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Finely controlled multimetallic nanocluster catalysts for
solvent-free aerobic oxidation of hydrocarbons
Masaki Takahashi,1,2,3 Hiromu Koizumi,2 Wang-Jae Chun,3,4 Makoto Kori,2

Takane Imaoka,2,3,5 Kimihisa Yamamoto2,3*

The catalytic activity of alloy nanoparticles depends on the particle size and composition ratio of differentmetals. Alloy
nanoparticles composed of Pd, Pt, andAu arewidely used as catalysts for oxidation reactions. The catalytic activities of
Pt and Au nanoparticles in oxidation reactions are known to increase as the particle size decreases and to increase on
themetal-metal interface of alloy nanoparticles. Therefore,multimetallic nanoclusters (MNCs) around1nm indiameter
have potential as catalysts for oxidation reactions. However, there have been few reports describing the preparation of
uniform alloy nanoclusters. We report the synthesis of finely controlled MNCs (around 1 nm) using a macro-
molecular template with coordination sites arranged in a gradient of basicity. We reveal that Cu-Pt-Au MNCs
supported on graphitized mesoporous carbon show catalytic activity that is 24 times greater than that of a commer-
cially available Pt catalyst for aerobic oxidation of hydrocarbons. In addition, solvent-free aerobic oxidation of hydro-
carbons to ketones at room temperature, using small amounts of a radical initiator, was achieved as a heterogeneous
catalytic reaction for the first time.
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INTRODUCTION
Oxidative transformation of raw materials into useful intermediates
has long been pursued by researchers in the field of catalytic chemistry
(1). The oxidation of hydrocarbons to more functional compounds,
such as alcohols and ketones, is an important organic transformation.
These reactions have traditionally used dangerous solvents and addi-
tives and explosive oxidants (2–7). Solvent-free aerobic oxidation of
organic compounds has recently been reported as a useful oxidative
transformation of organic compounds (8–10). Noble metal nanopar-
ticles composed of Pd, Pt, Au, and alloy nanoparticles supported on
metal oxides are commonly used in these catalytic systems (8–14).
Subnanoclusters (under 1 nm), in particular, have been reported as
remarkable active species for oxidative transformation due to the
specific reactive sites of their metal surfaces (15, 16). In this context,
multimetallic nanoclusters (MNCs) have much potential as high-
performance catalysts because of their particular merits, which include
larger surface areas, active metal-metal interfaces, and specific reactive
sites, but the catalytic activity of 1-nm MNCs has not been investi-
gated thus far due to difficulties in the synthesis of MNCs of finely
controlled size and metal composition ratio (17–19). Gas-phase reactions
with mass selection of clusters have thus far been the only synthetic
method for subnanosized clusters, with a narrow size distribution
at the atomic level (15, 16, 20). However, the application of this syn-
thetic method to the synthesis of MNCs is difficult in principle. In
addition, even if many kinds of metals are mixed at the nanoscale,
mixed nanoclusters (NCs) often undergo phase separation due to
lattice mismatch or other factors (21), and electronic interactions be-
tween different metals are lost. The efficient realization of synergistic
effects between different metals in catalytic reactions is an important
theme in catalytic chemistry. Here, mixing three kinds of metals at
the boundary of nanoscale and subnanoscale has been accomplished,
and we consider them as precisely constructed MNCs. The synthetic
challenge was realized by using a macromolecular template method,
with a dendrimer bearing coordination sites for metal ions. Dendrimer
template synthesis of NCs has attracted much attention as a new re-
search direction in catalytic chemistry (22–28). For the synthesis of
finely controlled NCs, this method meets two significant requirements
(27, 28): (i) The template molecule, which has a defined number of
coordination sites for metal ions, regulates the size of the NCs after
reduction of the precursor coordinating metal ions, and (ii) the den-
drimer prevents aggregation of the NCs because of its dense tree-like
structure, which encapsulates the NCs, and its coordination sites,
which stabilize them but with enough surface accessibility for reactants
in the catalytic reaction process. This is because it has coordina-
tion sites to stabilize MNCs, plus sufficient room due to its rigid
p-conjugated structure. One particular dendrimer used in this re-
search, fourth-generation dendritic polyphenylazomethine with a tet-
raphenylmethane core (TPM-DPA G4), has a specific ability to define
the number and composition of metal types at the atomic level
through layer-by-layer stepwise complexation of imine sites with
metal ions (Figs. 1 and 2) (27, 29, 30). Previously, we developed syn-
thetic methods for NCs of Rh, Pt, and Au with controlled atomicity
after the reduction of precursor dendrimer complexes (27, 31). The
presence of each of these NCs was confirmed by high-angle annular
dark-field–scanning transmission electron microscopy (STEM) analy-
sis and electrospray ionization mass spectrometry. However, there are
no reports of the synthesis of finely controlled 1-nmMNCs composed
of at least three types of metal. Here, we report their synthesis and an
investigation of their catalytic activities in aerobic oxidation reactions.
RESULTS
Preparation and characterization of MNCs
Here, we aimed to synthesize finely controlled MNCs composed of Pt,
Au, and Cu. Cu is much cheaper than the noble metals and have ef-
ficient catalytic properties for various oxidative transformations of or-
ganic compounds (32). The first step in synthesizing the MNCs was to
confirm the formation of finely controlled dendrimer complexes as
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Cu–Pt–Au MNC precursors. Heterometal assembly of imine units on
a phenylazomethine dendrimer with FeCl3, GaCl3, VCl3, and SnCl2
was demonstrated in our previous study (28, 30). The phenylazo-
methine dendrimer has a basicity gradient in the layers of imine units;
the inner imines show greater basicity than the outer imines (29, 30).
The manner of complexation between the imine units of the phenyl-
azomethine dendrimer and the metal ions is dominated by the Lewis
acidity of the metal ions and Lewis basicity of the imine sites on each
layer. Metal ions with the highest Lewis acidity coordinate to the imines
of the innermost layer, which show the highest Lewis basicity thermo-
dynamically. This stepwise complexation was confirmed by ultraviolet-
visible (UV-vis) spectroscopic titration, in which four independent
isosbestic points appeared and the metal ion stoichiometries of the
isosbestic points were consistent with the number of imine sites on each
layer. Agreement between the number of metal equivalents and the
number of imine sites indicated stepwise radial complexation from
the inner imine layer to the outer imine layer of the phenylazomethine
dendrimer.

Previous studies determined that the coordination constants of
CuCl2, PtCl4, and AuCl3 with the imine groups are 1.84 × 103, 1.4 ×
104, and 4.2 × 104M−1, respectively (31, 33). On the basis of the idea that
themetal chloride with stronger Lewis acidity prefers to bind to the inner
layers, AuCl3 is expected to bind to the innermost layer, whereas CuCl2 is
expected to bind to the outermost layer. This assumption was supported
by the UV-vis titration experiment. After the addition of 12 equivalents
Takahashi et al., Sci. Adv. 2017;3 : e1700101 26 July 2017
(equiv) of AuCl3, isosbestic points were observed at 354.0 nm for 0 to
4 equiv of AuCl3 and at 355.5 nm for 4 to 12 equiv of AuCl3, which cor-
responded to the complexation of the first and second layers. Subse-
quently, after addition of 16 equiv of PtCl4 and 32 equiv of CuCl2,
the isosbestic points shifted to 373.0 nm for 0 to 16 equiv of PtCl4 and
to 365.0 nm for 0 to 32 equiv of CuCl2. These processes correspond to the
stepwise complexation of the third and fourth layers, respectively (fig. S1).
However, the bindings of CuCl2 to the outer layers are not stoichiometric
due to the weak binding. The titration experiment demonstrated that the
complexation still continued at the nominal equivalent point where ev-
ery imine site is filled by themetal chloride. Therefore, it should be noted
that the stoichiometry of Cu is not strictly determined under the present
conditions. Despite this uncertain relationship, the dendrimer reactor
method still has a significant advantage in synthesis of finely controlled
Cu–Pt–AuMNCs compared to conventional methods. Chemical reduc-
tion of the metallodendrimer complexes by sodium borohydride yielded
MNCs, which were used in a catalytic reaction as heterogeneous catalysts
supported on graphitized mesoporous carbon (GMC) (34). GMC stabi-
lizes MNCs even at 90°C under O2 at atmospheric pressure, preventing
the MNCs from aggregating (fig. S2).

The addition of 12 equiv of AuCl3, 16 equiv of PtCl4, and 32 equiv
of CuCl2 to a TPM-DPAG4 solution, followed by chemical reduction and
addition of GMC to the cluster solutions, yielded Cu32Pt16Au12@TPM-
DPA G4/GMC (Fig. 3). Atomic resolution high-magnification STEM
images of Cu32Pt16Au12@TPM-DPA G4/GMC are shown in Fig. 3,
Fig. 1. Synthetic methods for MNCs in solution. (A) Typical synthetic method for MNCs resulting in a statistical distribution in size and metal composition. (B) New
synthetic approach using a dendrimer template whose coordination sites have a basicity gradient.
2 of 8
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confirming the presence of finely size–controlledmetal NCs of 1.3 ± 0.2
nmonGMC. STEM–energy-dispersive x-ray spectroscopy (EDX) anal-
ysis and chemicalmappings of theMNCs showed the coexistence of Cu,
Pt, and Au atoms in each individual metal cluster (figs. S3 and S4). X-
ray photoelectron spectroscopy (XPS) analysis of Cu32Pt16Au12 MNCs
showed peaks at 933.0 eV (Cu 2p3/2), 72.8 eV (Pt 4f7/2), and 84.3 eV (Au
4f7/2). In the XPS spectrum ofmonometallic CuNCs, Cu60 [the divalent
peak area of Cu 2p3/2 (933.7 eV)] is almost three times larger than
zerovalent or monovalent peak area of Cu 2p3/2 (932.9 eV) (figs. S5
to S10). In contrast, XPS spectra of MNCs composed of Cu and other
noble metals, such as Cu32Pt28, Cu32Au28, and Cu32Pt16Au12, show
greater amounts of monovalent or zerovalent Cu on the MNCs (fig. S5
and table S1). The peak area ratios of [Cu(0) + Cu(I)] to Cu(II) in Cu60,
Cu32Au28, Cu32Pt28, andCu32Pt16Au12NCs in theCu2p region of theXPS
spectra are 0.36, 0.59, 0.81, and 2.17, respectively. Note in particular that
the [Cu(0) +Cu(I)] toCu(II) peak area ratio of Cu32Pt16Au12NCs in the
Cu2p region was six times greater than that of Cu60 NCs (table S1). The
fact that lower-valent copper species [Cu(0) and Cu(I)] are stabilized to
a significant extent by alloying with other noble metals, such as Ag, Pt,
and Au, thereby preventing the oxidation of these low-valent Cu atoms
to divalent species, has been reported previously (35, 36). X-ray absorp-
tion fine structure (XAFS) analyses were conducted to investigate the
interatomic distances, near-neighbor coordination numbers, and va-
lence state of Cu32Pt16Au12 NCs. In Cu K-edge x-ray absorption near-
edge structure spectra of Cu foil, Cu2O, CuO, and Cu32Pt16Au12 (figs.
S11), the edge energies and edge shapes of Cu32Pt16Au12 are different
from those of Cu2O and CuO. In addition, the oxidation state of Cu
species in Cu32Pt16Au12 is the state between Cu2O and CuO (37, 38).
Coordination numbers and metal-metal bond distances in extended
XAFS (EXAFS) analyses indicate the existences of Cu-O bonds,
Cu-M (M = Pt/Au) bonds, and M-M bonds (M = Pt/Au), and the for-
Takahashi et al., Sci. Adv. 2017;3 : e1700101 26 July 2017
mation of small nanoparticles of Cu32Pt16Au12 was confirmed by the
low coordination number as compared with bulk metal (figs. S11 to
S13 and table S2) (39).

Catalytic aerobic oxidation of hydrocarbons
After characterization of the MNCs, we investigated their catalytic ac-
tivity in the oxidation of hydrocarbons using molecular oxygen as an
oxidant under atmospheric pressure. Both air (ca. 20% O2) and pure
oxygen in a balloon were used for the reaction. The catalytic activity
was examined on the basis of aerobic indane oxidation as a model re-
action. The turnover frequency (TOF) values for product formation
(ketone) per total number of metal atoms (Cu, Pd, Pt, and Au) in each
cluster are shown in Fig. 4. For comparison, we also investigated the
catalytic activities of various types ofmetals, such as commercially avail-
able Pt nanoparticle supported on activated carbon and alloy nanopar-
ticle catalysts composed of Pd and Au, which are successful catalytic
systems for aerobic oxidation (9, 10, 12). Remarkably, Cu32Pt16Au12
MNCs exhibited a catalytic activity almost 5 times greater than those
of the Pd-Au catalysts and 24 times greater than that of a commercially
available Pt catalyst under the same reaction conditions, and this syn-
ergistic effect was not observed in a mixture of copper and other noble
metal clusters that were prepared separately. The formation of organic
hydroperoxides, alcohols, and ketones was confirmed by 1H nuclear
magnetic resonance (NMR) analysis (Scheme 1). Previous research de-
monstrated that organic hydroperoxides are thermally converted to the
corresponding alcohols and ketones during the process of GC (gas
chromatography) analysis (40). A report on the oxidation of indane
compared catalytic activities with an internal standard by GC analysis
(14). Therefore, we compared the catalytic activities on the basis of the
conversion from indane by calculating the total amounts of organic hy-
droperoxides, alcohols, and ketones. The resulting catalytic activity of
Cu32Pt16Au12 MNCs was 1433 (total metal atom−1 hour−1) TOF at
90°C under pureO2 (fig. S14). To the best of our knowledge, this catalytic
activity is the highest among existing catalysts for aerobic oxidation of
hydrocarbons under mild conditions (14). Conversion to ketone from
certain hydrocarbons, such as tetralin (1,2,3,4-tetrahydronaphthalene),
was found to occur only when the reaction was catalyzed by bi- or tri-
metallic MNCs. In contrast, the commercially available Pt catalyst ex-
hibited no catalytic activity at all for oxidation of tetralin at 90°C under a
pressure of 1 atmofO2 (fig. S15). Note that the Cu32Pt16Au12 trimetallic
catalyst was also effective for aerobic oxidation of primary carbon-
hydrogen bonds, such as xylene (table S3).

To reveal the origin of this remarkable catalytic activity, we first in-
vestigated the catalytic mechanism of the oxidation reaction. The reac-
tion pathway was unclear because of the instability of the organic
hydrogen peroxide intermediate. Over the time course of this reaction,
1H NMR analysis detected organic hydroperoxide first, followed by al-
cohol and ketone. The addition of TEMPO [2,2,6,6-tetramethylpiperidine
1-oxyl; 1 mole percent (mol %)] or hydroquinone to the reaction mixture
as a radical scavenger resulted in obstruction of ketone formation and
peroxide production at 90°C under air. These results indicate that the
organic hydroperoxide is produced via a radical intermediate (Scheme
2) (41). We consider that this oxidation of an alkane to the final ketone
product could result from two possible reaction paths after the forma-
tion of the organic hydroperoxide intermediate: (i) transformation of
the organic hydroperoxide to an alcohol, followed by oxidation to the
corresponding ketone in a stepwise manner Scheme 3), or (ii) direct
transformation of the hydroperoxide to a ketone (Scheme 4). To decide
between these paths, indanol was used as a starting material under the
Fig. 2. Molecular structure of TPM-DPA G4. The strength of the red color of the
nitrogen atoms expresses the layer-by-layer electron density gradient.
3 of 8
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Fig. 3. Preparation of MNCs supported on GMCs. (A) Schematic representation of the synthesis of Cu32Pt16Au12@TPM-DPA G4/GMC by layer-by-layer stepwise
complexation with metal ions followed by chemical reduction. (B) Atomic resolution high-magnification STEM images of MNCs on GMCs.
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same reaction conditions (90°C under air). However, indanol was not
transformed to the corresponding ketone at all. On the basis of these ex-
perimental results, we concluded that the catalytic system under discus-
sion mainly involved direct transformation from peroxide to ketones.
This is a remarkable difference with respect to conventional catalysts.
In general, oxidation from alcohols to ketones under aerobic conditions
is much faster than oxidation from the corresponding alkanes to ketones
(14). These results provide insight into the development of a new selective
catalyst for oxidation of alkanes without oxidation of the hydroxyl group
of alcohols. When a monometallic catalyst was used, an organic hydro-
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Just after the addition of the sodium borohydride, GMC was added to
the solution of Cu32Pt16Au12@TPM-DPAG4. After adding GMC, the
suspensions of Cu32Pt16Au12@TPM-DPA G4/GMC were stirred for
an hour. The amount of GMC was adjusted to 1.0 wt % on the basis
of the total mass of Pt and Au. For synthesis of Pd28Au32 in Fig. 4,
[(CH3CN)4Pd](BF4)2 was used as a bimetallic cluster precursor. The
other metal NC catalysts were synthesized under the same condition,
changing only themolecular ratios ofmetal chloride to the dendrimer.
Aerobic oxidation reactions
The suspension Cu32Pt16Au12@TPM-DPA G4 was then vigorously
stirred for 1 min, and 0.0056 mol % (Cu + Pt + Au) relative to hydro-
carbon was added to a flask using a micropipette, followed by vacuum
drying overnight. Hydrocarbons (400 ml) were then added to the flask.
The reaction mixture was stirred at 700 rpm for 6 hours at 90°C under
air or on a balloon filled with O2 gas (1 atm). The reaction progresses
were then monitored by 1H NMR after 6 hours, with anisole added to
the flask as internal standard.
Aerobic oxidation reactions with radical initiator at
room temperature
The suspension Cu32Pt16Au12@TPM-DPA G4 was then vigorously
stirred for 1 min, and 0.0056 mol % (Cu + Pt + Au) relative to hydro-
carbon was added to a flask using a micropipette, followed by vacuum
drying overnight. Hydrocarbons (400 ml) were then added to the flask.
After adding 1 mol % of TBHP relative to hydrocarbon to the flask, the
reaction mixture was stirred at 700 rpm for 24 hours at 25°C under air.
The reaction progresses were thenmonitored by 1HNMRafter 24 hours,
with anisole added to the flask as internal standard.
XAFS data analysis
XAFS analyses were carried out using REX2000 software (Rigaku Co.), as
previously reported (48). The theoretical phase shifts and backscattering
amplitude functions used in the curve fitting were obtained by using the
Takahashi et al., Sci. Adv. 2017;3 : e1700101 26 July 2017
FEFF code (49) via Cu bulk (for Cu-Cu), Pt bulk (for Pt-Pt), Au bulk
(for Au-Au), Cu2O (for Cu-O), AuPt (50), CuPt (51), and CuAu (52)
alloy crystallographic parameters. Although the structures and lattice
mismatch of bimetallic alloys can be determined by directly using
XAFS, the limitation of Pt andAuL3-edgeXAFS is that the small energy
separation (ca. 350 eV) in Pt and Au L3-edge XAFS results in
overlapping XAFS oscillation. Therefore, reliable curve fitting analyses
of PtAu bimetallic system of Cu-Pt-Au becomes difficult (53, 54).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/7/e1700101/DC1
fig. S1. UV-vis spectral titration of TPM-DPA G4 on the addition of AuCl3, PtCl4, and CuCl2.
fig. S2. Durability of Cu32Pt16Au12@TPM-DPA G4/GMC catalysts.
fig. S3. Confirmation of coexistence of Cu, Pt, and Au atoms by STEM-EDX chemical mappings
in Cu32Pt16Au12@TPM-DPA G4/GMC.
fig. S4. Confirmation of coexistence of Cu, Pt, and Au atoms by STEM-EDX analysis in
Cu32Pt16Au12@TPM-DPA G4/GMC.
fig. S5. XPS analysis of various NCs at Cu 2p region.
fig. S6. XPS analysis of various NCs at Pt 4f region.
fig. S7. XPS analysis of various NCs at Au 4f region.
fig. S8. XPS analysis of Cu NCs at Cu 2p region.
fig. S9. XPS analysis of Pt NCs at Pt 4f region.
fig. S10. XPS analysis of Au NCs at Au 4f region.
fig. S11. XAFS analysis for Cu atoms on MNCs.
fig. S12. XAFS analysis for Pt atoms on MNCs.
fig. S13. XAFS analysis for Au atoms on MNCs.
fig. S14. Products ratio of the aerobic oxidation reactions using various NC catalysts.
fig. S15. Aerobic oxidation of tetralin using a commercially available Pt on carbon catalyst or MNCs.
fig. S16. The effects of Cu-Pt ratio on catalytic activities of oxidation reaction.
scheme S1. Schematic representation of complexation of TPM-DPAG4with AuCl3, PtCl4, and CuCl2.
table S1. Oxidation resistance of Cu and Cu-M alloy NCs in air.
table S2. Curve fitting results of Cu32Pt16Au12@TPM-DPA G4/GMC for Cu K-edge, Pt L3 and Au
L3-edge EXAFS spectra.
table S3. Substrate generality in the aerobic oxidation using MNC catalyst.
REFERENCES AND NOTES
1. R. A. Sheldon, J. K. Kochi, Metal-Catalyzed Oxidations of Organic Compounds (Academic

Press, 1981).
2. Y. Ishii, S. Sakaguchi, T. Iwahama, Innovation of hydrocarbon oxidation with molecular

oxygen and related reactions. Adv. Synth. Catal. 343, 393–427 (2001).
3. X. Li, J. Xu, L. Zhou, F.Wang, J. Gao, C. Chen, J. Ning, H.Ma, Liquid-phase oxidation of toluene by

molecular oxygen over copper manganese oxides. Catal. Lett. 110, 149–154 (2006).
4. J. Gao, X. Tong, X. Li, H. Miao, J. Xu, The efficient liquid-phase oxidation of aromatic

hydrocarbons by molecular oxygen in the presence of MnCO3. J. Chem. Technol.
Biotechnol. 82, 620–625 (2007).

5. J. Muzart, Chromium-catalyzed oxidations in organic synthesis. Chem. Rev. 92, 113–140 (1992).
6. R. L. Brutchey, I. J. Drake, A. T. Bellc, T. D. Tilley, Liquid-phase oxidation of alkylaromatics

by a H-atom transfer mechanism with a new heterogeneous CoSBA-15 catalyst. Chem.
Commun. 2005, 3736–3738 (2005).

7. M. I. bin Saiman, G. L. Brett, R. Tiruvalam, M. M. Forde, K. Sharples, A. Thetford, R. L. Jenkins,
N. Dimitratos, J. A. Lopez-Sanchez, D. M.Murphy, D. Bethell, D. J. Willock, S.H. Taylor, D. W. Knight,
C. J. Kiely, G. J. Hutings, Involvement of surface-bound radicals in the oxidation of toluene
using supported Au-Pd nanoparticles. Angew. Chem. Int. Ed. 51, 5981–5985 (2012).

8. M. D. Hughes, Y.-J. Xu, P. Jenkins, P. McMorn, P. Landon, D. I. Enache, A. F. Carley,
G. A. Attard, G. J. Hutchings, F. King, E. H. Stitt, P. Johnston, K. Griffin, C. J. Kiely, Tunable
gold catalysts for selective hydrocarbon oxidation under mild conditions. Nature 437,
1132–1135 (2005).

9. L. Kesavan, R. Tiruvalam, M. H. Ab Rahim, M. I. bin Saiman, D. I. Enache, R. L. Jenkins,
N. Dimitratos, J. A. Lopez-Sanchez, S. H. Taylor, D. W. Knight, C. J. Kiely, G. J. Hutchings,
Solvent-free oxidation of primary carbon-hydrogen bonds in toluene using Au-Pd alloy
nanoparticles. Science 331, 195–199 (2011).

10. D. I. Enache, J. K. Edwards, P. Landon, B. Solsona-Espriu, A. F. Carley, A. A. Herzing,
M. Watanabe, C. J. Kiely, D. W. Knight, G. J. Hutchings, Solvent-free oxidation of primary
alcohols to aldehydes using Au-Pd/TiO2 catalysts. Science 311, 362–365 (2006).

11. W. D. Michalak, J. M. Krier, S. Alayoglu, J.-Y. Shin, K. An, K. Komvopoulos, Z. Liu, G. A. Somorjai,
CO oxidation on PtSn nanoparticle catalysts occurs at the interface of Pt and Sn
oxide domains formed under reaction conditions. J. Catal. 312, 17–25 (2014).
Fig. 5. Aerobic oxidation of indane at room temperature. TOFs of indane oxida-
tion catalyzed by MNCs at room temperature in open air. The reactions were carried
out without solvents in the presence of a catalytic amount of a radical initiator (TBHP).
The subscripts on the chemical symbols mean the nominal equivalents of respective
elements to the molar amount of the dendrimer.
7 of 8



SC I ENCE ADVANCES | R E S EARCH ART I C L E

 on S
eptem

ber 18, 2019
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

12. H. Zhang, T. Watanabe, M. Okumura, M. Haruta, N. Toshima, Catalytically highly active top
gold atom on palladium nanocluster. Nat. Mater. 11, 49–52 (2012).

13. A. A. Herzing, C. J. Kiely, A. F. Carley, P. Landon, G. J. Hutching, Identification of active gold
nanoclusters on iron oxide supports for CO oxidation. Science 321, 1331–1335 (2008).

14. P. Zhang, Y. Gong, H. Li, Z. Chen, Y. Wang, Solvent-free aerobic oxidation of hydrocarbons
and alcohols with Pd@N-doped carbon from glucose. Nat. Commun. 4, 1593 (2013).

15. S. Vajda, M. J. Pellin, J. P. Greeley, C. L. Marshall, L. A. Curtiss, G. A. Ballentine, J. W. Elam,
S. Catillon-Mucherie, P. C. Redfern, F. Mehmood, P. Zapol, Subnanometre platinum clusters
as highly active and selective catalysts for the oxidative dehydrogenation of propane.
Nat. Mater. 8, 213–216 (2009).

16. A. Corma, P. Concepción, M. Boronat, M. J. Sabater, J. Navas, M. J. Yacaman, E. Larios, A. Posadas,
M. A. López-Quintela, D. Buceta, E.Mendoza, G. Guilera, A.Mayoral, Exceptional oxidation activity
with size-controlled supported gold clusters of low atomicity. Nat. Chem. 5, 775–781 (2013).

17. P. Buchwalter, J. Rosé, P. Braunstein, Multimetallic catalysis based on heterometallic
complexes and clusters. Chem. Rev. 115, 28–126 (2015).

18. R. Ferrando, J. Jellinek, R. L. Johnston, Nanoalloys: From theory to applications of alloy
clusters and nanoparticles. Chem. Rev. 108, 845–910 (2008).

19. M. Sankar, N. Dimitratos, P. J. Miedziak, P. P. Wells, C. J. Kiely, G. J. Hutchings, Designing
bimetallic catalysts for a green and sustainable future. Chem. Soc. Rev. 41, 8099–8139 (2012).

20. B. Corain, G. Schmid, N. Toshima, Eds., Metal Nanoclusters in Catalysis and Materials
Science: The Issue of Size Control (Elsevier, 2007).

21. P-C. Chen, X. Liu, J. L. Hedrick, Z. Xie, S. Wang, Q-Y. Lin, M. C. Hersam, V. P. Dravid,
C. A. Mirkin, Polyelemental nanoparticle libraries. Science 352, 1565–1569 (2016).

22. D. A. Tomalia, S. N. Khanna, A systematic framework and nanoperiodic concept for
unifying nanoscience: Hard/soft nanoelements, superatoms, meta-atoms, new emerging
properties, periodic property patterns, and predictive Mendeleev-like nanoperiodic
tables. Chem. Rev. 116, 2705–2774 (2016).

23. D. Astruc, E. Boisselier, C. Ornelas, Dendrimers designed for functions: From physical,
photophysical, and supramolecular properties to applications in sensing, catalysis,
molecular electronics, photonics, and nanomedicine. Chem. Rev. 110, 1857–1959 (2010).

24. C. Deraedt, D. Astruc, “Homeopathic” palladium nanoparticle catalysis of cross carbon-
carbon coupling reactions. Acc. Chem. Res. 47, 494–503 (2014).

25. R. M. Crooks, M. Zhao, L. Sun, V. Chechik, L. K. Yeung, Dendrimer-encapsulated metal
nanoparticles: Synthesis, characterization, and applications to catalysis. Acc. Chem. Res.
34, 181–190 (2001).

26. M. G. Weir, M. R. Knecht, A. I. Frenkel, R. M. Crooks, Structural analysis of PdAu dendrimer-
encapsulated bimetallic nanoparticles. Langmuir 26, 1137–1146 (2010).

27. K. Yamamoto, T. Imaoka, Precision synthesis of subnanoparticles using dendrimers as a
superatom synthesizer. Acc. Chem. Res. 47, 1127–1136 (2014).

28. I. Nakamula, Y. Yamanoi, T. Imaoka, K. Yamamoto, H. Nishihara, A uniform bimetallic rhodium/
iron nanoparticle catalyst for the hydrogenation of olefins and nitroarenes. Angew. Chem.
Int. Ed. 50, 5830–5833 (2011).

29. K. Yamamoto, M. Higuchi, S. Shiki, M. Tsuruta, H. Chiba, Stepwise radial complexation of
imine groups in phenylazomethine dendrimers. Nature 415, 509–511 (2002).

30. K. Takanashi, A. Fujii, R. Nakajima, H. Chiba, M. Higuchi, Y. Einaga, K. Yamamoto, Heterometal
assembly in dendritic polyphenylazomethines. Bull. Chem. Soc. Jpn. 80, 1563–1572 (2007).

31. K. Yamamoto, T. Imaoka, W-J. Chun, O. Enoki, H. Katoh, M. Takenaga, A. Sonoi, Size-specific
catalytic activity of platinum clusters enhances oxygen reduction reactions. Nat. Chem. 1,
397–402 (2009).

32. S. E. Allen, R. R. Walvoord, R. Padilla-Salinas, M. C. Kozlowski, Aerobic copper-catalyzed
organic reactions. Chem. Rev. 113, 6234–6458 (2013).

33. T. Imaoka, M. Fushimi, A. Kimoto, Y. Okamoto, K. Takanashi, K. Yamamoto, Resistive switching
memory based on size-controlled 1-nm gold particles. Chem. Lett. 43, 1269–1271 (2014).

34. M. Takahashi, T. Imaoka, K. Yamamoto, Reactivities of platinum subnanocluster catalysts
for the oxidation reaction of alcohols. RSC Adv. 5, 100693–100696 (2015).

35. N. R. Kim, K. Shin, I. Jung, M. Shim, H. M. Lee, Ag−Cu bimetallic nanoparticles with enhanced
resistance to oxidation: A combined experimental and theoretical study. J. Phys. Chem. C
118, 26324–26331 (2014).

36. W. Weihua, T. Xuelin, C. Kai, C. Gengyu, Synthesis and characterization of Pt–Cu bimetallic
alloy nanoparticles by reverse micelles method. Colloids Surf. A 273, 35–42 (2006).

37. A. Gaur, B. D. Shrivastava, A comparative study of the methods of speciation using x-ray
absorption fine structure. Acta Phys. Pol. A. 121, 647–652 (2012).

38. K. Morita, K. Sakuma, K. Miyajima, F. Mafuné, Thermally and chemically stable mixed
valence copper oxide cluster ions revealed by post heating. J. Phys. Chem. A 117,
10145–10150 (2013).

39. M. Dessens-Félix, R. Pacheco-Contreras, G. Barcaro, L. Sementa, A. Fortunelli,
A. Posada-Amarillas, Structural motifs of bimetallic Pt101−xAux nanoclusters. J. Phys.
Chem. C 117, 20967–20974 (2013).
Takahashi et al., Sci. Adv. 2017;3 : e1700101 26 July 2017
40. H. Rudler, B. Denise, Copper(II)-catalyzed aerobic oxidation of indane in the presence of
aldehydes: Intermediate formation of hydroperoxides. J. Mol. Catal. A Chem. 154,
277–279 (2000).

41. Y. H. Ng, Y. Morita, S. Ikeda, T. Harada, K. Ikeue, M. Matsumura, Origin of the high activity
of porous carbon-coated Pt nanoparticles for aerobic oxidation of alcohols. J. Phys. Chem.
C 113, 12799–12805 (2009).

42. L. Zhang, H. Y. Kim, G. Henkelman, CO oxidation at the Au−Cu interface of bimetallic
nanoclusters supported on CeO2 (111). J. Phys. Chem. Lett. 4, 2943–2947 (2013).

43. D. Liu, Y. F. Zhu, Q. Jiang, DFT study of CO oxidation on Cu2O–Au interfaces at Au–Cu
alloy surfaces. RSC Adv. 5, 1587–1597 (2015).

44. G. Zhao, F. Yang, Z. Chen, Q. Liu, Y. Ji, Y. Zhang, Z. Niu, J. Mao, X. Bao, P. Hu, Y. Li, Metal/oxide
interfacial effects on the selective oxidation of primary alcohols. Nat. Commun. 4, 14039 (2017).

45. O. Enoki, H. Katoh, K. Yamamoto, Synthesis and properties of a novel phenylazomethine
dendrimer with a tetraphenylmethane core. Org. Lett. 8, 569–571 (2006).

46. J.-j. Ruan, Y.-q. Huo, B. Hu, Three-dimensional Ni(OH)2/Cu2O/CuO porous cluster grown on
nickel foam for high performance supercapacitor. Electrochim. Acta 215, 108–113 (2016).

47. P. Steiner, V. Kinsinger, I. Sander, B. Siegwart, S. Hüfner, C. Politis, R. Hoppe,
H. P. Müller, The Cu valence in the high Tc superconductors and in monovalent,
divalent and trivalent copper oxides determined from XPS core level spectroscopy.
Z. Phys. B Condens. Matter 67, 497–502 (1987).

48. T. Imaoka, H. Kitazawa, W-J. Chun, S. Omura, K. Albrecht, K. Yamamoto, Magic number Pt13
and misshapen Pt12 clusters: Which one is the better catalyst? J. Am. Chem. Soc. 135,
13089–13095 (2013).

49. J. J. Rehr, R. C. Albers, Scattering-matrix formulation of curved-wave multiple-scattering
theory: Application to x-ray-absorption fine structure. Phys. Rev. B 41, 8139–8149 (1990).

50. H. Ebert, J. Abart, J. Voitläder, Magnetic susceptibility of AuxPt1-x. Z. Phys. Chem. 144,
223–229 (1985).

51. A. Schneider, U. Esch, Das system kupfer—Platin. Z. Elektrochem. Angew. Phys. Chem. 50,
290–301 (1944).

52. M. Kogachi, S. Ishibata, Effect of additional elements on the axial ratio of the CuAu
L10-type ordered alloy. Nippon Kinzoku Gakkaishi. 47, 912–918 (1983).

53. S.-i. Nagamatsu, T. Arai, M. Yamamoto, T. Ohkura, H.Oyanagi, T. Ishizaka, H. Kawanami, T. Uruga,
M. Tada, Y. Iwasawa, Potential-dependent restructuring and hysteresis in the structural and
electronic transformations of Pt/C, Au(core)-Pt(shell)/C, and Pd(core)-Pt(shell)/C cathode
catalysts in polymer electrolyte fuel cells characterizedby in situX-rayabsorption fine structure.
J. Phys. Chem. C 117, 13094–13107 (2013).

54. J. Zhang, K. Sasaki, E. Sutter, R. R. Adzic, Stabilization of platinum oxygen-reduction
electrocatalysts using gold clusters. Science 315, 220–222 (2007).

Acknowledgments: We thank H. Kitazawa and T. Kofuku (Tokyo Institute of Technology)
for discussions about the Pd-containing cluster synthesis. Funding: This study was supported, in
part, by the Japan Science and Technology Agency (JST) Exploratory Research for Advanced
Technology (grant no. JPMJER1503 to K.Y.), the JST Precursory Research for Embryonic Science
and Technology (grant no. JPMJPR1511 to T.I.), the Japan Society for the Promotion of Science
KAKENHI (Grants-in-Aid for Scientific Research grant nos. JP 15H05757 to K.Y. and JP 16H04115 to T.I.),
and the Cooperative Research Program of “Network Joint Research Center for Materials and Devices”
(to W.C. and M.T.). The XAFS measurements were conducted at the BL9C and BL12C
beamlines of KEK IMSS PF under the approval of the Photon Factory Advisory Committee
(no. 2013G568). Author contributions: M.T., H.K., M.K., and T.I. performed the experiments.
W.-J.C. analyzed and supervised the XAFS results. M.T. conceived the project. M.T., I.T.,
and K.Y. supervised the work, discussed the concept, and wrote the manuscript. Competing
interests: K.Y., T.I., M.T., and H.K. are authors on a patent application related to this work
filed by the Tokyo Institute of Technology with the Japan Patent Office (application no.
2015-221482; filed on 11 November 2015). All other authors declare that they have no
competing interests. Data and materials availability: All data needed to evaluate
the conclusions in the paper are present in the paper and/or the Supplementary
Materials. Additional data related to this paper may be requested from the authors.

Submitted 10 January 2017
Accepted 20 June 2017
Published 26 July 2017
10.1126/sciadv.1700101

Citation: M. Takahashi, H. Koizumi, W.-J. Chun, M. Kori, T. Imaoka, K. Yamamoto, Finely
controlled multimetallic nanocluster catalysts for solvent-free aerobic oxidation of
hydrocarbons. Sci. Adv. 3, e1700101 (2017).
8 of 8


