
Laureates: awards and Honors, sCs FaLL Meeting 2012 CHIMIA 2013, 67, Nr. 4 283
doi:10.2533/chimia.2013.283 Chimia 67 (2013) 283–285 © Schweizerische Chemische Gesellschaft

*Correspondence: Prof. A. D. Schlüter
Institut für Polymere
ETH Zürich
Wolfgang-Pauli-Str. 10
CH-8093 Zürich
Tel.: +41 44 633 63 80
E-Mail: dieter.schlueter@mat.ethz.ch

Approaching Two-dimensional Polymers
with Macroscopic Sizes

Payam Payamyar§, Junji Sakamoto, and A. Dieter Schlüter*

§SCS-DSM Award for best poster presentation

Abstract:We describe the challenges involved with extending the limited lateral size of two-dimensional polymers
(2DPs). An amphiphilic monomer with three-fold symmetry is chosen to form an ideally tessellated monolayer
at the air/water interface. Anthracene [4+4] photo-dimerization is chosen as the growth reaction. Formation of
covalent net-points upon anthracene dimerization has an influence on the mechanical coherence of the resulting
sheets which could be investigated qualitatively and quantitatively by means of AFM nano-indentation.
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Introduction

The common definition of polymers,
which was introduced by Staudinger in the
1920s, refers to giant molecules, called in
German ‘Makromoleküle’, in which repeat
units are covalently bonded to one another
along their topologically linear binding
sites.[1] Needless to say, these macromol-
ecules in the meantime have ‘conquered’
the world by providing countless materials
for basically all aspects of our lives. In such
polymers, entanglements play a key role in
regard to properties; they provide elasticity
and strength. The modern understanding
of materials as a whole and polymers in
particular raised awareness about the im-
portance of surfaces besides the entangle-
ments in providing novel properties. This
notion laid the first steps towards a more
systematic analysis of the dimensionality
of materials.[2] The advent of graphene, a
sheet-like object, in the first decade of the
21st centurymade the importance of this re-
alization even more vivid.[3] Classification
of materials as 1D, 2D and 3D triggered a
new insight into the characteristics of each
dimension and their impact on materials

properties.[2] Applying this approach to
what Staudinger had introduced, classifies
his ‘Makromoleküle’ as one-dimensional
polymers (1DPs).[4]

Polymer chemistry has made great
progress in the understanding of struc-
tural issues related to one-dimensional
polymers (1DPs). Control of molecular
weight, molecular weight distribution,
stereochemistry and nature of end groups
is nowadays almost a matter of routine.
However in terms of dimensionality, the
developments are way behind what nature
can achieve. There is no rational synthe-
sis of a regular sheet such as graphene,[5]
a two-dimensional poymer (2DP), and
there is no rational synthesis of diamond,
a three-dimensional polymer (3DP). Thus,
the concepts which so far were so suc-
cessfully developed for 1DPs cannot yet
be easily applied to polymers with higher
dimensionalities (Fig. 1a,b).

The attempts towards extending the
covalent bonds of a double-stranded poly-
mer to a larger lateral dimension made by
the Schlüter’s group came to a new real-
ization of dimensionality in polymers. In
2009, they defined a monolayer made up
of covalently bonded, topologically planar
repeat unit with long-range molecular or-
der as a 2DP.[4] In this context, graphene
could be thought of a naturally occurring
2DP in which the sp2-hybridized carbon
atom serves as the repeat unit.

Unlike the linear polymers, 2DPs have
no chance for entanglement and merely
crumple upon lateral compression (Fig.
1c). They have multiple cross talk chan-
nels which are, in principle, ideal, e.g. for
electrically conducting 2DPs (Fig. 1d).
Rational synthesis provides sheets where
not only the nature of pendant functional
groups can be deliberately chosen but also
these groups’ exact positioning across both

Fig. 1. (a) 1D polymerization, (b) 2D polymerization, (c) crumplings instead of entanglements in
2DPs, (d) multiple lateral cross-talk channels in 2DPs, (e) 2DPs as scaffolds for ordered function-
alization and for 3D constructions (f).
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a reversible reaction, the growth reaction
at the interface would, in principle, result
in a degradable polymer that has a poten-
tial for producing well-defined patterns on
it by means of deep UV lithography. This
polymer could be used as a membrane with
well-defined pore sizes. The amphiphilic
nature of the constituent monomer makes
the final sheet consist of different faces.
One face is hydrophilic with the hydroxyl
groups sticking out and the other one is hy-
drophobic with the anthracene dimers on
it. Such a difference in the nature of the
faces are desirable for, e.g. biological ap-
plications.

Due to the potentially adverse effect of
oxygen on the formation of netpoints (an-
thracene dimers) in the resulting sheets, it
is desirable to study the effect of oxygen
on the polymerization. Oxidation of the an-
thracenes[11]would result in anthracene en-
doperoxide or anthraquinones that are both
detrimental for bond percolation within

sides of the sheet can be controlled by the
monomer design (Fig. 1e). This fascinat-
ing opportunity for structure control on a
molecular level is the element that makes
rational, organic chemistry-style synthesis
different from thermolytic procedures.[5]
Finally, 2DPs can be used for the system-
atic construction of 3D matter by ordered
stacking (Fig. 1f).

Attempts towards the creation of 2DPs
were triggered by the synthesis of mono-
mers with at least three binding sites on
their periphery.[6] It was important to have
monomers that pack in 2D tessellated en-
sembles with their binding sites in close
vicinity of each other to render lateral po-
lymerization possible. Two methods are
presently being pursued for this purpose.
One is the crystallization of the monomers
that results in stacked ordered lamellae of
the tessellated assembly, similar to that of
graphite, which need to be exfoliated after
polymerization. The other technique is the
use of the air/water interface to form an or-
dered 2D array of an amphiphilicmonomer
on the water. The former technique has the
combined advantages of potentially pro-
viding highly ordered sheets with a more
facile access to structural analysis after po-
lymerization. But the downside is the fact
that it produces sheets with lateral sizes
limited to that of the crystal; also the dif-
ficulties associated with exfoliation of the
polymerized sheets need to be considered.
The latter method, however, can provide
much larger sheets but bears the disadvan-
tage of having less structural perfection
along with the challenges involved with
characterization of the final monolayer.

Results

For the first time, rational synthesis of
a 2DP was realized upon crystallization
of monomer 1 which resulted in a lamel-
lar structure shown in Fig. 2c.[7] The close
proximity of each anthracene moiety from
one monomer to ethynylene of its neigh-
boring monomer made a [4+2] photo-in-
duced cycloaddition possible as the growth
strategy.[7] The exfoliation of the irradiated
crystals resulted in sheets with the thick-
ness that is expected from a monolayer.

While we consider this an important
finding, it has the limitation that the sizes
of the created 2DPs are intrinsically limit-
ed by the crystal size. Typical crystal sizes
range between 1–100 µm which prevents
applications that require mm- or even cm-
sized sheets.[7] It was therefore of impor-
tance to overcome this limitation by em-
barking on the use of the air/water interface
as a substrate for inducing order among
the monomers prior to polymerization.[9]
We however maintained photochemistry
as the tool to connect monomers with one

another due to its invaluable advantage of
avoiding mass transport.[10] Macrocycle 2,
which is a congener of 1, was selected for
this purpose.[6b] Its amphiphilic nature was
expected to render a preferred arrangement
of the molecule possible at the interface
with the hydrophilic base of the cycle fac-
ing the water subphase and the hydropho-
bic part sticking out. We expect that the
anthracenes would be at the same height
away from the water with a face-to-face
orientation which would make a [4+4] cy-
cloaddition of the adjacent monomers pos-
sible (Scheme 1).

The anthracene dimerization reaction
path is known to have an excimer as in-
termediate, with a fluorophore reactant
and a quenched dimer as the product.[8]
We therefore aimed at in situ fluorescence
emission spectroscopy of the layer at the
interface as a way to prove polymerization
(Fig. 3c).

Given that anthracene dimerization is

2
hν1

hν2 or Δ

Scheme 1. The re-
versible anthracene
dimerization which is
the key reaction in the
present polymeriza-
tion of monomer 2,
comprised of three
anthracene units.[8]

Fig. 3. (a) Chemical structure of the amphiphilic monomer 2 used in the present study, (b) sche-
matic representation of the experiment on a Langmuir trough, ideally resulting in a tessellated
layer of monomers at the air/water interface ready to be laterally polymerized by light irradiation
and (c) experimental set-up with an LED (left) and an emission detector mounted on a Langmuir
trough (right). Note that the blue mark is artificially introduced to indicate that only a relatively
small area of the compressed film actually gets irradiated.

(a) (b) (c)

Fig, 2. (a) Monomer 1 used for 2DP synthesis by means of [4+2] photoinduced cycloaddition, (b)
distances between the anthracene and ethynylenes moieties of neighboring monomers allowing
for photochemically triggered cycloaddition, (c) crystal structure of monomer 1 showing the lay-
ered structure which is prerequisite for lateral polymerization to 2DP. The monomers are oriented
alternatingly up and down. The photochemically sensitive anthracene and ethynylene moieties are
represented as space filling models.
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the sheet and therefore undesirable for the
aimed structural perfection. Qualitative
analysis of the formed film by microscopy
techniques along with quantitative spec-
troscopic analysis like the highly sensi-
tive tip-enhanced Raman spectroscopy[12]
could provide insights into the oxidation
path of the reaction.

Higher content of the anthracene di-
merization should bring about more pro-
nounced mechanical properties like elastic
modulus and strength. In fact, this could
be investigated by AFM nano-indentation
experiments[13] which are suitable to study
these properties while the film is spanned
over grids with circular holes (Fig. 4).
The result of these investigations provide
Young’s moduli in the GPa range which
compare well with reference sheets such
as graphene if one takes the different net-
point density and sheet thicknesses into
consideration (in collaboration with the
group of Prof. A. Stemmer, ETH Zürich,
Rüschlikon, Switzerland).[9]

Conclusion

Creation of covalently bonded sheets
with long-range internal order is possible
through the rational synthesis of mono-
mers with at least three binding sites that
can form a tessellated ensemble ready to be
laterally polymerized. The polymerization
reaction can take place either in a crystal
or at the air/water interface. Present work
is aimed at showing that monomer 2 can
be converted into a covalent monolayer
with cm2 scale lateral size and attractive
mechanical stability. First evidence for in-
ternal order is based on in situ fluorescence
spectroscopy. It should be noted, however,
that the final proof of molecular structure
will require substantial further research ef-
fort and will be sooner or later confronted
with the fact that monolayers at interfaces
of whatever nature consist of domains.
Thus, future research will also concentrate
on domain size and its control. 2DPs offer
a new class of materials that could be in-
vestigated only when the proper analytical
techniques for probing the monolayers are
well-established.
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Fig. 4. Schematic representation of nanoinden-
tation, a method to determine Young’s modu-
lus, pre-tension and fracture force of sheet-like
objects (such as 2DPs).


