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Heavy-metal compounds play important roles in modern functional materials, enabling advancements in
optoelectronics, catalysis, and beyond. Nanostructured surfaces incorporating heavy main group elements
have shown significant promise for novel applications but often suffer from insufficient thermal stability. To
address these challenges resulting from thermally induced reactions, we study the on-surface chemistry of
Pb(i) 5,10,15,20-tetraphenylporphyrin, Pb(TPP), on the Au(11l) surface as a model system. Pb(TPP) is formed
either by vapor deposition of Pb atoms onto a monolayer of free-base tetraphenylporphyrin, Hx(TPP), or by
direct deposition of pre-synthesized Pb(TPP). Using XPS and STM, we compare these Pb(TPP) monolayers
and find that in situ metalation exclusively yields configurations in which the Pb atom points away from the
surface (Pb?). Thermal degradation of Pb(TPP) on Au(11l) differs mechanistically from previously reported
transmetalation on Cu(111). Below 550 K, the Pb atom in Pb(TPP) is replaced by hydrogen through
demetalation, resulting in a reduction of the released Pb atom and formation of H,(TPP). This process is
enabled by cyclodehydrogenation of the TPP ligand, which releases the necessary hydrogen. Above 550 K,
free-base porphyrins undergo remetalation with Au atoms from the substrate, while simultaneous C—H bond
activation induces intermolecular coupling, resulting in the formation of two-dimensional covalent organic
frameworks (COFs) of Au porphyrins. These porphyrin-based COFs with embedded metal centers exemplify
a promising platform for surface-supported functional materials with MN4 centers, paving the way for
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Introduction

Heavy main group elements (MGEs), which are characterized by
unique properties such as relativistic effects and large spin-
orbit splitting, tend to form stable metal-organic complexes."
Despite the lack of research on metal-organics of heavy MGEs,
they represent promising building blocks for the assembly
of novel optoelectronic materials, such as phosphorescent
compounds with low optical bandgap and high charge mobi-
lity, which are advantageous for photovoltaic and thin-film
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t Electronic supplementary information (ESI) available: Background treatment of
the Pb 4f XPS spectra; calculated valence electronic structure of Pb(TPP); further
details on the adsorbate interactions of Pb(TPP) on Au(111); additional XPS
spectra of the thermally induced on-surface reaction; details on the N 1s fitting
procedure; STM images with comparison of the adsorbate structure of a Pb(TPP)
monolayer after heating to 550 K and a H,(TPP) monolayer on Au(111); additional
XPS spectra of the on-surface metalation of H,(TPP) with Pb and subsequent
thermal degradation. See DOI: https://doi.org/10.1039/d5cp00422e
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innovative applications in heterogeneous (electro)catalysis and related fields.

transistor applications.”> Moreover, nanostructured surfaces
containing heavy MGEs have the potential to serve as effective
single-site catalysts for the activation of small molecules.’
Specifically, Pb metal-organics and covalent organic frameworks
(COFs) based on Pb metal-organics as well as Pb single atom
catalysts are applicable in the electrochemical CO, reduction
reaction,”” electrochemical two-electron oxygen reduction
reaction,® the hydroamination of alkynes,” the cyanosilylation
reaction® and the combustion of energetic compounds.’ How-
ever, the decomposition of such a material could prove proble-
matic. While it may reduce the catalytic activity, the release of Pb
atoms could also have adverse environmental effects due to their
toxicity. The related dynamic processes of MGE metal-organics
at surfaces or interfaces (e.g., chemical reactions, structural
adaptation upon adsorption, decomposition, etc.) have remained
largely unexplored so far.

Porphyrins are often used as building blocks for the assem-
bly of nanostructured surfaces due to their ability to stabilize
active metal centers within a rigid square-planar coordination
environment.'® Pb forms complexes with porphyrins, in which
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the divalent central atom is situated within a square-pyramidal
coordination environment outside the N, plane of the porphyrin
ring."*"® This structure with an out-of-plane bound metal center is
a consequence of the large radius of the Pb*" ion, which typically
results in a distance of approximately 1.2 A between the N, plane
and the Pb center."*'> As a result of the non-planar molecular
structure and lower symmetry, the central atom is highly exposed,
which gives rise to a distinctive coordination chemistry of Pb(u)
porphyrins.'®™® Due to this structure, Pb(i) porphyrin complexes
are ideal for the incorporation of active Pb centers into a cataly-
tically active surface structure. In related materials synthesis, it is
common practice to subject the metalloporphyrin-based materials
to a thermal treatment, for example pyrolysis, in order to obtain a
durable and laterally cross-linked single-atom catalyst that main-
tains the metalloporphyrin’s MN, functionality.'>*° However, such
an approach can promote undesirable decomposition such as an
exchange reaction of the central atom.

Previously, the on-surface transmetalation of Pb(u) 5,10,15,
20-tetraphenylporphyrin, Pb(TPP), on the Cu(111) surface via a
Pb — Cu redox exchange under ultrahigh-vacuum (UHV) con-
ditions was reported. It was demonstrated that the central Pb(u)
atom is reduced and replaced by a Cu atom from the underlying
Cu(111) substrate at moderate temperatures (380 K).>!

While metal exchange and demetalation reactions have
frequently been observed in solution or at solid-liquid
interfaces,””>* where they proceed via a non-redox ion exchange
mechanism, the situation is different in the absence of solvent,
when ionic processes are disfavored. Therefore, metal exchange
of metalloporphyrins on surfaces in UHV has rarely been
observed.>>*® Recently, it was postulated that Pd porphyrins
can undergo a demetalation reaction on the Cu(100) surface in
UHV, whereby the leaving Pd center is reduced. However, the
formation of the free-base porphyrin with two inner NH protons
was not observed, raising the question of the chemical state of
the remaining porphyrin after demetalation.?

Here, we focus on the reversible metalation of 5,10,15,20-
tetraphenylporphyrin, H,(TPP), by vapor deposition of Pb
atoms onto an adsorbed monolayer film on Au(111). Direct
on-surface porphyrin metalation has previously been used for
the preparation of transition-metal porphyrin complexes®®>?
and recent studies have shown that this method can also be
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applied to main group elements.>* Specifically, we demonstrate that
the on-surface metalation with Pb is reversible in the case of Pb(TPP)
and that the free-base, H,(TPP) is regained by thermal treatment.
The replacement reaction of the Pb atom with two NH protons is
monitored by X-ray photoelectron spectroscopy (XPS). Furthermore,
the intact demetalation product, H,(TPP), is unambiguously identi-
fied by mass spectrometry in a temperature-programmed desorption
(TPD) experiment. The porphyrin demetalation requires H atoms,
which are released by cyclodehydrogenation side-reactions of the
TPP ligand backbone (Fig. 1). The different products of this side
reaction are observed using scanning tunneling microscopy
(STM). Heating to 700 K results in a two-dimensional (2D) covalent
organic framework (COF) consisting of fused Au porphyrins,
which are formed by remetalation of the linked porphyrins
with Au adatoms. The reported reversible and irreversible coordina-
tion reactions provide valuable insights into the thermal evolution
of metalloporphyrin-functionalized surfaces. Furthermore, the
porphyrin-based 2D COF paves the way for the development of
future functional materials, which are related to graphene-based
materials with embedded N,-metal centers, as frequently studied in
(electro)catalysis and related applications.*™”

Experimental and
computational details

All experiments were conducted under ultra-high vacuum
(UHV) conditions, with a base pressure in the range of 10~ °
mbar. The substrate used was an Au(111) single crystal (purity
>99.999%, MaTecK, Germany), which was cleaned by repeated
cycles of Ar" ion bombardment (0.8 keV) followed by annealing
(>800 K). Surface cleanliness was confirmed by XPS prior to
the XPS and STM experiments. XPS and STM were performed in
a two-chamber UHV setup using a monochromatized Al Ko
X-ray source (1486.7 eV) and a SPECS Phoibos 150 electron
energy analyzer equipped with an MCD-9 multi channeltron
detector as well as a SPECS Aarhus 150 STM. TPD experiments
were carried out in a separate vacuum chamber using a HIDEN
EPIC 1000 quadrupole mass spectrometer mounted inside
a differentially pumped cryo shroud cooled to 90 K with 1-N,.
The prepared sample was placed in front of the orifice

a Reversible porphyrin metalation

H,(TPP)

Pb(TPP)

Fig. 1

(@) Reversible on-surface metalation of H,(TPP). Reaction with Pb at 300 K yields Pb(TPP), which undergoes demetalation at elevated

temperatures. (b) Thermal C—H activation and (cyclo)dehydrogenation. Only one possible product is shown. The released H atoms engage in the

demetalation of Pb(TPP) as shown in (a).
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(8 mm diameter) of the cryo shroud and the crystal was heated
resistively via tungsten wires with a constant rate of 1 K s .
Temperatures were measured using a calibrated type K thermo-
couple mounted inside the sample. H,(TPP) (PorphyChem SAS,
purity >98%), Pb(TPP) (Por-Lab, Porphyrin Laboratories GmbH,
purity >95%), and Pb metal (Hauner Metallische Werkstoffe,
purity >99.99%) were purchased from commercial sources.
Substrate coverages 0 are given as the number of adsorbed
molecules divided by the number of substrate atoms. According
to previous work,*® a coverage of 0 = 0.037 corresponds to a closed
TPP monolayer. DFT calculations were performed with Gaussian16,
A.03* using the PBE* functional. The def2-TZVPP*'™** basis set
was used for the light elements (N, C, H). For Pb, def2-TZVPP was
used in combination with an effective core potential (def2-ECP)* to
account for relativistic effects. The “tight” convergence criteria and
an “ultrafine” integration grid were applied in this regard.

Results and discussion
Adsorbate structure of Pb(TPP) on Au(111)

Fig. 2(a) shows an STM image of a directly deposited Pb(TPP)
monolayer. The molecules adopt a highly ordered and densely
packed adsorbate structure. Some of the Pb(TPP) molecules appear
with a bright center, while no protruding center can be observed in
the rest of the molecules. These two distinct adsorption states can
be attributed to the non-planar “shuttlecock” shape of Pb tetra-
pyrrole complexes, which can adsorb with the Pb atom pointing
either toward the surface (Pb|) or away from it (Pb1). The
formation of these two adsorbate geometries is characteristic of
tetrapyrrole complexes with an out-of-plane bound metal center
and has been previously reported e.g. for Sn(u) phthalocyanines,
Sn(Pc),*>*#5% and Pb(u) phthalocyanines, Pb(Pc).**”® Based on the
STM image, the fraction of the Pb1 isomer is estimated to be 29%.

Fig. 2(b) compares the Pb 4f spectrum of a directly deposited
Pb(TPP) monolayer with that of a partially metalated H,(TPP)
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monolayer, a Pb(TPP) multilayer (4.0 nm film thickness, corres-
ponding to 13 layers), and a metallic Pb(0) reference on
Au(111). In case of the monolayer spectra, the signal from the
pristine Au(111) substrate was subtracted as a background
correction (see Fig. S1 in the ESIt for details). The Pb 4f signal
of a directly deposited Pb(TPP) monolayer exhibits a broad
asymmetric shape for both spin-orbit components. The Pb 4f;,,
signal is described using a fit with two peaks at 137.5 eV and
138.3 eV, corresponding to the coexistence of two distinct Pb(u)
states, which reflect the two different adsorption geometries of
Pb(TPP) (Pb1 and Pb | ). The Pb | geometry is assigned to the Pb
af,, peak at 137.5 eV, with the reduced binding energy (BE)
attributed to an increased core-hole screening. In contrast, the
Pb 4f;,, peak at 138.3 eV corresponds to the PbT geometry and
is slightly shifted to higher binding energies compared to the
Pb(u) state in the multilayer (137.9 eV). This shift can be
explained by an intramolecular charge rearrangement, as pre-
viously discussed for the Sn1 isomer of Sn(u) phthalocyanines
on Ag(111).*® According to the Pb 4f,, signal intensities, about
68% of the Pb(TPP) molecules adsorb in the Pb| geometry,
while 32% adopt the Pb1 configuration. The Pb? fraction
derived from the Pb 4f,, signal is in good agreement with
the STM images (29% Pb1). The unequal distribution of Pb?
and Pb| molecules may be due to details of the adsorption
process, especially different sticking probabilities of Pb(TPP) in
the PbT and Pb| states. Related imbalances have previously
been observed e.g. for the shuttlecock-shaped Pb(Pc), which
forms almost pure Pb1 islands on Pb films on Ag(111), while
equal amounts of Pb1 and Pb| were found on Ag(111).*
Interestingly, the Pb 4f spectrum of the partially metalated
H,(TPP) monolayer suggests that on-surface metalation exclu-
sively yields the Pb? isomer, as will be discussed in more
detail below.

The appearance of Pb(TPP) in STM images exhibits a distinct
dependence on the tunneling voltage, as can be seen in
Fig. 2(c)—(e). The bright protrusion of the Pb1 isomer is only
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Fig. 2 (a) STM image of a Pb(TPP) monolayer showing an ordered adsorbate structure in which two adsorption configurations (Pb1 and Pb |) coexists.
(b) Pb 4f spectra of a directly deposited Pb(TPP) monolayer, a partially metalated H,(TPP) monolayer by deposition of Pb atoms, a Pb(TPP) multilayer, and
a Pb(0) reference on Au(111). The Pb 4f,,, region of the monolayer spectra is described by a fit function of Pb(TPP) colored in orange with the Pb 1 isomer
shown hatched as well as the signal of unreacted Pb(0) atoms colored in gray. (c,d) STM images of the same surface are, scanned with negative (left) and
positive (right) bias voltage. Pb1 and Pb| configurations show different appearances depending on the tunneling bias. (e) Image sections from (c), (d)
showing the Pb1 and Pb | isomers. Tunneling parameters and image size: (a) U = —1.20V, /| = —0.16 nA, 30 x 30 nm?; (c) U= —1.20V, = —0.09 nA, 10 x
10 nm?; (d) U = +1.20 V, | = +0.09 nA, 10 x 10 nm?, (e) U = +1.20 V, / = +0.09 nA, 1.8 x 1.8 nm?.
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seen by screening the occupied states (negative tunneling bias);
otherwise, the molecule’s center appears flat. A detailed exam-
ination of the STM images reveals that the Pb7 molecules
display centers of varying apparent height, which may be
attributed to minor alterations in the adsorption sites of the
individual molecules. This phenomenon could be related to the
herringbone reconstruction of the Au(111) surface. The bright
contrast of the metal center in the Pb 1 isomer can be attributed
to the valence electronic structure, which is discussed in detail
in Section S2 in the ESI{ using gas-phase DFT calculations.
Based on a calculated Au-Pb(TPP) complex and literature find-
ings for Sn(Pc) on Ag(111)°>" a covalent interaction between
the Pb| center and the Au substrate is proposed as discussed in
Section S3 of the ESI.1 Although no experimental evidence for a
partial oxidation of the Pb(u) center upon adsorption is avail-
able, DFT suggests a covalent donor bond between the Pb(TPP)
HOMO-2 and the Au 6s orbital of the substrate.

On-surface demetalation of Pb(TPP)

The temperature-induced demetalation of Pb(TPP) was studied
using a directly deposited monolayer on Au(111). The Pb(TPP)
monolayer sample was successively heated to different tem-
peratures, which were kept for five minutes, and afterwards
investigated using XPS and STM. Fig. 3(a) shows XPS spectra for
selected temperatures. Data for intermediate heating steps are
depicted in Fig. S4 in the ESL} The N 1s spectra in Fig. 3(a) and
Fig. S4 in the ESIf reveal the thermal transformation of the
porphyrin’s N, coordination site. The initial Pb(TPP) monolayer
exhibits a single N 1s peak at 397.8 eV representing the intact
complex with four chemically equivalent N atoms, in line with
the typical N 1s signature of porphyrin complexes.’® After
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heating the sample, a second feature evolves at higher binding
energies, which is attributed to a pyrrolic N atom (N-H). The
presence of a pyrrolic N-H species indicates that a demetala-
tion has occurred and that the central Pb atom is replaced by
two H atoms yielding H,(TPP). The degree of exchange of Pb
with two H atoms can be estimated by a fit function using a
pyrrolic (N-H) and an iminic (-N=) component in a 1:1 ratio.
Details on the used fit model can be found in Section S5 in the
ESL.f Upon heating to 550 K, a complete demetalation was
achieved. Above 570 K, a further transformation of the N 1s
signal into a single peak at 398.1 eV indicates that again a
metalloporphyrin complex was formed, as confirmed by the
four chemically equivalent N atoms.

As the demetalation of Pb(TPP) is a redox reaction in which
the leaving Pb(u) center is reduced, the reaction can be also
monitored based on the change of the Pb oxidation state, which
is assessed by the Pb 4f,, spectra shown in Fig. 3(a) and
additional data in Fig. S4 in the ESL{ At temperatures at and
above 470 K, the Pb 4f;,, peak becomes narrower and shifts to
lower binding energies, which can be described using a fit
model based on the signature of a Pb(0) reference. Heating the
sample to temperatures above 570 K does not change in the Pb
oxidation state, indicating that reaction at high temperatures
does not result in a reformation of a Pb(u) complex. Therefore,
it is proposed that a Au porphyrin complex is formed by
reaction with Au adatoms. Such metalation of free-base por-
phyrins with predeposited metal atoms or substrate metal
atoms (self-metalation) has previously been observed for Zn,>?
Cu,52,54—64 Ag,65 and Au. 5668

Fig. 3(b) and (c) show the temperature-dependent normal-
ized N 1s and the Pb 4f,,, intensities, providing information
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(@) N 1s and (b) Pb 4f;,, XPS spectra of a Pb(TPP) monolayer before (bottom spectra) and after annealing to the indicated temperatures. The

intermediate heating steps of the complete series are given in Fig. S4 in the ESI.1 The fit of the N 1s region includes the components Pb(TPP) (orange), the
demetalation product H,TPP (yellow), and Au porphyrin complexes (blue). The fit of the Pb 4f region includes the components Pb(i) from Pb(TPP)
(orange; the Pb1 isomer hatched) and Pb(0) (gray). (b) Temperature-dependent intensities of the components Pb(TPP), free-base porphyrins, and Au
porphyrins, as obtained from the N 1s spectra in (a). (c) Temperature-dependent intensities of the components Pb(i) and Pb(0), as obtained from the Pb
4f;,, spectra in (a). (d) TPD traces for 614 u (H>(TPP)) and 830 u (Pb(TPP)) for a thin Pb(TPP) multilayer. Desorption of the multilayer occurs below 520 K
(dashed line), while the signal at higher temperatures is attributed to the partial desorption of the monolayer.

10878 | Phys. Chem. Chem. Phys., 2025, 27, 10875-10883 This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp00422e

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 15 1404. Downloaded on 11/11/1404 02:55:28 ..

(cc)

PCCP

about the transformation of the porphyrin’s N, coordination
site and the reduction of the Pb(u) central atom. The reduction
of Pb(u) and demetalation of the porphyrin rings show the same
temperature dependency, which is line with the postulated
reaction: Pb(TPP) + 2H — H,(TPP) + Pb. However, the reaction
requires H atoms which stem from the dehydrogenation side-
reaction of the TPP ligand. The details of this side-reaction are
further examined below using STM.

To confirm the formation of free-base H,TPP, a TPD mass
spectrometry experiment was performed. Fig. 3(d) shows the
TPD traces for the masses 614 u (H,(TPP)) and 830 u (Pb(TPP))
for a thin multilayer. Below 520 K, desorption of intact Pb(TPP)
from the multilayer is dominant. Above 520 K, only desorption
of H,(TPP) is observed during partial desorption of the mono-
layer, indicating that the product of the thermally induced
degradation of Pb(TPP) on Au(111) is indeed the free-base
tetraphenylporphyrin, in line with the XPS results. The reaction
requires H atoms, which replace the Pb central atom. Note that
small amounts of H,(TPP) are observed already below 520 K,
which could partly be caused by a superposition of the H,(TPP)
signal (C44H30Ny, 614 u) with the signal of the TPP fragment
formed in the ion source of the mass spectrometer due to the
loss of the central Pb atom. (The calculated isotopic pattern of
TPP (C44H,5N,) is as follows: m/z (calc.) 612.23 (100.0%), 613.23
(49.1%), 614.24 (11.2%), 615.24 (1.9%)). However, this cannot
be the only source of the H,(TPP) intensity, because the signal
shapes deviate, indicating that there is actual desorption of
H,(TPP). Therefore, it is concluded that H,(TPP) is already
formed below 520 K, in line with the XPS results. Desorption
of the H,(TPP), which was formed in the monolayer, together
with the multilayer, is enabled by exchange of molecules
between monolayer and multilayer during desorption, as was
previously reported for phthalocyanines.®

To clarify the origin of the H atoms for the demetalation, it
is necessary to assess the relationship between the porphyrin
demetalation and the dehydrogenation side-reaction of the TPP

Fig. 4
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ligand. For this aim, the non-desorbing reaction products are
examined in more detail using STM.

Fig. 4(a) shows an STM image of a Pb(TPP) monolayer after
annealing to 550 K. According to XPS, the demetalation is
complete at this temperature and the porphyrin rings are
present solely in the free-base form, i.e., all macrocycles contain
two inner N-H hydrogen atoms. In contrast to the STM images
of the initial Pb(TPP) monolayer at 300 K (Fig. 2(a)), no
molecules with protruding center are visible, indicating that
the presence of Pb(TPP) in the Pb{ isomer can be excluded, in
agreement with the XPS results. The STM images also show a
slight decrease in coverage. In the vicinity of the vacancy areas,
some molecules are found that exhibit an altered structure of
the TPP ligand backbone (Fig. 4, colored boxes). A thorough
examination of their structures enables the assignment of
selected molecules to different species. Fig. 4(b) shows the
intact demetalation product, H,(TPP), as evident from a com-
parison with H,(TPP) that was directly deposited on Au(111),
shown in Fig. S6 in the ESLt The structures in Fig. 4(c)-(e) are
assigned to different cyclodehydrogenation products of the TPP
ligand, which were discussed previously.”””" This side-reaction
leads to the formation of various products, as each of the four
phenyl substituents can undergo one of two possible intra-
molecular coupling reactions with the neighboring meso-
carbons of the porphyrin macrocycle. The selected structures
in Fig. 4(b)-(e) represent only one possible reaction pattern,
and alternative coupling patterns can also be observed. The
STM images thus confirm that the ligand’s side-reaction takes
place simultaneously with the demetalation. The H atoms
released by the TPP dehydrogenation are therefore available
for the formation of H,(TPP).

A competing process to the observed porphyrin demetala-
tion and formation of H,(TPP) is the desorption of the released
hydrogen. Previous TPD studies have shown that the recombi-
native desorption of hydrogen as H, occurs around 110 K on
the Au(111) surface.”” Desorption of H atoms does not play a

(a) STM image of a Pb(TPP) monolayer on Au(111) after annealing to 550 K, revealing the formation of the intact demetalation product H,(TPP) (red

box) as well as various cyclodehydrogenation products (green, blue and purple boxes). (b)-(e) Enlarged image sections of selected molecules, proposed
adsorbate structure, and corresponding molecular structures with shadings highlighting protruding parts. The selected structures in (b)—(e) illustrate one
of several possible reaction pathways of the ligand's side reaction. Products with alternative coupling patterns can also be observed (e.g. in (a), see white
arrow). Tunneling parameters and image size: (@) U = —=1.40 V, / = —0.14 nA, 10 x 10 nm?.
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significant role because of the high adsorption energy of atomic
H on Au(111) of around —2 eV, as calculated by DFT.”
The diffusion barrier for H atoms on Au(111) is 0.30 eV, which
is in line with the observed temperature of recombinative
desorption.”* Nonetheless, it has been shown that H atoms
on Au(111) engage in various reactions besides recombinative
desorption and can effectively be used in on-surface synthesis.
This includes H atoms formed by dehydrogenation reactions as
well as H atoms dosed with the hydrogen cracker. For example, it
has frequently been observed that H atoms released by dehydro-
genation processes react with residual Br atoms from the Ullmann
coupling, resulting in the desorption of HBr. Desorption of H,
occurs only after all Br has been consumed.”> Hydrogen atoms
produced by a hydrogen cracker were used for removal of halogen
residues from the surface after Ullmann coupling, to convert
organometallic compounds to hydrogenated species, and as a
reagent for debromination or desulfurization of adsorbed
molecules.”® Furthermore, it has been shown that H atoms can
catalyze the dehydrogenation of nanographene precursors.”” In
light of these previous examples, it is not surprising that H atoms
can also participate in the demetalation of Pb(TPP), resulting in
the formation of H,(TPP).

Porphyrin remetalation with Au atoms and formation of a 2D
covalent organic framework

The N 1s XPS spectra in Fig. 3(a) have already shown that
remetalation of the previously demetalated porphyrin ring
takes place above 600 K. Fig. 5(a) shows an STM image of the
Pb(TPP) monolayer after heating to 700 K. The coverage has
slightly deceased and the entire surface is characterized by a
higher degree of heterogeneity. Instead of individual mole-
cules, covalently cross-linked moieties forming a disordered
2D framework are observed. Therefore, the thermal degrada-
tion of Pb(TPP) at 700 K not only leads to intramolecular
cyclodehydrogenation reactions, but also to intermolecular
coupling. Moreover, the porphyrin units in the network contain
a brightly protruding center, indicating a remetalation in

Fig. 5 STM images taken after heating a Pb(TPP) monolayer on Au(111) to
700 K, showing formation of a 2D covalent organic framework of Au
porphyrins. (a) Overview image. The framework extends over the entire
surface. (b) Zoom-in STM image, showing the protruding center of the
porphyrin rings caused by the ligated Au atoms. Areas between the fused
Au porphyrins contain round protrusions (marked by the white arrow),
which are attributed to Pb(0) atoms released during the demetalation of
Pb(TPP). Tunneling parameters and image sizes: (a) U = —0.56 V, | =
—0.15nA, 10 x 10 nm?; (b) U = =222V, | = —0.24 nA, 5 x 5 nm?.
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agreement with the XPS results in Fig. 3(a). In accordance with
previous literature on the on-surface metalation of free-base
porphyrins,®>™® it is concluded that the initially formed free-base
porphyrin derivatives react with Au atoms from the underlying
Au(111) substrate yielding Au porphyrin complexes. The close-up
STM image in Fig. 5(b) shows round protrusions between the
fused Au porphyrin rings, which are attributed to Pb(0) atoms that
were released during the preceding demetalation of Pb(TPP). The
fact that the Pb atoms remain on the surface is consistent with the
insolubility of Pb in Au below 800 K.”®

The thermally induced reactivity of Pb(TPP) on Au(111) is
found to differ significantly from the previously reported on-
surface trans-metalation of Pb(TPP) on Cu(111).>' On Au(111),
the leaving of the Pb atom and the entering of the substrate’s
Au atom occur in two different temperature ranges, which have
no overlap (see Fig. 3(c)). This phenomenon can be attributed
to the presence of H atoms, which are released by the cyclode-
hydrogenation side-reaction of the TPP ligand, thereby
enabling the demetalation. In addition, our results also differ
from the recently postulated demetalation of Pd porphyrins on
the Cu(100) surface,> where no evidence for a demetalated
free-base porphyrin species was found.

On-surface metalation of H,(TPP) with Pb

To achieve the on-surface synthesis of the Pb(TPP) complex, Pb
atoms were deposited on a H,(TPP) monolayer, which was
obtained by partial desorption of a thin multilayer (thickness
~ 6 layers) via heating the sample to 520 K for 3 min. During
the deposition of Pb, the sample was kept at 300 K. The amount
of Pb atoms corresponds to a coverage of 6 = 0.086, which is
approximately two Pb atoms per H,(TPP) molecule in the initial
monolayer and, thus, represents a two-fold excess with respect
to the formation of Pb(TPP).

The XPS spectrum of the metalation product shows two
separate Pb 4f,,, peaks at 136.9 eV and 138.3 eV (Fig. 2(a)). The
signal at lower BE is assigned to unreacted Pb(0) atoms, based
on a Pb(0) reference spectrum, while the peak at higher BE
corresponds to the actual metalation product, Pb(TPP). Accord-
ingly, only a partial metalation of H,(TPP) could be achieved,
despite the excess of Pb, which agrees with the corresponding N
1s spectra showing that only approximately 50% of the free-
base porphyrin is converted (see also Fig. S6 in the ESIt).

The comparison of the Pb 4f,, signals of the Pb(TPP)
formed by in situ metalation of H,(TPP) and the directly
deposited Pb(TPP) monolayer shows that the on-surface meta-
lation of H,(TPP) yields the Pb7 product exclusively. The
underlying mechanism cannot be inferred directly from the
data. However, it is likely that the large Pb atoms cannot
penetrate the N, cavity of the porphyrin and that the entire
molecule cannot flip over, i.e., that no conversion between Pb 1
and Pb | isomer is possible under the experimental conditions.
Therefore, the preferred formation of the Pb1 species is attrib-
uted to the fact that the porphyrin ligand is not accessible to Pb
atoms from the side of the surface. Due to the large atomic
radius of Pb, it seems plausible that the formation of the Pb|
product by the on-surface metalation is inhibited, since a
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diffusion of Pb atoms between porphyrin and substrate would
require the complete porphyrin ring to be lifted from the Au surface.
Therefore, the Pb atoms have to migrate on top of the TPP
monolayer in order to reach the porphyrin’s N, center. The relatively
low yield of the reaction (compared to metalation with transition
metal, which often show almost complete conversion'%*%*?) and the
high amount of unreacted Pb(0) could be due to the limited mobility
of the Pb atoms on top of the organic monolayer film. Another
important aspect in the exclusive formation of the Pb1 configu-
ration is that Pb atoms in direct contact with the Au substrate may
not be reactive enough for the metalation of H,(TPP).

Heating the in situ metalated H,(TPP) film above 400 K
initiates an on-surface degradation process, as can be seen by
the temperature-dependent XPS spectra shown in Fig. S7 in the
ESL+ This thermally induced degradation of Pb(TPP) results in
a reduction of the central Pb atom and a change in the ligand’s
N, binding site. This on-surface reaction is discussed in detail
below for the directly deposited Pb(TPP) monolayer.

Conclusion

In conclusion, we have examined the formation of Pb(TPP) by
direct metalation of H,(TPP) on the Au(111) surface, and the
complex thermally induced degradation of Pb(TPP). The on-
surface metalation of H,(TPP) by vapor-deposition of Pb onto a
monolayer of the porphyrin produces exclusively the Pb?
isomer. Above room temperature, the Pb(TPP) monolayer on
Au(111) undergoes complex degradation reactions. Below
550 K, demetalation and formation of the free-base H,(TPP)
is observed, as was confirmed by XPS and mass spectrometry.
The replacement of the central Pb atom by two H atoms
requires free H atoms, which are formed by parallel cyclode-
hydrogenation side-reactions of the TPP ligand. The cyclode-
hydrogenation results in intra- and intermolecular C-C cou-
pling, which eventually yields a porphyrin-derived 2D covalent
organic framework (COF). The porphyrin units in this frame-
work undergo remetalation with Au adatoms from the substrate
above 550 K. The resulting porphyrin-based COF is an intri-
guing model case for the porphyrin-derived carbon materials
with MN, centers and paves the way for the development of
future surface-supported metal-organic functional materials.
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