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Polymerization of 1,4-diaminonaphthalene on various Cu substrates
resulting in stereoselectively well-defined metal—organic coordination
polymers is reported. By using different crystallographic planes (111),
(110) and (100) of a Cu substrate the structure of the resulting coordina-
tion polymer was controlled.

On-surface polymerization has recently been used as an efficient
method for the preparation of well defined, novel types of polymers
directly at a surface. Many contributions in this area deal with
on-surface covalent carbon-carbon or carbon-nitrogen bond
formation." In addition, this approach has also been successfully
applied to the formation of metal-organic polymers containing
carbon-metal® or nitrogen-metal coordination bonds.” In the latter
cases, a metal atom is either added to or extracted from the surface
during polymerization. It is well known that the surface is not static
(especially above room temperature) and some of the metal atoms
can be readily pulled out from the surface and be ligated by the
organic adsorbate.* Metal-organic coordination polymers are highly
interesting because they show unique properties. Considering
structural properties, either 3D or 2D coordination frameworks can
be constructed at the surface. Moreover, such surface adsorbed
coordination networks reveal interesting catalytic,” magnetic® and
electronic” properties. It is obvious that all these properties are
influenced and controlled by the structure and geometry of the
coordination polymer. Another aspect is that the electronic configu-
ration of the coordination center (metal atom) in such networks is
not readily predictable. The metal can have different oxidation states
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and charges because the surface works as an electron reservoir which
can interact with the organometallic complex at the surface.® In
specific cases the electronic configuration of the complex at the
surface is different as compared to its electronic state in solution and
in the solid state. For example, a Cu adatom on a Cu(111) substrate
can be negatively charged when it is bonded to a cyano group.*? It is
obvious that complexes interacting with a substrate might show
different catalytic activity. Therefore, understanding the geometry of
coordination systems at a surface within the 2D network and also its
interaction with the substrate is of great importance for future
application of these systems, for example in catalysis. Here, we
report the effect of the substrate reconstitution on the final geometry
of the coordination network and show that different crystallographic
structures of the same metal (in this case Cu) control the stereo-
chemistry of polymerization leading to coordination polymers with
different relative configurations.

Polymerization of 1,4-diaminonaphthalene at Cu(111): evapora-
tion of 1,4-diaminonaphthalene (DAN) at the Cu(111) substrate at
room temperature leads to formation of monolayers where the
organic molecules are randomly distributed showing different orien-
tations on the surface. The random orientation of DANs indicates
that the interaction between the organic molecules is weaker than
the one between DANs and the Cu-substrate. After heating the
sample to 390 K most of the molecules just desorbed but we also
observed the formation of some dimers which were found to be very
mobile at the surface under applied conditions. These dimers and
remaining monomers upon further heating of the surface to 400 K
started to form longer oligomers. This process was slow and not very
efficient due to low concentration of monomers and dimers caused
by the competing thermal desorption. Better results were obtained
by depositing DANs directly at a hot Cu(111) surface. This process
allowed the desorbed diaminonaphthalenes to be continuously
recharged to the surface which can diffuse and react with oligomers
leading to a further growth of the polymers (Fig. 1a). By using this set
up, oligomers with a chain length of up to 20 nm were formed. It is
clearly visible from the STM images that most polymers grew
along one of the three main crystallographic axes of the substrate.
The Cu-N bond in the Cu-complex was found to be very stable.
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Fig. 1 Polymers formed after deposition of DAN at a hot Cu(111) substrate (a) 45 x 45 nm?, Cu(110) substrate (b) 45 x 45 nm? and Cu(100) substrate (c)
45 x 45 nm?2. STM pictures a—c: —2 V, 10 pA. Below proposed chemical structures of the dominant polymers fractions for each substrate and zoom in of

the corresponding single chains.

The amino ligands are trans-oriented to each other as a naphthyl-
NH-Cu-NH-naphthyl complex. Note that dehydrogenation in
amines is known to occur at Cu(111) and at Au(111) substrates.’
Importantly, while in solution bisamino-Cu bonds can rotate around
the Cu-N-bond, due to van der Waals interactions with the substrate
free rotation is suppressed at the Cu surface. Therefore, Cu-amino
complexes can be formed as different stereoisomers at Cu. Guided
by the cis/trans-nomenclature to describe alkene geometry, we herein
also use the ¢rans and cis terminology to specify the surface adsorbed
biasamino-Cu-complexes. In the ¢rans-isomer, the protons of the
amino ligands are ¢rans-oriented to each other whereas in the cis-
complex the protons of the amino ligands are oriented in cis
configuration to each other. As the major oligomeric structure
formed on a hot Cu(111) surface we found an all ¢rans-configured
coordination polymer revealing that oligmerization occurred with
high trans-selectivity. The stability of the coordination polymers is
remarkably high. Chains could be mechanically manipulated by
the STM tip without losing their shape (Fig. 2a-c). The interaction
of a Cu builtin atom of the oligomer with the N atom is much
stronger than that with the metal substrate. For example, an
oligomer containing 7Cu atoms was readily manipulated by push-
ing from one edge without destroying the polymeric structure. This
means that the weakest bond in the system (likely the Cu-N bond)
is much stronger than the interaction of the all oligomer with its
7Cu atoms with the substrate. A strong interaction within the
oligomers and weak interaction of the oligomer with the substrate
gives also the possibility to elastically bend the coordination bonds
(Fig. 2b). It was interesting that after manipulation the oligomer

This journal is © The Royal Society of Chemistry 2015

Fig. 2 Sequence of STM pictures showing manipulation of the DAN-Cu
polymer by an STM tip. (a) All-trans coordination polymers. (b) Bent
oligomer after pushing with the tip from one edge. (c) Manipulation of
the single chain and return to the original shape after manipulation.
Pictures: —2 V, 20 pA, manipulation: —2 V, 500 pA.

returned to its original lowest energy structure revealing shape
memory behavior (Fig. 2c).

Polymerization of 1,4-diaminonaphthalene at Cu(110): when
DAN molecules were deposited on Cu(110) at room temperature
in vacuum they form well-ordered structures where the organic
molecules interact via hydrogen bonding. Heating of the substrate to
420 K leads to desorption of most DANs, but some of them formed
short oligomers. As for the Cu(111) case discussed above, better
results were achieved when the organic molecules were directly
deposited on a hot Cu(110) surface. Polymer chains were formed,
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but interestingly, the shape of most oligomers differs significantly
from the shape obtained for DAN-polymerization at Cu(111) where
most of the polymers were generated with ¢rans-configuration
leading to a zig-zag type shape of the chain. However, at Cu(110)
the largest part of the monomers is connected with alternating
trans-cis-trans—cis relative configuration providing a U-shape
type structure (Fig. 1b). One can clearly identify a minor fraction
which polymerized with trans-configuration leading to a zig-zag-
type oligomer.

Polymerization of 1,4-diaminonaphthalene at Cu(100): DAN
monomers were deposited at room temperature at Cu(100) providing
a submonolayer with random distribution of the molecules. DAN
did not form ordered or well packed islands. Differences in self-
assembled monolayers between Cu(111), Cu(110) and Cu(100) are
caused by different periodicity and symmetry of these surfaces.
Heating of the substrate containing physisorbed DAN molecules to
390 K provided tetramers with rectangular shape at high yield
(Fig. 1c). The build-up of cyclic tetramers is a result of a highly
diastereoselective all-cis-amino-Cu complex formation. The sug-
gested chemical structure is shown below. For comparison with
the Cu(111) and Cu(110) cases we also deposited DANs directly at a
hot Cu(100) surface. For this substrate the hot and cold deposition
procedures afforded similar results. Only a small amount of the
molecules was desorbed during heating likely due to faster reaction
and also due to stronger interaction of the monomer with the Cu
substrate. To a small extent, the formation of cyclic tetramers was
also observed at the previous Cu(110) substrate (Fig. 1b). To get a
better picture of the selectivity of DAN oligomerization as a function
of the substrate, we analyzed the number of trans and cis configured
naphthyINH-Cu-NHnapthyl complexes extracted from various STM
pictures which allowed us to gain statistical information on the trans/
cis-selectivity as a function of the Cu substrate. On the Cu(111)
surface ¢rans-configured bisamino-Cu-complexes occurred with 85%
abundance A near complete cis-selectivity was observed for
Cu(100) where almost all complexes (99%) were formed as cis-
isomers. Cu(110) results in an intermediate state with the trans
to cis complexes in a 66% to 34% ratio.

Theoretical investigations: based on STM data we proposed
possible configurations of the various Cu-DAN-oligomers
(Fig. 3), which were in good agreement with the experimentally
observed structures. In the all-trans-configured oligomer identified
as a zig/zag-shaped system on Cu(111), the Cu-adatoms are lined
up with a calculated distance of 0.75 nm which is in very good
agreement with the experimentally determined value (0.75 nm).
Metal atom chains are parallel to the three main symmetry axes
({0,1,—1), (—101), and (—110)) of the Cu(111) substrate which
forms the polymer mostly parallel to these three directions (see
main chains in Fig. 1c). This also fits in to the theoretical model
because structure can be easily rotated by 60° to get the same
adsorption geometry. For the Cu(110) substrate the experimen-
tally observed U-shape oligomer occurred with some zig/zag
shape oligomer similar to previous structure. In this case, the
Cu-adatoms appear to be highly regular with a distance of
0.79 nm from each other and form a zig/zag relative arrangement.
In some cases all metal adatoms can lie in line along (3,3,2) axes
or its mirror direction (3,3,—2) marked by red arrows (Fig. 4).
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Fig. 3 Adsorption geometry of the DAN-Cu polymer at different Cu
substrate planes.

When all Cu adatoms are parallel to this axis it effects only the
trans substitution of the DAN molecules. When adsorption of the
adatoms is not linear and it changes between these axes (dotted
arrow) it causes the substitution of next DAN molecule in cis
configuration. This substitution and growth mechanism are
random which are clearly visible in the large area (Fig. 1b) and
it fits well to the proposed model. Cis substitution can only occur
parallel to the (—1,1,0) direction when two DAN molecules are
mirrored in (0,0,1) axes. Interestingly, whereas for the trans-
configuration the Cu-adatom lies in line in the middle of the two
N-atoms of the amino ligand (angle N-Cu-N = 180°), in the cis-
configured complex the N-Cu-N angle is smaller (120°). This
bending of the complex leads to an oligomeric structure where
all distances between the Cu-adatoms are very similar (theory:
0.79 nm, experiment: 0.81 nm) with main trans-cis-trans—cis
alternating configurations. A smaller angle (150°) was also
observed for the cis-complexes on Cu(100) where theory predicts
the rectangular tetrameric structures. In this case there are two
theoretical configurations on the surface which are their mirror
reflection (mirror plane is parallel to one of the symmetry axes of

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 All-trans adsorption geometry of the DAN-Cu polymer at the
Cu(110) substrate plane. Red arrows indicate possible places of adsorption
Cu adatoms in vacancy along one of the crystallographic directions ((3,3,2)
or (3,3,-2)).

the substrate (1,0,—1) or (1,0,1)). Counting both of these configura-
tions on several pictures gives a 50 : 50 ratio and information that the
energy of adsorption and geometry at the substrate are exactly
the same is in very good agreement with the proposed structure.
Also the distance between Cu adatoms is in good agreement with the
theoretical model (theory: 0.85 nm, experiment: 0.9 nm). Comparing
optimal temperatures for the reaction, we discovered that reaction
can easily occur at Cu(111) and Cu(100) substrates (390-400 K).
Creation of the polymers at the Cu(110) surface needs 20 K higher
temperature. Probably it is caused by higher stability of the Cu atom
in the subsurface region and higher energy of its diffusion which is
necessaty to create longer polymer chains.

In summary we observed that different crystallographic planes
of the same substrate [Cu(111), Cu(110) and Cu(100)] can influence
the nature of polymers. Growth of the polymer at the Cu(111)
substrate provides mostly ¢rans conformation while Cu(100) gives
only cis conformation. Cu(110) has both of these properties and
trans and cis conformation can exist on the surface with random
distribution or also regular trans-cis-trans—cis order. This strong
selectivity of the crystallographic plane of Cu- surface orientations
with respect to the final product structures can be helpful to
optimize catalytic processes and isomerization at surfaces. We also
showed by manipulation of the polymer chains that coordination
bonded systems N-Cu-N are very stable when metal atoms are
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extracted from the surface while their interaction with the metal
substrate is weak (compared to the interaction in the polymer
chain).

We would like to thank the Deutsche Forschungsge-
meinschaft (TRR 61, project B3) for financial support.
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