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In the quest for increased control and tuneability of organic
patterns at metal surfaces, more and more systems emerge
that rely upon coordination of metal adatoms by organic
ligands using endgroups such as carbonitriles, amines, and
carboxylic acids.[1] Such systems promise great flexibility in
the size and geometry of the surface pattern through choice of
the ligand shape, the number and arrangement of ligating
endgroups, and the nature of the metal centers. Planar
(trigonal or square) arrangements of ligands around metal
centers occur most commonly as a result of attractive
interactions of the ligands with the substrate. In contrast, in
the solution phase planar, and in particular trigonal planar,
arrangements are quite rare and generally require ligands
whose nature (for example bidentate, pincer shape) forces
planarity.

Given the relatively short history of the field of surface
coordination chemistry, compared to its solution-phase coun-
terpart, it is of great interest to know which information can
be gleaned from the latter to predict that for the former.
Aspects of coordination chemistry at surfaces that have
attracted very little attention to date are the effective
oxidation state of the metal atom, which is much more
straightforward to define in the solution phase, and the
response of the coordination center to the presence of ligands
at a surface.[2] This study details an effort at gaining some
insight into these two aspects, using a coordination system
which is particularly facile to prepare, as it relies on substrate

atoms as coordination centers, rather than requiring their
separate deposition.

In particular, this study describes the formation of a
hexagonal network of 9,10-anthracenedicarbonitrile (DCA)
on Cu(111) by titration of a nearly square molecular arrange-
ment with copper atoms released from the substrate by
annealing. We apply a combination of experimental and
theoretical methods and juxtapose their results with the
molecular patterns formed in the absence of a substrate.

Individual DCA molecules adsorb flat onto Cu(111) with
the anthracene moiety parallel to the high-symmetry direc-
tion of the substrate. Figure 1 shows an STM image of DCA

on Cu(111) and a simulation of the adsorption site (adsite)
using density functional theory (DFT) on a 5 � 5 � 3 unit cell
of substrate atoms. While the adsite of DCA resembles that of
its oxygen[3] and sulfur[4] counterparts (anthraquinone and
9,10-dithioanthracene, respectively), DCA does not diffuse in
a uniaxial fashion on Cu(111) and it also does not show more
facile lateral manipulation along any particular substrate
direction. Even at 90 K DCA retains sufficient surface
mobility to assemble in patterns or to reach step edges.

Increase of the DCA coverage leads initially to the
formation of molecular rows followed by the formation of an
ordered array of molecules featuring a nearly square unit cell,

that is described in matrix notation as
36 3
�16 4

� �
(see

Figure 2a, left, and Figure 2b). Each unit vector of this
adsorbate pattern is 9.2 � long and the angle between them is
888, with a total of 15 substrate atoms per adsorbate. In this
arrangement, all DCA molecules lie with the anthracene
moieties in parallel, and adjacent rows of molecules in
antiphase, bringing the nitrogen atoms of one row of
molecules close to the terminal hydrogen atoms of two
neighboring molecules (Figure 2 d). For the purpose of this
manuscript, we will refer to this pattern as the a phase.

Recently, we showed that hydrogen bonds of oxygen or
sulfur atoms with terminal hydrogen atoms of anthracene

Figure 1. Left: STM image obtained at 25 K (35 � 30 �, �1.9 V,
0.046 nA). Right: calculated adsorption geometry of DCA.
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derivates on Cu(111) are associated with bond energies of 20-
50 meV[5] and hydrogen-bond lengths of C�H···O of 2.8 �.[6]

In the case of DCA, the C�H···N length is somewhat longer,
at 3.1 �, yet each N atom is involved in two hydrogen-
bonding interactions (in contrast to one bond for the
referenced cases). To verify the presence of an attractive
interaction between the nitrogen and the adjacent hydrogen
atoms, we performed DFT calculations in which we placed
two molecules on a 5 � 9 � 3 unit cell of substrate atoms, so
that they either form two adjacent rows of molecules
separated by empty space from the next double row, or so
that they formed separated rows, thus allowing for hydrogen
bonding in the first but not in the second case.[7] The first case
has a lower total energy by 26 meV, indicating a hydrogen
bond-energy of 0.01 eV, which is very small but reasonable for
the system investigated.[5] We also find that, in the case of
adjacent rows, the C�N bonds are elongated by approxi-
mately 5 pm towards their hydrogen-bond partners, as
compared to separate rows, in further support of a local
attractive interaction.

While previously reported metal-coordination networks
at surfaces generally require a separate deposition step for the
coordinating atoms, DCA/Cu(111) is more facile in its
preparation. The continuous increase of the sample temper-
ature at a rate of approximately 5 K per hour starting from
90 K leads to the formation of a new pattern at approximately
180 K. At this temperature a small amount of substrate atoms
are thermally released from the substrate and form a two-
dimensional layer of copper adatom gas that can interact with
the DCA molecules[8] and form a coordination pattern. The
amount of copper adatoms available for coordination then
depends experimentally only on the temperature (and
duration) of annealing. Figure 2a shows a sample at 180 K
which, besides the aforementioned a phase, also features a
DCA/Cu pattern on the right (b phase). This pattern
incorporates one copper adatom for every three DCA
molecules so that each DCA molecule is coordinated with
copper only on one side and each copper atom is coordinated
by three DCA molecules in a trigonal-planar arrangement.
The resultant unit cell is (

ffiffiffiffiffi
48
p

�
ffiffiffiffiffi
48
p

)R308 with 48 substrate
atoms, three molecules, and one adatom per unit cell. It is
noteworthy that the annealing procedure leads to an adsor-
bate pattern on the surface that is less dense than the original
pattern (one DCA per 16 substrate atoms, as opposed to one
DCA per 15 substrate atoms for the a phase).

We calculated the total energy of a 6 � 8 � 2 substrate-
atoms supercell for the following cases: without any adsor-
bate, with a single Cu adatom, with the three DCA molecules
in a trimer arrangement, and with the DCA molecules and a
coordinated Cu adatom. Comparison shows that coordination
provides a net binding energy of almost 1 eV (or 330 meV per
Cu�N bond), substantially greater than the energy of the
hydrogen bonds lost. A close inspection of the adposition of
the coordinated molecules shows that the N···H�C bond
length increased as a result of metal coordination of the
opposite nitrogen atom (compare Figure 2d and Figure 2 f).
The inability of metal-coordinated DCA molecules to partic-
ipate in a hydrogen-bonded network explains the separation
of the adsorbate population into islands of pure and of metal-
coordinated DCA molecules, despite the fact that these
islands have a commensurate edge (see Figure 2a). Figure 2a
also shows that the molecules are locked in place much more
securely in the b phase, while the fuzzy edge of the a phase
attests to constant attaching and detaching of molecules
thereby contributing to a lattice gas of admolecules and
adatoms that lets the b phase grow.

Titration of all DCA-nitrile groups with Cu atoms by
means of annealing to room temperature for 100 min leads to
formation of the g phase (Figure 3), which can also be
prepared directly by deposition of DCA at elevated temper-
atures. The 7 � 7 unit cell encompasses 49 substrate atoms,
three DCA molecules, and two adatoms, one of which
occupies an hcp site and the other an fcc site. The adsorption
geometry of DCA closely resembles that of the previous two
patterns. Notably, the DCA density on the substrate is further
reduced, causing the STM image to reveal a pattern that
resembles a honeycomb with apparently empty space sur-
rounded by the DCA molecules.

Figure 2. a) STM image of DCA on Cu(111) obtained at 180 K
(175 � 95 �, �2.6 V, 0.22 nA), depicting separate regions of the
a phase (left) and b phase (right). b),c) DFT minimization of the
adsorbate patterns (a and b phase) with the unit cell indicated.
Because the unit cell in (c) is more than three times larger, only two
substrate layers were included. d) Hydrogen bonding in the a phase.
e) Coordination of a Cu adatom in the b phase. f) Increased N···H�C
length in the b phase indicating the absence of hydrogen bonding. The
calculations for the a and b phases used two and three substrate
layers, respectively, leading to the difference in apparent background of
panels (d), (e), and (f). Key as for Figure 1.
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While the evolution from a hydrogen-bonded to an atom-
coordination based network is readily explained by the
associated binding energies, the reason for the transition
from a nearly square to a trigonal network is not immediately
apparent. While the sixfold symmetry of the substrate may
favor a trigonal setup, there is no reason why the coordina-
tion-based pattern should reflect the substrate symmetry any
more (or less) than the hydrogen-bonded one.

In contrast to surfaces, there is abundant data available on
the coordination chemistry of metal atoms (including copper
atoms and cations) in the solution phase, yet no copper DCA
complexes have been reported to our knowledge. A statistical
analysis of crystal structures[9] shows that copper complexes
have an oxidation-state distribution of 38 % CuI and 62%
CuII. Of all complexes, only 13.8 % are trigonal planar; 93%
of these being the more reduced CuI. Except for cyanocu-
prate(I) networks,[10] trigonal-planar configurations occur
only in the presence of bidentate ligands. Although DCA is
not a bidentate ligand in this sense, it may still be illustrative
to explore whether the coordination geometry of Cu adatoms
at surfaces should resemble that of a monovalent cation in the
solution phase, or whether closer resemblance to other
oxidation states is found.

Relaxation of an uncoordinated Cu adatom on top of the
6 � 8 � 2 substrate unit cell in the context of the previously
mentioned calculations produces a relaxation into the bulk of
0.2 �, which is similar to that found in other calculations.[11]

Unsurprisingly, integration of the charge density around the
copper adatom over the Wigner–Seitz cell[12] surrounding it
results in the same amount of charge found surrounding other
surface atoms. However, in the case of a Cu adatom
coordinated by three DCA molecules, no inward relaxation
is found and integration of the charge density leads to an
excess of one electron, even after subtracting the charge
density of the neighboring nitrogen atoms.[13] While the extra

charge density at the copper adatom explains the lack of
inward relaxation, it is initially counterintuitive to the
behavior generally expected of adatoms. It should by no
means be interpreted as the copper atom withdrawing charge
from DCA molecules; rather the Cu adatom appears to serve
as a conduit allowing the DCA nitrogen atoms to interact
effectively with the substrate electron density. In the course of
this interaction, the adatom donates charge to the coordina-
tion bonds with the three nitrogen atoms. Given the size of the
Wigner Seitz cell, which is based on the Cu–Cu distance (of
2.55 � in the bulk), in comparison to the shorter Cu–N
spacing (of 1.65 � in the surface plane, 1.99 � along the Cu–N
vector) this charge remains, at least partially, in the Wigner–
Seitz cell and is part of the integration. The Cu adatom is at no
point uncoordinated and negatively charged. However, in
establishing the coordination bonds it obtains an approximate
�1 charge from the substrate so that it can serve as a donor to
each of its ligands (of approximate + 1/3 charge) without
becoming positively charged itself. Solely in this characteristic
does it resemble an anion. As negatively charged copper
centers do not generally occur in the solution phase, for
comparison we computed the lowest energy conformation of
free [Cux(dicyanobenzene)3] complexes with x =�1, 0, + 1
using (HF/3-21G*) in Spartan 06.[14] While a trigonal-planar
configuration is stable for all copper oxidation states, a
coplanar arrangement of the ligand aromatic moieties is
stable exclusively for x =�1, for which the Cu�N bonds are
shortest and, not surprisingly, strongest, in further support of
the favored character of the configuration detected for
Cu(111).

Figure 4 shows on the left two perpendicular views
(parallel and perpendicular to the Cu(111) plane) of the
charge density surrounding an adatom in the b phase.
Figure 4, right, shows the excess (red) and missing (blue)
charge density compared to the same fixed surface setup, after
artificial removal of the Cu adatom. The high charge density
at the location of the adatom is apparent, and also the
donating character of the substrate (bottom). Note the

Figure 3. a) STM image (180 � 100 �, �3.8 V, 57 pA, 30 K) of the
g phase of DCA on Cu(111). b) Corresponding model. Key as for
Figure 1.

Figure 4. Left: charge density around a copper adatom coordinated by
three DCA molecules seen from parallel (top) and perpendicular
(bottom) to the Cu(111) plane. Right: changes in charge density after
artificial removal of the Cu adatom (excess charge shown in red, deficit
in blue). Charge transfer from the substrate and partial conversion of
the cyano triple bond into a double bond, and of the C�C single bond
to a double bond is apparent.
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decrease in charge density immediately next to the nitrogen
atom, as a result of the coordination of its lone pair to copper,
the reduced charge density at the N�C bond and the
emerging p bond of the nitrile group to the ring system,
converting the original N�C-anthracene bonding arrange-
ment partially towards a Cu�N=C=anthracene sequence, in
further support of the profound dative impact of N–Cu
coordination on the charge density in the molecule. The
calculated electronic density of states around the copper and
the nitrogen atom as a function of energy, decomposed in s, p,
and d character, are shown in the Supporting Information.

In conclusion, we present a coordination network, formed
at a metal surface in a system facile to prepare because the
required metal centers can be released in a measured fashion
from the substrate by simple annealing. Analysis of the charge
density in this system suggests that metal adatoms can have a
pronounced donating character despite the electron defi-
ciency of uncoordinated adatoms. The notion that metal
adatoms present an anionic character in their interaction with
molecular adsorbates could have significant and widespread
implications (for example, in heterogeneous catalysis). For
instance, the concept that negative charging is at the origin of
the high activity of gold nanoparticles in CO oxidation is
already a topic of discussion.[15] Further examples of this
behavior need to be found before any generalizations can be
made.

Experimental Section
We use a home-built variable-temperature scanning tunneling micro-
scope (STM) operated in ultra-high vacuum. Cu(111) sample
preparation involved sputtering (Ar+, 3 kV) and annealing of a
single crystal followed by cooling to liquid nitrogen temperatures
within the STM. Deposition onto the cold sample occurred from a
glass capillary attached to the vacuum chamber through a gate valve
in a line-of-sight fashion while controlling the deposition rate through
measurement of the pressure in the vacuum chamber.

Density functional theory calculations of the electronic and
geometric structures and adsorption energies of DCA on Cu(111)
were carried out using the Vienna Ab Initio Simulation Package
(VASP)[16] implementing the generalized gradient approximation
(GGA) for the exchange-correlation functional[17] and the plane-wave
pseudopotential method.[18] Projector-augmented wave (PAW)[19]

pseudopotentials were used for all atoms in the system. The cutoff
energy for the plane-wave expansion is taken to be 400 eV and,
depending on the unit cell size, a 2 � 2 � 1 Monkhorst-Pack k-point
mesh or a single point are used in Brillouin zone sampling[20] to obtain
converged results for the total energy of the system. We typically
restricted our calculation super cell to two or three substrate (copper)
layers so as to keep the total number of substrate atoms in the
supercell to approximately 100 for computational feasibility. During
lattice relaxation, all adsorbate and top-layer substrate atoms were
allowed to move in all directions. The structures and energies that are
shown in this study result from relaxation of the forces acting on each
atom to better than 0.01 eV��1. The physisorbed adsorption energy
of DCA is approx. 0.4 eV. We wish to caution, however, that GGA
occasionally underestimates the absolute binding energy in physisor-
bed systems.[21]
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