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Magnetic Interplay between z-Electrons of Open-Shell
Porphyrins and d-Electrons of Their Central Transition Metal
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Magnetism is typically associated with d- or f-block elements, but can also
appear in organic molecules with unpaired z-electrons. This has considerably
boosted the interest in such organic materials with large potential for
spintronics and quantum applications. While several materials showing either
d/f or m-electron magnetism have been synthesized, the combination of both
features within the same structure has only scarcely been reported.
Open-shell porphyrins (Pors) incorporating d-block transition metal ions
represent an ideal platform for the realization of such architectures. Herein,
the preparation of a series of open-shell, 7-extended Pors that contain
magnetically active metal ions (i.e., Cu'', Co'", and Fe'') through a combination
of in-solution and on-surface synthesis is reported. A detailed study of the
magnetic interplay between x- and d-electrons in these metalloPors has been
performed by scanning probe methods and density functional theory
calculations. For the Cu and FePors, ferromagnetically coupled z-electrons are
determined to be delocalized over the Por edges. For the CoPor, the authors
find a Kondo resonance resulting from the singly occupied Co' d,? orbital to
dominate the magnetic fingerprint. The Fe derivative exhibits the highest
magnetization of 3.67 p; (S~2) and an exchange coupling of 16 meV between
the w-electrons and the Fe d-states.

1. Introduction

Carbon magnetism, which originates from
the presence of unpaired z-electrons in
organic z-conjugated systems, has been
the subject of extensive studies in re-
cent years.'8! The remarkable proper-
ties of the carbon r-electrons allow for
long spin coherence times and distances,
which is highly beneficial for spintronic
applications.*1% In particular, large mag-
netic exchange couplings can be achieved
in nanographenes, ensuring magnetic sta-
bility under practical room temperature
conditions.['”] On the other hand, spin-
orbit coupling and the resulting magnetic
anisotropy energy (MAE) associated with d-
or f-block elements is at the heart of conven-
tional inorganic magnetic materials and es-
sential for a wide spectrum of applications,
including permanent magnets and infor-
mation storage devices. Therefore, research
on materials with a strong interplay be-
tween the p/z- and d-electrons or orbitals is
particularly interesting, and has indeed led
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to the discovery of exotic phenomena, such as the Zhang-Rice
singlet state (which is responsible for unconventional super-
conductivity in cuprates),[!'12] and aromaticity in conjugated
metallocycles.['*] However, an atomic-scale insight into the mag-
netic interactions between the z- and d-electrons in metal-
organic structures is still missing to the best of our knowledge.

There are two main prerequisites for magnetic materials with
contributions from both z- and d-electrons. First, the target or-
ganic structure must present a z-conjugated magnetic/open-
shell electronic structure, and second, the z-system must have
a sufficiently large overlap with some d-orbitals, allowing for z-d
magnetic interactions. Meeting these two requirements within
one molecule is certainly not straightforward, especially since
the preparation of organic open-shell compounds is typically
limited by their inherently poor stability and solubility. In this
context, porphyrins (Pors) are highly appealing molecular plat-
forms thanks to their planar structure, large aromatic 18 z-
electron conjugated system, and structural versatility.'*!>] More-
over, Pors offer the possibility to chelate transition metals within
their inner cavity, which potentially allows for strong 7z-d electron
interactions. ¢

Indeed, Pors have successfully been used as a scaffold for the
preparation of organic z-delocalized radicals.['-22] This goal was
mainly achieved by the use of redox chemistry and/or the fu-
sion of Pors to polyaromatic hydrocarbons (PAHs) with inherent
open-shell character.[3-3% However, synthetic access to such Por-
based open-shell structures often suffers from limitations, such
as multi-step synthesis, low yields, and poorly soluble intermedi-
ates and products. Furthermore, the low stability of these species,
arising from their inherently low highest occupied molecular or-
bital (HOMO) — lowest occupied molecular orbital (LUMO) gap,
typically hampers their characterization, which needs to be car-
ried out in degassed solutions or through the in situ generation
of the radical species.[*"]

Over the past decades, on-surface synthesis has emerged as a
promising tool for the preparation of open-shell PAH systems,
offering significant advantages over the more classical “wet” syn-
thesis. The employed ultra-high vacuum (UHV) conditions and
the use of atomically clean, catalytic metal surfaces, allow for both
the synthesis and characterization of such structures that are
hardly accessible through solution-based methods.[3*# These
tools have also repeatedly been employed for the preparation and
study of Pors and related porphyrinoids,*#?! focusing mainly
on model systems like porphines,***4] tetraphenylPors, 7] and
derivatives thereof.[*3->01 Also, z-extended Pors were prepared by
fusing the macrocycle with PAHs,°=* but the focus of these
studies was not laid on the possible open-shell character of the
z-system. More recently, we used on-surface synthesis to fab-
ricate ZnPorA,, a Por bearing two meso-fused phenalenyl units
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Figure 1. Solution-based and on-surface synthesis and characterization of
CuPorA,, CoPorA,, and FePorA,. a) Solution-based and on-surface synthe-
sis of MPorA, on Au(111). Conditions: i) Cu(OAc),, THF, reflux overnight
for CuPorA,; ii) Co(OAc),-4H,0, DMF, 100 °C overnight for CoPorA,; iii)
FeCl,, DMF, 120 °C overnight for FePorA,. b) Schematic representation
of the exchange coupling between the z- and d-electrons. The filled black
arrow indicates a singly occupied z-orbital, the filled red arrow indicates a
singly occupied d-orbital, and the empty blue arrow indicates a singly un-
occupied d-orbital. ¢) STM and d) nc-AFM images of copper, cobalt, and
iron complexed Pors. Scanning parameters: CuPorA,: V, =-0.2V, I, = 250
pA; CoPorA,: V, = -0.06 V, I, = 200 pA; FePorA,: V, = —0.04 V, I, = 160
pA. Scale bars: 5 A.

(Figure 1a). For the nanostructure ZnPorA,, we demonstrated
an open-shell character with a ferromagnetic (S = 1) ground
state,®] which furthermore confers a peculiar reactivity to this
Por, allowing the fabrication of meso—meso triply fused ZnPor
nanotapes (NTs).>®] The magnetic properties of the open-shell
ZnPorA,, as well as the resulting Por N'Ts, were unequivocally
identified by high-resolution scanning probe microscopy at the
single-molecule scale.>>>¢]

In the present work, taking advantage of the diradical open-
shell nature of doubly phenalenyl-fused Pors,**! we have incor-
porated three metal ions (i.e., Cu", Co", and Fe'") in the inner
Por cavity and investigated the magnetic properties of the result-
ing metalated nanostructures (CuPorA,, CoPorA,, and FePorA,,
Figure 1a). We have used scanning tunneling spectroscopy (STS)
to characterize their electronic and magnetic features. The re-
sults were rationalized by comprehensive density functional the-

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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ory (DFT) calculations, performed both in the gas phase and on
Au(111).

2. Solution- and On-Surface Synthesis of CuPorA,,
CoPorA,, and FePorA,

The synthesis of the three studied Pors was carried out in a two-
step procedure, as shown in Figure 1a. First, a previously reported
free-base Por (H,Por(dmp),)">°! was reacted in solution with
the corresponding metal salts Cu(OAc),, Co(OAc),e4H,0, and
FeCl,, to obtain CuPor(dmp),, CoPor(dmp),, and FePor(dmp),,
respectively. After an aqueous workup, evaporation of the or-
ganic solvents, column chromatography, and size exclusion
chromatography, the corresponding metalated Pors were ob-
tained in good to excellent yields (see Section S3, Supporting
Information). Subsequently, CuPor(dmp), CoPor(dmp),, and
FePor(dmp), were individually sublimed onto the clean Au(111)
surface under UHV conditions, followed by thermal activation at
300 °C to promote cyclodehydrogenation®”! and afford fully pla-
narized, conjugated z-extended metalloPors CuPorA,, CoPorA,,
and FePorA,, respectively (Figure 1a).55%¢] The successful for-
mation of the three target compounds was unambiguously con-
firmed by high-resolution STM and bond-resolved nc-AFM imag-
ing (Figure 1c).58

3. Experimental Characterization of the Three
Metalated Pors

As previously reported by us, ZnPorA,, with the closed-shell
d'% metal ion, exhibits a diradical open-shell character with
two unpaired z-electrons delocalized over the “edges” of the
macrocycle.’> The two z-electrons are ferromagnetically cou-
pled in their ground state (i.e., triplet state) and can be excited
into the singlet state with excitation energy of 19.4 mV, as de-
termined from STS measurements.l’>! It can therefore be ex-
pected that the introduction of unpaired d-electrons in the PorA,
structure, through the complexation of magnetically active ions
(such as Cu!, Co", and Fe'!), may give rise to an exchange cou-
pling between the metal-centered unpaired d-electron(s) and the
w-electrons on the Por scaffold, as schematically illustrated in Fig-
ure 1b.

The different electronic structures of the three z-extended met-
alloPors are immediately reflected in the respective topographic
STM images, which show different contrasts over the central
metals. More specifically, CuPorA, exhibits a negligible density
of state (DOS) in the middle of the cavity, while CoPorA, and
FePorA, have prominent contributions (Figure 1c). Similar fea-
tures are also found in the respective nc-AFM images, in which
CuPorA, shows less contrast over the central metal atom than
CoPorA, and FePorA, (Figure 1d). DFT calculations, performed
both in the gas phase and on Au(111), reveal that this is not re-
lated to different adsorption geometries of the surface-supported
molecules, but rather originates from their electronic properties
(vide infra). In fact, all the transition metals lie in the same plane
of the molecules (see DFT results in Figure S2.6, Supporting In-
formation).

As previously reported in the literature and by our-
selves, the unpaired electrons in magnetically active metal-
loPors and nanographenes are readily passivated through
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hydrogenation.[®>*°69] Indeed, besides intact metalloPors (Fig-
ure 1c,d), hydrogenated analogs of such metalated macrocycles
are also frequently observed (examples shown in Figure S2.1,
Supporting Information), which reflects the inherent open-shell
character of these Pors with magnetic ions.

To address the magnetic properties of CuPorA,, CoPorA,, and
FePorA,, we have carried out low-temperature STS measure-
ments. This technique has successfully been used for the study
of a plethora of magnetically active atoms and molecules on
surfaces.l®! For such species, an excitation between their differ-
ent magnetic states or changes of the magnetic anisotropy can
result in inelastic tunneling processes (so-called inelastic spin ex-
citation). The latter leads to a step-like increase in differential con-
ductance (dI/dV) at bias threshold voltages that are symmetrically
located around the Fermi level.l’! In addition, the itinerant elec-
trons from the metal substrate may interact with localized spins,
leading to the observation of anomalies in the DOS in proximity
to the Fermi energy (i.e., the many-body Kondo state).[2¢3] These
features provide direct experimental evidence for the determina-
tion of the magnetic properties of the systems even in absence of
an external magnetic field. Furthermore, thanks to the atomically
sharp tip used for STS, the electronic and magnetic features of
surface-supported nanostructures can be mapped over the entire
molecule and thus be characterized at the atomic scale. Since the
energy scales of such magnetic fingerprints are typically within a
few tens of meV, the dI/dV spectra were measured in the low-bias
range of 100 mV.

For the spectra taken on the edge of CuPorA,, we found two
conductance steps in the dI/dV spectrum, symmetrically dis-
tributed around the Fermi level, as well as a peak at zero bias
(Figure 2a). This feature is similar to what has been observed
for ZnPorA,, and a consequence of a triplet S = 1 ground state,
where two spins are ferromagnetically coupled.>>! By construct-
ing an S = 1 system with two ferromagnetically coupled spins,
we fit the data with a dynamic scattering model(®* and extract an
exchange coupling energy | = 23.6 meV, slightly larger than that
of the ZnPorA, with 19.4 meV. Additionally, from the fit, we ob-
tain a non-zero Kondo scattering parameter Jp, of —0.11, where |
represents the coupling strength between the magnetic impurity
and the metal surface and p, is the free electron density. The non-
zero Kondo scattering parameter is a result of the cusp above the
excitation energy and the intensity of the zero-bias peak in the
spectrum. Note that, for CuPorA,, we do not find any character-
istic features for the spectrum obtained over the central Cu atom
(vide infra).

Turning to CoPorA,, we observe prominent zero-bias reso-
nances over both the Por edge and the central Co ion (Figure 2b).
The resonance acquired on the edge can be nicely fit by the Frota
function,[®! and its half-width at half maximum (HWHM) used
to determine the corresponding Kondo temperature. Because of
a strong molecular state localized on the Co metal ion being close
to the Fermi level (peak at —0.1 V, see wide-range dI/dV spectra
in Figure S2.2, Supporting Information), the data points below
—8 mV were not taken into account for the fitting of the spectra
of CoPorA,. Both zero-bias resonances (on the edge and on the
metal core) exhibit characteristic temperature-dependent broad-
ening. By extracting the HWHM of the spectra at elevated temper-
atures and further fitting them with the Fermi-liquid model (Fig-
ure S2.3, Supporting Information), we obtained similar Kondo

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Scanning tunnelling spectroscopy measurements on CuPorA,, CoPorA,, and FePorA,. a) STS spectra of CuPorA, acquired at the positions
marked by the crosses with corresponding colors in the inset STM image. The solid line is a fit based on a dynamic scattering model,[%4] which determines
a ferromagnetic exchange coupling strength of 23.6 mV. b) STS spectra of CoPorA, acquired at the positions indicated by the crosses with corresponding
colors in the inset STM image. The data are fit by a Frota function (solid red lines). A strong contribution of a Co state is seen in the STS spectrum over
the Co atom, and therefore is not taken into account for the fit. The Kondo temperatures for the edge and metal are indicated (see Figure S2.3, Supporting
Information, for details). c) STS spectra of FePorA, acquired at the positions indicated by the crosses with corresponding colors in the inset STM image.
Two steps centered around the Fermi level are discernable for the metal while a single step is seen for the edge. d) Schematics showing the excitation
of the ferromagnetic ground state to antiferromagnetic states of CoPorA,, e) the Kondo screening of CoPorA, on Au(111), f) the excitation between the
ferromagnetic and antiferromagnetic states of FePorA, and the magnetic anisotropy excitation of the Fe atom. g) Constant height STS maps of CuPorA,
taken at bias voltages of —25 and 25 mV (V,,,.q = 4 mV). h) Constant height current STM image of CoPorA, taken at —10 mV. i) Constant height STS

[High "Cu Low

maps of FePorA, taken at bias voltages of + 8 and = 24 mV, respectively (Vo4 =4 mV).

temperatures over the edge (T, = 96.1 K) and the central Co atom
(Ty ~76.7 K), which indicates the same origin of the Kondo res-
onance (see also discussion later). Besides the Kondo resonance,
we do not observe other low-bias STS features.

Finally, the STS spectra of FePorA, are shown in Figure 2c.
The spectrum acquired over the edge of the molecule displays
two pairs of conductance steps centered around the Fermi level,
which indicate two inelastic excitations at thresholds of 5.6 + 0.4
and 21.0 = 0.4 mV, respectively. Meanwhile, the spectrum over
the Fe ion presents a dip around the Fermi level, which can also
be interpreted as two conductance steps with a threshold excita-
tion energy of ~5.5 meV, in accordance with one of the inelastic
excitations on the edge. Fe-based Pors can have multiple spins,
originating from the unpaired 3d electrons, and possess high
magnetic moments and relatively large MAE on surfaces.>1:¢]
Regardless of the presence or absence of fused nanographenes,
MAE of around a few meV have been reported for such Fe-based
Pors on Au(111).5!] We therefore assign the conductance step in
the spectrum taken over the Fe atom to the MAE resulting from
the Fe 3d-electrons.
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To further understand the magnetic properties of the three in-
vestigated metalloPors and to rationalize the observed STS data,
we have performed comprehensive DFT calculations. Since the
Por-complexed transition metals may carry magnetic moments,
the spin density distributions within the Pors can be divided into
three parts: the left edge (L), the central metal ion (M), and the
right edge (R), as illustrated in Figure 3a. Depending on the rel-
ative alignment of the spins in the three parts, different mag-
net couplings can be obtained (Figure S2.4, Supporting Informa-
tion). The gas-phase calculations show that, for the three metal-
loPors studied in this work, the spins at the two edges are fer-
romagnetically coupled in the most stable solution, i.e., J,_, >0.
This is consistent with the previously studied case of ZnPorA,,[>’!
and the energy difference with regard to the antiferromagnetic
solutions (J,_, <0) is &#25-35 meV (see summarized results in
Figure 3D). The coupling strength between the metal ion and the
edges, i.e., ], 4, is weak for CuPorA, and CoPorA, (1-2 meV), and
significantly stronger for FePorA, (16 meV).

Therefore, the conductance step observed for CuPorA, and
the resulting dI/dV spectrum can be attributed to spin excita-

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Calculations of magnetic properties of CuPorA,, CoPorA,, and FePorA,. a) Chemical model of MPorA,, the color contours represent the
spin densities of z-electrons over the left (red) and right (blue) edges. M denotes the central metal ion. b) DFT calculated relative energies of different
magnetic states for MPorA, in the gas phase and on Au(117). L, M, and R stand for the left part, metal ion, and right part of the corresponding molecules,
respectively. The arrows indicate the polarization direction of the spin densities. Energy unit: meV.

tions from a ferromagnetic to an antiferromagnetic coupling of
the edge spins, as indicated in Figure 2d. The STS maps of
CuPorA, that are acquired slightly above the excitation thresh-
old (at 25 mV) show that the spin density is strongly located
over the edges, in agreement with the computed spin density dis-
tribution of the edge electrons. As shown in Figure 3b, the mag-
netic coupling between the Cu ion and the edges is weak (2 meV).
Therefore, the inelastic steps and the Kondo resonance observed
at the STS curve over the edges are strictly localized at the edges
and they are not observed over the Cu ion. This localization can
also be visualized in the STS maps (Figure 2g). These spectral
features, which are similar to those reported for the closed-shell
ZnPorA,, can be rationalized by the contribution of the d,, or-
bital to the local magnetic moment of CuPorA, (Figure 4b). This
orbital lies parallel to the surface and interacts poorly with the
STM tip. Therefore, its detection in the STS spectra taken over
the Cu atom is unlikely. This hypothesis is also consistent with
the depression at the Cu position in the topographic STM im-
age (Figure 1c). At the same time, the direct coupling between
the Cu d,; orbital and the surface is also expected to be weak and
the expected Kondo temperature associated with the Kondo effect
would be much lower than the temperature of our experiments,
making it undetectable in these conditions. Finally, the other pos-
sible difference between the Cu and the ZnPors would be the spin
coupling between Cu and the edges, which is absent for Zn. How-
ever, this coupling is weak (~2 meV according to our calculations,
see Figure 3b) and difficult to be detected in the conditions of our
experiments.

In the case of FePorA,, the conductance steps at biases of
+21.0 mV are attributed to the transition from ferromagnetic
to the antiferromagnetic coupling of the edge spins. Due to
conservation of the total spin, spin excitations—induced by in-
elastic electron tunneling—involve only spin states whose total
spin quantum number differs by zero or one.l®”] The FePorA,
molecule has a spin of 2 (see results in Figure 4 and the Support-
ing Information) and the low-energy excitation seen at +5.6 mV

Adv. Sci. 2022, 9, 2105906
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involves an excited state of S, = 1. Due to the large interaction be-
tween edge and Fe spins, this excitation is likely due to the local
magnetic anisotropy of the Fe!l ion. To gain more insight on the
conductance step at smaller energies for FePorA,, we have car-
ried out several calculations including spin-orbit coupling, which
allow a prediction of the MAE. We found a theoretical MAE of
~2 meV, with the magnetic moment lying within the plane of
the molecule, which could explain the steps at +5.6 mV. Conse-
quently, the spectra of FePorA, can be interpreted as a superpo-
sition of the spin excitation between the edge spins (J,_,) and the
MAE of the Fe electrons (D), as illustrated in Figure 2f. The quan-
titative discrepancies between the experimental (i.e., 21 meV, Fig-
ure 2c) and theoretical exchange coupling energy (i.e., 35-37
meV, Figure 3b) arise from the static character of the theoreti-
cal calculations, while the experimental results are obtained by
measurements of electronic transport currents. This is a known
limitation of the PBE-based DFT calculations, which struggle to
quantitatively describe such magnetic systems, as discussed for
ZnPorA, .1

For CoPorA,, we do not find any conductance step, which
seems contradictory to theoretical predictions. To address this
issue, we performed further DFT analysis on the three meta-
lated Pors adsorbed on Au(111), as displayed in Figure 4. In all
three cases, and in good agreement with the previously reported
ZnPorA, > a charge transfer of ~0.7 electrons from the Por to
the surface is predicted. Notably, the amount of charge transfer is
largely independent of the nature of the metal ion and does not af-
fect the magnetic features of the ground states. The magnetic mo-
ments of the organic part of the Por (u_C+H), which represent
the contribution of the z-magnetism, are all x1 yuj for ZnPorA,,
CuPorA,, and CoPorA, and somewhat higher for FePorA, at 1.5
Uy Regarding the metal ions (u_M), the Cu"! and Co"! ions carry
—0.55 and 1 yy, respectively, whereas Fe! outstands with a mag-
netization of 2.25 u 5.

To clarify the magnetic contributions of the metals, we have
plotted their PDOS on the 3d orbitals (Figure S2.7, Supporting

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Magnetic properties of CuPorA,, CoPorA,, and FePorA, on Au(111). a) Summarized DFT results of the most stable states of CuPorA,, CoPorA,,
and FePorA, on Au(111). The arrows in the brackets indicate the spin orientations of the left and right edges and the central metal. u_Mol is the magnetic
moment of the entire molecule (i.e., ligand and metal center), u_C+H is the magnetic moment of the ligand part, and p_M is the magnetic moment of
the transition metal center. The signs of the magnetic moments indicate the spin directions. b) Schemes describing the 3d level occupation of Cu'', Co'',
and Fe'' in CuPorA,, CoPorA,, and FePorA,, respectively, based on the projected density of states (PDOS) results (Figure S2.7, Supporting Information).

The empty arrows stand for the unoccupied orbitals.

Information) and sketched the simplified 3d level occupations
of Cu', Co'!, and Fe'" in Figure 4b, based on the PDOS results.
The magnetic moment of the Cu'" ion derives from the singly
occupied d,, orbital, while in Co' it stems from the singly occu-
pied d,, orbital. This latter d,,-derived orbital suffers more broad-
ening than the d, -derived states as a consequence of its larger
hybridization with the substrate. Therefore, a stronger Kondo
screening between the CoPor and the substrate is expected due
to the dominant spin polarization from the d,, orbital. Indeed,
Co-Pors on Au(111) usually exhibit intense zero-bias resonances
due to Kondo screening.[689]

The spatial distribution of the Co-derived Kondo screening can
be extended into the Por ligand.[®®7% Since the Kondo temper-
atures of the spectra over the edge and Co ion in CoPorA, are
similar, we attribute both the Kondo resonance observed on the
edge and on the central metal ion to the Co-derived Kondo screen-
ing (Figure 2b). Thus, we speculate that the “expected” spin ex-
citation between the edge spins and the resulting conductance
steps is suppressed due to the intense Kondo resonance. The ex-
perimental Kondo map of CoPorA,, acquired by constant-height
STM imaging at—10 mV, shows contrast over both the center and
edges and is compatible with the proposed scenario (Figure 2h).
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4, Conclusion

We have reported the in-solution and on-surface fabrication
of three open-shell, z-extended Pors with magnetically active
metal ions in their inner cavity (i.e., Cu'l, Co", and Fe'!, respec-
tively). After the unambiguous structural confirmation of the
three surface-supported nanostructures, the magnetic properties
of these metalloPors were carefully addressed by high-resolution
scanning probe microscopy, complemented by DFT calculations
at the single-molecule level.

Our detailed study, which focuses on the magnetic interplay
between the z- and d- electrons, reveals that the z-spin of the
edges of the metalloPors are ferromagnetically coupled in their
ground states, as reflected by conductance steps in the STS
of CuPorA, and FePorA,. Meanwhile, the low-bias STS spec-
tra of CoPorA, are dominated by a Kondo resonance resulting
from the singly occupied Co™ d,, orbital. Among the three Pors,
FePorA, exhibits the highest magnetization of 3.67 u; (S = 2),
with 2.25 up for the Fe ion, and a directly observed MAE of
5.6 meV. Moreover, FePorA, shows a relatively strong exchange
coupling of 16 meV between the ligand z-electrons and the Fe
d-states.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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In summary, the herein presented work provides a facile
method for the fabrication of open-shell organic systems that
contain chelated magnetically active transition metal ions. As
demonstrated in this detailed study, the z-electrons of the
Por macrocycle can have a strong magnetic interplay with the
d-electrons of the central metal ion in our metalloPors. Similar
interactions have been explored in the literature, sometimes giv-
ing rise to remarkable properties such as superconductivity,”!!
semiconductor-to-metal transition,l”2l and high electrocat-
alytic activity.['*7374 Therefore, our remarkably straightforward
method may pave the way toward the realization of fascinating
novel materials with intriguing magnetic properties.

In this context and taking advantage of a previously reported
methodology,*®! the next logical step would be the lateral fusion
of the here reported magnetically active MPorA,. The resulting
metalloPor NTs would contain multiple magnetically active metal
ions in a short distance due to the close vicinity of the inner cavi-
ties of the fused Pors. This could allow the magnetic interaction of
the unpaired d-electrons of the metal ions, leading to new and ex-
citing features. The synthesis and characterization of CuPor NTs,
CoPor NTs, and FePor NTs is currently being carried out in our
laboratories and will be reported in due course.

5. Experimental Section

STM/STS and nc-AFM  characterization: A commercial  low-
temperature STM/AFM system (Scienta Omicron) was used for the
preparation and in situ characterization of samples. Experiments were
performed under UHV conditions (base pressure ~ 2 x 10°'° mbar).
Au(117) single crystal substrates were cleaned by cycles of standard
argon sputtering and annealing. Deposition of the molecular precursors
was carried out by thermal evaporation from a sixfold organic evaporator
(Mantis GmbH). STM images were recorded at liquid helium temperature
of 4.5 K in constant-current mode unless specified otherwise, and the
dl/dV spectra were recorded using the lock-in technique (Ugys =20 mV
for wide-range spectra and Ugys = 0.8—1 mV for low-bias spectra). The
low-bias spectra shown were averages of 8-12 consecutive single spectra.
nc-AFM images were recorded with a CO-functionalized tipl”! attached
to a quartz tuning fork sensorl7®l (resonance frequency 23.5 kHz, peak-to-
peak oscillation amplitude below 100 pm). The data were processed and
analyzed with Wavemetrics Igor Pro or WSxM software. Fitting of spin
excitation spectra was performed with the program provided in ref. [64].
Kondo resonances were fitted using Wavemetrics Igor Pro software.

Theoretical Methods: DFT calculations were performed using the
VASP codel”’! and the PBE exchange and correlation functional.l’8] For Co
and Fe, the GGA+U method!”®! was used with U-| = 4 eV for Col”% and U—
| =3 eV for Fe.13%] Additional calculations for the gas-phase molecules were
done with the B3LYP hybrid functional.lB1 Core electrons were treated
within the projector augmented method!32#3] and wavefunctions were ex-
panded using a plane-wave basis set with an energy cut-off of 400 eV. The
(111) surface of Au was simulated using a 4-layer slab and a vacuum gap
of 18 A. The two bottom layers of Au were kept fixed and all the other atoms
were relaxed until forces were smaller than 0.02 eV A=' (0.001 eV A~ for
the gas-phase calculations). A (03 x 02 x 01) k-grid mesh was used for the
sampling of the Brillouin zone. van der Waals interactions were included
using the Tkatchenko—Scheffler scheme.[34] Theoretical STM images were
simulated within the Tersoffi-Hamann method!3! as described by Bocquet
et al.3¢] and implemented in the STMpw program.[87]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Adv. Sci. 2022, 9, 2105906

www.advancedscience.com

Acknowledgements

This work was supported by the Swiss National Science Foundation
under Grant No. 200020_182015, the European Union’s Horizon 2020
research and innovation programme under grant agreement number
785219 (Graphene Flagship Core 2), MINECO, CTQ2017-85393-P (Ph-
thalophoto, TT), and PID2020-116490GBI0O0 (Porphyrinoids, TT, GB).
IMDEA Nanociencia also acknowledges support from the “Severo Ochoa”
Programme for Centres of Excellence in R&D (MINECO, Grant SEV-
2016-0686). R.R. and N.L. are grateful for funding from the EU-FET
Open H2020 Mechanics with Molecules project (grant 766864) and from
Spanish State Research Agency grant RTI2018-097895-B-C44 funded by
MCIN/AEI/10.13039/501100011033 and by “ERDF A way of making Eu-
rope”. Q. S. acknowledges the financial support from the National Natural
Science Foundation of China (No. 22072086).

Conflict of Interest

The authors declare no conflict of interest.

Author Contributions

Q.S., LLM.M., and R.R. contributed equally to this work. Q.S. performed
the on-surface synthesis and STM/STS measurements under the supervi-
sion of P.R. and R.F.. L.M.M. synthesized the molecular precursors, under
the supervision of T.T. and G.B.. R.R. and N.L. carried out the DFT calcu-
lations. Q.S., L.M.M., G.B., and R.R. wrote the paper with contributions
from all co-authors. All authors discussed the results and commented on
the manuscript at all stages.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

density functional theory calculations, molecular magnetism, on-surface
synthesis, organic open-shell compounds, porphyrins

Received: December 20, 2021
Revised: February 9, 2022
Published online: March 1, 2022

2105906 (7 of 9)

[1] S. Mishra, D. Beyer, K. Eimre, S. Kezilebieke, R. Berger, O. Gréning,
C. A. Pignedoli, K. Miillen, P. Liljeroth, P. Ruffieux, X. Feng, R. Fasel,
Nat. Nanotechnol. 2020, 15, 22.

[2] S. Mishra, D. Beyer, K. Eimre, R. Ortiz, |. Ferndndez-Rossier, R.

Berger, O. Gréning, C. A. Pignedoli, R. Fasel, X. Feng, P. Ruffieux,

Angew. Chem., Int. Ed. 2020, 59, 12041.

J. Su, M. Telychko, P. Hu, G. Macam, P. Mutombo, H. Zhang, Y. Bao,

F. Cheng, Z.-Q. Huang, Z. Qiu, S. J. R. Tan, H. Lin, P. Jelinek, F.-C.

Chuang, ). Wu, J. Lu, Sci. Adv. 2019, 5, eaav7717.

[4] S.Mishra, D. Beyer, R. Berger, J. Liu, O. Gréning, ). |. Urgel, K. Miillen,
P. Ruffieux, X. Feng, R. Fasel, J. Am. Chem. Soc. 2020, 142, 1147.

[5] S. Mishra, X. Yao, Q. Chen, K. Eimre, O. Gréning, R. Ortiz, M.
Di Giovannantonio, J. C. Sancho-Garcia, ). Fernandez-Rossier, C. A.
Pignedoli, K. Miillen, P. Ruffieux, A. Narita, R. Fasel, Nat. Chem. 2021,
13,581.

3

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(6]
7]

(8]

9]
(1]
!
[12]
(13]
[14]

[15]

[16]
(7]

(18]
[19]

(20]
[21]
[22]
(23]
(24]
(25]

(26]

(27]

(28]

(29]
(3]
(37
(32]
(33]
(34]
35]
(36]
(37]

(38]

Adv. Sci. 2022, 9, 2105906

Z. Bullard, E. C. Gir3o, J. R. Owens, W. A. Shelton, V. Meunier, Sci.
Rep. 2015, 5, 7634.

J. Lawrence, P. Brandimarte, A. Berdonces-Layunta, M. S. G. Mo-
hammed, A. Grewal, C. C. Leon, D. Sanchez-Portal, D. G. de Oteyza,
ACS Nano 2020, 74, 4499.

J. Li, S. Sanz, ). Castro-Esteban, M. Vilas-Varela, N. Friedrich, T. Fred-
eriksen, D. Pefia, |. |. Pascual, Phys. Rev. Lett. 2020, 124, 177201.

N. Tombros, C. Jozsa, M. Popinciuc, H. T. Jonkman, B. J. van Wees,
Nature 2007, 448, 571.

F. Lombardi, A. Lodi, ). Ma, J. Liu, M. Slota, A. Narita, W. K. Myers, K.
Miillen, X. Feng, L. Bogani, Science 2019, 366, 1107.

F. C. Zhang, T. M. Rice, Phys. Rev. B 1988, 37, 3759.

D. Meyers, S. Mukherjee, J.-G. Cheng, S. Middey, ).-S. Zhou, |.
B. Goodenough, B. A. Gray, ). W. Freeland, T. Saha-Dasgupta, .
Chakhalian, Sci. Rep. 2013, 3, 1834.

B. ). Frogley, L. J. Wright, Chem. - Eur. J. 2018, 24, 2025.

The Porphyrin Handbook, (Eds: K. M. Kadish, K. M. Smith, R. Guilard),
Academic Press, Burlington, MA 2000.

A. K. Mandal, M. Taniguchi, J. R. Diers, D. M. Niedzwiedzki, C. Kir-
maier, J. S. Lindsey, D. F. Bocian, D. Holten, J. Phys. Chem. A 2016,
120, 9719.

B. M. ). M. Suijkerbuijk, R. J. M. Klein Gebbink, Angew. Chem., Int. Ed.
2008, 47, 7396.

H. L. Anderson, Chemical Communications 1999, https://doi.org/10.
1039/a904209a.

D. Shimizu, A. Osuka, Chem. Sci. 2018, 9, 1408.

W. Zeng, S. Lee, M. Son, M. Ishida, K. Furukawa, P. Hu, Z. Sun, D.
Kim, J. Wu, Chem. Sci. 2015, 6, 2427.

V. V. Diev, D. Femia, Q. Zhong, P. I. Djurovich, R. Haiges, M. E.
Thompson, Chem. Commun. 2016, 52, 1949.

M. Umetani, K. Naoda, T. Tanaka, S.-K. Lee, J. Oh, D. Kim, A. Osuka,
Angew. Chem., Int. Ed. 2016, 55, 6305.

J. P. Lewtak, D. T. Gryko, Chem. Commun. 2012, 48, 10069.

Z.Sun, Q. Ye, C. Chi, ). Wu, Chem. Soc. Rev. 2012, 41, 7857.

Y. Morita, S. Suzuki, K. Sato, T. Takui, Nat. Chem. 2011, 3, 197.

K. Ohashi, T. Kubo, T. Masui, K. Yamamoto, K. Nakasuji, T. Takui, Y.
Kai, I. Murata, J. Am. Chem. Soc. 1998, 120, 2018.

K. Goto, T. Kubo, K. Yamamoto, K. Nakasuji, K. Sato, D. Shiomi, T.
Takui, M. Kubota, T. Kobayashi, K. Yakusi, J. Ouyang, J. Am. Chem.
Soc. 1999, 121, 1619.

T. Kubo, M. Sakamoto, M. Akabane, Y. Fujiwara, K. Yamamoto, M.
Akita, K. Inoue, T. Takui, K. Nakasuji, Angew. Chem., Int. Ed. 2004, 43,
6474.

T. Kubo, A. Shimizu, M. Sakamoto, M. Uruichi, K. Yakushi, M.
Nakano, D. Shiomi, K. Sato, T. Takui, Y. Morita, K. Nakasuji, Angew.
Chem., Int. Ed. 2005, 44, 6564.

Y. Morita, S. Nishida, in Stable Radicals (Ed: R. G. Hicks), Wiley, Chich-
ester, UK 2010, p. 81.

T.Y. Gopalakrishna, W. Zeng, X. Lu, J. Wu, Chem. Commun. 2018, 54,
2186.

J. Bjork, F. Hanke, Chem. - Eur. J. 2014, 20, 928.

R. Lindner, A. Kiihnle, ChemPhysChem 2015, 16, 1582.

N. Pavli¢ek, B. Schuler, S. Collazos, N. Moll, D. Pérez, E. Guitién, G.
Meyer, D. Pefia, L. Gross, Nat. Chem. 2015, 7, 623.

N. Koci¢, X. Liu, S. Chen, S. Decurtins, O. Krejéi, P. Jelinek, J. Repp,
S.-X. Liu, J. Am. Chem. Soc. 2016, 138, 5585.

P. A. Held, H. Fuchs, A. Studer, Chem. - Eur. J. 2017, 23, 5874.

C. Sanchez-Sanchez, A. Nicolai, F. Rossel, J. Cai, J. Liu, X. Feng, K.
Miillen, P. Ruffieux, R. Fasel, V. Meunier, J. Am. Chem. Soc. 2017, 139,
17617.

N. Pavli¢ek, A. Mistry, Z. Majzik, N. Moll, G. Meyer, D. ). Fox, L. Gross,
Nat. Nanotechnol. 2017, 12, 308.

Z. Majzik, N. Pavli¢ek, M. Vilas-Varela, D. Pérez, N. Moll, E. Guitidn,
G. Meyer, D. Pefia, L. Gross, Nat. Commun. 2018, 9, 1198.

(39]
[40]
(41]
(42]

(43]

(44]

[45]

[46]

[47]

(48]
(49]
(5]

(51]

(52]

(53]
(54]
5]
[56]
[57]
(58]
[59]
(60]
(61]
(62]
63]
64]
(63]
(66]

(67]
(68]

(6]

2105906 (8 of 9)

www.advancedscience.com

Q. Sun, R. Zhang, J. Qiu, R. Liu, W. Xu, Adv. Mater. 2018, 30, 1705630.
S. Clair, D. G. de Oteyza, Chem. Rev. 2019, 119, 4717.

J. M. Gottfried, Surface Science Reports 2015, 70, 259.

W. Auwirter, D. Ecija, F. Klappenberger, . V. Barth, Nat. Chem. 2015,
7, 105.

A. Wiengarten, K. Seufert, W. Auwdrter, D. Ecija, K. Diller, F. Allegretti,
F. Bischoff, S. Fischer, D. A. Duncan, A. C. Papageorgiou, F. Klappen-
berger, R. G. Acres, T. H. Ngo, |. V. Barth, J. Am. Chem. Soc. 2014, 136,
9346.

Y. He, M. Garnica, F. Bischoff, . Ducke, M.-L. Bocquet, M. Batzill, W.
Auwirter, ). V. Barth, Nat. Chem. 2017, 9, 33.

W. Auwirter, K. Seufert, F. Bischoff, D. Ecija, S. Vijayaraghavan, S.
Joshi, F. Klappenberger, N. Samudrala, ). V. Barth, Nat. Nanotechnol.
2012, 7, 41.

C. Rubio-Verdu, A. Sarasola, D.-J. Choi, Z. Majzik, R. Ebeling, M. R.
Calvo, M. M. Ugeda, A. Garcia-Lekue, D. Sanchez-Portal, J. I. Pascual,
Communications Physics 2018, https://doi.org/10.1038/s42005-018-
0015-6.

A. Wiengarten, . A. Lloyd, K. Seufert, ]. Reichert, W. Auwirter, R. Han,
D. A. Duncan, F. Allegretti, S. Fischer, S. C. Oh, O. Saglam, L. Jiang,
S. Vijayaraghavan, D. Ecija, A. C. Papageorgiou, |. V. Barth, Chem. -
Eur. J. 2015, 21, 12285.

B. Cirera, B. de la Torre, D. Moreno, M. Ondra&ek, R. Zbotil, R. Mi-
randa, P. Jelinek, D. Ecija, Chem. Mater. 2019, 31, 3248.

M. In’t Veld, P. lavicoli, S. Haq, D. B. Amabilino, R. Raval, Chem. Com-
mun. 2008, 1536.

L. Grill, M. Dyer, L. Lafferentz, M. Persson, M. V. Peters, S. Hecht,
Nat. Nanotechnol. 2007, 2, 687.

J. Li, N. Merino-Diez, E. Carbonell-Sanroma, M. Vilas-Varela, D.
G. de Oteyza, D. Pefia, M. Corso, J. I. Pascual, Sci. Adv. 2018, 4,
eaaq0582.

L. M. Mateo, Q. Sun, S.-X. Liu, J. ). Bergkamp, K. Eimre, C. A.
Pignedoli, P. Ruffieux, S. Decurtins, G. Bottari, R. Fasel, T. Torres,
Angew. Chem., Int. Ed. 2020, 59, 1334.

D. van Vérden, M. Lange, M. Schmuck, J. Schaffert, M. C. Cottin, C.
A. Bobisch, R. Méller, J. Chem. Phys. 2013, 138, 211102.

L. M. Mateo, Q. Sun, K. Eimre, C. A. Pignedoli, T. Torres, R. Fasel, G.
Bottari, Chem. Sci. 2021, 12, 247.

Q. Sun, L. M. Mateo, R. Robles, P. Ruffieux, N. Lorente, G. Bottari, T.
Torres, R. Fasel, J. Am. Chem. Soc. 2020, 142, 18109.

Q. Sun, L. M. Mateo, R. Robles, N. Lorente, P. Ruffieux, G. Bottari, T.
Torres, R. Fasel, Angew. Chem., Int. Ed. 2021, 60, 16208.

M. Treier, C. A. Pignedoli, T. Laino, R. Rieger, K. Miillen, D. Passerone,
R. Fasel, Nat. Chem. 2011, 3, 61.

L. Gross, B. Schuler, N. Pavli¢ek, S. Fatayer, Z. Majzik, N. Moll, D.
Pefia, G. Meyer, Angew. Chem., Int. Ed. 2018, 57, 3888.

L. Talirz, H. Séde, ). Cai, P. Ruffieux, S. Blankenburg, R. Jafaar, R.
Berger, X. Feng, K. Miillen, D. Passerone, R. Fasel, C. A. Pignedoli,
J- Am. Chem. Soc. 2013, 135, 2060.

M. Ternes, Prog. Surf. Sci. 2017, 92, 83.

A. . Heinrich, . A. Gupta, C. P. Lutz, D. M. Eigler, Science 2004, 306,
466.

V. Madhavan, W. Chen, T. Jamneala, M. F. Crommie, N. S. Wingreen,
Science 1998, 280, 567.

M. Ternes, A. J. Heinrich, W.-D. Schneider, J. Phys.: Condensed Mat.
2009, 21, 053001.

M. Ternes, New J. Phys. 2015, 17, 063016.

H. O. Frota, Phys. Rev. B 1992, 45, 1096.

B. Mallada, P. Btoriski, R. Langer, P. Jelinek, M. Otyepka, B. de la Torre,
ACS Appl. Mater. Interfaces 2021, 13, 32393.

S. Loth, C. P. Lutz, A. ). Heinrich, New J. Phys. 2010, 72, 125021.

Y. Li, A. T. Ngo, A. DiLullo, K. Z. Latt, H. Kersell, B. Fisher, P. Zapol,
S. E. Ulloa, S.-W. Hla, Nat. Commun. 2017, 8, 946.

T. Yokoyama, F. Nishiyama, J. Phys. Chem. Lett. 2014, 5, 1324.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(70]

(71

[72)

(73]

(74]

[75]

[76]
[77)

Adv. Sci. 2022, 9, 2105906

U. G. E. Perera, H. J. Kulik, V. lancu, L. G. G. V. Dias da Silva,
S. E. Ulloa, N. Marzari, S.-W. Hla, Phys. Rev. Lett. 2010, 105,
106601.

X. Huang, S. Zhang, L. Liu, L. Yu, G. Chen, W. Xu, D. Zhu, Angew.
Chem., Int. Ed. 2018, 57, 146.

A.]. Clough, J. M. Skelton, C. A. Downes, A. A. de la Rosa, J. W. Yoo,
A. Walsh, B. C. Melot, S. C. Marinescu, J. Am. Chem. Soc. 2017, 139,
10863.

C. A. Downes, S. C. Marinescu, ChemSusChem 2017, 10, 4374.

V. M. Santhini, C. Wickerlin, A. Cahlik, M. Ondra&ek, S. Pascal, A.
Matéj, O. Stetsovych, P. Mutombo, P. Lazar, O. Siri, P. Jelinek, Angew.
Chem., Int. Ed. 2021, 60, 439.

L. Gross, F. Mohn, N. Moll, P. Liljeroth, G. Meyer, Science 2009, 325,
1110.

F. ). Giessibl, Appl. Phys. Lett. 2000, 76, 1470.

G. Kresse, J. Furthmiiller, Comput. Mater. Sci. 1996, 6, 15.

(78]
[79]

(80]
(81]
82]
(83]
(84]

(83]
(86]

(87]

2105906 (9 of 9)

www.advancedscience.com

J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865.
S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys, A. P.
Sutton, Phys. Rev. B 1998, 57, 1505.

P. M. Panchmatia, B. Sanyal, P. M. Oppeneer, Chem. Phys. 2008, 343,
47.

P. ). Stephens, F. . Devlin, C. F. Chabalowski, M. J. Frisch, J. Phys.
Chem. 1994, 98, 11623.

G. Kresse, D. Joubert, Phys. Rev. B 1999, 59, 1758.

P. E. Bléchl, Phys. Rev. B 1994, 50, 17953.

A. Tkatchenko, M. Scheffler, Phys. Rev. Lett. 2009, 102, 073005.

J. Tersoff, D. R. Hamann, Phys. Rev. B 1985, 31, 805.

M.-L. Bocquet, H. Lesnard, S. Monturet, N. Lorente, in Computational
Methods in Catalysis and Materials Science, (Eds: R. A. van Santen, P.
Sautet), Wiley-VCH, Weinheim, Germany 2009, p. 199.

N. Lorente, R. Robles, STMpw (Zenodo, 2019). http://doi.org/10.
5281/zenodo.3581159.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



