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by metal nanoparticles."*~"> The roles of surface ligands in

ABSTRACT: Metal nanoclusters whose surface ligands modulating the catalysis of metal nanoparticles are awaiting
are removable while keeping their metal framework fundamental understanding,

structures intact are an ideal system for investigating the Due to their truly monodispersity having well-defined
influence of surface ligands on catalysis of metal composition and structure,*~*'atomically precise metal nano-

nanoparticles. We report in this work an intermetallic
nanocluster containing 62 metal atoms, Auy,Ag,s(PhC=
C)sy and its use as a model catalyst to explore the
importance of surface ligands in promoting catalysis. As
revealed by single-crystal diffraction, the 62 metal atoms in
the cluster are arranged as a four-concentric-shell Ag@
Au,@Ag,;@Au,, structure. All phenylalkynyl (PA)
ligands are linearly coordinated to the surface Au atoms
with staple “PhC=C—Au—C=CPh” motif. Compared
with reported thiolated metal nanoclusters, the surface PA
ligands on Auy,Ag,s(PhC=C),, are readily removed at
relatively low temperatures, while the metal core remains
intact. The clusters before and after removal of surface
ligands are used as catalysts for the hydrolytic oxidation of
organosilanes to silanols. It is, for the first time,
demonstrated that the organic-capped metal nanoclusters
work as active catalysts much better than those with
surface ligands partially or completely removed.

clusters are expected to serve as an ideal system to gain insight
into the influence of surface ligands on the catalysis of metal
nanoparticles.”>”*° To unambiguously identify the roles surface
ligands on catalysis, it is highly desirable to prepare nanoclusters
whose surface ligands are removable, while keeping their all
structures intact.””~>” Very recently, several alkynyl-stabilized
metal nanoclusters with well-defined compositions or structures
have been prepared.’**® We have demonstrated that alkynyl
ligands on alkynyl-stabilized metal nanoclusters are labile enough
to be readily removed under mild conditions while maintaining
their overall structures.”® Such a property of alkynyl-stabilized
metal nanoclusters makes them outstanding among widely
reported organic-stabilized metal nanoclusters. Thiolated metal
nanoclusters typically require much higher temperatures to
remove their surface ligands,”’ " which often destroys their
well-defined structures and leads to heavy aggregation during the
removal process of surface ligands.”*™**

We report herein an all-phenylalkynyl-capped intermetallic
62-metal-atom Auy,Ag,g cluster, wherein the ligands can readily
be removed under mild conditions, while the metal framework
remains intact. The cluster has an overall composition of
AuyAg,s(PhC=C),, (1) with the 62 metal atoms distributed in
an Ag@Au,,@Ag,,@Au,, form having a concentric four-shell
structure. Monomeric staples (PhC=C—Au—C=CPh) are self-
assembled into staggered pentagonal stripes on the surface of a
Ag@Au,;@Ag,, kernel. The well-defined structure and lability of
its surface phenylalkynyl (PhC=C", abbreviated as PA) allow
the title cluster to serve as a model system to evaluate the
importance of surface ligands in catalysis of metal nanoparticles.
Surprisingly, the nanocluster fully capped by PAs is demon-
strated as a much active catalyst than the one with surface ligands
partially or completely removed.

wing to their high surface areas, metal nanoparticles have

been emerged as an important class of heterogeneous
catalysts for a wide range of chemical transformations.”” Many
parameters, including composition, size, shape, and surface
structure, have been well-documented as vital factors to influence
the catalytic properties of metal nanoparticles. Monodisperse
metal nanoparticles having well-defined size, shape, and
composition are important for studying the determining factors
in catalysis and have thus attracted increasing research attention
during the past two decades.”™> To date, the monodisperse metal
nanoparticles are mainly prepared by means of colloidal
chemistry which typically requires the use of surface stabilizing
agents. Although the presence of surface stabilizing ligands on
metal nanoparticles is considered to hinder their catalysis in most
cases, an increasing number of recent studies have highlighted Received: December 6, 2015
the importance of surface modification to enhance the catalysis Published: February 29, 2016
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In a typical synthesis, AuSMe,Cl was first dissolved in the
mixture solution of chloroform and methanol, after which
deprotonated phenylacetylene was added (See Supporting
Information (SI) for more details and also an alternative
synthetic method). The suspension was stirred for 10 min, and
AgCH;COO was added. After further stirring for S min, the
reducing agent, tert-butylamine borane complex, was added to
the mixture under vigorous stirring. The reaction was aged for 12
h at room temperature. The solvents were then removed by
rotary evaporation, and the obtained products were redissolved
in chloroform for crystallization. Black block crystals of 1 were
obtained by solvent evaporation (yield ~28% based on Au).

The structure of 1 was determined by single-crystal X-ray
diffraction and portrayed in Figure la and S1. The metal

Figure 1. Crystal structure of the Auy,Ag,g(PA)s,. (a) Overall structure
of the cluster. (b) Concentric four-shell Ag@Au,,@Ag,,@Au,,
framework of the 62 metal atoms in the cluster. Color codes for
atoms: orange sphere, Au; green, Ag; gray, C. All hydrogen atoms are
omitted for clarity.

framework can be described as an Ag centered, concentric four-
shell Ag@Au,,@Ag,;@Au,, architecture, hereafter designated as
Shell-0,-1,-2, and -3, respectively (Figure 1b and S2). Shell-0 is
the single core atom, Ag. Shell-1 is a hollow, distorted
interpenetrating biicosahedra of Auy, (vide infra). The Au
atoms in this shell have an average Au—Au bond length of 2.86 A,
comparable to the Au—Au distance (2.884 A) in bulk face-
centered cubic (fcc) gold. Shell-2 is the peculiar shell of Agy,
formed by capping the faces of Shell-1 (vide infra). It has an
average Ag—Ag distance of 3.20 A. The Au—Ag distances
between Shell-1 (Au,,) and Shell-2 (Au,;) average around 2.91
A, indicating strong metal—metal bonding between two metal
shells. Shell-3 is the outermost metal shell of Au,;;, which has an
average nonbonding Au---Au distance of 5.60 A. The disposition
of atoms in Shell-3 “mirrors” those of Shell-1. There are,
however, no metal—metal bonds between Shells 2 and 3 (average
Au—Ag distance of 3.30 A). Therefore, the cluster may also be
described as a core—shell—shell Ag@Au,;@Ag,; framework
protected by an outer network of [Au(PA),];,.

An ideal interpenetrating biicosahedra (ibi) has two
icosahedral centers,* meaning that two atoms of the same size
can be accommodated in the ibi cage. Instead, Shell-1 in
AuyAgys(PA);, has only one central atom and is located,
unexpectedly, at the center of the middle pentagon of ibi. Since a
planar pentagon cannot accommodate a metal atom of the same
size, three of the five edges of the pentagon are lengthened
significantly to 3.414, 3.865, and 3.256 A in comparison to the
two normal edges of 2.917 and 2.911 A (Figure S3). We hereafter
refer to this distortion as “equatorial distortion” or ED in short.
The angles subtended by these long edges are 73, 73, and 88°, in
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comparison with that of 62 and 63° of the short edges. Several
important structural consequences of this distortion are
discussed in details in SL

The optical absorption and electrospray ionization mass
spectrometry (ESI-MS) spectra of as-prepared crude products of
1 are depicted in Figure 2a,b, respectively. The UV—vis spectrum
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Figure 2. (a) UV—vis and (b) ESI-MS spectra of the crude product of 1.
The UV—vis spectrum of single crystals of 1 dissolved in chloroform is
given in (a) for comparison.

of the crude product is identical to that of single crystals of 1,
suggesting the high-purity of 1 in the crude product. The high
purity of the crude product is confirmed by a single peak of the
dicationic [AuyAg,s(PA)y,]*" at 6577.6 m/z in Figure 2b
(measured under positive-ion mode). The cluster exhibits broad
and multiband features in the UV—vis region (Figure 2a). In the
UV—vis absorption spectrum of 1, five apparent peaks (at 353,
443, 528, 644, and 810 nm) are observed. Note that the
absorption peaks of Au or AuAg nanoclusters of similar sizes are
less pronounced (or rather featureless),**™*¢ suggesting
heteroatom doping and intermetallic architecture may favor
discrete electronic states.

Density functional theory calculations (DFT, see details in SI)
were performed to analyze the electronic structure and optical
absorption of cluster 1. The composition of 1 indicates that it has
28 “free” metallic electrons by applying the superatom counting
rule (34 + 28 electrons from the metal, 34 electrons withdrawn
by the ligands)."” The frontier orbitals consist of a split 1F band
and a 28 state (Figure S4). Five highest occupied states have 1F
symmetry, the lowest unoccupied state has 2S symmetry, and the
rest two of the IF states follow the 2S state. The energy gap
between the occupied and unoccupied states is 0.41 eV.
However, due to several symmetry-forbidden transitions
between the superatom states in the frontier orbital region, the
true optical gap is much larger as shown below. The Ag(4d) and
Au(5d) bands start to dominate the electronic structure from
about 2 eV below the Fermi energy (Figure SS).

The computed optical absorption spectrum, based on the
experimental crystal structure, agrees very well with the
experiment (Figure 2a). All the five features seen in the
experiment can also be identified in the computed spectrum
(computed peaks at 392, 429, 511, 654, and 951 nm, the energy
of the lowest-energy peak underestimated with respect to
experiment most likely due to the choice of the DFT exchange—
correlation potential). In addition, the overall shape of the
computed spectrum conforms with the measured data. The
analysis of transitions (explicitly shown for computed peaks 1
and 4 in Figure S6) reveals that the two lowest energy peaks 1
and 2 are superatomic transitions from 1F to 1G states.
Compared to the low-energy peaks 1 and 2, the higher energy
peaks 3, 4, and S below 600 nm start to have stronger
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contribution from Au(Sd) and Ag(4d) bands as well as from
ligand state transitions. Peak 3 is the last feature that has still
notable contribution also from the pure superatomic state
transitions, more specifically, from 1D to 2P transitions.
Temperature-programmed decomposition/mass spectromet-
ric was performed to investigate the thermal degradation
characteristics of the alkynyl ligands on 1 (Figure 3). From
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Figure 3. (a) The accumulative ionization intensity of the
decomposition products of 1 from room temperature to 400 °C. (b)
Relative jonization intensities of the main decomposition products of 1
upon thermal treatment under vacuum.

room temperature to 400 °C, three major decomposition
products [i.e, PhAC=C (m/z = 101), PhAC=CH (m/z = 102),
and (PhC=C), (m/z = 202)] were detected (Figure 3a). It is
interesting that (PhC=C), dimer was not observed during the
decomposition of phenylalkynyl and thiolate coprotected
Au,,Agy(SPy),(PA),oCL.» The intensity—temperature profiles
reveal that 1 underwent a rather complicated degradation
process during the thermal treatment under vacaum (Figure 3b).
PhC=CH started to come out from the cluster at 60 °C, and two
maximum intensities were observed at 95 and 145 °C. A small
amount of PhC=C species were also detected at 127 °C. The
homocoupling product (PhC=C), started to release at 108 °C.
Upon the thermal treatment up to 190 °C, only a trace amount of
(PhC=C), was observed.

The cluster heated in the solid state at 100 or even 150 °C in air
for 1h was still soluble in CH,Cl,. Almost identical absorption
peak positions and intensities from its parental cluster were
clearly observed in the UV—vis spectrum of the treated samples
(Figure S7). And no obvious change in the particles size was
observed in the TEM images of the clusters before and after the
thermal treatment at 150 °C (Figure S8). These results suggested
that the metal framework of the cluster remained intact after the
thermal treatments. Matrix-assisted laser desorption ionization
mass spectrometry analysis (Figure S9) of the thermally treated
sample shows a wider signal around m/z = 11093 (assigned to
fragments of 1), indicating the loss of several alkynyl ligands on
the surface of 1. No larger nanoclusters were observed in wider
range mass spectrometric analysis (e.g., from m/z 20,000 up to
80,000), although a small peak over m/z = 15,000 appeared as
the laser power increased.

The above-mentioned data indicate that the metal framework
remains intact, while surface ligands are partially removed upon
thermal treatment at relatively low temperature. This attribute
makes it possible to create reactive/active catalytic sites on the
cluster surface. In this regard, we investigated the catalytic activity
of 1 supported on activated carbon (XC-72) for the catalytic
hydrolytic oxidation of silanes using H,O as an oxidant. The
catalytic reaction was carried out at S0 °C in acetone under air
atmosphere (see SI for more details). Unexpectedly, thermally
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treated 1/XC-72 had worse performances than untreated 1/XC-
72. As shown in Figure 4, 1/XC-72 catalysts treated at 150 and
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Figure 4. Catalytic performances of 1 supported on XC-72 in the
hydrolytic oxidation of triethylsilane before and after thermal treatment
at different temperatures.

200 °C scarcely catalyzed the reaction in the initial 12 min and
gave conversions below 3% after 30 min. In contrast to the
treated one, the untreated 1/XC-72 catalyst gave 40% conversion
in 4 min and 100% conversion in the following 8 min. The
turnover frequency of the untreated 1/XC-72 catalyst for
hydrolytic oxidation of triethylsilane was calculated from the
conversion at 4 min to be as high as 116,000 h7! for each surface
Au atom, which is over 3 times higher than the highest number
reported in the lietrature.”® 1/XC-72 catalyst treated at 100 °C
gave moderate performance with a 93.8% conversion in 24 min.
When treated at 150 or 200 °C, 1/XC-72 displayed negligible
catalysis. But no detectable size change caused by clusters’
sintering was observed on 1/XC-72 before and after the thermal
treatment at 150 °C (Figure S10). The huge difference in
catalytic performances between treated and untreated 1/XC-72
catalysts clearly suggests that, instead of being active site-
blocking agents and thus catalytic poisons, surface ligands would
significantly promote the catalytic activities of metal nano-
particles when designed appropriately. Again, no change was
observed in the particle size of the supported nanoclusters after
catalysis (Figure S11).

More importantly, the finding on the promoting effect of
acetylides on catalysis was readily applied to enhance the catalysis
of metal nanocatalysts. For example, 1/XC-72 after thermal
treatment at 150 °C showed negligible catalysis. Retreating the
treated 1/XC-72 with deprotonated terminal alkynes (i.e.,
phenylacetylene, tert-butylacetylene) was able to recover their
catalysis to some extent (Figure $12). When TiO,-supported Au
nanoparticles prepared by the conventional deposition—
precipitation method were used as the catalyst,”” treating the
catalyst with deprotonated phenylacetylene also significantly
enhanced its activity (Figure S13).

In summary, an all-alkynyl-protected AuAg intermetallic
nanocluster, Auy,Ag,s(PA),,, was synthesized and structurally
characterized. The structure of the cluster is unique in the
following two aspects: (1) The metals are arranged in a four-shell
Ag@Au;@Ags@Au,; structure, giving rise to a much featured
optical absorption in the UV—vis region; (2) the monomeric
staples (PhC=C—Au—C=CPh) are self-assembled into
pentagonal stripes (staggered with respect to one another) on
the quasi-spherical surface of the metallic kernel. Upon thermal
treatments, PhAC=C" ligands on the cluster are easily removed at
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relatively low temperatures, while the metal core remains intact.
Carbon-supported clusters before and after removal of surface
ligands were used as catalysts for the hydrolytic oxidation of
organosilanes to silanols. For the first time, the organic-capped
metal nanoclusters were found to exhibit far better catalytic
performance than those with surface ligands partially or
completely removed. It is expected that this finding would
stimulate more research interests in fundamental understanding
the promoting effect and applying it to optimize the catalysis by
organic-capped metal nanoparticles.
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