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Abstract 

We report on studies that demonstrate how the chemical composition of the surface of copper 

nanoparticles (CuNPs) – in terms of percentage copper(I/II) oxides – can be varied by the presence 

of N-donor ligands during their formation via laser ablation. Changing the chemical composition 

thus allows systematic tuning of the Surface Plasmon Resonance (SPR) transition. The trialed 

ligands include pyridines, tetrazoles and alkylated tetrazoles. CuNPs formed in the presence of 

pyridines and alkylated tetrazoles exhibit a SPR transition only slightly blue shifted with respect 

to CuNPs formed in the absence of any ligand. On the other hand, the presence of tetrazoles results 

in CuNPs characterized by a significant blue shift of the order of 50-70 nm. By comparing these 

data also with the SPR of CuNPs formed in the presence of carboxylic acids and hydrazine, this 

work demonstrates that the blue shift in the SPR is due to tetrazolate anions providing a reducing 

environment to the nascent CuNPs, thus preventing the formation of copper (II) oxides. This 

conclusion is further supported by the fact that both AFM and TEM data indicate only small 

variations in the size of the nanoparticles, which is not enough to justify a 50-70 nm blue-shift of 

the SPR transition.  High-resolution transmission electron microscopy (HRTEM) and selected area 

electron diffraction (SAED) studies further confirm the absence of Cu(II)-containing CuNPs when 

prepared in the presence of tetrazolate anions. 

  



 4 

Introduction 

Excitation of the Surface Plasmon Resonance (SPR) electronic transition in metallic 

nanoparticles (MNPs) has shown to be particularly useful in guiding the synthesis and modification 

of a diverse range of nanostructures1-5 and plasmonic metamaterials.6, 7 Plasmonically-active metal 

nanoparticles have been used as catalysts,8-10 chemical probes11, 12 and to enhance the efficiency 

of solar cells.13-17 Application of the fascinating optical and electronic properties of MNPs arising 

from excitation of surface plasmons has been enhanced by the controlled growth of novel MNP 

morphologies.18-21 Tunable and broadband plasmonic absorption can been achieved by controlling 

the MNP dimensions.3, 22 Tunability of the plasmon resonances in metal-oxide nanocrystals has 

been demonstrated by cooperative cation-anion codoping.23 

However, challenges associated with reproducibly synthesizing complex nanostructures, 

including nanostars and nanoflowers, has restricted more widespread application of the plasmonic 

properties of these complex MNPs.24 Encapsulation of less complex plasmonic nanostructures, 

predominantly nanospheres, with chelating ligands has seen the development of new catalytic 

pathways for chemical and biological transformations.25-28 For instance, electronic interactions 

between the MNP surface and surrounding fluorophores has been shown to result in fluorescence 

enhancement,29-32 quenching33 and switching.34 

Copper nanoparticles (CuNPs)are becoming increasingly attractive as plasmon catalysts due to 

both their physical and chemical properties, including plasmonic transitions in the visible spectral 

region, and because of the relatively low cost and abundant copper ore reserves on Earth.35 

However, much less is known about CuNPs than noble-metal based NPs. In this paper we report 

on studies that demonstrate how the oxidation state of Cu surface atoms can be controlled by 

forming CuNPs in the presence of a specific class of encapsulating N-donor ligands, tetrazoles, in 
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aqueous solution. Since the SPR transition is influenced by the surface chemical composition of 

the CuNPs, this strategy represents a facile methodology for the modulation of the SPR transition, 

which can be blue shifted up to 70 nm with respect to CuNPs formed in the absence of any 

encapsulating ligand. 

CuNPs are produced by a technique we refer to as Laser Ablation Synthesis in Solution 

(LASiS).36, 37 The technique involves focused laser irradiation of a bulk metal target in a liquid. 

The LASiS technique has grown in popularity in recent years, with the technique demonstrating 

nanoparticle production advantages including wide applicability to the production of a variety of 

nanomaterials in high yield with relative simplicity.38 The ability to avoid the use of metal salt 

reduction agents also affords a significant “green” advantage to the LASiS technique.38, 39 

Previous LASiS studies from our laboratory have involved the production of gold nanoparticles 

encapsulated by anionic36, 40 and cationic37 surfactants in aqueous solution; the present study 

involves the production of copper nanoparticles encapsulated by N-donor ligands in aqueous 

solution. The motivation for the study is to explore the fundamental chemistry involved in CuNP 

production in the presence of N-donor ligands via the LASiS approach. In particular, we are 

interested in how the N-donor ligands influence the formation of CuNPs via LASiS. These studies 

highlight an exciting new avenue for ligand-based tuning of the plasmonic properties of simple 

copper nanoparticles. 

The structures and abbreviated names of the N-donor ligands used in this study are reported in 

Scheme 1. The ligands are grouped as pyridine-based, tetrazole-based, and alkylated tetrazole-

based species. The major difference between these three classes of molecules is represented by the 

fact that tetrazoles can deprotonate in aqueous media, thus forming “electron-rich” anionic 

tetrazolates. In this regard, tetrazoles are often considered as isosteres of carboxylic acids (pKa ≈ 
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5).41 Each ligand in Scheme 1 is colored red or blue to indicate the relative shift of the CuNP SPR 

transition (see Results and Discussion). 

 

 

Scheme 1. Formulations of the encapsulating ligands and their corresponding abbreviations used 

in this study. Ligands are colored red or blue to indicate the relative shift in wavelength of the 

CuNP SRP transition absorption maximum. 
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Experimental Methods 

N-donor ligands 

Phenanthroline (Phen), 4,4'-bipyridine (4,4'Bipy), pyridine (Py), 4-phenylpyridine (4Ph-Py) 

and 1H-5-methyltetrazole (T-Me) were obtained from Sigma Aldrich and used as received without 

any further purification. 1H-5-(4-pyridyl)tetrazole (T-4Py),42 2-tertbutyl-5-(4-pyridyl)tetrazole 

(BuT-4Py),42 1H-5-phenyltetrazole (T-Ph),43 1H-5-(3-pyridyl)tetrazole (T-3Py),43 1H-5-(2-

pyridyl)tetrazole (T-2Py),44 2-tertbutyl-5-methyltetrazole (BuT-Me),45 2-tertbutyl-5-

phenyltetrazole (BuT-Ph),45 and 2-tertbutyl-5-(2-pyridyl)tetrazole (BuT-2Py),46 were prepared 

according to previously published procedures. Following the procedure reported by Steel and co-

workers,46 2-tertbutyl-5-(3-pyridyl)tetrazole (BuT-3Py) was obtained as a white solid; yield 94%. 

Nuclear magnetic resonance spectra, consisting of 1H and 13C, were recorded using a Bruker 

Avance 400 spectrometer (400.1 MHz for 1H, 100 MHz for 13C) at 300 K. 1H and 13C chemical 

shifts were referenced to residual solvent signals. 1H-NMR (CDCl3) δ/ppm: 9.39 (1H, s), 8.71 (1H, 

d, J = 4.8 Hz), 8.48 (1H, d, J = 7.6 Hz), 7.46 (1H, dd, J = 7.8, 4.8 Hz), 1.81 (9H, s); 13C-NMR 

(CDCl3) δ/ppm: 162.2 (CN4) 151.0, 148.2, 134.1, 124.2, 123.6, 64.3 (CMe3), 29.4 (CH3) 

Copper Nanoparticle Formation 

The LASiS experimental method employed in our laboratory has been previously reported, 

including schematic representations of the experimental arrangement employed.36, 37, 40 Only 

salient details are reported here. CuNPs were prepared in a manner similar to that reported by 

Haram and Ahmad,47 either in ultrapure water (purified with a Lab PURE Plus UV system) or in 

the presence of a variety of N-donor ligands at a concentration of 110-4 M. Laser ablation is 

performed for 60 minutes at 1064 nm using a Continuum Surelite II Nd:YAG laser operating at 

10 Hz and 7.5 mJ/pulse.  The copper substrate is high purity, electronic grade oxygen-free copper 
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alloy C101 (99.99%). UV-visible absorption spectra of samples prepared by the method described 

above following 60 minutes of 1064 nm irradiation were recorded using a Cary 4000 UV-vis 

spectrometer. 

Atomic Force Microscopy (AFM) and Transmission Electron Microscopy (TEM) 

All samples synthesized following 60 min of 1064 nm irradiation were prepared for atomic force 

microscopic (AFM) analysis. The nanoparticles were deposited via spin coating for 4 minutes at 

2000 rpm on a freshly cleaved mica substrate for the AFM analysis. AFM topography 

measurements were performed using a Dimension FastScan AFM system (Bruker, California, 

USA) in Tapping Mode operation. AFM probes of type TESPA (Bruker, California, USA) with a 

resonant frequency of 320 kHz, a spring constant of 42 N/m and a tip radius of 8 nm were used for 

the acquisition of all AFM data. The data were processed and analyzed with the Gwyddion AFM 

analysis software program.48 Processing steps included data leveling by mean plane subtraction, 

horizontal scar correction and a plane level. If needed a 2nd degree polynomial background 

subtraction was executed. The size distribution data of the imaged nanoparticles was extracted 

from the height distribution, i.e., the diameter, of the nanoparticles, the data then being processed 

in Sigmaplot™ to generate the size distributions. 

As a calibration of the particle size distributions determined via AFM, selected ligated CuNP 

samples were also characterized by transmission electron microscopy (see Supporting Information 

for particle size distributions). TEM experiments were undertaken on a Jeol 2011 electron 

microscope. A drop of CuNP solution was deposited on a Formvar-coated 100 mesh nickel grid 

and dried at room temperature. The TEM images were captured at an emission energy of 200 kV 

and magnification of 200,000X. Images were collected using a digital camera with supplier-
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provided software, and all recorded images were analyzed using the ImageJ™ analysis program to 

determine particle sizes, and SigmaPlot™ to generate the size distributions. 

HRTEM, STEM and SAED 

High-Resolution TEM (HRTEM), Scanning TEM (STEM) and Selected Area Electron 

Diffraction (SAED) experiments were performed on an FEI Talos F200S GT TEM electron 

microscope. The Cu nanoparticle samples formed in the presence of ligands were diluted by a 

factor of 2 and sonicated, before a single drop of CuNP solution was deposited on a 300-mesh 

lacey carbon-coated grid and air dried. The HRTEM images were captured with an emission 

energy of 200 kV. 

X-ray Photoelectron Spectroscopy (XPS) 

Samples synthesized following 60 min of 1064 nm irradiation were also prepared for X-ray 

photoelectron spectroscopic (XPS) analysis. One drop of solution was placed upon a Pt-coated 

wafer. Solvent was removed from samples under reduced pressure and left to dry in a desiccator. 

Samples were not purified, for example via centrifugation or dialysis, prior to XPS analysis. 

Optical spectroscopy control experiments, whereby the addition of tetrazole ligands to solutions 

of bare CuNPs produced via LASiS does not shift the position of the SPR transition, indicate that 

free ligands have no influence on CuNP surface chemistry post-LASiS. 

The XPS experiments were performed on a Kratos Axis Ultra spectrometer equipped with an Al 

Kα monochromatic X-ray source running at 15 kV, a hemispherical electron energy analyzer, and 

a multichannel detector. The test chamber pressure was maintained below 2 × 10-9 Torr during 

spectral acquisition. 
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The XPS binding energy (BE) was internally referenced to the aliphatic C (1s) peak (BE, 284.6 

eV). Survey spectra were acquired at an analyzer pass energy of 100 eV, while high-resolution 

spectra were acquired with a pass energy of 20 eV. 

Consistent with previous studies from our laboratory,49 spectra were analyzed by fitting each 

peak with Gaussian-Lorentz functions after subtracting the background using the CasaXPS data 

processing software package50 under the constraint of setting a reasonable BE shift and 

characteristic full width at half-maximum range. Atomic concentrations were calculated by 

normalizing peak areas to the elemental sensitivity factor data provided by the CasaXPS database. 

Results and Discussion 

In a manner consistent with previous reports from our laboratory on the formation and stability 

of gold nanoparticles,36, 37, 40 CuNPs are directly prepared in aqueous solution by laser ablation.47, 

51 Whilst the SPR peak position of all MNPs is affected by particle size and shape, the SPR peak 

position and intensity in CuNPs is reported to be particularly susceptible to oxidation at the NP 

surface, with the formation of Cu2O and CuO.52-54 

The UV-vis absorption spectrum of CuNPs in pure water, produced after 60 minutes of 1064 nm 

laser irradiation (at 10 Hz, see Experimental Methods), is shown as the grey trace in Figure 1. The 

spectrum has been normalized for the maximum intensity of the SPR transition. The SPR transition 

has an absorption maximum at approximately 650 nm, reportedly indicative of oxidation of the 

nanoparticle surface.54 Long and co-workers have demonstrated that the peak of the SPR transition 

shifts to approximately 580 nm upon removal of the CuNP oxide layer by treatment with glacial 

acetic acid.54 All experiments reported herein have been undertaken under identical conditions, 

with the only variable being the nature of the N-donor ligand present in solution during the laser-
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based production of CuNPs. We thus assume, at this initial stage, that all CuNP samples are 

similarly oxidized during their production. 

Also presented in Figure 1 are the normalized UV-visible spectra of CuNP samples prepared in 

110-4 M aqueous solutions of Phen (solid red line), 4,4'Bipy (long-dashed line), Py (medium 

dashed line) and 4Ph-Py (short-dashed line). Inspection of Figure 1 indicates that CuNPs prepared 

in the presence of the pyridine-based ligands display a SPR peak at wavelengths of approximately 

630 nm, only slightly blue shifted from that of CuNPs prepared in pure water.† This suggests that 

the surface chemical composition and electron density is very similar for CuNPs formed in pure 

water or the presence of pyridine-based ligands. 

SPR-normalized UV-visible spectra of CuNP samples prepared in 110-4 M aqueous solutions 

of the tetrazole-based ligands T-Me, T-Ph, T-3Py and T-4Py are presented in Figure 2, along with 

that of CuNPs produced in pure water (grey trace). It is clear that these ligands induce a significant 

blue shift of the encapsulated CuNP SPR peak of 50-70 nm (to approximately 580-600 nm).‡ Based 

upon the report of Long and co-workers,54 we attribute this spectral shift to oxidation state changes 

of the CuNP surface atoms. This preliminary attribution will be expanded upon later in this study. 

Nonetheless, this is a unique demonstration of the potentially profound influence of the 

encapsulating ligand on the plasmonic behavior of the laser-formed metal nanoparticle. 

To test the hypothesis that the deprotonated form of the tetrazoles, formed in solution via acid-

base equilibrium, induces the dramatic blue shifts in the CuNP SPR spectra, the corresponding 

 

† We color these spectra red to indicate no significant SPR spectral shift compared to CuNPs produced in pure water. 

‡ We color these spectra blue to indicate a significant SPR spectral blue shift compared to CuNPs produced in pure 

water. 
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tert-butylated tetrazole ligands were used as encapsulating agents. SPR-normalized UV-visible 

spectra of CuNP samples prepared in 110-4 M aqueous solutions of BuT-Me, BuT-Ph, BuT-

3Py and BuT-4Py are presented in Figure 3, along with that of CuNPs produced in pure water 

(grey trace). With these tert-butylated encapsulating ligands being unable to deprotonate, the 

encapsulated CuNP SPR peak absorption is not significantly blue shifted, in a similar fashion to 

the results presented in Figure 1 for the pyridine-based ligands. Indeed, the SPR maximum 

absorption wavelength of BuT-Ph (long-dashed line in Figure 3) is very slightly red shifted 

relative to that of ‘bare’ CuNPs produced in pure water. 

Interestingly, the SPR-normalized UV-visible spectrum of CuNP samples prepared in 110-4 

M aqueous solutions of T-2Py also displays only a moderate blue shift from the SPR of bare CuNP 

(Figure 4; solid red line), even though this species belongs to the tetrazole-based group. We 

rationalize this outlier behavior by considering the predominant form of the pyridyl-tetrazole 

molecules in an aqueous environment. Prior to deprotonation, the regioisomers T-3Py and T-4Py 

are likely to exist in their charge-separated zwitterionic forms, bearing a negatively charged 

tetrazolate ring along with a positively charged pyridium substituent. While this can also occur on 

T-2Py, the protonation and deprotonation sites are spatially adjacent, thus effectively forming a 

“chelated” proton. This limits the charge separation and avoids the formal formation of a 

tetrazolate anion as experienced by T-3Py and T-4Py. Evidence to support this assertion is 

provided by the UV-visible absorption spectrum of BuT-2Py, which is also presented in Figure 4 

(dashed line).  Clearly, the zwitterionic form of T-2Py does not significantly increase the electron 

density on the tetrazole as much as the other ligands of this group. 

Optical scattering contributions may influence the position of SPR transitions in nanomaterials. 

These scattering effects can have a stronger influence at higher energies (shorter wavelengths) 
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relative to the SPR transitions.55, 56 We observe no compelling evidence to suggest that scattering 

effects influence the position of SPR transitions in this study. SPR-normalized optical spectra for 

a selection CuNP samples presented in Figures 2, 3 and 4 are reproduced over the wavelength 

range 400 – 850 nm and presented in Supporting Information Figure S1 (T-2Py, BuT-2Py, BuT-

3Py, and But-4Py) and Figure S2 (T-Me, T-Ph, T-3Py, and T-4Py). All spectra in Figures S1 and 

S2 display similar wavelength dependencies at higher transition energies. 

The peak position of the SPR transition in MNPs is also influenced by nanoparticle size.57 

However, El-Sayed and co-workers have reported consistently that for gold nanoparticles of 

diameters less than approximately 20 nm, this effect is not expected to be significant.58-60 Rice et 

al. discuss how copper and gold can be expected to behave in a similar manner due to both metals 

having similar band structures and optical properties.61 Moreover, these workers demonstrate that 

changes in CuNP optical properties can be primarily attributed to changes in surface oxidation 

rather than NP size. Sun et al. demonstrate that CuNPs synthesized with diameters of 7.5 nm and 

12.2 nm display very similar absorption spectra.62 Finally, El-Sayed and co-workers show that 

CuNPs with diameters of 12 nm and 30 nm display nearly identical absorption spectra.63 Therefore, 

we do not expect the spectral blue shifts evident in Figure 2 to be attributable to significantly 

smaller particle size distributions for CuNPs produced via LASiS in the presence of the tetrazole-

based ligand solutions. Nonetheless, determination of CuNP particle size distributions is required 

as confirmation. 

To confirm that the 50-70 nm SPR spectral blue shifts are not the result of different CuNP 

particle size distributions being produced in the presence of tetrazole-based encapsulating ligands, 

particle size distributions have been measured via both AFM and TEM. Representative particle 

size distributions and associated cumulative distribution functions from AFM measurements for 
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bare CuNPs and for those formed in the presence of selected ligands are presented in Figure 5. 

AFM-determined particle size distributions for all other ligands used in this study are presented in 

the Supporting Information (Figures S3-S6). To improve the statistics of the particle-size 

distribution determinations, each histogram was generated by analyzing multiple images (see 

Experimental Method for details). All samples have been analyzed via AFM measurements. 

Selected ligand-encapsulation samples, together with CuNPs prepared in pure water, were also 

analyzed via TEM to ensure confidence in particle size determinations via an independent method. 

All TEM data are presented in the Supporting Information (Figures S7-S8). The samples analyzed 

via TEM include CuNPs prepared in pure water as well as in ligand solutions that result in no 

significant SPR spectral shift and those that do. Comparison of the data presented in Figure 5 

together with that in the Supporting Information indicates that the AFM and TEM results are in 

good agreement. 

The particle size distributions for bare CuNPs and those encapsulated with Py are very similar 

(see Figure 5), with the former having a maximum in the size distribution of 8 nm.  The latter 

exhibits a size distribution maximum of 6 nm and is a little narrower, as indicated by the sharper 

cumulative distribution function. The two distributions of CuNPs encapsulated with T-3Py and 

BuT-3Py exhibit slightly smaller and narrower distributions, with maxima of 3 nm and 5 nm for 

T-3Py and BuT-3Py, respectively. Together, the relative consistency of CuNP size distributions 

generated in this study and the previously reported observations of El-Sayed and co-workers63 

indicate that the observed SPR spectral shifts displayed in Figure 2 cannot be attributed to 

differences in CuNP particle size. 

Having eliminated significant differences in the encapsulated CuNP particle size distributions 

as the cause of the 50-70 nm blue shift in the CuNP SPR transition maximum for the tetrazole-
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based ligands, it is prudent to consider whether the ability of these ligands to deprotonate in 

aqueous solution may be the primary factor influencing the CuNP surface electron density, and 

thus the SPR absorption maximum. To test this possibility, CuNPs were generated via the LASiS 

approach in solutions of 110-4 M benzoic and nicotinic acid. Both ligands have similar pKa 

values to the tetrazoles reported in Figure 2 and might therefore be expected to bring about similar 

spectral shifts to the blue if this phenomenon is attributable to ligand deprotonation in aqueous 

solution. 

The UV-visible spectra of CuNPs generated in benzoic and nicotinic acid solutions are presented 

in Figure 6. The CuNP SPR transition for the case of benzoic acid encapsulation is extremely 

similar to those for CuNP formed in the presence of pyridine-based and alkylated-tetrazole based 

ligands.  In the case of the pyridine-based and alkylated-tetrazole based ligands a very slight blue 

shift to bare CuNPs in water is observed, whereas for the nicotinic acid encapsulation a very slight 

red shift to bare CuNPs is observed. The conclusion that must be drawn is that the 50-70 nm blue 

shift in the SPR transition for CuNPs formed in the presence of tetrazole-based ligands arises from 

the presence of the anionic tetrazolate species rather than the presence of a weak acid characterized 

by a pKa ≈ 5. It is likely that the presence of the anionic tetrazolate moiety influences nascent 

CuNP formation during the LASiS process. We assert this in situ effect because control 

experiments whereby the addition of these tetrazole ligands to solutions of bare CuNPs produced 

via LASiS does not influence the position of the SPR transition.  The spectral shifts are only 

observed when the CuNPs are formed in the presence of these ligands. 

Reports in the literature52-54, 61 indicate that the “red” CuNP SPR transition around 650 nm can 

be attributed to the presence of an oxide layer at the CuNP surface, while the “blue” CuNP SPR 

transition around 580 nm is attributable to an oxide-free CuNP surface. Based upon this possibility, 
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we have used the classical Tauc approach64, 65 to estimate the optical energy band gaps of the 

oxide-layer containing encapsulated CuNPs. Specifically, we have taken the approach reported by 

Ng and Fan,66 which is based on the earlier reports characterizing semiconductor band gaps by 

Chang et al.67 and Fukuda and co-workers.68 

In brief, we use the following equation for semiconductors: 

  

where  is is the optical absorption coefficient at excitation frequency , A is a constant and m = 

1 for an allowed direct transition.67 Figure 7 shows a series of plots of (eV)2 versus photon energy 

(Ephoton, eV) under these conditions.  In each case the extrapolated value (the straight lines to the 

x-axis) of Ephoton at  = 0 gives an absorption edge energy corresponding to the optical band gap 

energy, Eg. The representative plots in Figure 7 correspond to the same encapsulation conditions 

as for the particle size distributions presented in Figure 5. The band gap values determined for all 

encapsulation conditions are reported in Table 1. The equivalent plots to those presented in Figure 

7 for all encapsulation conditions are provided in the Supporting Information (Figures S9-S11). 

Inspection of the band gap values reported in Table 1 clearly highlights that the four tetrazole 

ligands, viz., T-Me, T-Ph, T-3Py and T-4Py, have a larger band gap than all other ligands or 

indeed for bare CuNPs in aqueous solution. All of the band gap values reported in Table 1 are 

larger than that for single-crystal Cu2O (2.1722 eV),69 which is consistent with the nanoparticles 

not forming well-defined crystal structures, especially in terms of thin surface oxide surface layers. 

However, the larger band gap values for the CuNPs formed in the presence of tetrazole ligands is 

suggestive of relatively lower levels of surface oxide formation. Such an outcome would be 

consistent with the literature reports of these CuNPs exhibiting blue-shifted SPR transitions 

because of oxide-free surfaces.52-54, 61 

( ) ( ) 2

2

m

g
hA E  = −
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To characterize the surface chemistry of CuNPs formed in the presence of all ligands, XPS 

measurements were undertaken, with particular attention placed on exploring the copper, oxygen, 

and nitrogen signals (see Experimental Methods for details). Not surprisingly, for all samples 

analyzed, except for the bare CuNPs, a strong nitrogen (1s) signal is observed. All samples also 

display a strong oxygen (1s) signal.  Such a result is inconsistent with the aforementioned claims 

of the blue-shifted SPR arising from oxide-free CuNPs. Thus, careful analysis of the copper (2p3/2) 

signal for all samples was undertaken. 

For each recorded XPS spectrum, the data were deconvoluted to obtain the relative population 

of each copper oxidation state.  This was achieved by fitting the spectra to a sum of peaks using 

non-linear least squares minimization.  A Shirley background was applied to remove the electron 

scattering background and maintain the intrinsic line shape from the raw data.70 A pseudo-Voigt 

function comprised of the sum of Gaussian (30%) and Lorentzian (70%) functions was used, 

following the approach described by Biesinger et al.71 In this approach, as the binding energies 

(BE) of Cu(0) and Cu(I) are unresolvable, these two oxidation states are considered to generate a 

single emission peak. Thus, a determination is made between the relative proportion of Cu(II) 

versus the sum of Cu(0) plus Cu(I) (which we now refer to as ‘Cu(0+I)’) contributing to both the 

main 2p3/2 transition and its associated satellite (or ‘shake-up’) transition according to: 

  

where A1 represents the contribution of Cu(II) to the main 2p3/2 transition and A represents the 

sum of Cu(II) and Cu(0+I). By contrast only Cu(II) contributes to the shake-up transition, 

represented as B in the equation above. The total intensity from Cu(II) species is represented in 

the combination of the signals from the direct photoelectron emission (A1) and the shake-up 

photoelectron emission (B), as schematically shown in Figure 8. 

1
% ( ) 100

B A
Cu II

A B

+
= 
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X-ray photoelectron spectra for the representative BuT-3Py and T-3Py encapsulation ligands 

are presented in Figure 9, panels a and b, respectively. Each spectrum displays the Cu 2p3/2 

transition region, together with the fitted components as described above. It is apparent in Figure 

9a that that both Cu(0+I) and Cu(II) transitions are present in the direct photoelectron emission 

transition at lower binding energies (between approximately 931-937 eV; the Cu(II) contribution 

is evident as the high-energy shoulder). Moreover, the higher energy shake-up peak, arising from 

the presence of Cu(II) at the CuNP surface, is clearly evident (approx. 940-947 eV). The 

appearance of this high-energy Cu 2p3/2 satellite transition is also evident for the bare CuNPs 

produced in aqueous solution as well as for all ligand encapsulation conditions except for the four 

tetrazole-based ligands (see Supporting Information; Figures S12-S13). The equivalent XPS 

spectrum for cases of CuNPs formed in the presence of tetrazoles is represented in Figure 9b (for 

T-3Py). Here, there is no evidence of a Cu(II) shoulder in the main transition and no evidence at 

all of the Cu(II) shake-up transition. The equivalent fitted XPS spectra for the cases of all the 

tetrazole-based ligands, where no Cu(II) signal is observed, are also reported in the Supporting 

Information (Figures S13-S14). 

In Table 2 we present the %Cu(II) determined from the above analysis, together with the SPR 

transition max, for each ligation scenario explored in this study. We have already confirmed that 

the blue shift in the SPR max is not attributable to the presence or absence of an oxide layer on the 

CuNP surface due to the observation of a significant O (1s) signal in all XPS spectra. Rather, the 

blue shift is clearly correlated with the absence of Cu(II) in CuNPs formed via LASiS. That is, the 

production of nascent CuNPs in the presence of the deprotonated tetrazole ligands suppresses the 

formation of Cu(II) at the nanoparticle surface. As a reminder, the absence of Cu(II) occurs during 
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the nanoparticle formation process because adding these ligands to bare CuNP samples post-

LASiS does not bring about the spectral shift to the blue. 

The presence of an oxide layer on all CuNP surfaces determined in this study is consistent with 

the results of several laser-based CuNP production studies.47, 72, 73 Haram and Ahmad discuss the 

formation of copper hydroxide following the laser-induced Cu plasma plume reacting with solvent 

water, with subsequent decomposition to copper oxides.47 Gondal et al. report similar outcomes, 

with Cu(I) being ultimately partially oxidized to Cu(II).72 Each of these studies build upon the 

initial report by Tilaki et al. where Cu(II) oxides were shown to be formed via laser ablation in 

water, but not when using acetone as the solvent.73 

The aforementioned studies support the putative suggestion that the deprotonated tetrazoles in 

aqueous solution act as a reducing agent, preventing the formation of Cu(II) during LASiS 

production. Such behavior by these ligands would be akin to the reducing behavior of compounds 

such as hydrazine during traditional chemical reduction CuNP formation.74, 75 Hydrazine is known 

to differentially coordinate to Cu (111), (100) and (110) surfaces,76 and potentially influence CuNP 

size and shape during nanoparticle formation.77 

To test the assertion that tetrazolate anions act as in situ reducing agents during the LASiS 

production of CuNPs, LASiS experiments were undertaken in the presence of 110-4 M aqueous 

hydrazine solution. The resultant SPR-normalized UV-visible absorption spectrum is presented in 

Figure 10. This clearly shows an equivalent blue spectral shift evident for CuNPs formed in the 

presence of deprotonated tetrazole ligands. Moreover, the associated XPS analysis also shows that 

0% Cu(II) is found on the CuNP surfaces (see Table 2). 

To further explore the oxidation chemistry of the CuNPs, SAED and HRTEM studies were 

undertaken on a small selection of the samples in this study. Cu nanoparticles adopt a face centered 
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cubic (fcc) structure, and upon oxidation they may partially or completely convert into copper 

oxides such as Cu2O and CuO alongside a re-arrangement of the crystal structure.78 Such structural 

changes can be verified through the analyses of the SAED patterns and HRTEM images of the 

corresponding samples. Specifically, SAED pattern analysis allows the lattice planes of Cu, Cu2O, 

and CuO to be indexed, and the surface oxidation states of CuNPs can therefore be determined. 

Furthermore, the lattice plane spacings visualized in HRTEM images can be indexed to Cu or 

copper oxide species such as Cu2O and CuO. 

Figure 11 compares TEM images and the associated SAED patterns of CuNP samples prepared 

in (a) pure water, (b) 4,4'Bipy, (c) T-4Py, and (d) BuT-4Py. All images show that spherical 

nanoparticles are formed, with particle sizes in the range of 5 to 30 nm. A close inspection on these 

products reveals that the use of the 4,4'Bipy (Figure 11b), T-4Py (Figure 11c), and BuT-4Py 

(Figure 11d) capping ligands does not influence the CuNP size and morphology compared with 

those produced in pure water (Figure 1a). A STEM image of CuNPs prepared in the presence of 

T-4Py shows that the nanoparticles have a spherical shape, which is consistent with the results of 

the TEM images in Figure 11c (see Supporting Information; Figure S15). 

The coexistence of Cu, Cu2O and CuO in the samples presented in Figure 11 is further confirmed 

by the presence of distinct diffraction patterns in the SAED of the particles. The corresponding 

interplanar spacings for each diffraction pattern are 0.289, 0.240. 0.203, 0.169, 0.146 and 0.124 

nm, which correspond to CuO (110), Cu2O (111), Cu (111), Cu (200), Cu2O (220) and Cu (220), 

respectively (Table 3). The interplanar spacing of 0.203 nm has been assigned to both Cu2O (200) 

and Cu (111) because these lattice plane spacings are very close and hard to differentiate in the 

SAED patterns. It is worth noting that the diffraction pattern with an interplanar spacing of 0.289 

nm corresponding, CuO (110), is not apparent in the CuNPs prepared in the solution using T-4Py 
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as the capping ligand (Figure 11c). This provides clear and strong evidence that no CuO-containing 

CuNPs are produced when T-4Py is used as the capping ligand.  This result is consistent with the 

observation of the blue shift in the SPR due to the absence of Cu(II) in nanoparticles formed via 

LASiS. 

Figures 12 and 13 show HRTEM images of nanoparticles prepared via LASiS using T-4Py as 

the capping ligand. Nanoparticles obtained have either a slightly elongated shape (1 in Figure 12a) 

or spherical shape (2 in Figure 12a). Lattice fringes with spacings of 0.299, 0.24 and 0.21 nm are 

clearly seen and are indexed into CuO (110), Cu2O (111), and Cu (111)/ Cu2O (200), respectively 

(Figures 12b and 12c). The lattice spacing of 0.17 nm of the nanoparticle in Figure 13 is assigned 

to the (200) lattice plane of Cu (0). The HRTEM results further confirm the absence of Cu(II) 

nanoparticles in the sample prepared in the solution using T-4Py as the capping ligand. 

Importantly, the HR-TEM data presented in Figure 12 show no evidence for the formation of 

graphitic matrix effects. Such effects are commonly observed under LASiS conditions involving 

organic solvents, such as toluene.79, 80 They are not observed in LASiS experiments performed in 

water. The nitrogen-rich ligand concentration of 110-4 M in aqueous solution employed in these 

studies is highly unlikely to produce a graphitic matrix. Moreover, a simple control experiment 

from our laboratory involving LASiS irradiation of ligand solutions in the absence of a metal disk 

for 1 hour shows no decomposition of the ligands, as measured by 1H NMR spectroscopy.81 This 

indicates that the high intensity photon regime does not cause photodegradation of the tetrazole 

ligands, which would be required to generate graphitic layers. 

Together, the above data provide compelling evidence in support of the presence of deprotonated 

tetrazolate moieties providing a reducing environment during the LASiS-based production of 

CuNPs that prevents the formation of Cu(II) on the NP surface. The mechanism for formation of 
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nanomaterials during laser ablation in liquids has been extensively studied, both experimentally82, 

83 and theoretically.84, 85 The temperature inside the ablation plume where CuNPs are formed is 

suggested to be as high as 5700 K.84 The formation of the nanostructures is attributed to the 

combination of ultrafast quenching of a hot plasma within the ablation plume and its interaction 

with the surrounding medium.86 High temperatures at the plasma plume front result in excitation 

and evaporation of the surrounding liquid. This incorporates both solvent and solute molecules 

into the outer edge of the plasma, often referred to as a plasma-induced pressure region.83  Our 

investigations suggest that this interfacial region is where the reduction of Cu(II) occurs within 

nascent CuNPs. 

Our results offer a novel pathway for controlling the surface oxidation of laser-formed CuNPs 

and is a particularly striking outcome because tetrazolate anions are routinely considered to be 

relatively stable ligands in terms of their redox behavior in the presence of redox-active metal 

cations.  For example, it is well documented that the addition of tetrazolate anions to Cu(II) 

precursors leads to the formation of stable Cu(II) complexes rather than to a reduction of the metal 

center.87 

Conclusions 

We have demonstrated, for the first time, how the surface plasmon resonance (SPR) in laser-

formed copper nanoparticles (CuNPs) is systematically controlled by the electronic structure of 

encapsulating N-donor ligands present in solution. We have demonstrated that anionic tetrazolates 

formally act as a reducing agent during the laser-based formation of the CuNPs. Formation of the 

CuNPs under these reducing conditions prevents the formation of Cu(II) at the nanoparticle 

surface, which is manifest as a significant (50-70 nm) spectral blue shift in the CuNP SPR 
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transition maximum and is confirmed by HRTEM and SAED studies. This in situ reduction is 

achieved without changes to CuNP size or shape. These studies highlight a useful avenue, using 

readily accessible species such as tetrazoles, for controlling the optical properties of simple NP 

architectures, obviating the need to synthesize complex nanoarchitectures. 

Supporting Information 

Figures S1 – S15.  Expanded wavelength UV-visible spectra, additional AFM-determined CuNP 

particle size distributions, additional TEM-determined CuNP particle size distributions, additional 

plots of (Ephoton)
2 versus Ephoton for CuNPs formed in the presence of various ligand solutions, 

additional fitted XPS spectra for the Cu (2p3/2) transition for CuNPs formed in the presence of 

various ligand solutions, and STEM image of CuNPs prepared in the presence of T-4Py. 
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Table 1. Optical band gaps determined via the classical Tauc approach for CuNPs produced 

under the specified ligand encapsulation conditions.  See text for details. 

Encapsulating Ligand Bandgap (eV) 

Bare CuNP 3.0 

  

Phen 3.2 

4,4' Bipy 3.1 

Py 3.1 

4Ph-Py 3.2 

  

T-Me 3.6 

T-Ph 3.9 

T-3Py 3.9 

T-4Py 3.7 

  

BuT-Me 3.1 

BuT-Ph 3.1 

BuT-3Py 3.1 

BuT-4Py 3.1 

  

T-2Py 3.1 

BuT-2Py 3.1 

  

Benzoic Acid 3.1 

Nicotinic Acid 2.9 
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Table 2. LASiS-formed CuNP SPR transition max values, together with %Cu(II) 

determinations for each ligand encapsulation condition. See text for details. 

Encapsulating Ligand SPR max (nm) %Cu(II) 

Bare CuNP 655 28 

   

Phen 630 23 

4,4' Bipy 630 39 

Py 635 32 

4Ph-Py 640 55 

   

T-Me 595 0 

T-Ph 582 0 

T-3Py 595 0 

T-4Py 595 0 

   

BuT-Me 650 18 

BuT-Ph 675 32 

BuT-3Py 640 48 

BuT-4Py 640 28 

   

T-2Py 630 58 

BuT-2Py 640 32 

   

Benzoic Acid 635 53 

Nicotinic Acid 665 86 

   

Hydrazine 590 0 
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Table 3. Lattice spacing and the corresponding Miller index extracted from the SEAD 

patterns of nanoparticles in Figure 11. 

Bare CuNP 4,4' Bipy T-4Py BuT-4Py 

d 

spacing 

(nm) 

Lattice 

plane (hkl) 

d 

spacing 

(nm) 

Lattice 

plane (hkl) 

d 

spacing 

(nm) 

Lattice 

plane (hkl) 

d 

spacing 

(nm) 

Lattice 

plane (hkl) 

0.289 CuO(110) 0.285 CuO(110)   0.285 CuO(110) 

0.240 Cu2O(111) 0.247 Cu2O(111) 0.240 Cu2O(111) 0.247 Cu2O(111) 

0.203 Cu2O(200) 

Cu(111) 

0.217 Cu2O(200) 

Cu(111) 

0.203 Cu2O(200) 

Cu(111) 

0.217 Cu2O(200) 

Cu(111) 

0.169 Cu(200) 0.178 Cu(200) 0.169 Cu(200) 0.178 Cu(200) 

0.146 Cu2O(220) 0.145 Cu2O(220) 0.146 Cu2O(220) 0.145 Cu2O(220) 

0.124 Cu(220) 0.123 Cu(220) 0.124 Cu(220) 0.123 Cu(220) 
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Figure Captions 

Figure 1. UV-visible absorption spectrum of CuNPs prepared in pure water by laser ablation 

for 60 minutes (grey trace). The SPR absorption peak at approx. 650 nm indicates oxidation of the 

CuNP surface. The solid red trace is the equivalent SPR-normalized absorption spectrum of CuNPs 

produced by laser ablation in a 110-4 M aqueous solution of Phen. The long-dashed line 

represents the SPR-normalized spectrum of CuNPs produced with 4,4' Bipy; the medium-dashed 

line represents that for CuNPs produced with Py; the short-dashed line represents that for 4Ph-Py. 

 

Figure 2. SPR-normalized UV-visible absorption spectra of CuNPs prepared by laser 

ablation for 60 minutes in pure water (grey trace) and 110-4 M aqueous solutions of T-Me (upper 

solid line), T-Ph (long-dashed line), T-3py (medium-dashed line) and T-4py (short-dashed line 

line). 

 

Figure 3. SPR-normalized UV-visible absorption spectra of CuNPs prepared by laser 

ablation for 60 minutes in pure water (grey trace) and 110-4 M aqueous solutions of BuT-Me 

(solid red line), BuT-Ph (long-dashed line), BuT-3Py (medium-dashed line) and BuT-4Py (short-

dashed line). 

 

Figure 4. SPR-normalized UV-visible absorption spectra of CuNPs prepared by laser 

ablation for 60 minutes in pure water (grey trace) and 110-4 M aqueous solutions of T-2Py (solid 

red line) and BuT-2Py (dashed red line). 
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Figure 5. Particle size distributions and cumulative function distributions of bare CuNPs 

produced by the LASiS method, together with those from CuNPs encapsulated with Py, T-3Py 

and BuT-3Py. In the case of the bare CuNPs the size distribution has a maximum at 8 nm. The 

size distribution maximum for Py-encapsulated CuNPs is 6 nm, while that for T-3Py-encapsulated 

CuNPs is 3 nm and that for BuT-3Py-encapsulated CuNPs is 5 nm. Other size distribution 

statistics, including average particle sizes are include in the Supporting Information. See text for a 

discussion of these size distributions. 

 

Figure 6. SPR-normalized UV-visible absorption spectra of CuNPs prepared by laser 

ablation for 60 minutes in pure water (grey trace) and 110-4 M aqueous solutions of benzoic acid 

(solid red line) and nicotinic acid (dashed red line). 

 

Figure 7. Representative plots of (Ephoton)
2 (where Ephoton is reported in eV) versus Ephoton 

for CuNPs formed in pure water (upper left), Py (upper right), T-3Py (lower left) and BuT-3Py 

(lower right). Optical band gap energies are determined by extrapolation of the linear region of 

each plot to  = 0 (y-axis intercept). 

 

Figure 8. Schematic representation of the deconvolution components of the Cu (2p3/2) X-ray 

photoelectron spectra reported herein.  
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Figure 9. Fitted XPS spectra for the Cu (2p3/2) transition for CuNPs produced via LASiS in 

the presence of BuT-3Py (panel a) and T-3Py (panel b). See text for a discussion of the fitting 

procedure. 

 

Figure 10. SPR-normalized UV-visible absorption spectra of CuNPs prepared by laser 

ablation for 60 minutes in pure water (grey trace) and 110-4 M aqueous solution of hydrazine 

(solid blue line). 

 

Figure 11. TEM image and selected-area electron diffraction pattern of nanoparticles in (a) 

pure water, and in solutions of (b) 4,4' Bipy, (c) T-4Py and (d) BuT-4Py as capping ligands. 

 

Figure 12. TEM and HRTEM images of Cu2O nanoparticles prepared in the presence of T-

4Py as the capping ligand. (a) TEM image, (b) HRTEM image corresponding to the dashed 

rectangle 1 in (a), (c) HRTEM image corresponding to the dashed rectangle 2 in (a). White lines 

indicate the orientation of selected crystal planes. 

 

Figure 13. HRTEM images of Cu nanoparticles prepared in the presence of T-4Py as the 

capping ligand. White lines indicate the orientation of selected crystal planes. 

 

  



 43 

 

 

 

 

Mulder et al.          Figure 1 

  



 44 

 

 

 

 

Mulder et al.          Figure 2 

  



 45 

 

 

 

 

Mulder et al.          Figure 3 

  



 46 

 

 

 

 

Mulder et al.          Figure 4 



 47 

 

Bare CuNP Py T-3Py BuT-3Py 

    

    

Mulder et al.               Figure 5 



 48 

 

 

 

Mulder et al.          Figure 6 



 49 

 

  

  
 

Mulder et al.               Figure 7 



 50 

 

 
 

 

 

 

Mulder et al.          Figure 8 

  

Binding Energy (eV )

930935940945950

A2

A1

B2B1

B=  B1+ B2

A=  A1+ A2



 51 

 

  

 

 

 

Mulder et al.          Figure 9 

 

  

a) b) 



 52 

 

 

 

Mulder et al.          Figure 10 

 

  



 53 

 

 

 

Mulder et al.          Figure 11 

 

  



 54 

 

 

 

Mulder et al.          Figure 12 

 

  



 55 

 

 

 

Mulder et al.          Figure 13 

 

  



 56 

TOC Graphic 

 

 

 
 


