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Polymers Going Rigid, Thick,
and Laterally Infinite

Afang Zhang, Junji Sakamoto, and A. Dieter Schliiter*

Abstract: This short review article provides insight into the impact organic chemistry can have on state-of-the-art
materials creation. Three cases were selected from the authors’ laboratory, the first being ‘Suzuki polycondensa-
tion’, a powerful method with which innovative organic chemistry was successfully transferred to polymer synthesis
and which meanwhile has even found technical scale application. The second describes the decoration of linear
polymers with a dense layer of regular branch work. Though seemingly a rather esoteric enterprise, these decora-
tions resulted in considerable property changes as compared to other linear polymers and, additionally, led to the
discovery of novel properties. Consequently, this area which is commonly referred to as ‘dendronized polymers’
in a world-wide activity has been developed into a ripe research field, presently under exploration for possible
technical application. Finally, an example still very much in its first tumbling steps was selected to give yet another
perspective of the role of organic chemistry in a materials-oriented chemistry. It aims at the generation of ultrathin,
yet internally strictly defined, sheet-like macromolecules for which a great future is foreseen, e.g. as a 2D platform
for the systematic construction of 3D matter.
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1. Introduction

Polymer synthesis has witnessed an enor-
mous development over the past one or two
decades. The variety of accessible struc-
tures has dramatically increased and the
precision with which they can be made has
reached levels one could not have dreamed
of in the seventies and eighties of the
last century. High tolerance to functional
groups, proper placement of predetermined
end groups, high level of stereo control and
predictable chain lengths and chain length
distributions are no longer exceptions.
Prominent examples include metallocene
polymerizations of olefins,[!l controlled
radical polymerizations of alarge collection
of sometimes even complex monomers,?!
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and polymerizations using supramolecular
growth principles.[3! Besides these more
method-oriented developments there has
also been quite some progress in research
aimed at polymers with principally new
molecular structures. A rather remarkable
case here is polymers decorated with long
‘hairs’ at each repeat unit, which are com-
monly referred to as bottlebrushes.l*l The
laboratory of polymer chemistry at ETH as
well as the labs at the Max-Planck Institute
for Polymer Research, Mainz, Germany,
and the Freie Universitit Berlin, Germany,
where this group had been previously ac-
tive, have contributed several different ex-
amples in which organic chemistry played
a substantial role.

Three of these examples will be de-
scribed here; two of them have already
reached considerable maturity whereas
the third is still rather premature and one
does not know for sure whether it will be
ultimately successful. Its potential impact
however is considerable.

The first case is a methodological devel-
opment aiming at solving an old problem in
polymer synthesis which was insurmount-
able until organic chemistry had developed
the famous Suzuki-Miyaura cross-coupling
reaction back in 1981,5! a reaction which
allows aromatic units to be connected di-
rectly to one another. Though many poly-
mers with aromatic units had been synthe-

sized over the years and found important
applications, e.g. for high performance
fibers, there was no method available by
which aromatic units could be coupled
directly via C—C bonds and not via ester,
amide and imide groups like in aromatic
polyesters, polyamides, and polyimides.
This direct coupling would convert such
aromatic polymers into polyarylenes; ful-
ly aromatic, highly rigid, single-stranded
polymers for which interesting properties
were predicted, ranging from active com-
ponents in optoelectronic devices all the
way to high strength materials with attrac-
tive chemical and thermal stability. It was
therefore considered an important task to
show whether the Suzuki-Miyaura reaction
could possibly be added to the arsenal of
polymer synthesis’ methodology to solve
exactly this problem.[®!

The second case deals with the per-
haps somewhat naive sounding question;
“Where are the limits for steric load of a
monomer such that it still polymerizes?”,
which has more importance than one may
think at first glance. If monomers carry
increasingly spatially demanding sub-
stituents, their polymerizable unit will be
increasingly more wrapped and shielded
by this substituent which, in turn, renders
polymerization increasingly more diffi-
cult. If propagation could nevertheless be
brought about, however, the resulting poly-
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Scheme 1. The first Suzuki polycondensation described in the literature:

[Pd] = Pd(PPh,), and R = hexyl

mer backbone would be forced into a more
and more stretched conformation which, in
the extreme case, could eventually furnish
a macromolecule, whose envelope is best
described as a nanocylinder. Nanocylinders
were considered very attractive research tar-
gets some 15 years back because they could
serve numerous unprecedented functions
which include single-molecule glasses, en-
tities for controlled surface coverage and
single-molecule chemistry, counterparts
for supramolecular assembly with biomac-
romolecules, and alike. This field, which
— following one of the author’s (ADS) sug-
gestion — is meanwhile internationally re-
ferred to as ‘dendronized polymers’,l”] has
led to numerous exciting findings and our
laboratory is proud of having been part of
all this.

The third case is a long-term project
aimed at a class of polymers which could
not be made so far, though numerous at-
tempts have been published over the years
and organic chemists, polymer and materi-
als chemists, physicists and surface scien-
tists have always enthused about, namely:
two-dimensional polymers. Practically all
bio- and man-made polymers known today
consist of single-stranded, covalent back-
bones. The indispensable functions many
of them have both for life as such and in
the daily life of every human being result
from their concrete chemical structure and
the way how these macromolecules arrange
into higher order structures. Given the enor-
mous importance of single-stranded poly-
mers we took the challenge to try to synthe-
size ‘infinitely’ extended, covalently con-
structed and structurally defined, periodic
2D polymers and to explore their property
space which is believed to be full of exciting
surprises.[8! In light of the recent discover-
ies around graphene such a research target
has gained an even higher fascination. Not
only would the development of reliable and
robust synthetic routes leading to structur-
ally rigorously proven representatives of
molecular sheets be a major breakthrough
for synthesis and chemistry; it also would
open fascinating structural, analytical, ap-
plication and theoretical aspects and op-
tions with an almost unimaginable impact
on the natural sciences and technology.

This article draws a brief state-of-the-
art picture of these three selected cases to
share the excitement of the enormous po-
tential of modern polymer synthesis with

the reader. It also emphasizes the role of
organic chemistry whenever the realization
of novel polymer structures is concerned
and with this contrasts the presently some-
times encountered view that “everything
can be done with the existing monomers
and polymers” just by proper engineering
and improved process technologies. The
title reflects the three topics in that most
of the polyarylenes are rigid-rod polymers,
dendronized polymers are thick (up to di-
ameters of 7-8 nm) and the targeted 2D
polymers would be laterally infinite.

2. Results and Discussion

2.1. Polyarylenes by Suzuki
Polycondensation

Suzuki polycondensation was discov-
ered in the late 1980s at the Max-Planck-
Institute for Polymer Research in the main
author’s group and with the help of Prof.
Gerhard Wegner together with the former
doctoral student Matthias Rehahn and the
support of Prof. W. James (Jim) Feast, Dur-
ham, U.K.®! Rehahn retrieved from the
literature the original work by Suzuki and
Miyaura on a Pd-mediated method for C-C
bond formation.5! This reaction requires
the simultaneous presence of an aromatic
boronic acid and an aryl halide to give the
corresponding biphenyl derivative in ex-
tremely high yields. He also tried it out in
a model reaction which went so well that
it was obvious to try the same reaction
for polymerization purposes, for which
the reported (and confirmed) extremely
high conversions per bond-formation step
were an essential prerequisite for bringing
about high molar mass products. Scheme
1 shows the first case of a polymerization
using this coupling reaction which was
later referred to as Suzuki polycondensa-
tion (SPC). Though at that time the molar
masses were not yet satisfying,[1% this work
initiated a world-wide development which
has led to a whole new family of partial-
ly high molar mass polyarylenes, many
of which are described in a recent review
article,l'!) though almost every month an-
other example appears in the literature. It
is a remarkable facet of this research that
it has even found industrial application.[12]
Merck’s branch, formerly known as Covi-
on, Hoechst, used and still uses SPC for the
synthesis of polymers as luminescent parts
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in their organic light-emitting diods. Practi-
cally all polymers prepared by SPC are lin-
ear polyarylenes which are considered rigid
rod polymers.

The most recent success story in this
area, which hopefully will also have an im-
pact on industry, is a manifestation of the
group’s move from Berlin to Ziirich. Paul
Smith from the polymer technology group
of ETH’s Department of Materials became
interested in the findings of doctoral stu-
dent Ramchandra Kandre that highly pure
monomers 1b and 2 can be polymerized
on a multigram scale to the corresponding
poly(meta-para-phenylene) 3 (Scheme 2)
with a respectable molar mass.[13] Since this
polymer was obtained in larger amounts, a
fraction could be obtained by simple pre-
cipitation that had the following character-
istics: quantity, 1 g; M, = 255,000 g/mol;
P,, = 1140! Despite this extremely high
molar mass, highly resolved NMR spectra
with narrow lines were obtained rendering
the structure proof unequivocal. In Smith’s
laboratory the mechanical properties of
this material were investigated. Films were
found to be flexible and tough and could be
deformed well beyond the yield point. Fig.
1 shows the results of tensile deformation
tests (film thickness approx. 150 pm) with
this polymer and, for comparison purposes,
curves obtained with atactic polystyrene
(PS), poly(methylmethacrylate) (PMMA),
and polycarbonate (PC). Although the films
of polymer 3 showed a somewhat lower
stiffness, their macroscopic elongation at
break surpassed those of the highly brittle
PS and PMMA and approached that of PC,
which is an engineering plastic reputed for
its toughness.!4

Stimulated by this exciting finding the
ball has now been sent back to synthesis to
pursue the new main goals of
i) creating a family of polymers grouped

around polymer 3 which acts as a lead

structure,

ii) reducing the catalyst amount to the ab-
solute minimum, and

iii) investigating the polymerization mech-
anism.

Commonly SPC is considered a step-
growth process. Tasks i and ii are presently
under investigation whereby it should be
mentioned that the reduction of Pd catalyst
is not so much a matter of costs but rather
of product properties. In melt processing
high temperatures are applied and traces
of residual Pd caused the material to turn
dark. Ramchandra’s most recent finding
is that the initially used amount of catalyst
can be reduced from 0.3-0.6% all the way
to 0.03 % while keeping the molar masses
practically constant. This way, Pd residues
in good samples can be as low as 2-3 ppm
as determined by Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (LA-
ICP-MS) for trace element analysis. With
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Scheme 2. Synthesis scheme for high molar mass poly(meta-para-

phenylene) 3 with butoxy side chains using SPC

such low catalyst loadings and therefore
very low metal residues color changes up-
on melt processing are no longer observed.
Regarding the polymerization mechanism
(aspect iii) it is a striking fact that the dis-
cussed fraction has an extremely high molar
mass (P, = 1140), presumably too high for
a step-growth process, despite the fact that
it refers to a fractionated and, thus, non-
representative material. Can such values
be obtained by step-growth procedures or
does chain-growth play a role? Such con-
siderations were already made some twenty
years back in Mainz but were never followed
experimentally (by us) and it was suspected
that this was more likely to be the case for
polymerizations using AB- rather than AA/
BB-monomers. There is recent precedence
for so-called chain-growth polycondensa-
tions!!5! which may re-vitalize such thoughts
and initiate research in this direction, specifi-
cally in light of the maturity and proven po-
tential SPC has gained meanwhile.

A final aspect should be touched upon
where research on SPC could additionally
be directed at. Assume a polymer like 3 is
equipped with substituents that make it fold
up into a helical conformation: Such a he-
lix would, regarding end-to end-distance,
by far overtake everything that is known in
the presently vigorously researched area of
‘foldamers’.[16] Whereas typical foldamers
are in the oligomeric regime and therefore

have end-to-end distances of a few nm only,
a polymer with P = 1140 could give rise to
an unprecedentedly long helix, with — as an
extra bonus — a defined pore large enough
to let chemicals pass through (Fig. 2), e.g.
in membrane applications.

Fig. 2. A possible future research target based on
SPC: A foldamer with an end-to-end distance in
the range of 50 nm. Please note that the structure
carries hexyloxymethyl chains which are unlikely
to be a good choice to force the polymer out of
the random coil into a helical conformation under
segregating conditions.

2.2. Dendronized Polymers:
Multifunctional, Versatile
Nanocylinders

As mentioned in the introduction, den-
dronized polymers differ from other linear

Fig. 1. Stress-strain curves, recorded at room temperature of melt-
compression molded films of a fraction of polymer 3 (here referred to
as PBmP) (see text). For the structure of polymer 3, see Scheme 2. For
reference purposes, corresponding curves of atactic-PS, PMMA, and
PC are also shown, illustrating the excellent mechanical properties of the
new polyarylene. Also plotted are stress-strain curves of polymer 3 and
PC samples recorded while immersed in methanol, showing a superior
resistance of the former polymer against environmental stress-cracking
induced by this liquid. Reproduced from ref. [13] with permission by Wiley-

polymers in that they carry a sterically de-
manding, regularly branched substituent
(dendron) at every repeat unit.[”I This forces
their backbone to unfold and stretch as the
cartoon representation in Fig. 3 illustrates,
and is the key reason for the many peculiari-
ties that were encountered over the years
with these polymers (Fig. 4). The molar
mass of the dendrons may be as high as
10,000 g/mol which instantaneously poses
the question of how one has to tackle the
synthesis. The answer is surprisingly sim-
ple: Choose a monomer concentration that
is as high as possible so as to compensate
as far as possible for the slowing down of
propagation caused by both the shielding
of both polymerizable unit and growing
chain end and the low concentration of the
former. If this nevertheless does not lead to
formation of long chain dendronized poly-
mers, as has been observed, e.g. for mono-
mers with fourth generation dendrons (Fig.
5),1231 an alternative strategy is available.
This involves synthesis of a polymer with
lower generation dendrons first, to which
the missing generations are attached in a
subsequent synthetic step.[24]

A large variety of dendronized poly-
mers was prepared by us!”l and others!7-23]
and their rather unusual properties investi-
gated. Fig. 3 briefly illustrates a few of these
properties. In one way or another, they are
all related to rigidity, thickness, and the
enormous number of functional groups in
the periphery. For example, the formation
of ordered supramolecular complexes be-
tween positively charged dendronized poly-
mers and ds-DNA in which the DNA winds
itself helically around the dendronized
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Fig. 3. Upon addition of spatially demanding dendrons (wedges) the
randomly coiled backbone is forced to unfold and stretch, rendering the
macromolecules rigid and to attain the shape of a cylinder with diameters
in the range of 3-8 nm and lengths which may be between 100 nm and a
few um, depending on the polymerization method.

polymer is not a common encounter. If
positively and negatively charged conven-
tional polyelectrolytes are mixed, they tend
to collapse to an irregular globular mate-
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Fig. 5. A working horse fourth generation (G4) dendronized polymer with
Boc-protected peripheral amine groups which can easily be converted
into positively and, with a little more effort, also negatively charged
groups rendering the corresponding polymers novel water-soluble

rial. Obviously, the thickness combined
with the intrinsic rigidity of dendronized
polymers and a proper charge balance are
responsible for this astounding finding.
Rather amazing is also the observation that
high generation dendronized polymers can
be considered as glassy materials already
on the level of individual molecules. How
else could one explain that a polymer can
be dragged across a solid substrate (HOPG)
with the SFM tip for hundreds of nanome-
ters without suffering any conformational
change! Presently research is focused on
the creation of responsive representatives
of this class of polymers as well as on the

polyelectrolytes

general question whether these polymers’
tunable thickness represents a new variable
of polymer science very much like chain
length and widths of distribution. The lat-
ter two variables have considerable impact
on properties and one may wonder whether
thickness could also have such a role.

But first let us address the issue of re-
sponsiveness. Recently, polymer PG2 was
synthesized (Fig. 6).120] It carries a triply
branched second generation (G2) dendron
which s built from oligoethyleneoxy (OEO)
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Fig. 4. Dendronized polymers shown in the center have several unprecedented properties and potential
applications, some of which are illustrated here and will be explained in a counter clockwise fashion
starting in the top left corner: single molecule experiments using the scanning force microscope
(SFM),['"] single molecule glasses as proven by SFM dragging experiments,['8 creation of defined
aggregates with biomacromolecules (here: ds-DNA helically wound around a positively charged
dendronized polymer),['®! spontaneous backfolding into duplex structures upon charging and when
present in low concentration,?9 formation of double-helical aggregates when positively charged
and present in high concentration, 21 and formation of defined 3D structures in bulk upon addition
of surfactants to charged dendronized polymers.[2?] Finally, coarse-graining theoretical methods
provide insight into why certain aggregates form.

and benzene units. Also, — and this is im-
portant to note — it carries methoxy groups
at the periphery. OEO and related oligom-
ers/polymers are thermoresponsive which
means that they are soluble in aqueous me-
dium up to a certain temperature at which
they then contract, dehydrate and collapse
into aggregates large and compact enough
to scatter light. This transition manifests it-
self therefore by the reversible change of a
completely transparent solution to a turbid
suspension. Such transitions can be used for
sensing and other purposes. Having poly-
mer PG2 at hand it was a natural choice to
test whether it shows this kind of behavior.
Much to our surprise it does in fact exhibit
this property as is illustrated by the turbid-
ity measurement shown in Fig. 7. Com-
pared to literature data,[2”] this transition is
unusually sharp, with an extremely small
hysteresis, and also very fast. We therefore
initiated a research program to explore this
aspect deeper by taking PG2 as kind of a
lead structure as one does it in pharmaceuti-
cal chemistry once an active compound has
been discovered.

The second aspect which presently is of
considerable interest is the thickness of den-
dronized polymers and whether this unique
feature has any special meaning for poly-
mer chemistry (like chain length and chain
length distribution). For this purpose ho-
mologous series of polymers were synthe-
sized which differed in dendron generation
(thickness) but not in chain length. These
series had either 800 or 6000 repeat units. 28!
They are presently under investigation re-
garding properties such as glass transition
temperature, persistence length in the neu-
tral and charged form, solubility, intrinsic
viscosity, and compressibility in order to
explore whether there is any correlation
between properties and dendron genera-
tion. This work is being supported from the
theoretical side through cooperation. Fig.
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Fig. 6. Dendronized polymer PG2, a possible
lead structure for thermoresponsive polymers
with a very sharp, reversible, and fast transition

8 shows an unpublished so-called ‘heavy-
duty’ route to the first two members of such
a homologous series.

2.3. A Dream: Synthesis and
Structure Analysis of Molecular
Sheets

It has been a dream of chemists for de-
cades to try to create sheet-like (n-stranded)
polymers whose structure meets the follow-
ing criteria: ‘infinitely’ extended, covalently
constructed, structurally defined, periodic
(which means with long range order). This
collection of criteria is what constitutes a
2D polymer!® and a few years back we set
out to design and realize solutions which
eventually will allow for both its synthetic
realization and structural analysis. The
mastering of the very high level of struc-
ture control inherently associated with 2D
polymers can be considered a major driv-
ing force for our work in this area. Also,
given the structural novelty of such unprec-
edented polymers, the exploration of their
property space is another major motivation.
Though enormous progress has been made,
even today there is no man-made polymer
known which meets the above criteria. The
recent discoveries around graphene, which
is a natural 2D polymer,[2°! has put a bright
spotlight on this synthetic activity and we
decided to provide a few insights on our
recent, still unpublished work in this area
here.[30]

One of the projects that are presently
being pursued uses amphiphilic monomers
at the air/water interface. This approach
has the advantage that the monomers are
already confined to two dimensions before
they are connected. Though this pre-align-
ment at the interface may in the end not
be a mandatory prerequisite for achieving
2D polymers, it is believed to be a helpful
measure. A monomer used for the spread-
ing and polymerization experiments is the
calix[4]arene 4 (Fig. 9) which carries four
anthracene units. The photochemically in-
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Fig. 7. Plots of transmittance vs temperature for 0.25 wt% aqueous solutions of PG2 (a) and the
concentration dependency of the transition temperature (b). Heating and cooling rate: 0.2 °C/min.
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Fig. 8. The ‘heavy-duty’ route to the first members, PG1 and PG2, of a homologous series which
also includes PG3 and PG4 (not shown). All polymers have the same chain length and chain length
distribution to systematically explore whether their properties depend on dendron generation in any

systematic way.

duced dimerization of such units has been
well-studied and is used as the key reac-
tion ideally resulting in the targeted lateral
polymerizations. This concrete monomer
served to prove the principle feasibility of
polymerization at the interface with an-
thracene units but is not believed to be the
optimum molecular structure for achieving

© 00 O
R RrR R 4

Fig. 9. Structure of the calix[4]arene-based
amphiphilic monomer 4 which can be spread
at the air/water interface to give a reversible
monolayer. R = (CH,CH,0),CH,

a 2D polymer with undisturbed long-range
order.

Upon photochemical treatment with
UV light the film changed considerably.
For example, if the untreated, compressed
monolayer was mechanically challenged
by macroscopically tearing it with a nee-
dle, the ‘wounds’ generated healed within
seconds, as was monitored by Brewster
angle microscopy (BAM). If however the
film was irradiated prior to this treatment
the cuts remained permanently visible
(Fig. 10) even if the barrier was moved
away.

The photochemically treated films
could also be transferred to solid substrates
to determine their thickness by ellipsometry
(which confirmed that they are monolayers)
and contact angle measurements (which
supported the assumption that the cross-
linked anthracenes are presented on top).
Finally it was possible to also transfer them
onto Cu-grids normally used for electron
microscopy. These grids had holes sized
45 x 45 um. Fig. 11 shows a film actually
spanning some of the holes without being
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Fig. 10. BAM images of a photochemically treated, compressed monolayer
of 4 after scratching with a needle. The scratches produced remain ‘forever’
even if the film is decompressed proving that a covalent cross-linking has
taken place. The bottom length of these images is approximately 420 pm.

Fig. 11. Light microscopy image of an irradiated film of a monolayer of
4 produced at the air/water interface after its horizontal transfer on an
electron microscopy grid with 2025 um?2 sized holes. Some of the holes
are spanned completely, on others the film is ruptured due to too high
mechanical stress most likely imposed during transfer and drying. The
arrows indicate cracks in the film which most likely form during transfer

have a profound impact on polymer synthe-
sis. The Suzuki-Miyaura reaction is among
the best chemical reactions known and
not trying to use it for polymer synthesis

ruptured and others where the mechanical
stress was obviously too high.

Though these few results look promis-
ing, the complication posed by the essential

CHIMIA 2008, 62, No. 10

ation that industry has started to explore
the technological potential of this class of
polymers. As already mentioned for SPC,
organic chemistry played an enormous role
also here. Protection groups, peptide syn-
thesis, hydroboration and many other tools
of this discipline helped to lay the founda-
tion for this success story. Finally, organic
chemistry helped us pave the way to where
we believe to be, namely at the edge of
providing passable routes to 2D polymers
matching the strict definition given above.
Monomers need to be carefully designed
and synthesized so as to cope with the nu-
merous, seemingly insurmountable prob-
lems on the way to these laterally infinite,
one monomer unit thick sheets with an in-
ternal long-range order. Polymer chemistry
is an exciting field in which organic syn-
thesis is refined to its top level and shows
its potential for high impact innovation. Not
everything can be achieved by engineering
already existing polymers and optimizing
process technologies!
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