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Abstract

The interaction of molecules with surfaces plays a crucial role in the electronic
and chemical properties of supported molecules and needs a comprehensive description
of interfacial effects. Here, we unveil the effect of the substrate on the electronic
configuration of iron porphyrin molecules on Au(111) and graphene, and we provide a
physical picture of the molecule-surface interaction. We show that the frontier orbitals
derive from different electronic states depending on the substrate. The origin of this
difference comes from molecule-substrate orbital selective coupling caused by reduced
symmetry and interaction with the substrate. The weak interaction on graphene keeps
a ground state configuration close to the gas phase, while the stronger interaction on
gold stabilizes another electronic solution. Our findings reveal the origin of the energy

redistribution of molecular states for non-covalently bonded molecules on surfaces.
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When a molecule is brought in contact with a conducting substrate, its electronic spec-
trum is renormalized due to electronic coupling, charge transfer and the image charge effect.
As a consequence, molecules on surfaces have different properties as compared to their gas
phase.'™ These effects typically only change the energy position of the molecular states
but not their relative ordering. Consequently, changing the substrate material may pre-
serve the nature of the molecular states involved in the frontier orbitals.®” Planar molecules
such as porphyrin and their derivatives are ideal model systems to investigate the molecule-
surface interaction at the atomic level using local probe techniques.® Among these class of
chemical compounds, particular attention has been focused on iron porphyrins because of
their essential role in biological process involving a heme prosthetic group.? The electronic
structure of the free molecules has been thoroughly investigated both experimentally and
theoretically revealing the dependence of the spectroscopic state to the environment of the
iron atom that gives a ground state either in a low (S=0), high (S=2) or intermediate spin
state (S=1).'° From the theoretical side, density functional theory (DFT) indicates that the
tetraphenyl iron porphyrin (FeTPP) molecule represents quite a complex multi-configuration
case where many intermediate S=1 solutions are possible depending on the filling of Fe d-
orbitals while S=2 states are generally found much higher in energy.'*® These multiple
S=1 solutions are very close in energy and their relative positions depend noticeably on the
calculational method and on the type of exchange-correlation functional.'® It is generally
found that the ground state of isolated FeTPP is an intermediate spin S = 1 state 3 Ay, hav-
ing (d,,)?(d.)?*(d,2)? electronic configuration.'®'® For FeTPP on Au(111), the ground state
remains unclear, since S = 1'%1® and S = 2'¢ have been proposed. This discrepancy in the-
oretical predictions may be presumably related to different values of Hubbard U parameter
on Fe atom which is known to favor generally high spin states. In Refs.[ 14,15], U=3 and 2
eV were used, respectively, so that intermediate spin state S=1 was found to have the lowest
energy. In Ref.[ 16] a larger value of U=6 eV was employed which could stabilize high spin

S=2 state. With such sensitive molecular species, the nature of the substrate is expected



to play an important role in the ground state of adsorbed molecules. This can be exploited
to open a new route for interfacial engineering, but experimental data and a comprehensive
theoretical description are still needed.

Here, we investigate the role of the substrate on the properties of physisorbed FeTPP
molecules. We combine low temperature scanning tunneling microscopy (STM) and DFT
calculations to compare the properties of FeTPP on Au(111) and on graphene. We show
that, although the molecules are physisorbed in all cases, the substrate does not simply
shift and broaden the molecular states but also redistributes the energy ordering of Fe-
related molecular states. This effect is triggered by different hybridization strength of Fe
orbitals with the substrate due to their different spatial localization on the molecule. An
important consequence of this interaction is that the frontier orbitals have different nature
and distribution and involve different electronic states (with different filling of Fe d states)
depending on the substrate.

On Au(111) the FeTPP molecules are organized in small clusters and single molecules
(Figure 1a). Some molecules exhibit a bright spot in the center corresponding to a chlorine
bonded to a FeTPP and forming a FeTPP-Cl species.'* In the following we concentrate on
FeTPP only, since the spectroscopic investigation of FeTPP-Cl often removes the Cl ion
leading to tip contamination. On pristine graphene, in contrast to Au(111), single molecules
were not stable enough to be observed by STM, only islands of self-assembled molecules were
observed after room temperature annealing of the sample (Figure 1b). This is indicative of a
weaker molecule-substrate interaction as compared to gold. In these islands, FeTPP-CI and
FeTPP can be easily distinguished.

The spectroscopy of FeTPP on Au(111) measured on a pyrrole group is shown in Figure
lc. Three peaks appear at -1.1 V, 0.15 V and 1.3 V, which are localized on two pyrrole groups
(peaks at -1.1 V and 0.15 V) or between the pyrroles (peak at 1.3 V), as shown in Figure 1d-f.
These results agree with previously reported STM measurements, however, contrary to the

previous interpretation,1® we attribute the origin of the peaks to a HOMO and a split LUMO
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Figure 1: (a) STM image (1 V, 100 pA) of FeTPP molecules on Au(111). The inset on top
is a zoomed image corresponding to the area marked by a square. The bottom inset is a
scheme of the FeTPP molecule with the same orientation as the molecule shown in (d-f). (b)
STM image (-2 V, 50 pA) of FeTPP molecules on pristine graphene. (¢) dI/dV spectra of
FeTPP on Au(111) and on pristine graphene showing a gap of 1.25 V on Au(111) and 2.9 V
on graphene. (d-f) Conductance maps of a single FeTPP molecule on Au(111) measured at
(d) -1.1 V, (e) 0.15 V and (f) 1.3 V. (image size 3 nmx3 nm). (g-h) STM image of FeTPP
molecules on graphene at (g) -1.1 V and (h) 2 V. (image size 3.5 nmx3.5 nm).

state as will be discussed below. At the center of the molecule, the peak at 0.15 V is not
visible due to its localization on the pyrrole groups (see supporting information Figure S1).
When the molecules are assembled in islands their spectroscopy is not noticeably modified as
shown by dI/dV measurements for molecules in islands (see supporting information Figure
S2). When FeTPP molecules are adsorbed on pristine graphene, their electronic properties
are very different. The HOMO-LUMO gap is larger on graphene as previously observed
with other molecules.*!7 This is due to the gap renormalization for molecules on conducting
substrates that reduces the gap due to image charge. On graphene the molecule-surface
interaction is weaker, therefore the gap reduction is smaller, leading to a larger gap on
graphene than on Au(111). More importantly, the topographs of FeTPP in Figure 1g and
Figure 1h at -1.1 V and 2 V close to the HOMO and LUMO state on graphene (measured at
-1.05 V and 1.85 V) show that the frontier orbitals do not have the same nature on graphene
and on Au(111). Note that the topographical images of FeTPP on graphene at the energy

of the HOMO and LUMO state is indicative of the shape of the molecular states, since the



total current at these sample bias is dominated by the amplitude of the d//dV signal of
the HOMO or LUMO state (the d//dV signal in the gap is nearly zero). The most striking
difference between the molecule on Au(111) and on graphene, is that the HOMO is localized
on the iron atom when the molecule is on graphene. This state is totally absent on Au(111)
where all the molecular states are localized on the macrocycle. The LUMO, however, is also
located on the macrocycle when the molecule is on graphene similarly to the Au(111) case.

The origin of these features will be explained in the following.
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Figure 2: (a) STM image (1.9 V, 5 pA) of self-assembled FeTPP molecules on pristine
graphene. The scheme of the molecule is a guide to the eye for the molecule orientation.
(b-c) dI/dV spectra measured at different positions of a FeTPP molecule. The positions
are indicated by colored marks in (a) which correspond to colored groups in the molecular
schemes as shown in the inset of (b) and (c).

A closer look at the spectroscopy of FeTPP on graphene (Figure 2) reveals another es-
sential difference between the molecules on graphene and Au(111). While the spectroscopy
on Au(111) shows distinct broad peaks, the spectrum on graphene exhibits a fine structure
made of a series of sharp peaks in close proximity to the HOMO and LUMO states. Such
peaks may originate from vibronic transitions,**2° however we rule out this possibility be-
cause the peaks which are close in energy show different spatial localization as will be shown
below. The spectrum on graphene can therefore be described by the HOMO-1 (-1.5 V),
HOMO (-1.2 V), LUMO (1.7 V), LUMO+1 (1.8 V) and LUMO+2 (2.2 V) (Figure 2). The
dependence of the peaks intensity on the tip location reveals that the states at 1.7 V and 1.8

V are localized on pyrrole groups while the states at 2.2 V is localized on the phenyl groups.



The HOMO state at -1.2 V is clearly located on the Fe atom, as seen in Figure 2b, while the
HOMO-1 state appears on opposite pyrrole groups as seen in Figure 2c. To see more clearly
the localization of the states, dI/dV maps were measured. For better observation of the
state at the single molecule level, we performed measurements on nitrogen doped graphene
where the spectroscopy of molecules above a nitrogen atom undergoes a downshift. This
shift is due to a fractional charge transfer between graphene and molecules at nitrogen sites,
that has been observed for several molecules on doped graphene. 2% Here, this effect allows
us to visualize the states of one molecule in the molecular lattice and to avoid to mix these
with the states of its neighbors.® Indeed, on pristine graphene, the visualization of resonant
state of a molecule is difficult because all molecules have a resonance at the same energy.
Therefore, a dI/dV map will mix the image of the state of the investigated molecule with the
image of state of the neighboring molecules. For a molecule which is above a nitrogen atom
the energies of the molecular states are shifted. As a consequence, an image at the energy
of a molecular state of the molecule above nitrogen reveal only the state of that molecule
without contribution of the surrounding molecules.

In Figure 3a we show a molecular island on nitrogen doped graphene. A sequence of
imaging, spectroscopy and removal of molecules with the STM tip allows to locate the
nitrogen atoms below the molecules that are marked by red dots in Figure 3a (see also
Supporting Information Figure S3). The dI/dV spectra measured for molecules adsorbed
above a nitrogen and a carbon site clearly reveals a downshift of the molecular spectrum on
nitrogen (Figure 3b). We show in Figure 3c the d//dV spectra and maps, that confirm the
localization of the states described above. The HOMO state on graphene is clearly localized
on the Fe atom, while this state is not observed on Au(111). The HOMO-1 on graphene
is localized on two opposite pyrroles. Note that measurements on pristine graphene show
the same localization of the molecular states despite a loss of clarity due to a mixing of
images of neighboring molecules (see Supporting Information Figure S4) . On Au(111) it is

the HOMO state that shows such a localization. These features reveal that the molecular
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Figure 3: (a) STM image (1.9 V, 5 pA) of a FeTPP island on nitrogen-doped graphene. Red
dots indicate the position of nitrogen atoms below the molecular islands. (b) dI/dV spectra
of a FeTPP molecule above a nitrogen site (red curve) and a carbon site (blue curve). (c)
dI/dV spectra of a FeTPP molecule adsorbed on a nitrogen site measured above the Fe
atom and above a pyrrole group. The bottom part shows the d//dV maps at bias voltages
corresponding to the peaks observed in the d//dV spectra (shown above) and marked by
vertical dashed lines in the graph (image size 1.8 nmx1.8 nm).



states of physisorbed FeTPP emerge from different molecular orbitals when the molecule is
on Au(111) or graphene.

To interpret our experimental results we have carried out DFT calculations for both free
and deposited FeTPP molecules (see Methods for computational details). We have applied
a Hubbard-like correction of U = 5 eV to Fe d orbitals which is close to the one used previ-
ously in Ref.[ 16]. This value seems to be reasonable (we have also tried to calculate U and
have found values in the range between 5 and 5.5 e¢V) and will reproduce at the same time
correct placement of Fe-related HOMO orbitals and energetics of molecular states as we will
see in the following. Our calculations showed that the high spin solutions with S = 2 are
systematically higher in energy compared to those of S =1 (of about 0.16 eV for FeTPP on
Au(111)) (see Supporting Information Figure S5), therefore we will focus on S = 1 states
only in the following. As was already mentioned above, for a free FeTPP molecule many
realizations of S = 1 state are possible according to different occupations of Fe d orbitals
(a more exhaustive study of the different occupations is also presented in the Supporting
Information Table S1) as schematically shown in Figure 4a. Our DFT calculations confirm
this picture. We find that the d.»- and degenerate (by symmetry) d,.,.-originated orbitals
are very close in energy. Therefore, the three electronic configurations are possible where the
spin down electron is placed on one of those orbitals. The state 1 (with doubly occupied d.2
orbital) was found to have the lowest energy which is in consistent with previous reported
calculations. 13 It is worth noticing that, since d,.- and d,,-originated orbitals are degener-
ate, another state can be realized where a spin down electron occupies an orbital which is a
linear combination (with the same weight) of the two above orbitals (state 4). We find that
this symmetric realization is energetically favorable and results in fact in the lowest energy
state, as summarized in Figure 4c. However, this state cannot be realized on a substrate, as

will be discussed below.

When the molecule is deposited on a substrate it is deformed and adopts a saddle-like
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Figure 4: Schematic representation of various S=1 electronic states of (a) isolated and (b)
deposited FeTPP molecule; (c) total energies (in meV) of different solutions (the energy of
the state 1 is set to 0) for isolated and deposited molecules. The total energies of molecular
subsystem (with removed substrate) are also given in parenthesis.
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shape with two pyrroles pointing upwards and two downwards to the substrate (Figure 4b).?!
Its symmetry is therefore reduced so that only two mirror planes, X Z and Y Z (perpendicular
to the molecule), are left. This leads to the splitting of d,. ,.-originated orbitals. The state
2 with fully occupied d,, orbital (spread over downward pyrroles) gains much more energy
from electronic hybridization with a substrate compared to both states 3 (with occupied
d, orbital localized on upward pyrroles) and 1 (with strongly localized on Fe d,2 orbital).
In addition, a reduction of Coulomb energy due to more delocalized nature of d,, orbital
(more penetrating into the substrate) also favors the state 2 over the state 1. This overall
gain of energy is larger for the FeTPP on Au, where Fe/substrate distance is 2.7 A, than
on graphene, where it is 3.1 A. We find that for graphene state 2 is only 4.5 meV higher
in energy than state 1 and is lower (by 3.9 meV) for Au (Figure 4c). Concerning the
symmetric state 4, discussed for the free molecule, we argue that it could be hardly realized
for deposited FeTPP molecules because of the pronounced splitting of the d,.,. orbitals
and reduced symmetry of the system (we find, in particular, that for FeTPP/Au case it
does not converge during the self-consistent DFT run). It should be noted that an accurate
description of the closely placed states 1 and 2 may be quite delicate within standard DFT
and may require a more sophisticated treatment with more advanced and computationally
demanding functionals (like hybrid, vdW-DFT, or others). We find, in particular, that their
relative energy positions depend on both the choice of value for the Hubbard U and the
molecule/substrate distance: the larger U favors state 1 while the shorter distance favors
state 2 (see Supporting Information Figure S6). Therefore, our DFT results should be taken
with a care and considered rather as providing a general trend.

Based on the above analysis, we suggest that the FeTPP molecule preserves its free-
standing electronic configuration (state 1) on graphene but switches to the state 2 when
deposited on Au(111) due to stronger electronic interactions with the substrate. We present
in Figure 5 the corresponding molecular DOS as well as DOS projected onto Fe d-orbitals.

For the molecule on Au, the d,.-originated spin down orbital, being localized on downward

11
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Figure 5: Calculated molecular and Fe DOS as well as the DOS projected onto different
Fe d-orbitals (PDOS) for (a) FeTPP/Au in state 2 and (b) FeTPP/Graphene in state 1
(b). Spin up and down components are shown with positive and negative sign, respectively.
Calculated from vacuum DOS (at 4 A above the molecule) STM images are also presented
for selected energies.
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pyrols, as expected hybridizes strongly with the substrate states. It appears as a rather
broad feature in the spin down d,, PDOS at around —1.2 eV. The simulated STM image
at this energy (calculated from the vacuum LDOS 4 A above the molecule) is therefore
dominated by (unpolarized) pyrrole states appearing at the same energy and showing up as
two bright lobes in the STM image (see Supporting Information Figure S7 for the molecular
orbitals of free FeTPP molecule). For graphene, molecular states are much less coupled to
the substrate. The well-defined spin down HOMO orbital originates from the Fe d., orbital.
Its simulated STM image clearly shows the circular shape centered above the Fe atom and
characteristic to the d.» orbital. As for Au, right below the HOMO we recover non-Fe
molecular states showing the same two lobes structure. Altogether, our theoretical results
are thus in a rather good agreement with experimental observations. We find, moreover, that
the FeTPP LUMO orbital appears very close to the Fermi level in the case of Au. Careful
analysis (see Supporting Information Figure S7) reveals that it consists of two degenerate
levels, LUMO1 and LUMO2, which become split for state 2 (on Au) but not for state 1
(graphene). In case of Au, LUMOL1 is shifted closer to the Fermi level, it strongly hybridizes
with the Au surface appearing therefore as a broad feature in molecular DOS. It shows two
lobes shape on upward pyrroles. On the contrary, LUMO2 hybridizes less with the substrate
and therefore produces a more pronounced peak in molecular DOS. It shows a kind of anti-
bonding shape on upward pyrroles. These shapes of two LUMO orbitals can be clearly seen
in the simulated STM images calculated at specific energies as shown in Figure ba. Note
that very similar behaviour of two-fold degenerate LUMO upon adsoption was previously
reported by us for HyTPP on Au(111) (see Fig.S4 of Ref. 21).We therefore suggest that
the states probed by STM at 0.15 and 1.3 eV above the Fermi energy are associated with
the LUMO1 or LUMO2 molecular orbitals, respectively. It should be pointed out that the
position of the LUMO orbitals is rather sensitive to the number of Au layers used in the
calculation. Increasing the number of layers shifts them closer to the Fermi level in better

agreement with the experiment (see Supporting Information Figure S8). In case of graphene,
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the two LUMO are almost degenerate (Figure 5b) and their collective shape agrees quite
well with the STM image acquired at 1.9 V (Figure 2a).

We have investigated the electronic coupling of FeTPP molecules with Au(111) and
graphene. The molecule-substrate interaction leads to different frontier orbitals depending on
the substrate: on Au(111) the HOMO state is localized on the organic core, while on graphene
it is localized on the iron atom and mainly involves its d,2 state. The origin of this difference
derives from the interplay between the spatial localization of Fe-originated molecular orbitals
and their coupling strengths to the substrate determining the final electronic configuration.
This shows how the molecule-substrate coupling can tune the frontier orbitals opening a

promising route toward interfacial engineering in molecular electronics.
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Methods

Multilayer (a25-10) graphene samples were obtained on SiC(0001) by annealing the sub-
strates in ultrahigh vacuum (UHV) at 1320°C for 12 min under a silicon flux of ~1ML/min.
The nitrogen-doping was performed by exposing the graphene sample to a flux of nitrogen
radicals produced by a remote radio-frequency plasma source.?? Pristine and nitrogen-doped
graphene samples were then transferred in air to a UHV chamber and degassed at ~800° C
for a few minutes before the measurements. FeTPP (purity >94%) molecules (Aldrich) were
sublimated using an effusion cell (Dr. Eberl MBE-Komponenten GmbH) under vacuum at
275° C onto the samples at the STM stage maintained at ~5 K. The graphene samples

were then brought to room temperature allowing molecules to self-assemble and form a 2D
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island on the surface. All STM measurements were performed with a low-temperature STM
apparatus (Omicron) working at 4.6 K at a pressure lower than 1 x 107*° mbar. The dI/dV
spectra were acquired using a lock-in detector at a frequency of ca. 823 Hz and a modu-
lation amplitude of 35 mV. The measurements were performed with an electrochemically
etched tungsten tip. Before measuring on graphene, the tip was calibrated on a Au(111)

surface until it showed the Shockley surface state feature in the spectroscopic measurements.

The DFT calculations were carried out using plane wave electronic structure package
Quantum ESPRESSO (QE). Local density approximation (LDA) in the Perdew-Zunger
parametrization (PZ) for exchange-correlation functionals. The FeTPP/Au system was sim-
ulated by three Au(111) layers with the molecule adsorbed on one side and (8x8) in-plane
supercell was employed in order to avoid artificial molecule-molecule interactions. For FeTPP
on Graphene (10x10) unit cell was used. The total energy calculation of various S=1 solutions
was implemented in two steps: i) a self-consistent run is performed with imposed occupa-
tions of Fe d-orbitals using a penalization technique (by adding terms like A\(n; —ny)? to the
total energy functional where n; and n;y are actual and desired occupations of i-th d-orbital,
respectively, and A is a penalty coefficient); ii) the converged charge density is read and
used as the starting guess for another self-consistent run without any constraint producing
the final total energy of a state with desired occupations. For each electronic configuration
atomic relaxations were performed, two Au layers were kept fixed while the molecule and the
surface layer in contact with it were allowed to relax until atomic forces became lower than
10 Ry/bohr. For Graphene all the atoms were allowed to relax. We also took partially into
account Van der Waals interactions using semi-empirical dispersion corrections (DFT-D) as
was formulated by Grimme?? and is implemented in QE package. All geometry optimiza-
tions were performed using only 1 (shifted) k-point while for electronic structure analysis
more dense (6x6) k-point grid was employed and five layers of Au were used. The plane

wave cut-off energies of 30 and 300 Ry were used for electronic wave-functions and charge
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density, respectively.

Supporting Information Available

Spectroscopy of FeTPP on Au(111), Localization of nitrogen atoms below a molecular layer,

Conductance maps on pristine graphene, Structural properties of FeTPP on Au(111) and

Graphene, Interplay between two S=1 solutions as a function of molecule/substrate distance

and Hubbard U, Electronic structure of free-standing FeTPP in two S=1 states, complemen-

tary QuantumATK calculations
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