Article
pubs.acs.org/JACS

Cite This: J. Am. Chem. Soc. 2019, 141, 18977−18983

Real Time Monitoring of the Dynamic Intracluster Diﬀusion of Single
Gold Atoms into Silver Nanoclusters
Kaiyuan Zheng,† Victor Fung,§ Xun Yuan,*,‡ De-en Jiang,§ and Jianping Xie*,†,⊥

Downloaded via GEORGIA INST OF TECHNOLOGY on September 14, 2022 at 19:10:25 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

†

Department of Chemical and Biomolecular Engineering, National University of Singapore, 4 Engineering Drive 4, 117585
Singapore
‡
College of Materials Science and Engineering, Qingdao University of Science and Technology, Qingdao 266042, P. R. China
§
Department of Chemistry, University of California, Riverside, California 92521, United States
⊥
Joint School of National University of Singapore and Tianjin University, International Campus of Tianjin University, Binhai New
City, Fuzhou 350207, P. R. China
S Supporting Information
*

ABSTRACT: Alloying metal materials with heterometal atoms
is an eﬃcient way to diversify the function of materials, but indepth understanding of the dynamic heterometallic diﬀusion
inside the alloying materials is rather limited, especially at the
atomic level. Here, we report the real-time monitoring of the
dynamic diﬀusion process of a single gold (Au) atom into an
atomically precise silver nanocluster (Ag NC), Ag25(MHA)18
(MHA = 6-mercaptohexanoic acid), by using in situ UV−vis
absorption spectroscopy in combination with mass and tandem
mass spectrometry. We found that the Au heteroatom ﬁrst
replaces the Ag atom at the surface Ag2(MHA)3 motifs of
Ag25(MHA)18. After that, the Au atom diﬀuses into the surface layer of the icosahedral Ag13 kernel and ﬁnally occupies the
center of the alloy NCs to form the thermodynamically stable Au@Ag24(MHA)18 product. Density functional theory (DFT)
calculations reveal that the key thermodynamic driving force is the preference of the Au heteroatom for the central site of alloy
NCs. The real-time monitoring approach developed in this study could also be extended to other metal alloy systems to reveal
the reaction dynamics of intracluster diﬀusion of heteroatoms, as well as the formation mechanisms of metal alloy
nanomaterials.

■

INTRODUCTION
Metal alloy nanoparticles (NPs) have recently emerged as a
promising class of functional materials, ﬁnding increasing
acceptance in optical, catalytic, electrochemical, and biomedical applications.1 The correlations between size, morphology, and composition of alloy NPs and their physicochemical
properties have been well demonstrated; however, the doping
processes of heteroatoms and their positions inside the alloy
NPs are not well understood.2 Moreover, the dynamic
responses of alloy NPs, such as phase segregation and
reconstruction or redistribution of metal atoms during
chemical reactions, are presently lacking.3 These unresolved
issues are mainly due to the technical limitations in
characterizing the alloy atom distribution at the atomic level,
especially in real-time tracking of the dynamic heteroatom
movement in the alloy NPs during the reactions. Currently,
real-time probing of single heteroatom behavior in the alloy
NPs is challenging, although some powerful (and sometimes
complicated) technologies could be employed (e.g., combination of in situ transmission electron spectroscopy with in situ
extended X-ray absorption ﬁne structure spectroscopy).4 Such
technical challenges have constrained deep understanding of
© 2019 American Chemical Society

fundamental issues of the alloy systems, such as the following
questions: (i) Where are the heteroatoms inside the metal alloy
NPs? (ii) Could heteroatoms replace the parental atoms or
occupy vacant sites during the alloying process? (iii) Why
would the heteroatoms locate at a speciﬁc position? (iv) How
are the heteroatoms diﬀused dynamically inside the alloy NPs
during the alloying process?
Ultrasmall metal NPs with well-deﬁned structures, the socalled atomically precise metal nanoclusters (NCs), may
provide a good platform to address the above fundamental
issues.5 In particular, alloying metal NCs with heteroatoms is
an eﬃcient way to produce metal alloy NCs, such as Au32Ag12,
Au24Pt1, Au24Pd1, Au20Ag1, and Au19Cd2.6 In the ﬁnal product
alloy NCs, the exact positions and numbers of heteroatoms
could be obtained by electrospray ionization mass spectrometry (ESI-MS) and crystallization technologies. Knowledge of
the heteroatom doping mechanism is typically based on single
crystal X-ray diﬀraction (XRD) analysis and density functional
theory (DFT) simulation.7 However, in-depth understanding
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spectrum of the alloy NCs shows three peaks at 332, 465, and
600 nm (Figure 1c), which are in accordance with the results
reported for the AuAg24(SR)18 NC.11 Compared to the scant
peak at 334 nm for the hydrophobic AuAg24(SPhMe2)18 NCs
(SPhMe 2 denotes 2,4-dimethylbenzenethiol), 1 1 our
AuAg24(MHA)18 retains the sharp peak at 332 nm from Ag25
NCs after alloying. The slight diﬀerence may be due to the
diﬀerent protection ligand and solvent environment, which
maintain rather than forbid the optical transitions of NCs. In
addition, ESI-MS data verify the high quality of
AuAg24(MHA)18 in the alloy NC solution (Figure 1d).
Polyacrylamide gel electrophoresis (PAGE) analysis also
shows a single band for both parent and alloy NCs (Figure
1e), providing supportive evidence for the high purity of
Ag25(MHA)18 and AuAg24(MHA)18 in both samples.
We would like to further understand where and how the Au
heteroatom locates in the AuAg24 alloy NCs (i.e., the alloying
mechanism). It has been demonstrated that the heteroatom
sitting in the core of alloy (AuAg)25 NCs would greatly
inﬂuence the HOMO−LUMO gap, resulting in distinct shifts
of its optical features.6b,k,m,11 The Ag25(SR)18 NC contains an
icosahedral Ag13 core protected by six pairs of Ag2(SR)3 motifs,
and its HOMO−LUMO transition is mainly contributed by
the atomic orbitals of the icosahedral Ag13 core, which also
corresponds to the absorption peak at 660 nm.10a Consequently, the central heteroatom doping inside the Ag13 core
would cause a certain electronic perturbation, leading to a
signiﬁcant blue shift in its absorption features.6b,11 The
synthesized AuAg24(MHA)18 exhibits the same blue-shifted
absorption feature (at 600 nm), so the Au heteroatom in our
AuAg24(MHA)18 should be located at the center of alloy
NCs.6b,11
To better understand the alloying mechanism of
AuAg24(MHA)18 from the parent Ag25(MHA)18, we monitored
the alloying process by in situ UV−vis absorption spectroscopy
and ESI-MS. As shown in Figure 2a, UV−vis absorption
spectra of the reaction solution indicate two stages: (i)
intensity decrease of the absorption peaks from 0 to 10 min;
(ii) blue shift of the absorption peaks from 10 min onward,
during which the peaks at 480 and 660 nm gradually shift to
465 and 600 nm. We can also observe this transition directly
from the color change of the reaction solution (insets of Figure
2a), where the solution color changed from yellowish-brown to
yellowish-green and ﬁnally to green. Hence, this alloying
process possibly involves two steps: diminishing of
Ag25(MHA)18 (0−10 min) and formation of AuAg24(MHA)18
(from 10 min onward).
However, the real-time ESI-MS data provide diﬀerent
information on the alloying process compared to the above
UV−vis absorption data. As shown in Figure 2b,
AuAg24(MHA)18 was formed as early as 2 min. The
[Ag25(MHA)17 − 4H]6− and [AuAg24(MHA)17 − 4H]6−
peaks (marked with orange and green arrows; see Figure S1
for detailed analysis) might be the reaction intermediates,
which will be discussed later. After 2 min, the intensities of the
Ag25(MHA)18 peak sets quickly decreased, while those of the
AuAg24(MHA)18 peak sets increased (the relative abundance is
presented in Figure 2c). Finally, Ag25(MHA)18 was completely
converted to AuAg24(MHA)18 from 20 min onward.
Notably, the in situ ESI-MS data suggest that
AuAg24(MHA)18 is abundant at a very early reaction stage
(e.g., ∼60% at 5 min); however, the UV−vis absorption
spectrum of the reaction solution at 10 min still shows the

of the dynamic heteroatom diﬀusion during the alloying
process is still lacking.
Here, we report the real-time monitoring of the dynamic
heteroatom diﬀusion into metal NCs by in situ UV−vis
absorption spectroscopy, ESI-MS, and tandem MS (MS/MS)
techniques. The key of our study is to establish a water-soluble
NC alloying system, by which single Au heteroatoms could be
successfully doped inside the Ag25 NC template to produce
AuAg24 NC. Moreover, this alloying process is a stoichiometric
reaction, and the hydrophilic metal NCs could be directly
ionized, which makes real-time monitoring of the alloying
process of AuAg NCs by ESI-MS possible.8 In addition, realtime MS/MS is applied to monitor the structural evolution of
AuAg NCs during the alloying process, allowing us to observe
the dynamic intracluster heteroatom diﬀusion during the
alloying process for the ﬁrst time.

■

RESULTS AND DISCUSSION
We used a water-soluble Ag NC, Ag25(MHA)18 (MHA denotes
6-mercaptohexanoic acid), as the model parent NC for the
alloying study.9 The solution of synthesized Ag NCs is
yellowish-brown (inset of Figure 1a), and its UV−vis

Figure 1. UV−vis absorption spectra of (a) Ag25(MHA)18 and (c)
AuAg24(MHA)18. Insets are photographs of the NC solutions. ESI
mass spectra of (b) [Ag25(MHA)18]− and (d) [AuAg24(MHA)18]−.
The upper panels are broad ESI mass spectra, and the charges of the
ionized NC species are labeled upon each set of peaks. The middle
panels are magniﬁed ESI mass spectra of [Ag25(MHA)18 + xNa − (x
+ 5)H]6− and [AuAg24(MHA)18 + xNa − (x + 5)H]6−. The ﬁrst peak
(marked as 0) represents [Ag 25 (MHA) 18 − 5H] 6− and
[AuAg24(MHA)18 − 5H]6−, respectively, in (b) and (d); the rest of
the peaks are from the successive coordination of [+Na − H] of peak
0. The bottom panels are experimental (black curves) and theoretical
(red curves) isotope patterns of [Ag25(MHA)18 − 5H]6− and
[AuAg24(MHA)18 − 5H]6. (e) Photograph of the PAGE results of
Ag25(MHA)18 and AuAg24(MHA)18NCs, showing only one distinct
band for each sample.

absorption spectrum displays three distinct peaks at 335,
485, and 660 nm (Figure 1a), which are the absorption
characteristics of Ag25(SR)18.9,10 In addition, the ESI-MS data
further conﬁrm the high purity of the synthesized
Ag25(MHA)18 (Figure 1b). Afterward, the alloying process is
achieved by mixing Ag25(MHA)18 with Au(I)−MHA complexes with the Ag25-to-Au(I) molar ratio of 1:1 (please refer to
the Supporting Information for detailed procedures). After the
alloying reaction, the color of the NC solution changed to
green (inset of Figure 1c), and the UV−vis absorption
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Figure 2. Time-course (a) UV−vis absorption and (b) ESI mass spectra of formation of AuAg24(MHA)18 from Ag25(MHA)18. Insets are
photographs of the reaction solution at diﬀerent time points. The dashed red line marks the peak of [Ag25(MHA)18 − 5H]6−, and the dashed blue
line marks the peak of [AuAg24(MHA)18 − 5H]6−. The orange arrow marks the peak of [Ag25(MHA)17 − 4H]6−, and the green arrow marks the
peak of [AuAg24(MHA)17 − 4H]6−. (c) Time-dependent abundance of Ag25(MHA)18 and AuAg24(MHA)18.

Figure 3. (a) Tandem mass spectra of [Ag25(MHA)18 − 5H]6− (centered at m/z = 890) obtained at collision energies of 2 and 6 eV. (b) Timecourse tandem mass spectra of [AuAg24(MHA)18 − 5H]6− (centered at m/z = 905) obtained at collision energies of 2 and 6 eV. (c) Timedependent abundance of each fragment. The number in front of each molecular formula corresponds to the labeled number of each fragment in (a)
and (b).

monitor the fragmentation patterns of AuAg24(MHA)18 in real
time. MS/MS is a powerful tool to deduce molecular structure
through fragmentation patterns and could also provide useful
information regarding the structures of molecular-like metal
NCs.6f,12 In general, the pristine ions with the desired m/z are
selected in the ﬁrst MS analysis (MS-1) and then subjected to
a successive MS examination (MS-2), where the fragmentation
spectra of the pristine ions could be recorded under varied
collision energies. In addition, our water-soluble NCs could be
easily (and directly) ionized, which makes possible the direct
MS/MS measurement without additional post-treatment.
Therefore, we could acquire the real-time structural
information on NCs during the alloying process by tracking
the position of the Au heteroatom.
First, pure Ag25(MHA)18 is used as a reference (see details in
the Supporting Information). As shown in Figure 3a, ﬁve
fragments could be observed at a low collision energy (2 eV),
and their molecular formulas are shown in Figure 3c (detailed
analysis in Figures S4−S8). The three major fragments are as
follows: (1) [Ag(MHA) − H]−, (2) [Ag(MHA)2]−, and (3)
[Ag2(MHA)2 − H]−, which could be generated from the
surface Ag2(MHA)3 motifs. At a higher collision energy of 6
eV, the intensities of fragments (4) [Ag3(MHA)2 − 2H]− and

characteristic absorption of Ag25(MHA)18 without a blue shift.
As mentioned above, only the center-doped Au@
Ag24(MHA)18 exhibits a signiﬁcant blue-shifted optical
absorption feature; therefore, we could deduce that the Au
heteroatom is not at the central position in the early reaction
stage and is instead sitting at the surface motif of alloy NCs, as
the surface motif would not contribute signiﬁcantly to the
HOMO−LUMO transition.6b,11 Afterward, the Au heteroatom
may gradually diﬀuse into the central position due to the
structural symmetry and thermodynamic stability requirements, as proven by UV−vis absorption spectra transition
during the second stage (the blue-shift process) after 10 min. It
is worth noting that UV−vis absorption spectra of the samples
during the conversion are all crossed at one point during this
blue-shift transition process, which indicates that the reaction
is a single molecular reaction, further supporting that the
diﬀusion of the Au heteroatom is an intracluster reaction rather
than an intercluster reaction. In addition, similar to some
organic reactions, this Au heteroatom alloying reaction also
follows a stoichiometric reaction process (Figures S2 and S3).
To verify our assumption that the Au heteroatom has
dynamically diﬀused from the surface Ag2(MHA)3 motif into
the center of the icosahedral Ag13 core, we used MS/MS to
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(5) [Ag3(MHA)3 − H]− greatly increase. According to the
crystal structure of Ag25, the third Ag atom in fragments (4)
and (5) could be from the icosahedral Ag13 kernel, since one
surface motif only contains two Ag atoms. Therefore, we could
use the low and high collision energy modes to obtain the
information on surface motif exfoliation and inner icosahedral
kernel exfoliation, respectively.
Two such collision energy modes (2 and 6 eV) are thus
applied to AuAg24(MHA)18 to monitor the fragmentation
behavior at diﬀerent times (Figure 3b,c). At 2 and 5 min, one
more fragment, (6) [AuAg(MHA)2 − H]− (similar to
[Ag2(MHA)2 − H]−, Figure S9), is observed at both low
and high collision energies, indicating the location of Au
heteroatom at the surface motifs. Fragment (7) [Au(MHA)2 −
H]− (Figure S10) is not observed at low collision energy but
appears at the high collision energy and might be derived from
the second fragmentation of [AuAg(MHA)2 − H]− after
higher energy collision. Moreover, we analyzed the intermediate [AuAg24(MHA)17 − 4H]6− at 2 min (Figure S11), and
fragment (7) also appears, further indicating that the Au
heteroatom is located at the surface motifs. Taken together, the
Au heteroatom is conﬁrmed to locate at the surface motifs of
alloy NCs in the early alloying stage.
In stark contrast, the Au-containing fragments could not be
observed at the low collision energy after 10 min, suggesting
that the Au heteroatom is no longer at the surface motifs of the
alloy NCs. However, when we applied the high collision
energy, a new fragment (8) [AuAg2(MHA)2 − 2H]− (similar
to [Ag3(MHA)2 − 2H]−, Figure S12) emerges, indicating that
the Au heteroatom has diﬀused into the icosahedral kernel.
This Au atom could only be from the icosahedral kernel, rather
than the surface motifs of alloy NCs; otherwise, the Aucontaining fragments could be observed at the low collision
energy. Furthermore, a very weak fragment (6) also appears at
the high collision energy instead of the low energy collision,
which may be derived from the second fragmentation of
[AuAg2(MHA)2 − 2H]−.
From 20 min onward, no more Au-containing fragments
could be observed at either low or high collision energies. The
fragmentation patterns are the same as those of Ag25(MHA)18,
indicating that the Au heteroatom has diﬀused into the central
core of alloy NCs. This is also evidenced by the real-time UV−
vis absorption spectra (Figure 2a), where the reaction solution
only exhibits characteristic absorption of the center-doped
AuAg24 NC from 20 min onward. In addition, we used X-ray
photoelectron spectroscopy (XPS) to measure the timedependent oxidation states of the Au of AuAg24(MHA)18
(Figure S13). The Au is primarily AuI (Au 4f7/2 ∼85 eV)
during the early reaction stage, then becomes a mixture of AuI
and Au0 (Au 4f7/2 ∼84.5 eV), and ﬁnally changes to Au0 (Au
4f7/2 ∼84 eV). These data correspond well with the oxidation
states of Au at the surface motifs (AuI), as well as at the surface
layer of the icosahedral kernel and in the central core (Au0) of
alloy NCs, further verifying the Au heteroatom diﬀusion from
the surface to the core of AuAg24(MHA)18.
Tandem MS is an eﬃcient technology to exfoliate metal
NCs from the surface motifs to the inner core by varying the
collision energies,6f,12c thus providing useful fragmentation
information to probe the structural evolution of metal NCs. To
further prove the capability of tandem MS in this respect, we
chose Au2Ag23(MHA)18 as a reference for tandem MS analysis
under two collision energies (2 and 6 eV). As shown in Figure
S14, fragments (6) [AuAg(MHA)2 − H]− and (7) [Au-

(MHA)2 − H]− were detected throughout the entire reaction
from the beginning, which suggests that a Au atom is always
located at the surface motifs of alloy NCs without diﬀusing
inside. Interestingly, fragment (8) [AuAg2(MHA)2 − 2H]−
only appeared from 10 to 20 min under high collision energy
(similar to the fragmentation behavior of AuAg24(MHA)18),
which indicates the internalization movement of the
heteroatom Au during the alloying process. For the Au atom
distribution in Au2Ag23(MHA)18, one Au atom would be on
the surface motif, while the other Au atom would move into
the central position. This result matches well with the UV−vis
absorption features of Au2Ag23(MHA)18 (Figure S3), suggesting that the second Au atom is at the surface motif of the alloy
NCs instead of inside the icosahedral Ag13 core. The successful
analysis of the second heteroatom Au position in
Au2Ag23(MHA)18 further proves that real-time tandem MS is
a powerful tool for probing the structural evolution of metal
alloy NCs.
It is interesting to note that when we used diﬀerent ligandproduced Au(I)−SR complexes to react with Ag25(MHA)18,
the ﬁnal products were all AuAg24(MHA)18 without any ligand
hybridization (Figure S15). This might be explained by the
symmetric consideration, as only the most thermodynamically
favorable NCs with the highest symmetry (e.g., the 18 ligands
are all the same) could be formed. Furthermore, we used ESIMS to monitor the alloying process of Ag25(MHA)18 with
Au(I)−GSH (GSH denotes L-glutathione reduced; Figure
S16) and found that GSH never doped inside the alloy NCs
(Figure S16b). Interestingly, when we magniﬁed the low m/z
regions of ESI-MS spectra, the [Ag(SG) − H]− species was
observed from the very beginning of the reaction (Figure
S16c), which implies that the GSH combined with the
replaced Ag atom dissociated from the surface motifs of Ag
NCs and subsequently departed from the ﬁnal alloy NCs.
However, if Pt, Pd, Cu, Hg, or Cd were used as a heteroatom
source, no alloy NCs could be formed (Figure S17). This is
diﬀerent from the Au NCs-based alloying system and the
hydrophobic NCs system, and future experimental and
theoretical studies are needed to clarify this diﬀerence.
From the above experimental evidence, we proposed the
intracluster Au heteroatom diﬀusion mechanism in the alloying
process of AuAg NCs, as illustrated in Figure 4. First, the Au

Figure 4. Proposed intracluster Au heteroatom diﬀusion mechanism.
Color scheme: Ag atoms on the surface staple motifs (gray); Ag atoms
on the surface layer of the icosahedral kernel (green); central Ag atom
of the icosahedral core (blue); gold atom (yellow); sulfur atoms of the
MHA ligand on the surface staple motifs (pink).

heteroatom exchanges with one Ag atom on the surface
Ag 2 (MHA) 3 motif of Ag 2 5 to form Ag@A g 1 2 @
AuAg11(MHA)18 (step I). As the as-formed Ag@Ag12@
AuAg11(MHA)18 is not the thermodynamically favorable
product, the Au heteroatom would further diﬀuse from the
surface motif to the surface layer of the icosahedral Ag13 kernel
to generate Ag@AuAg11@Ag12(MHA)18 (step II). In this step,
a galvanic reaction is presumed to occur, and the Au(I) could
be reduced to Au(0). Finally, the Au heteroatom would diﬀuse
18980
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This driving force of Au heteroatom diﬀusion into the center
of the Ag25 may originate from the structural diﬀerence
between Ag25 and AuAg24. According to the reported crystal
structure, all 12 Ag atoms on the surface motif of AuAg24
occupy the centers of 12 triangular faces of the icosahedral
AuAg12 kernel, while 3 Ag atoms on the surface motif of Ag25
stay away from the triangular faces.10a,11 As a result, the
distortion of motifs of Ag25 is relieved after Au doping into the
central core of AuAg24, and the bond lengths of Agicosahedron−S
and Agmotif−S in AuAg24 are found to be slightly shorter than
those in Ag25.11 This is also supported by the improved
stability of AuAg24 as opposed to Ag25 (Figure S19). All of
these data suggest that the AuAg24 NCs would be the most
thermodynamically stable product if the Au heteroatom locates
at the central core of the NCs; therefore, the incorporated Au
atom would diﬀuse from the surface motif to the center of NCs
to reach the most stable state.

into the center of alloy NCs to form Au@Ag12@Ag12(MHA)18,
with the best structural symmetry and the highest thermodynamic stability (step III). This experimental observation diﬀers
from the previous speculation that Au(I) could directly
approach the center of Ag25 NC and exchange the central Ag
atom via galvanic reaction (e.g., AuI is reduced to Au0 by the
central Ag0 atom).11
To corroborate the proposed mechanism in Figure 4, we
have employed DFT to compute the thermodynamic driving
force of the displacement of Ag atom by Au atom, as well as
the diﬀusion of the Au atom into the cluster center. As shown
in Table 1, the overall reaction is indeed favorable (ΔE =
Table 1. Computed Reaction Energetics for the Proposed
Mechanism
step
step I
step II
step III
overall

reaction
−

−

Ag25(MHA)18 + Au(MHA)2 → Ag@Ag12@
AuAg11(MHA)18− + Ag(MHA)2−
Ag@Ag12@AuAg11(MHA)18− → Ag@AuAg11@
Ag12(MHA)18−
Ag@AuAg11@Ag12(MHA)18− → Au@Ag12@
Ag12(MHA)18−
Ag25(MHA)18− + Au(MHA)2− → Au@Ag12@
Ag12(MHA)18− + Ag(MHA)2−

ΔE(eV)

■

0.06

CONCLUSION
In summary, we have reported the real-time monitoring of the
dynamic intracluster Au heteroatom diﬀusion by using in situ
UV−vis absorption spectrometry, as well as ESI mass and
tandem mass spectrometry, leveraging the easy and direct
ionization of water-soluble NCs in the reaction solution. The
Au heteroatom ﬁrst exchanges with the Ag atom on the surface
Ag 2 (MHA) 3 motif of Ag 2 5 to form Ag@A g 1 2 @
AuAg11(MHA)18, then diﬀuses to the surface layer of the
icosahedral Ag13 kernel through galvanic reaction to generate
Ag@AuAg11@Ag12(MHA)18, and ﬁnally moves into the center
of alloy NCs to produce the Au@Ag12@Ag12(MHA)18. DFT
calculations of the energetics show that the key thermodynamic driving force is the preference of Au heteroatom for the
center of alloy NCs. This study reveals the dynamic
heteroatom diﬀusion process inside metal alloy NCs at the
atomic level, which would boost the development of novel
alloy materials for both fundamental and applied ﬁelds.

0.10
−0.31
−0.15

−0.15 eV). More interestingly, the computed energetics of step
I (ΔE1 = 0.06 eV), step II (ΔE2 = 0.10 eV), and step III (ΔE3
= −0.31 eV) suggest that the ﬁrst two steps are almost
thermoneutral, and the overall reaction is mainly driven by the
strong preference of the Au heteroatom for the center of alloy
NCs (step III). We further explored the detailed reaction
pathway through energy proﬁling (Figure S18) and found that
the presence of an adsorbed Ag(SR)2 could signiﬁcantly lower
the barriers of a concerted mechanism. First, Au(SR)2 can
adsorb onto Ag25(SR)18 with an adsorption energy of −0.41 eV
to form a planar AuS4 species (Figure S18, B). A facile
rearrangement of the two SR groups can then lower the energy
to −0.56 eV (Figure S18, C). The Au can subsequently insert
into the staple dimer (Figure S18, D) and displace a Ag in a
concerted mechanism, with a barrier of 0.81 eV. This matches
well with the simultaneous appearance of two reaction
intermediates, Ag25(MHA)17 and AuAg24(MHA)17, during
the early reaction stage (Figure 2b).13 After that, while the
Ag(SR)2 species is still adsorbed onto the AuAg24(SR)18, the
Au can exchange through the shell in another concerted threeatom triangular-rotation mechanism involving the Au, the Ag
from Ag(SR)2, and a Ag atom from the icosahedral shell
(Figure S18, F; see also the uploaded movie ﬁle of Supporting
Information). This mechanism has a barrier of 1.04 eV, which
is signiﬁcantly lowered by the presence of the adsorbed
Ag(SR)2. Without the Ag(SR)2, the barriers are found to be
over 2 eV. Finally, the Au can exchange with the central core
Ag in a thermodynamically favored process, as discussed before
(Figure S18, H). During the DFT simulation, we applied
relative energies to the NCs with the same size and very close
compositions instead of the DFT-GGA-calculated energy,
which is more reliable, and the uncertainty is on the order of
0.1 eV due to the error cancellation. It is reasonable to assume
that the NCs will have very similar solvation energies that
would be canceled out. Therefore, the relative energies that we
obtained, though small (0.1−0.3 eV in magnitude), do show
relative stability consistent with the experimental observations.

■

EXPERIMENTAL SECTION

Materials. Ultrapure water (18.2 MΩ) was used throughout the
study. All glassware and magnetic stir bars were washed with aqua
regia, rinsed with abundant ethanol and ultrapure water, and dried in
an oven before use. All chemicals are commercially available; they
were used as received: gold(III) chloride trihydrate (HAuCl4·3H2O),
2-mercaptoethanol (MetH), 3-mercaptopropionic acid (MPA), 4mercaptobutyric acid (MBA), 6-mercaptohexanoic acid (MHA),
sodium borohydride (NaBH4), and L-glutathione reduced (GSH)
were purchased from Sigma-Aldrich; silver nitrate (AgNO3) and
sodium hydroxide (NaOH) were purchased from Merck.
Instruments. UV−vis absorption spectra of metal nanoclusters
(NCs) were recorded on a Shimadzu UV-1800 photospectrometer.
Electrospray ionization mass spectra (ESI-MS) and tandem MS were
acquired on a Bruker microTOF-Q system. Inductively coupled
plasma optical emission spectrometry (ICP-OES) was used to
determine the concentration of metal atoms in solution, which was
measured through iCAP 6000 Series (Thermo Scientiﬁc). Native
polyacrylamide gel electrophoresis (PAGE) was conducted on a BioRad Mini-Protean Tetra Cell system. The stacking and resolving gels
contained 4 and 20 wt % acrylamide monomers, respectively. The
electrophoresis was allowed to run at 4 °C with a constant voltage of
150 V for 80 min. X-ray photoelectron spectroscopy (XPS) was
conducted on a Kratos AXIS UltraDLD spectrometer, and samples of
the reaction solution were quickly frozen at −80 °C at diﬀerent time
points to measure the corresponding oxidation states of the Au
element.
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Synthesis of Ag25(MHA)18 NCs. The synthesis of Ag25 NCs was
conducted at 50 °C. Freshly prepared aqueous solutions of AgNO3
(20 mM, 0.125 mL) and MHA (10 mM, 0.75 mL) were mixed in
water (4.025 mL), leading to the formation of white Ag(I)−MHA
complexes. Afterward, 0.1 mL of a freshly prepared NaBH4 solution
(produced by dissolving 43 mg of NaBH4 powder into 10 mL of 0.2
M NaOH solution) was added to the solution under stirring
condition. The Ag25(MHA)18 NCs were collected after 30 min. After
that, the synthesized Ag25(MHA)18 NCs were puriﬁed by running the
samples through PD-10 desalting columns (GE Healthcare UK Ltd.)
containing 8.3 mL of SephadexTM G-25 medium with a molecular
weight exclusion limit of 5000 Da, and with an elution buﬀer of 10
mM NaOH solution. Finally, the concentration of Ag species in Ag25
NC solution was analyzed by ICP-OES.
Synthesis of AuAg24(MHA)18 NCs. The Au(I)−MHA complexes
were prepared as follows: an aqueous solution of HAuCl4 (40 mM,
0.1 mL) was mixed with a freshly prepared MHA solution (10 mM,
0.8 mL), and then a 0.1 M NaOH solution was added to adjust the
pH to 11. Other ligand-protected Au(I) complexes were prepared by
using the same strategy, except for the replacement of ligand
solutions. In a typical synthesis of AuAg24(MHA)18 NCs, the Au(I)−
MHA complexes were added into the puriﬁed Ag25 NC solution
under stirring condition with a molar ratio of Au atoms to Ag atoms
of 1:25 (i.e., the molar ratio of the Au atoms in Au(I)−MHA
complexes to Ag25 NCs is 1:1). Afterward, the solution was quickly
shaken on a vortex device to ensure suﬃcient mixing, and the reaction
solution was used for in situ measurement. The ﬁnal AuAg24 NC
product was collected after 30 min.
Real-Time Monitoring of the Transition from Ag25(MHA)18
to AuAg24(MHA)18 by ESI-MS/MS. For Ag25(MHA)18NCs, the
[Ag25(MHA)18 − 5H]6− species (at m/z = 890 in the ESI mass
spectra) was selected as the model ion, and the low collision energy (2
eV) and high collision energy (6 eV) of ESI-MS/MS were separately
applied to this selected species to obtain the fragmentation patterns.
For AuAg24(MHA)18NCs, the [AuAg24(MHA)18 − 5H]6− species (at
m/z = 905 in the ESI mass spectra) was chosen as the model ion, and
the low collision energy (2 eV) and high collision energy (6 eV) of
ESI-MS/MS were separately applied to this selected species to obtain
the fragmentation patterns. The ESI-MS/MS data were collected in
real time for further analysis.
Computational Method. The density functional theory (DFT)
calculations were performed using the TPSS form14 of the meta-GGA
(generalized gradient approximation)15 functional for the electron
exchange and correlation, as implemented the quantum chemistry
program Turbomole V6.5.16 Def2-SV(P) basis sets were used for the
main group elements,17 and eﬀective core potentials with 19 valence
electrons were used for Au, including scalar relativistic corrections.18
The kinetic pathway studies were performed using the Vienna ab
initio Simulation Package (VASP).19 The Perdew−Burke−Ernzerhof
(PBE)15 functional form of the generalized-gradient approximation
(GGA) for electron exchange and correlation energies were used in
the calculations. All calculations were performed with spin polarization. The projector-augmented wave method (PAW) was used to
describe the electron−core interaction,19a,20 with a kinetic energy
cutoﬀ of 450 eV for the surface calculations. The transition states
(TS) were obtained using the nudged elastic band (NEB)21 method
with a force convergence criterion of 0.05 eV/Å.
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