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On-surface synthesis of a two-dimensional porous coordination network:
Unraveling adsorbate interactions
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We present a detailed experimental and theoretical characterization of the adsorption of the perylene derivative
4,9-diaminoperylene-quinone-3,10-diimine (DPDI) on Cu(111) and compare it to its threefold dehydrogenated
derivative 3deh-DPDI, which forms in a surface reaction upon annealing. While DPDI itself does not give rise
to long-range ordered structures due to lack of appropriate functional groups, 3deh-DPDI acts as an exoligand
in a Cu-coordinated honeycomb network on Cu(111). The main focus of this work lies on the analysis of
intermolecular and molecule-substrate interactions by combining results from scanning tunneling microscopy,
x-ray photoelectron spectroscopy, x-ray standing wave measurements, and density functional theory. We show,
in particular, that the interactions between metal atoms and organic ligands effectively weaken the molecule-
surface interactions for 3deh-DPDI leading to an increase in molecule-substrate distances compared to the DPDI
precursor. Our experimental findings also shed light on the applicability of current theories, namely van der Waals

corrections to density functional theory.
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I. INTRODUCTION

Research on metal-organic frameworks (MOFs) has grown
rapidly over the past 1.5 decades, as they represent func-
tional ultrahigh surface area materials with a wide range
of possible applications, such as gas storage, catalysis, and
chemical separation [1-4]. Thin film MOFs, the limiting
case being two-dimensional (2D) surface MOFs [5-7], offer
the prospect of functionalizing surfaces and interfaces in a
highly ordered fashion which may lead to significant changes
in their optical, electronic, or tribological properties. Two-
dimensional surface MOFs are composed of metal centers
linking organic molecules (ligands), where the metal atoms are
either coadsorbed with the molecules or generated intrinsically
from the metal substrate. In this way, well-defined molecular
nanostructures can be created on surfaces, which are mainly
controlled by the choice of molecular precursors and metal
atoms. Furthermore, the substrate may not only function as a
support reducing the dimensionality of the system, but may
also interact chemically with the adsorbed molecules and
even induce chemical reactions resulting in molecular building

“These authors contributed equally.

fPresent address: Diamond Light Source Ltd, Harwell Science
and Innovation Campus, Didcot, Oxfordshire, OX11 ODE, United
Kingdom.

{Corresponding author: m.a.stohr@rug.nl

1098-0121/2014/90(12)/125408(8)

125408-1

PACS number(s): 68.37.Ef, 68.43.Fg, 68.49.Uv, 71.15.Mb

blocks that otherwise cannot be stabilized through classical
chemical synthesis.

Despite the comprehensive literature on 2D MOFs [5-14],
there are still fundamental issues that have been barely
addressed so far. In particular, experimental studies on the
molecule-substrate bonding distances, which provide the
points of reference for adequate theoretical modeling, are
rare—in contrast to the numerous experimental studies on
single molecule adsorption [15,16] and 2D molecular layers
based on intermolecular interactions different than metal
coordination [17-26]. However, these data are crucial for
understanding molecule-substrate interactions and of interest
for determining possible distortions from the planar geometry
of surface-confined 2D MOFs.

So far, only a few theoretical studies using density
functional theory (DFT) have investigated molecule-substrate
bonding distances for 2D MOFs in detail [27-29]. Notably,
nonlocal van der Waals (vdW) interactions play a fundamental
role in the adsorption of large molecules on surfaces [30]
and these interactions are particularly challenging for the
theoretical modeling by DFT. A generally applicable theo-
retical method to model molecular adsorption, especially on
metals, remains elusive [17,31]. Reliable adsorption heights
of molecules in 2D MOFs are therefore mainly accessible
from experimental data, at current, while these are essential to
advance DFT and other theoretical tools.

Two different approaches to correct for vdW interactions
in DFT have emerged. The first introduces an additive
atom pairwise potential of the form CsR %, where Cg is an
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FIG. 1. Thermally induced dehydrogenation of DPDI on a metal
surface via the quinoidal bisimino form deh-DPDI and further cy-
clization and dehydrogenation resulting in the triply dehydrogenated
3deh-DPDI that acts as an exoligand in the formation of the surface
MOF discussed in this work.

atom-specific parameter determining the interaction strength
and R is the distance between the two atoms [32-34].
The dispersion-corrected (DFT-D) methods are particularly
difficult for metal surfaces due to difficulties in describing the
polarizability of a metal. Notably, this problem was addressed
with the DFT + vdW* method [34], with promising results
[35]. Furthermore, recently it was demonstrated how C3 and
C5 parameters can be calculated for atoms on surfaces [36],
but which remain to be applied for molecular adsorption. The
second approach is based on treating the vdW interactions
by a truly nonlocal density functional. The so-called van der
Waals density functional (vdWDF) [37] was designed to work
seamlessly for both large and small separations, thus avoiding
the problem of the damping function. However, it has been
established that the original form of the vdWDF gives too large
adsorption distances [38], while a number of modifications
have been proposed [39-42].

Here we present detailed three-dimensional structural in-
formation of a surface-confined 2D MOF using the perylene
derivative 4,9-diaminoperylene-quinone-3,10-diimine (DPDI)
on Cu(111) as a model system. At elevated temperatures DPDI
has been shown very recently to eliminate three molecules
of H, to give 3deh-DPDI (Fig. 1), which interacts with Cu
adatoms to form a highly ordered nanoporous network [43].
Difficulties in detecting the coordinated copper adatoms by
STM had led us to suggest in an earlier study that the
transformation of DPDI stopped at the monodehydrogenated
diimine species deh-DPDI which was thought to aggregate via
resonance-assisted H bonding between the molecules to form
the network [44].

However, the extraordinary high stability of the network
led us to re-investigate the surface transformations of DPDI.
Based on a combination of STM and near edge x-ray
absorption fine structure data as well as a re-investigation and
re-interpretation of the N1s x-ray photoemission spectroscopy
(XPS) signatures, backed up by DFT modeling, we put forward
a structural model in which the 3deh-DPDI acts as a bridging
exoligand within a surface coordination network [43]. To
obtain detailed information about the lateral configuration
of the surface-confined 2D MOF, a combination of scanning
tunneling microscopy (STM), XPS, and x-ray standing wave
(XSW) measurements have been carried out, and the system
has been analyzed by extensive DFT modeling. The XSW data,
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in particular, provide insight into the vertical bonding distances
of the 2D MOF, and this type of information allowed us to
investigate the role of vdW corrections in the DFT modeling
of such surface structures.

II. EXPERIMENT

A. Sample preparation

All experiments were performed under ultrahigh vacuum
(UHV) conditions (base pressure of 10~'9 mbar). The (111)-
oriented Cu single crystal was prepared by subsequent cycles
of sputtering with Ar* ions and annealing at approximately
500 °C. The molecules were deposited onto the Cu surface
from a glass crucible that was heated inside a commercial
evaporator (Kentax GmbH). The rate was controlled by a
quartz crystal microbalance.

B. Scanning tunneling microscopy

The STM images were taken at low temperature (either 77
or 5 K) with a commercial low temperature STM (Omicron
NanoTechnology GmbH) which was operated by the Nanonis
SPM control system (Specs GmbH). The bias voltage was
applied to the tip. However, the bias voltages given in the
paper refer to a grounded tip. The software WSxM was used
for data processing of the STM images [45].

C. X-ray photoelectron spectroscopy and x-ray standing
wave experiments

XSW and XPS measurements were performed at beamline
ID32 at the European Synchrotron Radiation Facility (ESRF)
in Grenoble. Spectra were recorded in normal incidence geom-
etry, i.e., the sample surface was mounted perpendicular to the
incoming x-ray beam. The hemispherical analyzer (Physical
Electronics) was mounted at an angle of 45° with respect to the
incoming x-ray beam. In the XSW measurements, the photon
energy was scanned in small steps over the Bragg condition
for Cu(111) (around 2.97 keV) and XPS spectra were recorded
for each photon energy. The XPS measurements (Fig. 2) for
the nonannealed sample were done at a photon energy of
2.958 keV, whereas the photon energy was 2.964 keV for the
spectra taken after annealing. All spectra were taken at room
temperature. For the determination of the coherent fractions
and positions, the program DARE developed by J. Zegen-
hagen was used. The nondipolar parameters were taken from
Ref. [18].

D. Density functional theory modeling

Periodic density functional theory calculations were carried
out with the VASP code [46], with the ion-core interactions
described by the projected augmented wave (PAW) method
[47,48]. Semilocal DFT calculations were performed with the
PWO1 functional [49]. Calculations with the van der Waals
density functional (vdWDF) [37] were carried out using the
original approach with revPBE exchange (revPBE-vdWDF)
[50], as well as the PBE (PBE-vdWDF) [51] and optB86b
(optB86b-vdWDF) [39] exchange, as indicated in the text.
Furthermore, calculations with the Grimme correction (DFT-
D2) [32] on the PBE functional were carried out. For the
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FIG. 2. (Color online) (a) Chemical transformation of DPDI
upon annealing at 200 °C on Cu(l111) into its dehydrogenated
derivative 3deh-DPDI. (b) STM image (50 x 50 nm?, 5 K) for
submonolayer coverage of DPDI adsorbed on Cu(111) held at room
temperature. The molecules stay isolated and do not form any ordered
structure. (d) DFT calculations show that single DPDI molecules
adsorb preferably with their perylene core centered above a bridge
position and with each nitrogen atom on top of a surface atom.
(c) STM image (18 x 11 nm?, 77 K) for submonolayer coverage of
DPDI adsorbed on Cu(111) after annealing at 200 °C. The molecules
arrange in a porous network. (e) Tentative molecular model for the
porous 3deh-DPDI network formed by incorporation of three adatoms
in each vertex where they interact with the N functionalities of three
3deh-DPDI molecules. The adatoms are illustrated darker than the
surface atoms.

DFT-D2 calculations, vdW corrections between Cu atoms
were not included, and for the molecule-surface interactions
only the surface atoms in the outermost surface layer were
considered as proposed by McNellis and co-workers [52].

In all calculations the plane waves were expanded to a cutoff
of 400 eV and the I" point was used to sample the first Brillouin
zone. For the calculations of isolated DPDI molecules a
p(7 x 9) unit cell was used, while for the network a p(10 x
10) unit cell was used, as previously determined from LEED
experiments [44]. The Cu(111) surface was modeled by four
layered slabs. All structures were structurally optimized until
the forces on the atoms in the adsorbate and the two outermost
layers of the slab were smaller than 0.01 eV/ A.STM images
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were calculated using the Tersoff-Hamann approximation [53]
as implemented by Lorente and Persson [54].

III. RESULTS AND DISCUSSION

A. Preparation of the 2D MOF

In afirst step, DPDI molecules [Fig. 2(a)] were deposited on
the Cu(111) surface held at room temperature. For molecular
coverages below one monolayer (ML) [55], the molecules
were found to be mobile on the Cu surface [44]. This molecular
mobility was frozen when the sample temperature was lowered
to 5 K and individual molecules could be identified in STM
images [Fig. 2(b)]. However, no ordered structure was formed,
which we attribute to the fact that the molecules cannot
develop any attractive intermolecular interactions besides
weak vdW interactions. Upon annealing at 200 °C and for
coverages below 0.73 ML, a porous network was formed
[Fig. 2(c)]. As will be demonstrated in more detail below,
the molecules in the mobile phase are intact, whereas for the
formation of the metal-coordinated porous network the DPDI
molecules underwent a chemical transformation: the nitrogen
atoms of DPDI were completely dehydrogenated and an azo
bridge formed between adjacent nitrogen atoms [3deh-DPDI,
see Fig. 2(a)]. It should be noted that while the isosteric
hydrocarbon, dicyclopenta(1,2,3-cd:1’,2’,3’-Im)perylene, has
been known for some time [56], the synthesis and isolation of
its tetraaza-analog 3deh-DPDI has not been successful to date,
probably due to its highly reactive nature. Nevertheless, on the
Cu surface 3deh-DPDI is stabilized by metal coordination to
Cu adatoms, which were generated by the annealing process
[57]. Within this 2D MOF, each Cu adatom is coordinated to
two nitrogen atoms of two adjacent molecules, resulting in an
adatom-to-molecule ratio of 2:1.

B. Properties of the mobile phase vs the 2D MOF

Information on the adsorption geometry of the mobile phase
of DPDI on Cu(111) was obtained by DFT calculations of
the isolated adsorbed molecules. It turned out that the most
stable adsorption position for DPDI has the central phenyl
ring adsorbed on a bridge position [Fig. 2(d)]. The most stable
structure for the porous network involving the 3deh-DPDI
molecules obtained from DFT is shown in Fig. 2(e). The MOF
exhibits threefold symmetry with respect to the center of the
pore, resulting in inequivalent vertices of the network, which
in turn influences their electronic properties (see Sec. III D).
The proposed structural models are based on the results from
low energy electron diffraction (LEED) [58], XPS, and XSW
measurements, as well as from computed core-level shifts from
DFT calculations.

The two components in the N1s XPS spectrum [Fig. 3(c)]
for the mobile phase provided evidence for the existence of
two different chemical environments of the N atoms. These
peaks are assigned to the amine and imine groups of DPDI
exhibiting an energy difference of 1.8 eV. Based on DFT
modeling [Fig. 3(b)] [59], the peak at lower binding energy
(397.6 eV) is assigned to the NH group, while the peak at
higher binding energy (399.4 eV) is assigned to the NH;
group. The energy difference between the NH, and NH peak
was computed to be 1.86 eV, in very good agreement with
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FIG. 3. (Color online) (a) Graphical illustration of the XSW results showing the adsorption heights of carbon and nitrogen atoms of DPDI
in the mobile phase before annealing and of 3deh-DPDI in the porous network after annealing [59]. (b) Calculated core-level shifts of the
nitrogen atoms with respect to the imine nitrogen of isolated DPDI adsorbed on Cu(111). (¢c) XPS spectra of the N1s core level together with
the experimentally determined chemical shifts with respect to the imine nitrogen in the mobile phase. The spectra are shown after background
subtraction. For the mobile phase, two peaks are visible at 397.6 and 399.4 eV, and for the porous network one peak is visible at 399.1 eV.

the experimentally obtained value (1.8 eV). In the case of the
porous network, only one N1s component was found by XPS,
with a chemical shift of 1.5 eV with respect to the NH peak of
the mobile phase [Fig. 3(c)]. This chemical shift is reproduced
by DFT only if Cu coordination of the 3deh-DPDI molecules
is included in the model [Fig. 3(b)]. Other structures that we
investigated failed to reproduce the experimentally observed
value [59].

The surface distances of both the mobile phase and the MOF
shown in Fig. 3(a) are the results of the XSW measurements.
They led us to conclude that in the mobile phase the molecules
interact mainly through their amine and imine groups (heights
of 2.2 and 2.4 A, respectively) with the Cu surface, while the
carbon backbone is located considerably further away (average
value of 2.68 A), resulting in a substantially bent molecular
structure.

For the surface network, the molecular adsorption height
is generally larger than for the mobile phase. The nitrogen
and carbon atoms reside at heights of 2.83 and 3.00 A,
respectively, above the substrate. These values are comparable
to the sum of the respective vdW radii of nitrogen/carbon
and copper [60]. Thus, it can be concluded that there is no
direct chemical interaction between the molecules and the
Cu surface. Instead, the chemical bonding within the network
is mediated by Cu adatoms, which are responsible for the
decoupling of the molecules from the surface. In contrast to the
adsorbed network, where the Cu adatoms are positioned below
the plane spanned by the organic exoligands and thus closer to
the surface, the freestanding network with no Cu substrate was
found to be completely planar in the DFT modeling. Therefore,
the planar geometry of the coordination network is disrupted
as a consequence of the interaction with the surface.

As discussed above, we found that the molecular adsorption
height increases upon formation of the 2D MOF from the
mobile phase. This observation is attributed to the local

interactions between nitrogen atoms and Cu adatoms, resulting
in the lifting of the molecule, including the perylene core,
from the surface. For the related perylene derivative PTCDA
(3,4,9,10-perylene-tetracarboxylic-dianhydride) adsorbed on
Ag(111), a similar effect has been observed previously [19].
The molecule-substrate bonding distances in the disordered
low temperature phase were found to be smaller compared
to the well-ordered hydrogen-bonded herringbone structure
formed at room temperature. Thus, increasing intermolecular
interactions seem to result in decreasing molecule-surface
interactions. In our case the perylene core is lifted by 0.32
A, whereas the perylene core of PTCDA is lifted by only
0.06 A. This large increase in adsorbate-substrate distance
reported in this work indicates a fundamental change of the
adsorbate-substrate interaction mechanism, which is attributed
to the coordination between nitrogen and Cu adatoms, which
mediate the intermolecular interactions as well as the bonding
between the molecules and the substrate.

The interpretation is further supported by comparison
with adsorbed diindenoperylene (DIP), a perylene derivative
featuring no functional chemical groups available for metal
coordination. The DIP molecule has an adsorption height of
2.59 A on Cu(111) [61], which is in much closer agreement
with the carbon adsorption height of the mobile DPDI phase
than for the 2D MOF of 3deh-DPDI.

C. Description of adsorption heights by density
functional theory

Our experimental measurements give detailed information
on the (vertical) adsorption of molecules in 2D MOFs on
surfaces and provide a benchmark, against which the accuracy
of various density functionals can be tested. The experimental
adsorption heights of both isolated DPDI molecules and
3deh-DPDI molecules in the 2D-MOF are compared in
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FIG. 4. (Color online) The graphical illustration summarizes the
adsorption heights of the N atoms (left) as well as the average
adsorption heights of the C atoms (right) for isolated DPDI (mobile
phase) and 3deh-DPDI (2D MOF), respectively. The horizontal
black lines show the experimentally derived values with the error
margins, as indicated by the gray areas. The calculated values were
obtained with noncorrected DFT (PW91), with three flavors of the
van der Waals density functional (PBE/vdWDF, revPBE/vdWDF,
optB86b/vdWDF) and with the Grimme correction (DFT-D2).

Fig. 4 to the calculated values obtained at different levels
of theory, in particular addressing the way vdW interactions
affect the adsorption heights. For the latter, we consider
the semiempirical van der Waals-corrected DFT by Grimme
(DFT-D2) as well as three flavors of the van der Waals
density functional (vdWDF): revPBE/vdWDF, PBE/vdWDF,
and optB86b/vdWDF.

Generally speaking, the adsorption heights for the nitrogen
atoms are well described by the semilocal PW91 functional
without vdW corrections and the vdW corrected functionals
give essentially no systematic improvement. The PW91 func-
tional gives a mean absolute error (MAE) of (0.07 & 0.06) A
and the optB86b/vdWDF gives the overall best agreement
with the experiments, with a marginally improved MAE of
(0.06 + 0.06) A. These results suggest that inclusion of vdW
interactions is not necessary for the description of the bonding
of the N atoms to the Cu surface, neither for the isolated DPDI
molecules nor for the 2D MOF.

The perylene core is found at a larger distance from the
Cu surface than the N atoms for both the mobile phase and
the 2D MOF. In particular, the noncorrected PW91 functional
overestimates the adsorption heights of the carbon atoms
(Fig. 4), making it crucial to include vdW interactions when
modeling the adsorption heights of these atoms. These results
will now be discussed for two bonding scenarios: isolated
DPDI molecules, where the C atoms are relatively close to the
Cu surface, and the 2D MOF, where the C atoms are further
away from the surface.

For the isolated adsorbed molecules, the noncorrected
PWO1 functional severely overestimates the adsorption heights
of the C atoms by almost 0.7 A. In this case, DFT-D2
gives a slightly better agreement with the XSW data than
optB86b/vdWDF, which in turn gives the best results among
the vdWDFs. Both methods marginally underestimate the
height by about 0.1 A. In contrast to the isolated molecules,
the adsorption height of the 2D MOF is best described by the
optB86b/vdWDF, which yields a perfect agreement with the

PHYSICAL REVIEW B 90, 125408 (2014)

experiments. In this case, DFT-D2 underestimates the height
by roughly the same magnitude as it is overestimated without
the vdW correction.

Overall, it is found that optB86b/vdWDF gives the best
agreement with the XSW experiments, with a MAE of (0.05 +
0.05) A for the carbon atoms, quite significantly smaller than
the MAE of (0.14 4 0.05) A for DFT-D2. These values should
be compared to the corresponding MAE of the noncorrected
PWOI1 of (0.44 £ 0.05) A. Thus, both methods provide
a clear improvement compared to the noncorrected results,
with optB86b/vdWDF reducing the MAE by one order of
magnitude. Remarkably, this method is able to describe, with
high accuracy, the adsorption height for both types of bonding
scenarios, although DFT-D2 gives marginally better results
for the isolated molecule. Recently, optB86b/vdWDF was
illustrated to provide accurate adsorption heights both for
other molecules and surfaces [62,63]. Until more high-level
methods, such as the random phase approximation [64,65],
become computationally feasible, the optB86b/vdWDF thus
appears to be highly suitable for systems related to those
presented here.

D. Symmetry properties identified by the STM fingerprint

The Cu adatoms, incorporated as metal centers in the 2D
MOF, could not be directly imaged in the STM experiments at
any tunneling conditions [Fig. 5(a)]. However, for large bias
voltages (around 3 V) the molecules are no longer imaged.
Instead, a characteristic protrusion appears at the location
of the vertices—the region where the adatoms are located
[Figs. 5(b) and 5(c)]. The same effect was observed for the
2D MOF made up from the related poly-N-heterocycle TAPP
(1,3,8,10-tetraazaperopyrene) and Cu adatoms on Cu(l11)
[66]. The reason for this characteristic electronic feature—
STM fingerprint—at high bias is in both cases an unoccupied
electronic state, which is caused by the coordination of the
organic ligands to the Cu adatoms. For a bias voltage of
2.9 V [Fig. 5(c)], the protrusions above the vertices exhibit
two slightly different contrasts. The line scans in Fig. 5(d)
illustrate this behavior for bias voltages between 2.5 and 3.4 V.
The bright and dim protrusions are arranged in an alternating
manner, indicating that the MOF contains two nonequivalent
crossings, which is a signature of reduced rotational symmetry
of the network.

The STM images taken at “normal” bias voltages suggest
a sixfold rotational symmetry with respect to the pore center,
corresponding to an on top position [Fig. 6(a)]. In this case,
the three Cu adatoms are symmetrically arranged around
a threefold hollow site, and all vertices are identical. The
adsorption positions of the adatoms are close to top sites.
However, with this arrangement the slightly different contrasts
of adjacent protrusions in Figs. 5(c)) and 5(d) cannot be
explained. By way of a lateral translation of the MOF,
an isomeric structure is obtained, featuring two structurally
different vertices [Fig. 6(b)]. Now, the Cu adatoms are
symmetrically arranged around either a threefold hollow site
or a Cu atom [labeled A and B vertex in Fig. 6(b)].

The network is threefold symmetric with respect to the
center of the pore, which is now a threefold hollow site. Using
this configuration, the STM images shown in Figs. 5(e)-5(g)
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FIG. 5. (Color online) (a)-(c) Bias-dependent STM images (5 x 5 nm? for (a) and (b), 8 x 8 nm? for (c), 5 K) of the same area of the
porous network illustrating that for “normal” bias voltages [(a) 1.5 V] the molecules are imaged while for large bias voltages [(b) 3.4 V and (c)
2.9 V] bright protrusions centered above the vertices of the network appear, where three adatoms are located. These protrusions are fingerprints
for the presence of adatoms [66]. The false color code used in (c) helps to distinguish between the geometrically inequivalent vertices (see also
Fig. 6). (d) The bias dependence of the apparent height of the two different vertices is reflected in the line scan (from bottom to top: 2.5, 2.7,
2.9,3.1, 3.2, 3.3, 3.4 V), taken along the white arrow in (c). (e)—(g) In the simulated STM images, the LDOS was integrated from the Fermi
level to the respective energies. As for the experimental images, for normal bias voltages [(e) Er + 1.5 eV] the molecules are imaged while
for large bias voltages the STM fingerprint for metal coordination is found [(f) Er + 3.4 eV]. For an intermediate energy [(g) Er + 3.3 eV],
only every second vertex is apparent. (h) LDOS as a function of energy at four lateral positions as indicated by crosses in (g), showing that the
fingerprint appears at two different energies for the geometrically different vertices (compare red and blue curves).

were simulated. They corroborate the experimental observa-
tions, especially the STM fingerprint very well, although a
sharper transition is found in its energy dependence than in the
experiments. Importantly, the simulated STM image at Ep +
3.3 eV [Fig. 5(g)] reproduces the bright and dim appearance
of the vertices. When looking at the local density of states
(LDOS) at different positions within the network [Figs. 5(g)
and 5(h)], the reason for the observed effect becomes apparent.
Only at the positions of the vertices, where the adatoms are
located, dominant electron resonances are found [Fig. 5(h)].

Furthermore, the resonances for the vertices with the bright
and dim signatures in Fig. 5(g) are found at slightly different
energy values (3.3 vs 3.4 eV) explaining their different
appearances in the STM images. In addition to verifying the
presence of Cu adatoms, the STM fingerprint also provides
experimental evidence that the network has a lower rotational
symmetry than initially expected from topographical images.

The DFT calculations show that the adatoms in the
threefold symmetric network adsorb closer to the energetically
favorable hollow sites than in the sixfold symmetric network,

FIG. 6. (Color online) Isomeric adsorption structures of the 3deh-DPDI network coordinated to Cu adatoms, with binding energies of (a)
3.96 eV molecule™! and (b) 4.27 eV molecule ™. (a) For each vertex, the Cu adatoms adsorb on equivalent adsorption sites, resulting in a sixfold
rotational symmetry of the pore (indicated by the black dashed lines). (b) A threefold rotational symmetry is obtained by a lateral translation
of the network with respect to the Cu surface. Now, the red and blue dashed lines are not equivalent since the rotational center is a hollow site.
This results in two different vertices for each surface unit cell (denoted A and B) with the adatoms adsorbed in energetically favorable hollow
sites. (c) Side view of an adsorbed molecule in the asymmetric network.
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making it more stable by 0.31 eV per molecule (3.96 vs
4.27 eV molecule™! for the sixfold and the threefold sym-
metric network, respectively). The inequivalence of the A
and B vertices leads to a calculated core-level shift (CLS) of
50 meV of the N1s peaks depending on whether the N atoms
are participating in an A or a B vertex. However, this chemical
shift is too small to be detected in XPS experiments. It should
be noted that the energy difference between the two resonance
positions is in perfect agreement with the simulated CLS for
the nitrogen atoms in the A and B vertex, indicating that this
is a local electrostatic effect.

IV. CONCLUSION

In conclusion, the determination of the molecule-substrate
bonding distances has provided crucial information on a 2D
MOF synthesized on a metal surface. As a model system
we used the 2D MOF formed from the perylene derivative
3deh-DPDI on Cu(111) and compared it to its parent molecule
DPDI. We find that as a result of the metal coordination, the
molecule-substrate interaction is decreased and the molecules
are essentially decoupled from the Cu(111) surface. Both
the intermolecular interactions and the interactions between
molecule and surface are mediated by the Cu adatoms, while
the molecules reside at adsorption heights above the surface
that are typical for physisorption. Experimental evidence for
the incorporation of Cu adatoms in the network was provided
by performing STM at large bias voltages of around 3 V. This
so-called STM fingerprint of the N-Cu adatom coordination

PHYSICAL REVIEW B 90, 125408 (2014)

can even be used as a local spectroscopic tool, since it may
reveal detailed structural anisotropies that are not identified
by conventional spectroscopic techniques. We believe that
our findings are largely generic for the behavior of MOFs
on surfaces, also in case of other ligands and metal atoms.
The incorporation of van der Waals interactions in theoretical
modeling is essential for describing the adsorption heights
of the molecules on surfaces. The optB86b/vdWDF method
provides results in very good agreement with the XSW
measurement, describing the relatively small adsorption height
of the isolated molecule, as well as the lifting and decoupling
of the molecules from the surface after the formation of the
2D MOF. This appears to be an appropriate method for the
modeling of similar types of systems.
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