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In vacuo interfacial tetrapyrrole metallation

Katharina Diller,** Anthoula C. Papageorgiou,® Florian Klappenberger,®
Francesco Allegretti,® Johannes V. Barth® and Willi Auwarter*?

The metallation of tetrapyrroles at well-defined surfaces under ultra-high vacuum conditions represents
an unconventional synthesis approach to achieve tetrapyrrole-based metal-organic complexes and
architectures. Different protocols, pioneered over the last decade, and now widely applied in several
fields, provide an elegant route to metallo-tetrapyrrole systems often elusive to conventional procedures
and give access and exquisite insight into on-surface tetrapyrrole chemistry. As highlighted by the
functionality of metallo-porphyrins in biological or other environments and by the eminent role of
metallo-phthalocyanines in synthetic materials, the control on the metal centres incorporated into the
macrocycle is of utmost importance to achieve tailored properties in tetrapyrrole-based nanosystems. In
the on-surface scenario, precise metallation pathways were developed, including reactions of
tetrapyrroles with metals supplied by physical vapour deposition, chemical vapour deposition or the tip
of a scanning tunnelling microscope, and self-metallation by atoms of an underlying support. Herein, we
provide a comprehensive overview of in vacuo tetrapyrrole metallation, addressing two-dimensional as
well as three-dimensional systems. Furthermore, we comparatively assess the available library of on-
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surface metallation protocols and elaborate on the state-of-the-art methodology.

1 Introduction

The synthesis, constitution and coordination chemistry of
tetrapyrrole complexes has fascinated and challenged scientists
since the 19th century, where among other pioneering achieve-
ments the denomination and exploration of key compounds
such as chlorophyll' or haemoglobin®* emerged and the
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cytochromes have been discovered.” Notably the pioneering work
of R. Willstitter® and H. Fischer’® on chlorophyll and haem,
rewarded with the Nobel Prize in Chemistry in 1915 and 1930,
respectively, unveiled the nature of metalloporphyrins and related
compounds. Their crucial role in manifold life processes, such as
transport of respiratory gases, metabolic catalytic conversion or
light-harvesting is undisputed. While metalloporphyrins originally
appeared in nature, later studies striving for novel materials and
applications strongly rely on synthetic tetrapyrrolic compounds,
including the phthalocyanine family.'>""

Fig. 1 introduces their basic features as well as the corres-
ponding nomenclature. The large variety of possible substituents
and metal centres determines the system’s topological,
chemical, optical, electronic, and magnetic properties and hence
their overall functionality in different fields like photochemistry,
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photovoltaics, medicine, sensing, catalysis or molecular electro-
2717 In this respect, the interaction of tetrapyrroles with
surfaces plays an important role, and their adsorption and
organisation at interfaces have been extensively studied under
well-defined ultra-high-vacuum (UHV) conditions and in
solution.'®?> However, the bulk of these investigations is
limited to the deposition of pre-synthesized molecules. The
so-called in vacuo metallation approach, i.e., unconventional
synthesis protocols that provide an elegant route to create
advanced tetrapyrrole-based metal-organic structures on surfaces,
only emerged rather recently and yields unprecedented insights
into interfacial tetrapyrrole chemistry.

The macrocycle metallation is a decisive step in the for-
mation of metallo-tetrapyrroles and was extensively studied.?®™*
Most synthesis protocols initially afford a free-base species

nics.
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Fig. 1 Metallation of tetrapyrrole compounds. The basic building blocks
are (a) the free-base porphine (2H-P, top left, with all R; = H) and (b) the
free-base phthalocyanine (2H-Pc, left). Tailored complexes can then be
built by attaching substituents and/or inserting a metal ion (M) in the centre
of the tetrapyrrole macrocycle. Depending on the chosen substituent the
molecules can exhibit a great conformational variety (indicated by arrows).
A survey of compounds discussed in this review (cf. Tables 1-3) is given in
(a). If not noted otherwise, R; = H.

R13, R17 = CHZCHZCOOH

&&b

that is subsequently metallated. Whereas for biological systems
enzymatic pathways prevail, in solution typically dissolved metal
salts are employed. There is evidence both from experiment and
theory that a multi-step reaction sequence exists, whereby
appreciable deformations of the macrocycle interfere.>*

The formation of porphyrins and metallation events occur
at silicate surfaces of montmorillonite under simulated geo-
chemical conditions and in the presence of hydrated metal
ions, which findings are of interest in relation to the question
of prebiotic porphyrin evolution.>’* Furthermore, indications
for interfacial metallation of free-base tetrapyrroles were
recognized as spurious effects without the reaction being
targeted or even adequately identified. For example, evidence
of porphyrin metallation by atoms from the support - a
process later termed as self-metallation - was provided by
surface-enhanced resonant Raman studies based on porphyrin

This journal is © The Royal Society of Chemistry 2016
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coated silver electrodes.*® Also demetallation*' and the influence
of the substrate structure on porphyrin metallation was explored
for silver supports.** Such metallation or demetallation reactions
are not restricted to silver surfaces, but are also reported for more
complex supports as sodium hectorate®® or metal oxides grown
via atomic layer deposition and thus play a considerable role
in chemistry, organic photovoltaics, nanoscience and materials
engineering.***>

Beyond metallation reactions, demetallation and trans-
metallation processes are well documented in solution and utilized
to rank metallotetrapyrroles regarding their stability.*® Interest-
ingly, the exploration of analogous procedures on surfaces is just
in its infancy.

The first stringent, molecular-level evidence for direct and
controlled in vacuo metallation events in a tetrapyrrole adlayer
induced by a beam of transition metal atoms was a scanning
tunnelling microscopy (STM) and spectroscopy (STS) study
presented in 2005 at the European Conference on Surface
Science (ECOSS 23) and later published in ref. 47. This seren-
dipitous finding appeared in an attempt to generate metal-
organic coordination networks using a free-base TPyP layer on a
Ag(111) support, where a site-specific uptake of Fe atoms in the
tetradentate ligands took place readily and efficiently at room
temperature (RT).*” The communication of these unexpected
phenomena rapidly spurred further investigations, and the
reaction pathway was confirmed by space-averaging X-ray
photoelectron spectroscopy (XPS) studies demonstrating Co
metallation in a TPP film.*® Ever since, a rising number of
investigations has dealt with developing metallation recipes,
analysing the occurring chemical reactions and defining the
educts in terms of their chemical, electronic or magnetic
properties. Reflecting the large variety of tetrapyrrole species
and atomically defined supports, a manifold of systems and
in situ metallation routes have been reported by different
research groups over the last few years.?®

The in vacuo tetrapyrrole metallation can provide complexes
and nanostructures unachievable by conventional synthesis
protocols, but nevertheless shares some common aspects with
established solution-based synthesis procedures®® and even
biosynthetic pathways to metalloporphyrins.®® Specifically,
while a complicated sequence of reactions is involved in the
latter,?® the key steps include the deprotonation of the free-base
tetrapyrrole core, supply of the metal ion including the removal
of ligands, coordination of the metal ion with the nitrogens of
the tetrapyrrole core and completion of the coordination
sphere.**° Hereby, a so-called sitting atop complex might play
a relevant role as an intermediate where the metal centre
already forms a coordination bond to the macrocycle, while
the central hydrogens are not yet released.>***>! In addition,
non-planar deformations of the tetrapyrrole ring influence the
metallation reaction.°%°*°3 All these aspects and steps of
metallotetrapyrrole formation are also reflected in a solvent-
free on-surface scenario, however the role of the support
introduces distinct differences providing a unique platform
for tetrapyrrole chemistry in reduced dimensions. For example,
the surface readily induces deformations of porphyrins and

Chem. Soc. Rev., 2016, 45, 1629-1656 | 1631
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Fig. 2 Schematics summarising different on-surface metallation methods discussed in this review. (a) Metallation by physical vapour deposition
addressed in Section 3.1. (b) The self-metallation of the molecule—substrate system where surface atoms are inserted into the macrocycle (Section 3.2).
(c) Alternative metallation methods discussed in Section 3.3: metallation by tip manipulation and co-adsorption of a metal-containing precursor
molecule. (d) The metallation of three-dimensional structures summarised in Section 3.4. (Adapted with permission from ref. 49. Copyright 2014

American Chemical Society).

might catalyse the metallation reaction mimicking the role of
proteins in biosynthesis.>*

The emphasis of the present review is placed on on-surface
synthesis approaches for metallotetrapyrrole model systems in
UHV and on the resulting complexes and nanostructures. It
does not cover processes in solution (as e.g. described in
ref. 55). The review is organized as follows: after introducing
the methodology generally applied to study on-surface metalla-
tion in Section 2, Section 3 addresses different metallation
scenarios reviewing the most important studies and systems.
As highlighted in Fig. 2, which serves as an outline of this
section, we discriminate four on-surface metallation methods,
namely physical vapour deposition, self-metallation, alternative
routes, and the metallation of three-dimensional structures. We
close by providing a comparative assessment of the metallation
strategies, a summary of the key findings and a perspective on
future trends in Section 4.

2 Methodology

This section introduces the principal techniques that are used
for the investigation of on-surface metallation. It provides some
basics of the modelling and the experimental procedures used
for surface preparation and analysis.

2.1 Experimental

Systems discussed in this review were prepared and analysed
under UHV conditions, with typical pressures in the 10~°

10~ "" mbar regime. Metal substrates are usually conditioned by
repeated cycles of sputtering (mainly with Ar” and Ne" ions) and
annealing, to create atomically clean and well-ordered surfaces.
Tetrapyrrole molecules are deposited by supersonic molecular-beam
deposition (SUMBD, in ref. 56) or organic molecular beam epitaxy
(OMBE) on the pristine surfaces. Metal atoms are deposited by either
physical vapour deposition (PVD, Fig. 2a) via electron beam or
resistive heating or by chemical vapour deposition of suitable
precursor molecules (Fig. 2c, lower panel). The samples are

1632 | Chem. Soc. Rev., 2016, 45, 1629-1656

then characterised in situ using one or a combination of the
techniques described below.

2.2 Photoelectron spectroscopy (PES)

One of the most straightforward techniques to monitor the
metallation of tetrapyrroles is X-ray photoelectron spectroscopy
(XPS) of the N 1s core-level region. The basic principle of XPS is
illustrated in Fig. 3a: the sample is irradiated with a mono-
chromatic X-ray beam of fixed photon energy, which causes the
emission of photoelectrons by the photoelectric effect, with the
kinetic energy, Eyi,, of the photoelectrons depending on
the binding energy, Eyp, of the initial core level. For a typical
XPS experiment the number of emitted electrons is recorded as
a function of Ey;, in the vicinity of the core level of interest by
using a hemispherical electron energy analyser. The binding
energy E;, of the electrons can then be determined by the
formula Ey, = how — Ey, — @, whereby Ey, is given with respect
to the vacuum level of the analyser, 7w denotes the photon
energy, and @, the work function of the analyser. In general, the
binding energy scale is calibrated assuming E}, = 0 at the Fermi
level of the sample. XPS is mainly used to probe the core levels
of the elements present in a material: each distinct energy level
gives rise to a distinct photoemission line in the spectrum, at a
binding energy characteristic of the elemental species. These
lines are peaks of finite width due to the intrinsic lifetime of the
core hole created upon photoemission, and they are broadened
by the energy resolution of the experimental set-up mainly
given by the spectral width of the exciting photon beam and
the energy resolution of the analyser. XPS is not only element
specific, but also discerns chemical states: for the core level of a
given element the exact binding energy position depends
sensitively on changes in the bonding configuration, i.e., the
chemical environment.

A typical N 1s XP spectrum from free-base tetrapyrrole
molecules (e.g., porphyrins) shows two components arising
from the two inequivalent nitrogen atoms of the macrocycle
(see Fig. 3b, top, ref. 57). They can be identified easily even in
set-ups with limited energy resolution, as the chemical shift

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Photoelectron spectroscopy (PES) used to monitor the metallation of tetrapyrrole molecules. (a) Schematic view of the photoemission process in
X-ray photoelectron spectroscopy (XPS). Upon absorption of a photon, a core-level electron is excited into a state in the continuum above the vacuum
level and ejected. Correspondingly, a sharp line appears in the PE spectrum at a binding energy characteristic of the atom from which the photoelectron
was emitted. (b) Typical signatures of tetrapyrrole compounds in the N 1s XPS region: free-base tetrapyrrole molecules (top; here: planar 2H-TPP on
Ag(111) display two peaks corresponding to the two inequivalent nitrogen species in the macrocycle, whereas after metallation (bottom; here: planar
Ru-TPP on Ag(111)) a single peak is observed. (c) XPS from a core level of the metal centre: after metallation a distinct peak is observed, whose binding
energy bears information on the oxidation state of the metal. In the specific case shown, where planar 2H-TPP molecules adsorbed on Ag(111) were
metallated with ruthenium (see panel (b)), the oxidation state of the Ru centres is close to Ru(0). (d) Ultraviolet photoelectron spectroscopy (UPS) provides
information on the valence states close to the Fermi level of the substrate. In the example here, a Ru-derived state develops just below the Fermi level

upon metallation of the free-base molecules. (b—d) Adapted with permission from ref. 57. Copyright 2013 American Chemical Society.

results in a peak splitting of approximately 2 eV.”® The peak at
lower binding energy (usually located close to 398 eV) originates
from the iminic nitrogen, the one at higher binding energy
(located at about 400 eV) from the pyrrolic nitrogen. For
porphyrins the intensity ratio of the two components should
be close to 1: 1, while for phthalocyanines a 3: 1 ratio is expected
due to different stoichiometry of the respective nitrogen types.
However, the interaction with the surface can affect the peak
splitting and the relative intensities (see Section 3.2.2). After
metallation of the free-base species the chemical environment of
the nitrogen atoms becomes more similar, and a single peak
appears in the N 1s XP spectrum (Fig. 3b, bottom). For porphyrins
this peak corresponds to metallated nitrogen species. For phthalo-
cyanines it also overlaps with contributions of the unreacted outer
nitrogen atoms. The binding energy of the metallated nitrogen
species typically falls in the region between the two components of
the free-base compound (at approximately 398.6-398.9 €V, e.g. in
ref. 48 and 59-61), but in some cases it can shift downwards due to
the interaction with the substrate.

XPS can also be exploited to obtain information concerning
the chemical state of the metal centres. This is more suited for
metallation with metal centres different to the substrate atoms
(Sections 3.1, 3.3, 3.4), whereas for the self-metallation (Section 3.2)
it is challenging to separate the weak signal of the central metal
ion from the dominant contribution of the substrate atoms.
Fig. 3c shows the Ru 3d region after metallation of planar,
cyclodehydrogenated, 2H-TPP porphyrins, adsorbed on Ag(111),
with ruthenium.”” The Ru 3ds;, binding energy position shows
that after metallation the actual oxidation state of Ru is close to
Ru(0), in contrast with the formal Ru(u) charge state of a Ru ion
in a porphyrin macrocycle. Note that the metal atoms in metal-
lated porphyrins and phthalocyanines are in a formal oxidation

This journal is © The Royal Society of Chemistry 2016

state of +2 in the absence of other axial ligands. Situations as
that depicted in Fig. 3c are typically rationalized in terms of
charge transfer from the substrate to the molecules. Therefore,
XPS from the core levels of the metal centres may allow to draw
valuable conclusions about the interaction of the metallated
molecules with the underlying surface (c¢f. Section 3.1.2).

While XPS is a variant of photoelectron spectroscopy (PES)
that probes the core levels of a sample, ultraviolet photoelectron
spectroscopy (UPS) is principally used to study the density of
occupied states in the valence region. In this case ultraviolet
photons are used, which result in a strong enhancement of
the photoionization cross-sections for valence band states and
occupied molecular orbitals close to the Fermi level in comparison
to X-ray excitation. The interpretation of valence band spectra is
generally more difficult, as the electronic states are broader and the
background is often more complicated. Moreover, the signatures of
free-base and metallated molecules are not as characteristic as those
in XPS, therefore UPS is not well suited to study the metallation
itself. Nonetheless, the technique can be used to characterise the
valence region of the molecular entities before and after the reac-
tion.”>*>% Fig. 3d depicts an exemplary case where the highest
occupied molecular orbital (HOMO) of Ag(111)-supported free-base
porphyrins is clearly visible at a binding energy of about 1.5 eV (red
spectrum). After metallation, however, the electronic structure is
strongly affected and a metal-derived state appears just below the
Fermi level (orange spectrum).””

2.3 Scanning tunnelling microscopy (STM)

One of the most widely used surface science techniques is
scanning tunnelling microscopy (STM) providing real space,
single molecule information. It can thus give valuable insight
into the spatial distribution of free-base and metallated species

Chem. Soc. Rev., 2016, 45, 1629-1656 | 1633
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in not fully metallated samples, the self-assembly properties
before and after the metallation reaction, and (to some extent)
the conformation of the adsorbed (metal-)organic compounds.
STM exploits the probability for an electron to tunnel through a
potential barrier, the tunnelling current depending exponentially
on the distance that the electron must travel through the vacuum
barrier. Accordingly, if an atomically sharp (metallic) tip is
brought close enough to the surface of a (semi)conducting
material, a tunnelling current (I) flows between the tip and the
sample when a bias voltage (V) is applied (Fig. 4a). Notably, the
tunnelling current depends not only on the tip-surface distance
but also on the electronic structure of both the tip and the
surface. Therefore, if the tip is scanned laterally across the
surface (e.g., at constant tunnelling current as in Fig. 4a), insight
into the surface topography convoluted with the electronic
structure can be gained.

In the case of adsorbed (metal-)organic compounds (such as
porphyrins) submolecular resolution is typically attained, as
exemplified in Fig. 4b. Here, planar free-base porphyrins are
imaged with a depression in their centre, whereas after metallation
with ruthenium they exhibit a clear protrusion, signalling the
presence of the metal ion inside the macrocycle.”” It should be
noted that Fig. 4b illustrates a particularly favourable case, where
the increased contrast for the metal centres arises from the
tunnelling of electrons from the occupied metal-derived state
highlighted in Fig. 3d. In general, the apparent height and
contrast in the STM images may depend strongly on the bias
voltage (in magnitude and sign) applied (¢f Section 3.1), and
therefore the interpretation of the topographic images before
and after metallation is not always straightforward.

STM is often combined with scanning tunnelling spectroscopy
(STS). In this technique, the tip is immobilised at a position of
interest and a dI/dV curve is recorded as a function of the bias
voltage V, as sketched in Fig. 4c. Within some approximations,®

(@)

tip-trace

supporting substrate

Fig. 4
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the tunnelling conductance d7/dV at a given bias voltage can be
considered as being proportional to the local density of states of the
sample. Accordingly, STS measurements provide information on
the electronic structure of the surface at the probed position.
Importantly, the sign of V can be changed from positive to negative,
hence both unoccupied and occupied states of the surface can be
probed. For example, in Fig. 4c the lowest unoccupied molecular
orbital (LUMO) of free-base molecules results in a clear spectro-
scopic feature at positive bias (in this case, tunnelling from the tip
to the sample occurs); for metallated molecules, a metal-derived
state just below the Fermi level is observed, analogous to that
observed in UPS (Fig. 3d). Finally, if dI/dV data are recorded at a
bias voltage of interest with the tip being laterally scanned across
the area occupied by the molecules, a map of the spatial distribu-
tion of, e.g., the frontier orbitals of the molecule (HOMO or LUMO)
can be obtained.®®

2.4 Near edge X-ray absorption fine structure (NEXAFS)
spectroscopy

While XPS and UPS can be exploited to study the occupied
density of states in a material, near edge X-ray absorption fine
structure (NEXAFS) is a spectroscopic tool which provides
complementary information on the unoccupied states. Soft
X-ray radiation is typically used to probe the absorption K-edge
of low atomic number elements such as C and N. If the photon
energy is not sufficient to eject an electron from the sample into
the vacuum, but instead corresponds to the transition energy
between a core level (e.g., the 1s level) and an unoccupied level of
a molecule (e.g., the LUMO), the core electrons can be resonantly
excited into an unoccupied bound molecular orbital (Fig. 5a).
These transitions give rise to characteristic resonances close to
the absorption edge (the so-called “fine structure”), as shown
schematically in the bottom panel of Fig. 5a. Note that in the
NEXAFS measurements the photon energy is scanned across the
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clean substrate, Ag(111)
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(a) Principle of scanning tunnelling microscopy (STM) in constant current mode operation. A metallic tip is scanned laterally across the surface

of an adsorbate-covered sample and is brought closer or further from the surface to maintain a constant tunnelling current. As a result, one
obtains a measurement of the tip displacement normal to the surface as a function of the lateral position, i.e. a two-dimensional map of the sample
topography convoluted with the electronic structure at the probed bias. (b) STM image of planar (cyclodehydrogenated) 2H-TPP and Ru-TPP
molecules coexisting on a Ag(111) surface. While the free-base species exhibit a central depression, the metal centre of the metallated species is
clearly imaged as a protrusion. The overview and magnified images were all recorded under the same conditions: / = 0.2 nA, V= —0.5V, 7 K. Adapted with
permission from ref. 57. Copyright 2013 American Chemical Society. (c) STS measurements: d//dV curves measured as a function of the sample bias V.
The ordinate (d//dV) is approximately proportional to the density of states of the surface, both occupied (negative bias) and unoccupied (positive bias)
states are probed.
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absorption edge of the chosen element while the corresponding
absorption is measured; therefore the use of tunable synchrotron
radiation is required. In this way, it is possible to identify
transition energies and to gain information on the unoccupied
electronic states of the sample. Similar to XPS, NEXAFS is
elemental-sensitive; moreover, the absorption fine structure is
strongly dependent on the chemical and structural environ-
ment of the atoms, and different organic molecules generally
exhibit very different NEXAFS signatures. As a consequence, the
interpretation of NEXAFS spectra can be challenging. In fact,
while in XPS each chemical species produces one single peak,
the NEXAFS spectrum of a single chemical species corresponds
to a whole set of transitions with varying intensities. It follows
that for complex molecules the assignment of the individual
spectral features in NEXAFS may require considerable effort.
For the analysis of on-surface metallation reactions NEXAFS
is therefore less widely used than XPS or STM, but still a
significant number of studies exist, mainly in combination
with those techniques. From the point of view of the metalla-
tion, the most informative region is again the nitrogen region,
due to the low number of inequivalent species. However,
for monolayer and submonolayer coverages, the signal at the
N K-edge can be very weak, and commonly measurements at
the C K-edge are also performed. Due to the degree of complexity
of the spectra, these experiments are often accompanied by DFT
calculations, which simulate the curves for different species
and thus allow a detailed peak assignment. Fig. 5b shows an
example of such simulations. It compares the C K-edge spectra
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of free-base porphine, 2H-P, before and after the self-metallation
to Cu-P (¢f Section 3.2) on Cu(111).** This is one of the rare
examples where the metallation can be followed at the carbon
edge, because in general (i) the change in the carbon atoms upon
metallation is small, as they are not directly bonded to the metal,
and (ii) the large number of carbon atoms with a very similar
chemical environment makes it very hard to observe these
moderate changes. As 2H-P is the smallest porphyrin, in this
case it is possible to identify the changes. The most prominent
modification of the 2H-P spectrum following annealing to
393 K affects the spectral feature labelled B in the top panel
of Fig. 5b. The DFT analysis shows that this feature exclusively
originates from the carbon atoms bonded to the iminic
nitrogen of the porphine macrocycle, whereby it is suppressed
upon metallation.®*

It is worth noting that the absorption of soft X-rays can be
described within the dipole transition approximation. This
implies that the NEXAFS intensities crucially depend on the
angle between the polarization vector of the light and the
direction of the final state molecular orbitals, being maximal
for collinear orientation. If linearly polarized synchrotron
radiation is utilized and the angle between the photon direc-
tion and the sample surface is varied during the measurements,
the angular dependence of the NEXAFS spectra can be used to
determine the adsorption geometry of adsorbed molecules. For
example, in Fig. 5¢ the strong dichroism at the C K-edge of 2H-P
on Cu(111) indicates a flat orientation of the molecule (the
n*-resonances are strongly suppressed when the electric field

(c) Angle-dependent NEXAFS
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(a) Schematic energy diagram of a resonant absorption process in near edge X-ray absorption fine structure (NEXAFS). The absorption of a

photon with energy matching exactly the transition energy leads to the excitation of a core electron into an unoccupied orbital. The “fine
structure” at the absorption edge, sketched in the bottom panel, consists of several such resonances. (b) Comparison of simulation and
experiment of the C K-edge of 2H-P (top panels) and Cu-P (lower panels): the metallation is reflected in the quenching of peak B, which is
attributed to carbon atoms bonded to the iminic nitrogen species. Adapted from ref. 64. (c) Principle of angle-dependent NEXAFS. The
absorption spectra are recorded for different angles 0 between the incident radiation and the sample surface. The intensity is maximized when
the electric field £ is collinear with the direction of the excited molecular orbital M. The main panel displays the angle-dependent NEXAFS spectra
at the C K-edge of 2H-P adsorbed on Cu(111). As the n* orbitals of 2H-P can be represented by vectors perpendicular to the macrocycle, the
guenching of the n*-resonances at 0 = 90° is indicative of a flat orientation of the adsorbed molecules. (b and c) Adapted with permission from
ref. 64. Copyright 2013, AIP Publishing LLC.
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is parallel to the surface).®* This structural sensitivity of angle-
dependent NEXAFS also enables to detect changes in the
molecular conformation upon incorporation of a metal centre
inside the macrocycle.®

2.5 Temperature programmed desorption (TPD)

The methods discussed so far analyse the free-base and metal-
lated tetrapyrroles constituting reactants and products. There is,
however, another product of metallation, namely the hydrogen
released during the metallation process. An effective means to
monitor the release is provided by temperature programmed
desorption (TPD) experiments, where the sample is positioned in
front of a mass spectrometer and heated with a constant rate
(Fig. 6). The mass spectrometer detects desorption products as a
function of the sample temperature, hence their desorption
temperatures are precisely determined. In the study of metalla-
tion reactions this can be exploited in different ways. Firstly, the
onset of metallation can be determined much more precisely by
monitoring the release of molecular hydrogen as compared to,
e.g., STM, where the experimental set-up does not allow to apply
a constant heating ramp during the measurements. Moreover,
the isotopic labelling at selected sites can provide further insight
into the mechanism of the metallation reaction. For example, in
Fig. 6 the TPD spectra from a checkerboard-like®” layer of
deuterated 2D-TPP molecules on Cu(111) are reported; in
ref. 68 the peak at 450 K was assigned to the metallation with
Cu atoms and thus marks the onset of the reaction, whereas the
second peak centred just below 550 K and the broader structure
above 700 K were attributed to partial and complete dehydro-
genation reactions in the periphery of the molecules, respec-
tively. Interestingly, as the deuteration was found to be limited to
the two pyrrolic nitrogen atoms of the macrocycle, the small D,
signal upon metallation and the observed desorption of HD and

mass
spectro-

meter — Cu metallation

sample

heater

H, (m/z 2)

HD (m/z 3) ‘ x20
D, (miz 4) ~__]00
L A 1 A 1 A 1 A 1 A 1 A 1 A 1 )

300 400 500 600 700 800 900 1000
temperature (K)

Fig. 6 TPD spectra of deuterated tetraphenylporphyrins (2D-TPP) on a
Cu(111) surface. The peak at approximately 450 K is assigned to metallation
with Cu atoms. At higher temperatures dehydrogenation reactions in the
periphery of the molecule start to occur. Note the multiplication factor for
the signals of different masses. Adapted with permission from ref. 68.
Copyright 2014 American Chemical Society.
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D, during dehydrogenation of the periphery of the molecules
can be taken as an indication of scrambling of deuterium on the
surface during metallation. On this basis a reaction model for
the metallation was proposed, according to which the two
pyrrolic hydrogen atoms do not directly recombine into mole-
cular hydrogen above a partially inserted metal centre (as pre-
dicted for the gas phase reaction, see ref. 69), but instead spill
over to the copper surface as atomic hydrogen. Furthermore, in
some cases the desorption of the tetrapyrrole species themselves
is monitored by TPD,*® thus providing information on their
metallation state.

2.6 Density functional theory (DFT)

This section will only briefly outline how density functional
theory (DFT) is used to analyse and understand metallation
reactions. There are different ways in which DFT can aid the
interpretation of experimental data. An important aspect is the
simulation of spectra for comparison with the experimental
results, as already shown in Section 2.4. Ab initio simulations
can either be used to analyse spectral lines whose interpreta-
tion would be difficult without theoretical support, or to test
hypotheses such as the formation of specific metalloporphyrins
by simulation of spectra of the corresponding compound. An
example for the first scenario is the work of Schmidt et al., who
used time-dependent DFT to interpret the NEXAFS spectra of
2H-TPP, Co-TPP, and Zn-TPP.”° The second approach was
followed, for instance, to show that the changes observed in
the XP and NEXAFS spectra of 2H-TPP®® and 2H-P** layers on
Cu(111) after thermal treatment were indeed related to the
formation of the corresponding copper complex. While these
and other examples”*””> do not explicitly take into account the
metallation reaction itself, the simulation of the experimental
signatures enables to assign and rationalize the experimentally
observed spectral features and is therefore a very valuable tool.
Moreover, an indirect way of verifying conclusions drawn from
the experiments is the computation of molecular properties,
such as (adsorption) geometries and energetics,”*”°" or the
charge distribution and electronic structure.”>””8078*
Conversely, only few investigations have been dedicated to
the metallation mechanism. To limit the computational effort,
large tetrapyrrole molecules are often replaced by the smallest
porphyrin, porphine. This was the case, for example, in the
study of Shen et al.*® who studied the metallation of porphine
in solution, or in the work of Shubina et al., who identify
possible intermediate steps and were the first to compute
energy diagrams for the gas phase metallation of free-base
porphine with different bare metal atoms.®>® The derived
activation barrier for metallation with copper (1.04-1.60 eV)
was recently verified by an experiment of Ditze et al, who
determined the barrier for the self-metallation of 2H-TPP/
Cu(111) to be 1.48 eV (Section 3.2.1).%® Dyer et al. used DFT to
show that there is a weak attractive interaction of free-base
porphine with copper adatoms on a Cu(110) surface, which is
an important argument for the involvement of adatoms in self-
metallation (Section 3.2.3).*° An analogous study was per-
formed by Goldoni et al.: they showed that the insertion of a
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nickel adatom during the self-metallation of 2H-TPP/Ni(111) is
preferred to the creation of a surface vacancy.”® Very recently,
Smykalla et al. studied the reaction path for self-metallation of the
free-base phthalocyanine on a Ag(110) surface®” (¢f Section 3.2).

3 On-surface metallation protocols
3.1 Metallation via physical vapour deposition (PVD)

In this case the on-surface metallation of tetrapyrrole molecules
follows a generic scheme: both free-base molecules and metal
atoms are deposited on a supporting substrate, and the
temperature-dependent metallation is monitored by techniques
described in Section 2. In most cases, relatively inert supports
such as the Ag(111) or Au(111) surfaces are considered for this
approach, as the stronger molecule-substrate and metal-substrate
interactions on more reactive surfaces (e.g:, Cu(111), Ni(111) or
Fe(110)) may introduce complications and lead to competing
phenomena (e.g., self-metallation, changes in the molecular
conformation or alloying of the metal) even at ambient tem-
peratures. Depending on the supplied amount of metal atoms
only single molecules are metallated (Fig. 7a, bright, in panel A,
or dark spots, in panel B, represent Fe-TPyP, grey areas are
unreacted 2H-TPyP, ref. 47) or the sample is fully reacted
(Fig. 7b, evolution from two peaks, 2H-TPP, to a single peak,
Co-TPP, upon incremental deposition of cobalt, ref. 48). As
introduced in Section 2.3, bias-dependent STM imaging and
STS yield fingerprints of the chemical nature of the metal
centre and allow one, e.g., to discriminate Co-TPP and Fe-TPP
species at the single molecule level (Fig. 7a and c).*® The
molecule-substrate-metal combinations explored so far are
listed in Table 1, together with the reaction temperatures and
the techniques used to investigate the respective system. It
should be pointed out that while the vast majority of reports
focus on tetrapyrrole metallation on noble metal surfaces, the
generic metallation scheme can also be applied on ultra thin
films including Pb overlayers or boron-nitride sheets (Fig. 7e).
In the following subsection we will outline the reaction pathway
as derived from DFT for a free porphyrin (Fig. 7d, for the
reaction from 2H-P to Zn-P, ref. 69) and examine the metalla-
tion temperatures in the context of the choice of metal and
molecule, as well as of the preparation conditions. Section 3.1.2
focuses on the characteristics of the metal atoms after the
metallation process, ie., the oxidation state of the inserted
atom and the identification of potential excess metal and its
properties.

3.1.1 Metallation temperature and mechanism. Tempera-
ture values for the systems listed in Table 1 are visualised in
Fig. 8a. Experiments for silver, gold, and copper substrates are
indicated with blue circles, red triangles, and orange crosses,
respectively. At a first glance, the temperatures do not follow
any recognisable systematics. The on-surface metallation is a
complex process whose reaction parameters are determined by
three main factors: (1) the actual incorporation of the metal
into the macrocycle, the behaviour of (2) the free-base mole-
cules, and (3) the deposited metal atoms. The last two factors

This journal is © The Royal Society of Chemistry 2016
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include for example the formation of clusters or islands, the
specific anchoring of the molecules, the diffusion characteristics
of deposited metal atoms and molecules, and the interaction
with other atoms/molecules and/or the substrate. This section
will examine these effects based on the characteristics of the
systems listed in Table 1, trying to identify the underlying trends
in Fig. 8a. Section 4 will then compare these findings with the
corresponding results from Sections 3.2 and 3.3.

Role of the inserted metal. In a first approximation one can
neglect the surface and only look at the metallation in gas
phase, simulated using density functional theory at a hybrid
functional (B3LYP) level by Shubina et al. in ref. 69 and by Shen
and Ryde in ref. 36. The latter studied in detail the metallation
of free-base porphine with the solvated metal ions Mg>" or Fe*",
i.e., with Mg(H,0)s and Fe(H,0)s. In both cases the highest
activation barrier (which is lower for Fe than for Mg) is required
for the formation of the sitting-atop-complex, where the metal
centre already forms a coordination bond to the macrocycle,
while the central hydrogen atoms are not yet released. During
this process, the porphyrin gets deformed considerably; only by
the final deprotonation this strain is released.*® For the metal-
lation with bare metal atoms Shubina et al. calculated possible
intermediate steps and the corresponding energy levels, so that
energy level diagrams are available for the metallation of free-
base porphine with Fe, Co, Ni, Cu, and Zn.®® The energy barrier
for the last metal is the highest (the reaction the slowest),
allowing to access the intermediate steps experimentally.
Therefore, the metallation with Zn will be discussed in the
following as the exemplary case. The pathway proposed in
ref. 69 (reproduced in Fig. 7d) predicts an intermediate
metal-organic complex where the hydrogen atoms are still
attached (sitting-atop complex, c¢f. also discussion of ref. 36
above). The limiting step is the transfer of one hydrogen atom
to the Zn atom with a barrier of 32.6-34.8 kcal mol " (corres-
ponding to 1.4-1.5 eV, depending on the basis set). This
hydrogen atom can then approach the other, form H,, and
subsequently split off from the Zn centre. This pathway was
verified by XPS and TPD measurements of 2H-TPP (XPS) and
isotopically labelled 2D-TPP (TPD) molecules, respectively,
adsorbed on Ag(111) and metallated with Zn atoms. The
authors observed an intermediate state in the Zn 2p;, XP
spectra and a reaction temperature of 510 K (corresponding
to approximately 32 kcal mol '), in good agreement with the
theoretical predictions. In the XPS experiments 550 K are
typically sufficient to metallate all free-base molecules of the
sample.®*%?

Of the elements tested in ref. 69 only Zn and Cu exhibit a
global reaction barrier, whereas the reaction for Fe, Co, and Ni
proceeds much faster. It should also be noted that there is
another difference between the two groups: the metallation
reactions for Cu and Zn take place on a single potential energy
surface, while two possible pathways (via a low- and a high-spin
transition state) are involved for Fe, Co, and Ni.®® Taking into
account (for the moment) only the full symbols in Fig. 8a,
which represent experiments where pre-deposited molecules
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Fig. 7 On-surface metallation of free-base molecules via PVD. (a) STM study of the metallation of 2H-TPyP on a Ag(111) surface with iron atoms at RT.
The three top images show a closed 2H-TPyP island with a few Fe-TPyP molecules, appearing as bright (left) or dark (middle) species. The appearance
depends on the applied bias voltage, which can be explained by the different electronic structure probed by STS (bottom panels). The occupied
electronic states are characteristic for the metal centre and the LUMO of the Fe species is shifted to higher energies, inducing the bias-dependent
contrast. For high voltages the apparent height of both molecules appears to be nearly identical (right) (adapted with permission from ref. 47. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA). (b) XP spectra for the metallation of 2H-TPP/Ag(111) with Co atoms. Upon incremental Co deposition the two
distinct peaks corresponding to the two inequivalent nitrogen species in 2H-TPP (top panel) are reduced, and the metallated species is formed until the
whole sample is metallated (panel D). The signature is the same as that for a predeposited Co-TPP (panel E) (adapted with permission from ref. 48). (c) A
bimetallic TPP array featuring Co-TPP and in situ metallated Fe-TPP. Bias-dependent imaging yields a fingerprint of the different metal centres (Co versus
Fe, compare (a)) (reprinted with permission from ref. 88. Copyright 2009 American Chemical Society). (d) Energy level diagram and some of the bond
lengths (in A) simulated with DFT using two different parameter sets for the insertion of Zn into a free-base porphyrin (reprinted with permission from
ref. 69. Copyright 2007 American Chemical Society). (e) Cobalt metallation of TPCN on an sp? bonded boron-nitride monolayer grown on Cu(111). STS
corroborates the successful metallation on this insulating spacer layer and evidences an electronic signature of the Co-porphyrin distinctly different from
adsorption on a metal (reprinted with permission from ref. 89. Copyright 2015 American Chemical Society).
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were metallated with on-top evaporated metal atoms, the Metallation with Fe, Co, and Ni already proceeds at room
known experimental data fit these predictions very well. temperature, while the metallation with Zn and Cu requires
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Table 1 /n situ metallation of tetrapyrrole species (see Fig. 1 for molecular abbreviations used here) by physical vapour deposition of metal atoms. The
number of the system refers to those used in Fig. 8a. The given temperatures refer to those where complete (or nearly complete) metallation occurred in
the cited publications. If not explicitly stated otherwise, molecules were deposited first, followed by the metal atoms

Molecule Substrate Centre Temp. Comment Technique(s) Ref.
1 2H-TPyP Ag(111) Fe RT — STM, STS, calc. 47 and 71
2 2H-TPyP Au(111) Cu 450 K — STM, XPS, DFT 85
3 2H-TPyP Au(111) Fe RT — STM, STS 90
4 2H-TPyP Au(111) Co RT — STM 91
5 2H-TPyP Au(111) Cr RT — STM 91
6 2H-TPP Ag(111) Co RT — XPS, VB, NEXAFS, STM, DFT 48, 59 and 69
7 2H-TPP Ag(111) Fe RT Mol. + metal STM, XPS, VB, NEXAFS 59, 62 and 92
8 2H-TPP Ag(111) Fe 550 K Metal + mol. XPS 92
9 2H-TPP Ag(111) Zn 550 K (XPS) Order irrelevant STM, XPS, DFT 69 and 93
10 2D-TPP Ag(111) Zn 510 K (TPD) Order irrelevant TPD, DFT 69
11 2H-TPP Ag(111) Ce 550 K Double decker STM 94
12 2H-TPP Ag(111) Ce RT — STM 66
13 2H-TPP Ag(111) Mn RT — XPS 95
14 2H-TPP Ag(111) Rh RT — XPS 95
15 2H-TPP Ag(111) Ti 500 K — XPS 96, SI
16 2H-TPP Ag(111) Gd 550 K Double decker STM 97
17 2H-TPP Ag(100) Fe RT — XPS 98
18 2H-TPP Au(111) Ni RT Mol. + metal XPS, NEXAFS 99
19 2H-TPP Au(111) Ni 512 K Metal + mol. XPS, NEXAFS 99
20 2H-TPP TiO,(110) Ni RT Mol. + metal XPS, STM 100
21 2H-TPP TiO,(110) Ni 550 K Metal + mol. XPS, STM 100
22 2H-TPP Si0,/Si(100) Er RT Co-deposition XPS, STM 56
23 2H-OEP Ag(111) Fe RT — VB, XPS, NEXAFS 62
24 2H-OEP Cu(111) Ni RT Order irrelevant STM 101
25 2H-Pc Ag(111) Fe RT — STM, XPS 102
26 2H-Pc Ag(111) \% 450 K — XPS, NEXAFS 103
27 2H-TMP Cu(100) Fe RT — STM, VB 104
28 2H-TPCN Ag(111) Co RT — STM 105
29 2H-DPP Au(111) Cu 363 K — STM 106
Films:
a 2H-TPCN BN/Cu(111) Co RT — STM, STS 89
b 2H-Pc Pb/Si(111) Fe RT — STM 107

elevated temperatures. Incidentally, we note that this is also the
case for the self-metallation, which occurs readily on Ni(111)
and Fe(110) surfaces at room temperature (c¢f. discussion in
Section 3.2 and Fig. 8b), but is more complicated for the
incorporation of copper atoms.

Role of the molecular species. The results described in the
previous section do not seem to depend on the employed free-
base molecules. Of course, one has to handle with care systems
where only one data point (e.g., one type of molecular species)
in Fig. 8a is known, but especially for the well-studied metalla-
tion with iron and nickel the data are consistent. This can be
explained by the similar adsorption environment: most of the
studies presented here were conducted using silver or gold
substrates, which do not induce very pronounced changes in
the molecular conformation. On these surfaces the molecules only
exhibit a (compared to molecules adsorbed onto more reactive
substrates) small macrocycle deformation (see for example the
case of 2H-TPyP/Ag(111),""" 2H-P/Ag(111),""* 2H-Pc/Ag(110),"** and
ref. 18 for a general overview) of comparable magnitude. The
interaction with the surface only leads to moderate (if any)
electron transfer to the molecule,”” and diffusion parameters
are considered as comparable. Thus, for the so far discussed
metallation by exposing free-base tetrapyrrole molecules to a
beam of metal atoms, the reaction barriers for the pathways

This journal is © The Royal Society of Chemistry 2016

calculated in ref. 69 seem to be applicable. As will be discussed
in Sections 3.2.1 and Section 4 this is not generally the case for
all metallation protocols.

Role of the deposition order. Experiments have been per-
formed with reversed deposition sequence, i.e., molecules are
added after depositing metal atoms. This was explored for the
metallation of 2H-TPP with Fe, Ni, and Zn, and for 2H-OEP with
Nj.9293:9910L Aq could be expected from the considerations
above, the deposition order is irrelevant for the metallation
with Zn,”* as high temperatures are required to overcome the
reaction barrier.

The metallation of 2H-TPP/Ag(111) with iron atoms which
was described by Buchner et al. in ref. 92 offers more insight.
For pre-deposited molecules the metallation already proceeds
at room temperature, as predicted by DFT. But if the metal is
dosed first, elevated temperatures (550 K in their experiment,
open circle in Fig. 8a) are required for the same process. In this
case the rate limiting step is the formation of an equilibrium of
diffusing Fe atoms and the formation of Fe clusters at the step
edges (as observed by STM).” This seems plausible, as in the same
publication a similar effect is observed for the metallation of
2H-TPP multilayers: even an excess of iron does not lead to a
metallation of all layers, which can be explained by the formation
of iron clusters in the film. Depositing the molecules first should

Chem. Soc. Rev., 2016, 45, 1629-1656 | 1639
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Fig. 8 On-surface metallation temperatures. The numbers aside the symbols correspond to the systems of Tables 1 and 2, each data point might
correspond to several references. (a) Reaction temperatures for PVD metallation with different elements. Measurements on a silver substrate are
indicated with blue circles, on gold with red triangles, and on copper with orange crosses. As predicted, Zn and Cu metallation processes require elevated
temperatures, regardless of molecule/atom deposition order. When molecules are dosed first and then exposed to a beam of metal atoms the reactions
occur at RT (full symbols), when the order is reversed sometimes elevated temperatures are required (empty symbols, Fe, Ni), indicating an additional rate
limiting step such as the dissolution of metal clusters.®>°° Systems 11 and 16 (square) are special cases, as the value refers to the formation of a ML of
double deckers (Section 3.4.2). "Room temperature” was entered as 300 K. (b) Reaction temperatures for self-metallation on different substrates.
A whole range of temperatures can be found for copper, depending strongly on the choice of the specific molecule—substrate system. (c) For CVD an
additional potential rate-limiting process has to be considered, namely the decomposition of the precursor complex. Rus(CO);; is thermally less stable
than Os3(C0);5,'°8 a high metallation yield with Ru can thus already be obtained at 500 K,X°° while for Os even higher temperatures only yield a small
amount of Os-TPP molecules.*® In contrast, the reaction with pre-decomposed Osz(CO)y, (i.e., Os clusters) proceeds at lower temperatures with a

much higher yield.

lead to the decoration of the step edges with molecules and
thus possibly hinder the diffusion of Fe atoms. Another tenta-
tive explanation presented by Buchner et al. is that for the
insertion of the iron atom inside the macrocycle an additional
bond between the atom and the substrate has to be broken,
which is easier if the atom additionally brings kinetic energy
through deposition.”> The same observation was made for
2H-TPP/Ti0,(110) (Fig. 8a: black square at RT and open square
at 550 K'*°) and for 2H-TPP/Au(111) metallated with Ni by
Chen et al.,’® who showed that pre-deposited molecules react
at room temperature while dosing molecules on top of pre-
deposited nickel requires higher temperatures (512 K, open
triangle in Fig. 8a). In both cases the difference was attributed
to the formation of nickel clusters in the absence of molecules,

1640 | Chem. Soc. Rev., 2016, 45, 1629-1656

which need to be activated before they act as a source of
adatoms available for incorporation.®®'°

It is worth noting that the metallation with pre-deposited
metal does not always require elevated temperatures. A case
study was performed for 2H-OEP/Cu(111), where the metalla-
tion with Ni at room temperature was achieved for both pre-
deposited molecules and molecules adsorbed on nickel islands
which were grown on the copper substrate.'” However, in the
same work 2H-TPP molecules were deposited on the nickel
islands, and it was shown that they did not metallate at room
temperature but instead remained as free-base species in a
saddle-shape conformation. The latter is characterised by two
opposite pyrrole rings oriented with their nitrogen atoms towards
the surface, while the other two pyrrole rings are pointing upwards

This journal is © The Royal Society of Chemistry 2016
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(“saddle shape”, ¢f also Section 4). A very similar result was
also found for 2H-TPP on a Ni film on Cu(001), deposited at
room temperature (see also the overview in Table 2).''* These
findings imply that, in contrast to the metallation with pre-
deposited molecules described above, for pre-deposited metal
the specific identity of the molecules (and with it the details of
the molecule-molecule, molecule-substrate, and molecule-atom
interactions) does play an important role. Similar tendencies are
observed in the case of self-metallation described in Section 3.2,
where the molecule is metallated by substrate atoms and the
reaction temperatures also depend on the chosen molecule.
Indeed, the metallation of free-base tetrapyrrole molecules on
pre-deposited islands may be regarded as an intermediate case
between metallation by PVD and self-metallation.

Chemical transformation of the molecular periphery. Even before the
actual metallation experiment is performed, the molecular layers are
often annealed to produce a well-defined single layer (monolayer)
upon desorption of multilayer components,>%729293%115-117
Depending on the chosen free-base compound, the temperature
of this annealing step ranges from 510"*>''° to 550 K.°>''° As
discussed above, the subsequent metallation likewise sometimes
requires temperatures up to 550 K. In view of the intriguing and
multi-faceted covalent chemistry taking place under similar
conditions,""® "' the question arises whether the tetrapyrrolic
molecules (free-base or not) are actually stable against such
thermal treatment. Indeed, XPS studies indicated that Co-TPP
and Co-TTBPP monolayers, formed after annealing to 525 K, start
to decompose between 600 and 700 K.**'"” For 2H-TPP/Au(111)
the respective values are 581 K and 631 K, for Ni-TPP/Au(111)
520 K and 570 K.”° For the prototypical system 2H-TPP/Ag(111),
Di Santo et al. studied the effect of annealing by angle-dependent
NEXAFS, electron energy loss spectroscopy, STM, TPD, and
DFT.”* They found that annealing to 550 K induces a cyclode-
hydrogenation reaction which causes the rotation and fusing of
the phenyl rings, such that the transformed compound lies flat
on the surface. Several dehydrogenated products are possible,
the by far most frequently occurring one'* being shown in
Fig. 3b.>” The cyclodehydrogenation reaction is accompanied
by a shift to lower binding energies of the N and C 1s XPS
peaks,®” which was interpreted as start of decomposition in
ref. 99 and 117. Recent TPD measurements indicate that the
reaction onset is even lower, and already for 500 K flattened
layers can be obtained.'” Therefore, we note that the on-surface
metallation of tetrapyrrole compounds is limited by the chemical
stability of the employed species and accordingly this approach
might not be applicable for specific molecule/substrate/metal
combinations. On the other hand, when the comparison is possi-
ble, the on-surface metallation was found to be hardly affected by
the conformation of the free-base porphyrin. Metallation using Fe*®
and Co'* was attained at the same temperatures for the planar as
for the pristine TPP species. This may not be surprising in the light
of the previous remarks on the role of the molecular species for
post-deposition of metal atoms. Moreover, metallation of the
inherently planar phthalocyanines very much follows the trends
of the porphyrins.

This journal is © The Royal Society of Chemistry 2016
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3.1.2 The metal after the reaction. If not enough metal is
provided, only a fraction of the free-base molecules gets metal-
lated, as illustrated in Fig. 7a for single Fe-TPyP molecules
embedded in a 2H-TPyP island, and in the middle panels of
Fig. 7b for an increasing amount of Co-TPP from 2H-TPP. An
example of complete metallation is instead shown in the
bottom panel of Fig. 7b, where the amount of cobalt supplied
to the layer was sufficient to fully metallate all 2H-TPP mole-
cules (indicated by the single peak in panel D). However, what
happens if an excess of metal is supplied beyond the amount
that would be needed for a full metallation?

To answer this question the XP spectra from the core level of
the metal can be informative, as they can give quantitative
insight about the different metal species and their chemical
environment. Unreacted metal atoms are observed at binding
energies corresponding to metallic species, i.e., with formal
oxidation state M(0). For metallated porphyrin and phthalocyanine
molecules the metal is expected to be in a formal +2 state, ie.,
the XP signals should be shifted to higher binding energies. For
the metallation with Zn this is indeed the case,*®°® as well for
the metallation with Ni®® and Cu.®*® In these cases, therefore,
XPS is able to differentiate between unreacted metal atoms and
those incorporated into the molecules. For metallotetrapyrroles
containing Fe, Co, and Ru on silver and/or gold surfaces,
however, this is not the case. After metallation to Co-TPP,"®
Fe-Pc,”*'%> Ru-TPP and Ru-P°”'*° the Co, Fe, and Ru centres
retain their (0) state (see e.g. Fig. 3c). This is not a side-effect of
the on-surface metallation, but was also reported for the adsorp-
tion of prefabricated cobalt, iron and ruthenium porphyrins and
phthalocyanines, whose (II) state in the multilayer shifts to a (0)
position in the first layer in contact with the respective silver and
gold substrates,3296:10%109,117,1247126 Aq anticipated in Section 2.2,
a widely invoked rationale for this effect is that through the
interaction with the substrate (presumably through the d.
orbitals®?) a charge transfer is induced reducing the oxidation
state of the metal. However, it should be noted that to verify the
occurrence of charge transfer, XPS is not the most appropriate
tool. Spectroscopic signatures in UPS (occupied states), NEXAFS
(unoccupied states), and STS (both) may then be desirable, in
order to assess the population (depopulation) of unoccupied
(occupied) molecular orbitals. Thus, XPS can only directly detect
excess of Zn, Ni, and Cu, where the core-level lines of inserted
metal atoms can be distinguished from those of unreacted
atoms. For the reaction of 2H-TPP/Au(111) with Ni, the presence
of two peaks in the Ni 2p;/, spectrum clearly indicates that after
annealing to 510 K and full metallation of the porphyrins (as
evidenced by the N 1s XPS), unreacted nickel atoms remained on
the surface.”® In contrast, for the reactions of 2H-TPP/Ag(111)
with Zn and for 2H-TPyP/Au(111) with Cu the M(0) component
vanishes after the annealing required to induce the reaction with
Zn and Cu (see previous section). This was explained by dissolu-
tion of the excess metal into the substrate.®*>%*

Summary. Tetrapyrrole molecules can be metallated by eva-

porating molecules and metal atoms on a suitable substrate.
The reaction is likely to proceed via the formation of an
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intermediate metal-organic complex before the hydrogen
atoms are finally split off and desorb as H,. The desorption
of molecular hydrogen can be observed with TPD to determine
the reaction temperature, whereas the changes in the molecule
are typically monitored using STM, XPS, and/or NEXAFS. DFT
predicts activation barriers for the metallation with Zn and Cu,
and consistently the metallation itself (and not, e.g., diffusion
processes) is identified as the rate limiting step in the corres-
ponding experiments where the metallation requires elevated
temperatures (>510-550 K). For other systems, e.g., the metal-
lation of porphyrins with Ni and Fe, where no barrier is
predicted, the deposition order can play an important role for
the necessary reaction temperature, as the metallation process
competes with the morphology and pertaining physical properties
of the surface metal reservoirs, such as island or cluster formation
or the diffusion of single atoms. For pre-deposited molecules and
subsequent addition of metal atoms, the energy barrier of the
metallation itself seems to be the dominant factor determining
the metallation temperature, explaining why the substituents in
the molecules and the details of the molecular conformation
hardly seem to play any role. In contrast, for the metallation with
pre-deposited atoms the interaction with the metal islands and
the substrate appears to be crucial, so that for different molecules
on the same kind of metal islands different behaviours are
observed.

3.2 Self-metallation

Contrasting the PVD metallation described in the previous
section, the self-metallation occurs without additional metal
deposition. The term “self-” refers to the fact that the

View Article Online
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molecule-substrate system itself provides all reactants required
for the metallation as the metal centre-to-be is contributed by
the substrate. Similar to the studies discussed in the previous
section, typical self-metallation experiments consist of in vacuo
deposition of the tetrapyrrole molecules on a metal support
(commonly a single crystal) followed by a thermally induced
metallation reaction, thus offering simple means to inspect
metallation-induced changes of the system’s chemical, confor-
mational, and electronic properties.

In favourable cases the insertion of a metal atom can be
directly visualised by STM (e.g., Fig. 9b of 2H-P/Cu(111)**). For
all systems the XPS and NEXAFS spectra clearly allow to
differentiate between the free-base and the metallated species
(e.g., Fig. 9a of 2H-TBrPP/Cu(111)"*”), and TPD gives evidence of
the release of hydrogen during the metallation process. For
example, TPD studies using isotopically labelled 2D-TPP
showed that the mechanism of metallation involves D or H
spillover to the Cu surface and not recombination to molecular
D, above the inserted metal centre, as seen in the case of Zn
metallation in the previous section (see also Fig. 6).°*"*! In
contrast to the metallation by co-deposition, where the substrate
and incorporated metal ions usually do not belong to the same
element, it is hardly feasible to measure the charge state of the
central metal ion with spectroscopy, because its signal would be
obscured by the signal of the substrate at typical coverages.

An advantage of self-metallation over other metallation
methods is that no additional metal evaporation is required,
which simplifies the experimental procedures. On the down-
side, currently only a rather small number of self-metallating
systems is known (cf. Table 2 and discussion below). An exact

Table 2 Self-metallating tetrapyrrole—substrate systems. The system number refers to the systems considered in Fig. 8b, the meaning of the molecule
abbreviations can be found in Fig. 1a. The given temperatures refer to those at which complete (or nearly complete) metallation was achieved in the cited
publications. The temperatures given here are thus an upper limit. For a method overview see Section 2. Systems marked with an asterisk are not clearly
labelled as self-metallation, but show strong indications that this might be the case

System Molecule Substrate Temperature Technique(s) Ref.

1 2H-TBrPP Cu(111) 420 K STM, XPS, NEXAFS 127

2 2H-PPIX Cu(110) RT STM, XPS 128 and 129
3 2H-PPIX Cu(100) RT STM, XPS 128

4 2H-TPP Cu(111) 390%°-420 K*° XPS, NEXAFS, DFT, STM, XSW, TPD 60, 63, 86 and 130-132
5 2H-TPP Cu(001) 450 K STM, XPS 114

6 2H-TPP 0O/Cu(001) 285 K STM, XPS 114

7 2H-TPP Ni(111) RT XPS, NEXAFS, calc. 76

8 2H-TPP Fe(110) RT XPS, NEXAFS, calc. 76

— 2H-TPP 0/Pd(100) 430-480 K — 133

9% 2H-P Ag(111) 573 K STM 134

10 2H-P Cu(111) 393 K STM, XPS, NEXAFS, DFT 64

11 2H-P Cu(110) 360-410 K STM, DFT, TPD 135

12 2H-DPP Cu(110) 360-410 K STM, DFT, TPD 135

13 2H-Pc Cu(111) 240 K (submonolayer) XPS, TPD 49

14 2H-Pc Cu(111) 500 K (multilayer) XPS, TPD 49

15 2H-Pc Cu(110) 480 K XPS, NEXAFS, STM 136

16 Dehydr. 2H-Pc Ag(110) RT XPS, STM 87

17* 2H-TPyP Cu(111) 450 K STM, XPS, NEXAFS 137

18 2H-TMP Cu(110) 453 K LDI-TOF 138
Films:

a 2H-OEP Ni/Cu(111) RT STM 101

b 2H-TPP Ni/Cu(111) No metall. at RT STM 101

c 2H-TPP Ni/Cu(001) No metall. at RT XPS 114, SI
d 2H-TPP O/Ni/Cu(001) RT XPS 114, SI

1642 | Chem. Soc. Rev., 2016, 45, 1629-1656

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5cs00207a

Open Access Article. Published on 19 January 2016. Downloaded on 4/2/2026 10:07:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

{
RoNed ToRenel

G bt aa

rorooveeeee
self-metallation

(a)

In(pfig)  ——n

—_ (o

2] (c)
S o.u-%\

% (b 0.3 \"’};\‘\
2 1 ) ] ‘\‘ b,
Q2 0.5+
= AN

View Article Online

Review Article

(d)

Z
{

»

L )
R o R

A : surface

»

= 390K

« 395K B : steps
= 400K
~ = 410K
~

" W

a0t 400 399 398
Binding Energy (eV)

397 100

bnen {mm} —

200 300 400
C : adatoms

Fig. 9 Self-metallation of tetrapyrrole molecules on metal surfaces. As discussed in Section 2 the metallation can be followed for example by
(@) XPS or (b) STM. (a) XP spectra of 2H-TBrPP/Cu(111) corresponding to a multilayer (top), a bilayer (middle) and a bilayer annealed to 420 K
(bottom). The middle panel indicates an intermediate state, where some of the molecules are still intact but strongly bound to the copper substrate via
the iminic ((=N-) nitrogen atoms of the porphyrin (ref. 127). (b) STM images showing the self-metallation of 2H-P/Cu(111) upon annealing to 423 K
(reproduced with permission from ref. 64. Copyright 2013, AIP Publishing LLC). (c) By counting metallated vs. non-metallated porphyrin species in STM
images after different annealing times and temperatures it is possible to determine the activation barrier for the self-metallation of 2HTPP/Cu(111).
(Adapted from ref. 86. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.) (d) Schematics illustrating different scenarios under
discussion for the origin of the incorporated substrate atom (A: direct extraction from the surface, B: metallation at step edges, C: involvement of

adatoms).

knowledge of self-metallating processes is indispensable for
the interpretation of tetrapyrrole experiments, as already for
preparations at room temperature free-base molecules might
self-metallate and thus not be present in their original state any
more (Section 3.2.1). The exact origin of the inserted metal
atom is still under discussion, and different scenarios will be
outlined in Section 3.2.3.

Table 2 lists the self-metallating tetrapyrrole systems known
up to date. The majority of examined systems employed porphyrins
adsorbed onto copper surfaces, which allows a direct comparison
to determine the role of different surface facets and the influence of
the molecules’ substituents on the activation temperature. Many
studies, involving the whole range of available techniques, were
dedicated to the 2H-TPP/Cu(111) system, which thus can serve as a
model system to understand self-metallation.

A further extension of this scenario is the transmetallation
reported in ref. 139 by Doyle et al. (not listed in Table 2). For two
different nickel porphyrin compounds (NiDBrDPP and NiTBrPP)
adsorbed onto a Cu(111) surface, the authors found that after
annealing to 430 K nickel was removed from the porphyrin core
and replaced by a substrate copper atom. This is well in line with
the results from experiments in solution, where transmetallation

This journal is © The Royal Society of Chemistry 2016

reactions are used to test the relative stability of different
metalloporphyrins.**°

3.2.1 Temperatures and activation energies. When placing
a tetrapyrrole molecule on a metal surface sometimes self-
metallation occurs directly at room temperature,”"*® whereas for
other systems elevated temperatures are necessary.’>**"*'*” [den-
tifying an exact reaction threshold is not an easy task, given that the
temperature changes the reaction rate and the resulting metalla-
tion ratio depends on the duration of annealing and the measure-
ment, respectively. The temperatures given in Table 2 are those
listed in the cited publications, it can be assumed that typical time
scales refer to minutes, not hours or days. It is difficult to make
predictions for further molecule-substrate systems, but general
tendencies can be derived. The lower the reactivity of the surface,
the higher the required temperatures. For example, for 2H-TPP on
Ni(111) or Fe(110),”® the reaction occurs already at room tempera-
ture, while for 2H-TPP on Cu(111) temperatures above 390-420 K
are necessary.®”®>%® Even higher temperatures are required for the
self-metallation with the noble metal silver. For experiments con-
ducted in the temperature range from 100 to 600 K, metallation for
substituted porphyrin species was only observed if additional
metal ions were provided,*”*>”*?9%94123 gtherwise no indications

Chem. Soc. Rev., 2016, 45, 1629-1656 | 1643
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for self-metallation were found.”*""""*>'*! Only very recently, studies
reported the incorporation of silver atoms from the substrate.
Annealing of 2H-P on Ag(111) to 573 K (the highest reaction
temperature of all the systems presented in this review) leads to a
change in STM signatures very reminiscent of that observed in
porphyrin metallations.”** The very high reaction barrier for the
metallation with silver can be lowered by choosing a lower index
surface facet and preliminary dehydrogenation of the macrocycle, as
recently shown by Smykalla et al. for the self-metallation of 2H-Pc on
Ag(110).¥ For the even less reactive gold surfaces, no observations
whatsoever pointing to self-metallation have been reported so far
(not even when direct interaction with Au adatoms was shown'*?),
even though they are widely used as a substrate for porphyrin and
phthalocyanine experiments,3>°099:116:143-145

For different surface facets the employed molecules differ,
such that a direct comparison is not possible. Interestingly,
self-metallation can be promoted by introducing an oxygen
reconstruction which reduced the metallation temperature for
2H-TPP/Cu(001) from 450 K to 285 K."** A possible explanation for
the reduced activation barrier is the formation of an additional
intermediate state including oxygen-copper bonds."**

We can assess the influence of the chosen free-base tetrapyrrole.
On Cu(111) three different compounds can be compared: 2H-P,*
2H-TPP,**%35¢ and 2H-TBrPP,'*’ of which 2H-P is the smallest and
most planar, while the other two feature four substituents each.
2H-P requires apparently slightly lower temperatures for metal-
lation (onset at 373 K for 2H-P** vs. 390 K for 2H-TPP®*®): this
can be rationalized in terms of a lower height of the macrocycle
above the surface, which increases the surface interaction.
While the deformation of the substituted molecules can facil-
itate the formation of specific bonds to the surface,®>'*’ it is
plausible that the interaction is stronger for 2H-P. The same
trend can be observed for the Cu(100) facet, where the rather
flat 2H-PPIX metallates already at room temperature,'® while
metallation was ruled out by Ecija et al. for the more bulky
2H-TMP.'** However, the assumption that metallation of the
flat 2H-P always proceeds at lower temperatures cannot be
extrapolated to the Cu(110) surface, where 2H-P requires
slightly higher reaction temperatures (onset at 360 K***) than
the 2H-PPIX (metallation at room temperature'>®). It should be
noted, though, that for the latter a complete metallation of the
film was not achieved. From the experimental point of view,
one problem are the uncertainties introduced by the different
methods to determine the metallation onset, another the
accuracy of the actual temperature readings.

A more quantitative approach was shown in ref. 86 by Ditze
et al., who were the first to determine activation barriers and
rate constants for a self-metallation reaction. For 2H-TPP/
Cu(111) the authors exploited the fact that through a strong
interaction with the substrate 2H-TPP is not mobile and can
hence be imaged easily with STM, while Cu-TPP molecules are
mobile at room temperature and are not resolved. By counting
the visible 2H-TPP molecules it was hence possible to perform a
quantitative measurement of the metallation rate. The corres-
ponding density and Arrhenius plots of the rate constant for the
range 390-410 K are reproduced in Fig. 9c. For the rate-limiting

1644 | Chem. Soc. Rev., 2016, 45, 1629-1656
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step the determined value of (1.48 + 0.12) eV in ref. 86 is well in
line with the gas phase values predicted by DFT for the insertion
of a copper atom into the model system 2H-P treated in ref. 69
and 85 (24-37 kcal mol ', corresponding to 1.04-1.60 eV).
Assuming that the good agreement is not based on an error
cancellation effect, this would suggest that the rate limiting step
is given by the insertion of the copper ion into the macrocycle.
The extraction of the atom from the copper substrate may
therefore not be the dominating effect, and the experimental
value of (1.48 &+ 0.12) eV can thus be seen as an upper limit for
the extraction process (a discussion of the origin of the substrate
metal atom follows below). One point that has to be kept in mind
is that (at least for 2H-TPP/Cu(111)) the self-metallation rate
strongly depends on the surface coverage as this can affect the
distance of the macrocycle from the surface. Rockert et al. found
a substantial rate enhancement'*® when reaching the checker-
board structure®”'*® at higher coverages. Also the onset of
cyclodehydrogenation (¢f Section 3.1.1) depends on the cover-
age, as shown by TPD measurements of the same authors.'**

3.2.2 Intermediate state. For the metallation of 2H-TBrPP
on Cu(111), Doyle et al. described an intermediate step where
the molecule is not yet fully metallated (i.e., the hydrogen
atoms have not split off), but the iminic nitrogen atoms already
strongly interact with the surface at room temperature.'” The
argumentation was mainly based on XPS and NEXAFS data of
the nitrogen region of a bilayer of 2H-TBrPP on Cu(111) at room
temperature, which showed an overlap of two features: those of
the pristine molecule in the multilayer (with a peak splitting of
2.1 eV) and those of the first layer, where the signal of the
iminic nitrogen atom was shifted upwards, while that of the
pyrrolic nitrogen components remained in the same position
(Fig. 9b). This cannot be attributed to a mere electronic screen-
ing from the substrate, as in this case the signals should have
shifted almost rigidly downwards, i.e., the splitting should not
have been reduced to 1.4 eV. The relative intensities are
consistent with an intact molecule, so that a (partial) room
temperature self-metallation was ruled out by the authors. Only
by annealing to 420 K, the pyrrolic component was reduced and
complete metallation was achieved."”

The same effect was reported by several groups for other
porphyrins adsorbed on Cu(111), even though the details vary
slightly. For 2H-TPP/Cu(111), Buchner et al. observed a reduction
in the XPS peak splitting from 2.0 eV in the multilayer to 1.5 eV
in the monolayer, although in this case both peaks shifted: the
pyrrolic peaks downwards, the iminic peak upwards."*” For the
same system we reported a reduction from 2.0 to 1.6 eV, with a
stronger downward shift of the pyrrolic contribution, and hardly
any change in the iminic nitrogen peak.®® Similar trends exist for
2H-P/Cu(111), where both peaks moved towards each other in
the monolayer.®® The small differences can be attributed to
different ways of calibrating the energy scale (in ref. 64 and
127 bilayers were fitted, in ref. 60 and 147 multi- and monolayers
were measured separately) and/or of fitting the single compo-
nents. These changes were unanimously attributed to a strong
interaction of the porphyrin with the surface, facilitated either
by an already planar adsorption conformation (2H-P**) or by a
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substantial deformation of the macrocycle with the iminic
nitrogen atoms pointing towards the substrate (2H-TBrPP'*’
and 2H-TPP*’). In some cases an additional electron transfer
from the copper substrate to the molecule was observed.®®®*””
However, only in ref. 127 the intermediate step is observed as a
clear feature in the N K-edge NEXAFS data of a 2H-TBrPP bilayer,
while it was not found for other systems. For 2H-P and 2H-TPP
the submonolayer data are strongly influenced by hybridization
and electron transfers®”®* such that hardly any clear features can
be derived. This is not the case for 2H-TBrPP, possibly as a result
of different adsorption conformations which slightly alter the
interaction between the copper and the LUMO of the molecule. For
the self-metallation on Fe(110) and Ni(111) a possible intermediate
step was not studied, as experiments were performed at room
temperature where the sample was already fully metallated.”®

Unfortunately, there is no consensus in the literature on this
possible intermediate step and its definition. In ref. 128, for
example, Gonzalez-Moreno et al. also use the term “intermediate
situation”, referring to a mix between metallated and non-metallated
molecules. In ref. 63, Xiao et al mention an “intermediate state”
including adatoms, and the adsorbate-substrate complex formed
upon adsorption of 2H-TPP on Cu(111) is called a “precursor state”.
Another utilized expression is “sitting-atop complex” (see also
Introduction and Discussion in Section 4), which refers to an intact
molecule interacting strongly with a metal atom."*” It should finally
be noted that similar observations, ie., the formation of a state
bound via iminic nitrogen atoms to the metal surface, can be found
for free-base meso-tetradodecylporphyrin adsorbed onto Au(111),
where self-metallation was ruled out."**

3.2.3 Origin of substrate atoms. The origin of the metal
atom that is “picked up” by the free-base tetrapyrrole is still under
discussion and has not been yet determined unambiguously. The
following scenarios are discussed: (a) direct removal of an atom
from the topmost substrate layer, (b) metallation at the kinks/step
edges, and (c) incorporation of an adatom diffusing on the surface
(¢f schematics in Fig. 9d). The direct extraction of a surface atom is
costly; on Cu(111), for example, the adatom-vacancy formation
energy was calculated to be approximately 2 eV,'*>'*° which
exceeds the value for the rate limiting step for 2H-TPP/Cu(111)
self-metallation (Section 3.2.1 and ref. 86). However, this
mechanism cannot be ruled out completely as the extraction
energy might be lowered due to a local distortion of the copper
surface by the adsorbed molecules as suggested by Doyle et al.**
The recent results in ref. 151 would back this scenario, where it
was shown that the self-metallation of upright standing 2H-P
molecules is hindered, in contrast to flat layers. However, this
scenario alone would not explain the self-metallation of more
than one molecular layer (c¢f Section 3.4.1 and ref. 60 and 64).
For the second suggestion, that porphyrins only metallate at
step edges, no indications (such as higher degree of metallation
on narrow terraces) have been reported so far. In addition,
in contrast to the interaction of 2H-TPP with Ag(111), the
adsorption at step edges seems not to be preferred, at least for
2H-TPP/Cu(111).'*

The currently most favoured explanation is the involvement
of adatoms.®®®*7®'*% On Cu(111), for example, the adatom
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152 which is

detachment from kinks requires only 0.76 eV,
considerably lower than the 2 eV discussed above. Mass exchange
with the terraces by adatom extraction sets in at 500 K and becomes
the dominant mass transport mechanism at 600 K,"*>'** leading to
a surface adatom gas with a coverage of typically several percent of a
monolayer.’> The presence of adsorbates might even lower the
temperature required for the metallation,"™™ such that at the reaction
temperatures reported here a sufficient amount of adatoms is
present. The DFT calculations by D. Passerone and co-workers
support the involvement of adatoms: their simulations for 2H-TPP/
Ni(111) show that the metallation involving a surface atom is
exothermic, while metallation creating a vacancy is energetically
unfavourable.”

Summary. The self-metallation of tetrapyrrole molecules has
been observed on a wide range of metal substrates in the form
of single crystals or thin films. These include Ni, Fe, Cu and Ag,
with metallation on Cu being the most extensively investigated.
In general, the more reactive the metal substrate, the lower the
activation energy required for metallation. An “intermediate”
state can be inferred from the electronic shift of the nitrogen
signals observed by XPS; the surface, e.g. of Cu, causes shifts in
binding energy consistent with a strong interaction with the
metal. For the case of 2H-TPP on Cu(111) the metallation
energy was experimentally determined by Arrhenius plots
based on STM data. A different mechanism was proposed
for the self-metallation of 2H-Pc on a Ag surface, whereby the
2H-Pc converts to Pc prior to the formation of Ag-Pc. The origin
of the inserted metal is at present ambiguous in most cases.

3.3 Alternative on-surface metallation routes

Both the PVD metallation and the self-metallation offer a wide
range of possible systems that can be prepared in vacuo. However,
not all metal-molecule combinations are easily accessible, and the
development of other techniques is desirable. An overview over
alternative approaches presented in this section is given in Table 3.

3.3.1 Tip manipulation. The possibility to manipulate
atoms and organic adsorbates with an STM tip has been
employed for years.">™">” Sperl et al. used this approach to
metallate a free-base phthalocyanine adsorbed on a Ag(111)
surface.”® In a first step the inner hydrogens are removed one
after the other by application of voltage pulses of appropriate
magnitude. The two-fold symmetric appearance of the mole-
cule becomes four-fold symmetric, with the molecule finally
displaying a depression in the centre (Fig. 10a, panels A-F). The
tungsten tip used in the experiment was indented into the
Ag(111) substrate, thus creating a silver-terminated tip. Hence
it was possible in a final step to transfer one of the silver atoms
to the dehydrogenated phthalocyanine core by approaching the
tip to the molecule. The resulting compound was still four-fold
symmetric, but now exhibited a protrusion in the centre
(Fig. 10a, panel G). Application of an additional voltage pulse, ie.,
the injection of electrons, led to another change in appearance,
the protrusion changing to a depression. As a consequence, this
compound showed the same appearance as a directly deposited
AgPc molecule on the same surface (Fig. 10a, panels H and I).
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Table 3 In situ metallation of tetrapyrrole species (see Fig. 1 for molecular abbreviations used here) by tip manipulation and chemical vapour deposition
(CVD) of precursor molecules

Molecule Substrate Centre Comment Technique(s) Ref.

2H-Pc Ag(111) Ag Tip manipulation STM, STS, calc. 78

2H-P Ag(111) Ru CVD XPS, NEXAFS 109

2H-TPP Ag(111) Ru CVD XPS, NEXAFS 109

2H-TPP Ag(111) Os CVD ST™M 110

2H-TPP SiO,/p-doped Si(100) Zn CVD XPS, DFT, Raman, AFM 148

2H-TPP Unknown Al CVD Unknown Mentioned in ref. 148
2H-TPP Unknown Ni CVD Unknown Mentioned in ref. 148
2H-TPP (flattened) Ag(111) Ru CVD STM, XPS, NEXAFS 57

2H-TPP (flattened) Ag(111) 0Os CVD STM 110

This comparison is crucial to the accurate assignment of the
metallated species, as a bright protrusion in the middle of
the macrocycle, which might be intuitively expected based on
the appearance of many metal centres (e.g., Fe, Co) in the Pc
and porphyrin molecules, does apparently not reflect the
configuration of AgPc sublimated onto Ag(111). Also the dIi/dV
curves of the on-surface metallated and the prefabricated AgPc
are nearly identical, further verifying the successful metalla-
tion. While this approach of single molecule manipulation is
not suitable for creating large-scale samples of metallated
species, it nevertheless offers the possibility of studying specific
properties of desired complexes. The opposite process is
also possible: in a work by the same authors it was shown that
it is possible to demetallate a metallophthalocyanine by tip
manipulation.'*®

(a)

tip manipulation

MPe |

It should be noted that the manipulation of tetrapyrrole
molecules with an STM tip does not automatically lead to an
incorporation of adatoms. Mielke et al. showed for example
that 2H-TPP adsorbed onto Au(111) remains intact, even when
residing on top of gold adatoms."**

3.3.2 Metallation via chemical vapour deposition (CVD).
A novel approach, recently demonstrated, is metallation via pre-
cursor complexes. This is a variant of the co-deposition method,
where the metal atom is not provided by direct evaporation, but is
embedded in a precursor complex. While adding such precursors
in principle increases the experimental complexity, the method
can open a versatile path for the creation of metal-organic
complexes including metals that cannot be evaporated directly
or only with difficulty (e.g;, due to the high sublimation tempera-
ture). We successfully employed this approach by using chemical
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Fig. 10 Alternative tetrapyrrole metallation routes. (a) Tip manipulation of 2H-Pc/Ag(111): the inner hydrogen atoms are removed sequentially, followed
by insertion of a silver atom with an STM tip (adapted with permission from ref. 78. Copyright Wiley-VCH Verlag GmbH & Co. KGaA). (b) Codeposition of a
precursor molecule: a cyclodehydrogenated 2H-TPP molecule on Ag(111) is metallated after exposure to Rus(CO);, at RT followed by annealing to 550 K
(adapted with permission from ref. 57. Copyright 2013 American Chemical Society).
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vapour deposition of Ru;(CO),, to metallate cyclodehydrogenated
2H-TPP on a Ag(111) surface.”” The flattened 2H-TPP (¢f descrip-
tion in Section 3.1.1) was characterised by STM, XPS and NEXAFS
and then exposed to vapours of Ru;(CO),, at room temperature.
XPS experiments showed that the Ruz(CO);, coverage cannot be
increased beyond the saturation limit, the porphyrin species
adsorbed intact and the 2H-TPP remained unmetallated. Anneal-
ing to 500-550 K led to the formation of Ru-TPP, evidenced by the
changes in the nitrogen and ruthenium XPS regions (¢f Fig. 3b
and c and 10b), as well as by the appearance in STM, changing
from a depression in the centre of the macrocycle to a protrusion
(¢f- Fig. 4b). The carbonyl precursor ligands desorbed completely.
To achieve full metallation the procedure had to be iterated.
Additional XPS and NEXAFS studies of pristine 2H-TPP and
2H-P show that they can be metallated in the same way.'%%*>°
In addition, the crucial role of the silver substrate was shown,
as the precursor complexes do not stick to the porphyrins, but
only adsorb onto free silver areas.'®'*® The advantage of this
approach is its self-limitation, avoiding the excess of unwanted
side products on the surface, as long as the porphyrin coverage
is high enough. For very small molecular coverages, however,
an excess of Ru can accumulate on the surface."*>"*°

More recently the corresponding Os precursor complex,
08;(CO),,, was employed to metallate 2H-TPP and its planar
high temperature derivatives on Ag(111) as investigated by
STM."® In contrast to the case of the Ru precursor, it was
found that the more stable Os;(C0O);,'*® did not efficiently
metallate the porphyrin species when post deposited on a
surface of the high temperature planar derivatives of 2H-TPP,
but rather promoted the porphyrin polymerisation by new C-C
bond formations. By inversion of the dosing sequence of metal
precursor and porphyrins, the decomposition of the metal
precursor to Os clusters on Ag(111) was achieved by annealing
to 623 K. Subsequent deposition of 2H-TPP and annealing to
453 K showed a partially metallated layer of pristine and
partially flattened 2H-TPP. Annealing to 483 K was required
to dissolve the surface Os clusters and achieve a high degree of
porphyrin metallation by Os (as illustrated in Fig. 8c). By this
annealing temperature, due to the presence of Os, all porphyrins
had been converted to planar TPPs.

A similar approach was recently demonstrated by Kim et al.,
who used diethylzinc to metallate 2H-TPP layers on a silicon
dioxide support to achieve multilayer films of Zn-TPpP.'*®
In contrast to the examples presented above, the dosage of
the precursor complex takes place at relatively high pressures
(2.8 x 107" Torr), which allows the chemisorption of the
diethylzinc molecules onto the porphyrin films. This example,
as well as the metallation of 2H-TPP by diethylzinc during
atomic layer deposition presented in ref. 44 might be regarded
as cases bordering to experiments conducted under near-
ambient conditions.

Summary. Emerging metallation techniques include atomic
manipulation and CVD of appropriate metal precursors. The
former route was demonstrated for 2H-Pc on Ag(111). It pro-
vides a model study, where single molecules can be addressed
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and even unfavourable metallations can be promoted so as to
investigate the electronic properties of these metalloporphyrins
at interfaces. With CVD, efficient Ru and Os metallation of the
planar derivatives of 2H-TPP was shown on Ag(111) by using
trimetal dodecacarbonyl precursors. The formation of Ru-TPP,
Os-TPP and Ru-P via CVD was also observed. Here, the thermal
stability of the precursor was suggested to further affect the
metallation process.

3.4 Tackling the third dimension

3.4.1 Multilayers. For several nanotechnology applications
and for experiments involving STM, two-dimensional structures
are preferred, specifically samples involving only a single layer
of molecules. Multilayers are often used as references, to study
the influence of the substrate on the properties of the mono-
layer. If monolayer coverages are desired, either the deposition
parameters are adjusted or a multilayer is prepared and then
annealed to yield a single layer (e.g:, in ref. 59, 94, 99 and 102).
If, however, the annealing temperature can be chosen such that
it is higher than the metallation temperature, but lower than
the desorption temperature of the multilayer, it is possible to
metallate multilayers.

For the PVD approach, achieving full metallation of a multi-
layer can be a challenge. This became clear with the system
2H-TPP and Fe®” or Rh:*® The metallation of 2H-TPP on Ag(111)
with Fe atoms is complete for a monolayer, but proceeds only
partially for a thin film of approximately 20 layers. The Fe region
XPS shows an excess of neutral iron in the sample, the authors
thus concluded that the formation of iron clusters inside the
multilayers prevents complete metallation of the sample.”® In
contrast, the same experiment for 2H-OEP on Ag(111) in ref. 62
and 2H-TPP on Ag(111) in ref. 59 led to a (nearly) complete
metallation of the free-base molecules with Fe. This might result
from the smaller film thickness in the latter experiments
(approximately four layers), which prevents the formation of
iron clusters before the full metallation of the sample succeeds.
To prepare thicker, fully metallated samples, it is possible to
repeat the procedure adopted for a single layer until the desired
thickness is reached (shown for 10 layers of vanadium phthalo-
cyanine in ref. 103).

Very recently Kim et al. demonstrated the formation of Zn-TPP
layers in the 100 nm regime by repeated cycles (up to 300) of CVD
metallation of 2H-TPP with diethylzinc precursors.'*® By sequential
creation of Zn-TPP layers with controllable thickness and dosing
of pristine 2H-TPP molecules they could even embed the metallo-
porphyrin layers in a free-base porphyrin film.

Surprisingly, also self-metallation of more than one layer
was occasionally observed. Moderate annealing to 420 K of a
2H-TPP multilayer (approximately three layers) adsorbed onto a
Cu(111) surface resulted in a near complete metallation of the
film,°® as evidenced by a single peak in the nitrogen XPS region
(Fig. 11a, second spectrum from the bottom). Further annealing
to 490 K caused the desorption of excess molecules, such that
only one monolayer of Cu-TPP remained on the surface (Fig. 11a,
bottom spectrum). Also for 2H-P/Cu(111) a metallated second
layer was observed.®* This has the big advantage that the effect of
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the surface on the metallated species can be studied directly by
comparison to the metallated multilayer. The N 1s energy of the
Cu-N species in Cu-TPP is typical for metalloporphyrins (located
between the iminic and the pyrrolic nitrogen peak, Fig. 11a,
second spectrum from the bottom), in the first layer this peak
shifts to lower binding energies due to screening of the surface
(Fig. 11a, bottom spectrum).

These results raise questions concerning the transport
mechanism involved in the self-metallation of thin films thicker
than one monolayer. Three scenarios seem plausible: (a) the
metallation only takes place directly at the molecule-substrate
interface. Diffusion of the metallated porphyrins within the film
then leads to several layers of metalloporphyrins. (b) The mole-
cules are not mobile and metallation occurs by transferring the
metal atom from the macrocycle to the macrocycle between the
layers. (c) Substrate atoms diffuse into the molecular film,"*
similar to the metallation with evaporated metal atoms dis-
cussed in the previous paragraph. For the self-metallation of
2H-Pc multilayers on Cu(111)," Chen et al. could show that the
additional evaporation of a NiPc layer between 2H-Pc and the
copper substrate did not prevent metallation. Employing TPD
they proved that there is an exchange between 2H-Pc, Ni-Pc and
Cu-Pc molecules (Fig. 11b).** The authors concluded that the
metallation occurs at the molecule-metal interface, followed by a
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migration of the formed Cu-Pc to higher layers. In comparison,
the diffusion of single copper atoms is deemed energetically
unlikely.*®

3.4.2 Sandwich compounds. In the examples discussed
above, the metal atom fits well in size inside the macrocycle
pocket. It is, however, also possible to use metals with larger
ionic radii. This applies for rare earth metals, which play an
important role in metal-organic spintronics'®'™*** and mole-
cular rotors'®>™'*” involving tetrapyrroles. The metallation with
such elements leads to the formation of a metalloporphyrin
where the coordination centre resides clearly below or above
the macrocycle of the molecule (e.g., 1 A for Ce-TPP®®). This
geometry can be used to build double (or even triple) decker
complexes, where one (or two) metal centres are sandwiched
between two (or three) tetrapyrrole planes, respectively
(¢f Fig. 11c, top). However, the standard synthesis protocols
for (sub)monolayers of metalloporphyrins (¢f. Table 1) result in a
very low yield of double- and multiple-decker complexes. Upon
formation of Ce-TPP, the out-of-plane rare earth centre tends to
point towards the substrate,'®® thus not exposing an active site
for further complexation of a second porphyrin. To circumvent
this problem, the metallation strategy is modified. Ce(TPP), and
Ce,(TPP); are prepared by deposition of a multilayer of
2H-TPP on a Ag(111) substrate, followed by exposure to Ce and

multi-deckers

multilayers

+ NiPc + 2HPc

| (c)multilayer
annealed
(420 K)

| (d)monolayer
annealed

404 402 400 398 396

Binding Energy (eV)

450 500 550

Temperature (K)

600

Fig. 11 Three-dimensional structures created by on-surface metallation. (a) N 1s XP spectra illustrating the self-metallation of mono- and multilayers of
2H-TPP on a Cu(111) surface as indicated by a single peak in the nitrogen region (reproduced with permission from ref. 60. Copyright 2012, AIP Publishing
LLC). (b) To understand the transport mechanisms involved in the self-metallation of 2H-Pc multilayers on Cu(111) TPD measurements were carried out.
They showed that a buffer layer of NiPc placed between the 2H-Pc and the copper did not prevent metallation and that molecular exchange took place
in the layers (adapted with permission from ref. 49. Copyright 2014 American Chemical Society). (c) Ball-and-stick models of double and triple decker
porphyrins (Ce(TPP), and Ce,(TPP)s). STM images of the rotation of the top of a single Ce,(TPP)s complex which is embedded in an island of Ce(TPP),
molecules (adapted with permission from ref. 94. Copyright Wiley-VCH Verlag GmbH & Co. KGaA).
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annealing to 500 K. The latter step induces the metallation
reaction and ensures that only a single monolayer of double
deckers and 2H-TPP remains on the surface, while excess
unreacted multilayer components desorb.”® Interestingly, the
top of single Ce,(TPP); complexes embedded in an island of
Ce(TPP), molecules can be rotated by the STM upon scanning
(¢f Fig. 11c, bottom).”* Following the same recipe, we recently
achieved the formation of Gd(TPP), and Gd(Pc), sandwich
complexes,”” which highlights the potential of in situ metallation
for the on-surface synthesis of homoleptic or heteroleptic multi-
decker complexes based on different tetrapyrroles.

Summary. In vacuo metallation was demonstrated for multi-
layer structures by both PVD and self-metallation. In particular
PVD of Fe and Rh metallated multilayers of various porphyrins
on the Ag(111) surface was successfully performed. For 2H-TPP/
Fe-TPP, the additional formation of Fe clusters in the multi-
layer was observed. By self-metallation both porphyrin and Pc
multilayers were shown to metallate on Cu(111). Molecular
transport across the multilayer is proposed to facilitate the
multilayer metallation with substrate atoms. Finally, the formation
of rare earth porphyrin multideckers by PVD can be regarded as a
further achievement of the metallation of multilayers, extending
metal-organic architectures in the third dimension.

4 Comparative assessment — conclusions

This section will compare the protocols described in the pre-
vious sections. To this end, we will first discuss the effect the
insertion of the metal atom has on the conformation, electronic
and self-assembly properties of the tetrapyrroles, followed by a
summary of different processes involved in the on-surface
metallation. This will allow to rationalise the trends in Fig. 8
and the (seeming) exceptions. Similarities and differences for
different protocols are discussed afterwards, as well as their
advantages and disadvantages.

Effects of metallation

First, we shall briefly review the differences between adsorbed
free-base and metallotetrapyrrole molecules, focusing on the
conformation, the interaction with the surface, the self-assembly,
and the electronic and magnetic properties. These properties are of
course interconnected and might strongly depend on various
substituents, as discussed in a variety of reviews (e.g., ref. 18-20).
Here, we only address some trends focusing on the most studied
on-surface metallation systems described in Sections 3.1 and 3.2,
2H-P and 2H-TPP adsorbed on Ag(111) and Cu(111) (¢f Tables 1
and 2).

2H-P is planar in the gas phase and also largely retains its
geometry when adsorbed onto Ag(111) and Cu(111) surfaces,
featuring a maximal deviation from planarity of 15° on the
latter substrate.®*''* After metallation of 2H-P to Cu-P the
macrocycle retains its flat conformation.®* Such behaviour is
not generally the case for the substituted porphyrins. The
phenyl substituted porphyrin 2H-TPP typically adsorbs in the
so-called “saddle shape” conformation,'®® where two pyrrole
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groups of the macrocycle point towards the substrate and the
other two point upwards (¢f Fig. 12¢*°). The saddle shape
conformation is found both on Ag(111)”” and Cu(111),°%””
but the deformation is typically stronger on the latter, allowing
an interaction between the nitrogen lone pairs and the substrate
(¢f discussion in Section 3.2.2). The metallated TPP species
generally exhibit a rather flat macrocycle with steeper upwards
tilted phenyl rings,’”'”® regardless of whether the free-base
compound was the only mildly deformed species on Ag(111) or
the strongly deformed one on Cu(111).

The different conformations have implications both on the
electronic structure and the self-assembly properties. 2H-P on
Ag(111) and Cu(111) adsorb as isolated species, and for both
substrates the LUMO is partially filled upon adsorption (more
on copper than on silver).®*'* After self-metallation on Cu(111)
this is still the case: the Cu-P molecules remain isolated and
partial charge transfer to the LUMO is observed.®*

Also for 2H-TPP the charge rearrangement leads to a net
electron transfer to the molecule, which is much stronger on
Cu(111) than on silver.®®”” On Ag(111) 2H-TPP islands are
found, while the molecules form no ordered assembly on
Cu(111).”” After self-metallation to Cu-TPP the macrocycle
becomes flatter, while the phenyl rings are standing much
more upright (Fig. 12c). Through the modified conformation
the macrocycle is lifted away from the surface, which is
presumably the reason why (in contrast to the flat Cu-P) no
charge transfer to the Cu-TPP was observed.®® The modified
surface anchoring, as well as the T-type bonds that now can be
established between the tilted phenyl rings of adjacent mole-
cules lead to the formation of islands (Fig. 12a and b).%>***
These effects are not exclusively limited to the 2H-TPP/Cu(111)
system. A very similar observation was reported for the self-
metallation of 2H-TTBPP to Cu-TTBPP on Cu(111) in ref. 171.
The metallation induces a substantial change in conformation,
where the incorporated Cu atom is lifted away from the surface.
Similar to the self-metallation of 2H-TPP to Cu-TPP this leads to
areduced interaction with the substrate and a slightly modified
self-assembled structure.

The metallation process

The process that leads to the incorporation of a metal ion in
tetrapyrrole compounds is the result of many complex, and
potentially competing effects which cannot be separated easily.
Only by taking into account the information obtained by
different complementary experimental and theoretical techni-
ques, as well as a comparison of the different on-surface
metallation protocols described in Sections 3.1, 3.2, and 3.3 it
is possible to develop a full picture. A special case are hereby
the “films” and islands discussed in Sections 3.1 and 3.2, which
constitute an intermediate situation between the metallation
with single atoms provided by physical vapour deposition and
the self-metallation. The metallation can be separated into three
main processes: (1) the actual incorporation of the metal atom
into the macrocycle, (2) the availability of the metal centre-to-be,
and (3) the interaction of the tetrapyrrole molecule with the
surface, other molecules, and the metal atoms (Fig. 13, left side).
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Fig. 12 Self-assembly of free-base and metallated tetraphenylporphyrins. (a) 2H-TPP adsorbed onto Ag(111) forms islands (left), this is not the case on
Cu(111) (right), where the molecules remain far apart (adapted from ref. 77). (b) After self-metallation to Cu-TPP the molecules assemble into islands
(adapted with permission from ref. 63. Copyright 2012 American Chemical Society). (c) This can be explained by a different surface anchoring and
modified molecule—molecule interactions induced by the change in conformation: for 2H-TPP/Cu(111) the phenyl rings adsorb with an angle of 20°
relative to the surface and the macrocycle is deformed. The latter becomes flat in the metalloporphyrin and the substituents stand more upright, allowing
T-type interactions to adjacent Cu-TPP molecules.®**3! (Reproduced with permission from ref. 60. Copyright 2012, AIP Publishing LLC.)

Depending on the employed on-surface metallation protocol,
these three main processes can be broken down into the effects
discussed in the following.

The crucial part is of course the actual metal incorporation.
Density functional theory of metallation in the gas phase can
predict possible intermediate states and the corresponding
reaction barriers which determine whether the metallation

proceeds at all and at which temperature. The most commonly
accepted model for the reaction path via an intermediate state
is a macrocycle which is not yet deprotonated, but already
bound to the metal atom, followed by a transfer of the hydrogen
atoms to the metal, which are split off in the next step. Reaction
barriers of this process depend mainly on the elemental identity
of the incorporated metal ion, regardless of the employed
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Fig. 13 Schematics illustrating the large number of effects which contribute to the metallation process as a whole. In turn, each of these single
processes (middle) can be influenced by careful choice of the molecule—metal-substrate system and the experimental conditions (right side, in blue).

1650 | Chem. Soc. Rev., 2016, 45, 16291656

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5cs00207a

Open Access Article. Published on 19 January 2016. Downloaded on 4/2/2026 10:07:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

metallation protocol. Both for the metallation with PVD and the
self-metallation, the incorporation of Fe and Ni atoms typically
proceeds at room temperature, while for Cu and Zn elevated
temperatures are required (Fig. 8a, full markers, and Fig. 8b). For
even less reactive elements either no metallation (for Au) is
observed or high temperatures are required (573 K for the self-
metallation of Ag). This is in agreement with the predictions
from gas-phase DFT,* ie., the incorporation of the metal atom
constitutes the rate-limiting step for these systems, independent
of the employed method. At first glance, this trend seems to be
contradicted by several systems presented in Fig. 8: for example,
for PVD metallation with pre-deposited Ni and Fe elevated
temperatures were required (Fig. 8a, empty markers, systems 8,
19, and 21), and no self-metallation could be observed for
2H-TPP on Ni/Cu(001) or Ni/Cu(111) (Table 2, systems b and c).
These examples give a first indication on the importance of
deposition order and will be discussed below. In contrast,
sometimes the necessary temperature is lower than what could
be expected from the calculated gas phase barriers. This is the
case for the self-metallation of 2H-Pc with Ag on Ag(110)*’
which proceeds already at room temperature, as well as that for
2H-TPP with Cu on O/Cu(001)."** For the aforementioned
metallation with Ni on Ni/Cu(001) the co-adsorption of oxygen
lowers the reaction barrier such that room temperature metal-
lation can be observed. In all these cases the authors ascribed
the changes to the formation of modified intermediate com-
plexes with lower activation barriers, through dehydrogenation of
the 2H-Pc in the first case, and a participation of the co-adsorbed
oxygen in the latter cases. For the CVD metallation with Zn, which
also takes place already at room temperature we suggest a similar
mechanism. For applications the metal incorporation process can
thus be tuned by choice of the suitable metal type, by an explora-
tion of possible co-adsorbates, and by a modification of the
molecules’ macrocycle prior to metallation.

As could be seen from the examples described in the
previous paragraph, the incorporation of the metal atom inside
the macrocycle is not the only possible rate-limiting step in the
metallation process. The intermediate complex is formed as
soon as metal is available and can interact with the tetrapyrrole
species. This has different implications for the various metalla-
tion protocols. For the sublimation of metal atoms by PVD or
CVD the deposited amount can be steered by the evaporation
parameters (i.e., time and rate), e.g., to achieve only partially
metallated layers. However, even when enough metal is pro-
vided, in some cases full metallation could only be achieved at
elevated temperatures or not at all. Examples are the aforemen-
tioned metallation experiments with Ni and Fe, which typically
readily occur at room temperature. If however, the deposition
order is reversed (i.e., the metal is deposited before the free-
base molecules) temperatures of up to 550 K are required for
the reaction (Fig. 8a, ¢f. empty vs. full markers). Multilayers of
2H-TPP with post-deposited metal cannot be fully metallated
in one step. Both kinds of effects can be attributed to the
formation of metal clusters, reducing the availability of single
atoms. While there might be a nominal excess of metal on the
surface, the atoms cannot reach the macrocycle to be incorporated.
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However, it cannot be generally concluded that a pre-deposition of
the molecules is in all cases advantageous. For the metallation of
2H-TPP with Os on Ag(111) (Fig. 8c) a pre-deposition of the free-
base species does not lead to a high yield of metallated porphyrins:
the decomposition temperature for the Os;(CO);, precursor
complex lies above the temperature that would induce a poly-
merisation of the molecules. If however, the precursor is deposited
first and annealed to yield Os clusters on Ag(111), followed by the
deposition of the porphyrins and an annealing step to 483 K, a high
metallation yield of desired Os-porphyrin species could be
obtained. For the self-metallation the situation is more complex,
as the origin of the incorporated metal atoms is not yet
unanimously clear. While the temperature certainly plays an
important role it is not evident whether a higher temperature allows
the direct extraction of an atom from the surface, or only leads to an
increased number of adatoms detached from step edges. Most of the
studies published so far seem to favour an explanation including
adatoms, which is supported by accompanying density functional
theory calculations. If adatoms are the crucial factors, this might
explain why 2H-TPP readily self-metallates at room temperature on a
Ni(111) single crystal, but not on a nickel film deposited on Cu(111)
(Table 2, systems 7 and b).

The last contributing main factor is the availability of the
tetrapyrrole species in a suitable configuration. Tetrapyrrole
species and their conformations hardly affect the metallation
reaction using PVD or CVD, however they clearly influence their
ability to self-metallate (Fig. 8b). A possible explanation is that
different conformations cause the formation of different inter-
mediate complexes, which (as detailed above) may have sub-
stantial influence on the activation barriers involved in the
reaction. This might also explain why the coverage (and there-
with the associated changes in molecular arrangement) was
found to play a crucial role for the rate of the self-metallation of
2H-TPP on Cu(111).

Advantages and disadvantages of different protocols

In addition to different possibilities to tune the metallation
process discussed in the previous paragraphs, the different
on-surface metallation protocols all have their own intrinsic
limitations and advantages. As can be seen from Fig. 8 the
metallation through PVD offers the largest range of possible
metal centres and the additional advantage of being able to
define the deposition order. It is thus possible to obtain metal-
organic structures with desired properties, by selecting metals
with for example catalytic (Ti), magnetic (Co, Fe, Cr), or non-
magnetic (Cu) properties, as well as rare earths with a large
radius (Ce, Gd) to create sandwich complexes. However, there
might be limitations in the choice of metal due to high
sublimation temperatures and reactivities, which might pre-
vent easy preparation of all targeted structures. Another pro-
blem is the presence of excess metal after the reaction if the
metal deposition is not tuned carefully.

Both these disadvantages can be overcome by using metalla-
tion through CVD of precursor complexes. The ligands in the
complexes protect the chemical environment of reactive metals;
in the examples presented here the molecules can typically be
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dosed easily at ambient temperatures. For the metallation with
Ru-dodecacarbonyl complexes a self-limiting protocol has been
found, i.e., only reacted species without undesired side-products
are left on the surface after the reaction. The metallation with
diethylzinc even allows to create films of defined thickness,
which might play an important role for the fabrication of devices
such as organic transistors. The application of metallation
through CVD is intrinsically limited by the availability of suitable
precursor molecules and currently only few examples are known.
Another drawback is the possibly high thermal stability of
the precursor complexes, which (while advantageous for the
sublimation) may require high annealing temperatures for the
scission of the ligands.

Using an STM tip to directly metallate tetrapyrrole macro-
cycles can be an alternative route to create systems which could
not be achieved otherwise. However, as only single, selected
molecules can be metallated in this way, the approach is not
suitable for the metallation of molecular films, thus excluding
technological applications.

The method with the lowest experimental complexity is
certainly the self-metallation which does not require any
deposition of reactants apart from the free-base tetrapyrrole
species. Comparable to the metallation through CVD of pre-
cursor complexes, no unwanted side products are left on the
substrate after the reaction. Self-metallation cannot be used to
create all structures, as the central metal atom will be of the
same element type as the substrate, and the range of suitable
substrates is small. However, as discussed above, first results
showing that co-adsorption and dehydrogenation enable self-
metallation on hitherto unreactive substrates might play an
important role for further exploration of suitable systems.

Future trends

We anticipate a considerable effect of in vacuo metallation proce-
dures on the engineering of advanced metallo-supramolecular
architectures and hybrid systems. Specifically, the fabrication of
sandwich compounds with prospects for applications is not fully
exploited to date, but bears great promise as the sublimation of
intact ex situ synthesized multi-deckers and molecular magnets is
usually prevented by their limited thermal stability. The sequen-
tial metallation of pre-fabricated multi-component free-base tetra-
pyrrole assemblies can provide intricate arrays of coordinatively
unsaturated metal centres at interfaces. Importantly, supports are
not restricted to low-index metal single crystal facets, but can
include vicinal surfaces, metal films, nano-structured templates
or two-dimensional materials. The possibility to utilise most
elements throughout the periodic table will allow one to engineer
distinct electronic and magnetic properties of the resulting
architectures. In this respect, constraints introduced by reduced
macrocycle dimensions in tailored species such as corroles might
be beneficial to stabilize specific oxidation states of the metal
centres at interfaces. Thus, interfacial in vacuo metallation pro-
vides prospects for functionalities, e.g., in heterogeneous catalysis,
molecular spintronics, single molecule rotors/machinery, quantum
information or light-harvesting and photonic devices.
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