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While the utility of supported metal and alloy clusters as catalytic materials is widely recognized, their

precise synthesis remains a challenge. Here, we demonstrate the precise synthesis of these clusters via

metallopeptides. This technique is characterized by its ability to be automated using Merrifield's solid-

phase peptide synthesis (SPPS). Metallopeptides with iron and platinum complexes in their side chains

have been prepared using this SPPS. These metallopeptides were successfully transformed into the

corresponding supported metal clusters by heating in a hydrogen atmosphere.
Introduction

Subnanometer metal particles, including what are commonly
referred to as metal clusters, have garnered signicant attention
due to their distinct properties, which set them apart from larger
metal nanoparticles. These unique attributes contribute not only
to the development of functional materials for applications such
as catalysis1–6 and luminescence7 but also to the unexpected
emergence of super-atomic properties.8–11 What is particularly
intriguing is the absence of phase separation in these clusters,
which allows for the exible creation of alloy formations with
a wide variety of elements.12–15 Given the countless possibilities
for subnanometer alloys, conducting high-throughput searches
for materials within this nearly limitless spectrum of alloyed
clusters is an essential prerequisite for future research endeavors.

There are numerous reports on stable series of clusters such
as polyoxometalates,16 multi-metallic clusters based on the
composition of Zintl anions,17 and ligand-protected metal
clusters.18,19 These clusters are oen exceptionally stable and are
discovered serendipitously or based on empirical conjecture. In
contrast are the meta-stable clusters supported on solid
substrates. These clusters are also known as transient active
species during the operation of single-atom catalysts andmetal-
supported catalysts,20 and many remain unexplored as they do
not always adopt the most stable structures.21–23
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The difficulty of studying such meta-stable clusters is
attributed to signicant constraints in their synthesis methods.
Nonetheless, such clusters potentially exhibit outstanding
catalytic activity and cannot be overlooked.24–29 Because the
metastability of such clusters makes their isolation challenging,
they are typically synthesized in the gas phase, and are then
separated in ight using a quadrupole mass lter and gently
deposited on substrates.28,30–32 This method limits throughput,
posing challenges when attempting catalytic reactions on
a practical scale. Furthermore, in the case of alloy clusters, the
complexity of the products complicates separation.

Recent advancements in the precision synthesis of small
nanoparticles33–36 and clusters1,37,38 using organic polymers and
self-assembling molecules as templates have allowed access to
these materials. The remaining issue is the necessity for
a complex, multistep organic synthesis and repeated purication
processes to custom-tailor specic template molecules for each
desired cluster product. Since the most suitable template must
be selected according to each desired cluster, screening through
automated synthesis in a single protocol is not yet feasible. This
study aims to demonstrate the feasibility of achieving template-
free cluster synthesis with atomic-level precision using Merri-
eld's solid-phase peptide synthesis (SPPS)39 towards a universal
protocol. The concept of the entire synthesis process is to directly
convert automatically synthesized metallopeptides into the
desired clusters, as shown in Fig. 1.
Results and discussion
Preliminary study and design of metallated amino acids

The design of metal-containing peptides involves the careful
selection of specic amino acids with ligands that act as scaf-
folds for metal complexes. In basic molecular design, it is
Chem. Sci., 2024, 15, 14931–14937 | 14931
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Fig. 1 Synthesis of platinum- and iron-containing metallopeptides by Merrifield's solid-phase peptide synthesis (SPPS) for atom-precise cluster
synthesis. (i) Elongation of the peptide chain and capping of the residual amino groups, (ii) deprotection of the Fmoc group: 20% piperidine/DMF
(2 mL), 15 min, (iii) cleavage of the peptide chain: 1% TFA solution, (iv) deposition on the support and calcination: Ketjenblack, H2/N2 (3%) flow,
250 °C, 3 h.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 4
/3

/2
02

6 
2:

18
:4

7 
A

M
. 

 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
crucial to rst consider the timing of metal complex binding,
and then identify the segment of the amino acid to which the
metal complex will be attached. We introduced the complexes
to the amino acids before starting the peptide chain elongation
process, rather than adding the complexes aer the peptide
chain was fully extended. Although there are several
examples40–42 of introducing metal complexes aer the elonga-
tion process, we refrained from adopting this approach because
it is difficult to introduce multiple types of metal ions in precise
numbers to multiple free ligands and form complexes with
exact compositions.

We used “metallated a-amino acids” as the basic building
blocks, with a-amino acids forming the core structure and
metal complexes attached to their side chains. Aer preliminary
investigation, we judiciously selected two types of metallated
amino acids (Fe, Pt) (Fig. 1) based on stability and accessibility
considerations. To complete the entire process as shown in
Fig. 1, the side-chain metal complex must have the chemical
stability not to react during the repeated condensation (i and ii)
and the cleavage (iii). On the other hand, during the thermal
decomposition to produce the cluster product (iv), the ligand
part must be cleanly removed without leaving any residue. From
the perspective of chemical stability, polypyridine and macro-
cyclic complexes (such as porphyrins) are good options.
However, in the decomposition process (iv), these complexes
produced graphitic ash as the side product in addition to the
metallic component. In this study, we employed iron cyclo-
pentadienyl complexes and platinum Schiff base complexes as
ligands that possess both chemical stability and ease of thermal
decomposition.
14932 | Chem. Sci., 2024, 15, 14931–14937
Synthesis of Fe metallo-peptides [H-(K-Fe)12-RA-OH]

To the best of our knowledge, the long-chain metallo-peptide
targeting 12 residues of metalized amino acids has never been
synthesized before. Therefore, we attempted to optimize the
solid-phase peptide synthesis method for metallated amino
acids and to synthesize the long-chain metallo-peptide. Fig. 1
illustrates the procedure for the synthesis of iron-containing
metallopeptides involving the attachment of a ferrocene group
to a C-terminally protected lysine followed by the subsequent
deprotection of the monomers (Fmoc-(K-Fe)-OH). Further
details of the synthesis can be found in the ESI.† It is note-
worthy that Fmoc-(K-Fe)-OH showed remarkable stability when
dissolved in a 1% triuoroacetic acid (TFA)/dichloromethane
(DCM) solution. However, it was susceptible to damage when
exposed to a 95% TFA solution. Therefore, in this study, we used
acid-sensitive resins that could be cleaved using a 1% TFA
solution for SPPS.

In order to efficiently obtain the desired metallopeptide, it
is crucial to increase the efficiency of peptide elongation. In
particular, the choice of condensing agent plays a key role in
determining the yield and purity of the target product, as it
directly affects the reaction efficiency and side reactions,
primarily racemization. Our preliminary investigations have
shown that 1-[bis(dimethylamino)methylene]-1H-1,2,3-tri-
azolo[4,5-b]pyridinium 3-oxide hexauorophosphate (HATU)
is the most suitable coupling agent for the synthesis of the
metallopeptides in this study. 1-[(1-(Cyano-2-ethoxy-2-
oxoethylideneaminooxy) dimethylaminomorpholino)] uro-
nium hexauorophosphate (COMU) was also effective as
a coupling agent, but its stability proved to be less favorable as
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the number of condensation cycles increased. Therefore, we
decided to use HATU as the coupling agent along with 3H-
[1,2,3]triazolo[4,5-b]pyridin-3-ol (HOAt) as the co-coupling
agent and N,N-diisopropylethylamine (DIEA) as the base
agent to achieve optimal results.

We performed an elongation study in which the peptide
chain was extended up to 12 residues on a 0.027 mmol scale
using Fmoc-(K-Fe)-OH as the monomer. We used Rink amide-
Trt(2-Cl) resin packed into a column that was rst swollen
with DCM. Fmoc-(K-Fe)-OH (3 equiv.) was then added along
with HATU (3.0 equiv.), HOAt (2.9 equiv.), and DIEA (6.0 equiv.).
The mixture was then subjected to microwave irradiation at 75 °
C for 5 minutes. A TNBS (2,4,6-trinitrobenzenesulfonic acid)
assay performed aer peptide condensation conrmed the
absence of residual amino groups, indicating quantitative
condensation. Aer ltration of the reaction solution, any
remaining active sites (–NH2) were deactivated by treatment
with an excess of acetic anhydride to prevent further extension
(capping). The Fmoc protecting group at the end of the growing
peptide chain was then removed using a 20% piperidine/
dimethylformamide (DMF) solution. For a detailed sequence
of operations and conditions, refer to the ESI.†

The condensation, capping, and deprotection process was
iterated 12 times to produce a 12-residue Fe peptide attached to
the resin. A cleavage cocktail consisting of TFA : triisopropylsi-
lane (TIPS) : 2,2,2-triuoroethanol (TFE) : DCM in a ratio of 1 :
2.5 : 30 : 66.5 was added to the resin. This mixture was ltered
and the process was repeated until the ltrate became colorless.
To precipitate the peptides, tert-butylethylether was added to
the ltrate. The crude product was obtained by centrifugation at
3000g at 0 °C for 20 minutes, followed by decanting. The crude
product was puried by preparative reverse-phase HPLC,
yielding 8.9 mg (7.1%) of the desired product. The puried
product, H-(K-Fe)12-RA-OH (RA: Rink Amide), was conrmed by
Fig. 2 Characterization of H-(K-Fe)12-OH synthesized by the SPPS
method. (a) A MALDI-TOF-mass spectrum. (b) A reversed-phase
analytical HPLC chart. The solvent was 90% DMF/H2O.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Matrix Assisted Laser Desorption/Ionization Time-Of-Flight
(MALDI-TOF)-mass spectrometry (Fig. 2a) with a purity of 94%
as determined by HPLC (Fig. 2b).
Synthesis of Pt metallopeptides [H-(E-Pt)12-OH]

SPPS was also used to prepare Pt metallopeptides. Although the
design of is similar to that reported in the literature,43,44 we
chose to use an amide linkage instead of an ester linkage to link
themain chain to the side chain. This modication wasmade to
increase the stability against acidic conditions. To initiate the
synthesis, the monomer (Fmoc-(E-Pt)-OH) was attached to an
activated resin. Subsequently, the similar condensation–
deprotection procedures used for Fmoc-(K-Fe)-OH were
repeated up to ve times to produce a 6-residue metallopeptide
with an NH2 group at the N-terminal end. The total number of
cycles corresponds to the number of residues because the TNBS
assay conrmed the completion of the second and subsequent
condensations (>99.5%). Aer treatment with CH2Cl2 : TFA :
TIPS in a ratio of 96.5 : 1.0 : 2.5 (v/v), the eluate was collected and
then precipitated with cold diethyl ether. This procedure gave
the product H-(E-Pt)n-OH (n = 1, 2, 3, 4, 6) aer ltration.

Analytical HPLC chromatograms of the products H-(E-Pt)n-
OH (n = 1, 2, 3, 4, 6) prior to purication are shown in Fig. S1.†
Notably, the elution time in reversed-phase HPLC increased as
the number of residues (n) increased. Importantly, there was no
observable peptide contamination across different n values,
suggesting that the condensation–deprotection process pro-
ceeded quantitatively as indicated by the TNBS assay. Upon
completion of the purication process by preparative HPLC, we
obtained 5.3 mg of a 6-residue peptide. The formation of met-
allopeptides with residue numbers ranging from 1 to 6 was
conrmed by MALDI-TOF-MS analysis. The visualization of
platinum atoms by Cs-corrected annular-dark-eld scanning
transmission electron microscopy (ADF-STEM) together with
the simulation allowed us to unravel the conformational
structures of H-(E-Pt)12-OH, revealing features such as entan-
glement and self-folding (Fig. S2†).

While it is true that the efficiency of the reaction decreased
with increasing peptide chain length, even the nal step of 12-
residue metallopeptide formation was achieved with almost
quantitative yield (∼98%). The nal resin-bound product was
cleaved using a 1% TFA solution, followed by recovery and
isolation by preparative HPLC (Fig. S3†). MALDI-TOF-MS anal-
ysis of the 12-residue metallopeptide revealed a peak corre-
sponding to the molecular weight of H-(E-Pt)12-OH,
accompanied by fragment peaks (Fig. S4†). These fragments
exhibited regular intervals similar to those observed for the
pure H-(E-Pt)4–6-OH (Fig. S2†). The consistency of these inter-
vals with the molecular weight of PPh3 suggests that these
fragments are not the result of chemical decomposition in
solution, but rather due to fragmentations occurring during the
ionization process.

Fig. 3 and S5† show images of H-(E-Pt)12-OH adsorbed on
a carbon support (Ketjenblack). Numerous metallopeptides,
each consisting of 12 bright spots, were individually observed
on the support. In certain assemblies, platinum atoms were
Chem. Sci., 2024, 15, 14931–14937 | 14933
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Fig. 3 ADF-STEM images ofH-(E-Pt)12-OH supported on Ketjenblack.
The corresponding simulations and the projected molecular models
are shown. A lower magnification image is shown in Fig. S5.†
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dispersed within a range of about 2 nm. Based on conforma-
tional searches using STEM simulations, this dispersion
corresponds to the peptide chain extending outward, as shown
in Fig. 3. In addition, we observed images of metals assembled
in a more conned region. This likely corresponds to the
peptide chains adopting different conformations, with the
hydrophobic metal complexes aggregating together.
Preparation of Pt clusters

As shown in Fig. 3, atomic resolution ADF-STEM images visu-
alized H-(E-Pt)12-OH present without signicant intermolecular
entanglement when supported on Ketjenblack. The presence of
the support material (Ketjenblack) played a crucial role in
stabilizing these small metal clusters, as previously reported.45

The successful transformation of the metallopeptides into their
corresponding supported metal clusters was achieved as
follows. To obtain the desired metal clusters, the calcination of
H-(E-Pt)12-OH on Ketjenblack was carried out at 250 °C for three
hours under a hydrogen/nitrogen (3%) gas ow. This process
efficiently yielded mainly zero-valent Pt metal clusters. This
Fig. 4 ADF-STEM images of Pt12/KB. (a) Wide-view images displaying th
particles are located. It should be noted that many particles at the defocu
corrected STEM (see Fig. S7†). (b) High-magnification images displaying e
the low-magnification images.

14934 | Chem. Sci., 2024, 15, 14931–14937
calcination condition is based on the results of evolved gas
thermography and X-ray photoelectron spectroscopy (XPS)
using H-(E-Pt)4-OH. The platinum peptide complexes initiated
the reaction with H2 at 200 °C (Fig. S6†) and nally yielded
zerovalent metal at 250 °C (Fig. S7a and b†). Furthermore, the
disappearance of elements such as nitrogen, chlorine and
phosphorus indicated the complete elimination of the peptide
and ligand structures (Fig. S7c†). The ADF-STEM image
conrmed the formation of metal clusters, which exhibited
denser metal aggregates compared to the precursor complexes
(Fig. 4 and S8†).

The decomposition of the Pt complex part starts at about 200
°C (Fig. S6b†), while the peptide backbone decomposes simul-
taneously, with a sharp gas desorption peak observed between
210 °C and 220 °C. Thus, in the structure of the metallopeptide
proposed here, the complex part decomposes thermally,
allowing the nearby free metal atoms to aggregate and form
clusters. Subsequently, the main chain structure of the
remaining peptide breaks down and is removed. This is
believed to be the reason why the clusters could be synthesized
with precision. In fact, attempts to synthesize clusters using
complexes with polypridines46 or macrocyclic ligands,47 which
have excessively high thermal stability, have not been success-
ful. This failure is likely due to the main chain decomposing
rst, causing the complexes to scatter irregularly on the
support.

The size distribution of the observed clusters was found to be
0.9± 0.2 nm (Fig. 4c), a size range comparable to that of clusters
synthesized using tiara-like complexes37 and dendrimers.24,48 An
atomic resolution video of a single Pt12 particle showing unique
uidity (Movie S1†) is consistent with the previous reports.49,50

Since STEM observations only provide localized information
from a limited eld of view, X-ray absorption ne structure
(XAFS) was also measured at the Pt-L3 edge to complement the
data (Fig. S9†). The X-ray absorption near-edge structure
(XANES) and extended X-ray absorption ne structure (EXAFS)
results are very similar to those of Pt12 obtained by the previous
dendrimer-based method. This consistency rules out the
e dispersion of clusters on the support. The arrows point to where the
sed area are unclear or invisible due to the narrow depth of field of Cs-
ach particle for atom counting. (c) A particle-diameter histogram from

© 2024 The Author(s). Published by the Royal Society of Chemistry
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possibility of single atoms not appearing in the STEM images or
the presence of very large Pt particles out of the eld of view.
The presence of a Pt–Pt shell was further supported by curve-
tting analysis of EXAFS, as detailed in the ESI. †

Previous studies of tiara-like complexes37 have shown that
the number of constituent atoms in the resulting clusters
remains constant when the concentration is sufficiently low. In
the current study, it was similarly observed that particle aggre-
gation could be effectively suppressed when the amount of
supported metallopeptide was kept below 2 wt% of the carbon
support (with a Pt content of 0.5 wt%). While a small number of
larger particles, each containing 24 Pt atoms, were also
observed, atomic counting revealed that the majority consisted
of the 12-atom clusters supported on Ketjenblack (Pt12/KB). In
principle, the synthesis of smaller particles is possible, but
achieving high purity in this context requires further rene-
ments. This is due to the fact that when particle size is reduced
while maintaining the loading mass fraction, the average
distance between particles decreases, making themmore prone
to aggregation. A potential strategy to counteract this aggrega-
tion is the use of porous materials such as covalent organic
frameworks (COFs)/metal organic frameworks (MOFs) and
zeolites as support materials.51,52

Platinum clusters have exhibited outstanding catalytic
performance, particularly in oxygen activation reactions like the
oxygen reduction reaction (ORR)25 and aerobic oxidation reac-
tions.27 In this study, the oxidation of toluene was selected as
a benchmark reaction due to the efficient catalytic activity of
subnanometer platinum in this process, as well as the well-
established reproducibility and reusability of the catalyst.27

In the experiment, 5 mg of Pt12/KB (0.47 wt%) was added to
2 mL of toluene and reacted at 160 °C under 1 MPa of oxygen for
5 hours without a solvent. The primary products, as determined
by 1H NMR, included benzaldehyde, benzylalcohol, and benzoic
Fig. 5 Catalytic oxidation of toluene by Pt catalysts. Reaction scheme
and yields of products with different catalysts. Pt12/KB is the catalyst
synthesized from the 12-residue metallopeptide. Pt/C is commercially
available Pt supported on carbon. KB is the blank Ketjenblack which
was used as the support in Pt12/KB.

© 2024 The Author(s). Published by the Royal Society of Chemistry
acid (Fig. 5 and Table S1†). Additionally, benzylbenzoate was
detected as a minor product. The total yield of products achieved
with Pt12/KBwas 0.85. In contrast, when an equivalent amount of
Pt/C (commercial Pt on carbon, 10 wt%) was used, the product
yield was substantially lower. The possibility of product forma-
tion via carbon-mediated auto-oxidation was ruled out, as no
products were observed in the control experiment using
platinum-free Ketjenblack (KB) as the catalyst. The nominal turn-
over frequency (TOF) of Pt12/KB for each platinum atom was
calculated to be 1330 times in 5 hours, conrming its activity was
consistent with the TOF (∼1000) in a previous report.27 This
result indicates that supported clusters synthesized using met-
allopeptides as precursors exhibit full catalytic activity without
surface poisoning from unburned organic debris.
Preparation of Pt–Fe bimetallic clusters

A precursor containing Pt and Fe atoms in equimolar amounts
is necessary for the synthesis of useful magnetic materials such
as L10-FePt alloy. The FePt alloys are also known to be effective
in oxygen reduction reactions (ORR) as catalysts.53,54 Although
methods for the precise synthesis of FePt alloy nanoparticles (3–
6 nm) using polymer metal complexes as templates have been
reported,55–57 precise synthesis of clusters as small as 1 nm has
not been achieved. Peptides containing two different metallic
elements were alternately condensed and used as precursors to
synthesize alloy clusters with precisely dened compositions.
The metallopeptides used in this study contained both Fe and
Pt elements. If the composition of the metallopeptides is well
dened, the sequence order should not affect the composition
of the resulting clusters. However, preliminary investigations
have shown that condensation efficiency is enhanced when
peptides of the same type are not extended sequentially.
Therefore, to achieve an irregular sequence and improve
condensation efficiency, we designed Fmoc-(E-Pt)-(K-Fe)-(E-Pt)2-
(K-Fe)2-(E-Pt)-(K-Fe)2-(E-Pt)-(K-Fe)-(E-Pt)-RA (RA: Rink Amide)
based on this idea.

The Fe–Pt metallopeptide was synthesized by SPPS on
a 0.027 mmol scale, following a procedure similar to that used
for the Fe and Pt metallopeptide. The resulting product
appeared as a dark orange powder, which was subsequently
dissolved in H2O/CH3CN = 50/50 and subjected to purication
by reversed-phase HPLC. The MALDI-TOF-mass spectrum of the
puried sample showed approximately two broad peaks
(Fig. S10†). As explained previously, the broadening of these
peaks can be attributed to the fragmentation of the phosphine
ligands. The primary peak had an m/z signicantly higher than
6150.4 (representing the peptide lacking a single Pt residue) and
was in close proximity to 7080.6 (the target product). Based on
these results, it can be concluded that the desired metal-
lopeptide was successfully obtained. The collected product was
2.65 mg (1.3% yield).

For the synthesis of clusters, the Fe–Pt metallopeptide was
used as a precursor. The metallopeptide was loaded on a carbon
support (Ketjenblack or graphene powder) at 0.6 wt% metal
content. It was sintered in a furnace at 300 °C for 2.5 h under
a 3% H2 mixed N2 gas atmosphere to obtain clusters with the
Chem. Sci., 2024, 15, 14931–14937 | 14935
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Fig. 6 Characterization of Fe–Pt clusters (Fe6Pt6/KB). (a) ADF-STEM
image with a wide field of view. (b) A histogram of particle diameters
compiled from several ADF-STEM images, (c) Energy Dispersive X-ray
Spectra (EDS) obtained from three different single particles. Spectra
from all 11 fields of view are included in the ESI.†
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corresponding composition. The resulting carbon-supported
clusters were directly observed by ADF-STEM and Energy
Dispersive X-ray Spectroscopy (EDS) to identify their particle
size and the elemental composition.

The ADF-STEM images of the black powder obtained by
calcination reduction of Fmoc-(E-Pt)-(K-Fe)-(E-Pt)2-(K-Fe)2-(E-Pt)-
(K-Fe)2-(E-Pt)-(K-Fe)-(E-Pt)-RA supported on Ketjenblack are
shown in Fig. 6a. Fe–Pt clusters are formed on Ketjenblack with
a particle size of 1.0 ± 0.2 nm (Fig. 6b). EDS analysis targeting
each individual cluster was conducted across 11 elds of view,
conrming the coexistence of Pt and Fe in all elds. Although the
quantitative accuracy of EDS was not satisfactory due to the very
small particle size, it was revealed that the Pt/Fe ratio generally
centered around 1 (Fig. 6c). The result support the idea that FePt
alloy clusters with well-dened compositions are available from
multi-element metallopeptides as the precursors.
Conclusions

Merrield's solid-phase peptide synthesis (SPPS) method has
been used to successfully synthesize metallopeptides contain-
ing Fe and/or Pt complexes with up to 12 residues in an auto-
mated process. In addition, atom-precise clusters have been
successfully synthesized from metallopeptides carrying plat-
inum and iron complexes as the side chains. The successful
synthesis of clusters (Pt12/KB and Fe6Pt6/KB) using metal-
lopeptides as the precursors is mainly due to their pyrolysis
process. One signicant advantage of employing peptide
sequences instead of traditional polynuclear metal complexes
lies in high-throughput discovery. For instance, peptide arrays
14936 | Chem. Sci., 2024, 15, 14931–14937
have proven effective in swily screening gold nanoparticles as
templates to control size, shape, and optical properties.58,59 The
concept presented in this study is expected to facilitate the
automated synthesis of stable clusters and less stable clusters
composed of various metal species with atomic precision. This
advancement has the potential to expedite the search for cata-
lysts, luminescent materials, and recording materials.

Data availability
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within the article and the ESI.†

Author contributions

N. A., Y. N., K. N., and S. S. were responsible for preparing the
samples. T. I. and K. T. performed the Scanning Transmission
Electron Microscopy (STEM) observations and processed the
data. M. H. and M. T. conducted the catalyst benchmarking. T.
I. and W. C. were in charge of the XAFS analysis. The experi-
ments were conceptualized by T. I., M. T., M. O., and K. Y. The
manuscript was co-written by T. I., M. T., M. O., and K. Y.

Conflicts of interest

The authors declare no competing interests.

Acknowledgements

This study was partly supported by JST ERATO, Japan (Grant
Number JPMJER1503 (K. Y.)) and JSPS KAKENHI (Grant
Numbers JP 21H05023 (K. Y.), JP 22H05044, 22H02091, and
22H05043 (T. I.)), the New Energy and Industrial Technology
Development Organization (NEDO), Japan (T. I.) and the
Cooperative Research Program of “Network Joint Research
Center for Materials and Devices”. XAFS measurements were
conducted at the BL12C beamline of the High Energy Acceler-
ator Research Organization, Institute of Materials Structure
Science, Photon Factory (KEK-IMSS-PF) under the approval of
the Photon Factory Advisory Committee (No. 2021G688 (T. I.)).

Notes and references

1 K. Yamamoto, T. Imaoka, M. Tanabe and T. Kambe, Chem.
Rev., 2019, 120, 1397–1437.

2 E. C. Tyo and S. Vajda, Nat. Nanotechnol., 2015, 10, 577–588.
3 A. Taketoshi and M. Haruta, Chem. Lett., 2014, 43, 380–387.
4 S. Yamazoe, K. Koyasu and T. Tsukuda, Acc. Chem. Res., 2014,
47, 816–824.

5 U. Landman, B. Yoon, C. Zhang, U. Heiz and M. Arenz, Top.
Catal., 2007, 44, 145–158.

6 L. Liu and A. Corma, Chem. Rev., 2018, 118, 4981–5079.
7 D. J. E. Huard, A. Demissie, D. Kim, D. Lewis, R. M. Dickson,
J. T. Petty and R. L. Lieberman, J. Am. Chem. Soc., 2019, 141,
11465–11470.

8 T. Kambe, A. Watanabe, M. Li, T. Tsukamoto, T. Imaoka and
K. Yamamoto, Adv. Mater., 2020, 32, e1907167.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc04400b


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 4
/3

/2
02

6 
2:

18
:4

7 
A

M
. 

 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
9 T. Kambe, N. Haruta, T. Imaoka and K. Yamamoto, Nat.
Commun., 2017, 8, 2046.

10 A. C. Reber, S. N. Khanna and S. N. Khanna, Acc. Chem. Res.,
2017, 50, 255–263.

11 D. A. Tomalia and S. N. Khanna, Chem. Rev., 2016, 116, 2705–
2774.

12 T. Tsukamoto, T. Kambe, A. Nakao, T. Imaoka and
K. Yamamoto, Nat. Commun., 2018, 9, 468.

13 T. Moriai, T. Tsukamoto, M. Tanabe, T. Kambe and
K. Yamamoto, Angew. Chem., Int. Ed., 2020, 59, 23051–23055.

14 Q. Zou, Y. Akada, A. Kuzume, M. Yoshida, T. Imaoka and
K. Yamamoto, Angew. Chem., Int. Ed., 2022, e202209675.

15 M. Inazu, Y. Akada, T. Imaoka, Y. Hayashi, C. Takashima,
H. Nakai and K. Yamamoto, Nat. Commun., 2022, 13, 2968.

16 H. N. Miras, J. Yan, D.-L. Long and L. Cronin, Chem. Soc.
Rev., 2012, 41, 7403–7430.

17 B. Weinert, S. Mitzinger and S. Dehnen, Chem.–Eur. J., 2018,
24, 8470–8490.
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