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Customized Electronic Coupling in Self-Assembled
Donor–Acceptor Nanostructures
By Dimas G. de Oteyza,* Juan M. Garcı́a-Lastra, Martina Corso, Bryan P. Doyle,
Luca Floreano, Alberto Morgante, Yutaka Wakayama, Angel Rubio, and
J. Enrique Ortega
1. Introduction
Charge transfer processes between donor–acceptor complexes and metallic
electrodes are at the heart of novel organic optoelectronic devices such as
solar cells. Here, a combined approach of surface-sensitive microscopy,
synchrotron radiation spectroscopy, and state-of-the-art ab initio calculations
is used to demonstrate the delicate balance that exists between
intermolecular and molecule–substrate interactions, hybridization, and
charge transfer in model donor–acceptor assemblies at metal-organic
interfaces. It is shown that charge transfer and chemical properties of
interfaces based on single component layers cannot be naively extrapolated to
binary donor–acceptor assemblies. In particular, studying the self-assembly of
supramolecular nanostructures on Cu(111), composed of fluorinated copperphthalocyanines (F16CuPc) and diindenoperylene (DIP), it is found that, in
reference to the associated single component layers, the donor (DIP)
decouples electronically from the metal surface, while the acceptor (F16CuPc)
suffers strong hybridization with the substrate.
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Nature itself is the most beautiful and
irrefutable proof for the fascinating potential of supramolecular chemistry and selfassembly, which is exploited in creating
sophisticated nano- and molecular
machines capable of reliably carrying out
varied and complex tasks. Meanwhile,
scientists’ attempts to artificially steer the
self-assembly of designed nanodevices of
comparable complexity and efficiency still
collide with the greatly improving but still
unsatisfactory understanding of supramolecular interactions and assembly processes
on surfaces.[1] Enormous research efforts
are thus currently devoted to further
progress in our knowledge of the molecule–substrate and molecule–molecule
interactions, which ultimately determine
the crystalline and electronic structure, and
consequently the functionality of the self-assembled system.[2] One
of the possible routes to improve this knowledge is to address the
molecule–substrate interactions in systems with systematically
varied intermolecular interactions, and vice versa.[3–8] In particular, the use of molecular mixtures allows tuning of the
intermolecular interactions by a convenient choice of molecules
with complementary functional groups. By these means,
comparison of single component and binary layers can provide
systems with distinctly different intermolecular interactions, in
which to study their effect on the interrelated molecule–substrate
interactions.[4–8] In addition, research on donor–acceptor nanostructured mixtures undoubtedly possesses an inherent relevance
for optoelectronic devices such as photovoltaic cells.[9] Studies on
binary supramolecular assemblies therefore do not only bear
enormous interest from a fundamental point of view, but also in
direct relation to applications if molecules with appropriate
semiconducting properties are combined.
Simultaneous characterization of the interdependent structural
and electronic properties is required for a thorough understanding
of the systems under study. However, while numerous studies over
the last years have been focused on structural properties of multicomponent organic films,[9,10] scarce research efforts have been
devoted to their electronic structure.[4–8] With this aim, we have
made use of a number of complementary experimental techniques
to study self-assembled layers on Cu(111) single crystals of
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perpendicular to it, we find the presence of two glide domains
(half cell translation plus mirror domain with a common a-axis, as
shown in Figure 1a) and frequent domain boundaries among
them.[12] In the case of DIP, the monolayer on Cu(111) displays two
different molecular arrangements depending on the width of the
terrace on which it assembles. On wider terraces only a short range
ordered phase is formed, while confinement effects trigger the
formation of a long range ordered phase on narrower terraces with
widths of 15 nm downward.[13] Given the coexistence of molecular
arrangements, the similar azimuthal molecular orientation
(pointing to comparable molecule–substrate interactions), and
the advantages of periodic structures for later theoretical analysis,
we will from now on focus on the long range ordered phase,
described by an oblique unit cell of parameters a ¼ 8.7  0.4 Å,
b ¼ 18.5  0.7 Å, and g ¼ 71  18 (Fig. 1b).[13]
As compared to the single component layers, in which the
absence of complementary functional groups or dipolar moments
limits the intermolecular interactions to weak van der Waals
interactions and steric effects, the combination of fluorine
surrounded F16CuPc and hydrogen surrounded DIP molecules
in binary layers greatly enhances the intermolecular interactions
via CHFC bonds.[5,14] As a consequence, the molecules mix
into an ordered phase as shown in Figure 1c, in which each
molecule is surrounded by molecules of the other species to
maximize the CHFC interactions.[14] The primitive unit cell
presents the following parameters a ¼ 21.3  1 Å, b ¼ 19.4  1 Å,
and g ¼ 123  28, and comprises one F16CuPc and one DIP
molecule. Interestingly, the higher contrast of F16CuPc in the STM
images as compared to DIP, corresponding to an apparent height
difference of 0.4 Å (Fig. 1c), is observed independently of the
measurement conditions (current, voltage, and polarization). It is
2. Results and Discussion
therefore interpreted as a topographic signature, rather than an
electronic effect, which would present dependence on the bias.
Upon F16CuPc deposition onto Cu(111), the molecules at the
Previous studies have shown the molecule–substrate distances
interface adopt a lying down configuration and form an ordered
to vary as a result of modified intermolecular interactions.[3–5] Now
monolayer, as depicted in Figure 1a.[12] The corresponding lattice is
the question arises, whether the observed height difference among
described by an oblique unit cell with parameters a ¼ 14.5  0.5 Å,
both molecules in the binary layers is a result of the new
b ¼ 14.5  0.5 Å, and g ¼ 75  28 and thus, within the error
interactions in the mixed layers or just similar to that between the
margins, comparable with the geometry observed on Au(111).[5]
molecules in single component layers. In order to get an answer,
The a-axis is aligned along the [110] and equivalent directions.
we have determined the optimized packing structure of the
Along these directions we find long-range order. However,
different molecular monolayers by means of
first principles calculations using DFT. The
results are shown in the lower panels of
Figure 1, depicting a top-view of the respective
molecular arrangements. As observed from the
different atom-substrate distances, which are
summarized in Table 1, molecular distortions
deviating from a planar molecular arrangement
become evident, which are in good agreement
with previous X-ray standing-wave measurements of F16CuPc on Cu(111).[15] Calculations
show that the atom–substrate distances of both
molecular species upon molecular mixture
follow a similar trend: the distorted molecular
Figure 1. Constant current STM images (10 nm  10 nm) taken on single-component
shape is maintained, and the molecule–suba) F16CuPc and b) DIP layers, as well as on c) binary layers. The unit cell vectors are overlaid
on the image. The simulated STM images resulting from the optimized packing geometry are strate distance is slightly increased by 0.06 Å.
In spite of the fact that intermolecular interacdepicted under the experimental data. In the case of the binary layer, a ‘‘topographic’’ profile
along the black line in the STM image is shown to highlight the ‘‘height’’ difference between tions would be optimized by a coplanar
molecular arrangement, molecule–substrate
F16CuPc and DIP.
diindenoperylene (DIP) and fluorinated copper-phthalocyanines
(F16CuPc), two molecules typically used as donor and acceptor
semiconductors, respectively, in organic devices.[11] Their geometrical arrangement are investigated by scanning tunneling
microscopy (STM). For the electronic properties, core-level
(XPS) and valence band (UPS) photoelectron spectroscopy are
used. XPS provides chemical information on the system and
therefore allows the detection of, for example, charge-transfer
effects. In addition, it also gives insight into changes of other
electronic properties such as core-hole screening by the substrate,
which in turn reflects changes in the molecule–substrate
electronic coupling. UPS allows the determination of the electron
injection barrier from the organic overlayer into the metallic
substrate and also holds information about potential molecule–
substrate hybridization via the impact of the overlayer on
the substrate valence band. While XPS and UPS deal with
occupied electronic levels, the unoccupied orbitals are probed by
near edge X-ray absorption fine structure spectroscopy (NEXAFS).
Lastly, we have performed density functional theory (DFT)
calculations to corroborate and understand our experimental
findings on the crystalline and electronic structure, as well as to get
quantitative information on relevant issues such as the strength of
the interactions responsible for the self-assembly. By combining
the results of the various experimental techniques and theoretical
calculations, each of which by itself provides only limited
information, we finally arrive at a fully coherent picture of the
dependence of the molecule–substrate electronic coupling on their
specific supramolecular environment.
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DIP

C (DIP)
H (DIP)
C (F16CuPc)
N (F16CuPc)
F (F16CuPc)
Cu (F16CuPc)

2.18
2.37
–
–
–
–

F16CuPc

FULL PAPER

Table 1. Average atom-substrate distances (in Å) for the different atomic
species in F16CuPc and DIP in single-component and binary layers.
Mixed layer

DFT

Experimental [a]

–
–
2.57
2.54
2.69
2.39

–
–
2.61
2.70
2.88
–

2.26
2.41
2.63
2.58
2.75
2.46

[a] Values taken from Ref. [15].

interactions dominate and determine the distance to the substrate,
which is 0.4 Å higher for the F16CuPc than for DIP (taking C
atoms as a reference), being consistent with the topographic origin
of the observed contrast in the STM images. Simulated STM
images based on the theoretically optimized adsorption structures
are shown in Figure 1. The reliability of the calculations is thus
proven by the excellent agreement with the experimental findings
both in the lateral arrangement and in the molecule–substrate
distances.
The calculations provide us with further insight into the relevant
interactions in the self-assembled phases. In particular, the
adsorption energy of F16CuPc and DIP in the single component
layers is 7.82 and 7.78 eV, respectively. These high values imply a
strong molecule–substrate interaction. In fact, according to
Mulliken population analysis, a significant charge transfer to
the Cu substrate takes place from both molecular species (0.367 e
for DIP and 0.528 e for F16CuPc). [16] A plot of the projected density
of states on the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of DIP and F16CuPc
for the single component and the mixed layers is shown in
Figure 2a. Both molecules have their HOMO levels close to the
Fermi edge. As a consequence, their high-energy tails exceed
the Fermi energy and therewith enable charge transfer to the
substrate. A map of the electron density redistribution upon
molecular adsorption is depicted in Figure 2b.
Such strong electronic coupling between molecules and
substrate is additionally confirmed experimentally by our NEXAFS
measurements. Figure 3 shows the C K-edge spectra measured on
the different molecular monolayers under p- and s-polarizations.[17] The peaks account for the resonances of core electron
excitations into p or s molecular orbitals, and the steps for
excitations to a continuum or quasi-continuum of final states.[17]
Interestingly, we find the presence of two well defined steps.
Masked by the strong intensity of the p resonances at
p-polarization due to the lying down molecular configuration,[17]
the steps are best discerned under s-polarization. The most
common step observed in NEXAFS spectra of molecules adsorbed
on surfaces occurs at the ionization threshold, that is, upon
excitation of the core electrons to the vacuum level (VL). An
additional step may occur due to excitations into the densely spaced
electronic states of the metal above the Fermi level (FL), if a strong
electronic coupling of molecule and substrate is present. In such a
case, the FL step should be located at the core level binding energy,
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Figure 2. a) Projected density of states on the HOMO and LUMO of
F16CuPc and DIP for the single component and binary layers. b) Difference
in the electronic densities with respect to the isolated molecules for
F16CuPc and DIP in the single-component and binary layers. For comparison purposes, the difference in the electronic densities between the single
and mixed layers is also represented. The represented isosurfaces in red
(blue) contain the points where the electronic density lessens (increases)
by 0.0008 e.

and the difference in energy between both steps represents the work
function.[17] The observed steps present a qualitative agreement
with these requirements. The FL step is located around 286 eV
and thus in reasonable proximity, as will be shown later, to the corelevel binding energies. Even better agreement is observed in the
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interactions, and/or modified molecule–substrate interactions in the binary layers. Proof for
the latter is given by the dramatically modified
hybridization of the molecules with the substrate observed in Figure 2a. Most interestingly,
hybridization is enhanced for F16CuPc in the
binary layer. The opposite trend was observed
in the case of F16CuPc and DIP binary layers
on Au(111),[5] a substrate generally leading to
weaker molecule–substrate interactions. This
evidences the crucial role of the substrate and
the delicate correlations between intermolecular and molecule–substrate interactions. An
Figure 3. C K-edge NEXAFS spectra (symbols) of the single-component a) F16CuPc and b) DIP
increased hybridization in supramolecular
layers, as well as c) that of the binary layer, under s- (bottom) and p-polarizations (top). The
assemblies with enhanced intermolecular
spectra have been fitted (solid line) with a number of peak and step functions represented under
interactions as observed on Cu(111) seems
the corresponding spectra.
counterintuitive,[4,5] but has nevertheless been
similarly observed for other donor–acceptor
assemblies presenting strong molecule–substrate interactions.[7]
estimated work function of about 4 eV, given the VL step position
around 290 eV. Clean Cu(111) has a work function of 4.95 eV.[18]
An experimental confirmation of the hybridization of the
molecular orbitals is given by the valence band photoelectron
However, the work function is typically lowered by the formation of
spectra in Figure 4. For the clean substrate, the main features
an interface dipole upon molecular adsorption. Taking as a
appear between 2 and 5 eV and correspond to the Cu 3d
reference the dipole formed for monolayers of another conjugated
levels.[21,22] Upon DIP adsorption, the spectrum shows only minor
molecule on Cu(111) such as benzene, which lowers the work
[19]
function by 1 eV, we arrive at the observed work function value of
changes. The same applies for F16CuPc adsorption, where the
4 eV. All the above, together with the weakening of the FL step in
main changes correspond to the new features appearing at 10.30
NEXAFS spectra measured on thick films, prove its origin from
and 11.68 eV associated with the fluorine 2p levels. However, upon
excitations of molecules at the interface into metal empty states, and
adsorption of the binary layer, the features corresponding to the Cu
therewith confirm the strong electronic coupling predicted by the
3d levels are dramatically modified and evidence strong
calculations.[20]
hybridization with the organic overlayer. The dominating 3.55
peak exhibits a clear split-off shoulder at 4.30 eV, which can be
Upon molecular mixture and according to the theoretical
readily assigned to substrate Cu atoms in close contact with
charge transfer analysis, we find charge transfer into the substrate
the organic overlayer. In fact, symmetry arguments for the Cu 3d
of 0.140 e for DIP and 0.594 e for F16CuPc molecules in the binary
orbitals indicate that the 3.55 eV is the most sensitive to adsorbate
layers.[16] Thus, as compared to the single component layers, the
re-hybridization. [21–23]
transfer from F16CuPc remains roughly the same, while that of
DIP is considerably reduced. As depicted in Figure 2a, the position
We have made use of combined photoemission and absorption
of the corresponding HOMO and LUMO orbitals upon molecular
spectroscopy measurements to discriminate the molecular species
mixture remain unchanged. However, their width is dramatically
where major re-hybridization takes place. Figure 5 shows the lowmodified, being approximately doubled (halved) as a result of an
energy region of the C K-edge NEXAFS spectrum measured on the
enhanced (reduced) hybridization of F16CuPc (DIP) with the
binary layer. Given the 1 to 1 molecular ratio in the binary layer, and
substrate in the binary layer. Because the F16CuPc HOMO is
the same number of C atoms in each molecule, the spectrum is
centered close to the FL, a change in its width hardly affects the
charge transfer, while for DIP it is noticeably reduced upon
the narrowing of its deeper lying HOMO level. The changes in
electron density upon molecular adsorption in the binary layer as
compared to the free standing molecules are depicted in Figure 2b.
In addition, the difference in electron density between the
molecules in single component and in binary layers is shown in
the lower panel. These plots show in a graphic way how the charge
transfer from DIP to the substrate is strongly reduced in the binary
layer (leading to a final electron density distribution very close to
that of the isolated molecule), while the opposite trend (though to a
lower extent) is obtained for F16CuPc. We also find from the
calculations that the energy gained by the intermolecular
CHFC interactions is 1.16 eV per F16CuPc-DIP pair.
Interestingly, the adsorption energy per F16CuPc-DIP pair is
17.28 eV, and thus 1.68 eV higher than the sum of the F16CuPc and
Figure 4. Valence-band photoelectron spectra taken with an excitation
DIP adsorption energies in single-component layers. This increase
energy of 130 eV on the clean Cu(111) substrate, the single-component
may have its origin in substrate-mediated intermolecular
F16CuPc and DIP layers, and on the binary layer.
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expected to equal the arithmetic mean of F16CuPc and DIP spectra.
However, a clear shift of 0.2 eV is evident in the low-energy onset.
In this energy region, contributions of both DIP and F16CuPc mix
together (Fig. 3), while the features observed around 288 eV
correspond mainly to F16CuPc contributions (Fig. 3). When
comparing the measured spectrum and the averaged one no shift
is observed in these latter features, so we conclude that the shift in
the onset region corresponds to changes in the DIP electronic
levels. In fact, applying a rigid shift of 0.2 eV to all resonances
resulting from the fit to the DIP C K-edge spectrum (Fig. 3),
summed with the resonances of the F16CuPc spectrum (Fig. 3),
and
with minor changes solely to the peak intensities, provides an
Figure 5. Experimental C K-edge spectrum of the binary layer (symbols),
excellent
fit to the experimental data (Fig. 5).[24,25] The naive
together with the arithmetic mean of the F16CuPc and DIP spectra (dotted
interpretation as a lowering of the unoccupied DIP energy levels
green line), and a fit to the data (solid black line). In the fit, the peaks of the
would disagree with the theoretical calculations, which predict an
fitted DIP spectrum, previously shifted rigidly by 0.2 eV, have been summed
to the peaks of the fitted F16CuPc spectrum. Then, only the intensities have
unchanged DIP LUMO alignment. However, final and initial state
been subject to minor adjustments.
effects mix together in NEXAFS spectra. Additional core-level
photoemission measurements shown below
provide us with the understanding of the shift of
the DIP levels.
Core-level photoelectron spectra of the
various atomic species in single component
and binary molecular layers are summarized in
Figure 6, together with the calculated binding
energies for each one of the components.[26]
Interestingly, the C 1s line in DIP is at lower
binding energy than the manifold F16CuPc
peaks, thereby allowing us to discriminate
between the different contributions and analyze
molecule dependent changes upon mixing.
Comparison of the spectra of single-component
and binary layers shows significant alterations.
First of all, the width of the C 1s peak of DIP
decreases in the mixed layer by 20%,
accompanied by a shift to lower binding energy
by 0.14 eV. Both the reduced width and the shift
may be simply explained by a decreased
electronic coupling between molecule and
substrate, and lower charge transfer from
molecule to substrate in the mixed layer. The
magnitude and direction of the shift in the C 1s
DIP peak are consistent with the shift in the
NEXAFS spectrum and prove its origin in initial
state effects due to the reduced charge transfer
of DIP in the mixed layers.
The peaks corresponding to F16CuPc all
show considerably increased widths (ranging
Figure 6. F 1s, N 1s, and C 1s core-level photoelectron spectra measured on single-component from 30 to 70% depending on the peak). The
peak positions show different trends, remainDIP and F16CuPc molecular monolayers, as well as on mixed binary monolayers. The experimental data are depicted by red symbols and the corresponding fits by the overlaid black solid ing virtually unchanged for C, with minor shifts
lines. The individual fitting components (background and peaks) are shown below. The
to lower binding energy (close to the resolution
correspondence between the main peaks and the specific atoms is given by the colors of lines
limits) for F, and shifted toward lower binding
and atom labels in the schematic molecular representations. First order shake-up satellites energy by 0.14 eV for N. As opposed to the case
(arising from simultaneous HOMO–LUMO transitions) are colored as the corresponding main
of DIP, the large increase in the F16CuPc corepeaks. Higher order shake-up satellites (observed up to 10 eV larger binding energies than the
level widths implies strong metallization, that
main peaks in the C spectra) are colored gray. In the case of DIP, the core levels of the nine
[4–7]
In the
chemically different atoms are very close in energy. As an approximation, the spectrum is fitted by is, hybridization with the substrate.
absence
of
significant
charge-transfer
changes,
an asymmetric single peak and a single shake-up satellite. At the bottom of the graphs, colored
a stronger hybridization provides a more
bars mark the positions of core levels according to DFT calculations (shifted all together by 2.8 eV
effective screening of the core holes and
to lower binding energies to better fit the experimental data).
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therefore lowers their binding energy.[6] Because the molecular
orbitals closest in energy to the Fermi edge (both HOMO and
LUMO) are mainly located on the central Cu and N atoms, the
enhanced screening affects more strongly the N core levels than
those of C and F.[5]

3. Conclusions
By combining all our results from different experimental
techniques and theoretical calculations, we finally arrive at a fully
coherent and comprehensive picture of the self-assembly of
donor–acceptor nanostructures, their crystalline structure, and
electronic properties. Most importantly, we find essential
differences in the electronic coupling between molecules and
substrate comparing single component and binary layers,
shedding new light on the complex correlations between
intermolecular and molecule–substrate interactions. While
DIP is decoupled electronically from the substrate in the mixed
layer with enhanced intermolecular interactions, F16CuPc
suffers major hybridization with the substrate. Most studies on
interfacial electronic properties, which are key factors for
charge carrier injection/extraction and thus for the functionality
of organic based optoelectronic devices, have been performed
on model single-component molecular layers on metals.
Nanostructured donor–acceptor systems are expected to play a
key role in future development of organic devices, but have been
mostly studied from a structural and only scarcely from
an electronic point of view. We show that the properties of
single-component layers cannot be naively extrapolated to
the new molecular environments of supramolecular assemblies.
This makes it an ineluctable requirement to address the
electronic properties of multi-component systems, if a thorough
understanding of their interrelation with structural aspects,
which would eventually allow a rational design of functional
donor–acceptor nanostructures with optimized properties, is to
be obtained.

4. Experimental
The Cu(111) surface was prepared by repeated Arþ sputtering and
annealing cycles. The molecules were purified twice by gradient
sublimation before use, and were evaporated from a Knudsen cell with
deposition rates between 0.05 and 0.1 monolayer (ML) per minute. The
binary layers were prepared by simultaneous molecular co-deposition at
substrate room temperature.
The STM measurements were performed at room temperature in
constant current mode with chemically etched tungsten tips in a
commercial JEOL UHV system including two interconnected growth
and measurement chambers, each with base pressures in the 10–10 mbar
range. The substrate surface was checked prior to film growth, requiring the
observation of clean and large terraces. The image processing and data
analysis were performed with the WSxM software [27].
The core-level and valence-band photoelectron spectroscopy, as well as
the NEXAFS measurements, were performed at the beamline ALOISA of
the synchrotron light source ELETTRA in Trieste (Italy). Prior to
evaporation, the surface was checked for its cleanliness and order by
XPS and reflection high energy electron diffraction (RHEED). The sample
coverage was monitored by means of a quartz crystal microbalance,
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assuming a density of 2 g cm3 for F16CuPc and 1.3 g cm3 for DIP [28],
and further crosschecked with an analysis of the Au 4f and C 1s core level
intensities. The manipulator is coaxial with the photon beam, which allows
changing the orientation of the surface with respect to linear polarization of
the beam while keeping constant the grazing angle (set to 48 in these
experiments), i.e., without changing the beam footprint on the sample. For
more details about the scattering geometry, see Ref. [29]. NEXAFS spectra
were taken in partial electron yield. Spectra measured at the C K-edges were
calibrated by acquisition of the 1s–p gas phase transitions of CO at
hy ¼ 287.4 eV [30]. The photoemission data shown in Figures 5 and 6 were
taken with excitation energies of 130 eV for the valence band, 500 eV for the
C and N core levels, and 800 eV for the F core level, with pass energies of 10,
20, and 30 eV, respectively. The spectrometer resolution is 1% of the pass
energy.
Two kinds of calculations have been carried out in this work, both in the
framework of DFT. Firstly, we have studied the photoemission spectra from
the core levels of the different ions of both molecules, DIP and F16CuPc, by
means of the Amsterdam Density Functional (ADF) package [31], using the
DSCF methodology. The local density approximation (LDA) exchangecorrelation energy was computed using the Vosko-Wilk-Nussair (VWN)
functional [32]. All the atoms have been described through basis sets of
TZP quality (triple-z Slater-type orbitals plus one polarization function)
given in the program database. Obviously, since the core electrons have to
be removed from the molecule in order to get the photoemission energy,
these calculations are all-electron. Due to the technical difficulties of the
DSCF methodology for core electrons, we have studied the isolated
molecules in vacuo, optimizing their respective geometries in their ground
states.
Secondly, the calculations of the geometries of the DIP and F16CuPc
single-component and binary layers on the Cu(111) surface were
performed with the SIESTA code [33]. The charge transfer between
molecules and substrate (obtained by means of the Mulliken analysis), the
densities of states (DOS), and the simulated STM images were also
obtained from these calculations. The LDA exchange-correlation energy
was computed using the Perdew-Wang (PW) functional [34]. The use of
different LDA functionals in ADF and Siesta calculations is not relevant for
the results presented in this work. All the atoms have been described
through basis sets of DZP quality (double-z Slater-type orbitals plus one
polarization function) and the core electrons were represented through the
Fritz-Haber Institute (FHI) library’s pseudopotentials for PW functional (1s
for C, N, F, and 1s–3p for Cu) [35]. Because the molecules are strongly
chemisorbed on the surface, it is not expected that the presented results
change substantially by including the effect of Van der Waals forces in the
calculations, as recently reported for benzene on Cu(110) [36]. Due to the
size of the systems, only the G point has been taken into account. Only a
double Cu layer is used to model the substrate, since in the case of the
binary layer it is not feasible to go beyond. This approach has been
previously justified checking the convergence of the results with single
component layers of DIP and F16CuPc and 4, 3, and 2 layers of Cu as
substrate. In order to keep the calculations affordable, we have forced
commensuration between the organic overlayer lattice and the Cu(111)
substrate (always within the experimental errors from STM). In all the
calculations the lattice parameters were kept fixed and only the internal
coordinates of the molecules were allowed to vary.
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