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ABSTRACT: The molecular orientation and interface properties 
of Fe(II) hexadecafluoro-phthalocyanine (FePcF16) on Ag(111) 
are inv estigated by photoexcited electron spectroscopies: X-ray 
photoemission spectroscopy (XPS), X-ray absorption spectroscopy 
(XAS), and resonant photoemission (ResPES). The data are 
compared to those for FePcF16 on Au(111). The molecules are 
oriented predominantly flat, lying on both substrate surfaces; 
increased tilts are observed for FePcF16 on Au(111). On Ag(111), 
the electronic structure of FePcF16 is distinctly altered at the 
interface, inv olv ing both the macrocycle and the central metal
atom. An interface state close to the Fermi energy exhibits a clear Fe character.

1. INTRODUCTION
Molecules from the family of metal phthalocyanines (MPcs) 
have been extensively applied in numerous molecular devices. 
Recently, opto-electronic devices such as light-emitting diodes, 
field-effect tr ansistors, so lar ce lls, and sp intronic de v ices have 
become the focus of research.1−7 In contrast to other MPcs, 
the electronic structure of iron phthalocyanine (FePc) is very 
complex, in particular at interfaces.8−11 Recent studies on 
FePcF16/metal interfaces indicate that the electronic structure 
of Fe is affected b y t he fl uorination, an  es sential ro le played 
most likely by the v ersatile arrangement of the molecules in 
thin films.12,13

At many MPc/metal interfaces, stronger interactions 
including charge transfer were observ ed. Such an interfacial 
charge transfer may occur v ia different i nteraction channels: 
the central metal atom and/or the macrocycle of the 
phthalocyanine molecule. The latter mechanism depends 
crucially on the relative position of frontier molecular orbitals 
with respect to the Fermi lev el of the substrate. Thus, the 
fluorination o f p hthalocyanines, s ignificantly ch anging the 
ionization potential (IP),14,15 represents an ideal route for the 
tuning of interface properties. Moreover, perfluorinated 
phthalocyanines belong to the earliest-reported, air-stable n-
type organic semiconductors.16−19 Although FePc/metal 
interfaces hav e been intensely studied during the past years 
(e.g., refs 20−26), less is known about the interfaces between 
the perfluorinated relative (FePcF16) and metals.

Here, we study the electronic interface properties and 
molecular orientation of FePcF16 on Ag(111). The more inert 
FePcF16/Au(111) interface serv es as a reference system (cf. 
also ref 27). For the study, we apply photoemission (PES), X-

ray absorption spectroscopy (XAS), and resonant photo-
emission spectroscopy (ResPES).

2. EXPERIMENTAL SECTION
Au(111) and Ag(111) single crystals were cleaned by cycles of 
argon ion sputtering and annealing. The sputtering was carried 
out at v oltages of 0.8−1.0 kV for typically 30 min at an Ar 
pressure of 1 × 10−6 mbar; the subsequent annealing was 
performed for 30 min at temperatures of 770 K (Au(111)) and 
800 K (Ag(111)). Substrate temperatures were measured using 
a pyrometer. FePcF16, purchased from SYNTHON Chemicals 
GmbH & Co. KG, was resublimed and thoroughly degassed in 
v acuo. The molecules were ev aporated at rates of about 1−2 
Å/min, determined by a quartz microbalance. The evaporation 
temperature was about 650 K (measured using a thermo-
couple), and the substrate was held at room temperature. The 
indicated film t hickness w as d etermined b y a  c omparison of 
the photoemission intensities of the substrate and related 
ov erlayer peaks assuming layer-by-layer growth. Atomic cross 
sections were taken from ref 28.

XAS, PES, and ResPES measurements were performed at 
the WERA beamline at the Karlsruhe Research Accelerator 
(KARA, Karlsruhe, Germany). The energy resolution for XAS 
and PES was set to 220 and 340 meV at photon energies of



400 and 710 eV, respectively. The degree of polarization for
XAS was about 95%. The energy scale of PES was calibrated to
reproduce the binding energies (BE) of Au 4f7/2 and Ag 3d5/2
(84.0 and 368.2 eV). The absorption was monitored indirectly
by measuring the total electron yield (sample current). The X-
ray absorption (XA) spectra was normalized to the same step
height well above the ionization threshold. For photon energy
calibration, the energy of the Ni-L3 absorption edge of NiO at
853.0 eV was taken as a reference. The peak fitting of XP
spectra was performed using the program Unifit,29 with Voigt
profile (convolution of Gaussian and Lorentzian) line shape
and a Shirley model background.

3. RESULTS AND DISCUSSION
3.1. Molecular Orientation in Thin Films. The growth of

organic molecules can influence intermolecular interactions to
a large extent and thus, is a determining factor for the
electronic structure of thin films. Moreover, the orientation at
interfaces can significantly affect the strength of the interaction
between the molecule and the substrate under consideration.
Planar transition metal phthalocyanines (TMPcs) often grow
in a flat-lying geometry with respect to the substrate surface on
single crystalline metal substrates (e.g., refs 25, 30−33). On the
other hand, the fluorination may affect the growth mode
significantly.19,34,35

The molecular orientation of FePcF16 on Au(111) and
Ag(111) surfaces was studied using polarization-dependent
XAS. For planar π-conjugated carbon systems, the molecular
orientation can be probed by monitoring the relative intensities
of excitations from the occupied C 1s core levels to the
unoccupied molecular levels (π* or σ*).36 In a planar
conjugated carbon system, the excitation from C 1s to a π*
orbital is maximal for E vertical to the molecular plane (parallel
to 2pz), whereas the transition to σ* is maximal for E parallel
to the molecular plane and to the chemical bond. For
phthalocyanines, besides C 1s-π*, in a similar manner, also N
1s-π* excitations can be used for the analysis of the molecular
orientation,30 avoiding the problems of the analysis of C 1s-π*
spectra arising from common carbon contaminations of
beamline components.

In Figure 1, we show the N-K edge absorption spectra of
thin films of FePcF16 on Au(111) and Ag(111) as a function of
the incidence angle θ of the p-polarized synchrotron radiation
to investigate the orientation of the molecules on the different
substrates (see the inset). The region at photon energies below
402 eV belongs to transitions into the π*-orbitals, and the
region above to σ*-transitions, although we note that weak in-
plane polarized transitions appear below 402 eV.30,37,38

On both substrates, the spectra show strong out-of-plane π*-
transitions at grazing incidence (10°). At normal incidence
(90°), strong in-plane σ*-transitions can be observed. This
suggests that the molecules are oriented with their plane
predominantly parallel to the substrate surface on Au(111) and
Ag(111). This effect seems to be more pronounced on the
Ag(111) substrate. We omit a quantitative analysis of the
average tilt angles since the background affects the normal-
ization of the spectra, in particular in the case of FePcF16 on
Ag(111). In particular, the slope of the background of the
experimental curves at different photon incidence angles and
coverages makes the exact determination of the step edge for
coverages in the monolayer range complicated. In addition, it is
known that weak in-plane transitions appear in the same region
as the π* resonances30,37,38 because of the hybridization of

unoccupied nitrogen-related states with the d-orbitals of the
transition metal atom.39−42

3.2. Interface Properties of the Macrocycle of FePcF16
on Au(111) and Ag(111). Between phthalocyanines and a
multitude of substrates, different interaction channels were
observed, involving both the macrocycle and the central metal
atom. In many cases the charge transfer is even bidirec-
tional.13,43−46 First we will discuss the behavior of the
macrocycle at interfaces to the less reactive Au(111) and the
more reactive Ag(111) substrate.

In Figure 2 we show the thickness-dependent C 1s core-level
spectra including detailed peak fits for the bulk-like thin films
(thickness ≥ 1.7 nm) and ultrathin films of 1−2 monolayers
(ML) coverage. The monolayer (ML) thickness is about 0.32
nm for flat-lying perfluorinated phthalocyanines.19 At the
chosen excitation energy of 385 eV, the recorded C 1s spectra
are surface sensitive, and the mean free path of the electrons is
about 0.8 nm.47 The results for FePcF16/Au(111) are very
similar to recently published data, measured at higher
excitation energies.27

The spectra recorded at the higher thicknesses of 2.9 and 1.7
nm on Au(111) and Ag(111), respectively, are very similar in
their peak shapes. According to the literature, the three main
peak components can be assigned to carbon bonded to fluorine
(CF), bonded to nitrogen (CN), and bonded to other carbon
(CC) atoms, and the respective satellites (SCF, SCN, SCC) from
high to low binding energy.15 The energetic positions of all
components are summarized in Table 1. Additional peak fit
data are shown in Tables S1 and S2.

For the thin films, the intensity ratios CF/CN/CC of
4.3:1.6:2 and 4.3:1.7:2 for Au(111) and Ag(111), respectively,
are in reasonable agreement with the stoichiometry of the
differently bound carbon atoms in FePcF16 (4:2:2). The
intensities of the satellites were added to the intensities of the
main components. Small deviations from the expected
intensity ratio may be explained by the unknown shape and

Figure 1. N 1s X-ray absorption spectra of thin films of FePcF16 on
Au(111) (upper panel) and Ag(111) (lower panel) as a function of
the incidence angle θ of the incoming synchrotron light.



intensity of the satellite features as well as the high surface
sensitivity at the chosen excitation energy. It was shown that at
high surface sensitivity, the outer carbon atoms appear more
intense for almost edge-on oriented phthalocyanines.48

Considering the (small) tilt angle of the FePcF16 molecules

on both substrates (cf. Figure 1), the surface-sensitive

measurement conditions might result in a higher relative

intensity of the outermost carbon (CF) compared to the

carbon near the macrocycle center (CN).

Figure 2. Thickness-dependent C 1s core-level spectra of FePcF16 on (a) Au(111) and (b) Ag(111) recorded at an excitation energy of hν = 385
eV.

Table 1. FePcF16 on Au (111) and Ag(111): Thickness-Dependent C 1s Binding Energies as Obtained from the Peak Fits in
eV

substrate thickness (nm) CF SCF CN SCN CC SCC

Au(111) 2.9 286.92 288.59 285.95 287.79 284.82 286.51
0.5 286.54 288.14 285.44 287.36 284.37 286.13

Ag(111) 1.7 286.98 288.68 286.01 287.85 284.91 286.57
0.4 286.79 288.48 286.45 287.38 284.58 286.23

Figure 3. Thickness-dependent F 1s core-level spectra of FePcF16 on (a) Au(111) and (b) Ag(111), measured with an excitation energy of hν =
900 eV. The additional component in the F 1s monolayer spectrum on Ag(111) may indicate a partial decomposition.



The intensity ratio of the components in the C 1s core-level
spectrum of the 0.5 nm layer on Au(111) fits rather well to the
expected stoichiometry (CF/CN/CC = 4:1.8:2). Larger
deviations were observed for the FePcF16 monolayer on
Ag(111): The intensity ratio of C1s components CF/CN/CC
is 3.7:2.3:2. One reason might be the insufficient description of
the SCF and SCN satellites (assuming the same shape as the
main component) at the interface. Further, a substrate-induced
decomposition, as observed for perfluoro-pentacene on Cu
(111) after annealing,49 cannot be completely ruled out (see
the discussion of the related F 1s spectra below).

The energetic positions of the C 1s components depend on
the film thickness. By means of the CC component, the C 1s
shifts about 0.45 and 0.33 eV on Au(111) and Ag(111),
respectively, to lower binding energies from high to low
coverage (Figure 2 and Table 1). Such energetic shifts of the
core-level binding energies are expected due to final-state
screening effects, which are often in the range of 0.3−0.6
eV.50−53 The smaller shift on Ag(111) compared to Au(111)
may indicate the presence of a different effect (such as
interfacial charge transfer or redistribution), which is opposite
to the final-state screening effects.

A closer investigation of the relative binding energy shifts of
C 1s components reveals distinct differences between the 1−2
ML coverage and thin film. As is clearly visible in Figure 2, the
separation between CC and CN is decreased at the interface,
most significantly for FePcF16/Ag(111). The results for
FePcF16 are in good agreement with recently published
data;27 smaller differences are ascribed to the slightly different
film thicknesses in both cases. On Ag(111), also the CF
component is shifted with respect to CC by −0.19 eV for the
1−2 ML coverage compared to the 1.7 nm film (Table 1).
Generally, such effects may originate from site-dependent
screening and/or a redistribution of charges at the inter-
face.13,46,54 It seems, however, that the situation is distinctly
different for FePcF16 on Au (111) and Ag(111).

F 1s core-level spectra for the two coverages of FePcF16 on
Au(111) and Ag(111) are shown in Figure 3, described by a

main component and a related shake-up satellite. The peak fit
parameters are summarized in Tables S3−S5 (Supporting
Information).

Analogously to C 1s, the lowering of the binding energies of
the F 1s core-level spectra in Figure 3 for coverages in the
monolayer range can be essentially ascribed to the final-state
screening effects in photoemission. Notably, the shift of F 1s is
0.6 eV on Au(111) and just 0.12 eV on Ag(111), whereas N 1s
(Figure S1, Tables S3−S5) shifts nearly by the same amounts
(0.36 and 0.30 eV on Au(111) and Ag(111), respectively).
This may indicate a different participation of the atoms of the
macrocycle in the redistribution of charges at the interface,
depending on the type of the substrate. On the other hand,
also the screening might be different for fluorine atoms at the
interface due to a bending of the molecule, as observed for
related fluorinated phthalocyanines.55,56

A closer inspection of the F 1s spectrum of the 0.4 nm
FePcF16 coverage on Ag(111) reveals an additional component
at 683.9 eV with a relative intensity ratio of 2.5%. The binding
energy is in the range of binding energies reported for
AgF.57−59 Therefore, the presence of such an interface peak
may indicate the decomposition of some C−F bonds and the
formation of new bonds between fluorine and the substrate,
similar to AlFPc/Ag,60 FePcF16/TiO2,

61 or perfluoro-penta-
cene on Ag and Cu substrates.62 However, from the low
intensity of the interface peak and the peak shape of the C 1s
spectrum (Figure 2), we conclude that most C−F bonds are
still intact.

Although the thickness-independent peak shapes of the N 1s
core-level spectra in Figure S1 (Supporting Information)
suggest that N atoms are not involved in the interface
interaction on Ag(111), it might be worthwhile to inspect the
corresponding N-K edge XAS spectra more in detail (Figure
4). It was reported that especially π* resonances in the N-K
edge absorption spectra are very sensitive to the involvement
of nitrogen in the interfacial interactions.25,61,63,64 A zoomed-in
view of the structures at lower photon energies of the already
discussed N-K edge XAS spectra (Figure 1) is shown in Figure

Figure 4. Zoomed-in view of π* resonances of the N-K edge of FePcF16 on (a) Au(111) and (b) Ag(111) as a function of the thickness at grazing
incidence (10°). Distinct thickness-dependent changes are observed for FePcF16/Ag(111).



4, for grazing incidence of the incoming synchrotron light
(maximal intensity of π* transitions). The features below 404
eV arise predominantly from transitions into π* molecular
orbitals. For phthalocyanines, most intense π* resonances
(denoted A) are assigned to transitions from N 1s to the
lowest unoccupied molecular orbital (LUMO) eg orbitals.39,40

The fine structure of feature A arises from an involvement of
the ligand LUMO in the hybridization with the central metal
atom of the Pc.13,39,41,42,63,65−67

There is an obvious difference between the spectra recorded
at the different substrate interfaces. While on Au(111) the π*
resonances exhibit very similar spectra for the thin film and 1−
2 ML coverage (Figure 4a), they look distinctly different on
Ag(111) (Figure 4b). The thin film spectrum on Ag(111) is
very similar to the thin film on Au(111) and other thin films of
related phthalocyanines.64 However, the spectra from the 0.4
nm ultrathin film (monolayer range) exhibits striking differ-
ences to the former ones. Features A and B decrease
drastically. These structures originate from a hybridization
between the wave functions of the nitrogen p-orbitals and d-
orbitals of the central Fe atom of the phthalocya-
nine.13,41,42,63,66,67 A possible reason for the decreased
intensities of A and B at the interface to Ag(111) could be
the partial filling of the corresponding orbitals, indicating a
distinct involvement of the nitrogen atoms in the interaction at
the interface.

3.3. Involvement of the Central Iron Atom in the
Interaction at the Interface. Besides the macrocycle, also
the central metal atom may interact with the substrate. In the
case of transition metal phthalocyanines, valuable information
about the interactions can help to deliver metal 2p photo-
emission and excitation spectra. The shapes of both Fe2p XPS
and Fe L2,3 XAS spectra are largely determined by complex
multiplet structures, caused by the overlap of 2p and 3d wave
functions.68 As a consequence, the shapes of these spectra are
very sensitive to the d-electronic structure.

Fe2p XPS spectra for the FePcF16 multilayer thin films and
coverages in the monolayer range on Au(111) and Ag(111)

are shown in Figure 5. The multilayer spectra exhibit a broad
multiplet structure, typical for iron phthalocyanines (see, e.g.,
ref 27). Additionally, at the chosen excitation energy, a broad F
1s loss peak appears at a binding energy of about 711 eV; the
relative intensity depends, among others, on the detailed
molecular orientation and arrangement.

For FePcF16 on Au(111), the maximum peak of the
spectrum at 0.5 nm coverage (Figure 5a) appears at 0.5 eV
lower binding energy compared to the bulk-like thin film,
which can be understood analogously to the other core-level
spectra, by the final-state screening effects of the photohole. At
lower binding energies, an additional shoulder might be visible
(the blue arrow in Figure 5a). This points to a non-negligible
interaction between the Fe ion of FePcF16 and the Au(111)
substrate. Such effects were first reported for FePc and related
tetrapyrrole monolayers on Au(111)69,70 and were discussed in
more detail for (partially) fluorinated FePc in ref 27. Since the
multiplet structure of the Fe2p spectrum of the thin film is
almost maintained for the spectrum of the 1−2 ML coverage, it
is proposed that only the Fe center of few molecules on
particular adsorption sites interacts with the substrate sur-
face.27

In contrast, the multiplet structure of the Fe2p XPS
spectrum for FePcF16 on Ag(111) changes drastically,
comparing the multilayer and monolayer spectra in Figure
5b. For 1−2 ML coverages, a new feature at 706.8 eV
dominates the spectrum, located at about 2 eV lower binding
energy compared to the thin film. This feature can be assigned
to the reduced iron, as reported for FePc on Ag(111) or Cu
(111).12,21,25,71

The corresponding Fe L3 edge XAS spectra for FePcF16 on
Au(111) and Ag(111) at grazing and normal incidence of the
p-polarized synchrotron light are shown in Figure 6. The
angular dependence of the peak shape arises from the selection
rules for transitions into different orbitals. For the almost flat-
lying molecules (cf. discussion of the angular dependence of
the N-K XA spectra, Figure 1), transitions into orbitals with in-
plane components (dx2‑y2 and dxy) are strongest at normal

Figure 5. Thickness-dependent Fe2p core-level spectra of FePcF16 on (a) Au(111) and (b) Ag(111) measured with an excitation energy of hν =
900 eV.



incidence, while at grazing incidence, transitions into orbitals
with out-of-plane components (dxz, dyz, dz2) are most intense.
For a detailed discussion of the spectral shape of Fe L edge
XAS spectra, we refer to the literature (e.g., refs 11, 41, 42). In
Figure 6, the prominent features in the spectra recorded at
grazing incidence are labeled “A” and represent out-of-plane
transitions (into orbitals with out-of-plane components, such
as a1g and eg), while the features labeled “B” observed at
normal incidence conditions represent in-plane transitions,
dominated by excitations into b1g and b2g orbitals.

The multilayer Fe-L3 edge spectra on both substrates shown
in Figure 6 exhibit the typical features observed for
predominantly flat-lying FePc or FePcF16 molecules.25,72

Features A1 and B2 clearly dominate the spectra at grazing
and normal incidence, respectively. We note that also different,
broader spectral shapes were observed for flat-lying FePcF16
molecules, in particular at grazing incidence.12 Such effects

might be attributed to the influence of the detailed
arrangement and packing on the spin state of the iron ion.12

Also, the Fe-L3 edge spectra of the thin FePcF16 film on
Au(111) exhibit in Figure 6a a somewhat untypical low relative
intensity of A1 and an additional stronger peak at photon
energies only 0.3 eV lower than B2. However, most likely,
these differences can be ascribed to the increased tilt angle of
the molecules with respect to the substrate surface in thicker
films on Au(111) (cf. Figure 1) compared to the monolayer.
The corresponding angle-dependent N-K edge spectra for
monolayer coverages are shown in Figure S2 (Supporting
Information). As a consequence, the features in the Fe L3 XAS
spectra of thicker films arising from in-plane transitions are
enhanced at grazing incidence.

Most importantly, whereas only minor thickness-dependent
changes of the spectral shape can be identified for FePcF16 on
Au(111) in Figure 6, clear differences are visible on the

Figure 6. Fe L3 edge XAS spectra of FePcF16 on Au(111) (a, c) and Ag(111) (b, d) as a function of the thickness at grazing and normal incidence.
The feature A0 at grazing incidence for FePcF16/Ag(111) (b) can be understood by a hybridization of Fe and substrate-related orbitals at the
interface.



Ag(111) substrate. For 1−2 ML coverages on Ag(111), a new
feature, A0, dominates the spectrum at grazing incidence (at
0.8 eV lower photon energy compared to A1), while A1
disappears completely. Analogously to related systems,13,64

feature A0 can be understood by a hybridization of Fe-related
and substrate-related orbitals as a result of the chemisorption
of FePcF16 on the substrate surface. At normal incidence
(Figure 6d), feature B1 disappears for low coverages and the
shape of the features at higher photon energies changes,
indicating a filling and redistribution of d-electrons. This
demonstrates that the d-orbitals related to feature A1 at
grazing incidence and features B1 and B2 at normal incidence
are involved in the interaction between the central metal Fe
atom of FePcF16 and Ag(111). These features result from
transitions into all 3d-orbitals, except the 3dxy-orbital (e.g., refs
11, 41, 42). We note that simulations of such spectra, as
reported for FePcF16 thin films,11,12 are beyond the scope of
this study. Besides a unidirectional charge transfer, most likely
mixed valences and strong correlation effects have to be
considered, as demonstrated for CoPc and FePc on Au(111).73

In order to shed more light on the different interactions of
FePcF16 on both substrates, we analyze the corresponding
valence band spectra in more detail (Figure 7). The
interactions at the interfaces may result in the formation of
new states in the band gap and/or in the appearance of former
unoccupied states in the occupied electronic structure. At the
chosen photon energy of 140 eV (Figure 7a−d), the relative
intensity of states with Fe character is enhanced according to
the corresponding photoelectron cross sections.28

The spectra for 1−2 monolayer coverages in Figure 7a,b are
compared to those of the clean substrate (Figure 7c,d). On
both clean substrates, no features in the highest occupied
molecular orbital (HOMO) region can be detected and thus,
all features in the 1−2 ML spectra can be assigned to FePcF16.
In the spectra representing 1−2 ML coverage, distinct
substrate-dependent differences are visible. On Au(111), a
comparable broad feature appears (green arrow in Figure 7a),

which can be assigned to the interface HOMO of FePcF16 with
a typical binding energy of about 1 eV.72 In contrast, on
Ag(111), a sharp feature appears at a binding energy of 0.4 eV,
shown by the red arrow in Figure 7b. This feature can be
assigned to the formation of an interface state: for example,
caused by a partial filling of the LUMO of the molecules as a
consequence of the charge transfer,46,74 or a formation of new
states caused by hybridization between Fe d-orbitals and
substrate-related states, as proposed for related CoPcF16/metal
interfaces.46,75,76 We note that such an interface state is often
observed for strongly interacting metal phthalocyanine/metal
systems, including FePc on Ag(111).25

The question may arise if the interface state originates from
the interaction of the macrocycle or the Fe ion of FePcF16 with
the Ag(111) substrate. For the analysis of the contribution of
different chemical species to particular valence band features,
Resonant photoemission spectroscopy (ResPES) can be
utilized (see, e.g., ref 77). After a resonant excitation of an
electron into unoccupied molecular levels (i.e., at the photon
energies of the XAS resonances), different possible non-
radiative de-excitation channels of the resulting core hole cause
substantial changes in spectral valence band features: normal
Auger electron emission, participator decay (ResPES), and
spectator decay (resonant Auger spectroscopy).77

In order to probe a possible contribution of Fe to the
interface peak, we performed ResPES at excitation energies in
the range of the Fe L3 edge for FePcF16 (0.4 nm) on Ag(111).
The intensity plot in Figure 7e shows a distinct intensity
enhancement for binding energies between 0 and 2 eV and an
excitation energy of about 708 eV (photon energy of the A0
resonance, cf. Figure 6b). The additional intensity, most
notably right above the Fermi edge at around 0.4 eV, is caused
by resonant excitation from the Fe2p core level, similar to FePc
on Ag(111).25 The data clearly show that the gap states
(interface states) at the Fermi edge possess a distinct iron
character and thus, these findings provide an additional hint for
a strong interaction of the central metal atom on the interface

Figure 7. Zoomed-in view of the HOMO region of (a) 0.5 nm FePcF16 on Au(111) and (b) 0.4 nm on Ag(111) compared to the clean substrates
(c, d). The excitation energy for (a−d) is hν = 140 eV (normal emission). (e) Intensity plot of the valence band spectra for excitation energies in
the range of the Fe L3 absorption edge (resonant photoemission spectroscopy, ResPES) for 0.4 nm FePcF16 on Ag(111). For excitation, a linearly
polarized light with an angle of incidence of θ = 40° was used. The intensity enhancement at about 708 eV reveals the Fe character of the interface
state.



to Ag(111). From Fe2p excitation and photoemission spectra, 
a hybridization of Fe d-orbitals (most likely dz2) with substrate-
related orbitals associated with a charge transfer to the Fe ion 
was already proposed (Figures 5 and 6). Therefore, the 
additional intensity in Figure 7d might be attributed to a large 
extent to a filled Fe d-orbital at the interface to Ag(111).

4. CONCLUSIONS
We studied the electronic structure and orientation of thin 
films a nd 1 −2 M L c ov erage o f F ePcF16 o n A g(111) and 
compared the data to FePcF16 on Au(111). On both the 
studied substrates, FePcF16 grows in a preferred flat-lying 
adsorption geometry. The average molecular tilts are larger on 
the Au(111) surface. While the interaction between FePcF16 
and Au(111) is comparably weak, we report a strong 
interaction between FePcF16 and Ag(111), inv olv ing both 
the FePcF16 macrocycle and the central Fe atom. XPS core-
lev el shifts and changes in the N-K edge absorption spectra 
indicate charge transfer from the Ag(111) substrate to the 
macrocycle. Thickness-dependent Fe2p core-level and L3,2 
edge absorption spectra reveal that the electronic structure of 
the central Fe atom is distinctly changed at the Ag(111) 
interface. As a consequence of this strong interaction, an 
interface state occurs close to the Fermi energy, which exhibits 
considerable Fe character.

A comparison of FePcF16/Ag(111) to the previously 
inv estigated FePc/Ag(111)25 interfaces rev eals that in both 
cases a charge transfer from the substrate to the central Fe ion 
occurs and interface-related v alence band features with Fe 
character may be identified. Thus, in these cases of strong and 
local interactions, the substantial tuning of the ionization 
potential by fluorination of the molecule has apparently only a 
minor influence on t he s trength and nature o f i nteractions at 
the interfaces.
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Tübingen, Germany; orcid.org/0000-0001-6442-8944

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS
The authors are grateful to the Synchrotron Light Source
KARA (Karlsruhe, Germany) for the provision of beamtime.

REFERENCES
(1) Urbani, M.; Ragoussi, M.-E.; Nazeeruddin, M. K.; Torres, T.

Phthalocyanines for Dye-Sensitized Solar Cells. Coord. Chem. Rev.
2019, 381, 1−64.
(2) Boileau, N. T.; Cranston, R.; Mirka, B.; Melville, O. A.; Lessard,

B. H. Metal Phthalocyanine Organic Thin-Film Transistors: Changes
in Electrical Performance and Stability in Response to Temperature
and Environment. RSC Adv. 2019, 9, 21478−21485.
(3) Wang, X. W.; Xiao, C. C.; Yang, C.; Chen, M. G.; Yang, S. Y. A.;

Hu, J.; Ren, Z. H.; Pan, H.; Zhu, W. U.; Xu, Z. A.; Lu, Y. Ferroelectric
Control of Single-Molecule Magnetism in 2D Limit. Sci. Bull. 2020,
65, 1252−1259.
(4) Schmidt, A. M.; Calvete, M. J. F. Phthalocyanines: An Old Dog

Can Still Have New (Photo)Tricks! Molecules 2021, 26, No. 2823.
(5) Liu, J. H.; Luo, K.; Chang, H. D.; Sun, B.; Wu, Z. H. Ultrahigh

Spin Filter Efficiency, Giant Magnetoresistance and Large Spin
Seebeck Coefficient in Monolayer and Bilayer Co-/Fe-/Cu-
Phthalocyanine Molecular Devices. Nanomaterials 2021, 11,
No. 2713.
(6) Song, Y.; Wang, C. K.; Chen, G.; Zhang, G. P. A First-Principles

Study of Phthalocyanine-Based Multifunctional Spintronic Molecular
Devices. Phys. Chem. Chem. Phys. 2021, 23, 18760−18769.
(7) Tong, J. W.; Luo, F. F.; Ruan, L. X.; Liu, G. H.; Zhou, L. Q.;

Tian, F. B.; Qin, G. W.; Zhang, X. M. Interfacial Antiferromagnetic
Coupling and High Spin Polarization in Metallic Phthalocyanines.
Phys. Rev. B 2021, 103, No. 024435.
(8) Miedema, P. S.; Stepanow, S.; Gambardella, P.; de Groot, F. M.

F. 2p X-Ray Absorption of Iron-Phthalocyanine, 14th International
Conference on X-Ray Absorption Fine Structure, DiCicco, A.;
Filipponi, A., Eds.; Iop Publishing Ltd: Bristol, 2009; Vol. 190.
(9) Miedema, P. S.; de Groot, F. M. F. The Iron L Edges: Fe 2p X-

Ray Absorption and Electron Energy Loss Spectroscopy. J. Electron
Spectrosc. Relat. Phenom. 2013, 187, 32−48.



(10) Kuz’min, M. D.; Savoyant, A.; Hayn, R. Ligand Field
Parameters and the Ground State of Fe(II) Phthalocyanine. J.
Chem. Phys. 2013, 138, No. 244308.
(11) Greulich, K.; Trautmann, M.; Belser, A.; Bolke, S.; Karstens, R.;

Nagel, P.; Schuppler, S.; Merz, M.; Chassé, A.; Chassé, T.; Peisert, H.
Influence of the Fluorination of Iron Phthalocyanine on the Electronic
Structure of the Central Metal Atom. J. Phys. Chem. C 2021, 125,
6851−6861.
(12) Belser, A.; Karstens, R.; Grüninger, P.; Nagel, P.; Merz, M.;
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