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The introduction of supramolecular interactions in synthetic polymers seems to be a promising
approach towards novel ‘smart” materials that combine both the (reversible) supramolecular
interactions and the properties of the polymers. In this tutorial review, the use of (metallo-)-
supramolecular initiators for the preparation of end-functionalized (metallo-)supramolecular
polymers will be discussed in detail. The different polymerization techniques that have been
applied as well as the different ligands and metal complexes that were used to initiate these
polymerizations will be discussed together with the resulting polymer properties.

1. Introduction

Inspired by the magnificent application of supramolecular
interactions in Nature, the incorporation of (metallo-)supra-
molecular interactions in macromolecular systems has been
introduced as a new concept in polymer science to improve the
material properties and to create completely new architectures
and functionalities.! The combination of supramolecular
interactions' and polymer chains can lead to novel ‘smart’
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materials® that exhibit both the reversible binding behavior of
the supramolecular interactions and the properties of the
polymeric materials. Moreover, the introduction of directional
supramolecular interactions like hydrogen bonding® and metal
coordination® into a polymer structure allows the construction
of well-defined supramolecular polymeric assemblies.
Nevertheless, the application of metal coordinating ligands,
like bipyridine® or terpyridine,® into polymeric structures
seems to be more promising, because of the easy variation of
binding strength and optical properties that can be achieved by
varying the metal ions. Moreover, metal coordinating units are
compatible with various living/controlled polymerization
techniques,” which allow the preparation of well-defined
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Fig. 1 Metal ion induced self-assembly of polymers with metal
coordinating end-groups resulting in block copolymers, chain-
extended polymers or star-shaped polymers.

structures using functional initiators, terminating agents or
monomers. Polymers with metal coordinating end-groups can
be (reversibly) assembled into, e.g., block copolymers, star-
shaped polymers or chain-extended polymers by the addition
of metal ions as depicted in Fig. 1.

Chain-end functionalized polymers can be synthesized via
end-group functionalization methods or via living/controlled
polymerization techniques’ utilizing (metallo-) supramolecular
initiators. Both strategies are schematically depicted in Fig. 2.
The end-group modification route has been applied for the
synthesis of a variety of pyridine,® bipyridine®'' and
terpyridine'>!® functionalized polymers that were subse-
quently used for the construction of larger macromolecular
structures via metal coordination. However, the (metallo-)-
supramolecular initiator approach seems favorable since all
polymer chains contain a connected metal coordinating unit
after simple purification of the polymer by precipitation.
Furthermore, the nature of the resulting polymers can be fine-
tuned by utilizing different (combinations of) monomers. By
introducing more initiating groups onto the central metal
complex or metal coordinating ligands, a wide variety of linear
and star-shaped polymers is accessible.

polymer coupling route
P\ e YN
>+ O’\_—d? —r m

Living/controlled polymerization route

= metal coordinating unit A = preformed polymer
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Fig. 2 Possible synthetic routes towards end-group functionalized
metal coordinating polymers.

In this tutorial review, the use of metal coordinating ligands
and metal complexes as initiators for living/controlled poly-
merization techniques will be introduced to the reader.
Although the main focus of this review will be on the synthetic
aspects, the novel polymer properties that result from the
incorporation of the (switchable) supramolecular units into the
polymer chains will be briefly addressed as well.

2. Cationic ring-opening polymerization of
2-oxazolines using (metallo-)supramolecular
initiators

The first polymerization method that was explored utilizing
(metallo-)supramolecular initiators was the cationic ring-
opening polymerization of 2-oxazolines.'* This living poly-
merization method can be initiated by electrophiles resulting in
a cationic oxazolinium propagating species. The attack of the
next monomers onto this cationic species results in the
formation of ring-opened poly(2-oxazoline). When all mono-
mer is consumed, a second monomer can be added to prepare
block copolymers or a nucleophilic terminating agent can be
added to introduce a functional group. A variety of
bromomethyl functionalized bipyridines and terpyridines have
been prepared to serve as initiator for the cationic ring-
opening polymerization of 2-oxazolines. However, the direct
polymerization of 2-oxazolines with these metal coordinating
ligands cannot be performed since attack of the propagating
species on the nitrogen atom of the pyridyls will result in loss
of control over the polymerization. Therefore, metal com-
plexes have to be applied as initiating species: the metal ions
block the nitrogen atoms of the ligand and thus prevent chain
termination reactions.

Fraser and coworkers reported the cationic ring-opening
polymerization of 2-ethyl-2-oxazoline with di-, tetra- and hexa-
(halomethyl)tris(bipyridine) iron(1)!® and ruthenium(ir)'>'®
complexes as initiators resulting in well-defined star-shaped
polymers (Fig. 3, top). Decomplexation of these iron(II) centered
metallo-supramolecular polymers was performed by reaction
with potassium carbonate resulting in the free poly(2-ethyl-2-
oxazoline) bipyridine macroligands. In addition, it was men-
tioned that decoloring of the polymer films was observed at
210 °C indicative of thermal decomplexation, whereby the violet
color of the iron(11) complex returned upon cooling. Next to the
polymerization of 2-ethyl-2-oxazoline, Fraser et al demon-
strated that these metallo-supramolecular initiators are also
suitable for the polymerization of several other 2-oxazoline
monomers including 2-methyl-, 2-phenyl- and 2-undecyl-2-
oxazoline.!” By the sequential addition of two different
monomers to the polymerization mixture, an iron bipyridine
centered six-arm star poly(2-ethyl-2-oxazoline-b-2-undecyl-2-
oxazoline) was prepared that was decomplexed resulting in a
bipyridine centered BAB triblock copolymer.'® A cylindrical
morphology was observed by small angle X-ray scattering
(SAXS) and transmission electron microscopy (TEM) for thin
films of both the star-shaped metallo-supramolecular block
copolymer and the metal-free macroligand.' Schubert and
coworkers demonstrated the cationic ring-opening polymeriza-
tion of 2-ethyl-2-oxazoline with bis(bromomethyl)bipyridine
copper(l) initiators resulting in well-defined four-arm star
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Fig. 3 Different approaches for the bipyridine initiated polymerization of 2-ethyl-2-oxazoline from Fraser'® (top) and Schubert (bottom).?

poly(2-ethyl-2-oxazoline) (Fig. 3, bottom).?* Additionally, a
metallo-centered  poly(2-ethyl-2-oxazoline-b-2-nonyl-2-oxazo-
line) was synthesized utilizing the same bis(bipyridine)
copper(l) initiator.!

Iron(11) and cobalt(11) complexes of mono- and bis(bromo-
methyl)terpyridines were also applied as initiators for the
cationic ring-opening polymerization of 2-ethyl-2-oxazoline by
Schubert et al resulting in two- or four-armed metallo-
supramolecular polymers.>>* Decomplexation of both the
iron(11) and cobalt(Il) containing polymers was performed by
refluxing the polymer with potassium carbonate in acetonitrile
yielding the terpyridine functionalized poly(2-ethyl-2-oxazo-
line). Recomplexation of the macroligands with iron(11) ions
was effective up to 94% according to UV-vis titration
experiments. Moreover, an increase in viscosity was observed
upon recomplexation due to the coupling of the polymer
chains by the metal complexation.

3. Synthesis of (metallo-)supramolecular polyesters
via controlled ring-opening polymerization of
lactones and lactides

The controlled ring-opening polymerization of cyclic esters
(e.g. e-caprolactone, glycolide or DL-lactide) has often been
applied for the synthesis of metallo-supramolecular polymers
and macroligands. The controlled ring-opening polymerization
techniques can be performed utilizing a hydroxyfunctional
(co)initiator resulting in end-functionalized polymers.?> The

two most commonly used controlled ring-opening polymeriza-
tion methods, namely stannous octoate and aluminium
alkoxide catalyzed polymerizations, are compatible with metal
coordinating ligands as well as metal complexes.

The stannous octoate-catalyzed ring-opening polymeriza-
tion of e-caprolactone and DL-lactide utilizing mono- and
bis(hydroxyalkyl)bipyridines as initiator was reported by
several groups.”®2® Fraser and coworkers reported the prepa-
ration of a range of homo- and block copolymer macroligands
based on a bis(hydroxymethyl)bipyridine initiator.”® The
resulting macroligands were assembled into star-shaped
polymeric complexes by the addition of iron(ll) ions and
ruthenium(il) complexes were prepared bearing two or six
polymer chains. Schubert and coworkers reported the applica-
tion of a monohydroxyfunctional bipyridine initiator for the
preparation of a poly(e-caprolactone) bipyridine macroli-
gand.?’ Metal complexes of this macroligand were synthesized
utilizing both iridium(1i) and ruthenium(1l) precursors result-
ing in the corresponding polymeric metal complexes as was
demonstrated by MALDI-TOF-MS analysis. In addition, it
was confirmed that the polymer side-chain did not influence
the optical and electrochemical properties of the metal
complexes while it improved the solubility and provided film
forming properties to the material. Farah and Pietro also
reported the synthesis of bipyridine ligands with one poly(e-
caprolactone) side chain (Fig. 4).® These macroligands were
used as building blocks for the preparation of ruthenium(Ir)
complexes with one, two or three polymer side chains. The

624 | Chem. Soc. Rev., 2006, 35, 622-629

This journal is © The Royal Society of Chemistry 2006



@ = rutheniumm)

Fig. 4 Synthesis and complexation of a bipyridine poly(e-caprolactone) macroligand using stannous octoate as catalyst.?

direct polymerization of ¢-caprolactone utilizing a preformed
ruthenium(11) bipyridine complex as initiator was described by
these authors as well.?® The resulting metallo-supramolecular
polymers exhibited both the optical and electrochemical
properties of the ruthenium(ir) complex as well as the thermal
properties of the polymers demonstrating the possibility of
creating materials with a novel combination of properties via
the (metallo-)supramolecular initiator approach.

A different type of (metallo-)supramolecular polymers was
reported by Fraser and coworkers.?” Mono- and bishydroxy-
functionalized dibenzoylmethanes were synthesized and
applied as initiator for the controlled ring-opening polymer-
ization of e-caprolactone. The resulting well-defined diben-
zoylmethane macroligands were successfully complexed with
europium(Ir), iron(1lr), nickel(ln) and copper(il) ions.
Moreover, a miktoarm metallo-supramolecular star-shaped
copolymer was prepared consisting of an europium(Iil)
complex bearing three poly(e-caprolactone) dibenzoylmethane
ligands and one poly(DL-lactide) bipyridine ligand.*® This
metallo-supramolecular polymer exhibited a lamellar mor-
phology in thin films with the europium(Ir) ions on the phase
boundary. Iron(i1) complexes of the dibenzoylmethane ligand
were very recently applied to simultaneously act as initiator,
catalyst and activating group for the controlled ring-opening
polymerization of DL-lactide as well.>!

A hydroxypropylterpyridine was applied as initiator for
polymerization of e-caprolactone by Schubert and co-
workers.>? The mechanical properties of the resulting polymer
were significantly improved upon the addition of iron(1I) ions
and only slightly improved upon complexation with zinc(Ir)
ions (due to the lower binding strength) as was shown by
rheometry. In addition, the observed mechanical polymer
properties also changed by changing the counterions of the
metal complexes. The terminal hydroxyl group of the
o-terpyridine-w-hydroxy-poly(e-caprolactone) macroligand was
coupled to an ureidopyrimidinone quadruple hydrogen bonding
unit®® resulting in a polymer with both metal-coordinating and
hydrogen bonding end-groups (Fig. 5). The addition of iron(II)
ions to this polymer resulted in the formation of high-molecular
weight supramolecular polymers as shown by viscometry and
rheometry. Moreover, the solution viscosity of this metallo-
supramolecular polymer was strongly dependent on temperature
due to the hydrogen bonding interactions. This example
demonstrates that the (metallo-)supramolecular initiator
approach provides further possibilities to introduce a second
functional group at the polymer chain end.

Besides the stannous octoate catalyzed ring-opening poly-
merization of cyclic esters, the aluminium alkoxide mediated
controlled ring-opening polymerization technique was also
explored utilizing (metallo-)supramolecular initiators.* 3¢ By
reaction of a hydroxyl group and triethylaluminium, an
aluminium alkoxide is generated which can be applied for
the controlled ring-opening polymerization of cyclic esters.
This synthetic route has been applied using mono- and
bis(hydroxymethyl)bipyridines as well as the corresponding
bipyridine copper(l) complexes for the polymerization of
e-caprolactone and DL-lactide.*® Similarly, terpyridine func-
tionalized poly(L-lactide)s were prepared.”® These macroli-
gands were successfully dimerized with iron(II) ions as
demonstrated by GPC utilizing a photodiode array detector
and by MALDI-TOF-MS. The resulting iron(il) metallo-
supramolecular polymers could be decomplexed by changes in
temperature or pH and by UV-irradiation, whereby the
thermal decomplexation was found to be reversible. An
analogous synthetic route was followed for the preparation
of poly(L-lactide) functionalized 3,6-di(2-pyridyl)pyridazines.
The resulting macroligands self-assembled into polymeric
[2 x 2] grids®” upon the addition of copper(l) ions as was
demonstrated by UV-Vis titration experiments (Fig. 6).%
These experiments could be successfully performed in dichloro-
methane demonstrating that both the properties of the ligands
(complexation) and the polymers (solubility) could be combined in
one material. With short polymer side-chains, the macroligands
revealed strong cooperativity in the grid formation, whereas the
larger macroligands formed polymeric
[2 x 2] copper(l) grids without cooperativity.*®

4. Controlled radical polymerizations using
(metallo-)supramolecular initiators

Another promising route towards well-defined (metallo-)-
supramolecular polymers is the utilization of controlled radical
polymerization techniques that allow the polymerization of a
wide variety of styrenic and (meth)acrylate monomers and
thus expand the scope of accessible polymers.”> Moreover,
controlled radical polymerization methods are very robust and
insensitive to many functional groups including hydroxyls,
ketones, amines and pyridyls, which are often present in
metal coordinating ligands. The three most common con-
trolled polymerization techniques [atom transfer radical
polymerization (ATRP), reversible addition-fragmentation
chain transfer polymerization (RAFT) and nitroxide mediated
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Fig. 5 Synthesis of a metallo-supramolecular poly(e-caprolactone) with both terpyridine metal complexes and ureidopyrimidinone quadruple

hydrogen bonding units in the main chain.*?

polymerization (NMP)] have been applied for the synthesis of
metallo-supramolecular polymers.

ATRP is the most commonly used controlled radical
polymerization technique for the synthesis of metallo-supra-
molecular polymers. Fraser and coworkers have performed
most of the pioneering work in this direction. Already in 1998,
the ATRP of styrene was reported utilizing bis(chloromethyl)-
bipyridine and the corresponding di-, tetra- and hexachloro-
functionalized ruthenium(l) complexes, as initiators.*

Well-defined polystyrene metallo-supramolecular polymers
were obtained demonstrating the compatibility of the ATRP
process with the cationic ruthenium initiators. In addition, the
ATRP of methyl (meth)acrylate was performed utilizing a
ruthenium bipyridine complex bearing six o-bromoester
initiating groups resulting in well-defined polymers.*' The
ATRP of methyl methacrylate utilizing tris(dialkylaminostyryl-
bipyridine) iron(11) and zinc(II) metallo-initiators was reported
by Haddleton and Le Bozec (Fig. 7).** Both metal complexes

OTH

Sl

O = copperfl})
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Fig. 6 Schematic representation of the synthesis of a poly(L-lactide) 3,6-di(2-pyridyl)pyridazine macroligand and the subsequent self-assembly

into [2 x 2] grid-like complexes with copper(I) ions.
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Fig. 7 Schematic representation of the synthesis of star-shaped metallo-supramolecular poly(methyl methacrylate)s.*?

with six o-bromoesters were successfully applied for the
controlled polymerization of methyl methacrylate. The good
film-forming properties of the resulting polymers were
illustrated by scanning electron microscopy images. The film
formation together with the UV-spectra of the polymer film
clearly revealed that both the properties of the polymer and the
metal complexes were combined in the novel materials.
Sequential ATRP of styrene and methyl methacrylate was
performed by Fraser to synthesize a bipyridine ligand bearing
both a polystyrene and a poly(methyl methacrylate) polymer
side chain.** First ATRP of styrene was performed using a
bipyridine initiator bearing both hydroxy- and chloromethyl-
groups. Subsequently, the resulting halide chain-end of the
polystyrene was removed and the hydroxyl group was
converted into an o-bromoester group. This o-bromoester
was applied as initiator for the ATRP of MMA resulting in the
mixed polymer bipyridine macroligand. The same bifunctional
bipyridine initiator was applied as dual initiator for sequential
ATRP of styrene and controlled ring-opening polymerization
of e-caprolactone.** The resulting two-armed bipyridine was
used for the complexation with a bisbipyridine ruthenium(Ir)

N .=ruthenium

N

precursor, iron(I1) or platinum(1n) salts. The complexation with
platinum(i1) ions led to the formation of bipyridine
platinum(i1) monocomplexes that might be used in the
formation of mixed ligand metal complexes. To be able to
further combine all the prepared bipyridine ligands in
supramolecular miktoarm star (block)copolymers, a stepwise
ruthenium complexation method was developed by Fraser et al.
as depicted in Fig. 8.* Ruthenium(i1) precursors with two
polymeric bipyridines were successfully prepared using ele-
vated reaction temperatures and elongated reaction times to
overcome the steric hindrance of the polymer chains. In a next
step, the polymeric ruthenium(il) bipyridine precursors were
coupled to a third polymeric bipyridine ligand resulting in
ruthenium(il) complexes with two identical and one different
bipyridine ligands.

Metal-complexes based on an a-bromoester functionalized
diimine ligand were applied as initiator for ATRP by Chan
and coworkers.** Both rhenium(I) tricarbonyl diimine and
bis(bipyridine) ruthenium(ir) diimine complexes resulted in the
controlled polymerization of styrene and methyl methacrylate
as demonstrated by linear first order kinetics and a linear

Fig. 8 Synthesis of hetero-arm metallo-supramolecular polymers from bipyridine ligands.*®
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increase of the molecular weight with conversion. The
photoconducting properties of the resulting polymers were
studied demonstrating that the metal complexes mainly act as
photosensitizers and not as charge carriers. Although many
examples of bipyridine (and diimine) initiated ATRP have
been reported, the application of terpyridine initiators for
ATRP is still completely unexplored.

The previous part of this section dealt with ATRP utilizing
metallo-supramolecular initiators. However, ATRP is cata-
lyzed by metal salts and thus the used metal salts might also be
complexed by free ligand initiators. Therefore, the utilization
of other metal-free controlled radical polymerization techni-
ques seems to be more promising for the synthesis of metallo-
supramolecular polymers. Nevertheless, only in the last few
years some examples of RAFT and NMP utilizing metallo-
supramolecular RAFT agents or NMP initiators have been
reported. The slower introduction of RAFT and NMP for the
synthesis of metallo-supramolecular polymers might be due to
the higher (synthetic) complexity of the RAFT agents and the
NMP initiators compared to ATRP initiators.

RAFT-agents coupled to bipyridine ligands were first
reported by Ghiggino and coworkers.*’ A bis(hydroxymethyl)-
bipyridine and corresponding di-, tetra- and hexahydroxy-
functional ruthenium(il) complexes were coupled to a
preformed acid functionalized RAFT agent using dicyclo-
hexylcarbodiimide as coupling agent. These synthesized
RAFT-agents were successfully applied for the controlled
polymerization of a styrene functionalized coumarin mono-
mer. The resulting metallo-supramolecular poly(styrene-
coumarin)s exhibited energy transfer efficiencies up to 60%
between the light-absorbing coumarin chromophores and the
ruthenium bipyridine complexes. Zhou and Harruna synthe-
sized a bipyridine ligand bearing two RAFT-agents directly
attached to the 5,5' positions of the bipyridine (Fig. 9).*® This
novel bipyridine RAFT-agent proved to be a good control
agent for the polymerization of styrene resulting in linear first
order kinetics and a linear increase of molecular weight with
conversion. The resulting bipyridines with two polystyrene
chains were successfully complexed with a bisbipyridine
ruthenium(ir) precursor to form the corresponding metallo-
supramolecular polymers.

A similar synthetic procedure was applied by Zhou and
Harruna for the synthesis of a terpyridine with one RAFT-
agent connected.*” It was demonstrated that this RAFT-
agent can be used for the controlled polymerization of
styrene and n-isopropylacrylamide resulting in terpyridine

W?g

end-functionalized polymers. The terpyridine functionalized
polystyrene was treated with ruthenium(1ir) trichloride to form
a ruthenium(ill) monocomplex. This monocomplex was
further reacted with both the terpyridine functionalized
polystyrene and poly(n-isopropyl-acrylamide) to yield the
dimerized polystyrene and the poly(styrene-b-(n-isopropyl-
acrylamide)) metallo-supramolecular polymers.

A terpyridine functionalized initiator for NMP has been
reported by Lohmeijer and Schubert.® A preformed benzyl
chloride functionalized initiator was coupled to 2,6-di(2-
pyridyl)-4-pyridone in the presence of potassium carbonate.
This initiator was successfully applied for the controlled bulk
polymerization of styrene resulting in the formation of a
polystyrene macroligand. Moreover, the remaining nitroxide
group at the end of the polystyrene could be successfully
substituted by a terpyridine modified maleimide resulting in
bisterpyridine telechelic polystyrene as was demonstrated by
MALDI-TOF-MS.

5. Conclusions

The design and preparation of novel materials that combine
the reversible and optical properties of metal complexes and
the processability and mechanical properties of polymers are
flourishing fields in polymer science. In this tutorial review, the
utilization of metallo-supramolecular initiators for living/
controlled polymerization techniques resulting in end-
functionalized polymers is described in detail. Up to this
moment, only three different types of polymerization methods
were performed with (metallo-)supramolecular initiators,
namely living cationic ring-opening polymerization of
2-oxazolines, controlled ring-opening polymerization of cyclic
esters and controlled radical polymerizations. Moreover, the
mostly used metal coordinating ligands are bipyridines and
terpyridines that can be assembled into metal complexes with
two or three ligands.

Therefore, the current opportunities in the field of metallo-
supramolecular initiators can be divided into three parts: (1)
the expansion of living/controlled polymerization methods
that can be performed with (metallo-)supramolecular initia-
tors; (2) the application of other metal coordinating units that
can (self-)assemble into larger structures and (3) the develop-
ment of novel ‘smart’ materials based on the reversible
assembly of the metal complexes. Moreover, the combination
of different supramolecular units into one polymer chain
might open a completely new field of materials with unique

Fig. 9 RAFT polymerization of styrene utilizing a bipyridine unit with two coupled RAFT-agents and the subsequent formation of the metallo-

supramolecular polymer.*®
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properties, although the dream of mimicking Nature will
probably not be met in the near future.
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