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Through high-resolution UHV-STM imaging and DFT calculations, we find that a di-carbonitrile molecule
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unexpectedly prefers to form a hydrogen-bonded nanostructure rather than coordination bonded ones

on both Cu(110) and Cu(100) at room temperature. These findings highlight the importance of the
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www.rsc.org/advances coordination nanostructures.

Introduction

On-surface self-assembly is a promising strategy for construct-
ing low-dimensional nanostructures with well-controlled
arrangements and functionalities. Weak noncovalent intermo-
lecular interactions including van der Waals (vdW) forces,
dipole-dipole interactions, hydrogen bonding, and metal-
ligand interactions have been widely introduced and studied to
form large-scale and well-ordered self-assembled nano-
structures on different metal surfaces.’ Among these non-
covalent intermolecular bonds, metal-ligand coordination is
one of the mostly adopted strategies in fabricating nano-
structures due to its relatively high strength and direction-
ality.'*™® Moreover, a variety of choices of ligands and different
metals give rise to the versatility of metal-ligand coordination
in forming different kinds of novel nanostructures. Thus, exotic
nanoarchitectures including Sierpinski triangle, quasicrys-
tallinity, kagome lattice and Archimedean tessellation have
been successfully achieved on surfaces.**”

In most cases, employed ligand molecules are terminated
with pyridyl, carboxyl, hydroxyl or carbonitrile functional group,
which have a tendency to coordinate with transition metals.
Besides, it is noteworthy that the involvement of the elements
with large electronegativity such as nitrogen and oxygen could
also yield hydrogen bond."** Therefore, a delicate competition
between the metal-coordination bonds and hydrogen bonds is
important to determine specific surface nanostructures in
certain adsorbed systems and is also of fundamental interest.>®

In this work, we have investigated the self-assembled
behaviours of an organic molecule ([1,1':3/,1”-terphenyl]-4,4"-
dicarbonitrile, named TPDCN) functionalized with carbonitrile
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end groups on two copper surfaces with two-fold and four-fold
symmetries, respectively, i.e. Cu(110) and Cu(100). It has been
previously reported that the carbonitrile groups tend to coor-
dinate with transition atoms (Cu, Ni, Co, Fe) on surfaces with
three-fold symmetry such as Cu(111), Ag(111) and Au(111).**>***
Herein, we introduce the surfaces with two-fold and four-fold
symmetries to study the influences of the surface symmetry
on the formation of hydrogen bonded and metal-ligand coor-
dinated nanostructure. By utilizing scanning tunneling
microscopy (STM) and density functional theory (DFT) calcula-
tions we have surprisingly found a hydrogen-bonded chain
structure formed by TPDCN with CH:---N weak intermolecular
interactions rather than metal-ligand coordination on both
surfaces at room temperature (RT), which is in contrast to the
coordinated structure on Cu(111) prepared at RT (cf Fig. S17).
Further raising the sample temperature leads to metal-ligand
bonding, while, in comparison with the Cu(111) surface, no
extended coordinated structures are observed. These findings
highlight the role of the surface symmetry for constructing
coordinated nanostructure. This system could serve as a proto-
type for investigating the competition between hydrogen bond
and coordination bond in forming intermolecular interactions.

Experimental section

The STM experiments were performed in a UHV chamber (base
pressure 1 x 10~ ' mbar) equipped with a variable temperature
“Aarhus-type” STM purchased from SPECS,*** a molecular
evaporator, and standard facilities for sample preparation. After
the system was thoroughly degassed, the TPDCN molecule
which was prepared according to the literature* was deposited
by thermal sublimation at ~350 K onto the Cu(110) and Cu(100)
surfaces, respectively. The sample was thereafter transferred
from the UHV chamber to the microscope, where measure-
ments were carried out at about 100-150 K unless specified, and
the typical scanning parameters: I; = 0.5-1.0 nA, V; = £1000-
2000 mV.
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All of the calculations were carried out in the framework of
DFT by using the Vienna Ab initio Simulation Package
(VASP).>**” The projector augmented wave method was used to
describe the interaction between ions and electrons.”®* We
employed the Perdew-Burke-Ernzerhof generalized gradient
approximation exchange-correlation functional,*® and van der
Waals (vdW) interactions were included using the dispersion
corrected DFT-D2 method of Grimme.** The atomic structures
were relaxed using the conjugate gradient algorithm scheme as
implemented in VASP until the forces on all unconstrained
atoms were <0.03 eV A"

Results and discussion

As shown in Fig. 1a, self-assembled chain structures were
observed after deposition of the TPDCN molecules on Cu(110)
at room temperature, and the chain structures aligned with
a degree of 17° deviated from the close-packed direction of the
surface. Fig. 1b shows the close-up STM image of the self-
assembled molecular nanostructure of the TPDCN chain,
where the single-molecule appearance and arrangement could
be clearly resolved in the high-resolution STM image. The chain
structure is formed by two columns of TPDCN molecules
arranged in a staggered fashion, which is very similar to the
hydrogen-bonded one observed on Ag(111) by Zhang et al.*>* We
conclude that TPDCN molecules are interconnected by
hydrogen bonds between the phenyl rings and carbonitrile end
groups, which is in agreement with the self-assembled chain
structure on Au(111)." Moreover, the DFT-optimized model of
the hydrogen-bonded chain structure which is superimposed
on the STM image in Fig. 1b is also consistent with the exper-
imental result. However, we find that the carbonitrile molecules
prefer to form hydrogen-bonded nanostructures on Cu(110) at
room temperature, rather than its thermodynamically more
stable coordination bonded counterpart prepared on Cu(111) at
room temperature (Fig S17). So, it is clearly shown that the
symmetry of the surface has significant influence on the inter-
molecular interactions. However, it should also be noted that
the geometrical reason cannot be totally excluded as one of the
cause for the formation of the chains.

Apart from the chain structure, isolated TPDCN molecules
are also observed on the terrace. A closer inspection of the STM
image of the isolated TPDCN molecule allows us to distinguish
the depressions at the end of the carbonitrile groups as shown
in Fig. 1c, which implies a strong interaction between the car-
bonitrile groups and the copper surface. DFT calculation has
been conducted to get further insight. To position the TPDCN
molecule on the surfaces, we chose extended supercells that
had been checked to be big enough to avoid spurious interac-
tions between the molecules with the neighboring supercells (cf.
Fig. S21). The DFT optimized models of the TPDCN molecule
adsorbed on Cu(110) are shown in Fig. 1d and g, which clearly
indicate that the molecule is stabilized by the formation of N-
Cu bonds with the substrate due to the high affinity between the
N and Cu atoms. As a result, the N atoms are located below the
molecule plane and with a height of ~1.80 A above the Cu(110)
substrate, in contrast to a 2.10 A height of the molecular plane

1772 | RSC Aadv., 2017, 7, 17711775

View Article Online

Paper

| nm

Fig. 1 (a) Large-scale and (b) close-up STM images of the self-
assembled chain structures formed by the TPDCN molecules on
Cu(110). (c) The high-resolution STM image of a TPDCN molecule on
Cu(110). The depressions at the termini of the TPDCN molecules are
denoted by the white arrows. (d) Top and (g) side views of the DFT
optimized model of the TPDCN molecule adsorbed on Cu(110). (e)
Top and (f) side views of the DFT model of the chain structure
adsorbed on Cu(110). The lattice directions of the substrate are shown
as white arrows in (a) and (b).

above the surface. Note that Cu adatom concentration should
not be the limitation for the formation of coordination bonds
since there are enough Cu adatoms at RT.**** Furthermore, we
calculate the direction of the chain structure on the Cu(110)
surface. As shown in Fig. 1e and f, the direction of the chain
structure deviates from the [1—10] direction of the surface by
17°, which is in good agreement with the experiment. Moreover,
the charge density difference map has also been plotted (cf.
Fig. S371), where we can clearly distinguish the hydrogen bonds
between the phenyl rings and carbonitrile end groups within
the chain structure.

Further annealing the sample to ~400 K results in aggregates
of the TPDCN molecules as shown in Fig. 2a. A close-up STM
image in Fig. 2b indicates that the aggregates are attributed to
divergent coordination assemblies because of their head-to-

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) Large-scale and (b) close-up STM images of the metal
coordinated structure formed by annealing the TPDCN covered
Cu(110) surface at ~400 K. (c and d) and (e and f) showing the STM
images and DFT optimized gas-phase models of two typical metal-
ligand motifs. The lattice directions of the substrate are shown as white
arrows in (a) and (b).

head binding modes. In particularly, two typical coordination
motifs are clearly resolved in the STM image. Fig. 2c—f show the
corresponding high-resolution STM images and DFT optimized
gas-phase models of the nanostructure of the metal-ligand
motifs. One of them is constituted by the two-fold symmetrical
coordination motif (Fig. 2c). The three-fold symmetrical coor-
dination motif constitutes a windmill structure, while no
extended coordinated structures are observed due to the coex-
istence of divergent coordinated motifs including the chain
structure and windmill structure. Here, we conclude that
TPDCN molecules are interconnected by coordination bonds
between the carbonitrile groups and the copper adatoms
because they are thermodynamically more stable than hydrogen
bonds. Note that the copper atoms are not resolved by STM, in
conformity to most other experiments on copper-coordinated
nanostructures.*

To further explore the influence of the symmetry of the
surface, we have moved to the Cu(100) surface which has four-
fold symmetry. As shown in Fig. 3a, after deposition of the
TPDCN molecule on Cu(100) at RT, we also observe a chain
structure, which is in analogy to the staggered chain structures
formed on Cu(110). Thus, the same chain structures are formed
on two surfaces with different chemical activities, which implies
that the chain structures are independent of the molecule-
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Fig. 3 (a) Large-scale and (b) close-up STM images of the self-
assembled chain structures formed by the TPDCN molecules on
Cu(100). (c) Top and side views of the DFT optimized model of the
TPDCN molecule adsorbed on Cu(100). The lattice directions of the
substrate are shown as white arrows in (a) and (b).

substrate interactions. This finding also manifests that the
intermolecular hydrogen bonds within the chain structure
determine the formation of the chain structure. Moreover, there
is no evidence of the metal-ligand coordinated structure, either.
This result further demonstrates that metal-ligand coordina-
tion structures are not favored on incommensurate surfaces. As
shown in Fig. 3c, to get further insight into the adsorption
geometry of the TPDCN monomer on Cu(100), we have opti-
mized the geometry of the TPDCN molecule on Cu(100), which
shows that a flat-lying adsorption configuration on the
substrate, while a strong N-Cu interaction is not found.

Fig. 4a displays a typical STM image by annealing the TPDCN
covered surface at ~400 K. The TPDCN molecules form aggre-
gates after annealing. We could recognize the formation of
a coordinated structure from the close-up STM image shown in
Fig. 4b. However, due to the existence of multiple coordinated
nodes, no extended ordered nanostructures observed. Fig. 4c
shows the STM image of the three-fold metal-ligand coordi-
nated nanostructure and its DFT optimized gas-phase model.
These results further imply that the coordination bond is more
stable than the hydrogen bond.**

It was previously shown that Fe-biphenolate coordinated
network assembled in a three-fold symmetry on Cu(100),** which
indicates that the symmetry of the coordination bond is inde-
pendent of the symmetry of the substrate. Also note that very
recently, by introducing foreign Fe atoms on Ag(100) Zhang et al.
observed geometrically appropriate metal-organic bonds on the

Fig. 4 (a) Large-scale and (b) close-up STM images of the metal
coordinated structure formed by annealing the TPDCN covered
Cu(100) surface at ~400 K. (c) The corresponding STM image and DFT
optimized gas-phase model of one typical metal-ligand motif with
three-fold symmetry. The lattice directions of the substrate are shown
as white arrows in (a) and (b).
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symmetry-mismatched surface.’” While, in this system we show
that an unfavored symmetry of the substrate might inhibit the
formation of the preferred metal-ligand coordination.

Conclusions

In conclusion, two different Cu surfaces were utilized to study
the impact of surface symmetry on the self-assembly of a di-
carbonitrile molecule. Since the carbonitrile groups and the
transition atoms prefer to form a three-fold coordination node,
we introduce two unfavored surface symmetries i.e. Cu(110) and
Cu(100). From a combination of high-resolution UHV-STM
imaging and DFT calculations, we find that the carbonitrile
molecule prefers to form hydrogen-bonded nanostructures on
both Cu(110) and Cu(100) at room temperature, rather than its
thermodynamically more stable coordination bonded counter-
part prepared on Cu(111) at room temperature. Further
annealing the hydrogen-bonded structures on both surfaces
yield metal coordinated structures. However, divergent coordi-
nated motifs have been established on the surfaces due to the
incommensurability between the favored coordination
symmetry and the surface symmetry. These findings highlight
the importance of the surface symmetry and geometry of the
surface in forming metal-ligand coordination nanostructures,
which is crucial to the controllable construction of surface
coordinated nanostructures.
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