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In modern synthetic chemistry, ligand-protected atomically precise metal alloy nanoclusters
are of great interest due to their unique physiochemical properties and specific molecular
structure, making them an excellent platform for researching structure-activity relationships
at the atomic scale. Unlike the rapid expansion of gold and silver alloy clusters, the easy
oxidation of copper poses a challenge in the synthesis of stable copper and silver alloy
clusters. As a result, the development of a large-scale synthesis and stable copper and silver
alloy nanocluster with a defined metal core is much more challenging. This work introduces
the total structure and gram scale synthesis of a stable and highly symmetric 2-
phenylethanethiol (PETH) and triphenylphosphine (TPP)-protected AgCu alloy nanocluster
[Ag4CuysHg(PET)4Clg(TPP)g][BF4], with a cuboid shape having cubic metal core, via a
facile one-pot reduction method. Furthermore, the nanocluster has remarkable catalytic
activity (k = 7.86 min™") for hydrogenating dangerous nitroarenes. The nanocluster exhibited
a notably greater catalytic efficiency in comparison to alternative copper hydride nanocluster
catalysts. The synthesis of pure AgCu alloy nanocluster, which can be produced in large
quantities (up to 1.112 g of pure crystals in one pot), can now be studied in detail, opening up
new avenues for applications.
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Abstract: Although atomically precise noble metal nanoclusters (NMNCs) are highly desirable
to unravel the size and structure-activity relationships in catalysis, their synthesis in a controlled
way at the atomic level is challenging. Herein, we report the structure and gram scale synthesis
of a highly symmetric 2-phenylethanethiol (PETH) and triphenylphosphine (PPhs)-protected
AgCu alloy nanocluster (NC) [AgsCu2gHs(PET)16Clg(PPh3)s][BFs]> with a cuboid shape,
denoted as AgsCuas. This was accomplished via a facile one-pot reduction method. AgsCuzs NC
consists of an AgsCus metal core, six hydrides, four CusCly units, eight PET ligands, and four
Cux(PET)2(PPhs)2 motifs. High-resolution electrospray ionization mass spectrometry (HRESI
MS) and density functional theory (DFT) calculations support this crystal structure. Moreover,
AgaCuss exhibits excellent catalytic activity (k = 7.86 min1) in the hydrogenation of hazardous
nitroarenes. This intriguing NC delivers a unique opportunity to explore the gram scale
synthesis of alloy nanoclusters and to expand the research on Cu and Ag-based NCs.

1. INTRODUCTION
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Ligand-protected noble metal nanoclusters (NMNCs) with specific atomic-level structural
features, defined composition, and uniform size have drawn attention of the researchers in
materials chemistry and catalysis due to their unique chemical and physical properties.”
NMNCs have the potential to control the activity and product selectivity in various catalytic
transformations due to their ultrasmall (typically 3 nm diameter) and tuneable size, coordinated
metal sites, unique electronic configuration, metal/ligand composition, and molecular
structure.222 They display distinct optical, electrical, dielectric, and magnetic properties.?®3°
Geometry and composition have a significant influence on these unique properties. Several of
the properties of these NCs are altered when two or more metals are combined, which frequently
increases such desired properties as luminescence and catalysis.?> 404 Investigating the wide
range of alloys and their intriguing characteristics is, thus, the primary goal of multicomponent
alloy NC research.

Various synthetic methods have been used to create over 300 monometallic NCs of Au, Ag,
and Cu.** The number of alloy NMNCs, on the other hand, is very low.*: 4% Similarly, the
number of alloy clusters with a precise metal core of a single metal is very low. Unlike the rapid
expansion of gold and silver alloy clusters, the easy oxidation of copper poses a challenge in
the synthesis of stable copper and silver alloy clusters.® 4t As a result, the development of a
stable copper and silver alloy nanocluster with a defined metal core is much more challenging.
The structural data about the core-shell architecture of these alloy NMNCs opens up new
possibilities for application development in nanomaterials and improves the understanding of
their structure-dependent characteristics.

Herein, we present the gram scale synthesis of an AgCu alloy NMNC,
[Ag4Cu2sHe(PET)16Clg(PPh3)s][BF4]. with a cuboid shape, denoted as AgsCugg, that is
stabilized by 2-phenylethanethiol (PETH) and triphenylphosphine (PPhs) ligands. The crystal
structure of the nanocluster was revealed using X-ray crystallography. The crystal structure was
supported by ESI MS and density functional theory (DFT) calculations. X-ray photoelectron
spectroscopy (XPS) was utilized to confirm the presence of desired elements as well as their
oxidation state. The structure of AgsCuzs has an AgsCua cubic core. AgsCuss exhibits excellent
catalytic activity as a heterogeneous catalyst, with a high reaction rate (k = 7.86 min™?) for the

reduction of p-nitrophenol (p-NP) to p-aminophenol (p-AP) using NaBHa.

2. RESULTS AND DISCUSSION

Page 4 of 15
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Synthesis, Purification, and Crystallization
Scheme 1. Synthesis of [AgsCu2sHs(PET)16Clg(PPhs)s][BF4]2 NC.

[Cu(CH;CN)4IBF,  2-Phenylethanethiol

+ v
AgNO; M Ag4Clzg
+
PPh, NaBH,

A mixture of Ag and Cu metal precursors was chemically reduced to create Ag4Cuzs NMNCs.
In particular, AgNOs and [Cu(CN)4]BF4 were reduced using NaBHa in the presence of the PPhs
and PETH ligands under ambient conditions (Scheme 1, see the experimental section in
supporting information (SI) for more information). These precursors were added to mixed
solvents, acetonitrile (CH3CN) and chloroform (CHCI3z). PETH typically serves as the main
ligand, interacting with the metal atoms in a variety of coordination modes to stabilize the NC
framework. On the other hand, the use of PPhs as an auxiliary ligand is advantageous because
of its rather rigid and bulky structure, which promotes crystallization of NCs.3® The above-
mentioned chemicals are widely available, which makes it easier to create scalable methods for
NC synthesis. It has proven extremely difficult to develop a straightforward, large-scale
synthesis approach for NC crystals under ambient conditions because of the extremely sensitive
processes involved in the nucleation, development, and crystallization of NCs. The synthesis
of pure AgaCuzg, which can be produced in large quantities (up to 1.112 g of pure crystals in
one pot; Fig. S1) with a good yield (about 35% based on silver), can now be studied in detail,
opening up new avenues for applications.3* 052 Within a week, a high-quality dark red crystal
(Fig. S1) of AgaCuzs was grown in a chloroform/hexane solvent mixture, and single-crystal X-

ray diffraction (SCXRD) was used to evaluate its 3D structure.

Crystal Structure and Mass Characterization

The data from SCXRD shows that the AgsCu2s NMNCs crystallized in a tetragonal system with
the 14/m space group (Table S1). The two different views of the NC (Fig. 1A and B) revealed
that it is made up of 32 metal atoms (silver and copper) with a AgsCus cubic core (occupancy
of Ag and Cu in the cubic core is 0.5 and 0.5), eight Cl, sixteen PET, and eight PPhs ligands,
yielding the chemical formula [Ag4Cu2s(PET)1sCls(PPh3)s]** with a cuboid shape.
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Fig. 1 Crystal structure of AgsCuzs NC (Occupancy of Ag and Cu in the cubic core is 0.5 and
0.5). Side-view A) and top-view B) of the AgsCuzs NC.

Furthermore, the presence of Ag, Cu, Cl, P, S, and C elements in the Ag4Cugs cluster was
confirmed by X-ray photoelectron spectroscopy (XPS) (Fig. S2). The Cu 2ps; at 932.7 eV and
Cu 2p12at 952.5 eV confirmed the presence of Cu(l).® Similarly, Ag 3ds;2at 368.7 eV and Ag
3ds2 at 374.8 eV indicate the presence of Ag(l). The Cl 2pz2at 198.8 eV and CI 2py2 at 200.1
eV confirm the presence of Cu-Cl bond. The breaking of carbon-chlorine (C-CI) bonds in
CHClIs during the reaction process is the source of the CI~ ions in the structure.®? 53 We note
that the NMNC has some positional disorder, as illustrated in the the supporting
crystallographic information file (CCDC 2293022). This type of disorder is frequent in alloy

nanoclusters.® Note that the structure of AgsCuzs in the figures is presented without this disorder.

‘@
O e

MgCU,,S16PsClg M = Ag/Cu Cu,,S16PsClg

Fig. 2 Crystal structure analysis of AgsCus NMNC. A) Structure anatomy of the
AgsCuz2sS16PsCls. B) Capping of AgsCua core by C) Cu24S16PsCls.
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A comprehensive molecular architecture examination reveals that the AgsCuzs cluster has an
AgsCuy cubic core, as depicted in Fig. 2A and 2B. This cubic AgsCus core is protected by 4
Cu4Cl2 units, 8 PET ligands, and 4 Cu2(PET)2(PPhs). motifs (Fig. 2A and 2C). The average
distance between the central Ag atom and the Cu is 2.705 (4) A and the average Cu-Cu distance
in CusCl2 unit is 2.577 (4) -2.745 (5) A. Each PET ligand in the large surface of the cuboid is
bonded with two Ag atoms and two Cu atoms [pa-n',nt,(Ag) ntni(Cu)]. On the other hand,
each PET ligand in the small surface of the cuboid is bonded with four Cu atoms (pa-n*,ntnint).
The average distances of Ag-S and Cu-S bonds in AGPET and CuPET are 2.524 (2) A and 2.315
(4) A (large surface), respectively. In the 4 Cuz(PET)2(PPhs), motifs (Fig. S3A), the average
Cu-S and Cu-P distances are 2.294 (4) A and 2.215 (6) A, respectively. In the CusCl, unit (Fig.
S3B), the average Cu-Cl bond distance is 2.294 (5) A. We carried out electrospray ionization
mass spectrometry (ESI-MS) and DFT calculations to further support the structure because it
is very difficult to determine the presence of hydride in NC from SCXRD.53 The computational
details of the DFT calculations are given in the SI.

A) [Ag4CU26Hs(PET)16Clg(PPh3)g] > B)

- Experimental
- Calculated

VTV

3390 3395 3400 3405
m/z

Fig. 3 A) HR-ESI-MS spectrum of AgsCu2s NMNC in positive-ion mode after dissolving the
crystals in CH2Cl,. A comparison of experimental mass spectra of AgsCuog with the simulated
is provided. B) Solution of AgsCuzs NMNC in CH2Clo.

The AgsCuzs NMNC was further analyzed by HRESI-MS to validate the chemical formula
acquired from the SCXRD. The mass spectra of Ag4Cugg revealed a series of peaks in the m/z
range 3380 to 3600, as shown in Fig. S4, which may be due to intercluster metal atom exchange
under ESI-MS conditions and/or positional disorder of the Ag and Cu atoms.® At m/z = 3397,

corresponding to the molecular ion AgsCuzs. As this peak expands, multiple peaks with a
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separation of m/z 0.5 are seen, suggesting that its charge state is 2*. The peak at m/z 3397 is
attributed to a formula [AgsCu2sHs(PET)16Cls(PPhs)s]?*, in agreement with the SCXRD finding,
after accounting for all potential elements. The NMNC's hydride ligands are confirmed by
comparing the experimental and simulated spectra, which are shown to be in very good
agreement (Fig. 3A), further validating this formula assignment. We suggest a formula of
[Ag4CuzsHs(PET)16Cls(PPhs)s]?* for the as-synthesized Ag-Cu cluster based on the combined
results of SCXRD and ESI-MS. In order to prove the existence of hydrides, a deuterated cluster
was created by substituting NaBD4 for NaBHjs as the reducing agent. In fact, Fig. S5 displays a
mass spectrum that is upshifted by m/z 2.9 from AgsCuzsg, indicating a greater mass of 6, thus
[Ag4Cu2sDe(PET)16Cls(PPhs)s]?* is the composition represented by this upshifted peak. In
negative ion mode of the ESI-MS, the presence of BF4~ was noticed, which suggests that the
BF4 is acting as a counter anion (Fig. S6). Most significantly, these experimental findings
unambiguously  imply that the formula of the synthesized NMNC s
[AgsCu2sHe(PET)16Cls(PPh3)g][BF4]2. The structure is further confirmed by the free valence
electron count rule, which indicates that this NMNC has zero free electrons [4+28-6-16-8-2=0].
Fig. 3B shows the color of the NMNC solution in dichloromethane (DCM). The crystals of
AgsCupg were stable for six months, which was confirmed by taking ESI-MS of the crystals
after dissolving them in DCM (Fig. S7). The AgsCu2s NC is also stable in solution for 48 hrs.

Optical Spectrum by DFT

DFT calculations were conducted to optimize the structure from which we predicted the
absorbance spectrum. Given the occupancy of Ag and Cu in the cubic core is 0.5 each, we
examined three different geometries: (1) Corel — Ag atoms are connected to Cu atoms and vice
versa; (2) Core2 —Ag and Cu atoms are positioned on the same side, and (3) Core3 — an
intermediate arrangement between Corel and Core2 (Fig. 4A and S8). After optimization,
Corel was found to be the most energetically stable, being 1.24 and 1.76 kcal/mol more stable
than Core2 and Core3, respectively. This suggests that all 3 configurations are probably present
in our samples. In all structures, the cubic AgsCus core was slightly distorted due to different
atomic radii of Ag and Cu (Fig. 4A). Among the six hydrides, two are located within the AgsCus
core in a wa (na-nt, n*, nt, nt) form, with Cu-H and Ag-H distances of approximately 1.8 A and
2.0 A, respectively. The remaining four hydrides adopt a ps (Ag/Cu-n*, n*, Cu-n*, n*, nt) form,
with average distances of 1.92 A for Cu-H and 2.0 A for Ag-H, respectively (Fig. S8).

Page 8 of 15
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Figure 4. A) Relative energy differences of the three core models with respect to the Corel
model. B-D) KS molecular orbital energy diagrams and the corresponding atomic orbital
contributions for each optimized AgsCuzs model. E) Experimental UV—vis absorption spectrum
of AgsCuss after dissolving the crystals in DCM. F-H) Calculated UV-vis absorption spectra
for each model.

The frontier Kohn—Sham (KS) energies and atomic orbital contributions of the optimized
AgsCuzs models are presented in Figure 4B-D. The HOMO-LUMO energy gaps of AgsCuas
were calculated to be 2.943 eV, 3.06 eV, and 3.164 eV for Corel, Core2, and Core3,
respectively. The HOMO-LUMO gap of a molecule or its derived descriptor is directly related
to its Kinetic stability, which is important for synthetic accessibility and isolatability. A small
HOMO-LUMO gap indicates strong reactivity as electrons are more easily added to a low-lying
LUMO or removed from a high-lying HOMO. In this case, the average HOMO-LUMO energy
gap of AgaCuyg is larger than Cuss (2.785 eV), suggesting that AgsCuzg is more synthetically
attainable.>®

The experimental UV-vis absorption spectrum of AgsCuzs exhibits two prominent peaks at 408
and 500 nm, as well as a shoulder peak at 330 nm (Fig. 4E). To investigate the origin of these
absorption features, we performed time-dependent DFT (TDDFT) calculations using the
optimized structures of three core models (Fig. 4F-H). The excitation around 500 nm was
observed for Corel (492 nm) and Core3 (509 nm), primarily corresponding to electron
transitions from the HOMO and HOMO-1 to the LUMO. Transitions involving deeper occupied
MO (i.e., orbitals below the HOMO) to unoccupied orbitals (LUMO and higher) are mainly
responsible for the higher-energy excitation. Specifically, for the 408 nm absorption peak, all
three models showed transitions at similar wavelengths, with Corel displaying the most intense
peak, attributed mainly to a HOMO-4 to LUMO+1 transition. Likewise, all models exhibit

7
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transitions near 330 nm. While these peaks are relatively weak, a strong excitation at 317 nm
was observed for Core2, attributed primarily to a HOMO-15 to LUMO+2 transition. Taken
together with the small energy differences among the three core models, this absorption analysis
suggests that the experimentally synthesized AgsCuzs NC is likely a mixture of structures with

different core configurations.

Catalytic Hydrogenation of p-nitrophenol

A) 2.0, B)
% (@)
NO, NH
1.51 Ag,Cuy 2
: -1 NaBH,
S . H,0, RT
c o
B 1.0 Q OH OH
o e
2 < 3 K =7.86 min?
< 0.5
-4
[
0.01 T T T 1 5 T T T T T 1
300 400 500 600 0.0 0.2 0.4 0.6 0.8 1.0
Wavelength (nm) Time (min)

Fig. 5 A) The UV-vis absorption spectra of the catalytic solution as a function of time. B) Plot

of In(C¢/Co) versus time for p-NP reduction by NaBH, aided with catalyst AgsCuzs.

The most effective and cost-effective way of getting rid of hazardous nitroaromatics is through
catalytic hydrogenation, which can also act as an intermediary for medications and dyes.*
Furthermore, Ag4Cu2g NC with a good synthetic yield could open the door for further research
into the catalytic performance of alloy hydride clusters, a novel class of significant
hydrogenation catalysts.>® > In light of the aforementioned factors, the model reaction
selected to evaluate the activity of AgsCuzg NC is the catalytic hydrogenation of p-nitrophenol
(p-NP) into p-aminophenol (p-AP) with the assistance of NaBHa.

The reduction process utilizing AgsCuzs as the catalyst was simply monitored using time-
dependent UV-vis spectroscopy. The intense absorption peak at 400 nm (p-NP) decreases
during the catalytic reaction, as shown in Fig. 5A, while a new peak at 300 nm (p-AP) emerges,

accompanied by the solution fading from bright yellow to colourless (Fig. S9). At 400 nm

Page 10 of 15
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wavelength, the decrease in UV-vis absorption can be approximated as a pseudo-first-order
reaction with a rate constant of k = 7.86 min™* (Fig. 5B).>® AgsCuzs exhibited a notably greater
catalytic efficiency in comparison (Table S2) to alternative copper hydride catalysts, such as
Cui1H3(Tf-dpf)s(OAC)2 (Cu11Hs), which achieved complete conversion of p-NP to p-AP in 10
min with k = 0.5 mint, and [Cus7H20(PET)3s(PPhs)a]* in 20 min with k = 0.18 min~2.5% %8 This
suggests that Ag4Cuzs has outstanding activity for catalytic hydrogenation which could be due
to the synergistic effects of bimetallic NC. Conversely, the absence of AgsCuzs in a blank
experiment demonstrated that the p-NP reduction reaction did not occur, as evidenced by the
constant absorption spectra after 60 minutes of adding just NaBH4 (Fig. S10).

We conducted a control experiment to investigate deuteration of the AgsCuzs NC by reducing
4-NP with NaBD4 and analysing the recovered catalyst using ESI-MS (Fig. S11). HRESI-MS
of the AgsCuog after the catalytic reaction suggests that the NMNC is stable under the reaction
condition. The ESI-MS analysis after catalysis also revealed that hydrides in the NCs were not
replaced by D™ of BD4 . This result indicates that the NC's hydrides did not participate directly
in the catalytic process, which suggests that the hydrides in BH4 were activated on the cluster
surface. The hydrides in the NC serve to stabilize the +1 oxidation state of Ag/Cu, holding the
cluster together by generating Ag/Cu-H coordination bonds. The electron-deficient Ag(l) and
Cu(l) sites in the NC (zero electron count) contribute to its remarkable catalytic performance
by promoting hydrogen activation from BH,.>" Similar kind of reaction mechanism of

reduction of 4-NP was studied using AgCu alloy NC.5"%°,

3. CONCLUSION

In  summary, gram scale synthesis of a new AgCu alloy NC
[AgsCu2Hs(PET)16Cls(PPhs)s][BF4]> with a cuboid shape co-protected by PETH and PPhs
ligands was achieved. A variety of characterization techniques were used to determine the
overall structure and optical characteristics of the AgsCuzs. SCXRD, ESI MS and DFT
calculation revealed the presence of a Ag4Cus core, 6 hydrides, 4 CusCl, atoms, 8 PET ligands,
and 4 Cuz(PET)2(PPhs)2 motifs. XPS was used to confirm the elements present in the NC along
with their oxidation state. Additionally, Ag4Cuzs exhibits excellent catalytic activity as a
heterogeneous catalyst, with a high reaction rate (k = 7.86 min1) for the reduction of p-NP to
p-AP using NaBH4. Our new synthetic strategy for alloy NCs may become a general method to
synthesize alloy NCs of other metals with novel crystal structures for various potential

applications.
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[CCDC 2293022 contains the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.]
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