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ABSTRACT: Controlling the dopant type, number, and
position in doped metal nanoclusters (nanoparticles) is
crucial but challenging. In the work described herein, we
successfully achieved the mono-cadmium doping of Au25
nanoclusters, and revealed using X-ray crystallography in
combination with theoretical calculations that one of the
inner-shell gold atoms of Au25 was replaced by a Cd atom.
The doping mode is distinctly different from that of mono-
mercury doping, where one of the outer-shell Au atoms
was replaced by a Hg atom. Au24Cd is readily transformed
to Au24Hg, while the reverse (transformation from Au24Hg
to Au24Cd) is forbidden under the investigated conditions.

Compared with bulk metal materials, metal nanoparticles
have received ever increasing interest over the past

decades.1−3 In particular, doped metal nanoparticles are
currently a focus of attention due to their intriguing properties
and promising applications.4−11 However, their structures
unraveling at the atomic level hinder some insightful
structure−property correlations. Fortunately, the ultrasmall
(<2 nm) thiolated metal nanoclusters (including their alloy
counterparts) developed recently provide opportunities to gain
such insights.12−32 Of note, being more or less molecular species,
thiolated metal nanoclusters differ from the so-called metal
nanoparticles (dimensions ranging between 2 and 100 nm) not
only in size but also in structure and properties.15−19 They are
also different from organometallic clusters (including bimet-
al33,34 or even trimetal35,36 clusters) in the featured metal
core,15−19 the absence of a metal−carbon bond,15−19 etc. Herein,
we focus on well-defined doped thiolated nanoclusters
(DTNs),22−27 which provide ideal models for studying the
structure−property correlation. After the report of Au24Pd by
Murray’s group37 and by Negishi’s group,38 a number of DTNs,
including Au24Pt,

25,26 Au25‑xAgx,
39,40 Au144‑xAgx,

41 Au38‑xAgx,
42

Au144‑xCux,
43 and Ag24Pt(Pd),

44 were successively synthesized by
reducing mixed metal thiolates (synchro-synthesis). However,
no DTNs with atomic mono-dispersity except for Au24Pd-
(Pt)25,26,37,38 and Ag24Pt(Pd)

44 have been obtained by synchro-
synthesis until now. Galvanic reduction (GR)45−54 is another
popular way to synthesize nano-bimetals, but atomically mono-
disperse DTNs have not been obtained so far by this method,

possibly due to its uncontrollable spontaneity. Overall, obtaining
atomically mono-disperse DTNs, which is crucial to understand
the effects of doping, is still challenging. Fortunately, our recent
finding (anti-galvanic reduction, AGR)55−57 provides a novel
strategy for the synthesis of DTNs that are otherwise difficult to
obtain, and very recently, the silver DTN Au25Ag2(PET)18

56 and
the mono-mercury DTN Au24Hg(PET)18

57 (where PET =
SC2H4Ph) were synthesized using this unexpected method. It is
interesting to compare the two doping modes. For
Au25Ag2(PET)18, the two Ag atoms deposit on the surface of
Au25(PET)18 without Au being replaced by Ag, while for the
latter, one Au atom in the outer shell of Au25(PET)18 is replaced
by a Hg atom (see Figure S1). Intriguing questions naturally
arise: Can this unique doping method be extended to active
metals (those metals lying ahead of H in the galvanic series), and,
if so, where do the active metal dopants go?
To unravel these questions, the most extensively studied

nanocluster[Au25(PET)18]
− ([Au25]

− for short; counterion,
N(C8H17)4

+)16,17,58was chosen as thematrix, and the common
divalent Zn2+, Co2+, Ni2+, and Cd2+ were chosen as active metal
ions, respectively. In a typical AGR reaction, [Au25]

− (Figure S2)
was first dissolved in acetonitrile, after which a freshly prepared
acetonitrile solution of Cd(NO3)2, Co(NO3)2, Ni(NO3)2, or
Zn(NO3)2 was added. The reaction was carried out at 60 °C in a
water bath for 0.5 h (details are provided in the Supporting
Information). The UV/vis/NIR absorption spectra of the crude
products obtained from the four reactions clearly show some
notable discrepancies (Figure S3). In the case of the reaction
between [Au25]

− and Zn2+, there are three absorption peaks for
the product centered at 385, 470, and 658 nm, which are in good
agreement with those of cationic Au25(PET)18 ([Au25]

+ for
short),59−61 see Figure S3a. In the cases of Co2+ and Ni2+, the
UV/vis/NIR absorption spectra of the products are almost
superimposable (Figure S3b,c), indicating that their products
may be identical. By comparison with that of [Au25]

−,17,59 the
∼400 nm peak of the product becomes more prominent while
the∼450 nm peak becomes less distinct concurrently. The∼680
nm peak slightly redshifts to ∼687 nm, and the ∼800 nm
shoulder peak that is a fingerprint of the negatively charged
[Au25]

− becomes ambiguous, indicating that [Au25]
− is oxidized
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to a neutral Au25(PET)18 ([Au25]
0 for short)62,63 in both cases. In

Figure S3d, the relative intensity of the shoulder peak at 450 nm
for [Au25]

− 17,58 further decreases and redshifts to ∼470 nm,
while the peak at ∼680 nm slightly blueshifts to∼677 nm, which
implies that [Au25]

− was probably transformed to some novel
nanoparticles. Herein we give a short discussion to the
absorption change of [Au25]

−. Due to quantum confinement of
electrons in the Au nanoclusters, they exhibit discrete electronic
structure (e.g., HOMO−LUMO gap) and molecule-like optical
properties.17 Their electronic structure is susceptible, resulting in
fingerprint absorption which is highly sensitive to composition
(structure),25,37,38 charge state,17,61,63 etc. Thus, it is not difficult
to figure out that [Au25]

− shows different UV/vis/NIR spectra
depending on the salts due to their various oxidability or doping
ability, which also somehow provides references for choosing
suitable metal salts for the doping. It is worth noting that, at this
point, it is very difficult to predict the reaction between [Au25]

−

and some metal salts due to the complexity of such reactions.
Matrix-assisted laser desorption/ionization time-of-flight mass

spectrometry (MALDI-TOF-MS) was employed to further
analyze the products. As shown in Figure 1, a distinct mass

peak at m/z ≈ 7394 is observed in all cases, which indicates that
the Au25 ([Au25]

q, q = −1, 0, +1) structure exists in all cases (but
may bear different charge states). Taking their absorption spectra
into consideration and making a careful comparison with the
absorption of differently charged Au25 shown in Figure S4, one
can conclude that [Au25]

− is oxidized to [Au25]
0 by Ni(NO3)2

and Co(NO3)2 and to [Au25]
+ by Zn(NO3)2. For the case of

reaction between [Au25]
− and Cd(NO3)2, some new species is

detected in themass spectrum of the product: Besides the peak of
Au25, a dominant peak at m/z ≈ 7309 is also observed in Figure
1d, and the ∼85 (m/z) deviation from the Au25 peak implies that
it may correspond to Au24Cd(PET)18; i.e., one Au atom in
Au25(PET)18 is replaced by a Cd atom (MAu − MCd = 84.6 Da).
The excellent agreement between the experimental and
calculated isotopic patterns of Au24Cd(PET)18 further confirms
the assignment (see Figure 2). Thus, two clusters (major
Au24Cd(PET)18 and minor Au25(PET)18) were produced from
the reaction of [Au25]

− with Cd(NO3)2, deduced from the mass
spectrum.
How to purify Au24Cd(PET)18 remains a challenge. Inspired

by Jin’s work, where Au24Pt(PET)18 was successfully isolated
from the mixture of Au24Pt(PET)18 and Au25(PET)18 by the
addition of H2O2,

25 we are fortunate to obtain pure Au24Cd-
(PET)18 with 56% yield (based on Au atom in the starting
[Au25]

−) by using an etching method. The reason is that

Au24Cd(PET)18 is more stable than Au25(PET)18 and can endure
the etching, while the less stable Au25(PET)18 decomposes after
exposure to excess phenylethanethiol. The purity of Au24Cd-
(PET)18 is evidenced by the combination of MALDI-TOF-MS
(Figure 2) and UV/vis/NIR (Figure S5), and further supported
by thermogravimetric analysis (TGA): A weight loss of 33.5 wt%
for the as-obtained Au24Cd(PET)18 is in good agreement with
the theoretical value (33.8 wt%; Figure S6). By carefully
comparing the absorption spectra of purified and unpurified
Au24Cd(PET)18 (Figure S5), one can conclude that the enclosed
Au25(PET)18 in the crude product of the reaction between
[Au25]

− and Cd2+ is neutral. The dissolubility of the crude
product in acetonitrile gives further support for the neutrality of
the enclosed Au25 species, or else the negatively or positively
charged Au25 will be dissolvable in CH3CN.

13,16,17,59 Thus, the
reaction of [Au25]

− with Cd(NO3)2 results in Au24Cd(PET)18
and [Au25]

0. It is interesting that of the four investigated active
metals, only Cd can be incorporated into Au25, most likely
because Cd and Au atoms have similar sizes and electronic
structures (like is compatible with like, i.e., “birds of a feather
flock together”), which is also supported by our previous doping
of Hg to [Au25]

−.57 To get details about such replacement by Cd
orHg, it is interesting but very difficult to probe in situ. A possible
process is proposed for that: First, Hg2+ or Cd2+ is reduced by
reductive [Au25]

− (AGR), and then exchanges with a single Au
atom in Au25, resulting in the formation of Au24Cd(Hg) and Au

+

(which was indicated by mass spectrometry, see Figure S7).
Owing to the limited reducibility of [Au25]

−, it cannot reduce
more than one Hg2+ or Cd2+; thereby, only one Hg or Cd atom is
doped to [Au25]

−. The whole reaction can be represented by the
following equation: [Au25]

− + Hg(Cd)2+ → Au24Hg(Cd) + Au+

(the counterions are omitted for clarity).
The structure of Au24Cd(PET)18, as revealed by single-crystal

X-ray crystallography (at 123 or 258 K), remains a framework of
Au25(PET)18 with one inner-shell Au atom replaced by a Cd
atom (see Figure 3 and supporting CIF files), which was also
supported by computations: The experimental UV/vis/NIR
spectrum was well reproduced by time-dependent density
functional theory (TDDFT) calculations;40 see Figure S8. It is
known that, for [Au25]

−, the lowest energy band at ∼680 nm
corresponds to an intraband (sp←sp) transition, and the
featured band at ∼450 nm arise from mixed intraband (sp←
sp) and interband (sp←d) transitions, while the band centered at
∼400 nm arises principally from an interband transition (sp←
d).17 The doping of Cd greatly tunes the electronic structure of
[Au25]

− (Figures S9 and S10, and Tables S1 and S2). Different
from the cases of [Au25]

−, the ∼658 nm absorption of
Au24Cd(PET)18 can be assigned to the mixed intraband (sp←
sp) and interband (sp←d) transitions (primary transitions

Figure 1.MALDI-TOF-MS of the products obtained from the reaction
between [Au25]

− and Zn2+ (a), Co2+ (b), Ni2+ (c), or Cd2+ (d).

Figure 2. MALDI-TOF-MS spectrum of pure Au24Cd(PET)18.
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include HOMO → LUMO+4, HOMO−1 → LUMO+3,
HOMO−4 → LUMO+1, HOMO−8 → LUMO), and the
peaks at∼553 and∼474 nm also arise from both intraband (sp←
sp) and interband (sp←d) transitions (for their respective
primary transitions, see Figure S9). Compared with the cases of
[Au25]

−, the energy level spacings of Au24Cd are more uniform,
and the LUMOs of Au24Cd are additionally contributed by the d
atomic orbital of Au. Thus, the prominent change in the
electronic structure of [Au25]

− upon Cd doping results in the
obvious shift of the featured absorption peaks of [Au25]

−.
The Cd doping mode in this work is consistent with some

previous predictions,31 but differs from the recently reported Hg
doping, where one of the outer-shell Au atoms of Au25 was
replaced by a Hg atom.57 The UV/vis/NIR spectra indicate an
obvious difference between the two dopings: for Au24Cd, the
maximum absorption in the long-wavelength range lies at ∼658
nm, while for Au24Hg, it moves to∼700 nm; see Figure S11. The
fragmentation modes in MALDI-MS also exhibit a distinct
difference between the two DTNs: the Cd is included in the
closed fragments of the molecular ions (see Figure 2), while Hg is
not (see Figure S12), which may explain why the heteroatoms
occupy different sites for these two DTNs. Note that the Cd
doping is also different from the previous Pt or Pd doping, where
the central Au of Au25 is replaced by the invasive foreign
atom.25,37,38,64 The Cd doping in this work is distinctly different
from a very recent one, too, where Cd was located at the core of
the nanocluster.27 We reproduced the single-crystal X-ray data at
different temperatures (123 K or 258 K, see Supporting
Information, CIF data), to exclude the influence of the X-ray
measurement temperature. Possible reasons are the differences
in synthesis and treatment before single-crystal X-ray data were
collected in these two works. Of note, we did find that AGR is
ion-precursor and ion-dose dependent65 and that isomerism
exists in nanoclusters66 in previous works. More interestingly, the
Au24Cd can be transformed to Au24Hg

57 immediately (in 1 min)
after the addition of 1 equiv of Hg2+; see Figures 4 and S12. By
contrast, the transformation from Au24Hg

57 to Au24Cd is not
successful under all the investigated conditions (including
various temperatures and molar ratios; see Figure 4, inset).
The fast transformation from Au24Cd to Au24Hg demonstrates
that the reaction Au24Cd + Hg2+ → Au24Hg + Cd2+ is kinetically
favorable, and computations revealed that replacement of the
inner-shell Cd by Hg is also thermodynamically favorable (∼−
3.5 kcal/mol) at 25 °C, which somewhat explains the
irreversibility of the transformation from Au24Cd(PET)18 to
Au24Hg(PET)18. Another explanation for this irreversibility is
that the replacement of Cd in Au24Cd by Hg can be regarded as a

spontaneous GR, while the replacement of Hg in Au24Hg by Cd
is an AGR process, which is inhibited by the limited reduction
ability of Au24Hg (or limited oxidation ability of Cd

2+). Of note, it
is unexpected that replacement of the Cd atom of Au24Cd with
Hg leads toHg occupying the outer-shell, and a likely mechanism
is that a thermodynamically favorable structure recombination
(isomerization66,67) leads to the migration of dopant position
from the icosahedron surface to outer-shell (surface segrega-
tion67) following the inner-shell Cd−Hg exchange. For the
detailed mechanism, the solution system is rather complex and
needs to be further investigated in the future.
In summary, we have demonstrated that [Au25]

− can react with
some active metal ions (Zn2+, Co2+, Ni2+, and Cd2+) in an ion-
dependent fashion: [Au25]

− can be oxidized to [Au25]
0 by Co2+

and Ni2+, to [Au25]
+ by Zn2+, and to [Au25]

0 and Au24Cd(PET)18
by Cd2+. Importantly, atomically mono-disperse Au24Cd(PET)18
is isolated in 56% yield, and its structure was revealed by single-
crystal X-ray diffraction, which demonstrates that one of the
inner-shell Au atoms in Au25 is replaced by a Cd atom, differing
from the outer-shell Hg doping and the central Pd (or Pt)
doping. Specifically, it is found that Hg and Cd exhibit different
doping modes and effects, although they have similar electron
structures. In addition, the Au24Cd(PET)18 can be irreversibly
transformed to Au24Hg(PET)18. Further investigations are
underway in our laboratory. These interesting results demon-
strate the versatility of AGR, have important implications for
structure (composition)−property correlations, and could
stimulate more research on the subtle tuning of the
compositions, structures, and properties of metal nanoclusters
(nanoparticles) by precise doping in the future.
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Figure 3. Structure anatomy of Au25(PET)18 and the crystal structure of
Au24Cd(PET)18.

Figure 4. UV/vis/NIR absorption spectra of Au24Cd(PET)18 before
(black) and after (red) addition of 1 equiv of Hg2+ and pure
Au24Hg(PET)18 (blue) for comparison. Inset illustrates the irreversible
transformation from Au24Cd(PET)18 to Au24Hg(PET)18.
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