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S
urface coordination and organometallic
systems attracted widespread atten-
tion in recent years, as they present

prospects for single-site catalysis,1�3 control
and improvement of dye-sensitized solar
cells,4,5 or the engineering of interfacial
metal�organic frameworks.6,7 Thecoordination
spheres of the embedded metal centers fre-
quently present special features due to the
influence of the underlying interface.8�11 A
series of interesting model systems could be
realized regardingmolecularmagnetism,12�15

molecular switches,16�18 and molecular
rotors.19,20 To date, the fabrication schemes
rely on the deposition of prefabricated spe-
cies, by either solution techniques or sublima-
tion (organic molecular beam epitaxy) or the
co-deposition of metal atoms and molecular
linkers at well-defined surfaces followed by
complexation reactions.10,21 Such reactions

were notably explored usingmacrocyclic com-
pounds, whereby the tetrapyrroles readily
incorporate metal centers provided by atom-
ic beams in ultrahigh vacuum (UHV). Hitherto
this has been achieved by vacuum sublima-
tionof solidmetals (examples includeFe,22�24

Co,25,26 Zn,27 Ni,28 Ce,19,29 and Cu30) or by
directly capturing surface atoms (Cu,31�34

Fe,35 and Ni35). When targeting refractory or
many other transition metals, the limitation of
the former method is the high sublimation
temperature of metals such as W, Ru, and Ir,
whereas the latter is restricted to certain sub-
strate materials. Here we consider the metal�
organic chemical vapor deposition (MOCVD)
approach for the metal�organic complexation
and reactions at interfaces, which has the
advantages of requiring minimal instru-
mentation and being applicable even
outside vacuum.
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ABSTRACT The fabrication and control of coordination compounds or

architectures at well-defined interfaces is a thriving research domain with promise

for various research areas, including single-site catalysis, molecular magnetism,

light-harvesting, and molecular rotors and machines. To date, such systems have

been realized either by grafting or depositing prefabricated metal�organic

complexes or by protocols combining molecular linkers and single metal atoms

at the interface. Here we report a different pathway employing metal�organic

chemical vapor deposition, as exemplified by the reaction of meso-tetraphenylpor-

phyrin derivatives on atomistically clean Ag(111) with a metal carbonyl precursor

(Ru3(CO)12) under vacuum conditions. Scanning tunneling microscopy and X-ray spectroscopy reveal the formation of a meso-tetraphenylporphyrin cyclodehydrogena-

tion product that readily undergoes metalation after exposure to the Ru-carbonyl precursor vapor and thermal treatment. The self-terminating porphyrin metalation

protocol proceedswithout additional surface-bound byproducts, yielding a single and thermally robust layer of Rumetalloporphyrins. The introduced fabrication scheme

presents a new approach toward the realization of complex metal�organic interfaces incorporating metal centers in unique coordination environments.
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Porphyrins provide model organic compounds
whose physical and chemical properties depend sensi-
tively on the choice of the metal center. The versatility
of the macrocycle substituent further serves to tailor
distinct structures and their interaction with surfaces
and other molecules. In recent years, they have at-
tracted considerable attention, finding application in
catalysis (functionalization of saturated C�H bonds),36

molecular electronics,37 sensors,38 and light-harvesting
devices.39,40 Ruthenium porphyrins in particular have
been further applied to epoxidation and successfully
tuned for enantio- and regioselectivity41 as well as to
cyclopropanation of alkenes via carbene complexes at
the metal center.42

Trimetal dodecacarbonyls are organometallic com-
pounds stable in air and labile by heat treatment. As
such, they are regularly employed as metal precursors
for chemical vapor deposition. In the study of model
catalyst systems, they have been employed for the
formation of metal clusters.43 However, to the best
of our knowledge, their potential in the synthesis of
composite heterostructural materials engineered
down to the atomic scale is hitherto unexplored. Earlier
work hints that Ru3(CO)12 (Figure 1) is promising for
well-defined reactions, as in solution porphyrins are
known to react with it to yield Ru(CO) porphyrins44 and
it coordinates selectively with alkylamines.45

Themeso-tetraphenylporphyrin 2 (2H-TPP, Figure 1)
on the Ag(111) system is one of the most rigorously
studied systems of large organic molecules on metal
substrates. On the Ag(111) surface, its macrocycle has
been shown to adopt a saddle shape conformation,
whereas its phenyl legs exhibit a tilt angle of∼50�55�
with respect to the surface.46 A recent study has
revealed that, upon annealing to 550 K a multilayer
of 2 in order to create a saturated monolayer, the
molecule undergoes intramolecular cyclodehydro-
genation reactions which result in a flat porphyrin.47

Here we investigated the potential for metalation with
the Ru precursor 1 on the thermally stable system
of these high-temperature 2H-TPP derivatives (cf. Sup-
porting Information Figure S1).

RESULTS AND DISCUSSION

Characterization of Metalation Substrate. A multilayer
of 2 was grown onto a Ag(111) single crystal and was

subsequently annealed to 550 K in order to form a
saturatedmonolayer. The products of this temperature
transformation of 2H-TPP on Ag(111) were identified by
low-temperature (<160 K) scanning tunneling micros-
copy (STM) imaging: they include all possible cyclode-
hydrogenation products (Figure S1) proposed by di
Santo et al.47 but with a high selectivity toward por-
phyrin 3 (Figure 1) as the dominant product (Figure 2a).
No extended close-packed islands were observed after
such a heat treatment, whereas the actual porphyrin
surface coverage decreased to 88% ((5%) as estimated
by STM images. The corresponding angular-dependent
near-edge X-ray absorption fine structure (NEXAFS)
measurements are shown in Figure 2b along with the
curve-fitting analysis to determine the angular orienta-
tion quantitatively (Figure 2c). The raw data at normal
and grazing photon incidence are in excellent agree-
ment with the ones reported previously for the high-
temperature 2H-TPP derivative,47 as the phenyl moi-
eties of the molecule display a significantly reduced
angle with respect to the surface plane (for the peak
assignment, see Table S1).

The corresponding N 1s signal (Figure 3a) shows
two distinct peaks with almost equal intensity, which
are located at 399.5 eV (component N1) and 397.9 eV

Figure 1. Molecular structures: metal precursor Ru3(CO)12
(1). The meso-tetraphenylporphyrin, 2H-TPP (2). The high-
temperature 2H-TPP derivative on Ag(111) (3). Aminic (N1)
and iminic (N2) N sites of the porphyrin macrocycle are
indicated in green and orange, respectively.

Figure 2. Characterization of cyclodehydrogenation prod-
ucts of 2H-TPP on Ag(111): (a) STM image (I = 0.5 nA, Vs =
�1.4 V, 7 K) with superposed ball-and-stick representation
of porphyrin 3. (b) Normalized experimental C K-edge
NEXAFS data acquired at three angles of photon incidence,
θ, and respective fit analysis. (c) Curve-fitting analysis of π*
resonances A, C, and B to estimate the tilt angles R (with
respect to the Ag surface) of the macrocycle and the phenyl
moieties of the molecule, respectively.
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(component N2), corresponding to aminic and iminic
N, respectively. These are shifted by ∼0.6 and 0.2 eV,
respectively, toward lower binding energywith respect
to the peaks of the 2H-TPP (2),25 a change which may
be ascribed to electron transfer from the Ag substrate
and/or to enhanced relaxation shift in the final state
upon photoemission, both effects being most likely
caused by the reduced distance between the macro-
cycle and the surface. The same trend is evident for
the C 1s core level (Figure S2).47 It can be seen that such
transformations are evinced by XPS with relatively
subtle differences, which are not fully understood. It
is therefore emphasized that investigations of these por-
phyrin systems based solely on this technique may be
inconclusive and moreover miss some essential points.

Porphyrin Metalation Process. After exposure of the Ag
surfacewith the previously described layer of 3 at room
temperature to the Ru precursor 1, a saturation cover-
age of the latter accumulates without seemingly af-
fecting the porphyrin overlayer. Further exposure of
this surface to the Ru precursor did not change the Ru
surface coverage, indicating a saturation coverage.
Figure 3b shows that the N 1s signal (left column) still
exhibits two peaks, despite the presence of Ru. Anneal-
ing the surface to 550 K (i.e., a temperature at which the
metal substrate does not cause any additional change
in the porphyrin molecule) results in the transforma-
tion evidenced by the spectra reproduced in Figure 3c.
A new component N3 at 398.6 eV is evident in the N 1s
spectrum, its binding energy being typical of meta-
lated porphyrins.32 The N3 component coexists with
N1 and N2, and its intensity is approximately equal to
the sum of the intensities of N1 and N2, pointing to a

layer where 50% of the porphyrin species are meta-
lated. Concomitantly, the Ru 3d5/2 core level intensity
decreases by ∼16% due to either partial dissolution
of Ru in the substrate or desorption of Ru molecular
species. Moreover, the center of gravity of the peak
shifts to 279.6 eV, which signifies metallic Ru.48 The
latter is somewhat unexpected given that if we consider
a Ru porphyrin as a free molecule, the metal center
has a nominal oxidation state of þ2. The discrepancy
with the detected oxidation state of Ru0 is ascribed to
charge transfer from the silver substrate. The same
effect in the apparent oxidation state was observed
also for Co-TPP49 and Fe-phthalocyanine3 in the contact
layer with silver.

Additionally, no signal is detected in the O 1s
region (Figure S2), thus proving the thermally activated
scission accompanied by desorption of the carbonyl
precursor ligands, which leaves the surface clean of
reaction byproducts. As mentioned earlier, the reac-
tion of porphyrins with Ru3(CO)12 in solution yields
Ru porphyrins which are stabilized by axial ligation
to carbonyl. However, it has been shown that axial
ligands of porphyrin metal centers are not stable at
high temperatures in vacuo; for example, Cl has been
reported to dissociate from Mn(III)Cl porphyrin at
473 K;50,51 NO dissociates from Co-TPP and Fe-TPP at
500 and 600 K, respectively,9 whereas CO does not
ligate with Co-TPP at room temperature.8,11 In good
accord with the temperature treatment of the molec-
ular overlayer, carbonyl ligands are not detected for
the metalated species.

The metalation is further confirmed by STM mea-
surements. To our surprise, we found that the Ru

Figure 3. Sequential N 1s (left), Ru 3d5/2 (middle) core level spectra and corresponding cartoon (right) of the porphyrin Ru
metalation process on Ag(111): (a) Layer of the flattened porphyrins on Ag(111) resulting from annealing a multilayer to∼550 K.
(b) Following exposure leading to a saturated coverage of the Ru precursor at room temperature. (c) After annealing to∼550 K.
(d) After further exposure leading to a saturated coverage of the Ru precursor at room temperature and annealing to ∼550 K.
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precursor is highly mobile on the surface or readily
displaced by the presence of the STM tip even at
the cryogenic temperature of ∼13 K. The presence of
the Ru precursor dosed at room temperature on the
Ag(111) surface is reflected by the induction of irregu-
lar step edges (cf. Figure S3a), whereas themorphology
of the surface changes to clusters after annealing to
∼460 K (Figure S3b). Figure 4a shows a typical STM
image probing the occupied states of the porphyrin
layer after the metalation step with Ru3(CO)12. It is
characterized by porphyrinmolecules exhibiting either
a depression (Figure 4b) or a protrusion (Figure 4c) in
their center, depending on the occupation of the
central cavity of the porphyrin macrocycle. In accor-
dance with the valence band spectra which show
a new energy state at ∼0.9 eV (Figure S4)49,52 for the
metalated porphyrin, the protrusions can be assigned
to Ru centers. The absence of clusters and surface
adsorbates other than porphyrins in the STM excludes
metallic surface Ru outside the porphyrin macrocycle.
The ratio of metalated to free base porphyrins in this
STM experiment is found to be ∼3:2, which qualita-
tively agrees with the 1:1 ratio deduced from the XPS
experiments above.

Additional exposure of this partially metalated por-
phyrin film to Ru3(CO)12 followed by annealing to 550 K
as before leads to a fully metalated porphyrin layer:
the N 1s signal now consists only of the N3 component
(Figure 3d). It is noteworthy that the intensity ratio of

the N3 components associated with the first and the
second metalation steps is equal to the ratio of the
corresponding Ru 3d5/2 intensities. Thus, there is a
major and relatively unexpected advantage of using
the trimetal dodecacarbonyl precursor for the metala-
tion of this porphyrin layer, as the exposure did not
need to be carefully controlled in an effort to avoid the
formation of additional metal species on the surface.
This is in contrast to the metalation strategy based on
the direct deposition ofmetals in vacuo, which requires
very precise control of the metal coverage in order to
provide exactly a single metal atom for each molecule
present on the surface. On the basis of the XPS data of
the limited ruthenium surface accumulation, we there-
fore tentatively propose that the Ru precursor does not
directly interact with the flat porphyrin at room tem-
perature. Instead, it adsorbs at pristine metal patches,
and the heat treatment is needed to activate its
decomposition and entails the subsequent porphyrin
complexation.

Conclusions and Future Prospects. In summary, we in-
troduced a novel approach toward the engineering
of interfacial coordination systems. Our multitech-
nique experimental study demonstrates the potential
of metal�organic chemical vapor deposition to afford
a robust layer with homogeneous composition, as
exemplified by the realized metalated porphyrin films
resulting from free base species exposed to gas-phase
metal carbonyl precursors. With the particular system
addressed, we also find that the reaction proceeds with-
out build-up of surplus material and without any surface
byproducts. Thus, a self-terminating protocol without
theneedof fine-tuning the exposure of the surface to the
molecular reactants was developed for this interfacial
metalation reaction. Themethod employed represents a
versatile, facile, and convenient approach for implement-
ing and addressing the functionality of a wide variety of
metal centers and for the manufacturing of composite
materials. Preliminary results of STM and XPS with three
different porphyrins, namely the unmodified 2H-TPP (2),
the flattened TPP (3) and the porphine, supported on
Ag(111) show that metalation events with Ru3(CO)12
occur after annealing the porphyrin and metal precursor
system to ∼500 K, thus demonstrating the wide applic-
ability of themetalationprocess toother porphyrin species.

METHODS
XPS andNEXAFS experimentswere carriedout at theMaterials

Science beamline of the ELETTRA synchrotron light source in
Trieste, Italy. The end station consists of a typical UHV surface
science chamber, equipped with facilities for sample transfer,
cleaning, dosing, and characterization and operated at a base
pressure of 2 � 10�10 mbar. All measurements were performed
with the sample kept at room temperature. Photoelectron
spectra were collected using a SPECS PHOIBOS 150 electron
energy analyzer of 150 mm mean radius and equipped with a

nine-channel detector. The core levels were probedwith photon
energies of 435 (C 1s and Ru 3d), 550 (N 1s), and 680 eV (O 1s),
and the binding energy scale was calibrated against the Ag 3d5/2
core level at 368.2 eV.53 All photoelectron spectra shown
were recorded in normal emission. The excitation energy for
the acquisition of the valence band was 60 eV.
NEXAFS spectra were taken at the C K-edge using the carbon

KVV Auger yield in three geometries: at normal (θ = 90�),
at grazing (θ = 20�), and close to the magic angle geometry
(θ = 53�) incidence of the photon beam with respect to the
surface (Figure S5). The polarization of light from the beamline

Figure 4. STM images of the Ru metalation of the cyclode-
hydrogenation products of 2H-TPPonAg(111): (a) Overview
(I = 0.2 nA, Vs =�0.5 V, 7 K). (b,c) Magnified images of a free
base (b) and a metalated (c) porphyrin 3.
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has not been measured, but it is estimated to be between
80 and 90% linear, the radiation source being a bending
magnet. The raw data were normalized to the relative in-
tensity of the photon beam and divided by the correspond-
ing spectrum of the clean substrate following established
procedures.54

As the Ru3(CO)12 compound is reported to be light-
sensitive,44,55 in order to determine whether the porphyrin
metalation is thermally or light activated, after the metalation
step, we probed areas of the sample which had not been
previously exposed to light. No difference was found, hence it
was concluded that potential beam damage of the metal pre-
cursor is not critical for the porphyrinmetalation, the latter being
thermally activated.
STMmeasurements were carried out in two separate custom-

made UHV systems with a CreaTec Fischer LT-STM operated at
7 K and an Aarhus 150 STM operated at 130�300 K. The base
pressure during the experiments was <2 � 10�10 mbar in the
LT-STM and <1 � 10�9 mbar in the Aarhus STM. All STM images
were recorded in constant-currentmode using electrochemically
etched tungsten tips.Vs refers to samplebias. TheWsXMprogram
(www.nanotec.es) was used to display the STM images.
Ag(111) single-crystal surfaces (Surface Preparation Laboratory)

werepreparedby repeated cycles of Arþ sputtering and annealing
until clean, atomically flat surfaces were obtained as monitored
by XPS and low-energy electron diffraction (synchrotronmeasure-
ments) or by STM. meso-Tetraphenylporphyrin (Sigma-Aldrich,
g99%) was dosed by organic molecular beam epitaxy (vacuum
sublimation temperature of 600�620 K) on the Ag(111) surface at
roomtemperature. Trirutheniumdodecacarbonyl (Aldrich,99%)was
dosed by exposure of the porphyrin film on Ag(111) to the vapor
of the molecule at room temperature (Figure S6)56 in a vacuum of
∼5� 10�8 mbar (Trieste) or∼6� 10�10 mbar (Garching).
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