
Chapter 7
Supramolecular Chemistry of Polymer
Metal Chelates

Abstract In this chapter the basic concepts and synthetic strategies leading to the
different types of metallosupramolecular polymers containing metal chelate units
including linear, branched, cross-linked as well as heterometallic polymers are sum-
marized anddiscussed. Included aremetallosupramolecular polyelectrolytes, polymer
gels, self-assembled metallosupramolecular monolayers, and supramolecular metal
chelate dendrimers. Special attention is paid to such new synthetic approaches to the
supramolecular polymers as hierarchical and orthogonal self-assembling based on
combination of metal–ligand coordination with hydrogen-bonding and host-guest
interactions. The stimuli-responsive, self-healing and shape-memory metallo-
supramolecular polymers containing metal chelate units are considered.

Within relatively short time interval, with respect to historical scale, supramolecular
chemistry has turned into very rapidly developed and interdisciplinary science, which
includes chemical, physical, and biological aspects of studying more complicated
than molecules chemical systems assembled into integral whole through inter-
molecular (non-covalent) interactions [1–8]. Today it is absolutely clear that
supramolecular systems have a special niche, a level in hierarchy of matter, in which
such principles of organizing and functioning matter as molecular recognition,
selective bonding, receptor-substrate interaction, trans-membrane transfer, and
supramolecular catalysis are realized. Nature has maximally used these principles for
creation of biological objects. Likely to self-assembling most complicated spatial
structures in living systems, objects of supramolecular chemistry, supramolecular
assemblies, are built spontaneously from complementary, i.e. having geometrical and
chemical similarity, fragments. In nanometer world, which is ascribed to 1 to 100-nm
scaling elements, supramolecular systems, usually having 1 to 10-nm scale, are the
smallest elements of this world. Therefore, it is possible to state that supramolecular
chemistry eliminates a gap between molecular world and nanotechnologies, and also
provides designing new classes of materials and devices for future nanotechnologies
[9]. One of the fundamental problems of contemporary chemistry is oriented struc-
turing such systems, development of highly ordered supramolecular assemblies made
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of molecular building blocks, having a given structure and properties. Supramolecular
formations are characterized by spatial disposition of their components, their archi-
tecture, «suprastructure», and also types of intermolecular interactions, which keep
components together.

Two main principles, molecular recognition and supramolecular function, lie in
the center of understanding supramolecular chemistry concept [10]. While bonding
does not necessary means recognition, molecular recognition is, as a rule, consid-
ered as a patterned process with participation of structurally well-defined set of
intermolecular interactions, i.e. purported bonding [1]. Based on chemical recog-
nition (which is chemical informatics) self-organizing, programmed self-assembling
supramolecular systems are performed. Molecular recognition is a process, in which
some molecules («host» or receptor) choose and bound molecules («guest» or
substrate) due to intermolecular forces into structurally-organized system. In
supramolecular chemistry non-covalent interactions are realized between molecular
structural blocks, which form supramolecular fragments using molecular recogni-
tion and self-assembling. In these systems each additional block contains exact
information on creation via self-assembling (each step of self-organization process)
regular final structure inside all possible structures [11]. General structure of pur-
ported assembly is controlled using symmetry features of some building blocks.
Finally, assemblies can have special properties or supramolecular functions, which
can only be found in assembly, but which are not contributing to molecules [12].

Idea of self-assembling is determinative for supramolecular chemistry. This term
is referred to spontaneous assembling two or more components under equilibrium
conditions bringing to creation of stable, structurally clearly defined discrete oli-
gomer supramolecules or extended supramolecular assemblies, which is realized
due to non-covalent interactions [1, 13]. As a rule, non-covalent interactions are
weaker than covalent, therefore supramolecular assemblies are less stable thermo-
dynamically, more labile kinetically, and more flexible dynamically than molecules.
Even under weak external influence on a supramolecular system it can reversibly
change its structure due to change in geometry of mutual positions of atoms
comprising the supramolecular system and, respectively, can change characteristics
of the whole system.

A special feature of supramolecular systems is their capacity to form different
architectures without change in chemical composition of a system. In other words,
polymorphism of supramolecular systems should be regarded. Because a structure
of a supramolecular system changes under external influence there is a possibility of
control over structure of produced supramolecular assemblies and their properties.

Self-organizing is ordered association under given conditions of individual
structural components into supramolecular structures [1], which are characterized by
definite spatial disposition of components (architecture) and intermolecular interac-
tions keeping them together. Supramolecular structures have definite conformation,
thermodynamic, kinetic, and dynamic properties. Self-organization is selective and
spontaneous formation of one ormore ordered structures in a complexmixture, which
in the opposite case could have formed greater variety of structures [14].
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Together terms «self-assembly» and «self-organization» involve processes, which
give an opportunity for programmed molecular components or tectons (from Greek
«tekton»—a builder) to assemble spontaneously, exactly in a definite way forming
assemblies, whose organization proceeds in one, two or three dimensions and, prob-
ably, though not necessary, in time [15, 16]. Molecules, which form assemblies with
typical architectural and functional features, are accepted as tectons [17, 18]. In fact,
supramolecular tectons are supramolecular building blocks capable of self-assembling
into ordered assemblies. It should be especially noted that supramolecular assemblies
should be related, together with other complicated systems, to higher level of tec-
tons, «nanoarchitectonics» for designing and preparation of dynamic functional
materials [19, 20]. In the nanoarchitectonics concept these materials are projected
through controlled harmonized interactions, which provide development of unexpected
functions.

An idea of supramolecular synthons is introduced [21] for designation of structural
elements distinguished on the basis of analysis of intermolecular contacts with
account for some additional geometric characteristics. The term «supramolecular
synthon» is well studied and accepted tool in crystal engineering for designing of
desired supramolecular structures [21–23]. Advantage of the terms «supramolecular
tectonics» and «supramolecular synthon» is in more comprehensive information
on structure as compared with traditional terms («complex», «associate», etc.).
Supramolecular synthon plays the same key role in supramolecular polymerization as
a synthon plays in covalent synthesis. Supramolecular synthons are spatial positions
of intermolecular non-covalent interactions, which are often met in supramolec-
ular assemblies. Numerous examples of supramolecular structures, in which
supramolecular synthons were used, point to strength of supramolecular synthons
[24–31].

Supramolecular chemistry operates with various intermolecular interactions
(supramolecular synthons), which differ in their character, energy and directionality.
They include ion-ionic (100–350 kJ mol−1), ion-dipole (50–200 kJ mol−1),
dipole-dipole (5–50 kJ mol−1), cation-p-system (50–80 kJ mol−1), p-p-stacking (0–
50 kJ mol−1), metallophilic (<10 kJ mol−1), Van der Waals (<5 kJ mol−1) interac-
tions, coordination (40–400 kJ mol−1) and hydrogen (4–120 kJ mol−1) bonds [32].
Therefore there are a great number of possibilities for building supramolecular
assemblies using only one type of non-covalent interaction or combination of two or
more types, which can additively contribute to common energy and/or integrate a
great number of factors for structural control.

7.1 Supramolecular Polymers

Supramolecular chemistry can be divided into two broad, partly superimposed areas,
in which supramolecules and supramolecular polymers, respectively, are considered.
Supramolecules are represented by well-defined, discrete, oligomolecular formations
created due to intermolecular association of several components (receptor and
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substrate) according to some «program» operating by principles of molecular
recognition. Supramolecular polymers are polymolecular assemblies generated due to
spontaneous self-assembling a great number of components in specific phase char-
acterized by more or less definite organization at microscopic level and having
macroscopic properties depending on a character of a phase (film, layer, membrane,
vesicle, mesomorphic phase, crystal, etc.) [33–40]. In order to overcome a gap
between these two abovementioned species, a new class of organized assemblies,
suprasupermolecules is proposed [41, 42]. Therefore, «supramolecular chemistry» is
a wide term, which relates to chemistry of all types of supramolecular assemblies,
including well-defined supramolecules, extended, more or less organized poly-
molecular assemblies, and their respective combinations.

Supramolecular polymers can be divided in three categories depending on their
formation mechanism: isodesmic, cooperative, and ring-chain polymerization pro-
cesses. Without going in details of these well studied mechanisms of supramole-
cular polymerization and their thermodynamic aspects [34, 43–45], we shall notice
only that isodesmic process can be compared with step-growth polymerization, and
all stages of self-assembling are characterized by the same constant values of
association, independently on aggregate sizes [43–45]. Cooperative mechanism (or
nucleation-growth) includes two states of the process, in which formation of
thermodynamically adverse types consisting of limited number of monomer units
(nucleation) is followed by more favorable stage of elongation, which is charac-
terized by higher values of association constants (Fig. 7.1a). The result of coop-
erative polymerization is formation of self-assembled assemblies with high degree
of internal order as compared with isodesmic analogues, which bring to random-
coil supramolecular polymers without internal ordering.

To separate these two self-assembling mechanisms, it is necessary to choose
thoroughly experimental and calculative methods of studying [46–48]. Ideally, there
should be a possibility of monitoring of complete transformation from monomer
types to completely aggregated types during temperature- or concentration-dependent
studies. This happens in the case when aagg parameter (a fraction of aggregated types)
can be determined exactly. It changes from 0 (all monomer units are in molecular
solved state) to 1 (all monomer units are in aggregated state). The dependence aagg on
concentration or temperature will be a curve, which has a shape determined by
self-assembling mechanism (Fig. 7.1b).

Ring-chain supramolecular polymerization is typical of ditopic monomer units,
in which there is equilibrium between linear and cyclic analogues [43].

Supramolecular polymers are dynamic in nature; therefore, their components are
linked via reversible bonds and are subjected to spontaneous and continuous pro-
cesses of assembling/dissembling under certain conditions [49]. Due to dynamic
and reversible character of non-covalent interactions, supramolecular polymers
have ability to adapt to environment and have wide spectrum of intriguing prop-
erties, such as a tendency to degradation, shape memory, and self-healing, which
makes them unique candidates for supramolecular materials [50–65].
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There are different approaches to synthesis of supramolecular polymers, including
using hydrogen bonds (H-bonds) [43, 66–74], metal–ligand (M–L) [35, 43, 50, 72,
76–87], ionic [88–90], p-p [38, 43, 70, 72, 91, 92], and Van der Waals interactions
[43, 70, 72, 92].

The main difference between covalently bound polymers and supramolecular
polymers is dependence of average DP on interaction strength of terminal groups,
and, respectively, solvent, temperature and concentration. To estimate DP of
reversible supramolecular polymers, (7.1) is used [43, 70, 75, 93–95]:

DP� Ka M½ �ð Þ1=2; ð7:1Þ

where Ka is general association constant, M is concentration of monomer.
Graphical dependence DP on K for different concentrations is presented in

Fig. 7.2. To obtain polymers with high DP, high association constant between
repeated units is needed. By analogy with covalent polymers, chain length of
supramolecular polymers can be changed by addition of monofunctional chain
stoppers. The main advantage of supramolecular polymers as compared with their
classical analogues is a possibility to produce tailor-made materials using knowl-
edge on association constants.

Fig. 7.1 a Schematic representation of the supramolecular cooperative growth following the
nucleation-elongation pathway. b Plot of aagg against increasing temperature and decreasing
concentration, respectively, giving rise to characteristic curves corresponding to an isodesmic or
cooperative growth [46]
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7.2 Metallosupramolecular Polymerization

Metallosupramolecular polymerization is a process of spontaneous self-assembling
polytopic organic ligands and metal ions with formation of metallosupramolecular
polymers (MSPs) (Fig. 7.3) [96]. Taking into account orientation of this book,
hereafter only those MSPs will be considered which include metal chelate units as a
basic supramolecular motif. Concept of metallosupramolecular polymerization
requires that a chelating monomer would be a telechelic system capable of con-
tinuous elongation of a chain in presence of a metal ion via well-known consecutive
polycondensation mechanism.

The MSP is a special class of supramolecular polymers obtained from polytopic
monomers containing two or more chelating groups (ligands) at each end, where a
bond between monomers is provided by M–L coordination [70, 75, 93, 97, 98].
MSP can be considered as a subset of metal-containing polymers, in which M–L
interaction is dynamic by its character and, therefore, acts as supramolecular motif.
These organic/inorganic hybrid systems potentially offer attractive combination of
functionality of metal ions, mechanical properties and workability of polymers, as
well as characteristics of self-assembling and dynamic character of supramolecular
chemistry.

Self-assembling discrete structures using as a main driving force M–L coordi-
nation, is already known for more than two decades, and during this time MSP
chemistry is steadily developed [75, 87, 99–113]. It is especially noted that M–L
bond of donor centers of organic molecule with a metal ion is one of the strongest
types of intermolecular interactions in supramolecular polymers [12, 50, 75, 96,
114–119].

Fig. 7.2 Theoretical relationship between the association constant Ka and DP, using a simple
isodesmic association function, or «multistage open association» model [70]
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In MSP metal ions function as bridges for linking organic ligands, thus forming
a polymer chain. An advantage of the concept of metallosupramolecular poly-
merization is a possibility to choose respective M–L combination so as to take
control over bond strength (thermodynamic characteristic) and exchange rate (ki-
netic characteristic). The process of metallosupramolecular polymerization is
mainly controlled by strength of M–L bond between a metal and chelating block of
a polytopic ligand. Nature of this interaction is predominantly donation of lone-pair
of ligand (Lewis base) to a metal ion (Lewis acid) in combination with electrostatic
interaction between a positively charged metal ion and negatively polarized/charged
donor atom of ligand [120]. When developing MSP, a special attention should be
paid to some important factors, which can be used to influence a polymer not only
during, but also after building metallosupramolecular assemblies. A possibility of
changing a polymer structure of MSP after its preparation has a significant
advantage as compared with covalent polymers.

The most important features of coordination-driven self-assembling is narrow
directionality of M–L bonds [110], diversity of supramolecular assemblies, stipu-
lated by variety of building blocks (polydentate ligands and different metals),
combination of strong and weak bonds, a possibility of control over a reaction
mechanism, i.e. its proceeding under conditions of thermodynamic or kinetic
control [75, 95]. The principle of molecular recognition in coordination-driven
self-assembling is based on the stoichiometric model [121, 122]. The most varied
factors, for example, metal cation properties (electronic configuration and size,
which define coordination geometry of a metal chelate node), softness or hardness
of cations and ligands, chelate effect, etc. should be taken into account in the
coordination-driven self-assembling. Contemporary coordination chemistry sug-
gests a vast variety of supramolecular motifs based on metal chelates with different

Fig. 7.3 Schematic representation of the metallosupramolecular polymerization process [96]
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geometry, appropriate electronic and magnetic properties, which can be included in
MSP [123]. If a ligand contains several chelating groups, divergently positioned in
a molecule, it can participate in binding of several metal ions in one MSP. Bonds of
metal ions with polymers can change almost continuously from strong, actually
covalent bonds, which bring to irreversible or «static» binding of a metal, to weak
and unstable non-covalent M–L interactions, which provide reversible, «dynamic»
or «metallosupramolecular» binding. Since binding energy between a metal and a
ligand is relatively high, the obtained structures can be linked with relatively small
number of these bonds. This is a main difference of methodology based on M–L
interaction from other types of discrete self-assembling, for example, such as
self-assembling through H-bonds. Other advantages of M–L interactions, in par-
ticular, are in large database of available ligands in line with applied metal ions,
containing almost half of the periodical system, which means that there is a broad
range of easily available M–L chelates [76]. For intermolecular interactions detailed
study of thermodynamics and kinetics of chelation is necessary for choice of
appropriate M–L combination for respective application. Thermodynamic proper-
ties determined by binding constants, give a possibility to predict whether a com-
plex will be stable or unstable, while kinetic properties are expressed by conditions
of inertness or lability, and can be expressed, in particular, in terms of half-life
period of respective M–L bond [75, 84, 124–126].

Properties of MSP will depend on such factors as DP, architecture (for example,
linear or branched) and dynamics/life-time of assembly, which can be driven with
the binding force, stoichiometry, and kinetics of supramolecular motif. To obtain
polymers with high molecular weight, the necessary condition is high binding
constant and high concentration of initial components [92]. Excess of metal ions
should bring to larger assemblies than in the case when there is excess of a
monomer, if there is some cooperation, i.e. binding a second ligand is more
advantageous, than of the first [76, 127].

Ideal combination is a system, which provides a complex of high thermody-
namic stability in connection with high kinetic lability [128]. Thermodynamic
stability of M–L interactions will determine size (or DP) of assembly, while their
kinetic lability should bring to «dynamic» polymers responsive to environmental
factors. This combination provides building MSP, which has advantages of
reversible supramolecular systems, i.e. external stimulus can be applied to them,
which allows switching from monomer to polymer state or switching between
different self-assembling architectures, such as macrocycles and polymers. Some of
these systems can be multiply included, oppositely to classic covalent polymers,
which are formed irreversibly [43, 50, 77, 129, 130].

It should be noted that metal ions provide geometry and CNs, which are absent
or hardly available in covalent chemistry. By choosing chelating ligands, metal
ions, counter-ions, and boundary conditions of self-assembling (M:L ratio, con-
centration, solvent, ionic strength, pH, etc.), it is easy to obtain vast MSP database
with resources of kinetic, thermodynamic, and functional properties [73, 131].
Since for most applications, high PD are preferable, and in many cases increase in
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concentration is impossible due to practical limitations or low solubility, control
over binding force is most important. Increase in Ka can be reached by combination
of several interacting binding sites, the simplest of which is using chelating ligands
and polyvalent metal ions. Character of M–L interaction has a strong effect on
properties of obtained MSP, and the binding constant is the main parameter, which
should be taken into account. If M–L interaction is very weak, polymer assemblies
are not formed, and if it is too strong, a polymer may be deposited. Intermediate
binding constants imply easy exchange with ligands, i.e. soluble MSP are, as a rule,
dynamically equilibrium systems. However, dynamic character is a serious problem
for establishment of characteristics, because structure and properties of MSP
depend on external conditions.

Architecture of synthesized MSP depends on localization of metal chelates [132].
In «main chain» MSP polymer matrix is self-assembled from non-covalently bound
low molecular weight monomers through M–L bonds [96, 122]. Other polymer MSP
architectures, which are formed, include side chain [34, 95, 133–139], branched
[130], cross-linked [140–142], macrocyclic [143–151], helical [152, 153], dendritic
[154] or star-like MSP [155, 156].

The aim of MSP synthesis is design of new materials, which can show specific
and multifunctional properties. On one hand, presence of metal ions makes it pos-
sible to obtain coordination supramolecules with special optical, electric, magnetic
and catalytic properties [11, 35, 81, 85, 130, 157–167]. On the other hand, properties
of projected materials can be driven not only by thorough choice of metal ions, but
also by main polymer chain. At the same time, including metal chelate nodes in
supramolecular polymer system makes it possible to obtain hybrid supramolecular
materials with synergetic combination of typical features of M–L chelates (special
electrochemical, optical, magnetic properties) and properties of polymer (worka-
bility, mechanical properties, solubility, etc.) [168–172].

It should be noted that recently coordination-driven self-assembling becomes a
powerful tool of synthesis of polymer supramolecules of nanoscale size. Moreover,
dynamic character of M–L bonds provides switching capacity of a system imitating
behavior of natural supramolecular structures [173, 174]. Building blocks of MSPs
should be thoroughly chosen to design new materials with tunable and defined
properties, which suggest a convenient platform for development of intelligent
materials. Presently M–L coordination is often used as fascinating reversible
non-covalent interaction, which simplifies building stimulus-responsive, memory
shape, and self-healing MSP [53, 159, 175, 176]. During recent decades associated
with flourishing studies on synthesis and properties of MSP solutions [81, 130, 157,
159–161], considerable efforts are taken in building molecular devices using these
supramolecular assemblies. These devices include self-assembled nanostructures of
MSP, as well as co-assembled objects with other modulus, which are hierarchic
assemblies of self-assembled coordination supramolecules.
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7.3 Linear Metallosupramolecular Polymers

The simplest way to access linear MSPs is coordination of bis-ligand functionalized
ditopic monomers (sometimes called macromonomers if a spacer is oligomer or
polymer) to metal ions in the ratio 1:1 bringing to MSP with multiple M–L com-
plexes in a main chain (Fig. 7.4). These polymers usually show dynamic behavior
to a greater extent than covalent polymers, because reversibility of M–L coordi-
nation provides polymerization/depolymerization and ring-chain equilibrium.

To build dynamic constitutional metallosupramolecular systems, it is possible to
apply principles of dynamic constitutional chemistry advancing self-evolution of
supramolecular systems to choice of discrete systems made of mixtures of objects,
reversibly and continuously changing at nano- and macroscopic scales [177]. This
makes it possible to obtain single or double levels of dynamic supramolecular
databases using M–L and reversible ligand exchanges. The process of metal ion
coordination can put ligands in immediate closeness to each other. This closeness
potentially simplifies reversible supramolecular non-covalent interactions bringing
to restructuring coordinating ligands within the limits of confined interactional
space determined by coordination geometry around metal centers. This made it
possible, for example, to automate the process of parallel coordination-driven
polymerization of tpy-bis-functionalized PEO using different metal salts [178].

From the beginning MSP studies, the keenest attention of researchers was
attracted to chelating polytopic monomers, in particular, polypyridyl ligands,
including bpy, phen, and tpy fragments [84, 179–182].

Thus, in one of the first examples variety of constitutionally clearly defined
kinetically labile MSP is obtained using phen-based bidentate ligands (Scheme 7.1)
[183–186]. Ligand exchange went instantly in coordinating solvents, such as ace-
tonitrile, while in the non-coordinated solvent 1,1,2,2-tetrachloroethane no signs of
ligand exchange were observed even during several hours.

Coordination of 5,5′-bound bis-phen ligands with Cu(II), Ni(II), Ag(I), and Zn
(II) ions in stoichiometric ratio 1:1 brings to formation of MSP with high molecular
weights, more than 100,000 [187]. It is important that properties of MSP are
characterized by reversibility depending of external factors, such as electrochemical
action or addition of competitive complexing ligands.

Fig. 7.4 Various accessible architectures of linear MSPs
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MSPs obtained by 1:1 chelation of metal ions with organic ditopic bis-phen
ligands have shown unique electro- and photochemical properties based on M–L
interactions. Thus, we shall notice green Cu-based MSP, for which there is typical
excellent electrochromic color change from green to colorless at electrochemical
reduction from Cu(II) to Cu(I) [188].

In the case of Ni(II)-based MSP with bis-phen ligands having different spacers
and/or substituents, ionic conductivity of polymer films increases considerably with
increase in relative moisture, and a polymer without hydrophobic spacer has shown
conductivity 0.75 � 10−3 S cm−1 at 98% of relative moisture, which is by about
500 times higher than ionic conductivity of a polymer with a spacer [189].

Fe(II)-, Ru(II)-, and Cu(II)-based MSP films showed reversible electrochromic
behavior, which was used in fabrication of devices of electrochromic display
(Fig. 7.5). It is interesting that a polymer containing both Fe(II) and Ru(II) ions
exhibited multicolor electrochromic properties, and for Eu(III)-based polymer
vapoluminascence is typical. Besides, reversible switching emission is reached in
the polymer with Fe(II) and Eu(III) ions integrated alternately [99].

A series of functional MSPs based on polyhedral oligomer silsesquioxane and
phen ligand was obtained using two-staged approach [190, 191]. At the first stage
phen-based ligand is used for synthesis of amino-functionalized complex of a
transition metal using Sn(II) chloride, and at the second stage this metal complex is
subjected to interaction with octakis(3-chloropropyl) octasilsesquioxane, bringing
to MSP carrying a structure of polyhedral oligomer silsesquioxane. The obtained

Scheme 7.1 Reversible MSP formed from bifunctional phen-based ligand monomers and Cu(I)
ions
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MSP has shown electro- and chemo-responsive properties and is a good candidate
for smart stimulus-responsive materials.

Polytopic ligands with tpy and structurally related fragments have a considerable
place in MSP design. Using similar ligands is interesting for building a vast variety
of different architectures including both linear MSPs, and AB block-copolymers,
graft-copolymers, and metal supramolecular micelles. In particular, rigid linear
building blocks with tpy fragments bring to rod-like MSP, and building blocks with
flexible spacer blocks or rigid spacer units, which give well-defined angle between
chelating fragments, bring to cyclic structures [125, 192–194]. It has been shown, for
example, upon synthesis of MSP such as [bis(tpy-4′-yl)-FeCl2-di(ethylene glycol)]n,
[bis(tpy-4′-yl)-Ru(BF4)2-di(ethylene glycol)]n, [bis(tpy-4′-yl)-FeCl2-PEG180]n and
[bis(tpy-4′-yl)-Ru(BF4)2-PEG180]n [195].

A rich variety of new ditopic bis-tpy [160] obtained by symmetric and
non-symmetric introduction of functional groups in pyridine rings, and also by
tuning spacers for linking of two tpy-fragments is described. These bis-tpy are
convenient ligands for development of new MSP with different functions, and for
studying structure-property relationship. In particular, it occurs that such structural
factors of bis-tpy-based MSP as functional group nature in peripheral ring of
ligands and spacers between two chelating tpy fragments have a significant effect
on charge transfer and electrochemical properties of different types of Co(II) bis-tpy
MSP.

Linear MSPs are usually formed between molecules of ditopic ligand (bis-ligand),
which have two chelating heads and metal ions, as is shown in Fig. 7.6a [132].
Chelating heads of these ditopic molecules of a ligand often contain di- or tpy-, and
sometimes carbonyl groups. Figure 7.6b–d shows some examples of linear MSPs
[81, 130, 157, 160, 196, 197]. DP of linear MSPs has a strong dependence on
concentration and ratio of components of a mixture [127, 197]. Long chains can only
be formed for 1:1 M–L ratio at high concentrations, and deviation from 1:1 mixing
brings to such a chain ends formation that the chain growth is stopped. Concentrated
1:1 mixed system of bis-ligands and metal ions can be very viscous and elastic, while
diluted system is water-like with small ring oligomers present [197].

Fig. 7.5 Cu(II)-based MSP obtained by the 1:1 chelation of metal ions and bis(phen)s with
reversible electrochromic behavior [99]
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We shall notice the concept of thiol-para-fluorine click chemistry used for fast
and efficient formation of Ru(II) bis-tpy MSP. Oppositely to widespread methods of
MSP assembling, demanding high temperatures and longtime of reaction, using
penta-fluorine-phenyl-substituted homoleptic Ru(II) bis-tpy complex as a monomer,
thiol-functionalized organic spacer blocks can be easily integrated at low temper-
atures and for very short reaction time [198].

Soluble MSP based on Ru(II)tpy2 chelate is obtained through two different ways
of synthesis: (1) coordination of telechelic tpy ligand with activated Ru(II) species,

Fig. 7.6 a Schematic representation of formation of linear MSP and b–d are appropriate examples
[132]
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(2) Pd-catalyzed polycondensation of Ru(II) bis-tpy chelate carrying functionality
of a halogen with diboronic acid (Scheme 7.2) [96]. Comparison of the final
products of the reaction has shown that the 1st method has brought to more
macromolecular species as compared to the 2nd method, which has given only
oligomer structures.

Random Zn(II)-based and alternating Ru(II)-based MSPs containing bis-tpy
ligands with different central donor (fluorene or Cz) and acceptor (benzothiadia-
zole) fragments are synthesized (Scheme 7.3) [199]. It occurs that due to strong
donor-acceptor interactions with participation of Zn(II) and Ru(II) ions absorption
spectra of obtained MSPs cover a wide range 260–750 nm with a gap width
1.57–1.77 eV.

Scheme 7.2 Two different routes of synthesis of Ru(II) chain-extended polymers [96]
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Similar results were obtained in the studies of Zn(II)-based MSP produced by
1:1 complexation of Zn(ClO4)2 and bis-tpy ligands with electron-donor (alkoxy)
and electron-acceptor (cyano) groups in 6-position of peripheral pyridine fragment
[200]. In particular, Zn(II)-based MSPs have shown relatively high quantum yields
(UPL = 0.68–0.76) in solution at room temperature, and different luminescent
colors: blue, light blue, and green in film state due to considerable Stokes shift
caused by the effect of a ligand substituents.

Thermodynamics of chelation between tpy ligands and Zn(II) ions is studied in
detail [201]. The results of the studies provide conclusions that Zn(II) ions offer
interesting balance between reversibility of chelation process and stability of pro-
jected structures due to high affinity constants. Besides, telechelic tpy ligands are
obtained carrying organic fluorophore spacer.

Scheme 7.3 Two random Zn(II)-based and two alternating Ru(II)-based metallo-copolymers
containing bis-tpy ligands with various central donor (i.e., fluorene or Cz) and acceptor (i.e.,
benzothiadiazole) moieties [199]
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For Zn(II) MSP based on bis-tpy ligands considerable effect of a metal ion on EL
properties of synthesized MSP is typical [158, 202]. Zn(II) MSP has shown very
good luminescent properties (very strong red-light-emitting) with high potential for
integration in layered polyelectrolyte devices. Also incorporation of Zn(II) ions in
MSP through polycondensation of bis-tpy ligands carrying different p-conjugated
architectures of a spacer is studied (Scheme 7.4) [203]. The obtained chain-
extended Zn(II) MSP has shown emission from violet to yellow.

Two routes of incorporation of bis-tpy ligands carrying chromophores or
p-conjugated spacer into polymer structures via Zn(II) suprapolymerization have
been developed (Scheme 7.5) [204, 205]. For these polymers blue emission of
photoluminescence (about 420 nm) with quantum yield from 11 to 23% (in DMF)
is typical, and in this case formation of excimers is suppressed by integration of Cz
side groups. Besides, obtained MSP have shown green emission of EL (about
550 nm).

A vast variety of labile tpy MSP is obtained [193, 206–208]. In particular, by
studying MSP formation based on bis-tpy PEG (Mn = 8000) with different tran-
sition metal ions the effect of metal ions such as Cd(II), Cu(II), Co(II), Ni(II), Fe(II)
on DP and resulting molecular weights is considered.

We shall also notice [209] MSP production by chelation of dimethyl-substituted
bis-tpy ditopic ligand with Ru(II), Fe(II), Co(II) ions in respective solvent. In this
case stoichiometry 1:1 of chelation of a ligand with a metal ion in MSP is con-
firmed, affinity constants (log K) are very high (>9) showing that spatial hindering
of the ligand methyl groups has no effect on formation of MSP.

Formation of metal-bis-tpy MSP is influenced by two main factors of chelation.
The first is the formation of a mono-tpy-chelate by coordination of one tpy ligand to
one metal ion. At the second step the bis-tpy-chelate is formed by addition of
another ligand in the system. Possible exchange in the solution between ligand,
metal ion, mono-chelate and bis-chelate comprehensively described for tpy MSP
[73, 76].

Extremely interesting is production of thin filmed databases of Zn(II) bis-tpy
MSP produced by jet-printing for studying structure-property relationship and their
possible using for organic photoelectric or PLED applications [210]. During using
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combinatorial approach different important parameters including system of sol-
vents, dot spacing and a substrate temperature, as well as properties of UV-vis
absorption and emission were subjected to efficient and reproducible screening in
materials. As a result, homogeneous films of thickness 150–200 nm were obtained
during printing at 40–50 °C and from the mixture of DMF and acetophenone
solvents in the ratio 90/10.

Promising is using labile metal chelates for building chiral forms, since they
offer dynamic transformation of chiral molecular form as response to external
stimuli (Fig. 7.7) [211].

MSPs are obtained by coordination polycondensation reaction of tpy-functionalized
polyhedral silsesquioxane with Co(II) and Cu(II) ions [212]. It occurs that optical and
electrochemical properties of MSPs depend on substituent in peripheral pyridine, and
MSPs themselves have electrochromism during the oxidation process.

MSPs based on tpy ligands have recently shown their potential to optoelectronic
applications based on (i) their excellent properties of charge transfer or

Scheme 7.4 Schematic representation of synthesis of Zn(II) MSP based on bis-tpy ligands [203]
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Scheme 7.5 Scheme of synthesis of Zn(II) homopolymers (route 1) and Zn(II)-alt-copolymers
(route 2) [204]

Fig. 7.7 Chirality induction in an octahedral tris-bipyridyl Fe(II) complex induced by (S)-valine
via a helical tetrapeptides [211]
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(ii) intriguing luminescent properties of the system, depending on their architecture,
and the general properties of the luminescence correlate with the polymer structure
[213].

Importantly, the architecture of the polymers and types of metal coordinated to
tpy-containing MSP, can lead to unique photophysical properties [11, 13, 214]. As
a result, quenching or increase in polymer fluorescence can change making it
possible to apply MSPs as luminescent sensors for metal ions and in photo elements
[13, 75, 215–217]. For example, tpy-containing Ru homo- and copolymers are used
for production of polymer solar elements and solar elements sensitized by a dye
[217]. These MSPs are obtained on the basis of poly (p-phenylene vinylenes)
functionalized with terminal tpy residuals, and can quench fluorescence, thus
showing that polymers can transfer energy to tpy-containing Ru chelates.

Considerable efforts were taken in recent years for development of new metal-
losupramolecular architectures of dyes, since they are of keen interest as modeling
systems for natural light-harvesting and photosynthetic complexes, and for potential
applications in solar energy transformation, photonics, and molecular electronics.
Various metallosupramolecular assemblies of dyes are recently built using M–L
coordination [218].

Another way to obtain these macromolecular assemblies is integration of
fluorescent dye anion (sulforhodamine, SRB) in Fe(II)-based MSP via counter-ion
exchange (Fig. 7.8) [219]. Solid state device made using the obtained polymer
shows electrochromic properties based on electrochemical redox of Fe(II) ions at
voltage ±2.8 V, which displays due to appearance and disappearance of MLCT
absorption in MSP.

The Zn and Cd MSPs are produced based on 1,4-diketo-pyrrolo[3,4-c] pyrrol
derivatives of ditopic tpy-ligands [220]. It occurs that MSPs modified by a phenyl
block have shown maximum absorption at about 504 and 506 nm in films, while
MSP, in which a thiophene fragment is incorporated, exhibited strong and wide
visible absorption at 300–800 nm with a maximum at 601 and 598 nm and
shoulder peaks at about 665 and 671 nm, respectively.

The Zn MSP, carrying dibenzo-24-crown-8 arms, is obtained by coordination of
Zn(II) ions with conjugated bis-tpy ligand, which shows depending on concentra-
tion emissions from blue to white and yellow (Fig. 7.9) [221].
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Tridentate 2,6-bis(1′-methyl-benzimidazolyl)-4-hydroxypyridine (BIP) is a uni-
versal ligand for building stimulus-responsive MSP (Scheme 7.6) [196, 222–224].

An interesting class of soluble Eu(III) MSPs is developed [225] on the basis of
tridentate ditopic pybox ligand, which shows high metal emission quantum yields
up to 73%, and also unique dynamic behavior in solution (Fig. 7.10).

Chelating ligands containing 2,6-bis(1,2,3-triazole-4-yl) pyridine (btp) fragment
is one of widespread motifs in chemistry during last decade [226]. This class of
ligands formed in one-pot click reaction is studied for different purposes, for
example, for generation of supramolecular self-assembling d- and f-metals, and
formation of dendritic and polymer networks, etc. For example, Eu(III) and Tb(III)-
directed assembly of btp ligands is studied in CH3CN using monitoring of their
different photophysical properties. As a result, stoichiometry and stability constants
of different chiral supramolecular assemblies in solution have been found [227].

Fig. 7.8 The electrochemically reversible photoluminescence of sulforhodamine B (SRB) anions
is demonstrated based on the redox of Fe ions in a MSP [219]

Fig. 7.9 Zn MSP, carrying dibenzo-24-crown-8 arms, which shows depending on acid-base
concentration emissions [221]
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Scheme 7.6 Reversible dimer formation from two BIP molecules driven by M–L coordination
and cartoon representation of the formation of MSP based on this dimer formation

Fig. 7.10 a Ligand synthesis and schematic representation of the preparation of soluble dynamic
Eu(III) MSPs with pybox-related ditopic ligands. b Relative Eu(III) emission quantum yields (left
axes) and Eu(III) emission lifetimes (right axes) for different ligand to metal ratios in chloroform/
acetonitrile [225]
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Ditopic btp ligands containing p-conjugated spacer and solubilizing groups
involved in the click reaction are used for synthesis of Ru(II) MSPs, which have
intensive absorption of visible light by MLCT. As it turned out, MSPs obtained
have high molecular weight and medium hardness. Studies of polymers in solid
state have confirmed formation of MSPs, whose macromolecules have rod-like
conformation (Fig. 7.11). Besides, polymers form films by coating solutions
drop-casting [228].

Another widespread ligand for MSP production is 2,6-bis(1′-methylbenzimida-
zolyl) pyridine (Mebip). In particular, MSP synthesis based on poly (p-phenylene
ethynylene) and poly (p-xylene) macromonomers with Mebip terminal groups and
different metal salts is developed [229, 230]. It is interesting that oppositely to other
MSPs, where character of a metal salt and counter-ion plays important role, only
insignificant differences in obtained MSP properties were observed depending on a
metal ion, for example, Fe(II), Zn(II), La(III), and counter-ion (ClO4

−, OTf−,
NTf2

−). Instead of it, properties of the studied MSPs are determined, first of all, by
the character of telechelic oligomer.

Another type of tpy back-to-back ligand 1,4-bis(1,2′:6′,1″-bis-pyrazolylpyridin-4′-
yl) benzene was developed [231], which was used for production of linear Fe(II)
supramolecular oligomer/polymer (Scheme 7.7). Synthesized MSP has shown
reversible spin transition above room temperature with wide hysteresis loop (about
10 K).

Neutral linear dynamic MSPs based on acyl hydrazone bound with Co(II), Ni
(II), Zn(II) and Cd(II) ions are obtained using metallosupramolecular polymeriza-
tion [232]. Choice of monomer ligand, as was established, takes place in a mixture
of subcomponents (carboxyaldehydes and bisacyl hydrazides) controlled by hexa-
coordination to a certain metal ion. It is important that MSPs change their consti-
tution by exchanging and reshuffling their components with other MSPs through
exchange of ligands at coordination site of a metal in solution and in neat phase
(Fig. 7.12). As a result, these MSPs are subjected to considerable changes of their
mechanical and optical properties.

Fig. 7.11 Rod-like conformation in the solid state and structure of Ru MSP based on ditopic btp
ligands featuring a p-conjugated spacer and clicked-on solubilizing groups
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Interesting concept for MSP synthesis is application of ionophore ligands,
which, as is known, are bound with high affinity to alkali metal ions. Thus, tris
(spirotetrahydrofuranyl) ionophores with rigid spacers are constructed from
1,3-butadiyne units, which are selectively linked with Li(I) in 2:1 complex with
formation of rigid rod-like MSP, which, however, is limited soluble [233].

Also MSP should be noticed, containing (triethanolamine) Cu(II) fragments
linked by pyromellate units, which can be used as a catalyst precursor for perox-
idation of cyclohexane into cyclohexanol and cyclohexanene with hydrogen per-
oxide at room temperature [234, 235].

Scheme 7.7 Schematic representation of Fe(II) MSP based on 1,4-bis(1,2′:6′,1″-bis-
pyrazolylpyridin-4′-yl) benzene

Fig. 7.12 Scheme of the transformation of properties that result from constitutional M–L
exchange reactions in dynamic MSPs
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If oligomers or polymers with chelating fragments at a chain ends are used in the
process of metallosupramolecular polymerization, various linear metallosupramole-
cular block-copolymers can be obtained [236]. This brings to systems, which
combine typical features of block-copolymers (for example, microphase separation
between immiscible constituent blocks), and supramolecular polymers (for exam-
ple, reversibility and retuning supramolecular bonds strength). In this case M–L
coordination can be used for bridging between different blocks of homopolymers or
for linking together different block-copolymers.

In this way, for example, di- and tri-block-copolymers (A-[M]-B [237–239],
A-[M]-B-[M]-A [240, 241] or A-[M]-B-b-C [239, 241] were obtained, where [M] is
an M–L center. If A, B, and C blocks are immiscible, then these block-MSPs can
behave as amphiphilic block-copolymers with self-assembling character. The only
ligand used presently for block-MSP synthesis is tpy [236]. It is important that
asymmetrically directed supramolecular interactions should be involved for for-
mation of these complex macromolecular architectures [242]. In other words, the
synthesis of block-MSPs requires the formation of heteroleptic complexes, and the
formation of homoleptic complexes should not occur. For such selective com-
plexation two-staged procedure of chelation is necessary. Really, first a
mono-chelate should is formed, which then is developed into desired bis-chelate
under certain conditions [243]. Most extensive studies on the subject were per-
formed for block-MSP Ru, since high stability of bis-tpy-Ru(II) chelates makes it
possible to preserve integrity of resulting block-copolymers in different media, such
as organic solvents or water, even at extreme pH and salt concentrations [244].

Efficient way of block-MSP synthesis is growth of two polymer blocks from
heteroleptic Ru chelate, which acts as double initiator, since chelation will take
place between small molecules [243]. The most well-studied system in this aspect is
PS-[Ru]-PEO block-copolymer and, in particular, PS20-[Ru]-PEO70 composition, in
which PEO obtained by NMRP method, and commercially available PS are used,
and numbers bottom mean average DP of PEO and PS blocks, respectively [245].
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It should be noted that formation of homo- and block-MSPs depends considerably
on reaction conditions, such as stoichiometry of reagents, a solvent and a salt type,
time, temperature, and concentration.

The amphiphilic block-MSPs allow for purposeful formation of micellar
aggregates in water [245–248]. Thus, slow and regular water addition, using a
syringe pump, to the PS20-[Ru]-PEO70 initial solution of copolymer in DMF brings
to strictly defined micellar solution almost without further aggregation of micelles.
At that, these micelles have shown single-mode size distribution with average
molecular weight 318,000, which corresponds to aggregation number 53 of
copolymer chains in a micelle [249].

Interesting observations were made when studying PS20-[Ru]-PEO70 copolymer
in melt. In particular, when hexafluorophosphate (PF6�) was used as a counter-ion,
the observed morphology was spherical, not expected laminar, taking into account
the copolymer composition [249]. Due to aggregation of tpy-Ru(II) chelates and
counter-ions spherical aggregates are formed with radius about 1.5 nm surrounded
by a polymer shell with external radius about 2.4 nm. When bulk tetraphenylborate
(BPh4�) was used as a counter-ion, highly ordered laminated melt was obtained
with 11.9 nm periods after annealing at 55 °C for 40 h [250]. These studies of
nanometer organization of PS20-[Ru]-PEO70 in both selective solvents and in
volume have shown considerable effect of bis-tpy Ru chelates on microphase
separation between PS and PEO blocks. Similar conclusions were made for
investigation in melt of viscous-elastic properties of linear supramolecular assem-
blies obtained by addition of various amounts of Ni ions to linear entangled PEO
building blocks with terminal modified tpy group [251]. In particular, it occurs that
elasticity of these supramolecular assemblies is mainly determined by dynamic of
entanglement of building blocks, while supramolecular interactions impede or
suppress their relaxations. At that, by regulation of a number of metal ions, it is
possible to control relaxation time and level of low-frequency plateau of these
supramolecular assemblies. It is important that additions of metal ions more than
1:2 metal ion/tpy stoichiometric ratios makes it possible to induce secondary
supramolecular interactions, which can bound linear supramolecular assemblies
and, thus, bring to gelation of a system.

Since the method of production of block-MSPs depends on combination of two
macroligands through simple two-staged synthesis, it is quite easy to create data-
base of block-copolymers. For example, thus obtained 4 � 4 database of PS-[Ru]-
PEO block-copolymers and morphology of produced thin films were studied [252].
We shall also notice another 13-member database, which was used for studying
behavior of micelle formation of block-MSPs in water [253]. Apart from formation
of copolymer databases, one more advantage of block-MSPs is in reversibility of
bis-tpy chelates. Really, oxidation of Ru(II) ions to Ru(III) should be accompanied
by transformation of initial bis-chelates into mono-chelates. This reversibility can
be used predominantly for formation of definite nanoporous structures, which was
shown in production of nanoporous thin films of PS375-[Ru]-PEO225 copolymer
[254].
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Apart from PS-[Ru]-PEO metallosupramolecular copolymers, we shall notice
amphiphilic poly (ethylene-co-butylene)-[Ru]-PEO copolymer, for which quasi-
equilibrium state is found between micelles and clusters presumably, due to softness of
micellar core. Addition of a great excess of water-soluble competitive ligand brought
to decomposition of bis-tpy chelates and appearance of water-dispersed poly
(ethylene-co-butylene) nanoparticles decorated by charged metal complexes on
their surface [237, 238]. Rod-like micelles were obtained [255] from poly
(Fc-silane)-[Ru]-PEO copolymer in water and the micelles had a constant diam-
eter, but were rather polydisperse in length. Also synthesis of amphiphilic PS-
[Ru]-poly (NIPAM) using RAFT polymerization with tpy-functionalized agent of
chain transfer is described [256].

It should be noted amphiphilic diblock-MSPs containing heteroleptic bis-tpy
chelates Co(II) and Ni(II) in a block junction of PS and PEO (Fig. 7.13) [257].

Straightforward approach to synthesis of ABnA block-copolymers through
tpy-Ru(II) chelation is described (Scheme 7.8) [258]. The applied approach of
combinatorial optimization made it possible to carry out systematic screening of
optimal conditions for one-pot polymerization reaction of bis-tpy-hexadecane with
RuCl3 under reduction conditions. The established laws were applied for purposeful
synthesis of Ru(II)ABnA supramolecular triblock-copolymer using mono-tpy-PEG
as chain stopper during reaction of metallosupramolecular polymerization of
bis-tpy-hexadecane.

Individually optimized synthetic approaches were used to study of the formation
of ABnA supramolecular triblock-copolymers based on Ni(II), Fe(II), and Co(II)
chelates [240]. For Ni(II) ABnA supramolecular triblock-copolymers end capper
treatment was varied to regulate length of the medium block B. It is important that
synthesized triblock-MSPs are self-assembled in aqueous solution due to their
amphiphility.

Metallosupramolecular PS-b-polyisoprene-[Ni]-PS triblock-copolymer is pre-
pared efficiently using two-stage procedure (Fig. 7.14) [259]. It should be noted
that metal chelates are located predominantly in adjacent spherical area and form a
core-shell structure, and the obtained multiphase material has different elastomer
properties with considerable strength and creep.

Also we should mention triblock-copolymer ABC obtained by chelation of
tpy-functionalized PS-b-P2VP with tpy-functionalized PEO [241], which is used

Fig. 7.13 Synthetic scheme towards the formation of PS240-[Co]-PEO230 and PS240-[Ni]-PEO230

metallosupramolecular block-copolymers [257]
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Fig. 7.14 AFM phase image (a) and TEM image without staining (b) of metallosupramolecular
triblock-copolymer

Scheme 7.8 Synthesis of supramolecular M(II)-ABnA triblock-copolymer and schematic repre-
sentation of micelle formation [258]
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for preparation of core/shell-crown micelles consisting of PS core, P2VP shell, and
PEO crown, where P2VP is poly-2-vinylpyridine.

It should be noted that linear MSPs provide control over dynamic helicity at
supramolecular level [260]. Strong M–L interactions between individual molecular
components in controlled helical nodes, beginning from columnar aggregates to
spiral polymers and cholesteric liquid crystals bring to stereo induction from
molecular level to the level of supramolecular helical architectures.

7.4 Branched Metallosupramolecular Polymers

Telechelic ligand molecule with three chelating ends can be used to obtain branched
MSP (Fig. 7.15a) [140]. Branched MSPs can also be formed in the mixed system of
ditopic ligands and f-block of metal ions [77, 129, 261, 262], where f-block metal
ions can link three chelating ends, which act as cross-linkers (Fig. 7.15b).

Two constitutional isomers of branched MSPs are self-assembled from
tpy-ligands in ternary system [263]. Restrictions of possible outcomes for
self-assembling finally provide optimal conditions for isolation of molecular bowtie
or its isomer butterfly motif. It is noteworthy that these structural isomers have very
different drifts in diversification of ionic mobility corresponding to different sizes
and forms at high charge states.

Interesting chelating ligand for branched MSP fabrication is hexathiobenzene
carrying six peripheral tpy units (Fig. 7.16), which can excite coupled aggregation-
induced emission (AIE) reflected by a core in solid state [264]. Phosphorescence of
hexathiobenzene core is involved during chelation of Mg(II) in THF, because M–L
coordination impedes intramolecular rotation and the chromophore core motion,
thus helping to radiation deactivation of the luminescent excited state. When [Mg
(tpy)2]

2+ units of a polymer structure are excited, the phosphorescence core sen-
sibilization has efficiency >90%. It is important that a polymer light-harvesting

Fig. 7.15 a–c Illustration of branched MSP and d and e examples of branched ligands [140]
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antenna can be decomposed with a fluoride ion addition, thus switching off emis-
sion and offering a new tool for the fluoride ion probing. In other words, this unique
system can be a sensor of cation or anion.

Among branched MSPs, a special place take star-like MSPs [236, 265], obtained
using widespread bpy ligand, which forms complexes with a vast variety of metal
ions and is ideal candidate for production of multi-armed star-like MSPs, because
bpy functionalized in 4- and/or 4′-position can be quite easily synthesized. To
produce star-like MSPs, two approaches are made based either on homoleptic
chelates, in which metal ion is coordinated with similar chelating ligands, or on
heteroleptic chelates, in which different polymer ligands are coordinated around a
metal center. An example of the first approach is production of six-armed star-like
block-copolymers with [Fe{bpy(CH2Cl)2}3](PF6)2 used as hexafunctional initiator
for oxazoline polymerization [266]. The first block was formed from hydrop-
hilic 2-ethyl-2-oxazoline, and the second block is formed from hydrophobic
2-phenyl-2-oxazoline or 2-undecyl-2-oxazoline. Studying morphology of films of
six-armed star-like copolymer has shown [267] that 2-ethyl-2-oxazoline block
forms cylindrical micro domains in poly (2-undecyl-2-oxazoline) matrix. In another
example [Ru{bpy(CH2OH)2}3](PF6)2 is applied as a hexafunctional initiator for
production of six-armed star-like copolymer using ROMP and ATRP combination
[268]. We shall also notice use of [Fe(II){5,5″-bis(bromomethyl)-tpy}2](PF6)2

Fig. 7.16 Simplistic 2D representation of the self-assembled structure and aggregation induced
phosphorescence of the hexathiobenzene core is turned on upon Mg(II) chelation [264]
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complex as a metal supramolecular initiator for living polymerization of
2-ethyl-2-oxazoline bringing to clearly defined hydrophilic polymers with central
supramolecular building block and star-like architectures [269]. It is important to
emphasize that using metallosupramolecular initiators for living polymerization
provides precise control over molecular weight, and also integration of additional
(chelating) fragments at the ends of polymer chain [155].

Using approach based on homoleptic complex, also hetero-armed star-like
copolymers can be obtained; however, this needs orthogonal synthesis of asymmetric
macroligands from a double initiator. The 4-chloromethyl-4′-hydroxymethyl-bpy is
used as such a double initiator for consequent polymerization of e-caprolactone using
ROMP and St with ATRP [270]. At the final stage bpy-PS-poly (e-caprolactone)
macroligand is coordinated with Fe(II).

We shall also notice production of hetero-armed star-like copolymers based on
heteroleptic complexes. In particular, macroligands carrying one or two PS chains
are first ATRP synthesized using 4-(chloromethyl)-bpy and 4,4′-bis-(chloromethyl)-
bpy as initiator, respectively [271]. Then bis-bpy Ru complexes are obtained with
these macroligands, and at the final stage the second type of a macroligand carrying
one or two PMMA chains also produced using ATRP, is linked to bis-complexes
giving hetero-armed star-like copolymers with 3 and 6 arms. It should be empha-
sized that an important factor of adjustment for control over hetero-armed star-like
copolymer assembling is polarity of a solvent, which has an effect on conformation
of polymer chains.

Six-armed star-like copolymers are obtained via two-staged synthesis: formation
of Ru bis-bpy chelate with microligand carrying two PCL chains obtained by
ROMP followed by chelation with bpy, carrying either two PS chains (grown using
ATRP) or two PEG chains obtained by grafting PEG to 4,4′-bis-(chloromethyl)-bpy
using Williamson reaction (Scheme 7.9) [272].

Apart from bpy ligand other chelating ligands were used for synthesis of
hetero-armed star-like copolymers. For example, ligands from the family of

Scheme 7.9 Synthesis of polymeric Ru(II) bis(bpy) dichloride complexes and Ru(II) tris(bpy)-
centered heteroarm stars [272]
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b-diketones in combination with bpy are chosen for building heteroleptic complex
with lanthanide ion [273]. First macroligands are obtained by D,L-lactide poly-
merization using ROMP with dbm functionalized by a hydroxyl group as initiator,
and then three macroligands are chelated to Eu(III) to obtain three-armed star. At
the final stage, bpy carrying two PCL chains are coordinated to this tris-complex to
obtain penta-armed star-like block-copolymer.

There is an interesting application of tris-chelating ligand for production Fe(II)-,
Co(II)- and Ni(II)-based MSPs including linear and branched parts in their structure
(Scheme 7.10) [274].

It should be especially noted that each part of metallosupramolecular block-
copolymers makes its contribution to properties of resulting materials [108]. Besides,
self-assembling these copolymers is used in thereafter for development of more
advanced architectures, in particular, smart, and stimulus-responsive nanostructures.

Scheme 7.10 Production of Fe(II)-, Co(II)- and Ni(II)-based MSPs including linear and branched
parts [274]

7.4 Branched Metallosupramolecular Polymers 791



7.5 Cross-Linked Metallosupramolecular Polymers

Reversible M–L coordination interactions between monomer units are actively
used in synthesis of MSP networks [77, 78, 129, 130, 261, 262, 275, 276].
Multiple MSP networks are synthesized with different mechanical, chemical, and
stimulus-responsible properties, which can be easily controlled by fine tuning
molecular architecture, and also thermodynamic and kinetic stability choosing
respective M–L pairs [75, 76, 277]. It should be emphasized that rational design of
MSP networks needs a clear idea on correlation between supramolecular building
blocks and properties of resulting material [40, 129, 262, 275, 276].

Thus, self-assembling is done in solution between Eu(III) and rigid ditopic
tridentate tpy ligand, which brings to formation of MSP networks (Fig. 7.17) [278].
Depending on M–L ratio used for initial self-assembling process, morphology of
these materials can be changed from 1D micron fibers to 3D coordination network.
It should be noted that tpy-based ditopic ligand can be efficient sensor for Eu(II)
emission, hence, emission lifetimes and energy of a ligand in triplet state of MSP
depends considerably on M–L ratio. Therefore, the obtained micron-sized fibers can
be efficient optic wave-guide for Eu(II) radiation.

Similar dependence of surface morphology on M–L ratio is established in the
series of Fe(II)-based MSPs with 3D structures obtained by staged chelation of Fe(II)
salt with different ratios of linear bis-tpy (L1) ligand and branched tris-tpy (L2)
ligand (Fig. 7.18) [279]. All 3D polymers had blue color due to MLCT absorption,

Fig. 7.17 a Proposed mechanism for the self-assembly process in solution at different M:L ratios.
b SEM images of the samples in the solid state: M:L ratio 1:1 (a), 2:1 (b), 3:1 (c). c Time-gated
emission maps for the 5D1–

7FJ (J = 0–3) and 5D0–
7FJ (J = 0–4) transition recorded between

100 ns and 10 ms (500 ns gate, 2 nm band width) [278]
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and showed excellent electrochromic properties. In particular, the most highly
porous 3D structured film has shown the best electrochromic efficiency: as compared
with 1D linear polymer, switching times for dying (0.31 ! 0.19 s) and for
bleaching (0.58 ! 0.36 s) are improved by 37.9 and 38.7%, respectively. Besides,
the transmission coefficient has increased by 21.8% (41.6 ! 50.7%), and efficiency
of dying has increased by 45.3% (263.8 ! 383.4 cm2 C−1).

It should also be noted that MSP networks can form via M–L coordination with
participation of preliminary formed polymer chelating ligands. In particular,
coordinated self-assembling Zn(II) ions and polytopic polyiminofluorene-tpy
ligands is used for production of electrochromic films with nanometer thickness
(Fig. 7.19). The films can be switched between yellow, red, and blue, and show
switching times 500 ms, high contrast and high stability [133].

Another example is chelation of ZnCl2 and Fe(ClO4)2 with conjugated copolymer
based on poly(phenylene-alt-fluorene) main chain and Mebip ligand linked to the
main chain with flexible spacer groups (Fig. 7.20) [280]. Multiple successive
adsorptions of metal salts and polymer bring to coordinated supramolecular assem-
bling cross-linked MSP on a substrate, and thickness is controlled by a number of
applied stages of adsorption. Since fluorescence of the polymer main chain is not
completely quenched by M–L interaction, the films have bluish luminescence.

For CPL, it is typical to form micellar structures in diluted solutions, which
decompose at addition of transition metal ions with formation of cross-linked MSP
(Fig. 7.21). It has been shown, for example, in the cases of tpy end-capped by poly
(2-dimethylamino) ethyl methacrylate-b-poly (NIPAM) diblock-copolymers [281],
PS-b-poly (tert-butyl acrylate) with tpy-end-capped [282], tpy-terminal hydroxy-
telechelic materials Pluronics P105 and P123 [283].

Fig. 7.18 Synthesis and AFM image of the 3D Fe(II)-based MSP with different content of L1 and
L2 [279]
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The process of formation of metallosupramolecular network based on 3:1 M–L
complexes between ditopic oligomers and metal ions proceeds by formation of 1:1
and 1:2 complexes (Fig. 7.22) [284].

Fig. 7.20 Metal ion coordination of chelating polymer involving cross-linking side chains [280]

Fig. 7.19 Production of electrochromic films based on Zn(II) ions and polytopic
polyiminofluorene-tpy ligands [133]
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Monte-Carlo modeling has shown that this process is mostly influenced by
concentration of chelating ligand and M–L ratio. At a constant concentration of
ligand in the ligand-enriched area 3:1 M–L complexes predominate. Their fraction
decreases as a metal content increases, bringing to 2:1 complexes with maximum
about M–L ratio 1, and fraction of 1:1 complexes has maximum at M–L ratio 2. It
follows from analysis of molecular-weight distribution and decreased average size of
metallosupramolecular networks that a network formation takes place in restricted

Fig. 7.21 Self-assembly behavior of poly (NIPAM)-b-poly [(2-dimethylamino) ethyl
methacrylate-tpy] double-hydrophilic diblock-copolymers in aqueous solution in response to heat
and transition metal ions [281]

Fig. 7.22 A schematic
representation of
metallosupramolecular
polymers [284]
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range of M–L ratios. For example, at low concentration the reversible network
begins to form in the range of M–L ratios about 0.75, where there is a considerable
fraction of 2:1 as well as 3:1 M–L complexes, and as ligand concentration increases,
network formation broadens to wider range of M–L ratios. At ligand concentration
slightly over the beginning of a network formation it grows via integration of sol
molecules into dangling fragments of the network. At higher concentrations this
mechanism of network growth becomes inactive, and fraction of dangling fragments
begins to decrease simultaneously with sol fraction. In the M–L range close to
stoichiometric composition, the total number of oligomers in sol and dangling
fragments are almost constant depending on oligomer concentration and becomes
unity at the beginning of network formation.

7.6 Heterometallic Supramolecular Polymers

Strategy of coordination-driven self-assembling is successfully used for structuring
such interesting assemblies as heterometallic supramolecular polymers (hetero-MSPs).
It is principally important that integration of two different metals gives resulting
hetero-MSP properties of individual metals as well as new properties stipulated by
synergetic effect of one metal on another. To obtain such systems, different synthetic
approaches are developed. In particular, the simplest of them includes stepwise
chelation of two different metals, at that first monomer bis-complex of one metal with
ditopic ligand is formed, and then metallosupramolecular polymerization with another
metal takes place. An example of this approach can be stepwise chelation of Eu(III) and
Fe(II) ions with asymmetric ligand based on dicarboxylate-substituted tpy and
non-substituted tpy [285]. It should be noted that hetero-MSP has shown unique,
reversible «ON-OFF» switching Eu(III) luminescence by electrochemical redox of Fe
ions in solid state.

In another interesting example, independent coordination of Fe(II) and Rh(I)
ions with one heteroditopic ligand containing two metal-coordinating centers at two
ends has brought to formation of linear supramolecular polymers (Scheme 7.11)
[286]. In this case different metals are specifically bound by different ligand frag-
ments and take a certain kind of coordination geometry. The obtained hetero-MSP
is interesting representatives of self-supported heterogeneous chiral catalysts, which
have high activity, enantioselectivity, and for more than 10 times repeated use in
heterogeneous asymmetric hydrogenation of different derivatives of functionalized
olefins. These hetero-MSPs can be obtained by stepwise or one-pot synthesis, in
which rigid tpy unit and soft MonoPhos fragment Feringa is coordinated selectively
with Fe(II) and Rh(I) independently. It should be noted that Fe ions play a role
of «glue» for self-support function way to link discrete fragments of a catalyst
together, while Rh part is used as a catalytic center and as a spacer. It would be very
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difficult to realize the abovementioned functions if only one type of metal ion was
applied for self-assembling. In this case the self-sorting comes into effect, i.e.
self-assembling some supramolecular assemblies from multicomponent mixtures,

Scheme 7.11 Synthesis of a class of self-supported catalysts through orthogonal coordination of
two different metal ions with a single ditopic ligand [286]
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which is one of important principles in contemporary supramolecular chemistry
[287–291]. Strategy of self-sorting is most attractive since it provides approach to
very complicated supramolecular architectures. Moreover, metal-driven selection
between final MSP types can be quantitatively reached in solution or in crystal state
using coupled coordination/packing of interactional algorithms inside dynamic
metallosupramolecular databases [292].

Consistent chelation of transition metal ions and lanthanides makes it possible to
obtain hetero-MSPs containing linear and branched blocks (Scheme 7.12), which
has significantly broaden a range of supramolecular materials with new dynamic
properties [76].

Also approaches have been developed when the first metal is used for production
of linear MSP, and the second metal is used for cross-linking metallosupramolec-
ular chains (Scheme 7.13). It is interesting that under action of different competitive
ligands metallosupramolecular network can be reversibly assembled and disas-
sembled and thus shows dynamic properties [293].

The hetero-MSP formed by a consistent chelation of two different organic
building blocks is a kinetic intermediate to final stable hexanuclear metallo-
macrocycle carrying 4Ru(II) and 2Fe(II) ions obtained through thermodynamic
disassembling/repeated assembling route [294].

Scheme 7.12 Representative scheme of the formation of MSP by assembling the 2,6-bis
(benzimidazolyl)-pyridine ligand, transition metal ions and lanthanides in the appropriate ratio [76]
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7.7 Metallosupramolecular Polyelectrolytes

Metallosupramolecular polymerization with neutral polytopic ligands brings to
charged MSPs, which are called metallosupramolecular polyelectrolytes (MEPE).
In MEPE synthesis bis-tpy are most often used as ditopic ligands, which provide
formation of extended rod-like MEPE (Fig. 7.23) [156, 295]. DP of MEPEs in
solution depends on concentration of components and on initial M–L ratio and is
determined by dynamic equilibrium of association and dissociation. For M:L = 1
chain length grows exponentially with concentration, which means uncontrolled
chain length growth. However, if there is excess of one component, growth stops as
long as one component is consumed even if total concentration is additionally
increased. This means that molecular weight of MEPEs can be controlled by M–L
ratio [76]. In the case of Fe(II), Co(II), and Ni(II) a chain is short for M:L less than
1, it is longer for M:L = 1, it is medium for M:L over 1, because the binding
constant K1 associated with initial chelation of metal ion and tpy is lower than K2,
which reflects association of following tpy ligand thus elongating the chain [76].
Using chain monotopic stopper 4′-(phenyl)-tpy, it is possible to predictably control

Scheme 7.13 A representation of the self-assembly of the metallosupramolecular network, where
(HEDTA) is (2-hydroxyethyl) ethylenediaminetriacetic acid [293]
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average molecular weight, chain length, and viscosity of MEPEs (Fig. 7.24) [296].
The resulting linear bis-tpy-based MEPEs have attracted great attention since they
are self-assembling in (aqueous) solution with metal ions such as Fe(II), Co(II), Ni
(II), Cu(II), and Zn(II) with several hundred nanometers in length [297].

MEPEs’ structure depends on ligand construction and preferable coordination
geometry of a metal ion, and also on a solvent character and pH. Choice of a

Fig. 7.24 Synthesis of MEPEs with predictably control average molecular weight, chain length,
and viscosity using chain forming ligand and chain stopping ligand [296]

Fig. 7.23 Organic-metallic hybrid polymers (MLn-MEPE) formed by chelation of bis(tpy)s (Ln)
with metal ions such as Fe(II), Co(II), and Ru(II) ions [295]
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counter-ion not only determines solubility of MEPEs in different solvents, but
controls microenvironment of metal ions and, thus, has effect on architecture of
polyelectrolytes. Modularity of MEPEs self-assembling makes it possible to
introduce different metal ions, chelating ligands, and counter-ions, thus generating
abundance of materials with wide range of properties [298]. With different metal
ions integrated into a polymer chain several interesting functions become available,
including magnetic, electrorheological, photophysical, electrochemical, and elec-
trochromic [179]. In this sense important is a fact that attractive optical, electro-
chemical, and electrochromic properties of MEPEs can be easily studied for their
high solubility in different solvents including water. Moreover, conclusions can be
made about structure-property correlation of projected structures. Positive charge of
a metal ion can be used for integration of MEPEs in different architectures of
materials, including liquid crystals, nanostructures and thin films [76, 299].

In most cases, metal-driven self-assembling MEPEs is easily indicated by naked
eye due to strong coloring solution at chelation of metal ions. For example,
Fe-MEPE shows strong absorption band in visible range about 590 nm relating to
MLCT transition, which is responsible for deep blue color. Ligand shows a strong
band about 290 nm associated with p-p* transition. Moreover, small bands are
generated at 240–340 nm depending on a certain ligand [87, 300–302].
Furthermore, MEPE formation is accompanied by increase in viscosity of solution,
which provides additional indication of MEPEs formation. Since viscosity depends
on a chain length, increasing viscosity is associated with growing chains. For
example, for Fe-MEPE viscosity reaches maximum at M:L = 1 [303].

Studying MEPEs based on bis-tpy Ru(II) chelates with a spacer varying from
oligomers to polymers has shown that a spacer length is an important factor for
formation of linear or cyclic types and, therefore, it can have an effect on DP [96,
192, 304, 305]. To suppress polyelectrolyte effect of Ru(II)-MEPEs, it was nec-
essary to add different concentrations of salts for viscosity experiments. It is
important that lamellar polymer chains should form.

In the recent years MEPEs have gained wide development as a new area for
electrochromic applications [75, 76, 81, 132, 157, 160, 175, 306]. As applied
potential is increased, metal centers are oxidized to higher valent state, and MLCT
decreases. Optically this brings to decrease in visible optical density caused by
switching MEPEs from colored to transparent state [295]. Therefore, choice of
metal ions and ligands plays a significant role in electrochromic characteristics in
MEPE system and has an effect on efficiency of electrochemical and optical
properties [307]. In particular, MEPEs easily form thin films of high optical quality
using different methods including LbL deposition or coating with linear and con-
tinuous film growth [308]. Moreover, MEPE thin films immobilized on transparent
conducting electrodes show desired electrochromic properties with high switching
rate and low switching (commutation) potential, since, change of redox state is, as a
rule, associated with change in optical properties [308]. Metal chelates show redox
transitions based on a metal ion and ligand totally up to five redox stages [309]. In
other words, MEPE connect universal and usually reversible electrochemistry of
MSP with advantage of recycling polymer materials [310, 311]. These highly
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efficient electrochromic properties are demonstrated for example for Fe-MEPE,
Co-MEPE, and Ru-MEPE based films, for which loss of absorption about 20% is
detected after 4000 redox cycles [157, 312, 313]. The compounds show response
times from 0.65 s for OMe-substituted Fe-MEPE to 1 s for respective Ru-MEPE, to
3 min for Co-complexes, respectively. Electron-acceptor functional groups, such as
bromine, bring to prolonged response times. Electrochromic memory time, which is
a period, during which a thin film remains colorless after removal of applied
potential, is elongated by MEPE functionalization. Non-substituted MEPEs return
in colored state after about 30 s, while functionalized MEPEs require up to 15 min
to reduction [81, 313]. These films can be used for stimulus-responsive layers [314]
and for electronic displays and devices such as electronic papers or electrochromic
windows (smart-windows) [307, 308, 313–315].

It should be noted that during annealing Fe-MEPE based films at temperatures
above 100 °C blue color transits to green, and previously reversible electrochromic
properties are lost, even after cooling to room temperature [316]. Study of solid
Fe-MEPE in situ during annealing has shown that thermo-induced transition is not
accompanied by redox process on Fe(II) center, but is related to structural changes
in Fe(II) coordination sphere. In particular, in low-temperature state Fe(II) ion is in
quasi-octahedral coordination surrounded by six nitrogen atoms of pyridine rings.
In this case length of axial Fe–N bond is 1.94 Å, while lengths of equatorial bonds
are up to 1.98 Å. At the same time in high temperature state FeN6-node shows
distortion with axial Fe–N bonds elongated to 2.01 Å (Fig. 7.25).

Substantial interest has heterometallic MEPEs including Fe(II) and Co(II) ions,
which combine properties of individual MEPEs and, therefore, show their different
states: red-violet, blue, and transparent [317].

Very promising direction is also synthesis of cross-linked MEPEs based on
bis-tpy Fe(II) chelates [140]. It occurs that molecular weight of networks reaches
high values and depends on cross-linking degree, for example, it is shown that from

Fig. 7.25 XANES (top) and EXAFS (bottom) spectra of LT (solid line) and HT (dotted line)
states of solid Fe-MEPE [316]
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1.5 to 9% of cross-linking degree the networks are soluble in aqueous and acetic
acid solutions. For higher cross-linking degrees (more than 9%) solutions are
heterogeneous with colored deposits precipitated from solution.

We shall notice production of composition materials by incorporation of MEPEs
host materials [318, 319]. While most high molecular weight polymers cannot
migrate into pores, components of MEPEs can diffuse and collect in a host.

Innovation concept [320] is developed for design of electrorheological liquids
based on disperse phase of rigid rod-like MEPE intercalated into mesoporous
SBA-15 silica. At electric field applied to this composite dispersed in silicon oil,
rheological measurements shows considerable change in elasticity modulus, which
points to solidification of fluid medium. Apart from strong electrorheological effect
and low current density, five times smaller amount of MEPE is required than in
comparable electrorheological liquids based on host-guest systems.

Using water intercalation, nanocomposites are obtained consisting of montmo-
rillonite glue (Na0.6(Al1.64Mg0.36)Si4O10(OH)2�nH2O) and MEPE with Fe(II) and
Ni(II) ions (Fig. 7.26) [321]. For both nanocomposites substantial electrorheolog-
ical effect is established, which depends on intercalated MEPE.

It is shown [322] that for diluted solutions, where small MEPE aggregates
prevail, nanometer crystals can be grown on interphase boundary. MEPEs form
linear rods, which are arranged into sheets, at that, four sheets intersect a unit cell,
while adjacent sheets are rotated by 90° with respect to each other.

7.8 Orthogonal Self-assembling

Oppositely to majority of biological systems, synthetic supramolecular chemistry
uses, as a rule, only one type of non-covalent interaction. Therefore, there is an
important task of stabilization of clearly defined MSP architectures solved with a
combination of several non-covalent interactions [169, 323–330]. Using a combi-
nation of a set of non-covalent interactions provides additional possibilities for
development of very complicated and multifunctional MSPs. For example, dynamic
supramolecular polymers with linear or cross-linked topology are reported [331].
Use of supramolecular interactions to direct of spontaneous assembling molecules
is of paramount importance due to their very specific character, controlled affinity,

Fig. 7.26 Nanocomposites consisting of montmorillonite glue and Ni(II) or Fe(II) MEPE [321]
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and reversibility. These specific and rather controlled interactions can be manipu-
lated independently and simultaneously, thus providing orthogonal self-assembling
of components with several (more than one) motifs of interaction, which do not
influence each other [134, 332, 333]. In other words, use of orthogonal
self-assembling guarantees that any change in a system caused by one interaction
has no effect on another interaction [334]. The greatest advantage of orthogonal
combination of different non-covalent bonds in supramolecular structures is its
bringing to materials production with some properties, which are responsive under
action of different stimuli. It is important that introduction of different
supramolecular functional groups (multifunctionalization) into one synthetic frag-
ment can improve substantially possibilities for applications of these materials, and
orthogonal self-assembling provides total control over the self-assembling stage,
and, therefore, over material properties.

If only one type of supramolecular recognition is present in the main chain of a
polymer, usually statistic mixtures are obtained upon action of two or more func-
tional reagents (Scheme 7.14, top) [169]. In this case, control over reaction of self-

Scheme 7.14 Statistical
(top) and defined (bottom)
multifunctionalization of a
polymer by self-assembly
[169]
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assembling is limited, and a product is weakly defined. A combination of different
(orthogonal) supramolecular linking units, however, makes it possible to control the
self-assembling stage (Scheme 7.14, bottom). This well-defined multifunctional-
ization of polymers can be reached if there is high selectivity of orthogonal rec-
ognizing elements to their complementary counterparts. For multiply repeated
self-assembling two different synthetic ways are possible. Functionality may be
introduced via consistent supramolecular self-assembling, and then another one.
However, more promising is one-pot approach to a given mulifunctionalized pro-
duct, because it reduces one stage of reaction. This strategy of controlled multi-
functionalization provides fine tuning polymer architectures, and their properties,
which shows ways to new specially developed functional materials.

7.8.1 Combination of M–L Coordination with H-Bonding
Interactions

Among different non-covalent linking interactions in building supramolecular
polymers, M–L coordination and formation of H-bonds are two basic and most
studied classes of interactions [11, 169, 335–338]. Therefore, it is not accidentally
that particularly these types of supramolecular interactions are widely used in
orthogonal self-assembling. In this respect among the most well-known
supramolecular motifs there are ureidopyrimidinone as an H-bonding block and
tpy as a metal-chelating fragment [169, 261, 339]. In particular, successful
dimerization of H-bonding block is shown, as well as metal-tpy chelation with
addition of FeCl2 or Zn(OAc)2 in solution. These two linking points at different
ends of a spacer provide orthogonal self-assembling in linear polymers through two
synthetic routes (Scheme 7.15). It should be noted that using a covalent polymer
poly (e-caprolactone) as a spacer between two linking sites increases solubility of
obtained telechelic polymer in non-polar solvents [170]. It is important that MSP
shows film-forming properties and transparence at thin thickness of film, which
differ considerably from those of opaque and fragile films of original polymers.
Besides, MSPs have different physical properties as compared with its initial
polymers, just with a few non-covalent linking sites being integrated. Moreover,
reversibility of polymer chelation can be controlled by addition of competitive
ligand HEEDTA (hydroxyethyl ethylenediaminetriacetic acid) or metal ions
opening a way for building new «switching» functional polymers (Scheme 7.16)
[340, 341]. These self-assembled polymers can be adjusted using different external
stimuli through addressing either quaternary H-bonding block or a tpy-metal
supramolecular motif. In particular, formation of H-bonding fragment can be
adjusted by temperature or a solvent, while a metal chelate fragment can be
modulated using competitive ligands, and electrochemistry.

There is an interesting approach in which tpy fragment is replaced by chiral
Feringa MonoPhos ligand for bifunctional monomer synthesis, which can form
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linear self-assembled polymer with alternant orthogonal P–Rh coordination and
ureidopyrimidinone dimerization in the main chain by addition of [Rh(COD)2]BF4
[171]. The obtained MSP is insoluble in non-polar solvents such as toluene, and is
highly efficient and enantioselective heterogeneous catalyst of hydrogenation
reaction, and can be repeatedly used during many cycles.

We shall notice that supramolecular polymers based on H-bonds are, as a rule,
confined to organic solvents, such as chloroform, and are weak in competitive polar
solvents such as DMSO. At the same time, switchable MSP obtained on the basis of
a small heteroditopic monomer with two orthogonal linking interactions is stable in
a strongly polar solvent [324, 337]. This monomer has guanidiniocarbonyl pyrrol
carboxylate zwitter-ion motif at one end and tpy block at the other end (Fig. 7.27).
High association constants K ˃ 108 M−1 of both tpy-block and of a zwitter-ion
motif in DMSO are important preliminary condition of linear supramolecular
polymer fiber formation with a considerable DP in polar solvents. This
supramolecular system provides production of large aggregates in polar solvent and
can be adjusted reversibly between polymers and low molecular weight molecules
reacting at external stimuli in two different directions, which can be included in
design of functional materials.

Scheme 7.15 Schematic representation of a supramolecular polymer containing alternating tpy
metal chelates and quadruple H-bonds in the main chain [319]
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Very easy and universal approach to these materials is based on traditional
polymers carrying different fragments of recognition in a side chain. For example,
ROMP is used for synthesis of one type of statistic copolymers based on norbornene
carrying Pd-pincer complexes (M–L coordination) and diaminopyridine fragments
(H-interactions) as groups of a side chain (Fig. 7.28a) [333]. A copolymer can be
functionalized stepwise or by the one-pot method by adding Py and N-butyl thymine
showing good selectivity and independence from each other within the limits of
recognition motif and the main polymer chain. It is important that thermal properties

Scheme 7.16 Schematic molecular structure of initial ligand, and the dynamic polymerization of
the metal–ligand complex

Fig. 7.27 Scheme of the self-assembly of monomer in solution
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such as Tg and Td can be modified by such functionalization, which provides easy
way of control over functionalization of a copolymer and makes it possible to design
functional materials based on a statistic copolymer. There is another way of func-
tionalization using H-bonding fragment for cross-linking by adding telechelics
containing two complementary H-bonding groups (Fig. 7.28b). Besides, for this
purpose perylene molecule can be used to incorporate fluorescent dye into a
supramolecular polymer. In both cases a supramolecular fragment not taking part in
cross-linking was functionalized with mono-functionalized recognition blocks
[342].

We shall also notice MSPs built from ABC triblock-copolymers based on
covalent bond with orthogonal combination of Pd-pincer-pyridine coordination and
H-interaction of heterocomplementary Hamilton receptor–cyanuric acid (Fig. 7.29)

Fig. 7.28 Schematic representation of cross-linking via a palladated pincer (a) and H-bonding
units (b) with bifunctional complementary recognition units [333]
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[323, 342]. In this synthesis initiator N,N′-bis[6-(alkanoylamino) pyridin-2-yl]
isophthalamide (often called Hamilton receptor or Wedge) and Py-based chain-
terminator are used to obtain heterotelechelic poly (norbornene imide) polymer
containing two terminal supramolecular motifs. It should be noted that M–L
coordination has no effect on H-bonding fragment in telechelic polymers. Targeted
triblock-MSPs are then obtained in one-pot reaction by a simple mixing of three
components in solution: two telechelic polymers and one heterochelic polymer.

7.8.2 Combination of M–L Coordination with Host-Guest
Interaction

Presently MSPs built using orthogonal self-assembling based on M–L and
host-guest interactions attract more and more attention due to their interesting
properties and potential applications [343]. M–L interactions provide MSP with
different coordination geometries, strong, but tunable coordination binding capac-
ities, and also magnetic, redox, photophysical, and electrochromic properties, while
host-guest interactions give good selectivity and convenient enviro-responsiveness
to these polymers. Therefore, MSP built by orthogonal M–L and host-guest
interactions have wide applications in soft matter, fluorescence, probing, hetero-
catalysis, electronics, gas storage, etc.

b-CD is one of the most well-known types of a host, which is widely used in
MSP building [52]. Thus, through double non-covalent interactions in the main
chain consisting of low molecular weight monomers polypseudorotaxane is
obtained (Fig. 7.30) [325]. In this case one rod-like host monomer contains two
azobenzene groups at two ends bound to viologen units as hydrophilic elec-
tropositive barriers, which can be encapsulated in b-CD through hydrophobic
host-guest interactions. Another monomer is 4,4′-bipy grafted with b-CD, which
can be coordinated with Pd(II)-en nitrate, strong and quantitative bidentate acceptor

Fig. 7.29 Cartoon representation of the formation of ABC triblock-MSP [342]
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for Py derivatives in water. Functional polypseudorotaxane can be obtained by
mixing in water three components by spontaneous and orthogonal self-assembling
using coordination Pd–N interaction and host-guest azobenzene-b-CD interaction.
The desired MSP can also be obtained stepwise through preliminary formation of
intermediate complexes based on M–L or host-guest interactions and the second
type of interaction involved afterwards. Besides, in this system behavior of
assembling/disassembling can be realized with photo isomerization induced by
azobenzene in the main chain. Taking into account low cytotoxicity of b-CD in
aqueous phase, these sensitive MSP can be of great potential for such applications
as biomaterials for drug delivery, gene delivery, tissue engineering, etc.

We shall also notice synthesis of nanometer bis(polypseudorotaxane) based on
endowing bridging bis(b-CD) with multiple coordinated metal centers, in which
b-CD is a host for amino-terminal polypropylene glycol (PPG) being a guest, and

Fig. 7.30 Schematic representation of the construction processes for the functional polypseu-
dorotaxane, based on heteroditopic ligand containing two azobenzene groups on two ends linked
with viologen units of 4,4′-bipy grafted with b-CD (AVVA is guest compound containing two
azobenzene groups in the two ends linked by viologen units)
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Ni(II) complexes as template fragments [344]. Two PPG chains were threaded
separately in cavities of metal-bridging bis(b-CD) forming two-chained structures,
they also played a stabilizing role in the assembling process (Fig. 7.31). It is
important that the self-assembling process goes owing to advantageous entropy
contributions, which accompany a considerable positive change in enthalpy. Bis
(polypseudorotaxane) (*20 nm in length) was also successfully preorganized to
elongated bis(molecular tube) (*200 nm in length) using intra- and intermolecular
addition of *10 discrete bis(polypseudorotaxane) units and the following removal
of polymer templates [345]. This bis(molecular tube) can efficiently capture C60 in
holes formed by adjacent metal-bridging bis(b-CD) units, which can be then used
for selective recognition of organic/inorganic/biological substrates.

1D metal-containing molecular wire with given properties for molecular elec-
tronics materials is obtained through M–L polymerization of Ru(II)-Pp with iso-
lated bridging ligand [346]. It should be noted that this molecular wire combines
advantages of organic isolated molecular wires with properties stipulated by pres-
ence of transition metal complexes. Quantitative self-inclusion of bis(b-CD) pre-
cursor followed by interaction with p-iodopyridine through Sonogashira coupling
brings to bis(b-CD) containing Py-coordinating sites at both ends (Fig. 7.32). 1D
metal-containing isolated wire is formed in situ using UV-irradiation of bis(b-CD)
and carbonyl Ru(II)-Pp. As was expected, this wire not only shows hardness,
linearity and structural stability, but also high intramolecular mobility of charge. It
is important that this MSP can be subjected to reversible monomer-polymer tran-
sitions under special conditions, for example, in presence of CO or under UV
irradiation. These workabilities obtained from unique reversible character of M–L
bond are impossible for ordinary covalent-bound molecular wires.

Fig. 7.31 Cartoon representation of the formation of bis(polypseudorotaxanes) by multiple
metallo-bridged a-CD
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Another important object in contemporary supramolecular chemistry are
cucurbit[n]urils (CB[n], n = 5–8, 10), which are macrocyclic oligomers consisting
of six or more glycoluril units. Hydrophobic cavity and polar carbonyl groups
surrounding portals belong to structural features of CB[n]. Using carboxylate- and
cyano-groups as terminal fragments, and lanthanide metal ions as spacers, which
have big ionic radii and higher CNs than transition metal ions, 3D polyrotaxane
network is obtained [347]. Besides, using orthogonal approach, double-chained 1D
polyrotaxane and zigzag-like 1D polyrotaxane are synthesized from L-like pseu-
dorotaxane and Cd(II) and Co(II) ions, respectively (Fig. 7.33) [348]. It is impor-
tant that topologically intriguing MSP can be orthogonal assembled from
exhaustively developed CB-based host-guest interactions and correctly chosen
M–L interactions. CB[8] has an interesting ability of linking two guests simulta-
neously, which is widely used for building supramolecular assemblies.
Combination of this ability with M–L self-assembling will, undoubtedly, advance
MSP formation. For example, linear CB[8]-based MSP is obtained in aqueous
solution using CB[8]-based host-guest interactions and tpy-Fe coordination as
supramolecular motifs [349]. Synthetic route includes production of heteroditopic
ligand consisting of naphthalene fragment and tpy-block, which can be bound with
Fe(II) ion forming a monomer and two naphthalene residuals at head and tail
(Fig. 7.34). The following host-guest CB[8]-naphthalene interaction brings to MSP

Fig. 7.32 Scheme of the formation of a polymeric insulated molecular wire via orthogonal
self-assembly
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Fig. 7.33 Cartoon representation of the formation of a double-chained 1D polyrotaxane and a
zigzag-shaped 1D polyrotaxane

Fig. 7.34 Schematic representation of the orthogonal supramolecular polymerization based on
CB[8] and M–L coordination
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formation. It is important that introduction of tpy-Fe spacer not only increases
solubility of monomers, but suppresses cyclization, thus facilitating efficiency of
supramolecular polymerization. Metallosupramolecular polymerization can be
controlled by tuning molar ratio of metal-containing monomer and CB[8].

For development of supramolecular chemistry pillar[n]arenes are important,
which represent a class of macrocyclic hosts with symmetric pillar architectures and
rigid electron-donor cavities [350–353]. Thus, based on amino-modified copillar[5]
arene [c2]daisy with tpy stoppers, a solvent-driven muscle-like MSP is prepared
[354]. Synthesis included fabrication of double threaded rotaxane dimer in chlo-
roform driven by Van der Waals forces (mainly, dispersion forces) between parts of
exo-cavity of long alkyl groups (Fig. 7.35). This monomer can change its length
continuously by changing polarity of a solvent similarly to molecular spring based
on amino-modified copillar[5]arene [355–357]. The following addition of Fe(II)
brings to formation of muscle-like MSP based on individual compression or tension
of each sequence of a daisy chain of repeated unit. With daisy units of a chain in
broaden geometry at low pH (left) the total length of the polymer lext is estimated
as *15.9 lm. At higher pH (right) compression by *1.2 nm of repeated units
decreases length of a polymer 1cont to *9.4 lm, which corresponds to enhance-
ment of nanoscopic motion of more than three orders of magnitude as a result
of *3000 artificial molecular machines working coherently in the same polymer
chain. Developed MSP can be considered as a new platform for design of artificial
molecular machines for imitation of living systems.

One of the promising directions of application of linear supramolecular polymers
using pillar[5]arene-based host-guest interactions is design of fluorescent sensors for
detection of different metal ions, for example, Cu(II) [358] and Zn(II) [359]. We shall

Fig. 7.35 Amplification of muscle-like mechanical actuation within a metallosupramolecular
[c2]daisy chain polymer. Dialkylammonium ion (NH2

þ ), blue; [24] crown-8, red; neutral amine,
light-blue; triazole units, purple; tpy, green [356]
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also notice supramolecular polymer networks assembled using combination of
orthogonal tpy-Zn(II), carbine-Ag(I) and pillar[10]arene/alkyl chain of recognition
motif, which show dynamic properties as response to external stimuli [360].

The most commonly used in supramolecular chemistry are host-guest interac-
tions based on different crown ethers. For example, benzo-21-crown-7 is the
smallest benzocrown ether, which can form threaded structures with secondary
dialkylammonium salts [361]. Orthogonal self-assembling based on this
supramolecular motif and M–L coordination provides efficient way of building
highly efficient MSPs [362]. For this, heteroditopic monomer has been developed,
which carries secondary ammonium salt fragment and tpy ligand on both sides of a
long flexible aliphatic chain. A chelating ligand makes it possible to decrease
percent of cyclic oligomers and advances linear expansion, which, finally, brings to
relatively low critical concentration of polymerization during supramolecular
polymerization. Further on heteroditopic monomer can be complexed with
benzo-21-crown-7-based monomer of AA type with formation of [3]pseudorotax-
ane structure (Fig. 7.36). We shall also notice another heteroditopic monomer
which contains benzo-21-crown-7 and tpy blocks on two ends and complementary
BB type homoditopic monomer of secondary ammonium salt [363]. Then MSP of
the main chain was obtained using one-pot mixing two recognition motifs and
metal ions. Since non-covalent interactions used in these systems were the same as
the abovementioned ones, the materials have shown analogues dynamic and
responsive properties. These two adaptive MSP are attractive objects for further
fabrication of intelligent supramolecular materials with given properties.

An MSP is considered obtained through coordination of Zn(II) with a conjugated
bis-tpy ligand carrying dibenzo-24-crown-8 arms, which can form stable responsive
1:1 threaded structure with complementary dibenzylammonium salt guest through

Fig. 7.36 Cartoon representation of the formation of a linear supramolecular polymer and the
corresponding intermediates from monomers 1 and 2
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combination of [N+
–H���O] and [C–H���O] H-bonds and p-p-stacking [221, 364].

These long chained polymers are characterized by high DP at high concentration. It
is interesting that the MSP has shown concentration dependent emissions from
turquoise to white and then to yellow color in the range of concentrations 1.25–
125 mM. Following alternative addition of 2.4 equivalent of base (N-tert-butyl-N′,
N′,N″,N″,N′′′,N′′′-hexamethyl-phosphorimidic triamide) and 2.8 equivalent of
CF3COOH has brought to dethreading and rethreading of dibenzylammonium salt
in host fragments and, therefore, to reversible fluorescent emission. Recently also
excellent responsive MSP networks obtained through orthogonal self-assembling
dibenzo-24-crown-8/dibenzylammonium salt and metal-tpy motifs are reported
[365, 366]. In this case, successive reversible emissions are realized by acid-base
controlled recognition of dibenzo-24-crown-8 residuals in MSP-Zn with dialky-
lammonium ion centers.

Elegant combination of special bistable dibenzo-24-crown-8-based [c2]daisy
chain rotaxane and M–L-driven supramolecular polymerization was applied to
realize linear amplification of muscle-like translation molecular motions by orders
of magnitude [367, 368]. These polymer chains were long and quite well soluble, so
that micrometric changes in their contour length could be measured at synchro-
nizing multiple contractions and expansions. Other binding constants of secondary
ammonium and triazolium ions with dibenzo-24-crown-8 motif give a possibility
of efficient pH-responsive translation motion at molecular level (Fig. 7.37).

Fig. 7.37 Chemical structure of the difunctional [c2]daisy chain and cartoon representation of the
acid-base switching contraction-extension process of the resultant MSP
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In particular, M–L driven processes of supramolecular polymerization with Zn
(OTf)2 or FeCl2 are confirmed.

We shall also notice fluorescent supramolecular polymer with AIE properties
formed by crown ether-based host-guest interactions, which is used as a fluorescent
sensor for Pd(II) ions [369].

Recently well-organized supramolecular polymer massifs are successfully built
based on «tweezing directed self-assembly» strategy [370]. For this purpose, spe-
cial heteroditopic monomers were developed and synthesized (Fig. 7.38) [371].
Since two electron-deficient alkynylplatinum(II)-tpy tweezers on molecular unit of
a tweezers can specifically encapsulate electron-rich alkynylgold(III) diphenylpyr-
idine, mixing equivalent amounts of heteroditopic monomers gives a dimer com-
plex. Following addition of homotritopic monomer brings to expected A2B3 type
supramolecular hyperbranched polymers with potassium cation-responsive char-
acter. At the same time, the process of supramolecular polymerization can also be
realized using one-pot mixing three monomers, which points to highly specific
non-covalent recognition of a tweezers-guest motif. This new supramolecular motif
broadens host-guest set of tools and represents universal strategy for MSP
fabrication.

Fig. 7.38 Cartoon representation of the construction of a supramolecular hyperbranched polymer

7.8 Orthogonal Self-assembling 817



Substantial attention is given to integration of bioactive types into synthetic
supramolecular systems from the point of view of biosensors or «nanoreactors»
design. For example, biotin being one of the most known natural non-covalent
linking blocks (which forms stable «complexes» with avidin and streptavidin
proteins) was linked to tpy fragment. A metal-tpy spacer can be adjusted for reg-
ulation of stability and kinetics, and also can be reversibly opened by external
stimuli. For these purposes non-polymer and polymer PEG spacers were used
[372]. These compounds are the attractive examples of a link between biochemistry
and metallosupramolecular chemistry and are convenient building blocks for design
of functional (nano)architectures. Another example is functionalization of bpy with
biotin and following production of respective Fe(II) complex [373]. This complex is
a «redox biotin bridge» for potential applications as a biosensor, since addition of
avidin to a complex brings to a change in Fe(II)/Fe(III) redox signal of cyclic
voltammetry, thus making it possible to monitor avidin addition. Besides, 3D
orientation of biotin fragments provides fixing several avidin units.

Very promising is design of multicomponent supramolecular systems highly
complicated due to combination of orthogonal self-assembling and self-sorting
approach. For example, driven by orthogonality of M–L coordination and
host-guest interactions and directed by several molecular codes during self-sorting,
five types of simple components (up to eighteen precursors) were successfully
self-assembled into two new tris [2]pseudorotaxanes by one-pot highly selective
method (Fig. 7.39) [374].

Fig. 7.39 Scheme of combination of orthogonal self-assembling and self-sorting approach

818 7 Supramolecular Chemistry of Polymer Metal Chelates



7.9 Hierarchical Self-assembling

Creation of complicated supramolecular architectures has become recently possible
due to application of the concept of hierarchical self-assembling, which is deter-
mined as multilevel non-covalent self-assembling supramolecules including a range
of successive interactions with gradually decreasing strength [133, 345]. It should
be noted that hierarchical self-assembling is used at building several systems in
nature, such as tobacco mosaic virus and cell cytoskeleton. In this approach
supramolecular assemblies are self-organized through coordination of supramole-
cules between each other or their co-assemblies with other modulus. For example,
through electrostatic interaction, M–L-based supramolecules can be integrated in
films, liquid crystals, micelles, hydrogels, etc., which have a number of switcha-
bilities and other desirable properties [33]. Besides, hierarchical self-assembling
makes it possible to obtain exotic and complicated nanostructures, which are
interesting for nanotechnologies and materials science [375, 376].

In recent decades, different strategies have been developed, which bring to
hierarchical molecular self-assembling. We shall notice that for greater variety of
linear and branched MSP self-assembled from small telechelic ligands and metal
ions, it is scarcely possible to form hierarchical structures due to their homopoly-
electrolyte character. Nevertheless, MSP based on Zn(II) and ditopic ligand can be
organized in spherolites in gels formed by these MSP (Fig. 7.40) [130, 377, 378].

Fig. 7.40 Schematic representation of the formation MSP using ditopic ligand with metal salt, Zn
(ClO4)2, in polar solvents. LSCM images a z-projection image, b and c 3D image of the MSP gel
formed in 60/40 (v/v) DMSO/water mixture as shown in (a), and d polarized images of the MSP
gel formed in 70/30 DMSO/water mixture (v/v) showing the coexistence of regular and irregular
particles. e Illustrates the molecular packing mode in the aggregates
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As the results of laser scanning confocal microscopy (LSCM) show, spherolites
form through radial lamellar crystallization, and aggregation of these spheres at
higher concentrations form a gel skeleton.

Hierarchical self-assembling MSP is easily accessible with block-MSP using if
long hydrophobic and hydrophilic polymer blocks coexist in one MSP chain. For
example, it is shown that micelles are formed in solution of such block-MSPs as
PSx-[M]-PEOy [236], poly(ethylene-co-butylene)70-[M]-PEO70 [238], PEO70-[M]-
(CH2)16-PEO70 [239], PS32-b-P2VP13-[M]-PEO70 [241] and polydimethylsiloxane-
[M]-PEO70 [379], where [M] indicates position of M–L bond. Addition of
HEEDTA to PS32-b-P2VP13-[M]-PEO70 brings to detachment of a PEO block and
remains chelating groups on a micelle surface. It is important that PEO block could
be restored if detached polymer chains would be mixed with micelles again
(Fig. 7.41). This is one of examples of responses on exposure to environmental
stimuli of MSP micelles. It is interesting that three-armed star-like block-MSP is
self-assembled in vesicles in acetone, while tetra-armed analogue gives micelles
again [265].

Fig. 7.41 The reversibility of tpy-Ru(II) complexes allow PSM of the micelles. The micellar
hydrophobic core (green open circle) is surrounded by tpy (red brackets) Ru (red solid circle)
bis-complexes; addition of a strong competing ligand (HEEDTA) allows the release of the coronal
chains and the micellar core can be isolated. Reattach the coronal chains to the micellar core can be
realized [241]
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Multiple studies consider hierarchical self-assembling with MEPE participation,
which can interact with such oppositely charged modulus as polymers, colloids or
molecules carrying opposite charges [157]. It should be noted that exchange
between counter-ions and MEPE brings to respective polyelectrolyte-amphiphilic
complexes (PAC) [113, 380]. Whereas MEPEs are easily soluble in aqueous
solutions, PACs are neutral and hydrophobic, therefore, soluble in ordinary organic
solvents. For example, we shall notice PAC with liquid crystalline properties
obtained by self-assembling dihexadecyl phosphate (DHP) with Fe-MEPE and
Ni MEPE based on ditopic ligand 6,6′,6″-bis(2-pyridyl)-2,2′:4′,4″:2″,2′′′-qua-
terpyridine (Fig. 7.42, left) [300, 381–385]. In these PACs MEPE rods are incor-
porated between interdigitated DHP layers with formation of lamellar structures
[300]. It is important that the respective Fe-PACs show unusual temperature-
induced spin crossover [383–385].

It is well known that crystalline field of a strong ligand around metal ions forces
them to stay in LS state [386, 387]. In particular, Fe(II) ion in Fe(II)-MEPE is
diamagnetic, since all electrons are coupled. At low temperature PACs are
assembled densely in LB films and in crystalline state, which has no effect on strong
crystal field around Fe(II) ions. As temperature increases, energy released during
phase transition changes the crystal field abruptly, so that a system becomes HS and
paramagnetic (Fig. 7.42, right) [384].

We shall notice interesting shape of multi-comb MSP containing benzene sul-
fonate counter-ions with long alkyl tails (Fig. 7.43) [388]. In this case a polymer
supramolecule is based on functionalization of side chain of covalent polymer
(P4VP) using Zn(II)-2,6-bis-(octylaminomethyl) pyridine M–L coordination, which

Fig. 7.42 (Left) Self-assembly of ditopic ligand 1 and Fe(OAc)2 results in formation of the linear,
rigid-rod-type MEPE. In a consecutive step, MEPE is assembled with DHP, resulting in formation
of the corresponding PAC. Spreading PAC at the air-water interface and subsequent transfer of the
Langmuir monolayers on a solid support results in a well-defined multilayer, which section is
schematically shown in the bottom of the scheme. (Right) Upon heating the multilayer, the alkyl
chains of the mesophase melt, resulting in a distortion of the metal ion coordination geometry. The
unfavorable coordination of the tpy around the Fe(II) cation results in a lowering of the energy gap
between the d-orbital subset, giving rise to a reversible transition from a diamagnetic LS state to a
paramagnetic HS state
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then is electrostatically bound with sulfonate counter-ions. It is important that
fragments of mutually repulsing overload side chains should reinforce cylindrical
organization of the copolymers.

When mixing MSP with oppositely charged diblock-copolymer, neutral micelles
can be formed in a solution volume [389]. These micelles belong to the family of
the complex of coacervate core micelles (C3Ms) [390] or polyion coacervate (PIC)
micelles [391]. It is obvious that MSP acts as homopolyelectrolyte in this micellar
system. It should be noted that formation of micelles in supramolecular system
includes two synergetic processes: polymerization with M–L coordination and
micelle formation. In presence of oppositely charged block-copolymers local
concentration of LMC can be increased considerably, so that DP significantly
enhanced, in particular, «polymers» come into action.

This long «polymer» corresponds to «chain-matching» criterions to form elec-
trostatic micelles [390]. It is interesting that size of a micellar core can be increased
considerably by substitution of a part of diblock polyelectrolyte with homopoly-
electrolytes of amphiphilic micellar systems [392]. Thus, the of Zn-L/P2MVP41-
PEO205 core size of micelles is increased with coefficient 10, where P2MVP is poly
(2-methylvinylpyridine), and L is 1,11-bis(2,6-dicarboxypyridin-4-yloxy)-3,6,9-
trioxaundecane [392]. A number of metal ions in micelles can be controlled, which
is very important for such micelles as potential carriers of heavy metal. Like the
covalent C3Ms, the micelles formed by M–L coordination are also sensitive to
additional salt. For example, for the micellar system Zn-L/P2MVP41-PEO205 crit-
ical concentration of micelle formation depends on salt exponentially [393].
Besides this, micelles show dependence on a character of coordinated metal ion
[394]. For example, if transition metals of the first row are used, metal ion excess
will have no effect on C3Ms. However, when transition metal ions of the first row
are replaced by those from the second or third row, C3Ms can be broken by excess
of metal ions. This indicates that metal ions from the first transition row do not
extract ligands from a micellar core, while metals from the second and third row do

Fig. 7.43 Concept of binding several side chains with respect to one repeating unit of polymer
main chain based on coordinated alkylated ligands and alkyl-functionalized counter-ions
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this, which results in formation of positively charged ends of a coordination chain
and C3Ms falling-apart. It is also noticeable that excess of diblock-copolymers
brings to formation of worm-like micelles, which remind strings of a spherical
micelles, thus showing that there is weak attraction between these micelles [395,
396].

MSP are formed in organic solvents through M–L driven supramolecular
self-assembling using 1:1 mixture of (dppp)M(OTf)2 complexes (M = Pd(II) or Pt
(II), dppp = bis-(diphenylphosphino)-propane, OTf = triflate) and non-linear
bidentate dipyridyl-substituted ligand. In methanol aqueous solutions MSP hol-
low bubbles form and smaller completely filled nanospheres (Fig. 7.44) [397].

We shall notice universal hierarchical approach to assembling copolymer-metal
nanostructures, in which one level of self-assembling guides the next one. For
example, at the first stage ultrathin diblock-copolymer films form regular platform
of highly anisotropic strip-like domains. At the second stage of assembling, the
differential wetting guides diffusing metal atoms to aggregate selectively along the
platform making highly-organized metal nanostructures. In this case a metal located
on a copolymer matrix provides highly ordered configurations in the case when a
system is far from equilibrium. Two different assembling regimes of the metal
component of chains can be distinguished, particularly, of separate nanoparticles
and of continuous wires; each is characterized by different ordering kinetics and
stunningly different current-voltage characteristics [398].

Hydrophilic polymer-linked SCS-pincer Pd(II) complex and Py-functionalized
PS form amphiphilic diblock-MSP, which is self-assembled in clearly defined
monodisperse non-covalently linked micelles. It is important that hydrophobic
domain of a core is easily removed using dialysis at low pH, giving a hollow
polymer nanocage with well-defined internal functionality [399].

Spontaneous self-assembling of cationic nanoporous metal-organic coordination
cages (nanocages) brings to giant hollow vesicle-like structures in polar solvents.
These well-soluble nanocages (macrocations) are separated by hydrophobic areas,
and their assembling proceeds not due to hydrophobic interactions, but due to

Fig. 7.44 Schematic representation of vesicle formation from self-assembled oligomer coordi-
nation compounds [397]
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counter-ion driven attractions. As a result, blackberry structure is formed, in which
self-assembled nanocages can provide a wide spectrum of functionalities, which
cannot be achieved with purely inorganic systems [400].

Higher level of MSP with special functionalities will bring to unexpected sur-
prises in hierarchical self- and/or co-assembling containing MSP. For example, a
change in spacer structure of a telechelic ligand of the molecules can cause a
considerable effect on function and hierarchical self-assembling properties of MSP
and also can have an effect on topological feature of co-assembling with oppositely
charged particles. MSP can be fluorescent at incorporation of a fluorescent group
into a spacer [158, 401]. Moreover, responsiveness of molecular assemblies con-
taining MSP to stimuli has not being studied thoroughly yet. This will also be very
interesting to operate with coordinating force to control hierarchical interaction of
molecular assemblies. For example, modified monoligand amphiphil is used to
form micelles; these micelles will produce gels initiated by addition of metal ions
(Fig. 7.45) [402].

Using a model system of 4-armed PEG hydrogels cross-linked with multiple
kinetically distinct dynamic M–L complexes, it is shown that polymer materials
with decoupled spatial structure and mechanical characteristics can be developed
[403]. This model of hydrogels with kinetically different cross-linkings makes it
possible to project time hierarchy of gel networks separately from spatial hierarchy,
and thus to show new conceptual frameworks for viscous-elastic materials. In other
words, by regulation of relative concentration of two types of M–L cross-linkings, it
is possible to control mechanical hierarchy of a material by changing types of
cross-linkings, but not by modifying a polymer itself.

The new strategy applied to fine supramolecular nanomaterials is using supra-
colloidal self-assembling, in which micelles or colloids are used as building blocks
[404]. This directed supracolloidal self-assembling is done by dynamic covalent
bonds and M–L coordination in water. Conjugation of a ligand precursor to
water-soluble block-copolymer through dynamic covalent bonds brings to dehy-
dration and micelle formation of a functionalized polymer. Reversible reaction
facilitates penetration of metal ions into core-shell interfaces and, oppositely, M–L
coordination advances reaction over interfaces. It should be noted that Cu(II)

Fig. 7.45 Hierarchical self-assembling PS-b-poly (tert-butyl acrylate)-copolymer tpy ligand,
leading to formation of supramolecular network of micelles [402]
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coordination takes place entirely in each isolated micelle. However, Zn(II) coor-
dination induces directed self-assembling, whose nanostructures are developed
stepwise from nanorods, nanowires, necklaces, and, finally, to supracolloid net-
works of increasing scale to several ten microns. Post-reactions of simultaneous
dynamic conversion of covalent bond and Zn(II)-coordination over core-shell
interfaces provide these supracolloidal networks with vast specific surface for
hydrophobic dative metal centers accessible for substrates in water. Therefore,
directed supracolloidal self-assembling is a universal platform for creation of
metal-hybridized nanomaterials, which are promising as enzyme-inspired water
catalysts.

We shall also notice synthesis of supramolecular inorganic/organic hybrid col-
loids using concurrent and consequent self-assembling [405]. This conception of
co-assembling broadens sphere of studying self-assembling block-MSP and pro-
vides new routes for design of hybrid colloids. In addition, such self-assembly
offers unlimited opportunities for development of inorganic/organic hybrid func-
tional materials.

7.10 Metallosupramolecular Polymer Gels

Gels are formed from a gelator and a liquid-solvent, at that the gelator concentration
can be less than 2 wt%. Gels are divided into two categories: organogels and
hydrogels, in which gelator molecules immobilize organic solvents and water,
respectively.

In the recent years great interest is attracted to metallosupramolecular polymer
gels (MSPGs), in which gelators are either MSP or discrete metal chelates
self-assembled through other types of non-covalent interactions into supramolecular
assemblies [101, 340, 406–415]. Increased attention to MSPGs is caused by their
unique properties, ability to change their structure reversibly under action of
external physical or chemical forces. It is extremely important that by changing
nature and concentration of gelator it is possible to systematically modify and
tuning physical properties of a material [166]. The reason for raising interest is in
M–L coordination and its variety, which can easily cause or control self-assembling
a gel, and therefore, can have an effect on its properties [101, 416–422]. In these
special cases presence of metal ions in MSPGs chemical structure generates their
fascinating potential applications, which include catalytic activity [423, 424],
bioimaging [425, 426], controlled release [427], redox induced gel-sol switching
[428], magnetism, color, rheology, adsorption, and photophysical properties [429].

There is extremely diverse range of compounds which can serve as gelators.
Low molecular weight gelators are the key area in supramolecular chemistry studies
due to spontaneous and controlled self-assembling phenomena [409, 430–453].
Therefore, search for new gelators for MSPGs is important task of contemporary
supramolecular chemistry.
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Low molecular weight gelators are self-assembled by combination of
non-covalent interactions, such as p-p stacking, H-bonds, hydrophobic-
hydrophobic interactions and Van der Waals forces, which brings to formation of
entangled self-assembled fibrillar networks (SAFINs) [409, 410], which, addi-
tionally, form hierarchical 3D networks self-assembled through joint nodes. It is
interesting that fine balance and combination of non-covalent interactions can be
easily modified with account for these gelators, due to rational choice and design of
chelating ligands in metal chelates, which, in turn, can bring to fine tuning gelation
and gel morphologies. Molecules of a solvent are then immobilized due to capillary
force in such 3D SAFINs, which results in gelation. It is assumed that 1D
H-bonding networks advance gelation, while 2D and 3D networks give either weak
gels or are not subjected to gelation at all [453]. Probably, anisotropic interactions,
such as H-bonding of gelator molecules, which provides one-directional growth,
and absence of such interactions in two other directions, prevent side growth thus
bringing to 1D fibers advancing SAFIN formation and a resulting gelation [454–
458]. Therefore, there is promising design of 1D network forming a supramolecular
synthon, which would make it possible to obtain SAFIN and, finally, provides
gelation. Gelator molecules generate hierarchical supramolecular structures, which
are macroscopically expressed in gelation. Therefore, molecular modification can
control nanometer assembling, the process, which finally determines a specific
function of a material [457, 458].

Among low molecular weight gelators, the important place has gold chelates
[430]. As an example, we shall notice luminescent bis-cyclometalated alkynylgold
(III) complexes with long hydrocarbon chains, which can form stable MSPGs in
non-polar organic solvents (n-hexane and cyclohexane), probably, using strong
London dispersion interactions stipulated by long hydrocarbon chains. It is shown
that at reasonable choice of coordinating ligands non-covalent interactions such as
p-p stacking, and London dispersion forces can be easily corrected for rational
MSPGs construction based on the gold(III) system (Fig. 7.46) [431]. Absorption of
isobestic point at 408–410 nm supposes complete transformation of supramolecular
assemblies into monomer types during sol-gel transition as temperature increases.
On the other hand, there is irradiation at 570–620 nm, which is quenched at higher
temperatures. This observation is associated with the fact that in gel state hardness
of a medium will increase, and this will bring to decrease in molecular vibrations
and motions, so that non-radiation deactivation ways will be delayed. At the same
time, at higher temperatures non-radiation decay will be increased as a result of
emission quenching. It is worth noticing a double functionalized MSP, self-
assembled from two cyclometalated Au(III) complexes in acetonitrile [459]. For
MSPGs partly aligned nanofibers with diameters and length up to 50 nm and ten
micrometers, respectively, are detected (Fig. 7.47), and amino group of
guanamine-like fragment of a ligand is involved in H-bonding interactions in the
complex self-assembling. A 1D structure of MSPG with alternating H-bonding and
p-p stacking interactions between two cations is suggested. It is known that many
metal chelates have long living excited triplet states strongly irradiating in visible
region, due to which metallogelators are ideal for luminescence-based technologies,
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photoelectricity and photocatalysis. This principle of design is implemented using
trinuclear Au(I) pyrazolate metallocyclic gelator, whose phosphorescence at room
temperature can be written in gel phase [418], therefore, these MSPG can be used to
obtain safe inks for preparation of rerecording phosphorescent paper.

Among metal chelates of molecular type, the most attention has been attracted to
polypyridyl complexes of transition metals. Thus, Cu(I) complex of bis(choles-
terol)-functionalized bpy ligand gels PhCN, 1-PrCN and THF-MeCN [428]. It is
interesting that greenish-blue gel color formed with Cu(I) chelate in 1-PrCN was
absolutely different from reddish-brown sol color (Fig. 7.48). This is, probably,
ascribed to distortion of coordination geometry of metal chelate in gel phase
induced by molecular packing in gel fibers. Besides, due to presence of redox-active
metal center, the sol-gel phase transition can be reversibly induced by addition of
oxidants and reducing agents, which also bring to changes in geometry of a metal

Fig. 7.46 UV-vis absorption spectral traces of the sol-gel phase transition of MSPG in hexane
upon an increase in the temperature from 10 to 50 °C. Inset: spectral traces at 20, 40, and 50 °C
(left); corrected emission spectra of the hexane gel of MSPG upon an increase in the temperature
from 10 to 40 °C (right) [431]

Fig. 7.47 a TEM image, b SEM image of MSPG. Photographs showing formation of the viscous
fluid (supramolecular polymer) of MSP in CH3CN [459]
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ion coordination as an oxidation degree changes, thus having effect on ability of a
complex to p-stacking.

We shall also notice pseudo-planar trinuclear Cu(II) complex with inositol and
bpy, which forms hydrogel at pH = 12.4 [460] that gives fiber super-structure. In
this case p-p stacking interaction between bpy, presence of axial ligation, and
H-bond of hydroxyl promote the formation of hydrophobic cavities, which hold the
water molecules to form a hydrogel.

Steroid-phen conjugate is a powerful gelator for MeOH–H2O even at such low
gelator-to-solvent ratios as 0.1 wt% in absence of metal ions [461]. In particular,
this gel is solved at storage with the formation of transparent solution of low
viscosity, which reversibly forms the gel again at heating up to about 70 °C. Drastic
differences between a ligand and metal chelate are ascribed to different spatial
location of chelating ligands enforced by complexation of a metal.

Metal complexes with tpy ligands are wide range of metal chelate gelators.
Chelating ability of tpy ligands provides metal ion capturing, therefore bringing to
stable gels with restructured emission properties [462, 463]. Under ultrasonic
conditions a range of hydrogels of tpy derivative carrying a carboxyl group is
obtained with one equivalent of CeCl3, PtCl2, CuCl2 or EuCl3. We shall also notice
chiral BINOL derivative of tpy [464]. Using ultrasound, suspension of Cu(II)
chelate of this ligand in CHCl3 gives a gel, which is potentially useful for visual
chiral probing. In particular, the gel stayed stable at addition of (R)-phenylglycinol,

Fig. 7.48 Phase transition and thermochromic behavior of the sol and the gel phases of 1-PrCN
gel based on Cu(I) chelate c bpy ligand, and TEM images of 1-PrCN gels prepared from initial
ligand and metal chelate [428]
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while the gel was decomposed under the same conditions at addition of (S)-phe-
nylglycinol (Fig. 7.49).

In the case of ligand based on tpy and benzene-1,3,5-tricarboxamide central
core, self-assembling molecules in the helix proceeds through triple H-bonding, and
preorganized supramolecular polymers were additionally bound with Eu(III) using
coordination between tpy groups and Eu(III) (Fig. 7.50) [83]. In the gel tpy frag-
ments also functionalized as a sensitizing antenna for filling excited state 5D0 Eu
(III) and brought to the formation of typical Eu(III)-centered irradiation at 595, 616,
650, and 696 nm.

It is interesting that an iron complex with a tpy ligand carrying long alkyl chains
gives stable gel in cyclohexane, while its ruthenium analogue does not form gel [465].
Besides, an initial chelating ligand and its iron complex give liquid crystalline phases
in pure melted forms, while again the ruthenium complex does not do so.

We shall also notice metal-pincer complexes, which are efficient gelators. Thus,
planar Pt(II) tpy alkynyl complexes blocked by tri(alkoxy)phenyl units carrying
long chains of hydrophobic groups are good gelators for dodecane, and Pt���Pt, p-p
and hydrophobic interactions take part in gelation [466, 467]. Intermolecular Pt���Pt

Fig. 7.49 Enantioselective response of the gel of Cu(II) chelate with BINOL derivative tpy in
CHCl3 toward (R)-phenylglycinol and (S)-phenylglycinol [464]

Fig. 7.50 a TEM image and b electron diffraction pattern of Eu(III) chelate gel, and c
self-assembly of ligand based on tpy and benzene-1,3,5-tricarboxamide central core and Eu(III)
into gel fibers
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interactions and p-p interaction between Pt(II) tpy alkynyl fragments were also a
driving force in the case of Pt(II) complexes of other tridentate N-donor ligands
[468–471]. It is important that these Pt(II) alkynyl gels have shown sharp spec-
troscopic and luminescent changes at the sol-gel transition, in particular, Pt���Pt
interaction (about 3.6 Å) provides a change in color and NIR emission [470].

CNC-Pd-pincer bis(imidazolylidene) complex with attached two C16 alkyl
chains form gels in different protonic and aprotic solvents even at such low con-
centrations as 0.2 wt% [472]. It is interesting that larger fibers are found in xerogels
of protonic solvents (for example, methanol, acetic acid), while dense networks of
fine fibers are formed in aprotic solvents (for example, DMF, DMSO, DMA, and
THF). In this case, p-p stacking of heteroarene fragments, Van der Waals inter-
actions between alkyl chains, and metal-metal interactions are responsible for
aggregation. This Pd-pincer bis(carbene) complex is efficient catalyst for double
Michael addition of a-cyanoacetate to methyl vinyl ketone, at that DMSO-based gel
has shown higher catalytic activity than that DFM-based. Analogous aromatic-
linker-steroidal metallogels have unique ability to visual enantioselective separation
of (R)- and (S)-BINAP [473]. In particular, after addition of (S)-BINAP, the gels
sustained heating and the following cooling, while gels containing (R)-BINAP
decomposed. This response can be caused by blocking intermolecular p-p stacking
and metal-metal interactions after substitution of chlorine-containing BINAP
ligand. It is interesting that Pt-pincer gelators gel not only a wide range of protonic
and aprotic organic solvents, but also different types of Ils, such as imidazolium,
pyridinium, piperidinium, pyrazolidinium and ammonium salts [474]. Gel networks
formed in Ils contain straight and long cotton-like fibers (10–25 mm in length and
about 500 nm in width) (Fig. 7.51). Gelation in these materials is determined by
non-covalent interactions, such as p-p interaction of widened planar metal-hybrid
(hetero)arene fragments, Van der Waals interactions between alkyl chains and
Pd���Pd interactions. Gels are more efficient catalysts for double Michael addition of

Fig. 7.51 Dark-field optical microscopic images of gels formed by Pd(II) pincer complex
(5 mg mL−1) with ionic liquids
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a-cyanoacetate to methyl vinyl ketone as compared with respective homogeneous
analogues [475].

Among metal chelates of intracomplex type, we shall notice a chiral
clothespin-like trans-bis(salicylaldiminato) Pd(II) complex, which formed gels with
a wide range of solvents without long alkyl chains or H-bond, but only after
ultrasonic treatment (Fig. 7.52) [476]. For example, a complex formed by a normal
solution in acetone after three second ultrasonic treatment transformed into opaque
gel. Other similar complexes either with syn-conformation or with longer linking
chains formed straightforward solutions, which were not affected by ultrasonic
treatment. Ultrasonic irradiation also caused gelation of dipeptidyl Pd(II) complex
using H-bonding intermolecular self-assembling [477]. Immediate and precise
control over phosphorescent irradiation can be fulfilled using ultrasound-induced
gelation of organic liquids with non-emissive solutions of racemic, short-linked
dipalladium salicylaldimine complex (n = 5) and optically pure long-linked same
chelate (n = 7). In this case increase in emission appears as a result of increase in
planarity of chelate nodes in gel fibers. Dimeric homo- and heterometallic chelates
first form colloid particles in solution, ultrasonic energy leads to sonocrystals; the
following ultrasonic treatment disturbs certain sonocrystal samples to stimulate
anisotropic growth of gel fibers (Fig. 7.53) [478]. Irradiation from gels can be
controlled by changing the ultrasonic treatment time, a space length, and optical
activity of complexes. In other words, structure-dependent homo- and heterochiral
aggregations and ultrasonic control of aggregation morphology are key factors for
emission enhancement.

We shall also notice integration of chelating HQ and multidentate hydrazinopy-
ridine-IDA motifs in metallogels. Thus, square-planar Pt bis-Q complex function-
alized via amide bonds by long chains forms gels with interesting emission
behavior [479]. This chelate gels a wide range of solvents at low concentrations
with fiber formation of about 50–200 nm in width and several microns in length.
The absorption bands are shifted to longer wavelength in the gel (orange) as
compared with the sol (yellow) according to p-stacking. A model of packing is

Fig. 7.52 Ultrasound-induced gelation of a chiral clothespin-like trans-bis(salicylaldiminato) Pd
(II) complex with schematic molecular packing
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proposed based on XRD of the gel phase with intercolumnar spacing 42 Å
(Fig. 7.54). Dodecane gel of Eu complex with hydrazinopyridine-IDA nanocoor-
dinated ligand with amide bonds and long chains has shown visible and NIR
luminescence [480].

Fig. 7.53 a Molecular structures of anti-1 and anti-2 (left). Photograph showing
mechano-responsive behavior of a solution of anti-1 (right). b X-Ray crystal structure of anti-1
(left) and schematic representation of the flipping motion in anti-1 (right). c X-Ray solid-state
structure of anti-2

Fig. 7.54 a Molecular scales of Pt bis-Q chelate; b proposed packing model of chelate in the gel
tissues; c tilted arrangement of chelate along the c axis; and d HR-TEM image of the chelate and p-
xylene gel
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Interesting redox-responsive and enantioselective properties are found in MSPG
based on Cu(II) complex of HQ-substituted L-glutamide [481]. In particular, it was
shown that MSPG decomposed into sol after reduction and could be reduced after
the following oxidation, besides, supramolecular chirality and morphology also
changed reversibly with sol-gel transition. It should be noted that MSPG showed
enantioselective recognition of chiral aromatic amino acids (Fig. 7.55). Thus, new
blue emission band about 393 nm appeared when MSPG encountered with
L-aromatic amino acids, while no new blue emission band was observed for
respective D-aromatic amino acids. At that, such enantioselectivity was only
observed in the gel state and such phenomenon was not observed in solution.

Also planar Cu(II)-b-diketonates functionalized with long chains that gel
cyclohexane due to Van der Waals and other non-covalent interactions are inter-
esting as gelators [418, 482]. In particular, there is a considerable decrease in
hyperfine coupling at transition from isolated complexes to gel-like state, at that a
signal from free complexes is regarded as a shoulder on «aggregated» signal thus
showing coexistence of free and aggregated complexes.

Undoubtedly, macrocyclic complexes (M-Pp and M-Pc) are also efficient gela-
tors. One of directions of enhancement of gelating ability of M-Pp is axial coor-
dination of bridging ligands [483, 484]. Thus, for example, Zn-Pp itself does not gel
benzene or toluene, however, addition of piperazine as axial ligand actually caused
gelation. Triethoxysilyl-functionalized free base Pp could gel some solvents, while
its copper analogue gels wider range of solvents at lower concentrations [484, 485].
It is important that in the first case sheet-like structures have formed, while in the
second case fiber structures have formed (Fig. 7.56).

In another example, Cu-Pp formed flat ribbons, while free base Pp and Ni-Pp
gave helically bent ribbons [486]. It should be noted that it is possible to adjust a
helix step by the formation of mixed-Pp ribbons with different Cu/Ni ratios. An
interesting observation is made in the case of tri-substituted Zn-Pp, which has three
long hydrocarbon chains linked with the Pp core through ester bonds and one group
of free acid [487, 488]. Based on combined experimental studies a model of

Fig. 7.55 MSPG having enantioselective recognition of chiral aromatic amino acids
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packing regime is proposed consisting of planar tetramers with carboxylic acids
positioned in centers in the off-set stacking (Fig. 7.57) [488].

Hydrogels are obtained from Fe(III)-tetraphenyl-Pp-functionalized 4-armed PEO
films, in which water plays a role of cross-linking agent and swelling agent [489]. It
is important that depending on pH, hydrogels present either characteristic of a
chemical network or a dynamic transient network, at that intriguing behavior is
completely reversible.

Two interesting observations are made during studying some Zn-Pp-cholesterol
conjugates [490]. First, only molecules with two or four methylene spacers between
Pp and cholesterol groups gave gels, while those with three or five were unable to gel
the same solvents. Probably, even spacers give extended molecular conformations

Fig. 7.56 a SEM image of the xerogel of self-assembled free base Pp in benzene and b TEM
image of the xerogel prepared from the anisole gel of Cu-Pp

Fig. 7.57 Tetramer association of trimester Zn-Pp and their off-set stacking to produce fibers
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suitable for packing cholesterol groups, while odd spacers give folded conforma-
tions. Secondly, addition of C60 reinforced the obtained gels; in particular, Tgel is
abruptly increased (80 °C against 30 °C for initial Zn-Pp) up to Zn-Pp:C60 ratio 2:1
corresponding to sandwich-complexes with C60.

We shall also notice M-Pc functionalized by chiral diols, which give fiber
assemblies from aqueous solutions [491]. This self-assembling is a result of p-p
interaction between Pc rings and H-bonding between diol units. It is important that
the rings become closely linked as polarity (water content) of a solvent increases,
and fiber aggregates and viscous solutions are observed only for Cu complex, but
not for Zn analogue.

The host-guest interactions with participation of LMC are also used for MSPG
production. Thus, MSPG is developed, which demonstrates LCST based on
back-to-back twin bowls of 3D symmetric tri(spiroborate)-cyclophanes [492]. As
compared with standard calix [4] arene (about 12.5–6 Å), cyclophane has wider
cavities (about 17–11 Å) on both sides of a symmetry plane, which facilitates its
linking with big guest molecules through p-p-stacking and electrostatic interac-
tions. The studies have shown that a host can interactively encapsulate guest
molecules [Ir(tpy)2](PF6)3, which brings to MSP formation (Fig. 7.58a). It is
interesting that thermal reversibility behavior of gelation is noticed at heating of a
host solution (10 mM) and a guest solution (10 mmol) in N,N,N′,N′,N″,N″-hex-
amethylphosphor acid triamide (HMPA) above LCST, as a result phase transition
takes place with organogel formation (Fig. 7.58b). Upon cooling to environmental
temperature, the gel converted to sol during 15 min.

Fig. 7.58 a Cartoon representation of the formation of MSPG by iterative clathration of
twin-bowl-shaped cyclophane with guest molecule; b illustration of the thermal reversibility of the
resultant MSPG
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However, the great majority of studies of MSPGs consider using M–L coordi-
nation as a main driving force. As a structural feature of MSPGs, these M–L bonds
should present either in a polymer chain or as a link between covalent-bound units.
Usually a MSPG is a combination of a metal ion and bridging organic ligands,
which form multidimensional networks through capturing a solvent as a result of
non-covalent interactions. As physical properties of these gels are similar to ordi-
nary macromolecular polymer gels, MSPGs are often entirely reversible and can be
assembled and disassembled in presence of additional energy (heat, ultrasound,
shaking). Besides, as compared with gels obtained from purely organic gelators,
metal ions included in fibrillar networks can give MSPGs with additional functions.
Using fine tuning a system by choosing a metal ion and ligand, and directed
self-assembling with external stimuli, rational synthesis of practically important
systems is possible [248].

Thus, reversible coordination networks are obtained by combination of diphenyl-
phosphinite telechelic poly-THF with Rh(I) or Ir(I) ions, which can coordinate four
phosphoric ligands [493]. Oppositely to Rh(I)-based gels, in which gelation goes
almost instantly, formation of Ir(I) gels needs about 30 min. Two obtained gels show
very different mechanical properties, in particular, Ir(I) gels exhibit higher elasticity
modulus than Rh(I) gels. This is associated with different linking kinetics of these
two metal ions upon transition from the second row of d-block to third, since Ir(I)
phosphinite complexes show far lower exchange rates than Rh(I) phosphinite
complexes. Sonification has caused gel liquefaction, and when stored, the
gel-fraction increased again with the rate determined by kinetics of M–L com-
plexation. It is shown that ultrasonic treatment brings to ligand exchange, leading to
decrease in a fraction of metal centers in active cross-linkings, and therefore, to
decreased gel-fraction.

Viscous-elastic behavior and responsiveness to sonification of analogues MSPGs
from ditopic phosphine-terminal poly-THF oligomers and Pd(II) chloride are studied
[494, 495]. In this case collapse of gas bubbles formed during ultrasonic treatment
generates shearing forces, which can cause damage in M–L bonds and thus bring to a
chain termination and appearance of vacant coordination sites. When tangential
stress is removed, MSPGs are reformed.

We shall also notice using bpy-chelating fragments in MSPG synthesis. Thus,
polymer linear poly(p-dioxanones) carrying bpy units are cross-linked with Fe(II)
ions with the formation of a permanent network, while crystallizing p-dioxanone
segments serve as thermal trigger [496]. Another example is hydrogel formation
from polyoxazoline containing pendant bpy blocks with many different transition
metal ions [497]. Addition of Co(III), Fe(II), Ni(II) or Ru(II) ions has brought to
non-covalent cross-linking and swelling bpy-branched polymers, however, stable
hydrogels at room temperature are obtained only by treatment with Fe(II) and Ru
(II) salts. Inertness and stability constants of bpy-metal complexes and, respec-
tively, MSPG stability are determined by environmental conditions, such as pH,
redox state, temperature and a solvent. Thus, thermal stimulus brings to acceleration
of ligand exchange causing thermal cleavage of hydrogels, and swelling degree and
stability of gels in water depend on bpy group content in a polymer. Bent-shaped
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ligand monomers containing dendritic aliphatic side chains of different lengths form
a complex with Ag(I) ions through the self-assembling process, which depends on
nature of a side chain and counter-ions [498, 499]. In this case responsiveness is a
result of a change in a secondary structure of a coordination chain, for example, of a
transition from helical to zigzag-shaped chain, when a change in conformation of
hydrophilic side groups is initiated by external stimulus or counter-ion size changes.

Extensive studies are concerned with tpy-chelating ligands for MSPG produc-
tion. Thus, when transition metal ions are added, concentrated aqueous solutions of
side chain of a tpy-functionalized poly (2-(dimethylamino) ethyl methacrylate)
transform into MSPGs [500]. The PSM of poly(pentafluoride-St) obtained by
selective substitution by tpy-functionalized synthones [501] is presented as uni-
versal method for MSPG preparation, which were then transformed into gel with
addition of Fe(II) ions due to metallosupramolecular linking.

Apart from linear polymers, multiarmed star-like polymers containing tpy
fragments have shown their applicability in preparation of metallosupramolecular
networks [194] even in combination with ditopic ligands. Thus, four-armed PEG
with tpy ends synthesized by post-modification of commercial PEG is used for
preparation of MSPGs with addition of Fe(II) ions [502]. The obtained MSPGs
have shown chemo-responsiveness, however, they were destroyed by addition of
ammonia as a competitive ligand. MSPs based on 8-armed PEG partly substituted
by tpy end groups and transition metal ions Ni(II), Fe(II), Co(II), and Zn(II) form
nanoparticles under diluted conditions and gels at higher concentrations [503]. In
particular, at polymer concentrations higher than 5 wt% cross-linking with addition
of transition metals provides hydrogels, at that elastic hydrogels are formed with Ni
(II), Fe(II), and Co(II), while Zn(II) gels are relatively viscous. It is important that
only Zn(II) gels show thermos-reversed sol-gel transition at the temperature 25 °C
independent on a polymer concentration. It is interesting to notice that this obser-
vation correlates with the results of study of MSPGs based on PMMA copolymers
with tpy units in the side chains [504].

A simple strategy of incorporation of self-assembling behavior of amphiphilic
block-copolymers and metal-tpy complexes in hierarchical levels is developed
[402]. The first level of self-assembling was reached due to dissolution of tpy
terminal-functionalized PS-b-poly (tert-butyl acrylate) diblock-copolymers in
selective solvent for tert-butyl acrylate block. As a result, micelles were obtained
consisting of PS core and poly (tert-butyl acrylate) coronal chains carrying a tpy
ligand on their end. The second level is initiated by addition of metal ions [505]. It
is important that intra-micellar chelations bring to exclusively flower-like micelles
in diluted solutions [282], while micellar MSPG are formed in concentrated solu-
tion. At that, by varying conditions (temperature and a co-solvent presence)
rod-shaped or spherical micelles with hard or soft cores are obtained [506]. Studies
of such amphiphilic copolymer as poly (triethyleneglycol methyl ether methacry-
late)-b-PS with tpy groups randomly distributed inside a water-soluble block [507]
have shown the same results. Micelles of this copolymer form gels after addition of
Ni(II) ions at far lower concentration than that of a respective homopolymer, which
points to the effect of hydrophobic PS block on critical concentration of gelation.
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We shall notice a tripodal tpy ligand, which forms helical 1D supramolecular
polymers/gels in solution mediated through H-bonds and p-p interactions.
Additional cross-linking these gels into 3D MSPG with a range of metal ions such
as Fe(II), Ni(II), Cu(II), Zn(II), and Ru(III) brings to formation of color or colorless
gels. Fiber-like morphology of these gels is found, in which metal ions work
as «supramolecular glue» linking stands together in large architectures with higher
ordering [508].

MSPGs are obtained using a chelating polymer containing a tridentate btp ligand
block and transition metal ions and/or lanthanide ions. It is interesting that gelation
and gel properties, for example, swelling, can be adjusted using thorough choice of
metal ions and their combinations, solvents, concentrations, etc. [509].
Self-assembling direction with participation of polytopic chelating ligands can be
regulated by integration of respective substituents in chelating fragments. Thus,
interaction of btp trimethyl ether with Eu(III) has shown formation of luminescent
1:3 complex, which has been studied in solution and solid state, while btp tricar-
boxylic acid forms deep red luminescent hydrogel [510]. It is established that
repeated btp unit takes predominantly anti-anti conformation and, therefore,
extended heteroaromatic polymer strands take helical conformation (Fig. 7.59).
Addition of Fe(II), Zn(II), and Eu(II) metal ions has brought to instant gelation as a
result of coordination cross-linking of the polymer chains. In other words, in btp
ligand based MSPG the bridging metal complexes serve not only as cross-linking
points, but provide different functions potentially useful for design of new magnetic
or emitting materials [152, 153].

It should be noted poly (n-butyl acrylate-co-MMA) copolymers carrying Mebip
side groups (varied in the range 3.2–7.6%), which form MSPG using the metal salt,
Zn trifluoromethanesulfonate [511]. Development of massif of anion sensors based
on MSPGs, which can precisely detect CN−, SCN−, S2− and I− in water is inter-
esting. This massif of sensors is based on new design approach called «competitive
coordination control AIE mode» for development of anion-responsive MSPG,

Fig. 7.59 Schematic representation of metal chain-extended polymers based on BPT chelating
units
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which need only one synthesized gelator [512]. Rational integration of Ca(II) and
Fe(III) into supramolecular gel resulted in production of bimetallic MSPG, which
can reversibly «switch on» its fluorescence upon detection of H2PO4

� with a
certain selectiveness through competitive coordination of Ca(II) and Fe(III) with
gelators and H2PO4

� [513]. Therefore, bimetallic MSPG can work as H2PO4
−

test-set and can be used in rerecording safe imaging (display) materials.
We shall notice MSPG formation using P4VP and ditopic metal chelate

cross-linkings [78, 514]. Thus, MSPG were obtained during addition of bis-Pd(II)-
pincer complex with methyl substituents or more thermodynamically and kineti-
cally stable Pt(II) analogues to P4VP in DMSO. Substitution of N-methyl sub-
stituent with ethyl has no effect on thermodynamics of N–Pd(II) interaction;
however, exchange rate of ligand decreases by about two orders of magnitude.
Reversible gel-sol transition can be controlled by tuning pH of a system or using
competitive additives, such as dimethylaminopyridine or Cl−-ions, which can dis-
place Py in the main polymer chain [275]. Mixing different cross-linkers, i.e.
bifunctional Pd(II) or Pt(II)-pincer complexes with P4VP has given systems with
strong to weak gel transition, rather than a distinct gel-sol shift [276]. When con-
centration of each cross-linker was over the critical percolation threshold, kineti-
cally slow cross-linker, i.e. Pt(II)-containing metallopincers determined properties
of a gel. When sufficient amount of competitive cross-linker was added to drop
concentration of «active» cross-linking unit below their individual percolation
thresholds, but still providing the total number of active cross-linkers being above
the percolation threshold, a gel is formed, whose properties are controlled by
kinetically rapid cross-linker, Pd(II)-containing metallopincer.

The concept is developed [77, 114, 115, 129, 196, 223, 515–517] of MSPGs
building based on chelation of a ditopic ligand monomer with combination of
lanthanide(III) ions and transition metal ions. Since ionic radii of lanthanide metals
are far bigger than those of transition metals, they can form complexes with three
tridentate ligands, which brings to formation of 3:1 M–L complexes, and, therefore,
can form strong dynamic coordination networks. In this case, gels are formed by
mixing telechelic chelating ligand with combination of lanthanide (cross-linker) and
transition (chain extender) metal ions, respectively. Taking into account that lan-
thanides are weaker binding metal ions, as compared to transition metal ions, metal
complexes based on lanthanides can be successfully treated as switching branching
points, which can give response with temperature or load changing. Addition of
lanthanide ions (<5 mol% per ligand) followed by transition metal ions addition
(>95 mol% per ligand) to telechelic chelating monomer solution brings to MSPG
production. Bis-tpy linking ligand consisting of two O-Mebip ligands with penta
(ethylene glycol) pendant core to each end is used as a telechelic chelating ligand.
Under respective conditions transition metal ions such as Co(II) or Zn(II) can bind
two O-Mebip ligands and, therefore, act as a chain extender for generation of linear
polymers. Lanthanide ions, for example, La(III), Eu(III) can link one or three
O-Mebip ligands depending on a counter-ion nature, and, therefore, potentially be
the chain growth stopper or a trifunctional cross-linker. MSPG formation can be
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easily achieved upon addition of transition metal ions and lanthanide ions to ditopic
ligand in appropriate solvent. Since lanthanide complexes are less stable, branching
points are open when a gel is heated or if mechanical stress is applied with shaking,
forcing gel to liquefy. After cooling or removal of mechanical load, gel immobility
is reformed. It is important that Eu(III)-based gels show typical red luminescence of
complex Eu(III) ion, which is sensitized by energy transfer from ligand to ion. If Eu
(III) complex is open under action of heat or mechanical load, luminescence is
changed to blue, which is associated with ligand-centered emission.

Luminescent MSP is developed [518], which is surprisingly subjected to sol-gel
transition with rise in temperature. In this approach, a linear conjugated polymer
material is synthesized into DMSO through condensation of a linear diamine and
dialdehyde subcomponents around Cu(I) templates in presence of bulk tri-
octylphosphine ancillary ligands. This polymer solution undergoes sol-gel transi-
tion with increase in temperature, contrary to behavior of most MSPGs, which do so
on cooling. Development of cross-linkings by copper chelation was accompanied
by formation of sterically overloaded copper-trioctylphosphine complexes in
equilibrium with free phosphine ligands. Since these MSPGs undergo sol-gel
transition with temperature, due to formation of active cross-linkings between linear
polymer chains, emission intensity and color are easily adjusted depending on
temperature. It is interesting that luminescence changed color from orange to green
when a sample was heated, and turned back to orange when a sample was left to
cool to room temperature.

MSPGs based on catechin-modified four-armed star-like PEG and Fe(III) ions
were obtained [519]. Since stoichiometry of pyrocatechin-Fe(III) complexes is
determined by protonation degree of pyrocatechin hydroxyls, control over inter-
molecular cross-linking is possible only via pH. Besides, possible dissolution of
cross-linked tris-complex gel using treatment by strong chelating EDTA agent is
shown.

Interesting innovated MSPG is developed based on tritopic ligand having a
bis-tpy cyclam block and divalent metal ions such as Co(II) and Ni(II) (Scheme
7.17) [520–522]. A ligand metalation in DMF with Co(ClO4)2 in molar ratio 1:1
brings to red solution, which points to formation of (tpy)2Co(II) derivative, in
which cyclam block remains metal-free. Addition of another equivalent Co(ClO4)2
to the previous solution brings to formation of a cyclam-Co(II) block and,
respectively, to MSPG formation. When ligand metalation is carried out in DMF
with addition of two molar equivalents of Co(II), MSPG is formed spontaneously at
concentrations below 1.0 wt%. In the gels, respective network includes original
fibers (R � 35 Å), bundles of these fibers, and a fraction of limited sized aggre-
gates (rods with the ratio f � 3–5). It is found that distribution of the latter struc-
tural components is sensitive to character of metal ions. These MSPG show a range
of original constructing features and easy control over developed structures in gels,
tuning their thermodynamic parameters.

Achiral benzo-21-crown-7-substituted bis(carbamide) low molecular weight
gelator is hierarchically self-assembled in helical fibrils, which then transform into
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bundles and then form stable gel in acetonitrile [523]. K(I) binding to crown ethers
causes gel-sol transition, and addition of cryptand, which scavenges K(I) ions, can
make this process reversed. Based on this gelator and chemical stimulus, a range of
different systems can be developed, which behave how logical gates. Thus,
depending on choice of these components OR, AND, XOR, NOT, NOR, XNOR,
and INHIBIT elements were realized. In some cases a type of logical element is
determined by concentration of input signal, so that even more complicated reaction
with gel in direction of two input signals would be achieved.

It is worth noticing using advantage of cationic cobaltocenium as a key building
block for switching organogels to hydrogels using highly efficient ion exchange
[524]. It is interesting that using unique complexing ability, cobaltocenium frag-
ments provide a robust soft substrate for utilization of antibiotics from water.
Besides, a substantial polyelectrolyte nature of MSPG provides to kill bacteria with
multiple drug stability.

Scheme 7.17 Scheme of the formation of MSP by self-assembly of tritopic ligand, having bis-tpy
cyclam unit, and Co(ClO4)2
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7.11 Self-assembled Metallosupramolecular Monolayers

Self-assembled monolayers are ordered molecular assemblies spontaneously are
formed upon adsorption of adsorbate on a solid surface and organized in more or
less large ordered domains [525–529]. SAMs provide a convenient way for for-
mation of surfaces with specific chemical functionalities. The main parameters
providing control of molecule positions on surface are stoichiometry of binding,
stacking density, binding dynamics, bond strength, order, and reversibility.
Covalent immobilization of molecules does not suggest a convenient universality
and flexibility for most of these parameters, while supramolecular interactions
provide control over these criteria. Really, the self-assembling process of nanometer
ordered structures makes it possible to control film composition and thickness with
accuracy up to fractions of nanometer. To prepare SAMs, amphiphilic molecules
are actively used, which are bound with one functional group to surface, while
another functional group is responsible for interaction with other adsorbed mole-
cules. During SAM formation usually a substrate is coated with low-concentrated
solution of respective molecules, which through covalent bonds form a self-
assembled monolayer, and excess molecules are removed by washing a sample in
solvent. Using LbL technique, two or more components are deposited consequently
and repeatedly to elongation a monolayer in a controlled way [530–533]. Using M–L
interactions in LbL technique provides design and production of new, highly
ordered, highly oriented, universal and robust 2D functional multilayered thin films
and even 3D nanoarchitectures based on MSP.

Stepwise building multilayered structures using M–L interactions (Fig. 7.60a)
has considerable synthetic value, since coordination bonds propose a good balance
between hardness and reversibility [534]. Metallosupramolecular structure has an
anchor layer consisting of SAM, chemisorbed to surface. Then an anchor ligand
follows, which includes chelating fragments. Metal ions play a role of a
cross-linking for the following layer of ligands, which has a chelation center of a
metal ion. Finally, on the top of this layer alternately deposit the next layer of metal
ions and chelating ligands to increase the film thickness. Depending on whether a
ligand includes two or three chelating fragments, linear or branched structures can
be obtained, respectively. It is important that M–L interactions are subjected to
spontaneous and quantitative conjugation between metal sources and ligand
molecules, which, in the end, brings to defect-free self-assembled multilayers. The
role played by M–L interactions is not confined only to linking of adjusted layers.
The resulting M–L supramolecular motifs can give practically important functions
to final products, such as redox properties, magnetism, emission, catalytic activity
and intermetallic interactions.

To obtain supramolecular SAMs based on M–L interactions the most widely
used is the method of solution-based LbL growth. It provides achievement of
exactly defined surfaces with different functionalities by pre-functionalization of
different substrates (in particular, Au, Si, SiO2, ITO glass, etc.), for example, with
thiol or silicon-organic molecules to start SAM development containing either
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monofunctional OH-, COOH- or N-end groups or chelating fragments. Then sur-
faces are functionalized with these organic spacers, which provide several available
functionalities and long-range 2D order, direct orientation, nucleation, structure,
stability, and quality of additionally deposited thin films.

As an example, we shall notice directed self-assembling bishydroxamate-based
metal chelate multilayers on Au using LbL approach (Fig. 7.60b) [535]. In this case
supramolecular M–L interactions bring to higher thickness, increased roughness,
higher electric resistance, and better rigidity of surface. In the same way branched
metal chelate multilayer films are obtained on Au surface functionalized with SAM
bishydroxamate disulfide molecules by alternate deposition of organic ligand
having three bis-hydroxamate arms and a metal ion such as Zr(IV), Ce(IV), and Ti
(IV) [536, 537]. However, multilayer assembling is usually very slow process,
which, depending on a ligand type, metal ions and used solvent, can take a long
time, which is inappropriate for practical commercial applications. In this con-
nection more rapid method is developed [538] for assembling metal chelate M–

L-based multilayers on functionalized surfaces called accelerated self-assembling
procedure (ASAP). In this method rapid binding organic layers of a ligand proceeds
for a few minutes: a small volume of an organic ligand solution is spread on a
surface modified by a metal-containing layer and is evaporated under conditions of
natural convection, as a result a surface is covered by excess of organic ligand.
Further extensive rinsing in pure solvents brings to removal of weakly adsorbed
molecules from surface leaving only new metal chelate adsorbed layer.

Non-covalent M–L coordination is developed for assembling supramolecular
photocurrent-generating systems [539]. In this case, SAMs are built from molecules

Fig. 7.60 a Stepwise
coordination process on a
substrate surface. b Schematic
presentation of the molecules
used for multilayer
construction and an idealized
structure of the M–L-based
multilayers
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consisting of disulfide alkyl group covalently bound with 12-residual helical pep-
tide and capped with alanine residual containing pyrene chromophore. Consequent
deposition of three or more components has brought to pyrene-containing multi-
layer based on Cu(II)-, Co(II)-, and Fe(III)-chelation (Fig. 7.61a–c). These systems
on Au surface have shown high stability and high current generation in presence of
methyl viologen and triethanolamine for cathode and anode currents, respectively.
It occurs that the highest cathode photocurrent is observed in Cu(II) system, and
Fe(III) chelate system has shown the highest anode current.

It is interesting to study behavior of a charge trap in heterometallic chelate SAMs
(Fig. 7.61d) [540]. In this case a change in sequence of self-assembling layers of two
isostructural bpy-based metal chelates brings to materials with electrochemical
properties, which depend on assembling order. Thus,Os chelate layer formed on 8-nm
thick Ru chelate layer has shown a sharp peak of catalytic oxidation without a visible
reduction wave, while a Ru chelate layer has given a reversible redox wave. And on
the contrary, a Ru chelate layer based on thick Os chelate layer has shown a sharp
reduction peak and strained oxidation wave, whereas a reversible redox pair of Os
chelate layer appeared. This series of phenomena can be explained by electron transfer
between the upper layer and the electrode through the bottom layer.

Fig. 7.61 a–c Examples of metal complex multilayers for photocurrent generation. d Example of
a redox film showing charge trapping
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SAMs were obtained by alternating the deposition of PdCl2 and iron bpy
complexes 1–4 (Fig. 7.62) from solution on a pyridine-terminated monolayer. This
monolayer is covalently bound to the surfaces of ITO, quartz, and silicon substrates
through a chlorobenzyl-functionalized coupling layer. SAMs are used for produc-
tion of highly efficient electrochromic assemblies, which display practical combi-
nation of low voltage work and efficient electrochromic switching, and also durable
thermal and redox stability (1.12 � 105 cycles) [541]. These molecular assemblies
can be integrated into solid-state configuration; at that SAM molecular structure
correlates with growth and principle of materials action.

Undoubtedly, most studies of SAM are carried out with tpy ligands. Thus, M–L
assembling is performed on Au for preparation of redox-active mono- and poly-
metallic systems with participation of Co, Cr, and Os chelates with thiol-modified tpy
ligand 4′-(5-mercaptopentyl)-tpy and tetrapyridylpyrazine (Fig. 7.63) [542]. It occurs
that free ligand, as well as tpy-containing metal chelates are strongly adsorbed on
surface of Au electrodes, at that in the case of metal chelates they retain their
redox-active responses at potentials very close to non-adsorbed analogues in
homogeneous solution.

The similar approach is used for building polymetallic complexes by repeated
deposition of Fe(II) and/or Co(II/III) ions with azobenzene-bridging bis-tpy ligand
on tpy-terminal SAM on Au [543]. It is interesting that purposed formation of
desired number of polymer units, for example, 47-dimensional Co(tpy)2 structures
and desired sequence of Co-Fe heterometallic structures in a polymer chain, for
example, 10-dimensional Co(tpy)2 plus 5-dimensional Fe(tpy)2 is possible.

We shall notice use of click chemistry for covalent binding acetylene-
functionalized Fe(II) bis-tpy chelate on azide-terminal SAM [544]. Using decom-
plexation of formed supramolecular chelate, ligand-modified monolayer can be
obtained, which is then used for additional chelation reactions, leading to reversible
functionalization of substrates (Scheme 7.18). It is important that right choice of
coordinating ions of transition metals provides tuning binding force and physico-
chemical properties of formed chelates, and therefore, design of surface properties.

Fig. 7.62 Molecular structures of polypyridyl complexes 1–4 (a) and SAMs (b). Electrochromic
switching of the SAMs (c)
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Using chelation of Pt(II) ions with asymmetric ligand containing tpy and pyridyl
residues, luminescent MSP is synthesized, which has characteristic dipole moment
[545]. A polymer was specifically fixed on Au electrodes to obtain two types of
films (films 1 and 2), in which polymer chains are positioned with regard to their
dipoles in opposite directions (Fig. 7.64). It occurs that the film 1 has higher
conductivity in positive field displacement with an average rectification coefficient
20, while the film 2 has higher conductivity in the negative area displacement with
an average rectification coefficient factor 18.

1,3-Butadiyne-cross-linked diruthenium chelate is fixed on Au electrode surface
in horizontal position for SAMs formation showing multiple irreversible redox
behaviors on the electrode surface (Fig. 7.65) [546]. It is interesting to notice that
types of diruthenium with different oxidation degrees, in particular, Ru2(II, III)
states, which are non-stable and cannot be isolated from solution, can be detected
in situ using IR spectroscopy.

It should be especially noted that linear and branched bis(tpy) metal chelates
based SAMs relate to such interesting class of materials as molecular wires [547,
548]. These systems have a clear and distinctive electronic functionalities,
intra-wire redox conductivity and excellent long-range electron transfer capacity
[532]. It is important that these systems are built with a wide range of
tpy-containing chelating ligands. Wires based on bis(tpy) metal chelates consist of
four components: surface-linked tpy ligand (A series), metal ions, bridging tpy

Fig. 7.63 Assembly scheme
for the construction of
tpy-metal complex layer on
Au
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ligand (series L) and redox-active terminal tpy ligand (series T) (Fig. 7.66). After
modification of the electrode surface with, for example, sulfide or hydroxylation

Fig. 7.64 Production of two types of films (films 1 and 2), in which polymer chains are positioned
with regard to their dipoles in opposite directions

Scheme 7.18 Scheme of reversible functionalization of substrates
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methods, molecular wires are simply produced by consequent submergence of the
electrode in metal ion solution and a bridging ligand. The process is ended by
decoration a wire end by redox-active functional groups, such as Fc, triarylamine or
cyclometalated Ru(II) complexes. Combination of different components can pro-
vide different types of molecular wires.

The obtained wires show a lot of interesting function, including behavior of
electron transfer and long-range electron transport capacities from redox part of a
terminal to electrode through bis(tpy) metal chelates [549, 550]. The rate constant
of electron transfer for 1D molecular wire is quantitatively determined as follows:

K ¼ k0 exp �bd
� �

;

where k is the rate constant of electron transfer between the redox part and the
electrode, d is a distance between the electrode and redox part, k0 is the constant of

Fig. 7.65 1,3-Butadiyne-cross-linked diruthenium chelate fixed on Au electrode surface

Fig. 7.66 Long-range electron transport ability of M(tpy)2 wires
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zero distance, b is a distance attenuation factor. Extraordinary capacities of the
long-range electron transport is confirmed by low attenuation coefficient b (for
example, 0.008 and 0.002 Å−1 for Fe and Co chelate-based wires, respectively)
[551, 552], which are far lower than for alkyl chains (1 Å−1), DNA chains (0.1–
1.4 Å−1) and oligo (phenylene vinylene)-bridging wires (0.01 Å−1). It is important
that electron transport capacity can be easily adjusted using respective components
of molecular wires, at that bridging ligand and metal ions have a substantial effect
on b, while anchor and terminal ligand have no effect on b, but change k0
(Fig. 7.67) [553].

Unusual nanostructures such as chain-of-beads are obtained from drop-casting of
acetone solutions of Fe chelates with 2,6-di[pyrazol-1-yl] pyridine on the surface of
HOPG [554]. It is important that beads in each chain are identical in size with
diameter in the range 2–6 nm and height up to 10 Å, which correlates with content
of small molecular cluster (about 10–50 molecules). It is interesting to notice that
the beads can be separated into two types depending on conductivity, which cor-
relates with their positions in chains and can correspond with the molecules con-
taining high-spin and low-spin Fe centers. For some beads switching between two
forms was observed during few minutes under a constant bias, which was appar-
ently random [555]. This system is one of a few examples of SAMs, which relate to
a wide range of spin-crossovers undergoing a transition between electron spin states
under action of temperature, pressure or light [556, 557].

Pd(II)-directed chiral metal chelate multilayers are prepared on surface of the
substrates through LbL assembling using hydroquinone anthraquinone-1,4-diyl
diether of bidentate ligands as spacer [558]. It is important that molecular chirality
of ligands remains in metal chelate multilayers. We shall also notice electrochromic
behavior of Fe chelates obtained from tetra-2-pyridyl-1,4-pyrazine and hexa-
cyanoferrate species in polyelectrolyte multilayers on ITO substrate [559]. Modified
electrodes have shown excellent electrochromic behavior with intense and persis-
tent dying, and chromatic contrast about 70%.

Fig. 7.67 Dependence of the
rate constant of electron
transfer versus wire length for
bridging ligand, metal ions,
anchor and terminal ligand
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Cavitand-based cages on SAMs are subjected to metal-induced self-assembling,
at that, M–L coordination provided direct observation of formation of such
assemblies and detection of a single-molecular level [560]. Cavitand functionalized
with four alkylthioether groups at the lower rim and four tolylpyridine groups at the
upper rim can link with Au surface through thioether groups and form a coordi-
nation cage with [Pd(dppp)(CF3SO3)2] via its Py groups [561]. Using complexation
of another cavitand, immobilized heterocages can be obtained from solution. It is
important that the cages can be reversibly assembled and dissembled on Au surface,
and AFM measurements distinguish an individual cavitand and cage molecules 2.5
and 5.8 nm in height, respectively.

M–L interaction is used for studying supramolecular rotors (Scheme 7.19) as
potential components of a machine type system, through axial ligation of big
p-functional molecules working as rotors, with the surface, which is a stator
component [562].

The effect of a number of layers on photocurrent generation with using SAM
obtained by coordination of Ru-Pc through 4,4′-bipy bridges (Fig. 7.68) is studied
[563–565]. It is found that thicker layers generated lower photocurrents due to
internal resistance of molecular wire.

Scheme 7.19 Scheme of supramolecular rotors fabrication through axial ligation of big
p-functional molecules working as rotors, with the surface, which is a stator component
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We shall notice multivalent binding of a supramolecular complex on polyvalent host
surface by uniting of orthogonal host-guest CD and M-en coordination motifs [566]. In
this orthogonal supramolecular system a heterotopic divalent spacer with CD-
complexing adamantyl group and chelating en ligand is used. This spacer can link CD
in solution and immobilize CD on SAMs (Fig. 7.69). In the similar way vesicles are
obtained, which carry host units (CD) by their interaction with guest (adamantyl)
functionalized ligands through orthogonal polyvalent host-guest andM–Lmotifs [567].
Vesicles of amphiphilic CD recognized metal chelates with adamantyl ligands using
integration into host caverns on vesicle surfaces. In the case of Cu(II) chelates interaction
was predominantly intravesicular, while for Ni(II) chelates interaction was intervesicu-
lar, andadditionof theguest-metal complexbrought to aggregation of vesicles into dense
multilayer clusters. Valence of supramolecular recognition on vesicle surface, and bal-
ance between intravesicular and intervesicular interactions can be adjusted using M–L
coordination of a guest molecule.

Fig. 7.68 Schematic energy-level diagram for a self-assembled sixbilayer Ru-Pc film on modified
ITO electrode

Fig. 7.69 Complexation on CD SAMs by host-guest and M–L coordination
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7.12 Supramolecular Metal Chelate Dendrimers

Using dendritic architectures for supramolecular chemistry is focused on unique
capability of their branched shell to influence processes of molecular recognition in
center, branches and periphery of dendrimers [84, 179, 568–574]. Substantial
attention in the recent years has being focused on using of supramolecular den-
drimers, since self-assembling of building blocks through non-covalent interactions
is a spontaneous process, which brings to the most stable structure and makes it
possible to skip most stages of synthesis. Information on a structure programmed in
dendritic architecture controls the assembling process and, as a consequence,
properties of generated supramolecular structures. Self-assembling provides ideal
approach for intensification of branching of small, synthetically available, relatively
inexpensive dendritic systems (for example, dendrons) in strongly branched com-
plicated nanometer aggregates. Supramolecular nano-assemblies including den-
drimers and such objects as fullerenes, rotaxanes, CB[n], CD, MWCNT, etc. are of
great interest [575–581]. Supramolecular dendritic polymers, which perfectly
combine advantages of dendritic and supramolecular polymers, are a new class of
non-covalently bound strongly branched macromolecules with 3D globular topol-
ogy [582]. Due to their dynamic/irreversible character, unique topology and
exclusive physicochemical properties (for example, low viscosity, high solubility,
and a great number of functional terminal groups), supramolecular dendritic
polymers have attracted high attention last year’s [583]. In particular, reversibility
of non-covalent interactions provides ability of supramolecular dendritic polymers
to experience dynamic switching of a structure, morphology and function in
response to different external stimuli such as pH, temperature, light, stress, and
redox agents. Such behavior in future provides flexible and reliable platform for
design and development of intelligent supramolecular polymer materials and
functional supramolecular devices. Supramolecular dendritic polymers can be
classified with respect to their topological structures, which contain the following
six classes: supramolecular dendrimers, supramolecular dendronized polymers,
supramolecular hyperbranched polymers, supramolecular linear-dendritic block-
copolymers, supramolecular dendritic-dendritic block-copolymers, and supra
molecular dendritic multi-armed copolymers (Fig. 7.70). These types of supramole-
cular dendritic polymers differ by morphologies, unique architectures, and specific
functions, which provide their high potential for application in different fields. An
important fact is that supramolecular dendritic polymers can self-assemble in var-
ious supramolecular structures, such as micelles, vesicles, fibers, nanorings, tubes,
and many hierarchical structures.

Certainly contemporary supramolecular chemistry of dendrimers includes
coordination motifs in studies of synthesis of supramolecular metallodendrimers
and, in particular, MCD and their properties [84, 179, 584–589]. The most
developed method of directed assembling of supramolecular MCD is using of M–L
coordination. Different key strategies are proposed, using which metals are applied
in self-assembling of several dendritic building blocks. Most often a metal center

852 7 Supramolecular Chemistry of Polymer Metal Chelates



forms a core of supramolecular MCD with dendrons, which have chelating groups
in the focal point coordinated around one central metal ion. Thus, [Ru(bpy)3]

2+ core
was actively used for this purpose at earlier stage of dendrimer chemistry [590] as a
branching point in dendritic architecture, which is subjected to self-assembling with
respectively projected ligands for generation of supramolecular MCD in one stage.
As an example, supramolecular deca-Ru MCD can be regarded, which includes bpy
and 2,3-dipyridyl-pyrazine as a terminal and bridging ligands, respectively (Fig.
7.71) [591–593]. It is interesting that oxidation of six equivalent peripheral Ru(II)
centers to Ru(III) generates species containing 26 positive charges. Electrostatic
effect of these charges prevents further oxidation of interior Ru(II) centers inside
electrochemical window [594, 595]. Similar types of assembling with participation
of bridging bis(2,3-pyridyl) pyrazine ligands and additional bpy termini can reach
large sizes. For example, the largest dendrimer of this type containing 1090 atoms,
22 from which were metal centers [591], had the assumed size 5 nm and total
charge +44 (+2 per a metal center). Apart from 22 metal atoms, this dendrimer
consists of 24 terminal ligands and 21 bridging ligands.

Fig. 7.70 Classes of existing supramolecular dendritic polymers with different topological
structures
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It should be noted that multi-tpy chromophores also form 2D networks by M–L
complexation, which causes substantial changes in their photophysical properties
(Fig. 7.72) [596].

Using interaction of Ru(II) and dendron-functionalized tpy-ligands, dendrimers
can be built linked together by tpy-Ru coordination interactions [84, 179]. In order
to do this, periphery of spherical dendrimer would be functionalized with several
tpy blocks, and the following reaction with Ru(II) focused by a dendron provided
location of additional branching layer on dendritic surface using M–L interactions.
These structures, as a rule, have several metal ions inside branches holding den-
dritic structure together. In the same way supramolecular MCD are built, which
integrate perylene as a functional core with 〈tpy-Ru(II)-tpy〉 termini (Fig. 7.73)
[597]. For them, a wide absorption spectrum is typical with enhanced coefficients of
molar absorption corresponding to increase in a number of 〈tpy-Ru(II)-tpy〉 units.

We shall also notice supramolecular mono-, bis-, and tris-Ru-based MCD, which
cover a wide absorption range 250–750 nm with optical band gaps 1.51–1.86 eV
[598]. It is important that for these MCD energy levels can be effectively controlled
not only by different generations of dendritic thiophene arms, but also by their

Fig. 7.71 Supramolecular deca-Ru MCD, which includes bpy and 2,3-dipyridyl-pyrazine as a
terminal and bridging ligands
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p-conjugated core ligands carrying different electron-donor (triphenylamine) and
acceptor (benzothiadiazole) residuals. Among different generations (G1–G3) den-
drimers, G3 has the highest value of efficiency of energy transformation in each
series of Ru-based dendrimers. There is an interest in shape-resistant supramolec-
ular MCD, in which 〈tpy-Ru(II)-tpy〉 or 〈tpy-Fe(II)-tpy〉 connectivities are used as
branching fragments or nodes (Fig. 7.74) [599]. A considerable increase in drift
time of charge state, photophysical properties (molar extinction coefficients), and
electrochemical stability of complexes were observed at increasing of generation of
these complexes, which agrees with change in molecular size.

Fig. 7.72 2D networks formed multi-tpy chromophores by M–L complexation

Fig. 7.73 Supramolecular MCD, which integrate perylene as a functional core with 〈tpy-Ru(II)-
tpy〉 termini
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Using consistent integration of different metal ions during synthesis with poly-
pyridyl ligands, different supramolecular hetero-MCD structures can be obtained
[600]. As an example we shall mention a dendritic-like four-nuclear complex [Os
{(L1)Ru(L2)2}3]

8+ containing {Os(L1)3}
2+ chromophor as a core and three {(L1)Ru

(L2)2}
2+ polypyridyl building blocks as peripheral subunits, where L1 = 2,3-bis

(2-pyridyl)pyrazine; L2 = 1′-((bpy-4-yl)methyl)phenothiazine. This MCD can be
considered as integrated system with light-harvesting antenna-reaction center, in
which Os subunit is efficient antenna unit in combination with well-known electron-
donor subunits (phenothiazine fragments) [601]. In this system light absorbed by
peripheral Ru(II) chromophores are transferred to the Os(II) core, however,

Fig. 7.74 Shape-resistant supramolecular MCD, in which 〈tpy-Ru(II)-tpy〉 or 〈tpy-Fe(II)-tpy〉
connectivities are used as branching fragments or nodes
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luminescence of Os(II) core is efficiently quenched through moderately exergonic
reduction electron transfer by peripheral phenothiazine donors, despite presence of
intermediate Ru(II) centers.

Coordination-driven self-assembling is a simple and very efficient approach for
preparation of cavity-core supramolecular MCD, which have cavities with definite
shape and size [602–615]. In general case synthesis based on this strategy is simple,
and yield is almost quantitative, therefore a need in the following purification
disappears. What is more important is that coordination-driven self-assembling is a
powerful tool for building of supramolecular polygons and polyhedra with strictly
defined and controlled cavities working as cores. As an example self-assembling of
molecular squares can be considered based on simple modulus through interaction
between four (dppp)M(OTf)2 (M = Pd, Pt) linear components with 4,4′-bipy
bidentate angular units, which are substituted in their 3,3′-positions with Frechet-
type dendrons from G0 to G3 (Scheme 7.20) [616]. It is important that in obtained
MCD squares there are absent a great number of other polygons or open-chained
oligomers. They carry nanometer cavities inside a non-polar dendritic shell. Totally
eight amide groups decorate rims of the cavity linking dendrons in a square.

There is interest in dendritic bis(tpy) Fe(II) wires with terminal Fc units syn-
thesized on Au(111) surface by stepwise coordination using three-way tpy ligand,
Fc-modified tpy-ligand and Fe(II) ions (Fig. 7.75) [617]. For the obtained systems
an unusual phenomenon of electron transfer is found. In particular, current-time
profile does not follow exponential decay, which is common for linear molecular
wires, and non-exponentiality was more noticeable in the forward direction of

Scheme 7.20 Cartoon representations of the formation of eight-component square MCD from
180° G0–G3 dendritic donors and 90° dendritic acceptor
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electron transfer (from terminal Fc to Au electrode, oxidation) than backwards
(from Au electrode to terminal Fc, reduction).

We shall also notice examples of using the supramolecular MCD self-
assembling concept with participation of orthogonal non-covalent interactions,
for example, Hamiltonian receptor-cyanuric acid and Ru(bpy)3 M–L-linking motifs
(Scheme 7.21) [618]. It is important that consequent divergent sequence of reac-
tions, as well as one-pot reaction from AB2 building block, which contains a focal
bpy fragment and two units of Hamilton receptors, can be applied for synthesis of
such supramolecular MCD. It is important that a terminal analogue of derivatives of
cyanuric acid can be tailored with a great variety of functional groups.

Another example is supramolecular MCD assembled by two different orthogonal
supramolecular interactions: Pd-pincer coordination and cyanuric acid-melamine
H-bonded rosette motifs (Scheme 7.22) [619]. The resulting supramolecular MCDs
are as big as 28,000, which make them one of the biggest known MCDs.

M-Pp and M-Pc dendrimers are actively used in synthesis of supramolecular
MCD. Thus, supramolecular MCD based on multiporphyrin metallodendrimers
consisting of focal free Cu-Pp with eight Zn-Pp wings and multipyridyl Cu-Pp with
eight pyridyl groups are obtained through multiple axial ligations of pyridyl groups
to Zn-Pp [620]. It is important that apparent association constant between two main
fragments (2.91 � 106 M−1) is rather high for fiber assembling to form at micro-
molar concentrations. The fiber assemblies with correct height (about 2 nm) and
regular diameter about 6 nm are formed. It should be noted that by formation of
supramolecular MCD intramolecular energy transfer changes to intermolecular
energy transfer, from Zn-Pp to Cu-Pp with pyridyl groups.

We shall also notice supramolecular MCD consisting of self-assembled deriva-
tives of zinc chlorophyll [621]. In this case, coordination-driven self-assembling of
pyridine-pendant zinc chlorophyll derivatives proceeds through intermolecular axial
ligation between a nitrogen atom of the pyridine ring and zinc atom in the chlorine
ring (Scheme 7.23).

Fig. 7.75 Dendritic bis(tpy) Fe(II) wires with terminal Fc units synthesized on Au(111) surface
by stepwise coordination using three-way tpy ligand, Fc-modified tpy-ligand and Fe(II) ions

858 7 Supramolecular Chemistry of Polymer Metal Chelates



The coordination-driven strategy is also used for assembling of fullerene-rich
supramolecular MCD [622, 623]. The M-Pp dendrimers form supramolecular com-
plexes with fullerene derivatives through electrostatic interactions, p-p interactions and
coordination bonds. For example, fullerene-rich supramolecular dendritic structures

Scheme 7.21 Complete self-assembly of supramolecular structures
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are obtained as a result of apical coordination of C60 derivatives carrying pyridyl
fragments to dendritic molecules with M-Pp units [624]. It is interesting that clear
visualization of the petal-like structure is displayed. Average affinity of binding in
assumption 1:1 coordination between separate Zn-Pp blocks and Py is 1.2 � 106 M−1.

Scheme 7.22 Self-assembled dendrimer featuring orthogonal Pd-pincer coordination and
cyanuric acid-melamine H-bonded rosette motifs

Scheme 7.23 Synthesis of supramolecular MCD by coordination-driven self-assembling
pyridine-pendant zinc chlorophyll derivatives
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This value is more than by 2 orders of magnitude higher than the association constants
reported for monodentate coordination between Zn-Pp and Py derivatives, which can
be ascribed to simultaneous coordination of two Zn centers by two Py-containing
fragments.

In another example, terminal amines of G1–G3 PAMAM dendrimers were mod-
ified through grafting of M-Pp derivatives with activated ester [623]. M-Pp den-
drimers were then used for formation of supramolecular assemblies with C60 using
acetonitrile/toluene mixed solvent bringing to clustering of nanometer assemblies
(Fig. 7.76).

For efficient delivery of photosensitizers, ionic M-Pp dendrimer is used to form
PIC of micelles (Fig. 7.77) [625–630]. We shall notice that M-Pp-including PIC
micelles have high stability and high photo cytotoxicity. Moreover, great hydro-
dynamic volume of micelles brings to quite precisely localized drug delivery to a
tumor tissue. In the same way ionic dendrimer Pc with absorption of long-wave
light was developed for efficient light delivery at PDT and also formed PIC micelles
containing cis-dichlorodiammineplatinum (II), anti-cancer drug with PEG-b-poly
(L-aspartic acid) (molecular weight of a PEG segment is 12,000, DP of a segment of
aspartic acid is 68 or 96) [628]. These supramolecular MCD can be efficient
nano-devices for anti-cancer drug carriers with sustained release drug and PDT.

We shall also notice supramolecular chiral assemblies obtained by p-p interac-
tions between aromatic rings of M-Pp dendrimers. Thus, dendritic Zn-Pp with two
carboxylic groups can form J-aggregates in CHCl3 through p-p interactions of Pp

Fig. 7.76 Non-covalent assemblies of C60 with G1 to G3 POPAM dendrimers decorated at the
surface by multiple Pp macrocycles
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rings and also aromatic rings of their dendritic substituents (Fig. 7.78) [631].
Besides, H-bonding between carboxylic groups can also be very important driving
force for formation of J-aggregates. It is important that centrifugation of J-aggregates
solutions would give optically active films, whose chirality can be chosen by
spinning direction. Apart from centrifugation mixing of benzene solutions of achiral
dendritic Zn-Pp with two carboxylic groups can also produce supramolecular chi-
rality. It is interesting to notice that when direction of mixing is changed from
clockwise to anticlockwise, opposite CD signals are detected. For this system
nanofibers formed by M-Pp assembling through J-aggregation play very important
roles, in particular, some of observed chiroptical activities can also grow from
macroscopic chiral alignment of nanofibers [632].

Another direction of the studies of supramolecular MCD is fixing of LMC on
preliminary formed supramolecular polymers. In this view very promising is use of
such interesting supramolecular polymers as dendrimerosomes [573, 574, 633–636].

Fig. 7.77 Structures of cationic block copolymer and dendrimer Pp, and formation of its PIC
micelle
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These nanostructures are obtained from amphiphilic «Janus dendrimers» one part of
which is hydrophilic and another one hydrophobic. A simple injection of amphi-
philic Janus dendrimer solution with a definite primary structure into water or a
buffer gives uniform submicron onion-like vesicles called dendrimersomes. Size and
number of alternating internal closed bilayers is predicted by initial concentration of
a Janus dendrimer. The transverse dimension of a dendrimersome shows that this
supramolecular structure looks like a double membrane forming a cell wall
(Fig. 7.79). A great variety of nanostructures formed spontaneously at placing Janus
dendrimers in water has been discovered and studied, at that a family of
supramolecular systems is formed, including vesicles, tubes, discs, and other shaped
systems. Dendrimerosomes are stable for a long time, they are uniform by size,
changing self-organization conditions they can be tailored into a necessary shape
and, moreover, they can be quite easily functionalized. Their size, stability, and
membrane structures are defined by chemical structure of a Janus dendrimer and the
self-assembling method. A simple method of injection for production is available
without special equipment, making uniform vesicles, and thus forming promising
means for fundamental studies and technological applications in nanomedicine and
other areas.

Dendrimerosomes are efficient and universal nanoplatform for fixing LMC, in
particular, hydrophilic or amphiphilic MR chelates [637, 638]. Thus, for example,
amphiphilic Gd(DOTA)-like complex functionalized by two octadecyl chains, is
synthesized and incorporated into bilayer of dendrimerosomes [637]. In other
example dendrimerosomeswere loaded by clinically provedMRI probeGadoteroidol
(Fig. 7.80) and compared with respective nanoparticles taken from more branched
dendrimers [639]. It is important to notice that the lifetime of these systems in blood is
comparable with lifetimes of liposomes, which points to a possibility of their using for
different biomedical applications.

Fig. 7.78 a J aggregation of achiral dendritic Zn-Pp and macroscopic chirality from spinning.
b Mechanism for the formation of chiral assemblies
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7.13 Stimuli-Responsive Metallosupramolecular Polymers

Stimulus-responsive materials have attracted great interest during recent years,
since these materials can show abrupt change in properties as a response to a
stimulus application such as light, temperature, mechanical action, pH, ionic force,
polarity of a solvent, electric fields, chemical substances, etc. [49, 99, 640–643]. In
accordance with a type of a stimulus, to which they respond, these materials are

Fig. 7.79 The cross section of dendrimerosomes showing its double layer, similar to the cell
membrane

Fig. 7.80 Production of dendrimerosomes loading by clinically proved MRI probe Gadoteroidol

864 7 Supramolecular Chemistry of Polymer Metal Chelates



classified as photo-, chemo-, electro-, or mechano-active substances. Application of
a stimulus brings to change in properties of a material, such as fluorescence,
mechanical stress, change in color, etc. Such stimulus-responses can be displayed
by different materials, from inorganic to organic, from molecular to macroscopic
level, and from natural to synthetic materials. A programmed assembling of
molecules into supramolecular polymers has a great interest for development of
stimulus-responsive «smart» materials. Control over morphology, dynamics, and
responsiveness of MSP is of high value for future applications [340, 341]. Due to
dynamic and reversible character of non-covalent interactions, MSP can be adapted
to environment and have a wide range of intriguing properties, such as degradation,
of shape memory and self-healing, which makes them unique candidates for
supramolecular materials [644, 645].

Thermo-responsiveness is one of fundamental and most available properties of
supramolecular polymer materials, because weak non-covalent interactions are by
their character subjected to thermal stimulus. Therefore thermo-responsive
supramolecular materials have attracted a wide range of interests. The main
advantage of supramolecular polymers is a strong dependence of their melt viscosity
on temperature, which makes them easily treated and applied. As an example we can
consider Fe(II) and Zn(II) MSP based on PCL of telechelic polymers containing two
functional units at their ends: a tpy ligand and ureidopyrimidinone quaternary
H-binding motif [170]. Double logarithmic dependence of specific viscosity of Fe
(II) MSP solution on concentration has shown two-phase linear dependence pointing
to the ring-chain equilibrium. Bulk rheological properties of PCL-Fe(II) MSP are
characterized by two abrupt changes in viscosity with temperature. The first change
at lower temperature is ascribed to melting of poly (e-caprolactone) main chain,
while the second change is due to weakening of M–L bonds within the
supramolecular chain. Oppositely to this, Zn(II)-containing MSP have shown only
one change in viscosity at lower temperature. Probably, thermodynamic stability of
M–L bonds plays important role in observed rheological behavior of these MSP.

Using ability of tridentate BIP ligand to bind cations of transition metals Zn(II)
and Co(II) in the ratio 2:1, and big cations of La(III) and Eu(III) lanthanides in the
ratio 3:1 [77], MSP are obtained, in which Zn(II) and Co(II) (95%) are used for linear
growth, and La(III) and Eu(III) ions (5%) for cross-linking (Fig. 7.81a) [130].
Gel-like materials based on four combinations of metal cations Co/La, Co/Eu,
Zn/La, and Zn/Eu have shown reversible thermo-responsiveness (Fig. 7.81b) and
interesting thixotropic behavior (Fig. 7.81c) as a result of gel-sol transition induced
by mechanical force (shaking). The mechanism of mechano-responsive behavior
involves formation of «loose dangling chain ends» in L:Zn/La system, when it is
subjected to mechanical loading [129]. Restoring of the system includes reorgani-
zation of «broken ends» and reforming of the initial structure. L:Zn/Eu-containing
MSP is, in addition, also chemo-responsive. In particular, adding of formic acid
brought to immediate gel-sol transition and quenching of Eu(III) emission, since
aromatic BIP ligands, which coordinate Eu(III) cation, are substituted by formate-
anions. The process is made reversible by thorough drying of the material followed
by repeated swelling in respective organic solvent.
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There is also interest in thermo-responsive MSP which use thermally induced
interconversion between cis- and trans-isomers on a cyclam block [646]. In the cis-
isomer substituents are on one side of the cyclam plane, while in the trans-isomer
subunits are above and below the cyclam plane. In MSP, formed by bis-tpy-cyclam
ligand and Ni(II) ions temperature-initiated cis-trans transitions on the cyclam
block bring to macroscopic phase sol-gel transition. Initially kinetically preferable
cis-isomers, which form coil-like aggregates, present in the solution. During heating
the cis-form transits into the trans-form and coils broaden to rod-coils, which brings
to aggregates consisting of rigid and flexible segments and to gelation (Fig. 7.82).

Light, as remote stimulus, has a special meaning and is attractive regarding its
wide use in molecular devices and smart materials, since it provides a wide range of
controlled parameters, such as a wavelength, duration, and intensity. Reversible
control over self-assembling of non-covalent building blocks by photo-irradiation is
a key process for controlling photo-responsive MSP. Thus, MSP based on rod-like
guest compound, containing two azobenzene units, b-CD macrocycle or its
derivative, and en Pd(II) nitrate [325] can react to light irradiation due to photoi-
somerization of the main chain containing azobenzene fragments.

Supramolecular materials are dynamic non-covalent bond-based materials,
therefore any chemical substrate, which can weaken or break non-covalent bonds,
will make the materials give a response to it. It is important that integrated chemical
agent will change initial chemical environment, and then will have more or less
effect on properties of materials. Chemo-responsiveness is an astounding property,
which can provide available important applications of MSP.

Fig. 7.81 a Schematic representation of the formation of a MSP from bifunctional ligand and
lanthanide/transition metal cations. Photographs showing b the thermo-responsive nature of the L:
Co/La system and c the thixotropic nature of the L:Zn/La system
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In this view, we shall notice MSP based on polyhedral oligomer silsesquioxane
and Co(II) or Cu(II) tpy complexes [212] or amino-phen Sn(II) complex [190],
which has shown properties of gelation at high concentrations of metal ions, at that
gelation is reversible after addition of competitive metal-chelating agent, such as
EDTA. In another interesting example MWCNT functionalized with tpy form
MSPs in presence of Co(II) or Ni(II) ions, which can also be de-chelated by EDTA
addition, which can be seen by change in color [647]. A pH-induced transformation
between mononuclear neutral complexes and MSP in the system consisting of
cyclam and bis-tpy fragments is shown (Scheme 7.24) [648]. This ligand at
interaction with Cu(II) in molar ratio 1:1 gives green MSP solution, however, in
presence of a base, red-pink solution is obtained, which corresponds to square-
planar mononuclear Cu(II) complex. It is interesting that both these types become
interconvertible with addition of base or acid. Besides, it turned out that addition of
second equivalent of a transition metal ion such as Fe(II), Ni(II), Co(II) or Cu(II) to
the square-planar mononuclear Cu(II) complex brings to MSP formation consisting
of homo- or heterometallic complexes [649]. It is important to notice that addition
of acid to homometallic Cu(II) MSP brings to polymer dissociation into binuclear
complexes, in which Cu ions are coordinated with tpy fragments.

Using redox reactions for modulation of MSP properties gains substantial
attention, since a change in redox conditions can bring to macroscopic changes in
their properties. Obviously, MSP are exclusive candidates for creation of electro-
responsive supramolecular materials, because metal ions can be subjected to oxi-
dation and reduction with external electrochemical stimulus. Moreover, integration
of metal ions also can change aggregation regimes and give approach to a wide

Fig. 7.82 Schematic
representation of coil-rodcoil
transition and gelation during
heating
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spectrum of interesting properties. For example, in order to obtain MSP which show
a redox-responsive gel-sol transition and electrochromic properties [521, 522],
metal ions and polytopic ligand containing two chelating tpy terminal units bound
through complexing cyclam macrocycle, are used. It is interesting that these MSP
have shown properties of gelation as a function of a solvent composition and of
counter-ion nature, and can be controlled by M:L stoichiometry, concentration and
temperature. Moreover, the self-assembling process is sensitive to external stimuli,
such as electric input (redox-responsiveness) or a counter-ion type (chemo-
responsiveness). During electrochemical oxidation of Co(II) to Co(III) gel easily
undergoes transformation into solution, at that the gel can be reformed by reduction
of Co(III) to Co(II). Incorporation of additional positive charges into polymer
chains during oxidation has effect on solubility of the system and destabilizes gel,
thus making the gel-sol transition. Variety of colors and reversible gelation of MSP
is accumulated by a simple redox stimulus, thus demonstrating advantages of metal
ion incorporation into supramolecular systems.

Scheme 7.24 Chelation routes of Cu(II) by ligand in the absence and presence of a base, the
subsequent acid-base driven interconversion, and formation of homo- or hetero-MSPs
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We shall notice redox-responsive MSPs consisting of a ditopic ligand end-
capped by a poly-THF macromonomer, self-assembled with Cu ions, in which DP
of MSP and, consequently, viscosity of its solutions depends on oxidation degree of
copper ion. A combination of methods is used to show that Mebip ligands at the
ends of poly-THF link Cu(II) with the ratio 2:1 and Cu(I) with the ratio 2:2 in
solution. Therefore, at the fixed 1:1 or 1:2 stoichiometry of a macromonomer to Cu
ions, viscosity of their solutions shows dramatic changes due to addition of
chemical oxidant (nitroso tetrafluoroborate) or reducing agent (aqueous ascorbic
acid) (Fig. 7.83) [650].

An interesting example is MSP containing a tpy-end three-armed PEG, which
has shown sol-gel transition during aerobic oxidation [651]. Aerobic oxidation of
Co(II) to Co(III) is accompanied by sol-gel transition, at that; the material can be
molded in hydrogels of different shapes. Addition of a reducing agent has brought
to reversible gel-sol transition and solution under action of air is then re-gelled due
to aerobic oxidation of the reducing agent.

While mechanic load on polymer materials is inevitable, mechano-responsive
materials act as especially attractive class of intelligent materials. As a rule,
mechanical responses of polymer materials are derivatives of chemical and physical
structure of polymer chains; therefore, dynamic, reversible non-covalent bonds are
attractive candidates for building of mechano-responsive materials via incorporat-
ing them into polymer main chains. Thus, it is found [476] that binuclear Pd(II)
anti-complex is self-assembled into long-chained assemblies in solution forming
gel under ultrasonic irradiation. The gel can be easily transformed back into sol
upon heating (Tgel), at that the sol-gel transition can repeat infinitely without a
noticeable degradation of a system. For gelation racemic mixture of anti-complex is
required as one of two enantiomers ((+)- or (−)-anti-complex) or even only syn-

Fig. 7.83 Cartoon representation of a ligand and b redox regulation DP with Cu:L ratios 1:2 (left)
and 1:1 (right)
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compex giving a homogeneous solution without any change in properties of a
current solution. An assumption is taken that the clothes-PEG-like conformation of
anti-complex prevents oligomerization because of absence of preliminary organi-
zation. However, external stimulus (ultrasound) can have an effect on conformation
distribution, which provides formation of a «regular» conformer or insignificant
amount of short oligomers with lifetimes, which allow their further extension into
the observed aggregates.

There is a great interest in intelligent materials integrated with independent
multi-responsiveness, which are reached due to masterly integration between
structures of materials and responsiveness of non-covalent interactions. Thus, multi-
responsive MSPG [76, 113, 128, 129] are obtained by addition of Zn(II) or Co(II)
perchlorate (97 mol% with respect to ligand) to the solution of bis-terdentate
bridging ligand, which have shown thermo-, chemo-, and mechano-induced gel-sol
behavior phase transition. During heating, and then cooling reversible gel-sol
transition was observed. It has been shown that this transition takes place, mostly,
due to labile ligand-lanthanide ion interactions, which are different from ligand-
transition metal ion interactions. In the same way a gel collapse took place upon
addition of 0.85 wt% formic acid to the system due to stronger linking of lanthanide
ions to carboxylic acids. One of the most interesting properties of MSPG is
mechano-responsivity, which shows thixotropic (shear-thinning) behavior. Free-
flowing sol is obtained by shaking of gel, which has reformed opaque gel again after
storage. The observations have shown that gelation takes place through flocculation
of semi-crystalline colloid particles, whose size can be reduced or even particles
disappear under action of mechanical stress. Since nitrate-ion is a coordinating one
by nature, branching can increase in presence of non-coordinating perchlorate-ion
instead of nitrate-ion, which results in increase in mechano-responsiveness of gels.
These gels showed reversible thermo-, chemo-, and mechano-responsive properties.
It is obvious that MSPG open possibilities for projecting of multi-responsive organo-
inorganic hybrid materials, whose properties can be easily adjusted by changes in
combinations of metal ions.

The concept of photo-active mechano-responsive MSP based on using bis-tpy
linked ligand, namely, HO-BIP, is developed. An interesting aspect of this concept
is that the studied ligands can form 2:1 metal complexes with transition metal ions
and 3:1 complexes with lanthanide ions. Therefore, it is possible to create gels by
mixing telechelic chelating ligand with combination of lanthanide (cross-linker) and
transition (chain extender) metal ions, respectively. These gels show responses to
thermo-, chemo- (with formic acid) and mechanical stimuli. Mechano-responsive
character of MSP based on Zn/La gel has shown thixotropic (shear-thinning)
behavior. It has been found that lanthanide gels have shown very strong lumines-
cent properties based on energy transfer from ligand to metal ion, for example,
Eu(III). This photophysical property can be interrupted by heating or mechanical
loading, and, consequently, luminescence color changes from red to blue, and
emission then respected to the ligand center.
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We shall notice a series of stimulus-responsive MSP-based films consisting of
Mebip ditopic end-capped poly-THF at different ratios of Zn(II) and Eu(II) [222].
Combination of optical properties of Eu(III) complex with its more labile nature
brings to formation of highly stimulus-responsive materials. Films of Eu(III)-con-
taining MSP show expressed optical response to increase in temperature (Fig. 7.84a,
b) or under action of chemical substances (Fig. 7.84c, d), such as triethyl phosphate,
which was used as imitator for organophosphorus pesticides and nerve gases.

MSP based on btp ligand and Zn(II) and Eu(III) ions have shown different
mechanical properties and thermal stability depending on gel composition [652]. For
example, photoluminescence properties of the gels can be well adjusted depending
on the ratio between Zn(II) and Eu(II) and a solvent used for gelation. Besides, the
gels can be converted into sol by heating, which is also accompanied by emission
quenching, and its reversibility is detected during cooling. In the similar way these
gels have shown mechano-, photo-, and chemo-responsive properties.

Upon linking a tpy motif to linear polymers carrying short hydrophobic segments,
primary hydrophobic interactions bring to formation of micellar nanostructures in
water [653, 654]. Metallosupramolecular micellar hydrogels, which show thermo-
mechanical responsivity, are obtained through hierarchical assembling of hete-
rochelate associating polymer. At the first stage the associating polymer is solved in

Fig. 7.84 a Temperature sensing: sample heated to 120 °C resulting in quenching of the Eu(III)
fluorescence and subsequent return upon cooling back to room temperature (Zn(II):Eu(III) 70:30);
b photoluminescence spectra (excited at 377 nm) of the above films showing the reversible
disappearance of the Eu(III) metal-based emission at 590 and 615 nm upon heating and
subsequent return with cooling. c Picture of a film fluorescing under UV light (k = 365 nm) before
and after dipping into a 10 mM solution of triethyl phosphate in hexane for 1 min (left) and
exposure to triethyl phosphate vapor (24 h., rt) (right); d photoluminescence spectra (excited at
377 nm) of the above films. Both films show a decrease in the characteristic Eu(III) emission peaks
at 590 and 615 nm
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aqueous solution with formation of micellar nanostructures carrying chelating
fragments at the end of coronal chains. At the second stage supramolecular
assemblies are formed at addition of transition metal ions to micellar solutions,
which results in almost instant gelation. These gels have shown reversible gel-sol
transitions under mechanic stress and temperature-induced self-healing properties.

Linear MSPs based on Zn(II) and heteroditopic monomer carrying secondary
ammonium salt of guest and tpy moiety have shown multistimuli-responsiveness,
trigged by heat, pH or competitive ligand, such as cyclen [362]. In particular, specific
viscosity of MSP decreases considerably above 50 °C, which points to decompo-
sition of supramolecular polymers at elevated temperature. Besides, addition of 1.5
equivalents of Et3N deprotonates fragments of secondary ammonium salt, which
also results in MSP decomposition. Therefore, obviously MSP are highly adaptive
materials capable of undergoing reversible transitions under action of different
external stimuli.

Multistimulus-responsive behavior of metal-containing system was reported
being achieved by using photoisomerization of dithienylethene fragment (Fig. 7.85)
[655]. Mixing dithienylethene derivative of dicarboxylic acid with Al(III) has given
a transparent solution, from which a metal-containing gel was obtained during
heating. The gelation process depends on anion addition: their coordination with Al
(III) or formation of H-bonds with ligands disturbs the gelation process. The
obtained gels have shown reversible photochromic behavior: yellow solution of the
open (O) form transforms into yellow gel of O-form during heating and can be
transformed into red gel of the closed (C) form under UV irradiation. The red C-gel
transforms into red C-solution during storage at room temperature in dark place and
then returns to initial yellow O-solution under action of visible light.

Highly dynamic and adaptive non-covalent interactions forming supramolecular
materials can be destructed in presence of competitive reagents (analytes) [656].
A change in physical properties of MSP by pollution, for example, adsorption and
emission can be output signals for registration of quantity and quality of analytes,
which is a basic principle for supramolecular sensors. It should be noted that some
non-covalent interactions such as guest-host interactions [657] are highly specific
and this can provide production of and selective sensors for special analyte. Thus, a
special amphiphilic receptor TbL+ complex is developed, which is self-assembled
in water and forms stable vesicles [658]. The L2− ligand consisted of bis(pyridine)
anionic arms and long alkyl chain (Scheme 7.25). Upon addition of different
nucleotides there is sigmoidal increase in luminescence intensity, which is ascribed
to drift of coordinated water molecules by phosphate groups. Linking of TbL+

complexes to each phosphate block bound by phosphoanhydride bonds goes
cooperative, probably, by adaptive change of their molecular orientation in bilayer.
Dynamic non-covalent interactions of alkyl chains have brought to adaptive and
highly synergetic assembling between highly organized receptors (TbL+ complex)
on a membrane surface.
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Fig. 7.85 a Reversible photoisomerization between the open- and closed-ring forms of the
photochromic dicarboxylic acid ligand, and schematic representation of multiple transformations
among gels and solutions in both open and closed forms (denoted as O-gel, O-solution, C-gel, and
C-solution) after coordination. b Reversible gel-gel and gel-solution transformations of system
upon heating/cooling, and UV-vis irradiation, and the multiple responsive behaviors toward color,
fluorescence, water, and anions

Scheme 7.25 Molecular structures of the ligand L2− and TbL+ amphiphilic complex and
schematic representation for self-assembly of TbL+ in water for the detection of ATP molecules
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7.14 Self-healing and Shape-Memory
Metallosupramolecular Polymers

Contemporary materials with inherent ability to repair damage at molecular level can
be useful in a wide range of applications. The majority of so far developed healed
polymer-based materials require heating a damaged zone above their glass transition
temperature, and then pressure application in order to promote a contact, wetting,
diffusion and repeated entangling of polymer chains [659–661]. Nevertheless, the
healing process is, as a rule, slow and not efficient and hardly applied in practice.
More promising in this view is MSP using [662]. Thus, optically healed
supramolecular polymers are developed consisting of ditopic Mebip fragment and
poly (ethylene-co-butylene) motif as a spacer for bridging of metal-binding frag-
ments (Fig. 7.86a) [663, 664]. Under action of UV irradiation M–L motifs are
excited, and absorbed energy is transformed into heat, thus bringing materials to
depolymerization, dilution, and healing of defects. In this case re-forming of
supramolecular polymer comes after a light source removal, which results in healing
of a material (Fig. 7.86b). This property of self-healing proceeds through making
cuts in 350 to 400-lm thick polymer films, at that, these samples under following
irradiation by 320 to 390-nm UV light have shown healing during 30 s (Fig. 7.86c).
It is interesting that under light irradiation the cuts were filled, and then appeared.

This work is broaden using MSP consisting of poly (butyl acrylate-co-MMA)
functionalized by Mebip side chains, which is cross-linked by zinc trifluoromethane-
sulfonate salt [511]. In particular, this MSP has shown triple shape memory, as a
result, it can reversibly gain shape «V», «S» or original rectangular sheet during
heating or cooling. Shape reforming and healing is reached upon applying of thermal
of light stimulus due to specific M–L interactions, which serve not only as «in-
ert» cross-linkings of a network at low temperature to reform a shape, but also
dissociate at high temperature for healing. The healing rate is high and efficiency of
healing is close to *90% (Fig. 7.87).

There is interest in MSP-based self-healing coatings produced by integration of
Fe bis-tpy complexes in polymer network based on methacrylates [665]. We shall
also notice supramolecular materials, which can be simultaneously and reversibly
self-healed without external stimuli based on metallosupramolecular interactions
[666]. In particular, 3D transition supramolecular networks are formed from a
macromolecule containing tridentate btp ligand fragments coordinated with tran-
sition and/or lanthanide metals. As compared with initial macromolecule, the
obtained supramolecular films have improved mechanical properties, such as
Young modulus, strength and impact toughness, which can be easily adjusted by the
stoichiometric ratio of Zn(II) to Eu(III) and Tb(III). Metallosupramolecular films, as
well as gels, show fast and efficient properties of self-healing due to kinetically labile
character of M–L interactions. We shall notice thermally-responsive gels, which use
thermally induced interconversion between cis- and trans-isomers on cyclam blocks,
displaying self-healing property [667].
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The self-healing process is studied in detail using the MSP example including Fe
(II)-tpy complexes and different copolymers [668]. In particular, the best results of
self-healing were observed at 100 °C for organogel based on lauryl-methacrylate
copolymer, while MMA-based gel does not absolutely show self-healing because of
lower Tg and, respectively, lower flexibility of a co-monomer. During heating a
degree of cross-linking is constant thus showing that self-healing mechanism is not
based on decomplexation of tpy complex. Using thermal-induced self-healing
mechanism of MSP based on bis-tpy complexes of Fe(II) sulfate and Cd(II)

Fig. 7.86 a Chemical structure of the MSP and schematic representation of its self-healing
process; b optical healing of MSP on exposure to light; c optical healing of MSP while under a
load
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bromide, two possible healing schemes are considered, one of which takes into
account decomplexation of cross-linking complexes, and another one is based on
dissociation of ionic clusters [669]. It occurs that self-healing mechanisms based on
partial decomplexation of cross-linking complexes, are determinative. Apart from
nature of a metal, self-healing properties are strongly affected by nature of an anion
[670].

We shall also notice using of histidine-metal interactions as reinforcing cross-
linkings in self-healing MSP [671]. In particular, a cross-linking of histidine-
containing polymers based on butyl methacrylate and lauryl methacrylate with Zn
ions brings to MSP networks showing self-healing behavior, which was tunable
depending on a certain used Zn salt.

Though polymers with shape memory have been widely developed during the last
decade [672], the examples, which use non-covalent interactions in order to fix
temporary shape-memory of polymers, are still rare, especially for shape memory of
supramolecular polymers [673–676]. The shape memory polymers (SMP) can be
deformed to stable temporary shape and reformed to their initial shape using stimuli.
These networks are based on presence of two types of pure points to establish their

Fig. 7.87 Self-healing the MSPG. a Gels containing different metal ions (from left to right are
0:100:0, 0:0:100 and 100:0:0) swollen in toluene; b fluorescent image of the three gels under UV
light (254 nm); c gels were stacked up before self-healing; d and e the stacked gels were subjected
to self-healing under a saturated toluene atmosphere for 1 h; f–i the healed gel was then subjected
to bending and stretching until fracture
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constant and temporary shapes. Classical strategies for stabilization of temporary
shapes are based on cooling below Tg/Tm, where macromolecules are pinned in
stressed state. Healing of SMP usually includes heating to temperature above the
transition temperature, where a constant shape is remembered. Using of reversible
cross-linking groups in SMPs appeared as alternative strategy for stabilization of
temporary shapes and providing recyclability to a constant shape.

Ternary (thermo-, photo-, and chemo-) responsive effects with shape memory
from photo-cross-linked MSP can be noted as an example [674]. These MSP are
obtained by elegant combination of a core of polybutadiene oligomer with capping
OMebip ligands and metal ions, in which M–L complexes form a solid phase,
which physically cross-links a soft domain of polybutadiene. It is important that any
stimulus, which can disturb a solid phase, can be used for fixation of temporary
shape and cause its self-healing back into a constant shape, which can be reached by
photo-cross-linking of polybutadiene core with tetra-functional thiol through
photo-initiated thiol-ene reaction (Fig. 7.88). It has been found that M–L complexes

Fig. 7.88 Chelating ligand with terminal groups of polybutadiene macromonomer films, which
contain different amounts of tetrathiol cross-linker and photoinitiator (Irgacure 819). Films are
solution cast, and the dried films are photo-cross-linked with a targeted 3, 8, and 14 cross-links/
chain. The solution-cast uncross-linked films can be fixed into a variety of permanent shapes: a a
strip of uncross-linked film is wrapped around a cylinder to give a spiral shape, and b irradiation
with low intensity UV light initiates photo-crosslinking to yield a film with a permanent spiral
shape
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can absorb light and transfer a part of this energy for heating localization.
Therefore, the observed photo-responsive shape memory behavior of MSP film is a
result of photothermal transformation process. Besides, chemical substances can
also have effect on thermal stability of solid phase of materials through plasti-
cization or decomplexation of M–L chelate. Moreover, a soft phase with different
densities of cross-linkings has different shape memory properties with initial
restrain of fixation value more than 80% and strain-recovery above 95%.

Such concept of design is used for production of MSPs [677], which react to
different stimuli, including influence of heat, UV irradiation, and different solvents.
Other SMP are obtained by addition of bistriflimide europium salt [Eu(NTF2)3] to
low molecular weight polybutadiene telechelics carrying Mebip ligands bringing
to reversible network. In this case a constant SMP shape is obtained by formation
of supramolecular elastomer in a necessary shape with the following photo-
cross-linking through thiolene reaction between 1,2-vinyl groups of butadiene core
and tetrafunctional thiol. Shape memory can be thermally caused with Rf about
90% and fixing ratio (Rf) above 90% (more typically 97%). Good fixations and
strain recoveries are reached, and it is shown that a change in metal ion from Eu(III)
to Zn(II) (preserving the same counter-ion) has brought to some decrease in fixation
immediately after load removal, and a considerable increase in creep of the tem-
porary shape. It is also important that different solvents, including methanol, ace-
tone, and less triethylamine, can be used to cause shape recovery.

Macromolecular linear poly (p-dioxanone) polymers carrying bpy units are
cross-linked with Fe(II) ions with formation of a permanent network, while crys-
tallizing segments of p-dioxane serve as a thermal trigger for SMP (Scheme 7.26)
[496]. Good shape memory characteristics were observed for these SMP, in par-
ticular, the Rf approaches 100%, and the extraction coefficient is beyond 93%.

Scheme 7.26 Preparation of metallosupramolecular bpy-poly (p-dioxanone)-Fe. a Synthetic
route; b schematic illustration
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The shape memory assisted self-healing (SMASH) polymers include those that
combine the shape memory effect with self-healing. Healing of SMASH polymers
proceeds in two stages: at the first stage the shape memory effect provides auton-
omous crack-healing and force applying; at the second stage self-healing of frac-
tured surface takes place. In this view two-component SMASH polymer systems
should be noted, in which covalently cross-linked matrices provide the shape
memory effect, and healing goes due to diffusion of linear segments of initial
polymer ligands at a crack interface [678, 679]. More promising is using of
dynamic M–L bond for preparation of SMASH polymers (Fig. 7.89) [511].
Thermal analysis has shown three transitions, which appeared due to Mebip con-
centration: (a) low Tg of acrylate network (24 °C � Tg,1 � 46.8 °C), (b) a glass
transition associated with acrylate chains in M–L rich phase divided by domains
(68.4 °C � Tg,2 � 83.0 °C), (c) a region with high melting point associated with
M–L complex decomplexation (95 °C � Td � 160 °C). Presence of these two
glass transitions and non-covalent network points, ddetermining the permanent
shape of SMP, stipulate thermally-induced behavior of the ternary shape memory,
and presence of reversible metallosupramolecular bond gives the self-healing
capacity. In particular, this was demonstrated by heating of cut and bent samples up
to 140 °C, where expected SMASH consequence of shape recovery was observed,
crack healing, and self-healing with curable efficiency in the range from 65 to 98%.
It is interesting that UV light assisted SMASH has healing efficiencies approaching
100% due to higher temperatures achieved during UV irradiation.

Fig. 7.89 Illustrating the thermal-induced SMASH of supramolecular networks based on poly (n-
butyl acrylate-co-MMA) copolymers bearing Mebip side groups cross-linked by the metal salt zinc
trifluoromethanesulfonate. Self-healing experiments conducted as follows: deformation and
cracking performed at room temperature; healing performed at 140 °C/25 min
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