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Advanced methods of producing nanometer-size transition metal clusters have enhanced the functionality of
nanoclusters (NCs), leading to single-atom catalysis, miniaturization of spintronics media, and biomedicine.
Herein, on-surface growth of transition-metal cobalt (Co) NCs in a vacuum was demonstrated using a
structurally flexible two-dimensional (2D) 4,4,5,5'-tetrabromodibenzo[18]crown-6 ether (BrCR) ring molecular
array, prepared on an atomically flat noble metal Cu(111) surface. Then, we successfully produced two different
sizes (~15 nm and ~3.6 nm) of Co NCs using the trapping ability of BrCR. The growth and electronic
structures of Co NCs were investigated by low-temperature scanning tunneling microscopy/spectroscopy (STM/
STS) and angle-resolved photoelectron spectroscopy (ARPES) in an ultrahigh vacuum. DFT calculations unveiled

Received 14th September 2023, the energetically stable adsorption sites. The growth process of Co NCs is governed by the electronic n—d hybri-

Accepted 10th December 2023 dization between BrCR and Co. Once the Co atom was trapped, it became a nucleation center, around which
DOI: 10.1039/d3tc03339b other Co atoms gathered to form a nanocluster. In contrast to the standard behavior of crown ether molecules

in solution, the stable position of the trapped metal atom is not at the center of the crown ring but at the BrCR
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1. Introduction

Transition-metal nanoclusters (NCs) using 3d metals, e.g., Co,
Ni, CoPt, FePt, Fe;O,4, and Fe,O;, with a size of 10-100 nm
coated by chemical compounds have drastically advanced in a
wide variety of promising applications such as biomedicine,"?
drug delivery,>* catalysts,” and water purification.® Downsizing
the cluster to a few nanometers or atomic size has encouraged
further functionality such as single-atom catalysis”"* or miniatur-
ization of spintronics media.'™'? For that, the coordination of
organic molecules with transition-metal atoms could be an essen-
tial key factor. Since m-conjugated molecules, e.g., phthalocyanines
(Pc) or tetraphenyl porphyrins (TPP), have a size of about 1 nm,
the metalation of self-assembled monolayer (SAM) molecular
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edge, where the Co atom is located below the side substituents.

films on 2D surfaces could be a novel method to promote the
downsizing of the nanocluster.'*™*> However, the SAM films can
trap only one atom per molecule. Suppose the number of
adsorbed transition metal atoms exceeds the number of mole-
cules. In that case, the SAM orderliness is broken, and other
atoms grow independently from the molecules, leading to a
messy surface."®

In this study, we demonstrated the adsorption of the “guest” 3d
transition-metal cobalt (Co) on the “host” well-ordered ring mole-
cular array at room temperature in ultra-high vacuum (UHV). Crown
ether molecules in 4,4,5,5"-tetrabromodibenzo[18]crown-6 ether
(BrCR) SAM films were used as a “host,” which have been studied
since the 1960s as cyclic molecules with an intramolecular ring in
bulk crystal and liquid solution.”>* This kind of ring is well-known
as a host, i.e., a molecule that can trap guest metal atoms, molecules,
or ions. Because of the flexibility of the O-C-O bond angles, the
crown ring is easily deformed, and BrCR has different bent con-
formations in the gas phase and the bulk crystal. However, it was
recently shown that the crown ring can be unfolded when BrCR
forms a self-assembled monolayer (SAM) ring array on a metal
Cu(111) surface.”* Herein, Co was selected as the “guest” since the
growth, electronic, and magnetic structures of bilayer triangular-
shape Co nanoislands on Cu(111) substrate are well known.>>2®
Although there are reports on the adsorption of Co ions on crown
ether molecules in bulk,? no studies have been conducted on crown
ether and metal clathrate compounds on solid surfaces in a vacuum.

This journal is © The Royal Society of Chemistry 2024
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Here, we demonstrate that two sizes of equivalent-sized Co
NCs can be produced on 2D surfaces using the trapping ability
of BrCR, and the growth process was elucidated using comple-
mentary techniques of both experimental and theoretical simu-
lations, such as a home-built low-temperature (78 K) UHV
scanning tunneling microscopy/spectroscopy (STM/STS) setup,
a UHV angle-resolved photoelectron spectroscopy (ARPES)
setup with low energy electron diffraction (LEED), and density
functional theory (DFT) calculation.

2. Experimental section

A home-built STM setup combined with the Nanonis SPM
controller BP4 (ESIt) was used to obtain topographic images
of sample surfaces in a constant current mode. All STM results
were obtained at 78 K in UHV. We used sharp tungsten tips as
STM probe tips.>**?> ARPES and LEED measurements were
conducted in the home-built UHV apparatus (Supplementary
Notes, ESIT).

2.1 STM/STS measurements

Since the tunneling current (I) detected by the tip is exponen-
tially proportional to the tip-sample separation (z) via exp(—(8m
(® + eV/2))"*z/H), where m: electron mass, 7i: Planck constant,
&: apparent barrier height between tip and sample, and V: set
point sample bias voltage,**> STM can measure the surface
corrugations in the order of 1 pm. STS measures the sample
surface local density of states (LDOS). Tunneling current, I, as a
function of sample bias voltages (typically, from —2 V to +2 V),
was measured under a feedback off condition (one single curve
was measured within 50-200 ms) by fixing the tip-sample
separation (z = z.), which was determined by the setpoint
voltage (V) and the current (I;). The obtained I(V) curves were
numerically differentiated, and differential conductance (d/
dV) curves were obtained, which were proportional to LDOS. In
the dI/dV curve, positive and negative bias voltages mean
unoccupied and occupied LDOS, respectively. Zero eV corre-
sponds to the Fermi energy. The STM/STS data were analyzed
using WSxM 5.0 Develop 10.2 software,*® and Gwyddion 2.53.

2.2 Cu(111) cleaning process

We used two Cu(111) single crystals, one for ARPES/LEED and
another for STM. Both Cu(111) single crystals (diameter 6 mm,
MatecK, 99.999%) were carefully sputtered and annealed to
obtain clean and atomically flat surfaces in the preparation
chambers (<5.0 x 10~ ® Pa). Cleaning parameters were Ar'
sputtering (+1.0 keV, 0.4 pA) and annealing (~ 820 K) for the
STM setup, and Ar" sputtering (+0.6 keV, 3.0 pA) and annealing
(~770K) for the ARPES setup. The Cu(111) was cleaned using a
conventional way of repeating Ar' sputtering and annealing in
the preparation chamber, and Co was deposited on Cu(111) in
the same chamber.

This journal is © The Royal Society of Chemistry 2024
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2.3 Characterization of the synthesized BrCR

Characterization data of the used BrCR molecules are summar-
ized as follows: '"H NMR (500 MHz, CDCl;, r.t.): d5 3.94 (t, 8H,
OCH,, J(HH) = 5 Hz), 4.09 (t, 8H, OCH,, J(HH) = 5 Hz), 7.01
(s, 4H, CgH,(catechol)) (Fig. S1, ESI{). HRFDMS calcd. For
CpoH,0Br,06 [M]" (m/2): 671.79989, found: 671.80053 (error
0.96 ppm) (Fig. S2, ESIt). CCDC 1901496 contains supplemen-
tary crystallographic data (Fig. S3, ESIT).

2.4 BrCR molecule evaporation in UHV

BrCR molecules were deposited in the deposition chamber
(<3.0 x 1077 Pa) with sublimation rate control using a quartz
crystal microbalance (QCM).*” We used two different UHV
setups: one for ARUPS and LEED and another one for low-
temperature STM. Therefore, it was necessary to control pre-
cisely the amount of deposited molecules on the Cu(111)
substrate at 300 K in both setups. We used the quartz SiO,
crucible and homebuilt molecular evaporator (thermal radia-
tion heating) to obtain the same crucible temperature and
pressure (1 x 10~ ° Pa). For the QCM calibration for checking
the sublimation rate, parameters were set to z-ratio = 1,
density = 1. The quarts crucible was radiatively heated by
flowing current through a tungsten wire filament (diameter
0.3 mm). The crucible temperature was monitored using the
alumel-chromel thermocouple contacting the bottom of the
crucible. The Cu(111) substrate was put ~110 mm above the
crucible. Before the deposition, we always checked the BrCR
evaporation rate by setting a QCM at the same distance posi-
tion. We carefully increased the crucible temperature in time,
and precisely above the crucible temperature of 357 K, and
QCM detected the molecule deposition. The evaporation speeds
of 0.03 nm min~' and 0.08 nm min~' were reproducibly
obtained at the crucible temperature of ~361 K and ~369 K,
respectively. Since the QCM parameters of z-ratio and molecule
density, the estimated deposition amounts, and the adsorption
probability on the substrate were unknown, the molecule
thickness estimated by QCM was only used as an index. STM
checked the precise deposited molecular monolayer (ML).

2.5 Cobalt deposition in UHV

Co atoms were deposited from an electron bombardment type
evaporator (AEV-3, AVC Co., Ltd) at a sample temperature of
300 K in UHV. Hot electrons from a W wire ring located above a
Co rod (diameter 2.0 mm, purity 99.99%) were accelerated by
~800 eV to the apex, which melted and evaporated only the
apex of the Co rod, leading to a Co evaporation flux of about
5 nA. The deposition amounts of Co were controlled from STM
topographic images of Co island growth on Cu(111).

2.6 DFT calculation

Density functional theory calculations were performed with the
projector augmented wave method as implemented in the VASP
code.*®*® The numerical settings were the same as in our
previous study on BrCR/Cu(111).>* We used the PBE
exchange-correlation potential and Grimme’s DFT-D2 van der

J. Mater. Chem. C, 2024,12, 874-883 | 875
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Waals correction, where the C¢ parameter of Cu was rescaled
by 50%.

This scaling parameter was determined through test calcu-
lations on benzene/Cu(111), in order to correct overbinding
between benzene-type pi-orbital and metal surfaces within
DFT-D2.”* More recent dispersion correction schemes, such
as DFT-D3, have been found to be superior to D2 for metals*>**
and should give reliable results without the need for parameter
rescaling. Nonetheless, here we chose to keep the same com-
putational settings as in our previous work® for consistency
and easy comparison.

A plane-wave energy cut-off of 400 eV and a2 x 4 x 1 k-point
grid for the Cu(111) 7 x 4 supercell were used. The Cu(111)
substrate was modeled with four atomic layers. Starting from
the stable structure of BrCR/Cu(111), one Co atom was put at
various initial positions in the proximity of the molecule. Then,
all atomic positions, except those in the two lowest Cu layers,
were optimized until the forces were less than 0.2 eV per atom.

3. Results and discussion
3.1 STM imaging of Co/Cu(111) and BrCR adsorption

The nanocluster (NC) formation using the transition metal
cobalt (Co) and BrCR ring molecules is governed by two
interactions between Co and BrCR and Co and the Cu sub-
strate. To clarify the substrate interaction effect, we first
checked the growth of Co on Cu(111). Then, we tested BrCR
molecules adsorption on the Co nanoislands.

a b

Co / Cu(111)

Br- ’b Br
Br/@éo_g?@é,
Br-CR

Br-CR

=]

Diffusion

e —

Cu(111) substrate

View Article Online
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Fig. 1(a) shows STM topographic images acquired on the
pristine Cu(111) terraces, where triangular-shaped Co
bilayer islands grew after the Co deposition. Here, the
adsorbed Co atoms are thermally diffused on the Cu(111)
terraces and form ordered structures following the fce(111)
symmetry.

Next, we demonstrated the interaction balance between Co
and BrCR and between Cu and BrCR. If the Cu-BrCR inter-
action is stronger than the Co-BrCR interaction, BrCR and Co
islands could grow separately and not interact. Here, we
deposited BrCR molecules on the Co bilayer islands as depicted
in the model in Fig. 1(b). Fig. 1(c) shows the result. Interest-
ingly, we observed no BrCR islands. In contrast, new protru-
sions appear on the top and edge of the Co islands while the
islands remain triangular. Namely, most adsorbed BrCR
islands preferentially contact the Co islands. This means that
the Co-BrCR interaction is stronger than the Cu-BrCR inter-
action. This experimental evidence in Fig. 1(c) further provides
an idea of producing nanoclusters (NCs) by depositing Co
atoms on the BrCR array.

3.2 Co-adsorption on BrCR 2D array

To adsorb Co atoms on the 2D BrCR array to create transition
metal NCs, we first prepared the BrCR 2D array.'” Fig. 1(d)
shows BrCR array self-assembled monolayer (SAM) islands on
Cu(111). The magnified image in Fig. 1(e) shows periodic
ordered patterns on the BrCR islands, corresponding to the
(7 x 4) superstructure.”*

BrCR = Co / Cu(111)

1.50 nm _:
>

e
2D BrCR array

Fig. 1 (a) STM topographic image of Co bilayer nanoislands on Cu(111) (66 x 66 nm?, —1V, 87 pA). (b) BrCR molecule adsorption model on these Co
islands. (c) STM topographic image of Co nanoislands on Cu(111) after the BrCR deposition (100 x 100 nm?, —1V, 10 pA). (d) and (e) STM topographic
images obtained on the surfaces of BrCR islands on Cu(111): (d) 300 x 300 nm?2, —2V, 10 pA and (e) the ordered BrCR array structure (5 x 5 nm?, —1.4V,

10 pA). (f) STM topographic image obtained on the surface of Co islands on

876 | J Mater. Chem. C, 2024, 12, 874-883

Cu(111) after the BrCR deposition (200 x 200 nm?, —2 V, 10 pA).

This journal is © The Royal Society of Chemistry 2024
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(a) Schematic model of Co atom deposition on the BrCR ordered array. (b) and (c) STM topographic images of Co nanoclusters (NCs) on the BrCR

array: (b) 10 x 5 nm? and (c) 10 x 10 nm?, =2V, 10 pA. The inset in (b) denotes height profiles crossing five different NCs. (d) STS results obtained on the
Co NCs. The left panels denote simultaneous obtained topographic image (20 x 7 nm?, —2.5 V, 200 pA) and d//dV maps at —1.5 V and +1.5 V. The right
panel denotes d//dV curves obtained on the NCs (blue, red, and grey dots) and the BrCR array (green dots).

About 0.01 cobalt monolayers (MLs) were deposited on the
BrCR array at 300 K, and subsequently, STM/STS measurements
were performed at 78 K without breaking UHV. Here, the ratio
of the guest Co atoms to the host BrCR ring molecules was
tuned to about two to nine (Fig. 2(a)). Fig. 1(f) represents an
STM topographic image of the BrCR array islands after the Co
deposition, where the observation clearly changed. Many bright
spots appeared, indicating the Co NC formation instead of
forming the triangular Co islands on Cu(111) depicted in
Fig. 1(a). This suggests that the BrCR molecule trapped the
adsorbed Co atoms, restringing their thermal diffusion and
could form the metal-organic NCs. Also, bright spots were
located at random positions, and the BrCR array lattice was
maintained. This means trapped Co atoms could not be moved
or intercalated even at 300 K. Namely, the Co-BrCR NC for-
mation could be energetically stable owing to the strong Co-
BrCR bonding.

Fig. 2(b) shows a magnified STM topographic image inside
one BrCR domain after Co deposition. The white lines in
Fig. 2(b) denote the BrCR lattice. Here, NCs observed as bright
spots are kept within the BrCR 2D array. Height profiles cross-
ing randomly selected five different NCs as depicted in the inset
in Fig. 2(b) indicating that the NCs have rather uniform size,

This journal is © The Royal Society of Chemistry 2024

namely ~200 pm height and ~1.5 nm diameter. Still, they are
not the same shape, indicating different orientations and/or
coordination of Co-BrCR NC structures because of the flexibil-
ity of the crown ether ring. Another indication of BrCR defor-
mation can be explored by observing the darker area next to the
spot, which could be peeled off the BrCR from the Cu(111)
surface during the NC formation. Because the NC size is
comparable to the one-unit cell size of the BrCR lattice, one-
by-one trapping of the Co atom by the BrCR could occur.

Fig. 2(c) shows an STM topographic image of another BrCR
domain, in which white dotted lines indicate the remaining
unit cell of the BrCR lattice, and the intersection indicates the
center position of the crown ring. BrCR molecule models are
also shown in Fig. 2(c) as a guide to the eye. A one-unit cell
contains one BrCR molecule. By comparing the BrCR lattice
and the NC position, it is clear that the NCs do not grow at the
center of the crown ether ring but are close to the intermole-
cular position.

We could estimate the number of Co atoms consisting of
one NC. In the area shown in Fig. 2(c), the 0.01 MLs Co/Cu(111)
corresponds to about 18 Co atoms deposited on about
136 BrCR molecules, while we could observe only eight NCs.
This means that a single NC contains, on average, 18/8 > 2 Co

J. Mater. Chem. C, 2024,12, 874-883 | 877
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atoms. So, the NC includes not only one but more than two atoms.
This is the clear difference compared to the previously studied n-
conjugated Pc/TPP molecules, where only one atom can be
trapped at the core, but extra Co atoms diffused and disordered
the SAM film."® In this sense, it is remarkable that the molecules
surrounding the NC kept the original (7 x 4) superstructure, as
shown by the white box in Fig. 2(c), including 5 by 3 BrCR
molecules without disordering or deformation. Since a Co atom
adsorbed and started to diffuse on the BrCR array surface, if the
bonding between BrCR and Co is too strong, the Co atom should
not move. However, the experimental results showed that one NC
has more than two Co atoms. This growth can occur due to two Co
atoms diffusing and meeting each other on the surface. Namely,
the results in Fig. 2(c) indicate a low trapping ability of the Co
atom by the crown ether ring in BrCR but suggest that once a Co
atom was trapped, other diffusing Co atoms gathered, forming a
nanocluster.

3.3 Electronic structures of Co-BrCR nanoclusters

The metal-organic NC formation process was also directly
imaged in the electronic structures. As suggested in Fig. 1,

a Topographic image
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the formation of Co-BrCR NCs is energetically more stable than
the co-existence of isolated Co atoms and BrCR molecules.
Namely, the 3d Co atom prefers to couple with BrCR molecules
and could form a bonding state via n—d hybridization.

We used scanning tunneling spectroscopy (STS) to measure
the sample local density of states (LDOS) at each pixel
position.>*”*> Fig. 2(d) shows, from top to bottom, an STM
topographic image and d7/dV maps at —1.5 eV and +1.5 eV
obtained on the same BrCR surface after the Co deposition,
where two NCs exist.

Since the BrCR array has HOMO and LUMO peaks around
—1.5 eV and +1.5 eV, which was checked from the di/dV curve
obtained on the pristine BrCR film on Cu(111) (see the ESL¥
Fig. S8), the dI/dV maps obtained at —1.5 V and +1.5 V (left
panels in Fig. 2(d)), whose brightness corresponds to the LDOS
intensity, clearly showed the BrCR ordered pattern. This also
means that the orderliness of the BrCR array in the electronic
structure was preserved even after the Co nanocluster for-
mation. Namely, the Co NC formation did not drastically
change the overall surface electronic structure, but it changed
only the local electronic structure around the Co NC. Because of

Configuration No.

3 4 5
1 1 1
5.1eV
3.5eV 3.5eV
OeV
0 T T T T T T T T
AE=25 fV AE=35eV AE=3.5eV AE=5.1eV

Cu(111)

(a) and (b) Simultaneously obtained STM topographic image and current map at the edge of the BrCR array island, where two Co nanoclusters
, —2 V, 10 pA). (c) Height profiles along the red and blue arrows in (a). (d) DFT calculation results of Co atom adsorption

into the BrCR/Cu(111) system. Ball-and-stick models of five configurations are shown with Co, Br, O, C, H, and Cu atoms in green, magenta, red, grey,
blue, and golden, respectively. Side and top views are shown. The Co atom is placed between Br atoms and the benzene ring (no. 1), below the benzene
ring (no. 2), below or outside the Br atoms (no. 3), below the crown ring (no. 4), and above the benzene ring (no. 5). AE denotes the energy value
difference from the most stable configuration. (e) DFT calculation suggested a model of how the adsorbed Co atom moved to the stable position.

878 | J Mater. Chem. C, 2024,12, 874-883 This journal is © The Royal Society of Chemistry 2024
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the different contrast between the BrCR and Co NCs, NCs could
have different LDOS from the BrCR.

We checked d7/dV curves obtained from the Co NCs, which
were found to be classified into three types named o (67%, red
line), B (22%, blue line), and v (11%, grey line) as depicted in
the right panel in Fig. 2(d). The green line denotes the di/dv
curve obtained on the BrCR array.

Interestingly, all dI/dV curves reveal peaks/shoulders at
—0.73 and +0.25 eV despite the non-uniform topology of the
NCs. The difference in the d7/dV might occur because of the
non-flat surface of the NCs, which changes the local
barrier height (@) of each nanocluster and varies the exponen-
tial background in the dI/dV curves,® namely, dI/dvV ~
ps(—(8m(® + eV/2))"*z/h), where p, denotes the sample LDOS,
m is the electron mass, and z is the tip-sample separation. This
means that the type o NCs (red line in Fig. 2(d)) have a lower
local barrier height compared to the type f and y NCs, increas-
ing the background. The obtained LDOS features at —0.73 and
+0.25 eV could indicate Co-BrCR bonding and antibonding
states, respectively.

Another point to be noted is that the LDOS of the remaining
BrCR-ordered molecular array is still preserved after the Co
deposition. Only the LDOS of limited BrCR areas near the NCs
were disturbed. These areas are encircled by a black line in the
dI7/dv maps in Fig. 2(d). The STM topographic image in Fig. 2(d)
shows that the BrCR array of these areas is disordered. This
could be a trace from when the NC formation pulled the BrCR
from the 2D array.

3.4 Initial growth processes in nanocluster formation

Fig. 3(a)-(c) represents that the NCs located at the edge of the
BrCR array could grow twice as fast. Fig. 3(a) and (b) show an
STM topographic image and a current map obtained in the
same area. Here, the latter visualized atom and molecule
patterns. Height profiles along the blue and red arrows in
Fig. 3(a) represent ~200 pm and ~400 pm in height and
~1.5 nm and ~2.0 nm in width, respectively (see Fig. 3(c)).
The current map in Fig. 3(b) denotes the BrCR unit cell lattice,
indicating the edge NC has a size of about two BrCR unit cells.
Since Br atoms are located at the BrCR island’s edges instead of
the crown rings, these observations in Fig. 3(a)-(c) indicate a
higher trapping ability by the edge instead of the crown ring.
To clarify the mechanism of each growing mode, density
functional theory (DFT) calculations were performed with the
projector-augmented wave method implemented in the VASP
code.*®?° The calculated DFT results shown in Fig. 3(d) shed
further light on the growth processes of Co-BrCR NCs. First,
the energetically stable configuration of the (7 x 4) BrCR
superlattice on Cu(111) was calculated. Then, one Co atom
was added to the BrCR lattice unit cell, and the adsorption
energy (E) was calculated. Five configurations shown in Fig. 3(d)
were examined to determine the energetically most stable
configuration. Ball-and-stick models of five configurations are
shown with Co, Br, O, C, H, and Cu atoms in green, magenta,
red, grey, blue, and golden, respectively. Hexagonal lines
denote the substrate fcc-Cu(111) lattice. The most energetically

This journal is © The Royal Society of Chemistry 2024
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stable configuration among them was the Co atom placed
between the benzene ring and bromine atoms, where the
C-Br bond was broken, and a new C-Co-Br bond was formed.
We indicate the structural energy (AE) relative to this structure
(which has AE = 0.0 eV). The other configurations shown in
Fig. 3(d) have higher energies of AE=2.5 €V, 3.5 eV, 3.5 eV, and
5.1 eV, respectively. The second stable configuration was the Co
atom located below the benzene ring. Although we expected
intercalation of the Co atom below the BrCR molecules, the Co
atom below the Br atoms (+3.5 eV) and the crown ring (+3.5 eV)
revealed much higher energy. The most unstable position was
the Co atom located on the BrCR molecule (+5.1 eV); this
definitely rules out the possibility of Co atom adsorption on
top of the BrCR molecules. These might indicate a similar
behavior to the bulk crystal of Co(H,0) in CR.>’

Fig. 3(e) shows a schematic image of possible Co atom
adsorption processes when a Co atom adsorbs on the center
crown ring. First, the Co atom cannot stay on the molecule
(+5.1 eV). Thus, the Co atom may intercalate below the crown
ring. However, the position below the crown ring is still
unstable (+3.5 eV). Hence, the Co atom starts to diffuse and
moves to the side of the molecule, around the benzene
ring (+2.5 eV), and could be trapped by the formation of the
C-Co-Br bond (AE = 0.0 eV). These DFT results suggest the
onset of the nanocluster growth.

3.5 Mass production of transition-metal nanoclusters

Finally, we evaluated how the on-surface method using a 2D
BrCR array could produce plenty of equivalent-sized NCs. Fig. 4
shows experimental results. Fig. 4(a) and (b) demonstrate two
different cases of Co adsorption on the BrCR array. The BrCR
covered 75% of the former surface, but the latter surface was
covered by only 15%. Then, it is found that Co NCs located on
the Cu(111) terrace, apart from the BrCR array, have a larger
size. Fig. 4(c) summarizes the diameter of NCs located inside
the BrCR array. We checked the diameter of hundreds of the Co
NCs. Then, we classified the sizes into 1.0, 1.5, and 2.0 nm for
the smaller NCs, and 3, 4, and 5 nm for the larger NCs, which
are shown in Fig. 4(c). Gaussian fittings to these distributions
led to the average value of 1.5 + 0.5 nm for the smaller-size NCs
and 3.6 &+ 1.2 nm for the larger-size NCs.

In Fig. 4, it is essential to know that many NCs were isolated
on the Cu terrace. This indicates a necessary message that the
isolated NCs could be energetically stable. First, the absorbed
Co atom was trapped by the BrCR array’s edges, similar to
Fig. 3(a). Second, other Co atoms gathered, and the NC’s size
increased. The NC could be released when the NC thermal
fluctuation overcame the bonding with the BrCR array. Repeat-
ing the drawing out of BrCR from the array and isolating NC
formation made the array shrink and disarrange the
array edges.

Fig. 4(e) shows di/dV curves obtained on the larger-size
(~3.6 nm) isolated NCs, whose energy positions are identical
to the initial growth of the smaller-size (~1.5 nm) NCs in
Fig. 2(d). Increasing the amount of the Co atoms inside BrCR
could lead to enhanced charge transfer. However, both small
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Fig. 4 Co nanocluster formation on BrCR/Cu(111). (a) and (b) STM topographic images of Co atom adsorption on (a) 0.75 monolayers (MLs) and
(b) 0.15 MLs of BrCR on Cu(111) (100 x 100 nm?2, —2V, 10 pA). (c) Nanocluster diameter histogram, indicating two different sizes of nanoclusters (NCs). (d)
STM topographic image of Co NCs (50 x 50 nm?, —2 'V, 10 pA). (e) d//dV curves obtained on the larger-size Co NCs (blue and red dots) and BrCR array
(green dots). (f) PES spectra obtained from the surfaces of the bare Cu(111) surface (black line), 0.57 MLs Co/Cu(111) (grey line), 1.0 ML BrCR film on
Cu(111) (blue line), and 0.57 MLs Co film on the 1.0 ML Br-CR film/Cu(111) (red line). These PES spectra were measured in the I'-K direction in the Brillouin
zone of the Cu(111) surface and summed up from 0.0 to 1.1 A1, Experimentally obtained work function (WF) values are also shown. (g) Schematic model

of two types of NCs.

(~1.5 nm in Fig. 2(d)) and large (~ 3.6 nm in Fig. 4(e)) Co NCs
have similar d7/dV curves with LDOS peaks around —0.73 and
+0.25 eV. No significant change was observed, suggesting that
the charge transfer effect is rather small.

While STS measures the sample surface LDOS with high
spatial resolution in the vicinity of the Fermi energy for both
occupied and unoccupied states, angle-resolved photoemission
spectroscopy (ARPES) measures the occupied DOS of a large
surface area, detecting macroscopic surface and interface elec-
tronic structures. Here, averaging information of the mass-
produced NCs was further investigated.

Fig. 4(f) shows the PES spectra obtained on the bare Cu(111)
(black line), 0.57 MLs Co/Cu(111) (grey line), and 1 ML BrCR
film on Cu(111) before (blue line) and after (red line) the
0.57 MLs Co deposition. The PES intensity curves were obtained
by summing up ARPES data from 0.0 to 1.1 A™* along the I'-K
direction in the Brillouin zone (see the ESL+ Fig. S4 and S5).

880 | J Mater. Chem. C, 2024, 12, 874-883

The binding energy at zero eV denotes the Fermi energy. The
Cu(111) has a surface state at —0.4 eV (a small peak in the
spectrum) and 3d band peaks between —2.5 and —4.5 eV with a
work function (WF) of 4.90 eV. When the Cu(111) surface was
covered with the 1 ML BrCR film, the work function was
lowered to 4.43 eV due to the interface dipole induced by a
molecular permanent dipole and charge transfer at the inter-
face. The Cu surface state peak disappeared, and a HOMO peak
at —1.48 eV appeared, which corresponds to the energy position
of the HOMO peak measured by STS.>* Also, the spectrum peak
shape changes to two-dip and one-peak features after the 3d
band region around —3.8 eV, indicating the superposition of
molecular orbital features.

We deposited 0.57 MLs Co on the BrCR film. The red
spectrum shows that the BrCR HOMO peak at —1.48 eV is
strongly quenched. This could indicate the disordering of the
BrCR ordered array, and the BrCR nanocluster formation would

This journal is © The Royal Society of Chemistry 2024
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give a broadened feature of HOMO-derived states. On the other
hand, the intensity between —1 eV and 0 eV increased com-
pared to the blue spectrum obtained on the bare BrCR (see the
red spectrum in Fig. 4(f)), which could have the exact origin as
the LDOS peak at —0.73 eV in the STS curve. The PES spectra
difference between before and after Co deposition is also
shown in the ESI,i Fig. S4. A similar intensity increase was
observed on the Co/Cu(111) surface (grey line), indicating a
shoulder near the Fermi energy (around —0.2 eV). In contrast,
the band peaks between —2.0 eV and —3.5 eV show no differ-
ence before and after the Co deposition, mainly dominated by
the Cu 3d state.”” Unfortunately, it is not easy to give any
information on the spectral difference from types of Co NCs
with the present experimental conditions. The dips at —3.8 eV
and —5 eV became flat, which could be due to the shift and
broadening behavior of deeper-lying orbital states as found for
the HOMO, interacting weakly among the 3d Co states and the
substrate Cu 3d states.

LEED spot patterns of the 2D BrCR array wholly disappeared
after the Co deposition (ESLT Fig. S6), in agreement with the
mass-productive NCs on Cu(111) (see also the complete NC
formation on the surface in the ESI,} Fig. S7).

Finally, a growth model of the two types of NCs is shown in
Fig. 4(g). The smaller 1.5 nm size NCs, whose size is compar-
able to one BrCR molecule, could consist of one BrCR including
more than two Co atoms below the BrCR, increasing the height
of +200 pm. The larger 3.6 nm size NCs seem to include more
than two BrCR molecules, and the Co bilayer likely grew below
molecules since the height increase is comparable to the Co
bilayer height (~400 pm) in Fig. 1(a). This suggests the larger
NC includes more than 10 Co atoms.

4. Conclusions

We demonstrated the growth of transition-metal cobalt (Co)
nanoclusters (NCs) using the trapping ability of the 2D crown-
ether (BrCR) (7 x 4) array on Cu(111). The sample was prepared
at 300 K in UHV, while all STM/STS and ARPES experiments
were performed at cryogenic temperatures in UHV. DFT calcu-
lations confirmed the energetically stable adsorption site of the
Co atom into the BrCR molecule on Cu(111).

In contrast to the host-guest coupling of the CR ring
molecule in bulk or solution, the NC formation or supramole-
cular chemistry becomes substantially modified in the presence
of a solid surface. The adsorbed Co atoms were trapped not at
the center ring but at the side benzene region via n-d
bonding. The NCs inside the BrCR array have a smaller size
(1.5 £ 0.5 nm), but the isolated NCs apart from the array have a
larger size (3.6 £+ 1.2 nm). The latter could be formed by
repeating the drawing out of BrCR from the array with simul-
taneous Co bonding.

Thus, we found an on-surface method to lead the mass
product of isolated transition-metal Co NCs by depositing Co
on the 2D BrCR array on Cu(111) in UHV at 300 K.

This journal is © The Royal Society of Chemistry 2024
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