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We have examined the geometric and electronic structures of iron phthalocyanine assemblies
on a Cu(111) surface at different sub- to mono-layer coverages and the changes induced by
thermal annealing at temperatures between 250 and 320 ◦C by scanning tunneling microscopy,
x-ray photoelectron spectroscopy, and x-ray absorption spectroscopy. The symmetry breaking
observed in scanning tunneling microscopy images is found to be coverage dependent and to
persist upon annealing. Further, we find that annealing to temperatures between 300 and 320 ◦C
leads to both desorption of iron phthalocyanine molecules from the surface and their agglomer-
ation. We see clear evidence of temperature-induced homocoupling reactions of the iron phtha-
locyanine molecules following dehydrogenation of their isoindole rings, similar to what has
been observed for related tetrapyrroles on transition metal surfaces. Finally, spectroscopy indi-
cates a modified substrate-adsorbate interaction upon annealing with a shortened bond distance.
This finding could potentially explain a changed reactivity of Cu-supported iron phthalocya-
nine in comparison to that of the pristine compound. C 2016 Author(s). All article content, ex-

cept where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4942121]

I. INTRODUCTION

Metal phthalocyanines (MPcs) have considerable poten-
tial for the use in new functional nanoscale materials due to
the possibility of accurate characterization and manipulation
of their chemical state. Moreover, MPcs exhibit excellent
chemical and thermal stabilities, uncomplicated synthesis,
and tunable physical properties,1,2 and, indeed, today they
are widely employed as building blocks for molecular
switches3 and for molecular4 and quantum computing devices,
e.g., for data storage.5 These interesting properties of MPcs
have spurred significant interest in the adsorption of metal
phthalocyanines on single crystal surfaces of materials such as
copper, silver, and aluminium.6–9 Surface-driven modification
of the molecular properties plays an important role, and recent
research into phthalocyanine compounds includes the control
of the Kondo effect,10 switching of magnetic anisotropy,11 and
uneven charge transfer leading to distortion and symmetry
reduction.12

The preparation of MPc monolayers (ML) on metal
surfaces by thermal evaporation onto the room temperature
surface is often tedious since it is difficult to determine
the exact amount of deposited material. Moreover, non-

a)Present address: Institut für Chemie, Karl-Franzens-Universität Graz, 8010
Graz, Austria.

reproducible deposition rates when using crucibles make the
procedure even less reliable. Instead, the most convenient and
thus widely used technique for creating a homogeneous metal-
supported monolayer is to anneal a multilayer at temperatures
close to the MPc’s evaporation temperature.2,13–15 However,
annealing can modify the properties of the MPc when
deposited on reactive surfaces.16 For example, upon heating of
a submonolayer of iron phthalocyanine (FePc) supported on a
Ag(111) surface to 200 ◦C, topography changes are observed
in scanning tunneling microscopy (STM) images, with the
FePc molecules rearranging themselves in a more closely
packed and well-ordered structure than after room temperature
deposition.17 Even chemical reactions can take place: both
MPcs and porphine molecules, which are close structural and
electronic relatives of MPcs, are dehydrogenated and undergo
a homocoupling reaction on Ag(111) when the sample is
heated up to a compound-specific temperature of the order of
several hundred ◦C.16,18 Today, similar schemes are also known
from a large variety of other compounds and are being used for
on-surface covalent synthesis (see, e.g., Ref. 19). Therefore,
it is of interest to determine whether dehydrogenation and
homocoupling also take place in the case of FePc on Cu(111),
at what temperatures these changes occur, and to understand
the physics of the involved surface and reaction processes.

Here, we use STM, x-ray photoelectron spectros-
copy (XPS), temperature-dependent x-ray photoelectron
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spectroscopy (TD-XPS), and x-ray absorption spectroscopy
(XAS) to thoroughly characterize FePc layers on Cu(111)
prepared at room temperature and annealed to temperatures
above 300 ◦C. Aspects that we address are the molecular
arrangements at different coverages, symmetry breaking
observed in the STM images, and modification of the adsorbate
structure and interaction with the Cu(111) support upon
annealing. As for other metal surface-supported macrocycles,
we also find for FePc/Cu(111) that annealing leads to
homocoupling between adjacent adsorbates and that both
polymerized and isolated molecules are put into a state of
stronger surface bonding, which manifests itself as a shortened
surface-adsorbate distance.

II. EXPERIMENTAL PROCEDURES

A. XPS and XAS experiments

High-resolution x-ray photoelectron spectroscopy data
were recorded at beamline I31120 on the MAX II electron
storage ring of the MAX IV Laboratory in Lund, Sweden. The
instrument has separate preparation and analysis chambers
connected by a gate valve. The base pressure is 1 × 10−10 mbar
in the preparation chamber and in the mid 10−11 range in
the analysis chamber. The measurements were performed
using a Scienta SES200 electron energy analyzer. The overall
instrumental resolution used in the measurement of the C 1s
core level spectra was 90 meV and 125 meV in the case of the
N 1s spectra. After each core level measurement, the energy
scale was calibrated to the Fermi edge. Before further analysis
a background was removed from the x-ray photoelectron (XP)
spectra (Shirley in the case of the C 1s and polynomial in that
of the N 1s line). The XP spectra were, arbitrarily, normalized
to their area after background removal.

The N 1s XAS data were recorded on the same instrument
in Auger yield mode using an analyzer pass energy of 100 eV.
The kinetic energy window was chosen as to map the N
KVV Auger electrons at a kinetic energy of 370 eV. The
x-rays were linearly polarized, with the E-field orientation
either parallel (normal light incidence on the sample) or at
20◦ (grazing incidence) from the surface. The photon energy
resolution was set to 60 meV. The energy was calibrated
from a measurement of a suitable core level spectrum excited
with first and second order light. The estimated error of this
procedure is ±50 meV.

The sample was a Cu(111) single crystal surface aligned
to <0.1◦ with respect to the nominal orientation. The sample
was mounted on the manipulator using a tungsten wire loop.
Temperature measurement was performed using a type K
thermocouple spot-welded to the edge of the crystal. The
surface was cleaned prior to organic film deposition by
repeated sputter-annealing treatments. For sputtering 1 kV
argon ions were used at a pressure of 2 × 10−7 mbar, and for
annealing, the sample was kept at 525 ◦C for 10 min. The
cleanness of the Cu(111) single crystal was verified by XPS.

FePc with purity >90%, purchased from Sigma-Aldrich,
was degassed in vacuo by heating to 330 ◦C for 2 weeks and
to near-sublimation temperature for 3 h just before depositing
onto the Cu(111) crystal. The desired FePc coverage on the

surface obtained by adapting the deposition time. A proper
monolayer was created by step-by-step deposition, with the
amount of molecules deposited determined from the ratio of
molecule to Cu support signal; the C 1s and Cu 3p core-level
spectra were recorded and their ratio was plotted versus time
of deposition. The start of second-layer growth was inferred
from the change in linearity of the ratio. All samples were
prepared at room temperature and then gradually annealed
to record the temperature-induced modification of the FePc
layer at temperatures up to a maximum temperature of
520 ◦C.

Extended exposure of the sample to x-rays, with an
exposure time of the order of several minutes, led to the
occurrence of beam damage-related features in the XP spectra.
The first XPS experiments were therefore aimed at identifying
the rate of beam damage by monitoring the time evolution
of its occurrence for a stationary sample by measuring fast
consecutive XP spectra of the different core levels. From these
measurements, one could then infer the maximum permissible
illumination time of a single spot on the sample surface. In
subsequent XPS and XAS measurements the sample was then
continuously displaced during acquisition at a speed higher
than that required to ensure that no portion of the surface was
irradiated for a longer time than permissible.

B. STM experiments

STM was performed using a CreaTec low-temperature
STM instrument mounted on a custom-designed ultrahigh
vacuum chamber at the Physics Department of the Technical
University of Munich. All STM images were obtained at liquid
helium temperature (5 K) at a pressure below 2 × 10−10 mbar.
The images were recorded in constant current mode using an
electrochemically etched W tip. dI/dV maps were recorded
in constant height mode. The sample was prepared using the
same type of recipe as in the XPS experiments. The topography
of the FePc sub- and mono-layers was imaged before and
after sequential annealing to different temperatures: 250 ◦C
for 10 min, 270 ◦C for 30 min, and 300 ◦C for 25 min. The
coverages were determined using the “flooding” technique,
i.e., the area featuring an apparent height above a threshold
value corresponding to the molecules was measured.21 The
thus obtained coverages were normalized to the value for the
single layer, which could not accommodate additional FePc
adsorbates. This layer was made up of islands of different
overlayer structures and densities.

For the STM experiments, FePc powder (90% dye
content; Sigma Aldrich) was triple purified by thermal gradient
sublimation and degased at 20 ◦C below its evaporation
temperature for several days before use.22

III. RESULTS

A. Molecular orientation, binding site, and symmetry
reduction in the room temperature preparation

1. Scanning tunneling microscopy

In this work, we report STM images of molecular
assemblies of FePc/Cu(111) in the average coverage range
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FIG. 1. STM images of 0.63 ML FePc/Cu(111). Scanning parameters:
+0.75 V, 0.08 nA. (a) Larger-scale overview, 800×800 Å2, inset: chemical
structure of FePc. (b) Detailed view of the indicated area in (a), 150×150 Å2.
The close-packed directions of the Cu(111) surface are indicated by the
yellow stars.

from 0.6 to 1 ML. Additional STM images not shown here
were obtained at coverages below 0.6 ML and slightly above
1 ML as well as at further intermediate coverages. The findings
reported here are consistent with previous STM work,23,24 but
complete them with additional data. In particular, we report
on the structural parameters of several different molecular
assemblies, which have not been observed previously.

In Figures 1 and 2, STM images and structures of the
molecular assemblies of FePc/Cu(111) at average coverages of
0.63, 0.80, 0.98, and 1.00 ML (all ±0.05 ML) are presented.
A central parameter in the discussion of the assemblies is
the orientation of the FePc adsorbates. We will specify this
orientation in terms of the orientation of the dihedral axes, as
identified in the D4h symmetry of the free molecule. We term
the two dihedral axes which are parallel to opposite isoindole
units as the molecular axes [cf. the molecular structure in the
inset of Fig. 1(a)].

At the lowest coverages up to approximately 0.50 to
0.65 ML, isolated adsorbates are found on the Cu(111)
surface. Only towards the upper end of this range, also islands
are observed. Hence, at low coverage, the adsorbate-surface
interactions dominate intermolecular interactions. The binding
site of the isolated molecules, in terms of the placement
of the central iron ion, is a bridge site, which we have
identified from carbon monoxide co-adsorption experiments
(cf. Fig. S1 in the supplementary material25). The isolated
adsorbates are aligned with one of their molecular axes along
one of the close-packed crystal directions, which in Figures 1
and 2 have been identified by yellow stars. Even in more
closely packed islands observed at approximately 0.6 ML
coverage, this alignment is retained, as is seen from Fig. 1.
In these islands, all molecules are oriented identically, and
the overlayer structure is commensurate with the Cu(111)
surface. An analysis of images such as in Fig. 1(b) which
contain both isolated molecules and islands provides evidence
for the same bridge binding site in both cases. We also note
that the bias-dependent contrast is the same for the isolated
molecules and for those in the islands, lending additional
support for the assertion of bridge site binding also in the
islands.

At an average coverage of 0.80 ML [Figs. 2(a)-2(f)] two
different molecular assemblies are observed with packing

densities which are identical to within the measurement
uncertainties. The first of these, shown in Figs. 2(a)-2(c),
is the same as that found at 0.63 ML and features a unique
orientation of the FePc adsorbates with one of the molecular
axes aligned along a close-packed row. Its unit cell, displayed
as a red tetragon in Figs. 2(b) and 2(c), is oblique; the
lattice constants and angles are provided in the figure caption.
The dimensions and shape of the unit cell are consistent
with bridge site bonding, already confirmed for the 0.63 ML
coverage. The other structure found at this coverage, shown in
Figs. 2(d)-2(f), has a larger unit cell with differently oriented
FePc adsorbates. The orientation of individual adsorbates is
along the close-packed rows, but may also deviate from this
direction by ±5◦. The deviation is the same for all molecules
in a particular island. In the STM images, one can now also
discern rows of molecules which are aligned (or quasi-aligned
with a deviation of up to ±5◦) along a particular close-packed
surface direction, while the adsorbates in the adjacent rows are
aligned (or quasi-aligned) with another close-packed surface
direction.

At even higher coverage, i.e., at 0.9 ML–1 ML, the FePc
molecules still form a seemingly commensurate overlayer
on the surface [Figs. 2(g)-2(l)]. However, new adsorbate
orientations are observed. At 0.9 ML, islands are found in
which the orientation of the adsorbates alternates between
5◦ and 12◦ away from the close-packed directions of the
Cu(111) surface. Yet another assembly can be identified
at a coverage of 1 ML [Figs. 2(j)-2(l)]. In this assembly,
which has the same molecule packing density as that
shown in Figs. 2(g)-2(i), all adsorbates are rotated by 12◦

from the close-packed surface rows. The parameters of the
assembly are in agreement with those specified in the early
investigation by Buchholz and Somorjai.26 The monolayer is
not completely made up from this latter structure, however;
instead, different types of structures of the types displayed
in Fig. 2 with different packing densities are seen to
co-exist. Nevertheless, it is not possible to accommodate
additional molecules in the monolayer, and further depo-
sition of FePc molecules instead results in second-layer
growth.

In comparison to the fourfold symmetry of molecules
in the gas phase, a symmetry reduction can be observed in
the STM images at all coverages. As is seen in Figs. 2(a)
and 2(d) up to 0.8 ML coverage the observed symmetry is
twofold, i.e., of the “I-type” with opposite isoindole units
along one of the molecular axes appearing brighter and
those along the perpendicular direction darker. In contrast,
for isolated molecules at low coverage, it is the axis oriented
perpendicular to the close-packed row which appears bright.27

In the STM images obtained at an even higher coverage of
0.98 ML, other types of symmetry breaking are observed in
addition to the I-type of adsorbates [Fig. 2(g)]. We classify
them in terms of their appearance as T- and L-type symmetry
reduction. In addition, also adsorbates of the fully symmetric
type have been observed (not shown). Further, we note that
at this coverage, the bright axes of the twofold symmetric
I-type are oriented perpendicularly to the dense-packed
Cu direction, similarly to isolated FePc molecules at low
coverage.
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FIG. 2. STM images and schematic structures of the FePc/Cu(111) assemblies at coverages between 0.80 and 1.00 ML, illustrating the different observed
molecular assemblies in this coverage range. The layers were grown at room temperature. The red tetragons depict the overlayer unit cells, while the yellow stars
mark the directions of the close-packed rows of the Cu(111) surface. The image size in the top row is 100×100 Å2, while it is 50×50 Å2 in the middle
row. ((a)-(c)) 0.80 ML coverage, +0.75 V, 0.08 nA. The unit cell dimensions are a = (1.48±0.03) nm and b = (1.31±0.03) nm and the interior angles
are (68±1)◦ and (112±1)◦. The packing density is (0.56±0.02) Å2. ((d)-(f)) 0.80 ML, +0.75 V, 0.1 nA. Unit cell dimensions: c = (2.89±0.03) nm and
d = (1.50±0.03) nm. Interior angles: (60±1)◦ and (120±1)◦. Packing density: (0.53±0.01) Å2. ((g)-(i)) 0.98 ML, +0.75 V, 0.05 nA. Unit cell dimensions:
e = (1.86±0.03) nm, f = (2.72±0.03) nm. Interior angles: (43±1)◦ and (137±1)◦. Packing density: (0.58±0.01) Å2. ((j)-(l)) 1.00 ML, +0.75 V, 0.08 nA.
Unit cell dimensions: g = (1.32±0.03) nm, h = (1.30±0.03) nm. Interior angles: (88±1)◦ and (92±1)◦. Packing density: (0.58±0.02) Å2. The contrast was
enhanced in the right-hand sides of the STM images in (a), (d), and (g) by application of a different color scale to render the different types of symmetry reduction
more clearly visible.

2. X-ray photoelectron spectroscopy and x-ray
absorption spectroscopy

The black spectrum in Fig. 5 is the C 1s XP spectrum
of a monolayer (±0.1 ML) of FePc on Cu(111) prepared
by room-temperature deposition. The line has two main
components, both of which are broadened towards higher
binding energy. The most intense feature at around 284.2 eV
is due to photoemission from the 24 carbon atoms of the
benzo groups. The second component at around 285.4 eV
is due to photoemission from the eight carbon atoms which
are bonded to the pyrrole nitrogen atoms. In addition, shake-
up features at around 1.9 eV higher binding energy than
that of the main lines are expected,28,29 but are here largely
suppressed due to the interaction of the FePc with the metallic
Cu(111) surface. The broadening of the two main peaks,
which is particularly pronounced for the benzo-related peak,
is assigned to a combination of out-of-plane deformation of
the Pc macrocycle and uneven charge distribution over the
two molecular axes.27

Fig. 6(a) contains, as black curve, the N 1s XP spectrum
of the room temperature preparation. The first moment of the
intensity is located at 398.67 eV, and its width is approximately
1 eV. In comparison to the N 1s lines of a FePc multilayer
and FePc monolayers on more inert surfaces,30–32 the peak
is broadened due to the increased chemical difference of the
bridging aza (Naza) and pyrrole (Npyr) nitrogen atoms as a
result of charge transfer from the Cu(111) surface to the
adsorbates.27

Finally, the spectra in black color in Fig. 7 are the N 1s
x-ray absorption (XA) spectra of the monolayer prepared at
room temperature in normal and grazing x-ray incidences
on the sample. The spectra are normalized to the intensity
of the step edge related to the vacuum level, measured at
about 25 eV above the adsorption threshold (Fig. S2 in the
supplementary material25). The angle dependence of the π∗

resonances confirms the flat geometry of FePc on the Cu(111)
surface. The low-lying π∗ resonance at 398-399 eV contains
two distinguishable features, which are related to the Npyr

and Naza nitrogen atoms. In XA spectra of FePc multilayers30
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and FePc monolayers on inert surfaces such as Au(111)31 or
HOPG,32 these two features are not as clearly resolved. The
observation that the two peaks are more easily identified for
FePc/Cu(111) is partly a result of their larger separation as
compared to what is found for pristine FePc and FePc adsorbed
on more inert surfaces27 and partly of charge transfer from the
Cu(111) support to the adsorbates. More charge is transferred
to the Naza than to the Npyr atoms,27 which leads to a reduction
of the Naza-related LUMO intensity in comparison to the
Npyr intensity. Similar observations have been made for the
adsorption of CoPc on the Cu(111)33 and FePc on the Ag(111)
surface.34 In the spectra in Fig. 7, additional π∗ resonances
are found at higher photon energies, although in particular the
region in the range between approximately 399 and 401 eV
photon energy is much less well defined than that of the case
for FePc multilayers and FePc layers on inert surfaces. Such
differences are quite expected in view of the rather strong
interaction of the macrocycle part of the FePc adsorbates
with the Cu(111) surface and concomitant hybridization of
adsorbate and Cu(111) states.27

B. Temperature-induced structural changes

1. Scanning tunneling microscopy

Fig. 3 shows the effect of annealing to 250 and 300 ◦C on
the structure of the molecular overlayer. Annealing of a nearly
complete FePc monolayer on Cu(111) to 250 ◦C leads to the
formation of large, ordered domains featuring an increased
packing density with two distinct molecular orientations. The
appearance of the FePc adsorbates is consistent with the
data before annealing shown in Fig. 2, and a unit cell can
be identified featuring a molecular arrangement as shown
in Fig. 3(c). The parameters of this unit cell are given in the
figure caption. No major change is observed after annealing the
nearly complete monolayer at 270 ◦C for 30 min. Annealing
to 300 ◦C at 25 min leads to a pronounced reduction of order
reflected in a variety of intermolecular arrangements, as is
visible from Fig. 3(d). In this figure, red and white arrows
indicate examples of locations at which adsorbates have and

have not reacted which each other, respectively, as further
discussed below.

The effect of annealing on a submonolayer is similar to
that for a monolayer as is illustrated by the STM images
in Figs. 3(e) and 3(f). Upon annealing to 300 to 320 ◦C for
10 min, i.e., at a temperature similar to the onset of sublimation
of the FePc solid, the adsorbates re-organize. A portion of
the adsorbates are still found to be isolated. These individual
adsorbates are oriented with one molecular axis aligned with
a close-packed row. Some of them are perfectly aligned, but
another fraction deviates from this orientation by up to 9◦

(cf. Fig. 4(a)). This observation contrasts with the behavior of
adsorbates in an as-deposited room temperature submonolayer
(up to 0.5 ML), in which the adsorbates predominantly align
perfectly with the close-packed rows. Further, a large fraction
of the adsorbates arrange in dendrite-like chains. For the
adsorbates in such chains the orientation is governed by the
intermolecular rather than the adsorbate-surface interaction.

In addition to the STM images in Figures 1 and 2, we also
report dI/dV maps at different biases of individual adsorbates
after annealing to 320 ◦C in Fig. 4. In these dI/dV maps, the
same kind of symmetry reduction is seen as in STM images
of the room temperature preparations. Indeed, the symmetry
reduction is even clearer in the dI/dV maps in comparison to
the STM images, and also a switching of contrast between the
two molecular axes with bias is observed.

2. X-ray photoelectron spectroscopy and x-ray
absorption spectroscopy

The orange line in Fig. 5 is the C 1s spectrum of a
monolayer of FePc on Cu(111) after annealing of the surface
to 320 ◦C. In comparison to the black room temperature
spectrum in the same figure, the general lineshape with the
presence of the benzo and pyrrole peaks is preserved; at the
same time, a quite significant broadening of the benzo-related
peak is observed together with a shift of the pyrrole-related
peak to a higher binding energy. In addition, a new, small low
binding-energy shoulder emerges at around 283.4 eV binding
energy. The full width at half-maximum (FWHM) of the benzo

FIG. 3. Effect of annealing on the
FePc/Cu(111) layer. ((a)-(c)) Anneal-
ing temperature 250◦C, ((d)-(f)) 300◦C.
(a) +0.75 V, 0.05 nA, 100×100 Å2.
The type of symmetry breaking is
indicated by letters. (b) +0.75 V,
0.05 nA, 50×50 Å2. The red tetragon
shows the unit cell of the molec-
ular assembly. (c) Sketch of the molec-
ular assembly of the structure obtained
by annealing to 250◦C. Cell param-
eters: i = (1.25±0.03) nm, j = (2.78
±0.03) nm, interior angles (72±1)◦ and
(108±1)◦. (d) +0.75 V, 0.10 nA, 100
×100 Å2. Red arrows indicate the for-
mation of C–C bonds in a homocou-
pling reaction, while the white arrows
indicate molecules where such a reac-
tion has not taken place. (e) −0.80 V,
0.10 nA, 155×155 Å2. (f) 0.50 V,
0.10 nA, 40×40 Å2.
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FIG. 4. STM image and dI/dV maps of FePc/Cu(111) after annealing to
320◦C. (a) Two orientations of the adsorbates are induced: one with a molec-
ular axis aligned with a close-packed surface direction and one deviating
from that direction by −8◦ (0.9 V, 0.25 nA). ((b) and (c)) Constant height
dI/dV maps of a single FePc molecule on Cu(111). The bias is indicated. A
switch-over of the contrast is observed upon changing the bias.

peak changes from 0.64 eV to 0.80 eV. As will be detailed and
motivated in Sec. IV, the spectrum can be further analyzed
by assuming contributions of new species. One of these
contributions results from newly created intermolecular C–C
bonds and is found at around 0.3 eV higher binding energy
than the benzo-related peak.35 The simultaneously observed
broadening of the low-binding energy flank is attributed to
changes in the bonding of the FePc molecules to the surface
after annealing.

Fig. 6(a) shows the N 1s XP spectra of both the
non-annealed (black) and annealed (orange) monolayers of
FePc/Cu(111). Fig. 6(b) reproduces the evolution of the N 1s
line during annealing in the form of a series of TD-XPS
measurements. Prior to annealing, the N 1s peak, with a
first moment at 398.67 eV, contains components due to two
chemically different nitrogen atoms (Npyr and Naza), which
normally cannot be resolved.27,36 The somewhat asymmetric
shape of the line towards lower binding energy can be ascribed
to an asymmetric charge redistribution in the molecule upon
adsorption on the Cu(111) surface.27

FIG. 5. C 1s XP spectra of the 1 ML film of FePc/Cu(111). A comparison
of the spectra before (black) and after annealing to 320◦C (orange), with
both spectra recorded at room temperature, show the increase in FWHM from
0.64 eV to 0.80 eV. The homocoupling reaction of the FePc adsorbates results
in the formation of C–C bonds, which have a characteristic binding energy at
the indicated position. Both spectra were acquired at room temperature.

FIG. 6. N 1s XP spectra of 1 ML FePc/Cu(111). The layer was prepared
at room temperature and subsequently annealed. (a) Comparison of the N 1s
spectrum of the room temperature preparation (black) to that of the monolayer
annealed to 320◦C (orange). Both spectra were acquired at room temperature
and normalized to their area after background removal. (b) N 1s TD-XPS
experiments performed in the temperature range between 31◦C –520◦C. The
color scale represents the raw intensity as measured.

Upon annealing, the N 1s line is shifted to lower binding
energy by −0.15 eV to 398.52 eV. A similar, but a bit smaller
shift of around −0.10 eV is also found for the main line in
the Fe 2p spectrum (Fig. S3 in the supplementary material25).
A direct comparison of the N 1s lineshape before and after
annealing shows that it is virtually unchanged (Fig. S4 in
the supplementary material25) and thus not further affected
by the shift. The N 1s shift with annealing is also clearly
visible in the temperature dependent XP (TD-XP) spectra in
Fig. 6(b). Also visible is an attenuation of the N 1s intensity
with temperature, which starts at slightly below 300 ◦C. Since
the STM results do not suggest any drastic modification of
the inner parts of the macrocycle with temperature, the signal
attenuation is attributed to desorption of adsorbates at these
temperatures.

Figure 7 compares the π∗ region of the N 1s XA spectra
before and after annealing. The N 1s XA spectrum measured
on the FePc/Cu(111) layer annealed to 320 ◦C differs from
the spectrum acquired on the non-annealed surface primarily
in the shape of the lowest π∗ resonance, which contains
resonance contributions of the Naza and Npyr atoms. The
angular dependence is unchanged, which shows that the planar
geometry of the molecules on the surface is preserved. What
is changed is the location of the resonance, which for the room
temperature samples is found at 398-399 eV: the resonance
is shifted to lower energy, quite as expected on the basis of
the N 1s XPS results. Moreover, the distinction between the
two features related to the Naza and Npyr atoms is less clear
in comparison to the spectrum obtained before annealing, and
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FIG. 7. Comparison of the N 1s XA spectra of 1 ML FePc/Cu(111) before
(black) and after annealing to 320◦C (orange). Both spectra were measured at
room temperature. The measurements were taken in normal and grazing (70◦

from the surface normal) incidences of the x-ray beam on the sample.

the spectral intensity at around 400 eV on the high photon
energy side of the lowest resonance is reduced.

IV. DISCUSSION

A. Symmetry reduction

The apparent symmetry reduction of FePc adsorbates
on Cu(111), observed in STM images, has been reported
before.23,27 For adsorbates in close-packed islands at 0.5 ML
coverage, it has been attributed to the formation of anionic
FePc with an uptake of charge density from the surface
and its inequivalent distribution over the two molecular
axes in combination with a distortion of the macrocycle
skeleton.27 The somewhat peculiar switch-over in contrast
between isolated molecules and those in close-packed islands,
where the bright axis is oriented along the close-packed
surface direction in the latter and perpendicularly to this
direction in the former,23 has previously been associated with a
mixture of molecular orbitals produced by the molecule-metal
interaction.37

It seems likely that the occurrence of other types of
symmetry reduction (L- and T-type of adsorbates in Fig. 2)
than the twofold one (I-type of adsorbates) at a coverage
of 0.98 ML also is attributable to a combination of charge
transfer from the surface to the adsorbates, rehybridization of
the adsorbate with the surface electronic states, and bending
of the molecular framework of the adsorbates. Since the
twofold symmetry reduction of isolated FePc adsorbates at
low coverage has a mixed electronic/geometric character,27

the symmetry breaking at close-to monolayer coverage is
also expected to have such a mixed nature. There exists a
difference, though, in that the twofold symmetry reduction
and concomitant charge transfer from the Cu(111) surface to
the adsorbates only require a breakup of the frontier orbital
degeneracy. In contrast, the other types of symmetry reduction
necessitate a more complex rehybridization of the molecular
orbitals. This suggests that the binding sites of the molecules
and their surface registry have changed at least slightly at

a coverage of 0.98 ML in comparison to lower coverage.
Therefore, it also seems likely that the FePc overlayer at
higher coverage is not commensurate with the Cu(111) surface
and that, therefore, not all FePc adsorbates have the same
binding site. Finally, we note that annealing of the FePc layer
on Cu(111) does not remove the mechanism for symmetry
breaking, as is illustrated by the STM image and dI/dV

maps in Fig. 4. The changing appearance of the dI/dV map
with bias underlines the orbital selectivity and thus partially
electronic character of the symmetry breaking effect.27

B. Temperature-induced structural changes

An inspection of the N 1s TD-XP spectra in Fig. 6(b)
shows that while annealing to 250 ◦C leaves the N 1s intensity
unchanged and hence does not lead to any desorption of
FePc adsorbates from the Cu(111) surface [cf. the STM
images in Figs. 3(a) and 3(b)], annealing to 320 ◦C reduces
the intensity to approximately 75% of the initial value and
thus implies desorption of around 25% of the FePc from
the surface. In addition, for the annealed FePc overlayers,
another trend can be observed in the STM images: A large
fraction of the molecules, 82% in the series of image
from which Fig. 3(d) was taken, form dendritic chains
and clusters upon annealing. In these structures, the FePc
molecules come significantly closer to each other than what
the van der Waals radii of the atoms would suggest is
possible. This indicates dehydrogenation and polymerization
of the molecules in a homocoupling reaction18 and, indeed,
thermally induced dehydrogenation and polymerization of
phthalocyanine molecules have been reported previously
for the Ag(111) surface.16 We note that any appreciable
dissociation beyond dehydrogenation is not discernible from
the STM images (cf. Fig. 3).

Upon annealing to 320 ◦C the N 1s peak in the XP
spectrum in Fig. 6 shifts by 0.15 eV to lower binding energy,
while the lineshape is unchanged. In contrast, annealing leads
to more complex modification of the C 1s line, as can been seen
from the spectra in Fig. 5: in comparison to the spectrum of
the as-prepared FePc/Cu(111) layer, a broadening is observed
on both the low and high binding energy sides of the benzo-
related peak located at around 284.5 eV in the spectrum of the
FePc/Cu(111) layer annealed to 320 ◦C.

It is tempting to ascribe the N 1s downshift to the effects
of the homocoupling reaction, since a similar shift has been
observed both in the N 1s and C 1s XP spectra of homocoupled
porphine molecules on a Ag(111) surface.18 However, as
reported above in the discussion of the STM images, even
after annealing to 300 ◦C, a large fraction of the adsorbates
on the order of 15%–20% remain isolated and do not undergo
any intermolecular reaction. If the downshift in the N 1s XP
spectrum had been due to the reaction, the lineshape should
have changed, since there would be contributions of adsorbates
that have reacted and those that have not. This is not the case,
and therefore it seems more probable that the shift of the N 1s
peak has a different explanation. Indeed, with regard to the
N 1s binding energy, the case of porphine homocoupling can
be expected to be quite different from that of phthalocyanine
homocoupling, since the hetero-nitrogen atoms in porphine
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are much closer to the homocoupling reaction site at the outer
perimeter of the molecule than in phthalocyanine.

A possible alternative explanation for the N 1s
downshift is a closer distance between surface and adsorbate,
given rise to by a stronger adsorbate-surface interaction.
Such a closer distance would lead to a more efficient
screening of the core hole. Assuming only polarization
screening, the downshift relative to the binding energy
of the N 1s line of the non-annealed sample is given
by ∆EBE = −(e

2/4πϵ0)(1/rnon−annealed − 1/rannealed), where
rnon−annealed and rannealed are the distances between the FePc
adsorbates in the non-annealed and those in the annealed case,
respectively, to their image charges in the Cu(111) surface.
Using a distance between FePc adsorbate and image plane
of 2.69 Å in the room temperature monolayer determined
in previous x-ray standing wave experiments38 and assuming
that the distance between the core hole and its image charge
is double this distance, one obtains a difference in height of
the FePc adsorbate over the surface in the non-annealed and
the annealed layer of 0.14 Å.

It should be noted, though, that it is likely that the stronger
adsorbate-surface interaction, instead of only providing a
more efficient polarization screening of the core hole, leads to
a more efficient charge transfer screening pattern. Although
such a pattern implies a different value for the change in
adsorbate-surface distance, the argumentation is rather the
same: more efficient core-hole screening due to a decreased
adsorbate-surface distance leads to a lower binding energy.
Thus, the result of a shorter bonding distance is still valid.

Another alternative reason for the N 1s shift could be
that annealing might induce an increased ground state charge
transfer from the Cu(111) support to the adsorbates. Such a
charge transfer would be expected to affect both the N 1s
and C 1s binding energies. However, the rather unchanged π∗

lineshape in the N 1s XA spectrum in Fig. 7 does not lend
support to the assumption of an increased ground state charge
transfer and we therefore disregard it.

As already stated, the C 1s line in Fig. 5 does not follow
the same trend of a rigid downshift in binding energy. Instead,
a broadening towards both edges of the benzo-related peak is
found. The observation can be explained from a combination
of the effects of a smaller surface-adsorbate distance with those
of a homocoupling reaction, in which one or two hydrogen
atoms are removed from the benzo moieties involved in the
reaction of neighboring molecules. The hydrogen atoms freed
in the homocoupling reaction probably form dihydrogen gas,
since hydrogen desorbs from the Cu(111) surface at around
room temperature,39 and the C–H bonds are replaced by
C–C bonds. According to Minkov et al.,35 the C 1s binding
energy of the carbons atoms linking together the phenyl
rings in biphenyl is 0.20–0.36 eV higher than that of the other
phenyl carbon atoms. A similar binding energy shift should be
applicable to the carbon atoms in the C–C bonds formed in the
homocoupling reaction, which would explain the broadening
of the high binding energy side of the benzo peak in the C 1s
spectrum. At the same time, the carbon atoms on the benzo
moiety are affected by the reduced surface-adsorbate distance
in the same way as the nitrogen atoms, and thus a downshift in
agreement with that in the N 1s XP spectra is to be expected.

Hence, the broadening on the low-binding energy side of the
benzo peak is due to the changed distance between Cu(111)
surface and FePc adsorbates. Altogether, a combination of
effects can explain the broadening on both flanks of the benzo
peak in the C 1s spectrum.

At the same time, also a slight upshift upon annealing
of the pyrrole-related peak at around 285.3 eV is observed,
although a downshift would be expected in accordance with
that of the N 1s peak. However, this upward shift is attributable
to the broadening of the benzo peak rather than a real shift,
since the broadening benzo peak provides an additional
sloping background to the pyrrole peak. A curve fitting or
theoretical analysis could give proper input to the question of
the location and shift of the pyrrole peak; since curve fitting
of the rather complex lineshape would require rather detailed
input on the number and intensities of the components of the
benzo peak, we refrain from it here, though.

A shortening of the distance of both the isolated
and homocoupled FePc adsorbates from the Cu(111) upon
annealing to 320 ◦C implies that the molecule initially, when
prepared at room temperature, is in a different state than
after annealing. Already this room temperature state is of a
chemisorptive nature and can be viewed as a chemisorbed
π-bonded precursor state. We suggest that annealing leads to
a weakening of the intramolecular bonds and a breaking-up
of the π-bonds, which is accompanied by a strengthening
of the surface bond due to a switch-over to σ-bonding.
The adsorbate is thus transferred to a second, more strongly
bonded chemisorption state. The same kind of scheme is
known to occur under a certain condition for smaller double-
and triple-bonded molecules at transition metal surfaces and
has, e.g., been observed for ethene on a stepped Cu(410)
surface.40 It has not been observed previously for a double-
bonded hydrocarbon on a flat Cu(111) surface, though,41

the reason presumably being that the barrier towards the
second chemisorption state is too unfavorable. Here, we find
spectroscopic evidence for a transfer of the FePc adsorbates
into such a second chemisorptive state by annealing, possibly
as a result of a changed barrier to desorption. The fact
that the intramolecular bonds in this state indeed are
weakened is supported by additional experiments in which
we have observed that exposure of the annealed surface to
atomic oxygen leads to further decomposition of the FePc
adsorbates, while this is not the case for the as-prepared
room temperature surface. An interesting consequence of this
change in reactivity might be that the annealed Cu-supported
macrocycles also might be more susceptible to acting as a
catalyst.

V. CONCLUSIONS

We have systematically studied the formation of a
molecular monolayer of FePc on Cu(111) from submono-
to mono-layer coverages and the occurring FePc adsorption
geometries. Common to all coverages is that the molecules
lie flat on the Cu(111) surface. Common for all coverages is
also that, in STM, a symmetry reduction of the appearance of
the FePc adsorbates has been observed, even in those cases
in which the molecules do not align with their molecular
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axes along the crystallographic directions of the (111)
lattice anymore. Moreover, at sufficiently high submonolayer
coverage, not all FePc adsorbates have a twofold symmetric
appearance (rather than the fourfold symmetric appearance
expected from the gas phase structure of the molecule),
but also different types of onefold symmetry are observed.
This suggests a rather complex mechanism of symmetry
breaking, with rehybridization of the molecular states with
support states, charge donation from the metallic surface to
the adsorbate, and out-of-plane distortion of the macrocycle
skeleton of the molecule contributing. We have also shown that
symmetry reduction persists after annealing of the molecules.

Annealing of a monolayer of FePc/Cu(111), prepared
at room temperature, leads initially to a re-ordering of
the molecular overlayer and at higher temperature (320 ◦C)
to partial desorption. The remaining adsorbates bind more
strongly to the Cu(111) surface, as can be observed from
the XP and XA spectra. We have explained the shortened
surface-adsorbate distance in terms of a rehybridization of
the molecular states and a switch-over from surface π to σ

binding. This change could explain a significantly changed
reactivity of the FePc adsorbates.

Further, annealing also leads to partial dehydrogenation
and polymerization of the benzo groups of a large fraction
of the adsorbates. This effect is visible not only in high-
resolution STM images, but also as change of lineshape of
the C 1s core level spectrum. As a perspective, a formation of
FePc dendrite-like chains on Cu(111) surface at submonolayer
coverage upon annealing could help in producing stable single
molecule nanowires.
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