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ln light of the considerable impact synthetic 2D polymers are expected ~ From the Contents

to have on many fundamental and applied aspects of the natural and

engineering sciences, it is surprising that little research has been carried ™ Introduction 1037
out on these intriguing macromolecules. Although numerous 2. Why 2D Polymers? 1033
approaches have been reported over the last several decades, the
synthesis of a one monomer unit thick, covalently bonded molecular 3. What Is not Considered a 2D
sheet with a long-range ordered (periodic) internal structure has yet to Polymer? 1034
be achieved. Thzs Review provzdes? an overview of thes.e approa.ches 4. Approaches to 2D Polymers 1035
and an analysis of how to synthesize 2D polymers. This analysis
compares polymerizations in (initially) a homogeneous phase with 5. Thoughts on Feasibility 1052
those at interfaces and considers structural aspects of monomers as

6. Conclusion and Outlook 1061

well as possibly preferred connection modes. It also addresses issues
such as shrinkage as well as domain and crack formation, and briefly
touches upon how the chances for a successful structural analysis of the
final product can possibly be increased.

1. Introduction

Take layered crystal-like graphite, rub it onto a solid
surface and then search this surface with an optical or an
atomic force microscope (AFM) for what has been deposited.
What will one find ? Practically only multilayered, thick flakes
of this material, but with some luck and considerable
persistence also a few of its molecular layers.!") What is the
evidence for the stunning proposal that this trivial procedure
should provide access to such a unique thing as an atomically
thin, laterally “infinite”, structurally precisely defined, cova-
lently bonded sheet? Firstly, there is a bright-field trans-
mission electron microscopy (TEM) image of such a micro-
meter-sized object (Figure 1). This was obtained after sus-
pending the sheet from the solid substrate and transferring it
to a metallic scaffold.* The signs of the sheet’s folded edges,
clearly prove it to be a single-layered entity. Secondly, the
angle-dependent electron diffraction pattern is fully consis-
tent with the expected honeycomb structure.® Thus, in fact,
the image in Figure 1 represents a single graphite layer, a so-
called graphene. Graphenes are just one carbon atom thick
and, therefore, the thinnest covalent films one can imagine.
Graphenes and other natural sheets,* because of their long-
range order, are often referred to as two-dimensional (2D)
crystals. Chemists, who tend to think of compounds and
covalent bonds, may instead look at them as 2D macro-
molecules or 2D polymers and will instantaneously dissect the
molecular structure into repeating units and speculate about
routes to synthesize these fascinating materials.

Defect-free graphene has an infinite number of repetitive
elements, with the smallest being any of its sp’-hybridized
carbon atoms, whose one p orbital and three sp” orbitals are
filled with one electron each. These carbon atoms correspond
to the smallest repetitive chain segments representing the

Figure 1. Bright-field TEM image of a suspended graphene sheet (top)
and its molecular structure, disregarding the double bonds (bottom).
The region indicated by arrows is monolayer graphene. Scale bar:

500 nm. Reprinted from Ref. [3a] with permission from the Nature
Publishing Group.

repeating units of common linear polymers (Figure 2). There
are, of course, numerous other options to formally divide
graphene into repetitive fragments: for example, the shaded
hexagons (benzene-1,2,3,4,5,6-hexayl units) in Figure 2 are
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Figure 2. The structure of polyethylene (PE), a typical linear polymer,
and of graphene, a 2D polymer with some formal repetitive fragments.
The 1,2-ethanediyl unit shown for PE is the repeating unit, whereas for
graphene a repeating unit cannot be reasonably defined as long as its
mode of synthesis is not known.

alternatives. As for conventional linear polymers, it will also
be reasonable in the case of 2D polymers to consider the basic
skeleton of the monomer which undergoes polymerization as
the repeating unit, even if smaller (or larger) formal units
such as in graphene exist.
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The fact that one can now isolate and investigate the
natural 2D polymer graphene begs the question as to whether
such intriguing structures could also be synthesized.” This
question is not limited to whether one can synthesize
graphene—this would be just one target of the entire family
of 2D polymers, although admittedly an especially compli-
cated and challenging one. It is meant much more general in
the sense: Can one provide reliable and broadly applicable
concepts to tackle the synthetic and analytical issues associ-
ated with the creation of polymers which meet the structural
characteristics of graphene (that is, one repeating unit thick,
covalently bonded, and long-range order). Clearly, this would
constitute a substantial advance for chemistry in particular,
and the molecular sciences in general. Many research groups
across the world have developed concepts over several
decades on how to possibly solve this issue, but, as yet,
there is still no report describing a proven 2D polymer that
satisfies these criteria, let alone a general strategy leading to
them. Making 2D polymers, shown schematically in Figure 3,
is still a dream of many organic and polymer chemists. This
Review seeks to strengthen efforts in this direction by first
putting the focus on why this class of polymers would be so
desirable, before describing the important steps that were
accomplished over the years towards their synthesis and
characterization. The numerous pitfalls and problems
encountered will then form the basis for strategic consider-
ations through which it will hopefully become evident that the
dream of periodic, organic 2D polymers is not an illusory one.
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Figure 3. Schematic representation of a 2D polymer with differently
functionalized sides. The plane in which the monomers are covalently
linked to one another is marked in yellow. The lateral dimensions
should be on the order of at least several 100 nm if not um or even
cm. The blue Y-shaped symbols and the red circles indicate, for
example, hydrophilic substituents and supramolecular bonding sites,
respectively.

2. Why 2D Polymers?

Two-dimensional polymers are fascinating research tar-
gets. The development of reliable and robust synthetic routes
leading to periodic covalent molecular sheets with rigorously
proven structures would open up unique structural, analytical,
technological, and theoretical aspects, and are likely to have
an almost unimaginable impact on the natural sciences and
technology. This section outlines some thoughts underlining
this rather strong statement. Let us start with a somewhat
abstract consideration of dimensionality in chemistry. Over
the years, synthetic chemistry has brought about solutions for
many burning questions, including how to achieve stereocon-
trol in natural product synthesis,” to design and synthesize
powerful drugs,”! to develop atom-efficient, environmentally
friendly and sustainable processes,””! and to create polymers
with tailor-made properties.”’] Thus, the making and breaking
of covalent bonds has been impressively mastered for both
“small” compounds, whose sizes typically do not exceed a few
nanometers, and single-stranded polymer chains which can
attain appreciable sizes. The chemical bonds in all these
compounds and polymers are arranged either in typically
rather complex but laterally hardly extended geometries or in
long zigzag or helical geometries, respectively. Ignoring for a
moment the spatial extension each atom has and invoking a
somewhat coarser picture of topology, these small compounds
could be considered “dotlike”, “dimensionless” objects,
whereas the polymeric chains could be classified as one-
dimensional (irrespective of the entropy-driven tendency of
most of them to form coils). Thus, if one analyzes the
achievements of covalent synthetic chemistry from dimen-
sionality aspects, it becomes evident that there is substantial
space for development, namely in the direction of extended,
yet precisely defined 2D and 3D structures. Of course, it has
always been at the heart of chemistry to deal with the creation
of extended organic matter in the bulk phase, crystals, and
thin films, but the tools used here were mainly noncovalent
interactions. The recent decades have witnessed enormous
progress in understanding how smaller components assemble
into larger, defined aggregates, and examples span from
artificial membranes and surface patterning to crystal engi-
neering and the generation of functional 3D bulk materials
through self-assembly and phase-segregation processes of
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carefully designed components. The very fact that the
creation of these more-complex aggregates was achieved by
using weaker forces than covalent bonds suggests that there is
a barrier for covalent synthesis to cross the dimensional
border between the “zero”- and one-dimensional molecules
on one side and extended 2D and 3D structures on the other.
Thus, developing methods to progress into this direction holds
great promise to advance chemistry.

Besides the somewhat fundamental and abstract reason-
ing above, there are numerous other aspects which stimulate
research on 2D polymers. In the first place it is the curiosity as
to which characteristics macroscopic pieces of a one monomer
thick sheet will feature. Such sheets could well be several
square centimeters large and still represent one single macro-
molecule. How high will their mechanical stability (that is,
their brittleness) be? Can one hang them up on a rope for
drying like laundry or feel them with ones fingers? Can one
see them with the naked eye?'”) Will they roll up instanta-
neously or can one roll them up, may be even in a continuous
process during the synthesis ?/!

Besides these more intuitive questions, there are funda-
mental scientific aspects as well. What would the stress/strain
curves look like? Are there unexpected effects in the
propagation of cracks? Which forces are required to bend
the sheets? All these aspects could be directly correlated to
the chemical structure because one does not deal with an
ultrathin irregularly cross-linked film, where the segments
between the netpoints have a length distribution, but in the
ideal case with periodic structures with a quantified degree of
structural perfection.”

Can one put sheet after sheet on top of one another and
thus create a gradual transition from a 2D covalent sheet to a
(thin) 3D layered material ? This would open up the attractive
possibility to systematically explore the dependence of the
properties on the thickness and compare the results with
multilayered stacks obtained both from noncovalently bound
monolayers and by the layer-by-layer (LBL) technique, in
which oppositely charged polyelectrolytes are deposited on
one another in such a way that alternating layers with fuzzy
boundaries are obtained.!'">"!

Do the properties change linearly with each added layer?
Since such sheets could be used to cover solid surfaces with
essentially one layer of organic matter, the question arises as
to whether such a process would have any potential advantage
over the self-assembled monolayer (SAM) technique, a very
potent and established method to do exactly this. The answer
is yes. If one is able to place a 2D polymer onto a substrate
without crumpling, folding, and tearing (which may not be an
easy task), its intrinsic high stability resulting from the
covalent nature of the layer could turn into an advantage. If
a second layer of certain compounds is placed on it, the
liberated heat of condensation associated with this process is
less likely to lead to dynamic processes with the possible
formation of defects, as can happen with SAMs."* Also, for
entropic reasons, SAMs have a tendency to form dislocations
and islands™ beyond certain sizes, which should be reduced
in the case of their covalently bound congeners, the 2D
polymers. Finally, pattern formation in SAMs without any
post-treatment is not a trivial task, and this is where 2D
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polymers with their like or different repeating units (see
below) may have another advantage.

In regard to covering solid surfaces with these polymers,
a—perhaps even more exciting—thought comes to mind:
Could they possibly be used as platforms with positionally
defined anchor groups for systematic construction of 3D bulk
matter in a true molecular-scale bottom-up approach?®
Hierarchically structured matter in which such sheets play a
key role as a platform, but possibly also as constituents
throughout the entire structure, does not sound like mere
science fiction. The third dimension may also be reached from
single molecular sheets of 2D polymers through “Origami”-
type manipulations.!'”!

A few words regarding potential applications are in order:
The ability of graphene to serve as membranes for small
molecules and atoms was recently speculated upon. Similar
thoughts were already proposed by Blodgett some 70 years
ago!™ and more recently by the research groups of Rings-
dorf,*) Wegner,” Regen (see Section 4.2),”!) Duran,? and
others in connection with ultrathin films. Thus, it makes sense
to examine 2D polymers for (molecular) membrane applica-
tions once they are available. This specifically holds true if
they can be made with high structural fidelity and the flux of
matter is confronted with a highly periodic “fisherman’s net”
with no escape pathway caused by defects. For possible
defects, see Section 5. Another application is foreseen when
2D polymers can be placed over cavities without mechanical
destruction. These structures should be very sensitive to
pressure differences on both sides and could therefore serve
as ultrasensitive sensors for pressure changes.® Furthermore,
2D platforms with defined anchor groups in the z-direction
could be used not only for the construction of structurally
well-defined 3D materials, but also for catalysis, electrical
circuits, and molecular electronics in general. Lab-on-a-chip
applications could profit from such platforms as soon as
knowledge is gained on how to decorate 2D polymers with
useful sensors and handle them in a controlled fashion.

Finally, the unprecedented structural diversity which is to
be expected, even if just two different monomers are used for
the synthesis of the 2D polymers, should be mentioned. To
illustrate this point we assume for a moment that 2D polymers
are synthesized by covalently connecting ordered monolayers
of appropriate monomers spread at a gas/liquid interface in a
Langmuir trough;?* in Section 5.2 it will be shown that this is
one of many possibilities to create this class of polymers.
Figure 4 illustrates some structural options, which are remi-
niscent of a 2D variant of the continuous forms of order (and
disorder) described by Smigelskas and Kirkendall in 1947 for
three-dimensional alloys which are formed when two metals
are brought in contact, then melted and cooled.” The block
structure in Figure 4a is the simplest version of gradient 2D
block copolymers formed from two or more different mono-
mers.” Figure 4b,c show 2D copolymers that result from
monomers which do not phase segregate but rather mix by
lateral diffusion until they are “frozen-in” at a certain state by
an externally stimulated fixation process that leads to a
nonrandom formation of covalent bonds. The gradient
polymer in Figure 4b represents an early state of this process
and the random copolymer in Figure 4c the corresponding
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Figure 4. Selected patterns on different length scales of 2D polymers
synthesized from two different monomers. The monomers are
assumed to have a certain lateral extension and rigidity such that
representation as a dot is reasonable. For simplicity, the patterns are
shown with tetragonal rather than the more realistic hexagonal
symmetry. Options resulting from any treatment after the synthesis are
not included.

thermodynamic minimum. The sequence of repeat units in
these two copolymers must be described on the molecular
rather than the macroscopic level, despite the macroscopic
expansion of the entire macromolcules. The 2D polymers in
Figure 4b,c find their counterparts in conventional linear
gradient and random copolymers, respectively. The alternat-
ing copolymer in Figure 4d requires monomers with a
mutually high preference for the other respective monomer.

3. What Is not Considered a 2D Polymer?

The term 2D polymer is widely used in the literature, but
apparently no generally accepted definition exists. In an
attempt to make the definition and, thus, the scope of the
present Review, more precise, we first consider related issues
which are important in their own right, but considered outside
the scope of this Review. For example, there are numerous
materials such as coordination networks?! and inorganic
crystals which consist of layered structures,**®! wherein each
layer, when considered separately, fulfills the above criteria to
be “classified” as a 2D polymer. There are strong interlayer
forces, however, and it is therefore considered to be unlikely
that they will be separable from one another. More impor-
tantly in the context of this Review, there is no method (yet)
which would facilitate creation of just one such layer as a
separate entity; typically, three-dimensionally extended
matter is obtained.

The focus of this Review, however, is on methods aimed at
the preparation of individual molecular sheets and not on
layered systems, which would then have to be taken apart in a
separate step similar to what one has to do it with graphite
(that is, layered graphene)®™ ™ and some inorganic crystals
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with layered structures.”™ In a sense, one can say that these
layered bulk materials went a step too far.”! Similar argu-
ments also led to the exclusion of the recent interesting
developments in the area of carbon nitrides with graphite-like
structural elements,**3!

Supramolecular self-assembled structures are held
together on surfaces®™ by different noncovalent intermolec-
ular forces such as hydrogen-bonding,*® m-m stacking,*
dipolar,® or van der Waals interactions.”® In addition,
coordination networks are available, which can also be
created as ordered monolayers by vapor-deposition techni-
ques on solid substrates under ultrahigh vacuum conditions.””!
Although the level of order that has been achieved in all these
structures is impressive, there does not seem to be a realistic
chance to actually remove such monolayers from the sub-
strate and handle them as autonomous molecular units. This
of course applies even more so to less laterally binding
systems.*¥ This is why those studies are also not considered
here. Numerous studies dealing with the stabilization of self-
assembled entities such as vesicles, micelles, and monolayers
by polymerization will only be discussed (Section 4.2) if the
process of connecting the individual constituents of the
entities leads at least to cross-linked materials. Numerous
random-walk polymerizations, for example, in monolayers,
are impressive achievements but nevertheless do not belong
to the present topic: They produce single-stranded, linear
polymers (Figure 5a) which are held in two dimensions only

a)

Monolayer at Air/Water Interface 3D Space

3D Coiled Chain

2D Space

Figure 5. Representation of how a linear polymer confined to two
dimensions (for example, within a monolayer) converts into a conven-
tional, coiled linear polymer upon dissolution of the monolayer (left),
and the opposite procedure in which otherwise coiled polymers are
restricted to two dimensions for theoretical considerations (right).
Neither situation is considered in the present Review.

as long as the monolayer stays intact. Upon dissolution, they
will attain a three-dimensional coiled shape, as does any other
conventional linear polymer.” Theoreticians have investi-
gated a related aspect in which linear polymers were
artificially confined to two dimensions (Figure 5b). Although
the authors referred to these confined macromolecules as
“2D polymers”, this research will not be considered here.[*")
Synthetic studies on Diels—Alder ladder polymers need to be
noted in regard to confining polymers to two dimensions.

Angew. Chem. Int. Ed. 2009, 48, 1030-1069
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Some of these polymers were referred to as 2D coils.
Although their chains confine themselves more or less to
two dimensions, the criteria of relevance for this Review are
not met.*

Nature offers beautiful catenated structures which resem-
ble 2D networks but are lacking any covalent connection
between the individual monomer units, and will therefore also
not be considered here. This “lack” is actually desired by
nature because it allows the structures to shrink and expand
on demand. Examples are the kinetoplast DNA found in the
mitochondria of trypanosomatid parasites'* and the capsid
(shell) of the bacteriophage HK97.1! The structure of the
former was disclosed in the 1990s as a network of multiply
interlocked cyclic DNA strands (Figure 6). The capsid con-
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Figure 6. Schematic representation of the medieval chain-mail-like
network structure of kinetoplast DNA in its expanded state (left) and
the X-ray structure of the bacteriophage HK97 (right). Both are ordered
topological 2D networks without covalent bonds between the mono-
mer units [cyclic DNA (left) and cyclic proteins (right)]. Reprinted from

Ref. [43] with permission from the American Association for the
Advancement of Science.

sists of 60 hexagonal and 15 pentagonal topologically linked
cyclic proteins spanning over the 66 nm icosahedral bacter-
iophage particle. Studies on 2D crystals from DNAM®! and
braided 2D DNA structures show a similar nature.!

Rather interesting “quasi-2D polymeric objects” were
investigated by Huck and co-workers. These were irregularly
cross-linked materials with thicknesses of typically 5-30 nm.
They will not be considered here because of their internal
irregularity and their thickness, which is well beyond the
molecular scale.* Similar arguments apply to the impressive
work on “2D polymeric nanomaterials” by Gnanou, Duran,
and co-workers,”? and the macroscopic “ordered 2D arrays”
of Whiteside and co-workerss.*”

4. Approaches to 2D Polymers

This section gives an overview of the various strategies
that have been applied to approach the ultimate goal of a
structurally perfect, infinitely extended and periodic, one
monomer unit thick molecular sheet, in other words, a 2D
polymer. As will be seen, compromises had to be made in all
these studies regarding lateral extension, uniformity of thick-
ness, strictness of periodicity, and—perhaps most impor-
tantly—detailed proof of structure on the molecular level.
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Nevertheless, all of them give valuable information for
successfully obtaining a 2D polymer. This section is divided
into two subchapters: Section 4.1 summarizes “flask-type”
approaches that take place in solution by using mostly
covalent chemistry but in some cases also self-assembly.
Although the self-assembly systems do not have covalent
coupling between the monomers, they were not excluded
right away because they in principle bear the possibility of
covalent fixation after the self-assembly step.*! Section 4.2
introduces various approaches in mono- and multilayered
aggregates. Section 5 is devoted to a more rigorous analysis of
the advantages and disadvantages as well as an assessment of
the future potential of the various methods and attempts,
always with the goal in mind to arrive at predictions as to
which methods and which monomer design could eventually
be successful.

4.1. Flask-Type Organic, Supramolecular, and Polymer Chemistry
Approaches

To be a potential building block for covalent 2D polymers,
a compound needs to have at least three functional groups (in
other words, three latent sites capable of bond formation™),
through which it can connect to three other (like or different)
building blocks during the synthesis. Such a block is 1,3,5-
tribromobenzene; the corresponding 1,3,5-benzenetriyl is a
repeat unit of the hypothetical corresponding 2D polymer, a
small part of which is shown in Figure 7. In principle, this
tribromide can give two-dimensional products under cross-
coupling conditions.™” Disregarding for a moment all the
rather serious problems associated with such an approach (see
Section 5), countless other compounds besides this one would

Br

Br Br

Figure 7. 1,3,5-Tribromobenzene as a hypothetical monomer for hypo-
thetical arylene-based, hexagonal 2D networks, a small fragment of
which is shown. The smallest repetitive fragment is a 1,3,5-benzenetriyl
unit.
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then also have to be considered as potential building blocks.
This is outside the scope of this Review, and Section 4.1.1
concentrates only on those oligofunctional compounds which
were considered in connection with 2D polymers by the
respective authors themselves, and will also show the state-of-
the-art regarding combining those into larger fragments.

Section 4.1.2 briefly touches upon model networks that
were obtained by self-assembly. Although the structures
obtained are not covalent in nature, but instead are reversible
coordination networks, they are nevertheless included here
because they are considered important examples for the
discussion in Section 5 on whether such self-assembly strat-
egies can be expected to be successful for achieving the
present goal. Finally, after having dealt with many “small”
organic compounds, the structures of which are all more or
less isotropic in two dimensions (no preferred extension),
approaches based on polymers will be considered in Sec-
tion 4.1.3.

Two-dimensional polymers can in principle be envisaged
as n-stranded polymers, and many years ago serious attempts
were undertaken to establish a second and perhaps even a
third and fourth strand of bonds “parallel” to the first one of a
single-stranded polymer. This strategy aims at laterally
extending conventional linear polymers either directly
during the polymerization event or after a single-stranded
polymer has been obtained by laterally synthesizing off the
backbone (assumed to define the y-direction) to increase its
width systematically in the x-direction. These strategies will
be highlighted by selected double-stranded model compounds
prepared by organic synthesis. (These compounds are signifi-
cantly longer than they are wide.) Figure 8 gives a diagramatic
overview of the content of Section 4.1.

X

0D — 2D
(more isotropic fragments)

1D — 2D
(more anisotropic fragments)

Figure 8. On top of the underlying matrix of a 2D polymer (with
tetragonal symmetry for simplicity) are shown products starting from
“dimensionless” small compounds (left side) and those aiming at
laterally increasing the extension of single-stranded polymers (right
side). The still illusive target is the underlying matrix. The resulting
compounds on the left side have a more isotropic (disclike) lateral
extension whereas those on the right are anisotropic with an almost
infinite extension in the y-direction.
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4.1.1. The Organic Chemistry Approach: Small Fragments by
Covalent Synthesis

Numerous all-carbon 2D networks were already proposed
in the 1980s°** and spurred the interest of synthetic chemists
to try to create at least parts of such unusual structures.
Although these networks were never actually realized,
drawings of them have been published repeatedly. A key
role was played by a few, relatively simple looking com-
pounds, such as 1° and 2P (Figure 9), which have the
(formal) potential to be coupled to larger flat entities mostly
by oxidative or transition-metal-mediated cross-coupling
procedures. Whereas differently protected versions of com-
pound 1 were quite intensely used for such purposes, the
unprotected hexaethynylbenzene (2) could not be reasonably
employed because of its high chemical sensitivity. It certainly
helped enormously, however, to promote interest in the
corresponding networks. There is one report in which a
partially protected form of 2 was actually used to create a
small 2D fragment.” Selected examples of such products are
collected in Figure 9, together with those from building blocks
other than 1. Compounds 3-6,°% 7-10,"%1 and 111
contain butadiyne and ethyne units, and are composed of
various numbers of shape-persistent extended trigonal and
tetragonal cycles.” Compound 12 is based on phthalocyanine
building blocks, and is introduced here as a representative for
a variety of partially ill-defined related porphyrin- and
phthalocyanine-based oligomers which have been synthesized
over the years.!® It should be noted that compound 12,
despite its considerable size in terms of its corresponding
infinite network (not shown), plays exactly the same role as
the much smaller compounds 3, 4, and 7. They all are just a
repetitive element of the corresponding 2D networks which
happen to have different mesh sizes.

Miillen and co-workers contributed a whole series of
differently sized graphene fragments to this collection of
beautiful compounds. Their so-called nanographenes were
obtained through the stepwise synthesis of soluble oligophe-
nylene dendrimers, which served as fully characterizable
precursors. Their conversion into the corresponding flat
polyaromatic hydrocarbons was achieved in a final reaction
step by a cascade of intramolecular oxidative cyclodehydro-
genations. Scheme 1 shows nanographene C,y, (14),/”! which
has a diameter of 3.1 nm and is the largest fragment prepared.
It is an intractable and insoluble material which renders
structure characterization difficult, if not impossible. Accord-
ing to mass spectrometric evidence, a large portion of the
required transformations in the last step could actually be
brought about. For AFM and STM characterizations of
smaller nanographenes, the reader is referred to the work of
Rabe and co-workers'®®! and Samori and co-workers.'*”!

If it is assumed that the structure of 14 is as shown, this
approach allowed the generation of 19 benzenehexayl repeat
units plus 18 benzenetetrayl and benzenetriyl end groups in
one reaction event. This compound contains the highest
number of repeat units in a 2D structure obtained by an
“organic chemistry approach in a flask”.

Why are experts such as Haley and Miillen still trying to
get beyond compounds 5, 6, and 14? The reasons are the
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enormous synthetic complexity, the elaborate syntheses, and,
perhaps most importantly, the insufficient solubility of these
products. This latter aspect not only hampers an in-depth
structural characterization, but also renders the use of the
products as starting materials for further growth impossible.

The complexity of the synthesis is illustrated in the
following example: The precursors for 5, 6, and 14 were
subjected to multiple intramolecular cyclizations in one final
reaction step, during which numerous bonds need to be
formed at the right place. For relatively small precursors, the
number of bond-formation events is limited and the corre-
sponding products can still be isolated as discrete entities. As
the precursors become more complex, however, this last step
may turn into a nightmare. This point was nicely highlighted
recently by Marsden and Haley,”" in which they comment on
the failure of precursor 15 to give the hoped-for target 16
(Scheme 2) by stating: “Multiple attempts at the construction
of the largest planned substructure, hexa[l8]annulene 16, from
its precursor 15 were unsuccessful. Despite modifications to
the cyclizations conditions, such as addition time, temperature,
and concentration, only dark, oligomeric material resulting
from intermolecular alkyne couplings was isolated. This result
is not surprising, because of the size of the desired DBA (DBA:
dodecahydrotribenzo[18]annulene) and the number of simul-
taneous intramolecular homocouplings necessary for product
formation.”

Of course, in principle, one does not need to risk
everything on only one card, namely the last reaction step;
stepwise or even repetitive concepts could also be tried, by
which the goal would be approached more slowly. This,
however, will result in just replacing one rather complex
situation by another. The number of overall synthetic steps
will very quickly exceed that of even the most demanding
natural product synthesis and the amounts of product
remaining for the next step will quickly become miniscule.
This is not to say that complex precursors cannot be converted
in all cases—the synthesis of 14 by Miillen and co-workers is a
shining exception. However, it remains questionable as to
whether larger precursors than 13 would also become planar,
not to mention that already 14 is insoluble like a brick stone.
Repetitive attempts cannot easily be pushed further, as
unsurmountable barriers arise. These barriers are intrinsic
and therefore independent of the special structures and
reactions considered. It should be mentioned that this assess-
ment does not automatically hold for step-growth or chain-
growth polymerizations in solution, even though the solubility
in the initial phase of growth is the same. For a discussion, see
Section 5.

4.1.2. The Supramolecular Approach: Small Fragments by Self-
Assembly

Given the rather considerable effort required for the
synthesis of 2D fragments according to the organic chemistry
approach, as described in Section 4.1.1., at first glance self-
assembly approaches may be considered attractive alterna-
tives. A prominent concept is based on the reversible
interaction between properly designed organic ligands and
metal ions which under certain conditions equilibrate into the
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12), partially by using other building blocks (not shown).
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Scheme 1. Proposed transformation of 13 into the disclike fragment 14
of a graphitic plane by a cascade of oxidative cyclo-dehydrogenation
steps. Precursor 13, in contrast to the structure shown, attains a
relatively spherical shape which renders it soluble and characterizable,
whereas target 14 is completely insoluble under the various conditions
tried.
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\ / s

o

TIPS

Scheme 2. Precursors can be too complex to allow for the anticipated
condensation to give 2D fragments: The unsuccessful attempt to
convert 15 into the fully cyclized 16. Side reactions start to dominate.
TIPS =triisopropylsilyl.

thermodynamic minimum. This results in the complete
incorporation of both the ligands and the metal ions into
monodisperse, gridlike complexes, such as the ones shown in
Figure 10. Depending upon the specific nature of the ligands
and metals, two cases can be differentiated: those where the
use of one kind of ligand is sufficient and those where the
simultaneous presence of different ligands is required.
Examples are the [4x4]Pb,**" grid and related ones based
on a oligoterpyridine ligand developed by Lehn and co-
workers"!l and the pyridinyl-porphyrin squares synthesized
by Drain et al., which require the use of L-, T-, and X-shaped
ligands in a specific stoichiometric ratio."”

The stoichiometry between the metal salts and ligands
have to be strictly observed in these cases, otherwise different
metallosupramolecular structures may be formed. For exam-
ple, the [4 x 4]Pb,**" grid is present in a fast equilibrium with
disassembled structures, the ligands of which form helicates;
the equilibrium is dependent on the concentration of the
metal salt.” The addition of the metal salt results in these
helicates unwinding and assembling into grids (Figure 11).
Thus, the formation of the complexes leads to a change in the
shape of the ligand from a helical to a fully extended form.
This easily accessible constitutional diversity raises scepticism
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Figure 10. Chemical structures of two prominent metallo-supramolec-
ular grids made from a single kind of ligand (17) and three different
ones (18).

as to the applicability of metallo-supramolecular strategies to
achieve the goal of a 2D polymer. Unfortunately it is not
expected that the use of ligands such as the ones developed by
Schmittel et al., which are straight and cannot easily form
kinks, will make more than a slight difference here.!”
Although the examples in Figure 10 are beautiful, it is
unlikely that such approaches can be used to create “infin-
itely” large metallo-supramolecular grids. Another indication
for this is an analysis of the rather voluminous related
literature. There is not a single case in which a structure
significantly larger than the ones shown was reported.
Although such an analysis is not at all a proof, it nevertheless

www.angewandte.org

Chemie

1039


http://www.angewandte.org

Reviews

1040

a W
W

v 4

/rs )/S )/s /rs
Figure 11. The binding of Pb*" ions to the terpyridine units of the
ligand shown leads to a reversible unfolding (a) and self-assembly into

gridlike structures (b). This process shows the sensitivity of Pb-based
grids to certain parameters such as Pb®" concentration.

points towards a maximum size of such structures on the
order of a few nanometers.”"!

It is also interesting to note that in the various attempts to
create porphyrin-based grids such as the one shown in
Figure 10, the same few porphyrins were used. This may
indicate that as soon as certain substitution patterns (shield-
ing, protecting) are not used, the systems get out of control.
Attempts towards larger structures were also undertaken, but
have so far met with difficulties,””! although considerations
exist as to how these could be partially circumvented through
the use of hierarchical (self-)assembly approaches.”

Another critical point is curvature. ChemDraw represen-
tations, such as in Figure 10, give the impression that grid 17
has a planar conformation. The single-crystal X-ray structure,
however, shows that the geometry of the ligands and the
restrictions on coordination imposed by the metal salt do not
allow such a conformation (Figure 12). Instead, a sizeable
curvature results, which for larger grids (if they were
accessible) could lead to the formation of multiwalled helical
cylinders and other complex curved structures. Although such
structures would be interesting in their own right, curvature
clearly poses problems in achieving 2D polymers.

Finally, the kinetics need to be briefly addressed. Given
the multitude of docking sites of large ligands and their
intrinsic flexibility,”” it is likely that preferentially disordered
aggregates form during the initial phase of complexation.
Assuming that 2D self-assembled structures correspond to a
thermodynamic minimum—which can not be taken for
granted—the repair of all the defects created in the beginning
will require countless concerted reorganization steps and
therefore will result in a prohibitively high kinetic barrier.
When all the arguments are taken together, self-assembly in
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HE o

Figure 12. Stick representation of the [4x 4]Pb,**" grid 17 in the single

crystal: Top view (left) and side view (right). The angles in the Pb?"
complexes do not allow for a flat overall structure. Curvature is
observed in several related grids, also with other metal ions. Repro-
duced from Ref. [73] with permission from the American Chemical
Society.

homogeneous media does not seem to be a useable tool for
the anticipated goal.

4.1.3. Multistranded Compounds with Low and High Molecular
Weight

The right side of Figure 8 illustrates that a 2D network can
in principle be considered as an n-stranded polymer, in which
the strands are covalently connected to one another to
generate a periodic structure. Could this be realized syntheti-
cally by establishing more and more strands parallel to an
already existing one? As long as one can prevent detrimental
cross-linking between independent polymer molecules from
occurring, one may naively think this could be feasible. This
section describes how far research has come in this direction.

We start with some prominent examples of compounds
with low molecular weight before the even more challenging
double-, triple-, and quadruple-stranded structures with high
molecular weight are briefly addressed. Following the famous
work on oligoacenes™ an important milestone in the
chemistry of double-stranded, low-molecular-weight com-
pounds was certainly the multiphenylene synthesis based on
the cobalt-mediated trimerization of acetylene by Vollhardt
and co-workers.® Figure 13 shows the representative com-
pound 19, which was obtained as a ligand in a cyclopenta-
dienyl-cobalt fragment in a mixture of products. Together
with the fused porphyrins prepared by Crossley and Burn
(20),! the open buckybelt from Schliiter and co-workers
(21),®! and the fused benzodehydro[12]annulene by Gal-
lagher and Anthony (22), ® these provide an impression of
the structural diversity accessible. Recent examples by Moore
and co-workers (23),*) and Anderson and co-workers
(24),%% are noteworthy as they use dynamic covalent
chemistry and supramolecular self-assembly, respectively. In
the first example, an expansion to larger 2D fragments is
explicitly planned;®®! the second approach is likely
restricted to the oligomeric regime. Irrespective of whether
one accepts to call the meso-meso-linked porphyrin ribbons
25 prepared by Osuka and co-workers triple-stranded or not,
they clearly represent a step forward in terms of the width
achieved.®’ Also their lengths (maximum of 12 repeat units)
are quite impressive, although it caused considerable analyt-
ical problems and left the characterization of the oligomers
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Angew. Chem. Int. Ed. 2009, 48, 1030—1069 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

Chemie

1041


http://www.angewandte.org

Reviews

1042

beyond n =4 incomplete. The quadruple-stranded compound
26 which was obtained as a mixture of kinked and linear
isomers by the Miillen research group rounds up the
picture.”*?!

A collection of double-stranded polymers®’! was made, a
few examples of which are shown in Figure 14.°* They are
comprised either of annulated five- and six-membered (27-29
and 31) or exclusively six-membered rings (30). Establishing a
second strand of bonds parallel to a first one was a major
breakthrough for polymer chemistry, but it is not sufficient in

Figure 14. Selected double-stranded (ladder) polymers (27-31) and a
precursor polymer 32a for the currently laterally most extended macro-
molecule 32b.
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regard to the goal of the present Review. A study which got a
bit further as far as lateral extension is concerned was
described by Miillen and co-workers, who reported the
synthesis of precursor polymer 32a and its conversion into
the quadruple-stranded target 32b. A comparison of the UV/
Vis spectra of 14 (Scheme 1) and 32b (both recorded in
reflection mode) led the authors to conclude that 32b
contains parts with 200 condensed benzene rings. High-
resolution TEM images of aggregated products were also
provided to support the structural proposal. A full-scale
structural analysis, however, was hampered by the extremely
low solubility of 32b. Although not providing structurally
defined material, procedures leading to graphene nanorib-
bons should be mentioned because of the similarity of those
ribbons to the compounds described here.?"*!

Although the polymer could be extended lateral in the y-
direction, this was hardly possible in the x-direction. A
systematic increase in the lateral extension (x-direction) of a
polymer chain beyond a few strands is not possible in
isotropic solution experiments. The large synthetic effort
and insufficient solubility of the products are not the only
factors here. One just needs to think in terms of the number of
new bond-formation steps that would be required to broaden
an initially single-stranded polymer with, for example, 500
repeating units. The range of thousands of transformations
per molecule is easily reached, and in a situation where any
mistake cannot be removed by purification.

This approach differs in one further important point from
the one mentioned above in the same Section: For the first
time, the flexibility of long molecules comes into the game.
The polymers presented here, irrespective of their numbers of
strands, are commonly referred to as rigid rods, but bending
their backbones by a few degrees is not costly in energy. The
polymers will, therefore, eventually coil in a similar way as
conventional polymers. An imaginary observer sitting on a
chain following its course will recognize that the chain’s
memory of its own orientation gets lost after a few nano-
meters or, at very best, a few tens of nanometers. Thus, even
wider chains will not behave like Mikado sticks, with all the
consequences this may have on the probability of intrastrand
cross-linking and a possibly hindered supply of reagents
needed at the site where lateral growth is wanted. Once such
chains are no longer dissolved, but arranged in nematic or
smectic-like arrays on atomically flat substrates, an intercon-
nection no longer looks like being completely out of range;
such an approach has yet to be reported.

In this context it is worthwhile mentioning the attempt by
Shinkai and co-workers to produce sheetlike rigid-rod-like
conducting polymers (33 and 34) by connecting them with
porphyrin-based bidirectional “clips” (35, Figure 15). This
attempt is rather interesting, but also raises questions: Given
the low barrier of rotation of the repeating units of the
polymers against each other, two clips, when bound to the
same chain, can easily attain all possible dihedral angles. This
makes it difficult to see why 2D arrays should be favored over,
for example, bundle formation.”
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Figure 15. Solution strategies to align rigid-rod conducting polymers into 2D arrays by using supramolecular clips followed by mechanical fixation
through formation of a pseudo-polyrotaxane. RCM: ring-closing metathesis.

4.2. Ultrathin Networks by Cross-Linking in Confined
Two-Dimensional Space

Up to now small 2D fragments were obtained in solution,
as shown in Section 4.1, and the resulting products in the best
cases put onto solid substrates for analytical purposes. In this
section we describe attempts that make use of confining
monomers into 2D geometries prior to cross-linking. This
confinement is achieved by spreading the monomers at liquid/
gas interfaces, intercalating them into inorganic layered hosts,
adsorbing them onto solid substrates, or letting them self-
assemble into layered structures. Cross-linking affords cova-
lently connected ultrathin films, whose lateral extensions are
orders of magnitudes larger than all those previously dis-
cussed. In this sense, the following approaches get substan-
tially closer to the goal of a laterally infinite, one monomer
unit thick and periodic structure. One no longer deals with
almost dimensionless organic compounds or at best linear
polymers with several strands, but instead with infinitely
extended films, whose thickness can approach that of a
monomer unit. The price to be paid for this increased lateral
extension, however, is the loss of structural control on the
molecular level. None of the following examples has a
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periodic molecular structure, but it is nevertheless considered
important to provide some insight into what has been
achieved in this direction because, in the end, one may be
able to devise a strategy to 2D polymers based on the lessons
learned both from the approaches previously described in
Sections 4.1 and 4.2. Despite the nonperiodic structures
produced, many of the authors of the following examples
use the descriptor two-dimensional in one form or another.
This original terminology is used, even though it is in clear
conflict with our definition of a 2D polymer.

4.2.1. Early Results with Monolayers at the Air/Water Interface
and in Clays

In 1935, Gee and Rideal made an important first step in
this field. Monolayers of 3-elacostearin and its Diels—Alder
adduct with maleic anhydride (36, Figure 16) were prepared
at the air/water interface by using a Langmuir trough; to the
best of our knowledge, this is the first report of linear
polymerization as well as the cross-linking of such an
assembly.””! Analysis of the force/area curves as well as
changes in the surface potential led to the postulation of a
process involving primary oxidation at the unsaturated bonds
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Figure 16. Monomers used for the cross-linking of monolayers at the
air/water interface (36-42) and at the oil/water interface (43).

of the lipids followed by polymerization; a molecular
mechanism could not be provided at that time because of
analytical problems. While a fluid film of (-elacostearin
turned into a continuous gel-like structure during the course
of the reaction, monomer 36 gave rise to highly viscous
products which broke apart on extension. This difference was
ascribed to the more efficient cross-linking in the former
case.l*™!

In 1941, Bresler et al. reported on mechanical properties
of polymerized monolayers and introduced the terms “2D
polymerization” and “2D polymer”.” It was expected that
polycondensation should take place between stearic aldehyde
(37) at the interface and either of the amines 38 or 39, which
were present in the subphase, to give polyaminals 40.0% The
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former combination was supposed to produce “2D linear
polymers” (in the terminology of this Review: a linear
polymer confined in two dimensions) and actually gave rise
to a product that exhibited no elastic properties but only
increased viscosity. In contrast, the latter combination
afforded a product that behaved as a brittle solid, which was
ascribed as a “2D network” (in the terminology of this
Review: an irregularly cross-linked monolayer confined in
two dimensions). The copolymerization of pepsin with either
formalin or a diamine was also studied, which resulted in
elastic, rubberlike films. In no case were the degrees of
polymerization or any structural analysis of the products
provided.

Between the studies by Bresler et al. and the next to be
described, research concentrated for quite some time on
polymerization in monolayers without cross-linking. As
explained in Section 3, such studies will not be treated here
(Figure 5).1°:1%21 Not until 1958 did Blumstein et al. suggest
that the adsorption of monomers to form monolayers
embedded between lamellar layers of montmorillonite clays
would be an interesting approach for the preparation of
“sheetlike” macromolecules by cross-linking.'””! They also
pointed out that working in clays rather than at the air—water
interface would provide access to much larger quantities of
product.'™ Surprisingly, however, this study made no attempt
to actually realize this idea.'™ It took another three years
before systematic studies on such polymerizations were
finally published. Methylacrylate (MA) was studied first. It
is known that the corresponding polymer, polymethylacrylate
(PMA), is sensitive to chain transfer and subsequent cross-
linking.'®! The authors studied whether a significant differ-
ence could be observed when the polymerization of MA was
confined in monolayers and in the bulk phase, with the
reaction initiated radically or by vy radiation. The results were
compared with methylmethacrylate (MMA) and its corre-
sponding polymer poly(methylmethacrylate) (PMMA),
which is less prone to cross-linking. Cross-linking agents
were also used in the next step.'"’!

These studies involved the isolation of “2D polymers” by
dissolving the clay with hydrofluoric acid and dissolving the
organic material in common organic solvents. This approach
allowed the study of properties such as solubility, viscosity,
and sedimentation. For example, PMMA obtained from
monolayers in the presence of cross-linkers showed remark-
ably different surface pressure/area isotherms, which led the
authors to conclude: “The large area at low pressures may
indicate the increased rigidity of the cross-linked sheet (of
PMMA ), whereas the small area at high pressures may indicate
the stable ridges are folds in the sheet. This unusually strong
film is not entirely unexpected. The polar sheet-like structure
should have relatively superior mechanical strengths as well as
superior adhesion to the water surface. Moreover, ridges or
folds in a compressed sheet should be far more stable than
similar ridges or folds in films of polymers that are not cross-
linked.”"""’*l Nowadays, when handling single graphene sheets
and observing their ridges and folds is routine in many
laboratories, Blumstein’s statement sounds rather vision-
ary."® A report of the first “2D polyelectrolyte” can be
found in reference [109].
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4.2.2. Cross-Linking in Monolayers at Air/Liquid and
Liquid/Liquid Interfaces

Beredjick and Burlant, 30 years after the report by Bresler
et al., reported a UV-induced “2D polymerization” at the air/
water interface. Oligomeric components were used as mono-
mers which had been prepared from dodecenyl succinic
anhydride, maleic anhydride, and propylene glycol by solu-
tion condensation such that each oligomer on average carried
1.5 double bonds. These “monomers” were then transferred
to the air/water interface and cross-linked by radical poly-
merization. Unfortunately, little proof was provided in regard
to the formation of a 2D cross-linked polymer.!"! Dubault
et al. irradiated the better defined monomers 41 and 42 and
provided a more in depth characterization of the products
that were obtained at the air/water interface.'') A sharp rise
in viscosity was observed after a certain irradiation time
onwards for 42, whereas the increase was continuous for 41.
The solubility of the products also differed: whereas the
polymer of bifunctional monomer 42 showed insoluble parts
(which is direct evidence for cross-linking) for all stages of
irradiation, the polymer from 41 was almost completely
soluble at all times. This study is often falsely mentioned as
being the first describing a 2D polymerization (in the
terminology of this Review: cross-linking polymerization in
a monolayer confined to two dimensions). For related studies
at the air/water interface, the reader is referred to the studies
by Rosilio and Ruaudel-Teixier,'"? Emmerling and Pfanne-
miiller,"™ and Kloepner and Duran."¥ Veyssie and co-
workers were able to transfer the cross-linking polymeri-
zation of a monolayer from the air/water to the oil/water
interface by using diacrylic monomers 43, and investigated
the properties of the cross-linked monolayers comprehen-
sively, 1151161

The concept of the covalent stabilization of monolayers
has also been studied over sev-
eral decades, mainly with the
objective to create stable nano-
porous membranes with high
permeation selectivity. Regen
and co-workers not only inves-
tigated monolayers typically
supported on macroporous
polymeric substrates for
increased mechanical stability,
but also multilayer arrange-
ments.”?**1""] The main principle
was outlined in their 1988 and
1989 publications, in which cal-
ix[n]arenes (n=4-7)—as nano-
porous components—were
spread at the air/water interface
and then cross-linked prior to
Langmuir-Blodgett (LB) trans-
fer of the resulting film onto the
macroporous support
(Figure 17, Scheme 3). In these
initial studies, positively charged
mercurated calixarenes were

n=4-7

Composite membrane
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Figure 17. The initial concept of Regen and co-workers for membrane
applications of cross-linked monolayers of nanoporous amphiphiles,
such as appropriately substituted calixarenes. Spreading the calixar-
enes at the air/water interface, stabilization of the resulting monolayer
(shown in an idealized dense packing) by cross-linking from the
subphase, and transfer of the cross-linked monolayer onto a macro-
porous polymeric support are shown.

used, which were cross-linked by exchanging their trifluor-
acetate counterions with the doubly negatively charged
malonate ion from the subphase. Later, other chemical
cross-linking methods, such as disulfide formation, were
developed and the concept of “gluing” LB bilayers was
introduced.*">!"®! In this latter concept, cationically charged
calixarenes were brought together with water-soluble poly-
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Scheme 3. The synthesis of amphiphilic calixarenes by mercuration at the para position, followed by
cross-linking from the subphase by exchanging the trifluoracetate counterion (with a single negative
charge) with the malonate (with a double negative charge, “0,CCH,CO,").
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anions, such as polystyrene sulfonate, present in the subphase.
This “glued together” the compressed monolayer and helped
to eventually fill the void space contained in the assembly,
“the net result being enhanced stability, reduced defect
formation, and increased permeation selectivity.”

From the standpoint of an organic chemist, who puts
precision of molecular structure as the highest priority, the
initial work by Regen and co-workers represents a step closer
to the goal of a periodic 2D polymer. Ideally, the nanoporous
amphiphiles at the interface end up in domains with a 2D
crystalline long-range order (see, however, Section 5). Since
the cross-linking and gluing approaches do not occur uni-
formly, this potential positional order (which still waits to be
proven) is not extended to the entire film structure, and
irregular films result overall. In addition to this disadvantage,
there is no quantitative information available as to how many
defects (for example, cracks) are contained in the films and
what their exact structural nature is.

Leblanc and co-workers synthesized the dendrimer-based
amphiphile 44 in which sixteen 10,12-pentacosadiynoic acid
chains are connected to the periphery of a third generation
poly(amidoamine) (PAMAM) dendrimer (Figure 18)."71 A
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Figure 18. PAMAM dendrimer 44 with peripheral diacetylene units for
use at the air/water interface. The nonpolar termini are presumed to
lift upwards upon compression, thus allowing for cross-linking.

monolayer of this dendritic amphiphile was prepared at the
air/water interface, with the peripheral hydrophobic chains
lifted up towards the air, while the hydrophilic PAMAM
section flexibly changed its conformation and became more
compact. Eventually, the hydrophobic chains were (claimed
to be) closely packed to one another so that UV irradiation
resulted in 2D cross-linking by “topochemical” diacetylene
polymerization (see Section 4.2.3). Brewster angle micro-
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scopy (BAM) revealed macroscopic defects, but no direct
structural information of the product on the molecular level
was provided.

Towards the end of this section it seems appropriate to
return to an approach which may be considered more rational
from an organic chemistry perspective. It was studied by the
Michl research group over several years, and is nicely
explained in a review article which guides the reader through
all of its excitement, but also clearly points out the many
problems and potential pitfalls associated with it."*! Michl
and co-workers used double-decker molecules such as the
lanthanum and cobalt complexes 45 and 46 (Figure 19), one

)

N R
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Figure 19. Michl-type double-decker monomers 45 and 46 for spread-
ing at the air/mercury interface and subsequent connection to frag-
ments of 2D polymers.

half of which is designed to adhere to the fluid mercury
surface such that the other half sticks freely and unaffected by
the surface into the air, and is still able to rotate around an
axis perpendicular to the mercury surface. Double-decker 45
actually adsorbed firmly on the mercury under certain
electrical conditions, and an IR spectroscopic analysis con-
firmed that the porphyrin rings of the adsorbed complex were
parallel to the surface, thus suggesting that the pyridine
substituents on the upper ring would be available for cross-
linking reactions.'”! This linking was attempted by the
addition of 1,4-bis(bromomethyl)benzene, a potent biselec-
trophile, and the product still adhered to mercury. Its IR
spectra showed that it contained the phenylenebismethylene
units as well as the pyridinium rings, and that the porphyrin
remained parallel to the surface. Unfortunately it was difficult
to prove any long-range order, for example, by scanning
tunneling microscopy (STM) as the monolayer had to be first
transferred onto atomically flat, highly oriented pyrolytic
graphite (HOPG), which caused folding and mechanical
damage. Nevertheless, the images revealed a square grid of
the anticipated size with some local order. The other
monomer with the general structure 46 was synthesized with
different substitution patterns. Very recently the adsorption
behavior of several representative structures to a mercury
surface has been studied in great detail, but the key question
is still waiting to be answered: Can they be connected into a
2D polymer 2!

Angew. Chem. Int. Ed. 2009, 48, 1030-1069
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Although this study contains some interesting points
which eventually may help to reach the goal of a 2D polymer,
it also has a major drawback: Where will the orientation
during cross-linking of the double-deckers come from? Even
assuming that they themselves can be brought into an ordered
assembly, the cross-linking reagent (in this case, 1,4-bis(bro-
momethyl)benzene) has countless conformational options
and will, once reacted with a pyridine group of one monomer,
not only react with the pyridine group of the neighboring next
monomer, as the concept suggests it will do to get a perfect
network structure. Several other motifs (ladders, loops,
dangling ends, etc) will unavoidably also form.

Finally, polymerizations of C¢, monolayers at the air/water
interface should be mentioned. A Langmuir film of Cg, was
irradiated at 360 nm and then transferred onto a gold-coated
glass substrate by the horizontal lifting method. Analyses
were mainly based on infrared reflection absorption spec-
troscopy and STM. In the former method, the appearance of
an absorption band at 1428 cm™' was found, after comparison
with the spectra of parent Cg, as well as its dimer and trimer,
to be indicative of connected monomer units.'** For the STM
method, an iodine-modified gold surface was used, which
showed a regular array of what was believed to be the
corresponding polymer. Unfortunately, this work does not yet
appear in the open literature and deeper insights into the
molecular structure of the polymerized film were not
provided."?!! C¢;-based “2D polymers” can also be found in
bulk materials.">

4.2.3. Cross-Linking in Multilayers

So far the studies reported describe irregular (partially
random-walk) polymerizations ideally in one plane, the
degree to which it is confined to two dimensions depends
on the equilibrium structure of the monolayer. Thermal
fluctuations may influence the level of confinement, and
irregularities caused by them will be captured during poly-
merization.

Barraud et al. added a new aspect to this type of research
by using monomer 47 (Figure 20) not at an interface but in LB
multilayers which could polymerize at two different levels
relative to the mean interfacial plane.'" This monomer
undergoes a three-step reaction consisting of [242] cyclo-
additions at the butadiene 3,4-positions upon UV treatment,
[242] cycloadditions at the remaining 1,2-positions under
higher energy UV light, and electron beam irradiation
induced cross-linking of the remaining single terminal
double bond. This study, which in part has to be considered
somewhat speculative, was published as a conference preprint
only and never further substantiated. Subsequent work by
Laschewsky and Ringsdorf using similar monomers (48 and
49) arrived at different structural proposals, according to
which, irradiation with long-wavelength UV light induced
linear polymerization (rather than [242] dimerizations) of the
butadiene moieties at their 1,4-positions, which was followed
by cross-linking of the newly formed 2,3-double bonds by
treatment with short-wavelength UV light in air."! In
contrast to the study of Barraud et al., these polymerizations
are not spatially separated.

Angew. Chem. Int. Ed. 2009, 48, 1030—1069
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Figure 20. Structures of monomer 47 with two polymerizable groups,
monomers 48 and 49, the synthetic lipid 50, and monomer 51.

Interfacial polymerization was influenced considerably by
Wegner’s finding in the late 1960s that single-crystalline
diacetylenes can be topochemically polymerized to polydia-
cetylenes with conjugated double and triple bonds.!"**! Several
authors considered this a unique opportunity to not only
polymerize monolayers at interfaces or in LB multilayers, but
also to generate polymerized ultrathin films with potentially
useful properties resulting from the conjugated polydiacety-
lene backbone. Apart from the polymerizations by Barraud
and Ringsdorf described above, topochemical polymeri-
zations proceed in solid-state-like films below the transition
temperature to the liquid-like phase, that is, under lattice
control. Many of the attempts that used this method with
interfacial systems led to linear polymerizations and are
therefore not considered here (Figure 5).1%17132 Represen-
tative 2D cross-linking polymerizations will be described in
the following section.!'*!

In 1977 Kunitake and Okahata introduced the concept of
“synthetic bilayer membranes”!'**13 based on amphiphiles
with two long alkyl chains and ammonium head groups. Since
then, a large variety of bilayer-forming synthetic amphiphiles
have been synthesized and applied to the construction of 2D
supramolecular templates for 2D polymerizations."** For
example, a composite LB cast film with multiple bilayers
formed from the artificial lipid 50 and bisacrylate monomer
51 with a photoinitiator was prepared on a fluorocarbon
membrane (Figures 20 and 21). In this cast film, the mono-
mer, which because of its ethyleneoxy chains prefers a polar
environment, and the initiator segregated into that part of the
bilayer assembly where the ammonium head groups of the
lipid resided. The thickness of this part was estimated to be
approximately 2.6 nm, thus confining the monomers to a
pseudo-two-dimensional space. The polymerization was ini-
tiated by UV irradiation, and cross-linked polymer films were
generated. After rinsing off the template, the residual films
were recovered and investigated by scanning electron micro-
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Figure 21. A multi-bilayered film obtained from the synthetic lipid 50,
with monomer 51 intercalated in proximity to the head groups.

scopy (SEM), which revealed their thickness to be 20-100 nm.
This thickness range was clearly beyond the dimensions of a
monomer unit and also the estimated thickness of the layer to
which the monomers were confined. The authors assumed
that some of the initially much thinner films may have
aggregated during isolation. This could indicate a general
disadvantage of the templating strategy, namely that it does
not readily provide an opportunity to isolate the initially
formed 2D films prior to their aggregation into thicker
objects. At this point the work by Yao et al. should also be
mentioned, in which para-aminophenyl(trimethoxy)silane
was condensed into layered structures stabilized by surfac-
tant.['¥7!

The concept of Kunitake and Okahata was expanded by
integrating polymerizable units directly into the bilayer-
forming amphiphiles. Those amphiphiles carrying two poly-
merizable units are of special interest here.'* Figure 22
contains a couple of examples with identical such units (52,
53,1401 54 0411 5511421 57 and 5811%1). A few cases were also
reported in which the units differ both in their chemical
nature and position in the lipid. Compound 56!"* serves as an
example here. Five different concepts for 2D cross-linking
polymerizations were developed (A-E), the main features of
which are compared in Figure 23. For more information about
structural aspects and applications of these polymerized
synthetic bilayers see the excellent reviews by Ringsdorf
and co-workers,*1*! Regen,*! Fendler and Tundo,"” Hay-
ward and Chapman,'* Shimomura,'*! and Mueller and
O’Brien.™

One example of concept C (Figure 23) deserves more
consideration: Stupp et al. reported the bulk synthesis of a
“2D polymer” with a thickness of approximately 5 nm (on the
order of 100 atoms) and lateral extensions of 10°~10° nm.['*!
Compound 59 contains two different reactive groups (acrylate
and nitrile) at different positions as well as a smectogen,
which generates a smectic phase (Figure 24). The acrylate is
positioned at one terminus of 59 and the chiral nitrile
somewhere near the center and the smectogen at the other
terminus. The polymerization of the acrylates was promoted
by interactions between the homochiral nitrile groups;
furthermore, the nitrile groups could be at least oligomerized.
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Figure 22. Selected monomers for 2D cross-linking polymerizations
according to the concepts A—E shown in Figure 23. The assignment of
these monomers is as follows: 52, 53: A; 54, 55: B; 56: C; 57: D; 58:
E. The polymerizable units are highlighted by gray circles.

These two reactive groups were placed far enough apart to
avoid the possible formation of ladderlike linear structures.
Thus, a 2D object was eventually obtained whose bilayer
structure was covalently stabilized by cross-linking of the
acrylates at the central main plane and the nitriles in the two
additional satellite planes (Figure 25).

At the same time as the studies by Stupp etal., a few
reports by the Palacin research group appeared, which
described the oxidative coupling of the two-dimensionally
preorganized, charged porphyrin derivate 60 (Figure 24).1'*
This porphyrin is water soluble and was attracted through
Coulomb interactions to the air/water interface spread with a
monolayer of the hydrogen dihexadecyl phosphate (HDHP)
surfactant. These porphyrin molecules were proposed to form
a tetragonal array at the interface, which allowed the coupling
of their lateral acetylene functions by copper(I) ions to
furnish diacetylenes. These coupling reactions were per-
formed both on HDHP/porphyrin monolayers as well as on
LB bi- and multilayers built from them, either by using
copper(I) salts from the subphase or by letting solutions of
this salt diffuse through to the multilayer, respectively.
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Figure 23. Important modes of 2D polymerization in self-assembled
bilayers. A) Polymerizable units (PU, black circle) at the end of a
hydrophobic tail. Cross-linking between neighboring monolayers is
possible; B: PUs are embedded somewhere in the middle of the
hydrophobic tail which avoids any cross-linking with neighboring
monolayers; C) two PUs at different but defined positions in the
hydrophobic chains so as to allow for two independent polymerization
events to occur. Depending on how close one of the PUs is to the
chain terminus, this very PU may be involved in cross-linking with
neighboring monolayers, whereas the other PU is not involved; D,

E) PUs located at the polar head group through covalent (D) or ionic
interactions (E). The latter concept provides the option to wash out
the cross-linked 2D polymer after polymerization. A-E: It is reasonable
to assume that all polymerizations are random-walk processes. For
actual monomers, see Figure 22.

Although the characterization of the 2D polymer was rather
complex and could not furnish any structural proof at the
molecular level, the mechanical stability of the obtained
bilayer was rather astounding. After transfer onto a micro-
scopy grid by horizontal lifting, it spanned over holes of
approximately 0.003 mm?. Monolayers were even reported to
do the same, which means that approximately 10° molecules
are involved in such events. These results are clearly
interesting, but it remains unclear how one can expect 60 to
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Figure 24. Monomer 59 prepared by Stupp et al. for the bulk gener-
ation of “2D polymers”, and porphyrin derivative 60 prepared by
Palacin et al. for the synthesis of “true 2D polymers”.
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Figure 25. Polymerization in a smectic bulk phase according to Stupp
et al. which leads to “2D objects” from 59. The bilayers are indicated
by the brackets. They carry two oligomerizable nitriles (black) in the
satellite planes (light gray) and two polymerizable acrylates (white)
positioned in the main plane (dark gray). The smectic arrangement is
stabilized by cross-linking both in the main plane and the two satellite
planes.

form a periodic network; the rigid core of the monomer is not
used to force the four lateral acetylene functions into a fixed
relative geometry. These functions are instead connected to
the core through methylene spacers, which enables them to
freely attain whatever orientation they prefer. It is thus
difficult to see why several other connection motifs were not
realized in parallel. This criticism is closely related to that
already expressed in a similar case (Figure 19, Section 4.2.2).
For the use of transition-metal complexes of porphyrin
derivates at interfaces, the reader should see the studies by
Qian et al.%

4.2.4. Cross-Linking of SAMs on Solid Substrates

SAMs have been covalently cross-linked by treatment
with electron beams and then removed from the substrates as
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free-standing films. In an interesting example, electron
irradiation of SAMs prepared from biphenyl derivatives 61
and 62 (Figure 26) on solid gold and silicon nitride (SiN,)

R =H, NO,
61
NCO(CHz)QSi(OMe)s
62

Figure 26. Biphenyl derivatives used for the cross-linking of SAMs by
electron beams on gold (61) and silicon nitride (SiN,; 62).

substrates, respectively, led to the formation of carbon-
carbon bonds between the constituents."> Removal of the
resulting monomolecular films from the different substrates
was achieved by either oxidizing the Au—S bond in a saturated
atmosphere of iodine vapor (for 61 on Au; Figure 27) or

Figure 27. Generation of nanosheets by electron irradiation of 61
(R=H) on gold/mica through a mask with circular holes (diameter:
1.4 um). After treatment with iodine vapor and rinsing with DMF/
ultrasound, the objects have moved on the surface or folded into
layered structures. The inset shows the original regular arrangement
after rinsing without ultrasound, which leaves the sheets unaffected
and dissolves only the non-cross-linked SAMs. The image was
recorded by scanning electron microscopy (scale bar: 1 um).
Reproduced from Ref. [154b].

etching off the silicon nitride layer on a prestructured silicon
wafer with hydrofluoric acid (for 62 on SiN,; Figure 28). The
films produced in this way were insoluble in organic solvents.
This approach to one monomer unit thick, self-supporting
films is rather interesting for materials science, but it can
intrinsically not lead to periodic structures because of the
random nature of the cross-linking event.

4.2.5. Constructions with Molecules on Solid Substrates

In addition to the rather efficient cross-linking of SAMs
with electron beams described in Section 4.2.4, there are also
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Figure 28. Scanning electron micrographs of free-standing nanosheets
obtained by etching off a 30 nm thick SiN, layer below the cross-linked
SAMs of 62 on a prestructured silicon substrate. a) Arrangement of
windows in the silicon wafer after removal of the continuous SiN, layer
on the opposite side by etching (scale bar: 200 um). b) An intact
nanosheet (scale bar: 5 um). c) A ruptured nanosheet (scale bar:

5 um). d) A schematic representation of the preparation process.
Reproduced from Ref. [154b].

some reports concerning solid substrates, in which more
emphasis is placed on the control of the molecular structure.
STM and AFM are mostly used for analytical purposes, but
have occasionally also been employed as tools to create
covalent bonds between molecules adsorbed on appropriate
solid substrates. For example, iodobenzenes were coupled to
biphenyls in the seminal work of Hla et al.,l'> diacetylene
monolayers polymerized to polydiacetylenes by Aono and co-
workers™ and others,!""! and single strands of dendronized
polymers!'*! “welded” together by Rabe and Schliiter and co-
workers.' The covalent connection is typically achieved by
either activating the precursor components by applying an
electrical bias pulse such that transient intermediates are
formed which react with one another, or by photochemical
treatment after the components have been brought, either
manually or by self-assembly, into tight enough contact. The
proof of a successful connection normally rests upon experi-
ments, in which the connected molecules are dragged across
the surface by the AFM/STM tip. If they do not disassemble,
despite the considerable forces applied during this process,
weak interactions between the formerly separated compo-
nents can be excluded. If the electronic state changes
considerably during the connection event, for example, by
generating conjugation through a polymerization, the con-
nection process may also be read out by the different STM
response. There are a few experiments where such consid-
erations have been applied to the “synthesis” of 2D networks.
Although the pieces generated are still tiny, these studies may
be considered valuable first steps for the synthesis of infinitely
extended 2D polymers.

The first such approach in this area was reported by
Takami etal.,, who irradiated monolayers of 1,15,17,31-
dotriacontatetrayne under UHV conditions with UV light
and investigated the product by STM (Scheme 4).1%
Although the image shows periodic features with reasonable
dimensions, it is still questionable how many of the diacety-
lene units and—perhaps even more so—how many of the
terminal acetylene units have actually reacted to give the
proposed periodic fisherman’s net with a defined mesh size.

A related topochemical polymerization was also reported
by De Schryver and co-workers in which a terephthalic acid
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Scheme 4. Proposed structure of the product arising from the UV-
induced formation of “clothlike” macromolecules by Takami et al. The
achieved level of perfection is difficult to conclude from the experimen-
tal data provided.

ester carrying two aliphatic chains with internal diacetylene
units was used (Scheme 5).1'*Y) This monomer was first spread
at the air/water interface and the resulting monolayer then
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Scheme 5. Proposed structure of the product arising from the STM-
induced formation of a small piece of a 2D network.

transferred onto HOPG by the horizontal lifting method. The
terephthalic acid and diacetylene units formed alternating
parallel linear arrays in 2D lamellae, in which the latter units
were aligned at a distance and an angle to allow for
topochemical polymerization. This was initially induced by
UV irradiation, and gave the STM image in Figure 29a with
its three bright parallel lines of different lengths. They
resemble the polydiacetylene backbones formed. Two adja-
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Figure 29. STM image of the monolayer shown in Scheme 5 after UV
treatment (a) and after application of a bias pulse (b) at the site
indicated with a white arrow in image (a). The molecular model in (c)
represents the structure of the small 2D fragment which was generated
in the upper right corner of image (b) and indicated by a white arrow.
Reprinted from Ref. [161] with permission from the American Chemical
Society.

cent lines were separated from one another by regular arrays
consisting of an alternating sequence of three rows of
terephthalic acid ester and two rows of nonpolymerized
diacetylene. The polymerization of any of these two rows
would result in a piece of a 2D network and was, therefore,
tried by applying a bias pulse at the site indicated by the white
arrow (Figure 29a). This pulse initiated another polymeri-
zation event which resulted in a fourth polydiacetylene
strand, which is marked in Figure 29b. A part of this new
strand in the upper right corner of the image is flanked by the
initial polydiacetylene strand; thus, the assembly represents a
small part of a 2D polymer. In principle, the size of the 2D
network could be increased by polymerizing one diacetylene
row after the other.

The most recent case stems from the research groups of
Grill and Hecht. Porphyrin derivative 63 was activated
thermally before or while being deposited under UHV on a
Au(111) surface so that the the carbon-bromine bond was
homolytically cleaved.® In the absence of any reagent with
which the highly active centers of these intermediates could
react, and by exploiting their high diffusivity on the surface,
some single molecule products such as 64 could be charac-
terized and proven unequivocally by STM (Figure 30). The
covalent nature of the products was proven by dragging
experiments. Related approaches were recently published by
Amabilino, Raval, and co-workers!'®¥ as well as Abel and co-
workers.”*!
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Figure 30. Generation of small 2D fragments such as 64 by heating
precursor 63 on a Au(111) surface in an ultrahigh vacuum (a). The
precursor is believed to suffer cleavage of the C—Br bond to form
highly reactive intermediates (tetraradicals), which then diffuse on the
surface until they form intermolecular bonds by collisions which give
rise to the formation of larger fragments. The diffusivity of these
fragments is reduced to the degree that they become detectable by
STM: b) 30x30 nm?; c) 8.5x8.5 nm?. The nature of the end groups in
64 is not completely clear and they are therefore denoted as X.
Reprinted from Ref. [162] with permission from the Nature Publishing
Group.

5. Thoughts on Feasibility

After the focus of Sections4.1 and 4.2 on chemical
synthesis, with scattered specific comments as to the feasi-
bility of the above approaches for the still to be achieved 2D
polymer matching the definition given in Section 1, it is time
for a few more general comments. They are related to aspects
such as monomer design, solubility, shrinkage, and character-
ization. Some of them specifically refer to either the solution
or the interfacial approach, and will be discussed separately
wherever appropriate. Finally, approaches in liquid crystals
and single crystals will be addressed.

5.1. Solution Approach
5.1.1. Monomer Design

The key difference between solution and interfacial
approaches is that the former cannot rely on the ordering

power of an interface; monomers are not automatically
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arranged into the same plane, as occurs if they are just places
at a flat liquid or solid surface. Thus, monomer design must
account for this disadvantage. It is largely the monomer
structure that ensures growth into a nonperturbed 2D
geometry. Both the number and positions of the connecting
sites and the flexibility of the main skeleton of the monomers
have to be carefully chosen.

As pointed out in Section 4.1, the monomers must be
equipped with at least three functionalities (latent bond-
forming sites) for network formation. To ensure that these
functionalities are presented exactly at the predetermined
sites, the main skeleton of the monomers should be shape-
persistent and the relative conformational play between them
and the main frame minimal. Flexible spacers between the
bond-forming sites and the skeleton have to be avoided
altogether, which is in contrast to the interfacial approach
where such linkers may be acceptable under certain condi-
tions (see Section 5.2.1).

One can thus easily imagine that monomers such as 51
with its four bond-forming sites (Figure 20, a double bond can
form two bonds) have no chance in homogeneous solutions.
These monomers are much too flexible, and there is no force
which would direct them into a 2D geometry in the growth
step. From this viewpoint, monomer 2 (Figure 9) may be
considered a more reasonable candidate. Although it has not
yet been employed in the synthesis of 2D polymers because its
chemical sensitivity is too high, it was nevertheless selected
here as a case study that addresses an important issue to be
considered in monomer design: We assume compound 2
polymerizes by acetylene homocoupling. Six such coupling
reactions would then have to occur in the same plane for each
monomer, with this plane defined by the central benzene
rings of the monomers. Even if one believes that all bond
formations take place within this same plane for a small
fragment (which is unlikely to be so), sooner or later the
moment will come when two such fragments couple to one
another. Figure 31 illustrates the outcome of such a coupling
where fragments A and B, which themselves are assumed to
have a perfect structure, become connected at point C. The
low rotation barrier of the bond that connects the fragments
means they can freely rotate relative to one another, and will
do so while growing further at their numerous lateral
functional groups. It is unlikely that all critical bond-
formation steps, which lead to a structurally homogeneous
new fragment, will occur just when the fragments happen to
attain a coplanar conformation. Also, depending on the actual
growth situation of the respective individual fragments and
the relative location of C, it may no longer be possible to
covalently capture the in-plane conformation. This inevitably
leads to overlapping structures which eventually furnish 3D
networks (Figure 32a). Scheme 2 (Section 4.1.1) provides an
example of this effect. The fact that compound 15 cannot be
cyclized to 16 is partially due to the ease of rotation of its
diacetylenic units which unfortunately do not know what they
are supposed to do.

Such defects are actually likely to occur in any solution
system. To avoid these problems—or better, to shift them
towards the largest possible fragments before failure—the
fragments to be connected must be forced automatically into
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Figure 31. The role of hindered rotation between two connected frag-
ments (A and B) and monomers. Unhindered rotation at C leads to
overlapping structures (top) while hindered rotation, which keeps the
fragments A and B (now shown as discs) in the same plane, should
lead to larger 2D fragments (bottom). There is a clear relationship
between the suppression of rotation and attainable size of the 2D
fragment which needs to be considered when it comes to monomer
design.

a)

b) Z !

Figure 32. Possible problems with simultaneously growing 2D
fragments in solution. The formation of faults by connecting two
fragments such that one overlaps the other (a) and upon lateral
connection of two fragments at noncomplementary edges (b). The

different gray tones in (a) are not meant to indicate chemically
different fragments but rather to help illustrate the overlapping.

one plane. In the ideal case, a situation as shown in Figures 31
and 32a could be avoided simply because the monomers are
designed such that the bond-formation event is sensitive to
whether or not the fragments are coplanar. In other words, the
connection process must not operate unless coplanarity is
achieved. Fragments that cannot attain a coplanar arrange-
ment will thus stay independent entities and continue their
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individual growth. Figure 31b illustrates the required mono-
mer design for rigid, double-stranded monomers D and E,
which are connected to one another through two independent
and rigid bonds rather than only one.

When transferring such thoughts into real chemistry, one
can think of [242] olefin dimerizations, Diels-Alder reac-
tions, and [4+4] anthracene dimerizations. Units enabling
such reactions would, of course, have to be incorporated into
shape-persistent, possibly cyclic monomers. The rather gen-
eral structures B and C displayed in Figure 42 (Section 5.2.2)
may serve as somewhat more concrete examples here. Under
certain circumstances, the modification of such monomers
with spatially demanding moieties may help the growing
sheets to stay two-dimensional.l'*¥

Another aspect regarding the connection of fragments in
the solution approach still needs to be addressed. Two joining
fragments may not only lead to situations discussed in
Figures 31a and 32a, but also to larger entities with internal
holes (Figure 32b). Such holes are formed whenever two
fragments with noncommensurate edges join at two points. It
then depends very much on luck whether the resulting holes
in the sheet are closed by monomers properly growing
inwards. Whereas the overall sheet nature of the resulting
polymer would not be disturbed by such defects, properties
such as gas permeation or rupture propagation would be
influenced, if not dominant. Finally, a word on the expected
size of the sheets accessible by the solution approach: Since
the ordering power of an interface is not available, any
bending motions of the growing sheets, even if they have
molecular structures commonly referred to as shape-persis-
tent, will sooner or later lead to deviations from perfection.
Thus, if the goal is to synthesize the largest possible 2D
polymer with the highest possible structural fidelity, it is
advisable to select an interfacial approach.

5.1.2. Other Aspects

Another aspect which is rather critical to the solution
approach is the enormously fast loss of solubility with
increasing size of the 2D objects. Brick-stone-like insolubility
is commonly already observed after having reached a few
nanometers (see examples in Section 4.1). Rigidity clearly
plays a fatal role in this matter, but more decisive may
actually be that no appropriate measures were taken (or,
could be taken) to keep the 2D discs/sheets in solution.
Although structures such as 5, 6, and 7 (Figure 9) were
actually decorated laterally with flexible chains, they should
have rather been facially decorated with “hairs”, as nature
does with the highly lubricous glycoproteins, the mucins, or
even with cells which are protected against aggregation by
branched glycolipids and glycoproteins, whose oligosacchar-
ide parts reach out into the surrounding phase.l'"”) This
concept has been successfully mimicked, for example, in the
creation of highly lubricous solid surfaces by adsorbing
poly(L-lysine-graft-polyethylene oxide) onto them!® or
growing polymeric “hairs” off them.*”! If two such “hairy”
objects approach each other, a repulsive force will eventually
be operative, whose origin is seen in an entropic penalty that
builds up as the enforced interdigitation progresses and
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reduces the conformational freedom of individual hairs
(Figure 33).

Besides substituting monomers with hairs such that
facially protected 2D fragments result, one may also think

ol 0

3

Figure 33. When two hairy surfaces approach each other, an entropic
penalty caused by reduced conformational freedom of the hairs
hinders interdigitation and thus the formation of the aggregate.

in terms of introducing charges spread over the sheet, or a
combination of both measures.'® Sheets facially equipped
with (like) charges will, of course, also repel each other. A
somewhat speculative aspect regarding solubility of huge flat
objects should also be addressed. As mentioned earlier,
rigidity is a relative term. We assume that the small 2D
fragments discussed in Section 4.1 had dimensions in the
micrometer regime. Their mere size means they would
automatically be highly flexible sheets showing undulations,
foldings, and creases such as seen with graphene sheets.”!
Each chemical bond can be bent by a few degrees with only a
small energy penalty. These few degrees quickly add up over
the entire structure and thus render all thin objects highly
flexible as soon as the object size leaves molecular dimen-
sions. It is thus to be expected that there is a critical size range
(which, of course, depends on the system) beyond which this
conformational richness is sufficiently dominant to act as a
self-protection mechanism against aggregation into an amor-
phous state of compact, crumpled sheets. If there is, however,
a mechanism by which layered structures could form,
insoluble flakes would nevertheless be expected. Theoretical
studies confirm the existence of crumpled transitions of
“tethered surfaces”.1>!7" In this sense, the examples in
Section 4.1 unluckily became trapped in insoluble crystal
conformations before the fragments could reach crumpled
conformations.

In terms of synthesis, this means that all repetitive
approaches have no chance as long as the facial attachment
of hairs or the introduction of charges is impossible.
Crystallization will be unavoidable after each growth step.
If, however, appropriate polymerization procedures could be
designed, the situation may no longer be hopeless, even
without these attachments, as long as the growth process is
significantly faster than precipitation. The polymer will then
already have reached a size large enough to form crumples
when it “realizes” that it should have precipitated out
somewhere along the way should because of its insoluble
crystal conformations.'”) Figure 34 illustrates this important
point conceptually by showing that crumpled soft tissue paper
in water remains crumpled, even though it is well ordered in
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Figure 34. Gently crumpled pieces of tissue paper in a loose, fluffy
state in water have significantly larger conformational entropy than in
a compact crumpled state with little water around the sheets. In
contrast to linear polymers, sheets are hence protected against
amorphous precipitation by conformational entropy in addition to
translational entropy. View from the Department of Materials of ETH
Zurich.

parallel stacks when still in the box. Although not directly
related, it may be of interest to point to a recent report
describing the formation of stable aqueous colloids of chemi-
cally converted graphene sheets by electrostatic stabiliza-
tion.®? Another interesting topic which is only briefly
mentioned here is the conformations of a 2D polymer in
solution. For example, such polymers may spontaneously roll
up or even form tubes under certain conditions (Figure 35).

Figure 35. Onset of backfolding caused by theoretically predicted
entropy-driven undulations and possible rolling-up processes.
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Compared to interfacial approaches, the solution
approach offers access to larger quantities of products.
When thinking about nano- or micrometer-sized 2D molec-
ular sheets swimming around in a liquid phase, the question
arises as to how can these films be fished out, unfolded, and
ironed to remove the crumples? The answer to this question is
clear: The solution approach is not aimed at preparing
individual films for subsequent treatment such as for covering
surfaces or for property testing. For such purposes,
approaches at the air/water interface are clearly advanta-
geous. The sheets obtained from a solution approach are not
meant to be isolated by fishing out one after the other—
instead they are designed to be collected by removal of the
liquid phase and used as a bulk material, which would be
highly interesting in itself. A material consisting of densely
crumpled sheets should, for example, have rather unprece-
dented mechanical behavior compared to conventional linear
polymers. The concept of the entanglement of flexible, linear
chains which is the basis to rationalize the mechanical
behavior of polymeric materials clearly does not apply.
Hybrid materials where one component is a 2D polymer
should also have totally different properties. Metal nano-
particles dispersed in a conventional polymeric matrix would
greatly differ, for example, in their catalytic properties from
those in a 2D polymeric material, where the particles might be
wrapped to some degree and influence their properties. At
this point in time, when not even one 2D polymer has been
synthesized, one should perhaps not speculate any further;
the enormous potential has presumably already become
evident from these short comments.

Access to larger quantities of thin films is not restricted to
the solution approach discussed here. As has already been
mentioned in the context of the studies of Blumstein on
layered clays (Section 4.2, see also Section 5.3), “larger”
quantities of ultrathin, irregularly cross-linked films could
actually be obtained (although the removal of the clay
required a rather drastic solvolytic step). If for certain
applications a high level of structure perfection is not
mandatory, the approach by Blumstein and others would be
an alternative that does not require spending time on
monomer design and synthesis.

5.2. Interfacial Approach
5.2.1. Monomer Design

Working on fluid surfaces has advantages over solid ones.
The 2D polymers, once formed, can in principal be lifted off a
fluid surface, dried, and used.['” For solid substrates this is
not impossible either, but is much more complicated than just
grabbing the film and hanging it up to dry. This ease of
removal constitutes a key advantage of using the air/liquid
interface. The monomers at such an interface (mostly air/
water!'”) can freely rotate and move around in lateral
directions unless they are densely packed. As for the solution
approach, the monomer skeletons should therefore be shape-
persistent and present the functional groups in the proper
relative directions to give a periodic network. Thus, the
functional groups of tri-, tetra-, and hexafunctional monomers
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should be positioned with 120°, 90°, and 60° angles between
them, respectively. In addition, the connection units need to
be chosen such that a reaction between them is actually
possible when confined to two dimensions. Mechanisms of
bond formation which require complicated transient relative
orientations that can not be realized under the given
structural constraints are not appropriate. These require-
ments suggest the need for rigid cyclic compounds as
monomers with functional groups that enable thermal or,
perhaps more attractive, photochemical pericyclic reactions
such as olefin dimerization, Diels—Alder reactions, and
anthracene dimerization. Figure 36 illustrates the expected
regular growth of such cyclic monomers equipped with three
(M3), four (M4), and six (M6) functional groups at the
periphery with the optimal angles.

Figure 36. Rigid tri-, tetra-, and hexafunctional monomers M3, M4,
and M6, and their ideal growth patterns.

Let us start by considering M6 spread at an air/water
interface. Figure 37 illustrates two extreme cases of polymer-
ization. In the first, the noncompressed monomers are
confined to two dimensions in a gaslike state and have
translational and rotational degrees of freedom. In the second
case, they are in a condensed, almost crystalline phase, in
which they attain, for example, a hexagonal lattice with no
lateral diffusion but with still more or less free rotation. In the
first case, this translation and rotation can be enjoyed freely
until the first bond-formation step has occurred, and thus a
nucleus formed. The structure of the monomer means the
next growth step is programmed to furnish a regular network
if the growth takes place such that the monomers can diffuse
to all the sites they are supposed to occupy. In the gaslike case,
spatially separated islands will result and problems arising
from noncommensurate edges will be encountered whenever
two such islands try to combine. This problem is reminiscent
of the rather similar situation discussed for the solution
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Figure 37. Polymerization at the air/water interface using well-designed
M6 monomers with sixfold symmetry in a) a gaslike and b) a con-
densed phase (after compression with a barrier). In (b) lateral
diffusion is no longer allowed, but the monomers are still free to
rotate. Aspects such as shrinking are not considered.

approach (see Figure 32b). In the condensed state, growth
can of course also start at different points, but will eventually
lead to one large, through-polymerized sheet. This argument
holds true only if the compressed monolayer does not contain
differently oriented ordered domains and shrinkage can be
avoided. Both of these aspects will be dealt with later.

For a better understanding of the importance of having
monomers with optimal structures, imagine the situation
where similar polymerizations are performed with monomers
designed with insufficient care. As an example, a monomer is
chosen which also carries six functional groups but they are
connected to the main skeleton through flexible spacers.
Depending on the length of this spacer relative to the distance
between the sites at which two adjacent spacers are connected
to the main chain of the monomer, the connecting units may
have more options than just the one resulting in a periodic
structure.'™ Even if the monomers attain a highly regular
order prior to polymerization (high positional order), the
non-optimal monomer structure will result in the formation of
an irregular network.

This aspect is described in somewhat more depth by using
three examples of undesirable bond formation between
monomers with flexible spacers for both hexa- (Figure 38a—
c¢) and tetrafunctional (Figure 38d—f) monomers. A simple
geometric consideration suggests a correlation between
undesired connections and the length L of the flexible spacers
relative to the size (radius R) of the main skeleton of the
monomer (or the distance between adjacent spacers). For
hexafunctional monomers, intermolecular twofold connec-
tions between the two monomers are possible if the L/R ratio
is larger than 0.13:1. If this ratio exceeds 0.5:1, then other
possibilities of intramolecular bridging and intermolecular
triple connections also have to be taken into account. The
situation with tetrafunctional monomers is rather similar: L/R
values of 0.29:1, 0.71:1, and 1:1 are critical ratios where
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Figure 38. Examples of undesirable bond formation which are
explained by the relationship between the size (R: radius) of the cyclic
main skeleton of a monomer and the length (L) of its flexible spacers
carrying latent connecting sites at the ends (®): a,d) intermolecular
double connections, b,e) intramolecular bond formation, c,f) intermo-
lecular triple connections. Cases (a)—(c) refer to hexafunctional and
cases (d)—(f) to tetrafunctional monomers.

intermolecular double connections, intramolecular bridging,
and intermolecular triple connections, respectively, may
occur. Thus, one can understand that an increased length of
the spacer compared to the size of the main skeleton can
cause a variety of undesirable bond formations that destroy
the periodicity of the 2D polymer. It should be noted at this
point that such undesirable connections do not necessarily
destroy the positional periodicity of the monomers, a factor
which may play a role, for example, for gas permeation. This is
the case for several monomers discussed in Section 4.2 for
which a positional order may have been achieved (although
not proven), but the cross-linking was conducted in a way so
as to destroy the overall periodicity.

Let us now return to ideal monomers and consider M4
(Figure 39). Similar to M6 monomers, M4 monomers can also
grow into a periodic network in the gaslike phase as a
consequence of the programmed structure of the monomer.
However, if the same M4 monomer is subjected to polymer-
ization in a condensed phase, a different situation is encoun-
tered. Round monomers tend to pack in hexagonal lattices
where each single monomer is surrounded by six equidistant
ones. The sixfold lattice symmetry and the fourfold monomer
symmetry clearly do not match with one another, which has
detrimental consequences for the formation of periodic
networks. This undesired situation represents a conflict
between the monomer design and the pre-assembled struc-
ture the monomer attains in the compressed state—a given
positional periodicity of the monomers as a result of the
molecular packing is incompatible with the positional perio-
dicity necessary for the creation of covalent bonds. There is
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Figure 39. Polymerization of M4 monomers at the air/water interface
with fourfold symmetry. In (b) the problems which occur in polymeri-
zations in the condensed state if there is a mismatch between the
lattice and monomer symmetry is shown. The lattice decides how
many connecting sites a monomer should have in the right symmetry
to give a regular 2D polymer. Such problems are not to be expected
for polymerizations in the gaslike state (a). Aspects such as shrinking
are not considered.

practically only one possibility to circumvent such a problem,
which is to find a way to arrange the M4 monomers into a
tetragonal packing prior to polymerization.'’””! This could
perhaps be achieved by using square-shaped or rectangular
monomers and/or by equipping them with features for
secondary interactions, such as hydrogen bonding, which are
most effective in tetragonal lattices.

A periodic network would ideally also be expected for M3
monomers in the gaslike phase. In its hexagonally packed
condensed phase, however, the situation is more complicated.
The aspect of preferred versus nonpreferred orientation
(Figure 40a,b and Figure 40c, respectively) leads to different
polymers. In the former case, the connecting units always face
each other and growth leads to 2D polymers with regularly
distributed holes which are either already present in the
assembled state (Figure 40a)"" or result from unused and
more or less freely rotating monomers (Figure 40b, shaded
circles) having been removed from the resulting polymer. The
aspect of hole formation appears to be a disadvantage at first
glace, but may turn into a real advantage when it comes to
characterization (Section 5.4). If the monomers are more or
less free to rotate during cross-linking or have random
relative orientations to begin with (Figure 40c¢), cross-linked
polymers will nevertheless be obtained, but the product will
not meet the requirements of a 2D polymer outlined in
Section 1. Even though the initial monomers will maintain a
high and long-range positional order, the bonds connecting
them will be random. This argument holds true if no
overriding effects come into play, such as slow initiation and
fast propagation; in this way, ordered domains could still
result in the product. This matter cannot be reasonably
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Figure 40. The conversion of monomer M3 into 2D polymers with
periodic holes (a,b) and randomly cross-linked monolayers (c). The
gray entities in (b) can either be trifunctional monomers with random
relative orientation or templates that stabilize the ordered array.

treated any further here because the structure of the
monomer and its growth mechanism would have to be known.

5.2.2. Other Aspects

The main drawback with working at the gas/liquid inter-
face is presumably shrinkage (Figure 41). This phenomenon
also applies to gas/solid and liquid/solid interfaces, but
presumably less so. Combined with simultaneous growth at
many sites in the initially non-cross-linked monolayer, it can
lead to the formation of cracks. In the compressed state, the
monomers in the very best situation attain a 2D crystalline
order, being packed at van der Waals distances. Irrespective
of the cross-coupling mechanism, this distance of approx-
imately 3.5 A will be reduced to that of a covalent bond,
which is on the order of 1.5 A. If one compares a reduction by
2 A with the cross-sectional diameter of a typical monomer,
which is on the order of 5-20 A, it becomes evident the
magnitude of the shrinkage. The formation of cracks may
have been a reason why, for example, Regen and co-workers
developed the gluing method by which any eventual spaces in
the cross-linked monolayers should be filled; the mechanism
by which this selective filling of cracks should happen is
unclear (Section 4.2). The shrinkage aspect is even more
critical if the connection between the monomers requires
removal of atoms, such as hydrogen atoms, in oxidative
acetylene coupling reactions, for example.

Can one compensate for this shrinkage at least to some
degree by means of monomer design? The answer is yes. In
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Figure 41. Formation of cracks during the polymerization of a densely
packed monolayer at the air/liquid interface caused by the simulta-
neous growth of nuclei initiated at sites A and the shrinkage during
growth. For simplicity the monomers are shown as hexafunctional
cycles. d, indicates the van der Waals distance (approximately 3.5 A)
and d, the length of a C—C bond (approximately 1.5 A).

topochemical reactions,!'””! for example, the space require-
ment of components in a single crystal is presumed to remain
unchanged upon their photochemically induced connection.
This aspect was first described by Schmidt for the dimeriza-
tion of an excited olefin with one in the ground state; this
approach relies upon a very specific arrangement of the
components and a compensation for the space reduction
caused by the bond formation through re-hybridization at the
coupling site. This, thus, allows the parts of the components
which are not involved in the bond formation to more or less
remain where they were before irradiation. The conditions for
a perfect topochemical reaction to occur are difficult to
realize. It may well be, for example, that the polymerizations
of diacetylene derivatives on solid substrates (Figure 29,
Section 4.2.5) may have stopped after relatively few growth
steps because of a build-up of strain as the polymerization
progressed. Tiny mismatches between nonpolymerized and
polymerized monolayers may have added up and caused the
termination of the growing chains.

Figure 42 shows an example of how to implement
compensation for the shrinkage in the monomer design not
by using a topochemical reaction in the strict sense but by the
well-studied dimerization of anthracene. The van der Waals
distance of anthracene is approximately 3.5 A. Photochemi-
cally induced bond formation across the 9,10-positions
resulted in a dimer! with two bridging single bonds
(decrease in the distance between the monomers to
ca. 1.5 A). The side view of the dimer in Figure 42 shows
that different shrinkage effects can be programmed into the
system, depending on how such a cross-linking unit is
incorporated into the monomer.
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Figure 42. In the anthracene dimer the C atoms 1,4 (and 5,8) are
pushed apart by 3.6 A, which corresponds more or less to the van der
Waals distance, while the C atoms 9 (and 10) as well as 2,3 (and 6,7)
are pushed apart by 1.6 A and 4.6 A, respectively, which is less and
more than the van der Waals distance. The hypothetical monomers A
and C are expected to be sensitive to such changes in the distance,
whereas monomer B may neither show expansion nor contraction. The
given values for the distances were estimated by Chem3D Ultra 10.0
(CambridgeSoft).

Three different scenarios can be considered: The anthra-
cene units are built in to the monomer through 1) the 9- or the
9- and 10-positions,'” 2)the 1- and 8-, or 1,4- and 5,8-
positions, and 3) the 2- and 7- or 2,3 and 6,7-positions. These
three cases lead to rather different distances between the
connected monomers: When the rehybridization associated
with the connection is considered, the first mode of con-
nection moves the monomers the closest, the second puts
them at 3.6 A (which more or less resembles the van der
Waals distance one started from), and the third puts them at
4.6 A—which even causes expansion. The monomer design
clearly has a substantial impact on the shrinkage and
expansion properties. Figure 42 shows trifunctional mono-
mers based on anthracene connecting units which are
incorporated into the respective monomers through the 9-
(monomer A), 1- and 8- (monomer B), and 2,3- and 6,7-
positions (monomer C).['%

To compensate for possible shrinkage (or expansion)
during polymerization, monomers should be designed so that
they have “buffers” such as flexible spacers or hinged
sections. Such units can help change the space demand of
the monomers when subjected to stress. However, the flexible
spacers need to be applied with care because of the reasons
discussed in Section 5.2.1. In certain cases it may also be
helpful to counteract the shrinkage by maintaining a constant
pressure on the polymerizing sheet. In a Langmuir set-up this
can be achieved by moving the barrier as the polymerization
progresses.

There is a final aspect that needs to be addressed in regard
to polymerizations at interfaces. It sounds too good to be true
that one just has to spread a carefully designed monomer at
the air/water interface which is able to compensate for
shrinkage, compress it to a certain pressure, polymerize—and
the 2D polymer is finished. This polymer has lateral
dimensions which are controlled by the size of the compressed
monolayer, which can easily be up to 100 cm?. Unfortunately,
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this is not true because of entropy. Compressed films tend to
consist of a patchwork of domains which in themselves may
all have the same order but are placed in different orienta-
tions.” Thus, the largest achievable 2D polymer has the
dimensions of the largest domain. The domain edges will not
be commensurate, thereby resulting in free volume and
difficult to predict modes of covalent connection between
domains.

Some studies have addressed the sizes of domains where
the internal order was also proven.'®! Focus here will be put
on Langmuir monolayers of N,N'-dioctadecyloxacyanine
perchlorate (J aggregates), S-layer proteins, and streptavidin
2D crystals. The largest domain size found was for Langmuir
monolayers of N,N'-dioctadecyloxacyanine perchlorate at the
air/water interface. After transfer on to a glass plate, polar-
ization microscopy revealed the layer to consist of a collection
of two-dimensional crystals of sizes up to 1 mm and in various
orientations.'® Sleytr and co-workers obtained electron
micrographs of recrystallized monolayers of the S-layer
protein of bacillus coagulans E38-66 prepared at the air/
water interface and transferred in to carbon-supported films
(Figure 43). These layers consist of numerous randomly

Figure 43. Electron micrographs illustrating the dynamic crystallization
process of the S-layer subunits of bacillus coagulans E38-66 at the air/
water interface (a—c) and on lipid films (d). The scale bars in (a) and
(b) are 2 um and in (c) and (d) 200 nm. Reproduced from Ref. [183a]
with permission from the American Society for Microbiology.

oriented crystallites with an average size of 5 to
10 um.[¥184 The last case to be mentioned is the 2D
crystallization of streptavidin at biotinylated lipid interfaces.
This approach resulted in largely uniform crystals with sizes of
20-200 um, as visualized by Brewster-angle microscopy
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(Figure 44).'! The long-range molecular order of protein
units in the 2D crystals was proven by transmission electron
microscopy.

Figure 44. BAM images of wild-type and K132L streptavidin crystals.

a) Recombinant wild-type streptavidin forms X-shaped crystals under
B-DPPE lipid on 10 mm HEPES, 250 mm NaCl, and 10 mm EDTA at
pH 7.8. b) Wild-type streptavidin under B-DPPE in nanopure water.

c) K132L forms rectangular crystals under B-DPPE on 10 mm HEPES,
250 mm NaCl, and 10 mm EDTA at pH 7.8. d) K132L forms rectangular
crystals on nanopure water. Reproduced from Ref. [185] with permis-
sion from the American Chemical Society.

The lesson to be learnt from these three cases is that any
interfacial polymerization of a compressed monolayer ideally
starts with an analysis of the domain size and the level of
internal order. Polymerization only makes sense if large
domains of constituents with long-range positional order are
observed. To realize the dream of a single-molecule 2D
polymer with a size of say 10 x 20 cm? it may be necessary to
do spreading experiments in a clean-room and with ultrapure
monomers. Any surface-active impurities contained in insuf-
ficiently purified monomers or dust particles at the surface
can cause undesired reorientations of molecules on the
surfaces and are therefore limiting factors for domain sizes.

One does not necessarily have to accept, however, the
domain sizes obtained even under optimally chosen condi-
tions. The level of order in a compressed layer may be
increased by meniscus forces during the transfer onto a solid
substrate.'%18] Mica, for example, is available as single-
crystalline material in sizes of up to several cm® If a
monolayer whose already high order has been further
improved during transfer is deposited on such a long-range-
ordered substrate, it may be possible to reach 2D polymers in
the centimeter range—a wonderful perspective! Such a
growth process could be referred to as epitaxial polymeri-
zation.
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Next, a few comments need to be made on the key issues
regarding solid substrates. These are control of the structure
of the self-assembled monolayer prior to polymerization by
the substrate’s crystal lattice as well as the conditions required
for lifting cross-linked films off the substrate. The first aspect
can be dealt with by a careful choice of substrate. Organic
compounds commonly are not adhered strongly on HOPG or
MoS, and will pack in a dense layer to minimize line
tension."™ On stronger binding substrates (for example,
mica, cationized Au, oxidized Si) one may, however, encoun-
ter a situation that the substrate controls the structure of the
monolayer. If the lattice parameters of the substrate and
densely packed monolayer are not commensurate, a less-
dense packing of the monomers results, which is detrimental
for the formation of a homogeneous 2D polymer without
cracks. A couple of techniques are known for the lifting off
process which require either harsh chemical or electrochem-
ical treatment with or without simultaneous ultrasound
treatment. Alternatively, the substrate can be etched away,
which is commonly done with hydrofluoric acid (Section 4.2).
All these conditions may work for chemically rather inert
films or in cases where damage does not play a role. If
structurally perfect 2D polymers, possibly equipped with
sensitive functional groups for further modifications, are
involved, however, working on solid substrates needs to be
carefully considered. If the preparation of 2D sheets on solid
substrates requires ultrahigh vacuum (UHV) conditions, an
additional disadvantage comes into play. Only a rather limited
number of monomers will possibly survive the required
preparation conditions. The small fragments shown in
Figure 30 (Section 4.2) were obtained because the main
framework of monomer 63 survived more than 500°C while
being sublimed onto the substrate; only the C—Br bonds were
partially cleaved under these drastic conditions.

Finally, compared to solution approaches, interfacial ones
are more limited in regard to the kind of chemical reactions
that can be employed for the growth event. This is mainly due
to the heterogeneity and the complex nature of the entire
reaction system as well as the confined space in which the
reactions have to take place. Both aspects have an impact on
the rather complex cocktail of factors which finally decide
over the outcome of an interfacial reaction. These factors
include: molecular motion, transport of reagents/catalysts,
concentration, equilibrium, and heat dissipation. Mechanisms
may be different and reactions which are otherwise known to
be reliable under homogeneous solution conditions can even
be rendered impossible at an interface. With such consider-
ations in mind, the structural proposals presented in Figure 42
were made. When two anthracene units of different mono-
mers are forced in to a face-to-face arrangement during
compression, they just need to wait until one of them is hit by
a photon for an instantaneous dimerization to result, without
having to tilt the two monomers relative to each other or any
other movement. Transport and supply at the air/water
interface will normally be superior to that at the air/solid
interface because reagents or catalysts can be supplied
through the subphase. Another drawback of interfacial
approaches is quantity. A simple calculation shows that if a
monomer has a molar mass of 1000 gmol™' and a monomer
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area demand of 4nm? a film of size 10 cm? will weigh
4 micrograms. Thus, film preparation would have to be
repeated 250000 times to obtain 1 g of the 2D polymer.

5.3. Approaches in Liquid Crystals and Single Crystals

At the beginning of Section 5.1.1 we pointed out that an
interface can exhibit an ordering power on monomers.
Arranging monomers at liquid/gas, liquid/liquid, solid/gas, or
solid/liquid interfaces is of course not the only possibility to
pay a large portion of the entropy price associated with the
formation of 2D polymers. Important other options to
achieve ordered monomer arrays available for 2D polymeri-
zation include liquid-crystalline (LC) phases and single
crystals. The former can be generated thermotropically or
lyotropically either directly by the monomers or by unreactive
smectogens (or amphiphiles), serving to template the mono-
mers (see Section 4.2.3). Naturally occurring inorganic crys-
tals with layered structures'®!71®l and related systems!'®
are also available for such a templating purpose (see
Section 4.2.1).

Many of the arguments discussed in Sections 5.1 and 5.2
apply also here and are therefore not repeated. There are
however potential advantages specifically over the interfacial
approach: quantity and facilitated characterization. The first
aspect is evident: If ordered arrays form in bulk or from
solution, milligram or even gram quantities of 2D polymers
could be envisaged. The second aspect becomes specifically
apparent in cases where the monomers happen to arrange
into lamellar single crystals, ready to undergo topochemical
polymerization."! This opens the fantastic option to deter-
mine the crystal structures before and after polymerization
and to compare the two at atomic scale resolution. On the
other hand, if individual single sheets are the target, exfolia-
tion techniques would have to be applied to the stacked
polymerized products.[>*-0x28c-ml

5.4. Structure Analysis and Processing

This section is not meant to discuss all the analytical
techniques that can be used to obtain information about the
surface, such as sheet thickness and homogeneity, orientation
of repeating units in a sheet, and periodicity of molecular
structure. The arsenal contains ellipsometry, X-ray photo-
electron spectroscopy, AFM and STM, high-resolution trans-
mission electron microscopy, grazing incidence infrared
spectroscopy, grazing incidence X-ray diffraction, Brewster
angle microscopy, and reflectivity. The question is more about
what to do if proving the structure on the molecular level
turns out to be difficult. Some of the above methods are
capable of providing information on the molecular scale.
However, sufficient contrast will always be a critical issue and
the question is what chemists can do to increase the chance of
getting molecular-scale information on the sheets prepared. It
is critical to know whether the sheets are just some covalently
linked, one monomer unit thick networks with unknown
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internal structure or proven 2D polymers in the strict sense of
the definition in Section 1.

One way to address this issue (although experimentally
quite demanding) would be to use homologous series of
monomers such as B and C shown in Figure 42. If one had a
series with three, four, and six anthracene units available, the
resulting sheets would have systematically varied features,
which could be assigned with higher confidence than from one
set of poorly resolved data from only one kind of sheet. The
amplification of patterns is another possibility. Thus, mono-
disperse metallic nanoparticles could be deposited on a sheet.
If the surface ripples of the sheet are sufficiently developed to
force the particles into certain patterns, these patterns could
be read out by high-resolution TEM or STM and correlated
with the underlying periodicity. Of course, the size of these
particles should have a reasonable relationship to the lattice
spacing of the underlying 2D polymer. In this context, a
number of recent attempts should be mentioned, in which
self-assembled and highly ordered 2D arrays on solid
substrates were “decorated” in a defined manner with other
chemical entities (such as Cg,), which resulted in a lattice on a
lattice.P®<™1 Similarly, dyes with special supramolecular
binding capabilities could be added so as to form defined
host/guest complexes, and in this way amplify the 2D lattice.
Alternatively monomers could be used which by virtue of the
symmetry of their connecting units should lead to networks
with holes. An illustration can be found in Figure 40. Such
sheets would actually have two kinds of holes, the one in the
center of each repeat unit and the other in the interstitial sites.
These holes would give rise to two different long-range orders
in the same sheet, which could possibly be read out by AFM
or STM, and their simultaneous presence would reduce
considerably the danger of misinterpretation.

Finally, the issue of “further utilization” or “processing”
of 2D polymers requires some comments. Given the potential
problems of maintaining these large objects in solution, one is
faced with the daunting task of manufacturing useful products
without destroying them. Whatever their anticipated appli-
cation, 2D polymers will either be used “as is” (in which case,
in situ formation, for example, in the form of monomolecular
coatings, would be the route of choice) or these materials may
be employed in the form of layers or mixtures or blends with,
for example, bulk polymers to possibly provide the latter with
enhanced barrier properties; 2D polymers of nonmacroscopic
sizes may suffice for this purpose. In this case, exceptional
care needs to be taken to avoid undesirable agglomeration by
judicious choice of monomer(s), which should yield “self-
avoiding” molecular sheets. Finally, the simple rolling up or
folding of the 2D polymers as they are created should be
mentioned as a route—albeit a far-fetched one—to the
macromolecular engineering of novel materials of novel
architectures.

6. Conclusion and Outlook
The examples in Sections 4.1 and 4.2 show the current
status of research towards 2D polymers. Apart from the few

multistranded molecules with high molar weight (Sec-
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tion 4.1.3), which occupy an intermediate position, one
either deals with relatively small organic compounds (includ-
ing self-assembled grids and related structures) or with
macroscopically large ultrathin films which are covalently
fixed by cross-linking. Whereas the former are structurally
well-defined and often fully characterized, the latter have
different levels of internal order and are often not precisely
characterized. The levels of this internal structural order
range from no order at all to a potential positional order of
the monomers at least within domains, which has, however, in
no case been proven.

It is clear what now has to happen: Either the small
molecules have to be forced to grow further or the order in
the films has to be increased. In Section 5 an attempt was
made to shape these two simple points into a concept
including concrete aspects of monomer design. In regard to
the first option, the size limitation is best overcome by a
polymerization rather than a step by step process. In regard to
the second case, the achievement (and proof) of a long-range
positional order of monomers was proposed to be mandatory,
but insufficient. Furthermore, the entire net which connects
the monomers has to be forced into periodicity. This already
has to happen during growth and not in some postsynthetic
treatment. The concept also has to consider the issue of
solubility, the possibility for an in-depth structure analysis, the
addition of a component to compensate for shrinkage, and the
need for the largest possible ordered domain prior to
polymerization.

Is this asking for too much? Or is there a chance to
synthesize a monomer of the sort shown in, for example,
Figure 42 (Section 5), execute a polymerization-based dime-
rization of, for example, anthracene, and finally hold an actual
2D polymer in ones hands? Nobody can answer this question
at this point in time, but one can say that the M4 monomer 65
(Figure 42, related to type A but with more flexibility)"" as
well as other monomers'”” form reversibly compressible
monolayers at the air/water interface, which upon photo-
chemical treatment in the compressed state stay homoge-
neous in appearance on the micrometer scale (Figure 45).
Scratching of the irradiated films with a needle leads to
“wounds” which do not heal, and the films can be transferred
on to TEM grids with 45 x 45 um? sized holes and imaged by
conventional light microscopy with interference contrast.
Many of the holes of the grid are spanned without rupture,
while macroscopic holes in the film can be seen in some of
them (Figure 46). Both findings are clear evidence of a
covalent connection throughout the “2D polymer”. Without
irradiation, the scratches healed instantaneously and holes
could not be covered. The thickness of the film was proven to
match the height of a monomer, which had been estimated
from a structural model. Thus, a mechanically stable, one
monomer unit thin, covalently connected film was produ-
Ced.[10.19~152bc,193]

Is this now a 2D polymer ? Possibly not. As long as there is
no clear-cut proof of long-range order on the molecular level,
one cannot claim more than that about 10°-10° interlinked
molecules were placed over a hole and were in a form
mechanically stable enough to survive the drying process and
remain in the position for at least a couple of weeks. The
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before UV

after UV

Figure 45. BAM images of a non-irradiated (top left) and UV-irradiated
monolayer of monomer 65 [R= (CH,CH,0),CH;] at the air/water
interface (top right). Irradiation does not cause morphological changes
or crack formation that is visible by BAM. Bottom left and right: BAM
images of UV-irradiated monolayers of 65 after scratching with a
needle. The “wounds” stay unchanged even if the film is decom-
pressed. The size of the images is 430x 498 um”. Reproduced from
Ref. [191].

Figure 46. Light microscopy images of UV-treated monolayers of
monomer 65 transferred onto a Cu grid with holes of size
45x45=2025 pm” Many holes are over-spanned by nonruptured
films. Reproduced from Ref. [191].
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analysis of this film on the molecular scale is, of course,
ongoing, but it is not anticipated that this film could possibly
meet the requirements of a 2D polymer; the structure of its
monomer is in conflict with the analysis presented in Section 5
in more than one respect. Nevertheless, the fact that these
films could be produced so easily in a remarkably short period
of time has stimulated an expansive synthesis program. Other
monomers, for example, of type B (Figure 42) are currently
being synthesized which will meet the above requirements
much more closely."*!***! Based on the many lessons learned
from the examples of Sections 4.1 and 4.2, we believe that the
time is now ripe for molecular design and organic synthesis—
with the necessary portion of luck—to yield true 2D polymers,
the properties and applications of which remain virgin
territory.
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