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A class of two-dimensional (2D) covalent organometallic polymers, with nanometer-scale crosslink-
ing, is obtained by arene(ruthenium) sulfur chemistry. Their ambivalent nature, with positively
charged crosslinks and lypophylic branches, is the key to the often sought-for and usually hard-
to-achieve solubility of 2D polymers in various kinds of solvents. Solubility is here controlled by
the planarity of the polymer, which in turn controls Coulomb interactions between the polymer
layers. High planarity is achieved for high symmetry crosslinks and short, rigid branches. Owing
to their solubility, the polymers are straightforwardly processable, and can be handled as powders,
deposited on surfaces by mere spin-coating, or suspended across membranes by drop-casting. The
novel 2D materials are potential candidates as flexible membranes for catalysis, cancer therapy, and

electronics.

Conjugated two-dimensional (2D) materials are
ultimately thin species, in which the hoping of
charge carriers between neighboring atomic sites
governs conduction. Graphene, which may be re-
garded as a giant conjugated molecule, is a typi-
cal example. Its crystalline lattice with two car-
bon atoms per unit cell yields an unusual electronic
conduction!! Graphene can be prepared by exfoli-
ation, either in solution® or mechanically,® or from
the bottom-up by on-substrate® or total synthesis
Rich electronic, magnetic, and optical properties
are expected in 2D materials with more complex
structure and composition than graphene. For in-
stance nanopatterning graphene is predicted to yield
an electronic band gap{? organometallic compounds
featuring a so-called Kagomé lattice are expected to
be non-trivial, so-called topological insulators, host-
ing robust electronic currents at their edges®

The organic synthesis of graphene is limited in size
(222 atoms), which is inherent to the so-far explored
reactions schemes, relying on the Diels-Alder reac-
tion, cyclotrimerization and cyclodehydrogenation”
Such limitations do not necessarily apply to the
other 2D materials. Various strategies yielding
extended sheets of mono-molecular thickness, of-
ten described as 2D covalent polymers with a
high degree of crosslinking, have been reported
in the last few yearst%12 Synthesis at heteroge-
neous interfaces, vacuum/solid, =¥ air /liquid*? 24
liquid/liquid,*#23 and in solid phases,***“" have been
demonstrated indeed. All these methods need to be
followed by a transfer or exfoliation process, yield-

ing individual layers onto a support of relevance for
future applications.

In-solution methods directly producing disper-
sions of individual flakes are in principle easily pro-
cessable and for this reason ideally suited to versatile
implementation of 2D materials in various applica-
tions. The main bottleneck here is the tendency of
the individual layers of the 2D polymer to bind to-
gether, which inevitably leads to precipitation of the
polymer. Precipitation may be avoided (or disper-
sion may be promoted) thanks to specific solvents,
as it was shown for graphene and transition metal
dichalcogenides — in this case with polar protic sol-
vents, N-methyl-pyrrolidone and isopropanol#d An
alternative approach is to design layered polymers
with covalent intralayer bonds and weakly attractive
or even repulsive interlayer interactions, for instance
by preventing m — 7 interactions?d, or by exploiting
Coulomb repulsion 2

Here, we report on a novel route to organometal-
lic 2D polymers having high (nanometer-scale)
degree of covalent crosslinking. The quantita-
tive, selective, and versatile reaction between Di-
p~chlorobis[(arene)chloro ruthenium(II)] and thio-
phenolato derivatives” =4 (Scheme [1)), is demon-
strated to lead to sulfur-linked 2D covalent
(arene)ruthenium polymers. We find that the pla-
narity of the polymer, which can be optimized with
well-chosen monomers, imposes weak interlayer in-
teractions, hence promotes facile dispersion in so-
lution. The solubility of the polymers is intrinsi-
cally ambivalent, due to the non-polar, lipophylic
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Schematic Representation of the Formation of Sulfur-Linked 2D Covalent (Arene)Ruthenium Poly-
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Terphenylene.

branches and positive charges located about the
crosslinks, making them readily dispersed in a va-
riety of solvents, from mnon-polar to polar protic
and aprotic ones. We demonstrate deposition of
the monolayered 2D material on highly-oriented py-
rolytic graphite (HOPG) by spin-coating, and mul-
tilayered suspended thin films by drop-casting onto
transmission electron microscopy (TEM) grids by
drop-casting.

Synthesis was performed in refluxing ethanol for
1 h, with two kinds of Di-u-chlorobis|(arene)chloro
ruthenium(II)] ([n° — (HMB)RuCl,]2) complexes,
differing by the nature of the arene ligand, p-
cymene (pcym) or hexamethylbenzene (HMB), and
of the dithiophenol-oligo-p-phenylenes, biphenyl-
4,4-dithiol (BPDT) and p-terphenyl-4,4”-dithiol
(TPDT). As the reaction of thiophenolato deriva-
tives with  Di-p-chlorobis|[(arene)chloro  ruthe-
nium(II)] is quantitaive,*" % every dinuclear Ru
complex reacts with three thiol groups, yielding
a bipyramidal RusSs framework coordinated with
two arene ligands. The unreacted thiol groups are
the active ends of the growing polymer, available for

further reaction with other dinuclear Ru complexes.
The polymer is composed of positively-charged
nodes consisting in S-Ru bipyramids sandwiched by
two arenes, and of phenyl chains connecting these
nodes. Hexagonal pores are expected to be 2.2 and
3.8 nm in diameter in the case of the biphenyl and
triphenyl linkers respectively.

The polymers are soluble in ethanol during
their synthesis, yielding a characteristic transparent
orange-colored solution (Figure S1,52). Therefore,
their formation can be monitored by 'H NMR in
deuterated ethanol. Figure compares the NMR,
signal corresponding to protons born by the HMB
ligand. The upfield shift, from 2.02 (starting unre-
acted dinuclear Ru complex) to 1.92-1.95 ppm (reac-
tion product), points to proton shielding associated
to an increased charge donated to HMB, which we
ascribe to the formation of Ru-S bonds?!' The pres-
ence of three singlets is explained by coexistence of
fully and partially reacted precursors and of defects
formed upon growth. We note the disappearance of
the NMR signal corresponding to thiol protons (i.e.
at 3.5 ppm) during the synthesis (Figure [Ip).
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Figure 1. Spectroscopic signature of the formation of

the 2D organometallic polymer. a,b) Partial 'H NMR
spectra in different chemical shift ranges (400 MHz,
CDCls, 298 K) of (a) [n° — (HMB)RuCl,]> (green) and
the polymer (red), (b) BPDT (blue) and the polymer
(red). c¢) Raman spectra (632 nm, 0.06 mW/um?) of
[n°—(HMB)RuCl,] (green), BPDT (blue), and the poly-
mer (red).

After heating, ethanol is evaporated and a purifi-
cation procedure is used (see Supporting Informa-
tion) to obtain the polymers in the form of orange-
red powders, in the gram-scale (Figure )

The formation and the structure of the polymers
are confirmed by Raman spectroscopy and X-ray
diffraction, performed on powders of the monomers
and of the reaction product.

The Raman spectra of the product of the reaction
between the dinuclear Ru-pcym complex and TPBT
shows about 10 distinctive features in the range be-
tween 150 to 2000 cm ™! (Figure[lk). TPDT shows a
characteristic signature in the form of bands between
150 and 350 cm ™!, between 550 and 650 cm ™!, and
at 800 cm ™!, corresponding to molecular vibrations
involving Cl atoms 536 The disappearance of these
bands translates the departure of CI atoms from the
covalent framework of the polymer. The bands ob-
served at 415, 470, and 680 cm™! are characteris-
tic of vibrations involving the arene group and RuS
vibrations2? and signal the formation of the nodes of
the polymer. Finally, the bands at 1010, 1080, 1210,
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Figure 2. Polymers in powder form and their precip-
itation or dissolution. a) Photographs of the polymer
powders, with (from left to right) pcym ligand and triph-
enyl linkers, pcym ligand and biphenyl linkers, HMB and
triphenyl ligands, and HMB and biphenyl ligands. b)
Photographs of precipitated (first to third from left to
right) and dissolved powders of the polymers in DMF
solvent.

1290, 1595, and 1605 cm™! are typical of benzene
ring and C-C vibrations which are expected for the
triphenyl branches of the polymer38 The benzene
ring and C-H bending modes at 1080 and 1210 cm ™!
respectively are softened compared to TPBT, possi-
bly due to reduced steric hinderance and/or charge
transfers in the open polymer structure compared to
the packed TPBT powder grains. On the contrary,
the C-C stretching mode at 1290 cm™! is hardened,
which we tentatively ascribe to an increased rigidity
imposed by the polymeric framework.

The polymers are layered materials, as deduced
from X-ray diffraction (Figure S3). Compounds with
HMB ligands exhibit one single characteristic inter-
layer distance, of 1.72 and 1.85 nm for biphenyl and
triphenyl linkers respectively. On the contrary, com-
pounds with pcym ligands reveal two characteristic
interlayer distances, 2.03/1.65, and 2.3/1.57 nm for
biphenyl and triphenyl linkers respectively. We as-
cribe the latter bimodal interlayer distance to the
above discussed, which is presumably most promi-
nent in case of the longest linkers (triphenyl).

As previouly mentionned, the polymers are iso-
lated as powder after their purification. These pow-
ders were tentatively dissolved in various kinds of
solvents, ethanol, chloroform, DMF, and DMP. Only
in the case of HMB ligands and biphenyl linkers
did dissolution happen readily (Figure ) For the
three other polymers, dissolution was only possible



after being subjected to ultrasounds, in DMF or
DMP solvents, and subsequent centrifugation (see
Supporting Information).
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Figure 3. Flat and crumpled topography of the 2D poly-
mers. a) Ball-models representing the optimized struc-
ture, as deduced for DFT calculations performed for
two segments of a polymer nanopore. Each segment
is composed of a linker between two nodes, with HMB
(left) and pcym (right) as ligands at the node, and a
biphenyl linker. b) Three-dimensional cartoon showing
stacks of flat (with flat hexagonal pores) and crumpled
(with harmchair hexagonal pores) polymer layers. Posi-
tive charge are located at the crosslinks of the polymer,
and negative charges (C17) in the immediate vicinity.
The distance d between positive and negative charges is
smaller for the crumpled polymer.

In order to explain the interlayer distance mea-
sured in X-ray diffraction experiments and the dif-
ferent solubilities of polymers, we now consider the
topography of the polymers. Density functional the-
ory (DFT) calculations reveal the influence of the
symmetry of the arene ligand to this respect, by
comparing the simple case of a bipyramid RusS3
with three phenyl groups attached to S atoms, with
pcym and HMB as arene ligands. The former, which
is the least symmetric ligand, favors a non-planar
topography, opposite to the later (Figure [3p). The
length of the phenyl linker certainly has an influ-
ence too, longer linkers (triphenyl vs biphenyl) being
more flexible. Overall, a maximum planarity is ex-
pected for polymers with HMB arene and biphenyl
linkers, while strong crumpling should occur in the

case of pcym arene and triphenyl linkers.

The distinctive propension of the polymers to dis-
solve in solvents signals distinctive stability of stacks
of polymer layers. For such stacks, the cohesion is
mainly governed by the Coulomb interactions be-
tween positive charges about the crosslinks of the
polymers and counter-ions (chloride) in the vicinity.
The cohesive energy strongly depends on the spa-
tial distribution of the charges, in turn on the pla-
narity of the 2D polymer layers. As discussed in the
Supplementary Information, the cohesive energy is
substantially stronger when opposite charges are less
distant, as it is the case for a crumpled 2D polymer

(Figure [3p).

Height (nm)

Figure 4. Deposition and suspension of polymer thin
films and monolayers. a) Tapping mode AFM topo-
graph of the polymer with HMB ligands and biphenyl
linkers, deposited by spin-coating on HOPG, together
with the height profile along the dotted line, revealing a
HOPG ascending (from left to right) step edge (0.4 nm),
and descending (1.2 nm) and ascending step edges of the
polymer film (1.4 nm). b) Scanning electron micrograph
of drop-casted polymer suspended on a hole in a SizNy
membrane.

Solutions of 2D polymers are especially convenient
for versatile deposition onto a variety of supports, as
we now show. Spin-coating at the surface of HOPG
yields flat surfaces, with the atomically-high step
edges of the underlying HOPG still clearly observed
in atomic force microscopy (AFM) after deposition.
In the case of HMB ligands and biphenyl linkers, the
coverage is above 90%, with cracks which we sur-
mise form due to the departure of the solvent. The
cracks leave the bare HOPG surface behind, which



makes it possible to assess the height of the poly-
mer film, typically 1.3 nm (Figure [ih), close to the
1 nm value expected for a single polymer layer. In
the case of pcym ligands and triphenyl linkers, the
coverage is only partial (Figure S4). As the exper-
imental procedure is easy, we have performed more
than 50 experiments in order to determine the height
of the adlayer. The height of the polymer surface is
1.4+0.3 nm, which also matches with the expected
thickness of a single polymer layer. The formation
of multi-layered thin films was also investigated by
drop-casting deposition of a diluted solution of poly-
mers on a TEM grid, which acts as porous substrate
(20 pm x 2 pm rectangular holes (see supporting in-
formation). The methods usually yields suspended
polymer films with thickness well above the single
layer limit, in the range of a few 10 nm in many
instances (Figure [ib).

In summary, we have established
arene(ruthenium)-sulfur  chemistry as one of
the (so far) few strategies towards soluble cova-
lent 2D polymers. The ambivalent nature of the
polymers, charged at their crosslinking nodes and
composed of phenly-based linkers, provides them
with a good affinity with a variety of solvents.
Highest solubilities are obtained for polymers
assembled from a well-chosen high-symmetry arene
(HMB) and a short thiophenol (biphenyl) leading
to rigid linkers. For such polymers a high planarity
is expected, which minimizes attractive Coulomb
interactions between individual layers of the poly-
mer, preventing precipitation. The polymeric

solutions are readily processable, to yield powders,
deposition on surfaces (HOPG), and suspension
on membranes. More information regarding the
molecular and atomic structure of the polymers
is needed to characterize the degree of in-plane
order of the polymers. Obtaining such information,
through high resolution microscopy for instance, is
a challenging goal, still rarely achieved for such soft
materials prepared at atmospheric conditions?¥ The
specific chemical activity and intrinsic cytotoxicity
of arene ruthenium complex®? makes the polymers
reported here potential candidates as porous sieves
of unique functionality, in the view of catalysis and
cancer therapy. Besides, their conjugated nature
designates them as a novel class of flexible organic
conductors, whose transport properties we will
address in micro-devices.
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