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Abstract This review considers interpolyelectrolyte complexes, with a particular
emphasis on advanced macromolecular co-assemblies based on polyionic species
with nonlinear topology and on polymer—inorganic hybrids formed by interpolye-
lectrolyte complexes containing metal ions and/or metal nanoparticles.
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1 Introduction

During recent decades, self-organization phenomena in macromolecular systems
based on synthetic polyelectrolytes, as well as in complex systems containing natural
macromolecules, have been extensively and successfully investigated. First of all,
the studies have been aimed at gaining deeper understanding of self-organization
mechanisms in biological systems. An example is the phenomenon of DNA compac-
tion, which was revealed upon examination of the conformational behavior of
double-helix DNA complexed with cationic surfactants in nonpolar solvents such
as chloroform. The experimental results on such “null DNA,” whose charge is fully
compensated, under conditions pronouncedly different from those typical for com-
mon aqueous media, suggested that DNA compaction can be considered as intrinsic
property of an uncharged double helix. Experts both in physical chemistry of
polymers and in molecular biology have positively evaluated this concept [1-3].

Interpolyelectrolyte complexes (IPECs) resulting from coupling oppositely
charged (or getting charged) polyelectrolytes obviously take an important and signi-
ficant part in a domain of self-organizing polymer systems. Such macromolecular
co-assemblies built up from linear polyions have attracted the attention of experts in
polymer science for a long time [4-9]. Nowadays, one can confidently relate IPECs
to smart and intelligent functional complex polymers having a pronounced tendency
toward self-organization. Also of interest is the response of IPECs to minor variations
in their environment (particularly to changes in pH, ionic strength, temperature, etc.)
via considerable conformational changes and the whole spectrum of their physico-
chemical and mechanical characteristics. The unique simplicity of preparation of
IPECs, together with an availability of linear polyelectrolytes, make such macro-
molecular co-assemblies and IPEC-based materials very promising for numerous
applications.

IPECs have been demonstrated to act as effective flocculants and surface
modifiers [10-13]. One can emphasize the successful application of IPECs as effec-
tive and available binders for soils and grounds in the aftermath of the accident in
the Chernobyl atomic power station (Ukraine).These macromolecular co-assemblies
were used to suppress erosion of soils and grounds and thus to prevent radionuclide
contamination caused by spreading of radioactive particles [10, 14]. Twenty-five
years later, IPECs have again attracted attention because of similar problems arising
from the accident in the Fukushima Daiichi atomic power station (Japan) [15, 16].
Another attractive application of IPECs is for medical purposes in the design of
pharmaceuticals for targeted drug delivery followed by controlled release, e.g., for a
nonviral gene delivery into cells [17, 18].

Nowadays, we clearly see that the domain of interpolyelectrolyte interactions
and IPECs is rapidly developing, involving relatively new areas of science and
opening new possibilities for application of these macromolecular co-assemblies.
With IPECs as templates, novel organic—inorganic complex systems and hybrid
nanocomposites based on these are successfully being developed. During the last
few years, studies on IPECs have been considerably extended as polyelectrolytes
with new (nonlinear) topologies have become available. This becomes possible due
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to remarkable advances in controlled radical polymerization techniques, such as
atom-transfer radical polymerization (ATRP), stable free-radical polymerization
(SFRP), and reversible addition-fragmentation transfer (RAFT) polymerization
[19, 20]. As a result, well-defined star-shaped polyelectrolytes and star-like
polyionic species (micelles of ionic amphiphilic block copolymers) as well as
cylindrical polyelectrolyte brushes can now be utilized as polymeric components
to be involved in interpolyelectrolyte complexation. This opens new possibilities
for design of a novel generation of IPECs having a distinct compartmentalized
structure. These problems and points will be considered in this review.

2 Formation and Basic Properties of Interpolyelectrolyte
Complexes

2.1 Peculiarities of IPEC Formation

During recent decades, considerable attention has been paid to interpolymer
interactions and interpolymer complexes. This interest is motivated by a number
of fundamental and application-oriented problems. In a fundamental aspect, inter-
polymer interactions are of significant importance because of the possibilities for
design and fabrication of novel polymeric co-assemblies, structures, and materials.
Such macromolecular co-assemblies (also referred to as interpolymer complexes)
possess unique properties that are remarkably different from the properties of
their polymeric components. In the simplest case, they result from “weak” mutual
attraction of chemically and/or stereo-complementary macromolecules. Thus,
“stereocomplexes” formed due to van der Waals interaction between stereoregular
poly(B-propiolactone)s are well known [21]. Interpolymer complexes might also be
stabilized via hydrogen bonds between monomer units of the polymeric counterparts
[22, 23], for example, co-assemblies of poly(carboxylic acid)s with polyethers,
i.e., poly[oxyethylene(propylene) glycol]s. Despite the low attraction energy between
complementary monomer units, such interpolymer complexes are rather stable
because of the cooperative character of interpolymer interaction. At the same time,
they can reversibly dissociate to their polymeric components if certain conditions
(temperature, pH, ionic strength, etc.) are met. This opens a unique opportunity for
design and fabrication of new polymeric materials and structures of various scales
and dimensions (ranging from nano- to macroscopic) with variable characteristics,
which are determined by environmental conditions. Such materials and structures are
referred to as functional, whereas the co-assemblies themselves are regarded as
“smart.” Similar principles for construction of complex polymeric structures are
widely exploited and exemplified in nature by production of the most important
biological architectures, such as double helices (i.e., DNA) and fibrillar proteins
(e.g., collagen). Thus, the modern physical chemistry of polymers follows fundamen-
tal principles, which are widely used in nature.

Among interpolymer complexes, IPECs, which result from the interaction between
oppositely charged polyelectrolytes, are of a special interest. Such macromolecular
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co-assembly processes proceed with high rates, which are typical for diffusion-
controlled reactions. As a result of collisions between oppositely charged macro-
molecular coils, contacts (referred to as ion—ion or salt bonds) are formed between
their monomer units while low molecular weight counterions previously associated
with charged groups of the polymeric components release into bulk solution (1).
This release of low molecular weight counterions causes the entropy of the system
to increase, i.e., AS > 0. Calorimetric studies point to athermic character of inter-
polyelectrolyte complexation (in aqueous media). This fact indicates that co-assembly
processes in such systems are predominantly driven by a gain in entropy.

}7'6‘6 + @B_{ = }7Ae ®BA{ + a,' b* (1 )
b’ a

Upon the formation of IPECs, the concentration of a low molecular weight salt
(a—, b") in the system increases. The increasing salt concentration shifts equilibrium
(1) to the left, that is, it favors the dissociation of interpolymer salt bonds. This
phenomenon is observed at high concentrations of the polymeric components and/or
upon addition of low molecular weight salts to mixtures of oppositely charged
polyelectrolytes and has been reported in numerous works [8, 24-26]. It is widely
used when IPECs are applied.

At sufficient content of low molecular weight salts, the equilibrium, which can
be shifted to one or another side by the changing salt concentration, is settled. There
are numerous reports on fundamental aspects of interpolyelectrolyte reactions, in
which equilibrium (1) is considered. Such equilibria are analyzed in terms of
chemical thermodynamics, using equilibrium constants. For (1), the equilibrium
constant K is given by:

Keq = [F A*B H|(b")(a™)/[F A®b*][- B¥a™] 2)

If, for simplicity, [- A°b*], = [+ B®a~], = C, that is, considering mixtures of
oppositely charged polyelectrolytes at the stoichiometric (1:1) ratio between their
ionic groups, then dividing the numerator and the denominator in Eq. (2) by the
initial concentration (Cy) yields:

Keq = (1/Co) - {©/(1 = 0)’} - (b7)(a") ©)

Here, © is a conversion in the reaction described by (1), such that @ = [~ A°“B
/Co , which equals the ratio of the concentration of the formed interpolymer
salt bonds to the initial concentrations of ionic groups of the polymeric components.
For nonstoichiometric mixtures, one takes as C the initial concentration of ionic
units of the minority polyelectrolyte.

From the above consideration, it follows that from the experimental point of view
equilibrium (1) can be easily investigated for polyelectrolytes whose charged groups
possess a strong specific affinity to counterions. Such systems comprising weak
polymeric acids or weak polymeric bases have been studied in detail due to the
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Fig. 1 Plots of @ versus pH for various polyelectrolyte systems: (/) poly(acrylic acid) (PAA) —
poly(L-lysine); (2) PAA — poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA); (3) poly
(L-glutamic acid) —- PDMAEMA; (4) PAA — poly(/N-ethyl-4-vinylpyridinium bromide) (P4VPQ);
(5) poly(4-vinylpyridine) — poly(sodium styrene sulfonate) (PSSNa); (6) PDMAEMA — PSSNa.
Reprinted from [27] with kind permission from MAIK Nauka/Interperiodica Copyright 1999

simplicity and availability of experimental techniques for study of interpolyelectrolyte
reactions by means of potentiometric titration. As an illustration, one can consider
equilibria (4) and (5):

® > [eX<) +
}7COOH + B— —— }7000 B‘{ + H, a (4)
o
€] e -
}7NH2 + A —_—— }7NH3@ @A—{ + OH, b* (5)
+

b

where (4) describes a reversible charging of a weak polyacid in the presence of
polycations and (5) represents a reversible charging of a weak polybase in the
presence of polyanions. Both charging reactions lead to the formation of IPECs.
A detailed analysis of these equilibria in terms of @ against the pH has been
published [27]. A number of experimental & versus pH dependences for various
polyelectrolyte systems are shown in Fig. 1.

The obtained findings point to a high stability of the formed IPECs, which in
turn results from a high cooperativity of the coupling reactions (1), (4), and (5)
between oppositely charged polyelectrolytes (also referred to as polyion addition
reactions) [7, 8].

2.2 Water-Soluble Nonstoichiometric IPECs

IPECs have attracted significant attention mainly as novel amphiphilic materials,
which are promising for applications in medicine, biology, and ecology [10, 28, 29].
A breakthrough and further progress in the domain of interpolyelectrolyte reactions
and IPECs were achieved in the middle of the 1970s. They were associated with
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Fig. 2 Structure of water-soluble nonstoichiometric IPECs formed by oppositely charged linear
polyelectrolytes with DPypg >> DPgpg [31, 32]

the discovery of so-called water-soluble nonstoichiometric IPECs, which contain
charged groups of the polymeric components in a nonequivalent ratio. For the
first time, such macromolecular co-assemblies were reported [30]. Extensive studies
of the water-soluble nonstoichiometric IPECs considerably advanced knowledge
about the structure of these extremely interesting and promising macromolecular
co-assemblies and their self-organization. It was found that the solution behavior of
such IPECs decisively depends on their charge-to-charge stoichiometry. In particular,
it was shown that IPEC species become compact if the ratio of oppositely charged
groups of their polymeric components approaches 1:1 (i.e., stoichiometric).

These and other results allow one to consider water-soluble nonstoichiometric
IPECs as peculiar amphiphilic block copolymers comprising a number of complex
blocks assembled from the electrostatically coupled polymeric components. Such
complex blocks are rather hydrophobic, thereby manifesting a tendency to a mutual
segregation in aqueous media. Free (uncomplexed) segments of the excess polyelec-
trolyte are obviously hydrophilic and therefore grant IPEC species a solubility in
aqueous media. This excess polyelectrolyte is typically referred to as a “host”
polyelectrolyte (HPE). Its polymeric counterpart bearing opposite charge, which is
incorporated into IPEC as a minority component, is generally referred to as a “guest”
polyelectrolyte (GPE). The structure of water-soluble nonstoichiometric IPECs
proposed by Kabanov and Zezin [31, 32] is schematically depicted in Fig. 2.

The unique behavior of water-soluble nonstoichiometric IPECs manifests itself,
first of all, by polyion exchange reactions, which proceed between IPEC species
and lead to transfer of a chain (or chains) of GPE from one HPE chain to another.
These polyion exchange reactions cause such systems to undergo so-called dis-
proportionation, which is known to result in phase separation of solutions of such
macromolecular co-assemblies. The IPECs contained in coexisting phases consider-
ably differ in their charge-to-charge stoichiometries: the insoluble phase is typically
composed of a stoichiometric IPEC while a nonstoichiometric IPEC (or even a pure
HPE) remains in the solution. Such phase separations can be caused by various
factors, for example, by varying charge-to-charge stoichiometry of the mixture, by
adding low molecular weight salts, by changing the temperature, etc.

These and other findings show that charge-to-charge stoichiometry of IPEC
species can be remarkably different to the ratio between the amounts of monomer
units of oppositely charged polymeric components in their mixture, i.e., the charge-
to-charge stoichiometry of the mixture. To overcome this, one should introduce two
independent parameters to characterize the charge-to-charge stoichiometry of the
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mixture: first, Z = [GPE]/[HPE] (here, the basemolar concentrations of the poly-
meric components in a reaction mixture are given in the brackets) and second, the
stoichiometry of the formed IPEC, ¢ = Ngpg/Nypg (here, the amounts of monomer
units of the polymeric components incorporated into an IPEC are given). These
parameters are defined already in early works [31, 32] and will be used throughout
this review.

Figure 3 illustrates transformations of the water-soluble nonstoichiometric
IPECs upon increasing Z. Here, three regions (A, B, and C) are marked on the
Z-axis, where Z, and Zy;;,, correspond to the boundaries between the regions A and
B and B and C, respectively, with the stoichiometry of the IPEC changing differ-
ently in each region. This scheme describes the behavior of mixtures of oppositely
charged polyelectrolytes with considerably different degrees of polymerization,
where DPypg > DPgpg  (here, DP is the degree of polymerization of the
corresponding polyion) in the range 0 < Z < 1.

In region A, 0 < Z < Z, and free (uncomplexed) macromolecules of HPE and
IPEC species with stoichiometry being constant and equal to ¢., = DPgpg/DPypg
coexist in the solution. Numerous experimental results provide evidence that each
of the IPEC species contains only one HPE chain. Disproportionation observed in
region A results from an insufficient amount of GPE chains, which cannot occupy
all HPE chains in the mixture. With increasing Z, the fraction of free HPE chains in
the reaction mixture linearly decreases, with all HPE chains being incorporated into
IPEC species at Z = Z,,.

In region B, Z., < Z < Zj;, and all HPE chains are occupied but they are able
to host further GPE. Experimental results indicate that GPE chains, which are
additionally incorporated into the IPEC species of stoichiometry (., are uniformly
distributed among the macromolecular co-assemblies. However, a change of
charge-to-charge stoichiometry of the IPEC species upon increasing Z in the region
B has not been investigated in detail so far. It was only found that IPEC species with
© > ©1im lose their solubility in aqueous media. This happens at Z = Z;;,, = ©rim.

On further addition of GPE to a mixture of oppositely charged polymeric components
(Ziim < Z < 1), the system becomes heterogeneous (the region C). As previously
described [26, 33], IPEC species considerably differing in their charge-to-charge
stoichiometries coexist in the mixture of oppositely charged polyelectrolytes.
Particles of an insoluble IPEC in region C are present in a colloidally dispersed
state and can be easily separated from the reaction mixture, for example, by
centrifugation. A direct determination of their charge-to-charge stoichiometry by
means of elemental analysis indicates that it remains constant and corresponds to
the equimolar ratio between charged groups of HPE and GPE (i.e., ¢ = 1). At the
same time, a water-soluble nonstoichiometric IPEC with stoichiometry ¢ = ¢y,
remains in the solution. At Z = 1, only a precipitate of a stoichiometric IPEC
(¢ = 1) is formed and the supernatant contains no polyions.

These insoluble stoichiometric IPECs have found their application as binders of
various disperse systems, including soils and grounds, thus acting as effective agents
for preventing wind and/or water erosion. Specifically, they have been used to
suppress spreading of radioactive contamination in soils and grounds resulting from
accidents in atomic power stations [10, 14-16].
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Fig. 3 Behavior of mixtures of oppositely charged linear polyelectrolytes with DPypg >> DPgpg
upon an increasing content of GPE. Z=[GPE]/[HPE]. For descriptions of regions A, B, and C, see
text
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Fig. 4 Turbidimetric titration curves of (/) an aqueous solution of sodium polyphosphate (PPNa)
acting as HPE with an aqueous solution of 5,6-ionene bromide acting as GPE at pH 7.0 and 0.01 M
NaBr; and (2) an aqueous solution of PDMAEMA-HCI (HPE) with an aqueous solution of PPNa
(GPE) at pH 4.5 and 0.1 M NaCl

Addition of low molecular weight salts into mixtures of oppositely charged
polyelectrolytes has a pronounced influence on the behavior of water-soluble
nonstoichiometric IPECs. In particular, this manifests itself in a shift of the boundary
between the regions A and B, that is, Z,, to lower values. The low molecular weight
salts induce conformational transformations of particles of nonstoichiometric IPECs,
(i.e., a coil-globule transition) followed by phase separation of the solution and
macroscopic precipitation of a stoichiometric IPEC [31, 34].

The above phenomena, which are to be investigated for understanding of self-
organization in multicomponent systems containing oppositely charged polyions,
imply that IPEC species can exchange their polymeric components with each
other. Turbidimetric titrations of aqueous solutions of various HPEs with aqueous
solutions of different GPEs (DPypg > DPgpg) provide evidence for such polyion
exchange. The reaction mixture remains transparent until Z = Z;;;,,. When Z exceeds
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Ziim, turbidity appears and then linearly increases with increasing Z (in the range
Ziim < Z < 1). This is schematically illustrated by the turbidimetric titration curves
given in Fig. 4.

These results undoubtedly point to the formation of a water-soluble nostoichio-
metric IPEC at low Z-values (Z < Zj;,), followed by the formation and the
subsequent concentration of an insoluble stoichiometric IPEC at Z > Zj;,,,. This
completely corresponds to the transformations of IPECs, which are described
above (Fig. 3).

2.3 Polyion Transfer in IPEC Systems

The dynamic properties of IPECs have been considered in more detail by Kabanov
and colleagues [7, 8, 35], who reported on the kinetics of interpolyelectrolyte
exchange reactions. These reactions comprise a transfer of GPEs from some
HPEs to other HPEs. The reaction represented by (6) illustrates this process:

o=,

IPEC, HPE, HPE, IPEC,

Here, HPE, and HPE, are chemically equal polyions with the same macro-
molecular characteristics. They exchange with each other by GPE. The reaction
described by (6) represents a simple exchange process between particles of a
nonstoichiometric IPEC (each containing one GPE chain) and free (uncomplexed)
HPE chains. Such IPECs with ¢ = Ngpg/Nupe = DPgpr/DPypg  are formed in
region A (see Fig. 3). It is obvious that the polyion exchange reaction proceeds for
any Z-value and even not necessarily in homogeneous media. In the heterogeneous
region (C), the reaction is matched to an interphase transfer of GPE chains.

From the basic point of view, the reaction represented by (6) is most suitable for
fundamental investigations on the kinetics and mechanism of interpolyelectrolyte
exchange reaction. Such studies provide key understanding of processes proceeding
in self-organizing multicomponent systems comprising oppositely charged polyions.
They are also necessary for deep insight into the structure and properties of a novel
generation of amphiphilic polymeric materials based on IPECs.

The experimental investigation of interpolyelectrolyte exchange reactions described
by (6) requires that HPE; and HPE,, which participate in the process, are distinguish-
able. It is also necessary to be able to detect a transfer of GPE chains. The first was
achieved by fluorescent labeling of HPE, or HPE, [8, 36]. As fluorescent labels,
antracenyl or pyrenyl ones, were used and poly(methacrylate) (PMA™) anions were
exploited. The second problem was overcome by choosing GPEs, which are effective
fluorescence quenchers. Typically, these are polymeric aromatic quaternary ammo-
nium salts. Mostly, salts of poly(N-ethyl-4-vinylpyridinium) (P4VPQ™) cations were
used. Thus, a transfer of GPE-quenchers results either in fluorescence enhancing or
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fluorescence quenching in the system, depending on which HPE (i.e., HPE, or HPE,)
is fluorescently labeled.

The kinetics of a single chain transfer, which is represented by (6), was studied
more completely. In the simplest case, equal amounts of IPEC species, each
containing only one HPE chain and one GPE chain, and free fluorescently labeled
HPE (HPE¥*) are taken so that [HPE] = [HPE*]. Conversion (g) of the transfer was
defined as the fraction of HPE* chains complexed with GPE chains. It was found
that the kinetics of the transfer are well described in terms of a second-order
reaction with respect to the concentrations of macromolecular reagents, i.e., [IPEC
{HPE-GPE} and HPE*. Accordingly, experimentally obtained kinetic curves were
fitted as linear functions using Eq. (7):

4q *

Here, &, is the rate constant for the transfer of a GPE chain from one HPE
chain onto another, [HPE*]y = [HPE], is the initial basemolar concentration of
the reacting species in the system, and ¢ is time. It turned out that the measured
values of k, are three to five orders of magnitude less than the calculated values
for the rate constant, which is determined by diffusion-driven collisions [36]. This
finding implies that indeed only one transfer of a GPE chain from an IPEC onto a
HPE* chain takes place per 10°~10° collisions. The Scheme (8) below illustrates
this process:

GPE

IPEC HPE* ©

HPE IPECH

According to this scheme, transfer of a GPE chain from an IPEC onto a HPE*
chain proceeds in a united macromolecular coil comprising three polyions (i.e., HPE,
HPE*, and GPE) through redistribution of interpolymer contacts (interpolymer salt
bonds). It was shown that the probability of the chain transfer strongly increases with
increasing ionic strength of the solution [36]. This is explained by an enhanced
segmental mobility of GPE (due to breakup of some interpolymer salt bonds) in the
united macromolecular coil (an intermediate state).

Thus, the kinetics of polyion exchange reactions can be governed by varying the
concentrations of a low molecular weight salt in the system. If the ionic strength of
solutions is low, then macromolecular dissociation of IPECs to their polymeric
components does not happen under such conditions. The rate of polyion exchange
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reaction also strongly increases with the decreasing linear charge density of GPE as
well as with the decreasing degree of polymerization of the latter [36].

The considered processes play an extremely important role during preparation of
IPECs. Thus, mixing aqueous solutions of oppositely charged polyelectrolytes at
charge-to-charge ratios at which water-soluble nonstoichiometric IPECs are to be
finally formed results, at first, in appearance of turbidity in the system. However,
the turbidity gradually disappears with time, depending on the mixing conditions,
and particles of a nonstoichiometric IPEC with ¢ = Z can be detected in the system
[36]. The first, rapid stage of the reaction proceeds with a diffusion-controlled rate.
It is accompanied by appearance of rather large aggregates, whose charge-to-charge
stoichiometry differs from the charge-to-charge stoichiometry of the reaction
mixture, i.e., ¢ # Z. The next, relatively slow stage is a polyion exchange between
these aggregates and free HPE, leading to the formation of thermodynamically
stable water-soluble nonstoichiometric IPECs.

The processes described above are also of importance for insoluble stoichiometric
IPECs as well as for IPEC-based materials, including composites. This manifests
itself in the fact that the swollen-in-water IPECs behave as viscous liquids and can
creep. When incorporated into complex disperse systems (e.g., soils), they quickly
recognize complementary sites on the surface of soil particles and strongly stick them
together. In such systems, oppositely charged polyions constantly migrate relative to
each other due to Brownian motion, remaining at the same time incorporated into the
IPECs [8]. This behavior explains the fact that composites based on such macromo-
lecular co-assemblies in a wet state exhibit pronounced self-healing behavior.

The results of studies on the kinetics of interpolyelectrolyte exchange reactions
provide evidence that fluorescent labels of HPE*, which were taken to be hydro-
phobic, act as “anchors” for GPE-quenchers. It was found that an antracenyl label
is a weak “anchor” compared to a pyrenyl label and that an increasing amount of
labels in a HPE* chain leads to its more selective binding with GPE-quenchers [36,
37]. This is because of an additional gain of free energy upon formation of a contact
between a label and a monomer unit of the polymeric quencher due to the
donor—acceptor interaction and also because of incorporation of the label into a
rather hydrophobic domain consisting of hydrophobic moieties of the coupled
polyions. Such “recognition” plays an important role in biological systems.

Analysis of the equilibrium of interpolyelectrolyte coupling and kinetics of
interpolyelectrolyte exchange led to the conclusion that IPECs are stable macromo-
lecular co-assemblies. In aqueous media, IPECs do not dissociate to their polymeric
components at concentrations of low molecular weight salts typically below about
0.5 M and, at the same time, retain high dynamics. At such salt concentrations,
polyions building up macromolecular co-assemblies at ambient temperatures are able
to easily migrate with respect to each other. In aqueous solutions of nonstoichiometric
IPECs, GPE chains easily change their hosts through interpolyelectrolyte exchange
reactions. These processes provide remarkable self-organization of IPECs. Being of a
pronounced amphiphilic character, IPECs quickly find their optimal location in a
complex environment. Thus, they “recognize” complementary sites on surfaces of
particles in natural dispersions and anchor onto them, as depicted in Fig. 5.
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Fig. 5 A fragment of an IPEC and a fragment of an IPEC in a soil pore

Nowadays, IPECs are typically considered to be self-organizing and ordered
macromolecular co-assemblies. This concept is based not only on semi-intuitive
understanding of such systems as products of the cooperative interpolyelectrolyte
interaction but also on some supporting experimental findings.

Self-adjustment phenomena in IPECs manifest themselves on different scales:
both within single particles in aqueous solutions of nonstoichiometric IPECs and
in bulk insoluble stoichiometric IPECs. A transfer of GPE chains from some
HPE chains to other identical chains has been considered above. It has been
assumed that this transfer is possible because a GPE chain permanently changes
its location in a HPE coil due to Brownian motion. In a united { HPE;-GPE-HPE,}
coil, it can “choose” another host within the lifetime of the coil and, therefore,
migrate from the original HPE; to the added HPE,. Besides, one assumes that all
locations of the GPE chain in the HPE coil are equal because there is no available
information about their preferable locations. At the same time, when the GPE chain
is rather short it remains relatively strained on the oppositely charged longer HPE
chain. This implies a certain order in mutual locations of the polymeric components
in an IPEC particle. Such a consideration follows from numerous results on the
conformational behavior of particles of water-soluble nonstoichiometric IPECs.
Thus, the migration of GPE chains resembles a “worm”-like motion along a
stretched thread, this motion being permanent and chaotic in nature.

The Brownian motion of GPE-quenchers becomes vectorized even if a minor
amount of pyrenyl labels is attached to HPE chains; as little as about one label per 350
monomer units of HPE* is sufficient. This manifests itself in the fact that GPE-
quenchers, as described above, predominantly occupy HPE* chains bearing the
fluorescent labels. Considering a single particle of a water-soluble nonstoichiometric
IPEC#, this also means that a random walk of a GPE chain in a HPE* coil is directed,
with the GPE chain spending more time on sites of HPE*, which contain the
anchoring label.

In the context of self-organization of IPECs, the so-called interpolyelectrolyte
substitution reactions are of particular interest. In these reactions, HPE, chains
coupled to GPE (i.e., forming IPEC,) are substituted by HPE, chains, which are
different in nature, thereby generating IPEC, as shown in (9)
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IPEC,{HPE,—GPE} + HPE, — IPEC,{HPE,—GPE} + HPE, )

Such reactions are described in terms similar to those that have been applied for
consideration of polyion exchange reactions (6). A reaction with a participation of
water-soluble nonstoichiometric IPECs comprising fluorescently labeled PMA™
anions as HPE* and P4VPQ™ cations as GPE-quenchers was studied. On addition
of polyanions containing sulfo- or sulfonate groups to these systems, a full transfer
of GPE chains from IPEC* particles onto polysulfo/sulfonate anions is observed, as
illustrated by Scheme (10):

This process is accompanied by enhancing fluorescence, which is a measure of
the shift of the equilibrium of the reaction shown in (10) from left to the right.
Experimentally observed [7, 8] extremely high selectivity of interpolyelectrolyte
interaction is explained by additional donor—acceptor interactions between the
electron-donating sulfo/sulfonate groups of HPE, and the electron-accepting
pyridinium groups of GPE. Even at rather low values of the energy of the non-
Coulomb interaction between monomer units of the oppositely charged polymeric
components, the total energy of the additional interaction of GPE chains with
a HPE, chain, which is summed over all GPE monomer units, is sufficiently high
to provide an error-free recognition and an almost complete selectivity of the
interpolyelectrolyte coupling.

Published works [7, 38, 39] convincingly demonstrated that in a complex
biological environment (e.g., in blood plasma) polycations find highly sulfated
polysaccharides (e.g., heparin) in the system in an error-free manner. Polycations
form stable IPECs with heparin, thereby suppressing its activity as a blood antico-
agulant. Further detailed investigation on the kinetics and equilibrium of
interpolyelectrolyte substitution reactions have provided a basis for the develop-
ment of complex heparin antagonists with low toxicity and an improvement in
systems for immunodiagnostics [7].

Thus, self-organization processes are widely represented in complex interpolye-
lectrolyte systems. The kinetics of such processes can be finely tuned by varying
environmental conditions, in particular, by changing the concentration of low
molecular weight salts. The course of the process can be controlled by
incorporating “anchor” groups into the polymeric components of IPECs as well
as by a directed choice of polyion competitors that differ in the chemical nature of
their ionic groups. These phenomena have been considered on the nanometer scale,
which corresponds to the typical size of charged macromolecules.
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Self-organization processes proceeding in IPECs are not limited by the nano-
meter scale, pronouncedly manifesting themselves on the scale corresponding to
mesostructures and in bulk. The self-organization can lead to the selective formation
of highly ordered structures. An example of such a structure is stoichiometric IPEC
formed by PA™ anions and protonated linear poly(ethylene imine) (PEI) cations. The
study of chemical transformations in such macromolecular co-assemblies provided
evidence that more than about 80% (mol) of interpolymer salt bonds can be
converted to covalent amide bonds, as illustrated by Scheme (11):

\ / \ / \ / \ / \ / \ / W \ /
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(11)

The reaction (11) proceeds at a temperature of 170-270°C in solid glassy
specimens. The high yields are due to high ordering of both the original IPEC and
the reaction product [8, 40, 41]. From an application point of view, these processes are
extremely useful for chemical modification of such macromolecular co-assemblies
with the aim of enhancing their stability in aggressive media and improving their
mechanical properties. The structured IPECs {PAA-PEI} are found to be suitable
macromolecular templates for the design of novel metallo-containing IPECs, which
contain transition and/or heavy metal ions sandwiched between the polymeric
components [42].

During the last decade, the potential for synthesis and construction of novel
complex multicomponent self-organized IPEC-based structures has considerably
increased as polyelectrolytes and polyionic species with nonlinear topology have
become available. Among those are polymeric micelles with polyelectrolyte
coronas, star-shaped polyelectrolytes, and cylindrical polyelectrolyte brushes. Poly-
ionic species of such types themselves possess often a pronounced capability for self-
organization, which is expected to be enhanced when they are incorporated into
complex macromolecular structures such as IPECs. The advanced IPECs based on
polyionic species with nonlinear topologies are considered in Sect. 3 of this review.

3 Advanced Interpolyelectrolyte Complexes

Further progress in the field of IPECs has been associated with involvement
of more complex polyionic architectures, such as branched ionic (co)polymers
(polyelectrolyte stars and cylindrical polyelectrolyte brushes) as well as self-
assemblies of linear ionic diblock copolymers (polymeric micelles) (Fig. 6a—c),
into interpolyelectrolyte complexation. Synthesis of well-defined polymeric archi-
tectures with nonlinear topology has become possible only recently due to consider-
able developments in living and controlled polymerizations. In this section, we briefly
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Fig. 6 A polyelectrolyte star (a), a micelle with a polyelectrolyte corona (b), and a cylindrical
polyelectrolyte brush (c)

consider and update the main achievements regarding the preparation and investiga-
tion of such advanced IPECs, which are also reported in a recent review [43].

The increasing interest to IPECs based on polyionic species of nonlinear topology
is mainly due to the possibility of using them as a basis for building (optionally, to
template) easily available and multifunctional polymeric architectures, which are of
high potential for applications in rapidly developing nanotechnologies connected with
such important areas as nonviral gene delivery, targeted/prolonged drug delivery,
preparation of nanosized catalytic systems, etc.

3.1 IPECs Based on Star-Shaped (Co)Polymers

Star-shaped polymers (also referred to as polymer stars or star polymers) represent
isotropic centrosymmetric macromolecules, each containing a single branching
point in a center of a macromolecule (Fig. 6a). They can be prepared via a
“core-first” or an “arm-first” approaches. The branching point represents a small
core remaining from an oligofunctional initiator (“core-first” approach), which is
used to polymerize arms, or from a multifunctional cross-linker (“arm-first”
approach), which is used to cross-link arms. The core determines the number of
arms while the arms determine the overall size of the synthesized polymer star.
Macromolecules of star-shaped polymers are characterized by a well-defined size
(in the nanometer range) and a spherical morphology, both resulting from their
inherent structuring.

Successful synthesis of well-defined star-shaped ionic (co)polymers [44] is a
prerequisite for preparation of their IPECs. In connection with this, we consider
papers [45, 46] that report on water-soluble IPECs with a star-shaped polyion,
e.g., poly(sodium acrylate) (PANa) stars, acting as HPE. Water-soluble IPECs are
formed when charged groups of the star-shaped HPE are in certain excess compared
to charged groups of its polymeric counterpart (P4VPQ). Otherwise, macroscopic
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phase separation (precipitation) is observed in mixtures of the oppositely charged
polymeric components. It was found that the number of arms of the star-shaped HPE
determines a window of Z-values, which correspond to the formation of water-
soluble nonstoichiometric IPECs, this effect becoming more pronounced with
increasing ionic strength of the surrounding solution [45].

A structural picture of complex species based on PANa stars was ascertained
for the star-shaped HPE having a large number of arms (21 arms) coupled with
a short linear polycation, quaternized poly(2-vinylpyridine) (P2VPQ), acting
as a GPE [46]. The authors suggested that each complex particle formed has
a compartmentalized structure of micellar (core—corona) type. A hydrophobic
complex core is composed of oppositely charged segments of the polymeric
counterparts while a hydrophilic corona, which grants to the whole macromolecular
co-assembly solubility in aqueous media, is built up from excess segments of HPE
(Fig. 7). If the total number of charged groups of the star-shaped HPE exceeds the
degree of polymerization of the linear GPE, then typically one polyelectrolyte star,
whose charge is partially compensated by chains of its polymeric counterpart, is
incorporated into each complex particle formed [45, 46].

An examination of such systems by means of molecular dynamic simulations
(Fig. 8) supported a proposed core—corona structure of nonstoichiometric IPECs
based on star-shaped polyions and further refined their structural picture [47]. It was
shown that some of the arms of the star-shaped HPE are completely charge-
compensated by chains of the linear GPE and embedded into the core while the
remaining arms are free and build up an ionic corona (Fig. 8b). This pronounced
partition of arms between two populations explains an experimentally observed
hydrodynamic size invariance (or a slight change in a hydrodynamic size) of the
star-shaped HPE upon its loading with the oppositely charged linear GPE [45].

IPEC:s of very complex morphologies, such as long fibers forming fiber bundles or
double wall vesicles tending to aggregate, were observed upon the interaction of
oppositely charged cationic and anionic polyelectrolyte stars in extremely dilute
aqueous solutions, e.g., quaternized poly[2-(dimethylamino)ethyl methacrylate]
(PDMAEMAQ) stars and poly(methacrylic acid) (PMAA) stars, both having six
arms [48]. By adjusting the molecular weights of the star-shaped polyelectrolytes,
their concentrations, the matching degree of oppositely charged polymeric compo-
nents, and preparation conditions, it is possible to tune different morphologies of the
resulting IPECs.

To broaden the window of Z-values corresponding to the formation of water-
soluble IPECs, star-shaped polyions can be complexed with double hydrophilic
(bis-hydrophilic) diblock copolymers comprising an ionic block and a nonionic
hydrophilic block. In this case, the formed macromolecular co-assemblies remain
water-soluble even if oppositely charged groups of the polymeric counterparts are
taken in 1:1 ratio (Z = 1) [49], provided that the length of hydrophilic nonionic
block is sufficiently long. Apart from the enhanced water-solubility of the formed
complex species, one can additionally impart new properties and desired
functionalities, such as biocompatibility, thermosensitivity, etc., through the hydro-
philic nonionic block of the copolymer.
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Fig.7 Core—corona structure of the water-soluble IPECs formed by the star-shaped PANa (HPE),
having a large number of arms, with the linear P2VPQ (GPE). Reprinted with kind permission
from Springer Science + Business Media from [46] Copyright 2009, MAIK Nauka/Interperiodica

It was found that each complex particle formed in mixtures of PANa stars
and P2VPQ-block-poly(ethylene oxide) (P2VPQ-b-PEO) at Z = 1 is of a distinct
micellar (core—corona) structure. Here, a hydrophobic complex core is composed
of oppositely charged segments of the polymeric counterparts while a hydrophilic
corona, which provides solubility in aqueous media to the whole macromolecular
co-assembly, is built up from nonionic blocks of the bis-hydrophilic diblock
copolymer (Fig. 9). In this case, several polyelectrolyte stars, whose charge is
fully compensated by the ionic blocks of its polymeric counterpart, are typically
(though not always) incorporated into each complex particle [49], their number
being determined by the number of arms of the star-shaped polyion and degree of
polymerization of the ionic block of the bis-hydrophilic diblock copolymer.

Similar micelle-like macromolecular co-assemblies were reported [50] for
an anionic star-shaped bis-hydrophilic heteroarm copolymer PMAA-PEO coupled
with a cationic bis-hydrophilic diblock copolymer, PDMAEMAQ-block-PEO
(PDMAEMAQ-b-PEQO), in alkaline media. In this case, however, the PEO blocks
of both polymeric counterparts form a hydrophilic corona of each of the complex
species formed.
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Fig. 8 Snapshots of the typical conformations of (a) a bare (uncomplexed) polyelectrolyte star
and (b) its IPEC with the linear GPE. Reprinted with permission from [47] Copyright 2009
American Chemical Society

During recent years, IPECs based on star-shaped (co)polymers with nucleic
acids (also referred to as polyplexes) have attracted considerable attention in the
context of nonviral gene delivery [51-56]. In particular, polyplexes of star-shaped
PDMAEMA, having three and five arms, with DNA were shown to combine
acceptable transfection efficiency with lower cytotoxicity [56].

3.2 IPECs Based on Star-Like Micelles of Diblock Copolymers

Ionic amphiphilic diblock copolymers are well known to self-assemble into
core—corona aggregates (micelles) in aqueous media. The micelle comprises a
hydrophobic core formed by nonpolar blocks and a hydrophilic corona built up
from polyelectrolyte blocks. The properties of such macromolecular self-
assemblies are reviewed in detail elsewhere [57, 58]. In many cases, the micelles
are characterized by a spherical morphology. When the radius of the hydrophobic
core is considerably smaller than the thickness of the polyelectrolyte corona,
such macromolecular self-assemblies are regarded as star-like micelles (Fig. 6b).
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Fig. 9 (a) Core—corona structure of IPECs formed by the star-shaped PANa fully charge-
compensated with P2VPQ-b-PEO. (b) Cryogenic transmission electron microscopy (cryo-TEM)
image of the IPEC cores. Reprinted with kind permission from Springer Science + Business Media

from [49] Copyright 2011, Pleiades Publishing, Ltd.
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They resemble star-shaped polyelectrolytes with a large number of arms, though
the number of arms in such macromolecular self-assemblies might change if the
micelles are of “dynamic” nature, that is, if they are able to change their aggregation
numbers with variations in the environmental conditions. Historically, the micelles
of ionic amphiphilic diblock copolymers were the first star-like polyionic species
involved in interpolyelectrolyte complexation and their IPECs have attracted
considerable attention during the recent years.

Because the micelles generated by ionic amphiphilic diblock copolymers in
aqueous media possess polyelectrolyte coronas, they are naturally expected to
form IPECs with oppositely charged polyions. To the best of our knowledge, the
first attempt to study interpolyelectrolyte complexation in such systems was
performed by Talingting et al. [59], who reported a study on the interaction of
protonated polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VPH™) micelles with
linear PSSNa of different molecular weights. Under a considerable excess of
PSSNa to avoid any bridging or aggregation by linear polyions, the formation
of macromolecular co-assemblies with a large mass excess (by a factor of ca.
5-6) of the charged groups of the PSSNa over charged groups of P2VPH"' was
found, thereby leading to charge inversion of the PS-b-P2VPH™ micelles. This
concomitant massive charge overcompensation resulting from the considerable
molar excess (ca. 4.7-5.5) of sulfonate groups over pyridinium ones causes the
formed IPECs to be colloidally stable.

Water-soluble (or colloidally stable) IPECs formed by oppositely charged
micelles with polyelectrolyte coronas and linear polyions were subsequently
found for a number of other systems. In particular, a detailed characterization of
such macromolecular co-assemblies was performed for polyisobutylene-block-poly
(sodium methacrylate) (PIB-b-PMANa) micelles complexed with a linear PAVPQ
[60-62]. It was found that the formed IPECs remain water-soluble only when
loading of the original micelles (acting as a HPE) by the linear polyion (acting as
a GPE) does not exceed a certain threshold value. Such nonstoichiometric IPECs
were thoroughly examined by means of various techniques, which provided evi-
dence on their peculiar core—shell-corona (also referred to as “onion-like”) struc-
ture (Fig. 10a). Specifically, each of the complex species comprises a hydrophobic
core from nonpolar blocks, which is surrounded by a layer (inner shell) assembled
from oppositely charged segments of the polymeric counterparts, and a hydrophilic
corona (outer shell) from excess segments of ionic blocks, which do not form
interpolymer salt bonds.

A similar multilayer structure with an inner complex shell was also proposed
for IPECs formed by PS-b-P4VPQ, PS-b-PANa, and PS-b-PMANa micelles
complexed with oppositely charged linear polyions [63—65]. In these cases, a
polyelectrolyte corona is formed either by excess segments of ionic blocks of
the copolymer (no overcharging of the original micelles by the linear polymeric
counterpart) or by excess segments of the linear polyion (overcharging of the
original micelles by the linear polymeric counterpart), depending on the actual
ratio between molar concentrations of charged groups of the polymeric components
in the system.
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Fig. 10 (a) “Onion-like” core—shell-corona structure of IPECs formed by the star-like PIB-b-
PMAC:s micelles (HPE) with the linear PAVPQ (GPE). Reprinted from [61] Copyright 2004 with
permission from Elsevier. (b) Cryo-TEM image of the micellar IPECs. Reprinted with permission
from [62] Copyright 2008 American Chemical Society

As in the case of star-shaped polyelectrolytes described in Sect. 3.1, the micelles
acting as HPE demonstrate only minor changes in their hydrodynamic size upon
interaction with oppositely charged linear polyions [61-64]. This finding strongly
suggests that, similarly to IPECs based on polyelectrolyte stars, the ionic blocks
forming a polyelectrolyte corona of such complex species split into two
populations: a certain number of such blocks are fully embedded into the complex
inner shell, while the rest of the coronal blocks remain nearly free, thereby being
responsible for solubility of the whole macromolecular co-assembly in aqueous
media.
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It was found that the aggregation numbers of the original micelles hardly changes
upon their interaction with the oppositely charged linear polyions [61-64]. This
remarkable invariance of the aggregation numbers was observed not only for
“frozen” micelles such as PS-b-P4VPQ [63, 64] with a glassy PS block but also for
“dynamic” micelles such as the PIB-b-PMANa [61, 62] with a soft PIB block, which
can change their aggregation numbers with variations in environmental conditions [66].
This implies that the micelles act as peculiar macromolecular templates or
“nucleating” particles for a buildup of core—shell-corona architectures. At the
same time, it was shown that interpolyelectrolyte complexation does not render
the dynamic PIB-b-PMANa micelles frozen as their aggregation numbers remain
nevertheless sensitive to variations in the conditions of the surrounding solution
(e.g., pH) [62].

Finally, we should mention that IPECs based on micelles of ionic amphiphilic
diblock copolymers can participate in so-called polyion interchange (exchange
and substitution) reactions, accompanied by a transfer of GPE chains from one to
another HPE micelle. Such reactions were previously thoroughly investigated for
aqueous mixtures of oppositely charged linear polyelectrolytes [8, 31, 36, 67]. It
was found that the aggregation state of the polymeric component(s) involved in
such polyion interchange reactions has a remarkable effect on the reaction rate [68].
Specifically, the rate of the polyion interchange reaction decreased in the following
order: coil—coil (seconds) > coil-micelle (tens of seconds) > micelle—micelle
(thousands of seconds). A similar tendency was also observed for polyion coupling
(polyion addition) reactions, which result in the formation of IPECs, though in this
case the complexation between oppositely charged micelles (a micelle—micelle
system) was not examined [68].

3.3 IPECs Based on Cylindrical (Co)Polymer Brushes

Cylindrical polymer brushes (also referred to as molecular polymer brushes or
“bottle-brushes”) represent anisotropic macromolecules with cylindrical symmetry,
each containing a long linear backbone and a large number of rather short linear side
chains, which are densely attached to the backbone (Fig. 6¢). Therefore, they have
a multitude of branching points located along the backbone. Cylindrical polymer
brushes can be synthesized via “grafting-from”, “grafting-to”, or “grafting-through”
approaches. Macromolecules of cylindrical polymer brushes exhibit a distinct worm-
like morphology, which results from their pronounced anisotropic nature.

Recent advances in the synthesis of well-defined cylindrical ionic (co)polymer
brushes, which represent another type of branched ionic polymers [44], offer
the possibility of preparing their IPECs. An early attempt to obtain such macro-
molecular co-assemblies was made [69, 70] and describes formation of large
complex aggregates with a rod-like cylindrical morphology resulting from the
interaction of a PEO/PSSNa copolymer brush (so-called anionic prototype copoly-
mer brush) with PAVPQ. These large rod-like co-assemblies are considered to
be highly anisotropic supermicelles.
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Fig. 11 Charge mismatch for IPECs of cylindrical polyelectrolyte brushes with DNA: (a) excess
of DNA and (b) excess of the cylindrical polyelectrolyte brush. Reprinted with permission from
[71] Copyright 2007 American Chemical Society

IPECs formed between cylindrical polyelectrolyte brushes with P2VPQ or PEI
side chains and DNA were examined [71]. It was found that, at a large excess
of either of the polymeric counterparts, nanosized complex species coexist with
the uncomplexed macromolecules of the excess polymeric component, thereby
demonstrating an inhomogeneous distribution of macromolecules of the minority
component among macromolecules of the excess one. This phenomenon was
qualitatively explained in terms of the kinetically controlled formation of IPECs
in such systems. The large charge density mismatch between the P2VPQ or PEI
brushes and DNA was supposed to result in the formation of strongly positively
charged complex species at an excess of the charged groups of the brushes and
a slightly negatively charged complex species at an excess of the charged groups
of DNA (Fig. 11).

It has been reported that IPECs based on cylindrical ionic (co)polymer brushes
formed when macromolecular co-assemblies were prepared in organic solvents
[72, 73]. To dissolve polymeric components to be involved in interpolyelectrolyte
complexation in such solvents, a PSS brush with dodecylammonium counterions
(PSS DDA) and a PEI/PEO copolymer brush were used. In particular, it was shown
[72] that in dimethylformamide one can obtain both kinetically controlled and
topologically controlled IPECs, depending on the “charge” of the PEI/PEO brush
created by adding HCI. The interaction of the PSS DDA brush with the protonated
PEI/PEO brush resulted in kinetically controlled IPECs whereas the interaction
with the non-protonated PEI/PEO brush led to topologically controlled IPECs of a
cylindrical morphology. The formation of similar topologically controlled IPECs
was also observed for the PSS DDA brush interacting with a polyamidoamine
dendrimer of the fifth generation in such organic solvents as dimethylformamide
or N-methylformamide, whereas kinetically controlled macromolecular co-assemblies
were formed in methanol [73].

Water-soluble nonstoichiometric IPECs formed by a cylindrical PAA brush (act-
ing as a HPE) and linear PAVPQ (acting as a GPE) are described [74]. Similarly to the
water-soluble IPECs based on PAA stars considered in Sect. 3.1, they are formed
only when charged groups of the HPE brush are in a certain excess compared to
charged groups of the linear GPE. Under this condition, IPECs based on the PAA
brush exhibit a hydrodynamic size that is very close to that of the original brush, and
P4VPQ chains are uniformly distributed among its macromolecules. Solubility of
such macromolecular co-assemblies in aqueous media points to their core—corona
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Fig. 12 Snapshots of the typical conformation of (a) the bare (uncomplexed) cylindrical poly-
electrolyte brush, and (b,c) its IPECs with the linear GPE at the degrees of charge compensation of
0.25 (b) and 0.5 (c). Reprinted from [74] with permission from the Royal Society of Chemistry
Copyright 2009

structure. Their structural organization was further examined by means of molecular
dynamics simulations [74]. The snapshots resulting from the simulations (Fig. 12)
clearly demonstrate the formation of a necklace of core—corona pearls, each
consisting of a hydrophobic complex core made from oppositely charged segments
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Fig. 13 (a) AFM image of IPEC formed by the PDMAEMAQ brush (HPE) with linear PSSNa
(GPE). (b) Section analysis of the upper species. Reprinted with permission from [75] Copyright
2010 American Chemical Society

of the polymeric counterparts, which is decorated by a hydrophilic corona built up
from excess side chains of the cylindrical polyelectrolyte brush. This leads to a
nanopatterned structure with longitudinal undulations. It is remarkable that such
longitudinal undulations were experimentally observed for IPECs based on a
PDMAEMAQ brush complexed with a short linear PSSNa [74, 75] (Fig. 13). Simi-
larly to the IPECs based on PAA stars described in Sect. 3.1, side chains of
the cylindrical polyelectrolyte brush demonstrate distinct repartitioning between
the corona and the complex core domains; that is, some of the side chains of the
HPE brush are nearly completely charge-compensated by chains of the linear GPE
and embedded into the cores while the remaining side chains are free and build up
coronas of the pearls (Fig. 12).

A possibility for manipulating the morphologies of cylindrical polyelectrolyte
brushes via their complexation with oppositely charged linear polyions has been
described [75]. In particular, it was found that increased loading of a PDMAEMAQ
brush with a short linear PSSNa induces morphological changes of the original
brush from a worm-like structure through an intermediate pear-necklace structure
to fully collapsed spheres. However, an extremely long linear PSSNa resulted
in a transition of the PDMAEMAQ brush to fully collapsed spheres, without
intermediate states, even at very low loading by the linear GPE. As described
previously [71], a pronounced inhomogeneous distribution of PSSNa chains
(the minority component) among macromolecules of the PDMAEMAQ brush
(the excess component) was observed.

Cylindrically shaped dendronized polymers resemble cylindrical polyelectrolyte
brushes to a certain extent. The interaction of highly charged cationic dendronized
polymers with DNA was examined [76]. It was shown that DNA wraps around such
polymers, the overall charge of the formed IPECs and pitch size of the wrapped
DNA being determined by dendron generation. These macromolecular co-
assemblies might be used for development of novel nonviral gene delivery systems.
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4 Metallo-Containing Interpolyelectrolyte Complexes

Polymer—metal hybrids based on polyelectrolyte systems have attracted growing
interest during recent decades [77-79]. Metallo-containing compounds can provide
polymer materials with special optical, electrical, magnetic, and mechanical
properties as well as catalytic activity [77-81]. The capability of functional groups
on polyelectrolytes to bind metal ions offers a possibility for their application as
sorbing agents, ion-exchange materials, components of selective membranes
[81-83], or as precursors for preparation of polymer—inorganic hybrids via reduc-
tion or precipitation of metal ions [8§1-85]. Polymer—inorganic nanocomposites are
important candidates for construction of photonic devices, band-pass filters,
components of nonlinear optical systems, optical limiters, elements of microcircuit
chips, etc. [78,79, 86]. Polyelectrolyte-based materials, including ultrafine particles
of silver and noble metals, exhibit antibacterial properties and are therefore
promising for application in medicine [87-90].

Metal ions coordinated with functional groups of polyelectrolytes may be
used as a motif for assembling supramolecular and colloid systems [80, 91-93].
Polymer colloids and nanocomposites are very important as heavy metal carriers
[80]. The dynamic nature of the coordination bonds between functional groups of
polyelectrolytes and metal ions provides switchability to the system, mimicking
the behavior of natural suprastructures [94]. The application of ionic amphiphilic
block copolymers and terpolymers as templates for nanostructured systems or as
precursors for synthesis of polymer—metal hybrids with different architectures
[95-97] might be advantageous for design of prototypes for advanced catalytic,
medicine-relevant, and electronic systems.

Sequences of interpolymer salt bonds built up by monomer units of oppositely
charged polyelectrolytes form nanosized, structured domains from coupled func-
tional groups. In some cases [8, 40, 41], even a perfect ladder-like arrangement of
interpolymer salt bonds has been demonstrated. Such nanosized structured domains
may act as scaffolds for sandwiching metal ions, which are incorporated (e.g., via
the formation of coordination bonds with functional groups of the polymeric
components) into the macromolecular co-assemblies with high selectivity [81]. The
great variety of structures realized by IPEC-based systems, combined with the
possibility of controlling the interaction of functional groups of the polymeric
components with metal ions, has provoked a great interest in development of such
novel functional materials.

This section describes, first, IPEC-based systems that contain metal ions. Then, a
preparation of polymer—inorganic hybrids comprising metal nanoparticles (NPs)
embedded into IPEC matrices is considered. Finally, advanced structures based on
IPECs containing metal ions and IPEC-based hybrids containing metal NPs are
reviewed.
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4.1 IPECs Containing Metal Ions

The high dialysis permeability of IPECs allows transport of metal ions through
the complex polymer matrix. An attractive possibility for an application of IPECs
as sorbents or ion-exchange materials has stimulated considerable interest in the
process of embedding metal ions into such macromolecular co-assemblies, distribu-
tion of metal ions throughout the complex polymer matrices, and their complexation
with functional groups on the polymeric components. The preparation of
nanocomposites in polyelectrolyte systems is another important stimulus for prepara-
tion of IPECs with a controlled content and regulated distribution of metal ions [81].

To study sorption of metal ions by IPECs and the formation of metallo-
containing macromolecular co-assemblies based on them, both stoichiometric and
nonstoichiometric IPECs {PAA-PEI} were used [81, 98, 99]. The interaction of
metal ions with the IPECs implies sandwiching of these ions between PAA and
PEI, being coordinated by their functional groups, which results in the formation
of triple (tricomponent) macromolecular co-assemblies containing metal ions, as
shown in (12):
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The scheme shown in (12) demonstrates that the sorption of metal ions by
IPECs causes the pH of the environment to decrease. To shift the equilibrium,
it is necessary to add alkali, which leads to structures with a high content of
incorporated (sandwiched) metal ions.

Generally, the ligand environment of metal ions includes functional groups of
both PAA and PEI. The formation of the triple macromolecular co-assemblies
containing metal ions results in coloration of initially colorless IPECs. For example,
IPEC films become deeply dark blue in the case of Cu?" whereas incorporation
of Ni** leads to a green coloration. Therefore, the coloration of the IPEC {PAA-
PEI} films is a qualitative indicator of transformation of the IPEC into metallo-
containing macromolecular co-assemblies. The structure of {PAA-Cu**-PEI} was
revealed by means of electron paramagnetic resonance (EPR) [99]. The application
of EPR provides direct information about coordination of paramagnetic metal
ions with functional groups on the polymeric components. Figure 14 shows the
characteristic EPR signals of Cu** incorporated into IPEC {PAA-PEI} films with
different stoichiometries in different ligand environments.

In the stoichiometric IPECs, Cu?’" may exist in two ligand environments
(Fig. 14b), i.e., 4 NH (see (13), structure A) or 2 NH and 2 COO™ (see (13), structure
B). However, the ligand environment with 2 NH and 2 COO™ groups was shown to
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Fig. 14 EPR spectra of the triple metallo-containing macromolecular co-assembly {PAA-Cu>*-
PEI} with Cu>* content of 6% (wt) where [PAA]:[PEI] = 1:9 (a), 1:1 (b), and 9:1 (¢). Arrows
point to different ligand environments: (/) 2 NH and 2 COO ™, (2) 4 NH, and (3) 2 COO™

be preferable for Cu?". The ratio between structures A and B in the triple macromo-
lecular co-assembly depends on the proportions of the reagents and the pH of the
solution [81, 99]. The EPR spectra point to a gradual increase in the linewidth
observed with rising of Cu®" content in IPECs, thereby suggesting a relatively
uniform distribution of metal ions throughout the complex polymer matrices.

(]

® 0 @
Na COO COO COO COO Na

N/ \/ \/_\

H2N® H2N® HoN H2N Cu?*

[S] G)
COO0 COoo COO0 COoO0

_\/ \ \/_\/_
/\ /\

COO OOC



202 D.V. Pergushov et al.

Table 1 Sorption

haracteristics of th Ion-exchange capacity Ion-exchange capacity
Ctoichiometic IPEC Metal ion % (w) mg-equivalent/g
{PAA-PEI} cu*t 27 8.6
Co** 20 6.8
NiZ* 20 6.8
Fe" 6 3.0
Ag" 22 2.1

Table 1 demonstrates a high sorption capacity of the IPEC {PAA-PEI} films
with respect to various metal ions. The largest capacity was found for Cu”" because
the geometry of the functional groups of the polymeric counterparts in the IPEC
fits suitably to that required for the ligand environment of the metal ion. The
ion-exchange capacity in this case is as high as 8.6 mg-equivalent Cu®" per gram
of the dry IPEC, that is, very close to that expected for structure B (13) of the
triple macromolecular co-assembly {PAA-Cu®"-PEI} with fully occupied ligand
sites. Thus, IPECs may act as precursors for the further templated formation of
polymer—inorganic hybrid structures containing metal ions. Such precursors are
characterized by high regularity of an array of the metal-mediated coordination
bonds between the polymeric components.

A transformation of IPECs into triple macromolecular co-assemblies containing
metal ions leads to a considerable decrease in their degree of swelling in water
(Table 2) and, accordingly, to a substantial increase in their durability. It was found
that transition metal and silver ions sorbed by IPECs {PAA-PEI} are bound
extremely strongly [81, 98, 99] due to the formation of coordination bonds with
ligands of both polymeric counterparts and a chelating effect. For example, the IPEC
{PAA-PEI} films were able to sorb Cu®" from aqueous solutions of Cu(NOj), at
concentrations as low as 107> M. It is also the case for other metal ions, for example,
Co?**, Ni?*, Fe®". This makes it possible to use the IPECs for effective extraction of
metal ions from dilute aqueous solutions and for ion-exchange concentrating of metal
ions for analytical purposes. The high sorption capacity of IPECs in combination with
their stability both in alkali and acidic media (especially for thermally crosslinked
IPECs {PAA-PEI}) provide the prerequisites for development of novel highly
effective and easy-to-prepare sorbents or ion-exchange materials.

The method of a preparation of multilayer polyelectrolyte films by exposing a
surface to solutions of a polyanion and a polycation in a cyclic (alternating) fashion
was reported by Decher [100]. This became known as the “layer-by-layer” (LbL)
technique, which fabricates free-standing multilayer polyelectrolyte films and
films on solid substrates [101-103]. These polyelectrolyte-based systems arise from
the cooperative ionic interaction between functional groups of polyanions and
polycations at the interface. They may be considered as IPEC films with a heteroge-
neous distribution of the polymeric components. The incorporation of metal ions into
such polyelectrolyte multilayer systems is a general approach for preparation of
macromolecular co-assemblies containing metal ions. It was found that polyelectro-
lyte films prepared via the LbL technique are able to bind metal ions [82, 83, 103] as
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Table 2 The swelling degree of the stoichiometric IPECs {PAA-PEI} before and after
incorporation of Ni**

IPEC, 10% IPEC, 10% IPEC, 20%

Noncrosslinked Crosslinked  (wt) Nit, (wt) Ni+, (wt) NiZ™,
IPEC IPEC noncrosslinked crosslinked —crosslinked
Degree of swelling 160 44 42 45 36

they typically contain polyanions (such as PSSNa and PAA) and polycations
[such as PEI, poly(allylamine hydrochloride) (PAH), and poly(N,N-diallyldimethy-
lammonium chloride (PDADMACQC)].

The functional groups of polyions can coordinate metal ions, thereby acting as
ligands. The sorption of metal ions from solutions is a common way of embedding
metal ions into multilayer polyelectrolyte films. For example, Ag" ions were
incorporated into PAA/PAH multilayers from solutions of silver acetate [104].
A variation in the pH made it possible to change the content of metal ions in the
films [105]. Also, palladium ions [104] were successfully included into PAA/PAH
multilayers from aqueous solutions containing [Pd(NH3)4]2+ ions. It should be
mentioned that polyelectrolyte multilayers containing metal ions can be further
used as precursors for preparation of polymer—metal nanohybrids [82, 83, 103—105].

Control of the assembly of multilayer polyelectrolyte films and the incorporation
of metal ions provide the possibility for development of polymer matrices charac-
terized by a varying content and distribution of the metal ions. The spatial localization
of Agt within multilayer polyelectrolyte films was realized using two different
types of bilayer building blocks [104]. By adding fully ion-paired oppositely charged
polyelectrolyte, a series of PAH/PAA bilayers, which do not include metal ions,
can be inserted between the bilayers, which contain Ag". This technique allows one
to prepare a sandwich-like metallo-containing film structure.

An alternative technique is based on a directed precoordination of metal ions
with functional groups on polymers, which transforms them into polyions. This
method was developed [106] for precursors of silver NPs synthesized in PEI/PAA
films. Specifically, the PEI-Ag" polycation was used as a polymeric component
for construction of polyelectrolyte multilayers with PAA.

Another approach for preparation of similar macromolecular co-assemblies
containing metal ions, which is discussed in the literature [80, 92, 93, 107, 108],
uses so-called “coordination polymers”. Use of bifunctional compounds with two
terminal ligand groups, differing in a spacer length, demonstrates that chains and
rings can be formed in aqueous solutions via coordinating metal ions [109].
An increasing solution concentration favors generation of chains (Fig. 15). This
makes preparation of reversible coordination polymers possible [80, 109]. IPECs
may include such coordination polymers as one of the polymeric components,
though cationic molecules have been used so far. For example, LbL assemblies
were obtained on planar substrates and surfaces of colloid particles using Fe®'-
metallo-supramolecular coordination polyelectrolytes (Fig. 16a) as polycations
[108]. In this strategy, multilayer fabrication is achieved by repeated immersion
of the substrates in solutions containing Fe*-metallo-supramolecular coordination
polyelectrolytes and negatively charged polyions (Fig. 16b,c).
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4.2 IPEC Hybrids Containing Metal Nanoparticles

A development of methods for preparation of polymer composites containing
inorganic NPs is one of the hottest topics in nanoscience because of the unique
electrophysical behavior, antibacterial and catalytic activity of such composites.
During recent years, attention has been focused on elaboration of a simple single-
stage method for production of polymer—metal hybrid materials directly in swollen
polymer matrices via a reduction of metal ions incorporated into hydrogels
[110-112] or bound to polyelectrolytes [81-85, 103—-105, 113-117].

Due to simplicity, the chemical reduction of metal ions in a liquid phase is
the most commonly applied approach for the preparation of NPs in aqueous and
nonaqueous media. A number of compounds (aluminum hydrides, borohydride,
hypophosphites, formaldehyde, salts of oxalic and tartaric acids, hydroquinone,
hydrogen, hydrazine, etc. [77, 78]) can be used as reducing agents. A complete
reduction usually requires multiple excess of a reducing agent. Generally, this
approach is applicable for the synthesis of NPs of silver and noble metals. The NPs
obtained through chemical reduction often contain impurities [78, 79]. A typical
drawback of this approach is a broad size distribution of the generated NPs. However,
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Fig. 16 (a) Formation of Fe?*-metallo-supramolecular coordination polyelectrolytes and a LbL
assembly on planar (b) and spherical (c) surfaces derived from Fe®"-metallo-supramolecular
coordination polyelectrolytes and PSSNa. Reprinted from [80] Copyright 2010 with permission
from Elsevier

chemical reduction in the presence of polymers may yield NPs of controlled
sizes [78, 82—85, 103—105, 115, 116]. In this context, a specific technique [97, 112,
118, 119], whereby the polymers are used both as reducing agents of metal ions and
for effective stabilization of the prepared NPs, should be mentioned.
Radiation—chemical approaches for the preparation of NPs were also found to
be exceptionally useful, both for studying the processes that underlie the formation
of NPs and for preparation of nanocomposites [81, 89, 90, 111, 114, 115, 120].
The main advantages of ionizing radiation for the preparation of NPs are control
over the formation of reducing radiolysis products and controlled changes in the
rate of reduction of metal ions in a broad interval [111, 120]. This method does
not require any specific chemicals (reducing agents), thereby leading to NPs
with high purity [78, 79, 111, 120]. Ionizing irradiation allows one to obtain NPs
with a desired average size and a narrow size distribution [111, 120]. Due to
high reduction potentials [121, 122] of radiolysis products, the radiation-induced



206 D.V. Pergushov et al.

reduction makes it possible to prepare NPs from many metal ions (not only those of
noble metals). The synthesis of copper NPs having a metal lattice is an illustrative
example of the advantages of the radiation—chemical method, whereas chemical
reduction, as a rule, leads to formation of copper protoxide [121].

Reduction or precipitation of metal ions is commonly applied for preparation of
inorganic NPs by so-called intermatrix synthesis [81-85, 103-106, 113-117,
123-127] in polyelectrolyte matrices. Stabilization of inorganic NPs in polymeric
matrices prevents their aggregation and, in addition, allows control of their growth
rate and size. Polyelectrolytes or ion-exchange resins, which are filled by metal
ions, are widely used precursors for fabrication of nanocomposites. The intermatrix
synthesis technique has proved to be applicable for preparation of catalytically,
electrocatalytically, and magnetically active composites with zero-valent metals
(e.g., Cu, Pd, Ag, and others) via a chemical reduction of metal ions in matrices of
cation-exchange resins. Due to the fact that functional groups of the polymeric
component appear to be regenerated after each cycle (converted back into their
initial ionic form), undertaking consecutive cycles with other metals will result in
the formation of NPs with advanced structures (e.g., bimetallic core—shell, tri-
metallic core—sandwich, etc.) [116, 117]. A precipitation of metal ions opens the
possibility to obtain nanocomposites on the basis of metal sulfide NPs [104, 116].

The advantages of synthesis of metal NPs in multilayer systems and their devel-
opment are discussed in [103]. A number of studies [82-84, 104—106, 125-127]
demonstrate that the LbL deposition of polyelectrolytes containing metal ions and
subsequent reduction of these metal ions provides a straightforward technique for
obtaining encapsulated NPs with a controlled size. Encapsulation into polymers
appears to be advantageous because, apart from stabilization and protection of NPs,
polymers offer unique possibilities for both a modification of the environment around
catalytic sites and a change of access to these sites [103]. Various polyelectrolytes
and metal ions with different binding activities can be used for assembling LbL-based
hybrids, which are precursors for polymer—inorganic composites. Control of the
precursor structure through conditions for a buildup of the LbL films and regimes
of metal ion reduction provide prerequisites for the development of composites
containing NPs with various sizes and even with different spatial distributions of
NPs [105, 106]. The PAA/PEI films with silver NPs exhibit electrocatalytic behavior
and antibacterial activity [106]. Palladium—nickel bimetallic core—shell NPs with
magnetic properties were obtained by chemical reduction in the PAA/PAH films
[123]. Through a chemical reduction, palladium NPs with a diameter of 2 nm were
obtained as seeds for further growth of NiZ*+ shells, with control of their thicknesses
(Fig. 17).

The LbL technique is widely applied for assembly of preformed NPs with
oppositely charged polyelectrolytes [128—131]. The metal or semiconductor NPs
of appropriate sizes in stabilizing media should be prepared before assembly of the
LbL films. However, it appears to be quite difficult to realize an effective control
over the concentration of NPs [103].

During the last few years, progress has been made in preparation of
polymer—inorganic composites based on the LbL films, mainly related to membrane
catalytic systems (Fig. 18). The LbL adsorption in porous polymeric membranes
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Fig. 17 Intermatrix synthesis of palladium-nickel bimetal NPs in the multilayer film PAA/PAH.
Reprinted with permission from [123] Copyright 2003 American Chemical Society

provides a simple way to create membrane catalysts. A universal approach for
obtaining catalytic systems is a reduction of metal ions associated with charged
groups of polyions, which constitute a film on the membrane, to obtain metal NPs
[85, 125, 126] (Fig. 18c). On the other hand, the LbL adsorption of polyelectrolytes
and a subsequent binding of preprepared gold or platinum NPs with charged groups
on the polymers is an effective way of modifying the pores of hollow fibers and of
developing catalytic membrane reactors [85, 125] (Fig. 18b).

IPECs containing metal ions swell in water and in water—organic media.
Similarly to the precursor IPECs, they possess high permeability for polar low
molecular weight substances and salts. These properties make it possible to reduce
or precipitate metal ions directly in/into a polymeric matrix for a further preparation
of inorganic NPs. Chemical and radiation—chemical approaches lead to composite
materials with different structures [81, 114, 115, 132—-134]. They contain NPs
of metals or their oxides in matrices of IPEC {PAA-PEI}. The behavior of
metallo-containing complex polymer materials is controlled by a size and a spatial
distribution of the embedded NPs. An investigation of factors that regulate the
formation of the metal NPs in the polymer matrices is of a key importance
for a development of composites with required characteristics. Controlled
variations in the content of the metal ions and their distribution in polymer samples
[81, 115, 133] offer a unique opportunity to use IPECs to reveal such factors. The
IPEC {PAA-PEI} loaded with metal ions has provided information about the main
features of reduction of the metal ions, processes of nucleation and growth of the
generated NPs as well as about the environmental conditions that control a spatial
distribution of the NPs in the polymer matrices.

NPs of magnetic oxides show a pronounced superparamagnetic behavior.
A polymer—inorganic hybrid material including particles of iron oxide was
synthesized with the use of an IPEC and its magnetic properties were studied
[134]. Alternative approaches were used for a preparation of metal nanoclusters.
When IPEC films containing Fe*" are kept in an alkaline solution, iron hydroxide
nanoclusters are formed. According to the low-temperature Mossbauer spectra,
subsequent drying of the IPEC films at 60—70°C results in the formation of iron
oxide NPs in the IPEC {PAA-PEI}:

PAA — Fe>* —PEI + OH~ — Fe(OH), in IPEC {PAA — PEI} — Fe,0;
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Fig. 18 Membrane catalytic systems: (a) TEM images of pores of an alumina membrane modified
with a PAA/PAH/(platinum NP) film. Modification of membrane pore surfaces using (b) the LbL
deposition of PAA/PAH/(platinum NP) films, or (c) the LbL deposition of PAA/PEI-Pt** films
followed by a reduction. Reprinted from [125] Copyright 2009 with permission from Elsevier

The structure and properties of such polymer—inorganic hybrid materials substan-
tially depend on the method of reduction of the metal ions [81, 114, 115, 132, 133].
The chemical reduction of Cu®" in IPEC matrices leads to the formation of copper
protoxide NPs [81]. Micrographs of the irradiated film demonstrate that their size is of
about 10 nm. The electric conductivity of the prepared hybrids is very low (Table 3).

The process of the reduction of Cu*" in IPECs {PAA-PEI} may be schemati-
cally described by the reaction:

NaBH, + PAA — Cu’" —PEI + H,0 — Na3;BO; + PAA — Cu"—PEI + H, |

It is worth noting that the redox potential of NaBH, is —1.24 V [79]. The redox
potential for Cu?*/Cu™ is —0.15 V, and that of a reduction of Cu™ to metal atoms is
—2.9 V [121]. For this reason, a chemical reduction of Cu*" leads to Cu™ and,
therefore, to the formation of copper protoxide NPs in an alkaline environment.
Nanocomposites including Cu,O possess about the fivefold lower ion-exchange
capacity of Cu®* in comparison to the initial IPEC films. The dramatic decrease in
the ion-exchange capacity shows that considerable fractions of functional groups of
PAA and PEI are blocked because of their interaction with copper prototoxide NPs,
acting as active filler.
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Table 3 Electric

o Conductivity
conductivity of IPEC . —
{PAA-PEI} and IPEC-based ~ Film Ohm__ cm
nancomposites IPEC {PAA-PEI} 6 x 107

PAA-Cu?*-PEI 6 x 1077
PAA-PEI-Cu,O 3% 1073
PAA-PEI-Ni 3.3

The chemical reduction of Ni*" in IPECs {PAA-PEI} results in metal NPs. The
magnetization curves of dry films of the obtained nanocomposites qualitatively
resemble those of metallic nickel [81], suggesting that the reaction proceeds as
follows:

NaBH, + PAA — Ni?" —PEI + H,0 — Na3BO; + Ni’ + H, 1

Table 3 demonstrates that this polymer—metal hybrid material shows a relatively
high electric conductivity. The ion-exchange capacity of the obtained nanocomposite
is several times lower than that of the IPEC precursor. This large effect indicates that
nickel NPs strongly interact with the IPEC matrix as effectively as in the case of
the IPEC-Cu,O nanocomposite. The swelling coefficient of PAA-PEI-Ni hybrids
[10% (wt) Ni] obtained in matrices of noncrosslinked IPECs is about 100%. It
considerably exceeds that for the triple metallo-containing IPEC {PAA-Ni**-PEI}
(Table 2) but is lower than the value for the noncrosslinked IPEC { PAA-PEI}. This
result proves the interaction between NPs and the IPEC matrix and shows that,
similarly to copper protoxide NPs, ultrafine nickel NPs act as active filler.

The irradiation source and irradiation conditions influence the structure of the
resulting hybrid materials [114, 115, 132, 133]. Microdifractograms (Fig. 19) and X-
ray images show that copper, silver, nickel, and palladium NPs can be successfully
obtained via reduction of the corresponding metal ions in the IPEC {PAA-PEI} films,
using electron accelerators as well as X-ray and y-radiation sources [81, 114, 115,
132, 133].

In the IPEC films irradiated in water—organic media, the species involved in
the reduction of metal ions and the formation of NPs were primarily produced
by the radiolysis of water [81, 114, 132, 133]:

H,0 \/\/ — e 4, "OH,*H, H,, H,0,

The hydrated electrons, H atoms, and hydrogen can act as reducing agents.
The OH radicals may oxidize metal atoms and ions in intermediate oxidation
states. To increase the efficiency of the reduction processes, it is common to use
scavengers of OH radicals (e.g., aliphatic alcohols):

CH3;CH,;OH+°OH — CH3*CHOH + H,0

CH;°*CHOH — CH3CHO
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Fig. 19 Microdifractograms of irradiated IPEC {PAA-PEI} film loaded with (a) Cu** (initial
content of 6% (wt), dose of y-irradiation 320 kGy) Reprinted from [81] Copyright 2010 with
permission from Elsevier; (b) Ni** (initial content of 6% (wt), dose of y-irradiation 400 kGy)
Reprinted from [81] Copyright 2010 with permission from Elsevier; (¢) Cu”* (initial content of 4%
(wt), dose of e-beam irradiation 200 kGy) Reprinted with kind permission from Springer Science +
Business Media from [115] Copyright 2011, Pleiades Publishing, Ltd.; and (d) Ag* (initial content
of 16% (wt), dose of X-ray irradiation 800 kGy) Reprinted with kind permission from Springer
Science + Business Media from [115] Copyright 2011, Pleiades Publishing Ltd. The numbers 1-5
signify reflexes

Both active species and stable radiolysis products can act as reducing species. The
penetrating ability and dose rate are important parameters of ionizing irradiation.
They influence the localization of the formation of reducing species as well as
determine the contributions of processes related to generation and growth of NPs
[111, 120].

The high penetrating ability of vy-irradiation and the EU-4 accelerator
(Skobeltsyn Institute of Nuclear Physics, M.V. Lomonosov Moscow State Univer-
sity) [115, 133] provide a uniform generation of reducing species in the irradiated
polymer system. The use of isotopic ®°°Co sources for a reduction of Cu* and Ni**
embedded into the IPEC {PAA-PEI} allows one preparation of a material containing
rather small NPs (2-5 nm) [81, 115] that are uniformly distributed throughout
the IPEC films (Fig. 20a). This accelerator offers an exceptionally high dose rate
(more than 800 Gy/s). Under these conditions, the high rate of formation of metal
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Fig. 20 Transmission electron microscopy (TEM) micrographs of irradiated IPEC {PAA-PEI}
film loaded with (a) Cu** (initial content of 6% (wt), dose of y-irradiation 320 kGy) Reprinted
from [81] Copyright 2010 with permission from Elsevier; (b) Cu>* (initial content of 4% (wt), dose
of e-beam EU-4 irradiation 200 kGy) Reprinted with kind permission from Springer Science +
Business Media from [115] Copyright 2011, Pleiades Publishing, Ltd.; (c, d, e) cu** (initial
content of 4% (wt), dose of X-ray irradiation 35, 70, and 140 kGy, correspondingly) Reprinted
with kind permission from Springer Science + Business Media from [133] Copyright 2011,
Pleiades Publishing, Ltd.; and (f) Ag" (initial content of 16% (wt), dose of X-ray irradiation
800 kGy) Reprinted with kind permission from Springer Science + Business Media from [115]
Copyright 2011, Pleiades Publishing, Ltd.

clusters inside an IPEC film proceeds mainly via active particles formed in the
swollen polymer matrix. The probability of cluster formation is high, and, in this
case, the ratio between the rate of NP nucleation and the rate of NP growth
determines the appearance of ultrafine NPs (less than 1.5 nm in size).

Use of the EU-4 accelerator (with electron energy of 250 keV) and the X-ray
irradiator provide different regimes for NP nucleation and NP growth (Fig. 20b) on
the surface and in bulk of the polymer matrix [115]. In the case of the EU-4
accelerator, particles of 2—10 nm in size are primarily formed on the film surface
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whereas the particles generated inside the film are larger (~30-50 nm). In the case
of X-ray irradiation, the nucleation of NPs is similarly controlled by the formation
and transport of radiolysis products in the IPEC film and in the external
water—alcohol medium. However, in this case, some other regimes of reduction
come into play, being determined by specific features of the energy transfer from
X-ray radiation to the substance [81, 132, 133]. The structure of the material
depends on the nature of the reduced metal ions and their initial content in the
sample. The unique ability of the IPEC matrices to stabilize NPs allows one to
obtain information about peculiarities of their formation at different stages of X-ray
irradiation (Fig. 20c—e) [115, 133]. A study of nanostructures obtained in IPECs
{PAA-PEI} under the radiation—chemical reduction of Cu* using X-ray irradiation
demonstrated that the NPs are selectively formed in the subsurface layer of the
IPEC films. The observed effect is due to favorable conditions for reduction of
metal ions in the surface region because of the effective diffusion of radiolysis
products from the outer water—alcohol medium and transport of Cu®* through the
IPEC matrix to the ligand vacancies near the interface boundary. The specific
feature of the interaction of X-rays with matter at the physical stage results in
significant heterogeneity of energy absorption and increases the rate of formation of
reducing radiolysis products near the surface of the IPEC films. The reduction of
Cu?* is a slow, two-stage process [121]. The duration of the reduction of Cu®* and
the formation of metal clusters provides an almost complete localization of NPs
near the surfaces of the samples. In contrast to the formation of copper nanoclusters,
single-stage radiation-induced chemical reduction of Ag”" to silver atoms proceeds
with a relatively high rate [122]. In this case, the efficient formation of NPs of
10-30 nm in size occurs not only at the surface of the IPEC film but also inside the
IPEC film (Fig. 20f) [115].

Generation and transport of radiolysis products and the migration of metal ions
across the polymer matrix control the formation of NPs in the irradiated IPEC films
[115]. When irradiation is performed in a water—alcohol medium, metal clusters
form via local processes, which proceed with participation of active species having
high reduction potentials. Here, growth of NPs is provided by interfacial processes,
in which the stable radiolysis products take part.

The ratio between the rates of NP nucleation and growth is determined by the
dose rate and by the mechanisms of reduction of metal ions and formation of metal
nanoclusters. The character of the formation of NPs is strongly controlled by the
mechanisms of energy transfer from the ionizing radiation to the substance that
determine the spatial distribution of radiolysis products. Variations in radiation
parameters provide the different regimes for reduction on the surface of the IPEC
film and inside the IPEC film. They make it possible to prepare composites both
with NPs that are uniformly distributed throughout the polymer matrix and with a
regular spatial distribution of NPs across the film thickness, including their locali-
zation in the subsurface layers.

Microdifractograms show a size effect on the packing of metal atoms in the
prepared NPs. In the case of ultrasmall NPs with a mean size of 2-3 nm, the wide
reflexes correspond to the interplane distances of ca. 1.20 A and 2.00 A for copper
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NPs (Fig. 19a) and 1.16 A and 2.00 A for nickel NPs (Fig. 19b) [81]. This suggests
only the short order of metal atoms and demonstrates the amorphous character of
the NPs. In the case of larger NPs, distinct reflections of metal lattices (Fig. 19c,d)
(copper, nickel, or silver) are clearly observed [115, 132, 133].

Since metal NPs act as active filler in the IPEC {PAA-PEI} matrix, their
formation leads to the immobilization of carboxylate groups on their positively
charged surfaces [115]. A high radiation—chemical yield for the reduction of metal
ions [81, 114, 115, 132, 133] embedded into the IPEC matrices can be used for the
development of single-stage methods for preparation of nanocomposites, applying
various types of ionization radiation.

In general, one may conclude that both chemical and radiation—chemical
approaches provide effective reduction of metal ions directly in IPEC matrices.
This leads to the formation of stabilized NPs. However, it was found that the chemical
method is applicable only for a preparation of NPs in thermally crosslinked IPECs.
Apparently, a poor regularity of the chemical processes causes noncrosslinked
matrices to disintegrate. In contrast, the irradiation technique allows one to derive
nanocomposites from both crosslinked and noncrosslinked IPEC films due to specific
control over the radiation-induced processes.

4.3 Advanced Structures Based on Metallo-Containing IPECs

A controlled macromolecular assembly in solution is a universally exploited way for
preparation of materials for nanotechnology. In particular, the LbL technology has
been applied to the fabrication of coated core—shell particles and hollow capsules
[103, 135, 136]. The fabricated core—shell and hollow particles may be used for
various applications in catalysis, optics, drug delivery, and biosensing. They can
serve as precursors for polymer—metal nanohybrids [103]. Reduction reactions are
usually used for preparation of metal NPs inside of such multilayered polyelectrolyte
systems. Specifically, polyelectrolytes whose charged groups are coordinated with
metal ions may act as one of the components in the LbL systems. Alternatively, the
sorption of metal ions from a solution leads to incorporation of metal ions into
core—shell particles and hollow capsules [137]. Hollow capsules composed of PSS-
doped polyaniline and PAH with bound Ag" were used for a preparation of capsules
containing silver [138]. In this case, the PSS-doped polyaniline acts as reducing agent
for Ag*. Laser scanning during confocal microscope imaging can accelerate the
reduction (Fig. 21a).

Micrometer-sized hollow spheres with metal NPs (10-30 nm) were obtained
by photoreduction of Ag" in polyelectrolyte multilayers comprising Ag"-PSS
layers immobilized onto submicrometer-sized PS particles [138]. Hollow capsules
with metal NPs can be formed either via a reduction of Ag™ followed by a core
dissolution or by a core dissolution with a subsequent reduction of Ag*. The
formed spherical nanocomposites with silver NPs were stable for long time
(over 3 months). The silver-based core—shell particles and hollow spheres may
find interesting applications in catalysis and molecular photoprinting. The PEI-Pd**
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o = Pd(ll) @ = Pd(0) nanoparticle

Fig. 21 (a) Photoreduction of Ag* on the surface of the (polyaniline-PSS/PAH), shells. Inset:
(polyaniline-PSS/PAH), capsules after the addition of AgNO; and photo-irradiation of the lower
capsule (arrow). Scale bar: 10 mm. Reprinted with permission from [137] Copyright 2002
American Chemical Society (b) Formation of palladium NPs in a multilayered polyelectrolyte
film on colloids. Reprinted with permission from [138] Copyright 2004 American Chemical
Society

metallo-containing polycations were assembled by PAA interlayers onto alumina
particles of 150 um diameter [138]. Then, metal NPs (1-3 nm) with catalytic
activity were obtained by a reduction of Pd** with NaBH, in a multilayered
polyelectrolyte matrix (Fig. 21b).

Micellar IPECs (also referred to as complex coacervate core micelles) [139, 140]
are formed from bis-hydrophilic diblock copolymers comprising a charged and
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Fig. 22 (a) Formation of IPEC micelles in Zn-L,EOQ,/P2VPQ-b-PEO. (b) Cryo-TEM image of
the aggregates in the mixture of P2VPQ-b-PEO/Zn-L,EQ, (0.02% P2VPQ-b-PEO with 1:1 molar
ratio between P2VPQ-H-PEO and Zn-L,EQ,). Scale bar: 200 nm. Reprinted with permission from
[92] with Copyright 2007 American Chemical Society

a nonionic hydrophilic block, which are complexed with oppositely charged macro-
molecules. One important application of such IPECs is their potential for mimick-
ing biological phenomena or gene delivery using complexes of DNA with cationic
bis-hydrophilic diblock copolymers. The incorporation of metal ions via their
coordination with functional groups on the polymers is a particular approach for
the assembly of micellar IPECs [80, 92]. In aqueous media, a bis-hydrophilic
diblock copolymer P2VPQ-b-PEO forms on its chains a reversible supramolecular
polyelectrolyte through coordination of metal ions to functional groups of the
P2VPQ block (Fig. 22a). The reversible supramolecular polyelectrolyte acts as a
homopolyelectrolyte in this system. It was mentioned in Sect. 4.1 that an increase in
solution concentration results in the formation of chains, in the case of bifunctional
ligands, with an extended spacer (Fig. 15). The negatively charged coordination
compound consisting of Zn>* connected by ditopic ligands based on terdendate
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ligand groups [92] (Fig. 22a) induces assembly of the cationic blocks. The forma-
tion of complex micelles in the system containing the coordination polymer
involves two simultaneous synergistic processes [80]: the formation of micelles
and polymerization of coordination supramolecules due to a sharp local increase
in the concentration of metallo-containing units. The cryo-TEM images prove
the formation of micelles with cores, which are highly contrasted by metal ions
(Fig. 22b).

The morphology of micellar IPECs is under the control of mixture stoichiome-
try. By direct mixing of the components at a 1:1 charge-to-charge ratio, spherical
micelles (Fig. 22) with a radius of ca. 25 nm are formed [80, 92]. Worm-like
micelles (Fig. 23) with a hydrodynamic radius of over 150 nm were found in a
mixture with excess positive charge [80, 92].

Design of advanced medicines and delivery drug systems has stimulated interest
in microcapsulation of magnetic or antibacterial NPs incorporated into polymers
[141, 142]. Fabrication of superfine catalytic or electronic devices is another
reason for development of hierarchically organized metallo-containing polymer
systems [95, 96, 143—145]. The nanostructured polymer systems give a fine tool
for control of NP growth through variation of the interface interactions [143].
Immobilization of metal NPs into polymeric matrices such as micelles [146],
microemulsions and microgels [147, 148], dendrimers [149, 150], block
co-/terpolymer self-/co-assemblies [95, 96, 143, 145, 151], and spherical polyelec-
trolyte brushes [152, 153] provides a convenient approach for the fabrication of
composites with various spatial orders of the NPs.

A method for preparation of a composite based on the three-dimensional
nanosized copolymer template has been discussed [118]. The IPEC of the metallo-
containing PEI-Ag™ polycation with the ionic amphiphilic diblock copolymer
PS-b-PAA was obtained for further synthesis of encapsulated metal NPs. The silver
NPs with diameter 2040 nm were successfully synthesized in coronas of micelles
(Fig. 24). In this case, PEI was used as both reducing and stabilizing agent. The
cryo-TEM images suggest that the Ag’ content determines the size and spatial
distribution of silver NPs.

Polymer-assisted synthesis and environment-sensitive stabilization of metal
NPs can be achieved through the formation of IPECs based on diblock copolymers
in the presence of Ag" [97]. Silver NPs were obtained in micellar IPECs consis-
ting of P2VPQ-H-PEO and PAA-block-poly(N-isopropyl acrylamide) (PAA-b-
PNIPAAm). Temperature was used to trigger the structural transition of a
core—shell structure. The P2VPQ and PAA segments acted as containers for Ag"
ions within micellar cores (25°C) or shells (60°C). PEO is supposed to ensure a
spontaneous reduction of Ag" to Ag through oxidation of the oxyethylene groups
[119] in the micellar IPECs. Control was demonstrated over the size of the formed
silver NPs, over the size and shape of the micelles containing the metal NPs,
and over the location of the silver NPs within the micellar IPECs. Spherical and
elongated micelles with the metal NPs were observed. The authors suggested a
potential application of such nanocomposites as environment-sensitive silver quan-
tum dots and as antimicrobial agents in antifouling surface coatings that can be
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Fig. 23 (a) Illustration of the bridging effect of Zn-L,EO, coordination oligomers (small rings)
between positively charged premicelles. (b) Cryo-TEM image of aggregates in the mixture
of P2VPQ-b-PEO/Zn-L,EQ, (0.04% P2VPQ-b-PEO with 3:1 molar ratio between P2VPQ-b-
PEO and Zn-L,EO,). Scale bar: 200 nm. Reprinted with permission from [92] Copyright 2007
American Chemical Society

prepared upon exposure of hydrophilic surfaces to a solution of micellar IPECs
containing the silver NPs.

The IPECs based on triblock terpolymers containing polybutadiene (PB),
P2VPQ, and PMAA blocks acted as scaffolds for the preparation of polymer—in-
organic nanohybrids [96]. The IPEC shell on a hydrophobic PB core (Fig. 25a) was
assembled from the P2VPQ and PMAA blocks while the excess segments of the
PMAA blocks formed a hydrophilic corona. The PMAA blocks and the discontinu-
ous (patchy) intramicellar IPEC {PMAA-P2VPQ} shell were loaded with AuCl,~
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Fig. 24 Synthesis of silver NPs in the triple metallo-containing macromolecular co-assembly
{PS-b-PAA-Ag*-PEI}. (a) Procedure for preparation of Ag/PS-b-PAA composite. (b, ¢) Typical
TEM images of Ag/PS-b-PAA composites with different Ag content: (b) 0.012% (wt) PS-b-PAA,
0.02 mol/L AgNOs3; and (c) 0.012.% (wt) PS-b-PAA, 0.05 mol/L. AgNO;. Reprinted from [118]
Copyright 2008 with permission from Elsevier

(Fig. 25a). The polymer micelles with coordinated AuCl,~ were exposed to UV
irradiation to generate gold NPs with a narrow size distribution (3—4 nm in size).
Interestingly, the formation of gold NPs takes place predominantly at the interface
between the intramicellar IPEC and the PMAA corona as well as within the PMAA
corona (Fig. 25b). Further addition of a bis-hydrophilic diblock copolymer P2VPQ-
b-PEO to the PB-b-P2VPQ-b-PMANa micelles generated multilayered micellar
IPECs (Fig. 25c). In this case, gold NPs obtained via reduction of AuCl,~
incorporated into such structures were located exclusively within the IPEC shell
surrounded by the PEO corona (Fig. 25d).

The gold, platinum, and palladium NPs were generated within cylindrical micelles
[95] of a PB-b-P2VPQ-b-PMANa triblock terpolymer. The PB cylindrical cores were
covered by an intramicellar IPEC patchy shell assembled from the P2VPQ blocks
complexed with PMAA segments while the excess PMAA segments formed a
hydrophilic corona (Fig. 26c). The metal NPs were obtained using UV irradiation
(gold) or reduction with NaBH, (platinum, palladium). TEM and cryo-TEM images
demonstrate a difference in the localization of NPs within the polymer scaffold. The
platinum and gold NPs (Fig. 26a,b) were randomly distributed all over the cylinders,
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Fig. 25 (a) Formation of gold NPs in PB-b-P2VPQ-b-PMAA triblock terpolymer micelles.
(b) TEM micrograph of PB-b-P2VPQ-b-PMAA triblock terpolymer micelles loaded with gold
NPs. (¢) The IPEC from PB-b-P2VPQ-b-PMAA and P2VPQ-b-PEO. (d) Cryo-TEM micrograph
of the IPEC from PB-b-P2VPQ-b-PMAA and P2VPQ-b-PEO, which is loaded with gold NPs.
Reprinted with permission from [96] Copyright 2009 American Chemical Society

indicating a location within both the PMAA corona and the intramicellar IPEC
domains (Fig. 26b). At the same time, the situation is different for palladium NPs
in the PB-b-P2VPQ-b-PMANa micelles (Fig. 26d—f). Here, the palladium NPs are
located in the IPEC patches distributed along the cylindrical PB core. Thus, the
experiments with templates based on micelles of ionic amphiphilic triblock
terpolymers have demonstrated that both hydrophilic (PMAA corona) and rather
hydrophobic (IPEC domains) compartments present in such self-assembled
structures can be used for deposition of NPs.

5 Conclusions and Perspective

Recent advances in controlled synthesis of macromolecules, in particular in con-
trolled radical polymerization, have allowed the construction of polymers with
various topologies and compositions. Successful design of star-shaped polymers,
molecular polymer brushes, and amphiphilic block copolymers and terpolymers has
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Fig. 26 TEM micrographs of PB-b-P2VPQ-b-PMAA cylinders/metal NP hybrids deposited from
aqueous solution: (a) gold , (b) platinum, and (d) palladium. (¢) The proposed solution structure.
(e, f) Cryo-TEM images from palladium-containing PB-b-P2VPQ-b-PMAA. Insets show a higher
magnification. Reprinted from [95] with permission from the Royal Chemical Society Copyright
2011

stimulated extensive studies of self-organization phenomena in multicomponent
macromolecular systems. Electrostatically driven co-assembly in such systems
provides a simple route towards micelle-like polymeric structures with spatially
separated domains (compartments) having different functionalities. An outer domain
grants solubility in solution to the macromolecular co-assemblies while an inner
domain (or domains) can accumulate from or release into the environment various
compounds in response to variations in environmental conditions. Variations in the
pH or in the ionic strength are an effective way to change the structure and properties
of the formed IPECs. During the last few years, various advanced functional IPEC
structures based on polyions (or polyionic species) with nonlinear (branched)
topologies have been successfully prepared and thoroughly examined.

IPECs are proved to effectively bind metal ions. Such hybrid macromolecular
co-assemblies containing noble and transition metal ions can be considered, there-
fore, as universal matrices for further preparation of polymer—metal nanocomposites
with controlled and variable NP size as well as various spatial distributions of NPs in
such polymer systems. In this context, the use of polyions (or polyionic species) with
nonlinear (branched) topologies can be, beyond all doubt, advantageous and very
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attractive. The IPECs based on such polyions (or polyionic species) act
as autonomous nanoreactors and provide the prerequisites for successful directed
design of promising hybrids for applications related to medicine, biotechnology,
and catalysis. During the next few years, a breakthrough in this field is anticipated,
resulting in the formation of novel families of nanosized advanced functional materials,
which can be further applied for the needs of rapidly developing nanotechnologies.
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