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ABSTRACT: This work proves the existence and chemical addressability of defined \Y 2
edge groups of a 2D polymer. Pseudohexagonally prismatic single crystals consisting of v A , {
layered stacks of a 2D polymer are used. They should expose anthracene-based edge fh S, b

groups at the six (100) but not at the two pseudohexagonal (001) and (001) faces. The ‘ L& 3

crystals are reacted with the isotopically enriched dienophiles maleic anhydride and a

C18-alkyl chain-modified maleimide. In both cases the corresponding Diels—Alder

adducts between these reagents and the edge groups are formed as confirmed by solid state NMR spectroscopy. The same
applies to a maleimide derivative carrying a BODIPY dye which was chosen for its fluorescence to be out of the range of the self-
fluorescence of the 2D polymer crystals stemming from contained template molecules. If the crystals are excited at A = 633 nm,
their (100) faces and thus their rims fluoresce brightly, while the pseudohexagonal faces remain silent. This is visible when the
crystals lie on a pseudohexagonal face. Lambda-mode laser scanning microscopy confirms this fluorescence to originate from the
BODIPY dye. Micromechanical exfoliation of the dye-modified crystals results in thinner sheet packages which still exhibit
BODIPY fluorescence right at the rim of these packages. This work establishes the chemical nature of the edge groups of a 2D
polymer and is also the first implementation of an edge group modification similar to end group modifications of linear polymers.

B INTRODUCTION end groups of linear polymers—we refer to as edge groups. We
recently reported the rotor-shaped, anthracene-based monomer
1 and the hexaprismatic 2D polymer crystals obtained from it
by photochemically triggered dimerization (1 = 465 nm) of ftf-
stacked anthracene units of neighboring monomers in the
monomer crystals (Figure 1a).>* The monomers are held in
place by the same compound 1, which also acts as template
(monomer:template = 2:1), and by solvent molecules. The
polymerization can be pushed to full conversion, whereby all
internal functional groups of the monomers (but not those of
the template molecules) are converted into cross-links, while
the groups that happen to reside at the edge of the monomer
crystal should remain unchanged, caused by the lack of
coupling partner (Figure 1a, blue circles). For these crystals we
use the abbreviation C. The presentation of anthracene edge
groups at some crystal surfaces in principle offers the
opportunity to prove their presence by selective modification
before or after exfoliation of the 2D polymer single crystal into
sheet packages and single sheets.

End groups of linear polymers play a fundamentally
important role. Not only are they of importance for molar

Two-dimensional (2D) polymers and other 2D materials
currently attract considerable attention because they exhibit
properties that—in reflecting their dimensionality—are differ-
ent from common three-dimensional materials."” One way to
synthesize 2D polymers rests upon the so-called single crystal
approach.” In this approach trifunctional monomers are pre-
organized in layered crystals such that the reactive groups of
neighboring monomers, typically anthracenes, form tight pairs
[face-to-face (ftf) stacking]. A photochemical stimulus then
brings about the reaction between them. As irradiation
continues, eventually all pairs are converted into the covalent
cross-links of the two-dimensional networks that form in each
layer of the crystal.” The final crystal is then composed of an
array of a huge number of 2D polymer sheets placed on top of
one another for example in the crystallographic ¢ direction.
Ideally this geometrically confined polymerization proceeds in a
topochemical fashion. This means that the internal changes
associated with the reaction do not prevent a single crystal to be
converted into another single crystal. In such a case, structure
analysis of the resulting 2D polymer is particularly easy because

XRD can be applied.3c’d mass determination and the prevention of unzipping reactions
The term “2D polymer” is currently under discussion, but it but also they may provide surface adhesion, compatibility in

seems that an increasing number of laboratories accept the blends, and solubility. Furthermore, they are the key units for

definition which was put forward a couple of years back and the synthesis of block copolymers. Thus, it is of great interest

refined recently."”” According to it, 2D polymers are monolayer not only to create 2D polymers but also to explore whether

covalent sheets with a tiled structure. The tiles are the

topologically planar repeat units (RUs). At the edges of a sheet Received: May 27, 2016

are end groups, which—to differentiate from the well-known Published: June 27, 2016
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Figure 1. (a) Single-crystal approach employed for synthesis of 2D
polymer. Note that the voids between the monomers are filled with
template and solvent molecules which are omitted here for clarity. A
third of the monomer molecules serve as unreactive templates. (b)
Synthetic scheme for surface functionalization of the 2D polymer
crystal through Diels—Alder reaction. Note that the anthracene units
shown refer to one of the many sheets of which the crystal is
composed. The individual layers of the crystals are slightly shifted
relative to one another, which is meant to emphasize the stacking of
sheets but has no crystallographic significance. (c) Synthetic scheme
for surface modification of the 2D polymer crystal at its six (100) faces
by using a maleimide reagent with BODIPY dye. (d,e) Schematic of
the MAH modified 2D polymer crystal from the top (d) and from the
side (e). Color code: green, bulk RU or template; light red, outermost
RU or template at the crystal (100) face the initially active edge
anthracene unit of which (dark red) has reacted with MAH (blue).

these sheet-like entities carry the proposed edge groups and to
show that these edge groups can in fact be chemically modified
in a pre-determined fashion. While this will widen the impact of
2D polymers as it happened for linear polymers, it will also
provide an opportunity to influence the exfoliation process,
which sometimes can be challenging. However, given the
extremely high molar masses expected for 2D polymers
(estimated in the range of billions of Da), the ratio between
edge groups and repeat units will be very low and analytics are
likely to turn complicated. If a goal such as edge modification is
to be pursued, for handling reasons it seemed easier to work
with sheet crystals rather than single sheets or sheet packages.
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However, aside from the concentration issue there is also the
additional complication that the exact molecular-scale structure
at the crystal faces is not normally known. Even the highest
quality XRD data do not provide information on holes,
protrusions, terraces, and caves. One cannot, therefore, expect
to obtain conversion numbers when chemically addressing
sheet edges.

Chemical modifications of crystalline materials are not
uncommon. They have been routinely performed to modify
faces, channels and pore walls of zeolites® and of metal—organic
frameworks (MOFs),” for example. For such purposes
fluorescence dyes have also been used.® Crystals of synthetic”'

and natural polymers'""? have been modified at their surface
both in face-selective and unselective fashion. Modifications of
the surfaces of organic crystals, however, have practically not
been reported, as there are no reported attempts to modify 2D
polymers at their edges. The work by Ciscek et al. is a
noticeable exception regarding the former, who modified
tetracene and rubrene single crystal surfaces by using Diels—
Alder (DA) chemistry with a collection of dienophiles includin
maleic acid anhydride (MAH) and N-methyl maleimide."
Another interesting example regards a COF mlcrocrystal the
surface of which was decorated with a fluorescence tag.'* For
comprehensiveness, we note that the main planes of nanosized
covalent sheets described by Kim et al. have been decorated via
host—guest interactions and covalent bonds."> In the present
context it is also worth noting that edge modifications of
monodisperse nanographenes have recently been published.'
They, however, involve comparably small entities (few nm
range) and have been carried out in solution. Finally, we note
that whenever surfaces are involved in chemical reactions the
issue of unspecific physisorption versus chemical reaction arises.
The experiments performed have therefore to be selected such
that they can differentiate these possibilities and unequivocally
prove that chemical reaction has taken place.

We here report the chemical modification of the fully
polymerized crystals C with two different average sizes (1—2
pum, Cg ., and 10—20 pm, Clarge) with the powerful dienophiles
maleic anhydride (MAH) and N-octadecylmaleimide (OMI)
(Figure 1b). The crystals are pseudohexagonally shaped with
the crystallographic c-direction perpendicular to the hexagonal
faces. 2D polymer sheets are arranged perpendicular to the c-
axis and thus the edge groups are exposed at the six (100)
crystal faces. The different sizes of C were chosen because they
have different volume to surface ratios which allows cross-
checking analytical results obtained on the crystals by whether
or not they reflect this ratio. For the modifications fully
polymerized crystals were used and they were first carried out
with MAH and OMI to prove the feasibility of the anticipated
chemical reaction. To tackle the sensitivity issue, both
components were used in *C-isotopically labeled form (at C-
2 and C-3) (Figure 1b) which should result in a signal
enhancement of a factor of 10 000. In this context it is worth
noting that the ratio between edge groups and internal RUs is
1:5000 for Cy,g, (caled for 20 um) and 1:600 for Cypyy (caled
for 2 ym). The NMR signals for the decorated Cg,, are
therefore expected to rise considerably beyond the regular
signals while for Cyg. they should appear almost as normal.

B RESULTS AND DISCUSSION

The crystals obtained after modification were analyzed by '
CP/MAS NMR spectroscopy to confirm the bond formation as
required for the proposed DA reaction. After this initial proof
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of reactivity, we concentrated on attaching a fluorescence label
instead of simple dienophiles (Figure 1c). This was attempted
by the same DA chemistry for which purpose the near-infrared
N-substituted maleimide boron dipyrromethene (BODIPY)
dye, 2, was synthesized (Scheme S1). This dye was chosen
because it emits at A = 660 nm which is out of the fluorescence
range of C tailing up to 4 = 640 nm. This long wavelength
emission of C is not caused by the 2D polymer within C but
rather by the unconsumed template molecules which fill the
voids of the 2D polymer inside the crystal.

The dye-modified crystals were investigated by confocal laser
scanning microscopy (CLSM) equipped for recording lambda
scans. A lambda scan records a series of individual images, each
image at a specific wavelength, within a wavelength range
defined by the user. When applied to a particular point in the
image, the emission spectrum at that position can be recorded if
one scans in small enough steps. Here measuring in the lambda
mode would allow confirming the expected exclusive edge
modification at the (100) faces by rim-selective fluorescence
emission. In order to differentiate unspecific adsorption and
covalent connection of the BODIPY-containing maleimide
reagent, this reagent was also synthesized and used with "*C-
isotopically enriched C-2 and C-3 position. The formation of
the expected DA adduct was confirmed by solid-state NMR
spectroscopy (Figure 2gh). While decreasing in its intensity,
the rim fluorescence remained visible, even for thin sheet
packages obtained from micromechanical exfoliation.
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Figure 2. '*C CP/MAS spectra of (a) Cyna; (b) Clagei (€) Coman after
reaction with MAH-2,3-Cy; (d) Cage after reaction with MAH-
2,3-Cy; (&) Cypan after reaction with OMI-2,3-C,; (f) Clage after
reaction with OMI-2,3-*Cy; (g) Cypa after reaction with 2-2,3-3Cy;
and (h) C,, after reaction with 2-2,3-°C,.

The synthesis of the monomer, its crystallization, and its
polymerization (A = 465 nm, 3 h) have been reported.”** The
Clarge crystals were obtained following the published protocol,
while C,; were obtained from monomer crystals the size of
which was kept small by pouring a hot 2-cyanopyridine solution
of the monomer directly into methanol. The polymerization
conversions were proven to be quantitative by XRD among
other methods. While the shape of the large crystals was
uniformly pseudohexagonal, the small crystals were less regular
because of the abrupt quenching process.

As mentioned above, the precise molecular structure of the
outermost layer of crystals which form the crystal faces is not
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normally known. High-resolution AFM imaging can in principle
shed some light onto this. Since one of the intentions of the
present work was to attach a bulky fluorescence dye to 2D
polymer sheet edges that form a crystal face, we were interested
to at least qualitatively assessing the accessibility of the
(anthracene) edge groups in C. We therefore constructed a
molecular model of a reactive (100) face of C from XRD data,
two perspectives of which are shown in Figures 1d,e with the
anthracenes having reacted with parent MAH (for simplicity).
This concerns all anthracenes irrespective of whether they are
edge groups of the 2D polymer or rather belong to the not
covalently bound template. As can be seen from the
representation of three consecutive sheets, there is not much
steric crowding around the DA adducts which made us
optimistic regarding the key reaction, which was the attachment
of the dye. Note that this model is idealized and it may well be
that the faces contain holes and caves and it is by no means
clear that on a real crystal all edge groups can in fact be reached
by a reagent. In particular it is unknown whether the template
molecules right at the edge are actually present or “fall out” of
the crystal leaving empty niches behind. For graphical
representations of the (100) [and (001)] surfaces of the
crystals without template molecules, see Figure S1. Because of
the absence of through-pores only the outermost template
molecules can fall out. The remaining large majority of
templates can only leave the crystal during exfoliation.

The first modification reactions were performed with MAH.
Initially, SO mg amounts of C,y and C,g, crystals and S00 mg
of MAH were put into a sealed tube under argon and heated to
120 °C for 12 h. Working in neat reagent ensures maximum
concentration of the dienophile in this heterogeneous reaction.
Thereafter the crystals were washed five times each with
CH,Cl,, diethyl ether, and methanol and then dried under
vacuum. The crystals were examined by optical microscopy
before and after the process and found to remain unchanged
(Figures S2 and S3). Thus, neither did the MAH serve as
exfoliation agent nor did the conditions lead to any destruction
of the crystals. To prove the reaction between MAH and edge
anthracenes the crystals were investigated by IR spectroscopy.
However, even for Cg not only was the signal due to the
anhydride moiety of MAH very weak (Figure S4) but also it
could not be differentiated whether it was due to covalently
bonded MAH. MAH could alternatively have been physisorbed
to the crystal surface or taken up into the crystal. Similar results
were obtained with TGA-MS and pyrolysis-GC/MS (Figures
S5—S7). Extensive washings did not have an impact.

To clarify this important issue unequivocally, we resorted to
BC CP/MAS NMR spectroscopy using isotopically labeled
MAH and now also OMI reagents (labeled at C-2 and C-3).
Reactions and workup were performed as in the case of
unlabeled MAH. Figure 2 shows the results. For comparison,
Figure 2a,b contains the solid-state NMR spectra of the parent
crystals Cypgy and Cpype. Figure 2¢,d shows the spectra of the
reaction products with labeled MAH. Two signals at 6 = 135
ppm (a) and & = 47 ppm (ff) are immediately apparent.
Interestingly for both the large and the small crystals the low
field signal « appears in a constant intensity ratio to all other
signals, while the intensity of the high field signal § strongly
depends on crystal size. This suggests that « is due to MAH
somehow taken up into the crystal, while # is due to the
expected MAH DA adduct. This latter assignment was
confirmed by model studies (for details, see Supporting
Information, section Sle) and is in line with reported shifts
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of such DA adducts."” Why and how MAH is taken up into the
crystals is not yet understood.

Besides these two signals there also appeared a broad low
intense signal at § = 35 ppm (y) which has not yet been
assigned. Figures le,f present the outcome with labeled OML
In contrast to MAH there is neither an indication for
incorporation into the crystal nor for unspecific physisorption,
while there is again a clear signature for the anticipated DA
reaction due to a signal at 6 = 46 ppm which is again referred to
as . The high field signal at § = 29 ppm (6) is caused by the
C,s alkyl chain. The small peak at § = 65 ppm (&) has not been
assigned. The signals from 35 to S ppm and at 6 = 22 ppm in
Figure 2c ,d are due to the spinning side bands and are marked
(%)

There are three main conclusions to be drawn from these
spectra. First, there is clear evidence for edge anthracene units
to be able to react with both dienophiles MAH and OMI in the
expected DA fashion. The signals of the corresponding DA
adducts at 6 = 47 ppm and 6 = 46 ppm are in fact observed.
Second, the different sizes in starting crystals are reflected in the
signal intensities of the products. Thus, for both MAH and
OMI the intensities of their DA adduct signals are much larger
for the small crystals than for the large ones. Third, the signal
intensities of the OMI adducts to edge anthracenes are lower
than for the corresponding MAH adducts for both crystal sizes.
While this is not in agreement to the observed reactivity
differences between MAH and parent maleimides,'® it may well
reflect the fact that OMI carries a large substituent, the Cq
chain. This may not only reduce the reactivity of this dienophile
in general but also in regard to accessing edge anthracenes
“hidden” in niches. If this interpretation holds true it would
point toward conversion limitations associated with reagent
size, but it is clearly too early to expand on this aspect. The
reason why seemingly only MAH is taken up into the crystals
may have something to do with its small size.

Next we turned our attention to the edge-selective
modification of 2D polymers with a fluorophore. On the
basis of the findings presented above, the near-infrared
fluorescent dye 2, based on BODIPY carrying a maleimide
linking unit, was synthesized (Scheme S1) and reacted with the
crystals Ciyge (Figure 1c). The reaction conditions were similar
except for using the dye in toluene solution (60 mM) rather
than neat. The initial fluorescence studies were carried out
using the dye-modified crystals as obtained, followed by studies
using micromechanically cleaved material. Two aspects were
first looked into. Do crystals that happen to lie on the substrate
with their hexagonal faces fluoresce at the rims only and does
the wavelength of the emission allow an unequivocal
assignment to the dye rather than a template?

Figure 3 shows typical images obtained using a CLSM with
an option for the lambda mode. The images in Figure 3a—c
refer to unmodified crystals. At an excitation wavelength of 4 =
488 nm, all crystals emit light at all faces (Figure 3a). At an
excitation wavelength of 4 = 633 nm, there is no visible
emission, which is a clear indication that the template
fluorophores are not excited at this wavelength (Figure 3b).
Figure 3c represents the same section in transmission mode. In
Figure 3a,c, a crystal is highlighted by a white circle that fell
over and does not present its pseudohexagonal face therefore
but rather the (100) faces with all the edge groups. Comparing
the image in transmission mode (Figure 3c) of this crystal with
the fluorescence mode (Figure 3a), the features do not have the
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Figure 3. CLSM images of unmodified crystals excited at (a) 488 and
(b) 633 nm. (c) Transmission image of unmodified crystal. CLSM
images of modified crystals excited at (d) 488 and (e) 633 nm. (f)
Transmission image of modified crystal. (g) Lambda scanning images
(resolution: 9 nm) of unmodified crystals excited at 488 nm, and of
BODIPY dye 2-modified crystals excited at (h) 488 and (i) 633 nm.
(j) Uncorrected fluorescence spectra taken at the positions 1—4
marked in (g) and (h) under CLSM conditions and of the BODIPY
dye 2 in CH,Cl, (excited at 488 nm).

same shape. This is a consequence of working at the focal plane
of flat laying crystals.

The images in Figure 3d—f refer to BODIPY-modified
crystals. When excited at 4 = 488 nm, again the crystals emit
from all faces (Figure 3d). When excited at A = 633, however,
the horizontally lying crystals emit from their rims only (Figure
3e). Overview images are available in Figure S8. Figure 3f
shows the same section in transmission mode. While Figure 3e
points in the desired direction, it was nevertheless necessary to
confirm that the emission spectrum truly belongs to the dye.
We therefore applied the lambda mode of the CLSM for
unmodified crystals (Figure 3g) and modified crystals at two
different excitation wavelengths, A = 488 and 633 nm (Figure
3h,i). While the excitation at 488 nm already shows strong
emission from the rim together with bulk emission from the
crystal, excitation at 633 nm clearly makes only the rims to
appear. Figure 3j finally shows the fluorescence spectra taken at
the positions indicated 1—4 in Figure 3gh together with the
solution spectrum of the dye molecule 2 in CH,Cl,. The
spectra taken at position 1 and taken of the dye in solution
show virtually the same maximum emission wavelength with
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the former showing broader signals owing to the limited
resolution of the lambda mode recording.

In a control experiment to check whether there is non-
specific adsorption of the dye-containing reagent, the
unmodified crystals were stirred in toluene with the reagent
under conditions (25 °C) where the DA reaction takes place
either very slowly or not at all. Interestingly, fluorescence
analysis also showed bright rims albeit in much lower intensity.
It was thus necessary in this case to also unequivocally confirm
the covalent connection that the above experiments had
suggested. For this purpose the *C-isotopically labeled form of
the BODIPY dye reagent 2-2,3-'°C, was synthesized (Scheme
S1) and reacted with the crystals under the same conditions as
had been applied for non-isotopically enriched dye-reagent
(120 °C in toluene in a sealed tube). The'3C CP/MAS spectra
of Cg,,.1 shows a signal at 6 = 46 ppm which clearly corresponds
to the DA adduct (Figure 2g). As expected, the intensity of this
signal for Cy,,,. is much lower than for Cy, (Figure 2h) which
renders it virtually invisible. This finally proves that the surface
of 2D polymer crystal can be covalently modified by the
BODIPY dye at the expected edge positions. The reason for the
preferred physisorption at the (100) rather than the
pseudohexagonal faces is not known at present. It is interesting
to note in this context that the geometry of the holes left
behind by “fallen out” template molecules differs between the
faces. While for the (100) faces the holes are rather niches or
caves, for the hexagonal faces they are more like a well (Figure
S1).

In the next step, the large dye-decorated crystals Cjygeaye
were subjected to micromechanical exfoliation using Nitto tape
(SPV 224P). The crystals were sprinkled onto this adhesive
tape, which was then folded onto itself and peeled apart about
50 times. Subsequent sheet package transfer onto microscopy
coverslips was performed by firmly pressing the Nitto tape onto
a conventional transparent adhesive tape which then was turned
upside down and placed on the cover slid. This sample was
then directly used for CLSM investigations. As for the crystals,
BODIPY fluorescence was observed at the package rims though
with reduced intensity (Figure S9). The thickness of the
packages is difficult to determine in this setup. Preliminary
estimates by AFM of the thinnest features in Figure S9 suggest
a range of a few 10s nm.

B CONCLUSION

In summary, the dienophiles MAH and OMI can be covalently
connected to edge anthracene units presented at the six (100)
faces of the 2D polymer single crystals obtained through
photochemically triggered polymerization of single crystals of
monomer 1. The connection proceeds through conventional
DA reaction. This statement is largely based on solid state
NMR spectroscopy using isotopically labeled MAH and OMI
reagents. The same chemistry was further employed to attach a
fluorescence dye to the same faces and thus to the sheet edges.
Accordingly, the crystal rims rather than the bulk of these
crystals emit in the range of the dye used. This finding has
important consequences. First, it proves the proposed
chemistry (anthracenes) at the edges of the 2D polymer used
for modification. Neither XRD nor analytical techniques such
as IR, UV/vis, and fluorescence spectroscopy or solid-state
NMR spectroscopy allow for identification of unaltered edge
groups because of their extremely low concentration. Second, it
proves that a significant fraction of the edge anthracenes is
actually accessible even to spatially demanding reagents,
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although conversions in the classical sense cannot be given.
For this, more detailed insights into the exact molecular
structure of crystals at all their faces would be required
including knowledge about the fate of the topmost template
molecules.

An example may illustrate what we believe should now be
possible: The 2D polymer used in the present study undergoes
depolymerization at about 180 °C. Supposed single sheets or
thin sheet packages of this polymer are treated with a focused
laser of the appropriate wavelength and intensity so as to
induce this very depolymerization reaction (retro-[4+4]-
cycloaddition), these objects could be cut into predetermined
shapes and into the obtained objects holes of predetermined
geometry could again be cut. The new rims created by such
processes would expose anthracene units, the products of the
laser-induced retro-cycloaddition reaction. With the chemistry
presented here, these rims could then be decorated at will
employing the tools of organic chemistry. We thus foresee
fascinating opportunities in the combination of 2D polymers
with their defined and addressable molecular structure and
synthetic chemistry. For the fluorescence label decorated sheets
presented here, we further foresee the intriguing opportunities
to investigate the undulation behavior of a 2D polymer in
solution by time-resolved (single-molecule) fluorescence spec-
troscopy/microscopy once available in single-sheet form.'”
With these sheets one could also contribute to the visualization
of possibly existent grain boundaries (mosaicity) in the polymer
single crystals. Finally, we note that edge modifications cannot
be performed easily with MOFs because of their being based on
equilibrium-type chemistries.*’
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