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Abstract

We investigate the interfacial electronic structure of monolayer iron tetraphenylporphyrin chloride (FeTPP-
Cl) adsorbed on graphene (Gr) buffer layers supported by Ni(111) and Pt(111). This study unveils the role
of a graphene buffer layer in controlling charge transfer mechanisms of self-assembled porphyrins on metal
surfaces, reshaping interfacial energy level alignment, charge transfer dynamics, interface dipoles, and
charge injection barriers. By exploiting the intrinsic n- and p-type doping of graphene on Ni and Pt, we
modulate the charge transfer behavior in iron tetraphenylporphyrin monolayers, using these systems as model
platforms to probe interfacial electronic processes and the impact of graphene—substrate coupling. Through
a comprehensive multi-technique approach, combining X-ray photoemission, ultraviolet photoemission, and
X-ray absorption spectroscopies, we demonstrate how substrate-induced doping drives significant changes
at the molecule—graphene—metal interface. Core-level binding energies (BEs) and ionization potentials (IPs)
indicate weak physisorption in both systems, with opposite charge transfer directions depending on the
substrate, despite similar molecular morphologies. On Gr/Ni(111), all core levels shift to higher BE, with a
pronounced +0.6 eV shift in Fe 2p and a +0.15 eV IP increase, indicating electron transfer from the substrate
to the molecule localized at the Fe center. On Gr/Pt(111), C 1sand N 1s shift to lower BE and the IP decreases
by —0.15 eV, consistently with electron donation from the molecule to the substrate, more delocalized on the
macrocycle. The small interface dipoles (—0.15 eV for Ni, —0.25 eV for Pt) and the absence of rigid shifts
demonstrate that charge redistribution is fractional and site-specific, governed primarily by electrostatics and
graphene doping rather than strong hybridization. These findings suggest that the interaction strength and
electronic behavior at the interface are governed by the underlying metal, with Gr acting as an effective
electronic decoupler or mediator. Our study highlights the importance of the graphene—metal interface in
modulating charge transfer and level alignment in porphyrin-based hybrid systems.
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Introduction
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Organic electronics have gained increasing attention in the surface science community in recent decades,

driven by the promise of lightweight, cost-effective, and flexible electronic devices. The maturity of the
Organic Light-Emitting Diode OLED technology that has already reached the market has further increased
the expectations in organic electronics, underscoring the importance of understanding and engineering the
interfaces between organic materials and inorganic (often metallic) substrates. ! Indeed, at the interface,
charges are exchanged (injected or extracted), dictating the electronic properties of the whole device. In this
perspective, a large effort has been spent to characterize and modify the electronic structure of the interface.
The interface morphology is crucial for charge injection and extraction, directly impacting device
performance. In some cases, amorphous layers are preferable (OLED) 2, whereas highly ordered phases are
beneficial for application in organic photovoltaic? or organic field-effect transistors*. In this context,
graphene (Gr) has been proven to act as a template for organic molecules, inducing flat adsorption geometry
due to high face-to-face interaction with aromatic molecules. The use of Gr as a buffer layer on metal surfaces
provides access to its outstanding mechanical and electronic properties® like high tensile strength and
Young’s modulus (~1 TPa) °, and high electron mobility (200,000 cm?/Vs) 7> together with high thermal
conductivity (up to 5300 W/mK) ® and surface area.’

The electronic structure of supported graphene is profoundly influenced by its underlying metal substrate, °
which affects the degree of hybridization, doping, and n-electron coupling.'!:'213 Unlike free-standing Gr,
metal-supported graphene can exhibit either n-type or p-type doping as a result of charge transfer. For
instance, Gr on Nickel (Ni), a relatively strong chemisorptive bond is formed, and typically Gr displays an
n-type doping due to electron donation from the Ni d-states into Gr m-structure, leading to a high degree of
hybridization'4!3. In contrast, Gr on Platinum (Pt), where the interaction is weaker and more physisorptive,
is weakly p-doped due to minor hole transfer from the substrate.!®!7 Structural differences also arise, with
Gr/Pt(111) displaying a Moiré pattern and a layer distance of 0.31 nm, compared with the 0.21 nm spacing
of Gr/Ni(111). These differences in doping significantly alter the electronic properties at the interface,
making Gr an ideal platform for assembling organic molecules like planar porphyrins, m-conjugated
macrocycles with rich optical and electronic characteristics.!® The Gr buffer layer serves as an atomically
flat and chemically inactive surface for the controlled porphyrin assembly via non-covalent interactions.!®
The nature of the Gr—metal interaction is decisive in determining the strength of molecule—substrate coupling,
the extent of charge transfer, and the resulting electronic structure of the hybrid system.

It is worth noting that in the case of molecular adsorption on metal surfaces, the molecule-substrate
interactions can prevail over the intermolecular ones, thereby preventing the formation of self-assembled
structures, as in the case of Iron tetraphenyl porphyrin chloride (FeTPP-Cl, C44H,sN4FeCl) on Ni(111).2° In
this regard, the Gr buffer layer facilitates the self-assembly process, providing a pathway to engineer
molecular electronic properties.

Tetrapyrroles and their derivatives represent a widely investigated class of molecules for their well-defined
shape, thermal stability and seemingly limitless potential for chemical functionalization.'® Due to their
versatility, they have been proposed for applications in heterogeneous (photo)catalysis?!-?223
electrocatalysis®*, sensors?® and organic electronics?®. Iron(III) tetraphenylporphyrin and its derivatives are
extensively studied for their role in the electrochemical CO, reduction reaction. Modifications to the FeTPP
structure and its immobilization on graphene, carbon black or other novel materials have been investigated
to enhance its efficiency and selectivity in producing CO.?” Moreover, FeTPP-based catalysts exhibit
promising activity for the oxygen reduction reaction.?®

Understanding how Gr doping influences molecular electronic states is crucial for device optimization. The
use of a graphene buffer layer between phthalocyanine or porphyrin and a metal substrate has been studied
for various systems.?%* In particular, comparative studies of Cobalt phthalocyanine (CoPc) on Gr/Ni(111)
and Gr/Pt(111)3! revealed that the graphene buffer layer reduces the interaction between CoPc and Pt(111),
while for Gr/Ni(111), a strong charge transfer takes place. This charge transfer was only suppressed by
intercalating gold, which reduces electron donation from Ni(111) into graphene. These results demonstrate
that charge transfer strongly depends on the underlying metal substrate. Single layers of FePc on Gr/Ni(111)
studies 3233 show that the charge transfer (electrons from Gr/Ni to an Fe-related unoccupied orbital of FePc)
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is not completely suppressed by the introduction of a graphene buffer layer between phthalocyanine and
Ni(111). However, a non-covalent interaction with the substrate takes place. 0L 10,1046 Jae e
The present study focuses on the interaction between FeTPP-CI and the Gr buffer layer. The presence of
the four peripheral phenyl rings could act as a spacer, likely resulting in a different situation from the FePc
case.

This paper investigates the structural and electronic properties of the Gr buffer layer on metal supports,
focusing on its role in tuning interfacial charge transport, which is essential for hybrid graphene—organic
systems. Here, we explore these effects by studying FeTPP-CI on two distinct graphene—metal interfaces:
Gr/Ni(111) and Gr/Pt(111), focusing on the role of the graphene buffer layer in tuning interfacial charge
transport.

A change in the molecular packing could influence the energy levels of the film, the ionization potential and
the interface dipole (see, for example, 3#). For this reason, we investigated the single-layer FeTPP-CI systems,
which we found to have the same morphology when deposited onto both Gr/Ni and Gr/Pt substrates.
Theoretical studies have previously examined FeTPP or related metalloporphyrins on graphene substrates.
Song et al. 33 reported weak physisorption and minimal charge transfer (~0.04 ¢) for FeTPP—CI on pristine
Gr, indicating electronic decoupling and preservation of the molecule’s character. Touzeau et al. 3¢ found
that even within weakly interacting systems, charge redistribution can occur depending on metal centers or
functional groups. These studies provide a useful foundation for understanding how FeTPP—Cl may interact
with graphene-based supports in more complex environments.

Our goal is to harness the unique properties of graphene to modulate interfacial electronic behavior and exert
control over charge transfer, injection barriers, and charge transport, which are crucial parameters for the
advancement of next-generation organic electronic devices.

Results

Morphology and molecular assembly

The systems were grown in UHV and characterized as described in section SI1 of the Supporting
Information. The quality of the graphene layers was monitored using photoemission, Near-edge X-ray
absorption fine structure (NEXAFS) C K edge, and LEED. See S2 paragraph for details. We emphasize that
FeTPP-ClI exhibits a layer-by-layer growth mode on both Gr/Ni(111) and Gr/Pt(111) substrates, and for a 1
monolayer (ML) coverage, a hexagonal LEED pattern was detected in both cases.

NEXAFS measurements were conducted at the N and C K edges of bare Gr/Me and for FeTPP-Cl/Gr/Ni(111)
and FeTPP-Cl/Gr/Pt(111) and multilayer. The spectra collected at different incidence angles provide insights
into the orbital dichroism, yielding an evaluation of the molecular average tilt angle.

N K edge NEXAFS spectra at different geometries are shown in Figure SI3 for both metal substrates. The
tilt angle has been evaluated following a standard procedure 37 and considering the polarization of the
impinging light. By fitting the LUMO dichroism as a function of the linear polarization angle, the average
tilt angle of the macrocycle is obtained. Slight differences are observed in FeTPP-Cl on Gr/Ni(111) and
Gr/Pt(111), with tilt angles of 5° + 5° and 0° + 5°, respectively, between the molecular macrocycle and the
substrate. It is worth noting that no variation in the lineshape of the LUMO for IML systems has been
revealed in comparison with the multilayer spectra (Figure SI4).

The n*-region of NEXAFS spectra measured at C K edges (Figure 1) of the molecular layers in both cases
were obtained after subtracting the C K-edge contribution of the respective graphene substrates (see
paragraph SI2 in the SI).

The C K-edge for FeTPP-Cl adsorbed on Gr/Ni(111) shows a first peak at 284.6 eV. According to the
literature, this peak is related to a transition from the core of C atoms in the macrocycle to n* orbitals. 38-3°
The second double peak at about 285.4 eV is assigned to the transition from the Cls orbital of carbon to
empty n* orbitals of the phenyl rings. In the case of Gr/Pt(111) the C K edge shows a line shape almost
similar to that of Gr/Ni(111). The macrocycle, in both samples, shows a strong dichroism, in agreement with
N K-edge analysis, confirming its adsorption parallel to the graphene layer.
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Figure 1 Left: C K-edge of 1 ML FeTPP-Cl/Gr/Pt(111), upper panel, and FeTPP-Cl/Gr/Ni(111), lower panel. The spectra have
been obtained after subtraction of the bare graphene measurements. At normal incidence (90°), the data were acquired with the
incoming photons perpendicular to the sample surface, resulting in the polarization vector lying parallel to the surface plane. At
grazing incidence (20°), the photons arrive at the surface at a shallow angle, with the polarization vector oriented nearly
perpendicular to the surface plane. Right: Structure of the tetraphenyl porphyrin, the circles indicate the central macrocycle and
the external phenyl groups.

By contrast, we found an opposite dichroism of the phenyl features in C K-edge spectra, in comparison with
to the macrocycle. Such a finding indicates that phenyl groups are tilted with respect to the substrate.

The analysis of the phenyl dichroism performed following the procedure used in references 3% 3° found an
average angle of 65° +/- 5° for both IML FeTPP-CI on Ni and Pt systems, confirming the similarities between
the two systems. This observation found agreement with theoretical calculations for tetraphenyl porphyrin
layers on graphene. 40

FeTPP-Cl is known to undergo Cl atom loss (dechlorination) when adsorbing on metal substrates 4!. The
molecule dechlorination is incomplete for deposition at room temperature (RT) on both the Gr/Me (Me=Ni,
Pt) substrates, up to 1 ML, with a fraction of about 25% of the molecules still presenting a Cl signal similar
for both the Gr/Me substrates. Thermal treatment in UHV at 270 °C-280 °C completely removes the Cl atom,
although it introduces variations in the photoemission BEs data compared with the as-deposited spectra. We
focus here on the role of the Gr buffer layer, and we do not discuss the annealed interfaces in the present
analysis. The kinetics of dechlorination and the annealing effects on the FeTPP/Gr interfaces will be
discussed in a forthcoming paper.

Valence Band and vacuum level alignment: Photoemission measurements

Valence band and energy level alignments were characterized using photoemission and secondary electron
cutoff measurements. Valence band (VB) spectra of 1 ML FeTPP-Cl/Gr/Ni(111) and FeTPP-Cl/Gr/Pt(111),
acquired with He II (40,8 eV)*?> and 46 eV # photons, are presented in Figure 2a) alongside reference spectra
of bare graphene on both substrates and the FeTPP-Cl multilayer. On both substrates, characteristic graphene
features are observed, with the m band located at approximately 10 eV from the Fermi level for Ni (n-doped
graphene '415) and 8 eV for Pt (p-doped graphene '17).

In the FeTPP-Cl free molecule, Cl exhibits an oxidation state of -1, while Fe is in the +3 oxidation state. In
the multilayer regime, the highest occupied molecular orbital (HOMO) and HOMO-1 are attributed to the
tetrapyrrole ring (R) and phenyl groups (Ph), respectively 3%#4. Their binding energies (BE) align with those
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of FeTPP (chlorine-free), typically observed only after metalation of metal-free tetraphenyl porphyrin.!8: 4346
Compared to metal-free H,TPP films*’, FeTPP-Cl exhibits more complex features at_high ‘BE Phdton
energy-dependent spectra (Figure SI16) reveal additional peaks at high BE, attributed to photoemission cross-
section effects. Theoretical calculations*® indicate that the Fe center contributes to the electronic states across
a broad energy range (0-10 eV BE), while Cl contributes primarily to the HOMO-2 at ~5 eV BE. %

At 1 ML coverage, the molecular features remain largely intact. However, non-rigid shifts are detected: the
HOMO-HOMO-1 energy separation increases on Ni and decreases on Pt by ~0.2 eV (Figure 2c), suggesting
a substrate-dependent redistribution of charge within the molecule.

To further probe the substrate—molecule interaction, we measured the hole injection barriers and work
functions (WF) of the clean graphene substrates, 1 ML films, and multilayer, using secondary electron cutoff
spectroscopy (Figure SI5). For the bare substrates, the work functions are 4.6 eV for Gr/Pt(111) and 4.2 eV
for Gr/Ni(111), consistent with literature values.’® The WF of the multilayer is 4.25 eV. Upon FeTPP-Cl
deposition, interface dipoles (AWF) arise from changes in WF. The hole injection barrier (Ah) is defined as
the energy difference between the Fermi level and the HOMO onset. Table 1 summarizes the HOMO,
HOMO-1, WF, ionization potential (IP i.e., the sum of the monolayer work function WF and the molecular
HOMO binding energy onset), and Ah for all systems.

_ Buacarmi—F—~ D015 DvreSR — C AD=0.25
a) Photoemission
hv/eV =42 O =4.6 P
IP cerpp FeTPP
Ph EFermi T EF=rmi f
R A, =1.2 A, =0.55
Multilayer .
40.8 Gr/Ni(111) FeTPP-CI Gr/Pt{(111) FeTPP-CI b)
c
S |1ML/Gr/Pt
o
— . .
S Photoemission c)
> Valence Band FeTPP-CI
Z) Gr/Pt(111) Gr = band Ph HOMO-1
2 S
£ -
46 S
e}
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=
1ML/Gr/Ni
Gr = band 40.8
GrINi(111) — Multilayer
b b v v b v b By T PTTTTPTTI TS TTTTY IETTT T T
12 -8 4 0 4 3 2 4 0 1 2 3

E-Enomo (eV)

Binding Energy (eV)

Figure 2. a) Valence band spectra of FeTPP-Cl multilayer (green), 1 ML FeTPP-Cl/Gr/Ni(111) (red), and FeTPP-Cl/Gr/Pt(111)
(blue). Graphene spectra on Ni and Pt are shown in grey. n-band positions at 10.0 eV (Ni) and 8.1 eV (Pt) reflect doping differences.
The photon energies used for the different spectra are indicated. b) Schematic representation of energy level alignment and hole
injection barriers for the deposition of FeTPP-CI on Gr/Ni(111), and Gr/Pt(111) in the monolayer regime. ¢) Zoom-in of HOMO-
HOMO-1 region showing relative shifts and peak separations, FeTPP-CI Multilayer (green curve), and 1 ML FeTPP-CI (red and
blue curves), energies are relative to the HOMO peak.

The measured ionization potentials for FeTPP adsorbed on graphene/metal substrates reveal substrate-
dependent electronic interactions. Compared to the multilayer reference (5.1 eV), FeTPP on Gr/Ni exhibits
an increased IP (5.25 eV), while FeTPP on Gr/Pt shows a reduced IP (4.95 eV).
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Online
1.6 0.9 3.8 4.25 5.1

Multilayer 10

Gr/Ni(111) 0 - - - 42

FeTPP/Gr/Ni 1 2.15 1.2 4.1 4.05 5.25
Gr/Pt(111) 0 - - - 4.6

FeTPP-Cl/Gr/Pt 1 1.2 0.55 3.0 4.35 4.95

Table 1. Valence Band Photoemission and secondary cutoff results of the 1 ML deposition of FeTPP-Cl on Gr/Ni(111) and
Gr1/Pt(111), bare graphene systems and FeTPP-Cl multilayer: HOMO, HOMO onset, HOMO-1, work function (WF), Ionization
Potential (IP).

In the case of 1 ML FeTPP-Cl/Gr/Ni(111) a redistribution of charge in the molecular conjugated system
takes place with the appearance of an interface state Is close to the Fermi level. This state is distinguishable
for 0.5 ML and 1 ML, as shown in Figure 3, but disappears for higher coverages. Similar interface states
have been previously reported for iron phthalocyanine (FePc) on Gr on Ni’!, FePc on Au(111)3% and CoTPP
on Ag(111). >3 Notably, recent studies of FePc adsorption on Gr/ferromagnetic Cobalt surface show that,
despite physisorption, the molecule induces an energetically localized hybrid state close to the Fermi level
at the K point of Gr. >* This interface state is interpreted as a charge transfer from Gr to the molecular
macrocycle, with the Gr doping slightly changed (about 0.2 eV) This phenomenon has been interpreted as
an overlap between the Gr pz state and the molecular macrocycle with partial occupation of the Lowest
Unoccupied Molecular Orbital (LUMO). In the present work, we do not observe any difference in the N K
edge LUMO lineshape of the IML FeTPP-Cl on Ni and the multilayer (Figures SI3, SI4), thus suggesting
no contribution of the macrocycle. The interfacial state could be due to the weak hybridization of partially
empty out-of-plane d,, orbitals of Fe with the hybrid d-= states of Ni-Gr.

Our angle-integrated valence band spectra of 1ML layers (Figure 2a) do not allow for unambiguous
distinction of the graphene 7t peak, due to the overlap with molecular features (see multilayer VB Figure
SI6). In any case, the existence of an interfacial state in the case of Ni is associated with a weak mixing of
the substrate with the molecule. Conversely, the absence of the interface state in the Pt case supports our
interpretation that significant charge transfer is present on Gr/Ni.
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Figure 3. Valence band spectra close to the Fermi level for the 1 ML FeTPP-Cl on Gr/Ni(111) (Left) and Gr/Pt(111) (right). An
interface state Is is observed at 0.3 eV for FeTPP-CI/Gr/Ni(111).

Core level photoemission measurements
To further investigate the molecule-substrate interaction, we characterized the samples by core-level X-ray

photoemission spectroscopy (XPS). Figure 4 compares the N 1s and C 1s spectra of the monolayer systems
and the multilayer.

For monolayer coverage, the N1s peak (Figure 4a) shifts by 0.2 eV to higher BE with respect to the multilayer
in the case of Gr/Ni substrate, while it moves in the opposite direction by 0.6 eV to lower BE compared with
thick film, for the Gr/Pt case. The N 1s spectra are fitted by a single Voigt feature in all three cases. It is
worth noting that the single peak excludes the presence of metal-free porphyrin on the surface.>’

N1s Cis

a) b) ©)
A Pyrrole C-C
Peak C
8 C atoms
. : C Phenyl
Multilayer FeTPP-CI Multilayer FeTPP-CI 4 Peak A
~ - : 24 C atoms
Z 3 H Bridge
< < : Peak D
:; > . 4 C atoms
2 2 A
2 8 \
£ |1ML FeTPP-CI £ |{MLFeTPP A\
Gr/Pt(111) GriPt(111)
1ML FeTPP-CI 1ML FeTPP
i) Gr/Ni(111)

T T T T T T
402 401 400 399 398 397
Binding Energy (eV)
Figure 4. a) N 1s and b) C 1s photoemission spectra taken at hv=525 eV of multilayer and 1 ML FeTPP-Cl on Gr/Ni(111) and
Gr/Pt(111). The feature labeled B in the b) panel indicates the B (pyrrole C-N-C) component obtained from fitting procedures.
Tetraphenylporphyrins consist of four peripheral phenyl rings linked to the central tetrapyrrolic macrocycle. See text for details.

T T T T T T 1
288 286 284 282
Binding Energy (eV)

The Cls spectra (Figure 4b) are more complex due to multiple C contributions within the FeTPP-Cl molecule
(Figure 4c). At multilayer coverage, the spectrum is deconvoluted into four components (Phenyl component
A light blue peak, Pyrrole C-N-C B red peak, Pyrrole C-C peak C yellow peak, C-bridge D green peak, as
described in Table SI1) with an intensity ratio consistent with the number of equivalent carbon atoms.
Carbon C 1s spectra highlight a notable difference between Ni and Pt substrates. Pristine graphene C 1s peak
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(gray shadow curves in Figure 4b), is found at 284.8 eV for Gr/Ni(111) and 283.9 eV for the Gr/Pt, reflecting
the different n and p doping, respectively, in agreement with the literature.”*>" After the mgleculardeposition,
the Cls spectra become more structured, reflecting a superposition of Gr and molecule-related features.
Deconvolution analysis by Voigt curve components identifies four molecular components in agreement with
the model used for ZnTPP/Ag(110)4¢ and ZnTPP/Si(111).3°

In the FeTPP-CI/Gr/Ni(111), carbon phenyl rings of the molecules (A peak in Figure 4b) ) overlap with the
Gr peak, making it challenging to differentiate between them reliably. (See the fit of Figure SI7, and the
related discussion). In the FeTPP-Cl/Gr/Pt(111) the Gr is overlaid with the C-C pyrrolic molecular
component (labelled C in the fit of Figure SI7,). Nonetheless, the pyrrolic C-N-C component (Peak B
reported in Figure 4 b), by dotted lines) remains distinguishable in both cases, with a BE of 285.3 eV on Ni
and 284.7 eV on Pt, compared to 285.2 eV in the multilayer. The shifts in Peak B are correlated with the
distinct doping environments: +0.1 eV for Ni (n-doped) and -0.5 eV for Pt (p-doped), i.e. in agreement with
the trends observed in the valence band and the N 1s spectra. Additionally, the peak B exhibits BE shift
relative to the pristine graphene C 1s peak of +0.5 eV and +0.8 eV for Gr/Ni and Gr/Pt, respectively. Detailed
fitting components and their BE values are provided in the Supporting Information SI6, Table SII.

Figure SI8 shows the photoemission spectra of the Fe 2ps/, core level for both IML and multilayer FeTPP-
Cl and FePc coverages. The core level exhibits a complex multiplet structure, characteristic of open-shell
elements, which can be described by Zeeman-like final state effects or by the splitting of states according to
the total angular momentum. The Fe 2ps/, curve-fitting analysis in Figure SIS is based on the main discernible
components, without attempting a full resolution of the multiplet structure. '8 33

While iron in the multilayer is mainly in the +3 oxidation state®, the Fe 2ps/, spectra of both monolayers do
not clearly exhibit the shake-up features typical of Fe3"at about 715 eV (labelled P’ in Figure SI8 multilayer),
resulting similar to the Fe?* of FePc and suggesting that iron predominantly remains in the Fe(II) state in the
two 1ML samples ©% 61, The Fe 2ps,, shows a pronounced shift at higher BE in the case of Gr/Ni(111). A
detailed analysis of the 1 ML Fe 2p;, lineshape and a comparison with the spectrum of FePc (Fe?*) (Figure
SI8) reveal only slight differences between the two substrates.

Discussion

The spectroscopic results indicate that the interaction of FeTPP-CI with graphene depends strongly on the
underlying metal support. To gain insight into the interfacial charge redistribution mechanisms, we compared
the core-level binding energies of FeTPP in monolayer (1 ML) configurations on Gr/Ni(111) and Gr/Pt(111)
substrates with those of the multilayer reference. Table 2 summarizes the measured ionization potentials and
core-level BEs. Figure 5 reports the Binding energy diagrams of the investigated systems. Core levels and
frontier molecular states are compared to multilayer references. The green arrows indicate the direction of
the BE shifts: positive, higher BE; negative, lower BE.

The BE of the core levels and the HOMO and HOMO-1 states are indicated and the interface state in FeTPP-
Cl/Gr/Ni(111) is labelled Is.

No new spectral components are detected in the 1 ML systems. Combined with the valence band spectra and
the small work function (WF) variations, this indicates weak molecule—substrate interactions in both cases.

The measured interface dipoles are —0.15 eV for Gr/Ni(111) and —0.25 eV for Gr/Pt(111). However, WF
variation alone is not a direct measure of interaction strength, since it results from competing contributions
including the push-back effect (Pauli repulsion), charge transfer, polarization, and charge rearrangement. >

The ionization potential, defined as the minimum energy required to remove one electron from a molecule,
reflects the intrinsic electronic structure (absolute HOMO energy).%%4. In the absence of charge transfer, the
IP should remain constant across substrates. This has been demonstrated, for example, in electron-rich
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triphenylene derivatives adsorbed on both Gr/Ni(111) and metallic substrates.®> By contrast, when charge

. . . . 66 View Article Online
transfer occurs, its magnitude and direction depend on the substrate. N PNT ptiypt il

Multilayer 285.2 398.8 707.9
Gr/Ni(111) 0 284.8 - -

1 5.25 284.8 285.3 399.0 708.5
Gr/Pt(111) 0 283.9 - -

1 4.95 283.9 284.7 398.2 708.0

Table 2. Photoemission results for FeTPP-Cl multilayer and 1 ML films on Gr/Ni(111) and Gr/Pt(111). Reported values include
ionization potential (IP) and binding energies (BE) of C 1s in graphene bare substrate (Gr Peak) and C1s molecular pyrrole (Peak
B), N 1s, (Figure 4) and Fe 2p3/2 main component D in Figures SI8. BE errors: £0.1 eV for C 1s and Fe 2p;,,, £0.05 eV for the
others.

In our case, the IP increases on FeTPP-CI n-doped graphene (Gr/Ni) and decreases on p-doped graphene
(Gr/Pt) compared to the multilayer. These opposite shifts suggest different charge transfer directions. Since
the only difference between the two systems is the underlying metal (which determines the graphene doping),
the results strongly support substrate-dependent charge transfer, with opposite directions on Ni and Pt.

This finding is consistent with theoretical calculations showing opposite HOMO shifts for FeTPP adsorbed
on Au(111) versus Cu(111)/Ag(111) *8. Adsorption on Au(111) shifts occupied states closer to the Fermi
level, facilitating charge transfer from the molecule to the substrate (similar to our Gr/Pt case). Conversely,
adsorption on Ag(111) or Cu(111) shifts the HOMO to higher BE and the unoccupied states downward,
favoring charge transfer from the substrate to the molecule (similar to our Gr/Ni case). The HOMO positive
shift at higher BE is interpreted as an injection of electrons to the molecule, even in studies based on
potassium doping of molecular layers.®’

Overall, the small interface dipoles (—0.15 eV on Ni, —0.25 eV on Pt) and modest IP changes (below +0.25
eV) confirm weak physisorption mediated by graphene, with electronic modulation governed primarily by
electrostatic and polarization screening effects rather than strong hybridization. 9 68 This is consistent with
established principles of Fermi-level alignment. It is worth noting that the IP difference and positive HOMO
shift in the case of FeTPP-Cl/Gr/Ni suggest a charge transfer that should lead to an increase in the work
function as found in the case of FePc/Gr/Ni(111).32:33

For FeTPP-Cl/Gr/Ni(111), we observe positive BE shifts of all core levels compared to the multilayer, most
notably a +0.6 eV shift in Fe 2p. The large Fe 2p shift, much stronger than in C 1s or N 1s, indicates a
pronounced involvement of the Fe center in charge redistribution. Together with the IP increase (+0.15 eV),
this supports net electron transfer from the substrate to the molecule. We therefore propose that the interface
state (Is in Figure 5) is at least partially localized at the Fe center.

In contrast, FeTPP-Cl/Gr/Pt(111) shows negative shifts for C 1s and N 1s, consistent with electron depletion
of the porphyrin macrocycle. The IP decrease (—0.15 eV) indicates electron transfer from the molecule to the
substrate. The small Fe 2p shift (+0.1 eV, within error) suggests that the charge redistribution is more
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delocalized on the macrocycle rather than the Fe ion. Thus, the two systems exhibit opposite charge transfer
directions: electron acceptance in the Gr/Ni(111) case and electron donation in the Gr/Pt(111) eageirce ornre
The absence of rigid shifts in the core-level spectra of 1 ML in relation to multilayer, further highlights that
charge redistribution occurs non-uniformly within the molecule. Different parts of FeTPP-CI are influenced
to different extents by the substrate doping and local electrostatic environment, consistent with prior reports
of fractional charge transfer at molecule—substrate interfaces.®® Such non-rigid shifts contrast with the rigid
core-level shifts typical of homogeneous physisorption, and instead indicate internal electronic
rearrangements within the molecule. Non-isotropic charge transfer has been demonstrated for FePc/Cu(111)
70 through STM, core-level photoemission, and theoretical calculations, highlighting specific contributions
from different molecular groups.

FeTPP-Cl Thin Film FeTPP-CI/Gr/Pt(111) FeTPP-Cl/Gr/Ni(111)

e |
1.2 eV 4 s
1.6eV —
HOMO —— 25ey ,l,
3 3.0ev —
HOMO-1 3.8V 4.1eV
Cor 28396V C. 284.8eV
B C, 284.7 eV I
C, 285.2eV B o5 G, 2853V
N 398.2 eV
N 398.8 eV B | N 399.0 eV
Fe 2p,,, 707.9 eV Fe 2py, 708.0 eV Fe 2p;,, 708.5 eV

¥

I Screening l

Figure 5. Binding energy diagrams (not to scale) for FeTPP-Cl multilayer, FeTPP-Cl/Gr/Ni(111), and FeTPP-Cl/Gr/Pt(111). Core
levels and frontier molecular states are compared to multilayer references. Arrows indicate the direction of the shifts: positive
(towards higher BE) corresponds to electron transfer from substrate to molecule; negative (towards lower BE) indicates electron
donation from molecule to substrate. The screening effect is discussed in SI7 paragraph and reference 7'.

A reduced charge transfer for FeTPP-Cl/Gr/Pt(111) can be rationalized by the larger graphene—metal
separation (0.30 nm for Pt vs 0.25 nm for N1), which weakens substrate—adsorbate coupling. This agrees with
the absence of an interface state in the valence band of the Pt system.

Finally, our observations align partially with recent theoretical studies of FeTPP on freestanding graphene.
Song et al. 3° reported negligible charge transfer and orbital perturbation, consistent with weak physisorption.
In contrast, Touzeau et al.3¢ found that subtle structural or geometric changes can induce detectable charge
redistribution. Our finding of opposite charge transfer directions on Ni and Pt substrates—despite identical
adsorbates and single-layer morphology—supports the latter view and highlights the critical role of the
underlying metal in modulating charge transfer across graphene. Future theoretical work is needed to fully
enlighten these effects.
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Conclusions

View Article Online
. . . . . . DOI: 10.1039/D5TCO1982F
Our work aims to exploit the potential of graphene to tune interfacial electronic properties and gain control

over charge transfer processes, injection barriers, and charge transport, key parameters in the design of next-
generation organic electronic devices. By comparing n-doped graphene on Ni and p-doped graphene on Pt,
we demonstrate that substrate selection is a powerful strategy to modulate the electronic behavior of hybrid
porphyrin-based nanostructures. Our data show that introducing a graphene buffer layer at the organic—metal
interface allows for significant tuning of molecule—surface interactions. Specifically, we investigated how
the electronic structure of FeTPP-CI monolayers is influenced by the underlying substrate via the graphene
interlayer. Despite the similar molecular morphology of FeTPP-Cl on both Gr/Ni(111) and Gr/Pt(111),
significant differences emerge in interfacial charge redistribution and level alignment.

The non-rigid shifts observed in N 1s, the various C 1s components, and Fe 2p core levels imply that the
electrostatic environment created by the underlying substrate (through doping and screening) affects various
parts of the molecule differently. This leads to an internal redistribution of electronic density within the
FeTPP-Cl molecule rather than a uniform, rigid shift of all energy levels, consistent with prior studies on
molecule—substrate interactions through graphene.

The Ni substrate induces electron transfer to the molecule, strongly involving the Fe center, whereas the Pt
substrate drives electron donation from the molecule, centered on the C and N framework. These opposite
charge transfer directions arise from the doping and electronic screening imposed by the underlying metal,
rather than direct chemical bonding. The absence of rigid spectral shifts further points to fractional, non-
uniform redistribution within the molecule. Taken together, these results show that graphene serves as an
effective mediator, allowing subtle substrate-dependent tuning of molecular electronic states. Such control
over interfacial charge transfer is essential for engineering molecule—graphene—metal heterostructures in
electronic and catalytic applications.

This work demonstrates the pivotal role of the graphene buffer layer and its underlying metal substrate in
tailoring the electronic structure of hybrid graphene—porphyrin systems. Although the overlapping of
molecular and graphene features complicates a precise assessment of doping changes upon adsorption, the
core-level analysis reveals a distinct rearrangement of electronic charge in the two systems. Understanding
and controlling this bidirectional charge transfer is crucial for engineering functional molecular interfaces.

Overall, our results point to two main strategies for tuning the adsorption and electronic behavior of
tetrapyrrole complexes on graphene: (1) modifying the metal center in the molecule to influence
supramolecular organization at sub-monolayer coverages, and (2) selecting the appropriate substrate beneath
graphene to control molecule—graphene coupling via charge transfer. These insights advance our
understanding of molecule—graphene—metal interfaces and guide strategies for tuning electronic properties
in hybrid systems through controlled substrate engineering.
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We have provided the data in the main manuscript and in the Supplementary Information file. Any
further data is available from the corresponding author upon reasonable request.
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