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Despite recent progress in the preparation of alkynyl protected

Au clusters with molecular purity (e.g., Na[Au25(CuCAr)18, Ar =

3,5-(CF3)2C6H3
−, Au36(CuCPh)24, Au44(CuCPh)28, and

Au144(CuCAr)60, Ar = 2-F-C6H4
−), the formation mechanism still

remains elusive. Herein, a new molecule-like alkynyl Au cluster was

successfully prepared, and its formula was determined as

Au144(PA)60 (PA = PhCuC–, phenylacetylene). In the formation of

Au144(PA)60, the introduction of ethanol in post-synthesis treat-

ment to manipulate the aggregation state of the precursor was

found to play a critical role in producing the Au144 clusters.

During the Au144(PA)60 formation process, the contents of PA, (PA)2
and (PA)4 were monitored by absorbance and gas chromato-

graphy-mass spectrometry (GC-MS), disclosing that Au144(PA)60
molecules were generated in sync with (PA)4. Finally, the formation

mechanism of Au144(PA)60 molecules has been tentatively pro-

posed, of which three major stages are involved. This study can

shed light on the formation mechanism that may be exploited for

the precise control of the synthesis of alkynyl protected coinage

metal clusters.

Introduction

Molecular Au clusters protected by an organic capping layer
exhibit unique optical, electronic, and magnetic properties,1–12

and can find applications in diverse fields, such as
catalysis,13–16 medicine,17,18 surface patterning19,20 and
optoelectronics.21–23 In prior research, Au clusters were mostly
protected by phosphines and thiolates. More recently, acety-
lene derivatives have emerged as a new capping ligand for
nanoparticle surface functionalization. Unlike the phosphine
and thiolate ligands, the –CuC– group of an alkynyl ligand
can function as both a σ donor and a π donor when co-
ordinated to a metal core, which imparts significantly
different physical, chemical and electronic properties to the Au
clusters,24,25 as compared to the phosphine and thiolate
counterparts. For instance, Tsukuda et al. prepared a series of
organogold clusters protected by phenylacetylene (PA), includ-
ing Au54(PA)26, Au94(PA)38, and Au110(PA)40 in Au : (CuCPh)
mixture clusters,26 and subsequently investigated the bonding
motif between the teminal alkynes and Au clusters.27 In
another study, Kobayashi et al. reported the crystal structure of
[Au8(dppp)4(CuCR)2]

2+ (dppp = 1,3-bis(dipheny-phosphino)
propane), the first phosphine-coordinated molecular Au clus-
ters having alkynyl substituents.28 Later on, Wang and co-
workers determined the crystal structure of alkynyl protected
Au36(CuCPh)24 and Au44(PhCuC)28 clusters,29 which was the
first report on homoleptic alkynyl protected Au clusters with
atomic precision. Lei et al. subsequently reported the progress
with Au144(CuCAr)60 (Ar = 2-F-C6H4

−).30 Note that it represents
the largest molecular alkynyl Au cluster ever documented so
far. Recently, the total structure of the long-pursued alkynyl-
protected Au25 clusters (Na[Au25(CuCAr)18], Ar = 3,5-
(CF3)2C6H3

−) has been successfully determined,31 which deli-
vers a stong message that there is a similar but quite different
parallel alkynyl-protected metal cluster universe in comparison
with the thiolated ones.

Notably, the family of homoleptic alkynyl protected Au clus-
ters remains very limited, which include only Au25L18, Au36L24,
Au44L28, Au54L26 and Au144L60 (L = –CuCR). One main reason
is that the widely employed Brust–Schiffrin synthesis32,33 and
ligand exchange or etching approach6,34 are effective for pre-
paring thiolate capped molecular Au clusters but cannot be
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directly adopted for the preparation of the alkynyl counter-
parts. In addition, despite the success of the production of
molecular alkynyl Au clusters,29,30,35–40 there is a lack of funda-
mental understanding regarding the formation process. Note
that in the classic Au25(SC2H4Ph)18 synthesis, the aggregation
state of the Au(I) : SR intermediate is found to play a crucial
role in the formation of Au25(SC2H4Ph)18 at high yields.41

Then, will the composition and aggregation state of the Au(I)-
alkynyl complex precursor impact the synthesis of molecular
alkynyl Au clusters, too? How can one manipulate these? What
is the exact formation pathway? These questions form the aim
and motivation of the current investigation.

Herein, we report the synthesis of molecular PA-capped
Au144 clusters. The thiolate Au144 cluster was first captured
by Whetten’s group using laser desorption ionization mass
spectrometry (LDI-MS) in 1996.42,43 Jin’s group conducted a
high-yield exclusive synthesis, and its precise composition was
determined as Au144(SR)60 by using electrospray mass spec-
trometry (ESI-MS) in 2009.44 For more than two decades, the
precise structural information of Au144 clusters was missing.
As mentioned in the above paragraph, in 2018, Wang and co-
workers reported the total structure of the first alkynyl-pro-
tected Au144(CuCAr)60 (Ar = 2-F-C6H4

−) cluster, which consists
of a Au54 two-shelled Mackay icosahedron enclosed by a Au60
anti-Mackay icosahedral shell.30 Recently, Wu’s study regard-
ing the atomic structure of thiolate protected Au144 clusters
also showed a similar Au core architeture.45 In this study, the
PA-capped Au clusters were prepared, and the formula was
determined as Au144(PA)60 by ESI-MS. In the formation of
Au144(PA)60 clusters, it was found that the introduction of
ethanol in post-synthesis treatment to form a special flower-
like precursor (denoted as (Au–PA)f hereafter) is critical for
yielding Au144 clusters. During the Au144(PA)60 formation
process, the contents of PA, (PA)2 and (PA)4 were monitored by
absorbance and GC-MS, and Au144(PA)60 molecules were pro-
duced in sync with (PA)4. Finally, the formation mechanism of
Au144(PA)60 clusters has been tentatively proposed, of which
three major stages are involved.

Results and discussion
Characterization of the (Au–PA)f precursor

The specific Au–PA precursor was first prepared by following
the previously documented protocol with some modifications
(more discussion in the section of characterization of the pre-
cursor), and the detailed synthesis route is illustrated in
Scheme S1.† In a previous study,29 Wang’s group used acetone
as the solvent to prepare an Au–PA precursor for the eventual
generation of molecular Au44(PA)28 and Au36(PA)24 clusters.
Since the solvent can affect the aggregation state of the Au–PA
precursor which likely impacts the size of the final Au clusters,
in this work ethanol was introduced in post-synthesis treat-
ment to produce the specific (Au–PA)f precursor (see the ESI†
for more details). In comparison with acetone, ethanol pos-
sesses higher surface tension and polarity, which can be

employed as a desolvation solvent to manipulate the aggrega-
tion state of the precursor.

SEM measurement was first performed to observe the
surface morphology of the (Au–PA)f precursor. Fig. 1 presents
the typical SEM images of the (Au–PA)f precursor in compari-
son with the reported Au–PA precursor. As illustrated in Fig. 1a
and b, randomly dispersed amorphous sheet-like structures
with various sizes can be easily identified for Au–PA, while in
sharp contrast, well-defined flowers are evenly distributed for
(Au–PA)f, and each flower possessed a diameter of approxi-
mately 20–25 µm (Fig. 1c). Interestingly, the homogeneous
flowers consisted of plenty of regular needle-like petals
(Fig. 1d). Such a huge morphological difference between the
two precursors attests that ethanol indeed impacted the aggre-
gation state of the precursor profoundly.

Subsequently, the powder X-ray diffraction measurement
was conducted to examine the crystal structure difference
between the Au–PA precursor and the (Au–PA)f precursor. As
shown in Fig. 1e, for Au–PA, with 2θ values ranging from 10.0°
to 45.0°, there are two broad peaks with 2θ located at 14.63°
and 29.99°, suggesting that an amorphous structure with a
complicated composition is probably obtained. However, for
(Au–PA)f, sharp peaks with strong signals can be easily identi-
fied. This might be because the introduction of ethanol could
alter the desolvation effects of acetone through hydrogen
bonding and hence can lead to the formation of some homo-

Fig. 1 Typical SEM image of the Au–PA precursor (a) 5 μm, (b) 500 nm
and the (Au–PA)f precursor (c) 5 μm, (d) 500 nm, respectively. (e)
Powder XRD spectra of the randomly aggregated Au–PA precursor
(without EtOH) and the specially aggregated (Au–PA)f precursor (with
EtOH, this work).
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geneous precursor with a certain aggregation state.
Particularly, when the 2θ value is below 20°, from the 2θ at
11.81° and 17.65°, the inter-phase spacing of 7.48 Å, and
5.02 Å can be deduced. The presence of 2θ at 23.59° and
26.26° is probably caused by the strong π–π interactions of the
benzene rings in PA molecules, that is, there are two face-to-
face stacking patterns with a distance of 3.39 Å and 3.77 Å,
respectively.46 In addition, there are some other peaks with
relatively low intensity in the 2θ range from 27.63° to 44.24° (d
= 2.04 to 3.23 Å), which can be attributed to the Au–Au auro-
philic interaction, Au–CuC bonding and some other possible
inter-phase spacings.46

Fig. S1† shows the FTIR spectra of the (Au–PA)f and Au–PA
precursors.29,35 One can see that the –CuC– stretching
appeared at 2008 cm−1 with Au–PA, but blue-shifted to
2054 cm−1 with (Au–PA)f. This suggests somewhat weakened
π-bonding between metal d-orbitals and the phenylethynyl πg-
orbital in the latter that allowed for a faster growth and even-
tually generating large-sized Au clusters.47,48 Such finding is in
good accordance with the fact that large-sized clusters of
Au144 were acquired in this study.

Compositional determination of Au144(PA)60 molecules

To determine the composition of the purified Au clusters, the
final product was analyzed by electrospray ionization mass
spectrometry.49 As presented in Fig. 2a, its formula can be
determined to be Au144(PA)60 (cal: 34 430.87 g mol−1, exp:
34 430.00 g mol−1), and the mass peaks of 4+, 3+, and 2+ (in
source ionization) were observed. Thermogravimetric analysis
(TGA) was then conducted (Fig. 2b), where a total weight loss

of 17.87% was observed. From the Au : PA mass ratio, the
formula of the Au cluster can be further confirmed as
Au144(PA)60 (calculated Au : PA mass ratio 82.34 : 17.66).

The electronic structure of Au144(PA)60 was subsequently
probed by X-ray photoelectron spectroscopy (XPS) measure-
ments. The survey scan spectra of Au144(PA)60 is shown in
Fig. 2c, in which the key elements of Au and C can be identi-
fied. Fig. 2d presents the core-level Au 4f spectra of Au144(PA)60
and (Au–PA)f. It can be noted that the binding energy of the Au
4f7/2 electrons in Au144(PA)60 is 83.9 eV, which is in the inter-
mediate between the documented Au(0) and Au(I) values;50,51

and this energy is somewhat lower (ca. 0.21 eV) than that in
(Au–PA)f, consistent with the formation of a packed gold core.
In addition, based on the integrated peak area, the Au : C
atomic ratio is estimated to be 1 : 3.3 (Table S1†), in good
agreement with the theoretical value of 1 : 3.1. Furthermore,
the Au(I) : Au(0) atomic ratio was ca. 1 : 3.9, consistent with the
value of 1 : 3.8 observed with Au144(PA)60 (Table S2†). Taken
together, these results indicate that Au144(PA)60 and
Au144(CuCAr)60 (Ar = 2-F-C6H4

−) most likely adopted the same
gold core scaffold.

Fourier-transform infrared (FTIR) measurements were then
performed to obtain structural insights into the metal–ligand
interfacial bonds in Au144(PA)60. From Fig. S2,† the absence of
the uC–H vibrational band indicates the direct bonding
between the alkynyl carbon and the gold core in Au144(PA)60.
Furthermore, the –CuC– stretching of PA (2110 cm−1)52,53 is
found to red-shift to 2028 cm−1 in Au144(PA)60, mostly because
when the alkynyl carbon was bound covalently to gold atoms,
the –CuC– bond was weakened by electron transfer from the
Au core to the π* orbital of the acetylene moiety.54,55

UV-visible absorbance of the Au144(PA)60 clusters

Fig. 3 shows the UV-visible absorption spectrum of the
Au144(PA)60 clusters, which features an exponential-decay
profile, along with four discrete peaks located at ca. 399 nm
(3.11 eV), 452 nm (2.74 eV), 542 nm (2.29 eV), and 631 nm
(1.97 eV). Note that the spectral characteristics of Au144(PA)60

Fig. 2 (a) Electrospray ionization mass spectrometry (ESI-MS) charac-
terization of Au144(PA)60. The peaks correspond to the 4+, 3+, and 2+
ion sets of Au144(PA)60. (b) TGA curve of the Au144(PA)60 clusters. (c) XPS
survey scan spectra of the Au144(PA)60 clusters. (d) Core-level XPS
spectra of the Au 4f electrons in Au144(PA)60 and (Au–PA)f. Black curves
are experimental data, green curves show the fitting results. For the Au
4f core-level XPS spectra of Au144(PA)60, the red line denotes the decon-
voluted Au(0) species, while the blue line denotes the deconvoluted Au
(I) species. The binding energy was calibrated based on the C 1s peak at
284.6 eV.

Fig. 3 Absorbance spectrum of the Au144(PA)60 clusters in CH2Cl2
(inset shows the as-purified Au cluster solution).

Communication Nanoscale

2982 | Nanoscale, 2020, 12, 2980–2986 This journal is © The Royal Society of Chemistry 2020



are significantly different from that of Au144(SR)60,
44,45

suggesting a strong ligand effect on the optical properties
between the thiolate ligand and alkynyl ligand. Moreover, com-
pared with Au144(CuCAr)60 (Ar = 2-F-C6H4

−),30 the absorbance
profile of Au144(PA)60 also shows some slight differences (e.g.
560 nm and 620 nm for Au144(CuCAr)60 vs. 542 nm and
631 nm for Au144(PA)60), implying that the m-position F in the
phenyl ring of the ligand holds discernible perturbation on
the absorbance of the Au144 clusters.

The in situ monitoring of the content change of PA, (PA)2, and
(PA)4

Given the complexity of the Au(I)-alkynyl precursor, the unpre-
dictability to manipulate the reduction process and the lack of
in situ advanced characterization tools, it has been mostly a
black box regarding the formation mechanism of the emerging
alkynyl protected Au clusters. Thus, it is of fundamental inter-
est to study the reaction kinetics from the (Au–PA)f precursor
to Au144(PA)60. Upon the addition of NaBH4, the reaction
mixture was monitored by capillary gas chromatography-mass
spectrometry (GC-MS) at different time intervals. As shown in
Fig. 4a, two peaks can be observed at a retention time of ca.
4 min and ca. 21 min, respectively. They were determined as
PA and (PA)2 by MS measurement (Fig. 4b), respectively.
Monomeric PA remained visible for up to 4 h after the
addition of NaBH4, but vanished at 12 h. Additional PA
ligands were added into the solution at this time, and after
additional 24 h (36 h in total), the amount of PA can be seen
to decrease (Fig. 4a). Meanwhile, the amount of (PA)2
increased in the first 12 h; however, after the addition of more

PA ligands at 12 h, the amount of (PA)2 decreased gradually.
This is caused by the formation of (PA)4 (more discussion
below, Fig. 4c).

The absorbance change of the reaction mixture was simul-
taneously monitored, as shown in Fig. 4c. For up to 36 h, the
absorbance peak at 480 nm became gradually intensified,
which was accompanied by the enhancement of the signal at
542 nm (the fingerprint absorbance peak of Au144(PA)60).
Fig. S3a† presents the absorbance spectra of (PA)4, where a
broad peak at 480 nm can be easily recognized. Furthermore,
the crystal structure of (PA)4 can be found in Fig. S3b,† where
the detailed structural parameters for (PA)4 are summarized in
Table S3.† Interestingly, (PA)4 holds a cumulene structure, and
the cumulene skeleton was first revealed in 1994.56 Cumulene
is an important intermediate in the organic synthesis regime,
and it can be prepared in the presence of metal catalysts.57

Note that, this is the first-ever observation that cumulene as
byproduct was produced during the formation of alkynyl Au
clusters. Using the absorbance values at 480 nm and 542 nm as
the metric of (PA)4 and Au144(PA)60, the relative (PA)4-to-
Au144(PA)60 ratio can be approximately quantified (Fig. 4c).
Basically, there are roughly three periods (Fig. 4d). In the initial
4 h, the molecular ratio of (PA)4-to-Au144(PA)60 remained
approximately constant (Fig. S4a†), as only a small amount of
(PA)4 and Au144(PA)60 were produced. In the second period (4 h–
24 h) (Fig. S4b†), this ratio increased sharply, indicating (PA)4
and Au144(PA)60 emerged simultaneously and the amount of
(PA)4 and Au144(PA)60 increased concurrently. Finally, in the last
12 h, the ratio gradually became stable, suggesting a dynamic
balance was eventually reached (Fig. S4c†). At 36 h, the amount
of both (PA)4 and Au144(PA)60 reached the maximal point and
remained stable. Further extension of the reaction time would
not generate more Au144(PA)60 clusters, as the absorbance pro-
files at 36 h and 48 h overlapped completely (Fig. S5†).

Proposed Au144(PA)60 formation mechanism

Based on the above results, a tentative mechanism from the
(Au–PA)f precursor to form Au144(PA)60 is proposed and illus-
trated in Scheme 1. It involves three major stages. Firstly, upon
the addition of NaBH4, polydisperse Au clusters protected by
PA were formed with the release of free PA ligands. Such a
process (Stage I) occurred in the first 4 h and can be summar-
ized in eqn (1):

ðAu–PAÞf ! Aun1ðPAÞm1
þ ðPAÞfree ð1Þ

Subsequently, free PA ligands formed the (PA)2 dimer, while
the core-size of the Au clusters grew, as depicted in eqn (2):

Aun1ðPAÞm1
þ ðPAÞfree

! Aun2ðPAÞm2
þ ðPAÞ2 n2 > n1; m2 > m1ð Þ ð2Þ

This process occurred in the following 8 h (Stage II). At
12 h, the amount of (PA)2 reached the maximal value while
free PA ligands were totally exhausted, as observed in Fig. 4a
and b. Additional PA ligands were introduced at this time
point, and in the following 24 h (Stage III), the (PA)4 tetramer

Fig. 4 (a) Gas chromatography vs. time regarding the content change
of PA and (PA)2 at different times (0.5 h, 8 h, 12 h, 24 h, 36 h) during the
formation of the Au144(PA)60 clusters. (b) Corresponding mass spectrum
of PA and (PA)2 at different times. (c) The absorbance change acquired
after the addition of NaBH4 at different time intervals (0 h, 0.5 h, 1 h, 2 h,
3 h, 4 h, 5 h, 6 h, 7 h, 8 h, 12 h, 24 h, and 36 h). An aliquot of the reaction
mixture in the methylene chloride phase was diluted to the proper
absorbance range for each measurement. The spectra were normalized
at 320 nm. (d) Time-dependent absorbance change (ratio (PA)4/Au144) of
(PA)4 (480 nm) relative to Au144 (542 nm).
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formed while the polydisperse Au clusters evolved into
Au144(PA)60 molecules eventually. The amount of (PA)4 signifi-
cantly increased during this final stage, and the maximal
amount of molecular Au144(PA)60 clusters were generated. This
process can be summarized in eqn (3):

Aun2ðPAÞm2
þ ðPAÞ2 ! Au144ðPAÞ60 þ ðPAÞ4 ð3Þ

Conclusions

In conclusion, a new homoleptic alkynyl ligand PA protected
molecular Au cluster formulated as Au144(PA)60 has been syn-
thesized. Compared with Au144(SR)60 and Au144(CuCAr)60, the
structure of the PA ligand impacts strong perturbation to the
electronic properties of the Au144(PA)60 molecules. During the
synthesis, the introduction of ethanol in post-synthesis treat-
ment is critical to form the desired (Au–PA)f precursor which
eventually yielded Au144(PA)60 clusters. Au144(PA)60 molecules
were produced in sync with the PA tetramer (PA)4. Combining
the above results, the formation mechanism of Au144(PA)60 has
been tentatively proposed. This study can shed light on future
rational design for preparing homoleptic alkynyl protected
molecular coinage metal clusters.

Experimental section
Synthesis of the (Au–PA)f precursor

The (Au–PA)f precursor was prepared according to a reported
protocol with some modifications.36 In a typical synthesis,
Me2SAuCl (120.0 mg, 0.41 mmol) and PhCuCH (66.3 µL,
0.61 mmol) were co-dissolved in acetone (15 mL) under ultra-
sonic treatment at room temperature (160 W, 40 kHz). After
10 min, Et3N (83.6 µL, 0.61 mmol) was added under stirring
(1000 rpm). The reaction mixture was kept under stirring at
room temperature for 1 h in the absence of light. After the

reaction was complete, the volume of the mixture was evapor-
ated to 5 mL and 50 times excess (250 mL) ethanol was added
dropwise (at intervals of 30 min, divided into four times, pro-
portion of 1 : 2 : 2 : 4) with slight stirring (200 rpm) to give a
light yellow solid (∼80 mg), which was successively washed
with ethanol (2 × 10 mL), water (2 × 10 mL), dry diethyl ether
(3 × 10 mL) to remove PhCuCH and dimethyl sulfoxide.

Synthesis of Au144(PA)60 clusters

The Au144(PA)60 clusters were prepared by direct reduction of
the (Au–PA)f precursor with NaBH4. Briefly, (Au–PA)f
(50.00 mg, 0.17 mmol) was dispersed in dichloromethane
(20 mL) under ultrasonic treatment (160 W, 40 kHz) at room
temperature. After 10 min, a freshly prepared NaBH4

(0.03 mmol in 1.0 mL of ethanol) solution was added dropwise
(in 10 min) under stirring (800 rpm). The solution color
changed from yellow to pale brown and finally to dark brown.
The reaction mixture was kept under stirring at room tempera-
ture overnight in the absence of light. After 12 h, excess
PhCuCH (200 µL) and Et3N (200 µL) were added into the
mixture and the reaction was aged for one day under ambient
temperature. After that, the volume of the mixture was evapor-
ated to 4 mL and 50 times excess (200 mL) n-hexane was
added to give a black solid, which was washed with excess
n-hexane and collected by centrifugation. The crude products
dissolved in 1 mL of CH2Cl2 were pipetted onto ten pieces of a
preparative thin layer chromatography (PTLC) plate (10 cm by
20 cm), and the separation was conducted in a developing
tank (solvent: CH2Cl2/n-hexane/Et3N = 100 : 20 : 0.72, volume
ratio) for ∼10 min. Then, the band of Au144(PA)60 in the PTLC
plate was cut, and the nanoclusters were extracted with pure
CH2Cl2 and then dried by rotary evaporation.
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