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ABSTRACT: Atomically precise metal nanoclusters (NCs) are an intriguing class
of crystalline solids with unique physicochemical properties derived from tunable
structures and compositions. Most atomically precise NCs require closed-shells
and coordinatively saturated surface metals in order to be stable. Herein, we report
Auy;(C=CBu),, and Au,,Ag,(C=C'Bu),,, which feature open electronic and
geometric shells, leading to both paramagnetism (23 valence e”) and enhanced
catalytic activity from a single coordinatively unsaturated surface metal. The Au-
alkynyl surface motifs of these NCs form five helical stripes around the inner Au,,
kernel, imparting chirality and high thermal stability. Density functional theory
(DFT) calculations suggest that there are minimal energy differences between the
open-shelled NCs and hypothetical closed-shell systems and that the open-shelled
electronic configuration gives rise to the largest band gap, which is known to
promote cluster stability. Furthermore, we highlight how coordinatively unsaturated surface metals create active sites for the catalytic
oxidation of benzyl alcohol to benzaldehyde, leading to high selectivity and increased conversion. This work represents the first
example of an atomically precise Au NC with a double open-shelled structure and provides a promising platform for investigating the
magnetic and catalytic properties of noble metal nanoparticles.
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B INTRODUCTION

Supported metal nanoparticles are widely used as heteroge-
neous catalysts due to their high activity and unique selectivity
for a variety of chemical transformations.”” In general, catalyst
performance can be tailored by manipulating the size, shape,
and surface structure of the nanoparticles,”* with activity and
selectivity towards different products influenced by the surface
area to volume ratio and by the specific microenvironment
around active metal sites located on the nanoparticle surface.™®
It is, however, difficult to obtain molecular-level insights into
how nanoparticle structure and composition affects catalytic
properties because of the heterogeneity of typical nanoparticle
catalysts, which leads to a wide distribution of active sites that
are challenging to identify and study experimentally. This is in
contrast to single-atom and molecular catalysts for which
structure-property relationships can be much more readily and
rigorously established.” ™"

Recently, atomically precise metal nanoclusters (NCs) with
a core size of ~1—2 nm have emerged as a new class of
catalysts that bridge a gap between conventional nanoparticle
and molecular catalysts.'”'* Owing to their homogeneity,
crystallography can be used to determine the complete
structures (metal core and ligand shell) of atomically precise
NCs, allowing atomic structure to be correlated directly to
different physicochemical properties, including catalytic
performance.'>'® Indeed, systematically altering the size,”'®
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composition,”” and surface ligands
atomically precise NCs has provided mechanistic insights
into many important catalytic reactions, including hydro-
genation,25 CO oxidation,”®?*” the hydrogen evolution
reaction,* and electrocatalytic CO, reduction.””*°

Owing to their high surface energy, the chemical and
thermal stability of atomically precise NCs often limits the
range of reaction conditions that can be explored for catalysis,
particularly when coordinatively unsaturated metal centers
(open metal sites) are present. In addition, a closed-shell
electronic configuration is preferred for clusters of group 11
elements,”' and superatom the01’y32_3’4 and electron-counting
rules’>*® have been developed to explain cluster stability. As
such, paramagnetic NCs with one unpaired electron
(electronic open-shell) typically adopt a symmetric structure
(commonly spherical or spheroidal) fully passivated by a dense
ligand shell in order to be stable.”’ ™" For example, the NC
Augy(C=CR),, has a single unpaired electron and exhibits Dj
symmetry.” In addition, a carboranealkynyl-protected Au,q

1
structure,
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Figure 1. MALDI-MS spectra and the crystal structures of (A, C) Au,3(C=CBu),, and (B, D) Au,,Ag;(C=C'Bu),, NCs. Large magenta, large
light grey, dark grey, and white spheres represent Au, Ag, C, and H atoms, respectively.

NC with 13 valence electrons rapidly transforms into a more
stable and symmetric Au,; NC with 12 valence e™."!

In addition to favoring diamagnetic atomically precise NCs
with closed-shell electronic configurations, the requirements
for NC stability are often incompatible with the existence of
coordinatively unsaturated metal centers, which serve as
catalytically active sites with tunable and predictable electronic
structures and steric environments.”” For conventional nano-
particle catalysts, coordinatively unsaturated metal sites are
usually formed during a thermal activation process to remove
some fraction of bound surface ligands.”> Though this can lead
to high catalytic activity, there is limited ability to control the
specific microenvironment around the resulting coordinatively
unsaturated metal sites, and there is typically a wide
distribution of local microenvironments. Atomically precise
nanochemistry provides a platform for targeting unligated
surface metal atoms in a much more controlled fashion to serve
as active catalytic sites. Moreover, there have not been any
reports of atomically precise metal NCs that exhibit both
geometric and electronic open-shelled structures, which might
provide access to unique combinations of magnetic and
catalytic properties.

Herein, we report the first example of such a double open-
shelled NC. Specifically, we describe the synthesis and detailed
characterization of Au,;(C=C'Bu),,, which—despite having a
classic Au,,@Au,, kernel structure—only contains 11 Au
atoms around the kernel, resulting in an atomic vacancy
(geometric open-shell) and a single unpaired valence electron
(electronic open-shell). Importantly, 10 of the surface Au
atoms are stabilized by 20 alkynyl ligands arranged in five
helical stripes on the kernel that leave a single Au atom
unligated. The NC features high thermal stability, and the
unligated Au atom can be controllably replaced by Ag during
the NC synthesis to form Auy,Ag,(C=C'Bu),,, providing a
model system to study the effect of a single-atom substitution
on catalytic reactivity. Compared to other alkynyl- or thiolate-
protected NCs without coordinatively unsaturated metal sites,
Auy;(C=C'Bu),, exhibits higher activity and selectivity for the
oxidation of benzyl alcohols to benzaldehydes.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Double Open-
Shelled NCs. Alkynyl-protected Au NCs have received
increasing attention because of the unique coordination
modes that alkynyl ligands can adopt on Au surfaces.****
Since magic-numbered Au-alkynyl NCs typically have smaller
ligand-to-Au ratios than their Au-thiolate counterparts,””*" it
should be easier to promote the formation of coordinatively
unsaturated metal sites for catalysis, though this has not yet
been demonstrated for existing Au-alkynyl NCs. In pursuit of a
stable Au-alkynyl NC bearing at least one coordinatively
unsaturated surface metal site, we selected HC=C'Bu as a
surface ligand since it has a small footprint area but contains a
sterically bulky head group, which could lead to more
accessibility for substrates during catalysis. The new atomically
precise Auy;(C=C'Bu),, (Au,;) NC was synthesized by first
reducing an oligomeric Au'~C=C'Bu precursor with borane
tert-butylamine in the presence of triethylamine. The reaction
was allowed to proceed overnight, and after washing with
methanol, the resulting mixture of Au NCs was separated by
preparative thin layer chromatography (see Supporting
Information for details). Different bands were identified
according to their colors (Figure S1). The first brown band
corresponded to Auy;, while the second and third bands were
determined to be two previously reported Au,;(C=C'Bu),;
isomers by ultraviolet—visible (UV—vis) spectroscopy and
matrix assisted laser desorption ionization mass spectrometry
(MALDI-MS, Figure S2).>!

The Au,; NCs exhibit sharp absorption peaks in the UV—
vis-NIR spectrum at 360, 460, and 570 nm, as well as a broad
absorption band centered at 1125 nm (Figure S3, red line).
MALDI-MS confirms the presence of Au,;(C=C'Bu),, and
also contains two other fragment peaks that can be assigned to
Auy,(C=C'Bu)y, and Auy,(C=CBu),, (Figure 1A). Note
that Tsukuda et al. observed phenylacetylene-protected Aug,
NCs via MS a decade ago,49 but their precise formula—and
structure—was not determined. Moreover, compared to the 25
thiolate ligands that protect Au,; clusters such as Auy;(S-c-
C¢H,1)s5,°7 the 20 surface ligands surrounding
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Figure 2. Structures of Au,;(C=C'Bu),, and Auy,Ag, (C=C'Bu),, NCs shown from a top view (upper) and side view (lower) illustrating the (A)
icosahedral Au,, inner kernel, (B) dodecahedral Au,, shell, (C) 10 capping Au atoms and one coordinatively unsaturated Au or Ag atom on the
Auy shell with the vacancy highlighted by the dashed circle, and (D) five linear ‘BuC=C—Au—C=C'Bu motifs on the top (five motifs at the
bottom not shown). (E) Five helical Aus(C=C'Bu), stripes wrapping the Auy, kernel along a C; axis. For (A, C), magenta, violet, and purple
spheres represent Au atoms, and light grey spheres represent Ag atom; while in (D), the five ‘BuC=C—Au—C=C'Bu motifs are shown in different
colors, and in (E), the five helical stripes are marked in different colors, and the ‘Bu groups are omitted for clarity.

Au,;(C=C'Bu),, demonstrate how alkynyl ligands can lead to
smaller ligand-to-Au ratios.

Plate-shaped Auy; single crystals suitable for single-crystal X-
ray diffraction (SC-XRD) were obtained via a layer-diffusion
method. The crystal structure of Auy; contains disordered
surface Au atoms with bound alkynyl ligands (Figure 1C, and
Table S1). Similar surface disorder has also been observed for
other Au-alkynyl NCs, including Au,,(C=CR)4.> Since
heteroatom doping can affect the symmetry of NCs and their
crystallization behavior,”® we hypothesized that a NC of the
form Au,; ,Ag, might be accessible that was isostructural to
Auy; but with reduced surface disorder. By adding a small
amount of Ag(I) (molar ratio Au/Ag = 20:1) prior to
reduction, we were able to obtain Au,Ag;(C=C'Bu),,
(Auy,Ag,) (Figure 1B), which features a nearly identical
crystal structure to Au,; and substantially more ordered surface
metal atoms and ligands (Figure 1D, and Table S2). As a
result, the two NCs crystallize in different space groups—Cmca
for Auy; and Pbca for Auy,Ag,.

Both 43-metal NCs have an icosahedral Au;, inner kernel
surrounded by a dodecahedral Au,, shell (Figure 2A,B).
Interestingly, only 11 of the 12 facets of the Au,, shell are
capped by metal atoms, leaving a vacant site on each NC
(Figure 2C). For Auy,Ag,, crystallography reveals that the
vacant site is always directly opposite the Ag atom, and the Ag
atom and vacancy are disordered with equal probability at each
site. The presence of Ag on the surface of the cluster—rather
than within the kernel—is consistent with the absorption
spectrum of Auy,Ag,, which matches that of Au,; (Figure S3,
blue line).”* The same substitutional disorder between an
unligated surface metal site and vacancy is present in Auy;, and
similar 50% occupancy at opposite sites was also recently
observed for a Augs NC co-protected by thiolate and
phosphine surface ligands.” We note that the crystal structure
of Auy,Ag,—along with MS data—rules out the possibility

that Aug; is actually a 1:1 co-crystal of Au,,(C=C'Bu),, and
Au,, (C=C'Bu),,.

In Auy; and Auy,Ag,, the 20 alkynyl ligands are directly
bound to 10 Au surface atoms through terminal o-bonds and
have additional 7 interactions with a nearby Au atom from the
inner Auy, shell (Figure 2D). Consequently, five sets of linear
'BuC=C—Au—C=C'Bu motifs encircle the apical metal site,
which is coordinatively unsaturated and does not interact with
any of the alkyny ligands (Figure 2D, top). The combination of
o- and 7-bonding motifs leads to five helical Aug(C=C'Bu),
stripes (i.e, Au—C=C—-Au—C=C-Au—Au—C=C-Au—
C=C-Au) that wrap the icosahedral Au,, kernel along the
central C; axis (Figure 2E, marked in different colors). The five
helical stripes extend from one pole to the other in a clockwise
or anticlockwise fashion, making Au,; and Auy,Ag; chiral NCs
(both enantiomers are present in the crystal, Figure S6).%
Though such a helical surface pattern has been observed for
thiolate- and phosphine-protected Au NCs previously,””” this
represents, to the best of our knowledge, the first time it has
been observed for Au/alkynyl NCs. Indeed, the alkynyl surface
ligands on two superatomic Au,,Ag,o NCs (alkynyl = C=CPh
or C=CPhBu) do not adopt a helical arrangement or any
type of ordered pattern (Figure S7).°*

Electrospray ionization mass spectroscopy (ESI-MS) was
used to confirm the assigned stoichiometry of the NCs.
However, no peak for neat Auy; or Aug,Ag, NCs was
observed. This is likely because the neutral NCs either lose one
Au or Ag atom, or pick up one Au atom along with an alkynyl
ligand, in order to be ionized (Figures S4 and $5).°”°" The
observed isotopic patterns (red/blue lines) match well with the
calculated ones (black lines), and the +1 and +2 charges are
due to the ionization, not the native charge states of the NCs.
We suspect that the double open-shelled nature of the Aug,
and Au,,Ag; NCs makes it difficult to get clean MS spectra,*’
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making crystallography the most reliable method to determine
their composition.

The vacant atomic site (indicated by the dashed circle in
Figure 2C) in both Au,; and Au,,Ag, is surprising given the
precedent for 44-metal NCs, including two Au,,Ag,, NCs and
one Au,,Ag,, NC, which all contain complete shells of surface
metals and closed electronic shells.”*>”®* Moreover, the
previously reported 43-metal NC, PtAg,,(C=CR),; has a
closed-shell Agy, cage surrounding a Pt@Ag;, kernel % In
addition to their open surface shells, Au,; and Au,,Ag; possess
an open-shell electronic configuration (23 valence electrons)
with a single unpaired e, which is rare and typically leads to
poor stability.

Stability of 43-Metal NCs. To evaluate how the
coordinatively unsaturated site and open-shell electronic
configuration impact the thermal stability of Au,; and
Auy,Ag,, we heated dispersions of each NC in toluene at
elevated temperatures for up to 7 days and monitored the
integrity of the cluster by UV—vis spectroscopy. As shown in
Figure 3A, both NCs feature exceptional thermal stability, with

A Aug(C=CBuU), | B|  Au,Ag,(C=CBU),
S S
s s
108 °C-7d
8 8 100°C-7d
S 108 °C-3d s -
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Figure 3. UV—vis-NIR spectra of (A) Au,; and (B) Au,Ag, NCs
held at different temperatures for 3 or 7 days.

no changes observed to the Auy; spectrum even after heating
at 108 °C—just below the solvent boiling point—for 7 days.
Although Auy,Ag, NCs are less stable than their pure gold
counterparts, no degradation was observed while holding at 90

°C for 7 days, and the UV—vis peak intensities only began to
decrease after holding at 100 °C for more than 3 days (Figure
3B). By contrast, Au,;(C=C"Bu); changes to another isomer
within 9 h at ambient temperature,”’ and Au,s(SR);s~ (R =

2H4Ph) degrades within 1 day when heated in toluene at 60
°C.%*

To gain additional insight into the stability of Au,; and
Auy,Ag,, we performed density functional theory (DFT)
calculations for the NCs, along with hypothetical closed-shell
Auy, (C=C'Bu)yy, Auy(C=C'Bu),y, and Auy,Ag,(C=
C'Bu),, NCs that were constructed by adding one atom to
the unoccupied surface site or removing the coordinatively
unsaturated surface metal atom of the corresponding 43-metal
cluster. The relative electronic energies (AE) were estimated
by the following equations

AE(Au,;) = E(Au,;) — [E(Au,,) + E(Au,,)]/2 (1)

AE(Au42Ag1) = E(Au42Ag1) — [E(Auy,) + E(Au42Ag2)]/2

()

Surprisingly, AE(Au,;) and AE(Auy,Ag,) are 0.276 and
—0.527 kcal/mol, respectively, which are both within the range
of the expected error of the DFT calculations (Table S3).
These results indicate that there are minimal energy differences
between the 42-, 43-, and 44-metal NCs and confirm the
feasibility of Au,; and Auy,Ag,. Moreover, we hypothesize that
the stability of the double open-shelled Au,; and Auy,Ag, NCs
can be attributed, in part, to the helical arrangement of surface
ligands reducing surface energy in a manner that is similar to
how helix conformations are preferentlally adopted by many
nanostructures, including ZnO nanobelts® and Al, Au, and
PdSe nanowires.®*~%*

The optical band gaps of Au,; and Auy,Ag, were
experimentally determined to be ~0.78 eV (Figure 4A). The
frontier molecular orbitals (FMOs) of the experimental and
hypothetical NCs were calculated by DFT. The singly
occupied molecular orbital (SOMO) and the lowest
unoccupied molecular orbitals (LUMO) of Au,; are
delocalized across the entire Au core (Figure 4B), while the
SOMO of Auy,Ag, is more localized on the coordinatively
unsaturated Ag site (Figure 4C). The calculated SOMO—
LUMO energy gaps of Auy; and Auy,Ag, NCs are 0.71 and
0.74 eV, respectively (Figure 4B,C), which is consistent with

A
— Aug,Ag,
=Cf
| —Au, 204/l Aug(C CtBu 201 Au,Ag,(C=CBU)y
g 3 ‘ s
P s .. LUMO! ®
< % 151 ‘ 8 154
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Figure 4. (A) UV—vis-NIR absorption spectra (photon energy scale) of Au,;(C=C'Bu),, and Auy,Ag,(C=C'Bu),, in toluene are shown (spectra
are offset vertically for clarity). Isosurface plots (isodensity value = 0.02 a.u.) of SOMO and LUMO and density of states with their corresponding
energy levels for the experimental (B) Au,;(C=C'Bu),, and (C) Auy,Ag,(C=C'Bu),,.
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the experimental band gaps. In other frontier MOs, strong
localization on the open Au or Ag sites is only found in the
HOMO - 2 (HOMO — 2 = 3rd highest-energy occupied
molecular orbital) (Figures S8 and S9).

In contrast, the hypothetical Auy,(C=C'Bu),, has a smaller
energy gap of 0.65 eV, and no distinct localization was found in
any frontier MOs (Figure S10). Furthermore, the energy gaps
of the hypothetical closed-shell Au,,(C=C'Bu),, and
Auy,Ag,(C=C'Bu),, NCs were 0.14 and 0.06 eV, respectively
(Figures S11 and S12), which are much smaller than the band
gaps of Au,; and Auy,Ag;. This result further underpins why
44-metal NCs were not observed during NC synthesis (Figure
1A,B).

Magnetic Properties of 43-Metal NCs. With 23 valence
electrons and a single unpaired electron, both Au,; and
Au,Ag, should be paramagnetic.’” To investigate the
magnetic properties of the NCs, we first employed electron
paramagnetic resonance (EPR) spectroscopy. The X-band
spectra of Au,; and Auy,Ag, dissolved in chloroform (~0.5
mM) display a very weak EPR signal at 4.5 K that is consistent
with the presence of an unpaired electron (Figure S13).
Interestingly, Au,; showed a branched signal in the g-tensor
(Figure S13, red line) that is similar to the well-studied
Auys(SR);5 (SR = thiolate), which is also a paramagnetic
cluster with a single unpaired valence electron.”®’””" Because
of the low intensity of the EPR signal, however, we cannot fully
exclude the possibility that this signal arises from background
O, dissolved in chloroform.

To more directly characterize the magnetic properties of the
NCs in the solid state, we employed superconducting quantum
interference device (SQUID) measurements.”* Although the
saturation magnetization is less than the theoretical value
expected for one unpaired electron in the ground state (1 uB
for g = 2), typical paramagnetic behavior was observed for both
Auy; and Au,,Ag; NCs at 2 K with no hysteresis (Figure 5). A
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Figure 5. Magnetization (pp) of Auy;(C=C'Bu),, and Auy,Ag, (C=
C'Bu),, plotted as a function of magnetic field (kOe) at 2 K.

lower than expected saturation magnetization has also been
reported for Augg(C=CR),.*" The lower saturation magnet-
ization of Au-alkynyl NCs could be attributed to antiferro-
magnetic coupling between the NCs. The Auy,Ag, NCs show
even lower saturation magnetization than Aug; which is
consistent with EPR measurements. The lower magnetization
of the Auy,Ag;, NC can be attributed to a more localized
SOMO on the single Ag atom (different distribution of spin
density), as indicated in Figure 4C, and the difference in spin—
orbit coupling between Au and Ag.’” The different charge

density between Ag and Au on the 43-metal NCs might also
affect the antiferromagnetic coupling. Overall, the magnetic
properties—coupled with crystallographic and MS data—are
consistent with Au,; and Auy,Ag, NCs having open-shell
electronic configurations.

Catalytic Properties of the 43-Metal NCs. Given the
presence of a single coordinatively unsaturated site at the apical
position of Au,; (Figure 2D), we anticipated that this NC
might exhibit higher activity for certain catalytic reactions than
similarly sized clusters protected by a dense ligand shell.
Surface ligands have a double-edged effect on catalysis
preventing rearrangement of the NCs but also blocking access
of the substrate to reactive metal centers.” Previously, thiolate-
or phosphine-protected NCs have been activated on solid
supports by calcination (200 to 500 °C) to remove surface
ligands prior to oxidative catalysis.”*~" Although aggregation
can be prevented at low NC loadings, structural rearrangement
is inevitable upon complete ligand removal.”® The use of
milder oxidants during catalysis, such as H,0, or tert-butyl
hydroperoxide (TBHP), can minimize ligand removal and NC
rearrangement.”’~** Recently, Au,; NCs co-protected by bulky
phosphine and planar dipyridyl amine ligands, which contain 8
open surface metal sites, were shown to have excellent
performance for the selective oxidation of benzyl alcohol.”’

To evaluate how the single coordinatively unsaturated site of
Aug; influences its reactivity, we similarly selected benzyl
alcohol oxidation as a model reaction. Specifically, Auy; was
loaded on an Al,O; support to prepare Au,;/Al,O; catalysts.
The NC structure was maintained during the catalytic reaction,
as we were able to extract a small amount of NCs from the
support that did not exhibit any significant changes to their
UV—vis spectra after 2 h of catalysis (Figure S14A,B). Further,
scanning transmission electron microscopy (STEM) images
show that the NCs are homogeneously distributed on the
support after the catalytic reaction (Figure S14C,D). Longer
reaction times (6 or 24 h), however, made it difficult to recycle
the NCs, which could probably be attributed to partial—or
complete—ligand removal.

The conversion and selectivity for ketone over ester
products were determined by 'H NMR analysis (Table I,
and Figures S15—529). The Au,;/AlLO; catalysts showed a
32% conversion and 98% selectivity after 2 h. Based on the
assumption that the apical Au atom represents the only active
site, a turnover frequency (TOF) for the Au,;/AlO; catalyst
of 0.43 s™' can be calculated. When the reaction time was
increased from 6 to 24 h, the TOF dropped to 0.23 s™" with
52% conversion and 0.077 s™' with 68% conversion,
respectively, which could be attributed to the depletion of
oxidant or the loss of ligands.

The importance of the coordinatively unsaturated Au site on
Auy; for catalysis is highlighted in three ways. First, other Au/
alkynyl NCs without any open metal sites, including Au,;(C=
C'Bu), with the same ligands (Au,;, Figure S2, green line),>
and Au,,(C=CPh),, with a similar size to Au,; (Au,,, Figure
S30A),* have substantially lower conversions under the same
reaction conditions. Second, since the apical atom can be
either Au or Ag, we can evaluate how the identity of the metal
site impacts catalysis. Though Au and Ag might be expected to
be equally active for benzyl alcohol oxidation, the conversion
of Auy,Ag,/ALO; is only 7% at 2 h and 18% at 6 h,
respectively (entry 7/8). This substantial change upon a single
atom substitution is consistent with the majority of catalysis
happening at the open metal site. To further explain this effect,
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Table 1. Catalytic Performance for Different Au NC/AlL, O,
Catalysts for Benzyl Alcohol Oxidation”

[e) (0]
Al,O5 supported catalysts
©/\ OH ™ BU-00H, K,CO,, ©)k + ©)L 0@
MeCN, 70 °C major
reaction time conversion selectivity

entry catalyst (h) (%) (%)
1 Au,;/ALO; 2 32 98
2 Au,;/AL O, 6 52 96
3 Au,;/AL 0, 2 S 100
4 Au,;/AL O, 6 8 100
S Auy,/ALO, 2 8 100
6 Au,,/ALO; 6 16 100
7 Auy,Ag, /AL O, 2 7 100
8 Auy,Ag, /AL O, 6 18 100
9 Auy;/AlLOs* 2 S 100
10 Au,;/ALO;* 6 13 100
11 Auy,-S/ALO; 2 1 100
12 Auyy-S/AL O, 6 4 100
13 Au,,-S/ALO4 2 2 100
14 Auy,-S/ALO; 6 4 100
15 AlLO; 6 nr.

“Reaction conditions: 20 mg ALOj-supported catalyst (1 wt %
loading of a given NC); PhCH,OH, 20 uL; K,CO;, 8 mg; TBHP
(‘Bu—OOH), 20 uL (70% aqueous solution); acetonitrile, 4 mL. The
conversion and selectivity were determined by '"H NMR. n.r. = no
reaction. *4-‘Bu-PhCH,OH instead of PhCH,OH.

topographic steric hindrance maps were employed to analyze
the pocket around the open metal sites on Au,; and Auy,Ag,
NCs.*>** Despite the close similarity of the two 43-metal NCs,
the bond length between the apical Ag atom and the nearest
Au atom is 2.583(8) A for Au,,Ag;, while the corresponding
Au—Au bond length in Aug is 2.935(4) A. The ~13%
difference in the bond length leads to a smaller buried volume
(%Vy,,) for the open Au atom (61.8%) than for the open Ag
atom (63.6%) (Figure 6A). As such, the topographical analysis
suggests that the coordinatively unsaturated Au atom is a more
“open” catalytic site than the Ag atom.

A Au,5(C=CBu)y 3 Au,,Ag,(C=CBuU),
%V, : 61.8 o & WV 63.6
£ :
4 >
sp
2 &
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Figure 6. (A) Topographic steric hindrance maps and (B)
electrostatic potential maps of (left) Au,;(C=C'Bu),, and (right)
Auy,Ag (C=C'Bu),,.

In addition to steric considerations, the rate-determining
step of benzyl alcohol oxidation involves hydride transfer from
the benzylic carbon to a metal atom.***> As H has a smaller
electronegativity (2.20) than Au (2.54) but larger than Ag
(1.93), a hydride will behave differently when attached to Au
(H as a metal)**®” compared to Ag (H as a ligand) on a
NC.** Moreover, the single Ag bears a partial positive charge
while the single Au is neutral, as indicated by a calculated
electrostatic potential map (Figure 6B). We expect that both
steric and electronic factors contribute to the lower activity of
Auy,Ag, /AL O; catalysts compared to Aug;/AlLO;.

Third, the role of the coordinatively unsaturated metal site
was further examined using 4-tert-burtyl benzyl alcohol as a
representative sterically bulky substrate for which diffusion into
the catalytic pocket would be hindered. As expected, the
catalytic performance of Au,;/Al,O; decreased substantially
(entry 9/10). This is consistent with previous reports of lower
conversion for supported Au NPs as the distance between the
open site and substrate increases.”> In addition, the effect of
surface ligands was also studied by using Au-thiolate NCs of
similar sizes, including Au,,(SPh'Bu),s (Au,,—S, Figure
$30B)” and Au,,(SCH,Ph),, (Au,,—S, Figure S30C) without
coordinatively unsaturated metal sites.”’ From the experimen-
tally determined conversions for Au,,—S/ALO; (entry 11/12)
and Au,,—S/ALO; (entry 13/14) catalysts, it is clear that both
Au-thiolate NCs are not as active as the Au-alkynyl ones for
benzyl alcohol oxidation, at least under the mild catalytic
conditions used here. Collectively, these results underpin that
the accessibility of the single open site on Auy; NCs is critical
to its catalytic performance.

Bl CONCLUSIONS

In summary, Au,;(C=C'Bu),, represents the first example of
an atomically precise Au NC with both an open-shell
electronic configuration and open-shell geometric structure
containing a coordinatively unsaturated metal site. The Auy;
NC has an Au;,@Au,, kernel, and 11 out of the 12 facets of
the cuboctahedra Au,, shell are capped with Au atoms. Surface
Au atoms are covered by alkynyl ligands that form five helical
Aug(C=C'Bu), stripes wrapping the kernel, leaving one
surface gold uncoordinated to any ligand. The open Au atom
can be substituted for Ag to form an isostructural NC with a
single coordinatively unsaturated heteroatom. The double
open-shelled 43-metal NCs feature high thermal stability, and
DFT calculations suggest these NCs have similar energies as
hypothetical closed-shell Auy,, Au,, and Auy,Ag, NCs. The
open-shell electronic configuration of Au,; and Auy,Ag, was
confirmed by SQUID and EPR measurements, and the
coordinatively unsaturated Au site was found to lead to higher
catalytic activity for benzyl alcohol oxidation than similar NCs
with no open metal sites. Further, the helical surface pattern of
the 43-metal NCs opens up new opportunities for designing
highly stable NCs with open-shelled structures and interesting
magnetic and catalytic properties.
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