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We demonstrate a strategy for fabricating robust ∼2 nm nanopores on copper (Cu) surfaces using a non-

magnetic two-dimensional (2D) metal–organic framework (MOF), without the need for additional 3d

metal atom deposition, that serves as a platform for constructing single-atom transition-metal coordi-

nation sites. Scanning tunneling microscopy and spectroscopy (STM/STS) conducted at 78 K under ultra-

high vacuum (UHV), along with angle-resolved photoemission spectroscopy (ARPES) at 300 K, provide

direct insight into the electronic structure. Machine-learning interatomic potential (MLIP) calculations and

density functional theory (DFT) further evaluate the energetic stability of the system. Deposition of the

molecular precursor [1,1’’:4’,1’’:4’’,1’’’-quaterphenyl]-4,4’’’-dicarbonitrile (Ph4DN) onto Cu(111) results in a

quasi-honeycomb 2D MOF stabilized by Cu adatoms. In contrast to the analogous MOF on Ag(111), which

requires additional 3d metal atom linkers to form a 2D MOF, and where excess 3d atoms beyond the stoi-

chiometric ratio disrupt the MOF’s regularity, the Cu-supported MOF remains intact, reflecting stronger

MOF-substrate interactions on Cu(111). The reduced mobility of molecular species on Cu(111) leads to the

coexistence of 2D MOF, 1D MOF, and self-assembled monolayer domains, with the 2D MOF being the

most energetically favorable. Focusing on the electronic structure of the 2D MOF on Cu(111), we show

that its nanopores serve as stable confinement sites that can trap conduction electrons, leading to the

formation of quantum-well states, while also accommodating additional precursor molecules and Co

atoms without forming chemical bonds. These capabilities suggest that the nanopores function as nano-

scale reactors capable of assembling diverse coordination motifs. This approach offers a versatile strategy

for engineering well-defined nanopores within nonmagnetic 2D MOFs, capable of hosting isolated atoms

and molecules, and provides promising opportunities for applications in single-atom electronics, spintro-

nic devices, quantum materials, and catalytic platforms.

1. Introduction

Engineering nanopore arrays with 2 nm dimensions on a solid
surface using two-dimensional (2D) honeycomb-structured
covalent organic frameworks (COFs)1–17 or metal–organic
frameworks (MOFs)18–32 holds significant promise as an
advanced platform for constructing transition-metal coordi-
nation motifs.33–37 In such systems, individually coordinated
atoms can exhibit quantum spin states, making them promis-
ing candidates for quantum materials used in sensors, qubits,
and quantum dots, namely corresponding to on-surface engin-
eering of single-atom magnets, similar to single molecular
magnets.38–55 Moreover, if the centrally coordinated atom acts
as a catalytic site, each 2 nm nanopore can serve as a nanoreac-
tor, enabling single-atom catalysis.56–58
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The formation of 2D COF on noble metal surfaces such as
Au, Ag, and Cu typically relies on a thermally activated
Ullmann coupling reaction.1–17 In this process, precursor
molecules terminated with halogen atoms (e.g., Br, Cl, or I) are
first adsorbed onto the surface. Subsequent annealing cleaves
the halogen atoms from the precursors, while thermal
diffusion promotes covalent bonding between the precursor
units, leading to the formation of a supramolecular network.
However, the Ullmann reaction often proceeds through
unstable intermediate states,59–61 which can compromise the
structural integrity of the resulting nanopores.

In contrast, the synthesis of 2D MOF does not require
Ullmann reaction, and the precursor molecules therefore do not
need to be halogen-terminated. Instead, the precursors adsorb
and coordinate with surface adatoms, typically adopting a C3-sym-
metric configuration that leads to the formation of a honeycomb
lattice.18–32 Adatoms of Au, Ag, and Cu have been studied as
coordination centers in such frameworks.62–66 To date, relatively
simple molecular structures, such as linear benzene-ring
sequences or trisubstituted benzenes terminated with nitrile
(–CN) groups, have been primarily investigated.64–67 In addition,
because 2D MOFs and COFs can confine surface-state electrons
within nanoscale pores, the behavior of quantized electrons in
these systems has been actively investigated.32,66,68

However, for such nanopores to function practically as traps
not only for electrons but also for guest atoms and molecules,
the structural robustness of the host framework is essential.
For example, when using precursors terminated with nitrile
(–CN) groups, deposition on Ag or Au substrates alone typically
yields a self-assembled monolayer (SAM) rather than a 2D
MOF, due to the weak interaction between the substrate and
the precursors.64 The formation of a well-ordered 2D MOF on
these substrates generally requires the addition of 3d tran-
sition metal atoms (e.g., Co, Fe, or Ni) as linkers. Furthermore,
precise control of stoichiometry is essential: a uniform 2D
MOF forms when the number of 3d metal atoms matches that
of the precursor molecules, whereas excess metal atoms
readily disrupt the structural regularity of the MOF.

Consequently, to date, most 2D MOFs on Ag or Au sub-
strates require 3d transition-metal atoms to link precursor
molecules, due to the relatively weak substrate–precursor inter-
actions. This often results in ferromagnetic 2D MOFs,69,70

which can limit the use of nanopores for designing new 3d-
atom-based coordination motifs.

In contrast, we show that a nonmagnetic 2D MOF on Cu
(111) serves as a robust template for constructing the desired
3d-atom coordination motifs. Although 2D MOFs on Cu(111)
have been demonstrated,67 previous studies have primarily
focused on quantum confinement of surface-state electrons
within the nanopores. As a result, the intrinsic electronic struc-
ture of the 2D MOF itself, as well as whether the adsorption of
additional 3d atoms at 300 K modifies the 2D MOF, remains
largely unexplored.

The nanopores are formed within a 2D MOF composed of
[1,1″:4′,1″:4″,1′′′-quaterphenyl]-4,4′′′-dicarbonitrile (Ph4DN)
molecules assembled on an atomically flat Cu(111) substrate,

without the need for additional 3d metal atom deposition. On
Cu(111), Cu adatoms coordinate with Ph4DN in a C3-sym-
metric manner, generating a quasi-honeycomb lattice.
Importantly, Cu adatoms significantly enhance the structural
robustness of the MOF: the 2D nanopore architecture remains
intact after Co deposition. Notably, no structural changes are
observed in the 2D MOF on Cu(111) following Co deposition at
300 K, enabling the formation of a Co–Ph4DN coordination
motif within the nanopores. Thus, we demonstrate the suc-
cessful realization of this coordination structure.

Scanning tunneling microscopy and spectroscopy (STM/
STS) measurements were conducted at 78 K under ultrahigh-
vacuum (UHV) conditions, and angle-resolved photoemission
spectroscopy (ARPES) and X-ray photoelectron spectroscopy
(XPS) measurements were performed at 300 K in UHV.
Machine-learning interatomic potential (MLIP) calculations
combined with density functional theory (DFT) were used to
evaluate the energetic stability of the system.

2. Methods
2.1 Home-built low-temperature UHV STM setup

The experiment was performed with a home-built low-temp-
erature STM at 5 K under UHV. The setup consists of the intro-
duction, preparation, and analytical chambers with the base
pressure below 10−8 Pa.71–73 A UHV cryostat (CryoVac), includ-
ing an outer liquid nitrogen tank (15 liters) and an inner
helium tank (8 liters), is docked in the analytical chamber.
The STM was placed at the center of the analytical chamber
and thermally contacted with the cryostat. Heat radiation from
the analytical chamber to the STM was cut with two cylindrical
cooling shields, which maintained the STM temperature at
78 K for more than 80 h.

2.2 STM/STS measurements

STM and scanning tunneling spectroscopy (STS) measure-
ments were performed with a combined Nanonis SPM control-
ler and software. The topographic images were obtained in a
constant current mode. STS was done by measuring tunneling
current as a function of sample bias voltage (I(V)) at each pixel
position in an STM topographic image (feedback-off grid
mode). Differential conductance (dI/dV) curves, which are pro-
portional to the sample local density of states (LDOS), were
obtained using WSxM 5.0 Develop 10.0 software74 via numeri-
cal differentiation of I(V) by the sample bias voltage (V). The
dI/dV spectra were normalized by tunneling probability func-
tion (T ) using Microsoft Excel to obtain the (dI/dV)/T
curve.75,76 These STM and STS measurements were performed
on multiple independently prepared samples, and the charac-
teristic structural and electronic features were reproducibly
observed across different sessions.

2.3 Fabrication of W tip

STM tips were fabricated from polycrystalline W and Mo wires
with a diameter of 0.3 mm (purity 99.95%) via electrochemical
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etching using KOH aq.77 as well as the flame-etching
process78,79 and subsequently transferred into the UHV prepa-
ration chamber. Then, the tip apex was flashed at 2000 K to
exclude oxide layers.77 The cleaned tip was again transferred to
the UHV analytical chamber without breaking UHV and set
into the STM using a wobble stick. STM topographic images
alone do not provide detailed information on whether Co
adsorption leads to the formation of new chemical bonds with
the 2D MOF. In this study, we therefore focus on obtaining
stable spectroscopic data, using relatively blunt tips to ensure
reliable STS measurements.

2.4 Cu(111) substrate

The Cu(111) single crystal (diameter 6 mm, MatecK, purity
99.9999%) was cleaned through repeated cycles of Ar+ sputter-
ing (+1 kV, 500 nA) and annealing (873 K) in a UHV environ-
ment (SI, Fig. S1). Atomically flat terraces separated by the
monolayer height steps (step defects) give a terrace width
ranging from 50 to 100 nm with an impurity level below 1%.

2.5 UHV molecule sublimation

The synthesized Ph4DN molecules were first characterized by
using 1H NMR spectroscopy (Bruker 500 MHz spectrometer) and
field-desorption mass spectrometry (JEOL JMS-T200GC AccuTOF
GCX) (SI, Fig. S2). The molecules were then placed in a quartz
crucible and sublimated in the preparation chamber (pressure
below 3.0 × 10−7 Pa) by radiative heating (SI, Fig. S3). The crucible
temperature was monitored using the alumel–chromel thermo-
couple directly in contact with the crucible and maintained at
373 K. The deposition amount of Ph4DN was controlled by a
quartz crystal microbalance (QCM) (parameters: z-ratio = 1.00,
density = 1.00).73 Then, we deposited an amount of Ph4DN mole-
cules, approximately 0.19 nm thickness, onto the cleaned Cu(111)
surface at 300 K in UHV. STM topographic images confirmed that
this 0.19 nm thickness provides an approximately one monolayer
coating of Ph4DN on Cu(111).

2.6 Cobalt deposition

A coverage of 0.01 monolayers (ML) of cobalt (Co), corres-
ponding to 2–3 atoms confined within each nanopore of the
2D-MOF, was deposited from an electron bombardment-type
evaporator using a Co rod (diameter: 2.0 mm, purity: 99.99%,
Nilaco) at a sample temperature of 300 K under UHV con-
ditions. The deposition rate was monitored with a QCM (para-
meters: z-ratio = 1.37, density = 8.90). This atomically precise
deposition enables precise control over the placement of 3d-
transition-metal atoms on a surface.80

2.7 Angle-resolved photoemission spectroscopy and X-ray
photoelectron spectroscopy

All angle-resolved photoemission spectroscopy (ARPES)
measurements were performed at 300 K in UHV below 1 × 10−8

Pa, equipped with a hemispherical electron energy analyzer
(MBS A-1) and twin monochromators (MBS TM-1) for two wave-
length regions (SI, Fig. S4).81 He-Iα radiation (hν = 21.218 eV)
was used as the excitation source. The Ph4DN molecules were

sublimated in the UHV deposition chamber (below 6 × 10−8

Pa) under the same conditions as in the STM experiments.
X-ray photoelectron spectroscopy (XPS) measurements were
also performed at 300 K with Al-Kα radiation (hv = 1486.6 eV)
in UHV below 1 × 10−8 Pa, equipped with a hemispherical elec-
tron energy analyzer (SI, Fig. S5).

2.8. Computational procedure

The geometric structures and total energies of 2D MOFs on Cu
(111) were calculated by MLIPs.82 The MLIP used is the
Preferred potential (PFP), which is proposed as a universal
potential using graph neural networks.83 The used version and
mode of PFP were v6.0.0 and CRYSTAL U0 PLUS D3, respect-
ively. Ab initio band calculations based on DFT were used to
validate the prediction accuracy of the PFP. The comparison of
the geometry optimization results for the 2D MOF model
without a Cu substrate showed that PFP gave a similar con-
verged structure to DFT and consistent values for the atomic
charge of copper in the metal center (SI, Fig. S6). In addition,
the results of PFP and DFT calculations were compared with
respect to energy dependence on the distance between the Cu
substrate and 2D MOF; as shown in the calculated results (SI,
Fig. S7), the calculated energy by PFP has good agreement with
that by DFT. From these results, we assumed that 2D MOF cal-
culations by PFP would have the same accuracy as DFT calcu-
lations of the systems. The details of the comparison of DFT
and PFP are depicted in the SI Note 1 and Fig. S6 and S7.

3. Results and discussion

To construct a secondary 2D coordination network within the
nanopores of the existing 2D MOF, it is crucial to assess whether
the Cu-adatom–coordinated framework is robust enough to with-
stand the adsorption of reactive 3d-transition-metal atoms
(Fig. 1a). This assessment is crucial, as previous studies have
shown that 2D MOFs constructed with 3d metal linkers (e.g., Fe
or Co) on Ag substrates are readily destabilized by additional Co
adsorption. This instability arises from the relatively weak inter-
action between the Ag surface and the –CN groups of Ph4DN, in
contrast to the stronger Co–Ph4DN coordination.64

In contrast, as illustrated in the right panel of Fig. 1a, the
2D MOF formed on a Cu substrate exhibits significantly stronger
coupling between the terminal nitrogen atoms of the Ph4DN
molecules and the Cu adatoms. This enhanced stability originates
from electronic hybridisation between Cu and N orbitals, which
reinforces the framework against structural disruption.

Here, we investigate the robustness of this 2D MOF on Cu
(111) against additional Co deposition at 300 K. If no new elec-
tronic bonds form via decoupling of the Cu–N interactions, Co
deposition will not disrupt the original 2D MOF. Under these
conditions, if more than two Co atoms occupy a single nano-
pore, they can rapidly aggregate to form nanoclusters, similar
to the Co nanocluster formation observed in COFs on Cu
(111).16 Alternatively, when a Co atom encounters Ph4DN mole-
cules within a nanopore, Co–Ph4DN coordination may form.
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Moreover, for applications in quantum technologies, it is
desirable that the adsorbed metal atoms possess electronic
spin. Given that Ph4DN molecules are also present in the
coordination environment, we performed DFT calculations to
predict the charge and spin states of Co and Fe adatoms
within Ph4DN-based coordination fields. The computational

conditions and results are summarized in SI, Fig. S8. The cal-
culations reveal that none of the metal adatoms exhibit a
singlet (S = 0) ground state. Notably, the S = 1/2 spin state, con-
sidered essential for realizing Kitaev quantum spin liquids,84

was found to be energetically favorable for Co adatoms, par-
ticularly at lower oxidation states compared to Fe, when co-

Fig. 1 (a) Schematic models of Co-atom adsorption on a 2D MOF fabricated on Ag (left) and Cu (right) substrates. The structural robustness of the
2D MOF is governed by the balance between the interactions originating from the substrate (Jsub) and those associated with the adsorbed Co atom
(Jatom). (b) Schematic model illustrating the STM tip scanning at 78 K in UHV on the Cu(111) surface with Ph4DN absorption. (c) Magnified STM topo-
graphic image showing C3 symmetric and chiral coordination motifs (7.2 × 7.2 nm2, Vs = −1.0 V, It = 50 pA). (d) MLIPs optimized structural model
corresponding to the STM image in (c). (e) Large-area STM topographic image (48 × 32 nm2, Vs = 750 mV, It = 50 pA) demonstrating that the carpet-
like 2D MOF film extends continuously across Cu step edges. Lower-left inset: height profile measured along the A–B line. Lower-right inset: FFT
map revealing six-fold symmetric spots with two distinct periodicities. Right panel: inverse FFT image (39 × 44 nm2) where terraces of varying height
are normalized to a single level, highlighting the hidden Cu step edges (indicated by blue arrows). (f ) Distribution ratio of the total surface area after
the Ph4DN deposition on Cu(111) at 300 K in UHV, where 90.2% of the Cu(111) surface is covered by the MOF, including C2 (5.9%), C3 (87.9%), and C4

(6.2%) coordination, while the remaining 9.8% was covered by the 2D SAM array.
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ordinated by Ph4DN. These findings motivated our focus on
Co adsorption onto the 2D MOF structure. Therefore, it is
desirable for the 2D MOF itself to be nonmagnetic, exhibiting
negligible spin.

In this study, we employed the precursor Ph4DN, a mole-
cule composed of four benzene rings terminated with nitrile
(–CN) groups (see Fig. 1b). This choice was motivated by our
initial attempt to use a shorter linear precursor, 1,4-di(4-
pyridyl)benzene (DPB), on Cu(111), which did not yield a well-
ordered 2D MOF (SI, Note 2 and Fig. S9). Ph4DN sublimated
reproducibly at a crucible temperature of 373 K under UHV
conditions, enabling the formation of a quasi-honeycomb 2D
MOF with a nanoporous structure on the Cu(111) substrate. In
this network, Cu adatoms likely acted as coordination centers.

3.1 Growth of 2D-MOF on Cu(111) surface

Ph4DN precursor molecules were deposited onto a clean, atom-
ically flat Cu(111) surface at 300 K under UHV conditions, as
illustrated by the model in Fig. 1b. The sample was sub-
sequently transferred to the analysis chamber without break-
ing the UHV environment, and STM/STS measurements were
conducted at 78 K under UHV. A 2D MOF forms on the Cu
(111) surface due to coordination between the terminal nitrile
(–CN) groups and Cu adatoms supplied by the substrate.

Fig. 1c shows an STM topographic image of the resulting
2D-MOF on Cu(111), where the linear Ph4DN molecules
appear as bright lines, and the Cu(111) substrate appears as a
dark-blue background. Hexagonally shaped nanopores are
clearly observed. Molecular models suggest that the side
length of each hexagonal nanopore corresponds to the length
of a single Ph4DN molecule, resulting in a periodic nanopore
array with an approximate nanopore size of 2 nm. In the STM
image, the junctions where three Ph4DN molecules meet
appear as darker spots with lower apparent height, indicating
the presence of a Cu adatom situated between the Cu(111)
surface and the molecules. Initially, we assumed that the
resulting 2D network possessed perfect honeycomb symmetry.
However, the STM topography shown in Fig. 1c clearly reveals
that the network consists of two distinct types of coordination.
In the first type, Ph4DN molecules are arranged with C3 sym-
metry, extending in three directions at 120° intervals, around
the junction (“C3” in Fig. 1b). In the second type, although the
Ph4DN molecules are also oriented at approximately 120°
angles, the junction is slightly offset from the molecular axis,
giving rise to a chiral coordination geometry around the Cu
center (“chiral” in Fig. 1c), similar to that observed for NC–
Ph5−NC on Cu(111).67

To gain deeper insight into the 2D-MOF formation on Cu
(111), we performed MLIP calculations. The optimized struc-
ture obtained from the MLIP calculation is shown in Fig. 1d,
successfully reproducing both the C3-symmetric and chiral
coordination motifs observed in the STM images. The calcu-
lation started from an ideal honeycomb configuration, yet the
resulting optimized structure converged into a quasi-honey-
comb arrangement, consistent with experimental observations.
Furthermore, the MLIP results suggest that the junction may

involve a Cu adatom originating from the Cu(111) subsurface;
in other words, the Cu adatoms are likely not coplanar with
the Ph4DN molecules. The emergence of chirality appears to
be independent of specific adsorption sites on the Cu surface,
suggesting that the stabilization provided by coordination
bonding outweighs the energy preference for site-specific
adsorption of the Cu adatoms. Importantly, we were unable to
obtain a stable 2D structure in the absence of the Cu substrate.
Optimized structures without the Cu(111) surface showed sig-
nificant distortions and torsions in the Ph4DN molecules,
leading to three-dimensional geometries (see SI, Fig. S6).
These findings indicate that the formation of the 2D structures
described in this study is strictly surface-assisted and cannot
occur in the absence of the substrate.

The wide-area STM topographic image shown in Fig. 1e pro-
vides a key insight: the 2D-MOF composed of Cu adatoms and
Ph4DN molecules is capable of spanning Cu step edges,
enabling the formation of a continuous, ordered nanopore
network across the surface. In the image, the network is not
perfectly ordered; it contains distortions and non-ideal hexag-
onal features. However, the network pattern appears to match
seamlessly across adjacent terraces, suggesting that the coordi-
nation framework bridges the atomic steps. The inset in the
lower left of Fig. 1e shows a height profile taken along the line
between points A and B in the main image. This profile reveals
that an individual Ph4DN molecule exhibits a height of
approximately 140 pm and a length of ∼2 nm, in good agree-
ment with theoretical predictions shown in Fig. 1d.
Additionally, the Cu adatom appears ∼60 pm lower in appar-
ent height than the Ph4DN molecule, suggesting that it resides
between the Ph4DN and the Cu(111) surface, partially
embedded in the substrate plane. The STM data thus indicate
a Cu adatom height of approximately 80 pm above the surface.

To examine the periodicity of the coordination network in
more detail, we analyzed a fast Fourier transform (FFT) map
shown in the lower right inset of Fig. 1e. This map reveals
sixfold-symmetric spots at 0.28 nm−1 and 0.56 nm−1, corres-
ponding to the first- and second-order reflections of the honey-
comb structure. These FFT features indicate that the quasi-
honeycomb network is epitaxially aligned with the Cu(111)
surface, specifically along the [11̄0] and [01̄1] crystallographic
directions. The unit cell periodicity is determined to be
approximately 3.57 nm. The degree of epitaxial registry
between the molecular network and the underlying Cu(111)
substrate can be quantitatively evaluated using the phase
match rate (PMR), defined as PMR [%] = 100 (1 − |b − na|/b),
where a is the atomic lattice constant of Cu(111) (0.256 nm), b
is the periodicity of the molecular network (3.57 nm), and n is
an integer chosen to minimize the lattice mismatch.
Substituting n = 14 yields a PMR of 99.61%, indicating an
almost perfectly commensurate relationship. This high degree
of lattice matching suggests that the growth of the honeycomb
structure is strongly influenced by the threefold symmetry of
the Cu(111) surface, which promotes the formation of an
ordered molecular network. In summary, the Ph4DN-based
honeycomb structure coordinated on the Cu surface exhibits
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both strong molecule–substrate interactions, as evidenced by
the high PMR and epitaxial alignment, and inherent structural
robustness, enabling it to span step edges and surface defects
without loss of structural integrity.

However, it should be noted that the strong interaction with
the substrate ( Jsub) significantly restricts the mobility of the
precursors on the Cu surface, thereby reducing the uniformity
of the resulting MOF. Under deposition conditions of 300 K in
UHV, Ph4DN molecules form not only the dominant quasi-
honeycomb 2D MOF with C3 symmetry (84.9%), but also a 1D
chain-like structure with C2 symmetry (5.3%) and self-
assembled monolayer (SAM) arrangement (9.8%), as shown in
Fig. 1f and also SI, Fig. S10–S13. These statistics suggest that
C3 coordination is likely the most energetically favorable con-
figuration; however, the well-ordered honeycomb 2D MOF
covers only 28.6% of the surface.

Based on our STM experiments, we gained insights into
improving the regularity of the 2D MOF. We compared two
STM conditions (see SI, Fig. S14): (i) Ph4DN deposited on Cu
(111) at 300 K, held for 10 min, then cooled to 78 K; and (ii)
deposition at 300 K followed by immediate cooling. Although
both conditions yield MOF formation, pronounced SAM
regions are observed only in the latter case, indicating that
thermal energy promotes MOF formation. Accordingly,
improving MOF regularity at 300 K can be achieved by using a
slower deposition rate, maintaining the substrate at 300 K, or
applying mild post-deposition annealing before cooling.

3.2 Electronic-structure insights into a 2D MOF on Cu(111)

Adsorption of Ph4DN molecules onto the Cu(111) surface at
300 K under UHV conditions leads to the formation of a
robust quasi-honeycomb 2D MOF carpet. This structure exhi-
bits ∼2 nm-sized nanopores with a unit-cell periodicity of
∼3.57 nm, providing a promising platform for advanced
coordination chemistry, including the selective trapping of Co
atoms. As a first step toward this application, we deposited
additional Ph4DN molecules onto the preformed nanopore
array (Fig. 2a).

Initially, it was also unclear whether the extra Ph4DN mole-
cules were successfully trapped within the nanopores, as indi-
vidual molecules can thermally diffuse even at 78 K. However,
by carefully tuning the bias voltage and employing differential
conductance (dI/dV) mapping, we were able to confirm the
presence of diffusing molecules inside the nanopores. The left
panel of Fig. 2b shows an STM topographic image of the hon-
eycomb nanopore array, where nanopores of two apparent
heights coexist, appearing as bright and dark regions.
Identification of the nanopore types was achieved using the
simultaneously acquired dI/dV map at –0.24 V, shown in the
right panel of Fig. 2b. In this map, the bare Cu(111) nanopores
appear as bright spots, while both the fixed Ph4DN molecules
of the 2D MOF network and the diffusing Ph4DN molecules
within the nanopores appear darker. This contrast arises
because Ph4DN molecules possess a HOMO centered around –

2.4 eV (Fig. 2e), far below the Fermi level, resulting in reduced
electronic states near –0.24 V.

Averaged dI/dV spectra acquired over the unfilled nanopores
of the 2D MOF (black line) and over Ph4DN molecules (blue
and red lines) were normalized using the tunneling probability
function (T ) to extract the local density of states (LDOS) of the
sample,75,85 as shown in Fig. 2c. Within the nanopores, quan-
tized Cu(111) surface states give rise to several LDOS peaks
near the Fermi energy. dI/dV maps obtained over the honey-
comb domain (SI, Fig. S13) reveal spatially resolved electronic
features. At a bias of –0.50 V, the periodic contrast of the hon-
eycomb network is clearly visible, indicating reduced LDOS in
the molecular framework compared to the bare Cu(111)
surface, as also shown in Fig. 2c. At biases of −0.20 V, +0.50 V,
and +0.75 V, enhanced LDOS signals are observed at the
centers of the nanopores, forming a periodic array. These fea-
tures are consistent with quantum confinement effects of the
Cu(111) surface-state electrons within the nanopores. Such
spatially confined states, commonly referred to as quantum
corrals,68,86,87 are known to produce discrete resonance peaks
at multiple energy levels, in agreement with the LDOS peaks
observed in our measurements.

In the STS measurements shown in Fig. 2b and c, no Cu–N
bonding states were observed at the linker positions near the
Fermi energy (also no significant changes in XPS measurements:
SI, Fig. S5). To further investigate, we performed DFT calculations
examining the bonding between Cu adatom linkers and the term-
inal N atoms of Ph4DN. For the C3 junction, bonding arises via
Cu 3d and N 2p orbital hybridisation, while for the chiral junc-
tion, hybridisation occurs between Cu 4s and N 2s orbitals (SI,
Fig. S15). The calculated results show that the chiral junction is
less stable than C3 junction because the hybridisation peak of Cu
4s and N 2s orbitals is in higher energy region than that of Cu 3d
and N 2p orbitals. Interestingly, these hybridized states are
located far below the Fermi energy, indicating the robustness of
the Cu–Ph4DN coordination.

Fig. 2d provides additional ARPES evidence showing that
the Cu(111) surface feature disappears following Ph4DN depo-
sition. No new peaks emerge near the occupied states, indicat-
ing that the clean surface hosts a Shockley-type surface state
(not shown in the ARPES spectra), which vanishes after mole-
cular adsorption. In contrast, all Ph4DN molecules, whether
arranged in the 2D MOF, 1D chain, or SAM structures, exhibit
a broad LDOS peak in the range of 0.5–1.0 V, which could be
attributed to the lowest unoccupied molecular orbital (LUMO)
of Ph4DN.

Notably, the quasi-honeycomb 2D MOF film exhibits a
broad band feature in k-space, despite structural imperfections
and local disorder. Fig. 2e shows ARPES results for the bare Cu
(111) surface (left panel) and for surfaces coated with Ph4DN
at thicknesses of 0.15 nm (center panel) and 4 nm (right
panel), all displayed in second-derivative mode to enhance
spectral contrast (ARPES spectra at various emission angles
are provided in SI, Fig. S4). These ARPES maps represent the
spatially averaged electronic structure of the sample surfaces.
The pristine Cu(111) surface displays the sp band and five 3d
bands, labeled 1–5. The second-derivative ARPES map of the
clean surface clearly shows the sp band and the 3d bands.88

Paper Nanoscale

Nanoscale This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
1/

20
26

 1
1:

39
:3

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6nr00051g


For 0.15 nm Ph4DN on Cu(111), the Cu-derived sp band dis-
appears and the 3d-derived bands show slight modifications,
with no distinct features attributable to Ph4DN. The present
ARPES experiments do not give evidence for the significant
impacts of a charge localization on the Shockley surface state
near the Fermi level, as found in the STS and the previous
ARPES studies.68 On the other hand, another surface state
derived from Cu 3d orbital located at k ∼ 1.0–1.5 Å−1 and the
binding energy of ∼2.2 eV on Cu(111), called a Tamm surface
state,89 shows flattening after the deposition of 0.15 nm of
Ph4DN. Such a modification may be attributable to the hybrid-
isation of the Tamm surface state on Cu(111) to the molecular
orbitals, leading to the nearly dispersionless (i.e., localized)
surface state induced by the MOF formation. For 4.0 nm
Ph4DN on Cu(111), the ARPES map reveals a broad band
feature at approximately 2.2–2.6 eV, which is associated with
bulk-like molecular orbital states of the film.

A similar trend of band-flattening (i.e., enlargement of the
electron effective mass) is also found for the 3d bands 2 and 3.
The electron localization of surface atoms could be caused by
the hybridisation between the 3d states and the molecular
orbital states. Although the interaction is not expected to be
strong enough to bring Cu-surface reconstruction, the impacts
of the proper matching of each energy level on the hybridis-
ation is realized. The results of hybridized interface states

suggest that the decoupling effect of Co atoms from the Cu 3d
electrons could be controlled by proper arranging of the over-
layer materials (though the detailed discussion is hardly per-
formed for the averaged ARPES data).

3.3 Co adsorption on 2D SAM and MOF supported on Cu(111)

To further evaluate the coordination strength between Ph4DN
molecules and Co atoms, we investigated how Co deposition
influences the structural integrity of the 2D SAM film (Fig. 3a
and SI, Fig. S13 and S14). Fig. 3b and c show STM images
acquired within the SAM interior and at the SAM edges,
respectively, after Co deposition. These observations indicate
that the Ph4DN–Co interaction ( JCo) is stronger than both the
intermolecular interactions within the SAM and the inter-
action between the SAM and the Cu substrate ( Jsub).
Consequently, individual Ph4DN molecules energetically favor
breaking away from the original SAM array to connect via Co
atoms. In most cases, the Co atoms appear to coordinate with
Ph4DN molecules in a C3 symmetric manner. Supporting this,
DFT calculations shown in SI, Fig. S8 suggest that the Co atom
can possess a spin state of S ∼ 1/2, consistent with the C3

coordination.
However, the adsorption of Co atoms on the 2D MOF nano-

pores exhibits different behavior, as shown in Fig. 3d–f. This is
because the interaction between the Cu substrate and the 2D

Fig. 2 (a) Schematic model of the Ph4DN 2D-MOF coordinated on the Cu(111) surface. (b) Left panel: STM topographic image of the [Ph4DN–Cu]3
coordination network on Cu(111) (14 × 14 nm2, Vs = −750 mV, It = 50 pA). Right panel: simultaneously obtained dI/dV map at −0.24 V. (c) Normalized
differential conductance spectra: (dI/dV)/T curves, representing the sample LDOS, obtained at different locations: on Cu(111) nanopores (black), on a
Ph4DN molecule within the coordination network (red), and on a Ph4DN molecule in a SAM array (blue). (d) Angle-integrated UPS spectra of the Cu
(111) surface before and after deposition of Ph4DN molecules. (e) The second-derivative intensity maps of ARPES results of the bare surface and the
surface after Ph4DN deposition of 0.15 nm and 4 nm.
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MOF is stronger than that between the adsorbed Co atoms and
the 2D MOF, allowing the original 2D MOF structure to remain
intact after Co adsorption. Although the results may appear
straightforward at first glance, the presence of Co dots inside
the 2D MOF nanopores, as shown in the lower panel of
Fig. 3d, carries an important implication: Co atoms do not
disrupt the 2D MOF structure. This behavior contrasts sharply
with Co adsorption on 2D MOFs supported on Ag(111).64

Instead, the Co deposition yields three distinct types of nano-
pores: (I) empty, (II) trapped Ph4DN, and (III) Co–Ph4DN co-
ordinated motifs, as illustrated in the lower panel of Fig. 3d.

Another critical aspect is whether the adsorbed Co atoms
interact with the 2D MOF via chemisorption. If a chemical
bond forms between the Co atom and the Ph4DN molecule,
the LDOS would change. To assess this, we compared the elec-
tronic structure of the MOF at locations with and without Co
atom adsorption to determine whether it remains unchanged.

Fig. 3e presents an STM topographic image (upper left
panel) and the corresponding dI/dV map acquired at −0.6 V
(lower left panel), following the deposition of Co atoms at a
density of approximately one atom per 2.4 × 2.4 nm2. In the dI/
dV map, the red-to-blue color scale represents the LDOS inten-
sity, with blue indicating higher LDOS. The Ph4DN molecules
forming the honeycomb lattice appear as regions of sup-
pressed LDOS, while the interiors of the nanopores are rela-
tively brighter.

Notably, these results show that the original Cu–Ph4DN
coordination framework remained intact following Co depo-
sition. This stability underscores the robustness of the
Cu–Ph4DN bonding.

It is important to note that while the topographic images
cannot distinguish whether the bright spots within the nano-
pores correspond to Co atoms or Ph4DN molecules, STS–LDOS
measurements can. This is because the Co clusters exhibit

Fig. 3 Co atom adsorption, with a coverage corresponding to approximately one Ph4DN molecule per 2.4 × 2.4 nm2. (a) Schematic model of the
Co-atom adsorption on the Ph4DN SAM/Cu(111). (b) STM topographic image of the Ph4DN SAM array region on Cu(111) after Co atom deposition (35
× 17 nm2, 20 pA, −1.8 V). (c) STM topographic image of Co atom adsorbed on the Ph4DN SAM edge region (24 × 24 nm2, Vs = −750 mV, It = 30 pA).
(d) Schematic model of the Co-atom adsorption on the 2D-MOF/Cu(111) and STM topographic image of Co atom adsorbed on the Ph4DN MOF/Cu
(111) (24 × 19 nm2, 30 pA, 750 mV). Three types of nanopores are observed: (I) empty pores, (II) filled pores, and (III) pores with motifs. (e) Left
panels: STM topographic image (11 × 11 nm2, Vs = −2.0 V, It = 30 pA) and the simultaneously obtained dI/dV map at −0.60 V. Right panel: 3D dI/dV
plot along the boxed region in the 2D map (left), showing an increased LDOS in the Co adsorption area between −0.7 and −1.5 eV, distinct from the
LDOS of Ph4DN. (f ) STM topographic image after Co atom deposition on the nanopore array (14 × 11 nm2, Vs = −750 mV, It = 30 pA). Arrows indicate
adsorbed Co atoms. The lower panel denotes calculated structures representing possible configurations of Co–Ph4DN complexes within a
nanopore.
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LDOS signatures that are clearly distinct from those of the
Ph4DN molecules. The right panel of Fig. 3e displays a 3D dI/
dV map, where the x-, y-, and z-axes represent the lateral posi-
tion (in nm), energy relative to the Fermi level (E – EF, in eV),
and dI/dV intensity (in nA/V), respectively. This data was
acquired from the region marked by the box in the dI/dV map
at –0.6 V (lower-left panel of Fig. 3e), which includes both a Co
atom and surrounding Ph4DN molecules. The map reveals a
broad LDOS distribution associated with the Co clusters, span-
ning an energy range from approximately −0.8 to −1.5 eV. The
bottom panel of Fig. 3e presents the dI/dV spectra acquired on
Cu(111) (black), the Ph4DN MOF (red), and the Co dots (blue).
The Co dots exhibit a markedly enhanced LDOS, significantly
greater than that of the Ph4DN MOF. These STS measurements
in Fig. 3e clearly demonstrate that the electronic structure of
the original Ph4DN framework remains intact after Co atom
deposition. This indicates that the Co atoms are unlikely to
form covalent bonds with the Ph4DN molecules.

Interestingly, we observed an increase in bright dots within
the 2D MOF nanopores following Co deposition (Fig. 3d and
e), along with other distinctive patterns that frequently
appeared within the pores. Fig. 3f shows an STM topographic
image revealing three characteristic configurations within the
nanopores: (I) empty pores, (II) pores containing trapped
Ph4DN molecules, which can diffuse continuously as observed
on bare Cu(111) (Fig. 2b), and (III) pores exhibiting sixfold
symmetry consistent with the hexagonal geometry of the pore.
The relative distribution of these configurations was quantified
as: I – 73.5%, II – 17.4%, and III – 9.1%. It is known that linear
nitrile-terminated molecules can coordinate with Co centers to
form sixfold symmetric motifs on metal substrates at 78 K.65

Accordingly, the observed sixfold symmetry likely arises from
an ensemble effect, resulting from the rapid rotation of the C3

coordination complex within the nanopore, combined with
the slower scanning speed of the STM tip.

However, since configuration III was not observed prior to Co
atom adsorption, a plausible formation mechanism involves a
single Co atom becoming trapped by diffusing Ph4DN molecules,
leading to the formation of a Co–Ph4DN coordination complex
within the nanopore as we expected in Fig. 1a, namely, if a Co
atom encounters other Co atoms within the same nanopore, it
immediately forms a Co nanocluster; however, if it encounters a
Ph4DN molecule, it can form a stable Co–Ph4DN coordination
motif within the nanopore.

From a computational perspective, both Cu and Co belong
to the 3d transition metal series and are expected to exhibit
similar coordination behavior. Therefore, achieving a C6 sym-
metric coordination between a Co atom and Ph4DN molecules
within the nanopore is unlikely, in contrast to the well-known
C6 coordination formed by six terphenyl-4,4″-dicarbonitrile
molecules around a Co center on Ag(111).64 This is because Cu
adatoms are known to form only C2 and C3 symmetric coordi-
nation geometries (see SI, Fig. S8), and the same limitation is
expected to apply to Co atoms.

To gain more insights the energetically favorable configur-
ations of three Ph4DN molecules confined within a nanopore

in the absence of a Co atom, we performed MLIP calculations
(the lower panel in Fig. 3f and SI, Fig. S16). In this case, the
three Ph4DN molecules adopt chiral arrangements, similar to
those observed in the 2D MOF formed on Ag(111) using the
linear ditopic para-sexiphenyl-dicarbonitrile (NC-Ph6-CN).65

This chiral configuration lies completely flat on the substrate
surface and provides sufficient space for continuous rotational
motion.

However, our calculations for three Ph4DN molecules
within a 2D MOF nanopore on Cu(111) in the presence of a Co
atom (Fig. 3f) indicate that the C3-symmetric coordination of
the Ph4DN molecules around the central Co atom shown in
Fig. 3f is significantly more stable (ΔE = 0.00 eV) than the
chiral configuration (ΔE = +2.25 eV, SI, Fig. S16c). This C3

coordination, anchored by the central Co atom, may exhibit
rotational dynamics and produce a six-fold symmetric STM
image.

However, the experimentally observed the configuration III
in the STM image in Fig. 3f is clearly distinct from that of the
rotating C3 configuration without Co atoms.65 Specifically, the
center of the pore appears darker rather than brighter,
suggesting that the Co adatom may reside between the Cu sub-
strate and the molecules, akin to the behavior of Cu adatoms.
Furthermore, no chirality is observed in the STM image in
Fig. 3d, indicating that the Co-induced coordination motif is
not chiral. These observations support the conclusion that Co
atom adsorption induces a C3 coordination motif, where the
Ph4DN molecules are pinned by the central Co atom. Although
it remains uncertain whether the coordinated Ph4DN mole-
cules exhibit rotational motion, it is evident that they do not
adopt the chiral coordination proposed for NC–Ph6–CN on Ag
(111) in the absence of a Co atom.65

Finally, additional important observation in Fig. 3f is the
presence of two nanopores exhibiting configuration III. While
the nanopore on the right side maintains a hexagonal shape,
the one on the left shows a distorted hexagonal geometry.
Despite this difference in shape, both display the same sym-
metric features within the nanopores. This suggests that even
when nanopores are deformed, it is still possible to fabricate
Co-atom coordination with the same symmetry inside them.

4. Conclusions

In conclusion, our combined experimental results from STM/
STS and ARPES, together with theoretical MLIP/DFT calcu-
lations, demonstrate that Co-atom spin coordination with S ∼
1/2 can be achieved using a robust 2 nm-sized nanopore array
in a 2D MOF on Cu(111). Ph4DN precursor molecules can be
deposited directly on the Cu(111) surface at 300 K or higher, or
alternatively via post-deposition annealing, preferentially
forming honeycomb networks that fully cover the surface, as
C3 coordination around Cu adatoms is energetically favorable.

Importantly, this 2D MOF on Cu(111) is formed without the
deposition of additional 3d-transition-metal atoms (e.g., Fe,
Co, or Ni), resulting in a nonmagnetic Cu-adatom–coordinated
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framework. This nonmagnetic character is crucial for spin-
related studies or applications, as magnetic exchange coupling
or stray fields from a magnetic MOF could interfere with the
intrinsic spins of guest 3d atoms within the nanopores.

Once the honeycomb nanopores are established, additional
Ph4DN molecules can be trapped within the pores and diffuse
thermally. Subsequent deposition of Co atoms into the nano-
pores allows the formation of Co–Ph4DN coordination motifs.
Furthermore, the 2D MOF nanopore array constructed from
Cu adatoms offers significant versatility. The 2 nm-sized nano-
pores can host guest transition-metal atoms and organic mole-
cules, providing a promising platform for single-atom elec-
tronics, spintronic devices, quantum materials, and catalytic
applications.
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