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ABSTRACT

The stabilization of zero-valent nickel Ni(0) centers in extended coordination networks remains a major challenge due to their

pronounced reactivity and susceptibility to oxidation. Here, we demonstrate that linear coordination confinement within a surface-

supported metal-organic chain enables the stabilization of Ni(0) atoms on Ag(100). The symmetry of 9,10-dicyanoanthracene

(DCA), combined with substrate templating effects, directs the formation of an ordered linear Ni-DCA coordination motif.
Spectroscopic measurements provide unambiguous evidence for a formal Ni(0) oxidation state, representing a rare realization
of a zero-valent transition metal center within an extended, atomically defined system. The electronic structure is governed
by hybridization between Ni 3d orbitals and the 7z-system of DCA, resulting in an anisotropic electronic dispersion with
predominantly one-dimensional character. These results establish linear coordination as a strategy to stabilize reactive, low-valent

metal centers in surface-supported metal-organic architectures.

1 | Introduction

The stabilization of zero-valent transition-metal (TM) centers
in well-defined coordination environments provides access to
highly electron-rich, often nucleophilic metal sites that underpin
a wide range of applications in catalysis, molecular electronics,
and materials design [1-4]. In this context, nickel in its zero-
valent oxidation state, Ni(0), is particularly attractive owing to
its high valence electron density and versatile redox chemistry.
Indeed, isolated Ni(0) atoms, as well as transition metals in anal-
ogous electronic configurations such as Pd(0), have demonstrated
remarkable versatility in chemical transformations, including
cross-coupling reactions [5-8]. However, the same electron-rich
character that underlies this reactivity also renders Ni(0) highly

susceptible to oxidation, thereby restricting its stabilization
mainly to discrete molecular complexes synthesized in solution.
Such complexes rely on ligands that enable the coexistence of
ligand-to-metal o-donation and metal-to-ligand 7-backdonation,
including carbon monoxides [1, 2], phosphines [9-11], cyanides
[3], and N-heterocyclic carbenes [12], thereby preserving the
low-valent oxidation state and suppressing oxidative degrada-
tion [11, 13]. Beyond molecular complexes, Ni(0) has also been
identified in selected organometallic nanoparticles, where ligand-
field effects and the surrounding electronic environment inhibit
oxidation [14, 15].

Extending the stabilization of Ni(0) to atomically precise, low-
dimensional materials remains a critical and largely unexplored
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challenge. On-surface coordination chemistry provides a versatile
platform for constructing extended metal-organic architectures
in which metal centers interact with both the organic ligands and
the underlying metallic substrate [16]. In most surface-supported
coordination networks reported to date, nickel adopts positive
oxidation states (Ni(I), Ni(II)) due to charge transfer to the
coordinating ligands [17-21]. In contrast, zero-valent transition
metals acting as structural nodes within surface-confined metal-
organic architectures are exceedingly rare [22], primarily due to
their inherent reactivity and nucleophilic character. Nevertheless,
isolated transition-metal atoms stabilized in well-defined surface-
supported coordination environments can exhibit remarkable
chemical activity [23, 24]. For example, adsorbed Rh single
atoms in linear coordination environments have been shown to
participate actively in hydrogen activation processes relevant to
catalytic hydrogenation [24].

These observations suggest that controlling the coordination
geometry of surface-supported metal centers may provide
a route to stabilize reactive low-valent states. In this con-
text, surface-supported linear metal-organic architectures rep-
resent a particularly promising platform. Their low coordi-
nation number and linear geometries intrinsically concen-
trate metal-ligand interactions along a single axis, potentially
enhancing directional electronic coupling. In particular, the
symmetry of 9,10-dicyanoanthracene (DCA, D,, point group)
makes it a suitable ligand for guiding the growth of surface-
confined linear chains. When combined with substrate tem-
plating effects, the molecular geometry of DCA can favor
extended linear metal-organic arrangements with well-defined
coordination environments.

Here, we report the synthesis of a surface-confined metal-organic
chain (MOC) composed of Ni(0) centers coordinated by DCA on
Ag(100). By combining scanning tunnelling microscopy (STM),
x-ray photoelectron spectroscopy (XPS), momentum-resolved
valence band spectroscopy, and density functional theory (DFT),
we provide a comprehensive structural and electronic character-
ization of this system. XPS and DFT confirm the formal Ni(0)
oxidation state, while momentum-resolved spectroscopy reveals
hybrid states arising, which DFT simulations attribute to metal-
organic interaction between Ni 3d orbitals and the DCA 7-system,
exhibiting pronounced unidirectional dispersion. These results
establish that the linear coordination confinement, together with
directional ligand interactions, provides an effective strategy for
stabilizing zero-valent metals within extended surface-supported
architectures.

2 | Results and Discussion

The deposition of DCA, whose molecular structure is shown in
Figure S1, onto an Ag(100) surface results in the formation of
a self-assembled monolayer (SAM). The sharp features observed
in the low-energy electron diffraction (LEED) pattern presented
in Figure 1la demonstrate the long-range order of the network.
Simulation of the LEED pattern (black overlay in Figure la)
reveals an incommensurate epitaxy of ((3.7, 0.9), (1.3, 2.8)) with
respect to the underlying Ag(100) surface. The corresponding
monoclinic unit cell is characterized by the lattice parameters
a, = 1.0 + 03A,a, = 89 = 0.3 A, and an interaxial angle

a = 51 + 1°, rotated by approximately 14 + 1° relative to the
substrate [011] high-symmetry direction.

High-resolution STM imaging (Figure 1c), acquired at a sample
bias of +1.2 V, reveals a periodic stripe-like molecular arrange-
ment, with the cyano groups aligned nearly parallel to the [011]
direction. Owing to its extended z-conjugation, the anthracene
backbone of DCA is expected to adopt a largely flat adsorption
geometry on Ag(100), reflecting the rigidity of its fully aromatic
framework [25-27]. Such a configuration limits the downward
tilting of the cyano functional groups toward the surface and
thereby weakens molecule-substrate interactions.

Consistent with these reduced substrate templating effects, the
molecular layer adopts an incommensurate epitaxy, as deter-
mined from LEED. Additionally, the packing motif resolved in
STM is compatible with the formation of intermolecular double
C—H---N hydrogen bonds of ~2.4 A between adjacent molecules
(dotted lines in Figure 1c), which likely contribute to stabilizing
the stripe-like arrangement within the SAM [28-32].

Upon incorporation of Ni atoms at a sample temperature of
370 K, the LEED pattern changes markedly while remaining well
defined (Figure 1b). The corresponding simulation (teal overlay)
identifies a commensurate epitaxy of ((5, 4), (0, 4)), yielding a new
unit cell with lattice parameters b, =11.6 + 0.3 A, b, = 185 +
0.3 A and an interaxial angle of 8 = 51 + 1°, with b, aligned with
the [011] direction of the substrate. STM images acquired after Ni
deposition (Figure 1d) at a —1.0 V bias clearly resolve alternating
DCA molecules, appearing as large oval features, and smaller
circular protrusions attributed to the Ni sites. These features
arrange in a staggered geometry that minimizes steric repulsion
between adjacent anthracene backbones.

These findings suggest a predominantly unidirectional coordina-
tion pathway along the N—Ni—N direction, which coincides with
the [011] direction in Figure 1d. Such a linear coordination motifis
structurally enabled by the mirror-symmetric arrangement of the
two functional groups most directly involved in the metal-ligand
interaction on the anthracene moiety in DCA. The formation
of the linear coordination motif is further promoted by the
symmetry of the Ag(100) substrate. Previous studies have shown
that DCA-based coordination assemblies on fcc(111) surfaces form
hexagonal or Kagome-like architectures, whereas the four-fold
symmetry of the fcc(100) surface favors unidirectional arrange-
ments [33]. In the present case, the stripe-like ordering already
observed for the DCA-SAM prior to Ni incorporation suggests
that the substrate acts as a structural template for the subsequent
formation of the Ni-DCA chains. The resulting structure will,
thus, hereafter be referred to as a metal-organic chain (MOC).
The [011] direction along the coordination bonds will then be
denoted as the “chain” direction, whereas the perpendicular [011]
will be defined as the “inter”-chain direction.

Based on the experimental LEED pattern and the STM images
we have constructed a structural model of the MOC (side and
top view in Figure le, f, respectively), whose geometry is relaxed
by density functional theory (DFT) calculations (details below).
Within the unit cell, two non-equivalent Ni adsorption sites
are identified, namely hollow and bridge sites, resulting in a
vertical displacement of approximately 0.7 A and 0.4 A below
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FIGURE 1 | (aandb)LEED patterns and corresponding simulations (circles) acquired for (a) the SAM (black) at 15 eV and for (b) the MOC (teal)
at 20 eV. (c and d) STM images acquired for (c) the SAM (image size 3.5 X 3.5 nm?, bias voltage +1.2 V, setpoint current 0.8 nA) and (d) the MOC (image
size 3.4 x 3.4 nm?, bias voltage -1.0 V, setpoint current 0.8 nA). () Side view and (f) top view of the relaxed structural model of the MOC on five layers

of Ag(100).

the molecular plane, respectively. The resulting Ni—N bond
length of 1.75 A is notably shorter than values reported for Ni-
cyano coordination in related surface-supported metal-organic
frameworks, indicating strong metal-ligand interaction [18-21].

Although STM and LEED measurements already suggest the
presence of coordinative interactions between Ni and DCA, direct
confirmation of metal-organic hybridization and its impact on
the electronic properties of the network requires further spec-
troscopic evidence. Initial insight into this behavior is provided
by STS measurements acquired at the Ni center (green) and
at the center of the DCA molecules (blue) within the MOC
(Figure 2b), as indicated in the close-up STM image in Figure 2a.
For comparison, an STS spectrum obtained on the bare Ag
surface (gray) is also shown, with the probed area reported in
Figure S2.

Distinct spectral features at —1.2, —0.8, and —0.2 V are clearly
observed in the STS curves recorded for both Ni centers and
DCA molecules, while being absent on the bare Ag surface. This
indicates that these states are associated with the metal-organic
chain and are electronically delocalized across both Ni and DCA
moieties. Further insight is gained by comparing bias-dependent
STM images of the MOC (Figure 2d-h) with the calculated Kohn-
Sham orbitals of free-standing DCA (Figure 2c). In particular,
the spatial shape of the lowest unoccupied molecular orbital
(LUMO), characterized by five nodal planes along the anthracene
backbone, can be clearly identified at all the bias voltages between
—1.2 V and —0.2 V (Figure 2e-g). These observations suggest at
least partial occupation of the DCA LUMO.

At more negative (—2.0 V) and positive (+0.6 V) bias voltages
(Figure 2d, h), the nodal structure of DCA becomes less recog-
nizable, rendering the molecular orbital assignment ambiguous.
Additionally, the contrast at the Ni sites is significantly reduced,
indicating weaker Ni contributions and a predominant charge
localization on the molecular backbone.

To further substantiate this orbital assignment, the electronic
structure has been directly probed using a photoemission electron
microscope (PEEM), operating in momentum-resolved mode.
The experiments were performed using p-polarized light at a
photon energy of 30 eV and a sample temperature of 90 K.
These measurements yield three-dimensional stacks made of
momentum maps (kjoo;» Kjoio) @s a function of the energy.
Integration of the full momentum distribution at each energy
slice produces the valence band (VB) spectra shown in Figure 3b
for the pristine SAM (black curve) and the Ni-DCA MOC (teal
curve), and in Figure S3 for the bare Ag(100) reference (gray
curve). In the following discussion, we adopt the unconventional
representation of the VB energy as E — E; to enable direct
comparison with the STS data.

Upon Ni incorporation, the SAM feature centered at —1.9 eV shifts
by approximately —0.2 eV, giving rise to the peak at —2.1 eV in the
MOC spectrum. In contrast, the SAM feature at —0.5 eV does not
seem to have a direct counterpart in the MOC. Instead, two new
features emerge at —0.9 and —0.1 eV.

To elucidate the nature of these states, the experimental momen-
tum maps at the corresponding energies were extracted for both
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FIGURE 2 | (a)STM image (image size, 1.9 X 1.9 nm?, bias voltage —1.0 V, setpoint current 0.8 nA) of the MOC; the blue and green diamond shapes
represent the centers of a DCA molecule and a Ni atom, respectively. (b) STS spectra acquired, from top to bottom, for the Ni center (green), the DCA
center (blue) and the Ag substrate (gray) of the MOC; the dashed lines indicate the main features present in occupied and unoccupied states. (c) Real-
space representations of the frontier molecular orbitals calculated for freestanding DCA. (d-g) STM images (image size 3.4 X 3.4 nm?, setpoint current
0.8nA)at(d) —=2.0V, (e) —1.2V, (f) —0.8 V, (g) —0.2 V, (h) +0.6 V bias voltage for the MOC.

— MOC — SAM

-09eV -0.1eV

+ } +———1 + ‘," - /li
3T 2 --7 7 0
__,,—-" Energy E - E, (eV) i
c ) 7 e
b 5 HOMO . V5 LUMO b oo
11 11 11
<
0 0 1 0+
xg

4

} } } } -2'e1 oV -2 1 } } } } 21 ' } } }

2 -1 0 1 2 2 -1 0 1 2 2 -1 0 1 2
k. (A7) k. (A7) k... (A"

-1+

1001) ( [001) ( [001) (
FIGURE 3 | (a) Angle-resolved photoemission momentum map of the reference Ag(100) surface at —0.7 eV energy. The dotted lines indicate the
chain and inter-chain directions, indicated by I' — k; and I' — k,, respectively; the teal parallelogram represents the first Brillouin zone of the MOC.
(b) Valence band spectrum (hv = 30 eV, p-polarized light) of the SAM (black) and MOC (teal). (c-e) Experimental (top, hv = 30 eV, p-polarized light)

and simulated (bottom, supported model) momentum maps of the MOC system at (c) —2.1 eV, (d) —0.9 eV, and (e) —0.1 eV energy.
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FIGURE 4 | (a)Density of states projected onto Ni 3d states (top panel) and DCA frontier orbitals (bottom panel) for the relaxed structural model

of the supported MOC; (b) Plane-averaged total charge density p (lines), and charge density difference Ap (shaded area; scaled by a factor of 150) as a
function of the height y parallel to the interface normal for the supported MOC. The red and blue areas indicate regions with an overall gain or loss in
electrons compared to the bare substrate / freestanding MOC layer, respectively.

the SAM (Figure S4) and the MOC (Figure 3c-e, top half) and
directly compared with simulated momentum maps calculated
for a gas phase DCA molecule [34]. This comparison allows for
an unambiguous assignment of the spectral features. The peaks
at —1.9 eV (SAM) and —2.1 eV (MOC) originate from the highest
occupied molecular orbital (HOMO) (Figures 3c, S4a), whereas
the features at —0.5 eV for the SAM and at —0.9 and —0.1 eV
for the MOC are attributed to LUMO-derived states (Figures 3d,
e, S4b). These results confirm that partial occupation of the
LUMO already occurs in the SAM due to charge transfer from
the substrate to the molecular layer. Moreover, the appearance
of multiple LUMO-derived features in the MOC corroborates the
observation of LUMO splitting in multiple components upon Ni
coordination, as evidenced in the bias-dependent STM images
(Figure 2e-g).

Such splitting is characteristic for the formation of bonding
and antibonding states [35, 36], with the bonding states shifting
towards lower energies and the anti-bonding states approaching
the Fermi level.

While the experimental results establish the existence of strong
Ni-DCA interactions, density functional theory calculations are
required to fully rationalize the nature of the hybridization in this
unique coordination environment. The relaxed structural model
of the supported MOC is shown in Figure le, f and includes five
layers of Ag substrate, with the bottom three layers frozen in the
bulk geometry. The calculations were performed using VASP with
the PBE exchange-correlation functional and a self-interaction
error correction in the GGA+U Dudarev ansatz (U =3 eV) applied
to the Ni states. For details on the simulation, we refer to the
Methods section (Supporting Information).

The projected density of states (PDOS) for the MOC is shown
in Figure 4a, with the Ni 3d contributions (green curves) and
molecular states (shaded areas) displayed in the upper and
lower panels, respectively. Even though Ni 3d states show some

non-vanishing density of states above the Fermi edge (larger
energy range shown in the SI, Figure S5), integration of the
Ni 3d projection yields a formal 3d!° electron configuration,
corresponding to a Ni(0) oxidation state. Furthermore, spin
unrestricted calculations converge toward a spin-unpolarized
solution with no local magnetic moment on the Ni centers,
indicating a diamagnetic ground state of the supported chains.
This assignment is independently corroborated by XPS data at
the Ni 2p,;, core-level (Figure S6a), where the main peak at
852.2 eV coincides with the binding energy of Ni(0) and is clearly
distinct from the typical positions associated with Ni(I) and Ni(II)
species reported for related metal-organic arrays [17, 18, 37].
For comparison, Figure S7 shows the XPS spectrum of the Ni
2ps, core-level region for a Ni reference prepared by depositing
an excess of Ni directly onto Ag(100). Additional evidence for
coordination-induced electronic redistribution is provided by the
N 1Is and C 1s core-level spectra shown in Figure S6. Upon
formation of the Ni-DCA chains, the N 1s feature shifts by
approximately +0.3 eV toward higher binding energy, while the
nitrile-related shoulder in the C 1s spectrum shifts toward lower
binding energies by a comparable amount. These opposite shifts
within the cyano group are consistent with charge redistribution
associated with the Ni-DCA coordination interaction.

With the oxidation state firmly established, the orbital-resolved
PDOS in Figure 4a is examined to elucidate the nature of
the metal-ligand hybridization. The local coordinate system
is chosen such that the z-axis is aligned along the N—Ni—N
coordination axis (chain direction), the x-axis lies along the inter-
chain direction, and the y-axis is oriented perpendicular to the
surface (see Figure 1f). Within this framework, the d,, and d,. .
orbitals are grouped together for clarity, appearing as a single
sharp feature. This behavior is easily understood within the
crystal field picture for a linear D, coordination environment,
where five-fold degenerate Ni 3d orbitals split into discrete energy
levels, including a doubly degenerate {d,,,d,>_,.} set. Owing to
their radial orientation perpendicular to the Ni—N bond, these

Angewandte Chemie International Edition, 2026

50f9

25UB0117 SUOLUIOD AR B[edtjdde au Aq peuienod a1e oI YO 88N J0 SaIN1 0§ AI1T BUIIUO AB]1AM UIO (SUOIIPLOD-PUE-SULBYWI0D" /B |1 ARG IBUIIUO//SdI) SUORIPUOD PUB SULR L 8L 885 [920Z/0T/20] U0 AeIqI BUIIUO AB]IM ‘YAWD Uo1lent WnnuezsBunuosio4 Aq 026805T @ IU/Z00T OT/I0p/L0Y" A8 W AReiq)1jou U0/ ScL LIS POPeOIUMOQ ‘6E ‘9202 ‘ELLETZST



orbitals lack the appropriate symmetry for the overlap with the
n-character frontier molecular orbitals of DCA and therefore
remain largely unaffected by the coordination.

In contrast, the nominally degenerate {d,, dyz} orbitals exhibit
a markedly different behavior. Specifically, the d,, appears as a
largely localized peak at —1.5 eV and a smaller contribution at
+2.9 eV, whereas the d, has a strongly dispersive broad peak in
the energy range of —2.1to +0.1 eV. This apparent deviation from a
simple crystal-field description reflects the limitation of the point
charge approximation and highlights the importance of orbital
symmetry matching. The frontier molecular orbitals of DCA pre-
dominantly possess 7-character, which matches the symmetry of
the d,, orbital in the chosen local coordinate system. This enables
hybridization with both the HOMO and LUMO of DCA and pro-
vides microscopic explanation for the experimentally observed
splitting of the LUMO into bonding and antibonding states.

A schematic representation of the dominant orbital interactions
within the Ni-DCA chains is shown in Figure S8a, highlighting
the 7m-type hybridization between the Ni d,, orbital and the
DCA frontier orbitals. Although the d,, orbital possesses in-
plane 7-symmetry, with its nodal plane oriented perpendicular
to the molecular plane, this symmetry is less common among
the frontier molecular states of DCA. An exception is provided
by higher-lying LUMO+x orbitals where hybridization can take
place, as evidenced by the second peak located at +2.9 eV in the
PDOS (see Figure S8c).

Finally, the d,. orbital exhibits a very broad spectral projection,
predominantly located in the valence region between —2 eV and
the Fermi level, but extending far into the conduction band
up to +6 eV. Additional features are observed even below the
Ag d-band (Figure S5). With the z-axis aligned parallel to the
bonding direction, these peaks at low energies can be rationalized
as o-symmetric bonding states involving deeper-lying molecular
orbitals, schematically illustrated in Figure S8b. However, the
limited energetic overlap with these states alone cannot explain
the broad spectral distribution of the d,. contribution in the
PDOS (Figure 4a). These observations point to a significant
contribution from direct hybridization between the Ni d,. orbital
and substrate-derived states, consistent with re-localization in
energy of the d,. observed upon removal of the Ag(100) substrate
(Figure S9).

Charge density difference calculations were performed for the
supported MOC (Figure 4b). These reveal a small charge redistri-
bution at the interface, characterized by charge depletion within
the topmost Ag layer and charge accumulation within the metal-
organic layer. Integration of the charge density difference (4p)
yields a total charge transfer of approximately 0.105 e~ from
the substrate to the MOC. Although comparatively small, this
charge redistribution confirms the presence of weak adsorbate-
substrate coupling and supports the role of the Ag(100) surface
in stabilizing the supported Ni-DCA architecture. At the same
time, the limited magnitude of the charge transfer indicates that
the substrate contribution remains secondary to the dominant
Ni-DCA coordination interaction.

To isolate the contribution of the Ag(100) substrate, calculations
were repeated after removing the substrate from the model, while

keeping the MOC geometry frozen (Figure S9, top half). In this
substrate-free configuration, the delocalization of the d,. state is
strongly reduced, confirming that adsorbate—substrate coupling
plays an important role in shaping its electronic structure.

A residual splitting of the d,. feature persists in this geometry,
which can be attributed to partial hybridization with DCA orbitals
enabled by the vertical displacement of the Ni atoms (0.4 A-0.7 A)
below the molecular plane, resulting in symmetry breaking.
When the MOC is fully relaxed in a substrate-free configuration
(Figure S9, bottom half), the structure becomes planar, the
symmetry is restored, and the splitting collapses into a single
sharp d,. peak. This establishes that both symmetry breaking and
substrate interaction are essential for the observed hybridization
of the d,. orbital.

Lastly, we further investigate the predominantly unidirectional
character of the Ni-DCA coordinative interactions with pho-
toemission band maps. Owing to the chain-like arrangement of
the Ni-DCA network, stronger electronic coupling is expected
along the chain direction than along the inter-chain direction.
Experimentally, however, this anisotropy cannot be resolved due
to the presence of multiple mirror domains aligned with the high
symmetry directions of the substrate (Figure S10). Specifically,
cutting the 3D stack along the substrate I' — X direction results
in the band map shown in Figure 5a (left half), where chain
and inter-chain features are overlapped. The close resemblance
to the symmetrized band map simulated for the supported MOC
(Figure 5a, right half) confirms the overlap of contributions from
multiple domains and the impossibility to discern between the
two directions.

To overcome this limitation, Figure 5b presents the simulated
photoemission band map of the substrate-free frozen MOC model
(Figure S9, top half), where the left and right halves correspond
to reciprocal-space cuts along the chain (k,) and inter-chain
(k,) directions, respectively. Removing the substrate allows the
intrinsic MOC interaction to be isolated. However, charge transfer
from the substrate is absent and, consequently, no significant
LUMO occupation is expected (Figure S9, top half).

The analysis therefore focuses on the bright HOMO-d,, derived
hybrid states, which appear in the energy range between —1 eV
and —1.6 eV and are shifted closer to the Fermi level compared
to the experiment. These states exhibit an apparent dispersion of
~0.5 eV along both chain and inter-chain directions, seemingly
suggesting a significant inter-chain dispersion. The correspond-
ing band structure (Figure 5b), however, reveals that this behavior
originates from two nearly overlapping bands in this energy
range, highlighted in yellow and orange. The corresponding
real space representations of the Bloch states at the I'-point
(insets in Figure 5c) reveal that these bands unambiguously
correspond to the in-phase and out-of-phase combinations of the
two neighboring chains within the unit cell.

Along the inter-chain direction, the energy separation of these
two contributions gives rise to the appearance of a broad dis-
persive feature in the photoemission spectrum, even though the
intrinsic dispersion of each band is limited to ~40 meV. In
contrast, along the chain direction, both bands exhibit genuine
band dispersion, with the out-of-phase band (orange) reaching
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FIGURE 5 | (a) Experimental (left-half, hv = 30 eV, p-polarized light) vs. simulated (right-half, supported model) band maps of the MOC along
the substrate '—X directions. (b) Simulated band map of the substrate-free frozen MOC along the k, (inter-chain)/k, (chain) direction in reciprocal
space ranging from the I'-point to the edge of first Brillouin zone of the MOC, respectively. The gray and teal dashed lines indicate the edges of the first
Brillouin zone of Ag(100) and the MOC, respectively. (c) Simulated photoemission quasi-band structure for the substrate-free frozen MOC along the
I'—X (inter-chain) and '—Z (chain) directions. The Z and X labels highlighted in teal indicate the edges of the first Brillouin zone of the MOC along the
chain and inter-chains directions, respectively. The simulation data shown was purposefully not symmetrized to represent only a single growth domain.
The insets show the real space representation of the Bloch states at the I" point for the bonding and antibonding combination of neighboring chains,

highlighted in yellow and orange, respectively.

~170 meV, highlighting the quasi-one-dimensional character of
the system [38].

Taken together, these results demonstrate that electronic cou-
pling in the Ni-DCA system is predominantly confined to the
chain direction, confirming the formation of a linear metal-
organic assembly with strongly anisotropic electronic properties.

3 | Conclusions

This study establishes a strategy for stabilizing zero-valent nickel
coordinated in a surface-supported linear metal-organic archi-
tecture via an interplay of ligand symmetry, substrate templating
effects and electronic interactions. On Ag(100), DCA molecules
self-assemble into quasi-linear arrangements that act as pre-
organized scaffold for subsequent Ni incorporation, enabling
the formation of extended DCA-Ni-DCA coordination chains.
Importantly, a comprehensive experimental and theoretical anal-
ysis of the chains identifies Ni sites stabilized in a formal Ni(0)
oxidation state with a diamagnetic ground state.

Scanning tunnelling spectroscopy and momentum-resolved
valence band measurements demonstrate that Ni incorporation
is responsible for the emergence of hybrid electronic states.
Density functional theory elucidates their origin in selective
hybridization between Ni 3d orbitals and the 7-system of DCA.
Furthermore, the analysis of the calculated band structure shows
that significant dispersion is confined along the chain direction,
with only weak interactions between neighboring chains splitting
the in-phase and out-of-phase combinations, giving rise to an
apparent dispersion in the photoemission band maps.

Overall, this work demonstrates that linear coordination confine-
ment at a metallic surface provides an effective route to stabilize
electron-rich Ni(0) centers within extended metal-organic archi-
tectures, giving rise to strongly anisotropic electronic properties
that emerge from directional metal-ligand interactions.

Author Contributions

Simone Mearini: investigation, validation, formal analysis, data cura-
tion, writing — original draft, writing - review and editing, visualization.
Dominik Brandstetter: writing - original draft, methodology, formal
analysis, data curation, investigation, writing - review and editing,
software. Mira S. Arndt: investigation, writing — review and editing,
formal analysis. Olga Resel: investigation, writing - review and editing.
Daniel Baranowski: investigation, writing — review and editing. Yan
Yan Grisan Qiu: investigation, writing - review and editing. Peter
Puschnig: methodology, supervision, validation, writing — review and
editing, software, conceptualization, investigation, funding acquisition.
Martin Sterrer: formal analysis, investigation, writing - review and
editing, data curation. Giovanni Zamborlini: conceptualization, fund-
ing acquisition, supervision, writing — review and editing, methodology.
Vitaliy Feyer: conceptualization, investigation, validation, methodology,
project administration, supervision, funding acquisition, writing - origi-
nal draft, writing - review and editing. Claus M. Schneider: supervision,
funding acquisition, writing - review and editing, resources.

Acknowledgments

The authors gratefully thank M. Lafihofer for technical support, and I.
Cojocariu and M. Jugovac for the fruitful discussion. The authors further
thank A. Windischbacher for his constant support. M.S.A., Y.Y.G.Q., G.Z.,
and V.F. acknowledge support from the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation) under Project ID 513136560.
Do.B. and P.P. acknowledge support from the European Research Council
(ERC) Synergy Grant, Project ID 101071259.

Open access funding enabled and organized by Projekt DEAL.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

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

References

1. F. Basolo and A. Wojcicki, “Metal Carbonyls. I. Carbon Monoxide
Exchange With Nickel Tetracarbonyl and Dicobalt Octacarbonyl"2,”

Angewandte Chemie International Edition, 2026

7 0f9

85U8017 SUOWILLIOD 8A 11810 3ol |dde 8Ly Aq peusenob afe sejone VO ‘88N JO S8|nJ o Akeid1T8U1IUO /8|1 UO (SUORIPLOD-PUR-SLLRIALID A IM ARIq U1 |UO//SdNL) SUORIPUOD PUe SWie | 38U 88S *[9202/0T/20] Uo AriqiTauljuo A8 (1M ‘Yawo yolent wnnuezsbunyasiod Aq 02680ST @1Ue/Z00T OT/I0p/L00" A3 1M Aeiq iUl uo//Sdny wouy pepeojumod ‘6€ ‘9202 ‘€LLETZST



Journal of the American Chemical Society 83 (1961): 520-525, https://doi.
org/10.1021/ja01464a003.

2. J. P. Day, F. Basolo, R. G. Pearson, L. F. Kangas, and P. M. Henry, “Nickel
Tetracarbonyl. The Mechanism of Nucleophilic Substitution,” Journal of
the American Chemical Society 90, no. 7 (1968): 1925-1926, https://doi.org/
10.1021/ja010092059.

3.D. W. Agnew, I. M. Dimucci, A. Arroyave, et al., “Crystalline
Coordination Networks of Zero-Valent Metal Centers: Formation of a
3-Dimensional Ni(0) Framework With M -Terphenyl Diisocyanides,”
Journal of the American Chemical Society 139 (2017): 17257-17260, https://
doi.org/10.1021/jacs.7b09569.

4. 1. Feinstein-Jaffe and S. E. Maisuls, “Zero-valent, Oxidized, and
Mixed Oxidation State Chromium, Molybdenum, and Tungsten Aryldi-
isocyanide Polymers,” Journal of Organometallic Chemistry 350 (1988):
57-75, https://doi.org/10.1016/0022-328X(88)80360-7.

5. E.-I. Negishi, “Palladium-or Nickel-catalyzed Cross Coupling. A New
Selective Method for Carbon-carbon Bond Formation,” Accounts of Chem-
ical Research 15 (1982): 340-348, https://doi.org/10.1021/ar00083a001.

6. E.-I. Negishi, S. Y. Liou, C. Xu, and S. Huo, “A Novel, Highly Selective,
and General Methodology for the Synthesis of 1,5-Diene-Containing
Oligoisoprenoids of all Possible Geometrical Combinations Exemplified
by an Iterative and Convergent Synthesis of Coenzyme Q,y,” Organic
Letters 4, no. 2 (2002): 261-264, https://doi.org/10.1021/01010263d.

7.8S. Z. Tasker, E. A. Standley, and T. F. Jamison, “Recent Advances in
Homogeneous Nickel Catalysis,” Nature 509 (2014): 299-309, https://doi.
org/10.1038/naturel3274.

8. C.N. Pierson and J. F. Hartwig, “Mapping the Mechanisms of Oxidative
Addition in Cross-coupling Reactions Catalysed by Phosphine-ligated
Ni(0),” Nature Chemistry 16 (2024): 930-937, https://doi.org/10.1038/
$41557-024-01451-x.

9. F. Flecken, A. Neyyathala, T. Grell, and S. Hanf, “A Bench-Stable
Fluorophosphine Nickel(0) Complex and Its Catalytic Application,”
Angewandte Chemie International Edition 64 (2025): €202506271, https://
doi.org/10.1002/anie.202506271.

10. L. S. Meriwether and M. L. Fiene, “Bonding in Ni(0) Complexes. I.
Phosphine Exchange Kinetics and Infrared Spectra of Nickel-Carbonyl-
Phosphine Complexes',” Journal of the American Chemical Society 81
(1959): 4200-4208, https://doi.org/10.1021/ja015252022.

11. W. He and P. Kennepohl, “Direct Experimental Evaluation of Ligand-
induced Backbonding in Nickel Metallacyclic Complexes,” Faraday
Discussions 220 (2019): 133-143, https://doi.org/10.1039/C9FD00041K.

12. T. Schaub, M. Backes, and U. Radius, “Nickel(0) Complexes of N-
Alkyl-Substituted N-Heterocyclic Carbenes and Their Use in the Catalytic
Carbon—Carbon Bond Activation of Biphenylene,” Organometallics 25
(2006): 4196-4206, https://doi.org/10.1021/0m0604223.

13. G. Comas-Vila and P. Salvador, “Quantification of the Donor-Acceptor
Character of Ligands by the Effective Fragment Orbitals,” Chemphyschem
25 (2024): €202400582, https://doi.org/10.1002/cphc.202400582.

14. N. Mathur, S. Mahala, A. K. Khorwal, et al., “Magnetic Nickel
Nanoparticles Supported on Oxidized Charcoal as a Recoverable Catalyst
for N -Alkylation of Amines With Alcohols,” ACS Applied Nano Materials
7 (2024): 11159-11169, https://doi.org/10.1021/acsanm.4c00492.

15. S. Mavila, I. Rozenberg, and N. G. Lemcoff, “A General Approach to
Mono- and Bimetallic Organometallic Nanoparticles,” Chemical Science
5(2014): 4196-4203, https://doi.org/10.1039/C4SC01231C.

16. R. Gutzler, S. Stepanow, D. Grumelli, M. Lingenfelder, and K. Kern,
“Mimicking Enzymatic Active Sites on Surfaces for Energy Conversion
Chemistry,” Accounts of Chemical Research 48, no. 7 (2015): 2132-2139,
https://doi.org/10.1021/acs.accounts.5b00172.

17. H. M. Sturmeit, I. Cojocariu, A. Windischbacher, et al., “Room-
Temperature on-Spin-Switching and Tuning in a Porphyrin-Based Mul-
tifunctional Interface,” Small 17, no. 50 (2021): 2104779, https://doi.org/
10.1002/smll1.202104779.

18. D. Baranowski, M. Thaler, D. Brandstetter, et al., “Emergence of
Band Structure in a Two-dimensional Metal-organic Framework Upon
Hierarchical Self-assembly,” ACS Nano 18, no. 30 (2024): 19618-19627,
https://doi.org/10.1021/acsnano.4c04191.

19. S. Mearini, D. Baranowski, D. Brandstetter, et al., “Band Structure
Engineering in 2D Metal-Organic Frameworks,” Advancement of Science
11, no. 38 (2024): 2404667, https://doi.org/10.1002/advs.202404667.

20. Y. Y. Grisan Qiu, D. Brandstetter, S. Mearini, et al., “Conformation-
Driven Nickel Redox States and Magnetism in 2D Metal-organic Frame-
works,” Advanced Functional Materials 35, no. 13 (2025): 2418186, https://
doi.org/10.1002/adfm.202418186.

21. S. Mearini, D. Brandstetter, Y. Y. Grisan Qiu, et al.,, “Substrate
Stabilized Charge Transfer Scheme in Coverage Controlled 2D Metal
Organic Frameworks,” Small 21, no. 12 (2025): 2500507, https://doi.org/
10.1002/smll.202500507.

22. A. Ruocco, F. Evangelista, R. Gotter, A. Attili, and G. Stefani, “Evi-
dence of Charge Transfer at the Cu-phthalocyanine/Al(100) Interface,”
Journal of Physical Chemistry C 112 (2008): 2016-2025, https://doi.org/10.
1021/jp076299q.

23. W. Dou, M. Xu, T. Niu, et al., “High-loading Single-atom Catalyst via
on-surface Synthesis of a Metal-covalent Organic Framework for Oxygen
Reduction Reaction,” Chemistry of Materials 37, no. 20 (2025): 8436-8445,
https://doi.org/10.1021/acs.chemmater.5c02210.

24.C. Wang, P. Sombut, L. Puntscher, et al, “Hydrogen Activa-
tion via Dihydride Gormation on a Rh;/Fe;04(001) Single-atom Cat-
alyst,” Angewandte Chemie International Edition 65, no. 14 (2026):
€25745, https://doi.org/10.1002/anie.202525745.

25. A. Kumar, K. Banerjee, A. S. Foster, and P. Liljeroth, “Two-
Dimensional Band Structure in Honeycomb Metal-Organic Frame-
works,” Nano Letters 18 (2018): 5596-5602, https://doi.org/10.1021/acs.
nanolett.8b02062.

26. R. Mandal, P. Ninawe, A. Acharya, and N. Ballav, “Spin-Frustrated
Metal-Organic Frameworks,” Chemistry — A European Journal 31 (2025):
€202403615, https://doi.org/10.1002/chem.202403615.

27. L. Yan, O. J. Silveira, B. Alldritt, O. Krej¢i, A. S. Foster, and P.
Liljeroth, “Synthesis and Local Probe Gating of a Monolayer Metal-
Organic Framework,” Advanced Functional Materials 31 (2021): 2100519,
https://doi.org/10.1002/adfm.202100519.

28. D. Kumar, C. Krull, Y. Yin, N. V. Medhekar, and A. Schiffrin, “Electric
Field Control of Molecular Charge state in a Single-component 2D
Organic Nanoarray,” ACS Nano 13, no. 10 (2019): 11882-11890, https://doi.
org/10.1021/acsnano.9b05950.

29. E. Arras, A. P. Seitsonen, F. Klappenberger, and J. V. Barth, “Nature of
the Attractive Interaction Between Proton Acceptors and Organic Ring
Systems,” Physical Chemistry Chemical Physics 14, no. 46 (2012): 15995,
https://doi.org/10.1039/c2cp42293j.

30. E. Arunan, G. R. Desiraju, R. A. Klein, et al., “Defining the Hydrogen
Bond: An Account (IUPAC technical report),” Pure and Applied Chem-
istry 83, no. 8 (2011): 1619-1636, https://doi.org/10.1351/PAC-REP-10-01-
01.

31. G. R. Desiraju, “Hydrogen Bridges in Crystal Engineering: Interac-
tions Without Borders,” Accounts of Chemical Research 35, no. 7 (2002):
565-573, https://doi.org/10.1021/ar010054t.

32. A. Bondi, “van der Waals Volumes and Radii,” Journal of Physical
Chemistry 68, no. 3 (1964): 441-451, https://doi.org/10.1021/j100785a001.

33.J. Lobo-Checa, L. Hernandez-Lépez, M. M. Otrokov, et al., “Ferro-
magnetism on an Atom-thick & Extended 2D Metal-organic Coordination
Network,” Nature Communications 15, no. 1 (2024): 1858, https://doi.org/
10.1038/s41467-024-46115-z.

34. D. Liiftner, S. Weif}, X. Yang, et al., “Understanding the Photoemis-
sion Distribution of Strongly Interacting Two-dimensional Overlayers,”
Physical Review B 96 (2017): 125402, https://doi.org/10.1103/PhysRevB.96.
125402.

8 of 9

Angewandte Chemie International Edition, 2026

25UB0117 SUOLUIOD AR B[edtjdde au Aq peuienod a1e oI YO 88N J0 SaIN1 0§ AI1T BUIIUO AB]1AM UIO (SUOIIPLOD-PUE-SULBYWI0D" /B |1 ARG IBUIIUO//SdI) SUORIPUOD PUB SULR L 8L 885 [920Z/0T/20] U0 AeIqI BUIIUO AB]IM ‘YAWD Uo1lent WnnuezsBunuosio4 Aq 026805T @ IU/Z00T OT/I0p/L0Y" A8 W AReiq)1jou U0/ ScL LIS POPeOIUMOQ ‘6E ‘9202 ‘ELLETZST


https://doi.org/10.1021/ja01464a003
https://doi.org/10.1021/ja01009a059
https://doi.org/10.1021/jacs.7b09569
https://doi.org/10.1016/0022-328X(88)80360-7
https://doi.org/10.1021/ar00083a001
https://doi.org/10.1021/ol010263d
https://doi.org/10.1038/nature13274
https://doi.org/10.1038/s41557-024-01451-x
https://doi.org/10.1002/anie.202506271
https://doi.org/10.1021/ja01525a022
https://doi.org/10.1039/C9FD00041K
https://doi.org/10.1021/om0604223
https://doi.org/10.1002/cphc.202400582
https://doi.org/10.1021/acsanm.4c00492
https://doi.org/10.1039/C4SC01231C
https://doi.org/10.1021/acs.accounts.5b00172
https://doi.org/10.1002/smll.202104779
https://doi.org/10.1021/acsnano.4c04191
https://doi.org/10.1002/advs.202404667
https://doi.org/10.1002/adfm.202418186
https://doi.org/10.1002/smll.202500507
https://doi.org/10.1021/jp076299q
https://doi.org/10.1021/acs.chemmater.5c02210
https://doi.org/10.1002/anie.202525745
https://doi.org/10.1021/acs.nanolett.8b02062
https://doi.org/10.1002/chem.202403615
https://doi.org/10.1002/adfm.202100519
https://doi.org/10.1021/acsnano.9b05950
https://doi.org/10.1039/c2cp42293j
https://doi.org/10.1351/PAC-REP-10-01-01
https://doi.org/10.1021/ar010054t
https://doi.org/10.1021/j100785a001
https://doi.org/10.1038/s41467-024-46115-z
https://doi.org/10.1103/PhysRevB.96.125402

35. D. Brandstetter, S. Mearini, A. Windischbacher, et al., “Revealing
the Character of Coordination Bonding in 2D Metal-Organic Frame-
works,” Advancement of Science (2025): 10414, https://doi.org/10.1002/
advs.202510414.

36. D. M. Janas, A. Windischbacher, A. Sala, et al., “Correlation-driven
D-band Modifications Promote Chemical Bonding at 3d-ferromagnetic
Surfaces,” Small 22, no 13 (2025): e08952, https://doi.org/10.1002/smll.
202508952.

37.S. Mearini, F. Auer, M. Lalhofer, et al., “Single Ni Atoms Drive
Carboxyl Deprotonation in Metal-organic Chains,” ACS Nano 20, no. 16
(2026): 1259612603, https://doi.org/10.1021/acsnano.6c01444.

38. T. Lu, T. Wang, F. Liu, et al., “A m-electron Conjugation Strategy for
Regulating the Band Structure of Metal-organic Frameworks,” Materials
Chemistry Frontiers 10, no. 9 (2026): 1519-1525, https://doi.org/10.1039/
d5qmO00853k.

39. G. Zamborlini, M. Jugovac, I. Cojocariu, et al., “Exploring Spin- and
Momentum-resolved Phenomena at the NanoESCA Beamline of Elettra
Synchrotron,” Synchrotron Radiat News 37 (2024): 24-29, https://doi.org/
10.1080/08940886.2024.2391253.

40. C. M. Schneider, C. Wiemann, M. Patt, et al., “Expanding the
View Into Complex Material Systems: From Micro-ARPES to Nanoscale
HAXPES,” Journal of Electron Spectroscopy and Related Phenomena 185
(2012): 330-339, https://doi.org/10.1016/j.elspec.2012.08.003.

41. M. P. Seah, J. S. Gilmore, and G. Beamson, “XPS: Binding Energy Cali-
bration of Electron Spectrometers 5?Re-evaluation of the Reference Ener-
gies,” Surface and Interface Analysis 26 (1998): 642-649, https://doi.org/
10.1002/(SICI)1096-9918(199808)26:9%3c642:: AID-SIA408%3€3.0.CO;2-3.

42.J. W. Pinder, G. H. Major, D. R. Baer, et al., “Avoiding Common
Errors in X-ray Photoelectron Spectroscopy Data Collection and Analysis,
and Properly Reporting Instrument Parameters,” Applied Surface Science
Advances 19 (2024): 100534, https://doi.org/10.1016/j.apsadv.2023.100534.

43. A. Nilsson and N. Mértensson, “Vibrational Broadening in Core-level
Spectra From Adsorbates: C, N and O on Ni(100),” Physical Review Letter
63, no. 14 (1989): 1483-1486, https://doi.org/10.1103/PhysRevLett.63.1483.

44. G. Kresse and J. Hafner, “Ab Initio Molecular Dynamics for Liquid
Metals,” Physical Review B47,no.1(1993): 558-561, https://doi.org/10.1103/
PhysRevB.47.558.

45. G. Kresse and D. Joubert, “From Ultrasoft Pseudopotentials to the
Projector Augmented-wave Method,” Physical Review B 59, no. 3 (1999):
1758-1775, https://doi.org/10.1103/PhysRevB.59.1758.

46. J. P. Perdew, K. Burke, and M. Ernzerhof, “Generalized Gradient
Approximation Made Simple,” Physical Review Letter 77, no. 18 (1996):
3865-3868, https://doi.org/10.1103/PhysRevLett.77.3865.

47.S. Grimme, S. Ehrlich, and L. Goerigk, “Effect of the Damping
Function in Dispersion Corrected Density Functional Theory,” Journal
of Computational Chemistry 32 (2011): 1456-1465, https://doi.org/10.1002/
jee.21759.

48. S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys, and
A. P. Sutton, “Electron-energy-loss Spectra and the Structural Stability
of Nickel Oxide: An LSDAU Study,” Physical Review B 57, no. 3 (1998):
1505-1509, https://doi.org/10.1103/PhysRevB.57.1505.

49. J. Neugebauer and M. Scheffler, “Adsorbate-substrate and Adsorbate-

adsorbate Interactions of Na and K Adlayers on Al(111),” Physical Review B
46, no. 24 (1992): 16067-16080, https://doi.org/10.1103/PhysRevB.46.16067.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

The authors have cited additional References

within the Supporting Information [39-49].

Supporting File: anie73691-sup-0001-SuppMat.docx.

Angewandte Chemie International Edition, 2026

25UB0117 SUOLUIOD AR B[edtjdde au Aq peuienod a1e oI YO 88N J0 SaIN1 0§ AI1T BUIIUO AB]1AM UIO (SUOIIPLOD-PUE-SULBYWI0D" /B |1 ARG IBUIIUO//SdI) SUORIPUOD PUB SULR L 8L 885 [920Z/0T/20] U0 AeIqI BUIIUO AB]IM ‘YAWD Uo1lent WnnuezsBunuosio4 Aq 026805T @ IU/Z00T OT/I0p/L0Y" A8 W AReiq)1jou U0/ ScL LIS POPeOIUMOQ ‘6E ‘9202 ‘ELLETZST


https://doi.org/10.1002/advs.202510414
https://doi.org/10.1002/smll.202508952
https://doi.org/10.1021/acsnano.6c01444
https://doi.org/10.1039/d5qm00853k
https://doi.org/10.1080/08940886.2024.2391253
https://doi.org/10.1016/j.elspec.2012.08.003
https://doi.org/10.1002/(SICI)1096-9918(199808)26:9%3c642::AID-SIA408%3e3.0.CO;2-3
https://doi.org/10.1016/j.apsadv.2023.100534
https://doi.org/10.1103/PhysRevLett.63.1483
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1103/PhysRevB.57.1505
https://doi.org/10.1103/PhysRevB.46.16067

	Zero-Valent Nickel Stabilized in Surface-Supported Metal-Organic Chains
	1 | Introduction
	2 | Results and Discussion
	3 | Conclusions
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


