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ABSTRACT: We report the synthesis and total structure
determination of a Au24 nanocluster protected by mixed
ligands of phosphine and thiolate. Single crystal X-ray
crystallography and electrospray ionization mass spec-
trometry (ESI-MS) unequivocally determined the cluster
formula to be [Au24(PPh3)10(SC2H4Ph)5X2]

+, where X =
Cl and/or Br. The structure consists of two incomplete
(i.e., one vertex missing) icosahedral Au12 units joined by
five thiolate linkages. This structure shows interesting
differences from the previously reported vertex-sharing
biicosahedral [Au25(PPh3)10(SC2H4Ph)5X2]

2+ nanocluster
protected by the same type and number of phosphine and
thiolate ligands. The optical absorption spectrum of Au24
nanocluster was theoretically reproduced and interpreted.

Revealing the atom packing structures of metal nanoclusters
is of critical importance for understanding the quantum size

effects in nanoclusters and evolution from molecular to
plasmonic properties.1 Over the past few years, a number of
thiolate-protected gold nanoclusters with sizes larger than 10
gold atoms have been reported.2−13 However, with respect to
phosphine-protected gold nanoclusters, much fewer have been
attained. Since the early report of Au11(PPh3)7(SCN)3 by
McPartlin et al. in 1969,14 Mingos et al. predicted the centered
icosahedral Au13 cluster

15 and later successfully synthesized and
determined this structure in 1981.16 Diphosphine-protected Au13
icosahedral cluster has also been reported by Shichibu et al.17a,b

and smaller ones have been synthesized by Pettibone et al.17c Teo
and co-workers reported the structure of [Au39(PPh3)14Cl6]-
Cl2.

18 A larger gold:phosphine cluster (formulated as
Au55(PPh3)12Cl6) was reported by Schmid et al.,19 which has
since garnered much interest,20 but its crystal structure has not
been solved till date. Recently, Wan et al. reported the structure
of a [Au20(PPhpy2)10Cl4]

2+ cluster that is composed of two edge-
shared Au11 units and is protected by pyridyl phosphine (Phpy2)
ligands.21 With phosphine/thiolate ligands, Shichibu et al.22

attained a biicosahedral [Au25(PPh3)10(SC2H5)5Cl2]
2+ cluster,

which was synthesized from the phosphine-protected Au11
cluster (as precursor) through thiol etching.23 This structure is
related to the bimetal [Au13Ag12(PR3)10X7]

2+ cluster (where X =
halide) reported earlier by Teo et al.24 We used a different thiol
(HSC2H4Ph) to convert size-mixed 1−3.5 nm Au:phosphine
nanoparticles (as opposed to Au11:phosphine clusters22) into

monodisperse [Au25(PPh3)10(SC2H4Ph)5Cl2]
2+ clusters25 and

solved the crystal structure;26 it exhibited the same structure as
that of the −SCH2CH3 analogue.22 Park and Lee27 recently
studied the electrochemical properties of the biicosahedral
[Au25(PPh3)10(SR)5Cl2]

2+ clusters with various thiolate ligands
and found distinct differences from the electrochemical behavior
of the all-thiolate protected Au25(SR)18 cluster.
In this work, we report a new [Au24(PPh3)10(SC2H4Ph)5X2]

+

cluster (where X = Cl/Br) that is just one atom smaller than the
previous [Au25(PPh3)10(SC2H4Ph)5Cl2]

2+ cluster. This new
cluster exhibits interesting differences in structural features and
optical properties from those of the Au25 cluster.

22,26

Details of the synthesis are provided in the Supporting
Information. Briefly, we started with HAuCl4·3H2O, rather than
the commonly used Au(PPh3)Cl salt. HAuCl4·3H2O was first
dissolved in water, then phase transferred to toluene with the aid
of tetraoctylammonium bromide (TOAB). Then, PPh3 was
added to convert Au(III) to Au(I), followed by further reduction
by NaBH4. After 16 h, toluene was rotavaporated and the reddish
brown product was extracted with dichloromethane. Phenyl-
ethylthiol was added to this solution and then reacted at 313 K
for ∼4 h, after which excess PPh3 was added and the reaction
c o n t i n u e d f o r a n e x t r a 2 4 h . F i n a l l y ,
[Au24(PPh3)10(SC2H4Ph)5X2]

+ (counterion (X) = halide ions)
was obtained. It is worth noting the difference in the synthesis of
Au24 and Au25 nanoclusters. The first stage of the Au24 synthesis
is similar to that of Au25, but for obtaining Au24 nanoclusters,
excess PPh3 was added to the crude product from thiol etching at
313 K. The addition of excess PPh3 in the last step is critical for
obtaining Au24 nanoclusters.
Single crystals of Au24 nanoclusters were grown by vapor

diffusion of hexane into a toluene solution of clusters. The crystal
structure of [Au24(PPh3)10(SC2H4Ph)5X2]

+ was found to have a
triclinic space group P1 ̅ (see Supporting Information). The rod-
like core framework is shown in Figure 1. The cluster comprises a
Au24 metal core (Figure 1, left), which may be viewed as two
incomplete (i.e., one-vertex missing) icosahedral Au12 units
joined together in an eclipsed fashion through five thiolate
linkages (Figure 1, right). The diameter of the rod is 0.5 nm (Au
atomic center-to-center distance) or 0.8 nm (edge-to-edge
distance), and the length of the rod is 1.1 nm (Au center-to-
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center) or 1.4 nm (edge-to-edge), where the diameter of Au
atom is taken to be ∼0.3 nm. The Au−S bond length is 2.375 ±
0.004 Å. The top and bottom Au5 pentagons (Figure 1, atomic
planes a and d) are coordinated to 10 PPh3 ligands (Au−P bond
length: 2.293 ± 0.007 Å). The two apex gold atoms (Figure 1 ,
labeled 1 and 4) are coordinated by halides (X = Br or Cl); both
halide sites show partial occupancy of Cl and Br, resulting in
three combinations, Br2, Br/Cl, and Cl2 (as observed in mass
spectrometric analysis, vide infra), and the average Au−X bond
length is 2.454 Å. There are two uncoordinated gold atoms,
which are located in the centers of the two incomplete
icosahedrons (Figure 1, labeled 2 and 3). Overall, the Au24
core adopts a quasi-D5h symmetry. The total structure of
[Au24(PPh3)10(SC2H4Ph)5X2]

+ is shown in Figure 2A, and a top
view of the Au24P10S5X2 framework is shown in Figure 2B, in
which one can explicitly see the eclipsed structure.
Compared to the previously reported [Au25(PPh3)10(SR)5-

Cl2]
2+ (R = C2H5 or C2H4Ph) cluster, which exhibits a vertex-

sharing biicosahedral structure,22,26 the most intriguing feature of
[Au24(PPh3)10(SC2H4Ph)5Cl2]

+ lies in that the central Au atom
(i.e., the shared vertex atom in biicosahedral Au25) is missing.
The dislodgement of this central Au atom results in stronger
interactions between the two Au12 incomplete icosahedrons in
Au24, manifested in the shorter Au5−Au5 interplane distance
(Figure 1, planes b and c): 2.925± 0.011 Å in Au24 versus 3.053±
0.035 Å in Au25. The 0.13 Å difference (−4.2% relative to Au25) is
quite significant. Moreover, the Au−Au distances within plane b
and c are also shorter (−3.5% and −3%, respectively) than the
corresponding values in Au25 (Table 1). The other Au−Au

distances in Au24 are less affected in comparison with Au25 (see
Table 1). Overall, the observed shrinking at the “waist” of the
cluster due to one-atom loss is quite distinct and may induce
significant perturbation to the electronic structure and optical
properties (vide infra).
The Au24 nanocluster structure is interesting in that it exhibits

two Au12 incomplete icosahedrons with two pentagonal planes
joined together by five thiolate linkages. This configuration does
not involve any of the already observed structural modes such as
vertex-sharing24 via one gold atom in the [Au25(PPh3)10(SR)5-
X2]

2+ rod,22,26 edge-sharing via two atoms in the
[Au20(PPhpy2)10Cl4]

2+ rod,21 or face-sharing via three atoms in
the Au38(SC2H4Ph)24 rod.

8 The Au24 core structure observed in
this work is different from the “cluster of clusters” model
discussed earlier by Teo et al.,24 according to which sequential
accretion of 13-atom icosahedral building blocks leads to larger
clusters via vertex sharing. One may argue that the clusters
reported by Teo et al. involved phosphine and halide ligands but
without thiolate; halide (X = Cl, Br) would be different from
thiolate in terms of ligation. However, recent theoretical studies
by Jiang et al. implied that halides as ligands behave in much the
same way as thiolate.28 Therefore, introducing thiolate ligands
should not be the cause of the new structure of Au24 and its
production as opposed to Au25. Detailed studies on the growth
mechanism are underway.
Another view of the Au24 structure is a non-centered, bicapped

pentagonal prismatic Au12 core (Figure 3, left) further capped by
two pentagonal “hats” (Figure 3, right). To the best of our
knowledge, this non-centered pentagonal prismatic structural
motif is unprecedented in gold cluster structures.

Figure 1. The core structure of [Au24(PPh3)10(SC2H4Ph)5X2]
+. (color

labels: magenta = Au; yellow = S; orange = P; green = Cl (partial
occupancy) and brown = Br (partial occupancy).

Figure 2. (A) Total structure of [Au24(PPh3)10(SC2H4Ph)5X2]
+ cluster

(color labels: gray = C, the rest are the same as specified in Figure 1.) (B)
Top view of the Au24P10S5X2 core framework.

Table 1. Comparison of [Au24(PPh3)10(SC2H4Ph)5X2]
+ and

[Au25(PPh3)10(SC2H4Ph)5Cl2]
2+ Crystal Structures

Au−Au distances Au24, Å Au25, Å dif.

Au(1) to pentagon a 2.990 ± 0.013 2.920 ± 0.030 +2.4%
within plane a 2.925 ± 0.010 2.929 ± 0.030 −0.1%
Au(2) to pentagon a 2.728 ± 0.011 2.755 ± 0.034 −1%
Au(2) to pentagon b 2.761 ± 0.008 2.801 ± 0.024 −1.4%
between a and b 2.923 ± 0.072 2.931 ± 0.021 −0.3%
within plane b 2.802 ± 0.007 2.903 ± 0.022 −3.5%
between b and c 2.925 ± 0.011 3.053 ± 0.035 −4.2%
within plane c 2.802 ± 0.013 2.886 ± 0.012 −3%
between c and d 2.922 ± 0.056 2.894 ± 0.030 +0.9%
Au(3) to pentagon c 2.756 ± 0.004 2.801 ± 0.026 −1.6%
Au(3) to pentagon d 2.721 ± 0.008 2.744 ± 0.022 −0.8%
within plane d 2.915 ± 0.011 2.953 ± 0.027 −1.3%
Au(4) to pentagon d 2.976 ± 0.026 2.983 ± 0.040 −0.2%

Figure 3. A different anatomy of the Au24 structure. (Left) An Au12
noncentered bicapped pentagonal prism; (right) capping by two roof-
like Au6 units.
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To confirm the cluster formula and probe the charge state of
the cluster, we further performed electrospray ionization mass
spectrometric analysis (ESI-MS). Positive ion mode ESI-MS
(Figure 4) revealed a set of prominent peaks of intact cluster ions

1−3 at m/z = 8196.63 (peak 1, [Au24(PPh3)10(SC2H4Ph)5-
Br2]

+), 8151.76 (peak 2, [Au24(PPh3)10(SC2H4Ph)5BrCl]
+) and

8107.42 (peak 3, [Au24(PPh3)10(SC2H4Ph)5Cl2]
+). Of note,

fragmentation (i.e., loss of one phosphine) occurred quite severely
in ESI process, with one PPh3 missing cluster peaks 1′−3′
observed at m/z = 7934.57 (peak 1′, [Au24(PPh3)9(SC2H4Ph)5-
Br2]

+), 7889.41 (peak 2′, [Au24(PPh3)9(SC2H4Ph)5BrCl]
+) and

7844.71 (peak 3′, [Au24(PPh3)9(SC2H4Ph)5Cl2]
+), respectively.

The loss of phosphine in ESI-MS was also observed in
[Au20(PPhpy2)10Cl4]

2+ as reported recently.21

The difference between Au24 and Au25 nanoclusters also lies in
the optical properties. The UV−vis spectrum of [Au24(PPh3)10-
(SC2H4Ph)5X2]

+ in dichloromethane (Figure 5a) shows

prominent bands at 383 and 560 nm (broad). In contrast,
[Au25(PPh3)10(SC2H4Ph)5Cl2]

2+ nanoclusters25,26 show absorp-
tion bands at 415 and 670 nm (Figure 5b, similar to the SC2H5
counterpart22). Previously, density functional theory (DFT)
calculations on the Au25 nanocluster by Nobusada et al.29

revealed that the 670 nm band is the HOMO−LUMO transition
in the Au25 cluster and is caused by the interactions between the
two complete icosahedral Au13 units. The observed differences in
optical spectra between Au24 and Au25 nanoclusters indicate the
distinct effects of a single gold atom on the cluster’s electronic
structure and optical properties. It is also worth noting that,
unlike the phosphine- and thiolate-protected Au20 clusters which
exhibit similar optical spectra (Figure S1),21,30 [Au24(PPh3)10-
(SC2H4Ph)5X2]

+ and Au24(SC2H4Ph)20 clusters
31 indeed exhibit

quite different spectra (Figure S2). Further insight into their
optical properties has to wait until the attainment of the crystal
structures of Au20(SR)16 and Au24(SR)20.
To interpret the optical spectrum of the [Au24(PPh3)10-

(SC2H4Ph)5X2]
+ nanocluster, we have carried out DFT

calculations32 of a model cluster mimicking the present Au24
nanocluster (see details of the calculations in the Supporting
Information). The DFT results are in good agreement with the
experimental observations of the geometric structure and optical
absorption spectrum. The optimized geometric structure of the
Au24 core cluster slightly expands (<∼ 2.5%) in comparison with
the determined crystal structure, while the Au12 − Au12 distance
is more prolonged (∼ 5.5%) than the experimental structure.
The computed absorption spectrum, which is convoluted by

the Lorentz function with appropriate width, is shown in Figure
5c. The peak positions and spectral pattern are reasonably
reproduced by DFT calculations. The simulated, lowest-energy
peak is at 510 nm (Figure 5c), which corresponds to the
experimentally observed broad band at ∼560 nm; the ∼0.2 eV
discrepancy is in large part due to the limitation of accuracy of
DFT calculations.33 This absorption peak arises from the
HOMO−1 to LUMO+2 electronic transition. The LUMO+2
is a localized molecular orbital and mainly distributed around the
Au12−Au12 junction (Figure 5d). Thus, this electronic transition

Figure 4. ESI-MS spectrum of [Au24(PPh3)10(SC2H4Ph)5X2]
+ (positive

mode). 1−3 corresponding to intact cluster ions (z = +1) with X = Br,
Br/Cl (0.5/0.5), and Cl, respectively; 1′−3′ corresponding to one-PPh3-
lost cluster ions (z = +1) with X = Br, Br/Cl (0.5/0.5), and Cl,
respectively.

Figure 5. (a) Experimental optical spectrum of [Au24(PPh3)10(SC2H4Ph)5X2]
+ (in dichloromethane), (b) experimental optical spectrum of

[Au25(PPh3)10(SC2H4Ph)5X2]
2+ (in dichloromethane), (c) DFT simulated optical spectrum of [Au24(PH3)10(SCH3)5X2]

+ model cluster, and (d) the
LUMO+2 molecular orbital of [Au24(PH3)10(SCH3)5X2]

+.
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has a character similar to the Au25 cluster’s HOMO to LUMO
transition29 (Figure 5b, the lowest-energy peak at ∼670 nm) in
the sense that both are caused by interactions between the two
units (i.e., Au12−Au12 in the Au24 cluster and Au13−Au13 in the
Au25 cluster).
For other optical features of Au24, the calculated peak at ∼440

nm (Figure 5c) is well assigned to the experimental 415 nm
shoulder (Figure 5a), and the simulated ∼380 nm peak to the
experimental 383 nm band; both spectral features are primarily
due to the electronic transitions related to the localized electronic
structures of the individual Au12 unit.
With respect to the photoluminescence (PL) properties of the

phosphine/thiolate-capped Au24 cluster, it exhibits a weak PL
band centered at ∼818 nm and the excitation spectrum for this
PL band resembles the absorption spectrum (Figure S3). The
818 nm emission of Au24 is comparable to that of Au25 cluster

27

and may involve surface states.
We also performed cyclic voltammetry (CV)measurements to

probe the HOMO−LUMO gap (Figure S4). The electro-
chemical gap between the oxidation onset (+0.3 V vs Ag/Ag+)
and reduction onset (−1.05 V vs Ag/Ag+) is ∼1.35 eV, which is
slightly smaller than that of Au25 (Eg∼1.54 eV).

27

Finally, it should be pointed out that gold clusters protected by
the binary phosphine/thiolate ligands are significantly more
stable than those protected by phosphine only. The latter tends
to photodegrade slowly, but for PPh3/thiolate-protected Au24
(e.g., crystals or powders), we did not observe degradation of the
clusters under ambient conditions after several months (longer
time not tested).
In summary, this work reports the synthesis and crystal

structure determination of a new [Au24(PPh3)10(SC2H4Ph)5X2]
+

(counterion: X = halide) nanocluster protected by phosphine/
thiolate ligands. This Au24 nanocluster exhibits distinct differ-
ences from the previously reported Au25 nanocluster in the
structure and optical properties. DFT calculations reproduced
the optical absorption spectrum and interpreted the optical
features, which can be divided into high-energy electronic
transitions within individual Au12 units and a low-energy unique
transition due to interactions between two Au12 units. The
mechanism of preferential growth of [Au24(PPh3)10(SC2H4Ph)5-
X2]

+ over [Au25(PPh3)10(SC2H4Ph)5X2]
2+ remains to be

unraveled in future work.
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