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Using a combination of calculations from first principles and scanning tunneling microscopy, we have
investigated the interplay between substrate-mediated and intermolecular interactions in the formation of high-
density checkerboard binary superstructures from the codeposition of phenyl and perfluorophenyl Zn-
phthalocyanines (ZnPc-F16ZnPc) on the Ag(111) surface. The analysis of the electronic structure of the
interface shows the essential role played by the substrate in the formation of the molecular layer and opens
the way toward the development of tailored surfaces for advanced supramolecular design.

Introduction
Intermolecular interactions at surfaces drive rich structural

diversity that promises exciting applications of molecular
nanoscience.1 In particular, aromatic coordination complexes,
such as metal phthalocyanines (MPc’s), deposited on metal
substrates are prototypical models of semiconductor/metal
interfaces for molecular electronics applications.2,3

Despite the enormous interest that these ideas have spawned
in recent years, it remains unclear whether structural diversity
translates to functional diversity, especially when intermolecular
interactions are noncovalent. Moreover, the effect of the
molecule-substrate interaction is not completely understood and
the potential role of the interface in tailoring the electronic
properties of the assembly remains to be explored. It is thus
important to investigate situations where intermolecular interac-
tions and/or substrate-mediated interactions have dramatic
consequences for the electronic structure of molecular as-
semblies and can be used for the tailoring of surface properties
for advanced supramolecular design.

Metal phthalocyanines (MPc’s) are promising candidate
materials for organic thin film electronics due to their chemical
stability, electronic and optical properties, and film quality.2

MPc’s easily self-assemble on metal (e.g., Cu, Ag, Au) surfaces,
forming stable and ordered two-dimensional layers,4-6 with
controlled electronic,7,8 magnetic,9 and optical10 properties.
Phthalocyanines are typically hole-transport materials11 (i.e.,
donors), but they can be made into electron-transport materials
by the simple chemical modification of replacing all peripheral
hydrogen atoms with fluorine atoms.12 The availability of two
molecules with virtually identical sizes and shapes, but with
opposite electrical transport characteristics, is an intriguing one
from the perspective of structure-property correlations in

molecular assemblies. A similar binary molecular system of
F16CoPc and Ni tetraphenylporphine was found to display
perfect intermixing, where the species alternated from site to
site in an ordered 2D array.4

Indeed, specific halogen-hydrogen interactions may be
exploited to drive the formation of novel, ordered, and dense
molecular semiconductors, whose electronic properties are
different from those of the single constituent Pc moieties.
However, the early stages of the deposition and the formation
of the first layer are crucial for the subsequent growth of the
molecular film. Thus, the characterization of the molecule-
substrate and molecule-molecule interactions is a fundamental
step to understanding the properties of hybrid semiconductor/
metal interfaces.

In this paper, we report on the study of the early stage of
formation of a novel intermixed phthalocyanine-based layer
(ZnPc-F16ZnPc) on the Ag(111) surface using a combination
of density functional theory (DFT) and scanning tunneling
microscopy (STM). Our findings demonstrate a strong modifica-
tion of the molecular electronic states due to the synergistic
role of molecule-molecule and molecule-substrate interactions.
In fact, both the density of states (DOS) and the conductive
tunneling spectra reveal the formation of hybrid interface states.
The resulting scenario allows us to identify an adsorption
mechanism that is characterized by the transfer of charge
between the adsorbate and the substrate, distinguishing the
ZnPc-F16ZnPc/Ag(111) interface from a simple physisorption
system.

Technical Details

Experiments. Experiments were carried out in an ultra-
high-vacuum (UHV) chamber (base pressure of 3 × 10-9 Pa)
equipped with a dual organic molecular beam epitaxy source
and a commercial STM (Omicrometer VT-STM). The Ag(111)
substrate was prepared by several cycles of Ar+ sputtering and
annealing to approximately 500 K.13 ZnPc and F16ZnPc were
coevaporated onto the Ag(111) surface from two separated BN
crucibles at 660 K and 680 K, respectively. The substrate was
∼5 cm from sources and kept at room temperature. The typical
deposition rate was 0.25 mL/min.
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The STM images were acquired with a bias of -0.839 V
and a tunneling current of 40 pA. The bright/dim contrast, which
corresponds to an apparent topographic difference of 0.02 nm,
is observed across a wide (-2.0 to -0.4 V) bias range. Scanning
tunneling spectroscopy was performed in constant-current
distance-voltage mode in order to minimize the likelihood of
tip-induced molecular motion or chemical reaction.14-16

Theory. First-principles electronic structure calculations,
based on density functional theory (DFT) approach, were
performed with the Quantum ESPRESSO package,17 using plane
waves and ultrasoft pseudopotential18 implementation. The
plane-wave kinetic-energy cutoff for the wave functions (charge
density) was 25 (200) Ry. The PBE-GGA19 exchange-correlation
(XC) functional was adopted. A (2 × 2) k-point grid was used
for summations over the surface Brillouin zone (SBZ).

The unit supercell (Figure 2a) contained one F16ZnPc/ZnPc
pair and four layers of Ag(111) with (4�3 × 7) lateral
periodicity, which corresponds to a (20.13 × 20.34) Å2 cell, in
agreement with the experimental findings. Slab replicas were
separated by a vacuum region ∼14 Å wide. Due to the absence
of van der Waals interactions in DFT simulations, the vertical
molecule-surface distance was not optimized; hence, the layer
position was fixed at the height of 2.7 Å above the substrate,
as in similar MPc/Ag(111) systems.20,21

Maximally localized Wannier functions (MLWFs)22 were
calculated by using the WanT code23 on the basis of the ground-
state DFT electronic structure of the isolated binary ZnPc/
F16ZnPc layer.

Results

Our STM measurements show that, when codeposited, ZnPc
and F16ZnPc self-assemble into an ordered 2D superlattice with
very few defects. This highly ordered structure extends over
large domains, even crossing silver steps without interruption.
Molecularly resolved images (Figure 1) reveal a checkerboard
pattern, in which ZnPc and F16ZnPc are alternatively arranged
along the substrate [11j0] and [112j] directions. On comparison
of the energy positions of the molecular orbitals in the binary
and the single-species films,24 the bright molecule is assigned
as F16ZnPc, as confirmed by STS measurements and DFT
calculations described below. One supramolecular unit cell (a
) 2.03 ( 0.02 nm, b ) 2.01 ( 0.02 nm, θ ) 89 ( 1°) is
superimposed on the STM image in Figure 1a. The submolecular
resolution image shows one of the long axes of each molecule
(i.e., fused rings) is now aligned with the close-packed direction
of the substrate. Consequently, both ZnPc and F16ZnPc occupy
identical adsorption sites on silver.

With respect to single-species deposition, the mix of
H-halogen terminations reduces the lateral repulsion forming
intermolecular H bonds,25 which stabilize the adlayer and allow
for the formation of ordered and close-packed 2D films. In fact,
pure hydrogenated MPc (M ) Fe, Co, Zn) layers on transition-
metal surfaces typically arrange with an average density of ∼0.3
mol/nm,2,4,20 whereas the density of the fully halogenated MPc
films is still lower.26 The packing is closer (∼0.4 mol/nm2) if
partial halogenation is considered. In the present case, the
alternate arrangement of ZnPc and F16ZnPc molecules in the
checkerboard configuration maximizes the Coulomb attraction
between the strongly electronegative fluorine atoms and the H
of neighbor molecules, leading to a very dense (∼0.5 mol/nm2)
supramolecular film.

In the intermixed checker phase, the spectroscopy measure-
ments (Figure 1b) are carried out successively on bright
(F16ZnPc) and dim (ZnPc) molecules. A new electronic state

(vertical arrow), not distinguishable when single species are
deposited, appears for both moieties at -0.8 V, while HOMO’s
are shifted to -1.75 and -1.65 V for ZnPc and F16ZnPc,
respectively. The emergence of this feature is a clear fingerprint
of electronic rehybridization at the interface.

To investigate the intimate nature of the electronic states close
to the Fermi level, we undertook a massive theoretical study of
the binary F16ZnPc/ZnPc layer on Ag(111) by means of first-
principles DFT simulations. The substrate-commensurate check-
erboard arrangement of F16ZnPc and ZnPc is reproduced in the
simulated STM image27 displayed in Figure 2b. Molecular
contrast between F16ZnPc and ZnPc largely reflects the greater
electron accumulation around fluorine. We notice also a Zn-
derived contribution (red arrows in Figure 2b) for both molecular
species: this is the first proof that a molecule/substrate interaction
took place. In fact, because of their square-like symmetry, the
MPc molecular orbitals are easily classified according to the
irreducible representation of the D4h group.28 In the case of Zn-
phthalocyanine, the HOMO is singly degenerate and has an a1u

symmetry, which excludes direct metal-derived contributions.
On the contrary, the LUMO is double degenerate and has a 2eg

symmetry with a partial 3d contribution by the inner Zn ion,29

similar to those presented in Figure 2b. Hence, the identification
of a previously empty molecular state (LUMO) in the STM
image for the occupied states of the interface is a marker of the
electronic charge transfer from the surface toward the molecular
layer.

The partial occupation of the former LUMO is confirmed
also by analysis of the density of states (DOS) shown in Figure
2c. To focus on the molecular contributions, we projected the
total DOS (shaded area) onto the two molecular subsystems,
namely, ZnPc (black line) and the F16ZnPc (dashed cyan line).
From the inset of Figure 2c that zooms on the energy region
near the Fermi level, it is evident that the 2eg states of both Pc

Figure 1. (a) STM image of one monolayer of the ZnPc/ZnPcF16

intermixed phase with submolecular resolution. (b) Tunneling spectra
measured on different species in the codeposited checker phase.
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moieties equally contribute to a new peak in the valence band
of the final interface.

The hybrid states for this binary phthalocynine superstructure
involve a diffuse metal-to-LUMO charge transfer that is quite
distinct from chemisorption systems involving directional
covalent bonds, such as the thiol/Au interface. In fact, except
for a partial broadening of the molecular peaks, the two
phthalocyanines maintain the main features of their isolated gas-
phase configurations. The delocalized π character of the frontier
orbitals interacts with the broad s band of silver, which acts as
a surface free electron gas. This gives rise to a weak, but
persistent, charge transfer from the metal to the ZnPc moieties
that results in the occupation of the MPc’s LUMO and the
stabilization of the adlayer. The average charge transfer at the
interface is shown in Figure 2d, which reports the differential
charge density profile (Fdiff) along the [111] direction (z),
perpendicular to the surface, obtained as the planar average of
the difference among the total charge density (Ftot) and the
isolated subsystems, that is, the bare surface (Fsurf) and the
checker layer (Fadlayer). The curve is noticeably different from
zero only in the interstitial region, where a charge accumulation
between surface and the molecule takes place. This weak-and-
extended coupling mechanism, previously proposed for aromatic
metal-free molecules at surfaces such as PTCDA/Ag(111)30 or
pentacene/Cu(100),31 is now demonstrated also in the case of
metal-coordinated systems, such as MPc’s. In particular, for
ZnPc, the inner close-shell metal cation does not interact directly
with the substrate, as proposed instead, for other phthalocyanines
(e.g., CoPc, MnPc).

Notably, the presence of this molecular-derived peak at the
Fermi level is in good qualitative agreement with the increase
of the STS signal intensities observed in the experiments (Figure
1b). However, a direct quantitative comparison between theo-
retical and experimental results (e.g., the energy position
between the calculated and the experimental peaks) should be
considered with great care because of well-known limita-
tions of the GGA exchange-correlation potential in the descrip-
tion of the electronic structure of such complex systems. The
absence of quasi-particle corrections may affect the intrinsic
gap of the molecules32,33 as well as their molecular orbital
alignment with respect to the Fermi level of the metal surface.

Nonetheless, the most problematic incoherencies (e.g., wrong
orbital ordering) have been observed for other Pc’s (especially
for CuPc34,35), for which the correlation effects are more relevant
than in the ZnPc case. This, along with the presence of the metal
surface that largely screens the correlation effects of the overall
system and the similarities with other aromatic/metal interfaces,30,31

enforces the qualitative attribution of the LUMO-derived peak
to the spectroscopic feature observed in the STS spectrum. Other
hybrid XC functionals and/or more sophisticated techniques
beyond the standard DFT (e.g., GW, CI) should be considered
to solve these anomalies; however, their enormous computa-
tional requirements make these methodologies unfeasible to treat
systems as large as the interface we are considering.

To decouple the intermolecular interaction from the substrate
mediation, we characterized the ZnPc-F16ZnPc binary phase
in the absence of the silver substrate. The electronic properties
of the layer can be best understood via the analysis of the
individual bonding orbitals as represented by the maximally
localized Wannier functions. To extract information on the
bonding orbitals from a numerical procedure such as ours that
relies on the periodicity of the simulation cell, one has to
transform the Bloch orbitals, which are intrinsically delocalized,
into localized functions. The core of our approach is to use
maximally localized WFs for the system considered. These are
the most natural choice for a set of localized orbitals that still
span the same Hilbert space of the Hamiltonian eigenfunctions,
and they allow to bridge plane-wave electronic structure and
bonding orbital representation in a coherent fashion. In the case
of an isolated system, the MLWFs become Boys localized
orbitals;36 therefore, our procedure is not tied to an extended-
systems formulation, but can equally well represent isolated
molecules.

A few selected maximally localized Wannier functions for
the checker configuration are reported in Figure 3. In particular,
panels a-c account for the electrostatic orbital polarization
among neighbor molecules, that is, the formation of three
C-H · · ·F bonds per (perfluorinated)phenyl group. Panel d
shows an example of the intramolecular nonbonding interactions
between two adjacent phenyl groups mediated by a central N
atom. This confirms how complex the electrostatic distribution
is, being the result of both inter- and intramolecular interactions.

Figure 2. (a) Schematic representation of the ZnPc/F16ZnPc supramolecular complex on the Ag(111) surface. The black box identifies the simulation
cell. (b) Simulated constant current STM image for the hybrid interface collected at negative bias (V ) -500 meV). Red arrows mark Zn-derived
contributions. (c) Total (shaded area) and projected (straight and dashed lines) DOS for the molecule/surface interface. The inset zooms on the
range near the Fermi level (vertical line). (d) Differential charge density profile (Fdiff ) Ftot - Fsurf - Fadlayer) along the [111] direction (z), perpendicular
to the surface.
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Even though the intermolecular coupling is crucial for adlayer
stabilization, this coupling does not lead to the formation of
covalent bonds between Pc’s. The DOS analysis reported in
Figure 3e shows that the total spectrum is just the superposition
of the two single molecule contributions. Due to the high
electron affinity of the fluorine atoms decorating the macrocycle,
the spectrum of F16ZnPc is rigidly shifted toward lower energy
with respect to the ZnPc molecule. Thus, the HOMO of the
checker is simply the a1u state of ZnPc (labeled H in Figure 3e)
and the LUMO is the 2eg of the F16ZnPc molecule (labeled F
in Figure 3e). The degeneracy of the states is also maintained.
At the interface, this shift is canceled by the screening effect of
the metal surface. In the isolated layer, instead, the energy level
of LUMO is shifted very close to HOMO, almost closing the
gap, but no (partial) filling of the former empty orbital is
observed.

We can conclude that the electrostatic intermolecular coupling
does not directly generate the occupied state detected in the
STS measurements (Figure 1b). Rather, the state reflects a
molecule-substrate effect. This effect is, in fact, observed also
in monomolecular films. However, in that case, repulsive
interactions between molecules with the same terminations

translate to a more distorted and mobile adlayer.22 Reduced
registration with the substrate may attenuate the coupling peak
in the STS spectra of pure films. In the binary complex,
however, the added stabilization from the C-H · · ·F hydrogen
bond network produces more resilient films for tunneling
measurements, permitting the net identification of the sharp peak
in the tunneling spectra.

On the other hand, because the conduction properties of
molecular crystals are essentially the same as those of the
component molecules37 (i.e., the ZnPc-F16ZnPc pair in this
case), the DOS plot of Figure 3e is representative also of the
bulk properties of the ZnPc-F16ZnPc film. Thus, the strong
closing of the bandgap in Figure 3e, though nondirectly
comparable with the experimental one, qualitatively confirms
that the perflorination of ZnPc is an effective doping strategy
to obtain an n-type molecular semiconductor.

This interpretation is further confirmed by studying the
electronic structure of the same checkerboard superstructure
deposited onto a more inert substrate: the H-passivated Si(111)
surface. The adsorption of atomic H saturates the dangling bonds
of Si(111), making the surface an almost inert substrate. We
considered a simulation cell with H/Si(111)-(5 × 3�3) lateral

Figure 4. (a) Schematic representation of the ZnPc/F16ZnPc supramolecular adlayer on the passivated H/Si(111) surface. The black box identifies
the simulation cell. (b) Simulated STM image for the hybrid interface collected at negative bias (V ) -500 meV) and constant current. Red arrows
mark Zn-derived contributions. (c) Total (shaded area) and projected (straight and dashed lines) DOS for the molecule/surface interface. The inset
zooms on the range near the Fermi level (vertical line). (d) Differential charge density profile (Fdiff) along the [111] direction (z), perpendicular to
the surface.

Figure 3. (a-d) Isosurface plots of selected MLWFs for the isolated (without substrate) ZnPc/F16ZnPc assembly. Dashed lines identify the
intermolecular H-bonding path. Atomic color labels follow Figure 2a. (e) Total (shaded area) and projected (straight and dashed lines) DOS for the
molecule/surface interface. The inset zooms on the range near the Fermi level (vertical line).
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periodicity, which corresponds to an almost squared (19.19 ×
19.95) Å2 cell, and may host the molecular assembly with a
very similar density (Figure 4a).

The resulting interface has a completely different electronic
structure with respect to the silver case. The main contribution
to the simulated STM image (Figure 4b) stems from the HOMO
state of the standing Pc’s, while the LUMO states do not appear
in the STM image: the minor Zn-ion contributions (arrows in
Figure 4b) derive from low-lying energy states (e.g., b1g). The
DOS (Figure 4c) does not present the (partial) occupation of
the former LUMO states of phthalocyanines, observed in the
presence of silver substrate. The projected DOS components
(see inset) reproduce, instead, the shifted molecular DOS typical
of the isolated layer (Figure 3e). Finally, the differential charge
profile is 1 order of magnitude smaller than in the Ag case, a
signature of weak polarization and dispersion effects at the
interface, rather than a truly charge transfer process. This
confirms the active role of the silver substrate in the adsorption
of the resulting supramolecular layer.

Conclusions

In this study, we present a combined theoretical and ex-
perimental study of the structural and electronic properties of
the hybrid organic/inorganic interface, resulting from the
adsorption of phenyl and perfluorophenyl Zn-phthalocyanines
on the Ag(111) surface.

We observed that codeposition of ZnPc and F16ZnPc gives
an intermixed “checkerboard” phase. Hybridization of delocal-
ized conjugated molecular orbitals with the quasi-free electron
of the metallic surface generates a new occupied electronic
structure for the intermolecular complex. Prominent in this new
orbital landscape is a low-energy state, delocalized over the
entire interface, which would likely contribute strongly to
electrical transport processes in the intermixed films. This is a
genuine interface effect that characterizes the formation and the
properties of the first molecular layer. On the other hand, we
expect that the strong intermolecular interactions will dictate
the n-type semiconducting behavior of the thick molecular film.
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