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fîgure

Mr. rector magnificus, ladies and gentlemen,
The investigation , fabrication and utilization of large molecules and
polymers have attracted a wide range of interestand have become
extremely important in daily life: in society, economy as wellas
in science. Si nee the discovery of 'macromolecules' by Hermann
Staudinger in 1922 (honored with the Nobel price in 1953) an enormous
growth of this field of chemistry and material science has taken place.
Nowadays a life without polymers is not imaginable (figure r).
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Nobel Foundation).
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development of the
polymer production

woridwide (source:
BASF AG).
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However, the best man-made materia Is are still far away from the natura!
examples, which have unbelievably perfectly designed properties, such
as spider silk, collagenor cel! membranes. Therefore substantial efforts
were made during the last two decades to introduce a higher degree
of orderand hierarchy into synthetic macromolecules and polymer
materials, yielding novel products with highly improved properties. In
the sa me period a new branch of chemistry has been developed, starting
from the trad itional disciplines inorganic and organic chemistry. Since
the end of the 7o's this field is called 'supramolecular chemistry'; its
pioneers were honored with the Nobel price in 1987. A topic ofthe
current years is the merging of two areas, synthetic polymer chemistry
and supra molecular chemistry. If successful, the merging of the two
fields open possibilities toengineer completely new compounds and
materials with important impactalso on other modern fields in
3
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science and technology. e.g. nanotechnology.
In this lecture I will give a few selected examples resulting from the
merging process descri bed. I wiJl start with the building principles of
nature and the differences between natura! and man-made materials.
Afterwards I wil! introduce supramolecular chemistry. The lecture will
be concluded by an evaluation of the relevanee of the developments to
be discussed for modern fields of technology.
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Organization principles of nature
During the firs t 3 billion years after the creation of the first cells, nature
made great efforts towards the development and mass production of
an uncountable number of macromolecules of the polynucleotide and
polypeptide type [r]. These nucleic acids and proteins are the basis for
the life on earth. The molecules are perfectly optimized concerning
functionality and, tosome degree, stability.
Biologica! macromolecules such as nucleic acids and proteins are
linear polymers of relatively smal! building blocks, nucleotides and
amino acids, respectively, with a well-defined primary structure. There
are essentially only four (nucleic acids) respectively 20 (proteins) basic
building blocks. The macromolecules of one type are strictly uniform,
that means all molecules have the same molar mass, number and
sequence of building blocks, or functional groups. In addition, the
chains are not randomly coiled, but are folded in a highly defined
and complex manner, which is essential fortheir function (figure 2).
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Many of the biologica] macromolecules are 'monomeric', which means
that they do not aggregate. Others, however, form smal! (oligomeric)
or large aggregates. In the case of oligomeric or large aggregates the
association is controlled in a very organized way. Both processes, the
chain folding and the association in general are very complex and are
Engineering with macromolecules

composed of a large number of different elementary steps. However,
many of the steps, and insome cases even all of them, are much simpler.
I will restriet myself to discussing these very simple cases only (the
description of the more complex ones fills many pages in any textbook of
biochemistry or cell biology). In these simple systems (or simple steps in
a more complex process), the most conspicuous property of the folding
or assembly process is that it occurs spontaneously and that the final
architecture is determined by the minimum of the free enthalpy G of the
system (including the solvent). That means, the information required for
chain folding or association is already programmed within the primary
structure of the chains. Th is way of assembling a structure is called 'selfassembly'. The realization of the final conformation uses contributions
of different interactions to L'l.G: Van der Waals interactions, hydrogen
bonding, ionic interactions, metal-ligand interachons as well as apolar
interactions. The chains and chain segments gain, through these
interactions, the possibility to recognize binding partners within and
outside their own chains and to realize a final ordered architecture,
driven by the primary structure and the principles of physical chemistry.
Many of these processes involve cooperative phenomena.
Both with simple and complex systems, their biologica! function and
macroscopie properties are direct related to the realized structures:
changes of the structure or order normally lead toa loss of the function
or property.
The described principles of nature, molecular recognition and selforganization (self-assembly) as well as the absolute control of the
structure of the basic macromolecules or assem blies, can be recognized
on alllevels of molecular biologica! systems. In the case of smaller
proteins, self-assembly can be best demonstrated looking at the
realization of the 3-dimensional structure, or in the case of a simple
virus such as the tobacco mosaic virus, in the creation of supra molecular
assem blies. Molecular recognition can bemost clearly visualized in the
systems enzyme-substrate or antibody-antigen. In case of the nucleic
acids the double helix of the deoxyribonucleic acids (DNA) is the most
prominent example. A DNA strand can recognise its complementary
strand, and the two strands then combine spontaneously into the WatsonCrick double helix, utilising mainly hydrogen bonding and Van der Waal
interactions (that means: weak, non-covalent interactions).
Despite their weakness, these interactions can lead to quite stabie
structures. For example, in silk fibroin , non-covalent interactions exist in
6
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small hard blocks in a A.exible matrix, which act as physical cross-links
enhancing the strength of the materiaL l n some instances, however,
nature confers additional stability on an assembly by forming additional
covalent bonds, chemica! cross-linking, between different subunits or
even within one subunit A well-known example is collagen.

Left: schematic
representation
of linear block

copolymer
architectures (top)
and of different

polymer structures
(bot! om) .

Right: comparison
of the molar mass
distribution of a
natural macromolecule and a synthetic
polymer synthesised

by anionic polymeri-

Synthetic macromolecules
Si nee the pioneering workof Hermann Staudinger numerous synthetic
macromolecules have been prepared and characterized. Most of today's
polymers, however, have a low degree of order andjor are ill defined
concerning molar mass and chain length distribution. During the last
decades, the use of living or controlled polymerisation methods in
combination with specially designed multifunctional initiators, crosslinkers, and termination agents opened a new entrance towards defined
polymers with respect to rather defined length of the polymer chains,
the distribution of the chain length and the introduetion of functional
end groups. Important examples include the studies by the group of
Reimund Stadier at Johannes Gutenberg University, Mainz, Germany, in
which anionic polymerisation was used to create ABC block copolymers,
and research by Krzysztof Matyjaszewski and co-workers at Carnegie
Meiion University, Pittsburgh (USA) , in which atom transfer radical
polymerisation was used to synthesise AB block copolymers [z].
However, even in the case of the best man-made macromolecules the
precision of nature up to now has not been reached (figure 3).
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Using phase separation phenomena and Van der Waals interactions in
combination with defined (block) copolymers, chemists were abie to
introduce some degree of order into synthetic polymer materia is
(figure 4) . In addition, several important industrial polymers owe
their special properties to the existence ofhydrogen bonding. The best
known examples are polyamides or Nylon, in which the properties
are largely determined by the presence ofhydrogen bonds. Due to
the cooperativity ofhydrogen bonding in these systems, exceptional
mechanica! properties in combination with high melting temperatures
are obtained. Several high-tech fibers, such as Trevira® or Vectra®, are
also based on secondary interactions between single molecular chains.
The use of non-covalent interaction also is a well-accepted method to
enhance the miscibility of different polymers.

figure 4
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It can be concluded that, during the last decades, synthetic macromolecular chemistry made an enorm ous progress in developing
controlled polymerization procedures, preparing more defined
macromolecules and introducing some degree of order into materials.
However, as compared to biologica! materials the man-made systems
are still by far inferior. This is mainly due to two facts:
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The synthetic macromolecules are much less wel! defined concerning
chain length.
The use of well-controlled, cooperative secondary interactions is only
utilized to a very small degree.
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The definition of supramolecular chemistry is 'chemistry beyond the
molecule', in contrast to 'molecular chemistry', which is basedon
covalent bonds. lnspired by the strategies and architectmes of nature,
the introduetion and utilization of secondary non-covalent interactions
is the central target. The field was started in the beginning of the 197o's,
first focusing on the development of selective (self-recognizing) binding
mechanism for alkali and earth alkali metal ions. In 1987 the Nobel
price was awarded for this work to Charles J. Pederson, Donald ).
Cram and )ean-Marie Lehn [3]. During the last decades the field
showed rapid process. A variety of reversible interactions was applied to
construct large aggregates, including (in order of decreasing strength):
(I) electrostatic interachons (ion-ion, ion-dipole or dipole-dipole) and
coorclinative bonding (metal-ligand), (11) hydrogen bonding. (111) n-nstacking interactions, (IV) Van der Waals forces (dispersion and
induction forces) and (V) hydrophobic or solvophobic effects. In contrast
to the typical bond strength of covalent bondsof around 350 k)j mol
(breaking a C-C bond into the two radicals), the secondary interactions
are much weaker, ranging from less then 5 k)jmol for Van der Waals
forces, through 5 to 65 k)jmol fora hydrogen bond to 250 k)jmol for
an ion-ion interaction.
Of central interest in present supramolecular chemistry is the creation
of defined superstructures, utilizing spontaneous self-organization
processes of well-designed building blocks. The required information
for this process is stored in the building blocks and the 'Aufbau'-rules
(' programmed supra molecular systems') [4]. Recentworkin this field
has demonstraled that in formation stored in molecular components
can be read out by non-covalent interactions to assembie highly
ordered complex architectures using hydrogen bonding. metal-ligand,
and cation interactions. Famous examples utilizing hydrogen bonds are
the supramolecular cyclic hexamers basedon melamine derivatives and
cyanuric acid or barbituric acid (so-called rosettes)
by the groups of George Whitesides and Jean-Marie Lehn (figure 5) [SJ·
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figure 5

Schematic
representation

of supramolecular
architectures based
on hydrogen bonds.

Other interesting procedures in supramolecular chemistry used
molecular building blocks containing repeating substructures, with
the capability to complex metal ions in a defined and predictabie
arrangement. Startingin the 198o's, several double, triple as well as
circular helical assemblies (so-called 'Helicates') with nanometer size
dimensions have been prepared, consisting ofligands with highly
selective metal binding properties and corresponding transition metal
ions. During the last years, other multi-metallic complexes of precise
[m x n] nuclearity and two-dimensional geometry were developed as
models for information slorage (figure 6). Their basic geometries may
be termed racks, ladders, and grids. In these cases the metal ions
serve as connecting centers for the structures and provide additional
electrochemical, photochemical, and reactional properties.

figure 6

Schematic
representation

of grid-like

supramolecular

architectures based
on metal-ligand
interactions [6].
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The ordered arrangement of such systems on surfaces or thin
films offers further possibilities for potential applications [7]. Ordered
layers of organized metal ions could provide, e.g. materials with
functional units of a si ze smaller than quanturn dots [8], with the
additional advantage that they can be formed by spontaneous assembly
instead of microfabrication. By addressing the metal ions photo- or
electrochemically, it might be possible to inscribe patterns which could
be read out non-destructively, offering a basis for the construction of
information storage devices [9]. Several interesting examples can be
found in the recent literature. However, it turned out that most systems
cannot be prepared in large quantities and are not suitable for film
formation or a stabie fixation on surfaces. Therefore, no commercial
materials have been developed up to now.

11
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History and requirements
Macromolecules containing directed non-covalent interactions
represent a rather new field of research. During the last ten years
a fascinating development can be observed utilizing mainly hydrogen
bonds to construct supramolecular polymers or polymers with reversible
binding behavior. Probably the first work was published at the end of
the 198o's by Reimund Stadier describing the modification of polymers
by phenylurazole units, resulting in thermo-reversible supramolecular
polymer networks [ro]. Coming from the field of supra molecular
chemistry, the groups of Lehn and Whitesides have published work
concerning linear assemblies and polymers, also with liquid crystalline
properties. In addition, the use of natura! building blocks such as amino
acids has led to new materials, e.g. the peptide na notubes from Rezza
Ghadiri's group utilizing cyclic peptides with alternating D- and L-amino
acids [u]. However, it was not until 1997 that a real high molecular
weight non-covalent polymer on the basis on hydrogen bonds has been
introduced by Bert Meijer et al. [12]. Since that, this field has been
growing rapidly.
In addition, since the beginning of the 199o's several groups have
been werking on metal complexing polymers. However, contributions
using metal complexes to directly builcl-up new polymer structures
have been made only during the last few years. What is characteristic
in these studies is the use of small organic units as building blocks
('monomers') for the formation of the metallo-supra molecular
polymers in the presence of metal ions. Most of these approaches
utilize, however, rather complicated building blocks and synthetic
procedures, not applicable for the preparatien of larger quantities
or material prototypes.
To further develop this field and to really 'engineer' complex
architectures with macromolecules in larger quantities, several
points have to betaken into account:
r the supra molecular building unit should offer a high and
selective binding affinity;
2
the association strength should be 'tunable' over a wide range;
12
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3 the supramolecu!ar unit has to be accessible in large quantities
and short synthetic procedures;
4 functional groups should be easily introduced.
Design and synthesis
Taking into consideration the pre-requisites described we chose, as
central supramolecular building blocks, N-heterocyclic ligands. For
nearly a century, a broad range of N-heterocyclic molecules have
been known as very effective and stabie complexation agents for
several transition metal ions like cobalt(II), copper(II), nickel(II) or
ruthenium(II) [r3] . In particular, 2,2':6',2"-terpyridine metal complexes
have become noted fortheir extreme stability, their interesting physical
properties and the large number of useful complexing metal ions [r4].
In addition, the complexes are clearly defined from an architectural
point of view: they show an octahedral coordination geometry of two
ligands with one metal ion. In supramolecular chemistry it has been
shown that not only 'homo-complexes' with two identicalligands can
be prepared via self-assembly processes [r5]. Utilizing special metal
ions, such as ruthenium( !I!), also 'hetero-complexes' consisting of
two different ligands can be prepa red: e.g. reaction of a terpyridineruthenium(lll) mono-complex with another terpyridine ligand under
reducing conditions leads to the formation of a AB-type complex
(figure 7). To us the terpyridine systems seemed therefore to be a
promising choice for the construction of ordered high molar ma ss
supra molecular materials and for providing evidence that metallosupramolecular chemistry can be utilized for the construction of
complex ordered macromolecu lar architectures.

figure 7
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The required functionalized 2,2':6 ',2"-terpyridine moleculescan be
prepared by different synthetic methods, which were developed during
the last decades. The 4' -chloroterpyridine represents a particular
attractive building block, due to its accessibility in three steps applying
classica! condensation procedures ('Kröhnke synthesis'). In addition,
the unit recently also became commercially available. The chlorofunctionality offers an easy entrance for the further modification of
this supra molecular building block: polymerizable end-groups or highly
reactive groups can be introduced, e.g. acrylates, isocyanates, epoxides or
amino groups [r6]. The high reactivity of the chloro-terpyridine towards
hydroxy and thiol-terminaled molecules convineed us also to investigate
a direct oligomer and polymer modification: a commercially available
poly(ethyleneglycole) (used by everybody in the daily life as additive in
cosmetics, soaps and tooth paste) was reacted with the chloro-terpyridine
in a Williamson-type ether synthesis, resulting in the desired terpyridinemodified compounds in high yields. Utilizing modern characterization
tools, such as matrix assisted laser desorption ionization time of Aight
mass speetrometry (MALDI-TOF-MS) the complete functionalization of
the polymer with two terpyridine units could be demonstrated: When a
poly(ethyleneglycole) with a narrow polydispersity of 1.07 was utilized
as pre-polymer, a complete shift ofthe polymer distribution by 460
ma ss units could be observed, conesponding to the addition of two
terpyridine unitstoeach polymer chain [r7]. In a similar procedure
monohydroxy-terminate poly(ethyleneglycole)s could also be func tion·
alized and characterized. The addition of transition roetal ions, such as
cobalt (IJ) or zinc (I I) , to the mono-terpyridine modified polymers should
lead toa spontaneous self-assembly of two terpyridine units and thus
toa dimerization of the polymers, similar to the complexation of two
organic low molar mass ligands. This can easily be observed by the
change ofthe UV/Vis absorption behavior. Again, MALD J-TOF mass
speetrometry revealed to be very useful for the characterization of such
metallo-supramolecular assemblies and polymers: the molecular weight
of the polymer doubles after addition of roetal ions. That means, that two
polymer chains are held together by a single roetal ion, in a secondary
interaction. In addition, the formation of the complexes can be reversed,
e.g. by changing pH or temperature, or by applying electrochemical
changes [r8]. Therefore a real 'chemica! switching' can be realized.
This results in a change of the physical as wel! as the macroscopie
properties, e.g. in a change of color, viscosity, or morphology.
14
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Self-assembly on the nanoscale
The described controlled bindingjde-binding processes not only can be
utilized on a macroscopie scale, e.g. in the direction of smart materials
such as reversible glues or adhesives. They are a lso of special interest
on the nanoscopic scale [r9]. Using a a,w-bisfunctionalized
poly(ethylene-glycole) with one terpyridine end-group and an additional
functional group on the other end of the chain (such as COOH, OH,
NH 2 or SH), the functionalization of substrates with the supra molecular
polymer can be approached (zo]. This can, e.g., be used for the
attachment of such polymer-terpyridine systems onto atomie force
microscope (AFM) tips and microscope slide substrates. For this
purpose, a Si 3N4 tip was treated with an aminosilane reagentand then
reacted, in a peptide-coupling process, with the carboxy end-group of the
polymer. In a similar way, microscope slides were functionalized and
reacted with polymer.
The invention of scanning probe techniques in the beginning of the
r98o's allowed the characterization of nanometer-sized objects [zr].
In addition, the measurement of forces down to piconewtons is possible.
During the last years this generated a steadily increasing interest in
the investigation of individual molecular interactions utilizing AFM
force spectroscopy. Well-known examples include the measurement
of interactions between biotin-(strept)avidin, cells and celi-binding
proteoglycans, antigen-antibody systems and complementary DNA
strands [zz]. In the case of supra molecular interactions the ligands
cannot be attached directly to the tip, due to unspecific interachons
between tip and substrate. Therefore, the poly(ethyleneglycole) functions
as a spaeer unit to avoid such interactions. The stretching behavior of
this type of polymer in biologica! force experiments does notpresent
serious problems since it is already wellunderstood.
The formation of the transition metal complexesin the AFM set-up
was approached in the following way (figure 8): the surface (or the
tip) was coated with a layer of poly(ethyleneglycole) bearing at the free
end a terpyridine ruthenium(lll) mono complex (preformed before the
attachment onto the surface). These mono-complexes do not react with
each other (aU binding sides are filled) .

tS
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At the start of the force spectroscopy experiments, the uncomplexed
and the complexed ligand were brought into direct neighborhood.
The formation of the bis-complexes (binding of the terpyridinesof tip
and substrate) is correlated with a reduction of the metal ions from
oxidation state +3 to +2. With this setup, no additional metal ions are
required in the solvent.
(CJ

Schematic

presentation of

the nanoscopic
self·assembly

experiments on
the AFM tip.

figure 8

As shown in ligure 9a, stretching of the polymer metal complex formed
for up to 40 nm requires forcesof only a few pN. For larger stretching,
however, the applied force has to be increased until, at a force of roo
pN, the complex dissociates. At this point the force deel ines. Due to the
fact that more than one molecule can be bound to tip and substrate,
the formation of several complexes may be observed. The force that is
necessary to dissociale the complex is proportional to the number of
bonds to be broken (figure 9b and 9c). This correlation can be displayed
in form of a histogram and also theoretically described (figure 9d) .
To ensure that the measured values in fact correspond to the bond
ropture forces, in a control experiment an excessof free terpyridine was
added to the experiment. As expected, all mono-complexes were chelated
by the free terpyridine, preventing the formation of connections between
tip and substrate.
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New discrete macromolecular combinations
The described poly(ethyleneglycole)s are only one special example
of possible starting materials. There are many more mono, bis and
multifunctionalized oligomers and polymers commercially available
or easily accessible. Examples are based on poly(siloxane)s,
poly(styrene)s, poly(propylenoxide)s, poly(oxytetramethylene)s,
poly(ethylene)s, poly(ethylene-butylene) copolymers, poly(carbonate)s,
poly(methylmethacrylate)s and poly(oxazoline)s. Besides the different
chemica! composition , variabons are possible concerning chain length
and rnalar mass (M11 = 500 to 50 .000) , respectively, and number of
functional groups (r, 2 , 3, 4 ...).
Several of these compounds have been synthesized recently. They
offer a new entrance to combinations of molecules, oligomers or
polymers. Utilizing the ruthenium(IIl) f ruthenium (11) chemistry
a lso unsymmetrical couples can be easily prepared. The reaction
of a poly(ethyleneglycole)-terpyridine ruthenium(! I I) unit with a
poly(styrene)-terpyridine block, e.g., results in an AB-block copolymer,
just by mixing tagether the two segments (figure ro).

Engi neering with macromolecules

The success of this kind of polymer synthesis can be controlled by
various methods: NMR spectroscopy, UVj Vis absorption spectroscopy,
analytica! ultracentrifugation [23], or again MALDI-TOF mass speetrometry (24].

Schematic
representation
of a metallo·

supramolecu lar
AB block copolymer.

figure to

The properties of such non-covalent block copolymers can now be
compared to those of the covalent analogues. Depending on the specific
system and on temperature, similar propertiescan be observed- or new
properties can be found, introduced by the supra molecular moiety.
That means that the m etal complex can either beseen as just a glue for
the different segments, or as a new functional block. A large number
of combinations is now accessible with this method, yielding numerous
new polymer combinations which where not or only with many
difficulties accessible up to now by traditional controlled polymerization
methods. Th is also allows the application of modern high-throughput
synthetic strategies, usually called combinatorial methods. Utilizing
robot techniques, the mixing of different polymer combinations can be
automatized. Therefore for the first time libraries of block copolymers
are accessible. An example is the combination of poly(styrene)s with
poly(ethyeneglycole)s in form of ABA block copolymers, where the
length of each segment is va ried from o (homo polymers) to IO.o oo
dalton (figure rr).

18

prof.dr. U.S. Schubert

Schemati c
representation
of a combinatorial
access towards
novel (block)

---___"(L:i
----;
L_>~~

copolymers.

figure

.......... "

11

The investigation of such libraries wil! allow a much more detailed
knowledge of the structure-property relationships of polymer materials.
An example can beseen in the combination of poly(ethyleneglycole)block-poly(tetramethylenoxide). With those dataan old dream of
the material scientists can be approached: the 'retro-synthesis' of
polymer materials and the directed design of polymer materials with
certain properties (e.g. special adhesion for metal surfaces or laminar
nanophase separation). Finally, with the results of a large number of
such libraries some kind of' material informaties' can be developed,
due to the systematical variation of different polymer compositions.
However, on that way a lot of problems have to be solved. Examples
are the characterization problem in a high-throughput approach, the
investigation of material properties of a large number of products
available only in smal! quantities, and the more or less automized
parallel investigation of material morphologies. For this, a partnership
between groups from different fields, from chemists to engineers,
is required.
Bes ides polymer building blocks, alsoother kinds of functional
molecuJes can be introduced into the 'engineering' of macromolecules
described. Thinking of materials with useful optica! and photo-physical
properties, the combination of conducting polymers, organic dyes,
electron acceptors or donors, metallic, semi-conductive or low
E-nanoparticles can be envisioned. Several of these combinations
have been recently realized. The combination of fullerene units with
19
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oligo(phenylenevinylene) segments via a metallo-supramolecular linkage
utilizing ruthenium ions led to interesting triad combinations [25]- This
can be further extended in a kind of lego system, using e.g. perylene
dyes or metallic nanoparticles functionalized with terpyridines. Metallic
nanoparticles can be introduced in two different ways:
(I) Coupling supramolecular polymers with surface-active groups, such
as thiols, onto the particles and then utilizing the supramolecular moiety
for an additional self-assembly process. (11) Application of the excellent
adsorption and binding properties of terpyridine and bi pyridine ligands
onto metal surfaces for linking other molecules to the nanoparticles.
Concerning biologica! systems, protein binding units or functiona lized
biologica! nanoparticles can be utilized.
Up to now only AB and ABA type linear (block) copolymers or similar
combinations of molecules were discussed. However, utilizing dendritic
or sta r-like building blocks, other arrangements and architectures
can a lso be engineered. Starting from a 4-arm system with four
supramolecular binding sites, star-like systems are accessible. Th is could
be e.g. demonstrated in the case of a tetra-fullerene derivative. In the
same way, poly(styrene)s or other polymers can be arranged. Therefore
also networks with supramolecular net-points can be prepared.

figure

Metallo-supramolecular (multi block) copolymers
The use of other transition metal ions and supramolecular bisfunctionalized oligomers and polymers leads also directly to extended
systems. In the case of a terpyridine bis-functionalized poly(ethyleneglycole) the addition of metal ions, such as iron(! I), cobalt(ll) or zinc(Il),
leads to a spontaneous self-assembly of two terpyridine units and thus
toa polymerization. In principle this can be compared toa polyadditiontype reaction known in polymer chemistry fora long time (figure 12)
[26].

12

Schematic
representation
of a metallo·

supramolecu lar
polymerization.
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The formation of the terpyridine/ metal complexes and thus of the
non-covalent coordination polymers can easily be monitored by various
techniques. Equimolar amounts of polymer and the glue (the roetal ions)
should result in a higher molar mass. This has been observed in viscosity
experiments: tilration of different amounts of roetal ions into a solution
of the polymer resulted in an increase in salution viscosity (measured
by the running time of the salution in a capillary). After the equivalent
point has been reached, the behavior of the sample is dependent on the
kind and kinetics of roetal complex formation. The viscosity increase
is accompanied by distinct changes of the macroscopie properties and
appearance of the sample. E.g., the powdery functionalized oligomer
is transformed into a high molecular weight film-forming materiaL
In principle, the formation ofthe complexescan be reversed, e.g.
by changing pH or applying electrochemical orthermal changes.
The process and the successof the supramolecular polymerization
can be visualized by a simple experiment: a low molar mass poly(ethyleneglycole) (Mn of 9000) with two supra molecular end groups is
dissolved in water or methanol and magnetically stirred. The colorless
salution immediately turns into a colored, red-brown solution when
cobalt(ll)acetate is added. The viscosity of the salution increases with
each salt addition, finally leading toa tumbling of the magnetic stirring
bar. If now a multi-functional supramolecular compound is added (in
this case with four terpyridine units) , supramolecu lar cross-linking can
be observed, resulting in a gum-like materiaL Heating such materials
can reverse the polymerization process (dependi ng on the roetal ion
utilized): the high molar mass materials undergo a transition back to the
low molar mass starting materiaL Cooling again reforms the high molar
mass polymer.
In the way described, homo polymers can be formed with mainly
covalent bonds in the backbone but with each segment glued together by
a metallo-supramolecular unit. In a certain temperature range (below the
dissociation temperature of the supramolecular unit) the properties of
the compounds can be comparable to the covalent analogues. However,
a lso additional properties based on those of the supramolecular units
may be conferred to them. This strategy of preparing homo polymers
is of great interest in cases where high molar masses (and therefore
high degrees of polymerization) cannot be obtained utilizing normal
polymerization techniques. Wh en different kinds of oligomers and
polymers are added during the supramolecular polymerization process,
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random copolymers are obtained, similar to traditional polymer
chemistry. However, by utilization of the ruthenium(Ill) / (11) chemistry
also defined (block) copolymers can be prepared. E.g., the reaction
of a bis-terpyridine ruthenium(III) poly(styrene) with a bis-terpyridine
poly(ethyleneglycol) results in a (AB) 11 block copolymer, with exactly
alternatingAand B segments. Thus, the full range of (block) copolyrner
combinations theoretically possible can be synthesized, allowing the free
artistic 'engineering' of macromolecular systems [27].
The supramolecular units not only influence the macroscopie
properties of the resulting materials but also have a distinct impact
on the nanoscopic and mesoscopic architectures. Again, this has been
demonstraled using the poly(ethyleneglycole) containing system. The
system polymerized using copper(II) ions reveals a nanoscale phase
separation between the matrix (the poly(ethyleneglycole)) and the hard
segments (the supramolecular units). In addition, an increase in the
degree of order can be observed: the supramolecular units arrange
in a linear fashion. In view of the fascinating possibilities of block
copolymers for forming highly ordered structures in the bulkandon
surfaces this willopen new possibilities for the design of novel structures
for applications in nanotechnology.
To close this journey I would like to touch u pon another well-known
and industrially and scientifically important approach in traditional
polymer chemistry: the use of graft polymers and polymer-analogous
reactions. Examples are the derivatization of cellulose or the preparation
of poly(vinylalcohol), both of them industrial products. In genera!, a
major drawback of the present preparation methods are the somelimes
very harsh reaction conditions and low yields. Supramolecular chemistry
seems to be applicable also in this field. It will allow some kind of
supramolecular grafting and thus a new access to the macromolecular
combinations mentioned.
There are numerous other possibilities to arrange and order, by the
methods described, molecules, macromolecules and nano-objects to new
architectures and to design and create materials with novel properties
(see, e.g. [28]) . The short overview presented here could, of course, only
show you a few selected examples, predominantly from the work of my
own group.
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In chemistry, the last few years have led to the development of new
interdisciplinary branches combining and bridging different fields,
such as organic, inorganic, colloid and polymer chemistry. The building
principles and the perfect structures of nature haveservedas motivation
and as a model. The combined efforts have led to compounds and
materials with nano· to mesoscopic ordered architectures, which attract
an enormous international attention in current chemistry, physics,
material science and life science. The new compounds will form the
basis for the 'bottom·up' approach in nanotechnology as well as the
'top-down approach' in the present attempts for miniaturization of
materials and devices in electronics, photonics and magnetics. The
design, synthesis, characterization and controlled self-organization
of the required well-defined materials and systems on different length
scales will be the key technology for the next decade (figure 13).
Biologically important self-assembly processes are closely related to this
topic (also with respect to the length-scale); their application for technica!
purposes is also intensely perused in many laboratories.

figure 13

Comparison of

'bottom·up' and
'top-down approach '

Micro·
technology

The results obtained up to now are just the very beginning in
the development which I have described. The next years will be
dedicated to further bridging the gap to the natura! systems, to
developing new or improved synthetic polymerization procedures,
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to applying natural building blocks and to utilizing different kinds
of non-covalent interactions within one system. In addition, the
introduction of combinatorial methods will represent a central goal.
The thorough understanding of the self-organizing processes as weil as
the understanding and the precise control of structure and function on
different length scales wil! be essential prerequisites for any significant
progress.
The development of synthetic self-organizing materials in combination
with nano-structuring and nano-mani pulation strategies certainly wil!
lead to a dramatical progress in nanotechnology.
On this way, the just founded 'Center for NanoMaterials' (cNM) in
Eindhoven will be of ma jor importance in our research. In addition ,
our efforts towards a supramolecular combinatorial chemistry and an
effective characterization of nano-objects will greatly benefit from the
close cooperation with the corresponding producers and developers ,
which is being arranged. Additional important synergetic effects are
to be expected from our cooperation within the Dutch Polymer
Institute (OPI) , with its outstanding network of specialists and excellent
equipment. Finally, the Laboratory of Macromolecular and Organic
Chemistry provides the perfect atmosphere necessary for any successful
work. It is clear that this work has to be combined with educational
efforts, to introduce our students to this interdisciplinary and modern
field of scÏence.
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Closing comments

At the end of this inaugurallecture I wou/d like to make extensive
acknowledgements. The progress in research we made would not
have been possible without the intense and highly motivated work
of a small number of coworkers . The results, which I could present
today, essentially, were those of Christian Weid\, Georg Hochwimmer,
Christian Eschbaumer, Marcel Heller, Philip Andres, Haraid Hofmeier,
Bas Lohmeijer, Daan Wouters, Andrei Precup and Stefan Schmatloch.
In addition, this work wou/d not have been possible without the
intellectual influence and support of Claus D. Eisenbach, George
R. Newkome, jean-Marie Lehn and Oskar Nuyken. The highly
innovative environment represented by the Munich region, with two
universities and several Max-Planck-institutes, allowed me to develop
an interdisciplinary research program. I a/so gratefully acknowledge the
help and input by Erich Sackmann, Hermann Gaub, jörg Kotthaus and
jochen Feldmann. During this time I had the p/easure and privilege
ofbeing a member of the Munich Center for NanoScience, on of the
most prominent examples of a functioning interdisciplinary nanocenter.
Several German institutions supported me during the last six years,
by this alJowing me within the traditional German system a lot of
independence and freedom . However, all this would not have been
sufficient without the existence of severa l very productive cooperations.
I just want to name a few of them. The interaction with Hermann Gaub
in the field of force spectroscopy, with jochen Feldmann concerning
the photophysical investigations , with Martin Möller and joachim
Spatz concerning the visualization of metallo-supramoeluclar grids on
surfaces, with Michael Buchmeiser in the field of catalysts, with George
Newkome on metallo-dendrimers and with Klaus Müllen in the area
of fullerene systems . In addition, I had the pleasure to cooperate with
my father, Dieter Schubert, on the characterization of supramolecular
species in solution. This not only has been a successful interaction
with respect to the number of publications and meeting contributions
resulting, but also has been very important for my scientific
development.
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I greatly enjoy that my father, after having hadastrong inftuence on
the subject and the direction of my studies, now a lso is actively involved
in my work.
I am very grateful to the Eindhoven University ofTechnology and the
department of Chemica! Engineering and Chemistry to have taken the
risk of hiring a 30 year old foreign researcher. I highly appreciate
the active and inspiring environment of this university. My special
thanks go to my colleagues in the Labaratory of Macromolecular and
Organic Chemistry, in particular to Bert Meijer and René janssen, for
the more than friendly welkome and collaboration. I very much enjoy
the competitive but always helpful and friendly atmosphere in the lab.
There are lots of exiting challenges waiting for us, and if we continue
cooperating in the way we did up to now, we will be wellprepared for
them.
Thank you very much for your attention.
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