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CONSPECTUS: A long-standing objective of cluster science
is to discover highly stable clusters and to use them as models
for catalysts and building blocks for cluster-assembled p %,\\
materials. The discovery of catalytic properties of gold /‘\>’ \ \\

™

nanoparticles (AuNPs) has stimulated wide interests in AL ) <‘\
gaseous size-selected gold clusters. Ligand-protected AuNPs | &}%{ J
have also been extensively investigated to probe their size- 4
dependent catalytic and optical properties. However, the need
to remove ligands can introduce uncertainties in both the
structures and sizes of ligand-protected AuNPs for catalytic

P(CeHs)s
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applications. Ideal model catalysts should be atomically precise AuNPs with well-defined structures and uncoordinated surface
sites as in situ active centers. The tetrahedral (T,;) Au,, pyramidal cluster, discovered to be highly stable in the gas phase,
provided a unique opportunity for such an ideal model system. The T;-Au,, consists of four Au(111) faces with all its atoms on
the surface. Bulk synthesis of T;-Au,, with appropriate ligands would allow its catalytic and optical properties to be investigated
and harnessed. The different types of its surface atoms would allow site-specific chemistry to be exploited. It was hypothesized
that if the four corner atoms of T;-Au,, were coordinated by ligands the cluster would still contain 16 uncoordinated surface

sites as potential in situ catalytically active centers.

Phosphine ligands were deemed to be suitable for the synthesis of T;-Au,, to maintain the integrity of its pyramidal structure.
Triphenyl-phosphine-protected T;-Au,, was first observed in solution, and its stability was confirmed both experimentally and
theoretically. To enhance the synthetic yield, bidentate diphosphine ligands [(Ph),P(CH,),P(Ph), or L"] with different chain
lengths were explored. It was hypothesized that diphosphine ligands with the right chain length might preferentially coordinate
to the T;-Au,,. Promising evidence was initially obtained by the formation of the undecagold by the L* ligand. When the L*
diphosphine ligand was used, a remarkable Au,, nanocluster with eight uncoordinated Au sites, Au,,(L%)s, was synthesized.
With a tetraphosphine-ligand (PP;), a new Au,, nanocluster, [Au,o(PP;),]Cl,, was isolated with high yield. The crystal structure
of the new Auy, core did not reveal the expected pyramid but rather an intrinsically chiral gold core. The surface of the new
chiral-Au,, was fully coordinated, and it was found to be highly stable chemically.

The Au,,(L*)s nanocluster represents the first and only gold core with uncoordinated gold atoms, providing potentially eight in
situ catalytically active sites. The Au,, nanoclusters dispersed on oxide supports were found to catalyze CO oxidation and
activate H, without ligand removal. With further understanding about the formation mechanisms of gold nanoclusters in
solution, it is conceivable that T-Au,, can be eventually synthesized, allowing its novel catalytic and optical properties to be
explored. More excitingly, it is possible that a whole family of new atomically precise gold nanoclusters can be created with

different phosphine ligands.

1. INTRODUCTION

Gold is known to be the most stable metal and has been used
in coinage or jewelry for millennia. However, when gold is
reduced to sizes less than 100 nm, the chemical and physical
properties of the resulting Au nanoparticles (AuNPs) can
change significantly, due to the appearance of quantum effects
and the large ratio of low-coordinated surface atoms. The
development of solution synthesis and surface modification
methods for AuNPs has led to extensive investigations of their
size-dependent properties and potential applications in diverse
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fields."”” However, the compositions and structures of such
AuNPs are usually not defined precisely at the atomic level for
two main reasons: (a) the solution synthesis and purification
methods cannot reach 100% monodispersity for the metal
core; (b) electron microscopy, used to characterize the size
and shape of AuNPs, cannot resolve light atoms in the
coordination sphere. The poorly defined compositions and
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Figure 1. (a) Experimental photoelectron spectrum of the Au,,~ anion. The energy gap of 1.77 eV is labeled. (b) The tetrahedral structure of the
Auy,~ cluster (insert) and its simulated photoelectron spectrum. (c¢) HAADF-STEM image (2.8 X 2.8 nm?) of a Auy, cluster (left inset shows the
orientation of the Au,, cluster; the right inset is the simulated STEM image). Panels a and b reproduced with permission from ref 9. Copyright
2003 American Association for the Advancement of Science. Panel ¢ reproduced with permission from ref 23. Copyright 2012 The Royal Society of

Chemistry.

Figure 2. (a) Computed structure of Au,o(PPh;), and (b) The van der Waals surface of Au,y(PPh;),. Reproduced with permission from ref 36.

Copyright 2004 American Chemical Society.

structures could raise serious problems of reliability and
reproducibility for studies of such AuNPs. Therefore, solution
syntheses of well-defined atomically precise AuNPs or Au
nanoclusters (AuNCs) are highly desirable.

The predicament of the synthesis of AuNCs in solution is
readily resolved by gaseous Au clusters.” > In the gas phase,
every cluster is atomically precise by definition, because the
cluster sizes can be determined and selected by mass
spectrometry and the cluster structures can be obtained
through experimental and theoretical investigations. The
structures of size-selected gaseous Au clusters containing
several dozens of atoms (~0.3—1.5 nm) have been
characterized thus far.°">° These clusters are ideal model
systems to investigate the catalytic properties of AuNPs,*'
especially for elucidating the intrinsic properties of the Au core.
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Among all the gas-phase Au clusters, Au,, was the most
remarkable.” Its large HOMO—LUMO gap (1.77 €V) as
revealed by photoelectron spectroscopy of the negatively
charged Au,,” (Figure la) suggested that neutral Au,, upon
electron detachment should be highly stable. Its tetrahedral
(T,) structure (Figure 1b)” has the same atomic arrangement
as the face-centered cubic bulk gold. Yet, its 1.77 eV energy
gap indicates a semiconductor, and it should have a blue color.
Most interestingly, the Au,, pyramid consists of four Au(111)
faces with all 20 atoms on its surface. Its structure has been
confirmed by infrared spectroscopy,22 trapped-ion electron
diffraction,'”"® and high-angle annular dark-field scanning
transmission electron microscopy (HAADE-STEM) (Figure
lc).”’ Many interesting properties have been revealed for the
TAu,, over the past decade: (a) larger Au clusters are found
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to contain the T;Au,, fragment;'®*° (b) it is highly active
catalytically;**~" (c) it has unique optical properties.”* >

However, the bare Au,, pyramid can only be produced in
small quantities in molecular beams in the gas phase. In order
to study and harness the potentially interesting properties of
the golden pyramid, an effective synthetic method has to be
developed to produce bulk quantities with ligand protection to
prevent cluster—cluster aggregation. This Account focuses on
our efforts to achieve solution synthesis of the T;Au,, using
phosphine-based ligands.’® During the journey toward this
ultimate goal, several interesting phosphine-protected AuNCs
have been discovered.””~*’ In particular, we have synthesized
with a diphosphine ligand a Au,, cluster that contains eight
uncoordinated Au sites.”® This cluster represents the first
AuNC with in situ catalytically active centers, which have been
shown to catalyze CO oxidation and hydrogen evolution.*' ~*
Atomically precise AuNCs with thiolate ligands** are covered
by other Accounts in this special issue and will not be
discussed here.

2. OBSERVATION OF PHOSPHINE-PROTECTED Au,,
PYRAMID IN SOLUTION

Because of potential cluster—cluster aggregation, the Au,,
pyramid must be protected by ligands if bulk samples are to
be obtained. To maintain the unique structural and electronic
properties of the Tj-Au,y, the ligands have to be carefully
chosen. Thiolate ligands have strong chemical interactions with
Au and would alter the electronic and geometrical structure of
the T Auy. Thus, we considered initially the neutral PPh;
ligands,3’6 which form only dative bonds to Au and offer the
possibility that both the T;-Au,, core and its unique electronic
structure would not be altered. Because the four apex sites of
T;-Au,, are more reactive, we reasoned that the bulky triphenyl
phosphine (PPh;) ligand might only coordinate to these sites,
leaving 16 uncoordinated surface sites for chemisorption and
catalysis. Theoretical calculations suggested that the
Au,(PPh;), complex indeed possesses high stability (Figure
2).”° The only effect the phosphine ligands had on the Au,
core was that the four face-center Au atoms (orange-colored in
Figure 2) tended to be pushed outward from the four Au(111)
faces: the calculated distance between the face-center atoms
was increased from 3.1 A in bare Auy, to 3.4 A in Auyy(PPh;),.
But the ligated complexes still maintained a large HOMO—
LUMO gap: 1.44 eV in Auy,(PPh,),*° compared to 1.77 eV in
the bare Au,, pyramid.

Phosphine-coordinated Au clusters with low nuclearities
were well-known, such as the undecagold and the icosahedral
Au;;.P7% Our initial attempt to synthesize Au,o(PPh,),
utilized a two-phase system similar to that used for the
synthesis of small phosphine-stabilized AuNPs.>" Basically, a
solution of ClAuPPh; dissolved in a toluene/water mixed
solvent was reduced by NaBH,. In the ensuing nucleation,
AuNPs with different sizes were produced. Using high-
resolution electrospray ionization mass spectrometry (ESI-
MS), we detected a Au,o(PPh,)s*" complex (Figure 3a), which
was inferred to possess the expected tetrahedral Au,, core with
the four apex Au atoms and the four face-centered Au atoms
coordinated by the PPh; ligands. As can be seen from Figure
2b, there is still room to accommodate additional ligands in the
face centered positions. It was shown that the four face
centered ligands were more weakly bound and could be easily
removed by collision-induced dissociation (Figure 3b).*
However, the synthesis was not selective, and the yield was
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Figure 3. (a) ESI-MS of Au—PPh; complexes. (b) MS/MS of the
[Auy(PPhs)g]** ion by collision-induced dissociation. (c) TEM
image of Au—PPh; nanoparticles; the arrow points to a possible Auy,
cluster. Reproduced with permission from ref 36. Copyright 2004
American Chemical Society.

very low. Many large AuNPs in the size range of 1—4 nm were
observed from high-resolution TEM (Figure 3c). Clearly,
better synthetic strategies need to be devised to allow large
quantities of the T;Au,, samples to be obtained.

3. CONTROLLING THE SYNTHESIS OF AuNCs BY
DIPHOSPHINE LIGANDS

To search for better synthetic methods for the T;-Au,, we
took a new strategy by exploring different phosphine ligands
and nucleation conditions while monitoring the reaction
progress using ESI-MS.”” We tested a series of a,w-
bis(diphenylphosphino) alkanes of the general formula,
P(Ph),(CH,),P(Ph), (n = 1—6) (abbreviated as L"), which
were then available commercially. We hypothesized that the
bidentate ligands might impose different stereoeffects to
achieve size selectivity, depending on the chain length. In the
synthesis, ClAuPPh; dissolved in trichloromethane was
reduced by borane-tert-butylamine in the presence of a
selected L" ligand. ESI-MS was used to monitor the cluster
distributions during the experiment. Although we did not find
the conditions to produce the desired T;-Au,,, we did observe
that the diphosphine ligands with n = 3—6 exhibited a high
degree of size selectivity (Figure 4),%” giving rise to a simple
method to synthesize monodispersed Auy clusters with N <
11. In particular, high selectivity for undecagold was observed

DOI: 10.1021/acs.accounts.8b00257
Acc. Chem. Res. 2018, 51, 2159-2168


http://dx.doi.org/10.1021/acs.accounts.8b00257

Accounts of Chemical Research

fAu " R
I
‘ 4/JU U“\J.\LM,i
L3 1407 1408 1409 1410 1411 1412
(@ ' |-
.1? _ L I L
g 1407 1408 1409m'z1410 1411 1412
8 A
£ (As(L)) A L)F
o (N
>
= (b)
2 [Au L)
S
AL
L6
AL(LCr
(o) L (L9
l oL Ll . s ll N i

1400 1500 1600 1700 1800 1900 2000
m'z
Figure 4. ESI-MS characterization of Au clusters stabilized with the
indicated diphosphine ligand (L"). The inset in panel a shows the
isotopic pattern of the [Au;;(L%);]** mass peak and the simulated

isotopic pattern. Reproduced with permission from ref 37. Copyright
2006 American Chemical Society.

with the L ligand (Figure 4a). This work was subsequently
confirmed, and the mechanisms of the cluster selectivity were
further investigated.”” >* We were limited then to n = 1-6
because these were the only commercially available diphos-
phine ligands at the time.

4. CRYSTALLIZATION OF THE FIRST
DIPHOSPHINE-PROTECTED GOLD
NANOCLUSTERS WITH UNCOORDINATED
SURFACE SITES: Au,,(L%),

With the promising observation of Auy core size selectivity by
different L" diphosphine ligands, we synthesized a library of
larger ligands with n = 7—12. Recognizing that the presence of
free PPh; ligand could etch the Auy cores during nucleation in
solution, we prepared the Au precursors from ClAuPPh; to
CLAu,(L") by eliminating PPh;, in order to obtain larger
clusters. When we used NaBH, to reduce ClLAu,(L?), we

indeed observed a AuNC with a large Auy core, on the basis of
UV—vis absorption. After purification and single-crystal
growth, the formula and structure of the new AuNC were
determined to be Au,,(L®),, which consisted of two Au;; units
bridged by four L® ligands (Figure 5).*® There was one L*
ligand coordinated to two Au atoms in each Auy; unit. The
dimension of the Au,, core was 1.4 nm along its long axis
(Figure Sc). The most unique structural feature of Au,,(L%)g
was the eight Au atoms at the interface of the two Au,; units.
These eight atoms were not coordinated, although they were
protected to some degree by the aliphatic carbon chains via
van der Waals interactions (Figure Sa). The Au—Au bonds at
the interface were fairly short (2.64—2.65 A). In comparison to
the well-known undecagold [Au,,;]** core,"*® the Au,, units
in Auy,(L%), exhibited some distortions: (a) the internal Au
atom in each Au,; unit was closer to the apex and equatorial
Au atoms than to the four Au atoms at the interface of the two
units (2.63—2.67 A vs 2.70—2.90 A); (b) the apex Au atom
was pulled closer to one side of the equatorial Au atoms
(3.05—3.16 A vs 3.52—3.63 A) due to the coordination of the
bidentate L® ligand. The UV—vis absorption spectrum of
Au,,(L®)6 was also different from the undecagold [Au,,]**, for
which all surface Au atoms were coordinated.**®

It was also remarkable that the new Au,,(L®)s AuNC was
neutral with a 22-electron core, which did not obey the major
shell-closing in the electron-shell model.”> As mentioned above
and shown in the detailed structure of the Au,, core (Figure
Sc), the Au—Au bonding between the two Au,; units was
strong, and it could not be viewed simply as a dimer of
undecagold. A subsequent theoretical study showed that the
molecular orbitals in the Au,, core were delocalized on both
Auy, units,”® implying that Au,, should be viewed as a new and
integrated cluster entity. The computed HOMO—-LUMO gap
for Au,,(L¥)s was 0.9 eV, but the HOMO — LUMO transition
was forbidden,*® in agreement with the experimental UV—vis
absorption spectrum with a strong peak at 2.4 eV and a long
tail into the red.”®

5. POLYMORPHISM OF THE PHOSPHINE-PROTECTED
Au,, CLUSTER

After exploring the influence of diphosphine-ligand chain
lengths on the nuclearity and shape of AuNCs, we also studied
the effect of the chain rigidity using bis(2-diphenylphosphino)-
ethyl ether (dppee) (inset in Figure 6). The O atom in the

()

Figure 5. (a) Crystal structure of Auy,(L¥)s. (b) Structure of Au,,(L%)s showing only the carbon backbones of the L® ligands. (c) The Au,, core
structure of Au,,(L%)g. Yellow = Au, orange = P, gray = C. Reproduced with permission from ref 38. Copyright 2014 American Chemical Society.

DOI: 10.1021/acs.accounts.8b00257
Acc. Chem. Res. 2018, 51, 2159-2168


http://dx.doi.org/10.1021/acs.accounts.8b00257

Accounts of Chemical Research

m/z

104, Au,(dppee), @\ @ [Au,,(dppee) H,]**
0.3 O
5%
0.4- dppee
0.2
400 600 800 1000 2477 2478 2479 2480

Wavelength/nm

Figure 6. UV—vis absorption spectrum of the Au,,(dppee), nanocluster (left) and the observed (red) and simulated (black) isotopic patterns of
the [Au,,(dppee),H;]*" ion in ESI-MS. The inset shows the structure of the dppee ligand. Reproduced with permission from ref 40. Copyright

2016 Wiley-VCH Verlag GmbH & Co.

(b)

Side view

Top view along C;

Figure 7. (a) Structure of Au,y(PP;),Cl, (color labels: gold = Au; orange = P; gray = C; green = Cl; H atoms are omitted). (b) Structure of
Au,y(PP;),Cl, showing only the C backbone of the PP; ligands. (c) Au,, core of Au,,(PP;),Cl,. Reproduced with permission from ref 39.

Copyright 2014 American Chemical Society.

carbon chain increased the flexibility of the ligand, making it
possible to chelate larger Auy cores than the L* ligand (similar
chain length). With the L° ligand, we observed high
abundances of Aug(L®),>* and Au,o(L°),>* previously.”” As
expected, a high-nuclearity AuNC with a formula of
Au,,(dppee), was observed when the Cl,Au,(dppee)
precursor was reduced by NaBH,.*” The temperature-depend-
ent yield and the slow decomposition of the purified product in
solution suggested a kinetically controlled reaction in the
formation of the new Au,,(dppee); nanocluster. ESI-MS
showed a clean spectrum with three protons,
[Au,,(dppee),H,]** (Figure 6, right). The UV—vis absorption
spectrum displayed three distinct peaks at 460, 380, and 310
nm (Figure 6, left), which were different from that of
Au,,(L¥)g,*® suggesting that the two Au,, nanoclusters with
different diphosphine ligands had different shapes and
structures. Further MS/MS and *P NMR characterizations
provided more information about the structural differences and
relationships between the Au,, cores in Au,,(dppee), and
Au,,(L®)e. Although the exact structure of Au,,(dppee), was
not solved due to the challenges of single-crystal growth, the
spectroscopic studies suggested a core structure consisting of a
Au;; unit with the remaining 11 Au atoms bonded to its
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perimeter. The Au,,(dppee), nanocluster provided a new
example of ligand effects on the nuclearity and structural
polymorphism of phosphine-protected AuNC. It further
validated our strategy to use different diphosphine ligands to
control the size and shape of AuNCs as a guiding principle to
search for large-scale synthesis of the T;-Au,,.

6. PHOSPHINE-PROTECTED NONTETRAHEDRAL Au,,
NANOCLUSTERS

Based on the coordination geometry of the L* diphosphine
ligand in Auy,(L®)s (Figure 5), we surmised that a more
flexible and multidentate ligand might be necessary to capture
the T;Au,, This idea led to our consideration of the
commercially available tetraphosphine ligand, tris[2-
(diphenylphosphino)ethyl Jphosphine (PP;). We hypothesized
that the 3-fold symmetry of PP; might match the Cj-axis of the
tetrahedral Au,,. We again prepared the Cl,Au,PP; precursor
from CIAuPPh; and reduced it with NaBH, in a dichloro-
methane solution. We were excited to obtain a [Au,,(PP;),]*
nanocluster readily using ESI-MS. We were initially confident
that our long-sought T;-Au,, had finally been synthesized.
However, when the crystal structure was solved, we were really
stupefied that the Au,, core in [Auy(PP;),]Cl, had a
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Figure 8. (A,B) HAADF-STEM images of as-synthesized Au,,/TiO, catalyst at different magnification. (C) CO conversion curves for the Au,,/
TiO, catalyst pretreated in O, at different temperatures. (D) CO conversion curves for different as-synthesized AuNC/oxide catalysts. Reproduced
with permission from ref 41. Copyright 2016 American Chemical Society.

completely different structure than we expected (Figure 7).
The new Au,, cluster was found to consist of an icosahedral-
type Au,; core with a seven-atom second Au layer arranged in
a propeller fashion (Figure 7c), giving rise to an intrinsically
chiral AuNC. In fact, all 16 surface atoms in the chiral Auy,
core were coordinated, resulting in a very stable cluster. We
also found that the [Au,,(PP;),]Cl, nanoclusters could be
synthesized with quite high yields, ~50% based on Au atoms.
It should be pointed out that the same [Au,,(PP;),]Cl, cluster
was also reported independently by Wan et al. at a slightly
lower yield.”” The electronic structure of [Au,,(PP;),]Cl, was
investigated by DFT calculations.”® A large HOMO—-LUMO
gap of 1.30 eV was found, in agreement with its high stability.
The second-order nonlinear optical properties of
[Auy,(PP;),]Cl, have also been investigated.”” During the
review of this Account, a report on the enantioseparation of
the chiral [Au,o(PP;),]Cl, clusters has appeared.60

Besides the chiral Au,, core in [Au,y(PP;),]Cl,, an achiral
Au,, core was reported previously using mixed ligands of bis(2-
pyridyl)-phenylphosphine (PPhPy,) and chloride,
[Au,(PPhPy,),,Cls],°" or more recently with mixed ligands
of bis(diphenylphosphino)methane (dppm) and cyanide,
[Aum(dppm)é(CN)d.62 The structure of the achiral Au,,
core was elongated and could be viewed as the fusion of two
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Auy cluster sharing two vertices. The electronic structure and
stability of the achiral [Au,,]® core was studied theoretically.®®

7. CATALYSES OF Au,,(L?);: IMPORTANCE OF THE
UNCOORDINATED GOLD AS IN SITU
CATALYTICALLY ACTIVE SITES

The Auy,(L%)¢ nanocluster with uncoordinated Au sites
provided an unprecedented opportunity to study catalytic
reactions on well-defined active sites with truly atomic
precision. The aliphatic chains around the uncoordinated Au
atoms in Au,,(L¥)s were not expected to hinder access of small
molecules to these in situ activation centers. Wu et al. carried
out an extensive investigation of CO oxidation by the
Au,,(L¥)4 nanocluster dispersed on different oxide supports
(ie., ALO;, TiO,, or CeO,)." Figure 8A,B shows that the
Au,,(L¥)s nanoclusters were well dispersed on the TiO,
support without aggregation. The intact metal—ligand
coordination environment was confirmed by extended X-ray
absorption fine structure (EXAFS) spectroscopy and IR
spectroscopy. The as-prepared Au,,(L%)s catalyst showed a
small but detectable CO conversion to CO, on reducible
supports (TiO, and Ce0,), even at room temperature (Figure
8D). This observation was completely different from the as-
synthesized CeO,-supported thiolate-protected Au,s(SR)4
nanoclusters, where no CO oxidation was detected at room
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Figure 9. Structures of the Auy,H,(L®)s clusters for n = 1—6. The uncoordinated Au atoms are in red, and the H atoms are in blue and green.
Reproduced with permission from ref 43. Copyright 2018 The Royal Society of Chemistry.

temperature,”’ because Au,s(SR);s did not contain any
uncoordinated sites.”*®> Another intriguing observation was
that no obvious CO oxidation occurred at room temperature
on the Al,O; support, suggesting a different mechanism on the
nonreducible oxide. At elevated temperatures, all as-synthe-
sized Au,,/oxide catalysts showed higher reactivity for CO
oxidation, even for the AL,O; support (Figure 8D). At any
given temperature, the more reducible supports displayed
higher activities (CeO, > TiO, > AL, O;). For comparison, the
as-synthesized Au,s(SR),s/CeO, sample did not exhibit any
CO oxidation even at above 400 K (Figure 8D).

The thermal stability of the Au,,(L%)s/oxide catalysts was
characterized by TGA, EXAFS, and IR spectroscopy. It was
found that the Au,,(L%); cluster was stable up to 523 K, above
which ligand dissociation occurred.”’ The activity of the
Au,,(L¥)¢/oxide catalyst was found to depend on the thermal
treatment of the sample, even below the ligand dissociation
temperature, as shown in Figure 8C for the Au,,(L%)s/TiO,
catalyst. The activity increased as the treatment temperature
increased, saturating above the ligand dissociation temperature
of 523 K. The catalytic mechanisms of CO oxidation were
further investigated using the '*0, isotope.*' It was found that
the Mars—van Krevelen pathway (CO absorbed on AuNC
active sites, O comes from the oxide support) was dominant on
the reducible oxide supports (TiO, and CeO,), while the
Langmuir—Hinshelwood (both CO and O, were absorbed on
the AuNC sites) dominated on the nonreducible support
(ALO;).

The shapes of the oxide support on the catalytic activity of
the Au,,(L®)s nanocluster were also investigated for CO
oxidation.”” Two types of CeO, particles with different
morphologies, rod-like and cube-like, were used to prepare
the Au,,(L%)4/CeO, catalyst. It was found that the Au,,(L%)4/
CeO,-rod sample displayed higher activities than the
Au,,(1L8)4/CeO,-cube sample. These different catalysts were
also characterized by EXAFS, HAADF-STEM, and in situ IR
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spectroscopy. It was found that the lattice oxygen atoms in the
CeO,-rod support were much more reactive than those in the
CeO,-cube support, leading to the much faster oxidation of
chemisorbed CO on the Au,,(L%)s/CeO,-rod catalyst.*”

Besides CO oxidation, theoretical calculations suggested that
the Au,,(L?)s nanocluster could activate H, even better than
Pt, thereby being a potentially promising catalyst for the
hydrogen evolution reaction.” It was found that up to six H
atoms can adsorb onto the Au,,(L%), cluster, as shown in
Figure 9. In addition to providing six H adsorption sites per
cluster, the Gibbs energy for each H adsorption on Au,,(L%)g
was close to zero at room temperature, suggesting that the H
adsorption would be reversible. The second hydrogen atom
was found to exhibit the strongest binding energy (—0.41 eV),
indicating that the Au,,H,(L%)s dihydride cluster might be
isolable.

8. CONCLUSIONS AND PERSPECTIVES

The discovery of the highly stable T;Au,, cluster in the gas
phase has inspired exploratory efforts toward its large-scale
solution syntheses, so that its interesting optical and catalytic
properties may be exploited and harnessed. Phosphine ligands
were selected, in order to keep the tetrahedral structure of this
unique gold pyramid, which has the bulk atomic arrangement
with all its atoms on the surface. The prospect of preparing
ligated T;-Au,, with uncoordinated Au sites as in situ catalytic
centers is very attractive, providing the ultimate atomically
precise models to help elucidate the catalytic mechanisms of
nanogold.**®”  Although the ultimate goal has not been
reached, the adventure has already yielded some exciting
results. In particular, the first AuNC with uncoordinated sites
using a diphosphine ligand, Au,,(L®)s, has been synthesized
and found to exhibit in situ catalytic activities for CO oxidation
and H, activation. Furthermore, the chemistry of phosphine-
protected AuNCs has been expanded and enriched, leading to
the syntheses of the first intrinsically chiral gold nanocluster
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using a tetradentate-ligand, [Au,,(PP;),]Cl, In terms of
synthetic conditions, the reducing agent or solvents may be
controlled to yield different clusters. For example, the popular
NaBH, reducing agent may be replaced by the milder NaB;Hj,
which has become more readily available through a recent
facile synthetic method.”® There are also unlimited oppor-
tunities to tune the phosphine ligands, as demonstrated by the
recent synthesis of enantiopure phosphine-protected Au,,
clusters when enantiopure diphosphine ligands were used.”
It is expected that with the proper ligands and the right
synthetic conditions the Au,, pyramid should be within reach.
Regardless, phosphine-protected AuNCs have been demon-
strated to be a rich area of research, and many new and exciting
atomically precise clusters are expected to be discovered.
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