion times
should be observed. This is shown in Fig. 31. The one-label, no rotation data points
are the same as in Fig. 30 and serve as a reference. The other data points show the
same system in which the rotation of the diffusing particle is switched on. As could
be expected, when the relative size of the particle is small as compared to the dimen-
sions of the active volume, the rotation has little effect. However, when the particle
dimensions are comparable to those of the active volume, the apparent diffusion time
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Fig. 31 Effect of rotation on the apparent diffusion time, τApp, (left) on the apparent concentration,
〈C〉App (right)

is significantly lower than the real one. When the rotational diffusion is switched on
for particles that have more than one label (data not shown), the effect of rotation is
much weaker. It can be understood by analyzing the extreme case: for a very high
number of labels, the large particle is uniformly covered with fluorophores and it
does not matter at all if it is rotating or not. Hence, with increasing number of flu-
orophores on the diffusing particle, the effect of rotation is gradually suppressed.
Figure 31 shows that the effect of rotation on the apparent concentration is close to
the intrinsic error of the method and hence can be considered as negligible.

To summarize the results of the MC simulations, we may say that when the
diffusing particles have dimensions comparable to the dimensions of the effective
illuminated volume, their size (and shape) strongly affects the autocorrelation func-
tion. If such system is treated using the standard model for point-like particles, the
obtained apparent diffusion coefficients may significantly differ from the real ones.
On the other hand, when the large particles also perform rotational diffusive mo-
tions, then the apparent diffusion times are affected in the opposite direction, as in
the case of multiple labeling. The effect of rotational diffusion is important when
there is only one label per particle, and with increasing number of fluorophores it
diminishes. Both these effects should be taken into account when FCS is applied
to study the diffusion of particles that have dimensions comparable to the dimen-
sions of the illuminated volume. On a semi-quantitative basis, the simulation results
explain the discrepancy between the diffusion coefficients (hydrodynamic radii) of
large particles when measured by FCS and DLS.

5 Concluding Remarks

In this article, we have selected and reviewed several studies performed during (or
closely connected to) our participation in the POLYAMPHI network with the aim of
showing the high research potential of fluorescence techniques for investigating self-
assembled stimuli-responsive polymer systems. The selection was based on three
criteria.
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First, we wanted to show interesting associative and conformational behavior of
amphiphilic copolymer systems in aqueous media containing both neutral water-
soluble (e.g., PEO) and weak PE blocks (e.g., PMA, PVP). On purpose, we omitted
common types of straightforward studies that are currently performed by a number
of groups (and also in our laboratory) and chose to focus on the specific features of
their behavior and on their detailed investigation that could not have been done with-
out specialized fluorescence techniques. One of goals was the demonstration that
the structure of water and its changes due to the solvation of water-soluble chains
plays an important role in self-assembling processes. In our studies, we often ob-
serve fairly unexpected behavior and witness how the intricate entropy-to-enthalpy
balance influences the behavior of aqueous nanoparticle systems. In contrast to bio-
chemists and biologists, who take great care over the role of water and talk about
“hydrophobic effect” or “biological water”, polymer scientists usually prefer uni-
versal scaling laws, etc. and forget that the tiny solvent molecules represent an
important component of the system.

The second criterion was the choice of fluorescence techniques itself. We wanted
to include examples of both relatively widely used techniques like NRET or fluores-
cence anisotropy and show their specific application, and also give some examples
of techniques little used in polymer research, like SRM or FCS. One of goals was
the “advertisement” of SRM because, in contrast to FCS that is finding supporters
among other POLYAMPHI members [152, 155], SRM is a “Cinderella” in polymer
science.

The third criterion of the selection derives directly from the main goals of the
paper. We wanted to show how computer modeling could help in the interpretation
of fluorescence data on complex systems. As already mentioned, fluorescence is an
indirect technique and an unambiguous interpretation needs pieces of independent
information. In our studies, we combined fluorescence with a number of experimen-
tal techniques and computer simulations. We hope that we have persuaded readers
that computer modeling offers a deep insight into the behavior of studied systems
and, besides being a semi-quantitative reproduction of observed trends, can yield
new hints for experimental research.
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35. Sýkora J, Slavíček P, Jungwirth P, Barucha J, Hof M (2007) J Phys Chem B 111:5869
36. Chakrabarty A, Chakraborty D, Seth D, Hazra P, Sarkar N (2005) Chem Phys Lett 412:255
37. Sen P, Roy D, Mondal SK, Sahu K, Ghosh S, Bhattacharyya K (2005) J Phys Chem A

109:9716
38. Lang B, Angulo G, Vauthey E (2006) J Phys Chem A 110:7028
39. Hutterer R, Schneider FW, Sprinz H, Hof M (1996) Biophys Chem 61:151
40. Moyano F, Biasutti MA, Silber JJ, Correa NM (2006) J Phys Chem B 110:11838
41. Rowe BA, Neal SL (2006) J Phys Chem B (2006) 110:15021
42. Lippert E (1957) Z Elektrochem 61:962
43. Badea MG, DeToma RP, Brand L (1978) Biophys J 24:197
44. Chattopadhyay A, Mukherjee S (1993) Biochemistry 32:3804
45. Hutterer R, Schneider FW, Lanig H, Hof M (1997) Biochim Biophys Acta – Biomembranes

1323:195
46. Gafni A, DeToma RP, Manrow RE, Brand L (1977) Biophys J 17:155
47. Toptygin D, Gronenborn AM, Brand L (2006) J Phys Chem B 10:26292



Fluorescence Spectroscopy as a Tool for Investigating the Polyelectrolyte Systems 247

48. Brauns, EB, Madaras ML, Coleman, RS, Murphy CJ, Berg MA (1999) J Am Chem Soc
121:11644

49. Middelhoek ER, Vandermeulen P, Verhoeven JW, Glasbeek M (1995) Chem Phys 198:373
50. Gulbinas V, Markovitsi D, Gustavsson T, Karpicz R, Veber M (2000) J Phys Chem A

104:5181
51. Chakrabarty D, Charkraborty A, Seth D, Sarkar N (2005) J Phys Chem A 109:1764
52. Cichos F, Willert A, Rempel U, von Borczykowski C (1997) J Phys Chem A 101:8179
53. Molotsky T, Huppert D (2003) J Phys Chem A 107:8449
54. Mukherjee S, Sahu K, Roy D, Mondal SK, Bhattacharyya K (2004) Chem Phys Lett 384:128
55. Sen P, Ghosh S, Sahu K, Mondal SK, Roy D, Bhattacharyya K (2006) J Chem Phys

124:204905
56. Adikhari A, Dey S, Das DK, Mandal U, Ghosh S, Bhattacharyya K (2008) J Phys Chem B

112:6350
57. Kasha M (1952) J Chem Phys 20:71
58. Stern O, Volmer M (1919) Phys Z 20:183
59. Förster T (1949) Z Naturforsch 4A:321
60. Förster T (1959) Discuss Faraday Soc 7:27
61. Van Der Meer WB, Coker G, Chen SS-Y (1991) Resonance energy transfer. Wiley, New York
62. Dale RE, Eisinger J, Blumberg WE (1979) Biophys J 26:161
63. Eisinger J, Blumberg WE, Dale RE (1981) Biophys J 33:155
64. Chee CK, Rimmer S, Soutar I, Swanson L (2001) Polymer 42:5079
65. Kuzmenkina EV, Heyes CD, Nienhaus GU (2005) Proc Natl Acad Sci USA 102:15471
66. Suwa M, Hashidzume A, Morishima Y, Nakato T, Tomida M (2000) Macromolecules 33:7884
67. Holappa S, Kantonen L, Winnik FM, Tenhu H (2004) Macromolecules 37:7008
68. Dias FB, Knaapila M, Monkman AP, Burrows HD (2006) Macromolecules 39:1598
69. Pham HH, Farinha JPS, Winnik MA (2000) Macromolecules 33:5850
70. Xiang ML, Jiang M, Zhang YB, Wu C, Feng LX (1997) Macromolecules 30:2313
71. Feng JR, Yekta A, Winnik MA (1996) Chem Phys Lett 260:296
72. Torchilin VP, Levchenko TS, Whiteman KR, Yaroslavov AA, Tsatsakis AM, Rizos AK,

Michailova EV, Shtilman MI (2001) Biomaterials 22:3035
73. Mizusaki M, Morishima Y, Winnik FM (1999) Macromolecules 32:4317
74. Barros TC, Adronov A, Winnik FM, Bohne C (1997) Langmuir 13:6089
75. Magde D, Elson EL, Webb WW (1974) Biopolymers 13:29
76. Schwille P, Bieschke J, Oehlenschlager F (1997) Biophys Chem 66:211
77. Schwille P (2001) Cell Biochem Biophys 34:383
78. Sanchez SA, Gratton E (2005) Acc Chem Res 38:469
79. Remaut K, Lucas B, Raemdonck K, Beckmans K, Demeester J, De Smedt SC (2007) J Con-

trolled Release 121:49
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97. Štěpánek M, Humpolíčková J, Procházka K, Hof M, Tuzar Z, Špírková M, Wolff T (2003)

Collect Czech Chem Commun 68:2120
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