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Abstract A copper cluster protected with 2-phenylethanethiol (PET) exhibiting distinct optical features
in UV/Vis spectroscopy is reported. Matrix-assisted
laser desorption ionisation mass spectrometry of the
cluster shows a well-defined molecular ion peak at
m/z 5,800, assigned to *Cu38(PET)25. Fragmented
ions from the cluster show the expected isotope
patterns in electrospray ionisation mass spectrometry.
The as-synthesized cluster was well-characterised
using other tools as well. Clusters undergo decomposition in about 2 h after synthesis as a metallic fewatom core of copper is highly unstable. The products
of decomposition were also characterised.
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Introduction
Noble metal quantum clusters (Lu and Chen 2012; Yuan
et al. 2011) belong to an area of intense activity in the
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recent past. They are remarkable because of their unique
absorption (Chaki et al. 2008; Zhu et al. 2008; Habeeb
and Pradeep 2011; Mathew et al. 2011) and emission
(Xavier et al. 2012; Rao and Pradeep 2010) features as
well as due to novel applications (Retnakumari et al.
2010; Muhammed et al. 2009; Goswami et al. 2011;
Mathew et al. 2012; Haruta 2005; Xie et al. 2012). Au25
(Chaki et al. 2008; Zhu et al. 2008; Shichibu et al. 2005;
Shibu et al. 2008), Au38 (Pei et al. 2008) and Au102
(Jadzinsky et al. 2007) clusters have been investigated in
detail due to their enhanced stability. Several silver
clusters, e.g., Ag7 (Rao and Pradeep 2010; Udayabhaskararao et al. 2012), Ag8 (Rao and Pradeep 2010), Ag9
(Rao et al. 2010), Ag32 (Guo et al. 2012), Ag75
(Chakraborty et al. 2012b) and Ag152 (Chakraborty
et al. 2012a), have also been reported recently. However, efforts on the preparation of monolayer-protected
Cu clusters are limited (Vilar-Vidal et al. 2010;
Salorinne et al. 2012; Jia et al. 2012; Saumya and Rao
2012; Wei et al. 2011) while there are several reports on
copper nanoparticles (Bakshi et al. 2007; Nishida et al.
2011; Prucek et al. 2009; Wei et al. 2010). In terms of
applications, copper is more appealing for its availability, lower cost, catalytic activity and electrical conductivity. In this communication, we report a facile one-pot
synthesis of a new 2-phenylethanethiol (PET)-protected
copper cluster. It has been characterised using UV/Vis
absorption spectroscopy, mass spectrometry, high-resolution transmission electron microscopy (HRTEM),
X-ray photoelectron spectroscopy and photoluminescence spectroscopy.
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Experimental section
Materials
All the chemicals were commercially available and
used without further purification. The used chemicals
and solvents are: copper sulphate pentahydrate (CuSO4
5H2O), cupric acetate, cupric chloride, 2-phenylethanethiol, sodium borohydride (NaBH4), ethanol, acetonirtile, tetrahydrofuran (THF) and toluene.
Synthesis of *Cu38(PET)25
A solid-state route (Rao et al. 2010) was followed for
the synthesis of copper clusters protected with PET.
Initially, 47 mg of copper sulphate pentahydrate and
150 lL of PET were taken in an agate mortar and
ground well for 10 min, then 80 mg of NaBH4 was
added and further ground for two more minutes
followed by extraction of clusters in ethanol. All
the operations were done in laboratory atmosphere
(30–35 °C, 80 % relative humidity). The crucial aspect
of this procedure is the limited supply of water needed
for the reduction, which becomes available from the
laboratory atmosphere as well as from the ethanol used
for subsequent washing. A solution of the as-synthesized clusters in ethanol was light pink in colour
(Fig. 1b). Sequential photographs of the synthesis are
given in Supplementary Fig. S1. Blue colour of the
copper salt changed to yellow after grinding with PET
because of the formation of Cu–thiolates. Reduction of
copper thiolate with NaBH4 led to a black paste, which
changed to pink when extracted in ethanol.
Characterisation of *Cu38(PET)25
Perkin Elmer Lambda 25 instrument was used for
measuring UV/Vis spectra in the range of 200–1,100
nm. X-ray photoelectron spectroscopy (XPS) measurements were carried out using an Omicron ESCA
Probe spectrometer with polychromatic MgKa X-rays
(ht = 1,253.6 eV). The samples were spotted as dropcast films on a sample stub. Constant analyzer energy
of 20 eV was used for the measurements. The samples
were prepared as fast as possible and were inserted into
high vacuum within 5 min of synthesis to avoid aerial
oxidation. Luminescence measurements were measured with a Jobin Vyon NanoLog instrument. The
band passes for excitation and emission were set as
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Fig. 1 UV/Vis absorption spectrum of the as-synthesized
Cu@PET cluster (a) which shows three features at 500, 600
and 750 nm indicated by arrows. Insets (b) Photograph of the
cluster solution showing light pink colour. (c) Luminescence
excitation and emission spectra of Cu@PET cluster which emits
at 615 nm upon excitation at 403 nm. (d) A cartoon representation of the cluster. (Color figure online)

2 nm. Matrix-assisted desorption ionisation mass
spectrometry (MALDI MS) analysis were conducted
using a Voyager-DE PRO Bio-spectrometry Workstation from Applied Bio-systems. A pulsed nitrogen laser
of 337 nm was used for the MALDI MS analysis. Mass
spectra were collected in negative ion mode and were
averaged for 100 shots. Mass studies were conducted
using an electrospray mass spectrometry (ESI MS)
system, LTQ XL (Thermo scientific). Sample was
taken in ethanol which was electrosprayed for analysis.
High-resolution transmission electron microscopy of
clusters was carried out with a JEOL 3010 instrument.
The samples were drop casted on carbon-coated copper
grids and allowed to dry in vacuum desiccators.
Scanning electron microscopic (SEM) and energydispersive X-ray (EDAX) analyses were done in a
FEI QUANTA-200 SEM. For measurements, samples
were drop casted on an indium tin oxide-coated conducting glass and dried in vacuum. Powder XRD
analysis of the decomposed sample was carried out
using PANalytical X’pertPro diffractometer. X-ray
diffractogram was collected in the 2h range of 5–100°.

Results and discussion
The clusters show distinct step-like features at 500,
600 and 750 nm in the UV/Vis spectrum (Fig. 1a).
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Interestingly, the clusters emit at room temperature.
They show an excitation maximum at 403 nm and an
emission maximum at 615 nm (Fig. 1c). From the
view point of stability, clusters are short lived: after
about 40 min of preparation, they show signs of
decomposition which was monitored by optical absorption spectroscopy. The data showed (Supplementary
Fig. S2) gradual merging of two humps (at 500 and
600 nm) into one. All the humps disappeared completely after 2 h, indicating the decomposition of the
clusters.
Mass spectrometry is an ideal and most useful
tool to find the composition of the clusters (Rao
and Pradeep 2010; Dass 2009). Matrix-assisted laser
desorption ionisation mass spectrometry (MALDI
MS) and electrospray ionisation mass spectrometry
(ESI MS) studies were conducted on the clusters. It is
known that trans-2-[3-(4-tert-butylphenyl)-2-methyl2-propenylidene]malononitrile (DCTB) gives welldefined mass spectrum for PET-protected clusters
(Knoppe et al. 2010). We too used DCTB as the
matrix. MALDI MS showed a single peak at m/z 5,800
at lowest laser intensity, assigned to *Cu38(PET)25
(Fig. 2a). No other peak was seen in the mass
spectrum indicating the existence of only one type of
cluster. The peak showed systematic shift to lower
mass numbers upon increasing the laser intensity. This
is characteristic of such clusters (Chakraborty et al.
Fig. 2 (A) Linear negative
ion MALDI mass spectrum
of the Cu cluster. A
molecular ion peak at m/z of
5,800 is clearly observed.
The spectrum is shown from
the minimum mass region
measurable. (B) ESI MS
data of Cu@PET cluster in
the negative mode. Insets
(a) and (b): Comparison of
the observed isotope
patterns (red) with the
calculated patterns (black)
of (a) [Cu4(PET)5]-,
m/z = 941, and
(b) [Cu5(PET)6]-,
m/z = 1,141. (c) A y-axis
expanded view of a selected
region between m/z 2,000
and 3,000. Identified
fragments are labelled with
red arrows. (Color figure
online)

2012b) which show fragmentation upon increasing
laser intensity as the metal core–ligand interaction is
weak.
ESI MS was performed in the negative ion mode
for understanding the composition and the fragmentation pattern (Fig. 2b) of the as-synthesized clusters
(Fig. 2c). As in several instances reported in the
literature, we could not observe the molecular ion
feature in ESI MS. However, we observed peaks
corresponding to some of the fragmented ions (Rao and
Pradeep 2010) in the case of silver clusters. The isotope
patterns matched exactly with the calculated patterns.
For instance, the peaks of [Cu4(PET)5]-, having an
intensity maximum at m/z 941 and [Cu5(PET)6]-,
having an intensity maximum at m/z 1,141 (Fig. 2a, b)
matched with their calculated patterns. Other identified
fragments are [Cu34(PET)23]2-, [Cu30(PET)22]2-,
[Cu29(PET)21]2-, [Cu28(PET)18]2- and [Cu28(PET)17]2with corresponding m/z values of 2,655, 2,459, 2,359,
2,124 and 2,056, noted with arrows in Fig. 2c (from right
to left). The presence of specific fragments support the
existence of a PET-protected cluster in solution.
Because of its low standard reduction potential
(0.34 V), copper is prone to aerial oxidation. Therefore, XPS was used to study the oxidation state of
copper in the cluster. In view of the aerial oxidation of
the cluster, the sample was immediately inserted into
the vacuum chamber and analyzed as fast as possible.

A

B
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No decomposition was seen within the time of sample
transfer. The spectrum in the Cu 2p region shows two
peaks: at 931.6 and 951.5 eV (Fig. 3), which have
been assigned to 2p3/2 and 2p1/2 features of Cu (0).
Binding energy (BE) of 2p3/2 in Cu? of Cu2O is
932.1 eV (Ai et al. 2009; Ghodselahi et al. 2008). So,
Cu? is unlikely to be present in the cluster. The most
important observation is the absence of the satellite
peaks. It is known that any species having d9 (Cu2?)
configuration, such as CuO, would show satellite
peaks which arise because of the configuration interaction of the 2p53d9L (L = ligand, RS in the present
case) final state (Ghijsen et al. 1988). Hence, the
presence of Cu2? is ruled out as well. The BE values
are within the range of Cu(0) and Cu(I). Oxidation is
very much facile in this size scale and this is likely to
be the reason for the observed in-between values. This
is the situation seen in Au and Ag clusters as well
(Bootharaju and Pradeep 2011). XPS features of all
other expected elements have been assigned in the
survey spectrum and their expanded versions fitted
exactly with that of the expected elements (Supplementary Fig. S3). The S 2p region shows a 2p3/2
feature at 162.9 eV, characteristic of thiolate. The C
1s binding energy seen is at 285.0 eV, characteristic of
the ligand chain.

Fig. 3 XPS survey spectrum of Cu@PET cluster (red). It
identifies the presence of copper, sulphur, carbon, sodium (a
trace of Na, probably derived from NaBH4) and oxygen. Inset
Expanded XPS spectrum in the Cu 2p region of Cu@PET cluster
(blue). Sharp peaks with narrow width are observed. The
binding energy suggests the oxidation state of Cu to be close to
zero and that of S 2p region is characteristic of thiolates. (Color
figure online)
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Various control experiments were carried out to
optimize the conditions for synthesizing the cluster.
First, molar ratio of PET with copper sulphate was
varied (Supplementary Fig. S4). Five different molar
ratios of copper sulphate to PET (1:1, 1:3, 1:5, 1:7 and
1:9) were tried. Among these, only the mixture with
1:5 ratio produced a light pink-coloured solution that
showed distinct features in the optical absorption
spectrum (Fig. 1a), while others did not have any
characteristic features. Second, molar ratio of NaBH4
was varied with respect to copper sulphate for the 1:5
sample. Five different molar ratios of copper sulphate
and NaBH4 (1:3, 1:7, 1:10, 1:13 and 1:15) were
considered. Among these, the preparation with 1:10
ratio had distinct optical absorption features similar to
that shown in Fig. 1a, while others had no characteristic optical absorption (Supplementary Fig. S5).
Third, three different salts namely, cupric sulphate,
cupric chloride and cupric acetate were used to find
whether anion is playing any role for cluster formation/extraction. All of them produced samples of light
pink colour; among which, the solution prepared from
copper sulphate was most intense. In addition, sample
from copper acetate showed the characteristic optical
absorption features of Cu38(PET)25 which were significantly weaker than the same from cupric sulphate
(Supplementary Fig. S6). Sample from cupric chloride
did not show the desired optical absorption features.
MALDI MS analyses were done for Cu@PET prepared
from other two salts as well. The molecular ion peak
at m/z 5,800 was observed for the sample prepared
from cupric acetate indicating the presence of *Cu38
(PET)25 in it (Supplementary Fig. S7). Fourth, different
solvents (ethanol, acetonitrile, THF and toluene) were
tried as extraction media. Among these, ethanol and
acetonitrile were effective as solvents. The acetonitrile
extract, however, showed weak absorption. Instead of
showing three distinct features, it showed a single hump
around 500 nm. On the other hand, THF and toluene
were not able to extract the cluster as inferred by the
absence of pink colour and characteristic absorption
features (Supplementary Fig. S8).
Cluster formation was confirmed from the HRTEM
images where the clusters appeared as tiny dots
(Supplementary Fig. S9). The average diameter of the
cluster is 1.4 nm, comparable to that of Au38 (Stellwagen
et al. 2012). Upon longer electron beam irradiation,
the dots grow gradually to form an aggregate, quite
similar to that observed in the case of silver clusters
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indexed as (0ki0) (Espinet et al. 1999; Parikh et al. 1999).
Cu2S reflections match with the standard.

Conclusion
In summary, we have prepared a PET-protected
copper cluster for the first time. From the MALDI
MS data, a molecular ion peak at m/z 5,800 has been
identified and it is assigned to *Cu38(PET)25. However, the cluster decomposes in about 2 h at room
temperature forming a mixture of copper thiolates and
cuprous sulphide as characterised by PXRD. It is
important to improve the atmospheric stability to find
new applications for these systems.
Fig. 4 Powder XRD pattern of the decomposed material
consisting of a mixture of Cu2S and copper thiolates. A few series
of intense reflections, indexed as (0ki0), were observed because of
polycrystalline copper thiolates. Successive diffraction peaks are
because of differently structured [(0ki0)1, (0ki0)2 and (0ki0)3]
multiple layers of copper thiolates. Three series are marked. The
JCPDS pattern of Cu2S is shown in green. (Color figure online)

(Rao and Pradeep 2010; Dhanalakshmi et al. 2012).
From TEM/EDAX analysis, the Cu:S ratio was found to
be 1:0.67, consistent with the proposed composition
(1:0.65).
Scanning electron microscopy (SEM) is used to
find out the presence of the expected elements in the
cluster. It showed the desired elements (Supplementary Fig. S10). The Cu:S ratio was slightly different
from the expected value, possibly due to excess thiol
in that preparation. Excess thiol is found in the crystals
of clusters.
The decomposed material (2 h after the synthesis)
was converted to a powder by evaporating the solvent
using a rotary evaporator and analyzed by powder X-ray
diffraction (PXRD) which showed the presence of
copper thiolates along with Cu2S (Fig. 4) (JCPDS File
No-72-1071). The PXRD pattern of longer chain
thiolates consist of differently structured and stacked
layers of Cu and S atoms (Sandhyarani and Pradeep
2001), oriented in three dimension which produce
multiple series of peaks as shown in Fig. 4. Intense
periodic diffraction patterns with large d spacing provided evidence for the presence of those layers. Interlayer spacing, d was almost equal to twice the length of
alkyl chains because each CuS layer is separated by
two alkyl chains. Those periodic reflections have been
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