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An AuyNi, nanocluster containing a square-planar [-PPh,—Au—S—
Au-]; ring and two nickel-pincer arms is reported here. Abundant
intra- and inter-cluster noncovalent interactions promote the
assembly of the nanocluster into a porous framework material. The
assembly-dependent unique solubility and photoluminescence
were also investigated.
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The emerging molecule-like metal nanoclusters'” are com-

posed of a metal framework and surface ligands with an atom-
ically precise composition and structure. Both their size and
structure bridge the gap of organometallic complexes and
metal nanoparticles, often triggering unique properties®™*
different from the latter two metal species. Meanwhile, the
precise structure of the metal nanoclusters enables an in-
depth investigation of the structure—property correlation at the
atomic level.”™"7 Thus, the discovery of metal nanoclusters
with unique frameworks and bonding structures constitutes
an important part of the research in this area. Since the pio-
neering works on the structural determination of
AU,0,(SCeH,COOH) 4, *® and Au,5(SC,H,Ph);5,"**° hundreds of
metal nanoclusters’ crystal structures have been reported.
Among them, structural units such as the 13-metal-atom icosa-
hedron (M;;),>'">* the 8-metal-atom cube (Mg),>*>® and the
4-metal-atom tetrahedron (M4)*>”?° are not only stable cluster
forms, but also building blocks in hierarchically structured
nanoclusters.

The 6-metal-atom nanocluster (M) was first represented by
the copper hydride (HCuPPh;), in 1971,*° demonstrating an
octahedral geometry. After that, octahedral Mg nanoclusters
protected by thiolate,® phosphine®*?* and N-heterocyclic
carbene®* were successively synthesized. Despite the reports
on Mg nanoclusters with other geometries, such as edge-
sharing bitetrahedral Aue > and tiara-like Nig,>® the octahedral
arrangement of metal atoms in Mg-based systems is dominant.
In particular, two vertexes doped octahedral Au,M, nano-
clusters such as Au,Pt,, Au,Pd,, and Au,Ni, showed the
doping effect, demonstrating attractive performance, such as
high activity in electrochemical nitrogen reduction.?”*® Based
on the previous reports, two interesting questions arise: (i) can
we break the preferred octahedral arrangement of the Au,M,
system to achieve novel structures? (ii) How does the novel
Au,M, structure impact its properties? Inspired by the pre-
vious works on controlling the atomically precise structure of
metal nanoclusters by regulating the electronic and steric
effects of ligands,*®™*! herein, we obtained a new Au,Ni, nano-
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cluster by introducing pincer complexes in the synthesis of
nanoclusters. This novel Au,Ni, consists of a square-planar
[-PPh,-Au-S-Au-], ring and two nickel-pincer arms, featuring
abundant inter- and intra-cluster noncovalent interactions.
The assembly of Au,Ni, molecules into a porous framework
material was revealed and the assembly-related intriguing pro-
perties were also shown.

An attempt to synthesize structurally different AuNi bi-
metallic nanoclusters from the conventional octahedral Au,M,
nanocluster was initiated by the use of two pincer complexes:
pyridine-2,6-diyldimethanethiol (SNS, 1)** and NiCI[(1,3-bis
((diphenylphosphanyl)oxy)benzene] (NiCI-PCP, 2).** Pincer
complexes were first introduced by Shaw and van Koten in the
late 1970s.***®> They are generally tri-coordinated ligands fea-
turing a central aromatic ring that is ortho-ortho-disubstituted
with two electron-donor substituents.*® We envisioned that the
introduction of rigid pincer complexes would break the con-
ventional arrangement of metal atoms in metal nanoclusters,
triggering the formation of nanoclusters with unique struc-
tures. After screening different solvents and reductants, an
optimized reaction procedure afforded a yellow-colored reac-
tion system, which was purified by column chromatography or
recrystallization to obtain the nanocluster product (3) in satis-
factory yield (Fig. 1a, for details, see the ESL,} p. S4). The UV-
vis spectrum of 3 in dichloromethane showed three absorption
bands centered at 350, 380 and 430 nm (Fig. S3at). The
similar profiles (Fig. S3bt) of the FT-IR spectra of 3 and 2
suggest that the structural unit of NiCIl-PCP is retained in the
nanocluster. MALDI-TOF-MS gave a single peak of the nano-
cluster at 2294.07 Da (Fig. S4t), indicating that the compo-
sition of 3 is probably Au,Ni,(PPh,),S,(PCP),.

Crystallization of 3 in the mixed solvents of dichloro-
methane and pentane gave cubic crystals, which were suitable
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for structural determination by single-crystal X-ray diffraction
(SC-XRD). From the total structure (Fig. 1a, for details, see
Fig. S51), 3 is composed of a hexanuclear Au,Ni,, two PPh,
groups, two S atoms, and two PCP pincer complexes. The
resulted molecular fomula is consistent with that revealed by
MALDI-TOF-MS. The structure of Au,Ni, (3) suggests a C(sp’)-S
bond cleavage of 1 during the cluster formation process
(Fig. 1a), offering two sulfur atoms. In the meantime, 2 partici-
pates in the cluster formation from two aspects. On the one
hand, a similar cleavage of the O-P bond offers PPh, groups.
On the other hand, a Cl dissociation and a subsequent S
association occur, generating the two nickel-pincer arms
located at the two sulfur sites of Au,Ni, (3). Considering that
the SNS pincer complex 1 only contributes sulfur atoms, we
tried to replace it by other sulfur sources that were commonly
applied in the preparation of metal nanoclusters, such as thio-
phenols and thioalcohols (RSH) (for details, see the ESL{ p.
S4). However, these attampts failed to give AuyNi, (3), instead
NiSR-PCP complexes were obtained as the major products
(Fig. S11). As a typical example, the replacement of 1 by 4-tert-
butylthiophenol (TBBT) under the standard reaction con-
ditions gave NiTBBT-PCP (4, for its structural determination by
SC-XRD, see Fig. S2) instead of the AuNi bimetallic nano-
cluster AuyNi, (3). These control experiments indicate that the
SNS pincer complex 1 is crucial for the formation of Au,Ni,
(3). A reasonable explanation might be that the rigid 1 circum-
vents its bonding to sterically hindered 2, thus proceeding
with C(sp*)-S bond cleavage instead to give Au,Ni, (3).

The framework of Au,Ni, (3) is different from the previously
reported octahedral Au,M, system. Taking Au,Ni,(SPhMe,)s *®
as an example, its four Au and two Ni atoms form a distorted
octahedral structure, which is further capped by the eight -SR
groups existing at the vertex of the Au-Ni kernel (Fig. 1e).
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Fig. 1 (a) Synthesis and total structure of AuyNi; (3); (b—d) structural anatomy of AuyNi, (3); (e) structure of AuyNi, (octahedral). Blue: Au; green: Ni;

purple: P; pink: O; yellow: S; gray: C and H.
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Comparatively, in AuyNi, (3), both the S and P atoms are in a
plane with the four Au atoms, forming a square-planar [-PPh,—
Au-S-Au-], ring. Two Ni-PCP arms are located at the S sites.
The structural features of Au,Ni, (3) can be highlighted as
follows: (1) four Au atoms, two P atoms and two S atoms form
a square-planar ring (Fig. 1b). With the participation of P and
S atoms in the Au, plane, the average distances of the adjacent
gold atoms and the opposite gold atoms are respectively 3.4
and 4.8 A, which are longer than those in octahedral Mg
systems.’**® The open and giant [-PPh,-Au-S-Au-], ring
would be a potential site for further applications such as cata-
lysis and molecular recognition. (2) The rigid Ni-PCP pincer
complex was introduced in nanoclusters for the first time
(Fig. 1c). The two nickel-pincer arms including fourteen rings
highly enrich the noncovalent C-H:--x and H-:-H interactions
as well as the rigidity of the nanocluster. (3) The S atoms in
AuyNi, (3) tri-coordinate to three metal atoms (two Au atoms
and one Ni atom), which is distinct from the common di-
coordination way in the reported thiolate metal nanoclusters.*”
The lengths of Ni-S and Au-S bonds are similar to be 2.2, 2.3
and 2.3 A, respectively. The Ni atom is close to one of Au
atoms to form a 2.8 A of Au-Ni bond (Fig. 1d). The unique
coordination mode results in two “naked” S atoms which are
not bonding to any organic species.

The alternate array of aromatic rings in AuyNi, (3) crystals
leads to abundant intra- and inter-cluster noncovalent inter-
actions. Representative intra-cluster interactions are shown in
Fig. 2a (also see Fig. S6 and Table S17). The H---H interactions
(marked with red) are mainly attributed to the close distances
(2.6 and 2.8 A) of the phenyl groups on the Ni-PCP arm and
the [-PPh,-Au-S-Au-], plane. The C-H--n interactions
(marked with cyan) mainly originate from the rigid Ni-PCP
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pincer arms, including the C-H----x distance of 3.2 A inside Ni-
PCP, and the C-H---n distances of 2.9 and 3.2 A between the
Ni-PCP pincer arms and the [-PPh,-Au-S-Au-], plane. The
inter-cluster C-H---n and H---H interactions can be divided
into two types. As shown in Fig. 2b (also see Fig. S7-S9 and
Tables S2-S4+1), the interactions along the y axis, including the
C-H---x distances (marked with cyan) ranging from 3.2 to 3.5 A
and the H---H distances (marked with red) ranging from 2.7 to
2.9 A, are attributed to the close distances between the
benzene rings on the Ni-PCP arm of one Au,Ni, (3) molecule
and the PPh, groups on the [-PPh,-Au-S-Au-], plane of the
adjacent AuyNi, (3) molecule. The interactions along the z axis
mainly originate from the aromatic rings of the rigid Ni-PCP
arms that belong to two adjacent Au,Ni, (3) molecules. Based
on the observations, we found that the abundant inter-cluster
noncovalent interactions induce the assembly of the nano-
cluster molecules into a porous framework material. The pore
size on the yz surface was approximately 13.9 A x 8.1 A, thus
generating rectangular channels along the x axis. Apart from
this kind of channel, two other smaller channels with sizes of
8.3 A x 3.4 A and 4.5 A x 4.1 A were also observed along the y
and z axes (Fig. S107).

Owing to the abundant inter-cluster noncovalent inter-
action-induced assembly of Au,Ni, (3) molecules, this nano-
cluster showed much lower solubility compared with octa-
hedral Au,Ni, (for the determination of the solubility, see
Fig. S11-13%). As shown in Fig. 3, the concentrations of the
saturated AuyNi, (octahedral) solutions in commonly used sol-
vents such as dichloromethane (DCM), toluene (Tol), tetra-
hydrofuran (THF) and ethyl acetate (EA) were 1.6 x 1072, 1.5 X
1072, 1.4 x 107% and 1.0 x 107> mol L™", respectively. In con-
trast, the concentrations of the saturated solutions of Au,Ni,

~ pore size
~. 139 Ax81A

Fig. 2 (a and b) Representative intra- and inter-cluster C—H---x (cyan) and H---H (red) interactions of AusNi (3). (c) The cluster-based porous frame-

work material.
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1.5x107 B AuNi, (3)

I Au,Ni, (octahedral)
1.0x10%
5.0x10°® I . . ;

C (mollL)

2.0x10* -~ .
-
1.0 mg/1.0 mL
1.0x10%
0.0 .

DCM  Tol THF EA Hexane MeOH MeCN

Fig. 3 Comparison of the solubility of AuysNi, (3) and AuyNi, (octa-
hedral) in different solvents. Inset: the photographs of a system of
1.0 mg of AugNiy (3) (left) or AuyNiy (octahedral) (right) in 1.0 mL of
DCM.

(3) in the four solvents were only 1.2 x 107%, 1.0 x 107%, 0.8 x
107 and 0.2 x 107* mol L™, respectively. These results indi-
cate that the solubility of AuyNi, (octahedral) is at least 100
times higher (Fig. 3, inset) than that of Au,Ni, (3), which could
be ascribed to the assembly of Au,Ni, (3) into the 3D material.
Au,Ni, (3) also showed low solubility in other solvents, such as
hexane, MeOH and MeCN.

The assembly of AuyNi, (3) also results in its distinct photo-
luminescence between the crystalline and solution states. As
shown in Fig. S14,} the saturated Au,Ni, (3) solutions in DCM,
Tol, THF and EA showed a similar photoluminescence,
while the crystalline AuyNi, (3) showed a different photo-
luminescence spectrum compared with the dissolved samples,
with an improved fluorescence intensity and an approximately
15 nm bathochromic shift of the emissive wavelength
(Fig. S14at). The photoluminescence spectra at different exci-
tation wavelengths (Fig. S14b and cf) further confirmed the
intensity increase of the crystalline states of Au,Ni, (3).
Comparatively, for AuyNi, (octahedral), its crystalline and solu-
tion states exhibited the basically same photoluminescence
(Fig. S14dt). The difference in the photoluminescence of crys-
talline and dissolved Au,Ni, (3) is probably ascribed to the
assembly restricting the vibration and rotation of nanocluster
molecules, thus improving the photoluminescence of Au,Ni,
(3) in the crystalline state. In the solution state, the large
amount of solvent would disturb the noncovalent interactions
and thus weaken the nanocluster’s luminescence. AuyNi, (3) is
ultra-stable, showing the consistent UV-vis spectra in DCM
under ambient conditions for one month (Fig. S15at). Further
investigation reveals that it is robust under harsh conditions
such as high temperature (Fig. S15bf) and oxidative
(Fig. S16at) and reductive (Fig. S16b¥) environments. Its high
stability can be explained by the large electrochemical gap
(2.22 V) and the relatively high oxidation (1.27 V) and
reduction (—0.95 V) barriers that were evaluated by differential
pulse voltammetry (DPV, Fig. S17t). Further stability tests
under the oxidative and reductive conditions were conducted
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with cyclic voltammetry (CV) experiments (Fig. S18%), which
indicates that Au,Ni, (3) is quite robust and recyclable. The
stability and recyclability of the nanocluster under various con-
ditions would be highly valuable for its further applications.

Conclusions

In summary, we successfully synthesized a novel hexanuclear
AuNi bimetallic nanocluster using pincer complexes. It is
different from the octahedral Mg system, demonstrating a
square-planar [-PPh,-Au-S-Au-], ring and two nickel-pincer
arms. Unconventional C(sp®)-S bond and O-P bond cleavage
of the pincer complexes were observed during the cluster-for-
mation process. The rigid Ni-PCP pincer arms induce abun-
dant intra- and inter-cluster noncovalent interactions, trigger-
ing the self-assembly of the nanocluster into a porous frame-
work material. The assembly results in low solubility and dis-
tinct photoluminescence in the crystalline and solution states
of the nanocluster. Further studies on the applications of the
hexanuclear AuNi bimetallic pincer nanocluster in catalysis
and gas separation are underway in our laboratory.
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