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Interdependence between nanoclusters AuAg,a
and AU2Ag41
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Whole series of nanoparticles have now been reported, but probing the competing or
coexisting effects in their synthesis and growth remains challenging. Here, we report a bi-
nanocluster system comprising two ultra-small, atomically precise nanoclusters,
AuAg24(SR)1g~ and AuzAg4i(SR)26(Dppm), T (SR = cyclohexyl mercaptan, Dppm = bis
(diphenylphosphino)-methane). The mechanism by which these two nanoclusters coexist is
elucidated, and found to entail formation of the unstable AuAg,4(SR):g™, followed by its
partial conversion to Au,Ag4(SR),6(Dppm),T in the presence of di-phosphorus ligands,
and an interdependent bi-nanocluster system is established, wherein the two oppositely
charged nanoclusters protect each other from decomposition. AuAg,4(SR);s and
AusAg41(SR),6(Dppm), are fully characterized by single crystal X-ray diffraction (SC-XRD)
analysis - it is found that their co-crystallization results in single crystals comprising equi-
molar amounts of each. The findings highlight the interdependent relationship between two
individual nanoclusters, which paves the way for new perspectives on nanocluster formation
and stability.
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ARTICLE

he synthesis and properties of individual nanoparticles are

intriguing! > and have been widely studied®~!°. In parti-

cular, the ligands used can profoundly affect the structure
and composition of nanoparticles. For example, by using thiol
ligands instead of RN, ultra-stable gold nanoparticles could be
synthesized!6-20, In addition, nanoparticle optical?}-22, cataly-
tic23-2%, and magnetic2027 properties can be controlled by mod-
ification of the structure, composition, and capping ligands of
individual nanoparticles. In comparison, little is known about the
interactions between nanoparticles, mainly due to their poly-
disperse nature and the lack of effective in situ detection tech-
nologies. One recent breakthrough was the characterization of
metal exchange behavior between two atomically precise nano-
particles?8-30. Nonetheless, our understanding of the interactions
between metal nanoparticles lags behind that of the individual
nanoparticles themselves.

The methodology for exploring intermolecular interactions at the
initial stage helps to regulate the synthesis of nanoparticles3!-34.
For example, the size focusing method for synthesizing atomically
precise nanoparticles (nanoclusters), wherein the influence of
reaction conditions (reaction temperature, growth kinetics, ligand
bulkiness, etching time, ligand/metal ratio) on product nano-
particle size distribution are mapped out and then adjusted such
that a specific size of product nanoparticles are obtained, is quite
similar to the concept of “survival of the fittest”3>36, High-yield
syntheses of molecularly pure Ausg(SR)24%7, Aujsa(SR)eo8,
Augy(SR)3,° have all been accomplished with this size-focusing
methodology. However, the size focusing method does not
necessarily result in monodisperse nanoclusters, and is more
likely to afford a mixture of several different monodisperse
nanoclusters. These nanoclusters can be regarded as the “fittest”
in the environment in which they were formed, but although they
can be separated and fully characterized, such studies generally do
not inform our understanding of the relationship between them.
Important open questions include: when in solution, how do
nanoparticles interact with each other, leading to the coexistence
of two or more nanoparticles, which are mutually beneficial? Can
nanoparticles exist in the presence of each other, but not sepa-
rately? The discovery of such phenomena will lead us to a deeper
understanding of the formation and growth mechanism of
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Fig. 1 UV—vis absorption spectrum of the (Au,Ags;)a(AuAg,,) co-
crystal dissolved in CH,Cl,. The insert shows the UV-Vis spectrum plotted
on the photon energy scale.

nanoparticles, and will provide effective guideline for the design
of new nanoparticles, especially metal nanoparticles with precise
structure.

Herein, we report the synthesis and characterization of a bi-
nanocluster system, AuAg,; and Au,Ag,;, and the inter-
dependent relationship between these two nanoclusters are
mapped out. By working with precisely structured nanoclusters,
we obviated the problem of poly-dispersion, which plagues the
study of nanoparticles. The relatively simple nature of this bi-
nanocluster system also ensures that the exterior synthetic
environment is the same for each individual nanoparticle, and
therefore the interactions between them are more tractable. For
example, we were able to determine that the negatively charged
nanocluster AuAg,,(SR);3~ (denoted as AuAg,,) is produced
first, and then some of it is converted into a positively charged
nanocluster Au,Agy;(SR),6(Dppm), T (denoted as Au,Agy,). The
two types of nanoclusters protect each other from decomposition,
revealing the interdependent relationship between them. More-
over, co-crystallization of AuAg,, and Au,Agy; resulted in crys-
tals consisting of each of them in a molar ratio of 1:1.

Results

Synthesis and characterization. The synthesis of the title
nanoclusters was performed in a one-pot method. First, the stable
precursor Ag-Au-Dppm complex was synthesized as a solution in
toluene. Introduction of the thiol ligand in the presence of NaBH,
resulted in the gradual formation of the nanoclusters. By adding
5 mL of n-hexane to the saturated toluene solution, single crystals
could be obtained after 7 days. The resulting black single crystal
was subjected to X-ray single crystal structure analysis (Supple-
mentary Fig. 1), which revealed the co-crystallization of both
AuAg,, and Au,Agy; in a 1:1 molar ratio, and their hierarchical
assembly in the triclinic space group. UV-Vis absorption spec-
trum of the (Au,Agy;)s(AuAg,,) co-crystal showed intense peaks
at ~443, 472, and 570 nm and a weaker peak at ~710 nm (Fig. 1),
corresponding to excitation energies of 2.80, 2.63, 2.17, and 1.75
eV, respectively.

Atomic structure. X-ray crystallographic analysis revealed that
AuAg,, adopts an icosahedral M;; kernel structure, with six, one-
dimensional Ag,S; motifs surrounding 12 Ag atoms surrounding
a central Au atom (Fig. 2ai-ii). The Au,Agy; structure comprises a
rod-shaped M,s; kernel composed of two M3 structural units
(Fig. 2aiii), wrapped by a “cage” like frame composed of the outer
Ag-S-P layer (Fig. 2aiv). Detailed structural analyses of both
nanoclusters are shown in Supplementary Fig. 2. The bond
lengths of AuAg,, and Au,Ag,; were similar—for example, the
average AUiernel-Agkernel aNd Agrernel-Agrerne bond lengths were
2.91 A for Au,Agy,, slightly longer than in AuAg,, (2.88 A). The
Au,Ag,; adopted the same M,s kernel as the reported [(p-Tols-
P),0Au;3Ag;,Brg] 40, and the average bond lengths of Au,Agy,
(291 A) were almost identical with that of [(p-Tols-
P);oAu;3Ag;,Brg]t (292 A) (Supplementary Fig. 3). AuAg,, and
Au,Agy; can be regarded as a structural unit in a stacked three-
dimensional structure (Fig. 2b-d). The occupancy of each
nanocluster in the unit cell was 50%, and the interlayer distance
of lamellar co-crystallization was 24.72 A (calculated from the gap
between each Au plane). The molar ratio of Au,Ag,; and AuAg,,
was further confirmed by 'H NMR spectroscopy (Supplementary
Fig. 4); the integral area ratio of the benzene ring region (-C4Hs)
to the partial methylene (-CH,) region was 1:6.7, consistent with
the theoretically calculated result of 1:6.6. Additionally, X-ray
photoelectron spectroscopy (XPS) confirmed the elemental
composition of the two nanoclusters (Supplementary Figs. 5-8).
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Fig. 2 X-ray structure and packing model of (Au,Ag4,)u(AuAg,,) co-crystal.
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a Detail analysis of AuAg,4 and Au,Ag,; nanocluster. Color labels: yellow,
clarity; b, ¢, and d view down reciprocal cell axis a*, b*, and c*, respectively.
hows that this is a lamellar co-crystallization system. All H and C atoms are

omitted for clarity. To highlight, the gold atoms in AuAg,4 and Au,Agy; are highlighted in green and pink, respectively.

Dynamic growth process of the bi-nanocluster. In order to
elucidate the nanocluster formation process, we undertook a thin-
layer chromatography study based on the time-dependent
absorption peak variation in the UV-Vis spectra (Fig. 3a).
“Point 1” appeared on the thin-layer chromatography plate
within ten minutes of reaction initiation. As the reaction pro-
gressed, the second “point 2” gradually appeared, indicating the
formation of a new component. At the same time, we obtained
the UV-Vis spectra of two key points plotted on the photon
energy scale (Fig. 3ai-ii). Two absorption peaks centered at ~2.17,
and 2.68 eV were observed on the spectrum of “point 17, while
four absorption peaks were observed on the spectrum of “point 2”
centered at ~1.79, 2.17, 2.68, and 2.90 eV, respectively.

To identify the corresponding clusters, we crystallized compo-
nent 1 (“point 1”) and component 2 (“point 2”), respectively. The
stabilities of components 1 and 2 were tracked by UV-Vis spectra
(Fig. 3b, c). The absorption peaks centered at ~2.17, and 2.68 eV
corresponding to component 1 disappeared after 4 h, whereas the
peaks centered at ~1.79, 2.17, 2.68, and 2.90 eV corresponding to
component 2 disappeared within 20 min. Based on this observa-
tion, both component 1 and component 2 were concluded to be
unstable at room temperature. Accordingly, we added a counterion
(tetraphenylphosphonium bromide) to the solution of component
1 and component 2. Single crystal X-ray diffraction (SC-XRD)
results showed that component 1 was AuAg,, (Supplementary
Fig. 9). The structure analysis showed it to be the negatively
charged, eight-electron structure [AuAg,4(SR);s] ~[PPhy]* (ie., 1
(Au 6s!) + 24 (Ag 5s!) — 18 (SR) — (—1) (charge) = 8). Thus,
Au,Ag,,, which has a positive charge, acts as its counter ion in the
co-crystal system.

The characteristic absorption peaks of [AuAg,4(SR);5]~[PPhy] "
were centered at 570nm and 463nm (2.17eV and 2.68¢V,
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respectively)—broader, and blue-shifted compared to published
absorption data for AuAg,,; (2,4-DMBT),s (2,4-DMBT =24-
dimethylbenzenethiol) nanocluster— perhaps due to a ligand
effect (Supplementary Fig. 10)*!. Despite extensive experimenta-
tion with a variety of counterions, we were unable to stabilize
component 2, the instability of which precluded its crystallization.
To identify “point 2”, we resorted to comparison of its UV-Vis
spectra with that of Au,Agy;, obtained by subtracting the UV-Vis
spectrum of [AuAg,4(SR),5] "[PPhy]* from the UV-Vis spectrum
of (Au,Agy)m(AuAgy,) at an equimolar concentration (Supple-
mentary Fig. 11). Absorption peaks centered at ~443, 472 and 570
nm and 710 nm (corresponding to excitation energies of 2.80, 2.63,
2.17, and 1.75eV) were observed.

Time-dependent UV-Vis spectra were recorded, to monitor
the reaction (Fig. 3a). Characteristic peaks at 2.17 eV and 2.68 eV
corresponding to AuAg,, appeared within the first 10 min. Later,
new peaks centered at 1.79 eV and 2.90 eV appeared, the intensity
of which gradually increased. These reflect formation of another
component, Au,Agy; and the formation of a stable bi-nanocluster
system. 'H NMR spectra were also acquired, to further track the
reaction process and confirm the relationship between the two
nanoclusters. At t=10min of the reaction, no signals corre-
sponding to the benzene ring region could be observed in the 'H
NMR spectrum, indicating that the Au,Ag,, stabilized by both
thiol and phosphine ligands was not formed. As the reaction
continued, the peaks centered at 7.0-8.0 ppm gradually increased
in intensity compared with the peak centered at 3.0 ppm ascribed
to S-CH of cyclohexanethiol ligand (-CH), indicating the
formation of Au,Ag,; (Supplementary Fig. 12).

Mechanism of effect between the bi-nanocluster. The above
results suggested that AuAg,, was produced before Au,Ag,;, but
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Fig. 5 Schematic diagram of the synthesis route for (Au,Ag,1)u(AuAg,,)
bi-nanocluster system. Color code: AuAg,4: orange; Au,Agy:: green.

did not inform the relationship between the two. We considered
three possibilities: (i) AuAg,, induces the formation of Au,Agy;
in the system; (ii) AuAgy, is transformed into Au,Ag,;; and (iii)
the two are formed independently.

To map out the relationship between AuAg,, and Au,Ag,;, we
designed a conversion reaction. A sample of AuAg,, was
dissolved in a mixture of dichloromethane and methanol. Then,
phosphine and mercaptan ligands were added. The UV-Vis
spectra of the mixture were recorded every hour from 0 min to 4
hr (Fig. 4). At Omin, the UV-Vis spectra exhibited the
characteristic absorption peaks of AuAg,, at 463 nm and 570
nm. Gradually, new absorption peaks appeared at 695 nm and
425 nm. The spectrum of final product (after 4 h) was identical to
that of the bi-nanocluster. These results indicated that the partial
conversion of AuAg,s to Au,Ag,; could be induced by the
addition of ligands.
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Based on the above results, a mechanism of the transformation
and interaction between AuAg,, and Au,Ag,, is proposed
(Fig. 5). The reaction is divided into two steps: (I) The negatively
charged AuAg,, was formed at the beginning of the reaction; (II)
Part of the AuAg,, nanoclusters were converted to oppositely
charged Au,Ag,; due to the instability of AuAg,, in the absence
of suitable counterions. Briefly, AuAg,, is susceptible to
decomposition due to the absence of a suitable counter ion salt
protection, causing part of it to be converted into a larger cluster
with opposite valence as counter ion. These two types of
nanoclusters stabilized each other to form a stable interdependent
bi-nanocluster system (Supplementary Fig. 13). The behavior of
the conversion from unstable nanoclusters to stable co-crystal
system exhibit the synergy between different nanoclusters, which
sheds light on the further preparation of new types of
nanoparticles in the future.

Discussion

In summary, we have successfully synthesized a bi-nanocluster
system and mapped out the relationship between its two con-
stituent nanoclusters. Owing to the lack of suitable counter ion,
the negatively charged AuAg,, nanocluster partially converts to
the Au,Ag,; nanocluster, which bears the opposite charge. Thus,
the two nanoclusters act as counter ions of each other, estab-
lishing a stable and interdependent system. The interdependent
effect revealed in this work further advances the understanding of
inter-nanocluster correlations.

Methods

Materials. Silver nitrate (AgNO3, 99.0%), tetrachloroauric(III) acid (HAu-
CI4-3H,0, 99.99%, metals basis), tetraphenylphosphonium bromide (PPh,Br,
98%), cyclohexyl mercaptan (CgH,,S, 98%), bis-(diphenylphosphino)methane
(Dppm, 97%), tetraphenylboron sodium (NaBH,4, 99%), methanol (CH;0H,
HPLC, Aldrich), acetone (CH;COCHj, Aldrich), dichloromethane (CH,Cl,, HPLC,
Aldrich), methylbenzene (CsHsCHj;, Aldrich), ethanol (CH;CH,OH, Aldrich),
acetonitrile (C,H;3N, Aldrich), hexane (C¢H;4, Aldrich) were purchased from
Sigma-Aldrich. It is worth noting that the reagents used were not further purified.

Synthesis of the (Au,Ags)a(AUAZ,,) co-crystal. AgNO; (60 mg) and
bis-(diphenylphosphino)methane (Dppm, 40 mg) were added to a 15 mL methanol
solution, and the Ag-Dppm complex was formed after vigorous stirring. Gold salt
(HAuCl, « 3H,0, 4 mg) was injected into the reaction solution. After continuing to
stir for 10 min, cyclohexyl mercaptan (C¢H;,S, 100 mg) was added, and the solu-
tion changed from white and turbid to yellow and clear. The stirring continued for
20 min until the color of the reaction no longer changed. Then, drop-wise addition
of 2 mL of NaBH, ethanol solution (25 mg) to the reaction, the color of the reaction
mixture changed to yellow and then to dark. This solution was incubated for 12h
at room temperature. The solution was centrifuged to give the black crude product,
which was washed by methanol, then dissolved in toluene to prepare a saturated
solution. A certain amount of n-hexane was added thereto and the solution was
placed in a refrigerator, and rod-shaped black crystals were obtained in about

7 days.

Synthesis of AuAg,, nanocluster. Typically, we obtained a yellow clear solution
according to the above co-crystallization method. Immediately, the drop-wise
addition of ice-cold Ethanol NaBH, (20 mg in 2 mL Ethanol). The mixed solution
was continuously stirred for 7h in an ice bath, after which the brown compound
was isolated by purification and dissolved in CH,Cl,. After that, the methanolic
PPh,Br (30 mg in 2 mL methanol) was added to the solution and which was
crystallized in CH,Cl,/hexane for about 14 days in a refrigerator to obtain black
hexagonal crystals.

Converting AuAg;, into Au,Ag,; nanocluster. Typically, 28 mg of
[AuAg,4(SR) ]~ [PPhy]* nanocluster was dissolved in 15 mL of dichloromethane
and methanol 1:1 mixed solution. After that, 30 uL of cyclohexyl mercaptan and 3
mg of bis-(diphenylphosphino)methane were added to the solution, and then
approximately 2 mg of NaBH, was added to the solution. Reacted for 4 h at room
temperature and oxygen, the final product was collected with a yield of

about 26.8%.

Characterization. Ultraviolet—visible (UV—Vis) absorption spectra were recorded
on an UV-6000PC spectrophotometer. X-ray photoelectron spectroscopy (XPS)

measurements were performed on Thermo ESCALAB 250 configured with a
monochromated Al Ka (1486.8 V) 150 W X-ray source, 0.5 mm circular spot size,
a flood gun to counter charging effects, and the analysis chamber base pressure
lower than 1 x 10~° mbar; data were collected with FAT = 20 eV. Nuclear mag-
netic resonance (NMR) analysis was performed on a Bruker Avance spectrometer
operating at 400 MHz for CD,Cl, was used as the solvent to dissolve ~5mg
clusters; the residual solvent peak (i.e.,'H at 5.32 ppm) was used as reference. The
data collection for single crystal X-ray diffraction was carried out on Stoe Stadivari
diffractometer under liquid nitrogen flow at 170 K, using graphite-
monochromatized Cu Ka radiation (A = 1.54186 A). Data reductions and
absorption corrections were performed using the SAINT and SADABS programs,
respectively.

Data availability

The X-ray crystallographic coordinates for structures reported in this work have been
deposited at the Cambridge Crystallographic Data Center (CCDC), under deposition
numbers CCDC-2007161 and 2007612. These data can be obtained free of charge from
the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif,
which has been mentioned in the article.

Received: 7 July 2020; Accepted: 31 December 2020;
Published online: 03 February 2021

References

1. Chen, G, Roy, L, Yang, C. & Prasad, P. N. Nanochemistry and nanomedicine
for nanoparticle-based diagnostics and therapy. Chem. Rev. 116, 2826-2885
(2016).

2. Chinen, A. B. et al. Nanoparticle probes for the detection of cancer
biomarkers, cells, and tissues by fluorescence. Chem. Rev. 115, 10530-10574
(2015).

3. Clavero, C. Plasmon-induced hot-electron generation at nanoparticle/metal-
oxide interfaces for photovoltaic and photocatalytic devices. Nat. Photon. 8,
95-103 (2014).

4. Kizling, M., Dzwonek, M., Wieckowska, A. & Bilewicz, R. Gold nanoparticles
in bioelectrocatalysis—the role of nanoparticle size. Curr. Opin. Electrochem.
12, 113-120 (2018).

5. Li, J.-F., Zhang, Y.-J., Ding, S.-Y., Panneerselvam, P. & Tian, Z.-Q. Core-shell
nanoparticle-enhanced raman spectroscopy. Chem. Rev. 117, 5002-5069
(2017).

6. Yan,J. et al. Co-crystallization of atomically precise metal nanoparticles driven
by magic atomic and electronic shells. Nat. Commun. 9, 3357 (2018).

7.  Su, Y.-M., Wang, Z., Schein, S., Tung, C.-H. & Sun, D. A Keplerian Agy, nest
of platonic and Archimedean polyhedra in different symmetry groups. Nat.
Commun. 11, 3316 (2020).

8. Crampton, A. S. et al. Structure sensitivity in the nonscalable regime explored
via catalysed ethylene hydrogenation on supported platinum nanoclusters.
Nat. Commun. 7, 10389 (2016).

9. Zheng, N. & Stucky, G. D. A General synthetic strategy for oxide-supported
metal nanoparticle catalysts. J. Am. Chem. Soc. 128, 14278-14280 (2006).

10. Wang, Q.-Y. et al. o-carborane-based and atomically precise metal clusters as
hypergolic materials. J. Am. Chem. Soc. 142, 12010-12014 (2020).

11. Liu, J.-Y. et al. Different silver nanoparticles in one crystal:

Agy10(iPrPhS);; (Ph;P)sCl and Agy,,(PrPhS);; (PhsP)sCl. Angew. Chem. Int.
Ed. 58, 195-199 (2019).

12. Cao, Y. et al. Evolution of thiolate-stabilized Ag nanoclusters from Ag-thiolate
cluster intermediates. Nat. Commun. 9, 2379 (2018).

13. Bodiuzzaman, M. et al. Camouflaging structural diversity: Co-crystallization of
two different nanoparticles having different cores but the same shell. Angew.
Chem. Int. Ed. 58, 189-194 (2019).

14. Xie, Z. et al. Metal-Organic gels from silver nanoclusters with aggregation-
induced emission and fluorescence-to-phosphorescence switching. Angew.
Chem. Int. Ed. 59, 9922-9927 (2020).

15. Jia, T.-T. et al. Atomically precise gold-levonorgestrel nanocluster as
a radiosensitizer for enhanced cancer therapy. ACS Nano 13, 8320-8328
(2019).

16. Mathew, A. & Pradeep, T. Noble metal clusters: applications in energy,
environment, and biology. Part. Part. Syst. Charact. 31, 1017-1053 (2014).

17. Perala, S. R. K. & Kumar, S. On the Mechanism of metal nanoparticle
synthesis in the Brust-Schiffrin method. Langmuir 29, 9863-9873 (2013).

18. Polte, J. et al. Mechanism of gold nanoparticle formation in the classical citrate
synthesis method derived from coupled in situ XANES and SAXS evaluation.
J. Am. Chem. Soc. 132, 1296-1301 (2010).

19. Jadzinsky, P. D., Calero, G., Ackerson, C. J., Bushnell, D. A. & Kornberg, R. D.
Structure of a thiol monolayer-protected gold nanoparticle at 1.1 A resolution.
Science 318, 430-433 (2007).

| (2021)12:778 | https://doi.org/10.1038/s41467-021-21131-5 | www.nature.com/naturecommunications 5


http://www.ccdc.cam.ac.uk/data_request/cif
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Yang, H., Wang, Y., Edwards, A. ]., Yan, J. & Zheng, N. High-yield synthesis
and crystal structure of a green Aus cluster co-capped by thiolate and sulfide.
Chem. Commun. 50, 14325-14327 (2014).

Bootharaju, M. S. et al. Doping-induced anisotropic self-assembly of silver
icosahedra in [Pt;Ag,;Cl;(PPhs)10] nanoclusters. . Am. Chem. Soc. 139,
1053-1056 (2017).

Soldan, G. et al. Gold doping of silver nanoclusters: a 26-fold enhancement in
the luminescence quantum yield. Angew. Chem. Int. Ed. 55, 5749-5753
(2016).

Yang, H. et al. Ligand-stabilized Au,;Cu, (x = 2, 4, 8) bimetallic nanoclusters:
Ligand engineering to control the exposure of metal sites. J. Am. Chem. Soc.
135, 9568-9571 (2013).

Xie, S., Tsunoyama, H., Kurashige, W., Negishi, Y. & Tsukuda, T.
Enhancement in aerobic alcohol oxidation catalysis of Au,s clusters by single
Pd atom doping. ACS Catal. 2, 1519-1523 (2012).

Tsunoyama, H., Ichikuni, N., Sakurai, H. & Tsukuda, T. Effect of electronic
structures of Au clusters stabilized by poly(N-vinyl-2-pyrrolidone) on aerobic
oxidation catalysis. J. Am. Chem. Soc. 131, 7086-7093 (2009).

Agrachev, M. et al. A magnetic look into the protecting layer of Au,s clusters.
Chem. Sci. 7, 6910-6918 (2016).

Antonello, S., Perera, N. V., Ruzzi, M., Gascén, J. A. & Maran, F. Interplay of
charge state, lability, and magnetism in the molecule-like Au,5(SR);5 Cluster.
J. Am. Chem. Soc. 135, 15585-15594 (2013).

Krishnadas, K. R., Baksi, A., Ghosh, A., Natarajan, G. & Pradeep, T. Structure-
conserving spontaneous transformations between nanoparticles. Nat.
Commun. 7, 13447 (2016).

Krishnadas, K. R. et al. Intercluster reactions between Au,s(SR);g and
Ag44(SR)30. J. Am. Chem. Soc. 138, 140-148 (2016).

Krishnadas, K. R., Baksi, A., Ghosh, A., Natarajan, G. & Pradeep, T.
Manifestation of geometric and electronic shell structures of metal clusters in
intercluster reactions. ACS Nano 11, 6015-6023 (2017).

Wu, X.-H. et al. Guest-triggered aggregation-induced emission in

silver chalcogenolate cluster metal-organic frameworks. Adv. Sci. 6, 1801304
(2019).

Liao, J.-H. et al. Identification of an eight-electron superatomic cluster and its
alloy in one co-crystal structure. J. Clust. Sci. 29, 827-835 (2018).

He, L., Gan, Z., Xia, N,, Liao, L. & Wu, Z. Alternative array stacking of Ag,sAu
and Ag,,4Au nanoclusters. Angew. Chem. Int. Ed. 58, 9897-9901 (2019).
Dar, W. A. et al. Interparticle reactions between silver nanoclusters leading to
product co-crystals by selective co-crystallization. ACS Nano 13, 13365-13373
(2019).

Jin, R. et al. Size focusing: a methodology for synthesizing atomically precise
gold nanoclusters. J. Phys. Chem. Lett. 1, 2903-2910 (2010).

Zhu, M., Lanni, E., Garg, N., Bier, M. E. & Jin, R. Kinetically controlled,
high-yield synthesis of Auys clusters. J. Am. Chem. Soc. 130, 1138-1139
(2008).

Qian, H., Zhu, Y. & Jin, R. Size-focusing synthesis, optical and electrochemical
properties of monodisperse Auzg(SC,H,4Ph),4 Nanoclusters. ACS Nano 3,
3795-3803 (2009).

Qian, H. & Jin, R. Ambient synthesis of Au,44(SR)so nanoclusters in methanol.
Chem. Mater. 23, 2209-2217 (2011).

Zeng, C., Chen, Y., Li, G. & Jin, R. Magic size Aug4(S-c-C¢H;)3, nanocluster
protected by cyclohexanethiolate. Chem. Mater. 26, 2635-2641 (2014).

40. Teo, B. K., Zhang, H. & Shi, X. Molecular architecture of a novel vertex-
sharing biicosahedral cluster [(p-Tol;P);9Au;3Ag;,Brg](PFs) containing a
staggered-staggered-staggered configuration for the 25-atom metal
framework. Inorg. Chem. 29, 2083-2091 (1990).

41. Bootharaju, M. S., Joshi, C. P., Parida, M. R., Mohammed, O. F. & Bakr, O. M.
Templated atom-precise galvanic synthesis and structure elucidation of a
[Ag>4Au(SR);g] nanocluster. Angew. Chem. Int. Ed. 55, 922-926 (2016).

Acknowledgements
We acknowledge the financial support by the NSFC (21602002 21871001 21803001 and
21901001), Anhui Provincial Natural Science Foundation (2008085QB84).

Author contributions

D.L. carried out experiments, analyzed the data and wrote the manuscript. S.C., X.K. and
S.J. assisted the X-ray structure analysis and completed the manuscript. W.D., A.C., and
Y.Z. assisted the measurements of NMR and SC-XRD. D.H., S.W., and M.Z. designed the
project, analyzed the data, and revised the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-21131-5.

Correspondence and requests for materials should be addressed to D.H., SW. or M.Z.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

L7 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:778 | https://doi.org/10.1038/541467-021-21131-5 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-021-21131-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Interdependence between nanoclusters AuAg24 and Au2Ag41
	Results
	Synthesis and characterization
	Atomic structure
	Dynamic growth process of the bi-nanocluster
	Mechanism of effect between the bi-nanocluster

	Discussion
	Methods
	Materials
	Synthesis of the (Au2Ag41)■(AuAg24) co-crystal
	Synthesis of AuAg24 nanocluster
	Converting AuAg24 into Au2Ag41 nanocluster
	Characterization

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




