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[AugAge(C=CR)1o(DPPM),CL,](PPh,): a four-electron
cluster with a bi-decahedral twisted metal core¥}

Guocheng Deng,1?® Taeyoung Ki,1*° Seungwoo Yoo,?® Xiaolin Liu,°

Kangjae Lee, > Megalamane S. Bootharaju*®® and Taeghwan Hyeon

*a,b

The assembly of cluster units in a distinct manner can give rise to nanoclusters exhibiting unique geo-

metrical structures and properties. Herein, we present a one-pot synthesis and structural characterization
of a AuAg alloy cluster, [AugAge(C=CR),0(DPPM),CL,](PPh,), denoted as AugAge (Where HC=CR is 3,5-bis
(trifluoromethyl)phenylacetylene, and DPPM is bis(diphenylphosphino)methane). Single-crystal X-ray

diffraction data analysis reveals that AugAge features a distinctive Au;Age bi-decahedral core, formed by a
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Introduction

Significant efforts have been dedicated to synthesizing metal
clusters with diverse structures in order to obtain clusters
endowed with distinctive properties for a variety of potential
applications."® With the advancement of sophisticated charac-
terization techniques, numerous metal clusters with atomic-
level resolved structures have been reported to date.” " It has
been observed that the metal core of many of these clusters
shares the same polyhedral units, despite variations in peri-
pheral ligands or metal-ligand motif structures. These poly-
hedral units encompass an M;; centered icosahedron,”*>® an
M, octahedron,”™* an M,;; cuboctahedron®® and an M,
decahedron,” > among others, where ‘M’ represents Au, Ag,
Cu, or other metal atoms or their mixtures. These fundamental
polyhedral units can also be assembled through the sharing of
vertices, edges, or faces, expanding the range of structural types
for clusters. Such clusters are referred to as ‘cluster of clusters’.*®

The centered icosahedron serves as a classic assembly com-
ponent. To date, many Au, Ag or their alloy clusters, featuring
metal cores with rod-shaped bi-icosahedral,***® rod-shaped
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twisted assembly of two AusAgs decahedra sharing one vertex. The Au4Ags building blocks are bridged by
two gold atoms on opposite sides of the bi-decahedral core. The AugAge cluster is monoanionic and it is
stabilized by two chloride, two DPPM and ten alkynyl ligands. This cluster represents the first instance of a
cluster of clusters built upon decahedral units.

49,50 43
L> 1

tri-icosahedra ring-shaped tri-icosahedra rod-shaped
tetra-icosahedral,® or ring-shaped penta-icosahedral struc-
tures,”> have been reported. The Wang group reported an Au
cluster, [Au,4(C=CPh),,(PPh;),](SbFs),, which contains two
cuboctahedral units by sharing of faces.*® Additionally, the
assembly of octahedral units by sharing vertices has been
observed in Ag clusters such as Ag,;(PPh;)s(SC,H4Ph)s,>®
[Ags5(SPhF,),6(PR'3)s] and [Ages(SPhF,);6(PR’5)s]” (HSPhF, =
3,4-difluorothiophenol and R’ = alkyl/aryl).*> Recently, Wang
et al. reported the largest structurally characterized cluster of
clusters to date, [Age3(PPh;)s(C=CR)s0]*" (R = 4-CH;0C¢H,).>?
This cluster features a Ageo core consisting of a bicapped hex-
agonal prismatic Ag;s unit, which is wrapped by six Ino deca-
hedra through sharing of edges. It is worth mentioning that
the assembled entities from the same polyhedral units usually
exhibit different physical and chemical properties, indicating
the great potential of cluster of clusters families for
applications.>*>"

A decahedron is commonly found as a polyhedral unit in
clusters; however, the existence of cluster of clusters based on it
has not been reported to date. In this study, we report an
alkynyl-protected AuAg alloy cluster that features a bi-decahedral
core, formed by two decahedra sharing one vertex. The mole-
cular formula of the cluster is [AugAgs(C=CR),o(DPPM),Cl,]
(PPh,), denoted as AugAgs (Where HC=CR is 3,5-bis(trifluoro-
methyl)phenylacetylene; DPPM is bis(diphenylphosphino)
methane). The definite composition, atomic-level structure and
optical properties of AugAgs are thoroughly characterized by a
range of analytical techniques, including electrospray ionization
time of flight mass spectrometry (ESI-TOF-MS), elemental ana-
lysis, single-crystal X-ray diffraction (SCXRD), and optical spec-

This journal is © The Royal Society of Chemistry 2024
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troscopy. This structure reveals the assembly of decahedral struc-
tural units for the first time, thereby broadening the scope of
cluster of clusters.

Experimental section
Reagents

Hydrogen tetrachloroaurate(m) trihydrate (HAuCl,-:3H,0) was
purchased from Strem. Triethylamine (Et;N), silver nitrate
(AgNO;), bis(diphenylphosphino)methane (DPPM), and tetra-
phenylphosphonium chloride (PPh,Cl) were purchased
from Sigma-Aldrich. 3,5-Bis(trifluoromethyl)phenylacetylene
(HC=CR), dimethyl sulfide ((CH;),S) and sodium borohydride
(NaBH,) were purchased from TCI. Dichloromethane (CH,Cl,),
methanol (CH;OH), ethanol (C,H;OH), acetonitrile (CH;CN),
acetone (C3H¢O), chloroform (CHCl;), N,N-dimethylformamide
(DMF), tetrahydrofuran (THF) and n-hexane (C¢H,,4) were pur-
chased from Samchun. AuSMe,Cl was prepared according to a
literature method.? All reagents were used as received without
further purification. The water used in all experiments was
ultrapure.

Synthesis of AgC=CR

510 mg of AgNO; was dissolved in 35 mL of acetonitrile, fol-
lowed by the addition of 531 pL of 3,5-bis(trifluoromethyl)
phenylacetylene. Subsequently, 500 pL of triethylamine was
added to the solution with vigorous stirring. The reaction
mixture was stirred for 4 hours at room temperature in the
absence of light. The obtained turbid mixture was centrifuged
at 6000 rpm for 5 min. The precipitate was washed with 50 mL
of methanol and then dried under vacuum at room tempera-
ture to obtain a gray AgC=CR complex. The yield of AgC=CR
was ~78% (based on Ag).

Synthesis of the AuyAg; cluster

11.8 mg of AuSMe,Cl was dissolved in 4 mL of CH,Cl,.
Subsequently, a solution of 7.7 mg of DPPM in 2 mL of CH,Cl,
was added to the above solution under vigorous stirring
(500 rpm). After magnetically stirring the solution for
5 minutes, 13.8 mg of AgC=CR solid was added. Following
that, a solution of 2 mg of PPh,Cl in 1 mL of CH,Cl,, and 6 pL
of triethylamine were sequentially added. After 5 minutes, a
solution of NaBH, (0.2 mg in 1 mL of ethanol) was added
dropwise. The solution was left to age for 24 hours. The result-
ing solution was washed with water. The aqueous phase was
removed, and the organic phase was centrifuged at 12 000 rpm
for 3 minutes. The precipitate was discarded, and the organic
solution was subjected to diffusion of n-hexane at room temp-
erature. After 7 days, dark-brown block crystals were obtained
with a yield of 16% (based on Au).

Physical measurements

The UV/vis/NIR absorption spectra were recorded using a Cary
5000 spectrophotometer (Agilent). The scanning electron
microscopy energy dispersive X-ray spectroscopy (SEM-EDS)
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analysis was performed on a JSM-7800F Prime microscope
(JEOL, Japan). The electrospray ionization mass spectrometry
(ESI-MS) analysis was performed using an ESI-TOF mass
spectrometer (6224, Agilent, Santa Clara, CA, USA).

Single crystal structure analysis

The diffraction data of AugAgs were collected using an X-ray
single crystal diffractometer with Cu Ko radiation (1 =
1.54184 A) at 100 K on a Rigaku XtaLab Synergy R system. The
data were processed using CrysAlis”™™. The structure was solved
and refined using full-matrix least-squares based on F* with
ShelXT and ShelXL programs within Olex2. More refined data
are provided in Table S1.f

Results and discussion

The AugAgs cluster was synthesized via a one-pot method at
room temperature (Scheme 1). Specifically, a gold precursor
(Me,SAuCl), a diphosphine ligand (DPPM), a silver precursor
(AgC=CR), and a counter cation (PPh,") were sequentially
added to a dichloromethane (CH,Cl,) solution. Subsequently,
an ethanol solution of sodium borohydride (NaBH,) was intro-
duced (see the Experimental section for more synthetic
details). After 24 hours of reaction, the organic layer was
washed with water. Then, n-hexane was introduced into the
organic layer of the crude products. Dark-brown block-like
single crystals (Fig. S1T) were obtained after a week.

The composition of the AugAgs cluster was unambiguously
determined by ESI-TOF-MS in the negative-ion mode. As
shown in Fig. 1, only a single peak at m/z = 5630.42 was
observed, precisely corresponding to the molecular ion
[AugAge(C=CR),,(DPPM),Cl,]” (calculated m/z = 5630.44). The
experimental isotopic pattern of the monoanionic cluster
exhibited remarkable concordance with the simulated pattern
(Fig. 1, inset). These ESI-TOF-MS results conclusively establish
that the AugAge cluster possesses a —1 charge and excludes
any positional disorder among the Au and Ag atoms within the
cluster. Furthermore, the scanning electron microscopy energy
dispersive X-ray spectroscopy (SEM EDS) analysis confirmed
the presence of Au, Ag, P, Cl, and F elements in the AugAge
cluster (Fig. S2 and S37).

The atomically precise structure of the AugAgs cluster was
determined using SCXRD, revealing that it adopts a triclinic
crystal system with the space group P1 (no. 2) (Table S1 and
Fig. S4t). The packing diagram of AuyAgs illustrates the pres-
ence of two independent clusters in the unit cell (Fig. S57).
Additionally, two counter cations (PPh,") were observed in the
unit cell (Fig. S5t), further confirming the —1 charge of the

Me,SAuCI + DPPM NaBH,

+AgC=CR + PPh,Cl

AugAg;

Scheme 1 Synthetic route to the AugAge cluster.
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Fig. 1 Mass spectrum of the AugAgs cluster in the negative-ion mode.
Inset: the measured (red trace) and simulated (blue trace) isotopic pat-
terns of [AUgAgs(CECR)lo(DPPM)ZClzl_

Fig. 2 Overall structure of the AugAge cluster. (a) Side view. (b) Top
view. Color legend: magenta, Au; turquoise, Ag; yellow, P; green, Cl;
pale blue, F; and gray, C. All hydrogen atoms are omitted for clarity.

cluster, which is strongly supported by the ESI-TOF-MS data
(Fig. 1). The side- and top-views of the AugAge cluster are
shown in Fig. 2a and b, respectively, demonstrating that the
cluster comprises nine gold atoms, six silver atoms, 10 C=CR
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ligands, two DPPM ligands and two chlorides, resulting in the
molecular formula AugAgs(C=CR),o(DPPM),Cl,. This compo-
sition is consistent with that obtained by mass spectrometry
(Fig. 1). According to the “superatom electronic theory”, the
free metallic electron count of this cluster is calculated to be
four (9 + 6 — 10 — 2 + 1 = 4), indicating that the cluster has an
open-shell electronic structure.

A detailed analysis of the molecular architecture of the
AuyAg, cluster revealed that it possesses a bi-decahedral core.
As shown in Fig. 3a, this cluster contains two Au,Ag; decahe-
dra, where one silver atom and one gold atom occupy the top
and bottom of each decahedron, respectively. Their pentagonal
planes consist of two silver and three gold atoms (Fig. 3a). In
comparison with the ideal decahedron, both Au,Ag; decahedra
in AugAgs exhibit distortion (Fig. S61). These two distorted
Au,yAg; decahedra assemble to form the Au,Ags bi-decahedral
core by sharing a gold atom (Fig. 3b). Interestingly, upon
assembly of these two decahedra, one of them rotates by 60.5°
along the pentagonal plane (Fig. 3b). These factors result in
the Au,Ags bi-decahedral core having C, symmetry, thus ren-
dering it chiral (Fig. S7at). This chirality extends from the

Au,Ag,

Fig. 3 Structural analysis of the AugAgs cluster. (a) Structure of the dis-
torted AusAgs decahedron. (b) Two AusAgs decahedra assemble into the
AusAge bi-decahedral core. (c) Two gold atoms bridge the bi-decahedral
core, forming the structure of AugAge. Color legend: magenta, Au and
turquoise, Ag.

This journal is © The Royal Society of Chemistry 2024
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Au,Ag, bi-decahedral core to the entire cluster, thereby impart-
ing C, symmetry and chirality to the AugAgs cluster (Fig. S7b¥).

As shown in Fig. 3c, the Au,Ags bi-decahedral core is
further linked by two gold atoms, forming the metal part,
AugAgs, of the cluster. These two gold atoms are positioned at
the top and bottom of the cluster (Fig. 2 and 3c). Both of these
gold atoms coordinate with the gold atom shared by the two
Au,Ag; icosahedra and are situated on the C, axis (Fig. 2 and
3c). Additionally, the gold atom at the top coordinates with the
four silver atoms of the bi-decahedron, while the gold atom at
the bottom coordinates with the two silver atoms and two gold
atoms of the bi-decahedron, thereby connecting the two deca-
hedra (Fig. 3c). The average Ag-Ag and Au-Au distances in the
cluster are 3.036 and 3.084 A, respectively. Both of these dis-
tances are much longer than the Ag-Ag (2.889 A) or Au-Au
(2.884 A) bond lengths found in bulk face-centered-cubic Ag or
Au. The Au-Ag bond lengths in the cluster range from 2.702 to
3.438 A, with an average of 2.975 A.

The coordination modes of the surface ligands on the
AugAg, cluster were then analyzed. As shown in Fig. 2, the two
chloride ligands, similar to the two gold atoms at the top and
bottom of the cluster, serve to bridge the two Au,Ag; decahe-
dra. The distinction lies in the orientation of these two chlor-
ine atoms, which are perpendicular to the C, axis and are di-
coordinated preferentially with silver atoms from different dec-
ahedra (Fig. 2). However, the two DPPM ligands are respect-
ively coordinated to the two Au,Ag; decahedra. They share the
same coordination environment, coordinating preferentially
with the gold atom at the bottom of the Au,Ag; decahedron
and one gold atom of the pentagonal planes through phos-
phorus atoms (Fig. 2). Interestingly, all ten alkynyl ligands on
the AugAgs cluster surface coordinate with gold through the o
bond and with silver through the x bond (Fig. 2). As shown in
Fig. 8,7 the ten alkynyl ligands on the cluster exhibit only one
coordination mode: coordination with one Au atom via a ¢
bond and one Ag atom via a @ bond in p, mode. Such a simple
coordination mode of alkynyl ligands on a cluster surface is
very rare as compared to the complex binding modes of other
clusters.”>>° The average Ag-Cl and Au-P bond lengths in
the AugAgg cluster are 2.536 and 2.293 A, respectively. The Au-
C and Ag-C bond lengths fall within the range of 1.969-2.058
and 2.351-2.569 A, respectively.

The optical properties of the AugAge cluster were examined
through UV/vis/NIR absorption spectroscopy. The UV/vis/NIR
spectrum of the crystals of this cluster in CH,Cl, solution is
shown in Fig. 4. It reveals a prominent peak at 429 nm,
accompanied by a shoulder peak at 384 nm, and two minor
peaks at 538 and 620 nm. The crystals of AugAgs are soluble in
a wide range of commonly used organic solvents, including
methanol, acetone, and acetonitrile (Fig. S9t). This solubility
in various solvents is attributed to the presence of abundant F
in the ligands of the cluster surface. Upon comparing the UV/
vis spectrum of the cluster crystals with that of the as-prepared
crude product, similar absorption peaks are observed
(Fig. S107), suggesting a good yield of the clusters. The UV/vis
spectrum of the crystals of AugAgs remains unchanged even

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 UV/vis/NIR absorption spectrum of the AusAge cluster.

after exposure to air for one year (Fig. S117), indicating its high
ambient stability. As mentioned above, the AugAgs cluster pos-
sesses an open-shell electronic structure. This characteristic
resembles that of the highly stable rod-shaped
[Au,5(PPh3)16(SCoH;5)sCL](SbF), (Au,s) cluster,** which com-
prises two Au,; icosahedra and exhibits an open-shell elec-
tronic structure with 16 (8 + 8) free electrons. AugAgs contains
two Au,Ag; decahedra and has 4 (2 + 2) free electrons, which
could be a contributing factor to the good stability of the clusters.

Conclusions

In summary, we have successfully synthesized and character-
ized a bimetallic AuAg cluster, [AusAgs(C=CR);o(DPPM),Cl,]
(PPh,). Single crystal structure data analysis reveals that the
core of this cluster adopts an Au,Age bi-decahedral structure,
formed by the twisted assembly of two Au,Ag; decahedra
sharing one gold vertex. This Au,Ags bi-decahedron core is
further linked by two gold atoms and two chlorine atoms, and
protected by two DPPM ligands and ten alkynyl ligands.
Notably, this cluster represents the first example of a decahe-
dron-based cluster of clusters. This study not only expands the
repertoire of cluster of clusters families but also introduces
novel strategies for obtaining clusters with diverse structures
and properties, paving the way for their application across
various fields.
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