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Abstract: A 23-gold-atom nanocluster was prepared by
NaBH mediated reduction of a solution of PhC=CAu and
Ph;PAuSbF; in CH,CL,. The cluster composition was deter-
mined to be [Au,;(PhC=C)y(Ph;P)sJ*" and single-crystal X-ray
diffraction revealed that the cluster has an unprecedented Au,,
kernel protected by three PhC,-Au-C,(Ph)-Au-C,Ph motifs
and six Ph;P groups. The Au,, core can be viewed as the fusion
of two Au,, units sharing a Au; triangle. Electronic structure
analysis from DFT calculations suggests that the stability of
this unusual 12-electron cluster is a result of the splitting of the
superatomic 1D orbitals under Dy, symmetry of the
Auy; kernel. The discovery and determination of the structure
of the Auy; cluster demonstrates the versatility of the alkynyl
ligand in leading fo the formation of new cluster compounds.

Atomically precise, ligand-protected metal nanoclusters, in
particular those of gold, are interesting not only because of
their often molecule-like structures and properties but also
because of their applications in catalysis, biosensing, lumi-
nescence, and molecular electronics.'”) Gold nanoclusters
protected by thiolate or/and phosphine ligands have been
extensively studied,*?!! but alkynyl-protected gold nano-
clusters are just beginning to attract attention. Tsukuda et al.
synthesized a series of alkynyl-protected gold nanoclusters
with Au,L, compositions (L is an alkynyl ligand) by the direct
ligation of phenylacetylene to preformed small Au clusters
(Au:PVP, PVP = polyvinylpyrrolidone).”?>?*! However, the
structures of these alkynyl-protected gold nanoclusters have
not been determined.

As frequently demonstrated for thiolate-protected gold
nanoclusters, total structural determination is crucial to
understanding the interfacial bonding and the correlation
between structure and properties. An alkynyl ligand contains
a C=C group that can function as both o and = donors in
coordinating metals, which provides more diverse structural
motifs in comparison to a thiolate. This point has been clearly
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made in a recent computational study which showed PhC=C-
Au-C=C-Ph and PhC=C-Au-C=C(Ph)-Au-C=C-Ph motifs are
preferred on the Au(111) surface and the Au,, nanocluster
with the interfacial m bonding between gold and the C=C
bond.”Y To date, only two alkynyl-protected gold nano-
clusters have been structurally determined. Konishi et al.
prepared a cluster [Aug(dppp),(RC=C),)*" from dialkynyl-
ation of [Aug(dppp),]*", where a RC=C group is terminally
bound as a ¢ donor to a gold atom (dppp = 1,3-bis(diphenyl-
phosphanyl)propane).””! More recently, we have shown that
the direct reduction of gold alkynyl precursors with NaBH,
led to the isolation of [Au,o(PhC=C)o(Hdppa);](SbF;),
(Hdppa = N,N-bis-(diphenylphosphino)amine).?*! The Au,
cluster has a Au;; icosahedral core protected by three
PhC,-Au-GC,(Ph)-Au-C,Ph motifs and three Hdppa groups.
This is the first time that such motifs were observed
experimentally, but are they common in alkynyl-protected
gold nanoclusters? The Auy, cluster is an 8-electron system
according to the superatom complex model and is therefore
a magic cluster. However, the question remains as to whether
synthesis and single-crystal X-ray determination can access
other sizes, magic numbers, or structural building blocks.

Herein, we report the synthesis and total structure
determination of a novel alkynyl-protected gold nanocluster,
[Auy;(Ph;P)s(PhC=C),|(SbF), (1), featuring a unprecedented
Auy; core (or kernel), PhC,-Au-C,(Ph)-Au-C,Ph motifs, and
12 free electrons. Both geometric and electronic structural
analyses of this new cluster will be presented.

The cluster was prepared from the reduction of a CH,Cl,
suspension containing PhC=CAu and Ph;PAuSbF, (2:1) by
NaBH,. The sample was firstly characterized by ESI-TOF-
MS (Figure 1). The peak at m/z 3506.57 corresponds to
[Au,(PhC=C)4(Ph;P)g]*". Its isotopic distribution pattern is
in perfect agreement with the simulated one. X-ray photo-
electron spectroscopy (XPS) yielded a binding energy of
84.4 eV for Au 4f;, (see the Supporting Information, Fig-
ure S1), indicating the gold atoms in 1 are presented largely as
Au’ centers.

The structure of 1 was determined by single-crystal X-ray
diffraction.”” The dicationic cluster [Au,;(PhC=C)y(PhsP)e]**
consists of 23 gold atoms, 9 phenylethynyl ligands, and 6
triphenylphosphine ligands. The top view of 1 is shown in
Figure 2a. The structure has C; symmetry with a Au,; kernel
surrounded by three PhC,-Au-C,(Ph)-Au-C,Ph motifs, col-
ored green, yellow, and red. These motifs are called staple
motifs, in analogy to the RS-Au-SR-Au-SR motifs found in
Au,(SR),, clusters. The three staple motifs are arranged in an
up and down pattern alternately to surround the Au core
around the center, forming a helical configuration (Fig-
ure 2b). As illustrated in Figure 2¢c, three Ph;P ligands are
located at the top of the kernel and the other three are at the
bottom, each coordinated to a gold atom. The very similar
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Figure 1. ESI-MS of 1. Inset: the comparison of measured (solid trace,

black) and simulated (dotted trace, gray) isotopic distribution patterns
of [Auy; (PhC=C)o(PhsP) ()"
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Figure 2. a) The crystal structure of [Au,; (Ph;P)¢(PhC=C),*". Atom
colors: orange =Au; blue=Au atoms of Au,(C,Ph); motifs; purple=P;
gray=C. Staple strands (PhC,-Au-C,(Ph)-Au-C,Ph) are colored green,
yellow, and red. b) Side view of the Au,; nanocluster with Ph,P ligands
removed. Au atoms are given as a space-filling model. c¢) The coordina-
tion of phosphine ligands. Staple motifs have been removed for clarity.
d) The Au,; kernel with the three shared gold atoms highlighted in
yellow.

environments of the phosphine ligands are confirmed by
P NMR spectroscopy, in which just one singlet at 6=
49.17 ppm is detected (Figure S2). The Auy; kernel has
roughly D;, symmetry, which can be viewed as the fusion of
two traditional Au,, units”®! by sharing a Au, triangle (yellow
atoms in Figure 2d). This is the first reported observation of
a Auy, core. Previously, it has been shown that two Au;; and
Auy, can fuse to give Au,s and Au,, 2" respectively.
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The Au atoms of the PhC,-Au-C,(Ph)-Au-C,Ph or staple
motifs are connected to the Auy; core with Au—Au bond
lengths in the range of 2.8819(17)-3.1022(18) A. Within the
Au,; kernel, the two central Au atoms (Figure 2 a, center) are
bound to the others with bond lengths 2.6881(16)-
2.8971(17) A, which are longer than those radial Au—Au
distances of 2.666(1)-2.740(2) A found in [AuCl;-
(PCy,Ph)s]*.® The remaining Au—Au bond lengths fall
within the range 2.7044(17)-3.1196(18) A.

All the phenylethynyl ligands are involved in the forma-
tion of dimeric PhC,-Au-C,(Ph)-Au-C,Ph staple motifs. The
V-shaped motif was predicted by DFT on Au,, and is the same
as those found in [Au,o(PhC=C),(Hdppa);](SbF;),.?**! The
appearance of the dimeric PhC,-Au-C,(Ph)-Au-C,Ph in
[Au,(PhC=C)4(Ph;P)¢]*" indicates that the existence of such
a motif could be ubiquitous in the alkynyl-protected gold
nanoclusters of that size. It also suggests that staple motifs of
other sizes, such as PhC,-Au-C,Ph (the monomer) and
PhC,-Au-C,(Ph)-Au-C,(Ph)-Au-C,Ph (the trimer), could in
the future prove to be the protecting motifs for new alkynyl-
protected gold nanoclusters.

We found 1 to be very stable: it can be stored in the dark
for more than a month without decomposition (Figure S3). To
understand this stability, we analyzed the electronic structure
of the cluster. The number of valence electrons of the
[Auy(PhC=C)o(PhyP)]*" cluster is N* =Ny~ Njpyny—Q =
23-9-2=12, where Q is the cluster charge (+2), which is
not a spherical shell-closing number. The stability of the
cluster can be explained in terms of the unusual geometry of
the cluster core. The 12 electrons of the cluster will fill the
superatomic  orbitals ~with the configuration of
(1S)*(1P)’(1D)*, so the key is to stabilize the four 1D
electrons. The most efficient way is to split the fivefold
degenerate 1D orbitals such that the HOMO orbitals are
doubly degenerate and a sizable HOMO-LUMO gap can
develop (HOMO =highest occupied molecular orbital,
LUMO =lowest unoccupied molecular orbital). The
D, symmetry of the Auy, core provides an orbital splitting
as shown in Figure 3. In this configuration, the energy level
of the doubly degenerate HOMO orbitals (D,s) is notably
lowered and populated by the four valence electrons. DFT
calculations on the cluster confirmed this orbital picture
(Figure 4). One can clearly see the d character of the five
frontier orbitals. The whole cluster has C;symmetry; as
a result, we found that a small splitting develops between the
two orbitals of LUMO +1 (about 0.09 eV).
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D4.5

Figure 3. Splitting of the five 1D orbitals under D, symmetry and the
population of the four valence electrons.
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Figure 4. Frontier orbitals of [Au,;(CHs)3P)s(HC=C),*". For computa-
tional efficiency, CH; was employed in place of Ph in the Ph,P ligand
and H- replaced Ph- in PhG=C. Using the full Ph- ligands does not
change the character and splitting of the frontier orbitals. Atom colors:
orange =Au; purple=P; gray=C; white=H.

Figure 5 shows the comparison between the experimental
and simulated (using time-dependent DFT) spectra. The
three main features at 2.35, 2.75, and 3.20eV from the
experimentally determined spectrum are also evident in the
simulated spectrum. The weak shoulder around 1.9 eV (e=
8356.9M'cm™!, where ¢ is the molar extinction coefficient) is
attributed to the transition from HOMO to LUMO. For the
2.35eV peak (¢=27696.7M 'cm™'), the simulation yields
a peak at 2.40 eV for this transition. Analysis of the orbitals
involved shows that the transition is dominated by a contri-
bution from HOMO (both orbitals) to LUMO + 1 (specifi-
cally the orbital at —6.684 eV, see Figure 4).
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Figure 5. Experimental and simulated UV/Vis spectra. The simulated
spectrum was calculated from time-dependent DFT at the B3LYP level.
See the Supporting Information for computational details.
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It is worth noting that previously there has been only one
structurally determined ligand-protected gold nanocluster
with 12 free electrons, Auss(SR),4, which has a tetrahedral
Au core.”! The five 1D orbitals in that structure split under
the tetrahedral symmetry to a lower-energy doubly degener-
ate e, orbital and a higher-energy triply degenerate t,, orbital.
The four 1D electrons occupy the two e, orbitals, thereby
lowering the energy of the cluster. In the case of the
[Au,y(PhC=C)y(Ph;P)¢]*" cluster reported herein, we have
found an alternative way to stabilize the 12-electron system
through the D, symmetry of the Au,, kernel.

It is also interesting to compare the [Auy(PhC=C)y-
(PhsP)¢]*" cluster with a very different Au,; structure from
[Auy(SR)]™ reported by Jin etal.," where a bicapped
cuboctahedral Au;s core is protected by two RS-Au-SR
(monomer) and two RS-Au-RS-Au-SR-Au-SR (trimer)
motifs together with four ordinary bridging SR ligands. The
two Au,; clusters are different not only in geometric struc-
tures, but also in the number of valence clectrons, a clear
indication of ligand effects on the formation of individual
nanoclusters.

In summary, this work demonstrates that alkynyl ligands
can be particularly versatile in the protection of gold nano-
clusters when combined with phosphine ligands. Our work
further confirms the importance of the staple-dimer motif,
PhC,-Au-C,(Ph)-Au-C,Ph, at the surface of the cluster and
calls for the discovery of staple motifs of different sizes. The
electronic structure of the cluster demonstrates a new way to
stabilize the 12 free electrons of the whole cluster and enables
us to gain an understanding of the characteristics of the
frontier orbitals and the optical transitions. We believe that by
carefully tuning the structures of the alkynyl ligands and other
protecting ligands, a variety of structures of gold and other
coinage nanoclusters with various PhC,-[Au-C,(Ph)], motifs
(x=1, or 3, or greater) can be discovered. We believe that this
class of molecule-like metal nanoclusters has a bright future.

Experimental Section

Synthesis of 1: To a solution of Ph;PAuCI (24.7 mg, 0.05 mmol) in
CH,CI, (2.0 mL), AgSbF (17.2 mg, 0.05 mmol) in methanol (0.1 mL)
was added with vigorous stirring. After 15 min stirring at room
temperature, the resulting solution was centrifuged for 4 min at
10000 rmin~!, and the AgCl precipitate was filtered off. The solvent
of the filtrate was removed under vacuum to give a colorless residue,
which was dissolved in CH,Cl, (4.0 mL). To this solution PhC=CAu
(29.8 mg, 0.1 mmol) was added, and then a freshly prepared solution
of NaBH, (0.71 mg in 1.0 mL of ethanol) was added dropwise with
vigorous stirring. The solution color changed from orange to pale
brown and finally to dark brown. Then the reaction continued for 22 h
at room temperature in air in the dark. The mixture was evaporated to
dryness to give a black solid. The solid was washed with n-hexane (2 x
SmL) and ether (2 x5 mL), then dissolved in CH,Cl, (2.2 mL), and
the resulted solution was centrifuged for 4 min at 10000 rmin~'. The
brown supernatant was collected and subjected to vapor diffusion
with ether:n-hexane (v:v=1:1) to afford black crystals after two
weeks.

Keywords: alkyne ligands - cluster compounds - gold -
nanoclusters - phosphines
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A heart of gold: Gold nanocluster[Au,;-
(PhC=C)4(Ph;P)]*" has an unprece-
dented Au,; kernel protected by three
PhC,-Au-C,(Ph)-Au-C,Ph motifs (see pic-
ture; green, yellow, and red) and six Ph;P
units. DFT electronic structure analysis
suggests that the stability of the 12-
electron cluster is due to the splitting of
the superatomic 1D orbitals under the
D5, symmetry of the Au,; core. Atom
colors: Au=orange/blue; P=purple; C=
gray.
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