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Structures and magnetism of mono-palladium and
mono-platinum doped Au25(PET)18 nanoclusters†

Shubo Tian,a Lingwen Liao,a Jinyun Yuan,b Chuanhao Yao,a Jishi Chen,a

Jinlong Yangb and Zhikun Wu*a

Herein we report three important results of widespread interest,

which are (1) the crystal structure of [Au24Pt(PET)18]0, (2) the crystal

structure of [Au24Pd(PET)18]0 and (3) the main source of magnetism

in [Au25(PET)18]0.

Doped metal nanoparticles have attracted extensive attention
for many years due to their intriguing properties and promising
applications in a wide range of fields such as catalysis and
electronics.1–11 However, the indefinite structures (compositions)
and poly-distribution of doped nanoparticles impede the in-depth
investigation of the structure–property correlation, which is of
interest after the very recent research in atomically mono-disperse
doped nanoclusters12–19 since their atomic structure could be
resolved using unambiguous single crystal X-ray crystallography
(SCXC). Early in 2009, Murray and colleagues first identified
Au24Pd(SR)18 (SR: thiolate) in a mixture with Au25(SR)18 clusters
using mass spectra,20 subsequently Negish et al. isolated highly
pure Au24Pd(SR)18 clusters using high performance liquid
chromatography21 and reported the remarkable enhancement in
ligand-exchange reactivity compared with Au25(SR)18;22 Jin and
coworkers then synthesized Au24Pt(SR)18 and showed its high
catalytic activity to styrene oxidation.23 After these initial works, a
few other atomically mono-disperse doped nanoclusters including
Au36Pd2(SR)24,24 Au25Ag2(SR)18,25 Au24Cd(SR)18,26 Au24Hg(SR)18,27

Ag24Pd(SR)18,28 Ag24Pt(SR)18,28 and Ag24Au(SR)18
29 have been

synthesized via various strategies, and even most of their struc-
tures have been resolved using SCXC. The X-ray structure of

Au24Pd(SR)18 was obtained very recently (just before the sub-
mission of this manuscript),30 while the Au24Pt(SR)18 structure
determined using SCXC has not been reported until now,
regardless of the fact that it was theoretically predicted30,31

along with some experimental clues.23,32 Another important issue
yet to be known is how Pt or Pd doping tunes the properties of the
clusters (especially the magnetism, which is complex when the
sample is not of high quality, i.e., traces of impurities are
introduced). These questions are challenging but significant
for nanocluster (even nanoparticle) research, and inspire our
research enthusiasm. Fortunately, after continuous efforts we
successfully resolved the atomic structures of both Au24Pd(SR)18

and Au24Pt(SR)18 recently, and found that doping with Pd or Pt
turns the magnetism of neutral Au25(SR)18

33–36 from para-
magnetism to diamagnetism due to the conversion of the electronic
configuration. What’s more, based on the known structures, it is
revealed that the major magnetism of neutral Au25(SR)18 nano-
clusters is distributed in its Au13 icosahedron kernel.

At the start of this project, [Au25(PET)18]� and [Au25(PET)18]0

(PET = SCH2CH2Ph) were synthesized via the reported method.37,38

Pd and Pt doped Au25(PET)18 nanoclusters were synthesized referring
to a previous method with some modifications.21,23,31 For the
detailed synthesis and some characterizations, see ESI.† It’s known
that [Au25(PET)18]� shows three featured peaks at B400, B445
and B680 nm.39 After [Au25(PET)]� is oxidized to [Au25(PET)]0, the
B400 nm shoulder becomes more protrudent while the B445 nm
peak becomes less so.37 When one Pd atom is doped into a Au25

nanocluster, the B400 and B680 nm peaks obviously shift to
B375 and B650 nm, respectively, accompanied by the feature
peaks broadening, while the doping of Pt leads to a more dramatic
change in the feature absorption of Au25(PET)18 nanoclusters and
only two prominent peaks at B375 and B600 nm are observed in
the UV/vis/NIR absorption spectrum, indicating that Pt-doping can
more greatly tune the electronic structure of Au25(PET)18 compared
to Pd-doping, similar to some previous reports.21,23 It is of note
that the UV/vis/NIR absorption spectrum of Pd (or Pt) doped
Au25(PET)18 nanoclusters is also remarkably differentiated from
that of Au24Cd(PET)18,26 Au24Hg(PET)18,27 or Au25Ag2(PET)18
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(see Fig. S1, ESI†), indicating that the doping can really tune the
electronic structure of the matrix nanoclusters. To determine the
formulas and purity of the products, matrix-assisted laser desorption
ionization flight time mass spectrometry (MALDI-TOF-MS) was first
employed. The intensive peak at m/z B7303 or B7392 in the mass
spectrum indicates that the formula of the as-obtained product
is Au24Pd(PET)18 or Au24Pt(PET)18, respectively, which is con-
firmed by the excellent agreement between the experimental
and theoretical isotope patterns (Fig. S2, ESI†). The absence of a
peak at B7394 m/z excludes the existence of Au25(PET)18 and
indicates the high purity of the products.

Based on the improved synthesis and purification, we suc-
cessfully grew high quality Au24Pd(PET)18 and Au24Pt(PET)18

single crystals. It is of note that the yield and purity of Pd or Pt
doped Au25(PET)18 nanoclusters are sensitive to the synthesis
parameters (the feeding reactants ratio, aging time, etc.) and
eventually improved after the reaction kinetics and thermo-
dynamics40,41 were subtly tailored (for the synthesis details, see
ESI†). The solvent is also important for crystallization and it is
found that the diffusion of methanol into the toluene solution is
ideal for the growth of high quality single crystals of [Au24Pt(PET)18]0

and [Au24Pd(PET)18]0. SCXC revealed that each unit cell in the single
crystals has a Au24Pd(PET)18 or Au24Pt(PET)18 nanocluster accom-
panied by two toluene molecules (Fig. S3 and S4 and Tables S1
and S2, ESI†). The absence of counter ions indicates the
neutrality of Au24Pd(PET)18 and Au24Pt(PET)18, which is in agree-
ment with some other characterizations.34

The structures of [Au24Pd(PET)18]0 and [Au24Pt(PET)18]0 can be
briefly described as centered icosahedral Pd@Au12 or Pt@Au12

kernels protected by six –RS–Au–SR–Au–SR– dimeric staples
(Fig. 1d–i), and have an overall framework structure similar to
that of [Au25(PET)18]0 (Fig. 1a–c) with some kernel distortion.37 The
Pt L3-edge X-ray absorption near edge structure (XANES)32,42–44

spectrum shows three characteristic peaks at 11 569, 11 597, and
11 623 eV, similar to those for Pt foil (see Fig. S5, ESI†), somehow
implying the possible core doping of Pt in [Au24Pt(PET)18]0. The
calculated single point energies for core, inner-shell and outer-
shell doped [Au25(PET)18]0 based on the resolved structure are 0,
1.01 and 1.62 eV, respectively, indicating the core occupying of
Pt in [Au24Pt(PET)18]0 is the most energetically favorable case.
Besides, the similar 1H NMR splittings between [Au24Pt(PET)18]0

and [Au25(PET)18]0 (vide infra) further evidence it, since otherwise
the outer-shell or inner-shell doping would break the symmetry of
the ligand environment and result in totally different 1H NMR
splittings of [Au24Pt(PET)18]0 compared to those of [Au25(PET)18]0.23

The M–Au (M: Pd or Pt) distances between the M core and the
icosahedron vertex range from 2.7485 to 2.7950 Å (average:
2.7692 Å, standard deviation: 0.0204) for [Au24Pd(PET)18]0 and
from 2.7596 to 2.7978 Å (average: 2.7781 Å, standard deviation:
0.0154) for [Au24Pt(PET)18]0, which are a little shorter and more
deviated than those of [Au25(PET)18]0 nanoclusters (average:
2.7867 Å, standard deviation: 0.0090), indicating the doping-
induced Jahn–Teller effect,31,36 which is further illustrated by
the following comparisons: the Au–Au distances of the Au12

cage in the Au13 icosahedron range from 2.7347 to 3.1974 Å
(average: 2.9123 Å, standard deviation: 0.1659) and from 2.7426
to 3.2078 Å (average: 2.9212 Å, standard deviation: 0.1606) for
[Au24Pd(PET)18]0 and [Au24Pt(PET)18]0, respectively, which are
more deviated than those of [Au25(PET)18]0 nanoclusters (average:
2.9138 Å, standard deviation: 0.0895); the Pd(Pt)–Au distances
between the core and the outer-shell gold atom range from 4.7873
to 5.0132 Å (average: 4.8925 Å, standard deviation: 0.0843) and
from 4.7999 to 5.0347 Å (average: 4.9121 Å, standard deviation:
0.0899), respectively, which are also more deviated than the
distances between the core and the outer-shell gold atom (average:
4.8914 Å, standard deviation: 0.0318) in [Au25(PET)18]0 nano-
clusters. Overall, [Au24Pd(PET)18]0 and [Au24Pt(PET)18]0 remain in
the framework structure of [Au25(PET)18]0 (Fig. 1a–c) with some
Jahn–Teller-like distortion, which is very similar to a previous
theoretical calculation.31

Magnetism makes gold nanoparticles (nanoclusters) more
attractive,45–48 however, magnetism can always be complex by
the introduction of traces of impurities and the magnetism of
[Au24Pd(PET)18]0 and [Au24Pt(PET)18]0 has not been previously
reported to the best of our knowledge. Based on the high quality
samples, we can accurately evaluate the intrinsic magnetism of
[Au24Pd(PET)18]0 and [Au24Pt(PET)18]0. Electron paramagnetic
resonance (EPR) spectroscopy shows that both [Au24Pd(PET)18]0

and [Au24Pt(PET)18]0 are diamagnetic (Fig. 2), while [Au25(PET)18]0

is paramagnetic (which is also similar to previous reports33–36),
indicating that the center doping by Pd or Pt induces the
magnetism turn-off of [Au25(PET)18]0. It is known that both

Fig. 1 Structure anatomy of [Au25(PET)18]0 (c), Au24Pd(PET)18 (f) and Au24Pt(PET)18 (i). (a), (d) or (g): kernel; (b), (e) or (h): outer shell.
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[Au24Pd(PET)18]0 and [Au24Pt(PET)18]0 have superatomic 6-electron
configurations, while [Au25(PET)18]0 bears a 7-electron configuration,
thus the magnetism turning from paramagnetism ([Au25(PET)18]0)
to diamagnetism ([Au24Pd(PET)18]0 or [Au24Pt(PET)18]0) is probably
caused by electron configuration conversion, which is supported by
the fact that when 7-electron configured [Au25(PET)18]0 transforms
to 6-electron configured [Au25(PET)18]+ or 8-electron configured
[Au25(PET)18]�, the magnetism turns from paramagnetic to
diamagnetic,36,49 too.

Following the magnetism origin issue, another intriguing issue
is where the major paramagnetism locates, the Au13 icosahedron or
the surface staples of the Au25(SR)18 system. A previous theoretical
calculation revealed that the Au13 icosahedron was the major
magnetism source,33,34 but experimental evidence has not been
presented so far. It is challenging to separately measure the
magnetism of the kernel and the surface motifs. However,
the atomic structure unraveling of both [Au24Pd(PET)18]0 and
[Au24Pt(PET)18]0 provides a chance to clarify it in some
indirect way.

Previously, it was found that the two Au–S binding modes in
Au25(PET)18 nanoclusters can echo the chemical shifts (CSs) of
the connected methene protons50–55 (i.e. the methene protons
adjacent to the icosahedron or the surface gold have remark-
ably different CSs). It is also found that the magnetism has
some influence on the CSs of the above mentioned two kinds of
methene protons,50,53,55 thus it is possible to determine the
main source of magnetism in neutral [Au25(PET)18]0 from the
NMR results. To facilitate the interpretation, the subscripts
‘‘in’’ and ‘‘out’’ are used to label the resonances of 12 inner
ligands and 6 outer ligands in the nanocluster, respectively, and
the ‘‘a’’ or ‘‘b’’ position is named relative to the S atom in the
ligand (Fig. S6, ESI†). First, the peaks in the NMR spectra are
well assigned based on the 1D and 2D NMR results (Fig. S7–S12,
ESI†) as well as some previous works.23,50–55 For [Au25(PET)18]�,
the triplet peak at 2.93 ppm pertains to (b-CH2)out, and the
complex peak centered at 3.21 ppm is due to the overlap of the
(a-CH2)out and (b-CH2)in resonances.50 The remaining broad
peak at 4.53 ppm is thus assigned to (a-CH2)in (Fig. S7a and S8a,
ESI†).50 Compared with those in [Au25(PET)18]�, the (a-CH2)out

and (b-CH2)in resonances in [Au25(PET)18]0 shift downfield from
3.21 to 5.10 ppm, while the (a-CH2)in resonances undergo a

downfield shift from 4.53 to 23.6 ppm (Fig. S7b, S8b, and S10,
and Table S1, ESI†), similar to in a previous report.50 It is of
note that the (a-CH2)in signals are not observed in the usual
1H NMR spectral window, neither by increasing or decreasing
the temperature, and it is even barely detectable and very broad
at 298 K, as reported by Maran and co-workers.50 Upon increas-
ing the temperature, the peak sharpens and can be clearly
observed (Fig. S9, ESI†). To evaluate the charge state interference
of [Au25(PET)18]0, the NMR spectra of neutral [Au24Pd(PET)18]0

and [Au24Pt(PET)18]0 were measured and are shown in Fig. S7
(ESI†). In these two cases, the (a-CH2)in peaks locate at 3.51 and
3.88 ppm, respectively (Fig. S7c–d, S8c–d, S11 and S12, ESI†),
these exclude the charge stage influence of [Au25(PET)18]0

and even indicates that the composition of the core doesn’t
greatly influence the (a-CH2)in resonances. [Au24Pd(PET)18]0 and
[Au24Pt(PET)18]0 nanoclusters are diamagnetic, as revealed by
EPR (Fig. 2), and they have a similar structure to [Au25(PET)18]0 as
discussed above. Thus, the surprising downshift of the (a-CH2)in

signals should be caused by the magnetism of [Au25(PET)18]0, as
indicated in previous works.50,53,55 In particular, the greater
downshift of (a-CH2)in resonances compared with those of
(a-CH2)out signals indicates that the magnetism (at least the major
magnetism) comes from the Au13 icosahedron of [Au25(PET)18]0,
because the (a-CH2)in closely connects with the Au13 icosahedron
while the (a-CH2)out is more adjacent to the outer-shell gold
atoms. The almost equal downshift of the (b-CH2)in and
(a-CH2)out peaks supports this conclusion since the magnetic
field influence is distance-sensitive and (b-CH2)in and (a-CH2)out

have close spacings to the Au13 icosahedron. On the other hand,
the unchanged EPR results (including the intensity and the profile,
Fig. S13, ESI†) after the phenylethanolate was replaced by hexane-
thiolate in [Au25(SR)18]0 also indicate that the surface ligands have
little contribution to the magnetism of [Au25(SR)18]0. Taken
together, our experiments demonstrate that the paramagnetism
of [Au25(SR)18]0 primarily distributes in the Au13 kernel, verifying
the rationality of the previous theoretical calculation.33

In summary, we have grown high quality single crystals of
[Au24Pd(PET)18]0 and [Au24Pt(PET)18]0 via an improved synthesis
and purification, successfully resolved the atomic structures of
[Au24Pd(PET)18]0 and [Au24Pt(PET)18]0 using SCXC, discovered
that the mono-Pt or mono-Pd doping leads to the magnetism of
[Au25(PET)18]0 turning from paramagnetism to diamagnetism,
and experimentally demonstrated that the Au13 icosahedron is
the major magnetism location for [Au25(PET)18]0 in comparison
with the surface motifs.
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Fig. 2 EPR signals of [Au25(PET)18]� (black), [Au25(PET)18]0 (red), [Au24Pd(PET)18]0

(green) and [Au24Pt(PET)18]0 (blue).
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