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ABSTRACT: The shape-persistent monomer 3 with its three
1,8-diazaanthracene (DAA) units is spread and compressed at
the air/water interface and the layer then converted into a 1.5
nm thick covalent monolayer sheet by photoirradiation under
ambient conditions. The sheet obtained under these extremely
mild conditions is mechanically stable to carry its own weight
when spanned over TEM grids. While its molecular structure

cannot be given yet with certainty, it is likely to be the result of
[4 + 4]-cycloaddition dimerizations between the DAA units of
neighboring monomers. Evidence is based on the wavelength of

the monomer fluorescence emission, the kinetics of this
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emission’s intensity decay with irradiation time, and the mechanical sheet stability that suggests a surpassing of percolation
threshold. Finally, the thermal stability of the sheet is investigated.

D 1 onolayer or sheet-like covalent polymers in which the

monomer units are periodically connected in two
dimensions are fascinating objects for physicists and chemists.
Due to their particular dimensionality, they are believed to
show unique properties different from known 3D materials,
thus, enabling potential applications in fields such as single-
molecule electronics," ™ semiconductors,”” ultrasensitive sen-
sors,5 optoelectronic devices,é_8 nanosieves,9 nanomem-
branes,'*™* cell engineering,ls'16 medicines,'® and molecular
machines.'” According to a recently advertised definition, such
polymers have topologically planar repeat units and are referred
to as two-dimensional polymers (2DP).'"* For a somewhat
differing definition recently put forward by the Dichtel group,
see ref 19. Research in the direction of 2DP and less strictly
defined, covalent monolayer sheets have gained considerable
momentum since the discovery of graphene, a natural 2DP,
with its fascinating properties. Pioneering work in creating
ultrathin covalent sheets dates back to the mid-1930s when
multifunctional monomers were confined into two dimensions
at the air/water interface before being irregularly cross-linked
into sheets.”® Thereafter, numerous efforts were devoted to
create covalent monolayer sheets of various sorts at interfaces
(air/liquid, liquid/liquid) on solid substrates and by wet-
chemical approaches in solution.”' >* While these attempts
afforded invaluable scientific insights and even new materials,
they did not lead to a 2DP according to the above definition
with sizes that would exceed a few tenth of nanometers. Based
on monomer 1 (Figure 1), our laboratory has recently reported
the first proven case of a 2DP with sizes in the micrometer
range.”> Shortly after, this was followed by a second case from
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the King laboratory.”® Because these two 2DP cases rest upon
the single crystal approach, structure elucidation was
comparably easy. We also reported a variety of covalent and
metal—organic monolayer sheets at the air/water interface.””>°
Determining the internal structure of those sheets is a more
challenging matter because, in contrast to the single crystal
approach, the structure of the monomer assembly at the
interface, and thus the starting situation, is not normally known.
The covalent monolayer sheet reported here was obtained from
the amphiphilic monomer 2.>" This monomer was spread and
compressed at the air/water interface and the resulting array
was then irradiated directly at the interface. There is evidence
from fluorescence spectroscopy that the monomers assume a
relative orientation such that the anthracenes of neighboring
monomers are face-to-face (ftf) stacked. Such stacking would
allow for the well-known photochemically initiated [4 + 4]-
cycloaddition to take place at the 9,10-positions within each
pair of anthracenes so as to convert the monomer layer directly
into the covalent sheet counterpart. While the structure
elucidation is still being completed, the sheets, which shall be
referred to as S2, were obtained in the cmz—range and with a
mechanical coherence that allowed spanning those over 20 X
20 pm’*-sized holes. Thus, within each hole approximately 107
molecules could be connected to one another strictly within
two dimensions such that they support their own weight, and
the process that made this happen was run under mild
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Figure 1. Chemical structures of anthracene- and 1,8-diazaanthracene-based monomers for two-dimensional polymer synthesis.

25,31,33

conditions (typically room temperature). This mildness is an
important feature which sets S2 and other sheets apart from
many inorganic congeners such as graphene, MoS,, BN, and
WSe,, whose syntheses often require harsh, for example,
pyrolytic, conditions. Consequently, because monomer 2 has
three hydroxyl groups, one side of sheet S2 over its entire
expanse presents densely spaced hydroxyl groups, which invite
themselves for chemical modification. The other side of S2 is
composed of hydrophobic anthracene dimers rendering the
sheet a 2D Janus-type object.”> Recently we have reported the
synthesis of monomer 4, which differs from 2 mainly by the
presence of 1,8-diazaanthracene (DAA) instead of parent
anthracenes. This synthesis was carried out not only to broaden
the structural basis for the important approach to sheets of kind
S2 but also with the idea in mind to provide a covalent sheet,
S4, whose both sides can in principle be functionalized, perhaps
even independently from one another.

We here give a preliminary account on the spreadability of
monomer 4 which made us divert to its closely related, OEG-
modified congener 3, the interfacial behavior of 3 in terms of
surface pressure/area isotherms and Brewster angle microscopy
(BAM) imaging, the UV-initiated polymerization of the
monolayer and the spanning behavior of the resulting sheet
S3. Finally, first stability tests under increased temperatures will
be reported.

Initial spreading experiments were performed with compound
4. Quickly it was discovered that its solubility in low boiling
solvents such as chloroform or hexane was insufficient to obtain
homogeneous monomer layers at the air/water interface. It was
therefore decided to convert the three hydroxyl groups of 4
into short OEG chains. This should maintain the required
amphiphilicity but also prevent hydrogen bond formation
between DAA units and free hydroxyl groups which was seen as
the cause for the poor solubility in solvents of low polarity.
Monomer 3 was readily obtained by esterifying compound 4
with freshly prepared 2-(2-(2-methoxyethoxy)ethoxy)acetyl
chloride in a 34% yield after preparative TLC purification
(see SI). For spreading, a chloroform solution of monomer 3 (1
mg/mL) was gently dropped onto the water surface. The
surface pressure/mean molecular area (SP/MMA) isotherms
were recorded with compression and found to be fully
reproducible in independent runs (Figure 2a). From the
isotherm, the MMA of monomer 3 was estimated to be about
220 A% This value is close to the one reported for monomer 2
which, given the very closely related structures, is reasonable.
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Figure 2. Monomer 3 at the air/water interface: (a) Surface pressure
(SP) versus mean molecular area (MMA) isotherm. (b) In situ
fluorescence emission spectra (excitation wavelength at 4 = 365 nm).
(c) Intensity of maximum fluorescence emission at A = 569 nm in
dependence of irradiation time. Fluorescence intensity in a.u.

We therefore tentatively assume that also the packing model
discussed for monomer 2 holds true here,* though further
proof will be required in the future. In this (idealized) model,
the monomers assume a trigonal conformation with all DAAs
of a given monomer ftf stacking with neighboring DAAs.
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Figure 3. (a) An idealized representation of the photochemical polymerization of monomer 3 (shown in a triangular conformation) into the covalent
monolayer 2D sheet S3 by photoirradiation. (b) The connection chemistry is likely to be the depicted syn-dimerization of the monomers’ DAA units.

Directly after spreading the monomer, well-separated domains
were visible under the Brewster-angle microscope (BAM), as
judged by the different gray tones in the image shown in Figure
S2. Upon compression, the domains continuously coalesced to
eventually form a homogenously distributed layer of monomer
3 when SP reached 12 mN/m (Figure S2). The layer finally
started to collapse when SP reached the range of 30 mN/m.
Based on this analysis, all further experiments were performed
at SP = 15 mN/m.

The UV—vis absorption and emission spectra of monomer 3
obtained in chloroform solution and at the air/water interface
are shown in Figure S3 (see also Figure 2b). The absorption
bands of monomer 3 in the p-band region are localized in the
range of 4 = 360—465 nm, which is typical for DAAs solely
interacting with solvent molecules.>* In the emission spectra,
the fluorescence of monomer 3 obtained in 1 yM chloroform
solution displayed a maximum emission at 4 = 480 nm. In
contrast, the fluorescence at the air/water interface suffered a
large bathochromic shift with the emission maximum now at 4
= 569 nm. This substantial shift indicates that the DAA units in
the monolayer of monomer 3 are either engaged in excimers or
tightly ftf stacked pairs.>®

Next the thickness of the layer at the interface needed to be
determined. Because it is demanding to actually do so at the
interface, for example, by neutron reflectivity, we transferred
the layer in a vertical mode onto 285 nm SiO,-coated silicon
substrate. This transfer was rather successful as was concluded
from the optical microscopy (OM) image in Figure S3 where
several hundred um large pieces of layer can be seen. These
pieces have a uniform color contrast indicating homogeneity at
the length scale of visible light. The cracks between the pieces
were used to determine tapping mode AFM heights, hpy. The
positions at which these measurements were conducted are
displayed in Figures S4 and resulted in h,py = 1.5 nm. Despite
the uncertainties with TM-AFM height determinations,*® this
value is in excellent agreement with the calculated height of
monomer 3 (hg. = 1.5 nm, Figure S4) assuming that the
flexible OEG chains lie more or less flat on the substrate. Other
options include helical conformations of the OEG chains or
their positioning inside the monomer cavity. Thus, after
transfer, the monomer forms a monolayer and it is likely that
it does the same at the interface.
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All polymerizations of 3 were directly carried out at air/water
interface under the conditions of room temperature, SP = 15
mN/m, and excitation wavelength A, = 365 nm (Figure 3).
Assuming in a first approximation that there is no energy
transfer within the monolayer resulting in enhanced emission
intensity, the fluorescence intensity (I) should be proportional
to the number of unreacted DAA moieties (A) within the
region exposed to the UV light. We therefore monitored the
fluorescence decay in dependence of irradiation time for the
whole polymerization process (Figure 2b). The fluorescence
emission decreased continuously, reaching negligible values
after a 160 min irradiation, indicating the completion of [4 +
4]-cycloaddition dimerization across the DAA 9,10-positions
between neighboring monomers. Note that the irradiation time
strongly depends on the particular setup of LED, interface, and
detector. The I values at maximum emission (569 nm) were
plotted against irradiation time (Figure 2c) and could be fitted
well with the exponential function in eq 1:

I=1Ie™"

(1)

where I, k, and t are the initial I at 0 min (I, = 2771.9), rate
constant (k = —0.1366), and irradiation time (min). Assuming I
~ A, it follows

I=KA ()

where K is the proportionality constant between real-time I and
A. On the basis of eqs 1 and 2, A can be formulated as

A= (I,/K)e™ (3)

which is a typical equation for first-order reaction. This suggests
that the photopolymerization of 3 at air/water interface is in
fact of first-order supporting the view of DAA pairs or excimers.
Based on eq 3, the polymerization can reach very high
completion within 60 min. It should be noted that the
polymerization was carried out under ambient. This may raise
the question whether oxygen should not interfere. Photo-
chemically initiated reactions between anthracene and DAA
units and molecular oxygen are well established.’” While at the
present stage we cannot exclude the interference of oxygen
altogether, we would like to point to the fact that also in the
polymerization of monomer 2 there was no indication for any
sizable impact of oxygen. Furthermore, when studying
photochemical oxidation of anthracene in solution there is a
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Figure 4. Sheet S3 after transfer on 285 nm SiO,-coated silicon: (a, b) Optical microscopy (OM) images; (c, d) Tapping mode atomic force
microscopy (AFM) height images with the corresponding height profiles (e) and (f) that show some variation in the apparent thickness.

concentration beyond which dimerization is clearly taking over
oxidation resulting in pure dimer and no oxidation product.’”
In this sense, though not directly comparable, we consider our
monolayers as maximally concentrated DAA units.

The sheets S3 were vertically transferred onto 285 nm SiO,-
coated silicon substrates, and investigated by OM and AFM.
OM revealed again a homogeneous color contrast and the huge
sheet size in the range of hundreds of ym (Figure 4a,b). Figure
4 shows cracks that were used for AFM height determination
and also provides height profiles resulting in hygy (S3) = 1.5—
1.7 nm. These values are very similar to the aforediscussed
monomer monolayer, indicating that the obtained sheet S3 is in
fact a monolayer whose thickness remained virtually unchanged
by the polymerization. This is in line with the mechanistic
assumption of a [4 + 4]-cycloaddition. To test its mechanical
stability, S3 was also transferred onto regular transmission
electron microscopy (TEM) grids with 20 X 20 ym” holes and
observed under scanning electron microscopy (SEM). Figure
S7 provides three different magnifications. Most of the holes
are completely spanned. Occasionally there are ruptures that we
assign either to drying effects or stresses during transfer and to
beam sensitivity. A control experiment (Figure S7d) ascertained
that the monolayer of monomer 3 without being irradiated
cannot span the same holes.
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Prompted by the well-known fact that a retro-[4 + 4]
cycloaddition of anthracene dimers into the two anthracenes
can be thermally induced, the thermal stability of the sheet S§3
while spanned over a TEM grid was investigated. Figure SS
shows the SEM images of the same S3 after exposure for
different temperatures and duration in the ambient (r.t, 2 h;
120 °C, 12 h; 200 °C, 90 h). Obviously the sheet is stable even
under the most forcing conditions. The only change that is
observed is wrinkle formation at 200 °C, which most likely is a
reflection of the different thermal expansion coefficients of
sheet and Cu grid. Interestingly, in solution DAA dimers are
known to undergo retro-reaction already at approximately 120
°C.* This suggests that the retro-reaction in a sheet faces
higher activation barriers presumably resulting from the fact
that each retro-step has to happen against the network, which
rather prefers to keep everything in position in order to avoid
local stresses.

The DAA-based monomer 3 when compressed at the air/water
interface to SP = 15 mN/m upon photoirradiation converts
into a covalent monolayer sheet which most likely is held
together by the formation of DAA dimers between adjacent
monomers. This is in line with a large bathochromic shift of the
fluorescence signal when at the interface, the first-order kinetics
of the fluorescence intensity decay and the fact that the sheet is
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mechanically coherent and stable enough to be spanned over
20 X 20 um* holes. Ideally, the sheet formed has an
Archimedean 6° type lattice for which the percolation threshold
is 65%. Mechanical strength is thus expected to only start
building up for polymerization conversions beyond this
threshold. We thus conclude that the polymerization to sheet
83 proceeded to a high conversion, in line with the complete
disappearance of fluorescence intensity. Sheet S3 has a
surprisingly high thermal stability which shows that solution
data and reversibility of chemical reactions cannot automatically
be applied to sheets where internal stresses have a non-
negligible impact. Sheet S3 has two different sides. One is
characterized by a dense array of short OEG “hairs”, while the
other exposes the DAA nitrogen atoms. There is ample
evidence for ether cleavage reactions as well as functionalization
of nitrogen-based hetaromatics of the pyridine® type so that
the present work lays the foundation for a systematic
exploration of postpolymerization modification on both sides
of the same sheet. The mechanical stability of sheet $3 is
reflected by the ability to span huge holes. Presently the
mechanical characteristics of S3 are being determined by AFM
indentation experiments.
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Materials and instruments used, synthesis of monomer 3, BAM
images of spread monomer 3, OM images of transferred
monomer monolayer, UV spectrum of monomer 3 in solution
and at interface, AFM height profiles of sheet §3 on silicon, and
OM images of the changes of sheet S3 upon thermal treatment.
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