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mposition-dependent structural
evolution fundamentals of bimetallic nanoparticles
through an inter-particle alloying reaction†

Yingzheng Lin,ab Yitao Cao,b Qiaofeng Yao*b and Jianping Xie *ab

Alloy nanoparticles represent one of the most important metal materials, finding increasing applications in

diverse fields of catalysis, biomedicine, and nano-optics. However, the structural evolution of bimetallic

nanoparticles in their full composition spectrum has been rarely explored at the molecular and atomic

levels, imparting inherent difficulties to establish a reliable structure–property relationship in practical

applications. Here, through an inter-particle reaction between [Au44(SR)26]
2� and [Ag44(SR)30]

4�

nanoparticles or nanoclusters (NCs), which possess the same number of metal atoms, but different

atomic packing structures, we reveal the composition-dependent structural evolution of alloy NCs in the

alloying process at the molecular and atomic levels. In particular, an inter-cluster reaction can produce

three sets of AuxAg44�x NCs in a wide composition range, and the structure of AuxAg44�x NCs evolves

from Ag-rich [AuxAg44�x(SR)30]
4� (x ¼ 1–12), to evenly mixed [AuxAg44�x(SR)27]

3� (x ¼ 19–24), and finally

to Au-rich [AuxAg44�x(SR)26]
2� (x ¼ 40–43) NCs, with the increase of the Au/Ag atomic ratio in the NC

composition. In addition, leveraging on real-time electrospray ionization mass spectrometry (ESI-MS), we

reveal the different inter-cluster reaction mechanisms for the alloying process in the sub-3-nm regime,

including partial decomposition–reconstruction and metal exchange reactions. The molecular-level

inter-cluster reaction demonstrated in this study provides a fine chemistry to customize the composition

and structure of bimetallic NCs in their full alloy composition spectrum, which will greatly increase the

acceptance of bimetallic NCs in both basic and applied research.
Introduction

Alloying chemistry has been extensively developed as a versatile
and effective means to integrate and synergize the physico-
chemical properties of different metals, and it has been used in
various elds to improve material stability and performance.
For example, Cu/Ag binary alloys show combined advantages of
high strength and good conductivity, which have been widely
used in the electric eld.1,2 In addition to the remarkable
success in engineering bulk metal materials, the prosperity of
alloying chemistry has recently propagated into the nanoscale,
where the ratio and spatial arrangement of hetero-metal atoms
are critical to determining the electronic, optical, and catalytic
properties of metal nanomaterials.3–9 In other words, deter-
mining the packing mode of different metal atoms in alloy
materials plays an important role in customizing material
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properties. The packing mode of alloy materials is highly
related to but different from the parent metal materials.
Different metal elements show unique packing behaviors in
forming bulk or nano-metal materials due to their distinct
geometrical and electrical structures. Therefore, in the
synthesis of alloy materials with a full composition spectrum,
the packing mode evolution of hetero-metal atoms still remains
mysterious. However, due to the inherent difficulties in
producing plasmonic metal nanoparticles (>3 nm) with
extremely high monodispersity, the underlying chemistry gov-
erning the alloying process of metal nanomaterials, especially
for the structural evolution with composition change, has been
rarely revealed.

In the past two decades, atomically precise metal nano-
clusters (NCs) have been extensively studied in both basic
chemical science and practical applications.10–13 Metal NCs are
ultrasmall particles with a typical core size of <2 nm. Advances
in cluster chemistry in the past two decades have allowed the
synthesis of dozens of mono-, bi- and multi-metallic NCs with
molecular purity, which make them descriptive with a molec-
ular formula.14–17 For example, AuxAgy(SR)z denotes an alloy NC
consisting of x Au atoms, y Ag atoms, and z thiolate (SR) ligands.
The atomically precise structure of metal NCs together with
their size-dependent molecular properties (e.g., optical
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a and b) UV-vis absorption and (c and d) electrospray ionization
(ESI) mass spectra of (a and c) [Au44(p-MBA)26]

2� and (b and d) [Ag44(p-
MBA)30]

4� NCs. Insets in (a and b) show the photographs of N,N-
dimethylformamide (DMF) solution of the corresponding NCs and the
crystal structure of [Au44(SR)26]

2� and [Ag44(SR)30]
4� (yellow: Au,

purple: Ag, and gray: S; the remaining atoms on the ligand are omitted
for clarity). The top panel in (c and d) shows a wide-range ESI mass
spectrum, while the bottom spectra show the experimental (black line)
and simulated (colored line) isotope patterns of the labeled cluster
species.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 6
/1

3/
20

26
 1

0:
33

:3
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
absorption and luminescence) provides an ideal platform for
revealing alloying chemistry at the molecular and atomic
levels.18–23

Metal NCs with an atomically precise structure are ideal
model metal nanoparticles for studying the structural evolution
of alloy nanoparticles in the composition changing process. For
the special case of AuxAg25�x(SR)18 NCs, their continuous
composition control has been achieved in the full spectrum of x
¼ 0–25. For example, an inter-cluster reaction method between
Au25(SR)18 and Ag25(SR)18 has been recently used to produce
AuxAg25�x(SR)18 NCs in a full spectrum of x ¼ 1–24.24,25 In
addition to coinage metals, other transition metals (e.g., Ir) can
also be doped into Au25(SR)18 NCs (e.g., Au22Ir3(SR)18) via an
inter-cluster reaction.26 In addition, the reaction of the parental
Au25(SR)18 with the Ag(I) precursors can form Au-rich Aux-
Ag25�x(SR)18 NCs,27–31 while the reaction of Ag25(SR)18 with Au(I)
precursors can produce Ag-rich AuxAg25�x(SR)18 NCs with x¼ 1–
7.32–34 However, except the ubiquitous alloy NC family of Aux-
Ag25�x(SR)18 NCs, in which Au25(SR)18 and Ag25(SR)18 adopt the
same framework, most of the Au and Ag based NCs with the
same metal number show distinct structures. This is probably
due to the different coordination habits of Au and Ag atoms,
where Ag atoms possess a relatively exible coordination sphere
and thus can form Ag-SR protecting motifs with diverse struc-
tures (e.g., mount-like Ag2(SR)5 motif in [Ag44(SR)30]

4� and
staple-like SR-[Ag-SR]2 motif in [Ag25(SR)18]

�).35–37 In contrast,
Au atoms prefer the staple-like SR-[Au-SR]x motifs ubiquitously
in [Aun(SR)m]

q NCs.38 Such distinct differences in the coordi-
nation habits are well reected by the crystal structures of
[Ag44(SR)30]

4� and [Au44(SR)26]
2�, which have the same number

of metal atoms but different packing modes. Specically,
[Ag44(SR)30]

4� has a hollow icosahedral Ag12-based Ag32 core
capped by six mount-like Ag2(SR)5 motifs,35,36 while
[Au44(SR)26]

2� has a bi-icosahedral-based Au29 core capped by
two terminal SR, three SR-Au-SR, and six SR-[Au-SR]2 motifs.39 It
is also worth noting that the reported alloy AuxAg44�x NCs so far
exclusively adopted the M–S framework of [Ag44(SR)30]

4�, where
up to 12 Ag atoms are substitutable by Au atoms.35,40–42 There-
fore, [Ag44(SR)30]

4�, [Au44(SR)26]
2� and their alloy NCs provide

an ideal platform for decoding the composition dependent
alloying chemistry at the molecular and atomic levels, although
an efficient synthetic method should be developed for ne
tuning the composition of alloy AuxAg44�x NCs in a wide
composition range.

Here, we report the synthesis of alloy AuxAg44�x NCs with
a wide composition range by an inter-cluster reaction between
[Ag44(SR)30]

4� and [Au44(SR)26]
2�, which possess an identical

number of metal atoms, but a different number of SR ligands
and different atomic packing structures. To exclude any
possible ligand effects on the structural evolution of alloy NCs,
we chose the same para-mercaptobenzoic acid (p-MBA) as the
model thiolate ligand in both parental NCs. Indeed, by simply
adjusting the molar ratio of Au44 and Ag44 NCs (hereinaer
referred to as RAu44/Ag44) in the inter-cluster reaction, the
composition of AuxAg44�x NCs can be ne-tuned within a wide
range, i.e., x ¼ 1–12, 19–24 and 40–43. More intriguingly, with
the increase of the Au content (i.e., x value) in AuxAg44�x NCs,
© 2022 The Author(s). Published by the Royal Society of Chemistry
the cluster structure evolves from [AuxAg44�x(SR)30]
4� (x ¼ 1–

12), through [AuxAg44�x(SR)27]
3� (x ¼ 19–24), and nally to

[AuxAg44�x(SR)26]
2� (x ¼ 40–43), where the intermediate species

[AuxAg44�x(SR)27]
3� NCs (x ¼ 19–24) were captured for the rst

time in this study. Moreover, based on extensive real-time
electrospray ionization (ESI) mass spectrometry analysis, we
have identied different reaction pathways for the inter-cluster
reactions, including partial decomposition-reconstruction and
metal exchange reactions, which depends on the structural
similarity of the NC reactants involved in the inter-cluster
reactions.
Results and discussion
Synthesis of parental NCs of [Ag44(p-MBA)30]

4� and [Au44(p-
MBA)26]

2�

The parental NCs, [Ag44(p-MBA)30]
4� and [Au44(p-MBA)26]

2�,
were synthesized according to reported methods with slight
modications (see the ESI† for more details).36,43 The as-
prepared [Au44(SR)26]

2� is dark brown in N,N-dimethylforma-
mide (DMF) solution, and its UV-vis absorption spectrum
exhibits peaks at 480, 575, and 765 nm (Fig. 1a). [Ag44(SR)30]

4� is
deep red in solution with distinct absorption peaks at 420, 488,
540, 645, and 840 nm (Fig. 1b). The recorded UV-vis absorption
spectra of the as-prepared Au44 and Ag44 NCs are in good
agreement with the absorption spectra of pure [Au44(p-
MBA)26]

2� and [Ag44(p-MBA)30]
4�, indicating the molecular

purity of the as-prepared parental NCs.36,43 The high purity and
molecular formula of [Ag44(SR)30]

4� and [Au44(SR)26]
2� NCs

were further veried by electrospray ionization mass
Chem. Sci., 2022, 13, 4598–4607 | 4599
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spectrometry (ESI-MS) analysis (Fig. 1c and d). Three sets of
peaks were identied atm/z¼ 1610, 1843, and 2151 in the wide-
range ESI mass spectrum (m/z ¼ 1000–3000) of [Au44(p-
MBA)26]

2� (top spectrum, Fig. 1c), which can be assigned to the
intact cluster ions carrying 8-, 7-, and 6-charges, respectively.
The ESI mass spectrum of [Ag44(p-MBA)30]

4� shows the main
group of peaks at m/z ¼ 2335.5 (top spectrum, Fig. 1d), which
can be attributed to Ag44(p-MBA)30 NCs carrying 4-charges. It
should also be noted that a minor set of peaks was identied at
m/z ¼ 2975, which can be attributed to [Ag43(p-MBA)28]

3�

(generated by dissociating one unit of Ag(p-MBA)2 from [Ag44(p-
MBA)30]

4� during ESI-MS measurement). The cluster and frag-
mentation peaks recorded in the ESI mass spectra are in good
agreement with reported [Ag44(p-MBA)30]

4�.35 The good accu-
racy of our assignments was further veried by isotope analysis
(bottom spectra, Fig. 1c and d), where the respective experi-
mental and simulated isotope patterns of [Au44(p-MBA)26 +
12Na � 16H]6� and [Ag44(p-MBA)30]

4� are in perfect agreement.
Taken together the UV-vis absorption and ESI mass spectra, we
can conclude that atomically precise [Ag44(SR)30]

4� and
[Au44(SR)26]

2� NCs have been obtained with molecular purity.

Inter-cluster reactions at different feeding ratios

To gain insights into the inter-cluster reaction chemistry,
[Ag44(SR)30]

4� and [Au44(SR)26]
2�were allowed to react with each

other at different feeding ratios (i.e., RAu44/Ag44 denotes the
feeding molar ratio of [Au44(SR)26]

2� to [Ag44(SR)30]
4�). Because

the stability of [Ag44(SR)30]
4� is highly dependent on the strong

coordination between the aprotic solvent molecules and the
surface Ag atoms, DMF was chosen as the reaction solvent in
Fig. 2 UV-vis absorption (a and c) and ESI mass (b and d) spectra of Au
[Ag44(SR)30]

4�) (a and b) and high RAu44/Ag44
(i.e., 2 : 1 to 40 : 1; more [Au4

pink, and green lines) mass spectra of [Au12Ag32(p-MBA)30]
4� (e), [Au21Ag

show the photographs of the corresponding NC solution. The asterisk
patterns in (e–f).

4600 | Chem. Sci., 2022, 13, 4598–4607
this study.44 Specically, [Ag44(SR)30]
4� and [Au44(SR)26]

2� were
puried and dispersed in DMF with the same atomic concen-
tration of Au and Ag, and then these two mother solutions were
mixed at desired volumetric ratios. The cluster mixture was
allowed to stand for another 20 hours to complete the inter-
cluster reaction. The nal products were then collected
without further purication, and they were directly subjected to
further characterization. By adjusting the ratio of [Au44(SR)26]

2�

and [Ag44(SR)30]
4� (i.e., the value of RAu44/Ag44) in the reaction, we

can obtain AuxAg44�x NCs with x tunable from 1 to 43. In
contrast to a constant number of metal atoms (i.e., 44), the
number of protecting ligands in the product NCs (i.e., y in (Au/
Ag)44SRy) can be varied among 26, 27, and 30, which is closely
correlated with the structural evolution from [Au44(SR)26]

2� to
[Ag44(SR)30]

4�.
One of the most interesting ndings is the dosage-

dependent M–S framework in the alloy (Au/Ag)44 NCs. When
more [Ag44(SR)30]

4�NCs (compared to [Au44(SR)26]
2�; RAu44/Ag44 ¼

1 : 40 to 1 : 2) were added to the reaction mixture, the nal NC
product of the inter-cluster reaction is [AuxAg44�x(SR)30]

4� (x ¼
1–12), which preserves the framework of [Ag44(SR)30]

4�. As
shown in Fig. 2b, the number of Au atoms in [AuxAg44�x(-
SR)30]

4� gradually increases from 1 to 12, as the availability of
[Au44(SR)26]

2� increases in the reaction (i.e., RAu44/Ag44 increases
from 1 : 40 to 1 : 2). The as-obtained [AuxAg44�x(SR)30]

4� NCs (x
¼ 1–12) exhibit different UV-vis absorption features, and thus
they show variable solution color from pink to light brown
(Fig. 2a, inset of Fig. 2b). In particular, the dominant species are
[Au1Ag43(SR)30]

4� and [Ag44(SR)30]
4�, when RAu44/Ag44 is 1/40. In

addition to the dominant [Au1Ag43(SR)30]
4� and [Ag44(SR)30]

4�,
xAg44�x NCs synthesized using low RAu44/Ag44
(i.e., 1 : 40 to 1 : 2; more

4(SR)26]
2�) (c and d); (e–g) experimental (black line) and simulated (red,

23(p-MBA)27]
3� (f), and [Au43Ag1(p-MBA)26-H]3� (g). Insets of (c and d)

indicates the peaks selected from (c) and (d) to illustrate the isotope

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a minor amount of [AuxAg44�x(SR)30]
4� NCs with x ¼ 2–12 was

also seen in the mass spectrum recorded at RAu44/Ag44 ¼ 1/40
(Fig. 2b, 1st spectrum). The substitution of up to 12 Ag atoms
in [Ag44(SR)30]

4� by Au atoms is in good agreement with
previous reports,35,41 while the x value of the dominant species
largely depends on the availability of [Au44(SR)26]

2� (vide infra).
Due to the low x values in the dominant alloy NC species at RAu44/

Ag44 ¼ 1/40, the corresponding UV-vis absorption spectra still
maintain the same characteristics of [Ag44(SR)30]

4� (Fig. 2a, 1st
curve), which suggests that replacing one or few Ag atoms of
[Ag44(SR)30]

4� with Au atoms can merely change the electronic
structure of the NC products. A facile and effective way to adjust
the value of x in the dominant [AuxAg44�x(SR)30]

4� species is to
change the dosage of [Au44(SR)26]

2�.
By increasing RAu44/Ag44 while maintaining the same concen-

tration of [Ag44(SR)30]
4�, more Au atoms can be incorporated

into [Ag44(SR)30]
4�. For example, the inter-cluster reaction

between [Au44(SR)26]
2� and [Ag44(SR)30]

4� at RAu44/Ag44 ¼ 1/10
(Fig. 2b, 4th spectrum) produced dominant [AuxAg44�x(SR)30]

4-

� NCs with x ¼ 6–8. It should be noted that when the dominant
x increases to 6–8, the adsorption peak at 488 nm in their UV-vis
absorption spectra becomes broadened (Fig. 2a, 4th curve). It is
possible to further increase the number of Au atoms incorpo-
rated in [AuxAg44�x(SR)30]

4� NCs at a higher feeding dosage of
[Au44(SR)26]

2�, where themaximal x value was recorded to be 12.
In particular, [Au12Ag32(SR)30]

4� is the dominant species, when
RAu44/Ag44 increases to 1/4, 1/3, and 1/2 (Fig. 2b, 8th, 9th, and 10th
spectra), and their UV-vis absorption spectra show typical
absorption peaks of [Au12Ag32(SR)30]

4� at 390 and 490 nm with
three humps at 546, 620, and 728 nm (Fig. 2a, 8th, 9th, and 10th
curves; and Fig. S1†). The perfect agreement between the
experimental and simulated isotope patterns of [Au12Ag32(-
SR)30]

4� (Fig. 2f) unambiguously veries that the dominant NC
product generated by the inter-cluster reaction is [Au12Ag32(-
SR)30]

4� (the simulated mass spectra for all [AuxAg44�x(SR)30]
4�

NCs (x¼ 1–12) are shown in Fig. S2†). It is worth noting that the
UV-vis absorption spectrum of the product NCs obtained at
RAu44/Ag44 ¼ 1/2 is less distinct than those acquired at RAu44/Ag44 ¼
1/3 and 1/4 (Fig. 2a, 8th, 9th, and 10th curves). Such dimin-
ishing features should be attributed to a small amount of
impurities generated in the inter-cluster reaction, as conrmed
by ESI-MS analysis (Fig. S3†). As the feeding atomic ratio of Au/
Ag at RAu44/Ag44 ¼ 1/2 is larger than the Au/Ag ratio in [Au12-
Ag32(SR)30]

4� (1/2.6), there should be an excess of [Au44(SR)26]
2�

in the reaction solution. However, we did not identify any
[Au44(SR)26]

2� in the mass spectrum of the nal product at RAu44/

Ag44 ¼ 1/2, where extensive signals corresponding to Au/Ag-SR
complexes were observed. Therefore, we speculate that partial
decomposition of the two parental NCs occurred as a side
reaction accompanying the inter-cluster reaction.

Interestingly, when [Au44(SR)26]
2� dominates the reaction

mixture, the reaction between [Ag44(SR)30]
4� and [Au44(SR)26]

2�

tends to form [AuxAg44�x(SR)26]
2� NCs (i.e., the same ligand

number of 26 as [Au44(SR)26]
2�), which adopt the same M–S

framework as [Au44(SR)26]
2�. As shown in the top three spectra

in Fig. 2d, the introduction of a small amount of [Ag44(SR)30]
4�

(RAu44/Ag44 ¼ 40/1, 30/1, and 20/1) in the reaction produced Au-
© 2022 The Author(s). Published by the Royal Society of Chemistry
rich alloy NCs (i.e., [AuxAg44�x(SR)26]
2� with x ¼ 42–44). The

perfect match between the experimental and simulated isotope
patterns of [Au43Ag1(p-MBA)26-H]3� and [Au42Ag2(p-MBA)26-H]3�

conrms the accuracy of our mass spectrum assignment
(Fig. 2g, S4a and b†). Similar to [AuxAg44�x(SR)30]

4� with x¼ 0–1
(Fig. 2a, 1st curve), slight Ag doping also has a marginal effect
on the electronic structure of [Au44(SR)26]

2�, which is evidenced
by its almost identical UV-vis absorption spectrum to that of
[AuxAg44�x(SR)26]

2� (x ¼ 42–44; Fig. 2c, 1st, 2nd, and 3rd
curves). More interestingly, as the RAu44/Ag44 ratio decreases to 10/
1, 8/1, and 6/1, except for the Au-rich [AuxAg44�x(SR)26]

2� NCs (x
¼ 39–43) with decreasing number of Au atoms, a set of new
peaks at m/z ¼ 3500–3700 were observed in the mass spectra of
the product NCs (Fig. 2d, 4th–6th spectra). These new cluster
peaks can be assigned to [AuxAg44�x(SR)27]

3� (x ¼ 20–24), with
a new ligand number of 27 and a comparable number of Ag and
Au atoms. The accuracy of our assignment was veried by the
isotope pattern analysis of [Au21Ag23(SR)27]

3�, where the
experimental and simulated patterns are in good agreement
(Fig. 2f; the simulated mass spectra of [AuxAg44�x(SR)27]

3� NCs
(x ¼ 20–22) are shown in Fig. S5a–d†). Since these two sets of
alloy NCs ([AuxAg44�x(SR)27]

3� and [AuxAg44�x(SR)26]
2�) coexist

in the product solution, the UV-vis absorption spectra exhibit
less distinct peaks (Fig. 2c, 4th–6th curves). As the ratio of
[Ag44(SR)30]

4� (RAu44/Ag44 ¼ 5/1 and 4/1) in the reaction further
increases, the peak intensity of [AuxAg44�x(SR)26]

2� decreases,
while those of [AuxAg44�x(SR)27]

3� increase (Fig. 2d, 7th and 8th
spectra). Based on the above observation, it is obvious that
a structural transformation from [AuxAg44�x(SR)26]

2� into
[AuxAg44�x(SR)27]

3� would occur as the Ag content in the
framework of AuxAg44�x increases. The Ag content-induced
structural transformation was further veried by the increased
abundance of [AuxAg44�x(SR)27]

3� with the increasing dosage of
[Ag44(SR)30]

4�. In particular, [AuxAg44�x(SR)27]
3� becomes the

dominant product at RAu44/Ag44 ¼ 3/1 and 2/1 (Fig. 2d, 9th and
10th spectra). Although the same alloy framework of [Aux-
Ag44�x(SR)27]

3� can be obtained at RAu44/Ag44 ¼ 3/1 and 2/1, the
specic content of Ag seems to be tunable by the feeding ratio of
[Ag44(SR)30]

4�. The dominant x values were recorded to be 19–21
at RAu44/Ag44 ¼ 2/1, while those documented at RAu44/Ag44 ¼ 3/1
were 20–22 (Fig. 2d, 9th and 10th spectra, Fig. S5†). Taken
together, by changing the dosage of [Ag44(SR)30]

4� while
keeping [Au44(SR)26]

2� as the dominant cluster (i.e., RAu44/Ag44 ¼
2 : 1 to 40 : 1) in the feeding cluster mixture, two families of
alloy NCs with different M–S frameworks can be produced,
including [AuxAg44�x(SR)26]

2� (x ¼ 40–43) and [AuxAg44�x(-
SR)27]

3� (x ¼ 19–24), where the former features rich Au atoms
and the latter possesses comparable Au and Ag atoms.

In general, the Au/Ag ratio in the nal alloy NC products
decreases with the decrease of feeding RAu44/Ag44 (Fig. S6†). In
particular, only a few Ag atoms can be incorporated into [Aux-
Ag44�x(SR)26]

2� (average Au/Ag ratio >80) under high feeding
RAu44/Ag44 (10 < RAu44/Ag44 < 40) (Fig. S6a†). With the decrease of
RAu44/Ag44 (0.5 < RAu44/Ag44 < 8), the alloy frameworks change to
[AuxAg44�x(SR)27]

3� with an average Au/Ag ratio of 0.4 to 3.7
(Fig. S6b†). Further decreasing the RAu44/Ag44 to below 0.5, the
alloy products can keep the framework of [AuxAg44�x(SR)30]

4�
Chem. Sci., 2022, 13, 4598–4607 | 4601
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with an average Au/Ag ratio ranging from 0.1 to 0.4 (Fig. S6c†).
In addition to the metal ratios and structures, the valence
electron count of the alloy NC products is also highly related to
those of the reactants. In particular, the valence electron count
of [Au44(SR)26]

2� is 20, while that of [Ag44(SR)30]
4� is 18.

Therefore, tuning the RAu44/Ag44 would also change the number of
electrons participating in the reactions. As shown in Table S1,†
when the average feeding electrons are less than 19, the alloy
products are [AuxAg44�x(SR)30]

4� NCs featuring a valence elec-
tron count of 18. If the average feeding electrons increase to
more than 19, the inter-cluster reactions produce [AuxAg44�x(-
SR)26]

2� and [AuxAg44�x(SR)27]
3� NCs, whose valence electron

counts are 20.
Real-time monitoring of the inter-cluster reactions

To the best of our knowledge, AuxAg44�x NCs protected by 27
thiolate ligands have not been observed in previous reports, and
[AuxAg44�x(SR)27]

3� represents a structural transition between
Au-rich [AuxAg44�x(SR)26]

2� and Ag-rich [AuxAg44�x(SR)30]
4�

NCs. In order to study the inter-cluster reaction between
[Au44(SR)26]

2� and [Ag44(SR)30]
4�, as well as the structural

evolution of the alloy AuxAg44�x NCs, we conducted real-time
UV-vis absorption spectroscopy and ESI-MS analysis of three
representative reactions at RAu44/Ag44 ¼ 1/3, 3/1, and 6/1, where
[Au12Ag32(SR)30]

4�, [AuxAg44�x(SR)27]
3� (x ¼ 20–22), and [Aux-

Ag44�x(SR)26]
2� (x ¼ 42–44) were obtained as prominent prod-

ucts, respectively.
In the reaction system of RAu44/Ag44 ¼ 1/3, real-time UV-vis

absorption and ESI mass spectra show that [Ag44(SR)30]
4�

gradually evolves into [Au12Ag32(SR)30]
4�, and the number of Au

atoms gradually increases in [AuxAg44�x(SR)30]
4� (Fig. 3a and d).
Fig. 3 Time-course UV-vis absorption spectra of the inter-cluster reacti
(b) 3 : 1, and (c) 6 : 1. Time-course ESI mass spectra of the inter-cluster r
1 : 3, (e) 3 : 1, and (f) 6 : 1. The insets in (a–c) show the digital images of

4602 | Chem. Sci., 2022, 13, 4598–4607
Specically, at the initial reaction time (t ¼ 2 min),
[Ag44(SR)30]

4� is still the main species in the reaction mixture
with a negligible amount of [Au1Ag43(SR)30]

4� (Fig. 3d, 1st
spectrum). However, regarding the Au-related species, only
a few new peaks of Au-SR complexes appear at m/z ¼ 1000–2000
(Fig. S7†), indicating that [Au44(SR)26]

2� has been decomposed
aer mixing with [Ag44(SR)30]

4�. As the reaction proceeds to t ¼
30 and 60 min, the dominant species have developed into
[AuxAg44�x(SR)30]

4� (x > 5), and the increase of Au doping
induces a signicant change in the UV-vis absorption spectra,
where the absorption peak at 488 nm broadens and the peak
intensity at 646 nm deceases sharply (Fig. 3a, 5th and 6th
curves, and Fig. 3d, 3rd and 4th spectra). As the reaction time
increases to t ¼ 120 and 180 min, the population of [Aux-
Ag44�x(SR)30]

4� shis toward the high x end, where the maximal
x value is 12 (Fig. 3d, 5th and 6th spectra). More interestingly, as
this reaction proceeds to 20 h, [Au12Ag32(SR)30]

4� gradually
becomes dominant in the nal product via a size-focusing
process (Fig. 3a, 7th curve and Fig. 3d, 7th spectrum). It should
be noted that the atomic ratio of Au/Ag in [Au12Ag32(SR)30]

4�

and [Au11Ag33(SR)30]
4� is 1/2.6 and 1/3, respectively, which is

close to the feeding ratio of Au44/Ag44 ¼ 1/3. These data also
suggest that the atomic efficiency of the inter-cluster reaction is
high. Therefore, in the presence of excess [Ag44(SR)30]

4�,
[Au44(SR)26]

2� will react with [Ag44(SR)30]
4� most likely through

the decomposition mechanism, where [Au44(SR)26]
2� will

decompose into smaller cluster or complex species. The as-
formed smaller cluster or complex species will then react with
[Ag44(SR)30]

4�, resulting in the substitution of Ag atoms by Au
atoms while keeping the M–S framework of [Ag44(SR)30]

4�

unchanged. With sufficient supply of [Au44(SR)26]
2�, this
on between [Au44(SR)26]
2� and [Ag44(SR)30]

4� at a RAu44/Ag44 of (a) 1 : 3,
eaction between [Au44(SR)26]

2� and [Ag44(SR)30]
4� at a RAu44/Ag44 of (d)

the corresponding reaction solutions taken at different reaction times.

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc06296d


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 6
/1

3/
20

26
 1

0:
33

:3
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
decomposition-substitution mechanism can incorporate up to
12 Au heteroatoms into [AuxAg44�x(SR)30]

4� NCs.
On the other hand, when the inter-cluster reaction starts

with an excess of [Au44(SR)26]
2� NCs, the structural evolution

pathway is distinctly different from the above one. Taking the
reaction at RAu44/Ag44 ¼ 3/1 as an example, there are several Ag
atoms incorporated into the framework of [Au44(SR)26]

2�,
leading to the formation of [AuxAg44�x(SR)26]

2� NCs with x ¼
40–43 in the initial stage (t ¼ 2 and 10 min; Fig. 3e, 1st and 2nd
spectra). Meanwhile, ESI mass spectra in a broad m/z range
show a set of peaks atm/z¼ 2200–2600, which can be attributed
to [AuxAg44�x(L)30]

4� (x ¼ 1–12; L denotes SR or Cl) (Fig. S8†). It
should be noted that up to 3 Cl ligands can be incorporated into
the protecting shell of [AuxAg44�x(L)30]

4� (x ¼ 1–12), which
suggests that the alloying reaction is most probably initiated by
disturbing the protecting shell of [Ag44(SR)30]

4�. [AuxAg44�x(-
L)30]

4� NCs (x ¼ 1–12) NCs were consumed in the next stage of
reaction (t ¼ 30 and 60 min), accompanied by an increase of Ag
doping in [AuxAg44�x(SR)26]

2� NCs with x ¼ 35–43 (Fig. 3e, 3rd
and 4th spectra). In the meantime, with the diminishing of
[AuxAg44�x(L)30]

4� (x ¼ 1–12) there is the emergence of [Aux-
Ag44�x(SR)27]

3� NCs with x ¼ 17–24 (Fig. 3e, 3rd and 4th
spectra). As the reaction proceeds to t ¼ 120 and 180 min, more
[AuxAg44�x(SR)27]

3� NCs were formed at the expense of [Aux-
Ag44�x(SR)26]

2� (Fig. 3e, 5th and 6th spectra). The UV-vis
absorption spectra taken at this stage (t ¼ 120 and 180 min)
show no distinct peaks, which are most probably the miscella-
neous and partially overlapping absorption features of [Aux-
Ag44�x(SR)26]

2� and [AuxAg44�x(SR)27]
3� (Fig. 3b, 5th and 6th

curves). At the last stage of the reaction (t ¼ 20 h), [Aux-
Ag44�x(SR)27]

3� becomes dominant, and its x distribution is
narrowed to x ¼ 20–22, while [AuxAg44�x(SR)26]

2� has extin-
guished. Therefore, the two shoulder peaks at 500 and 690 nm
in the 7th curve of Fig. 3b should be attributed to [AuxAg44�x(-
SR)27]

3� (x ¼ 20–22). To the best of our knowledge, this is the
rst report on the production of [AuxAg44�x(SR)27]

3� NCs with
molecular purity and a well-dened absorption spectrum.

To understand the structural correlation between [Aux-
Ag44�x(SR)27]

3� (x¼ 19–24) and Au-rich [AuxAg44�x(SR)26]
2� (x¼

40–43) NCs, we performed the inter-cluster reaction at a higher
dosage of [Au44(SR)26]

2�. The reaction at RAu44/Ag44 ¼ 6/1
produced a composition and structure evolution pathway
similar to that at RAu44/Ag44 ¼ 3/1 (Fig. 3c, f and S9†). Specically,
Ag atoms are rst doped into [Au44(SR)26]

2� to produce [Aux-
Ag44�x(SR)26]

2� (x ¼ 40–43, Fig. 3f, 1st and 2nd spectra). As the
amount of Ag doping increases, [AuxAg44�x(SR)27]

3� appears
and becomes more abundant (Fig. 3f, 5th–7th spectrum). Since
more [Au44(SR)26]

2�NCs are available at RAu44/Ag44 ¼ 6/1 than that
at RAu44/Ag44 ¼ 3/1, it took a longer time (�120 min) for [Aux-
Ag44�x(SR)27]

3� to be consumed (Fig. 3f, 5th spectrum). The
nal product obtained at RAu44/Ag44 ¼ 6/1 is a mixture of [Aux-
Ag44�x(SR)26]

2� and [AuxAg44�x(SR)27]
3�, which means that the

limited availability of [Ag44(SR)30]
4� in the reaction solution is

not able to convert all Au-rich [AuxAg44�x(SR)26]
2� into [Aux-

Ag44�x(SR)27]
3� (Fig. 3f, 7th spectrum). Similarly, the co-

existence of [AuxAg44�x(SR)26]
2� and [AuxAg44�x(SR)27]

3�
© 2022 The Author(s). Published by the Royal Society of Chemistry
produces an apparently featureless UV-vis absorption spectrum
(Fig. 3c, 7th curve).

Based on the above observation, we are now able to propose
a plausible mechanism for the inter-cluster and alloying reac-
tion between [Ag44(SR)30]

4� and [Au44(SR)26]
2�. The most

important nding in the inter-cluster reaction is the feeding
dosage-dependent M–S framework in the nal alloy NCs, which
stems from the composition-sensitive stability of the M–S
framework. Taking the inter-cluster reaction in the presence of
excess [Au44(SR)26]

2� NCs as an example, the reaction between
[Au44(SR)26]

2� and [Ag44(SR)30]
4� would rst induce metal

exchange between two parental NCs, giving rise to [Aux-
Ag44�x(SR)26]

2� and [AuxAg44�x(SR)30]
4�. Due to the excess

availability of [Au44(SR)26]
2�, the increasing Au doping in [Aux-

Ag44�x(SR)30]
4� will sharply disturb its structural stability,

thereby inducing its decomposition in the early stage of the
reaction (e.g., t ¼ 2–10 min at RAu44/Ag44 ¼ 3/1). The decomposed
Ag-rich [AuxAg44�x(SR)30]

4� will then serve as an Ag source to
react with Au-rich [AuxAg44�x(SR)26]

2�, increasing the doping
amount of Ag in the latter. On the other hand, as the amount of
Ag doping in [AuxAg44�x(SR)26]

2� increases, the structural
stability of M44S26 will be compromised, which induces the
transformation of Au-rich [AuxAg44�x(SR)26]

2� into [AuxAg44�x(-
SR)27]

3�. Therefore, the composition and the M–S framework of
the nal NC products are determined by the feeding ratio of
[Au44(SR)26]

2� and [Ag44(SR)30]
4�. In general, the feeding ratio of

[Au44(SR)26]
2� and [Ag44(SR)30]

4� determines the composition of
the metal core in (Au/Ag)44 NCs, and the composition of the
metal core will further direct the formation of the M–S frame-
work. The Au-rich metal core prefers the M44S26 framework of
[AuxAg44�x(SR)26]

2� (x ¼ 40–43), while the Ag-rich core favors
the M44S30 framework of [AuxAg44�x(SR)30]

4� (x ¼ 1–12). An
evenly mixed Au/Ag core would lead to the formation of a M44S27
framework in [AuxAg44�x(SR)27]

3� (x ¼ 19–24). On the other
hand, as the two parental NCs are both capped by p-MBA
ligands, it is also crucial to investigate how the ligands involve
in the actual exchange of metal atoms. We performed the inter-
cluster reaction between [Au44(p-MBA)26]

2� and bi-ligand pro-
tected [Ag44(p-MBA)30�y(NTP)y]

4� NCs (y ¼ 0, 3, 5, 9) (Fig. S10†)
with different RAu44/Ag44. As shown in Fig. S11,† the nal alloy
products synthesized from bi-ligand protected [Ag44(p-
MBA)30�y(NTP)y]

4� NCs show consistent UV-vis absorption
features with those synthesized by mono-ligand protected
[Ag44(p-MBA)30]

4� NCs, indicating their similar metal compo-
sition and structure. Therefore, in this inter-cluster reaction,
the ligands show marginal effects on the reaction fate, as long
as the ligands are capable of maintaining the geometric struc-
ture of the parental NCs. A similar observation has been re-
ported in inter-cluster reaction literature, where the
heterogeneity in the ligand shell can accelerate the inter-cluster
reaction kinetics, but hardly affects the prole of nal
products.28
Transformation between different sets of (Au/Ag)44 NCs

In order to study the relationship among the three sets of alloy
NCs produced by the inter-cluster reaction between
Chem. Sci., 2022, 13, 4598–4607 | 4603
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[Au44(SR)26]
2� and [Ag44(SR)30]

4�, the as-obtained Au-rich [Aux-
Ag44�x(SR)26]

2�, evenly mixed [AuxAg44�x(SR)27]
3�, and Ag-rich

[AuxAg44�x(SR)30]
4� NCs were used to further react with

[Au44(SR)26]
2� or [Ag44(SR)30]

4�. We rst focus on the cluster
reaction of [AuxAg44�x(SR)27]

3�, which was prepared by the
inter-cluster reaction between [Ag44(SR)30]

4� and [Au44(SR)26]
2�

at RAu44/Ag44 ¼ 3/1 (1st spectrum of Fig. 4a and b). The as-
prepared [AuxAg44�x(SR)27]

3� NCs were further reacted with
[Au44(SR)26]

2� and [Ag44(SR)30]
4�. As can be seen in Fig. 4a and

b, the reaction of [AuxAg44�x(SR)27]
3� with [Au44(SR)26]

2� and
[Ag44(SR)30]

4� adopts different reaction pathways, leading to the
formation of different NC products. Upon mixing [Au44(SR)26]

2�

(two equivalents to [Ag44(SR)30]
4� used to produce [AuxAg44�x(-

SR)27]
3�) with [AuxAg44�x(SR)27]

3�, these two sets of NCs coexist
in the reaction mixture, and a few Ag heteroatoms can be
incorporated into [Au44(SR)26]

2� within 2 h, leading to the
formation of [AuxAg44�x(SR)26]

2� (x ¼ 42–43; Fig. 4a, 2nd spec-
trum). It should be noted that since [AuxAg44�x(SR)27]

3� was
prepared at RAu44/Ag44 ¼ 3/1, adding additional two equivalents of
[Au44(SR)26]

2� (relative to [Ag44(SR)30]
4�) makes a total ratio of

RAu44/Ag44 ¼ 5/1 in the reaction mixture. In addition to the early
stage of the reaction, we also monitored the products of the
inter-cluster reaction at the steady stage (i.e., t ¼ 24 h).
Compared with the ESI mass spectra in the early stage of the
Fig. 4 (a) ESI mass spectra of the reactions between [AuxAg44�x(-
SR)27]

3� and [Au44(SR)26]
2� at the reaction times of t ¼ 2 and 24 h

(RAu44/Ag44
¼ 5/1). (b) ESI mass spectra of the reactions between [Aux-

Ag44�x(SR)27]
3� and [Ag44(SR)30]

4� at the reaction times of t ¼ 2 and
24 h (RAu44/Ag44

¼ 1/2). (c) ESI mass spectra of the reactions between
[AuxAg44�x(SR)30]

4� and [Au44(SR)26]
2� at the reaction times of t ¼ 2

and 24 h (RAu44/Ag44
¼ 3/1). (d) ESI mass spectra of the reactions

between [AuxAg44�x(SR)26]
2� and [Ag44(SR)30]

4� at the reaction times
of t ¼ 2 and 24 h (RAu44/Ag44

¼ 4/1). The bottom spectrum of each panel
is the ESI mass spectrum of the alloy NCs produced by the direct
reaction of [Au44(SR)26]

2� and [Ag44(SR)30]
4�, where RAu44/Ag44

is equal
to the above reactions.

4604 | Chem. Sci., 2022, 13, 4598–4607
cluster reaction (Fig. 4a, 2nd spectrum), the most notable
change in the ESI mass spectrum at t ¼ 24 h is that the peak
intensity of [Au44(SR)26]

2� is signicantly deceased, accompa-
nied by an increase of the maximal x in [AuxAg44�x(SR)27]

3�.
These data suggest that the Au content in [AuxAg44�x(SR)27]

3� is
increased at the expense of [Au44(SR)26]

2�. It is worth noting
that the ESI mass spectrum of the nal product is almost
identical to that of the alloy NCs produced by directly mixing
[Au44(SR)26]

2� and [Ag44(SR)30]
4� at the same Au/Ag ratio (i.e.,

RAu44/Ag44 ¼ 5/1; Fig. 4a, 4th spectrum). The above observation
also indicates that the introduction of [Au44(SR)26]

2� into [Aux-
Ag44�x(SR)27]

3� cannot change the M–S framework of parental
NCs, but it can induce metal exchange between the parental
NCs, generating alloy NCs that are identical to those produced
by the direct reaction of [Au44(SR)26]

2� and [Ag44(SR)30]
4�.

Therefore, we speculate that the structure of newly discovered
[AuxAg44�x(SR)27]

3� is close to that of [Au44(SR)26]
2�. Taking the

moderate number of SR ligands bridging those of [Ag44(SR)30]
4�

and [Au44(SR)26]
2� into consideration, [AuxAg44�x(SR)27]

3� is
most probably formed by hetero-dimerization of [Ag44(SR)30]

4�

and [Au44(SR)26]
2�, similar to the recently discovered hetero-

dimeric structure of Au29(SR)19 NCs composed of a half struc-
ture of Au30(SR)18 and a half structure of Au28(SR)20.45 It should
be pointed out that the alloying reactions made possible by the
apparent metal exchange between NCs with similar or identical
structures (e.g., Ag25SR18/Au25SR18, and Au38(SR)24/AgxAu38�x(-
SR)24) have been well demonstrated in the literature.24,46

In order to provide more information about the structural
similarity among the (Au/Ag)44 alloy NCs, we compared the ion
mobility of [Au44(SR)26]

2�, [AuxAg44�x(SR)26]
2�, [AuxAg44�x(-

SR)27]
3�, and [AuxAg44�x(SR)30]

4� NCs in polyacrylamide gel
electrophoresis (PAGE). As shown in Fig. S12,† with the increase
of the Ag atom ratio in the alloy (Au/Ag)44 frameworks, the
mobility of alloy NCs increases due to the larger charge-to-mass
ratio. More importantly, themobility of [AuxAg44�x(SR)27]

3� falls
in between those of [AuxAg44�x(SR)26]

2� and [AuxAg44�x(-
SR)30]

4�, indicating that [AuxAg44�x(SR)27]
3� NCs most probably

share a combined structural feature of [Au44(SR)26]
2� and

[Ag44(SR)30]
4� NCs. In addition, tandem mass (MS/MS) analysis

was also conducted to compare the fragmentation behavior of
[AuxAg44�x(SR)27]

3� and [Au12Ag32(SR)30]
4� NCs, which can

further provide information on the surface features of targeted
alloy NCs (Fig. S13 and S14†). In particular, the 4-peak of
[Au12Ag32(SR)30]

4� was chosen as a parent ion in the MS/MS
analysis. As shown in Fig. S13,† [Au12Ag32(SR)30]

4� can be
fragmented in a stripping-off way during the MS/MS process,
where the fragment cluster ions were produced by successive
dissociation of [M(SR)2]

� (M ¼ Au and Ag). A similar preferen-
tial dissociation of [Au(SR)2]

� was observed in the MS/MS
spectra of [Au21Ag23(SR)27-H]4�. As shown in Fig. S14,† as the
collision energy increases from 5 to 20 eV, [Au(SR)2]

� was
dissociated from [Au21Ag23(SR)27-H]4� to generate [Au20Ag23(-
SR)25-H]3�. A similar dissociation of [M(SR)2]

� in their frag-
mentation process suggests structural similarity between
[AuxAg44�x(SR)27]

3� and [AuxAg44�x(SR)30]
4�, further supporting

the above PAGE data.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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By contrast, the reaction between [Ag44(SR)30]
4� and [Aux-

Ag44�x(SR)27]
3� proceeds through a completely different mech-

anism. [AuxAg44�x(SR)27]
3� was prepared by an inter-cluster

reaction between [Ag44(SR)30]
4� and [Au44(SR)26]

2� at RAu44/Ag44

¼ 2/1, followed by adding another 3 equivalents of
[Ag44(SR)30]

4� into the as-prepared [AuxAg44�x(SR)27]
3� to make

the total RAu44/Ag44 ¼ 1/2. One of the most noticeable differences
is the accelerated reaction kinetics between [Ag44(SR)30]

4� and
[AuxAg44�x(SR)27]

3�, which is readily indicated by the dimin-
ishing of [AuxAg44�x(SR)27]

3� in their ESI mass spectrum aer
2 h of mixing (Fig. 4b, 2nd spectrum). In addition, we also
captured a larger number of Au-SR, Ag-SR, and Ag–Au-SR
complexes in the reaction system of [AuxAg44�x(SR)27]

3� and
[Ag44(SR)30]

4�, in comparison to that observed in its reaction
with [Au44(SR)26]

2� (Fig. S15†). The extensive formation of Au/
Ag-SR complexes should be attributed to the decomposition of
the parental [AuxAg44�x(SR)27]

3� and [Ag44(SR)30]
4� NCs. The

composition of the nal NC product still depends on the dosage
of feeding NCs. As the total RAu44/Ag44 is 1/2, the inter-cluster
reaction between [AuxAg44�x(SR)27]

3� and [Ag44(SR)30]
4�

produced [Au12Ag32(SR)30�bClb]
4� (b ¼ 0–1) as the main

product. Besides the prominent peaks of [Au12Ag32(SR)30�b-
Clb]

4� (b ¼ 0–1), several peaks can also be identied at m/z ¼
3200–3800 (Fig. 4b, 2nd and 3rd spectra), which should be the
side products from the decomposition of [AuxAg44�x(SR)27]

3�.
However, their detailed assignment is impossible due to the low
signal-to-noise ratio. Of particular note, the mass spectrum
pattern of the nal product delivered by the inter-cluster reac-
tion between [AuxAg44�x(SR)27]

3� and [Ag44(SR)30]
4� is incon-

sistent with that produced by the direct reaction of
[Au44(SR)26]

2� and [Ag44(SR)30]
4� (Fig. 4b, 3rd and 4th spectra).

These data suggest that the alloying reaction between
[Ag44(SR)30]

4� and [AuxAg44�x(SR)27]
3� might occur through

a decomposition-reconstruction mechanism, where the
parental NCs would decompose into smaller NC or complex
species. The re-growth or combination of such smaller NC or
complex species would lead to the formation of the nal NC
product, [Au12Ag32(SR)30�bClb]

4� (b ¼ 0–1).
More interestingly, [AuxAg44�x(SR)26]

2� and [AuxAg44�x(-
SR)30]

4� can also transform into [AuxAg44�x(SR)27]
3� by the inter-

cluster reaction with [Ag44(SR)30]
4� and [Au44(SR)26]

2�, respec-
tively. As shown in Fig. 4c, by further introducing [Au44(SR)26]

2�
Fig. 5 Schematic illustration of the structure evolution of AuxAg44–x
[Au44(SR)26]

2– (Color legend: yellow: Au, purple: Ag, gray: S; the remaini

© 2022 The Author(s). Published by the Royal Society of Chemistry
into [AuxAg44�x(SR)30]
4� (x¼ 10–12; produced by the inter-cluster

reaction of [Au44(SR)26]
2� and [Ag44(SR)30]

4� at RAu44/Ag44 ¼ 1/3)
and changing the RAu44/Ag44 to 3 : 1, the peaks assigned to [Aux-
Ag44�x(SR)30]

4� disappear in the mass spectra. Together with the
disappearance of [AuxAg44�x(SR)30]

4� is the increasing abun-
dance of [AuxAg44�x(SR)27]

3�, where the range of x is narrowed
down from 18–29 to 19–23 (Fig. 4c, 2nd and 3rd spectra). In
addition, due to the notable structural differences between
[AuxAg44�x(SR)30]

4� and [AuxAg44�x(SR)27]
3�, several Au/Ag-SR

complexes were also observed in the ESI mass spectra of the
nal products. These Au/Ag-SR complexes are most probably
produced by the decomposition of the parental [AuxAg44�x(-
SR)30]

4� and [Au44(SR)26]
2� NCs (Fig. S16†). It should be pointed

out that such Au/Ag-SR complexes were not observed in the ESI
mass spectrum produced by the direct reaction of [Au44(SR)26]

2�

and [Ag44(SR)30]
4� at the same Au/Ag ratio (Fig. S16†), indicating

that the reaction pathways of these two processes are different.
Specically, although both parental NCs ([AuxAg44�x(SR)30]

4� and
[Au44(SR)26]

2�, [Ag44(SR)30]
4� and [Au44(SR)26]

2�) will decompose
during the inter-cluster reaction, those Au atoms in [Aux-
Ag44�x(SR)30]

4� might not totally participate in the production of
[AuxAg44�x(SR)27]

3�, which will then produce a number of Au/Ag-
SR complexes (Fig. S16†). In addition, [AuxAg44�x(SR)27]

3� can be
produced by the inter-cluster reaction between [AuxAg44�x(-
SR)26]

2� and [Ag44(SR)30]
4�. Specically, as the number of Ag

atoms in [AuxAg44�x(SR)26]
2� increases, this species can be

transformed into [AuxAg44�x(SR)27]
3�, whose ESI mass spectrum

is almost identical to that of the NC species produced by the
direct reaction of [Ag44(SR)30]

4� and [Au44(SR)26]
2� at the same

RAu44/Ag44 (Fig. 4d, 2nd, 3rd, and 4th spectra). In addition, due to
the similar structure between [AuxAg44�x(SR)27]

3� and [Aux-
Ag44�x(SR)26]

2�, no extensive Au/Ag-SR complexes were formed by
the inter-cluster reaction (Fig. S17†).

In principle, the inter-conversion among [AuxAg44�x(SR)30]
4-

�, [AuxAg44�x(SR)27]
3�, and [AuxAg44�x(SR)26]

2� suggests that
[AuxAg44�x(SR)27]

3� can react with [Au44(SR)26]
2� to induce

metal exchange while keeping the M–S framework of the
parental NCs unchanged. In addition, three sets of products
(i.e., [AuxAg44�x(SR)30]

4�, [AuxAg44�x(SR)27]
3�, and [AuxAg44�x(-

SR)26]
2�) with different Au/Ag ratios can also transform among

each other by adding additional metal sources of [Ag44(SR)30]
4�

and [Au44(SR)26]
2� (Fig. 5). Especially, the Ag-rich
(SR)y NCs by the inter-cluster reaction between [Ag44(SR)30]
4– and

ng atoms on the ligand are omitted for clarity).
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[AuxAg44�x(SR)30]
4� NCs can react with [Au44(SR)26]

2� to form
[AuxAg44�x(SR)27]

3�, and a number of M–SR complexes will also
be generated, because the Au atoms or Au-SR motifs in [Aux-
Ag44�x(SR)30]

4� might not participate in the alloying reaction.
On the other hand, more Ag atom sources of [Ag44(SR)30]

4� can
be provided for [AuxAg44�x(SR)26]

2� to drive their conversion to
those evenly mixed [AuxAg44�x(SR)27]

3� NCs.
Conclusions

In summary, we reveal the fundamentals of structural evolution
from Ag44 to Au44 NCs at the molecular and atomic levels based
on the reaction between [Ag44(SR)30]

4� and [Au44(SR)26]
2�,

which have the same metal number, but different ligand
numbers and cluster structures. In particular, by increasing the
feeding ratio of [Au44(SR)26]

2� to [Ag44(SR)30]
4�, the structure of

the alloy AuxAg44�x NCs evolves from Ag-rich [AuxAg44�x(-
SR)30]

4� (x¼ 1–12), to evenly mixed [AuxAg44�x(SR)27]
3� (x¼ 19–

24), and nally to Au-rich [AuxAg44�x(SR)26]
2� (x ¼ 40–43) NCs,

with the increase of the Au/Ag atomic ratio in the NC compo-
sition (Fig. 5). More interestingly, the three alloy products
[AuxAg44�x(SR)30]

4� (x ¼ 1–12), [AuxAg44�x(SR)27]
3� (x ¼ 19–24),

and [AuxAg44�x(SR)26]
2� (x¼ 40–43) are convertible among each

other through a metal exchange reaction or partial decompo-
sition pathway during the inter-cluster reaction. This study
provides molecular-level information for the inter-cluster reac-
tions between metal NCs with the same number of metal atoms
but different cluster structures. In addition, the evolution of the
alloy NC products can shed fundamental light on the structure/
composition-related physicochemical properties of alloy Aux-
Ag44�x NCs. Moreover, the atomic-level tunability of the
composition and structure of alloy NCs can provide a good
means for ne tuning the electronic, optical, and catalytic
properties of metal NCs, denitely adding to their acceptance in
diverse elds of bioimaging, sensing, and catalysis.
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1 S. Nestorović, I. Marković and D. Marković,Mater. Des., 2010,
31, 1644–1649.

2 J. B. Liu, L. Meng and Y. W. Zeng, Mater. Sci. Eng. A, 2006,
435–436, 237–244.

3 R. Ferrando, J. Jellinek and R. L. Johnston, Chem. Rev., 2008,
108, 845–910.

4 J. Huang, Y. Zhu, M. Lin, Q. Wang, L. Zhao, Y. Yang, K. X. Yao
and Y. Han, J. Am. Chem. Soc., 2013, 135, 8552–8561.

5 S. Zhang, X. Zhang, G. Jiang, H. Zhu, S. Guo, D. Su, G. Lu and
S. Sun, J. Am. Chem. Soc., 2014, 136, 7734–7739.

6 Z. Fan, Y. Zhu, X. Huang, Y. Han, Q. Wang, Q. Liu, Y. Huang,
C. L. Gan and H. Zhang, Angew. Chem., Int. Ed., 2015, 54,
5672–5676.

7 Z. Liu, J. Qi, M. Liu, S. Zhang, Q. Fan, H. Liu, K. Liu,
H. Zheng, Y. Yin and C. Gao, Angew. Chem., Int. Ed., 2018,
57, 11678–11682.

8 Z. P. Wu, S. Shan, S. Q. Zang and C. J. Zhong, Acc. Chem. Res.,
2020, 53, 2913–2924.

9 Z. Qin, S. Sharma, C. Q.Wan, S.Malola,W.W. Xu,H.Hakkinen
and G. Li, Angew. Chem., Int. Ed., 2021, 60, 970–975.

10 R. Jin, C. Zeng, M. Zhou and Y. Chen, Chem. Rev., 2016, 116,
10346–10413.

11 I. Chakraborty and T. Pradeep, Chem. Rev., 2017, 117, 8208–
8271.

12 Q. Yao, X. Yuan, T. Chen, D. T. Leong and J. Xie, Adv. Mater.,
2018, 30, 1802751.

13 M. M. Zhang, K. Li and S. Q. Zang, Adv. Opt. Mater., 2020, 8,
1902152.

14 X. Kang, Y. Li, M. Zhu and R. Jin, Chem. Soc. Rev., 2020, 49,
6443–6514.

15 X. Kang, X. Wei, S. Jin, Q. Yuan, X. Luan, Y. Pei, S. Wang,
M. Zhu and R. Jin, Proc. Natl. Acad. Sci. U. S. A., 2019, 116,
18834–18840.

16 A. Ghosh, O. F. Mohammed and O. M. Bakr, Acc. Chem. Res.,
2018, 51, 3094–3103.

17 S. Hossain, T. Ono, M. Yoshioka, G. Hu, M. Hosoi, Z. Chen,
L. V. Nair, Y. Niihori, W. Kurashige, D. E. Jiang and
Y. Negishi, J. Phys. Chem. Lett., 2018, 9, 2590–2594.

18 Z. Gan, N. Xia and Z. Wu, Acc. Chem. Res., 2018, 51, 2774–
2783.

19 S. Hossain, Y. Niihori, L. V. Nair, B. Kumar, W. Kurashige
and Y. Negishi, Acc. Chem. Res., 2018, 51, 3114–3124.

20 K. Kim, K. Hirata, K. Nakamura, H. Kitazawa, S. Hayashi,
K. Koyasu and T. Tsukuda, Angew. Chem., Int. Ed., 2019,
58, 11637–11641.

21 N. Barrabes, B. Zhang and T. Burgi, J. Am. Chem. Soc., 2014,
136, 14361–14364.

22 S. Takano and T. Tsukuda, J. Am. Chem. Soc., 2021, 143,
1683–1698.

23 S. Wang, X. Meng, A. Das, T. Li, Y. Song, T. Cao, X. Zhu,
M. Zhu and R. Jin, Angew. Chem., Int. Ed., 2014, 53, 2376–
2380.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc06296d


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 6
/1

3/
20

26
 1

0:
33

:3
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
24 K. R. Krishnadas, A. Baksi, A. Ghosh, G. Natarajan and
T. Pradeep, Nat. Commun., 2016, 7, 13447.

25 M. Neumaier, A. Baksi, P. Weis, E. K. Schneider,
P. Chakraborty, H. Hahn, T. Pradeep and M. M. Kappes, J.
Am. Chem. Soc., 2021, 143, 6969–6980.

26 S. Bhat, A. Baksi, S. K. Mudedla, G. Natarajan,
V. Subramanian and T. Pradeep, J. Phys. Chem. Lett., 2017,
8, 2787–2793.

27 X. Dou, X. Yuan, Q. Yao, Z. Luo, K. Zheng and J. Xie, Chem.
Commun., 2014, 50, 7459–7462.

28 S. Wang, Y. Song, S. Jin, X. Liu, J. Zhang, Y. Pei, X. Meng,
M. Chen, P. Li and M. Zhu, J. Am. Chem. Soc., 2015, 137,
4018–4021.

29 K. R. Krishnadas, A. Ghosh, A. Baksi, I. Chakraborty,
G. Natarajan and T. Pradeep, J. Am. Chem. Soc., 2015, 138,
140–148.

30 Z. Wu, Angew. Chem., Int. Ed., 2012, 51, 2934–2938.
31 N. Xia and Z. Wu, J. Mater. Chem. C, 2016, 4, 4125–4128.
32 M. S. Bootharaju, C. P. Joshi, M. R. Parida, O. F. Mohammed

and O. M. Bakr, Angew. Chem., Int. Ed., 2016, 55, 922–926.
33 K. Zheng and J. Xie, ACS Nano, 2020, 14, 11533–11541.
34 K. Zheng, V. Fung, X. Yuan, D. E. Jiang and J. Xie, J. Am.

Chem. Soc., 2019, 141, 18977–18983.
35 H. Yang, Y. Wang, H. Huang, L. Gell, L. Lehtovaara,

S. Malola, H. Hakkinen and N. Zheng, Nat. Commun.,
2013, 4, 2422.
© 2022 The Author(s). Published by the Royal Society of Chemistry
36 A. Desireddy, B. E. Conn, J. Guo, B. Yoon, R. N. Barnett,
B. M. Monahan, K. Kirschbaum, W. P. Griffith,
R. L. Whetten, U. Landman and T. P. Bigioni, Nature, 2013,
501, 399.

37 C. P. Joshi, M. S. Bootharaju, M. J. Alhilaly and O. M. Bakr, J.
Am. Chem. Soc., 2015, 137, 11578–11581.

38 R. Jin, Nanoscale, 2015, 7, 1549–1565.
39 L. Liao, S. Zhuang, C. Yao, N. Yan, J. Chen, C. Wang, N. Xia,

X. Liu, M. B. Li, L. Li, X. Bao and Z. Wu, J. Am. Chem. Soc.,
2016, 138, 10425–10428.

40 Q. Yao, Y. Feng, V. Fung, Y. Yu, D. E. Jiang, J. Yang and J. Xie,
Nat. Commun., 2017, 8, 1555.

41 K. R. Krishnadas, A. Baksi, A. Ghosh, G. Natarajan and
T. Pradeep, ACS Nano, 2017, 11, 6015–6023.

42 H. Su, Y. Wang, L. Ren, P. Yuan, B. K. Teo, S. Lin, L. Zheng
and N. Zheng, Inorg. Chem., 2019, 58, 259–264.

43 Q. Yao, X. Yuan, V. Fung, Y. Yu, D. T. Leong, D. E. Jiang and
J. Xie, Nat. Commun., 2017, 8, 927.

44 D. M. Chevrier, B. E. Conn, B. Li, D. E. Jiang, T. P. Bigioni,
A. Chatt and P. Zhang, ACS Nano, 2020, 14, 8433–8441.

45 Y. Li, M. Zhou, Y. Song, T. Higaki, H. Wang and R. Jin,
Nature, 2021, 594, 380–384.

46 B. Zhang, G. Salassa and T. Burgi, Chem. Commun., 2016, 52,
9205–9207.
Chem. Sci., 2022, 13, 4598–4607 | 4607

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc06296d

	Revealing the composition-dependent structural evolution fundamentals of bimetallic nanoparticles through an inter-particle alloying reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06296d
	Revealing the composition-dependent structural evolution fundamentals of bimetallic nanoparticles through an inter-particle alloying reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06296d
	Revealing the composition-dependent structural evolution fundamentals of bimetallic nanoparticles through an inter-particle alloying reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06296d
	Revealing the composition-dependent structural evolution fundamentals of bimetallic nanoparticles through an inter-particle alloying reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06296d
	Revealing the composition-dependent structural evolution fundamentals of bimetallic nanoparticles through an inter-particle alloying reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06296d
	Revealing the composition-dependent structural evolution fundamentals of bimetallic nanoparticles through an inter-particle alloying reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06296d
	Revealing the composition-dependent structural evolution fundamentals of bimetallic nanoparticles through an inter-particle alloying reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06296d

	Revealing the composition-dependent structural evolution fundamentals of bimetallic nanoparticles through an inter-particle alloying reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06296d
	Revealing the composition-dependent structural evolution fundamentals of bimetallic nanoparticles through an inter-particle alloying reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06296d
	Revealing the composition-dependent structural evolution fundamentals of bimetallic nanoparticles through an inter-particle alloying reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06296d
	Revealing the composition-dependent structural evolution fundamentals of bimetallic nanoparticles through an inter-particle alloying reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06296d
	Revealing the composition-dependent structural evolution fundamentals of bimetallic nanoparticles through an inter-particle alloying reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06296d


