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Abstract: On-surface chemistry holds the potential for
ultimate miniaturization of functional devices. Porphyr-
ins are promising building-blocks in exploring advanced
nanoarchitecture concepts. More stable molecular mate-
rials of practical interest with improved charge transfer
properties can be achieved by covalently interconnecting
molecular units. On-surface synthesis allows to construct
extended covalent nanostructures at interfaces not
conventionally available. Here, we address the synthesis
and properties of covalent molecular network composed
of interconnected constituents derived from halogenated
nickel tetraphenylporphyrin on Au(111). We report that
the m-extended two-dimensional material exhibits dis-
persive electronic features. Concomitantly, the func-
tional Ni cores retain the same single-active site
character of their single-molecule counterparts. This
opens new pathways when exploiting the high robust-
ness of transition metal cores provided by bottom-up
constructed covalent nanomeshes. )
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Introduction

Metalloporphyrins portray a class of outstanding heteroar-
omatic compounds with their on-surface chemistry relevant
for building functional devices precise at the molecular
scale.l'! The possibility to vary both the chelated metal ion
and peripheral substitution offers the advantage of control-
ling the molecular arrangement, as well as tuning the
molecular substrate interaction.> This facilitates the real-
ization of self-assembled nanostructures composed of por-
phyrin units whose optoelectronic and magnetic properties
together with the central metal ion reactivity can be adjusted
accurately.! The tailor-made performance of single-active
sites that are stabilized within the tetrapyrrolic moiety
introduces the unique opportunity to rationally design
catalytic materials and chemical sensors.*”! Porphyrinic
catalysts are relevant for electrochemical CO,, O, and N,
reduction as well as water splitting and in organic
synthesis.®! In photocatalytic applications their importance
further lies in enabling oxygen-mediated radicalic polymer-
izations and opening pathways in both CO, reduction and
hydrogen evolution without need of noble metal co-
catalyst.'"'? Porphyrin units with magnetic cores are also
particularly interesting for miniaturized spintronics
devices.*" Within this field of on-surface magnetochemis-
try, the possibility to realize spin-switching of the central
metal ion by axial ligands that rely on uniform coordination
environments across the interface has become a prominent
subject of interest.['*2]

The technological exploitation of molecule-based materi-
als relies on more robust nanostructures composed of
covalently linked units.?**! Covalent transition metal por-
phyrin-based catalytic materials that exhibit improved
charge transport and carrier separation properties were
proven to outperform their single-molecule counterparts in
electro- and photochemical conversion reactions.”*?! On-
surface synthesis is the method of choice in order to achieve
n-conjugated conductive nanomeshes with red-shifted ab-
sorption characteristics at the interface.”**"! Polymerization
protocols applied to porphyrin units that yield n-extended
covalent nanostructures are interconnection of activated
dehalogenated  precursors,*** = Glaser  coupling,!
dehydrogenative®*"! as well as defluorinative® coupling
schemes, McMurry-type*! and Schiff-base condensation™
reactions.

Previous studies mainly addressed the properties of
these macromolecular compounds by means of local probe
methods, namely scanning tunneling microscopy and spec-
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troscopy (STM/STS). Approaches combining local insights
with space-averaging techniques were either limited to
porphyrin materials without transition metal chelation or
did not include the functional properties of the ligated cores
that are provided by covalent metalloporphyrin networks.
This work aims at filling this gap by providing joint findings
obtained by photoemission and absorption spectroscopy, as
well as STM experiments. Thereby, we have chosen a
Au(111) substrate as a catalyst to induce Ullmann coupling
of a nickel tetra(4-bromophenyl)porphyrin (NiTBrPP) pre-
cursor layer. The weak charge transfer at the interface to the
molecular layer allows elucidating the intrinsic properties of
the fabricated molecular network, which is composed of in-
plane covalently linked nickel tetraphenylporphyrin
(NiTPP) units. Despite deviations from perfect order
inherent to the coupling scheme applied, namely by thermal
activation, the extended conductive nanomeshes reported
here are characterized by exciting functional properties. The
creation of a mn-delocalized porphyrin network across the
surface is reflected by the appearance of continuous energy-
dispersive electronic valence states that were not observed
before for this class of materials. At the same time, the
single-active site character of the Ni cores embedded in the
conductive molecular backbone is retained. Thus, our
strategy is particularly interesting for advanced devices given
the possibility of relying on precisely defined central metal
ion functionality, the defined arrangement due to the
organic spacer, and the improved stability gained by
interconnecting the molecular units.

Results and Discussion

A saturated layer of NiTBrPP was prepared on Au(111)
with the substrate held at room temperature during deposi-
tion. All experimental details are given in Chapter 1 of the
Supporting Information. The corresponding momentum
distribution of the photoelectrons was recorded using an
electrostatic photoelectron emission microscope operated in
the momentum mode (k-PEEM). The parallel momentum
k, versus binding energy (BE) dependence along the
substrate M-T'-M direction is presented in Figure 1. This cut
represents a waterfall plot of intensity line profiles obtained
from the stack of momentum images that were acquired at
different BEs. The corresponding momentum-integrated
valence band (VB) spectrum (Figure S2) is included in the
Supporting Information and, for better comparison, a
normalized valence band spectrum of the bare Au(111)
substrate is also depicted. Two additional peaks (highlighted
by stars in Figure 1) in the VB region at BEs of 1.1 eV and
1.4 eV appear after NiTBrPP deposition on Au(111) with
respect to the clean reference, which shows only contribu-
tion from the Au sp-bands. These peaks arise from the
highest occupied molecular orbitals (HOMO and HOMO-1,
respectively) of the anchored NiTBrPP. Essentially, the
molecular signals arising in the valence band spectrum
produce momentum-localized maps evidencing the presence
of a preferential orientation of the molecular layer with
respect to the supporting substrate.”'! The absence of a
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Figure 1. Overview of the momentum-resolved photoelectron distribu-

tion along the substrate M-I'-M direction (Au(111) Brillouin zone
indicated at the top left) of pristine NiTBrPP/Au(111) that was
collected at a photon energy of 30 eV using p-polarized light.

signal from the molecular levels around the Fermi energy,
which are unoccupied in the gas phase and could be partially
filled by a strong charge transfer at the interface,**? is a
strong indication of weak molecule-substrate interaction.
This is a desired property for this prototype system, whose
intrinsic properties upon polymerization can then be further
elucidated without being drastically influenced by the
supporting substrate.

Intact NiTBrPP units were then annealed stepwise to
induce C—Br bond cleavage that results in Ullmann coupling
of the activated precursor molecules.?**! X-ray photoelec-
tron spectroscopy (XPS) was performed to identify a
suitable temperature range for this polymerization reaction
as further elaborated in Chapter2 of the Supporting
Information. We choose direct annealing to 673K to
produce the desired covalent nanomesh making it worth
mentioning the observed extremely high thermal stability of
the obtained NiTPP-based covalent network. STM studies
were conducted to characterize the chemical changes in the
adsorbed molecular film. The topographic images in Fig-
ure 2 (top panel), cropped from large-scale images presented
in Figure S3, include a sketch of the molecular geometry.
When it comes to pristine NiTBrPP on Au(111), the present
contrast allows concluding that the porphyrin macrocycle is
characterized by two symmetric bright lobes oriented
orthogonally to the surface normal.”” The phenyl substitu-
ents of neighboring molecules, which are rotated off-plane
with respect to the macrocycle, can be identified to be
aligned parallel with respect to each other, which, again,
confirms the weak molecule-substrate interaction.’ In Fig-
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Figure 2. STM topographic viewgraph (top panel) of two 5.2x5.2 nm?
insets highlighting the changes when annealing the pristine NiTBrPP
layer on Au(111) (left, V=—1.8 V, I=0.5 nA) to 673 K that induces the
formation of NiTPP-based covalent network (right, V=—-0.4V,

1=0.5 nA). The corresponding STS d//dV textures (bottom panel)
obtained for pristine NiTBrPP on Au(111) and after formation of
NiTPP-based network are also included. Thereby, the zero-levels are
indicated by the dashed lines.

ure 2 we also present a region of a covalent NiTPP-based
nanomesh created by annealing, which allows concluding
that the phenyl substituents are flattened as a consequence
of the formation of a m-extended macromolecule due to
intermolecular coupling.” From the corresponding large-
scale topographic image presented in Figure S3 it is evident
that the covalently interconnected constituents are no longer
characterized by any sort of preferential azimuthal orienta-
tion. Moreover, randomly distributed defects with various
shapes are evident when phenyl groups failed to react with
neighboring ones. The nanomesh is highly interconnected
since these imperfections almost exclusively appear when
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one of four phenyl substituents remain unsatured, which
approximately applies to one out of ten molecules. When
analyzing monomeric units in the network, deviations from
a perfect four-fold symmetry that make the porphyrin
nanomesh amorphous become evident. The appearance of
the molecular constituents allows us to conclude that these
irregularities originate from cyclodehydrogenation side
reactions,™" which additionally increases the degree of
conjugation of the molecular network. Indeed, four tetra-
phenylporphyrin derivative products have been reported
upon annealing pristine molecules on Au(111) and these
species are incorporated into the covalent porphyrin net-
work reported here as confirmed by the STM images. The
supporting Au(111) surface appears partially uncovered in
comparison to the pristine NiTBrPP layer, which can be
attributed to the desorption of some molecular precursors
upon thermal activation and in-plane shrinking of the
molecular network. This is in perfect agreement with the
corresponding XPS spectra as further elaborated in Chap-
ter 4 of the Supporting Information. The partial dehydro-
genation of the monomeric units restricts the growth
direction when the covalent nanostructure is formed and
causes the monomeric units to exhibit a random azimuthal
orientation. Consequently, defects appear when reaction
partners are missing due to desorption.

Scanning tunneling spectroscopy (STS) was then applied
in order to locally characterize the differences between the
molecular units embedded in the covalent nanomesh and
their single-molecule counterparts. As evident from the STS
dr/dV texture (Figure 2, bottom panel) of pristine NiTBrPP
on Au(111), the molecular precursor is characterized by a
molecular gap confirming the energy position of the
occupied levels observed in the VB spectrum presented in
Figure S2. Conversely, the spectrum of the final NiTPP
network is not anymore characterized by molecular levels of
defined energy but rather by an electronic density of states
distributed over the entire bias range. The precursor units
being debrominated and interconnected after thermal
activation are chemically related to NiTPP and dehydro-
genated NiTPP. However, the absence of a clear molecular
signature in STS cannot be explained by the distinct
dehydrogenation pathways that occurred at this sample
position. Indeed, the frontier states of various cyclized
porphyrins shift in energy with respect to their initial values
but remain defined.’ It appears that the STS texture of the
covalent network probed here is reflecting the chemical
changes related to the formation of intermolecular bonds.

Differential conductance (dZ/dV) mapping across the
occupied states of the sample after the Ullmann coupling
allowed us to image the spatial profile of the covalent NiTPP
network to further confirm this conclusion. An overview of
the d//dV maps obtained at different voltages is given in
Figure S4. There is no more evidence of the occupied
molecular level, that is the bright symmetric lobes localized
at the macrocycle that allowed us to identify the config-
uration of the pristine NiTBrPP layer in Figure 2. Instead,
we notice that the spatially-defined states, mainly probed
here in the bias range between —0.6eV and —1.3 eV, are
localized at the Ni cores. Both the shape and the energy
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range strongly resemble the energy position of the central
ion d-states of NiTPP units anchored to the weakly
interacting oxygen-passivated Cu(100) substrate.”! It turns
out that after polymerization no spatially-confined molec-
ular states can be discriminated within the extended n-
conjugated nanomesh and only the functional Ni cores
display localized states.

Covalently linking NiTPP units leads to drastic changes
in the VB spectrum that are evident in Figure S2. The
discrete molecular levels disappear upon annealing the
molecular precursor and evolve into a continuum of states
that is largely spread in energy and arising from few tenths
of eV below the Fermi level. Broadening of molecular levels
was observed for oligomerized metal-free porphyrin units,
suggesting that the continuum observed here is related to
the formation of an extended covalent nanostructure.™!
Looking at the photoelectron k, distribution along the
Au(111) substrate M-T-M direction after NiTPP network
creation that is shown in Figure 3, the formation of a
dispersive band of parabolic shape is evident. The corre-
sponding photoelectron distribution characteristic for the
clean Au(111) substrate proves the parabola of states to be
related to the covalent nanostructure and is displayed in
Figure S5. The molecule-related states are fully absent when
using s-polarized light instead of p-polarized light indicating
the n-delocalization in the covalent nanomesh. All directions
in reciprocal space yield the same dispersion relation for the
molecular network when using p-polarized light. The band
structure is equally broadened along any direction and
within the full energy range. This is demonstrated by the
constant binding energy momentum images (Figure S6)

M T M

i N

Binding energy (eV)
[=}]

2 1 0 1 2
kh’ (A )

min—s—max

Figure 3. Photoelectron k;, distribution obtained for covalent NiTPP-

based network on Au(111) along the substrate M-I'"-M direction
recorded at a photon energy of 30 eV using p-polarized light.
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obtained by k-PEEM for both Au(111) and after formation
of the NiTPP-based network. The covalent nanomesh
produces a ring structure in reciprocal space that is closing
with the binding energy increasing. Similar findings were
observed for graphene when more than one rotational
domain was present.’”! We note that a broadening of the
bands of graphene was further observed when introducing
nitrogen heteroatoms into graphene and, simultaneously,
creating topological defects.”™ It is very peculiar, that the
present graphene-related NiTPP-based polymer structure,
though amorphous and defect-rich, is also characterized by
broad, and yet, continuous spectrum of states. This supports
the picture of a uniform and efficient charge transport across
the metal-like molecular layer, the stability of which is
increased as a consequence of creating an extended aromatic
system. This further allows concluding that the previously
discussed STS dI/dV texture of NiTPP network reflects the
local density of states of the conjugated NiTPP network. We
also emphasize that so far dispersive electronic features that
are exhibited by bottom-up constructed nanostructures were
rarely observed, limited to smaller monomeric units without
any transition metal ions embedded. !

This finding raises the question of how the individual
porphyrin components are influenced by the creation of the
porphyrin network. For this reason, near-edge x-ray absorp-
tion fine structure (NEXAFS) measurements were con-
ducted for both the pristine NiTBrPP layer on Au(111) and
after the formation of the NiTPP-based network. Molecular
layers with a preferential on-surface orientation give rise to
distinct linear dichroism in NEXAFS, which is particularly
helpful in the case of porphyrin units for determining the
geometric arrangement.*! Their absorption spectra turned
out to be a superposition of the different molecular
moieties.”! This is already demonstrated by NEXAFS
performed at the C 1s threshold depicted in Figure 4 for the
as-deposited NiTBrPP layer on Au(111) substrate. Specific
transitions into unoccupied n*-symmetric molecular states
are fully distinguishable as they are mostly localized on
either the macrocycle (index m, 283.9 ¢V and 284.2 eV) or
the phenyl substituents (index p, 285.2 ¢V) and, thus, can be
used to evaluate the molecular geometric
configuration.’**"" The aforementioned characteristic m*-
macrocycle resonances are almost absent for s-polarized
light, which confirms a nearly flat absorption of the macro-
cycle on the Au(111) substrate. On the contrary, the n*-
phenyl transitions are observed in both polarizations. These
findings correspond directly to those results obtained by
STM, where a significant tilt of the phenyl groups with
respect to the macrocycle plane was evidenced. C K-edge
spectra recorded after annealing the parent NiTBrPP layer
on Au(111) are also included in Figure 4, where all m*-
resonances nearly vanish in s-polarization. This leads us to
conclude that all aromatic rings are forced into a flat
configuration as already observed by STM. At the same
time, the shape and relative intensity of the n*-resonances in
the C K-edge in p-polarization significantly differ from those
measured for the pristine NiTBrPP/Au(111) layer. Instead
of sharp molecular absorption peaks corresponding to
NiTBrPP molecular levels, a continuum of states is probed
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Figure 4. Near-edge x-ray absorption fine structure spectra recorded across the C K-edge, N K-edge and Ni L;-edge for both the pristine NiTBrPP

layer on Au(111) and after the formation of the NiTPP-based network.

when performing absorption spectroscopy on the covalent
NiTPP network. As concluded by STM, annealing of
NiTBrPP leads to cyclodehydrogenation side reactions
accompanied by the formation of new carbon-carbon
intermolecular bonds. Interestingly, Di Santo and co-work-
ers, who performed NEXAFS studies on the cyclodehydro-
genation reaction of 2H-TPP on Ag(111) substrate,” found
no significant changes in the C 1s NEXAFS spectrum of
planar cyclodehydrogenated 2H-TPP compared to parent
2H-TPP species, since both give rise to clear molecular
absorption features. Indeed, changes similar to the ones
obtained here were observed when oligomerizing porphyrin
units.[*! Thus, we attribute the findings observed for NiTPP-
based network to the formation of a n-extended macro-
molecular covalent structure. As a matter of fact, the
NEXAFS spectra of graphene on various surfaces appear
similar to that obtained for NiTPP network, which highlights
the formation of a well-extended conjugated nanomesh
exhibiting dispersive electronic features in full agreement
with k-PEEM findings.” This is strongly supported by the
chemical changes observed for the C 1s XPS spectra
discussed in Chapter 4 of the Supporting Information.
Information on the Ni cores stabilized within the
porphyrin N-moiety is of major interest in order to evaluate
to what extent their main single-molecule functionalities are
retained when embedded in more stable n-delocalized
covalent nanomeshes. The N 1s and Ni 2p;, core-level
photoelectron lines before and after polymerization dis-
cussed in Chapter 4 of the Supporting Information indicate
no chemical changes. NEXAFS spectra recorded across the
N K and Ni L; thresholds allow us to get a better insight into
the details of the electronic structure of the functional
porphyrin center provided by the NiTPP network and the
single-molecule layer counterpart. The low energy resonan-
ces apparent in the N K-edge spectra at ~399 eV shown in
Figure 4 result from the mixing of Ni 3d with ligand 2p
levels, as emphasized by the chosen index Ni. A o*-
resonance is associated with the covalent N-bonding (ligand
2p,, and Ni 3dy,), while the Ni 3d,,, to ligand 2p,
backbonding corresponds to the first m*-resonance.!®®

Angew. Chem. Int. Ed. 2022, 61, €202210326 (5 of 7)

Although these features are similar in energy, the flat
macrocycle configuration already discussed enables us to
easily recognize them in the NEXAFS spectra acquired with
different polarizations. The o*-resonance, well-evident in
the spectrum recorded using s-polarized light, is known to
only show up in the case of a weak molecule to substrate
interaction.! Indeed, no change in the energy position of
this o*-resonance is observed upon creation of the covalent
porphyrin macromolecule, while the n*-resonance corre-
sponding to the Ni-to-ligand-backbonding is only slightly
shifted by ~0.2eV towards lower photon energies. This
indicates a very similar coordination environment of the Ni
cores embedded in the covalent nanomesh with respect to
the NiTBrPP precursor. The higher energy features in the N
K-edge spectra that correspond to higher-lying unoccupied
m*-symmetric pure macrocyclic molecular levels rather
turned out to be more affected by the polymerization
reaction.®® These resonances display an overall broad-
ening upon creation of the covalent NiTPP network, which
suggests an increase of the orbital delocalization (faster
decay of the excited state). The formation of a polymeric n-
conjugated nanostructure, thus, involves also the Ni-coordi-
nating porphyrin N-moiety without major impacts on the
coordination characteristics. This is strongly confirmed by
the corresponding Ni L;-edge spectra presented in Figure 4.
Upon NiTPP-based network formation, the Ni main absorp-
tion line is shifted towards higher photon energies, which
also reflects the increased Ni-to-N-backbonding. Since no
further changes characteristic for the Ni' low-spin state in
both the spectral shape and satellite structure are observed,
we can assume the Ni core single-active site character to be
preserved.’™ The Ni ion cores embedded in the polymeric
molecular backbone are barely involved in the extended n-
bonding as desired for a multifunctional device with active
centers, whose performance benefits from the larger stability
of the polymerized backbone. It should be emphasized that
the imperfections in the covalent nanomesh reported here
do not lead to any visible broadening of the Ni-related states
indicating a well-defined functionality that is uniform across
the interface. Furthermore, the multifunctional properties of
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the NiTPP network are not altered when changing the
interface to the more reactive Ag(111) substrate. Indeed,
the parabola of states exhibited by the molecular backbone
is shifted towards higher binding energies due to the more
pronounced charge transfer on Ag(111). The spectroscopic
fingerprint of n-extended covalent nanomesh observed by
NEXAFS on the Au(111) surface is reproduced on Ag(111)
and further indicates that the electronic structure of the Ni
cores can be tuned by charge transfer without changing their
single-active site character. This is further elaborated in
Chapter 5 of the Supporting Information.

Conclusion

Following the on-surface chemistry approach, this work
addressed the functional properties of a conjugated NiTPP-
based polymer. Covalently linking individual molecular units
facilitates the formation of a n-extended aromatic nanomesh
that exhibits dispersive electronic states and, at the same
time, is stable up to very high temperatures. Insights gained
from a multitechnique approach revealed that the single-
active site functionality of Ni incorporated in the porphyrin
coordination pocket is preserved and remains unaltered
upon polymerization. The increased structural robustness,
consequence of the creation of a conjugated system,
introduces a certain rigidity to the molecular network since
the molecular units are interconnected. Upon exposing the
functional transition metal cores to external stimuli like axial
ligands, an interaction sensitive to the transition metal and
axial ligand combination can thus be expected when paving
the road to advanced applications based on tailored
reactivity.
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