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For the first time, magnetron sputtering of copper onto liquid was 

investigated for the preparation of stable blue-fluorescent copper 

nanoclusters. The fluorescent intensity increased linealy with an 

increase of mercaptan. Our finding sets light on the formation 

mechanism of metal photoluminescent nanoclusters via 

sputtering onto liquid. 

Intensive emission and good stability are crucial in many 

applications such as bioimaging.
1-9

 Organic dyes are widely 

used in applications for single molecular imaging. However, 

they suffer rapid photofading,
4,5

 thus limiting a long time 

imaging. Semiconductor quantum dots have been developed 

with higher photo-stability and larger molar extinction 

coefficient compared to organic fluorophores. The 

semiconductor quantum dots often have bigger size (several to 

some tens of nm), high tendency of aggregation, and even 

toxicity issues.
4,5

 Recently, metallic nanoclusters show 

interesting photoemission properties.
1-10

 They have smaller 

size (from few to hundreds of atoms), typically less than 2 nm, 

compared with semiconductor quantum dots.  

 Copper and copper composite nanomaterials are gaining 

increasing attention from fundamental and application basis. 

Copper is much cheaper than noble metals but provide high 

photoluminescence (PL) and its great ability to mix with other 

elements opens up an almost infinite range of uses for this 

metal. However, compared with gold or silver, making and 

stabilization of copper nanoclusters are more challenging 

tasks, due to the ease of oxidation. Therefore, more efforts are 

required from scientists in order to make the usage of copper 

nanoclusters a reality for applications. So far, many strategies 

have been developed to synthesize copper nanoclusters. Some 

of the most common methods include chemical reduction in 

solution
11-14

 and ultrasonic radiation
15

 to reduce copper ions 

and using organic capping molecules, biomolecules
16

 (e.g. 

DNA) to control the growth of the nanoclusters. These 

methods have some drawbacks such as using toxic reductants 

and influence of impurity on the nanocluster properties. 

 On the other hand, physical processes
17-27

 (cluster beam 

deposition,
17

 sputtering
18-27

) that do not need reducing agents, 

have been used to produce metal nanoclusters from the bulk 

metal source. The great advantage of these techniques over 

chemical reduction methods is the high purity of the 

nanoclusters that can be achieved, as the synthesis is done 

under vacuum conditions using a controlled atmosphere. 

However, in these techniques, a solid substrate were often 

needed to support the bare metal nanoclusters.
28,29

 This limits 

the use of the metal nanoclusters for various in vivo bio-

applications where well dispersed nanoclusters in a suitable 

solvents with surface functionalization are in demand. Recent 

progress in sputtering has shown that introducing a liquid 

substrate to replace the solid ones allowed for direct 

preparation of liquid dispersion of nanoclusters.
20-26

 The liquid 

substrates are based on molten salts and low vapour pressure 

liquids such as liquid polymer,
22-26

 vegetable oil,
30

 and ionic 

liquids.
20,21,27

 Moreover, when stabilizing molecules are added 

into the liquid substrate or sputtering atmosphere, it is 

possible to control particle size and properties (oxidation, 

surface functionalization, plasmonic/fluorescent properties). 

Previous works reported successful preparation of 

gold,
20,22-24,27

 silver,
26

 and plasmonic copper
25

 nanoparticles 

with controllable sizes. In particular, our previous report on 

matrix sputtering of copper shows that metallic copper 

nanoparticles with plasmonic properties could be prepared. 

The average sizes were controlled from 2 – 3 nm to 5.5 – 8 nm 

by varying the sputtering current. However, we found that the 

use of pentaerythritol ethoxylate (PEEL) as a liquid matrix with 

week coordinating to copper could not fully protect copper 

nanoparticles in terms of particle size growth during sputtering 

into liquid and aggregation over time. Moreover, fluorescence 

copper nanocluters could not be obtained. 
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 In this paper, by using a stronger capping ligand, we report 

for the first time a synthesis of stable blue-emitting copper 

nanoclusters by sputtering copper onto a solution of 

poly(ethylene glycol) (PEG, MW = 600) and 11-

mercaptoundecanoic acid (MUA). PEG and MUA were chosen, 

respectively, for a low vapour pressure and good capping 

ability with Cu to form active fluorescent copper nanoclusters. 

PL properties and possible formation pathways of copper 

nanoclusters with respect to the concentration of MUA will be 

discussed.  

 Copper nanoclusters were prepared via sputtering (Fig. 1) 

using various MUA amount (0 – 1.00 g, 0 – 0.514 mM) in PEG 

(7.00 g) in Ar at 40 °C. A metallic Cu target was placed 6 cm 

above the surface of the liquid. The sputtering of Cu onto the 

liquid substrate was performed for 60 min at sputtering 

current of 20 mA. Copper nanoclusters dispersed in MUA and 

PEG gave yellow dispersions (Figs. 2 and S1). UV-Vis extinction 

spectra of the resulting dispersions show no clear surface 

plasmonic resonance from metallic copper nanoparticles (Fig. 

2). In the absence of MUA, higher absorption was observed in 

the UV-Vis spectrum of the copper nanoparticles dispersed in 

PEG. (both PEG and mixture of MUA and PEG do not absorb 

light in the visible region, Fig. S2). This sample, however, did 

not show PL emission. When we observed the particle size 

(shown later in Fig. 4f) we found that copper particles have an 

average particle sizes of 2.6 ± 0.6 nm and showing a broader 

particle size distribution when compared with copper particles 

in samples sputtered using MUA and PEG. It is common for 

metal nanoparticles with a size larger than 2 nm not to have 

PL.
32

 Using MUA (0.07 – 1.00 g), a clear peak at 345 nm in UV-

Vis spectra (Fig. 2) was observed for all samples, indicating the 

formation of copper nanoclusters. These samples emitted blue 

light under UV irradiation (Fig. 2), which is consistent with the 

UV-Vis results. We futher confirmed that these samples 

composed of metallic copper capped with MUA on their 

surfaces using XPS measurements. Detailed XPS spectra, 

analysis and assigment were given in Supporting Information, 

Fig. S3 and Table S1. 

 The PL excitation and emission spectra (Fig. 3a) of the 

copper nanocluster dispersions in MUA/PEG exhibit an 

emission peak maximum at 437 nm and an excitation peak 

maximum at 393 nm. These spectra belong to the copper 

nanoclusters since PEG and MUA themselves do not exhibit PL 

in this wavelength region (Fig. S3). The peak maxima and the 

shape of the PL spectra of the nanocluster dispersions are 

identical among these samples, suggesting an identical nature 

(i.e. their sizes, composition) of the PL centres in these 

samples. However, the intensity of the peaks increased with an 

increase in the MUA amount used in the liquid substrate (Fig. 

3b). This result indicates that the number of PL centres 

increases according to the amount of the stabilizing agent, 

MUA. Because all samples underwent the same sputtering 

parameters (i.e. time, current, substrate temperature and 

surface area, and target-liquid distance), except for the liquid 

matrix composition, the total volume of sputtered copper 

(number of copper atoms) in the liquid matrixes can be 

considered the same for all cases. Therefore, an increase in the 

number of PL centres indicated that the aggregation state (size 

and size distribution as well as the intra-clusters structure) of 

copper nanoclusters in the liquids were affected by the MUA 

concentration. Besides, considering the Jellium model for 

copper (Eq. S1),
10

 based on the emission spectra of the the 

dispersion, the size of the active PL centres was estimated and 

they would be composed by ~15 atoms. With this number of 

copper atoms, the copper core size of the PL centres is less 

than 1 nm.
32 

 

 

 

 

 

 

 

 

 

 
Fig. 1 Scheme of the sputtering mechanics: copper atoms and small clusters detach 

from a bulk copper target, and fall into a liquid composed of MUA and PEG. Copper 

nanoclusters are stabilized with thiol ligands to form a stable blue-emitting dispersion. 

Fig. 2 UV-Visible spectra for the sputtered copper nanoclusters dispersed in PEG and 

MUA (left). The amount of MUA was varied between 0 (only PEG) and 1.00 g. Pictures 

of a sample sputtered with 1.00 g of MUA in natural light (middle), and when irradiated 

with 365 nm wavelength light (right). 

 

Fig. 3 (a) PL spectra of samples sputtered at various MUA amounts (0.07-1.00 g) and (b) 

the PL emission intensity at 437 nm in PL emission spectra (or at 393 nm in PL 

excitation spectra) was plotted versus the MUA amount. A solid line was added to Fig. 

2b for visual guide. 

 The size and size distributions of MUA-stabilized copper 

nanoclusters were verified using TEM. The results (Figs 4 and 

5) showed that samples containing 0.10 g of MUA or more, 

have particle sizes in the range of 1.6 ± 0.3 nm, the sample 

containing 0.07 g of MUA has particle size of 2.5 ± 0.3 nm, and 
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sample without MUA has particle size of 2.6 ± 0.6 nm. The 

samples prepared in PEG matrix containing 0.07 g of MUA and 

PEG matrix without MUA show similar average size, but the 

former emitted fluorescence while the latter did not. In 

addition, the nanoclusters with size less than 1 nm were not 

found in the TEM images. However, all samples containing 

MUA emitted blue fluorescence, of which the active 

fluorescent centres of less than 1 nm. This suggested that the 

primary sputtered copper atoms and nanoclusters (as the 

active PL centres or to form the active PL centres) could 

experience further aggregration to certain sizes in the liquid 

substrate to form the nanoclusters as observed in Fig. 4. 

Moreover, MUA helped stabilize the active PL centres on their 

own and in the second aggregation state (nanoclusters 

containing these centres). The PL properties of these 

nanoclusters arise from the active PL centres stabilized with 

MUA, therefore all samples using MUA and PEG showed PL 

emission and excitation spectra in similar fashion. The higher 

amount of MUA, the larger number of the small active PL 

centres was stabilized and higher PL intensities were obtained. 

Further, we found that the fraction of nanoclusters with size 

less than 1.6 nm increased as a function of MUA amount (Fig. 

54), suggesting that a larger fraction of smaller nanoclusters 

was formed at higher MUA amount. The linear relation was 

observed for samples prepared using 0.10 g MUA or more and 

a sharp step between samples prepared using 0.07 g and that 

using 0.10 g MUA (both showed PL). Similar results were 

obtained when plotting the fraction of nanoclusters with size 

of 2.0 nm or less as a function of MUA amount (Fig. S4). This 

indicated that nanoclusters may contain more than a single PL 

centre. In addition, with less MUA, the active PL centres can 

merge to form bigger nanoclusters, they are inactive PL. 

Similar phenomenon was reported in case of sputtered gold 

and copper nanoclusters in thiolate containing liquid 

matrixes.
22-24,27,33

  

 Figure 6 illustrates the above mentioned formation 

mechanism of fluorescent copper nanoclusters. The primary 

sputtered copper atoms and clusters (Fig. 6a) are similar in all 

cases as soon as they were deposited onto MUA-PEG. These 

copper atoms and clusters were then dispersed in it and 

stabilized by MUA. Depending on the amount of MUA in the 

solution, the primary sputtered metal atoms and clusters 

aggregate to form nanoclusters with different size, size 

distribution, aggregation state (Figs 6b and 6c). The active PL 

centres (small nanocluster, orange filled circle capped with 

MUA) are considered as the sub-unit of the fluorescent 

nanoclusters. The sizes of the photoluminescent nanoclusters 

depend on the number of the active PL centres in the 

nanoclusters (Fig. 6b). Despite the size difference among these 

resulting photoluminescent nanoclusters, they show similar PL 

properties. At low MUA amount, primary sputtered atoms and 

clusters merged to form large sized inactive nanoclusters (grey 

particles, Fig. 5c). Therefore, with the same number of copper 

atoms in the primary sputtered atoms and clusters, the 

number of the PL centres obtained using high amount of MUA 

are larger than that using lower amount of MUA (Figs 6b and 

6c). More MUA molecules contribute to the formation of more  

 
Fig. 4 TEM images (left) and size distributions (right) of the sputtered samples with 

various amounts of MUA (0-1.00 g). All scale bars are 20 nm. 
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PL centres and photoluminescent nanoclusters as well as 

larger number of smaller sized nanoclusters. This proposed 

formation mechanism can explain the obtained identical PL 

excitation/emission maxima (one type of active PL centres), 

but the increase in PL intensity of the resulting dispersions for 

higher amount of MUA used.  

 Furthermore, we found that the blue emission PL of copper 

nanoclusters dispersed in MUA and PEG are highly stable with 

negligible photofading over time (Fig. S5). This makes the 

method become promising for preparation of long lifetime 

fluorophores for various applications. 

 

 

Fig. 5 Nanoclusters average diameter and fraction of nanoclusters with size of 1.6 nm 

or less obtained using differerent amount of MUA. 

 

Fig. 6 Formation mechanism of blue-emitting copper nanoclusters in relation to the 

MUA amount. 

Conclusions 

In conclusion, we demontrated that our modified green and 

facile sputtering technique allowed for achieving highly stable 

blue-emitting copper nanoclusters dispersed in liquid. The PL 

intensity varied proportionally to the amount of MUA in the 

liquid substrate. The changes in MUA concentrations did not 

change the position of the PL peak maxima and particle size for 

MUA content above 0.10 g. The finding in this study indicates 

the formation of PL centres and their secondary aggregation to 

form photoluminescent nanoclusters. 
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