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Hybrid Er-Tetraphenylporphyrin (Er-TPP) thin films have been synthesized on a SiO,/Si(100) substrate in a
co-deposition approach that combines an H,TPP seeded supersonic molecular beam and an effusive molecular
beam of the metal. As confirmed by detailed surface electron spectroscopies, our experiments in ultrahigh
vacuum demonstrate the ability to produce and control the chemical reactivity between the two species on the
surface of the growing film. This is achieved by fully exploiting the unique features of the supersonic
molecular-beam deposition approach in a co-deposition scheme that we show to be ideally suited to induce and
control chemical reactivity. We believe that the ability to synthesize organolanthanides films, showing a
thickness that is suitable for applications in optoelectronics, could pave the way to a class of devices based on
active materials chemically engineered via this solid-state/vapor phase approach in vacuum.

DOI: 10.1103/PhysRevB.79.125404

I. INTRODUCTION

Among m-conjugated organic molecules, porphyrins are
attractive for their optical properties, in terms of a wide ab-
sorption band and efficient photoluminescence. On the other
hand, lanthanides and in particular erbium are widely used as
photoluminescent materials in photonic and optoelectronic
devices for telecommunications. The combination of these
features, achievable in an organolanthanide hybrid com-
plexes, is hence highly promising for a class of devices
where the organic part would play the role of an antenna, that
is, it captures energy from light absorption (or by electrical
stimulation) and transfers it to the metal counterpart, which
in turn gets excited and then decays by luminescence.!~®

The growing interest in organic molecules as active ele-
ments for devices is mainly driven by the ability of tuning
their chemical reactivity, electronic, and optical properties by
chemical design and engineering.” They are particularly
promising for application in photonics and optoelectronics,
where the ability to tune the optical response and efficiency
has opened new perspectives.® The aim of realizing extensive
optoelectronic applications still faces some difficulties,
mainly related to the control of properties at the interfaces
and to the limited carrier mobilities achievable. Strategies to
overcome such shortcomings, together with the synthesis of
novel molecules, include improvement in controlling film
structure and morphology during growth.’

Among organic molecules, a leading role is played by
large macrocycles, e.g., porphyrins, suitable in several tech-
nological applications for their intense optical absorption and
photoluminescence yield. Porphyrins are involved in key
processes such as the synthesis of the heme group (the por-
tion of hemoglobin devoted to transport and delivering of
oxygen in the human body) and phototherapy by the oxygen
singlet generation.'” They also play an important enzymatic
action (VitB12) and act as intense colorant (chlorophyll).
Porphyrins are hence extensively used in organic or hybrid
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photovoltaic cells research, or as active element for sensing
or catalysis.!! Lanthanides complexes are attracting increas-
ing interest as visible emitters due to their enhanced effi-
ciency and color purity. In these complexes, the excited-state
levels of the emitting ion are not directly pumped but are
populated by an efficient intramolecular energy transfer from
the optically (possibly electrically) excited ligands, which act
as efficient light harvesting antenna. This approach allows
the specific optimization of each moiety for the particular
function (absorption, transport, emission) to which it is
dedicated.'~®

Elements of the lanthanides series are well-known emit-
ters in the visible and infrared regions.'>!* The triply-
charged ions are characterized by 4f states with atomiclike
properties that, in presence of a weak field, show several
radiative or nonradiative de-excitation pathways. For in-
stance, erbium emits at about 700, 980, and 1500 nm, the
latter being a band strategic for telecommunications. The dis-
persing Er’* ions in solid-state matrixes, silica in particular,
has given rise to a very active material research field, pro-
ducing technologically relevant applications.'* One of the
major aims at present is to find ways to overcome the limi-
tations in luminescence yields arising from both the rela-
tively low erbium concentrations achievable (1X10'°—1
% 10% atoms/cm?), due to the onset of processes of coales-
cence, and the quenching of the radiation, due to the pres-
ence of water (O-H group) and of C-H bonds. These groups
drastically decrease the lifetimes of the excited state of er-
bium ions, strongly quenching the infrared emission.'>!3 An-
other shortcoming arises from the laser radiation needed to
excite the lanthanide ion, a technology somewhat expensive
and cumbersome that consequently limits the use of lan-
thanides in telecommunications.

Organolanthanides hybrids are typically synthesized by
wet chemistry starting from specific precursors in solution. '3
It is a well-established and reliable approach, yielding the
correct ionic state of the lanthanide in the organic molecule,
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with the desired chemical coordination. These are crucial
points to achieve efficient energy transfer between the ligand
and the metal. Films are then typically obtained by spin coat-
ing from a solution or by sol-gel methods.>!'® Such an ap-
proach is not best suited for vacuum-based technologies of
microelectronics. That is why vacuum sublimation of previ-
ously synthesized organic-inorganic materials is widely ex-
plored, sometimes including detailed surface electronic char-
acterizations. In fact metal phthalocyanines,'”! including
Er-phthalocyanines,” have been the subject of several stud-
ies, while only a few works deal with free base
porphyrins,?!?> as well as metal porphyrins,?>7 and there
are no reports on erbium porphyrins.

A strategy toward better performing devices could
strongly benefit from an alternative approach where the syn-
thesis and the growth of the films are improved, in particular
extending the control on the stoichiometry and structure or
morphology of the material. In vacuum synthesis of hybrid
materials has been very recently explored by “metalation”
experiments of a monolayer of porphyrin molecules depos-
ited on ordered Ag or Au surfaces, using molecular beams of
the pure organic and inorganic counterparts.’®=3* There the
formation of the host-guest complex is achieved by a multi-
step chemical process that requires moderate substrate tem-
peratures (550 K), as it is the case for Zn.?’ Only for Co, the
reaction occurs at room temperature likely with a significant
contribution from intense charge-transfer processes between
the host metal atom and the Ag surface.”$3% We have devel-
oped an approach that combines co-deposition from porphy-
rin supersonic molecular beams and atomic Er beams. This
approach to the synthesis of hybrid complexes is particularly
interesting since the physical and chemical reactions leading
to the formation of hybrids could be controlled and studied
in details in situ, aiming at understanding the role of the state
of the precursor and of the substrate surface and hence re-
vealing chemical pathways and processes possibly different
from those observed in liquid reactions. The supersonic
molecular-beam deposition (SuMBD) approach that we
adopt here has already demonstrated the ability to control
physical/chemical processes occurring during thin-film
growth of both organic and inorganic materials.”3!'=40 A su-
personic molecular beam of organic molecule is generated
from a gas mixture of a carrier gas (usually a noble gas),
seeded by the molecules of the specific substances and expe-
riencing a supersonic expansion in vacuum. The generated
hyperthermal beam has properties that are very different
from an effusive molecular beam3'?? (Knudsen cell).
Heavier species in the beam undergo an aerodynamic accel-
eration that, depending on the mass ratio between gas carrier
and organic molecule, leads to kinetic energies (KEs) as high
as several tens of eV, with a substantial freezing of rotations
and low-lying energy vibrations. The beam has a high spatial
anisotropy, with a flux extremely focused in the forward di-
rection, leading to a divergence of only a few degrees or less.
The final physical state of particles is tunable by acting on
the operating parameters of the beam source, the latter being
an oven having a micrometric aperture (nozzle). In particu-
lar, since the sublimation temperature and the carrier gas
pressure strongly influence the particles dilution in the beam,
they are the simplest parameters to play with to control the
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final kinetic energy of the molecules seeding the beam.

The SuMBD approach has been successfully used in our
laboratory to synthesize microcrystalline cubic B-SiC on the
Si(111)7 X 7 surface via fullerene supersonic beams.>>3* In
this way, we lowered significantly the temperature of the
carbide synthesis, with respect to molecular-beam epitaxy
(MBE). We ascribed this effect to the kinetically activated
reactivity at the Si surface of the Cy, precursor when its KE
becomes large enough (>25 eV). The material structure was
cubic SiC(3C) and it has been obtained without any need of
post deposition thermal treatments (as typical of other ap-
proaches), indicating that the process activated by the
fullerene high KE can also induce structural ordering. Thin
films of organic molecules deposited by SUMBD have shown
structural properties much superior to organic MBD
(OMBD).* Highly ordered Pentacene films have been
deposited,¢37 characterized, and used to fabricate state-of-
the-art field effect organic transistors,” showing features ob-
served only in single crystals. The grain size in the films can
be controlled by tuning the KE of the organic precursor in
the supersonic beam, up to the point of inducing a layer by
layer growth, so that the role of the grain boundaries is mini-
mized and the film conductivity enhanced.®® Similar results
have been obtained for other molecules such as titanyl-
phthalocyanine and oligothiophenes.34

Here we explore the extension of these concepts to the
synthesis and growth of thin films of an hybrid host-guest
Er-Tetraphenylporphyrin (Er-TPP) complex in an ultrahigh-
vacuum (UHV) co-deposition experiment. To this end, we
use pure erbium by MBE as guest partner and pure Tetraphe-
nylporphyrin (H,TPP) by SuMBD as the host. We then show
that hybrid synthesis is achieved at the surface of the grow-
ing film, taking full advantage in this co-deposition scheme
of the unique SuUMBD growth conditions, in terms of precur-
sor kinetics and purity. Our approach and results pave the
way to the controlled preparation and exploration of classes
of hybrid materials at the solid state that can be hardly ob-
tained by wet chemistry. We therefore envision that such
studies could highly contribute to the definition of classes of
devices where the simultaneous control of chemistry, purity,
interfaces, electronic, and structure at the different length
scales is crucial, as it is often the case.

II. EXPERIMENTALS

The study has been performed at the IFN-CNR laboratory
where an experimental setup, fully devoted to UHV thin-film
growth and in sifu analysis, has been developed. It is com-
posed of two main UHV chambers connected by a UHV
sample transfer system so that film deposition (but also
simple electronic devices fabrication) and complete in situ
electronic characterization can be performed without expo-
sure to air contaminants. The first chamber is equipped with
up to three supersonic beam and MBE evaporation sources.
Thin-film growth can be achieved in a co-deposition scheme,
with different material sources operating at the same time
and combining both SUMBD and MBE approaches. The sec-
ond chamber is equipped with several electron surface spec-
troscopies to perform films and interfaces physical, chemical
and structural studies.
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A supersonic beam source was used for the H,TPP
deposition.?!3? It essentially consists of a quartz tube, with a
nozzle (90 um diameter) positioned at the front closed end,
inside which a high-pressure carrier gas in injected. The
powders of the organic are placed inside the source. The
sublimation point can be easily achieved by means of an
external heater, stabilized by an electronic feedback with a
thermocouple. The SUMBD source operates in high vacuum:
the gas mixture of gas carrier seeded by the organic vapors
experience a supersonic expansion and, after skimming by a
properly shaped conical collimator (skimmer), forms an
highly collimated continuous molecular beam. The growth
rates on the substrate can be easily varied from 0.1 A/min
up to 10 A/min: a typical value of about 2 A/min was used
in our experiments. The H,TPP material was supplied by
Sigma Aldrich, with a nominal purity of 99.9%. Great care
was devoted to fully purify and obtain a contaminant-free
H,TPP molecular beam in the SUMBD source, as verified by
time of flight (TOF) mass spectrometry analysis. The carrier
gas was He, with a typical working pressure inside the
source of 1200 mbar at a temperature of about 240 °C. Un-
der those operating conditions, the kinetic energy for the
H,TPP molecule was about 15 eV, while the speed ratio of
the beam was typically =15, as evaluated by TOF.

Erbium was obtained from a TriCon electron-beam
evaporator,*! by means of which the material is efficiently
evaporated in a Knudsen regime. A molecular beam of pure
metallic erbium was produced after prolonged material out-
gassing, in order to avoid any presence of the metal oxide.
We checked the purity of an erbium thin film by Auger-
electron spectroscopy (AES) and x-ray photoelectron spec-
troscopy (XPS). The metal arrival rate on the substrate could
be varied from 0.01 up to 10 A/min: the value used in the
present experiment was 0.24 A/min. In these conditions, by
taking into account the theoretical solid-state density of
H,TPP, we have evaluated that the ratio between the number
of metal atoms and organic molecules at the film surface was
about 4 =1 atom/molecule.

The substrates were made out of a silicon wafer (n type,
0.01 Q cm), showing its own native oxide layer. Cleaning
procedures were performed prior the insertion in vacuum by
immersion in ultrasonic baths of trichloroethylene/acetone/
isopropanol, followed by Joule thermal treatments up to
300 °C in situ in UHV, in order to eliminate the presence of
contaminants, as confirmed by Auger and x-ray electron
spectroscopies. In order to avoid the interference of any
chemical process between the highly reactive lanthanide and
the underlying oxide surface during the organic/inorganic co-
deposition experiment, a 50 nm thin H,TPP film was depos-
ited on the native silicon oxide/Si(100). Afterwards, the Er-
TPP compound was synthesized by co-deposition on the
previously deposited organic film which, in turn, acts as a
buffer layer between the oxide and the Er-TPP layers. In the
adopted co-deposition approach, the organic supersonic and
the inorganic atomic beams were used simultaneously. The
substrate was kept at room temperature, with the SUMBD
beam perpendicular to its surface and the MBE beam tilted
of about 45° with respect to the surface normal. During co-
deposition, the pressure in the chamber was about 5
X 107% mbar (base pressure 1 X 107!% mbar) due to the He
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FIG. 1. Tetraphenylporphyrin H,TPP molecule (planar represen-
tation). The different carbon and nitrogen atomic species are shown.

gas load from the supersonic beam, which in point of fact did
not lead to any contamination in the growing film. The typi-
cal thickness of the co-deposited layer was about 60 nm,
grown at a rate of ~2 A/min.

In the UHV analysis chamber we characterized the film
surface using several techniques, such as AES, XPS, and
ultraviolet photoelectron spectroscopy (UPS). XPS is per-
formed using a nonmonochromatized Mg Ka photon source
(1253.6 eV), while the UV photons at 21.2 eV are obtained
from a He discharge lamp. The electron energy analyzer, a
VG CLAM?2 hemispherical type, enables a total final-energy
resolution of 0.95 eV for XPS and 0.15 eV for UPS, experi-
mental conditions used for all the spectra shown in this work.
The binding energies (BEs) have been calculated referring to
a Au sputter cleaned surface, i.e., to the 4f 7/2 Au level at
84.0 eV for XPS and to the Fermi level for UPS.

The core-level analysis has been performed by Voigt line
shape deconvolution after background subtraction by a Shir-
ley function. The typical precision for peak energy position-
ing is £0.05 eV, uncertainty for full width at half maximum
(FWHM) is less than 5% and for area evaluation is about
2.5%.

III. RESULTS AND DISCUSSIONS

Tetraphenylporphyrin (C4H3)N,) is composed of a mac-
rocycle with four pyrrol rings (porphyrin), having four phe-
nyl rings located in the meso positions, tilted with respect to
the main molecule plane (Fig. 1, planar representation). Also
taking into account the bond delocalization typical of
m-conjugated aggregates, several atomic species can be iden-
tified in the molecule (see Fig. 1) by taking into account the
different chemical environments experienced by each atom.
Two types of nitrogen are present: the hydrogenated N, (two
atoms) and the aza nitrogen atoms N, (two atoms), charac-
terized by a free-electron lone pair (double dot in Fig. 1).
Each phenyl is composed of six carbon atoms having the
same chemical properties, named C; (24 atoms). The C, at-
oms in the meso position (four atoms) do not show any hy-
drogen bond. The two types of nonequivalent pyrrol rings
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include: the C; type (eight atoms) having a bonding configu-
ration quite similar to the C; species (but belonging to a
pyrrol ring instead of a phenyl group), the C, type (six at-
oms), and the Cs type (two atoms) characterized by having
one single bond and one double bond with nitrogen, respec-
tively. Since the delocalization of the C=N double bond in
the pyrrol ring typically leads to a chemical equivalence of
the two carbon atoms bonded to the aza nitrogen atoms, the
number of C4/Cs could be 4/4 instead of 6/2.

In metal porphyrins, the guest species is usually located at
the center of the macrocycle: the two hydrogen atoms are
missing and the metal ion is coordinated with all the four
nitrogen atoms. Typically, the oxidation number of the metal
is +2, being in its doubly ionic state (e.g., for Zn, Fe, Mn).
As far as Er is concerned, its ionic state is +3, but its coor-
dination number can be as high as 9. This property is at the
origin of the high reactivity of erbium. When Er-porphyrin
complexes are prepared in solution, the metal is usually po-
sitioned at the center of the macrocycle while one or more
other bonds are usually saturated by some other element or
group.*? Otsuki et al.*3 proposed the formation of complexes
where one single Er is bonded to two different molecules,
fully exploiting the high coordination number of the lan-
thanide.

From the analysis of the molecular orbitals (MOs) popu-
lations and distributions coming from UPS we get important
indication on the chemical structure of the organic molecular
film formed. Figure 2(a) compares the typical valence-band
spectra for the pure H,TPP and for the co-deposited Er-TPP
film, while a blow up view of the highest occupied molecular
orbital (HOMO) region is shown in Fig. 2(b). The two spec-
tra show the presence of several structures forming similar
patterns for the valence bands. In fact, the features in the
7-16 eV region of BEs are about the same in the two films,
from both the quantitative and the qualitative points of view.
On the other hand, the two peaks in the 0-6 eV range, lo-
cated at about 2.5 eV (HOMO) and 4.5 eV, results to be
modified and depleted in the Er-TPP film. Moreover, we ob-
serve the systematic presence of an underlying background
in the co-deposited films that extends up to about 0.5 eV BE.
Arigid shift toward higher BE of the whole Er-TPP spectrum
was also observed. We believe that this trend is likely due to
a change in the system work function or to the formation of
dipole at the underlying interfaces, the latter being a typical
effect of organic molecules deposited on metals and
semiconductors.** To assess the origin of this shift, we have
carefully evaluated the onset of the UPS spectrum. We ob-
served the absence of effects due to dipole formation for
H,TPP/SiO,, while for Er-TPP/H,TPP we measured a sys-
tematic difference of +0.4*0.1 eV. This rigid shift, being
due to a change in work function or to the formation of
dipole at the interface, must be taken into account also for
the XPS data described in the following. From the UPS spec-
tra (by measuring the spectrum total length), we evaluated
the (first) ionization potential of HyTPP to be 6.2 eV, in good
agreement with previously reported data.”>* A similar accu-
rate and reliable estimate is difficult for Er-TPP due to the
strong modification of the HOMO peak and of the underly-
ing background.

Even though a detailed assignment of the spectral features
to specific molecular orbitals is beyond the scope of this
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FIG. 2. (a) UPS (Hel 21.2 eV photon source) valence-band
spectra from the H,TPP film and from the Er-TPP film. (b) A de-
tailed view of the HOMO region is also shown.

paper, it is worth discussing here some of the major struc-
tures observed. For the H,TPP molecule, the peaks in the
7-16 eV range are typically related to 7 and o orbitals gen-
erated by the phenyl carbon atoms C; and C, and to o orbit-
als from nitrogens.!*??4¢ The HOMO structure at 2.5 eV BE
is due to the a;, and a,, 7 orbitals, mainly delocalized on the
pyrrol ring and involving both carbon and nitrogen atoms.
These MOs are almost degenerate in H,TPP while they are
not in metal porphyrins. In fact, only a,, is being responsible
for the HOMO peak for several metal complexes, while the
a,, orbital is significantly stabilized and shifted to higher
binding energies.?>* The band located at 4.5 eV is generally
ascribed to 7 orbitals, again delocalized on the pyrrol ring
but involving mainly C; and nitrogen atoms.

On the basis of this picture, a first indication arising from
our UPS analysis is that the four phenyl groups and the meso
bridges, C; and C, atoms, respectively, are not significantly
involved in the interaction with Er. Conversely, only a sub-
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stantial charge rearrangement in the central macrocycle can
both induce the strong reduction in the density of states ob-
served in the HOMO and generate the important line shape
modifications of the structure at 4.5 eV, in a way similar to
what  occurs in  metal porphyrins and metal
phthalocyanines.?>#® In these molecules in fact, the contribu-
tion of metal states to the highest occupied MOs is usually
very small with only minor peak shifts and no important line
shape modifications of the HOMO with respect to a free base
species. In our case, the other observed differences between
the Er-TPP and H,TPP spectra can be due to the peculiar
electronic properties of Er.'* In fact, similar MOs distribu-
tions have been found in the case of complexes with large
metal atom (PbPc, Ref. 19) and in relativistic DFT calcula-
tions performed on Fe, Ru, and Os porphyrins.*’

In our UPS spectra there is no clear evidence of signatures
directly related to the Er electronic orbitals. As it is well
known, emission related to the Er 4f state is located at about
6—10 eV for the atom in a metallic state and at higher BE for
the oxidized form.***” An evidence of the Er presence is the
appearance of a significant background up to 0.5 eV, which is
not present at all in the H,TPP valence band where no signal
can be detected at BEs lower than the HOMO peak. Once
properly corrected for the mentioned shift of the Er-TPP UPS
spectra (+0.4+0.1 eV), the background edge reduces from
0.5 eV to only +0.1 =0.1 eV, a value that is very close to
the Fermi edge of the Au reference used in our experiment.
This is a strong indication of a decrease in the insulating
character of the organic film, probably due to the formation
of new states in the gap between HOMO and lowest unoc-
cupied molecular orbital (LUMO) or to a better overlapping
of the 7 MOs of the molecules in the film. The presence of a
metallic network or clusters could also justify the presence of
a quasi-Fermi edge. Even if the erbium atomic density in the
molecular hybrid film should be about one order of magni-
tude lower than in the pure metal lattice, such a contribution
cannot be fully excluded.

Further and more detailed information on the chemical
properties of the hybrid material were achieved by the analy-
sis of the core levels of the main atomic species present in
the porphyrin molecules. Figure 3 shows the typical ob-
served line shapes of the N 1s core level for both H,TPP and
Er-TPP films. In both cases the total area is the same, sug-
gesting that no nitrogen losses have occurred during the co-
deposition experiment.

The spectrum for the free base porphyrin is characterized
by two main features, which well reflect the presence of two
types of nitrogen atoms, as previously stated.?!?>>* The
Voigt line shape deconvolution (see Table I for details) leads
to two main peaks, N, and Ng, having the same FWHM of
1.05 eV and located at 401.60 and 399.60 eV, respectively.
They are generated by the two different atomic species
present in the molecule, the hydrogenated N;-type atoms
(N4) and the aza N, type atoms (Np), respectively. A third
broad component Ng at 403.80 eV can also be identified: it is
considered a shake up peak of the photoelectrons originating
from the N, feature and inducing a 77" resonant electron
promotion process, coherently with previous
observations.?'?? It is expected that also the Ny peak should
have a similar satellite that has not been considered here in
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FIG. 3. (Color) N 1s core levels (background subtracted) from
the H,TPP film and from the Er-TPP film (empty circles). The peak
deconvoluted components N, Ny, and Ng are shown (see text for
details). The fit curve is the sum of the several components.

the deconvolution. Such contribution would in effect par-
tially sum on the N, feature and could explain the slightly
different weight of the two main peaks, 50.1% for N, and
43.3% for Ny on the total N 1s signal, that should otherwise
have the same area.

The N ls peak line shape of the Er-TPP co-deposited
films is completely different (Fig. 3), showing only one large
feature with a broad satellite on the high BE side. The curve
can be well reproduced by using a scheme similar to the one
used for H,TPP (see Table I for details): two peaks, N and
Ng, having the same reciprocal weight (44.8% on total N 1s
signal) and FWHM (1.25 eV) but located at 400.90 and
400.10 eV. The Ny satellite peak is now located at 402.70 eV

TABLE I. N Is core-level deconvolution: components charac-
teristics for the H,TPP and Er-TPP films.

Binding energy FWHM

Component (eV) (eV) Area% on N 1s
H,TPP N, 401.60 1.05 50.1
Ng 399.60 1.05 433
Ng 403.80 1.80 6.6
Er-TPP Na 400.90 1.25 44.8
Np 400.10 1.25 44.8
Ng 402.70 1.80 104
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and is more pronounced than for the free base porphyrin,
being about 10.4% of the total area instead of 6.6%. Its po-
sition is +1.80 eV from the N, peak, that is, closer than for
the free base molecule (+2.20 eV).

The N 1s core-level data give hence a clear evidence that
the chemical properties of nitrogen atoms have been deeply
modified in the molecules of the co-deposited hybrid film. In
fact, the reduction in the energy gap between the N, and Ny
peaks is dramatic, from 2.0 down to 0.8 eV. The energy shifts
for the two N, and Ny components, with respect to the pris-
tine H,TPP molecule, are —0.7 and +0.50 eV, which become
—1.10 and +0.10 eV, respectively, when corrected by the
+0.4*=0.1 eV shift observed in UPS. The FWHM of N, and
Ng peaks is higher than for H,TPP, about +20%, while no
significant change is observed on the width of the Ng satel-
lite.

This reveals an important charge redistribution on the four
nitrogen atoms that makes them much more chemically simi-
lar and equivalent than in the H,TPP. The picture emerging
and discussed in more details in the following is consistent
and actually strengthens the analysis based on the UPS data,
pointing to the formation of a metal-porphyrin complex. The
final product, Er-TPP, is hence the synthesis of having one
metal atom in the center of the macrocycle coordinated with
the four nitrogen atoms. Indeed, our data are compatible with
a reaction mechanism including the formation of covalent
bonds between the metal and the N atoms and the simulta-
neous loss of the two hydrogen atoms, while the aza N,
becomes coordinated with the metal. In the resulting mol-
ecule, the four nitrogen atoms are chemically equivalent, as
it is typical of the so-called “bridged” configuration reported
by several authors.?'?>2* Moreover, the charge rearrange-
ment produces the excess in electron density observed on the
macrocycle with respect to the central metal atom, which
assumes the positive charge typical of a ionic state. This is
confirmed by a shift of its core level toward higher binding
energies, similar to the corresponding situation in metal
oxides.!”" The N, type atoms typically show a reduction in
electronegativity with respect to the bonding with hydrogen,
as supported by a decrease in the binding energy of the as-
sociated N, component. On the other hand, the N,-type ni-
trogen atoms, characterized by lone pair o orbitals localized
on each nitrogen atom, get stabilized with respect to the na-
tive porphyrin molecule due to the overlapping with the
metal orbitals,*® leading to a weak increase in the Ny com-
ponent binding energy.

Thus, SUMBD co-deposition produces porphyrin macro-
cycle modified with the metal atom being inserted in the
molecule. In fact, N; atoms show chemical properties that
could be explained considering the Er inclusion with the hy-
drogen bonds being lost. Indeed, a simple charge rearrange-
ment could not account for the observed large energy shift.
On the other hand, the N,-type atoms appear to be less af-
fected by the reaction, suggesting a weaker chemical inter-
action with a new chemical species as observed for host-
guest molecular systems. The presence of a more intense
satellite Ng (with respect to the free base molecule) is likely
due to the superposition of the specific contributions of the
two N, and Ny components that are closer than in H,TPP.
However, a contribution could also come from the rearrange-

PHYSICAL REVIEW B 79, 125404 (2009)

ment of the LUMO density of state enhancing the shake up
process.

The present data give only indirect information regarding
the question if the mechanism giving rise to the Er inclusion
in the H,TPP molecule induces also the lost of the two hy-
drogen atoms. Indeed, unlike observations on other metal-
TPP, the four nitrogen atoms are not fully equivalent since
two different components can still be discriminated in the
N 1s core-level emission. This feature cannot be ascribed to
the simultaneous presence in our films of reacted and unre-
acted H,TPP molecules, giving rise to a signal that is the
superposition of both species. In fact, we have performed a
detailed study as a function of the lanthanide concentration
in the co-deposition experiment showing that the line shape
remains the same even at erbium concentrations much larger
than four Er atoms per H,TPP molecule. A double N 1s peak
structure from metal porphyrins has already been reported
for strongly interacting systems such as Zn-TPP/C5, and at-
tributed to the 7" MOs overlapping of the two molecules.!
On the other hand, studies on polymers based on Zn-
porphyrins have proved that the intermolecular interaction
can alter the metal-atom coordination in the porphyrin and
thus give rise to a double N 1s peak.”? These are examples
suggesting the presence of a strong chemical interaction in-
volving the metal atom in the macrocycle that induces a
significant nonequivalence of the four nitrogen atoms. In-
deed, erbium is an atomic species that shows chemical prop-
erties, due to its complex electronic shells configuration, that
could justify the observed differences with respect to the
other studied metal porphyrins.'* The presence of an inter-
mediate chemical state, where Er is coordinated with the
porphyrin but the N-H bonds are still present, as already
reported'* for other systems (Zn and H,TPP), could be prob-
ably excluded. In fact, the energy difference between the two
N 1s peaks for metalation experiments in Ref. 29 is about 1.7
eV, strictly and coherently similar to the 2.0 eV of the unper-
turbed molecule, but it is far from the 0.8 eV value measured
in our experiments, more coherently similar to the 0.3 eV
reported for Zn-porphyrin in strongly interacting systems.
Moreover, it must be taken into account that erbium mass
(167.26 amu) and atomic radius (175 p.m.) are much higher
with respect to e.g., zinc (65.41 amu and 135 p.m., respec-
tively). This is a factor that plays a role since the chemical
interaction between the central metal atom and the organic
molecule, in terms of molecular-orbital overlapping, strongly
increases in presence of a smaller size of the coordinating
cavity of the molecule.*® An increase in the ratio between the
dimensions of the guest metal atom and host macrocycle
could in fact enhance the chemical interaction between the
organic and the inorganic counterparts, giving rise to differ-
ent and more complex chemical interactions in the Er-TPP
with respect to other metal porphyrins. Finally, another pros-
pect that cannot be presently ruled out is the formation of a
more complex molecular aggregate, for example, a double-
decker structure where the Er atom coordinates eight nitro-
gen atoms, belonging to two different porphyrin molecules.*
The existence of such structures cannot be excluded or con-
firmed on the basis of the present experiments only; it re-
quires further studies to be assessed.

Our experiments indicate that the chemical state of the
metal atom resembles that of an oxidized state, as it occurs
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FIG. 4. (Color) C 1s core levels (background subtracted) from
the H,TPP film and from the Er-TPP film (empty circles). The peak
deconvoluted components C,, Cg, Cc, and Cg are shown (see text
for details). The fit curve is the sum of the several components.

for other metal porphyrin.>#3 In fact we have found that the
Er 4d level is located at 170.3 eV (169.9 eV, taking into
account the +0.4 eV shift of the entire spectra) and charac-
terized by a single broad peak, in good agreement with the
previously reported values of 170.4 eV for Er,O5 and signifi-
cantly different from the metallic state,>® located at about
167 eV and characterized by a double peak line shape.

Figure 4 shows the typical C ls spectra for films of
H,TPP and Er-TPP, respectively. Both of them are clearly
dominated by one main component, with the presence of less
intense features. The two spectra do not show the large dif-
ferences observed for the nitrogen emission, as observed in
previous studies comparing the C 1s emission from free base
and metal porphyrins.?!?” However, some important consid-
eration can be made. First of all, the total area is the same for
the two peaks, i.e., no carbon atom losses have occurred
during the co-deposition experiment. Moreover, the indica-
tion emerges that the molecule has not lost its original com-
position, which is consistent with the nitrogen data.

A more detailed analysis (see Table II) shows for H,TPP
the presence of a main component, C,, at 285.85 eV
(FWHM 1.30 eV) and of a second component, Cg, at 286.95
(FWHM 1.25 eV). A third feature, Cg, located at 288.85 eV
(FWHM 1.30 eV) is also present, the origin of which is the
same previously discussed for the Ny satellite (shake up peak
of the photoelectrons originating from the C, feature and
inducing a 7r-7* resonant electron promotion process). The
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TABLE II. C 1s core-level deconvolution: components charac-
teristics for the H,TPP and Er-TPP films.

Binding energy FWHM

Component (eV) (eV)  Area% on C ls
H,TPP Cy 285.85 1.30 86.0
Cg 286.95 1.25 9.1
(N 288.85 1.30 4.9
Er-TPP Ca 286.40 1.40 80.0
Cyp 287.40 1.40 9.5
Cc 285.35 1.40 9.5
Cg 289.20 1.40 1.0

percentages on the total C 1s area of the C, and Cy peaks
are, respectively, 86.0% and 9.1%, corresponding to emis-
sion from about 38 and 4 carbon atoms, becoming about 40
and 4 if corrected with the weight of the Cg peak. The iden-
tification of the different types of carbon atoms giving rise to
the two major components C, and Cg is not straightforward.
On the basis of the relative chemical environment, the core
levels of C;- and C;-type atoms should have characteristics
quite similar to those of the C,-type atoms in the meso
positions.?!?” The C,-type atoms, single bonded with nitro-
gen and/or the Cs-type carbon atoms, double bonded with
nitrogen, are expected to exhibit a markedly different BE,
higher with respect to other carbon species due to the nature
of the chemical bonds.*” On this basis, the C, component
can be uniquely assigned to emission from C;, C,, Cs3, and
C, or Cs while the Cg component from Cs or C, atoms,
respectively. This is in good agreement with the experimen-
tal value of carbon atoms originating from the two C, and
Cp peaks, respectively, about 40=36(C,;+C,+Cj3)
+4(C4 or Cs) and 4(Cs or C,). This compares well with
other studies, when the total-energy resolution of our acqui-
sition system is considered.?’

Comparing the C ls emission of Er-TPP with the free
base porphyrin (Fig. 4), the C, peak results to be shifted
toward higher BE of +0.55 eV (reduced to +0.15*=0.1 eV
taking into account the observed rigid shift), while the Cy
and C, peaks become separated of +1.00 eV apart, instead
of +1.10 eV (see Table II). All peaks show a FWHM of 1.40
eV, significantly higher than in the free base molecule. The
Cs satellite becomes only 1% of the total, which is lower
than for H,TPP. We also observe a large broadening at the
lower BE side of the C 1s emission peak that we could only
fit by introducing a component, called C., located at
—1.05 eV with respect to C,. The C,, Cg, C¢ features rep-
resent about 80%, 9.5%, and 9.5% of the total C 1s emission,
corresponding to emission from about 36, 4, and 4 carbon
atoms, respectively.

The reduced intensity of the Cg peak suggests a different
distribution of the LUMO states, as already observed for the
corresponding satellite in the N 1s emission. Comparing to
the H,TPP molecule C 1ls emission, the increased FWHM
(about +10%) for all peaks, the shift of the Cy peak toward
the C, component, and the appearance of a feature (C¢) can
all be explained by a rearrangement of the BE of the differ-
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ent carbon chemical species due to the interaction with er-
bium.

In fact the presence of the metal atom, for both phthalo-
cyanines and porphyrins,??2>3* is known to affect mainly
only the electronic properties of the central macrocycle, with
the external parts of the molecule, i.e., the four phenyls (C,
type) as well as the carbon atoms in the meso position (C,
type), that are practically unperturbed. This is also consistent
with our analysis of the valence-band data (see Fig. 2) and
N s core level, with an important charge redistribution in-
volving only the four nitrogen atoms and, thus, all or part of
the C;, Cy4, and Cs carbon atoms in the pyrrol rings. In this
framework, the 28 C; and C, atoms unambiguously contrib-
ute to the C, component, a value lower than the 36 atoms
experimentally found. The C, and Cs atoms probably be-
come more similar than in the free base molecule, with a
reduced reciprocal BE distance as for the nitrogen atoms.
Thus, the Cy component (C, or Cs atoms) becomes closer to
the C, peak that has a contribution by emission from the
four Cs or C,4 atoms, respectively.

The interaction of the macrocycle with Er causes an ex-
cess of negative charge in the pyrrol rings, hence inducing a
lowering of BE for the N 1s core level of the N; atoms (N,
component in Fig. 3) and, probably, to the four C; carbon
atoms belonging to their pyrrol rings and giving origin to the
C¢ peak. The remaining (four) C; atoms will then give origin
to a C 1s emission enveloped in the C, component (as it is in
the free base molecule), with a total number of 36 atoms
contributing to this peak, in good agreement with our experi-
mental data. The observed effects on the C 1s core level are
hence all together consistent with a reactivity with the Er
atom, which deeply modifies the chemical characteristics of
the macrocycle, so that the overall picture coming out from
our experiments is quite clear.

IV. CONCLUSIONS

We have demonstrated for the first time and studied in
UHYV the direct synthesis by co-deposition of an organolan-
thanide complex. This has been achieved by a supersonic
beam seeded by a free base H,TPP molecule and by a mo-
lecular effusive beam of metallic erbium in a co-deposition
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scheme. Differently from other metalation experiments,?8-39

where synthesis of the metal-porphyrin compounds have
been achieved for a single monolayer film, the co-deposition
approach used here led to the formation of a thin film show-
ing a thickness suitable for applications in optoelectronic de-
vices. The analysis of the MOs distribution by UPS has
shown an important charge rearrangement in the Er-TPP
molecule with respect to the free base species, located in the
central macrocycle with the H,TPP periphery that is not per-
turbed by the co-deposition experiment. The study of the
N Is and C 1s core levels reveals a significant higher chemi-
cal equivalence of the four nitrogen atoms with respect to the
free base molecule, with the presence of an higher electron
density on the four pyrrols. Thus, experimental data analysis
point to the formation of an Er-TPP complex, where an er-
bium atom is inserted at the center of the porphyrin macro-
cycle. Differences observed with respect to typical electronic
features of other metal-porphyrin can be probably related to
the peculiar properties of the lanthanide species or to the
formation of intermolecular aggregates. Concerning the lost
of the two hydrogen atoms of the free base molecule, it
seems likely that it indeed occurs in our experiment. How-
ever, we have only indirect evidences and further work is
necessary to fully confirm this hypothesis.

Our result pave the way to a variety of chemical processes
where the final products, possibly overcoming kinetically the
potential barriers, are controlled by the initial parameters of
the beams. On the basis of both the results discussed here
and the already demonstrated ability of SUMBD of control-
ling molecular assembling,’3>~40 we envisage the perspective
of controlling simultaneously by this approach, the chemical
pathways, morphology, and structure. Experiments in this di-
rections are already being in progress.
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