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ABSTRACT: Supramolecular chemistry protocols applied on surfaces offer
compelling avenues for atomic-scale control over organic−inorganic interface
structures. In this approach, adsorbate−surface interactions and two-dimensional
confinement can lead to morphologies and properties that differ dramatically from
those achieved via conventional synthetic approaches. Here, we describe the
bottom-up, on-surface synthesis of one-dimensional coordination nanostructures
based on an iron (Fe)-terpyridine (tpy) interaction borrowed from functional
metal−organic complexes used in photovoltaic and catalytic applications. Thermally
activated diffusion of sequentially deposited ligands and metal atoms and intraligand
conformational changes lead to Fe−tpy coordination and formation of these
nanochains. We used low-temperature scanning tunneling microscopy and density functional theory to elucidate the
atomic-scale morphology of the system, suggesting a linear tri-Fe linkage between facing, coplanar tpy groups. Scanning
tunneling spectroscopy reveals the highest occupied orbitals, with dominant contributions from states located at the Fe
node, and ligand states that mostly contribute to the lowest unoccupied orbitals. This electronic structure yields potential
for hosting photoinduced metal-to-ligand charge transfer in the visible/near-infrared. The formation of this unusual tpy/
tri-Fe/tpy coordination motif has not been observed for wet chemistry synthetic methods and is mediated by the bottom-
up on-surface approach used here, offering pathways to engineer the optoelectronic properties and reactivity of metal−
organic nanostructures.

KEYWORDS: self-assembly, scanning tunneling microscopy, scanning tunneling spectroscopy, coordination polymers,
low-dimensional nanostructures, surface chemistry, density functional theory

A crucial challenge for (opto)electronics technologies
relying on organic molecules and polymers remains
control over solid-state structure, particularly at

interfaces.1,2 Bottom-up supramolecular self-assembly techni-
ques offer exquisite control over nanoscale structure and
properties, allowing for the synthesis of mesoscopic structures
from carefully designed molecular tectons, with atomic-scale
precision and without external intervention.3 When applied on

a surface, these approaches have yielded a wide range of low-
dimensional supramolecular systems with high fidelity,4,5 yet
few have demonstrated the emergence of deliberately sought
physicochemical functionalities.6−8 The robust bonding9,10 and
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vast range of physical and chemical properties found in
coordination complexes, tuned via choice of the metal center
and ligand environment, offer a promising avenue for
engineering both structure and functionality via self-assem-
bly.11−13 In particular, polypyridyl-based metal−organic com-
plexes and coordination polymers exhibit an extensive range of
optoelectronic, spin, and chemical properties that can be
exploited in technological applications, such as photovoltaics,14

catalysis,15,16 molecular electronics,17,18 molecular magnetism,19

and biomedicine.20,21 Complexes consisting of group 8
transition metalsiron, ruthenium, and osmiumcoordinated
with bis- and terpyridine (tpy) ligands have received special
attention due to their photophysical properties, including
optical transitions (from the ultraviolet to near-infrared) related
to intramolecular photoinduced metal-to-ligand charge transfer
(MLCT). These properties can give rise to efficient photo-
induced charge separation needed for photovoltaics22,23 and
photocatalysis.24 The robustness and well-defined morphology
of the metal−polypyridyl coordination motif further allows for
the design of hierarchical metallo-supramolecular struc-
tures25−27 with a similarly rich array of physical properties,
while offering additional avenues of control over the structure
and environment by tuning both intra- and intermolecular
interactions through ligand modification.28,29

Extending the functional motif of these coordination
complexes to surface-bound protocols of supramolecular
chemistry4,30,31 offers practical advantages in terms of both
synthesis and nanoscale control for device design, e.g., in
photovoltaics and heterogeneous catalysis, where active
materials are in contact with a solid substrate. However, the
surface introduces both challenges and opportunities to the
robust design of bottom-up nanostructures: interactions with
the substrate may alter the intended intrinsic properties,
potentially allowing for the formation of structures with
coordination symmetries, metal oxidation states, and polya-
tomic metal centers9,32,33 that are markedly different from those
achieved via wet-chemistry-based synthetic methods [i.e., where
precursors are not confined to two dimensions (2D)]. Such
distinct structures will also manifest distinct electronic
properties through changes in the underlying electronic states.
Here, we describe the formation, morphology, and electronic

structure of linear self-assembled metal−organic nanostructures
via thermally activated coordination of bis-terpyridine (bis-tpy)-
based ligands (terpyridine-phenyl−phenyl-terpyridine; TPPT)
with iron (Fe) adatoms on a Ag(111) surface. These surface-
supported macromolecular complexes were synthesized
through sequential and independent deposition of the ligand
and of the transition metal, providing a flexible methodology to
tune the electronic properties of the resulting structures.
Scanning tunneling microscopy (STM) and spectroscopy
(STS) performed in ultrahigh vacuum (UHV) at low
temperature, together with density functional theory (DFT),
were used to determine the atomic-scale morphology and
electronic states of the metal−organic chains. Our STM data,
supported by DFT calculations, hint toward an unusual
trinuclear Fe coordination linkage between coplanar tpy groups
of facing quasi-flat TPPT ligands, enabled by the bottom-up on-
surface synthetic approach, very different from related wet-
chemistry-synthesized macromolecular complexes. Notably, our
STS measurements reveal an electronic structure indicative of
an MLCT absorption band, reminiscent of optical excitations in
the visible/near-infrared (vis/NIR) of Fe(tpy)2 complexes in
solution.34,35 These surface-bound macromolecular structures

offer opportunities for controlling optoelectronic and catalytic
function.

RESULTS
Figure 1a shows an STM image of TPPT molecules on
Ag(111), before the deposition of Fe (see Methods). The
moleculeimaged as a “dog bone”adsorbs on the surface
with a planar geometry, similar to other tpy-containing
molecules.36 Details on the nanoscale adsorption morphology
and electronic structure of TPPT on Ag(111) can be found

Figure 1. Low-temperature STM imaging of metal−organic
nanochain formation. (a) Terpyridine-phenyl−phenyl-terpyridine
(TPPT) molecule deposited on Ag(111) at room temperature (Vb =
200 mV, It = 50 pA). Molecules adsorb at a ∼±15° (red and yellow
dashed ellipses) angle with respect to the ⟨1, 1, 0⟩ crystallographic
directions (white arrow), resulting in six energetically equivalent
orientations (labels 1, 2, and 3). (a)i High-resolution images of a
single TPPT molecule [similar to dashed box (a)i in panel (a);
molecule: Vb = −200 mV, It = 10 pA; Ag(111): Vb = −10 mV, It =
300 nA] and (a)ii of a TPPT dimer formed via hydrogen bonds
between peripheral pyridine groups [similar to dashed box (a)ii in
(a); Vb = −100 mV, It = 50 pA]. Blue: nitrogen, cyan: carbon;
white: hydrogen. (b) Fe adatoms (solid turquoise arrows)
deposited on TPPT/Ag(111) at ∼4.3 K (Vb = 500 mV, It = 10
pA). (c) Fe deposited at room temperature on TPPT/Ag(111) (Vb
= 20 mV, It = 25 pA), inducing the formation of metal−organic
chains. Fe adatoms are incorporated into the linear nanostructures.
Brighter round features correspond to Fe clusters.
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elsewhere.37 The molecules can bind to each other laterally, via
attractive noncovalent interactions between peripheral pyridine
(pyr) groups, forming staggered rows or zigzag patterns37

(Figure 1a).
Figure 1b shows an STM topograph after Fe deposition onto

the TPPT/Ag(111) system held at 4.3 K (see Methods). The
Fe adatoms (bright protrusions marked with solid turquoise
arrows in Figure 1b) are scattered randomly on the surface and
do not perturb the TPPT motifs observed prior to their
addition (Figure 1a). After annealing at 373 K the Fe/TPPT/
Ag(111) system prepared at 4.3 K, or following Fe deposition
onto TPPT/Ag(111) at room temperature (RT) (Figure 1c),
the atomic and molecular species rearrange into linear
nanostructures. In these nanochains, TPPTs no longer bind
laterally to each other, as in Figure 1a, but in a head-to-head
configuration. Some of the Fe atoms also bind to step edges
and aggregate into clusters38 (brighter round features in Figure
1c). At 4.3 K, transition metal adatoms39,40 and nitrogen-
containing aromatic molecules41,42 are immobile and do not
diffuse on close-packed noble metal surfaces. At RT and above,
both molecules and metal adatoms can diffuse, with diffusion
rates that at RT are at least an order of magnitude larger for
group 8 transition metal atoms39,40 than for conjugated organic
molecules;41 thermal activation is necessary to enable mobility
of both components. An increase in average chain length can be
achieved by annealing at higher temperature [e.g., 373 K; see
Supporting Information (SI)] or by increasing the annealing
time (e.g., ∼several minutes at RT). This increase is
accompanied by a decrease in the number of isolated metalated
molecules (i.e., not incorporated in chains and with one or two
tpy sites coordinated with Fe). This indicates that isolated Fe-
coordinated TPPT serve as building blocks for the self-
assembly of the coordination complexes.
To understand the first step in forming Fe−TPPT chains, we

investigated the configuration of isolated TPPT molecules after
Fe deposition, in which one or both tpy groups have interacted
with Fe adatoms. Figure 2b shows an STM image of an isolated
TPPT molecule where the left-hand tpy is identical to that of
an isolated TPPT before37 Fe deposition (see Figure 1a). The
right-hand tpy appears brighter, with a central protrusion. The
latter was not observed prior to Fe deposition. This is the result
of at least one Fe adatom that has interacted with the tpy group.
Since all observed tpy groups of TPPT show one of these two
imaging characteristics, we conclude that the termination
consists of either zero or one Fe atom, but not more, as this
would appear distinct in STM imaging. This is confirmed by
DFT simulations (see Figure 2e and Methods).
Closer examination of the negative bias STM images reveals

small apparent depressions in the substrate (turquoise arrows in
Figure 2b and c) adjacent to the outer pyr rings. These
depressions, indicative of a lowered electronic density of the Ag
substrate, can be explained by repulsion of the surface
conduction electrons by the outward-pointing distal pyr groups.
Conversely, the absence of these depressions for Fe-
coordinated tpy groups (green arrows in Figure 2b,d) indicates
a rotation of the distal pyridines toward the metal adatom,
allowing them to fully participate in the metal−ligand
coordination, again consistent with the DFT results (Figure
2e).
The molecular configuration with all three pyr rings of a

metalated tpy group oriented with the N atoms toward the Fe
has two implications for the adsorption geometries. The
coordination with Fe, involving all three pyr’s (which previously

interacted significantly with the substrate), reduces the
interaction of the molecule with the surface. This is consistent
with the observed loss of preferential orientation of the Fe−
TPPT chains with respect to the crystalline axes of the substrate
(Figure 1c). Also, the zigzag and staggered intermolecular
configurations, observed for pristine ligands37 (Figure 1a) and
characterized by lateral noncovalent interlocking between
outward-pointing tpy groups of adjacent molecules, were not
seen for tpy groups coordinated with Fe. Hence, thermal
annealing of the Fe/TPPT system activates a configuration
change of the tpy, enabling Fe−tpy coordination and altering
intermolecular and molecule−substrate interactions.
Bias-dependent STM imaging and normalized (dI/dV)/(I/

V) STS43 provide further insight into the morphology and
electronic properties of the metalated molecule (Figure 3).
Figure 3a shows an occupied-state STM image of a single
TPPT, where each tpy group is coordinated with a single Fe
atom (lateral positions indicated by vertical dashed turquoise
lines), for a sample bias voltage of −0.5 V. Here, each tpy group
is imaged identically to the right metalated tpy in Figure 2b,
with a significant contribution to the imaging from the center of
the tpy, where the Fe atom is located. Figure 3b shows an
unoccupied-state STM image of the same metalated molecule,
at +0.1 V. At this positive bias, the metalated tpy groups are V-
shaped, similar to the nonmetalated tpy (see left tpy in Figure
2b); the areas where the Fe atoms are located contribute
negligibly to the imaging. This is a strong indication that
occupied Fe electronic states near the Fermi level contribute
significantly to the highest occupied molecular orbitals
(HOMOs) of the system, whereas empty Fe states have
negligible contributions to the lowest unoccupied levels
(LUMOs). This is emphasized in Figure 3c, corresponding to
the subtraction of these images; bright regions indicate areas
that contribute more to the HOMOs than to the LUMOs, with
a clear bright protrusion at the center of the tpy group, where
the Fe atom is located.

Figure 2. (a) Chemical structure (red: iron) and (b) STM image of
a single TPPT with right tpy group coordinated to one Fe adatom
(Vb = −200 mV, It = 1 nA). Coordination mediated by the rotation
[red arrow in (a)] of peripheral pyr groups, which in the case of
nonmetalated tpy [left tpy in (a)] point toward the outside of the
molecule. Black dashed curve in (a) indicates molecular contour on
the STM image in (b). (c, d) Zoomed-in details of regions c and d
of STM image in panel (b). Nonmetalated tpy shows a depression
(turquoise arrow) next to the peripheral pyr, not observed (green
arrow) for metalated tpy (d). (e) DFT-simulated STM image (Vb =
−200 mV) of a TPPT molecule with right tpy group coordinated to
one Fe adatom, according to the structure in (a).
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Figure 3d displays (dI/dV)/(I/V) spectra taken at the center
of the single pristine (blue curve in Figure 3d) and doubly
metalated (red) TPPT. The latter shows a clear tunneling
resonance at ∼+1.5 V, given by contributions of ligand-related

unoccupied states to the density of states (DOS). Notably, this
feature is ∼+0.3 V above the tunneling resonance observed for
pristine TPPT,37 revealing a substantial change of the electronic
properties of the molecule due to the metalation.
We now focus on structural details of the metal−organic

nanochains. Similar to Figure 3, Figure 4a,b show high-
resolution STM images of a chain composed of five TPPT
molecules at different biases. The chains have a periodicity of
2.3 ± 0.2 nm. At a bias voltage of −0.5 V, STM imaging shows
taller features at the Fe coordination centers. At +0.1 V, these
regions are imaged as slight depressions compared to the
surrounding ligand. As for the metalated TPPT in Figure 3, this
indicates a significant contribution of the Fe electronic states to
the occupied DOS in this region, whereas their contribution to
the unoccupied DOS is limited. This is emphasized in the
subtraction of these two topographic maps (Figure 4c). At each
coordination center, we observe two clear protrusions separated
by a distance of 5 ± 1 Å, which we can fit by two Gaussian
curves (white dashed profiles in Figure 4c).
In order to better understand the structure of these chains,

we modeled Fe−TPPT chains by DFT (see Methods) using
periodic boundary conditions along the [1, −1, 0] axis of
Ag(111) and a spacing of at least 8.7 Å between two
neighboring chains along the [1, 1, −2] direction. Coordination
linkages consisting of one, two, or three Fe adatoms were
considered. The structure with three linearly arranged Fe atoms
between the flat-lying tpy groups of the TPPT ligands (Figure
4d,h,i) was found to be most energetically favorable by 0.57 eV,
with a periodicity of 2.32 nm, in excellent agreement with the
experiment. A coordination configuration involving one or two
adatoms is hindered by steric repulsion between the flat-lying
tpy’s. STM images simulated from the DFT model (Figure 4e,f;
details in SI) reproduce the experimental data well (Figure
4a,b). Importantly, in the topographic map subtraction in
Figure 4g, the 3-Fe coordination configuration appears as two
bright protrusions separated by 4.2 ± 0.1 Å, given by the two
tpy-bound Fe atoms (FeA and FeC in Figure 4h,i), being 0.74 Å
higher than the central Fe (FeB), in good agreement with the
experiment (Figure 4c). This agreement between simulated and

Figure 3. (a) Negative (−500 mV) and (b) positive (+100 mV) bias
STM images of a single TPPT molecule with both tpy groups
metalated with Fe adatoms (It = 200 pA). (c) Difference STM
topographic map resulting from subtraction of (a) and (b). Vertical
dashed turquoise lines indicate the lateral positions of single Fe
adatoms coordinated with tpy. Solid red curve: Height profile along
red dashed line c. Red arrow indicates a protrusion related to the Fe
adatom. (d) Average (dI/dV)/(I/V) spectra at the center of a single
nonmetalated (blue) and Fe-coordinated (at both tpy groups; red)
TPPT molecule. Dashed curves: Spectra on bare Ag(111) for
pristine TPPT (blue) and Fe−TPPT (red) sample preparations.
Blue and red spectra were acquired with tips with slightly different
atomic-scale morphology and electronic signature, resulting in
different reference bare Ag(111) spectra. Background filled curves
(rescaled and offset for clarity): Difference spectra resulting from
the subtraction of solid curves from dashed curves, to emphasize
tunneling resonances [for both pristine (blue) and metalated (red)
TPPT]. Within the bias voltage window considered, we did not
observe clear tunneling resonances associated with occupied ligand
states, and the spectra at large absolute values of negative bias (e.g.,
Vb < −0.3 V; see SI) are dominated by tip features. Inset: STM
image of a single, nonmetalated TPPT (Vb = −2.5 V, It = 50 pA).
Rectangles indicate areas where spectra were taken.

Figure 4. (a) Negative (−500 mV) and (b) positive (+100 mV) bias high-resolution STM images of a five-molecule Fe−TPPT nanochain (It =
1 nA). Turquoise (green) dashed box shows distal pyridine of a nonmetalated (metalated, respectively) tpy group (see Figure 2). (c)
Difference STM topographic map resulting from subtraction of (a) and (b). Height profile c along the coordination center shows two
protrusions fitted with Gaussians. (d) Model of the DFT-optimized metal−organic nanochain. (e) Negative and (f) positive bias DFT-
simulated topographic STM images of the optimized Fe−TPPT/Ag(111) configuration. (g) DFT-simulated difference STM topographic map
resulting from subtraction of (e) and (f). (h, i) Top and side view of the DFT-optimized coordination center.
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experimental STM images supports the claim that the
interligand binding is mediated by a tpy/tri-iron/tpy coordina-
tion scheme. See SI for further support for this linear tri-iron
structure, ruling out other hypothetical structures. While similar
trimetallic clusters have been observed for copper33 (without
the participation of the outer pyr’s of the tpy group), this is a
highly unusual and unexpected structure for Fe, mediated by
the 2D confinement on the surface and facilitated by the UHV
environment.
We explain the chain formation mechanism as follows. Upon

deposition of atoms and molecules, thermal activation enables
adsorbate diffusion and rotation of the TPPT distal pyr rings,
allowing the tpy groups to coordinate with the Fe adatoms. The
noble metal surface is crucial since it confines the system to 2D,
enables efficient diffusion, and does not alter the molecular
chemistry. Chain nucleation occurs when two metalated
TPPT’s capture and lock an additional Fe adatom. It is
important to note that the observed metal−organic coordina-
tion cannot be explained by bridging residual gas ligands (e.g.,
CO, H2O) or adatoms from the Ag substrate (see SI).
We now turn to the electronic structure of this coordination

complex. Figure 5a shows dI/dV/(I/V) spectra43 for the Fe
center (orange) and the center of the TPPT ligand (red) in the
metal−organic nanochain, compared with the pristine non-
metalated molecule (blue). Similarly to the double-metalated
TPPT molecule in Figure 3, a ligand in a nanochain (see top-
right STM topograph in Figure 5a) exhibits a clear tunneling
resonance at a bias voltage of ∼+1.5 V, that is, ∼+0.3 V above
the strong tunneling resonance associated with empty states
located at the center of the pristine nonmetalated TPPT. A
single TPPT molecule with both its tpy groups coordinated to a
Fe adatom is thus (electronically) similar to a TPPT ligand
within a metal−organic nanochain. Within the considered
positive bias range (empty states), the differential conductance
acquired on a Fe coordination center (orange curve in Figure
5a) does not show any clear tunneling resonance and is
dominated by the exponential tunneling transmission function.
However, a clear feature is observed for the Fe node at ∼−0.09
V. At this negative bias voltage, no feature was observed at the
center of the pristine, nonmetalated TPPT37 or at the center of
the single Fe−TPPT−Fe in Figure 3d. This feature is
emphasized by the background gray-filled curve in the inset
of Figure 5a, corresponding to the ratio between the differential
conductance at the Fe center and that at the ligand center. It is
important to note that this negative bias (dI/dV)/(I/V) feature
associated with the Fe node was also clearly observed in non-
normalized dI/dV spectra and local density of states spectra
(retrieved according to Passoni et al.;44 see Figure S4 in the SI);
it is an intrinsic spectroscopic signature of occupied electronic
states near the Fermi located at the Fe coordination node.

DISCUSSION
Our STS data unequivocally show that the HOMOs of the
metal−organic system have a dominant contribution from
states located at the Fe coordination node (Figure 5d) and
LUMOs with dominant contributions from ligand-related states
(Figure 5b,c). These electronic properties are similar to those
of complexes consisting of polypyridyl ligands coordinated in a
octahedral geometry with a single Fe(II) atom, where Fe-
dominated HOMOs and ligand-dominated LUMOs give rise to
a visible light absorption band at photon energies ℏω > ∼2 eV
(wavelengths λ < ∼600 nm).23,34,35,45−47 Interestingly, the
electronic properties of our quasi-flat, tri-iron complex are

similar to these orthogonal, single Fe ones, despite the different
coordination morphologies. In our case, the energy difference
between the strong ligand-associated tunneling resonance at
∼1.5 eV (Figures 5a,b) and that related to the Fe node
(∼−0.09 eV; Figure 5a,d) would potentially correspond to an
optical transition in the vis/NIR (at ℏω < ∼1.59 eV, λ > ∼780
nm, given that the energy difference in the electronic tunneling
spectrum in Figure 5a would typically be larger, by the exciton
binding energy, than the energy involved in the associated
photoexcitation). Here, the polarizability of the underlying
noble metal substrate might arguably reduce this corresponding

Figure 5. (a) Average (dI/dV)/(I/V) spectra at the center of a
single nonmetalated (blue) TPPT molecule (set point: Vb = −2.5 V,
It = 50pA) of a ligand in an Fe−TPPT chain (red) and of an Fe
coordination node (orange) (Vb = −2.5 V, It = 2.5 nA). Dashed
curves: Spectra taken on bare Ag(111) for pristine TPPT (blue)
and Fe−TPPT (red) sample preparations. Blue spectrum was
acquired with a tip with atomic-scale morphology and electronic
signature slightly different from that for red and orange spectra,
resulting in different reference bare Ag(111) spectra. Above: STM
images of a single nonmetalated TPPT molecule (left; Vb = −2.5 V,
It = 50pA) and Fe−TPPT nanochain (right; Vb = −2.5 V, It = 2.5
nA). Rectangles and circle indicate areas where spectra were taken.
Background filled curves (rescaled and offset for clarity):
Difference spectra resulting from the subtraction of solid (blue,
orange, red) curves with corresponding dashed curves. Inset: Detail
of (dI/dV)/(I/V) spectra near the Fermi level; background gray-
filled curve corresponds to the ratio between spectra taken on the
Fe node (orange) and ligand (red) in Fe-TPPT nanochain. (b−d)
(dI/dV)/(I/V) maps of a Fe−TPPT nanochain at Vb = −0.09, 1.00,
and 1.50 V. Red (orange) arrows indicate positions of ligands (Fe
coordination nodes) in (b) and (c) [(d), respectively].
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electronic energy difference by screening the tunneling
electrons and decreasing (increasing) the ionization potential
(electron affinity, respectively); less polarizable substrates might
result in larger electronic energy differences.
The likelihood of a potential optical transition associated

with a photoinduced Fe-to-TPPT electron transfer would scale
as ∝|φi*(r)(∇φf(r))dr|

2, according to Fermi’s golden rule,48

with φi(r) being the molecular orbital associated with the high
(dI/dV)/(I/V) at the Fe node (Figure 5d) and φf(r) that at the
ligand (Figure 5c,d). Here, the combination of spatial
separation between the centers of mass of empty (Figure 5b,c)
and occupied (Figure 5d) states, and at the same time
significant spatial overlap between such states, can potentially
give rise to efficient photoabsorption and photoinduced
electron−hole separation in the vis/NIR, useful for photo-
voltaics and photocatalysis.
The positive energy shift (∼+0.3 eV) of the ligand-associated

(dI/dV)/(I/V) peak (∼+1.2 eV for the pristine TPPT; ∼+1.5
eV for TPPT in the chain; blue and red curves in Figure 5a)
that accompanies the Fe−TPPT coordination can be explained
by a decrease of the electron affinity (EA) of the molecule upon
metal−ligand coordination. This decrease of EA is similar to
that observed for an isolated, metalated TPPT that is not part
of a chain (Figure 3d). This effect can be due to two
phenomena: (i) reduction of interaction and electronic
coupling between TPPT and Ag(111) upon Fe−tpy coordina-
tion, resulting in less screening of tunneling charge by the
polarizable metal substrate [resulting in a (dI/dV)/(I/V) peak
energy resembling that of TPPT on an electronically
decoupling NaCl layer on37 Ag(111)]; (ii) Fe-to-TPPT
electron transfer upon Fe−TPPT coordination. A coordina-
tion-induced reduction of the TPPT−surface electronic
interaction would arguably result in a narrower, sharper (dI/
dV)/(I/V) peak [on NaCl, the full width at half-maximum
(fwhm) of the (dI/dV)/(I/V) peak related to the center37 of
TPPT is ∼0.2 eV]. This was not observed in our experiments
(fwhm of background red-filled curve in Figure 5a is ∼0.65 eV).
We can hence conclude that the observed decrease of ligand EA
is most likely due to a coordination-induced metal-to-ligand
electron transfer. This provides a further analogy and is
consistent with the coordination-induced Fe-to-ligand electron
transfer observed for single-Fe polypyidyl complexes with a
octahedral coordination motif, where the Fe atom is in a +2
oxidation state.46 A quantitative determination of the electronic
configuration of each Fe atom in our metal−organic nanochains
is beyond the scope of this study and requires further
experimental and theoretical investigations.
The (dI/dV)/(I/V) spectroscopic signature at ∼−0.09 eV

associated with the Fe node (Figure 5a,d) lies at an energy
slightly smaller than that of the Ag(111) Shockley surface state
(SS) onset. This feature could be explained by a bound state
located at the Fe node resulting from the coupling between an
Fe energy level and the SS band.49−51 However, a spectroscopic
feature due to SS localization would differ substantially (see
Figure S8 in the SI). In our case, the coplanar tpy’s form a
cavity that scatters the SS, minimizing the Fe−SS interaction
and the likelihood of such coupling. Importantly, the
spectroscopic signature of such SS-related bound state
which is claimed to be independent of the adsorbate50was
not observed for similar Cu-based metal−organic complexes on
Cu(111) reported in a previous study.33 In this previous
study,33 no HOMOs with dominant contributions from Cu
adatom states were reported. We therefore ascribe our observed

∼−0.09 eV (dI/dV)/(I/V) feature to electronic properties
intrinsic to the Fe−tpy node.

CONCLUSIONS
In summary, we have shown the on-surface, bottom-up
synthesis of metal−organic nanostructures based on the
coordination of group 8 transition metal atoms with tpy
compounds. The growth process is thermally driven and
enabled by the on-surface approach, which provides 2D
confinement and stabilizes the macromolecular complexes.
Our experimental observations, supported by DFT, point to an
unusual coordination motif consisting of a linear Fe trimer
bonded to the coplanar tpy groups of the ligand and cannot be
achieved via conventional wet-chemistry synthesis. The
electronic structure of the system, including highest occupied
(lowest unoccupied) states predominantly located at the
transition metal center (ligand, respectively), is expected to
give rise to photoinduced metal-to-ligand charge transfer in the
vis/NIR, resulting in photophysical properties useful for
photovoltaics and light-to-energy conversion technologies, in
which atomic-scale structural control and interface engineering
can lead to performance enhancement. Furthermore, the on-
surface nanostructuring of well-defined group 8 transition metal
clusters provides an interesting platform for site-isolated,
heterogeneous catalysis with multimetallic centers. Applications
might require translation of our approach to more functional
substrates, other than the noble metal used in our model
system here. For example, atomically flat 2D materials52 (e.g.,
graphene,53 hexagonal boron nitride,54 transition metal
dichalcogenides55) offer balanced adsorbate−substrate inter-
actions, similar to those on Ag(111), facilitating a similar self-
assembly mechanism. Importantly, such 2D materials could
provide electronic functionalities (semimetallic, insulating,
semiconducting, respectively) useful for technological develop-
ment and device implementation. Our approach offers
pathways to investigate and tailor the optoelectronic properties
and reactivity of metal−organic nanostructures from the
bottom up.

METHODS
The metal−organic nanostructures were synthesized in UHV by
sequential deposition of TPPT molecules (HetCat Switzerland) and
Fe atoms from the gas phase onto a clean Ag(111) surface. The latter
was prepared by repeated cycles of Ar+ sputtering and annealing at 790
K. TPPT was sublimed at 550 K onto the Ag substrate held at RT, at a
deposition rate of ∼4 × 10−4 molecules/(nm2 s). The Fe atoms were
subsequently evaporated onto the surface held at either 4.3 K (Figure
1b) or RT (Figure 1c). All STM and STS measurements were
performed at 4.3 K with a Ag-terminated Pt/Ir tip. All topographic
images were acquired in constant-current mode. STS measurements
were obtained by measuring the tunneling current as a function of tip−
sample bias voltage and tip position on the sample, with the tip height
stabilized according to a constant-current set point at each location.
The normalized numerical derivative43 dI/dV/(I/V) curves were
computed as an approximation of the local density of states. The
sample bias voltage is reported throughout the text. The base pressure
was below 2 × 10−9 mbar during molecular deposition and below 1 ×
10−10 mbar during Fe evaporation and STM and STS measurements.

DFT calculations were carried out within the generalized gradient
approximation for the exchange correlation potentials, using the
projector augmented waves method,56,57 and a plane-wave basis set as
implemented in the Vienna Ab-initio Simulation Package (VASP).58,59

van der Waals interactions were included at the DFT-D2 level using
the second version of Grimme’s dispersion corrections60 combined
with the revised Perdew−Burke−Ernzerhof functional61 (RPBE-G06),
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which has been demonstrated to accurately describe molecule−metal
interfaces.62 A Tersoff−Hamman approximation was used within
VASP to simulate STM images63
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