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’ INTRODUCTION

Because of their unique properties, pththalocyanines are
among the most important macrocycle compounds. The macro-
cycles exhibit aromatic character, due to the planar structure
consisting of a conjugated array of π electrons. As a consequence
of their aromaticity, the molecules have high thermal and
chemical stability,1 and they are stable under electromagnetic
radiation. For some metal phthalocyanines (such as CuIIPc,
CoIIPc, and FeIIPc, which is the main focus of this Article),
the central metal ion is so strongly bonded that it can only be
removed by breaking the macrocycle.2 Such properties make
metal phthalocyanines suitable candidates for ultrahigh vacuum
(UHV) studies and also promising candidates for a large variety
of technological applications. Their chemical properties can be
varied by changing the metal ion in the center, by attaching dif-
ferent functional groups to the macrocycle, or, as will be shown in
the present work, by ligand attachment to the central metal ion.

Phthalocyanine materials have become increasingly important
because of the possibility of using them in a variety of techno-
logical fields. Applications comprise dye-sensitized solar cells,3,4

organic thin film transistors,5,6 organic light-emitting devices,7,8

fuel cells,9,10 catalysis,11�13 sensors,14�16 and photodynamic
therapy.17 Gas adsorption on phthalocyanines is a subject worth
studying from a fundamental point of view but also in connection
to their possible catalytic and gas sensing properties and, as will
be shown here, as an efficient way to change the spin properties of
the iron ion.

In the present study, the interaction between the square planar
iron phthalocyanine (FePc) molecule and the electron donor
pyridine (Py) is studied (Figure 1). FePc was deposited onto a
Au(111) single crystal at monolayer coverage, and different

amounts of Py were adsorbed under UHV conditions. X-ray
absorption spectroscopy (XAS), X-ray photoelectron spectros-
copy (XPS), and density functional theory (DFT) were used for
characterization. We find that the electronic structure of FePc
is affected significantly by the coordination of a Py axial ligand to
the iron site of the macrocycle.

’METHODS

The experiments were carried out at beamline I31118 of the
Swedish national synchrotron radiation facility MAX-lab in

Figure 1. Molecular structure of the FePc and Py molecules.
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ABSTRACT: The adsorption of pyridine on monolayers of
well-ordered, flat-lying iron phthalocyanine molecules on Au-
(111) is investigated by X-ray photoelectron spectroscopy,
X-ray absorption spectroscopy, and density functional theory.
It is found that pyridine both coordinates to the iron site of iron
phthalocyanine and binds weakly to other sites. The iron
coordination causes significant changes in the electronic struc-
ture of the iron phthalocyanine compound, with the implication
of a change of the spin properties of the iron atoms due to the
strong ligand field created by the pyridine axial ligand. Both low coverages and multilayer coverages of pyridine are considered. At
low doses, the pyridine molecules are ordered, whereas in multilayers, no preferred orientation is observed. The orientation of the
FePc molecules with respect to the Au(111) surface is not affected by the adsorption of pyridine.
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Lund. The beamline is equipped with a SCIENTA SES200
electron energy analyzer. The base pressure is in the high
10�11 mbar range. The Au(111) single crystal was cleaned by
repeated cycles of sputtering and annealing. FePc monolayers
were obtained by annealing thin FePc films obtained by vacuum
sublimation onto a Au(111) substrate, which was kept at room
temperature during deposition. The annealing temperature was
around 380�400 �C; that is, it corresponded to the sublimation
temperature of FePc. The sample was cooled to around�190 �C
for performing the Py adsorption experiments. Prior to deposi-
tion, the FePc molecules (90% purity, Sigma-Aldrich) were
degassed thoroughly for several days at temperatures slightly
lower than the evaporation temperature. Directly before evapora-
tion, the powder was further degassed by heating it to the
evaporation temperature for approximately 3 to 4 h. The
molecules were deposited from a resistively heated tantalum
pocket that was brought to within 2 to 3 cm of the Au(111)
sample. The tantalum pocket formed part of a molecule eva-
porator that was attached to the preparation chamber for the
duration of the experiments. Py was dosed through a leak valve.
The amount of gas adsorbed is quantified in Langmuirs (L),
where 1 L = 10�6 Torr � s.

To avoid beam damage, we scanned the sample continuously
duringmeasurement. The scanning speed was adjusted as a result
of test experiments on both the FePc/Au(111) and Py/FePc/
Au(111) samples, in which the occurrence of beam damage was
monitored. For the experiments, the sample scanning speed was
set to a value ∼3 to 4 times higher than the minimum speed
required to avoid beam damage fully. Furthermore, the photo-
emission spectra were always recorded as single sweeps, meaning
that each individual scan was inspected by eye to compare shapes
and intensities before the scans were summed and the overall
photoemission signal thus obtained. C 1s, N 1s, and Fe 2p
photoemission spectra were recorded with photon energies
of 385, 525, and 820 eV. The overall instrumental resolution
(ΔE = (ΔEa2 + ΔEx-ray

2 )1/2, whereΔEa is the energy resolution of
the electron analyzer andΔEx-ray is that of the X-ray source) was
140 meV for the C 1s, 180 meV for the N 1s, and 280 meV for
the Fe 2p photoemission spectra. All spectra were calibrated with
respect to the Fermi level of the sample. A polynomial-type
background was subtracted from the photoemission spectra, and
all photoemission spectra shownwere normalized with respect to
the height of the most intense feature.

The N 1s XAS experiments were performed in Auger yield
mode. The photon energy scale was calibrated by recording Au 4f
photoemission spectra excited by first- and second-order light at
relevant photon energies. The intensity of the XAS plots was
corrected by dividing by the energy-dependent photon flux,
which was recorded by measuring the photon-induced current
on a photodiode placed behind the monochromator exit slit.
Furthermore, a constant low-energy background was subtracted,
and the spectra were then normalized to the step at ∼25 eV
above the adsorption edge.19 Two geometries were used, namely,
grazing (65�) and normal photon incidence (0�) with respect to
the sample normal.

Temperature-programmed XPS (TP-XPS) curves were re-
corded by measuring N 1s X-ray photoelectron spectra on the
Py/FePc/Au(111) sample during heating. The sample was
heated until Py had desorbed completely.

All DFT calculations were carried out with the VASP package,20

using the PBE-GGA21 exchange-correction potential and the
Ceperley�Alder version of the local density approximation

(LDA).22,23 Electron�core interactions were treated in the pro-
jector augmented wave approximation.24,25 We used an asym-
metric slab with a four-layer (7� 8) Au supercell as the substrate
and the FePc positioned above the slabwith its plane parallel to the
slab surface. The Brillouin zone was sampled with a single k point
at Γ̅. The molecule and the uppermost Au layer were free to relax
until the self-consistent forces reached 20 meV/Å. The cutoff
energy was set to 400 eV. The method of Methfessel�Paxton was
used to treat the partial occupancies (0.2 eV smearing width). The
Au bulk lattice constant was kept fixed at the calculated value of the
uncovered metal, a = 4.17 Å with GGA or 4.06 Å with LDA, both
in good agreement with experimental values (a = 4.08 Å). The
most stable configuration of FePc on Au(111) was determined by
using both GGA and LDA functionals. Because the results from
both functionals are very similar, the calculations shown in this
Article refer to the PBE-GGA functional only. For the adsorption
of Py, two geometries of the molecule were studied, one with the
Py plane parallel to the N1�Fe�N1 line, and the second with
the Py ring rotated along the z axis by 45�. (The plane is parallel
to the N2�Fe�N2 line.) They were chosen on the basis of the
fact that they are the only two geometries for which stabilizing
hydrogen bond formation between the FePc nitrogen and pyridine
hydrogen atoms seems feasible.

’RESULTS AND DISCUSSION

Low Pyridine Doses. For the low dosage experiments, Py
was adsorbed onto monolayers of FePc on Au(111) in increasing
amounts, starting from 0.1 L and up to around 1.1 L. All FePc
core levels are changed significantly as a result of the exposure of
the sample to Py. Prior to Py adsorption, the N 1s photoemission
line from the FePc molecules consists of a single peak located
at 398.25 eV. Py adsorption results in two additional peaks on the
high binding energy side of the N 1s peak of FePc (Figure 2),
which shows that there exist at least two adsorption sites of Py. At
the same time, the Fe 2p3/2 line becomes much narrower
(Figure 3); the total full width at half-maximum (fwhm) of the
monolayer Fe 2p3/2 signal is∼3.7 eV and it narrows to∼1.75 eV
after Py adsorption. This shows clearly that one of the adsorption
sites of Py on FePc is the iron ion and we suggest that adsorption
occurs as coordination of the nitrogen lone pair orbital to the
iron ion. The narrowing of the Fe 2p core-levels occurs up to a
dose of 0.75 L, which is the “iron saturation dose”, at which
all Fe sites in the FePc monolayer are bonded to Py. Higher Py
doses are discussed below, but they did not result in any further
change of the Fe 2p line. The fwhm at saturation as well as the
overall changes of the Fe 2p spectra are very similar to what we
have discussed thoroughly in a previous work concerned with
the adsorption of ammonia on a monolayer of FePc on
Au(111);26 therefore, we do not go in detail here. In short, for
the coordination of ammonia to the FePc iron ion, we found that
the FePcmolecules are decoupled from the substrate and that the
local spin on the iron ion is quenched. In line with these
previous results, we assign the narrowing of the Fe 2p line to
the formation of a low-spin compound due to ligand field
splitting26�29 and a partial decoupling of the FePc molecules
from the Au(111) substrate. The fact that the NH3 and Py
ligands produce essentially the same effect is not surprising
because the lone pair orbital on the N atom provides them
with similar frontier orbital properties. Indeed, according to
literature, both ligands are expected to produce similar ligand
field splittings.30 This leads to the same kind of electronic
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redistribution of the d orbitals of the FePc iron ions, with
similar changes of the valence spin as a result. Considering
that the shape of the Fe 2p spectrum to a large degree is
dictated by the influence of the valence spin on the photoemis-
sion process,31,32 it makes sense that both Py and NH3

adsorption lead to the same width of the Fe 2p signal at
saturation.
To determine the different Py species, we have performed

least-squares fits of the N 1s spectra in Figure 2. Relevant
peak parameters obtained from the fits are given in Table 1.

The components are labeled P1, P2, and P3. P1 is due to
photoemission from the nitrogen atoms of the FePc rings, P2
is assigned to Py molecules adsorbed in sites other than Fe and to
Py molecules in the multilayer, and P3 is the spectral signature of
Py molecules coordinated to Fe (Fe�N bonds), as can be
deduced from the increase in this component up to the iron
saturation dose, whereas it remains constant in intensity for
higher doses (inset of Figure 2). Because the spectra are normal-
ized to the height of P1, this clearly shows that the development
of P3 is finished at saturation dose. The binding energy separa-
tion between P2 and P3 is∼0.9 eV. The binding energy changes
of P2 and P3 with dose reported in Table 1 might be due to the
uncertainty in estimating the binding energy. For P2, we estimate
that the binding energy uncertainty is larger below saturation
((0.1 eV), whereas for P3, the uncertainty is larger above

Figure 3. Fe 2p3/2 photoemission spectra before and after adsorption of
increasing amounts of Py on a monolayer of FePc on Au(111). The
spectra become significantly narrower after Py adsorption. Above 0.75 L,
the spectra do not change anymore, indicating a saturation point where
all Fe sites are bound to Py.

Table 1. Binding Energies in Electronvolts for the N 1s
Photoemission Lines of FePc and Py and Relevant Peak
Intensity Ratios As a Result of the Least-Squares Fits

Py

amount

(L)

binding energy (eV) intensity ratio

P1 P2 P3 P3:P1 P3:P2

0.00 398.26( 0.05

0.10 398.22( 0.05 399.19 ( 0.10 400.04( 0.05 1:23.1 1:1

0.50 398.18( 0.05 399.15( 0.10 400.08( 0.05 1:9.6 1:1

0.75 398.18( 0.05 399.30( 0.10 400.19( 0.05 1:8 1:1

1.00 398.15( 0.05 399.27( 0.05 400.18( 0.15 1:8 1:3.6

1.10 398.20( 0.05 399.30( 0.05 400.18( 0.15 1:8 1:4.9
Figure 2. N 1s photoemission spectra (experimental data and least-
squares fits) before and after adsorption of Py on monolayers of FePc
onAu(111). The results show three peak components, P1, P2, andP3. The
resulting spectrum after dosing 0.1 L of Py on bare Au(111) is also shown
(top spectrum). The inset in Figure 2 shows the evolution of the N 1s Py
peaks intensity (P2, P3, and the sum P2 + P3) as a function of Py dose.
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saturation ((0.15 eV), when its intensity relative to that of P2
becomes reduced significantly.
The analysis of the N 1s peak intensity ratio is crucial in

developing a better understanding of the nature of the adsorbed
Py species. The P3:P1 intensity ratio is 1:8 at saturation dose
(0.75 L), and it remains constant for higher doses. Above
saturation (cf. the inset in Figure 2), P3 does not increase in
intensity anymore. The 1:8 ratio is the expected stoichiometric
ratio for the Fe-coordinated Py molecules, considering the
formation of pentacoordinated complexes FePc(Py). In princi-
ple, hexacoordinated FePc(Py)2 complexes could also be formed,
but in the present case this is excluded because the Au(111)
surface already plays the role of a sixth ligand to the iron ion.
The size of the Py molecule makes it unlikely that it intercalates
to a position in between the FePc compound and the support.
(See also the XAS results below.)
P2 is present from the lowest doses of Py. Up to the saturation

dose, the intensity ratio of P2 and P3 is 1:1, but above saturation,
the intensity of P2 continues to increase, whereas P3 remains
constant. Hence P2 is related to Py adsorption in sites other than
Fe. Part of the intensity of P2 is related to the Py multilayer,
as will be seen in the following section. Interestingly, the increase
in intensity of the N 1s peak components related to (P2 + P3) is
much more pronounced above saturation (inset of Figure 2),
which implies that the Py sticking coefficient is larger above the
saturation dose than below.
It is conceivable that the adsorption sites related to component

P2 are sites on the Au(111) surface or on the benzene, pyrrole, or
bridging nitrogen parts of the FePc compound. In Figure 2, we
have included the N 1s spectrum for 0.1 L Py adsorbed on bare
Au(111). It seems that at least a fraction of P2 might be due to a
direct Py-Au(111) interaction. According to experimental33,34

and theoretical35 studies, Py adsorption on metal surfaces has a
dispersive character and can occur through the delocalized π
system, through the N atom, or both. A closer look at the binding
energies of the N 1s FePc peak shows that Py-pyrrole and
Py-bridging nitrogen interactions cannot be neglected either.
There is a slight decrease in the binding energy of the N 1s peak
of FePc (P1) upon Py adsorption. In the case of FePc mono-
layers, the peak is centered at 398.26 eV, whereas after Py
adsorption its binding energy varies between 398.22 and
398.15 eV. For Py amounts higher than 0.1 L, the P1 shift varies
in between 0.06 and 0.11 eV. These values are larger than the

binding energy uncertainty, which suggests that the shift is
real and should be attributed to Py/bridging nitrogen atoms
and Py/pyrrole interactions. A corresponding shift was not
observed for the adsorption of ammonia on FePc.26 A third
option for Py adsorption sites with contribution to P2 are the
benzene rings of the FePc compound. If such interactions take
place, then they are expected to be rather weak because no
binding energy shift is observed in the C 1s core-levels arising
from the benzene carbon atoms of FePc (the peak at∼284 eV in
Figure 4). Py-benzene interactions are discussed in the literature;
they have a combined dispersive and electrostatic character (van
derWaals, hydrogen bond, dipole�dipole interaction), but there
is no consensus about the predominance of electrostatic36 or
dispersive interactions.37,38 Unfortunately, from the available
data, we are not able to point out exactly the adsorption sites
giving rise to P2, and we are limited to discussing the possible
options. In accordance with the discussion above, none of the
mentioned possibilities can be excluded; indeed, it is likely that all
sites play some role.
We have investigated the orientation of the Py molecules with

respect to the FePc molecular plane by performing N 1s XAS
experiments before and after adsorbing an the saturation dose of
Py (Figure 5). It is known from previous studies26,39 that the
FePc molecules at monolayer coverage are oriented with the
molecular plane parallel to the Au(111) surface. In Figure 5, the
π* resonances situated in between 398 and 405 eV photon
energy are shown. For the pristine FePc monolayer (Figure 5a),
the π* resonances have maximum intensity in grazing photon
incidence (GI) and minimum intensity in normal photon
incidence (NI). The opposite is true for the σ* resonances
(not shown here). The angular dependence of the FePc reso-
nances, together with the knowledge that the π* orbitals are
perpendicular to the FePc macrocycle and the σ* orbitals are in
the plane of the macrocycle, prove a flat geometry of FePc on
Au(111). The shape of the FePc resonances fits very well with
previous data reported on FePc and other phthalocyanines on
different metallic and semimetallic substrates.40�45

When 0.75 L of Py is adsorbed (Figure 5b), a split of the lowest
resonance into two components P1 and P2 is observed in GI
geometry; in NI geometry, an additional π* resonance P3
appears. Resonance P1, at ∼398.4 eV has the same position as
the LUMO of monolayer FePc/Au(111) observed in N 1s XAS.
Resonances P2 and P3 at around 398.7 and 399.1 eV correspond

Figure 4. (a) C 1s photoemission spectra before and after the adsorption of increasing amounts of Py on the monolayer FePc/Au(111) and (b) the
experimental data and the fit for the C 1s spectrum at the saturation coverage.
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to the two different Py adsorption species. According to the
photoemission results, Py coordinated to iron gives higher
binding energy features than the Py adsorbed elsewhere on the
sample. Translated into the XAS results, this implies that
resonance P3 is due to Py coordinated to Fe and P2 to Py
interacting with the FePcmacrocycle interaction and possibly the
Au(111) surface. Resonance P3 is present in NI only, and
resonance P2 has maximum intensity in GI and vanishes in NI.
This means the Py molecules coordinated to the iron ions adopt
a standing geometry with respect to the FePc macrocycle, as
opposed to the other Py species, which lie flat on sample at this
particular Py coverage.
The C 1s X-ray photoemission spectra for increasing amounts

of Py are shown in Figure 4a. The peak at ∼285 eV grows with
increasing amounts of Py. Figure 4b presents the results of least-
squares curve fitting of the C 1s signal at iron saturation dose
(0.75 L Py). There are five C 1s peak components: P1, P2, P3,
SP1, and SP2. The binding energies are 283.88 for P1, 285.25 for
P2, 286.1 for P3, 285.7 for SP1, and 287.17 for SP2. The P1, P2,
SP1, and SP2 components correspond to the peaks for the C 1s
core levels of phthalocyanines.40,45�47 P1 and P2 are due to the
photoemission from the benzene and pyrrole carbon atoms,
respectively, and SP1 and SP2 are shakeup satellites of the main
peaks P1 and P2. The intensity of P2 is, however, much larger
than that expected from the number of pyrrole carbon atoms;
that is, the P1/P2 ratio does not match the expected values from
the stoichiometry of the FePc molecule, which shows that P2

contains additional contribution from the Py molecules. P2 is
assigned to a mixed contribution from the FePc pyrrole carbon
atoms and the carbon atoms of the Py molecules interacting with
the macrocycle and/or the Au(111) surface (with the corre-
sponding P2 component in the N 1s fits in Figure 2). P3 is
assigned to photoemission from the carbon atoms of Py mol-
ecules coordinated to iron and is labeled as the corresponding N
1s component. The binding energy shift between the P2 and P3
C 1s components is 0.85 eV and is the same to within the
uncertainty as the shift of 0.89 eV observed at saturation between
the corresponding N 1s peaks.
Considering that the N 1s photoemission peak analysis shows

that at saturation equal amounts of Py are adsorbed in the Fe site
and in other sites, that is, on the macrocycle and possibly directly
on the Au(111) surface, it is expected that the intensity ratio
between the C 1s P2 and P3 peaks at saturation should be
(number of pyrrole carbon atoms + number of Py carbon
atoms)/(number of Py carbon atoms) = (8 + 5):5, that is, 2.6.
This is indeed confirmed by an analysis of the components’
intensities. The P1:P2 intensity ratio is instead underestimated.
It is expected to be (number of benzene C atoms in FePc)/
(number of pyrrole carbon atoms + number of Py carbon
atoms) = 24:(8 + 5) = 1.84, whereas the fit results give a ratio
of only 1.53. This might be an indication that at this coverage
Py molecules interacting with the macrocycle sit on top of the
benzene rings, leading to an attenuation of the signal from the
benzene carbon atoms but not the pyrrole ones. The explanation
would also explain why a corresponding effect is not observed in
the N 1s spectra.
It should be pointed out, however, that the analysis of the C 1s

photoemission intensities is complicated by the fact that the
pyridine C 1s line probably exhibits a chemical shift between the
photoemission peaks from the different carbon atoms. Such a
shift has been observed in photoemission from pyridine vapor.48

As further discussed in the Supporting Information, on the basis
of the present data set, we cannot exactly point out the position of
these peaks, and thus we need to leave the issue of a finalized and
complete analysis of the C 1s line open.
The DFT results for FePc/Au(111) and Py/FePc/Au(111)

agree with the experimental findings. In the calculations of the
Py/FePc/Au(111) system, we have limited ourselves to model-
ing the Fe-Py interaction. The main findings of the spectroscopy
study, the coordination of Py to the iron center of FePc, spin
quench caused by Py-Fe coordination, FePc-Au(111) decou-
pling upon Py adsorption, and geometry of the iron-coordinated
Py molecules are all reproduced by the results of the DFT
calculations (cf. Figure 6 for the geometry). All calculations were
performed using the top configuration presented in Figure 6a,
which was found to be the most stable FePc configuration on
Au(111). (See the related discussion in ref 26.) Two geometries
were considered for the adsorption of Py on FePc: the Py mole-
cule along the N1�Fe�N1 direction and along the N2�Fe�N2
direction, respectively. The second geometry (Figure 6b) was
found to be 0.16 eV more stable.
For FePc/Au(111), we have found previously26 that a (weak)

covalent bond is formed between the FePc iron atom and the
Au(111) surface; this coupling is weakened by the adsorption
of Py in the same way as by the adsorption of ammonia.11 The
magnetic moment of FePc/Au(111) calculated with the GGA
functional is 2.36 μB, consistent with previous theoretical
results.49 As in the case of ammonia adsorption, Py quenches
the spin on the iron atom and the magnetic moment after Py

Figure 5. N 1s X-ray absorption spectra for (a) FePc/Au(111) and (b)
Py/FePc/Au(111) with an amount of Py adsorbed equal to the iron
saturation coverage (0.75 L). Two geometries were used for the
experiments, grazing photon incidence (65� incidence) and normal
photon incidence (0� incidence) with respect to the surface normal.
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adsorption is ∼0.25 μB. As in other recent publications, this
shows that the adsorption of a ligand can be used to modify the
magnetic properties of a surface organometallic compounds,
either by directly affecting the metal atom’s spin50,51 or by
changing the system’s magnetic anisotropy52 or the magnetic
interaction with the support.53 The spin quench is reversible: the
spin of FePc can be recovered by desorption of Py. N 1s TP-XPS
experiments after dosing 1 L of Py (Figure 7a) show that slowly
heating the Py/FePc/Au(111) sample leads to the desorption of
Py until the FePc signal is completely recovered and no Py signal
is observed anymore. We have performed least-squares fits to
all N 1s spectra of the TP-XPS scan. A detailed analysis of the
variation of the intensity of the P2 component as a function of
temperature shows that the desorption temperature of the P2 Py
peak is �121 �C (Figure 7b). The temperature is very close to
�119 �C reported for the desorption of bulk Py on Ag(111).54

The low temperature suggests a weakly bonded Py species. We
are not able to provide an analysis of the evolution of the P3 peak

intensity as a function of temperature because the intensity of P3,
being already quite small (cf. Figure 2), is heavily affected by the
relatively poor statistics of the TP-XPS spectra, which leads to
large errors in estimating the intensity. The reason is the heating
of the sample during the TP-XPS experiment, which only makes
it possible to record a single sweep at each temperature. The
desorption temperature for P3 (Fe�N) is higher, at around
�90 �C. From a Redhead analysis, it is estimated that the two
desorption temperatures for the P2 and P3 components corre-
spond to adsorption energies of �0.4 and �0.48 eV/molecule,
respectively. Even if P2 and P3 show different adsorption
energies, the N 1s photoemission spectra obtained for the
stepped adsorption of Py (Figure 2) clearly show that both
peaks are present already from very small doses of Py, which
parallels the behavior of ammonia adsorption on FePc
monolayers.26 The reason for this somewhat extraordinary
behavior still needs to be clarified.
High Pyridine Doses. In a second experiment series, multi-

layer amounts of Py were adsorbed on the FePc/Au(111)
sample. The Py coverage was increased to the point where thick
Py multilayers were formed on top of FePc/Au(111) and no
signal from the FePc molecules was observed anymore (after
dosing 30 L of Py). The resulting N 1s, C 1s, and Fe 2p
photoemission spectra are shown in Figure 8, and the N 1s
binding energies obtained from curve fitting are provided in
Table 2.
In theN 1s spectra, the intensity of the interface FePc (P1) and

Py-Fe (P3) peaks becomes less intense gradually as the amount
of Py is increased, whereas the P2N 1s peak continues to increase
in intensity (Figure 8a). This implies that P2 is not only due to
interface Py species but also due to Py molecules in the multi-
layer. The same trend is observed in the C 1s spectra (Figure 8b).
From Table 2, it is seen that the P2 N 1smultilayer peak is shifted
by 0.85 eV to higher binding energies with respect to the peak at
iron saturation dose; the same behavior is observed for the C 1s
peak at ∼285 eV. As expected, the shape of the Fe 2p spectra
does not change with respect to the iron saturation dose. For
metallic substrates, higher binding energies for multilayer cov-
erages as compared with monolayer coverages are normal and
can be explained by the improved core-hole screening by the
support at low coverages. In the present case, the observed
binding energy shift is most probably also caused by the reference

Figure 7. (a)N 1s TP-XPS experiments performed after adsorbing 1 L of Py on the FePc/Au(111) sample. The experiments involve heating the sample
gradually to temperatures between �179 and �47 �C up to complete desorption of Py and measuring N 1s photoemission spectra while heating.
The color scale represents the intensity scale. Py starts desorbing around�126 �C, and at around�85 �C, all Py molecules are desorbed and the N 1s
photoemission spectrum consists of the FePc signal only. (b) Differential of the intensity of P2 as a function of temperature, as obtained from the
TP-XPS scans. The results show that P2 desorption takes place at �121 �C.

Figure 6. (a) Top and side views of the optimized structure of the most
stable configuration of FePc on Au(111) from DFT with the GGA
functional. An interaction between the Fe and the Au atom below is
observed, with an Fe�Au distance of 2.76 Å. (b) Top and side views of
the optimized structure of Py adsorbed on FePc/Au(111).
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level chosen for calibration. The vacuum level is the more
appropriate reference level for weakly bound multilayers,55 but
it could not be determined because of experimental limitations.
Instead, the calibration was carried out with respect to the Fermi
level.
N 1s XAS experiments were performed on thick multilayers of

Py (30 L) in both NI and GI geometry (Figure 9). The absorp-
tion spectra show no angular dependence of the resonances.

This shows that in thick multilayers Py does not have a preferred
orientation with respect to the surface, but instead the layers are
completely disordered. Because the spectra show no angular
dependence, we show only the grazing incidence spectrum in
Figure 9. There are several resonances, labeled A�E, whose
positions fit well with previously reported data on gas phase
Py:56,57 the most intense resonance A is at 398.8 eV, followed by
a weak shoulder B at ∼400.2 eV, resonance C at 402.8 eV, and
resonances D and E at 404.8 eV and ∼408 eV, respectively.

’CONCLUSIONS

The adsorption of Py on FePc monolayer on Au(111) was
studied for a broad range of coverages, starting at very low
amounts and going up to thick multilayers of Py. Similar to our
previous findings related to adsorption of ammonia on FePc, we
find that Py adsorption quenches the local spin on the iron ion,
which suggests the possibility of tailoring the magnetic properties
of phthalocyanines by adsorption of molecular ligands. We also
found that low doses of Py adsorb as two different species, one
coordinated to the iron site of FePc and the second adsorbed
elsewhere, either on FePc macrocycle or possibly interacting
with the Au(111). Both Py species are present from the lowest
coverages. At saturation, when all iron centers are bound to
molecules, the iron-coordinated Py molecules adopt a perpendi-
cular geometry with respect to the FePc rings, whereas the other
Py species are flat. Above iron saturation coverage, the Py-Py
sticking coefficient increases significantly, as shown by the inten-
sity evolution of the N 1s peaks. As opposed to the low coverage
situation, at multilayer coverage, the Py molecules are not ordered
anymore; no preferred orientation is observed in this case.

’ASSOCIATED CONTENT

bS Supporting Information. C 1s X-ray photoelectron spec-
tra obtained after adsorption of 0.1, 1, and 10 Langmuir of
pyridine on bare Au(111). This material is available free of
charge via the Internet at http://pubs.acs.org.
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from 2 to 30 L, where 30 L corresponds to thick Py multilayers. For comparison, the spectra at saturation (0.75 L) are also shown.
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a For comparison, the binding energy of the N 1s peak obtained for a
clean and saturated FePc monolayer is inserted.

Figure 9. N 1s X-ray absorption spectrum of a thick multilayer of Py
(30L) grownon top of the FePc/Au(111) sample. The spectrawere taken
at an incidence angle of 65�. At this particular Py coverage, no signal was
visible from the FePc macrocycle when measuring photoemission spectra.
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