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Abstract

Supramolecular multinuclear systems with well-defined
structures and architectures capable of responding to
external stimuli such as photons or electrons have become
increasingly interesting and are fundamental objectives for
the design of future functional devices at the nanoscale.
Metal-containing  macromolecules as coordination
dendrimers, polymers, and cages have become a field of
huge and wide interest because of their possible applica-
tion in a number of fields ranging from solar energy
conversion and optoelectronics to bioimaging and drug
delivery. The presence of transition metal ions in a
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supramolecular structure would offer an attractive plat-
form for combining the chemical, electronic, and optical
properties of metal complexes with those of the organic
materials. In recent decades, many efforts have been
devoted to the development of efficient and effective
synthetic protocols for the preparation of these multi-
nuclear structures with specific functions.

In this chapter we would like to resume the principal
research output of the field, essentially related to the facile
tuning of photophysical properties and photo-activated
functions of these versatile materials. To this goal we
have tried to underlie the relationship between chemical
and electronic structures of these species and their photo-
physical properties. Because of their intriguing properties
the literature is very extended, and then it is clear that is
not possible to prepare a review which can be comprehen-
sive on photoactive supramolecular multimetallic com-
pounds, so this chapter must be limited in its scope and
will deal with a few examples of coordination dendrimers,
polymers, and cages.

Keywords
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Coordination cages - Supramolecular chemistry -
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24.1 Dendrimers

Chemical synthesis has long been considered a realm of
organic chemistry. In the last 30 years, however, considerable
progress has been made in the field of the synthesis of metal
complexes, and it can now be said that, as far as the prepa-
ration of new artificial compounds is concerned, the chemis-
try of coordination of metals competes in imagination and
realization with organic chemistry. This also applies to
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polymeric systems and dendrimers in particular. This class of
macromolecules with a well-defined tree structure, developed
for the first time by organic chemists [1], has greatly
expanded its aesthetic attractiveness and its multitude of
potential applications in the hands of coordination
chemists [2].

Among many, self-assembly, which is based on the
cooperativity of several noncovalent interactions including
electrostatic, hydrogen-bonding, metal-ligand coordination
interactions (bonding energy approx. 15-50 kcal mol™'),
etc. has proven to be an effective approach for the preparation
of multimetallic systems.

So, the metal-ligand coordination interaction is particu-
larly attractive because the strength of the bond is relatively
high and is selectively directional.

On the one hand, in fact, it provides a synthetic alternative
to the carbon-carbon or carbon-heteroatom bond, on the other
hand it allows to give the new structures new properties
(related to the nature of the metal and the bond of coordina-
tion formed with the binders) by increasing the area of
application of multichromophoric systems such as catalysts,
supramolecular redox sensors, and antennas for the collection
of light energy.

Moreover, the dynamic nature of the metal-ligand coordi-
nation bonds (bonding energy approx. 15-50 kcal mol™")
confers the ability to modulate the properties of these multi-
metallic systems.

From the pioneering work of Newkome [3, 4] and
Balzani, Campagna, Denti, and Serroni [5-7] in the early
1990s, the building of supramolecular metallodendrimers
by choosing the appropriate ligands and metal ions has

evolved to become one of the most interesting fields in the
field of coordination polymer chemistry.

The term dendrimer (from the Greek dendron = tree)
indicates a particular molecular structure that branches in
three dimensions starting from a central core recalling pre-
cisely the structure of a tree. In a system of this type it is
possible to distinguish, in addition to the central core, the
different repetitive units that define the different generations
of the dendrimer (see Fig. 24.1).

The growing interest in this type of system is unequivo-
cally demonstrated by the trend in the number of publications
on this sector that have appeared in the literature. At the
beginning the interest was essentially focused on the synthe-
sis of dendrimers with new skeletons and higher and higher
generations; with the passing of time the research has been
more and more directed to the targeted design of systems that
could perform certain functions [8—11].

On the other hand, the commercial availability of some
of these systems and the progressive development of ana-
lytical techniques have given further impetus to this field of
research and the first examples of applications have begun
to appear.

Metal complexes are characterized by a precise molecular
geometry related to the coordination number characteristic of
the metal ion in the given state of oxidation, to the more or
less rigid structure of the ligands as well as their electronic
properties.

Precious properties such as visible light absorption, lumi-
nescence and accessible reduction and oxidation potentials
become an integral part of organized and controlled
structures.

Branches

1st Gen.
Core

Fig. 24.1 Artwork (a) and schematic (b) representation of a dendrimer structure
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To design a dendrimeric system with the desired proper-
ties, attention must be paid to: (i) the nature of the chromo-
phores and building blocks; (ii) the connections between the
chromophores; (iii) the synthetic strategies that allow topo-
logical control.

Metal centers can generally be used as the core of a
dendrimer by means of metal-ligand coordination bonds.
Complexes [M(L),] of metals M containing ligands L that
can be easily replaced are generally used to synthesize
these metallodendrimers. Among the many metals, Ru
(IT) and Os(IT) are an excellent candidate due to their
remarkable ability to form, with the proper chelators, a
stable coordination.

From a structural point of view, most of the dendrimers
containing metals can be classified into the following four
categories:

1. Dendrimers constructed around a metal complex acting
as a core: these compounds may be considered metal
complexes of dendritic substituting carrier binders. The
most commonly used metal complexes as cores are: por-
phyrin complexes, polypyridine complexes and ferrocene
type compounds.

2. Dendrimers containing metal complexes placed as
peripheral units: these dendrimers belong to the class of
dendrimers functionalized on the surface [12—14].

3. Dendrimers containing metal complexes in the branches:
in these compounds, metal complexes play the role of
connectors along the branches of the dendritic structure,
or they can be attached to specific sites [15].

4. Dendrimers in which metals occupy all branching sites: these
compounds are based on the ability of ligands to coordinate
two or more metal centers. In addition to metal ions and
bridge ligands, they contain terminal ligands [16—19].

5. There are also dendrimeric species that combine the char-
acteristics of more than one category.

24.1.1 Synthetic Strategies

Dendrimers are usually prepared by divergent or convergent
approaches (Figs. 24.2 and 24.3): the divergent approach
involves a divergent iterative coupling and successive acti-
vation protocol from the core; the convergent approach is
based on the pre-synthesis of dendrimer branches (dendrons)
and the connection of the various branches to the core.

Divergent Synthesis

In this type of approach the dendrimer is built starting from
the core for successive addition of the different repetitive
units. In particular, the polyfunctional core reacts with appro-
priate building blocks to give the first generation dendrimer.
If the peripheral units still contain reactive sites, or if

Divergent approach
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Fig. 24.2 Schematic representation of a divergent methodology

Convergent approach
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Fig. 24.3 Schematic representation of a convergent methodology

reactions are possible to introduce them, the first generation
dendrimer may react further and the process may be iterated
to obtain subsequent generations. A representation of this
type of approach is shown in Fig. 24.2.

A significant feature of all divergent approaches is the rapid
increase in the number of reactive sites on the periphery of the
dendrimer. This can lead to potential problems in the growth
process. Any incomplete reaction of the end assemblies can
cause imperfections and failures in the subsequent steps. In
addition, to prevent side reactions and to force the reaction to
be complete, large excesses of reagents are generally used and
this obviously complicates the purification processes.

Convergent Synthesis
This synthetic approach is shown in Fig. 24.3.

In this type of approach, the dendritic structure is built
from the periphery and, step by step, the synthesis is designed
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to use a limited number of reactive sites, thus building the
ramifications that are then made to react with the core.

In order to better clarify the differences between the two
types of approach and to highlight more clearly their respec-
tive potentials, some examples from literature are reported
and discussed below.

Comparison of Divergent and Convergent
Approaches

The first example of iterative synthesis was reported by
Vogtle in 1978, although the main aim of the work was the
synthesis of molecules that could act as receptors [20].

This kind of synthesis is based on the cyanoethylation of
amines with acrylonitrile in a Michael addition reaction,
followed by the chemical reduction of cyanides in order to
restore amino functions in the periphery. The chemical reduc-
tion of nitriles has as a secondary reaction the breaking of the
side chains. Vogtle himself then developed a simpler method
of reduction [21]. In 1993 two research groups, one German
and the other Dutch, published, practically at the same time,
an improvement in the synthesis of polytrimethylenimines
functionalised at the periphery with nitriles or amines. This
procedure is based on the hydrogenation of nitriles in amines.
This improvement has allowed the synthesis of similar high
generation systems [22].

In the field of coordination chemistry, the divergent
approach has been successfully used in the synthesis of
dendrimers containing up to twenty-two metal centres [23].

The components used and their graphic representations are
shown in Fig. 24.4.

In order to successfully conduct a divergent synthesis it
would be desirable to have bifunctional building-blocks, in
the chemistry of coordination a versatile building block

,w Me-2,3-dpp

Fig. 24.4 Ligands used in the synthesis of selected metal dendrimers

\/_/'\ 2,5-dpp

should contain labile binders that can be properly replaced
by appropriate chelating sites and coordination sites still free
or protected to coordinate new metal centers.

This strategy derives from the concept of “complexes as
ligand/complexes as metals” (“cal/cam”) origins of the
synthetic strategy [24]. It is, precisely, an example of
modular synthetic chemistry, a general approach that is
now widely adopted in chemical synthesis and is based
on the very concept of supramolecular chemistry. To
obtain large supramolecular structures it is useful to pre-
pare simpler (multi)component structures (modules) and
insert them into structurally organized systems by
exploiting some specific and absolutely complementary
reaction sites.

Mononuclear metal complexes are typically synthe-
sized by reacting, according to the scheme (M + nL —=>
ML,), suitable metal ion precursors (M) and free ligands
(L). The “cal/cam” strategy is based on the use of com-
plexes instead of simple metal ions and free ligands in both
cases [24, 25].

The “M” represents mono- or oligonuclear complexes that
have easily replaceable binders, so that species with unsatu-
rated coordination sites can be generated under the reaction
conditions employed (“complex metals”), and L is essentially
a mono or oligonuclear complex with free chelators (“com-
plex ligand”).

Unfortunately, a complex of this type cannot be isolated
because it is a self-reactive species in the conditions of
preparation (the chlorides of one unit would be replaced by
the chelating sites on another), to overcome this type of
problem the authors thought to protect one of the two reactive
functions.

This was achieved by methylating one of the two chelating
sites of the 2,3-dpp bridging ligand. This reaction transforms
the bridge ligand into a terminal ligand (2,3-Medpp+, see
Fig. 24.4).

The new ligand thus prepared is stable in the conditions of
preparation of its complexes and it was possible to synthesize
the building block shown in Fig. 24.5.

This building block proved to be particularly versatile
because it was possible to first exploit the reactivity due to

a b Cl Cl

=\ \ N
N\ ’N —-»Ru-=N N

Fig. 24.5 Schematic representation (a) and structure formula of [Cl,Ru
(2,3—Medpp)2]2+ (b) building block
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the presence of chlorides by making it react with appropri-
ate bonding substrates (in conditions where the protection
of the chelating site is demonstrated to be stable), were thus
obtained systems “closed” containing in the peripheral
positions of coordination sites “blocked” by the presence
of methyl. The reactivity of these latter sites was then
restored through a transalkylation reaction with DABCO
that provided systems with coordination sites in the periph-
ery again available for the reaction with appropriate metal
centers. The divergent synthesis strategy developed using
this interesting building block is shown in Fig. 24.6.

It is interesting to note that any “open” complex, i.e.,
containing free chelating sites, as highlighted in Fig. 24.5,
can be used as a core in appropriate converging approaches.
For example, the mononuclear core [Ru(2,3-dpp);](PF¢), and
the analogous Os complex — [Os(2,3-dpp);](PFs), — have
been successfully used in the convergent synthesis of
decanuclear systems (see Fig. 24.7).

Convergent

xR « approach
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A = % W
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approach Growth
- Convergent
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Deprotection
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+
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Fig. 24.6 Schematic representation of dendrimer synthesis by diver-
gent and convergent methodologies

As shown in the diagram, within these supramolecular
structures, metals can occupy three different topological
sites:

1. Central: Occupied by the M, metal coming from the
complex used as core.

2. Intermediate: Occupied by M; metals, which occupy the
central position of the trinuclear complex used as a branch.

3. Peripheral: Occupied by the M,, metals that occupy the
peripheral positions in the trinuclear complex.

It is therefore clear that there is a synthetic control on the
topology of the system, i.e., the appropriate choice of the
starting building blocks translates into the topology of the
decanuclear system obtained.

The first example of a convergent approach is to be found
in Fréchet work [26].

The key steps in the synthesis of the ramifications consist
in the reaction of benzyl bromides with 3,5-dihydroxybenzyl
alcohol. This allows the next generation of benzyl alcohol to
be obtained.

On the benzyl alcohol thus obtained, it is possible to carry
out a further bromination step in order to restore the bromide
function and thus to iterate the growth process.

The ramifications thus obtained are reacted with a core
suitably functionalized.

24.1.2 Photochemical and Photophysical
Properties

Most of the coordination dendrimers have photophysical
properties, which can be discussed within the approximation
of the localized orbital molecular and which are substantially
controlled by the characteristics of the metal-based units and
the topology of the system [27].

Many of the examples reported in the literature are based
on metal dendrimers characterized by photochemical and
photophysical properties associated with luminescent and
long-living excited states at adequate energies.

The energy gradient is a fundamental parameter in order to
obtain e.g. energy and electrons transfer processes between
the units of the same dendrimer or between the dendrimer and
external species.

As already said, most of these supramolecular arrays are
made by polypyridine complexes of Ru(Il) [28], Os(Il), and
Re(I) and/or cyclometalated complexes of Rh(III) and Ir(IIT)
[29, 30]. The use of these photo- and redox-active subunits,
organized in dendrimeric structures, lies in the possibility,
based on the properties of the individual building-blocks, to
organize in terms of space, time, and energy the excited states
in order to optimize the photophysical processes of the
dendrimeric structure.
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Complex as ligand

M= Ru(II) or Os(IT)

Fig. 24.7 General representation of decanuclear metal based dendrimer synthesis by a convergent approach
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All the dendrimers discussed in this work, with some
exceptions, are based on these photoactive subunits.

In general, in these compounds, the excited states
involved in photochemical and photophysical processes are,
by nature, the charge transfer from metal to ligand (MLCT),
and or ligand to metal charge transfer (LMCT) [29, 30]. The
energy of these states strictly depends on the oxidation poten-
tial of the metal and the reduction potential of the ligand [27].

As far as the structure is concerned, most of the photo-
chemical and photophysical studies concern dendrimers of
the type shown in Fig. 24.6. Only a few examples of type a
and none of types b and ¢ have been studied from that
perspective. For dendrimers that contain metal-based units
only in the core, an interesting issue is whether the excited
properties of such units are affected by the surrounding
branches. For metal-based dendrimers as branching centers,
the most interesting challenges are the mutual perturbation
between the chromophores and the appearance of photo-
induced electron and/or energy transfer processes
(intradendrimers). In most cases, these processes are highly
efficient between units that share a bridging ligand, while
they can be much less efficient between metal-based units
that are very far apart [27]. In addition, due to the presence of
many metal-based chromophores, each characterized by vis-
ible MLCT absorption bands, d-type dendrimers have signif-
icant absorption. This property, together with the control of
energy migration patterns, justifies why these compounds are
often considered artificial antennas [31].

Properties of Selected Examples

A recent review by Campagna et al. [32] resume the main
photophysical properties of this kind of dendrimers that are
essentially made for photoinduced energy migration across
the arrays.

The rationalization of the photophysical properties of
d-type dendrimers, see above, and in particular of the com-
plexes published by Balzani, Campagna et al. needed some
clarification.

Although these species can be considered supramolecular
systems, in the sense that the intrinsic properties of each
metal subunit are maintained, the presence of bridge ligands,
see Fig. 24.7, among the metal centers has a significant
influence on the properties of the multinuclear system. The
properties of the individual ligands themselves vary from
single-coordination to double-coordination. Specifically, the
redox potential for the first reduction process is less negative
by several hundred mV in bis-coordinated systems. There-
fore, the energy of the MLCT state (which is formally a
Ru — p-2,3-dpp CT state) decreases. This behavior means
that the properties of the mononuclear species cannot be
considered as a model for multimetallic systems, but rather

must be considered as models only systems in which the
ligand is bis-coordinated.

In the same way, since the energy of the MLCT states
depends on the oxidation potential of the metal center and
therefore on the ligand coordinated, the subunit {Ru(p-2,3-
dpp);}*" appears to have an MLCT excited state higher in
energy than the corresponding one localized on {Ru(bpy),
(4-2,3-dpp)}*" subunit, although the accept orbital of the
transition is located on the same type of ligand. This trans-
lates into the fact that in the all-ruthenium dendrimers, the
excited states located on the peripheral subunits have lower
energy than the intermediate or central ones. Therefore the
energy absorbed by all chromophores is spread outside,
see, for example, Ru{(p-2,3-dpp)Ru(bpy),}s}s]®" and
Fig. 24.8.

If an Os(Il) subunit is present, the driving force for the
energy transfer is normally favorable in the direction of the
osmium center.

As observed for the bridging ligand, the metal-metal inter-
action mediated by the ligand is also not negligible, so the
oxidation potential of the metal centers shifts to more positive
values than the corresponding mononuclear species. The
same can be described for ligand-ligand interactions medi-
ated by the metal center.

On the basis of these premises, the properties of this type
of multimodally system can be explained. For example, in the
dendrimer  [Os{(p-2,3-dpp)Ru(bpy),}s]*" (OsRu3), the
energy absorbed by the peripheral Ru(I) centers is efficiently
transferred to the excited state localized on the osmium
(IT) core [33].

For the first, second and third generation all-ruthenium
dendrimers, the schematization of which is shown in
Fig. 24.8, the energy transfer processes lead to the final
population of the *MLCTs located on the peripheral centers.
For this type of system, the main active mechanism for the
photoinduced energy transfer process is Dexter-type electron
exchange [34].

If in the second generation system, containing nine poly-
pyridine centers of Ru(II) and one of Os(II), in principle the
driving force should be favorable for a unidirectional trans-
fer towards the center, the emission spectrum of this species
is dominated by the radiative deactivation of the excited
states located on the peripheral Ru(Il) centers and with
only a small contribution by the Os(Il) center (see
Fig. 24.9) [17].

In this case, the energy transfer from the peripheral sub-
units to the central Os(I) is forbidden by the presence of high
energy excited states located on the intermediate Ru
(I) subunits. This is even more evident in the docosanuclear
species OsRu21, where there are two shells of higher energy
excited states [32].
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Therefore the presence of Ru(Il) subunits with energies of
the excited states higher than those of the peripheral and
central subunits was the reason for the EnT inefficiency
from peripheral to central in the dendrimers that contain
more than four Ru(Il) centers even in the presence of an
Os(II) subunit as a potential energy acceptor [7, 34].

In most metal dendrimers, bridge binders are mainly
used to connect two metal centers. An exception is the
HAT ligand (HAT = 1,4,5,8,9,9,9,12-hexaazatriphenylene),
which, unlike the 2,3 dpp or 2,5 dpp, is able to connect
three metal centers together [7, 35]. However, the elec-
tronic coupling that provides the HAT ligand is particularly
high so the energy of the n* orbital state lowers to such an
extent that it becomes the orbital acceptor(s) of the excited
metal-to-ligand charge-transfer state (MLCT). But the rel-
atively low energy of these states shifts the emission to
near-infrared even for compounds that contain only
Ru(II) centers.

Franck-Condon factors for nonradiative deactivation
processes are therefore very efficient and the excited state
lifetime becomes short. This behavior becomes even more
pronounced in the case of complexes containing Os(Il),
because, at parity of ligands, the MLCT states based
involving Os(Il) are lower in energy than the analogues
of Ru(II).

One approach used to overcome this disadvantage was to
use a bridging ligand (see L in Fig. 24.10) [36] with different
electronic properties than 2.3-dpp and HAT [7, 37].

L is a tris-chelating bridging ligand based on three
bipyridine-type subunits connected together by a triazine
scaffold. This type of electronic arrangement causes the
chelating sites of L to be decoupled so minimizing the
electronic interactions between the three chelating
subunits.

As a result of this, the multicoordination of L does not
reduce the energy of the n* orbital to an extent that makes
luminescence inefficient; therefore a system containing
6 metal Ru(Il) centers and an Os(I) core was prepared, see
Ru60s in Fig. 24.11, in which the photo-induced
intercomponent EnT from the MLCT states involving the
peripheral Ru-based subunits to the MLCT state involving
the core, has been demonstrated to be efficient and
quantitative.

Campagna et al. also demonstrated that dendrimers made
of Ru(Il) and Os(Il) polypyridine subunits spontaneously
self-assemble in solution so changing their photophysical
properties. In particular, aggregation-driven energy transfer
from higher-energy states based on Ru(II) subunits to lower-
lying levels involving Os(II) subunits occurs, most likely via
an inter-dendrimer mechanism also in the decanuclear mixed
species discussed before [38].

A way to increase the nuclearity of these systems, keep-
ing efficient the processes of unidirectional energy transfer,
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is to introduce alternative subunits characterized by high-
energy excitation states. In this manner, in fact, the energy
of the internal chromophores is not significantly modified,
but a gradient of energy towards the intermediate subunits
is maintained and the energy is, therefore, necessarily
directed towards the center. To demonstrate this, the

Fig. 24.10 Representation of the tris-chelating ligand L

Fig. 24.11 Molecular structure
of the heptanuclear complex
Ru60s

decanuclear compound 2, [Os{(p-2,3- dpp)Ru-[(p-2,3-
dpp)PtCl,],}3](PFg)s or OsRusPts, in which the outer
layer of the metallic subunits consists of PtCl, units, has
been reported.

In this species the energy of the lowest excitation state of
(u-2,3-dpp)PtCl, is higher than that of [Ru(p-2,3- dpp)s],. In
fact, the excitation of the intermediate chromophores, based
on Ru, of the decanuclear compound OsRu;Pt, leads to the
population of the Os nucleus with quantitative efficiency
[39]. The emission *MLCT state involves Os metal center
and the ligand bridge p-2,3-dpp, with a maximum emission at
875 nm [39].

It should also be noted that the terminal chloride ligands
offer a way to further function at the periphery, or perhaps to
anchor this species on a surface.

Another approach to achieve unidirectional energy trans-
fer from periphery to the core, lie with the introduction of
more chromophores on the peripheral ligands. Replacing the
2,2" bipyridine with an organic chromophore substituted
bipyridine, allows the introduction of a large number of
chromophores (for example, pyrenyl subunits) at the periph-
ery of the metal containing dendrimers. In this case, for

Ru60s
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example, hybrid dendrimeric systems have been synthesized,
with six pyrenyl chromophores at the periphery [40].

24.1.3 Dendrimers Built Around a Metal
Complex as a Core

The first photoactive dendrimer in which purely organic
branches have been attached in a convergent way to a metal
core appeared in 1994 [41]. The photophysical properties of this
compound are very similar to those of its [Ru(bpy).(phen)]**
core. The perturbation induced by the dendritic branches cannot
be attributed to the structure, but only to the electron donor
character of the benzyloxy groups. In fact, the energy transfer
from the benzyloxy groups to the central nucleus could not be
investigated into detail because the absorption bands of the
organic chromophoric branches are hidden by the most intense
ones of the polypyridine ligands of the core.

Larger organic branches of benzyloxic type were grafted
onto a nucleus of porphyrin to obtain a family of photoactive
dendrimers [42]. The compound shown in Fig. 24.12 is a
high generation member of this family. Photophysical inves-
tigations have shown that, in the higher generation

Fig. 24.12 Representation of a
large organic dendrimer made of
branches of benzyloxic type were
grafted onto a nucleus of

porphyrin [42] X

dendrimer, the long-range photoinduced electron transfer
through the dendrimer structure takes place between the
porphyrin core and the methyl viologen molecules that inter-
act electrostatically with ancillary units of the structures.

In general, the presence of organic ramifications does not
directly influence the energy of the excited states of the
Ru(I) core but the dendritic scaffold offered a strong barrier
to the extinction of luminescence by molecular oxygen (O,)
or other species able to react with the *MLCT excited state
(methyl viologen dication, tetrathiafulvalene. . .) [43].

Other studies report dendrimeric systems of this type in
which the peripheral organic part is able to provide photo-
induced energy transfer processes to the core. For this pur-
pose, e.g. naphthalene was placed at the periphery [44], and
the photophysical properties were characterized by the trans-
fer of the energy absorbed by the peripheral organic chromo-
phore to the excited state of the metal core, leading to an
antenna for collecting light.

In fact, in this system, the UV light absorbed by the
naphthalene subunits is efficiently transferred to the core
that emits phosphorescence in the visible.

This behavior represents an important step in the sensiti-
zation of lanthanide metal ions.
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Lanthanide ions have very interesting photophysical prop-
erties, but often have weak absorption bands. Thus, a
dendrimer that can provide a protective shell to isolate a
cation and at the same time increase the emission thanks to
the transfer from the periphery to the lanthanide ion to the
nucleus is of great interest. Self-assembled lanthanide-based
dendrimers were prepared to demonstrate this hypothesis
[45]. The authors showed that increased emissions of lantha-
nides and cations associated with them with the shell of the
dendritic nucleus shell were observed, and an antenna effect
from the periphery of the core was demonstrated to promote
this process [46].

Two reviews have collected examples of dendrimers for
nonlinear optical processes [47, 48]. In several cases, the
whole structure possesses two Photon Absorption Properties
(TPA). Moreover, alkyl ruthenium dendrimers (in which the
ruthenium subunits act as connection between branches)
were shown to possess third — order nonlinear optical prop-
erties [49], TPA properties [50], and even three - photon
absorption properties [51, 52].

Dendrimer Made of Porphyrins

Dendrimers with photoactive cores were synthesized using
porphyrins that demonstrated valuable properties, including
their use for collecting light based on an antenna effect.
Attempts to synthesize dendrimers based on these subunits
posed major challenges from a synthetic point of view.
Between the late 1990s and 2000, Aida and colleagues pro-
vided some important examples of the potential of porphyrin-
based dendrimers for applications in a wide range of fields.
For example, the construction of supramolecular assemblies
with flexible multiporphyrin dendrimers metallized with Zn
and bipyridyl host molecules with various chain length
spacers were reported [53]. In particular, their results have
shown that this type of dendrimers is able to accommodate
appropriate guests capable of increasing the quantum yield of
the self-assembled system. More complex self-assembled
structures were obtained by the construction of segregated
structures.

Arrays formed by the same dendrimers and bipyridine
guests with Cgo-fullerene units. The photo-excitation of zinc
porphyrin donors led to a transfer of electrons (PET) to
fullerene receptors to generate a charge separation, which
depended on the generation and number of Cg units. Self-
assembled systems, including a maximum of porphyrin and
fullerene units provided in the best way for the separation of
charges, in this case, for a remarkable dendritic effect.

Among the different examples of photoactive dendrimeric
systems, not based on polypyridine subunits of transition
metals, giant multiporphyrin arrays represent equally inter-
esting cases for research [54, 55]. The synthetic strategy that
can be used is similar to that described above, and these
dendritic arrays can be prepared in a convergent or divergent

manner [56]. The design consists of a porphyrin connected to
the multi-porphyrinic branches metalated with Zn. This pro-
vides an efficient platform for energy migration between sub-
units with high-energy excited states (donors) prior to transfer
to the acceptor with an efficiency that decreases slightly as the
number of metal-porphyrins. The efficiency of energy transfer
has proven to be dramatically shape-dependent. The electron
transfer seems to be more efficient with a geometry suitable for
donors around the acceptor. The central part must be able to
trap the energy and a highly congested architecture has proved
more useful for this process [57, 58].

Recently, fibrous supramolecular coordination polymers
were formed from light-harvesting multiporphyrin
dendrimers and multipyridyl porphyrins through axial coor-
dination interactions of pyridyl groups. The coordination
polymers reduced intramolecular energy transfer processes
within the light-harvesting dendrimer, and an intermolecular
energy transfer became predominant [59].

24.1.4 Chemistry on the Complex

In addition to the dendrimers obtained through assembly via
coordination of metal ions (“cal/cam” summary strategy),
several dendrimeric species were obtained using an alterna-
tive approach [60].

The chemical transformation of ruthenium complexes after
coordination has been used since their inception in the 1970s.
However, there have been several alternative synonyms in the
literature, for example, post-coordination. De facto the chem-
istry on the complex aims to customize the photophysical and
redox-chemical properties of the metal subunits. It also allows
the conjugation of Ru complexes with other functional molec-
ular fragments, which is very interesting for specific recogni-
tion processes (targeting functions in life science applications)
or to control the processes of energy or electron transfer
induced by light or transfer in more complex systems.

This method is based on preparing polypyridine subunits of
mono- or multimetallic Ru(Il) bearing on the polypyridine
ligands reactive sites and directly coupling these modules by
means of high-performance organic reactions on the coordinated
ligands. The bridge ligand that allows to assemble the different
metal centers, in this way, is formed during the reaction.

Constable and collaborators have prepared a large number
of Ru(ll) dendrimers using this synthetic alternative,
exploiting both convergent and divergent approaches.

In most cases, they used ligands such as of the terpyridine
type (terpy) as chelating sites.

One of the largest systems prepared by this team is an
octadecanuclear complex [61-63]. The synthesis was the fol-
lowing obtained by reacting to six equivalent trinuclear com-
pounds, ending with a hydroxylated group (treatment with
base generates the reactive intermediate), with an equivalent
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of hexakis(bromomethyl)benzene to generate the octa-
decanuclear composed of a converging path [24]. Similar sys-
tems have been studied by Juris and colleagues, which used
terpyridine analogues for the preparation of the first generation
of a tetranuclear dendrimer mixed-metal complex [64]. In
particular the synthesis of the latter compound is an example
of coupling between the “cal/cam” approach and the perfor-
mance strategy organic reactions on complex preforms.
Starting from the alkylation of decorated bromine complexes
[Ru(bpy)s]*" with hydroxyl bpy, subsequently, a coordination
reaction was carried out to generate the peripheral complexes
[M(bpy);]*" (M = Ru, Os). Unlike previous more strongly
coupled polynuclear assemblies, the photophysical properties
of the subunits were mainly preserved, which aroused great
interest in subsequent years. The Constable group systemati-
cally studied the synthesis of polynuclear metal-based com-
plexes through the chemistry of alkylation [65—68]. This
strategy was further applied to assemble molecular dyads,
triads, etc. Although most of these sophisticated architectures
contain conjugated aromatic connection models and are often
assembled before the coordination, the use of the alkylation
reaction is reported. For example, free or containing porphy-
rins have been paired with decorated bis-phenol [Ru(tpy),]**
to form symmetrical trinuclear systems [69].

MacDonnell and his collaborators also used the method of
coupling reactive sites on different polypyridine complex as
ligand to generate chirally controlled first- and second-
generation metal dendrimers [70, 71]. Using chirally resolved
subunits, enantiomerically pure dendrimeric species have
been obtained, since the reactions occur with maintenance
of the configuration in the metal centers (which are not
involved in the reaction process) and the new binding agent
generated by the reaction does not introduce further elements
of chirality in the final species.

Recently, assemblies formed by using the strategy of linking
the metal units by biphenyl units appears in literature. This
strategy offers only a limited degree of conjugation between
metal centers, with individual units retaining native excited states
properties. So an octanuclear mixed metal compound of compo-
sition Ir;Ru having a dendrimer wedge-like structure has been
prepared showing an excellent and direction antenna effect [72].

24.2 Coordination Polymers

Synthetic organic polymers have played a key role in the
development of the economy of modern society. Although
initial research was essentially focused on the field of basic
thermoplastics and elastomers, towards the end of the twen-
tieth century the focus shifted to special materials or materials
with advanced and specific properties. To this end, thanks
also to the progress of coordination chemistry, the focus has
been on metal centers, which in addition to providing a

spatial arrangement, more or less rigid, controlled, are able
to give access to specific properties and functions. The incor-
poration of metal centers into the skeleton of polymers has
led to the development of a wide range of new materials
based on organometallic and coordinating compounds for
potential applications in different research fields, ranging
from energy storage/conversion to bioactive materials [73].

The encounter between these two worlds of chemical
synthesis, has allowed the development of new materials
easily tunable through the incorporation of metal centers in
chains of synthetic polymers. The systems obtained, how-
ever, were in most cases either short chain or insoluble and
therefore difficult to characterize.

The progress in synthesis achieved in the 1990s has made
possible to prepare this type of material in relevant quantities,
with a wide variety of structures, and has allowed the detailed
study of their properties [74—89]. Metallopolymers can con-
tain a variety of metal centers, from the main group metals
such as Sn and Pb, to transition metals such as Fe, Ir, and Pt,
to lanthanides such as Eu.

There have been several attempts at classification, but
among many, the one carried out by Rehahn and Ciardelli
et al. at the end of the 1990s [90, 91] distinguishes metal
polymers according to their topology. According to their
classification (see Fig. 24.13) three main typologies can be
distinguished.

Polymers of type I, in which metal ions / complexes are
bound to the polymer in the lateral chain or in the final group
by electrostatic interaction (a), coordination bond (b) or cova-
lent bond (c). Type 1I polymers that have metal centers at the
beginning of the main chain, where the metal centers are
incorporated by covalent bonds (a) or metal-ligand coordina-
tion (b). For these two types, the electronic properties of the
metal can influence the properties of the material in the most
effective manner [92]. Finally, in type III polymers, metal
ions are incorporated into a polymer matrix through physical
interactions, the driving force for the formation of these
materials is the negative free energy as a result of the chelated
effect of the polymer.

Therefore, the properties of the new materials, in addition to
the nature of the components can be varied by their location
and by the binding type. The bonds that couple metals can be
covalent, which leads to an essentially irreversible or “static”
bond, or of a noncovalent type, which, as already seen for
dendrimers, can allow a potentially reversible bond.

If the first synthetic approaches were aimed at the possi-
bility of preparing soluble and high molecular weight mate-
rials in order to clarify their properties, industry research has
led to the identification of the combination of metal, binder
group and spacer groups such as to achieve the desired
function and then prepare the required material.

Wong et al. reported about the principal properties of
metallopolymers [93].The main topic of this paragraph lies
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Fig. 24.13 Schematic representation of Type I, II and III coordination polymers

with photoactive polymeric coordination materials, and in
particular with Type-I and Type-II polymer.

24.2.1 Zn(ll) Polymers (Type-ll Polymers)

Among the many metal ions used to assemble coordination
polymers, zinc ions have found numerous applications thanks
mainly to their low cost due to high availability, low
toxicity [94].

The zinc(II) ion thanks to its electronic configuration does
not take part directly in the photophysics of the assembled
supramolecular species, but affects those of the organic sub-
units binding that connects.

For example, zinc (II) complexes with Schiff-based
ligands and in particular chromophore as salen-Zn(Il) type
complex (salen = N,N-etilenebis(salicylimine)) required to
assemble Zn(II) bis(N-alkyl salicylaldiminate) have excellent
fluorescent properties with exceptional photoluminescence
properties, high quantum yields and good thermal stability.
Moreover the synthetic strategy used to obtain these species

allows to produce structural modifications useful to modulate
the properties of materials [95].

A variety of systems containing Zn(Il) ions with high
photoluminescence quantum yields (¢) and electrolumines-
cence performance (EL) have recently been synthesized.
Their photophysical data are summarized in Table 24.1.

Zinc (ll) Polymers Based on Schiff-Bases

Che et al. have first reported the preparation of polymers
based on these subunits [96]. The obtained species have the
characteristic spectral profile with absorption bands in the
UV region of the electromagnetic spectrum assigned to tran-
sitions m=>n* centered on the binders (LC) which in this case
involve the p-phenyl rings and the salicyl-aldimine ligand,
only a few intense contributions are observable in the visible
region within 430 nm. These species are luminescent from
single 'LC states and the emission spectra extend from blue
to yellow in DMF solution (e.g., blue for 1b, green for 1a and
1¢, and yellow for 1h with A, at 458, 508, 501 and 562 nm,
respectively). Just as the color of the emission depends on the
type of binder used, the quantum luminescence yield also
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Table 24.1 Some photophysical data of Zn(II) coordination polymers selected examples

Polymer Amax.abs (NM) Aem, (sol)(nm)
la 408 508

1b 378 458

1c 413 501

1d 351 534

le 425 518

1f 345 516

1g 427 514

1h 358 562

2a 358

2b 379

2¢ 372

3a 342 450

3b 343 439

3c 345 457

3d 344 441

3e 342 422

3f 373 457

3g 372 456

3h 342 434,518
3i 413 440, 461, 556
3j 414 459, 488
3k 405 501

31 373 443

3m 403 468

3n 438 477

30 403 470, 496
3p 344 420

3q 430 492, 544
3r 429 488, 513
3s 421 482, 512

varies from 2% for 1e and 1h to 34% for 1f. These species
can be used and are luminescent not only in solution but also
when transformed into thin films (Fig. 24.14).

Cao et al. in addition to studying the effect of the substi-
tution on the nitrogen atom, have investigated the effect of
the introduction on the bridge of an aryl type spacers
[97]. The main effect is an increase in the emission intensity
and, in addition, moving from 2a to 2¢, the maximum emis-
sion gradually shifts to red. This behavior is consistent with
the increased conjugation of polymers using bridge units of
the fluorene, carbazole and phenyl type (emission at
530, 540, and 545 nm, respectively).

The number of examples that have appeared in the litera-
ture is enormous and some of the results are summarized in
Table 24.1.

Zn(ll) Polymers Based on Polypyridine

In 1995, Constable proposed that coordination polymers
could be obtained by adding metal ions to the suitably
functionalized terpyridine (terpy) [98].

¢ Aem,PL(film) (M) () Ref.
0.06 538 (0.13) [96]
0.09 509 (0.04) [96]
0.15 536 (0.13) [96]
<0.01 [96]
0.02 534 (0.07) [96]
0.34 538 (0.15) [96]
0.20 538 (0.19) [96]
<0.01 [96]
531 (0.51) [97]
540 (0.46) [97]
546 (0.42) [97]
0.45 450 (0.20) [100]
0.25 489 (0.30) [100]
0.50 465 (0.40) [100]
0.44 430 (0.25) [100]
0.25 488 (0.15) [100]
0.77 546 (0.50) [100]
0.34 530 (0.20) [100]
0.32 535 (0.55) [100]
0.49 567 (0.40) [100]
0.15 [94]
0.33 [94]
0.23 [94]
0.52 [94]
0.42 [94]
0.36 [94]
0.81 [94]
0.50 [94]
0.27 [94]
0.12 [94]

In 2002, Wiirthner proposed the introduction of perylene
bisimide-type chromophores as a bridge between two
terpyridine subunits able to assemble coordination polymers
using Zn(IT) [99]. The introduction of redox and photoactive
systems to bridge the coordinating fragments underlines their
potential to be used as new functional and stable optoelec-
tronic materials. The stability of the polymer obtained is
mainly due to the fact that terpyridine ligands form stable
coordination compounds with the Zn(Il) ions via dt — prn*
bonding. Therefore, geometry, stability, directionality and
modularity of organic bridges allow to introduce charge
transport properties with high thermal stability and flexibility
in the design and structural modification, making these spe-
cies important for use in optoelectronic devices (Fig. 24.15).

As previously pointed out, thanks to the d-electron shell
filled, the Zn(II) ions are not directly involved in any elec-
tronic transition in this type of systems. Therefore, the
electro-optical properties of metal polymers can be easily
modulated according to the type of chromophore or with
spacer units introduced between the chelating sites.
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Fig. 24.14 Structural formulae
of salen-Zn(Il) type polymers of
the 1 and 2 series
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In 2003, Che (3a to 3i) carried out for the first time a
systematic study on the exact relationship between the struc-
ture and the photophysical properties of these systems
[100]. In fact, a series of terpyridine-based zinc (II) polymers
have been prepared and studied using rigid structures and
terpyridine base coordinators. The absorption spectra of this
type of polymer are similar to each other with absorption
maxima in the UV region attributed to LC transitions. The
rigid spacer subunit essentially influences the photophysical
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properties, for example, the emission colors of 3a, 3f, 3g, 3h,
and 3i, ranging from blue, to green to yellow, with emission
maxima ranging from 450 (0.55) to 567 (0.55) nm and
quantum yields of the order of 50% demonstrating that poly-
mers exhibit higher quantum yields than their equivalent
monomers.

Further investigation on this family of compounds led
Schubert et al. to prepare similar systems with aromatic sub-
units with electron-donators in the bridge (for 3j to 3s)
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Fig. 24.15 (continued)
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Fig. 24.15 Structural formulae of some [Zn(tpy),]-based metallo polymers

[101]. Such studies have shown that metal-polymerization
leads to a shift in the wavelength of absorption due to induc-
tive effects caused by metal ions, and, in general, a hypo-
chromic effect. Metallopolymers with extended n-conjugated
systems (i.e., 3n and 3q to 3s) present absorption bands
shifted to minor energy in the range 420450 nm. It is
therefore confirmed that the displacement of the absorption
bands of the metal polymers can be predicted by changing the
type and extension of the m-conjugated system to bridge
between the bis(terpyridine). In these particular cases, a par-
asite effect has been highlighted, i.e. a decrease in the quan-
tum yield of emission accompanied by a band widening
attributable to the formation of aggregates and/or excimer.
Aggregation can be inhibited by introducing substituents on
the bis(terpyridine) binders as observed in 3m, 3n, 3p, and 3q
[102]. The energy of the emission depends directly on the
extension of the conjugated system. The luminescence shifts
from green to red, for example in 3k, with the increase of the
effective extension of m-conjugation [103, 104].

Over the years, the number of polymers based on Zn*"
has increased, but the actual property of the polymer
depends essentially on the properties of the ligand used to
assemble it.

24.2,2 Ru(ll) Polymers (Type-l Polymers)

Partly different discussion can be done for metal polymers
containing Ru(Il) ions.

As already discussed, the properties of the polypyridine
complexes of Ru(Il) can be easily modulated, therefore the
use of these ions leads to the formation of metal polymers
whose properties are defined both by the ligand and by the
ion which is directly involved in the electronic transitions.
There are two types of coordination of Ru complexes on the
polymer chain. Bpy ligands are directly incorporated into the
skeleton of the m-conjugated polymer or bound to the polymer
as a pendant group via conjugated or nonconjugated linker.
Preformed polymers in which free bipyridine subunits are
present are characterized by a conjugation of the
non-metallized polymer interrupted by the torsion of the
inter-ring to the bpy group. However, because of the coordi-
nation of the Ru, the nonplanar bpy units are forced to a
syn-planar conformation that increases the extension of the
conjugation. This leads to a direct change in the photophysical
properties (e.g., absorption shifted to red with higher intensity
of the low-energy bands, emission bands shifted to red and
lower for example) and reports the presence of the coordinated
metal ion. Bipyridine ligands are directly incorporated into the
skeleton of the m-conjugated polymer or bound to the polymer
as a pendant group via conjugated or nonconjugated linker.
Yamamoto and collaborators synthesized the first fully conju-
gated Ru(Il)-polymers (Rul) containing ruthenium chromo-
phores that are directly part of the polymer chain through
coordination of the bipyridine present as a repetitive unit on
the polymer chain (Fig. 24.16).

Some results are summarized in Table 24.2. The
bipyridine and 5.5"-bipyrimidine (bpym) units can be inserted



660

F. Nastasi et al.

Fig. 24.16 Structural formulae of some Ru(Il)-based type-I polymers
containing bipyridine (Ru-1a) and bipyrimidine (Ru2-a) moieties

as coordination sites directly on the polymer chain
[105]. Controlled polymerization (chain length ~10 repetitive
units) is necessary to preserve good polymer solubility. The
absorption spectrum of these species is characterized by the
typical bands of Ru(Il) polypyridine complexes. For exam-
ple, Ru-1a shows an absorption band in the visible, attributed
to a singlet metal to ligand charge transfer transitions
("MLCT) at 450 nm, and intense absorption bands in the
ultraviolet due to n-n* transitions centered on the ligands
and the polymer skeleton. Ru-la photoluminescence is
centered at 694 nm, which lies below the energy of the
parent [Ru(bpy);]*" (emission centered at 612 nm). The
energy of MLCT transitions depends on the oxidation
potential of the metal and the binding agent reduction
potential. So, the increased delocalization of the polymer
chain makes this more easily reducible and therefore the
orbital interposed by the low-energy transition involves this
fragment. The absorption spectrum of the bipyrimidine-
based Ru-1b polymer has an MLCT band at 435 nm and
there is also a tail in the red region of the spectrum which
suggests the existence of 1:2 complexes in which two metal
units are coordinated to the same bipyrimidine (bpym) sub-
unit (i.e., [(bpy)zRu(p—bpym)Ru(bpy)2]4+). This polymer is
not photoluminescent.

Chan and his team reported on poly(benzobisoxazole)
(Ru-2a and Ru-2b) and poly(benzobistiazole) (Ru-2¢ and
Ru-2d) containing [Ru(bpy);]*" units, Fig. 24.17 [106].
Spectroscopy studies show that when the 2,2'-bipyridine
group is incorporated into the polymer chain using the 5,5’
position, electronic delocalization is more extensive than

Table 24.2 Photophysical properties of some selected examples of Ru
(II)-based polymers

Polymer Amax,abs (nm) ﬂem,PL(sol) (nm) lem,PL(ﬁlm) (nm) Ref.
Ru-la 450 694 [105]
Ru-1b 435 [105]
Ru-2 500-520 [106]
series

Ru-3a 450, 550 [107]
Ru-3b 550 [107]
Ru-4 550-700 [113]
series

Ru-5 460, 600 [114]
Ru-6 410-450, [114]

500
Ru-7a 476 629 [114]
Ru-7b 464 770 [114]
Ru-8a 565 [112]
Ru-8b 492 [112]
Ru-9 507 [116]
Ru-10 680-700 [115]
Ru-11a 452, 498 550, 578, 606, [90]
630
Ru-11b 452, 500 575, 620, 640 [90]

when using the 4,4’ position. The incorporation of the
ruthenium ions into these polymers dramatically increases
the mobility of the charge carriers, demonstrating that Ru
complexes can improve the transport of the charge through
the polymeric material. Yu and colleagues have synthesized
the first poly(p-phenylene vinylene)s (PPV) containing
Ru(II) chromophores that are incorporated into the polymer
through the bpy unit [107]. The absorption spectrum of
Ru-3a exhibits the spectral characteristics typical of metal-
lized and non-metallized polymers with absorption in the
visible centered at 450 nm. The all-Ru(Il) polymer Ru-3b
shows an intense absorption at 550 nm, which is signifi-
cantly red-shifted compared to the similar Ru-3a complex
and to that exhibited by [Ru(bpy);]*". However, unlike the
Ru-monomer polymer and organic-based polymers, these
types of Ru polymers are not emissive [108]. In general, this
type of polymer has been extensively investigated for appli-
cations in DSSc devices. Therefore, the interest was focused
on further modulating the optical and electronic properties
of these metal-organic PPV materials by incorporating
Ru(Il) complexes with different ligands, for example
dichtonate and hydroxyquinoline (Ru-4) (Fig. 24.18).

The replacement of dichtonate and hydroxyquinoline
groups in the ancillary ligands of the Ru substantially lowers
the redox potential of the Ru(I/IlI) with respect to similar
polypyridylic complexes. This decrease in Ru(II/III) potential
induces a significant red shift in the MLCT Ru — bpy-PPV
MLCT transitions. The introduction of a donor-acceptor stil-
bene derivative (D-A) acting as a nonlinear optical
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Fig. 24.17 Structural formulae
of some Ru(Il)-based type-I
polymers containing poly
(benzobisoxazole) (Ru-2a and Ru-
2b) and poly(benzobistiazole)
(Ru-2c¢ and Ru-2d) subunits

chromophore as in Ru-5 has been investigated too [109]. The
use of PPV polymers containing Ru as a light emitter has
been reported by Chan et al. (Ru- 6), Fig. 24.19 [110]. Most
of the polymers mentioned above exhibits three absorption
bands which are due to the intraligand transitions centered on
the bpy ligands at 290 nm, the LC transition of the conjugated
main chain (410-450 nm) and the MLCT transition of the Ru
complex at about 500 nm. The absorption maxima of the
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latter two bands are shifted to the shorter wavelengths but
with greater intensity when the metal ions content is
increased.

Guillerez et al. conducted a detailed photophysical inves-
tigation of Ru-conjugated polymers based on polyphenols.
Ru-7 polymers containing 3-(octythiophene) tetramers or
hexamers in which organic subunits are interspersed with
type- [Ru(bpy)s;]*" subunits have been reported [111].
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Fig. 24.18 Structural formulae of some Ru(Il)-based type-I polymers containing poly(p-phenylene vinylene)s moieties

Ru-5

SO,CH;

Fig. 24.19 Structural formulae of some Ru(I)-based type-I polymers containing poly(p-phenylene vinylene)s chains and donor-acceptor subunits

The absorption spectrum of Ru-7b has many characteristics
similar to those of Ru-8a; however, the absorption intensity
observed in these species is caused by the increase in the
number of thiophene rings in the repetition unit. These two
polymers are weakly emissive and the Ru-7a, and the lumi-
nescence lies at energy similar to that of [Ru(bpy);]**. Ru-7b

has an extremely weak emission centered at 770 nm. This
emission is shifted to the red and significantly weaker (about
20 times) than the emission of Ru-7a.

Another case of polymers containing Ru(Il) is that
of nonconjugated species containing the Ruthenium based
chromophore with a rigid main chain [112] (Fig. 24.20).



24 Multinuclear Metal Complexes: Coordination Dendrimers, Polymers, and Coordination Cages

663

Ru-6

QN/ T \N’Q_ Ru-82a A=NH
Ru-7a x=4 o

AY TR Ru-8b A=
Ru-7b x=6 \

Ru-10

Fig. 24.20 Structural formulae of some Ru(Il)-based type-I polymers containing poly(p-phenylene vinylene)s chains of the Ru-6 to Ru-10 series

In these species, the conjugation is interrupted by metal
coordination complexes; therefore, the absorption and
emission characteristics are similar to those of the pre-
cursors and individual fragments of the polymer chain.
Ru-9 shows an absorption pattern similar to that of the
monomer (MLCT transition to 507 nm emission)
[113]. Unlike Ru-3 polymers showing MLCT absorption
bands centered at ~450 nm, this absorption was not
observed in Ru-9 because of the orthogonal geometry

between the two terpyridine binding fragments and the
nm-conjugated system on the perturbed main polymer
chain. The absorption spectrum of Ru-7b has many char-
acteristics similar to those of Ru-7a; however, the absorp-
tion intensity observed in these species is caused by the
increase in the number of thiophene rings in the repetition
unit. These two polymers are weakly emissive and the
Ru-7a has a form of energy and bandwidth similar to
that of [Ru(bpy);]*". Ru-7b has an extremely weak
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Fig. 24.21 Structural formulae of some PPV polymers in wich Ru(II) complexes are fixed as side chain chromophores and not conjugated to the

main chains

emission at A, = 770 nm. This emission is shifted to red
and significantly weaker (about 20 times) than the emis-
sion of Ru-7a.

Ru-8 are polymer based on tridentate 2,6-bis
(benzimidazol-2-yl)pyridine ligand [112]. The polymeriza-
tion brings to a new absorption band centered at 490 nm, at
higher energy with respect to the case of analogous
bpy-based polymer because of the less extended conjugation
along the polymer chain. Moreover the absorption of
benzimidazolyl-based Ru-8a species is more red-shifted
with respect to benzothiazolyl based Ru-8b compounds.

Another case of polymers containing ruthenium is that of
nonconjugated species containing the Ru(Il)-based chromo-
phore within a rigid main chain.

In these species the conjugation is interrupted by metal-
lic complexes (e.g. Ru-terpyridine), amides or imides.
Therefore, the absorption and emission characteristics are
similar to those of the precursors and individual fragments
of the polymer chain. Ru-9 shows an absorption pattern
similar to that of the monomer (MLCT transition to 507 nm
emission) [113]. Unlike Ru-3 polymers showing MLCT
main chain absorption bands centered at ~450 nm, this
absorption was not observed in Ru-9 due to the orthogonal
geometry between the two terpyridine binding fragments
and the m-conjugated system on the perturbed main polymer
chain. The major application of this type of system is in the
field of photovoltaic cells [114] The synthesis of different
aromatic polyamides with 2,2'- bipyridyl moieties (Ru-10)
has also been reported [115]. In this case, the luminescence is
dominated by the emission from the *MLCT states, charac-
teristic of the [Ru(bpy)s]*" -like subunits, in the range 680—
700 nm. The nonconjugation of the polymer chain results in

the fact that the emission energies are not affected by the
monomer ratio.

Ru(II) complexes can also be fixed as side chain chromo-
phores not conjugated to main chain polymers. If the main
chain is a luminescent conjugated polymer, both the metal
complex and the polymer can function as a light emitter and
in most cases do not affect each other except by energy
transfer in the excited state. Ru-11a and b belong to a series
of PPV polymers with [Ru(terpy),]*" (Ru-11 a) or [Ru
(bpy)s]*" (Ru-11 b)pendant, Fig. 24.21 [116]. The UV-vis
absorption spectra of the polymers show intense absorption
bands due to both the conjugated main chain and the
Ru(Il) portions and resemble the typical absorption profiles
exhibited by Ru(Il) polyrididine complexes. Their photo-
luminescence spectra depend essentially on the metal
complex [117].

Iridium (l11) Polymers (Type-l and Type-ll Polymers)
The preparation of polymers containing phosphorescent Ir(III)
complexes has attracted increasing attention in relatively recent
years, also because Ir(IlI) systems are widely used in the field
of optoelectronic materials. The preparation of polymers
containing phosphorescent Ir(IIl) complexes has therefore
attracted increasing attention in relatively recent years.

In fact, the use of organic polymers for the realization of
electroluminescent devices is well known, as well as the
dispersion of dyes in their matrix. But the use of simply
mixed systems typically suffers from phase separation,
which leads to a rapid reduction in the efficiency of the
devices made. An effective solution to this problem has
been the introduction of Ir(Ill) complexes in the main
and/or lateral chain of the polymer by means of a chemical
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Table 24.3 Photophysical properties of selected iridium containing polymers

Polymer Amax.abs (NM) Aem,PL(soly (NM)

Ir-1 230, 350 400-500
300430 600"

Ir-2 230, 350 400-500
300430 600*

Ir-3

Ir-4a 350

Ir-4b 350

Ir-5 382 418

Ir-6a 260, 310

Ir-6b 260, 310, 430

Ir-6¢ 260, 330, 420

Ir-7 350, 450

Ir-8

Ir-9

Ir-10

Ir-11

Ir-12

Ir-13

Ir-14

Ir-15 357

Ir-16 353

Ir-17 372

Ir-18a 330

Ir-18b 330

Ir-18c 290

Ir-19 256, 306

Ir-21 346

Ir-22 317, 371

*Measured in dichloromethane solution

bond in order to both inhibit phase separation and, from an
efficiency point of view, limiting the interaction between the
host chromophores, to reduce the triplet-triplet annihilation
phenomena. Efficient green, red and white emission polymer-
based PLEDs with main chain Ir(IIT) complexes have so far
been successfully manufactured.

Ir(IlT) phosphorescent polymers, as we have seen for
Ru(Il) polymers, are based on two components, namely the
polymer host and the Ir(IlI) complex host. The polymer
skeleton can be conjugated or not conjugated in nature. The
conjugated host polymer contains are normally based on
polyfluorene such as blue emitter and excellent charge trans-
porters, or on carbazole for the transport of the holes. Most of
nonconjugated systems are based on poly(N-vinylcarbazole)
(PVK) and its derivatives and have high energy blue-
emissive excited state, favorable film-forming properties,
durability at high temperature, and excellent hole mobility.
For the phosphorescent Ir(I1I) complex host, the optimization
of ligand structures and the relative amount of Ir contained in
the polymer greatly affects the color of emission of the
resulting structure. Table 24.3 collects the photophysical
data of some Ir containing polymers.

Aem,PL(film) (NM) Ref.
420, 450 [122]
600, 630

420, 450* [123]
600, 630

600610 [124]
410, 575 (0.25) [125]
410, 575 (0.31) [125]
467(0.013) [126]
532, 574 (0.26) [127]
531, 567 (0.34) [127]
531, 569 (0.27) [127]
560, 601 (0.09) [127]
420, 520, 660, 720 [128]
420, 530, 625 [129]
624 (0.061) [130]
617 (0.023) [131]
632(0.138) [132]
638 (0.075) [132]
620 (0.238) [133]
421 [134]
562, 594 (0.073) [135]
426, 555, 592 (0.09) [135]
420, 520 (0.33) [136]
420, 580 (0.20) [136]
420, 520 (0.29) [136]
531(0.62) [136]
595 (0.43) [136]
595 (0.42) [136]

Polymers Conjugated with Ir(lll) Complexes

on the Main Chain

Polymers conjugated with Ir complexes in the main chain
can be divided into three types, Ir complexes anchored
with ligands NAN, CAN or OAO (Figs. 24.22, 24.23,
24.24, 24.25, 24.26, and 24.27). The photoluminescence
properties of these Ir polymers can be varied by different
approaches.

Polymers Conjugated with an CAN or NAN or NAN
Ligand of Ir Complexes on the Main Chain (Type-Il
Polymer)
The behavior exhibited of these two polymers is absolutely
similar. Their absorption spectra are dominated by the bands
attributed to transitions essentially centered on the polymer
skeleton in the UV region, while only a small contribution
of the Ir(Ill) complexes was found in the range of 300-
430 nm. Obviously the extent of the contribution in iridium
absorption is a function of the relative content of Ir
complexes.

Emissions are dominated by the emission of Iridium
complexes (600 and 630 nm) with only a small contribution
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Fig. 24.22 Structural formulae of some phosphorescent Polymers conjugated with Ir(Ill) complexes on the main chain (Ir-1 to Ir-5)
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Fig. 24.23 (continued)
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Fig. 24.23 Structural formulae of some Polymers conjugated with Ir(IlT) complexes on the main chain (Ir-6 to Ir-9)

Fig. 24.24 Structural formulae of some mixed Ir(IlT)-Polymers (Ir-10 and Ir-11)

to higher energy. But this behavior depends on the percent-
age of Ir complexes that are introduced into the polymer. At
low Ir content, it increases the high-energy emission of the
polymer. Therefore, by varying the ratios between the
organic part and the metal complex, it is possible to modu-
late the emission color. A change in the color of the Ir
polymer (red) from the Ir monomer (green) has been attrib-
uted to the elongation of the conjugated ligaments of
2-phenylpyridine (ppy) during polymerization. Similar

observations have been shown in Ir-3, which emits light at
about 610 nm [90].

The use of poly(fluorene-carbazole) (with a max absorp-
tion at 350 nm) leads to the formation of Ir(IIl) polymers in
which the emission is almost completely independent of the
metal complex content.

For acetyl-acetonate (acac) ligand carrier complexes,
the conjugation of the polymer backbone is interrupted,
this results in a blue-shifted emission although the Ir
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Fig. 24.25 Structural formulae of some mixed Ir(IIT)-Polymers (Ir-12 and Ir-13)

complexes with acac would normally give a peak of lumi-
nescence shifted into the red. Lin et al. reported Ir-5 poly-
mers involving benzimidazole-based Ir complexes with a
different molar monomer ratio than the organic fragment
[118, 119]. Again, absorption is dominated by the back-
bone of the polymer and benzimidazole in the 340-380 nm
region. The presence of 3,6-carbazole interrupts the delo-
calization of electrons along the polymer and the absorp-
tion bands are shifted to shorter wavelengths. Weak
MLCT absorption bands appear at 400-500 nm. The effi-
ciency of energy transfer seems to be greater when the
carbazole ratio contained in the organic part of the poly-
mer is greater (i.e. Ir-5f to Ir-5h are more effective than
Ir-5b to Ir-5d). In this case, more residual blue emissions
are evident in the PL spectra from Ir-5b to Ir-5d
(Fig. 24.22).

The use of copolymers (Ir-6) (Fig. 24.23) with picolinate
as the ancillary ligand leads to the appearance of a new
absorption peak at 420 nm.

The introduction of a OAO ligand of neutral Ir complexes
on the main chain of the polymer leads to the repetition of
delocalization on the skeleton of the polymer. Therefore, in
most cases the photophysical properties of these species are
similar to those of the monomeric species Ir-14 [120] and
Ir-15 (Fig. 24.26) [121]. The emission of this type of Ir
polymers shows only peaks slightly shifted towards red com-
pared to the emission of the corresponding organic portion.
This approach offers an additional advantage in controlling

the emission wavelength of chelating copolymers. Instead,
the Ir-14 electroluminescence spectra show a unique triplet
emission even with the low ratio of Ir to the organic portion
(Fig. 24.26).

In addition to the linear polymers of the main Ir chain, the
highly branched polymers Ir-18 and Ir-19 can reduce aggre-
gation phenomena and the formation of excimer, so, if used
in the solid state, the films obtained are of good quality, and
consequently the emission efficiencies can be improved.
Ir-18b branched hyper-branch copolymers emit green light
at about 520 nm compared to the linear analogue that emits in
the yellow [122, 123] (Fig. 24.26).

Polymers Conjugated with Ir(lll) Complexes

in the Side Chain (Type -l Polymers)

Polyfluorenes or fluorene-cocarbazole copolymers are often
used as main polymer chains. Polymers conjugated with Ir
complexes in the side chain can be manufactured by grafting
in the C9 position of fluorene or in the N position of carbazole
through a spacer as long alkyl chain. Up to now, red and
white emission conjugated polymers have been
manufactured with Ir complexes in the side chain
[124, 125]. The use of isoquinoline, Ir-21 and Ir-22
(Fig. 24.27), allows to obtain red emission (595 nm) in
solid systems such as PLEDs and it has been demonstrated
that this emission is independent from the use of copolymers.
This also indicates that the decoration of the polymer skele-
ton with these pendants of Ir complexes in the lateral chain
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Fig. 24.26 Structural formulae of some Polymers containing neutral Ir(IIl) complexes based on OAO ligands (Ir-14 to Ir-17) and polymers with
phenylpyridine Ir(IlI) complexes (Ir-18 and Ir-19)
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Fig. 24.27 Structural formulae of some Polymers conjugated with Ir(IIl) complexes in the side chain

has not altered the electronic properties of the polymer itself.
Red emission was also obtained by using
2,4-diphenylquinoline as the chelating ligand, Ir-23. But
the use of fluorinated ligand, Ir-23b and Ir23ec, shifts the
emission to blue. Combining the blue emission of poly-
fluorene backbone, and red emission complexes, it is possible
to realize white PLEDs [126].

24.2.3 Pt (ll) Containing Polymers

Like iridium, the complexes of the heavy ion Pt (II) allow a
good mixing of excited states of single and triplet, high
phosphorescence yields, and relatively high luminescence
lifetimes. Therefore the introduction of these on polymeric
chains is particularly attractive. Two main types of polymers



24 Multinuclear Metal Complexes: Coordination Dendrimers, Polymers, and Coordination Cages

673

Fig. 24.28 Schematic
representation of Pt-4 species:
Platinum(II)-containing
metallopolyynes (Type-II
polymers)

Fig. 24.29 Schematic
representation of Pt-5 species:
Platinum(II)-containing
metallopolyynes (Type-II
polymers)

are commonly found, one consisting of linear polymetallines
in the shape of a Pt rod and the other containing
cycloplatinated microorganisms.

Platinum(ll)-Containing Metallopolyynes (Type-Ii
Polymers)

In the field of synthetic polymers containing Pt,
Pt(II) polymers with rigid bars have aroused enormous inter-
est. A wide range of soluble Pt(I) derivatives incorporating
various conjugated ring systems have been reported with
different photophysical properties to make them particularly
interesting, among other things, in the field of molecular
optoelectronic applications. The basic structure of poly-
platinynes is shown in Fig. 24.28, 24.29, and 24.30.

As observed for iridium, a good methodology for modu-
lating the optical properties of these materials is to increase
the delocalization on the ligands bridging the metal centers.
In this case the effect is more radical, since the delocalization
of electrons can be prolonged along the polymeric chain by
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the conjugation between the orbitals of the Pt and those of the
ligands. Another way is to localize the electronic density
using an unconjugated or weakly conjugated system. This
type of polymer generally has high-energy triplets, in general,
the functionalization on the organic skeleton and the control
of D-A interactions between the bridge units allow a fine
modulation of the electronic and morphological properties.
Therefore, by choosing appropriate organic bridges, these
metallopolymers can be luminophores in a wide wavelength
range, see Table 24.4. In general, the absorption characteris-
tics of the Pt systems are mainly assigned to the 'IL n=>n*
transitions of the metal-conjugated chromophore to conju-
gated acetylide. The Pt-1a polymer with the phenylene
spacer absorbs at 380 nm [127-129], and conjugation is
increased by doubling the number of C units on each side
of the phenylene ring in Pt-1b, leading to a red shift in
absorption and emission length from 380 to 396 nm
[130, 131]. As the length of the oligothiophene increases,
delocalization increases and absorption transitions shift to



674

F. Nastasi et al.

PBLI3

|- Pt

PBu3

Pt-6

-~ =

Fig. 24.30 Schematic representation of Pt-6 species: Platinum(II)-containing metallopolyynes (Type-II polymers)

low energy. In parallel, the emission shifts to red, Pt-2a to
Pt-2¢ [132]. The ratio of the subunit of Pt to the organic
spacer causes the energy of the triplet emission to show a red
shift along the series with a rapid drop in the intensity of the
triplet emission (i.e. triplet energy of Pt-2a > Pt-2b > Pt-
2b > Pt-2¢). A series of Pt(I[) Pt-3 polyynes [133-135]
connected by oligopyridine with reduced conjugation has
been reported. Excited state transitions can be adjusted by
locating the electronic density in discrete regions of the
molecules. The degree of conjugation becomes significantly
poor in the presence of a silyl unit (Pt-4a) [136], but this is
useful for improving the luminescence properties in terms of
quantum yield, compared to the more conjugated Pt polymers
mentioned above. Pt-4b also reported a very high efficiency
of triplet emission [137—-139]. The work was then extended to

other polyplatines containing oligo(arylene ethynylene-
silylene)s and oligo(arylene ethynynylenegermylene)s with
intriguing effects. A particularly interesting effect is observed
through the functionalization of the nine positions of
fluorene, which allows in fact to easily adjust the photo-
physical and electronic properties of Pt6 polymers. It should
be noted that the rigid unit of planar biphenyls of fluorene
guarantees a higher degree of conjugation, thus improving
the luminescence effectiveness of the materials compared to
the derivatives of p-phenylene [140—144]. These metallic
materials can show a variety of colors and values, for exam-
ple, in solid state.

By doubling the length of the acetylene chain from Pt-6a
to Pt-6h, a red shift was observed for both absorption and
phosphorescence maxima [145].
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Table 24.4 Photophysical data of Pt(II)-containing polymers

Polymer Amax,abs(sol) (M) Aem,PL(sol) (D) Aem,PL(film or frozen) (M) Ref.
Pt-1a 380 516 405, 521 [135]
Pt-1b 396 569 [137]
Pt-2a 416 435, 605 [137]
Pt-2b 458 508, 742 [137]
Pt-2c 470 544, 810 [138]
Pt-3a 382 387, 523 [139]
Pt-3b 440 [141]
Pt-3c 426, 569 [144]
Pt-3d 463 [144]
Pt-3e 461 [144]
Pt-4a 261,277, 312 418, 510 419, 508 [136]
Pt-4b 303, 355 404, 520 394, 423, 512, [137]
394, 513, 575 555, 575
Pt-5a 267,292, 343 368, 492 454, 475, 488 [139]
Pt-5b 269, 296, 352 382, 482 484, 510, 522, 537 [139]
Pt-5¢ 272,299, 349 382, 474 475, 501, 527 [139]
Pt-5d 270, 301, 361 389, 481 484, 509, 536 [139]
Pt-6a 307, 399 421, 555 416, 433, 554, [141]
432, 552 589, 606
Pt-6b 392, 467 588 530 [144]
Pt-6¢ 382, 506 546 546 [144]
541
Pt-6d 303, 348, 393, 660 421, 680, 698 [145]
Pt-6e 355-382, 437 437 [146]
Pt-6f 258, 301, 344 412, 428 403, 426, 462, [141]
404, 427 497, 511
Pt-6g 264, 390 408, 428, 527, 567 414, 436, 524, 572 [140]
Pt-6h 284, 292, 326, 346, 360, 395,422, 455, 477, 490, [142]
370 504, 564
Pt-6i 324, 348, 370 395,420, 458, 483, 505 [149]

24.3 Coordination Cages

The interaction between bridging ligands and metal centers,
if properly designed and under appropriate conditions, can
generate so-called coordination cages. Essentially, metal ions
and bridging ligands combine to form a pseudospheric closed
structure with a central cavity, becoming a class of com-
pounds of great interest in supramolecular chemistry in recent
decades [146].

One of the first examples to appear in the literature was the
M,L¢ supramolecular system with a metal ion at each vertex
of a tetrahedron and a bridge binder that defines each of the
six edges of the structure [147, 148]; in little more than a
decade Fujita’s “nanospheres” based on Pd ions have
appeared [149, 150]. The structure obtained is highly sym-
metrical [151, 152] and therefore the very principles of
chemical symmetry are able to dictate the guidelines for the
implementation of self-assembly processes [153, 154].

Research in the field has evolved and attention has been
paid to the useful functional properties of these cages. These

are often associated with their ability to bind small molecules
as hosts in the central cavities, and the development of
coordination cages in which at least one of the components
is photophysically active.

The particular attraction in this context is that the cage
structures allow for the assembly of a large number of photo-
active units surrounding a host molecule in the cavity. Such a
high local concentration of chromophores in close proximity
to a host that can interact with the excited states of the
chromophores is something that promises exciting develop-
ments in the field of “supramolecular photochemistry”.

This section therefore examines a range of types of lumi-
nescent cages and discusses examples of emerging applica-
tions and useful functional behaviors.

As already observed for dendrimers and metal polymers,
also for coordination cages, the photophysical properties
depend strongly on the type of metal ion and therefore on
the type of metal complexes at the top and/or on the binders
that put them in communication. Therefore, the use of lumi-
nescent complexes of [Ru(I), Os(I), Re(I), Ir(IIT), Pt(IT), Pt
(IT), etc.] and in general of ions with electronic configurations
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Fig. 24.31 Schematic representation of an octahedral coordination
cage in which six units of {Ir(ppy),} at the top of the cage are connected
by four 1,3,5-tricyanobenzene ligands

d6/d8 with low spin are particularly interesting. But, as already
discussed, these ions, in some cases more than others, are
particularly kinetically inert to provide self-assembly. Never-
theless, for example, Lusby and colleagues reported the prep-
aration of an octahedral coordination cage in which six units of
{Ir(ppy)-} at the top of the cage are connected by four 1,3,5-
tricyanobenzene ligands (Fig. 24.31) [155]. This system is
luminescent from the 3LC type excited state typical of subunits
{Ir(ppy )2 X5} (Aem = 570 nm and ¢ =0.04). It has been dem-
onstrated that the luminescence of this species can be modu-
lated by the presence of anions inside the cavity [155].

Systems based on luminescent complexes of inert ions
have been obtained for example with Ru(Il) and Os(II)
using particular ligand systems and the principle underlying
the cal/cam strategy. In fact, a precursor based on these ions
has been prepared, in which a ligand contains, in the right
geometry, a free coordinating site. This “complex ligand” is
then combined with a second (labile) ion, and the assembly of
the free binding sites around the labile ions leads to the
formation of a molecular cage [156, 158].

Systems based on subunit type [Ru(terpy),]*" with four
ancillary pyridine units have been used, in combination with
Pd(II) ions to obtain efficiently and quickly cages in which three
or four of the complex units Ru(Il) combine with six or eight Pd
ions through the formation of Pd-N(pyridyl) bonds (Fig. 24.32).

These species preserve the weak >MLCT luminescence of
[Ruterpy),*" [156].

Similarly a C3-symmetric Ru(Il) complex with three
pendant pyridyl groups has been used as a complex-ligand
with Pd(I) ions. Pdg(Ruls)s cage has been obtained
constructed by an octahedron of Pd(I) ions capped by
[RuL;], units (Fig. 24.33). The central cavity has a volume

Fig. 24.32

Schematic representation of Ru(II)/Pd(II) coordination cage
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Fig. 24.33 Structural formulae of L1 and L2 ligands

of >5000 A, and it encapsulates a wide range of aromatic,
hydrophobic guests that are becomes protected from UV
light [157].

Analogously, Os complexes as ligand have been used to
prepare supramolecular caged in combination with cobalt or
cadmium ions [158].

In the formation of this cage, the serendipity played a big
role, in fact the subunit of Os(Il) is formed initially in a 3 to
1 mixture of isomers mer and fac, which is exactly the
combination necessary for the complete assembly of the
cage. The units Os(II) tris-diimine also exhibit luminescence
in the red with an appreciable lifetime such makes it possible
to play the role of a good donor of photoelectrons for species
encapsulated in the cavity.

24.3.1 Coordination Cages Based
on Lanthanoids

Lanthanoids are the most common type of luminescent
metal ions used in cage assembly. The systems that can be
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Fig. 24.34 Structural formulae of L3 and L13 ligands used to build-up Coordination Cages based on Lanthanoids

obtained with these metals have tetrahedral geometries of
the type LnyL4L4 in which a metal ion is found at each
vertex and a tris chelating bridging ligand between three
metals on each triangular face. Hamacek and colleagues
prepared a series of LnyL4L4 cages based on tripod liga-
ments such as L3-L5 containing three pyridine-dicarbonyl
O,N,0,0O-chelating tridentate arms, so that the Ln(III) ions

are nine coordinated [159—-161] (Fig. 24.34). Depending on
the type of lanthanide /ligand combination, cages are
obtained with cavities of different sizes, such as to accom-
modate molecules of discrete size [165] or simply series of
anions [166].

The typical properties of the ligand are transported into the
supramolecular structure. In fact, the use of ligands in which
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the O,N,O-chelating units are chiral (type) allows to induce
the chirality on the coordination of the metal and therefore a
single diastereoisomer of the supramolecular array is
obtained. The use of L6 racemic allows to obtain a mixture
of the two enantiomers of the LnyL, tetrahedral cages as if the
ligands had undergone a homochiral auto-mixing during the
assembly process [162].

He, Duan and colleagues have developed a series of cages
based on Ce(Ill)- or Ce(IV)- ions and type O,N,O-chelating
bridge binders used as luminescent sensors for a wide range of
guests [163—172]. The 4f-5d transition that generates Ce(III)
luminescence is much more sensitive to the environment than
the 4f-4f transitions associated with Eu(Ill) and Tb(II) lumi-
nescence and is therefore sensitive to perturbations resulting
from the interactions with the hosts. In other members of the
series, the oxidation state of the metal is IV, in this case the
luminescence derives exclusively from the host species.

Thus, the tetrahedra of CeyL4L4 and CeyLg based on face-
capping (tritopic, e.g., L8) [164] and edge-bridging (ditopic,
e.g., L9) [165] ligands show an increase in luminescence
intensity in the presence of saccharides. This is due to the
recognition based on a hydrogen-binding interaction between
bound substrates and inward directed amide groups. Larger
polyhedra with nuclearities based on binding agents such as
L10-L12 [166, 167], show a similar luminescence response
when the host is complementary to the cage cavity; thus
acting as selective sensors.

Cage modifications such as the introduction of a triamine-
triazine fragment in the ligand structure produce cages based
on Cerium ions capable of selectively recognizing guanosine,
increasing luminescence, compared to other nucleosides even
in organic solvents [168]. If on the other hand a
dihydropyridine amide group is introduced into the ligand
skeleton, it is possible to selectively bind explosive RDX,
resulting in a strong increase in luminescence compared to
other explosive molecules [169].

Luminescence can be introduced into Ce4l4L4 cages by
subunit of fluorescent triphenylamine in L15 ligand
(Fig. 24.35); the cage obtained is an intense blue emitter
[170, 171]. This species by strongly binding the organic radical
4,4.5,5,5,5-tetra-methyl-imidazolinoxyl-3-oxide is able to spin-
trapping NO, and the fluorescence is substantially extinct even
at 5 nM concentrations, much lower than the most commonly
used EPR spectroscopic assay [172]. The same cage showed
selectivity to bind tryptophan over other amino acids and was
used as the basis for a luminescent test for tryptophan in serum
[173].

The high selectivity and sensitivity of this type of sensor
suggests that it can report on the progress of a reaction when a
component is consumed. Some Ce4L4L4 tetrahedra of this
family have been evaluated in this way; all based on a tritopic
ligand type L15-L17 containing amide groups to facilitate
the binding of hosts by hydrogen bonds. Reactions such as

L14
HN"S0
_N
OH
L15 (X =N)

L16 (X = 1,3,5-C6H3)

O
X HO,
HN-N :
\
3

N
% =
% po 3

Fig. 24.35 Structural formulae of L14 and L17 ligands

L17

cyanosylation of aromatic aldehydes have been monitored by
restoring cage luminescence [173, 174].

24.3.2 Coordination Cages Based
on Luminescent Ligands

Luminescence in coordination cages can be introduced
through the use of intrinsic luminescent subunits in binders.
In these cases, however, attention must be paid to the metal
ions used for assembly. This in fact must not interfere, giving
phenomena of electronic transfer or non-luminescent MC
states, such as to switch off the emission from excited state
of organic chromophore. Ward and his collaborators have
prepared a series of fluorescent cages based on ligands
containing two terms pyrazolylpyridine separated by a naph-
thyl spacer replaced in various different geometries (L2 and
L18-L20) (Figs. 24.33 and 24.36). These ligands allow the
assembly of tetrahedral structures type MyLg, cubes type
MB8L12 cubes, and truncated tetrahedron type Mj,L 5. The
formation of m-stacked inter-ligand interactions around the
periphery of the cages leads to a red shift of the luminescence
typical of the formation of excimers [175-177].
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Fig. 24.36 Structural formulae of L18 and L31 ligands

It is known that tetraphenyl-ethylene units show an
increase in luminescence induced by aggregation due to
changes in conformation when aggregating. Stang, Huang,
and colleagues have incorporated fluorophores of this type
(the cages through the use of Pt(Il) ions). In rigid cages,
however, the rigidity of the structure forces the tetraphenyl-
ethylene units to be fluorescent even at low concentrations
without aggregation; when they aggregate at higher

concentrations, they show tunable luminescence throughout
the visible region, including white luminescence [178].
Perylene bisimide (PBI) units were used in binders by
Wiirthner and colleagues for preparing very large tetrahe-
dral cages (e.g., L22); edge lengths are close to 4 nm [179].
The characteristic properties of PBI units are stored in
cages, which therefore show very rich electrochemical and
photophysical behavior. When Fe(Il) is used as a metal
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vertex, the typical fluorescence of PBIs is switched off
[179], but in a Zn(IT) based cage, fluorescence centered on
the ligand is preserved and can therefore be used to inves-
tigate interactions with host molecules [179]. Similarly,
Nitschke and colleagues have reported MyL¢ tetrahedral
cages containing “BODIPY” fluorophores integrated in
edge-bridging ligands (L.23); the fluorescence of these spe-
cies is modulated by interaction with amino acids
[180]. These last cages were also decorated with coon
pyrene thus obtaining a system with at the ends 12 units of
pyrene and six units of BODIPY in the centers of the ligand.
The only partial energy transfer efficiency between the sub-
units and the ability to host the blue-emitting perylene dye
means that the combination of these luminophores provides
an emission of white light.

A tetratopic ligand containing four units of monodentate
quinoline, also used to prepare cages with lanthanum ions
[181, 182], connected by amide spacers to a central aromatic
nucleus forms a metallamachrocyclic group Pd;L;L; whose
cavity is selective for uridine compared to other nucleosides,
always with an increase of luminescence on the bond [183].

A quinoline-based triangular binder containing L26
ligand with mono toothed sites forms a luminescent octahe-
dral cage with PdgLg structure and RNA-based nucleoside
sensing [183, 184].

Detecting the vapors of certain types of explosives was
possible using the luminescence of prismatic cages based on
Pt(IT) [185—188]. These cages are prepared from a combina-
tion of multinuclear organometallic Pt/alkenes and multitopic
binders, rigid, rigid, bis-, or tris-pyridine. Similar prismatic
cages based on organometallic dinuclear Ru(Il), with a cavity
defined by the face-to-face arrangement of two triangular
ligands have also been reported to act as luminescent sensors
for nitroaromatics [187, 188].

Several cages made of rigid, folded, “banana-shaped”
bispyridine binders have been prepared by introducing
fluorescent subunits into their structure [189, 190]. The
use of anthracene groups makes it possible to create a
large internal cavity of about 1 nm in diameter that can
accommodate a series of organic guests who are protected
from the outside environment [191, 192]. If the metal ion is
Pd(Il), the cages are not fluorescent, and the anthracene
groups only perform a structural and isolating function of
the aromatic hosts [191, 192]. However, with metal ions
such as Zn(Il), inactive as d'’, the cages show strong
fluorescence with quantum yield values of up to 0.8
[193]. The analogues Ni(Il) and Mn(Il) were weakly lumi-
nescent, most likely, in the first case for photo-induced
electronic transfer processes. The use of Cu ions makes
the photophysical properties highly dependent on the solvent
thanks to the degrees of coordination of the solvent mole-
cules at the axial sites of the Cu(Il) ions [194]. The anthra-
cene fluorescence of the Hg,l, analogue is completely

switched off by photoinduced electronic transfer by encap-
sulation of Cgy or Cyq in the central cavity in MeCN [195].

Crowley and colleagues have shown how click chemistry
can work on the structures of previous cages. Starting from a
bent bipyridine bridge binder that brings an azide group to
an external direction (L29), it is possible to introduce dif-
ferent substituents such as to modulate or add luminescence
from external organic fluorophores to the Pd,L, cages
[196, 197].

Shionoya and colleagues have shown that by using the
same gantry and metal, it is possible to obtain both lumines-
cent and non-luminescent cages. The key lies in the use of
different reports for their assembly. Using a tris-pyridyl L31
tritopic ligand and Hg(Il) ions a cage with stoichiometry
HggLg is obtained; this cage shows strong fluorescence at
360 nm. However, when the Hg:L ratio is doubled, a non-
fluorescent HgeL4 cage is formed [198].

24.3.3 Luminescent Cages Based on Metallo-
Porphyrin Components

There are plenty of examples of multi-component assemblies
where (metal)porphyrin units have been included either in the
metal’s axial site or as pendants on the periphery of the
porphyrin core. This is a vast area that has been completely
revised [199-201] due to the special relaunch of porphyrin-
based assemblies to understand the photophysical processes
underlying the processes of light absorption in natural pho-
tosynthesis. A beautiful review was published in 2014 [202].

The interaction of light with these supramolecular systems
is not limited to fluorescence and therefore to their use as
Sensors.

24.3.4 Photochromic Coordination Cages

There are some examples of cages that, incorporating photo-
sensitive functional groups, can be used as a basis for
switching their structures or properties.

Fujita and colleagues have shown how this can be used for
example to modulate the properties of the cavity, such as its
hydrophobicity.

Azobenzene is a photoactive subunit particularly used for
photoinduced structural changes. The introduction of this in
spherical nanocages type Pd;,L,4 “nanosphere” has allowed
under irradiation to modify the hydrophobicity of the central
cavity and thus decreasing the binding of hydrophobic hosts
as the derivatives of the pyrene. Heating the cage allowed the
cis-azobenzene groups in the cavity to relax to the trans-
forms, increasing hydrophobicity and thus restoring the
bond with the guests.



24 Multinuclear Metal Complexes: Coordination Dendrimers, Polymers, and Coordination Cages 681

NMG3+‘CF3SO3_

Fig. 24.37 Structural formulae of L32 and L38 ligands

In general, the conformational change associated with a
photochromic group can be used to open and close a cage,
resulting in modulation of absorption and release of hosts
[202]. L33 ligand (Fig. 24.37) incorporates a dithenyl-
ethylene group whose photoinduced opening/closing move-
ment alters the distance between the coordinated pyridylic
terms, leading to a “lengthening” and “compression” of the
cage, changing the internal volume and causing a weakening
of the binding of the guests in closed form [203].

In some cases, however, guests show useful optical or
photophysical behavior, and the binding of the caged host
may modulate this behavior or allow the host to be trans-
ported within his or her host [204-211].

There are now several examples of photo-induced reac-
tions of guests tied in cages where the host cage acts as an
“inert box”, providing a sterile confined space that alters the
reaction pathways of the guests and then directs the reactions
to provide new products [212-219].

The state of the art in this field is based on examples of a
self-assembled cage capable of a series of chromophores
surrounding a guest to participate in the reactions induced
by the cage/host. The basic idea is to have a high local
concentration of chromophores around a reactive host with
a very high spatial and energetic control to obtain,
for example, a photo-catalyzed reaction otherwise

impossible: practically the apotheosis of supramolecular
photochemistry.

Fujita [212, 215] and Ramamurthy [216, 219], have used a
cage based on Pd6 that acts just like a box capable of confining
and changing the course of a reaction. There are also some
examples of Fujita and colleagues where the same types of
cages are active participants and therefore reaction partners,
along with the substrates. The first example is provided by
photo-induced oxidation of an adamantane-bound host to
give 1-adamantanol and 1-adamanthylhyroperoxide. Since
adamantane does not absorb light, a cage with a triazine in its
ligand structure allows the photoinduced transfer of elec-
trons from adamantane to the excited state of the triazine
unit. The resulting triazine radical anion is reoxidized by O,
while the adamantyl radical reacts irreversibly with O,
[220, 221]. The same photoinduced electronic transfer pro-
cess involving the triazine units in the cage leads to photo-
oxidation of other substrates as well [222, 223]. Triazine in
the structure of cages, in the presence of anthracene as a host,
allows the formation of a low energy absorption band that
can be populated, by means of energy transfer in about 9 ps,
from the excited states of the anthracene and leads to an
emission of about 650 nm

Processes of energy transfer and in particular of photoin-
duced electron transfer have been recently published with
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so-called types of cages and host substrates. For example,
with 4-hydroxyphenylamine as guest, irradiation of the cage
causes photoinduced ET from guest to the scaffold
converting the amine into a radical cation. This then loses a
proton within 1 ps to the aqueous solvent to give a neutral
bound radical and H;0" [224]. In a further refinement of this
methodology, using the host 9-anthracenealdehyde it gener-
ates after photoexcitation a mixture of a host radical cations
(as before) and a twisted intramolecular charge transfer
(TICT) state centered on the host [225].

24.4 Conclusions

In this chapter, we have summarized — but not exhaustive
reported — the properties of coordination dendrimers, polymers
and cages. The assembly of arrays of metal containing
luminophores in architectures like dendrimers, polymers or
coordination cages, clearly offers the way for numbers of
applications. While the vast majority of research work on
coordination materials is focused on their synthetic protocols,
structural properties, and - in the cases of coordination cages -
in guest binding capacities, the inclusion of photophysical
properties or photoactivable functions offers exciting novel
application opportunities.

The use of coordination polymers for the conversion of
light into charge motion or electricity into light represents
two complementary but important topics highly related to the
solar energy conversion as well as the use of metal
dendrimers as antenna systems for light harvesting or power
the light induced water splitting.

The number of references in this chapter, in particular
referring about molecular cages, shows how this research
field is continuously growing because the use of photons—
to exploit all the intrinsic electronic properties of the metal
components of these materials - opens the way for innova-
tive applications even in the case of materials, such as
dendrimers, only relatively new. In fact, metal dendrimers
are now considered also as good vectors for photoactivable
drug delivery in cancer treatment, whereas the anticancer
activity of coordination dendrimers on their own is less
studied. So we hope that this chapter could act as starting
point for running deeper on the marvelous world of photo-
chemistry of multinuclear compounds.
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