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ABSTRACT 

This thesis investigates the modification of the surface oxide of copper 

nanoparticles (CuNPs) generated by laser ablation. The copper nanoparticles 

are generated by exploiting the laser ablation synthesis in solution (LASiS) 

technique, whereby a piece of pure copper is ablated by an Nd:YAG pulsed 

laser. Studies were conducted on the role that nitrogen-based ligands had on 

the CuNPs formed, and it was shown that nitrogen containing tetrazole-

based ligands had a profound effect on the UV-visible spectra of the formed 

CuNPs. 

Further investigation reveals that the deprotonating ability of select 

tetrazole-based ligands is the cause for the differences in the UV-visible 

spectra. It is shown that the differences in the spectra are due to oxide 

formation on the CuNPs. The UV-visible results indicate that deprotonated 

tetrazoles provide oxidative control of the CuNPs, while the other ligands do 

not. Successive investigations into the size of the CuNPs formed showed, via 

various methods, that the CuNPs formed by LASiS have a similar size 

distribution. Exploratory investigations were done on the bandgap values of 

the formed CuNPs, as a difference in bandgap value is an indication of 

changes in the composition of the copper oxide present on the CuNPs. 

Qualitative chemical composition studies were also undertaken, namely XPS, 

revealing that the deprotonated tetrazole ligands have no Cu(II) present. 

This suggests that the oxide formed on the surface of the CuNPs is either 

Cu(I) oxide or Cu(II) oxide, depending on what ligand solution is present. 

Further discussion about the oxide formation process is presented, 

demonstrating that it seems likely that all the CuNPs undergo oxidation to 

Cu(I) oxide initially. It is explained that the presence of Cu(II) oxide seen in 

the XPS is due to uncontrolled oxidation of the CuNPs, wherein the Cu(I) 
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oxide further oxidises to form Cu(II) oxide. It is concluded then that the 

deprotonated tetrazole ligands prevent this further oxidation from taking 

place. 

Studies were conducted as a function of laser irradiation time in 

representative ligand solutions to give a mechanistic insight into the 

formation processes of CuNP. It was found that the formation of CuNPs 

followed a very similar trend across all three solutions, which indicates that 

that the oxidation of the CuNPs occurs during the ablation process and not 

once the ablation is finished. It was shown in a previous chapter that the 

addition of a deprotonated tetrazole to a CuNP solution created in pure 

water once LASiS was finished did not replicate the result if the CuNPs were 

created in the deprotonated solution. This demonstrates that the oxidative 

control occurs during the LASiS process. 

In conclusion, this thesis illustrates a method of controlling the 

oxidation of CuNPs formed by LASiS in aqueous solutions through the use of 

deprotonated tetrazole ligands.  
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Chapter 1: Introduction 

1.1 What is a Nanoparticle? 

According to the Oxford English dictionary, a particle is “a minute 

fragment or a quantity of matter; the smallest perceptible or discernible part 

of an aggregation or mass.”[1] From a physical science point of view, however, 

this definition is not sufficient to accurately describe the wide-ranging sizes of 

particles that exist. From subatomic particles like the electron, to 

macroscopic particles such as powders, the size variation is many orders of 

magnitude. There are various classification criteria that exist to further refine 

the definition of ‘particle’, such as the United States Environmental 

Protection Agency’s classification which classifies a particle into one of the 

four following groups: supercoarse, coarse, fine and ultrafine.[2]  

One well accepted refinement is the definition of a nanoparticle (NP), 

which according to the International Organization for Standardization is 

classified as a “nano-object with all external dimensions being in the 

nanoscale where the lengths of the longest and the shortest axes of the nano-

object do not differ significantly.”  A nanoparticle is then an object with 

three dimensions being in the nanoscale range, which is “approximately from 

1 nm to 100 nm.”[3] 

As the size and dimensionality of a material is reduced, its properties 

start to deviate from that of the bulk, with the emergence of new properties 

occurring. Many of these unique properties manifest when the dimensions of 

the material are reduced to approximately 100 nm. There is a certain amount 

of variation with this, however, with some unique properties emerging before 

the material is down to 100 nm in size, with others not appearing until well 

below 100 nm.[3] Nonetheless, because the majority of these novel properties 
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appear at around 100 nm in size, the upper limit is thusly set.[3,4] A lower size 

limit meanwhile has been set at 1 nm primarily to create a distinction 

between nanoparticles (NPs) and particles that are smaller, such as atomic 

clusters.[4,5] These smaller particles often have different properties to that of 

nanoparticles. 

It is because of the emergence of these changed and new properties 

that nanoparticles are of significant scientific & industrial interest. A large 

body of research has been conducted on metal-based nanoparticles, with 

research being undertaken in many different fields. These include 

fundamental research,[6-10] imaging and sensing,[11-16] drug delivery and cancer 

therapy,[17-19] catalysis,[20-22] solar harvesting and semiconductors,[23-27] as well 

as niche areas such as magnetic nanoparticles.[28] More recent research has 

focused on using the changed and new properties of the metal NPs 

themselves to guide the synthesis and modification of a diverse range of 

nanostructures[29-31] and metamaterials.[32] 

Of recent interest in the last few years is the manufacture of non-

spherical NPs, and their various applications and uses.[10,29,33,34] As the shape 

of the NPs change, their properties start to differ from that of spherical NPs, 

leading to some interesting uses.[34,35] Of great interest is the role of non-

spherical NPs in targeted drug delivery, with certain shapes of NPs resulting 

in different and/or improved biological interaction compared to spherical NPs 

of the same chemical makeup.[36,37] 

 

1.2 Noble Metal Nanoparticles 

Of some of the greatest interest to researchers has been the noble 

metal nanoparticles, with noble metals being metals that are resistant to 

corrosion and oxidation in moist air. This group of noble metals comprises 
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ruthenium, rhodium, palladium, silver, osmium, iridium, platinum and 

gold.[38] Mercury, rhenium and copper may also be included in this list, 

though these three are not resistant to oxidation and acidic attack. The two 

metals of most interest to nanoparticulate researchers are gold and silver as 

the physical properties of the other six noble metals (high melting point and 

high resistivity to acids) make them less attractive to work with. This is not 

to say that NP research does not occur in these other metals and metals that 

are not considered noble, it is just that gold and silver hold so much allure to 

researchers.  

To illustrate the level of NP research that has been conducted on the 

elements in the periodic table, Figure 1.1 highlights the elements in the 

periodic table that have been studied in nanoparticulate form, while the 1987 

review paper by Sugimoto highlights over 50 separate NP systems that had 

been studied until then.[33] 

 

 

Figure 1.1  Periodic table highlighting (in yellow) the elements that have been used 
to generate NPs via LASiS. Oxygen, chlorine and bromine have been 
highlighted since metal oxide and metal chloride/bromide NPs have been 
generated via LASiS. For more information see reference [39] from where 
the figure is adapted. 
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As mentioned, of particular interest over the years has been 

nanoparticulate gold. Most famously a key component in the Lycurgus Cup, 

a 4th century Roman glass cage cup,[4,40] nanoparticulate gold has been used 

for centuries to stain glass. In 1857 Michael Faraday first recognised that it 

was very finely divided gold that was causing the red colour in stained glass, 

and it is attributed that he undertook the first modern chemical synthesis of 

gold nanoparticles.[41] In 1951 Turkevich pioneered a synthetic method of 

chemical reduction of gold nanoparticles (AuNPs),[42] which was refined by 

Frens in the 1970’s.[43,44] Brust developed a new synthetic method in the early 

1990’s, specifically targeted at nanoparticle synthesis in organic liquids.[45] 

Silver nanoparticles (AgNPs) have also been the focus of a large amount of 

research over the years, though to not as great an extent as that of gold. 

AgNP synthesis was reported in the 1980’s,[46] with interest increasing in the 

early 1990’s.[47-49]  

As a whole, research into nanoparticles has been steadily increasing 

since the 1990’s. Barcikowski et al. reported that from 1998 up till early 2009 

there were just over 185,000 results from a series of nanoparticle search terms 

(see Search #1 in Table 1) in Web of Sciences’ Science Citation Index 

(SCI).[50] As of May 2017, using their same search terms and starting in 1998, 

this number has jumped up to over 870,000 results, as seen in Table 1. This 

increase represents a more than a fourfold increase in 9 years, though since 

then the SCI has been changed to the SCI-Expanded database and it is 

possible that this has increased the article count. 

 To determine in what areas this research is being conducted, a second 

search modifier was added to the original terms derived by Barcikowski et 

al., the term being an AND Boolean operator of the six individual noble 

metals as well as copper. The results from the individual searches are shown 
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in Table 1, with the results showing that of the nearly 875,000 results, only 

185,000, or 21%, of publications have dealt with noble metal NPs. An 

interesting find is that the total number of search results from Searches #4 

through #12 total around 230,000, which is some 44,000 higher then Search 

#3. This would suggest that there is a certain amount of research being 

published where the focus is on more than one single noble metal, but rather 

two or more at one time. 
 

Table 1.1:  Web of Science SCI-Expanded Database query 

Search set Search string SCI results 

 “nanoparticles” as of 8/5/17 

#1 

nanoparticle* OR nanocrystal* OR nanowire* OR 

nanotub* OR nanofibre* OR nanofiber* OR nanosphere* 

OR nanorod* OR nanodot* OR quantum dot* OR 

quantum wire*  

873,921 

 “noble nanoparticles” as of 8/5/17 

#2 
gold OR silver OR copper OR platinum OR palladium OR 

ruthenium OR rhodium OR iridium OR osmium 
 

#3 #1 AND #2 185,040 

#4 #1 AND gold 95,771 

#5 #1 AND silver 57,384 

#6 #1 AND copper 30,032 

#7 #1 AND platinum 21,329 

#8 #1 AND palladium 14,616 

#9 #1 AND ruthenium 6,648 

#10 #1 AND rhodium 1,489 

#11 #1 AND iridium 1,304 

#12 #1 AND osmium 264 
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The reason for including copper into this search, despite its debated 

nature of noble metal status, becomes clear when one notices that it has the 

third highest number of hits. Copper nanoparticle (CuNP) synthesis was 

reported in the mid 1990’s by Lisiecki and co-workers[51,52] and saw a surge in 

research in the mid 2000’s.[53] Copper nanoparticles (CuNPs) have many 

potential uses, due to their excellent electrical conductivity, catalytic 

properties, nanolubrication applications as well their low cost in comparison 

to all the other noble metals. Copper also is bio-available and has excellent 

Raman scattering properties. However, the level of research conducted into 

CuNPs still isn’t as extensive as that of gold or silver NPs. This might be due 

to the fact that copper oxidises very rapidly; the main reason of contention as 

to whether it should be classified as a noble metal. A lot of nanoparticle 

synthesis has thus been focused on oxide-free CuNPs, most successfully 

prepared and studied in an inert atmosphere.[52,54,55] 

 

1.3 Metal Nanoparticle Synthesis 

1.3.1 Bottom-Up Synthesis 
There are two very different approaches to metal NP synthesis, these 

being ‘bottom-up’ or ‘top-down’ methods. The traditional reductive synthesis 

methods of reducing metal salts to metal nanoparticles can be considered a 

bottom-up method. The emergence of new techniques such as photochemical 

reduction,[53,56-60] electrochemical reduction[53,59-61] and 

microemulsion[53,57,59,61,62] methods can also be considered as bottom-up 

techniques. These methods start with the desired metal in a defined oxidation 

state (most often as a metal salt), and during the synthesis become reduced 

to the metal (0) form. Over time nanometre sized metal nanoparticles are 

formed from individual atoms. There is, however, an inherent problem with 
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the classical bottom-up chemical reduction synthesis. Unless the 

nanoparticles are separated from their original solutions, they are at risk of 

further side-reactions; side-reactions can occur between the nanoparticles 

themselves, or between the nanoparticles and any residual reactants. A drive 

in the last three decades to develop new, cleaner, and greener methods of 

nanoparticle synthesis led to the development of physical top-down 

methods.[53,60]  

1.3.2 Top-Down Synthesis 
In contrast to bottom-up methods, top-down methods start with a 

bulk source of metal that is most often already in the required metal (0) 

form. The bulk metal is physically reduced in size to the desired nanometre 

form. Top-down methods are also referred to as physical methods, as most of 

them employ a physical manipulation of the bulk to reduce it down in size. 

The two most common top-down methods are pulsed wire discharge 

(PWD)[53,59,60] (which includes a slightly modified form called the exploding 

wire method) and pulsed laser ablation (PLA).[29,39,53,59,60,63-69]  

A less well-used technique employs the use of a ball mill, but there are 

many factors that can influence the quality of the final product.[53,59,60,70-72] 

PLA is not a new technique, being first mentioned in the early 1990’s [73] 

with further development in the early 2000’s. There are a few variations by 

research groups over the years in the exact nature of the PLA setup 

employed; however, the same basic elements exist: a high-powered pulsed 

laser system focused onto, and ablating away, a metal target within a liquid. 

It has been shown to be an easy manufacturing method and it is also 

relatively clean. Simply by ablating a sample of gold, silver or platinum in 

pure water has resulted in metal nanoparticles (MNPs) in solution. [74-76] The 

research presented in this thesis focuses on the use of PLA, specifically, a 
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method of PLA that has been termed ‘Laser Ablation Synthesis in Solution’ 

(LASiS) a method first reported by Amendola et al. in 2007.[77] 

  

1.3.3 Laser Ablation Synthesis in Solution 
Laser ablation synthesis in solution (LASiS) is a physical method of 

manufacturing NPs that is fast, easy and negates the use of potentially 

harmful chemical reducing agents. The NP solution that is created is clean, 

free of excess (or unwanted) reactants, and can be performed in aqueous or 

organic solvents. Ablation solutions can contain capping or encapsulating 

molecules to increase NP chemical functionality, stop oxidation, and/or 

contain and prevent coagulation.  

The LASiS method employs the use of a high-powered laser to ablate 

a metal target. In most cases the laser is pulsed, most commonly pulsing in 

the 10’s of Hertz range and on the nanosecond full-width, half-maximum 

(FWHM) time scale. However, picosecond and femtosecond lasers have also 

been used for the ablation process.[53,59,60] Typically, due to availability and 

convenience, Nd:YAG lasers are the laser of choice, with the 1064 nm 

fundamental output most commonly being used. The first and second 

harmonic outputs (532 nm and 355 nm, respectively) of Nd:YAG lasers have 

also been used in various cases.[39,59,67,75,76,78-81] 

The principle of the LASiS technique is the focusing of a pulsed laser 

source onto the surface of a target metal which is immersed in a liquid. The 

power of the laser is chosen such that the focused output is sufficient to 

ablate the surface of the metal, and the result of having the metal target 

immersed in a liquid is that the material that is ablated away is immediately 

dispersed into solution. With sufficient laser energy, the ablation of the target 

metal surface results in the formation of NPs.[39] 
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The LASiS process is quite complex in its nature, and the 

understanding of the formation processes of NPs in solution is something that 

has intrigued many research groups. The nature of the LASiS system leads to 

complexities that are not seen with bottom-up synthetic methods, as it is a 

complex dynamic mechanism. The nature of the pulsed laser system means 

that the dynamics of the system from shot-to-shot can be quite variable. 

Amendola and Meneghetti, in their review paper, summarise the substantial 

amount of work done by research groups and break down the LASiS process 

into various ultra-short time domains to explain the formation of NPs in 

solution.[39]  

The actual ablation process on the surface of the metal target is 

relatively violent, and this is due to the presence of a localised plasma plume 

on the surface of the metal target. This plasma gives rise to a very localised, 

very sudden and large temperature change in the solution, such that, in 

aqueous solutions, bubbles are seen rising from the surface of the metal. It is 

likely that this is indicative of localised boiling water, but equally as likely 

that it is oxygen and hydrogen gas from dissociated water. Further, in 

volatile organic solvents, the power of the laser increases the rate of 

evaporation, and, given enough headspace gas, will catch alight from the 

laser passing through the gas. 

It is important to characterise the NPs that are formed and these 

complexities in the LASiS process mean that analysing the solutions and the 

formation processes of NPs in-situ while LASiS is occurring is somewhat 

prohibitive. Therefore, the easiest way to analyse the solutions and examine 

the formation of NPs and to characterise the NPs is to study the solutions 

once the ablation process is concluded.  
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1.4 Nanoparticle Characterisation 

1.4.1 Methods of characterisation 
No matter the route involved to produce NPs, the methods employed 

to identify and characterise the nanoparticles are common. Visualising the 

NPs is often the first step in characterising the NP solutions, and this can be 

achieved through various means, including scanning electron microscopy 

(SEM) or atomic force microscopy (AFM), but the more commonly used 

imaging technique is transmission electron microscopy (TEM). These various 

techniques allow for the imaging and inspection of the morphology and 

structure of the synthesised nanoparticles as well as the average size of the 

nanoparticles.[9,10,60,66] Dynamic light scattering (DLS) can also be used to 

determine the average size of nanoparticles, though the nature of the 

technique means that the determined size of the NPs is in most cases larger 

than when determined by SEM or TEM.[82,83] This is due to the DLS 

measuring the Brownian motion of particles in solution, which yields the 

diffusion coefficient of the NPs, from which the hydrodynamic radius of the 

NPs is determined.[84] The hydrodynamic radius incorporates solvent 

molecules that are static on the surface of the NP during motion, and thus 

the DLS incorporates these solvent molecules into the determined size. This 

results in the size of the NPs as found by DLS to be larger than that of the 

size found by SEM or TEM. The use of high resolution TEM (HRTEM) can 

also give information about the lattice structure of the nanoparticles.[85] 

Aside from these imaging techniques, there are other techniques that 

can probe the elemental composition and structure of the nanoparticles. 

These include X-ray photoelectron spectroscopy (XPS) and X-ray diffraction 

(XRD) respectively.[86,87] Another very commonly used analysis technique is 

ultraviolet-visible (UV-visible) spectroscopy. The reason UV-visible 
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spectroscopy is used extensively is that there is an interesting absorption 

phenomenon that arises in NPs. Particles that have a small enough size 

absorb certain wavelengths of light and, in the case of metal nanoparticles, 

when dispersed in a liquid solution can change the colour of the solution. 

This phenomenon is due to surface plasmon resonance (SPR) and gives rise 

to a feature in the UV-visible absorption spectra referred to as the surface 

plasmon band (SPB).  

1.4.2 Surface Plasmon Resonance 
This interesting absorption phenomenon that arises in small metallic 

particles may seem surprising at first: small-particle absorption spectra can 

have absorption features where the bulk has none, or multiple features where 

the bulk has only one absorption feature. This is due to the physical size of 

the particles. As the size of the particle decreases, the influence of the 

electromagnetic modes on the surface has a greater influence on the overall 

electromagnetic modes. This means that as the particle shape changes, and 

the dielectric function varies, the number, position and width of the 

absorption features changes.[88] This phenomenon of small metallic particles 

having absorption spectral features arise as the size of the material reduces, 

can be explained by first considering what occurs in the bulk material. 

When one considers a bulk material, there is a vast number of 

electrons moving throughout the material lattice, with many different modes. 

Within the metal lattice there exists collective electron oscillations in the 

bulk material, first investigated by Tonks and Langmuir in 1929,[89] called 

plasma oscillations. These plasma oscillations are known as plasmons, and 

should be considered not as the movement of a single electron, but rather as 

a group of electrons moving under the urging of a Coulombic force.[88] These 

plasmons are referred to as bulk plasmons, as one considers them to be not 
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able to interact with the surface of the metal and are bound in the core of 

the bulk metal. As one can imagine, if you then take a bulk material and 

reduce its size, the plasmons no longer remain bounded but start to interact 

with the surface of the material. This was first realised by Ritchie in 1957,[90] 

when it was proposed that plasmons could exist on the surface of the 

material, in this case thin films, and became known as surface plasmons. 

Surface plasmons are therefore collective electron oscillations, which instead 

of occurring in the bulk, occur and exist at the interface of two materials.  

When the size of the material is reduced such that we are now talking 

about a nanoparticle, the behaviour of surface plasmons changes. The 

surface-to-bulk ratio of the nanoparticle is highly tipped towards the surface, 

and as a consequence, the surface plasmons result in the exhibition of 

absorption features that are dominated by shape, and bear little resemblance 

to those of the bulk material (which has a greater density of bulk 

plasmons).[88] With the nanoparticles being so small, there exist wavelengths 

of light that can interact strongly with the surface plasmons, resulting in a 

polariton, and also giving rise to the unique absorption features.  

If we consider a plasmon in a classical picture as an oscillation of free 

electrons in an object, the electrons will move to the left side of the object if 

placed in an electric field facing to the right. The electrons will try to cancel 

the field that is present, and, upon removing the electric field, the electrons 

will move to the right, being repelled by one another, and thence also being 

attracted to the bare positive ions on the right, as shown in Figure 1.2. This 

oscillation of electrons happens until the energy is lost due to resistance or 

dampening. In the case of a nanoparticle, the electric field of the incoming 

light interacts with the surface plasmons, oscillating the electric field back 

and forth. However, now the surface plasmons can oscillate resonantly if they 
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are excited by the correct wavelength of light, overcoming the resistance and 

dampening. This gives rise to surface plasmon resonance (SPR), the reason 

for the unique absorption features that are found in metal 

nanoparticles.[6,8,13,91,92] 

 

 

Figure 1.2  Illustrative representation of the surface plasmon resonance in a metal 
nanoparticle. This illustrates how the entire cloud of electrons that cover 
the surface of the nanoparticle oscillates in phase with the electric field of 
the incident light. Adapted with permission from reference [29]. Copyright 
2013 John Wiley and Sons. 

 

The frequency of light that is required to resonate the surface 

plasmons is often called the Fröhlich frequency, named after Fröhlich who 

obtained an expression for the frequency of polarisation oscillation due to 

lattice vibrations in small dielectric crystals.[93] Although his work was with 

small dielectric crystals, it has been applied to small metallic nanoparticles. 

The reason for this is that this polarisation oscillation is in fact the lowest-

order surface mode, the dipole oscillation, the mode that gives rise to SPR. 

The frequency that Fröhlich derived occurs when the real part of the 

permittivity equation (!") is equal to twice the inverse of the surrounding 

medium (!#), and where the imaginary part (!$) is equal to zero: 

 

!" = −2!#;	!$ = 0. 1.1  
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The frequency where these conditions in Equation 1.1 are met is the 

frequency at which the SPR occurs in small metal nanoparticles, and gives 

rise to the unique absorption features seen in the spectra which we call the 

surface plasmon band (SPB).[6,8,91,94,95] This absorption feature arises due to 

the NPs absorbing a small amount of the incident electro-magnetic radiation 

at the Fröhlich frequency to maintain the resonance condition that is the 

SPR. 

However, Equation 1.1 is only valid under the condition that the 

nanoparticles are small (<25 nm in diameter) and that, importantly, !$  is 

weakly dependent on wavelength.[88,91] An extension to Equation 1.1 is 

therefore necessary to consider finite-sized particles, when !$	 is somewhat 

dependent on wavelength:[88] 

 

! = − 2 +
12
5
/$ !0	 1.2  

 

where / is a size parameter related to the diameter of the spherical NP as 

described by Bohren and Huffman,[88] and ! = 	 !" + 	1!$ , being the classical 

description of the material’s permittivity. As / increases, ε therefore increases 

and the Fröhlich frequency will shift to longer wavelengths. When / is small, 

the shift in the frequency is minimal, but as the size increases the frequency 

shifts more markedly, and the SPB absorption feature will red-shift to longer 

wavelengths.  

An interesting case arises for the case of a coated sphere. The reason 

for this is that the Fröhlich frequency of the metal nanoparticle changes as 

coatings are applied. If we were to consider the dielectric functions of the core 

and shell separately, and we also assume that the core volume is small 
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compared to the shell (which is a very reasonable assumption), then the 

Fröhlich mode for a coated particle becomes:  

 

!′" ≃ −2!′$ 1.3  
 

where !′"	is the dielectric function for a homogeneous sphere in a medium 

with dielectric function !′$. This is similar to Equation 1.1; however, it is now 

clear that !0 has been replaced with !′$, with the dielectric of the medium 

now being less important than that of the coating. The effect of coating a 

sphere will result in the value of !′" changing, becoming more !′$ in nature. 

The magnitude of the shift is dependent on the behaviour of the core (!′"), as 

well as the thickness of the coating (!′$). [88]  

The thicker the coating becomes, the less influence the core has on the 

Fröhlich frequency, and this leads to the coated NP having a Fröhlich 

frequency that is more like the coating and less like the core, resulting in the 

SPB absorption feature changing. This change can either be a change in the 

intensity of the absorption feature, the wavelength position of the absorption 

feature, or a combination of the two. 

 

1.5 Copper Nanoparticles and Oxidation 

As previously mentioned, copper has received a lot of attention in the 

world of NP manufacture, not in the least due to its interesting properties 

and applications. However, the biggest challenge with copper, be it bulk or in 

nanoparticle form, is that it will start to oxidise in a matter of hours under 

ambient conditions.[96] It has been shown that if there is oxygen present 

during traditional chemical reduction synthesis of CuNPs, copper oxide 

nanoparticles are formed. Most often the NPs that are formed are either 
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complete copper oxide, or have a copper core with a copper oxide shell, with 

CuO and Cu2O being the oxides that form.[55,60,62,96-101]  

To combat this, synthesis has to be undertaken in a completely inert 

atmosphere, and, for best success, completely de-oxygenated solvents, to 

prevent the oxidation of the NPs during their formation.[55] Gawande et al. in 

their review paper demonstrate how various methods are employed to combat 

oxidation formation, the chief method being the use of additives that cap the 

nascent CuNP surface to protect from oxidation, which even then is often 

only partially successful.[60] 

Theoretical modelling of Mie’s solution to Maxwell’s equations has 

shown that the SPB feature of CuNPs should be centred around 550 

nm,[51,52,102] and previous research has shown that chemical synthesis in 

anaerobic conditions gives a SPB centred between 570 – 590 nm.[51,52,102,103] 

Ablating CuNPs in pure acetone has yielded a SPB centred around 580 nm, 

and given that this is similar to CuNPs synthesised in anaerobic conditions, 

it can be assumed that the NPs formed are oxide free.[55,104,105]  

When this ablation is undertaken in pure water, however, the SPB is 

weak, broad and centred around 670 nm, indicative of copper oxide on the 

surface of the NP.[106] As the SPB has been red-shifted, it is indicative of a 

change in the surface chemistry, that is, oxidation has taken place and the 

surface of the nanoparticle is no longer pure copper.[55] If we consider again 

the expression in Equation 1.3, we can regard the copper oxide coating to be 

the shell, and the pure copper centre to be the core. Coating with a copper 

oxide shell has changed the dielectric of the nanoparticle, and has shifted the 

SPB from 580 nm to 670 nm. This shift in the location of the SPB has been 

theorised to be tuneable by controlling the level of oxidation present, with 
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the larger the amount of oxide, the greater the red-shift,[107] and this has also 

been experimentally demonstrated.[99] 

To combat oxide formation during LASiS experiments, additives can 

be incorporated into the solution to assist in preventing oxide formation. 

Typically, the additives are in aqueous solution, and either are surfactants or 

ligands, depending on their intended use. A common use is to prevent 

agglomeration of the NP solution. Here, typically surfactants such as sodium 

dodecyl sulphate (SDS) and cetyltrimethylammonium bromide (CTAB) or 

cetyltrimethylammonium chloride (CTAC) are used.[4,66,108-111] These are long 

chain organic molecules with a hydrophobic end and a hydrophilic end, which 

means they can form micelles and prevent the nanoparticles coming in close 

proximity to each other and agglomerating out of solution.  

It’s important to note that the literature demonstrates that the 

presence of these surfactants does little to prevent oxidation from occurring, 

as most report the formation of copper oxide coated CuNPs or pure copper 

oxide NPs.[59] Another way to try and prevent agglomeration, and also then 

to try and prevent oxide formation, is to use aqueous ligand solutions. The 

ligand choice is dictated by intended function: whether to increase NP surface 

chemical functionality, to prevent oxidation, to prevent coagulation, or a 

combination of the three. This concept lies at the heart of the project 

described herein. 

 

1.6 Encapsulation of Nanoparticles 

Encapsulation of metal nanoparticles by chelating ligands is an 

effective way to modify or create new properties in the nanoparticles 

themselves, and has seen the development of new catalytic pathways for 

chemical and biological transformations.[109,112,113] For example, chelating 
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metal nanoparticles with fluorophores has been shown to result in 

fluorescence enhancement,[114-117] quenching[118] and switching.[119] The 

behaviour of the chelating ligands in these examples opens up a possibility to 

protect the surface of, in this case, the CuNPs from oxidation.  

Because common surfactants, such as SDS and CTAB, only offer 

micellular protection of the NPs, they potentially cannot stop oxidation of 

the NPs. Ligands however have a potentially stronger ligand binding affinity 

for the NPs, and by their nature of electronic interaction they have the 

potential to bind to the surface of the NPs.[79,80,111,120,121] This means that the 

ligands are potentially better suited to prohibit oxidation of the NPs. It is 

known that nitrogen has a strong affinity for copper[122,123] (much like sulphur 

does for gold[4,124,125]), and this is potentially due to the lone pair of electrons 

on the nitrogen. This affinity that nitrogen has for copper suggests that 

nitrogen based ligands would bind well to the CuNP surface.[80,121,126-128] It 

has been shown that changing the polarity of the solvent changes the level of 

oxidation of CuNPs, which indicates an electronic interaction between, in this 

case, the solvent and the NP, leading to a prohibition of oxide formation.[55]  

Two well-known nitrogen based ligands, 1,10-phenanthroline and 4,4¢-

bipyridine, have successfully been used as ligands for CuNP, and the results 

indicate that there is binding to the copper surface.[80] When aqueous 

solutions of these two ligands were used, the SPB was centred around 610-

615 nm, a good indication of reduced oxide formation.[80] 

 

1.7 Research Objectives 

A remaining challenge then is to easily generate CuNPs via LASiS in 

aqueous solutions that are oxide free. There is also a real advantage to being 

able to reliably create NPs that have a quasi-tuneable surface plasmon band 
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(SPB) location. Having the ability to control at what wavelength the SPB 

feature occurs, opens the door for novel CuNP applications, while also 

understanding somewhat better the formation processes allows for fine-tuning 

of the properties of the CuNPs generated. 

It has been illustrated with previous literature that CuNPs can have 

their SPB absorption feature location shifted from 570 nm all the way to 680 

nm due to the presence of an oxide coating, which has potential to allow for 

tunability in the absorption feature location in CuNPs. To this end an 

objective of this research is to see if it is possible to generate oxide-free 

CuNPs via LASiS in aqueous solutions with the use of nitrogen based 

ligands. This will be investigated through, in part, the use of UV-visible 

spectroscopy that will allow the SPB absorption feature to be studied. The 

employment of classical imaging techniques will allow for the visualisation of 

the created NPs as well as an analysis of the distribution of the particle size 

diameters. It is important to study the particle size distributions of the 

generated CuNPs, as it is possible that fluctuations in the particle size 

distributions can affect the position of the SPB absorption feature, as 

Equation 1.3 demonstrates.  

The ligands chosen to be examined in this research are tetrazole-based 

compounds. Tetrazoles are a bioisostere of the carboxylate group, consisting 

of a five-membered ring containing four nitrogen atoms and one carbon atom. 

They have garnered attention recently due to their use in organometallic 

complexes,[129,130] and with the large number of nitrogen atoms present should 

have some chemical interaction with the CuNP surface, hopefully preventing 

oxidation. A variety of tetrazole-based ligands were chosen to be examined, 

with a focus in particular on pyridine-substituted tetrazole ligands.  
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The ligands that have been studied in this research are illustrated in 

Figure 1.3. Along with the tetrazole-based ligands, four pyridine-based 

ligands were studied for the sake of comparison. This was done due to phen 

and bipy having previously researched in relation to CuNPs,[80] and both Py 

and 4Ph-Py were studied to see if there was any difference in the results due 

to bulkiness of ligand and slight variations in structure. T-2Py, T-3Py and T-

4Py were studied to see if there was any difference in the interaction between 

the ligand and the CuNPs when the relative position of the pyridine nitrogen 

changed with respect to the tetrazole motif. As shown in Figure 1.3, for these 

compounds, the pyridine-based nitrogen is in the 2, 3 or 4 position, 

respectively. T-Me and T-Ph were examined to see what effect the presence 

or the absence of a pyridine ring has, with T-Me having no ring substituent, 

while T-Ph only has a phenyl ring substituent. These last two ligands then 

primarily focus on the effect of the tetrazole, and whether the size of the 

substituent on the tetrazole ring influences the interaction the ligands have 

with the CuNPs. All five tetrazole-based ligands have been alkylated with 2-

Methylpropan-2-ol to form a t-Butyl substituent on the tetrazole ring. The 

alkylation has the effect of removing the ability of these ligand to 

deprotonate in aqueous solutions.  

The results of the research undertaken as part of this project are 

presented in the following chapters. Chapter Two outlines the experimental 

conditions under which the LASiS of CuNPs was conducted, along with the 

details of the various analysis techniques employed to examine the CuNPs 

that were generated. Chapter Three starts by introducing the concept of the 

surface plasmon band (SPB), and at what wavelength, theoretically, the SPB 

of CuNPs should be centred at. It then shows and explains the results seen 

from the UV-visible absorption of CuNPs generated by LASiS in a range of 

ligand solutions. Primarily, it examines the differences in the UV-visible 
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spectra of CuNP solutions generated in pure water and the ligands shown in 

Figure 1.3, and how they compare to the theoretical spectra. 

 

 

Figure 1.3  Structure of the ligands used in this study and their representative 
abbreviations used within this work: 1,10-phenanthroline (phen), 4,4¢-
bipyridine (bipy), pyridine (Py), 4-phenylpyridine (4Ph-Py), 1H-5-
methyltetrazole (T-Me), 1H-5-phenyltetrazole (T-Ph), 3-(1H-tetrazol-5-
yl)-pyridine (T-3Py), 4-(1H-tetrazol-5-yl)-pyridine (T-4Py), 2-t-butyl-5-
methyltetrazole (BuT-Me), 2-t-butyl-5-phenyltetrazole (BuT-Ph), 3-(2-t-
butyl-tetrazol-5-yl)-pyridine (BuT-3Py), 4-(2-t-butyl-tetrazol-5-yl)-
pyridine (BuT-4Py), 2-(1H-tetrazol-5-yl)-pyridine (T-2Py) and 2-(2-t-
butyl-tetrazol-5-yl)-pyridine (BuT-2Py). 

 

 

Chapter Four goes into the principle of using electron microscopy to 

visualise the CuNPs that are formed, and demonstrates that the particle size 

distributions of the CuNPs, as determined by AFM and TEM, are fairly 
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consistent between all ligand solutions. Chapter Five starts by explaining 

how CuNPs can oxidise and cause a shift in the SPB position, and 

demonstrates this with a theoretical model. It then examines the formation of 

CuNPs in several different solutions to investigate and try to explain the 

results that are seen in Chapter Three. These solutions were chosen to 

illustrate how the oxidation of CuNPs may be prevented by the presence of a 

tetrazole-based ligand. 

Chapter Six describes the pH analysis which was undertaken on select 

ligand solutions, with the results showing that the pH variation does not 

account for the results observed. Bandgap analysis was employed to try and 

get a better understanding of the oxidation of the CuNPs, with XPS analysis 

providing further chemical information on the makeup of the CuNPs.  

Chapter Seven goes into further discussion about the theoretical calculations 

presented in Chapter Four, namely how the results presented in Chapters 

Three and Four seem to be at odds with what is presented in Chapter Six. 

An explanation for the variation in the results is proposed, such that the 

CuNPs are being oxidised similarly to copper (I) oxide across all ligand 

solutions, but that select tetrazole-based ligand solutions are prohibiting 

further oxidation of the CuNPs to copper (II) oxide. 

 Chapter Eight describes some time dependent formation studies, 

illustrating that the formation of the CuNPs seems to be independent of the 

ligand solution, and that the CuNPs appear to be undergoing a similar 

oxidation process. Finally, Chapter Nine demonstrates some proof-of-concept 

experiments showing that modification of the size distribution of the CuNPs 

by an annealing process once LASiS is completed, is possible. The chapter 

then concludes by summarising all the results that are presented in this thesis 

and offering final remarks.  
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Chapter 2: Experimental Details 

2.1 N-donor ligands 

1,10-phenanthroline (phen), 4,4¢-bipyridine (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. 

Benzoic acid (ben-acid), pyridine-3-carboxylic acid (nic-acid), sodium lauryl 

sulphate (SDS) and hexadecyl-trimethyl-ammonium bromide (CTAB) were 

obtained from Chem-Supply and used without any further purification. 2-

(1H-tetrazol-5-yl)-pyridine (T-2py),[129] 2-(2-t-butyl-tetrazol-5-yl)-pyridine 

(BuT-2py),[131] 3-(1H-tetrazol-5-yl)-pyridine (T-3py)[132], 3-(2-t-butyl-tetrazol-

5-yl)-pyridine (BuT-3py),[133] 4-(1H-tetrazol-5-yl)-pyridine (T-4py),[134] 4-(2-t-

butyl-tetrazol-5-yl)-pyridine (BuT-4py),[134] 1H-5-phenyltetrazole (T-Ph),[132] 

2-t-butyl-5-phenyltetrazole (BuT-Ph)[135] and 2-t-butyl-5-methyltetrazole 

(BuT-Me)[135] were provided for use in this project, having been prepared 

according to previously published procedures.  

 

2.2 Ablation Details 

The LASiS experimental method employed in our laboratory has been 

previously reported. [108,136,137] CuNPs were prepared in a similar method to 

that reported by Tilaki and co-workers,[138] and by Haram and Ahmad,[139] 

which had its beginnings in a method that was used by Nedersen and co-

workers in 1993,[73] and which was further developed by the group of Kondow 

in the early 2000’s.[74-76] CuNPs presented here in this research were prepared 

in either 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 1x10-4 M. 
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Laser ablation was performed for 60 minutes at 1064 nm using a 

Continuum Surelite II Nd:YAG laser operating at 10 Hz and 7.5 mJ/pulse 

with a pulse width of 7 ns (FWHM) and a beam diameter (before focussing) 

of 8 mm. The laser was focused with a plano-convex lens having a focal 

length of 250 mm (see the schematic in Figure 2.1). This equates to a fluence 

of approximately 2x105 Joules per m2, as calculated by the following equation 

as presented in Siegman:[140] 

56 ≈
289
:
	 2.1  

 

where 56 is the effective diameter of a focused Gaussian beam, 8 is the focal 

length of the lens, 9 is the wavelength of the laser radiation and :  is the 

diameter of the laser beam before focusing. 

The copper substrate is high purity, electronic grade oxygen-free 

copper alloy C101 (99.90%). To prevent the laser ablation process burning a 

hole through the metal target, a rotation stage rotating at 1 rev min-1 was 

employed.  

The UV-visible absorption spectra of samples prepared by the above 

method were recorded using a Cary 4000 UV-visible spectrometer for the 

spectra reported in Chapters 3, 4, 5 and 6. The bandgap plots in Chapter 5.5 

were also generated from absorption data obtained from this instrument.  

The annealing of CuNPs performed in Chapter 9.1 was performed at 

600 nm using a Spectra-Physics Quanta-Ray Pro-230-10 Nd:YAG laser 

operating at 532 nm and 10 Hz pumping a Spectra-Physics Cobra-Stretch 

dye laser. The dye that was pumped was Rhodamine B at 0.35 g/L in pure 

ethanol, generating irradiation at 600 nm at 5 mJ/pulse and 6 mm in 

diameter before focusing. The laser was focused with a plano-convex lens 

having a focal length of 250 mm (see the Schematic in Figure 2.1). 
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Figure 2.1  Schematics of the LASiS and annealing setup. TOP PANEL: Schematic 
of the LASiS setup, with the laser entering from the top of the vial and 
focused onto the copper plate. The vial is rotated on a stage to prevent 
the laser ablating a hole in the Cu plate. BOTTOM PANEL: Schematic 
of the annealing setup, with the laser entering from the side of the vial 
and focused in the middle of the vial. The focused laser energy then 
anneals the CuNPs in solution, rather than ablating away the glass vial. 
A small magnetic stirrer was placed in the bottom to ensure constant 
movement of the solution to prevent any localisation of the annealing 
process. 
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The UV-visible absorption spectra that were used to generate the 

kinetic data in Chapter 8, as well as the annealing data in Chapter 9.1 were 

recorded on a PG Instruments T90+ UV-visible spectrometer. 

The UV-visible absorption spectra that are presented in Chapters 3, 4, 

5 and 6 are representative of spectra recorded in at least 3 different 

experiments conducted under identical conditions. Presented in Appendix 2A 

are some representative spectra to illustrate the reproducibility.  

 

2.3 Atomic Force Microscopy (AFM) and Transmission Electron 

Microscopy (TEM) 

All samples synthesised following 60 minutes of 1064 nm irradiation 

were prepared for atomic force microscopy (AFM) analysis. The CuNP 

samples were prepared for examination by depositing a drop of CuNP 

solution on a freshly cleaved mica surface, and then spun at 2000 rpm for 4 

minutes, after which point the procedure was repeated. AFM topography 

measurements were performed using a Dimension FastScan AFM system 

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

(Bruker, California, USA) with a resonant frequency of 320kHz, a spring 

constant of 42 N/m and a tip radius of 8nm were used for the acquisition of 

all AFM data. The data were processed and analysed with the Gwyddion 

AFM analysis software program.[141] Processing steps included data levelling 

by mean plane subtraction, facet alignment, row alignment, horizontal scar 

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

subtraction was executed. The size distribution of the 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. SigmaPlot’s descriptive statistics tool was used to 
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generate the mean and 1-;  standard deviation of the size distributions as 

reported in Table 5.1 and Table 9.1. 

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

selected ligated CuNP samples were also characterised by transmission 

electron microscopy (TEM). 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 (SPI Supplies, Pennsylvania, USA) and 

dried at room temperature under reduced pressure and left to dry in a 

desiccator. The TEM images were captured at an emission energy of 200 kV 

and a magnification of 200,000X. Images were collected using a digital 

camera with supplier-provided software, and all recorded images were 

analysed using the ImageJ™ analysis program to determine particle size, and 

SigmaPlot™ to generate the size distributions. SigmaPlot’s descriptive 

statistics tool was used to generate the mean and 1-; standard deviation of 

the size distributions as reported in Table 5.2. 

 

2.4 pH Measurements 

pH measurements were undertaken using an Elmetron CP-511 pH 

meter with an attached Ag/AgCl pH probe and temperature probe. The pH 

of the solutions was measured before LASiS and before N2 bubbling, before 

LASiS and after 30 minutes of N2 bubbling, and finally after N2 bubbling and 

60 minutes of LASiS. 

 

2.5 Bandgap Analysis 

To calculate the bandgap from the optical absorption spectra, the UV-

visible absorption spectra need to be converted into a suitable form. While 
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the UV-visible absorption spectra recorded by the instrument have their x-

axis in wavelength scale, the classical Tauc analysis requires it in the electron 

volt (eV) scale. Therefore, the absorption spectra were converted from a 

nanometre scale to an eV scale, and the absorbance data was transformed per 

Equation 5.3 as seen in Chapter 5.5.1. The transformed data was plotted 

against electron volts, with the linear portion of the plotted data near the 

absorption edge extrapolated down to the x-axis. To determine the location 

and first instance of the linear portion of the data, the first derivative of the 

data was plotted, the linear portion of the original data presenting itself as a 

flat horizontal feature in the derivative plot. 

 

2.6 X-Ray Photoelectron Spectroscopy (XPS) 

The following XPS analysis was conducted by Rhys Tilbury on CuNP 

samples prepared by the author. 

Samples prepared following 60 minutes of 1064 nm irradiation were 

also prepared for X-ray photoelectron spectroscopy (XPS) analysis. One drop 

of solution was placed upon a Pt coated silicon wafer. Solvent was removed 

from the samples under reduced pressure and left to dry in a desiccator.  

The XPS experiments were performed on a Kratos Axis Ultra 

spectrometer (Kratos Analytical, Manchester, UK) equipped with an Al kα 

monochromatic X-ray source running at 15 kV, a hemispherical electron 

energy analyser, and a multichannel detector. The test chamber pressure was 

maintained below 2 x 10-9 Torr during spectral acquisition. 

The XPS binding energy (BE) was internally referenced to the 

aliphatic C (1s) peak (BE, 284.6 eV). Survey spectra were acquired at an 

analyser pass energy of 100 eV, while high-resolution spectra were acquired 

with a pass energy of 20 eV. 
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Consistent with previous studies from our laboratory,[142] spectra were 

analysed by fitting each peak with Gaussian-Lorentz functions after 

subtracting the background using the CasaXPS data processing software 

package[143] under the constraint of setting a reasonable BE shift and 

characteristic full width at half maximum range. Atomic concentrations were 

calculated by normalising peak areas to the elemental sensitivity factor data 

provided by the CasaXPS database. 

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 minimisation. A Shirley background was applied to remove the 

electron scattering background and maintain the intrinsic line shape from the 

raw data.[144] 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.[145] 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. Due to this, a determination is 

therefore made between the relative proportion of Cu(II) versus the sum of 

Cu(0) plus Cu(I) (which is now referred to as ‘Cu(0+I)’) contributing to both 

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

according to: 

%=> ?? =
@ + A1
A + @

∙ 100	 2.2  

 

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

the shake-up photoelectron emission (B), as schematically shown in Figure 

2.2, while the only contribution to A2 is from the unresolvable Cu(0) and 

Cu(I) combination. 

 

 

Figure 2.2  Schematic representation of the contribution of Cu(I) and Cu(II) species 
to the 2p3/2  transition of copper. The shake-up transition, denoted by B, 
is due to the presence of Cu(II) species, with A1 being the direct 
contribution of all Cu(II) species, while the contribution of A2 is due to 
the presence of Cu(0) and Cu(I) 
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Chapter 3: Copper Nanoparticles Generated by LASiS 

3.1 Copper Nanoparticle Surface Plasmon Resonance 

In 1908 Mie reported a theoretical model that accounts for the distinct 

optical properties of small metal nanoparticles, specifically the unique surface 

plasmon resonance (SPR).[146] Mie’s ground-breaking work involved solving 

Maxwell’s equations for an electromagnetic light wave interacting with a 

small sphere having the same dielectric constant as the bulk material. Mie 

presented a solution that describes the extinction spectra of spherical 

particles of arbitrary size,[147] particularly small metallic particles in which 

the total extinction coefficient is a product of the total electric and magnetic 

multipole oscillations that are created in the NPs by interacting with 

electromagnetic radiation.[91]  

Mie’s theory has found wide spread subsequent use, because if the 

dielectric of the material is known and the size of the NPs is smaller than the 

wavelength of light, it is straightforward to calculate the NP extinction 

spectra.[8,91,147] The seemingly complex equations become less complex as the 

size of the NPs decrease and as the number of oscillation modes decrease. As 

the NPs decrease in size to slightly larger than 25 nm in diameter, the two 

oscillation modes that effect the NPs extinction are the dipole and the 

quadrupole oscillations, and as the size decreases to less than 25 nm the main 

contributor to the extinction is the dipole oscillation.[88]  

Mie’s theory can then be condensed into the following expression for 

small particles, where the absorption cross-section of the NPs ( ; ) 

is:[88,91,92,94,148,149] 

; 9 =
18D ∙ E ∙ !0

F
$

9
∙

!$
!" + 2!0 $ + !$ $ (3.1) 
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where E  is the volume of the particle, 9 is the wavelength of the incident 

light, !0  is the dielectric function of the medium surrounding the particle, 

and !" and !$	are the real and imaginary parts of the bulk dielectric function, 

respectively. Solving Equation 3.1 for copper nanoparticles (CuNPs), 

absorption spectra can be derived using the Beer-Lambert law:  
 

A 9 =
GH ∙ I ∙ ; 9
ln 10

(3.2) 

 

where GH	is the particle concentration in solution and I is the path length of 

light through the solution.  

Solving Equations 3.1 and 3.2 using the tabulated values of !" and !$ 

for copper reported by Roberts[150] (whom Temple[151] recommends using 

instead of the well-known values tabulated by Johnson and Christy[152]), in a 

medium of water (!0 = 1.33) and an arbitrary diameter of 10 nm predicts an 

absorption spectrum with an absorption feature called the surface plasmon 

band (SPB) centred at 540 nm. The simulated spectrum is presented in 

Figure 3.1. The appearance of the spectrum in Figure 3.1 is consistent with 

that reported by Creighton and Eadon.[94] 

However, Equation 3.1 is independent of particle size, if it is 

considered that E is a pre-factor and has no influence on the SPB position or 

shape.[153] This is due to the fact that the position and shape is dictated by 

the dielectric function of the material, which is encapsulated in the second 

half of Equation 3.1. However, experimentally a size effect on the SPB is 

observed as a dampening of the absorption feature with decreasing size of the 

NPs.[91,147,153] While Mie’s model gives a good first approximation, a 1/L 

dependence on the SPB bandwidth was experimentally determined by the 

extensive work of Kreibig, explaining the dampening of the SPB that is seen 

in gold and silver NPs as the size decreases down to 2 nm.[149,154,155] 
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Figure 3.1  Simulated absorption spectrum of CuNPs of 10 nanometres in diameter 
demonstrating the SPB absorption feature present at 540 nm. The 
spectrum was generated from solving Equation 3.1 using tabulated values 
for !" and !$ as described in the text. 

 

Solving Equation 3.1 for various NP diameters of 1 – 5 nm, the SPB 

absorption feature remains constant in shape and location, as demonstrated 

in Figure 3.2. The simulations presented in Figure 3.2 show no dampening of 

the SPB, with the simulated absorption having the same basic shape as the 

absorption of the NP, irrespective of size. It was then theorised that if the 

NP diameter is comparable with the mean free path of conduction electrons, 

then the surface electrons of the NP are dampened by the collisions with the 

conduction electrons, and this damping affects the dielectric function of the 

material, namely the imaginary part !$.[153] 
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Figure 3.2  Simulated absorption spectra of CuNPs of varying diameters, from 5 nm 
down to 1 nm in 1 nm steps generated by solving Equation 3.1. The 
dashed line is to draw the eye of the reader to illustrate the lack of 
damping and similarity in the shape of the spectra as the diameter 
decreases. 

 

Lisiecki et al.[51,52] explain that a new term must be added to Equation 

3.1, based on the extensive work of Kreibig,[154] a term which accounts for the 

damping of electrons, !$(L), such that: 

!$(L) = !$ +	!$O 3.3  

where !$O is the surface contribution due to the small size of the NPs, and 

can be expressed by: 

!$O =
PQ
L

3.4  

where PQ is the Fermi velocity and L is the radius of the NP. This modified 

term, now results in Equation 3.1 becoming dependent on particle size, with 

the size of the NP now influencing the SPB position and shape, as shown 

below: 
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; 9 =
18D ∙ E ∙ !0

F
$

9
∙

!$ L

!" + 2!0 $ + !$ L
$ . (3.5) 

 

Solving Equation 3.5 using this new term !$(L) , with a PQ  value of 

1.57 x 1015 nm/s,[156] results in the simulated absorption spectrum presented 

in Figure 3.3. Here, the SPB absorption feature is centred at 550 nm for a 

NP of 10 nm in diameter, similar to what has previously been 

reported.[55,94,95,107,151,157] Figure 3.4 demonstrates how the SPB is dampened 

with decreasing NP size, with the SPB peak broadening and red-shifting as 

the size of the NP decreases. These trends are in accord with experimental 

observation.[52,102,103,157,158] 

 

 

Figure 3.3  Simulated absorption spectrum of CuNPs of 10 nanometres in diameter 
demonstrating the SPB absorption feature present at 550 nm. The 
spectrum was generated from solving Equation 3.5 using tabulated values 
for !"  and size dependent values for !$  modified via Equation 3.3 as 
described in the text. 
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Figure 3.4  Simulated absorption spectra of CuNPs of varying diameters, from 5 nm 
down to 1 nm in 1 nm steps generated by solving Equation 3.5 using size 
dependent values for !$ modified via Equation 3.3. The dashed line is to 
draw the eye of the reader to illustrate how as the diameter of the 
CuNPs decrease, the SPB absorption feature peak wavelength position 
red-shifts and the feature broadens. 

 

The inclusion of the size-dependent term !$O  in Equation 3.3 can be 

understood if we first consider a free-electron metal that obeys the Drude-

Lorentz-Sommerfield model, in which !(R) is given by:[100,153,156,159] 

! R = 	 !"(R) + 1!$(R)) 	= 1 −
RS$

R$ + 1RT
3.6  

	

where R = 2D8 , RS  is the bulk plasma frequency and T  is the damping 

constant arising from the dispersion of electrons. In realistic terms, Equation 

3.5 is only valid for metals that show free-electron behaviour and obey 

Equation 3.6, and therefore Equation 1.1 holds true and that an absorption 

peak is seen close to the wavelength when !" = 	−2!0	 and !$ = 0 .[88,94] 

Copper however does not show typical free-electron behaviour,[88,94] as !$ does 
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not become equal to 0, and the SPB absorption peak at 550 nm (which 

equates to an !"of -6.76[150]) is not equal to twice the negative of !0(being 

1.33). 

The reason as to why the absorption peak for CuNPs exists where it 

does is due to strong interband character of the metal.[51,52,88,94] Interband 

transitions occur when electrons are promoted to higher, empty levels caused 

by the absorption of an incident photon. When this occurs in metals, the 

electron can shift to the Fermi surface, or from near the Fermi surface to the 

next higher empty energy level. This results in high losses in energy in the 

visible frequency.[100] This interband character then affects the dielectric 

function !(R), which ultimately results in a size dependency on radius L.[153] 

Equation 3.6 is, however, independent of radius and therefore needs an 

addition of terms to account for the interband character of copper. Firstly, 

the damping constant T  is affected by the mean free path of conduction 

electrons UV, such that:[100,153,156,160,161] 

T =
WQ
UV

3.7  

where WQ  is the Fermi velocity. When the NPs become sufficiently small 

enough T becomes dependent on the radius L of the NP, such that the mean 

free path can be dominated by collisions with the NP boundary. Therefore 

the damping constant increases due to the additional collisions with the 

boundary of the particle.[88] The addition of a size-dependent term is added 

to Equation 3.7 resulting in:[100,153,156,160-162] 

T L = T +
XQ
L
. 3.8  

Including this expanded damping constant into the Drude free electron 

model (3.6) we obtain the size-dependent dielectric function which includes 
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the contributions of the free electrons, surface damping and interband 

transitions:[153,156,159] 

! R, L = ! R +
RS$

R$ + 1RT
−

RS$

R$ + 1RT L
3.9  

where !(R) is the bulk dielectric function of the metal. When Equation 3.9 is 

broken down, the biggest contributor to the size dependency is the 

subtraction of T(L) from T, which is Equation 3.8 subtracted from Equation 

3.7, which leaves us with: 

T − 	T(L) =
PQ
L
. 3.10  

 The Z[
O
 feature that we see in Equation 3.10 is the same that is seen in 

Equation 3.4, and the reason why this term is used to account for the 

damping of surface electrons is that in Equation 3.9 both the T  and T L  

terms appear behind the imaginary identifier, 1 . When Equation 3.6 is 

recalled, the part of ! R  that is behind the imaginary identifier is !$. This 

then suggests that the damping of surface electrons only affects the !$ values, 

and not the !" values. 

For larger nanoparticles (>approximately 25 nm in diameter), 

however, Equation 3.1 becomes less valid with increasing NP diameter, even 

with the size dependency corrections demonstrated in Equation 3.9. For 

larger NPs, higher multipoles, especially the quadrupole term, come into 

effect, and they are not described in Equation 3.1.[92] For these large NPs, the 

plasmon bandwidth increases and the location of the SPB red-shifts as a 

function of the radius of the NP.[8,91,147] It can be explained by the fact that 

as the NPs get larger and the wavelength of light becomes comparable in size 

to the NP, the light no longer homogenously polarises the NP and higher 

order multipoles are excited.[95] To generate absorption spectra of NP with 

diameters larger then 25 nm requires the addition of a quadrupole term, and 
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this is best achieved by approaching the problem from a purely electrostatic 

approach, in what is often referred to as a quasistatic approximation.[147] It is 

called thus due to the electric field being considered constant, while still 

using the wavelength-dependent relative permittivity of the metal particle 

and of the surrounding medium, in what is an electrostatic theory. Kelly et 

al. have demonstrated that solving LaPlace’s equation, which is the 

quasistatic approximation, for a dipole and quadrupole to generate an 

absorption spectrum for a silver NP of 30 nm in diameter compares very well 

to that of an absorption spectrum generated by Equation 3.1 for the same 

NP.[147] However, when the diameter is increased to 60 nm, Mie’s theory 

(Equation 3.1) no longer generates the same absorption spectrum as that 

generated by using a quasistatic approach, although important features are 

retained despite the spectral differences.[147] Clearly then, Mie’s theory 

becomes less accurate and is unable to fully describe absorption spectra as 

the diameter of the NPs increases larger than approximately 25 nm. 

The emergence of the SPB absorption feature in CuNPs then allows 

for the analysis of CuNPs formed via LASiS by UV-visible spectroscopy. A 

challenge, however, in experimentally recording CuNP absorption spectra is 

that they are very susceptible to oxidation. Synthesis of pure CuNPs free 

from oxidation therefore most commonly occurs under inert nitrogen or argon 

atmospheres, some methods also employing the use of de-gassed solvents. As 

mentioned in Section 1.4, when chemical reductive synthesis or physical 

manufacture of copper nanoparticles is performed in an inert atmosphere, the 

SPB absorption is centred around 570-580 nm. This indicates that the 

nanoparticles that are formed are oxide free, and the experiment correlates 

well with the  aforementioned theoretical predictions.[55,57,158,163-165] There are 

several reports that demonstrate potentially oxide-free nanoparticles with 

methods that do not employ inert atmospheres, but employ the use of novel 
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capping agents, oxygen scavengers or non-aqueous solvents, and these spectra 

also agree well with Mie’s theory.[52,54,157,166,167] 

 

3.2 LASiS in Aqueous Solutions 

3.2.1 Pure Water 
When LASiS is conducted in pure water (i.e. no surfactants, ligands or 

additives present) NPs of copper are generated in the solution. This is 

evident from the colour change in the solution (from colourless to a pale 

green), with the UV-Vis spectrum presented in Figure 3.5 (upper panel) 

having a weak absorption feature centred around 650 - 660 nm. The UV-

visible spectrum is a typical spectrum seen of CuNPs in aqueous solution, 

having an absorption feature corresponding to the surface plasmon band 

(SPB) and a high energy absorption ‘tail.’ Mie’s theory accounts for this 

high-energy tail as arising from scattering from NPs that are too small to 

support the SPR.  

Due to the relatively weak SPB absorption feature, and the desire to 

highlight any differences in the SPB absorption feature, for the sake of 

comparison all further UV-visible spectra will present SPB-normalised data. 

The SPB normalised UV-visible spectrum of CuNPs generated by LASiS in 

water is also shown in Figure 3.5 (lower panel), the data being the same data 

presented in the top panel, with the spectrum focusing on a smaller 

wavelength range for the sake of clarity. 

It is clear to see, however, that the wavelength position of the SPB is 

not where it would be expected to be based upon the Mie-model predictions. 

The theoretical location of the SPB, as previously discussed, is at 550 nm as 

shown in Figure 3.3. Literature experimental results show the SPB to be 

located at 570 nm under oxide-free conditions.[55,57,158,163,164,168]  
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This suggests that the CuNPs giving rise to the spectrum presented in 

Figure 3.5 comprise an oxide layer of some description. With a working 

hypothesis that N-donor ligand encapsulation of CuNPs generated via LASiS 

could influence oxide formation, equivalent studies were undertaken to 

explore the influence of these ligands and CuNP spectra. The logic being that 

spectral shifts can be a proxy for the presence or absence of copper oxides. 

3.2.2 Neutral N-Donor Ligands 
Due to the very well-known behaviour of phen and bipy in forming 

covalent bonds in coordination chemistry, previous research has conducted 

LASiS in 10-4 molar solutions of these ligands.[80] It was reported by Muniz-

Miranda et al. that LASiS of a copper target in aqueous solutions of phen 

and bipy resulted in CuNPs with an SPB absorbance feature located at 611 

nm for phen and 614 nm for bipy.[80] Further, Raman spectroscopy and 

computer-simulated Raman spectroscopy indicated that both phen and bipy 

demonstrated a ligand/metal interaction, and that the ligands were 

interacting chemically with the surface of the CuNPs. As a matter of course, 

LASiS was also conducted in similar solutions of phen and bipy in this 

research, along with Py and 4Ph-Py (structures in Figure 1.3). Figure 3.6 

shows the SPB-normalised UV-visible spectra obtained of the solutions 

following 60 minutes of LASiS, with the characteristic SPB absorption 

feature demonstrating the formation of CuNPs. The wavelength position of 

these CuNP solutions is at 630 nm for phen and bipy, 635 nm for Py and 640 

nm for 4Ph-Py. Figure 3.6 demonstrates that the general appearance of these 

four CuNP solutions is similar to that of CuNPs generated in pure water. It 

should be noted, however, that the location of the SPB absorption features in 

these CuNP solutions is less red-shifted with respect to the Mie-model 

prediction then CuNPs generated in pure water. 
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Figure 3.5  TOP PANEL: UV-visible spectrum of CuNPs prepared in pure water by 
laser ablation for 60 minutes. BOTTOM PANEL: SPB-normalised 
absorption spectrum of the data presented in the top panel to highlight 
the SPB feature and its position. The trace is presented in grey as it will 
be used for comparison for all the UV-visible spectra that will follow. 
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Figure 3.6  SPB-normalised UV-visible absorption spectra of CuNPs generated by 60 
minutes of LASiS in solutions of bipy (blue), phen (green), Py (purple) 
and 4Ph-Py (red). The grey trace is that of CuNPs generated by 60 
minutes of LASiS in pure water for the sake of comparison. INSET 
demonstrates the slight blue-shift w.r.t. CuNPs generated in pure water. 

 

The red-shift seen here is approximately 80 nm w.r.t the Mie-model 

prediction, while in blank water it is some 100 nm shifted. In fact, there are 

differences seen between the result here with phen and bipy and the reported 

literature (630 nm versus 611/614 nm,[80] respectively), though these 

differences can be attributed to different experimental conditions. Muniz-

Miranda et al. report LASiS times of between 10 and 30 minutes, a laser 

pulse of 20 mJ/pulse, equating to a laser fluence of 2.5 J/cm2,[80] while the 

conditions here are LASiS for 60 minutes, with a laser pulse of 7.5 mJ/pulse, 

and laser fluence of approx. 2x102 J/cm2. The 60 minute ablation time used 

here in these experiments typically results in a SPB absorption feature that is 

red shifted with respect to the SPB absorption feature of CuNPs generated 

by 10 – 30 minutes of LASiS. This will be explored later in Chapter 8.1. It is 
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plausible that the shorter ablation times reported by Muniz-Miranda et al. is 

the reason for the difference in SPB location demonstrated here. 

Examining the structure of these four ligands, none of them can 

deprotonate in aqueous solution. They do have some electron affinity to the 

CuNP surface due to the nitrogens present in the structures and are thus 

described as being ‘neutral’ ligands. It is this affinity of the ligands to the 

CuNP surface that may be the reason for the slight maximum 30 nm blue-

shift in the SPB absorption spectra with respect to that of CuNPs formed in 

pure water (see Figure 3.6 inset). 

It is also clear that the structure of the molecule has no significant 

effect on the SPB absorption feature. The phen ligand, with a bidentate type 

of interaction with the CuNPs has a similar SPB to that of bipy, Py and 

4Ph-Py, which exhibit a monodentate type of interaction with the CuNPs. 

The SPB of CuNPs prepared in the smaller Py molecule also show that the 

size of the molecule has no significant effect on the SPB absorption feature 

either. It is also clear that the visual similarity in the UV-visible spectra of 

CuNP solutions generated in these four ligands and in pure water suggests 

that the CuNPs that are formed are similar, though not identically the same. 

3.2.3 Deprotonated Tetrazolato Ligands 
In contrast, the UV-visible spectra of CuNPs prepared by 60 minutes 

of LASiS in ‘electron-rich’ 10-4 molar solutions of T-3Py, T-4Py, T-Ph and T-

Me are presented in Figure 3.7. The SPB absorption feature indicates the 

formation of CuNPs, and the wavelength position of the absorption feature 

centred around 580 – 600 nm demonstrates a significant blue-shift of the SPB 

with respect to that of CuNPs formed in pure water. The location of the SPB 

here is more in line with the theoretically modelled location for the SPB, and 

this location of the SPB absorption feature is attributed initially at this point 
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to the negatively charged deprotonated tetrazoles in the aqueous solutions 

influencing the CuNP oxidation chemistry. 

The tetrazole motif is known to deprotonate in aqueous solutions, thus 

forming ‘electron-rich’ anionic tetrazolates. In this regard, tetrazoles are often 

considered as isosteres of carboxylic acids with a pKa of approximately 5.[130] 

Another thing to notice in comparison to the ‘neutral’ ligands is the shape of 

the SPB. With these ‘electron-rich’ ligands, the SPB peak is a lot sharper 

and defined, not being as broad as the SPB peak seen with the ‘neutral’ 

ligands. This difference in general SPB absorption feature location would 

initially indicate that there are some differences in the CuNPs that are 

formed in these two different groups of aqueous ligand solutions. 

 

 

Figure 3.7  SPB-normalised UV-visible absorption spectra of CuNPs generated by 60 
minutes of LASiS in solutions of T-Ph (blue), T-4Py (green), T-3Py 
(purple) and T-Me (red). The grey trace is that of CuNPs generated by 
60 minutes of LASiS in pure water for the sake of comparison. 
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The slight variations seen between T-Ph and the other three ligand 

solutions evident in Figure 3.7 can possibly be explained when the ligand 

structures are taken into consideration. T-Ph and both T-3Py and T-4Py 

have a very similar size, and though it is known that both benzene and 

pyridine D  stack, it has been shown that benzene rings have a marginally 

stronger D − D  interaction then pyridine when in a sandwich 

configuration.[169] This stronger interaction may result in a tighter packing of 

T-Ph on the surface of the CuNPs in comparison to T-3Py and T-4Py, which 

may result in the larger blue-shift for T-Ph observed in Figure 3.7.  

The difference in size of the ligand has no significant effect on the 

location of the SPB either, similar to the results seen with the neutral N-

donor ligands. While there is a slight blue-shift seen with T-Ph, T-Me shows 

no significant difference despite being approximately half the size of the other 

two ligands. It is also clear that the size of the ligands is not the reason for 

the large differences in the spectra observed between the CuNPs generated in 

these ‘electron-rich’ and the ‘neutral’ ligand solutions. This can be explained 

when it is noted that phen, bipy and 4Ph-Py are similar in size to that of T-

Ph, T-3Py and T-4Py, yet there are quite marked differences in the UV-

visible spectra. 

The results observed with these ligand solutions and the significant 

blue-shift in the SPB location with respect to that of CuNPs formed in pure 

water and the ‘neutral’ ligands would suggest that the effect these 

deprotonated tetrazole ligands have on the CuNP surface is different to that 

of the ‘neutral’ ligands. 
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3.2.4 Alkylated Tetrazolato Ligands 
To see if the ability of the tetrazole to deprotonate is a key chemical 

feature influencing the SPB wavelength position, alkylated analogues of the 

four ‘electron-rich’ ligands were studied. Figure 3.8 shows the UV-visible 

spectra of CuNPs prepared in 10-4 molar solutions of BuT-3Py, BuT-4Py, 

BuT-Ph and BuT-Me. The four tetrazole ligands have been alkylated with 2-

Methylpropan-2-ol to form a t-Butyl substituent on the tetrazole, the 

alkylation having the effect of removing the ability of the ligands to 

deprotonate in solution (see Figure 1.3).  

It is clear to see from these spectra that there is a large red-shift with 

respect to the non-alkylated ligands discussed above. With the SPB 

absorption wavelength location being between 640 – 665 nm there is a 40 – 

65 nm red-shift in the SPB absorption feature, with the only difference being 

the alkylation of the tetrazole between the two ligand groups. It is clear that 

the tetrazole motif is playing a significant role in the position of the SPB of 

the CuNPs formed in these solutions, as the alkylation is removing the ability 

of the ligand to deprotonate. It is unclear at this point whether it is the 

whole deprotonated tetrazole motif or just the ability of the tetrazole to 

deprotonate that is giving rise to the spectral behaviour reported here. 

Figure 3.8 also demonstrates that there is a small amount of variation 

in the location of the SPB absorption feature (see Figure 3.8 inset). In fact it 

shows that CuNPs generated in BuT-Ph have an SPB location that is more 

red-shifted than CuNPs generated in pure water, while the other three 

solutions are slightly blue-shifted with respect to pure water. These results 

offer further evidence that it is not the size of the structure, nor its method of 

interaction with the copper surface that is the reason why the ‘electron-rich’ 

deprotonated tetrazoles exhibit the UV-visible spectra reported herein. 
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Figure 3.8  SPB normalised UV-visible absorption spectra of CuNPs generated by 60 
minutes of LASiS in solutions of BuT-Ph (blue), BuT-4Py (green), BuT-
3Py (purple) and BuT-Me (red). The grey trace is that of CuNPs 
generated by 60 minutes of LASiS in blank water for the sake of 
comparison. INSET demonstrates the slight blue and red-shift w.r.t. 
CuNPs generated in pure water. 

 

3.2.5 The Curiosity of T-2Py 
An interesting result is seen with the last two tetrazole ligands 

employed in this study, viz. T-2Py and BuT-2Py (structures in Figure 1.3). If 

the previous results are anything to go by, one would expect T-2Py to 

behave like one of the four ‘electron-rich’ deprotonated tetrazolato ligands, 

and BuT-2Py to behave like one of the four alkylated tetrazolato ligands 

above. However, this is not the case; while BuT-2Py has an SPB centred 

around 640 nm, similar to the four alkylated tetrazolato ligands, T-2Py does 

not have its SPB centred around 580 – 600 nm, but rather at 630 nm as 

shown in Figure 3.9. These results suggest that T-2Py doesn’t behave like the 

deprotonated tetrazolato ligands, even though its structure suggests that it 
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should behave in the same way. A closer inspection of the structure reveals 

that there may be a reason for the result seen: T-2Py can undergo a 

tautomerisation, the proximity of the hydrogen attached to the tetrazole 

motif being close enough to the pyridine ring that it is ‘shared’ between both, 

as illustrated in Figure 3.10. 

The effect of this tautomerisation is that T-2Py cannot deprotonate as 

the hydrogen is now ‘bound’ up between the pyridine and tetrazole, leading 

to the result seen with the SPB location, that it acts like one of the neutral 

ligands discussed earlier. This result also further suggests that it’s the 

deprotonating of the tetrazole ligand that is promoting the spectral blue-

shifts observed in Figure 3.7. 

 

 

Figure 3.9  SPB normalised UV-visible absorption spectra of CuNPs generated by 60 
minutes of LASiS in solutions of T-2Py (blue) and BuT-2Py (red). The 
grey trace is that of CuNPs generated by 60 minutes of LASiS in blank 
water for the sake of comparison. 
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Figure 3.10  Representation of the tautomerisation of T-2Py. The pyridine 
substituent rotates about the C-C bond between the tetrazole and 
pyridine, therefore allowing the nitrogen to be in close proximity to the 
hydrogen from the tetrazole ring. While it is illustrated that the 
hydrogen is covalently bonded to both nitrogens, in reality the hydrogen 
would not be bonded. 

 

3.3 Conclusion 

After examining the UV-visible spectra of CuNPs generated by LASiS 

in these 14 ligand solutions as well as pure water, it is clear to see that there 

are two distinct spectral groupings. Firstly, there are the ‘electron-rich’ 

deprotonated tetrazolato ligands which result in CuNP solutions that have 

the characteristic SPB absorption feature quite substantially blue-shifted 

with respect to CuNPs generated in blank water. Secondly, there are the 

remaining ligands, which include the alkylated tetrazolato ligands. These 

ligands result in CuNP solutions that are only slightly blue-shifted with 

respect to CuNPs generated in blank water, or, in some cases, slightly red-

shifted. The key to these two groups is the shape of the absorption feature. 

The first group, also known as the ‘blue’ ligands, have a SPB centred around 

600 nm, while the second group, also known as the ‘red’ ligands, have a SPB 

absorption feature centred around 640 nm. 

The hypothesis at this point is that the ability of the tetrazoles to 

deprotonate in solution is what is driving the wavelength position of the 

SPB. The alkylation of the tetrazoles has shown that indeed the 

deprotonation does have an effect, as the SPB absorption feature is like that 

of CuNPs generated in blank water. Given that there are a few ‘red ligands’ 
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that cannot deprotonate in aqueous solution, it reinforces the suggestion that 

it’s a deprotonated tetrazole effect. 

An interesting aspect to consider at this point is that across all the 14 

ligands studied, there are multiple ways that the ligands could interact with 

the CuNP surface, yet there are only two distinct SPB groups that have 

emerged. This further strengthens the hypothesis that it is the presence, or 

lack thereof, of the tetrazole group and its ability to deprotonate in solution 

that is the driving force in the location of the SPB absorption feature, with 

the mode of interaction with the CuNP being of secondary importance. It has 

also been shown that the physical size of the ligand molecule has no 

significant effect on the location of the SPB absorption feature either, with a 

variety of similar, but different-sized, ligands being used with little to no 

difference seen in the UV-visible spectra. 

The deprotonation ability of the tetrazoles and its importance in 

controlling the location of the SPB absorption feature will be examined in the 

next chapter, with the study of some well-known surfactants, carboxylic acids 

and an organic solvent. 
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Chapter 4: CuNPs and Oxidative Control 

4.1 Oxide Formation on CuNPs 

As discussed in Chapter 1, copper oxidises under ambient lab 

conditions to form copper oxides. This same issue plagues CuNP production, 

with copper oxides forming if the conditions of CuNP manufacture are not 

carefully controlled. It has been shown that LASiS of CuNPs in pure water 

has yielded CuNPs with varying amounts of Cu2O and CuO present, with an 

SPB absorption feature that is weak, broad and centred at 644 nm.[106]  

Muniz-Miranda and co-workers also reported a red-shift in the SPB 

absorption feature when LASiS was conducted in pure water.[80] Indeed, the 

location of the SPB and the conditions that the LASiS are performed under 

are indicative of oxidation of the CuNPs as previous literature supports the 

claim that CuNPs will oxidise. [97-99,107,138,170] Peña-Rodríguez and Pal have 

shown in their simulations that as the thickness of the oxide layer increases, 

the SPB of CuNPs shifts from 560 nm to longer wavelengths, with the 

intensity of the SPB dampening with the red-shift.[107] This shift to longer 

wavelengths been shown in the results presented in Chapter 3, while Rice et 

al. also demonstrate this experimentally.[99] 

The shift to longer wavelengths can be rationalised when Equation 1.3 

is considered. If it is envisaged that the oxide ‘grows’ on the surface of the 

CuNP, then as that oxide grows, the dielectric function of the copper oxide 

has an increasing degree of effect, resulting in the dielectric function of the 

copper being of decreasing influence. The location of the SPB is then 

increasingly representative of copper oxide NPs, and less of that of CuNPs. 
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Peña-Rodriguez and colleagues have theoretically shown that as the 

oxidation of the CuNPs progresses, the SPB feature broadens and dampens 

after initially increasing, while simultaneously red-shifting.[107,156] These 

trends are attributed to the CuNP becoming less copper-like with increasing 

copper oxide content, as per Equation 1.3. As shown in Figure 4.1, the 

simulated absorption spectrum of copper (I) oxide and copper (II) oxide does 

not show a typical SPB absorption feature. The simulated absorption spectra 

were calculated using Equation 3.5 using tabulated values for !" and !$ for 

copper (I) oxide and copper (II) oxide reported by Ribbing and Roos.[171] As 

the amount of oxide present in the CuNPs increases, the absorption spectrum 

evolves to either CuO or Cu2O in appearance, depending on the oxide species 

present. 

 

Figure 4.1  Simulated absorbance spectra of Cu2O NPs (solid line) and CuO NPs 
(dashed line) both of 10 nanometres in diameter. The spectra were 
generated from solving Equation 3.1 using tabulated values for !" and !$ 
as described in the text. 
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When theoretically modelling NPs that are no longer pure metal but 

rather are NPs with a core of one metal and a shell of another metal or metal 

oxide (core@shell NPs), it is important to consider the effect that the shell 

has on the values of !" and !$ of the core. As per Equation 1.3, the values of 

the core become more like the shell, and so in effect the values of !" and !$ 

are mixed. The most straightforward way of modelling these type of particles 

is to consider the electric-magnetic fields that exist inside each layer of the 

sphere. The linear combination of the inward and outward travelling waves 

interacting with the layer beneath it and above it generates an overall model 

of the scattering of light by the core@shell NP.[107,172]  

Several models exist that solve this mixing effect by using an 

algorithm that considers each individual layer, its thickness, its specific !" 

and !$  values, and how it interacts with the layer above and below it, to 

generate solutions that result in relative values of !" and !$ that describe the 

‘mixed’ NP. These relative values of !" and !$ can then be used to generate 

absorption spectra.[173] One of these models, reported by Yang,[173] is a 

refinement to a number of other existing models. The intent being: to develop 

a more concise and stable algorithm that could be used for a computer 

program.[173] This model was used by Peña-Rodríguez and co-workers to 

develop a software program called MieLab which will generate theoretical 

spectra of multilayered spheres.[172] 

The basics of MieLab allow for the user to compute a theoretical 

spectrum of a multilayered sphere of the user’s choosing. The software allows 

for the user to generate spectra of spheres of as many layers as they choose, 

those layers being as thick as they choose and having the refractive index of 

their choosing.[172] This software then allows for the generation of a 

theoretical spectrum of a CuNP that has a copper oxide shell on it, and 
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allows the user to vary the thickness of both the core (copper) and the shell 

(copper oxide). Peña-Rodríguez have demonstrated this capability when they 

generated theoretical spectra of a NP with a copper core and a varying 

thickness copper oxide shell showing how the SPB absorption feature is 

eventually dampened to non-existence with ever increasing copper oxide shell 

thickness.[107]  

The MieLab software package has been used in these studies to 

explore the role of CuNP oxidation on the experimentally observed 

absorption spectra. The tabulated values for !" and !$ for copper provided by 

Roberts[150] and for copper (I) oxide and copper (II) oxide provided by 

Ribbing and Roos,[171] have been used to generate contour plots of the 

extinction cross section, Qext, as it varies with changing thickness of the 

copper oxide layer. The calculations were performed for a CuNP of 10 nm in 

diameter (RCu = 5 nm), with an ever-increasing thickness of copper oxide 

shell such that the total diameter did not exceed 10 nm (i.e. Rt = 5 nm). A 

schematic representation of the Cu@CuxO NP is shown in Figure 4.2.  

 
Figure 4.2  Schematic representation of the studied Cu@CuxO structures, where the 

x in CuxO is either 1 or 2, for CuO or Cu2O, respectively. RCu is the 
radius of the copper core, while Rt is the radius of the entire NP. The 
thickness of the copper core, tCu, is the radius of the copper core, RCu. 
The thickness of the copper oxide, tCuxO, is the radius of the copper core, 
RCu, subtracted from the total radius, Rt. When there is no CuxO shell, 
Rt is equal to RCu, and tCuxO is equal to 0. 
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The study of the influence of the copper oxide shell was achieved by 

decreasing the radius of the core, RCu, as the thickness of the shell, tCuxO, 

increased. The ratio between the thickness of the shell and total diameter 

(tCuxO/Rt) was varied between 0 and 1, with a ratio of 0 being pure copper 

and a ratio of 1 being pure Cu2O or CuO. The contour plots were developed 

for a copper (I) oxide shell (x = 2) as well as a copper (II) oxide shell (x = 1) 

on a copper core, the results shown in Figures 4.3 and 4.4, respectively.  

Interestingly, both contour plots show that the SPB absorption feature 

on one hand red-shifts, and on the other increases in intensity (a maximum 

gain of 35% in Cu2O and 13% in CuO) before the intensity decreases, with 

increasing thickness of the oxide shell. Peña-Rodríguez and Pal[107] rationalise 

the red-shift arising from copper oxide being a semi-conductor material. 

Copper oxide will polarise in an EM field (i.e. incident light) and will 

screen the Cu core. This reduces the overall surface charge of the NP, 

lowering the SPR energy, resulting in the SPB red-shifting.  It is also 

important to point out that the maximum red-shift in the SPB is greater in 

the Cu@Cu2O NP than it is in the Cu@CuO NP. The maximum the SPB 

red-shifts for the Cu@Cu2O NP is 85 nm (out to 640 nm), while for the 

Cu@CuO NP it is 50 nm (out to 605 nm).  

Peña-Rodríguez and Pal[107] conducted the same study reported herein, 

but only on Cu@Cu2O NPs. The difference between this study and theirs is 

that they used the tabulated values of !" and !$ as reported by Johnson and 

Christy, with an !0 of 1.46. This study uses the tabulated values of  !" and 

!$ as reported by Roberts, with an !0 of 1.33. The trends seen for Cu@Cu2O 

NPs in both studies are very similar, giving us confidence in the Cu@CuO 

NP predictions reported herein for the first time.  
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Figure 4.3  TOP: Contour plot of simulated spectra of CuNPs of 10 nm in diameter 
and increasing tCu2O/Rt ratio. The line is to draw the readers eye to 
illustrate the peak position of the SPB and how it red-shifts with 
increasing Cu2O shell thickness. BOTTOM: Individual simulated spectra 
of CuNPs of 10 nm in diameter at different tCu2O/Rt ratios; 0 (red), 0.2 
(orange), 0.4 (green), 0.6 (blue), 0.8 (purple). INSET illustrates how the 
SPB absorption intensity initially increases before damping. 
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Figure 4.4  TOP: Contour plot of simulated spectra of CuNPs of 10 nm in diameter 
and increasing tCuO/Rt ratio. The line is to draw the readers eye to 
illustrate the peak position of the SPB and how it red-shifts with 
increasing CuO shell thickness. BOTTOM: Individual simulated spectra 
of CuNPs of 10 nm in diameter at different tCuO/Rt ratios; 0 (red), 0.2 
(orange), 0.4 (green), 0.6 (blue), 0.8 (purple). INSET illustrates how the 
SPB absorption intensity initially increases before damping. 
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Peña-Rodríguez and Pal[107] further comment that the initial increase 

in intensity is due to the red-shift in the SPB absorption feature. They 

rationalise this by attributing the pure CuNP having its SPB absorption 

feature inside the region where interband transitions occur. As the SPB 

absorption feature red-shifts with an increased oxide fraction, it starts to 

move outside of the interband transition region. As a consequence, this 

reduces the damping of electrons that occurs in the interband transition 

region, and the intensity of the SPB absorption feature increases, until at 

such a point that the screening of the Cu core by the oxide layer is more 

important. The SPB absorption feature then starts to decrease in intensity. 

It appears from first inspection that the location of the SPB of the 

neutral ligand CuNP solutions in Section 3.2.2, and comparing to the 

predictions presented in this chapter, indicate that the CuNPs formed have a 

Cu2O coating on them. The absorption spectra shown in Section 3.2.2 

demonstrate a SPB location of approximately 630 nm, which Figure 4.3 

indicates would be due to a tCu2O/Rt ratio of approximately 0.5 or greater. 

The contour plot of a CuO coating on a Cu core demonstrates that the red-

shift in SPB location is not large enough and does not account for the 

experimental red-shifts reported in Chapter 3.  

The addition of a CuO shell on the CuNP core also dampens the SPB 

absorption feature more rapidly than the addition of Cu2O does. This is also 

seen with the increase in intensity of the SPB feature being greater for Cu2O 

than CuO (a maximum of a 35% and 13% increase in intensity, respectively). 

As a comparison, a tCuxO/Rt ratio of 0.6 between the shell and core results in 

a spectrum that still has a well-defined SPB absorption feature when Cu2O is 

the shell. When CuO is the shell, the SPB absorption feature is markedly 
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dampened, as demonstrated by the blue spectra in the bottom panels of 

Figures 4.3 and 4.4, respectively. 

The SPB absorption feature of the CuNP solutions formed in the 

deprotonated tetrazole ligands suggest, in combination with the contour 

plots, that the CuNPs formed in these solutions may actually have a very 

small oxide coating on them, contributing to the small red-shift in the SPB 

from the theoretical position. The contour plots demonstrate that if an oxide 

does form on the copper core then it could be either Cu2O or CuO. However, 

given the other ligand solutions indicate a Cu2O shell and that copper 

oxidises first to Cu2O then to CuO,[157,174] it would not be amiss to surmise 

that at this stage LASiS in the deprotonated ligands result in CuNPs with a 

Cu2O shell. 

 

4.2 Preventing Oxide Formation 

The above discussion goes into some detail about how the CuNPs 

formed by LASiS in aqueous solutions contain what the literature suggests is 

an oxide coating. Clearly, if the intent is to generate oxide-free CuNPs, then 

using LASiS in aqueous solutions may be problematic. The negatively-

charged ligand solutions, however, have shown that there may be some 

oxidative protection of the CuNPs. This is hypothesised to be due to the 

deprotonated tetrazole motif in the ligand being the driving force of this 

protection. 

An explanation for this behaviour of the deprotonated tetrazoles may 

lie in what is seen when LASiS is conducted in pure acetone. Previous 

research has shown that CuNPs generated by LASiS in pure acetone are 

oxide free. Tilaki et al. have shown that CuNPs prepared by LASiS in 

acetone have a SPB at 575 nm,[138] with Select Area Electron Diffraction 



CuNPs and Oxidative Control 

 62 

(SAED) showing that the NPs formed are pure copper. Dorranian et al. have 

showed that by varying the power of the LASiS system CuNPs are generated 

with an SPB centred from 574 – 581 nm.[105] Kumar et al. manufactured 

CuNPs with an SPB centred at 595 nm[175] and Kawasaki demonstrated 

CuNPs generated from cupric oxide have a SPB at 575 nm.[176] Muniz-

Miranda and co-workers showed that CuNPs generated by LASiS yielded a 

SPB feature at 588 nm[80] and Longano et al. had their SPB feature vary 

from 572 – 576 nm.[177] 

All these experimental values correlate well with the theoretical SPB 

location of CuNPs at 570 nm, which all strongly suggest an oxide free NP. 

The reason for this is due to using acetone as the LASiS solvent. Giorgetti 

and co-workers[79] have shown in the case of gold nanoparticles created by 

laser ablation in acetone that a negatively charged enolate is formed by the 

loss of a H+ ion from the acetone molecule, with the enolate then binding to 

the surface of the nanoparticle. The key to this work is that the acetone 

enolate is not found as an ion in acetone, but exists only when it is adsorbed 

on metal, indicating that the enolate is highly unstable in solution.[79] 

Giorgetti and co-workers demonstrated with the use of infrared spectroscopy 

that the enolate was adsorbed onto the gold NP surface, the results 

comparing well with literature values of acetone enolate adsorbing on other 

metals.[79] 

It would therefore be natural to assume that this same process of 

enolate formation and adsorption onto the NP surface also applies to CuNPs 

generated by LASiS in acetone. Enolate adsorption onto the surface of the 

CuNPs would prevent the surface of the CuNP from oxidising. This would 

explain why past research shows that LASiS conducted in acetone gives an 
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SPB feature that is centred around 572 – 595 nm, SPB locations close to the 

theoretical position for the SPB feature in oxide-free CuNPs. 

The same experiment was performed as part of this project; CuNPs 

generated by LASiS in acetone had an SPB feature centred at 575 nm as seen 

in Figure 4.5. The intensity of SPB feature itself is not as pronounced 

compared to what is seen with the blue ‘electron-rich’ ligands in Figure 3.4. 

This could be explained by the presence of large number of small NPs that 

are below the size threshold to support the SPR. Smaller NPs result in high-

energy scattering that can partially mask the SPB absorption feature. This is 

also seen when comparing the non-normalised UV-vis spectra of CuNPs 

generated by LASiS in acetone against T-4Py (see Appendix 4A). While the 

absorbance values of the SPB feature are very similar, the SPB feature itself 

is less pronounced in the acetone sample, indicative of small CuNPs masking 

the SPB feature. 

 

Figure 4.5  SPB normalised UV-visible absorption spectra of CuNPs generated by 60 
minutes of LASiS in acetone (blue). The grey trace is that of CuNPs 
generated by 60 minutes of LASiS in pure water for the sake of 
comparison. 
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The importance of the result here with the acetone providing 

seemingly oxide free CuNPs is that the method of protection is due to a 

negatively charged species adsorbing onto the surface of the NP. The four 

‘blue’ negatively-charged tetrazoles show a similar SPB position and shape 

and this similarity would suggest that the CuNPs formed are similarly oxide 

free or have a thin oxide coating. It would also suggest that this oxidative 

protection or limiting of the oxidation of the CuNPs comes from the presence 

of a negatively charged species existing in solution that has the ability to 

adsorb onto the surface of the CuNPs. 

 

4.3 The effect of charged species 

4.3.1 Surfactants 
To assess whether in fact it is the presence of a charged species that 

affords the oxidative protection, two well-known surfactants were studied. 

LASiS was conducted in 10-4 molar solutions of both sodium dodecyl sulfate 

(SDS) and cetyl trimethylammonium bromide (CTAB), SDS being an anionic 

surfactant, and CTAB being a cationic surfactant. The UV-visible absorption 

spectra are shown in Figure 4.6 and its clear that the CuNPs generated have 

an SPB location like that of CuNPs generated in pure water. 

These results indicate that the surfactants do not provide any sort of 

protection from oxide formation, despite both these surfactants existing as 

charged species in aqueous solution. It could be argued that the 

concentrations of the surfactants here are well below the critical micelle 

concentration (CMC; 8.2 mM and 1 mM for SDS and CTAB, 

respectively[108,137]) and that therefore the surfactants offer no protection. 

However, the results seen with the ligands in Chapter 3 indicate that the 

concentration of 10-4 mole/litre is more than sufficient to yield differing 
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results. While concentrations close to the CMC could provide micellular 

protection, the intent here is to see if the action of a charged species in 

solution is sufficient to yield SPB spectral shifts, not to assess the 

effectiveness of micellular protection. 

 

 

Figure 4.6  SPB normalised UV-visible absorption spectra of CuNPs generated by 60 
minutes of LASiS in 10-4 molar solutions of CTAB (blue) and SDS (red). 
The grey trace is that of CuNPs generated by 60 minutes of LASiS in 
pure water for the sake of comparison. 

 

It is clear that a physisorption interaction of a positively- or 

negatively-charged surfactant species and the CuNPs is not electrostatically 

strong enough to offer oxidative protection. By comparison, a chemisorption 

interaction between the negatively-charged tetrazoles and the CuNPs offers a 

stronger electrostatic interaction that offers oxidative protection. 

It is interesting to note here at how red-shifted the absorbance of the 

SDS solution is, while CTAB is slightly more blue-shifted than that of pure 

water. Perhaps the reasoning for this lies in the structure of the surfactants, 

as CTAB is cationic and SDS is anionic. It could be surmised that the 



CuNPs and Oxidative Control 

 66 

negative surface of the CuNPs attracts the positively charged CTAB and 

repels the negatively charged SDS and this repulsion of the SDS then 

accelerates the oxidation of the CuNP surface. 

4.3.2 Carboxylic Acid Analogues 
The hypothesis that the positively charged CTAB molecules are 

attracted to the CuNP surface and offer a better oxide protection than that 

of SDS, fails when it is realised that the four tetrazole ligands that give rise 

to the blue SPB absorption feature are notionally negatively charged when 

deprotonated in aqueous solutions. To assess whether it is the presence of a 

negatively charged species existing in solution that is enough to protect from 

oxidation, two carboxylic acid analogues were studied. The reason for using 

carboxylic acids is because they behave very similarly to tetrazoles when in 

aqueous solution, with both the tetrazole motif and the carboxylic acid motif 

having the ability to deprotonate in solution. In fact, tetrazoles are 

considered isosteres of carboxylic acids, having a very similar pKa to the 

equivalent carboxylic acid.[130] Therefore LASiS was conducted in 10-4 molar 

solutions of benzoic acid (ben-acid) and nicotinic acid (nic-acid), with ben-

acid being structurally similar to T-Ph, and nic-acid being structurally 

similar to T-3Py,  the structure of these two acids shown in Figure 4.7.  

 

 

 

Figure 4.7  Structure of the two carboxylic acids used in this study. Benzoic acid 
(ben-acid) is an analogue of T-Ph and nicotinic acid (nic-acid) is an 
analogue of T-3Py. 
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The absorption spectra (Figure 4.8) clearly show that the CuNPs 

formed by 60 minutes of LASiS in both nic-acid and ben-acid are not like 

those formed in solutions of the four negatively charged tetrazole ligands. 

This immediately suggests that it is not the deprotonating ability that 

dictates the position of the SPB. If that were the case it would be expected 

that both nic-acid and ben-acid have an SPB feature centred around 590 – 

600 nm just like the negatively charged tetrazoles. 

 

Figure 4.8  SPB normalised UV-visible absorption spectra of CuNPs generated by 60 
minutes of LASiS in 10-4 molar solutions of ben-acid (blue) and nic-acid 
(red). The grey trace is that of CuNPs generated by 60 minutes of LASiS 
in blank water for the sake of comparison. 

 

Clearly then there is something more than just the presence of a 

negatively charged ligand species existing in solution that gives rise to the 

unique SPB feature that is seen with the negatively charged tetrazole ligands. 

4.3.3 Hydrazine 
As mentioned previously, literature studies on laser-based CuNP 

production have identified an oxide being present on the CuNPs.[106,138,139] 
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Each of these studies identifies that copper oxides are present, and support 

the putative suggestion that the four deprotonated tetrazoles in aqueous 

solution are acting as reducing agents, preventing the formation of copper 

oxides during LASiS production. The rationale for this being that the SPB 

absorption feature of CuNPs formed in aqueous solutions of these four ligands 

is similar to that of CuNPs formed in acetone, which are known to be oxide 

free. Previously it was discussed that the reason for the protection was 

hypothesised to have come from a negatively charged enolate adsorbing onto 

the surface of the CuNP. However, it has now been shown that it is not 

solely the presence of a negatively charged ligand that causes the oxidative 

protection, but rather something more.  

Therefore, it is suggested that the tetrazoles, in their deprotonated 

form, act as reducing agents in solution, protecting the CuNP surface. Such 

behaviour is akin to the reducing behaviour of compounds such as hydrazine 

during traditional chemical reduction CuNP formation.[53,59] Hydrazine is 

known to differentially coordinate to Cu (111), (100) and (110) surfaces,[178] 

and potentially influence CuNP size and shape during NP formation.[62] 

Interestingly, the acetone enolate itself is not a reductant, and so the 

result seen with LASiS in acetone is purely from the preferential adsorption 

of the enolate ion onto the CuNP surface, protecting it from oxidation.  

To test the whether the four deprotonated tetrazoles act as in situ 

reducing agents during the LASiS process, LASiS was undertaken in the 

presence of a 10-4 molar aqueous solution of hydrazine. The absorption 

spectrum is presented in Figure 4.9 and clearly shows that the SPB 

absorption feature centred around 585 nm and is very much like that of 

CuNPs formed in acetone and the four blue deprotonated ligands.  
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Figure 4.9  SPB normalised UV-visible absorption spectra of CuNPs generated by 60 
minutes of LASiS in 10-4 molar solution of hydrazine (blue). The grey 
trace is that of CuNPs generated by 60 minutes of LASiS in blank water 
for the sake of comparison. 

 

This is a powerful indicator that the deprotonated tetrazoles are 

behaving as in situ reducing agents, preventing the formation of copper 

oxides. This is a particularly striking outcome because tetrazolate anions are 

routinely considered to relatively stable ligands in terms of their redox 

behaviour 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 centre.[179]  

 

4.4 Conclusions 

The most important aspect to arise from the work presented in this 

chapter is that it appears that the driving force for the position of the SPB 

absorbance band, and, the level of oxide protection, is dependent on the 

presence or absence of the negatively charged, deprotonated tetrazole. The 
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similarity between the absorption spectrum of CuNPs in acetone and the 

spectra of the four negatively charged tetrazoles would indicate that the 

CuNPs formed in both scenarios are very similar in composition, and that if 

there is copper oxide present it is of a very small amount, resulting in a very 

small red-shift in the SPB absorption feature. 

The results presented with the two surfactants, SDS and CTAB, 

indicate that the presence of a charged species existing in solution is clearly 

not the reason for the observed behaviour of the ‘blue’ negatively charged 

tetrazole ligands. The presence of a negatively charged species, being the two 

carboxylic acids, is also indicative that a negatively charged species similar in 

structure to a tetrazole is still not enough to explain the results observed.  

The deprotonation of the tetrazole itself clearly is not the driving force 

behind the results, as one might expect the carboxylic acids to give rise to a 

similarly-positioned SPB absorption feature if that were the case. Rather it is 

the presence of the whole deprotonated tetrazole motif that is the key. The 

results seen with the hydrazine and the behaviour of hydrazine in traditional 

reductive synthesis would indicate that the deprotonated tetrazoles are acting 

as in situ reducing agents, preventing the formation of copper oxides. This 

also confirms that it is the preferential adsorption of the acetone enolate ion 

onto the CuNP surface that is protecting from oxidation.  

Importantly, the absorption spectra presented in this chapter have 

similarities to the spectra presented in Chapter 3, and this, coupled with the 

contour plots, would suggest that the ligand solutions studied give rise to 

some type of copper oxide coating on the CuNPs prepared by LASiS. 
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Chapter 5: Particle Size Analysis 

5.1 Imaging Techniques 

The results seen in the previous chapters, highlighting the blue-shift of 

the SPB seen when LASiS is conducted in the presence of the four 

deprotonated tetrazole ligands, could be explained simply by noting that the 

spectral shifts may be a result of a difference in size of the NPs. Inspecting 

Equation 1.2, as the size of the particle changes, so does the Fröhlich 

frequency, and a change in Frölich frequency results in a change in the 

wavelength of the SPB absorption feature. Therefore, it is natural to assume 

that because the SPB absorption feature location changes from one group of 

ligands to another, there could be a change in the size of the nanoparticles 

between these groups.  

However, it has been demonstrated in gold nanoparticles that NPs of 

diameters less than approximately 20 nm will not show an appreciable shift 

in SPB location.[6,8,91] Rice and co-workers discuss how gold and copper can 

be expected to behave in a similar manner due to both metals having similar 

band structures and optical properties.[55] Sun et al. demonstrate that CuNPs 

synthesised with diameters of 7.5 nm and 12.2 nm display very similar 

absorption spectra.[180] Ghodselahi et al. demonstrate that CuNPs with 

diameters of 16 nm, 17 nm, 20 nm and 22 nm have similar absorption 

spectra.[181] Finally, El-Sayed and co-workers show that CuNPs with 

diameters of 12 nm and 30 nm display near identical absorption spectra.[103] 

Therefore, it is not expected that the blue-shift seen in the UV-visible spectra 

is likely to be attributed to significantly smaller particle size distributions for 

CuNPs produced via LASiS in the presence of the four blue tetrazole ligands. 
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Nevertheless, determination of CuNP particle size distributions is required as 

confirmation. 

The most convenient way of determining particle size distributions is 

to employ the use of microscopy techniques. While there are many different 

types of microscopy, most techniques fall within three main well-known 

branches: optical microscopy, electron microscopy (EM) and scanning probe 

microscopy (SPM). Both optical microscopy and EM involve the diffraction, 

reflection or refraction of electromagnetic radiation interacting with a sample, 

and the collection of the scattered radiation in order to create an image. 

SPM, on the other hand, involves the interaction of a probe and the surface 

of the sample as the probe is scanned across the sample.  

The nature of optical microscopy makes it unsuitable to image 

nanoparticles. This is due to an inherent maximum practical magnification 

limit of around 1500 times which is dictated by a decrease in the resolution 

that results in too poor an image at higher magnifications. This is because 

there is a finite limit of magnification beyond which it is impossible to resolve 

separate points in the field of view. This limitation is known as the ‘Abbe 

diffraction limit’ after Ernst Abbe.[182] Abbe found that light with wavelength 

9 travelling in a medium with refractive index \ and converging on a spot 

with an angle of ] will create a spot with radius: 

5 =
9

2\	^1\]
. 5.1  

This is known as the Abbe limit or the diffraction size, with the denominator 

component, \	^1\], also known as the numerical aperture (GA). This reduces 

Equation 5.1 to: 

5 =
9

2GA
. 5.2  
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In modern optics GA is as high as 1.5, and a wavelength of 550 nm is used, 

due to it having the highest optical sensitivity in the human eye. These 

conditions result in a 5 value of around 180 nanometres, but in practice the 

lowest values of 5  that can be attained are about 250 nanometres or 0.25 

micrometres.[183] Even at optimum conditions, this resolution is too large 

when we are concerned with imaging nanoparticles.  

This then limits imaging to the EM and SPM techniques, which both 

have far better resolution limits. EM has a resolution of less than 0.1 nm due 

to the fact that the wavelength of electrons is around 100,000 shorter than 

that of visible light, which when applied to Equation 4.2 gives a very small 5 

value. SPM has an even better resolution, on the order of a few picometres, 

because resolution is not constrained by diffraction limits but by the point 

spread function and by the electronics of the detection system.  

Because SPM is a physical imaging technique, employing electronics to 

generate the image, the limiting factor on the resolution of the image is the 

interaction between the probe tip and the sample, rather than an electron 

source. This limiting factor is known as the point spread function (PSF), 

which describes the error associated with the response of the tip to imaging a 

singular point source. In general terms, the probe tip has a certain volume 

associated with it, and upon interaction with a singular point source, the 

resulting image is a combination of the point source and the volume of the 

tip, resulting in a blurred image of the point source. This blurred image error 

is very small compared to that of EM sources. In reality, the defining factor 

for resolution is the bit factor of the tip.  

While SPM is not highly resolved in the X and Y axis (this is 

dependent on user settings, but usually varies between 256 and 1024 data 

points in each axis), it is much greater resolved in the Z-axis. A 16-bit tip 
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has 65,536 data points in the Z axis, and while the vertical range of the tip is 

a user preference, even with a large setting of 5 micrometres of range there is 

0.076 nanometres between each data point. The result is that both EM and 

SPM are techniques that are vastly better than optical microscopy for 

imaging nanoparticles. 

 

5.2 Principles of Microscopy 

5.2.1 Electron Microscopy 
There are two chief methods of EM, those being scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). While SEM 

and TEM both use an electron gun to generate an image, as opposed to a 

light source in the case of optical microscopy, the way they work is slightly 

different, and as a consequence they generate a different style of image. The 

basic principle of SEM involves the focusing of an electron beam at a sample, 

with the interaction of the electron beam with the atoms in the sample 

resulting in various changes in the signals that are detected and used to 

create the image.  

In this project, TEM has been used to characterise the particle size 

distributions of CuNPs formed in aqueous ligand solutions. The basic 

principle of TEM involves the focusing of an electron beam to be transmitted 

through a sample, and the interaction of the electron beam with the sample 

is captured on a CCD camera to yield an image. The classical imaging mode 

that is used is known as contrast formation, where the change in contrast of 

the image corresponds to features in the sample. The most common mode of 

contrast formation is bright field imaging, where areas on the image that 

appear dark are the specimens (due to the absorption of electrons from the 

source), and regions that appear bright are regions with no sample. 
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5.2.2 Scanning Probe Microscopy 
While SEM and TEM use an electron gun to generate their images, 

SPM methods physically probe the surface of the sample, generating an 

image based on the tip deflection. There are many different types of SPM 

techniques, and all employ the same basic method to image. The method 

employed in this research is called atomic force microscopy (AFM). AFM is a 

high-resolution scanning probe microscopy technique, forming an image of a 

surface with resolution of up to fractions of a nanometre, using a physical 

probe that scans the surface.  

A laser constantly measures the probe tip and uses force curves to 

generate a virtual image of what it is analysing. The image that is formed by 

AFM is created, in the basic sense, by ‘feeling’ or ‘touching’ the surface of 

the sample being scanned. Because the image that is formed is built up from 

physical interaction with the sample, rather than an electronic interaction as 

is the case with EM, the AFM only yields information of the surface 

chemistry, or, at best, a few angstroms into the sample.  

There are a few different types of images that can be created by AFM, 

such as phase and amplitude images; however, the imaging mode used here is 

the height topographical image. This is an image that is created from the 

information about the physical amount the probe is deflected by the height of 

the features of the sample. The advantage of this type of imaging is that the 

data it yields can be used to determine the size of the nanoparticles quite 

easily, as the height of the nanoparticles imaged can, with sufficiently low 

substrate surface coverage, be considered to be a reasonable measure of the 

diameter of the nanoparticles.  
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5.3 Imaging of Nanoparticles 

5.3.1 Imaging Considerations 
For AFM imaging to work successfully for this project, that is, to 

obtain an accurate reflection of the diameter of the nanoparticles, there needs 

to be a very flat surface on which the nanoparticles are deposited. While it 

might seem that surfaces such as glass or polished metal are sufficiently flat, 

in fact they are not. When you consider that the nanoparticles are in the 

range of possibly 1-100nm in diameter, only a surface that is atomically flat is 

acceptable. A suitable candidate for this purpose is freshly cleaved mica, as it 

cleaves clean on the {001} plane, leaving a surface that is flat to within 

approximately 1 nanometre.[184,185]  

Due to the fact that freshly cleaved air-exposed mica surfaces can and 

do get contaminated, all nanoparticle solutions were deposited on the surface 

of the mica immediately after cleaving, and stored in a sealed container. 

Keeping in mind the contamination issue, only nanoparticles with diameters 

larger than approximately 2 nm were counted. This minimum diameter of 2 

nm is validated because below this diameter the SPR is no longer supported 

and doesn’t give rise to the SPB absorption feature. This has been affirmed 

both theoretically[186] and experimentally.[187] 

As a consequence, because the SPB absorption feature exists when 

there are particles of sufficient size, the argument that a change in the SPB 

location is due to a change in size therefore means we focus our study on 

particles that can support the SPR. While AFM is not a commonly used 

imaging technique for NPs, it has major benefits over TEM or SEM due to 

its ease of use and there being no need for a high vacuum resulting in quick 

imaging turn around. 
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For this work, AFM was used as the primary imaging method, and 

TEM was used as a comparison technique. It is important to point out from 

the onset that the two methods of sample preparation for AFM and TEM 

imaging, as described in Chapter 2.3, are different. The nature of the AFM 

spin-coating preparation leads to less conglomerates on the mica surface, with 

larger particles being spun off, while there is no spin-coating with TEM, just 

a drop-cast process, so there is ample time for conglomerates to form. The 

TEM imaging process only gives two-dimensional information (as opposed to 

the AFM technique which gives three-dimensional information), so the 

diameter of the CuNPs must be measured by software (with appropriate 

conditions as mentioned in Chapter 2), rather than extracted from the 

topographical image given by AFM, which means there is a larger degree of 

ambiguity with the accuracy of the size distribution.  

The lack of spin-coating with the TEM samples means that size 

analysis is inherently more complex due to the presence of conglomerates. 

While sample dilution could aid in the reduction of these conglomerates 

forming, the presence of CuNPs was difficult enough to find in practice. 

While the conglomerates were straight forward to ignore when analysing the 

TEM images, it is highly likely that a percentage of small (2-5 nm) CuNPs 

were not counted due to some particle overlap, image quality and human 

error, while size analysis was also conducted to err on the side of caution 

such as to not miscount CuNPs. Because of this, a direct comparison between 

the AFM and TEM images and size distributions cannot be made. Rather, a 

semi-quantitative comparison of the trends across the two techniques is 

made. Therefore, TEM imaging was used as a comparison technique to the 

AFM imaging, the main reason being that TEM is a commonly used 

technique, which then makes it possible to compare the distributions seen in 

this research with past research. 



Particle Size Analysis 

 78 

5.3.2 Analysis Considerations 
Once the imaging and particle size analysis was completed as per the 

discussion in Section 2.3, the data was processed to generate a classical 

frequency distribution (histogram) of the diameter of the nanoparticles, along 

with a cumulative frequency distribution (CFD). The main advantage of a 

CFD is that it provides an easy way to compare between different data sets, 

and rules out the subjectivity of finding the best-suited bin width for a 

frequency distribution. It’s quite easy to have too many bins and show too 

much information on a histogram, just as it is with having not enough bins 

and having not enough information. Another feature of a CFD is that it is 

easy to see the percentage of data that is between two size points. 

While previously postulated that the difference in SPB absorption 

feature location is not due to a change in size (see Section 5.3.1), a CFD plot 

makes it easy to calculate what percentage of NPs are less than a certain 

diameter. In this study, we consider the percentage of NPs that are smaller 

than 25 nm in size, as these are the NPs that give rise to the majority of the 

SPB feature (see Section 3.1). If the imaging data shows that, on the whole, 

the size distributions of the NPs generated by 60 minutes of LASiS in the 

presence of the multitude of ligands is the same, then clearly the spectral 

differences seen in the SPB absorption feature are attributable to the ligands 

and not the CuNP size. Representative AFM images for all CuNP solutions 

are shown in Appendix 5A, while representative TEM images for all CuNP 

solutions analysed are shown in Appendix 5B. 

5.3.3 AFM Analysis Results 
The particle size analysis of CuNPs generated following 60 minutes of 

LASiS in pure water shows that the NPs have what could be considered a 

very typical particle size distribution (see Figure 5.1). The mean diameter of 

the distribution is 12.7 nm with a standard deviation of 7.4 nm and 
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distribution maximum of 8 nm as reported in Table 5.1. The CFD plot shows 

that 92% of the NPs are smaller than 25 nm in diameter. Appendix 5A 

demonstrates a representative AFM image. 

 

 

Figure 5.1  Combined particle size distribution and cumulative function distribution 
plot of the diameter of CuNPs generated by 60 minutes of LASiS in pure 
water. 

 

The particle size distributions of CuNPs generated following 60 

minutes of LASiS in the presence of each of the four neutral N-donor ligand 

solutions are shown in Figure 5.2 (with representative AFM images in 

Appendix 5A). Visually the distributions appear similar to that of CuNPs 

generated in pure water, and the statistics in Table 5.1 show that there is a 



Particle Size Analysis 

 80 

high degree of similarity. The statistics show that there is some minor 

variability between the particle size distributions, though this is attributed to 

experimental variability.  

 

Table 5.1  Descriptive statistics of the particle size distributions determined by 
AFM of CuNPs generated by 60 minutes of LASiS in the listed solutions. 

Ligand (10-4 molar) Mean (nm) Std Dev. (nm) Dist. Max (nm) 
None (pure water) 12.71 7.38 8 

    
phen 8.95 6.87 5 
bipy 10.17 5.03 6 
Py 8.22 4.5 6 

4Ph-Py 13.28 6.65 9 
    

T-Me 8.19 7.65 4 
T-Ph 7.18 7.6 3 
T-3Py 5.69 3.65 3 
T-4Py 5.36 5.14 3 

    
BuT-Me 8.64 5.69 5 
BuT-Ph 8.75 5.29 5 
BuT-3Py 6.98 3.88 5 
BuT-4Py 11.61 6.31 7 

    
T-2Py 10.76 7.11 5 

BuT-2Py 9.77 5.31 5 
    

acetone (neat) 6.20 4.17 4 

    CTAB 8.22 7.54 4 
SDS 9.99 5.39 6 

    nic-acid 8.56 6.08 4 
ben-acid 15.1 7.63 10 

    hydrazine 4.27 3.13 3 
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Figure 5.2  Combined CuNP particle size distribution histogram (top panel) and 
cumulative function distribution (bottom panel) for NPs generated by 60 
minutes of LASiS in 10-4 molar solutions of (from left to right, top to 
bottom): bipy, phen, Py and 4Ph-Py. 
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Furthermore, when the CFD plots are examined (Figure 5.2, lower 

panels) it is seen that they are all very similar in profile, and like the 

distribution presented in Figure 5.1. Despite the slight variations in size, the 

UV-visible spectra in Section 3.2.2 show that all four ligands behave very 

similarly and demonstrate a similar SPB absorption feature and location. The 

lowest percentage of NPs under 25 nm is 94%, indicating that there is only a 

very small number of large NPs in solution. 

In contrast, CuNPs generated following 60 minutes of LASiS in the 

presence of the four deprotonated tetrazole ligand solutions (Figure 5.3, 

representative AFM images in Appendix 5A) demonstrate distributions that 

visually appear different to that of CuNPs generated in pure water and the 

neutral N-donor ligands. The statistics show that all four CuNP size 

distributions have smaller means and distribution maxima compared to that 

of both pure water and the neutral ligands (Table 5.1), with the lowest 

percentage of NPs under 25 nm being 95%. However, the distribution 

maxima values are only smaller by a few nanometres. Like the neutral 

ligands, the UV-visible spectra in Section 3.2.3 show that the spectra are very 

similar despite the variation here in the size distributions.  

As seen in Figure 5.4, the distribution of NPs generated following 60 

minutes of LASiS in the four alkylated tetrazole-based ligand solutions are 

like that of CuNPs in pure water, and different to that of CuNPs in the four 

deprotonated ligand solutions (representative images shown in Appendix 5A). 

The statistics presented in Table 5.1 show that the means and standard 

deviations are all similar to that of the pure water and neutral ligand CuNP 

solutions. The distribution maxima are also very similar, and only a few 

nanometres larger than that of the blue ligand CuNP solutions. 
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Figure 5.3  Combined CuNP particle size distribution histogram (top) and 
cumulative function distribution (bottom) for NPs generated by 60 
minutes of LASiS in 10-4 molar solutions of (from left to right, top to 
bottom): T-Me, T-Ph, T-3Py and T-4Py. 
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Figure 5.4  Combined CuNP particle size distribution histogram (top) and 
cumulative function distribution (bottom) for NPs generated by 60 
minutes of LASiS in 10-4 molar solutions of (from left to right, top to 
bottom): BuT-Me, BuT-Ph, BuT-3Py and BuT-4Py. 
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The lowest percentage of NPs under 25 nm is 95%. The similarity of 

the particle size distributions for the ‘neutral’ and alkylated tetrazole-

encapsulated CuNP samples, together with the only slightly smaller size 

distributions observed for the ‘blue’ tetrazole-based ligands indicates that the 

majority of NPs are smaller than 25 nm in size, and suggests that the blue-

shifts observed in the SPB absorption spectra is not attributable to a change 

in NP size. That is, an approximate 70 nm SPB spectral shift cannot be 

accounted for by a CuNP particle size distribution peak only 3 nm smaller. 

Figure 5.5 shows the histograms and CFD plots of CuNPs generated 

following 60 minutes of LASiS in T-2Py and BuT-2Py (representative images 

in Appendix 5A). The statistics, seen in Table 5.1, reveal that the CuNPs 

generated in these solutions are again very similar to that of CuNPs 

generated in pure water, the ‘neutral’ N-donor ligands and the alkylated 

tetrazole-based ligand solutions.  
 

  

Figure 5.5  Combined CuNP particle size distribution histogram (top) and 
cumulative function distribution (bottom) for NPs generated by 60 
minutes of LASiS in 10-4 molar solutions of (from left to right): T-2Py 
and BuT-2Py. 
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The lowest percentage of NPs under 25 nm is 94%, similar to every 

CuNP solution discussed to this point. The similarities in the size 

distributions demonstrated here with these two ligands and previously 

reported size distributions is further evidence that the spectral shifts are not 

due to a change in NP size. 

CuNPs generated following 60 minutes of LASiS in neat acetone have 

a size distribution shown in Figure 5.6 (representative image in Appendix 

5A). The statistics shown in Table 5.1 show that the NPs formed have a 

narrow distribution, with a mean of 6.2 nm and a standard deviation of 4.17 

nm, with only 1% of NPs being larger then 25 nm in size. It is clear to see 

that the particle size distribution of CuNPs generated in acetone is very 

similar to that of CuNPs generated in the four deprotonated tetrazole-based 

ligands.  

The size distributions of CuNPs generated following 60 minutes of 

LASiS in CTAB and SDS are also shown in Figure 5.6 (representative images 

in Appendix 5A). The statistics, as seen in Table 5.1, show that the 

distribution of NPs created in both these solutions is very similar to that of 

CuNPs generated in pure water and the neutral n-donor ligand solutions, and 

the lowest percentage of NPs less than 25 nm is 95%. 

CuNPs generated following 60 minutes of LASiS in solutions of nic-

acid and ben-acid have size distributions shown in Figure 5.7 (representative 

images in Appendix 5A). The statistics shown in Table 5.1 reveal that nic-

acid has a distribution very similar to that of the neutral ligands and pure 

water, while ben-acid has the largest distribution of all the tested solutions in 

this work, though with 90% of the NPs less then 25 nm in diameter it’s not 

too dissimilar to the neutral ligand and pure-water solutions. 

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6  Combined CuNP particle size distribution histogram (top) and cumulative function distribution (bottom) for NPs generated by 60 
minutes of LASiS in acetone (left) and 10-4 molar solutions of CTAB (middle) and SDS (right). 

 

   



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7  Combined CuNP particle size distribution histogram (top) and cumulative function distribution (bottom) for NPs generated by 60 
minutes of LASiS in 10-4 molar solutions of nic-acid (left), ben-acid (middle) and hydrazine (right). 
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It should be noted that the particle size analysis shows that the 

CuNPs formed in a solution of nic-acid are smaller than CuNPs formed in a 

solution of ben-acid. This is even though the SPB absorption feature of 

CuNPs formed in a solution of nic-acid is slightly red-shifted relative to 

CuNPs generated in a solution of ben-acid (Figure 4.8). This is further 

evidence to support the putative notion that the SPB spectral shifts are not 

primarily attributable to CuNP size distributions. If that were the case, it 

would be expected that the size distribution of CuNPs generated in nic-acid 

be larger than that of CuNPs generated in ben-acid. 

Finally, CuNPs generated by 60 minutes of LASiS in an aqueous 

hydrazine solution has a size distribution also presented in Figure 5.7 

(representative image in Appendix 5A). The mean and standard deviation, 

reported in Table 5.1, show that the NPs produced have a distribution like 

that of NPs generated in the four deprotonated tetrazole-based solutions, as 

well as pure acetone. It is demonstrated that the CuNPs have a narrow 

distribution of particles, with a distribution maximum abundance of 3 nm, 

while the percentage of NPs less than 25 nm in size is 99%. It is possible that 

the strong chemical reducing environment of hydrazine in solution does limit 

the size distribution of the CuNPs formed. This also explains the slightly 

smaller size distributions seen with the deprotonated tetrazole ligand 

solutions, as it is suggested that they act as in situ reducing agents, and both 

these four ligands and hydrazine exhibit blue-shifted SPB absorption features 

(this concept is discussed in the next chapter). 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8  Combined CuNP particle size distribution histogram (top) and cumulative function distribution (bottom) for NPs generated by 60 
minutes of LASiS in pure water (left) and 10-4 molar solutions of bipy (middle) and phen (right) 
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5.3.4 TEM Analysis Results 
TEM size analysis was not undertaken on all the ligands, but on 

CuNPs generated in pure water and representative ligand solutions from the 

neutral, deprotonated tetrazole and alkylated tetrazole groups. The particle 

size analysis of CuNPs generated following 60 minutes of LASiS in pure 

water results in a histogram and CFD plot presented in Figure 5.8 

(representative image in Appendix 5B). 

The statistics in Table 5.2 show that the mean is 11.38 nm and the 

standard deviation is 8.21 nm, with a distribution maximum of 7 nm, which 

is similar to the statistics reported in Table 5.1 for the AFM method. The 

percentage of NPs smaller than 25 nm is 92% which is also similar to that 

reported by the AFM size analysis. 
 

Table 5.2  Descriptive statistics of the particle size distributions as determined by 
TEM of CuNPs generated by 60 minutes of LASiS in the listed solutions. 

Ligand (10-4 molar) Mean (nm) Std Dev. (nm) Dist. Max. (nm) 

None (pure water) 11.38 8.21 7 
    

phen 12.16 7.51 6 
bipy 11.95 7.62 6 

    
T-3Py 9.42 5.05 6 
T-4Py 12.97 6.10 8 

    
BuT-3Py 12.33 8.61 6 

    
T-2Py 11.42 7.93 6 

 

TEM size analysis of CuNPs generated following 60 minutes of LASiS 

in 10-4 molar solutions of phen and bipy, result in histograms and CFD plots 

that are also seen in Figure 5.8 (representative images in Appendix 5B). The 

statistics in Table 5.2 show that the means and standard deviations are near 
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identical and are very similar to that of CuNPs generated in pure water, 

while the CFD plot reveals that 93% of NPs are smaller than 25 nm in 

diameter in both cases. The similarity born out here mirrors the similarity 

seen with the AFM analysis. 

The size analysis of CuNPs generated following 60 minutes of LASiS 

in two tetrazole-based ligands, T-3Py and T-4Py, have a size distribution as 

shown in Figure 5.9 (representative images in Appendix 5B). Table 5.2 shows 

that the means are 9.42 and 12.97 nm, respectively, with the standard 

deviations being 5.05 and 6.10 nm, respectively. The CFD plot demonstrates 

that the lowest percentage of NPs smaller than 25 nm is 95%.  

Surprisingly, while the AFM size distributions show that the CuNPs 

formed in these solutions are slightly smaller than the other CuNP solutions, 

this is not seen here. As seen in Table 5.2, the means and standard deviations 

of CuNPs generated in these two tetrazole-based ligand solutions are similar 

to that of CuNPs generated in water and in phen and bipy. The size 

distributions for these five CuNP solutions as determined here by TEM 

suggest that the CuNPs are of similar size. A possible explanation for this 

similarity may lie in the imaging method. The TEM resolution is not as good 

as AFM, and the measurement of the size of the NPs was done manually, 

introducing human error, while AFM was done automatically by software. 

CuNPs generated following 60 minutes of LASiS in a 10-4 molar 

solution of BuT-3Py were size-analysed by TEM and found to have a mean 

and standard deviation as shown in Table 5.2. The histogram and CFD as 

shown in Figure 5.9 demonstrate along with the mean and standard 

deviation, that the particle size distribution of CuNPs generated in this 

alkylated tetrazole ligand solution is very similar to that of CuNPs generated 

in the neutral n-donor ligand solutions and pure water, and slightly larger 
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than that of T-3Py (12.33 nm and 8.61 nm for the mean and standard 

deviation respectively. A representative image is shown in Appendix 5B. 

 

  

  

 

Figure 5.9  Combined CuNP particle size distribution histogram (top) and 
cumulative function distribution (bottom) for NPs generated by 60 
minutes of LASiS in 10-4 molar solutions of (left to right, top to bottom) 
T-3Py, T-4Py, BuT-3Py and T-2Py. 
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Only 90% of NPs in this solution were smaller than 25 nm in 

diameter, the smallest percentage reported here by TEM analysis. Compared 

to the AFM size analysis, the result reported here is somewhat larger, but it 

compares favourably with the other results obtained by TEM for the other 

ligand solutions. 

Finally, CuNPs generated following 60 minutes of LASiS in a 10-4 

molar solution of T-2Py were analysed by TEM, with the representative 

histogram and CFD plots also shown in Figure 5.9 (representative image in 

Appendix 5B). The statistics presented in Table 5.2 and the plots 

demonstrate that the CuNPs are of a very similar size distribution to the 

CuNPs generated in pure water and the neutral N-donor ligand solutions, 

with the CFD plot indicating that 93% of NPs are less then 25 nm in 

diameter. As before, this TEM size analysis results in a distribution that is 

slightly larger than what is reported by AFM, though it compares favourably 

with the other results obtained. 

5.3.5 Interpreting the Results 
The results from the AFM imaging suggests that there is some 

variation in the size distribution between the CuNPs formed in the different 

ligand solutions, specifically, that CuNPs formed in the negatively charged 

tetrazole ligands are slightly smaller than the CuNPs formed in the other 

ligands. In comparison, the results from the TEM imaging suggests that there 

is less variation in the size distributions of the CuNPs, though this could be 

due to the sample preparation for the imaging process as previously 

explained. Despite the differences in the distributions between the CuNP 

solutions, and the differences shown in the imaging techniques, the CFD plots 

for each CuNP solution across both imaging techniques demonstrate that in 

most cases 95% or greater of CuNPs are below 25 nm in diameter. This is 
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significant, since Section 3.1 goes into some detail describing how NPs of 

diameter less than approximately 25 nm contribute equally to the SPR in the 

CuNPs, giving rise to the SPB absorption feature.  

With the wavelength position of the SPB feature being dictated by the 

dipole oscillations of the CuNPs with diameters less than approximately 25 

nm in diameter, as Section 3.1 explains, it is the percentage of CuNPs less 

than this 25 nm in diameter that is important to consider. It is these NPs 

that are the main contributor to the SPB and its position, and so a large 

percentage of CuNPs less than 25 nm in diameter, in theory, should give rise 

to the same SPB absorption feature at the same wavelength position, 

regardless of what ligand solution the CuNPs are formed in. In fact, the work 

by El-Sayed and co-workers show that CuNPs of 12 nm and 30 nm in 

diameter give rise to a very similar SPB absorption feature, with both being 

positioned at 570 nm.[103] 

This then leads to two conclusions: either the difference in location in 

the SPB absorption feature is due to a marked variation in NP size 

distribution, or there is something affecting the dipole oscillations of the NPs 

to change the location of the SPB absorption feature. With the work reported 

here showing that the NPs size distributions are relatively consistent, with a 

large percentage of CuNPs being less than 25 nm in diameter, the difference 

in SPB absorption feature location is therefore most likely due to a change in 

the dipole oscillations of the NPs. 

As explained by Equation 1.3, when a NP is coated the location of the 

SPB absorption feature will shift due to the coating’s different dielectric 

effecting the frequency of the SPR. A coating on a NP, whether it is another 

metal or something such as an oxide layer, will affect the dipole oscillations 

of the NPs and change the frequency at which the SPR is supported. As 
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previously discussed in Section 4.1, an oxide coating on a CuNP shifts the 

location of the SPB absorption feature to longer wavelengths and eventually 

dampens it till it is non-existent.[107] It would then be natural to assume that 

the marked differences in SPB absorption feature location seen in this 

research, despite the shown relative consistency of CuNP size, is due to an 

oxide coating of some description on the CuNPs. 

 

5.4 Conclusions 

Both the AFM and TEM imaging techniques demonstrate that the 

CuNPs generated by LASiS, while showing some variation, are generally 

sufficiently similar in their size distributions to rule out a change in size being 

the primary reason for the observed differences in SPB absorption feature 

location that is seen in the UV-visible spectra. With literature demonstrating 

that CuNPs of different sizes exhibit similar SPB absorption features, the 

results seen here, with all but the CuNPs generated in the four blue tetrazole 

ligands, correlate with what has been previously reported, but fail to explain 

why there is a difference. 

One hypothesis could be that the CuNPs generated in the presence of 

the deprotonated tetrazole ligands are oxide free, due to their SPB absorption 

feature location, and that the other CuNPs are not oxide free. However, due 

to the acidity of the tetrazole ligands, the presence of naturally occurring 

carbonic acid in aqueous solutions needs to be examined first to see if it has 

any effect on the SPB absorption feature and the ligand-CuNP interaction. 

This will be discussed in the next chapter. 
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Chapter 6: Further Exploration of CuNP-Ligand 

Interaction 

6.1 Changes in the pH of the solution 

It is well known that aqueous solutions are naturally slightly acidic 

due to dissolved atmospheric carbon dioxide in the solution-forming carbonic 

acid. There is then a possibility that naturally-occurring carbonic acid can 

affect the SPB due to the fact that there are some ligands that are acidic in 

aqueous solutions. It is possible that this natural acidity of the aqueous 

solutions affects the ligand interaction with the CuNPs. It was demonstrated 

in Chapter 3 that both ben-acid and nic-acid, while being able to 

deprotonate, give rise to a red-shifted SBP absorption feature, while the four 

deprotonated tetrazole ligands give rise to a blue-shifted SPB absorption 

feature. Examining the pH of the ligand solutions may give some insight to 

the reason for these spectral shifts. 

To assess whether or not carbonic acid has an effect on the location of 

the SPB, nitrogen gas was bubbled through a few select solutions before 

LASiS to remove as much dissolved CO2 as possible. Though carbon dioxide 

is readily soluble in water, only a small fraction of it is turned into carbonic 

acid, and bubbling nitrogen through the liquid causes the carbon dioxide to 

liberate from the water. Testing the pH of the solutions before and after 

bubbling with nitrogen gives a quick measure to see to what extent carbonic 

acid is present, and what effect it might have on the ligands. Testing the pH 

of the solutions post-LASiS also may give some insight into the behaviour of 

the ligands during the LASiS process. 

Before any LASiS was undertaken, the pH of the solutions was tested 

before and after bubbling with nitrogen. The results show that there is a 
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small shift towards a more neutral solution, indicating that there is some 

carbon dioxide removal (see Figure 6.1). The tetrazoles have a similar pKa to 

that of acetic acid, and therefore show little change in their pH with the 

bubbling, due to having an acidic proton, while the alkylated tetrazoles, 

which do not have an acidic proton, show the greatest shift towards neutral 

pH.  

 

Figure 6.1 Plot demonstrating the pH change in the solutions before N2 bubbling, 
after N2 bubbling and then after 60 minutes of LASiS. Not all data is 
presented here (see Table 6.1 for all the data) but a selection to illustrate 
the general trend. The solutions presented here are: T-Me (closed circle), 
BuT-Me (open circle), pure water (closed square), Py (open square), T-
2Py (closed down triangle) and BuT-2Py (open up triangle). All 
solutions are 10-4 molar. 

 

Post ablation, however, the change in pH is more marked. The 

majority of the ligands decrease in acidity, with the greatest change occurring 

with the non-alkylated tetrazole ligands. The fact that the greatest change in 

pH is seen post-LASiS suggests that the small change in pH seen after 

nitrogen bubbling has little to no effect on the SPB absorption feature 
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location. The significant decrease in acidity could indicate that there is some 

interaction between the ligand and the CuNP surface, resulting in less ‘free’ 

ligand contributing to the acidity of the solution. The pyridine solution 

actually stays fairly constant in pH from after nitrogen bubbling to after 

ablation, which suggests that there are a series of competing interactions 

occurring.  

The pH of a ligand-free solution (that is, pure water) actually 

increases in acidity, indicating that the LASiS process generates some ionic 

species. It could be assumed then that if H+ is being generated, that also OH- 

is being generated from the laser process, which would result in a solution as 

neutral as pre-ablation. However, as has been demonstrated in 

literature,[139,188-190] copper hydroxide is formed as an intermediate in the 

copper oxide formation, and if this happens, the OH- would be consumed, 

resulting in excess H+ in solution resulting in the increase in acidity, as 

observed here. 

Importantly in all cases, the difference in location of the SPB 

absorption feature between solutions that were bubbled with nitrogen prior 

to LASiS and those that were not bubbled with nitrogen prior to LASiS was 

not significantly different. This is demonstrated by an example in Figure 6.2, 

where the variation is around 8 nanometres, which is in the order of what 

was normally seen in the variation from experiment to experiment. What 

these results also indicate is that the location of the SPB cannot be due to 

firstly, dissolved carbon dioxide in the solutions, and secondly, the acidity of 

the ligand itself. The nitrogen bubbling changed the pH in the most extreme 

case by less then 1 pH unit, and the SPB location didn’t change, which 

indicates that the pH is not a critical factor here.  
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Figure 6.2  SPB normalised UV-visible absorption spectra of CuNPs generated by 60 
minutes of LASiS in pure water. One sample (blue trace) was degassed 
with N2 gas for 60 minutes prior to LASiS, with continual degassing 
during LASiS, while the other sample (black trace) received no degassing 
treatment. 

 

The acidity of the ligand itself doesn’t seem to be the driving factor in 

the SPB location, as T-2Py has a similar pH to that of T-3Py and T-4Py. 

These ligands, however, result in CuNP solutions that have different SPB 

absorption locations, with T-2Py being a ‘red’ ligand, and T-3Py and T-4Py 

being ‘blue’ ligands. T-Me, also a blue ligand, has a similar pH to that of the 

alkylated ligands, which are red (see Table 6.1). 

The results reported here suggest that the SPB location is dictated by 

the ligand structure, not by the acidity of the ligand, despite the fact that all 

four tetrazole ligands can deprotonate in solution. The decrease in ligand 

acidity indicates that there is some interaction happening between the ligand 

and the CuNP. Moreover, with the greatest pH change occurring with the 

deprotonated tetrazoles it suggests that the tetrazole structure is the major 

driving force of the interaction and subsequent SPB location. 
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Table 6.1 pH data for various ligand solutions before nitrogen gas bubbling, after 
nitrogen gas bubbling and after 60 minutes of LASiS 

Ligand (10-4 molar) pH before N2 pH after N2 pH after LASiS 

None (pure water) 6.94 6.96 6.74 
Py 6.62 7.08 7.11 
    

T-Me 5.00 5.12 7.03 
T-3Py 4.45 4.56 6.91 

 
T-4Py 4.62 4.64 6.59 

    
BuT-Me 5.04 5.13 6.69 

 
BuT-3Py 3.54 5.58 6.73 
BuT-4Py 4.92 5.30 6.42 

    
T-2Py 4.51 4.53 6.71 

BuT-2Py 5.01 5.54 6.54 
 

To further explore this structure-based hypothesis for the observed 

SPB spectral signatures, we return to exploring how the different ligand 

families influence the CuNP surface chemistry. 

 

6.2 Bandgap Analysis 

6.2.1 Calculating the bandgap of CuNPs 
The working hypothesis to this point is that the four deprotonated 

tetrazole ligands, and hydrazine, are protecting the CuNPs from oxidation 

and that the other ligands offer little to no oxidative protection during 

LASiS. The AFM and TEM imaging has ruled out size being the primary 

reason for the change in the SPB location, and the pH studies indicate that 

the ligands are interacting with the surface of the copper but not effecting 

the SPB, strengthening the ‘oxidative control’ hypothesis.  
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If oxidation is occurring, it will be in the form of copper oxide on the 

CuNP surface, either as copper (I) or copper (II) oxide. A property of copper 

oxides is that they are semi-conductors, and a unique feature of a semi-

conductor is that it contains a bandgap, an energy range between the 

insulating and conducting behaviour of the material. The bandgap generally 

refers to the energy difference (typically reported in electron volts) between 

the top of the valence band and the bottom of the conduction band and is 

closely related to the molecular HOMO/LUMO gap. The reason why the 

bandgap is of interest is that copper (I) oxide has a larger bandgap to that of 

copper (II) oxide,[191,192] so if the bandgap of the CuNPs could be measured, 

then perhaps some insight into the nature of the oxide could be gained. 

 Jan Tauc showed in 1966 that an optical absorption spectrum can be 

used to determine the optical bandgap of semiconductors.[193,194] He noticed 

that the optical absorption spectrum of amorphous germanium resembled the 

spectrum of the indirect transitions in crystalline germanium. He proposed 

that an extrapolation of the absorption spectrum would find the optical 

bandgap of the micro-crystalline states of the amorphous germanium. This 

technique has since been applied to many semi-conductor materials to 

determine the four different transitions present: the direct allowed, direct 

forbidden, indirect allowed and indirect forbidden transitions.[195] 

The raw absorption data that is gathered to form the UV-visible 

spectrum has to be first transformed before it can be of use. Absorption data 

is converted into absorption coefficient data, and this is undertaken using the 

following equation: 

! = #$%
& ∙ log + 6.1  
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where !  is the absorption coefficient, #$%  is the absorption data, &  is the 

path-length of the UV-visible instrument and +  is the base of the natural 

logarithm. The absorption coefficient data can then be analysed, creating a 

Tauc plot from which we can determine the bandgap energy.[193,196] The raw 

absorption data from which the Tauc plots are generated in this research are 

presented in Appendix 6A. 

A Tauc plot, or a bandgap energy plot, is a plot of energy (in electron 

volts) against ! ∙ ℎ0
1
2  where !  is the previously calculated absorption 

coefficient of the material, ℎ0 is the photon energy (in electron volts) and the 

3  value denotes the nature of the transition; 3  = 1/2 for direct allowed 

transitions, 3 = 3/2 for direct forbidden transitions, 3=2 for indirect allowed 

transitions and 3=3 for indirect forbidden transitions.[196]  

In short, direct transitions are ones that occur between the top of the 

valence band and the bottom of the conduction band in a vertical manner 

such that the wave-vector is maintained. An indirect transition is like a 

direct transition, but the wave-vector is no longer maintained and is phonon 

assisted. An allowed transition is one where the transition from the valence 

band to the conduction band is allowed by selection rules, while a forbidden 

transition is one where the transition is forbidden by selection rules.  

The transition of interest in this study is the direct allowed transition, 

where the energy transition occurs from the energy maximum of the valence 

band to the energy minimum of the conduction band. Therefore, an 3 value 

of 1/2 is used, which results in the Tauc plot being a plot of energy (in eV) 

against ! ∙ ℎ0 4. Once the data has been plotted, the first linear region of 

the plot at the absorption edge can be extrapolated to the abscissa, and 

where it crosses is the energy of the bandgap. 
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6.2.2 Experimental considerations 
There is some inherent subjectivity in determining the linear portion 

of the resulting plot. There is also an inherent problem with the UV-Vis data 

at wavelengths shorter than approx. 300 nm due to the UV-vis reference 

subtraction. As has been mentioned previously (see Section 6.1), post-LASiS 

pH changes suggest that there may be a decrease in the ‘available’ ligand 

after ablation due to ligand-CuNP interactions. This leads to problematic 

reference subtraction in the UV-visible spectrum as the theoretical 

concentration of the ligands is no longer 10-4 molar, but rather, some slightly 

lower concentration. As seen in the raw absorbance data (see Appendix 6A) 

it is easy to see that the UV-visible absorption becomes un-useable at 

wavelengths shorter than 300 nm. 

Being unable to quantitatively specify what the final concentration of 

ligand is in the post-LASiS CuNP solution, pure water was used for the 

reference signal. This did lead to some unusual absorbance features of the 

ligand itself at wavelengths longer than approx. 300 nm. However, as 

described in Chapter 2.5 the first derivative of the transformed data was used 

to find the linear portion of the data. This firstly removed much of the 

subjectivity associated with assigning the linear area, and secondly meant 

that the absorbance data of wavelengths shorter than 300 nm were of little 

consequence as the bandgap linear component occurred well before where the 

majority of ligands have their absorbance. 

6.2.3 Results 
A surprising initial result from the analysis of CuNPs generated in 

pure water shows that the bandgap energy of the NPs is 3 eV, as seen in 

Figure 6.3. The reason why this is a surprising result is that the bandgap 

reported here is larger than the well-established values for both bulk copper 

(I) and copper (II) oxide. Bulk Cu2O (copper (I) oxide) has a bandgap of 2.17 
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eV,[191,192] while bulk CuO (copper (II) oxide) has a bandgap of 1.2 eV.[191,192] 

The result here of 3 eV is well above that of both Cu2O and CuO. We will 

return to this apparent discrepancy shortly. 

 

 

Figure 6.3 Tauc plot of CuNPs generated following 60 minutes of LASiS in pure 
water. The thin black line represents the extrapolation of the first linear 
portion of the spectra down to the abscissa. 

 

When Tauc plots are generated for CuNPs generated following 60 

minutes of LASiS in the four neutral solutions (phen, bipy, Py and 4Ph-Py) 

it is clear to see that the bandgap obtained with the CuNPs generated in 

pure water is not an isolated case. As demonstrated in Figure 6.4, the 

extrapolated linear portion of the spectra indicates that the bandgap of the 

CuNPs is 3.1 – 3.2 eV. This further confirms that the NPs generated in these 

four solutions generate CuNPs of similar composition to CuNPs generated in 

pure water.  
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These apparently discrepant results whereby the Tauc-determined 

bandgaps are higher than those of the bulk are actually not that peculiar 

upon consultation with the literature. Literature has reported higher values 

for both copper oxides when the size regime decreases in size; 1.35 – 1.4 eV 

for large CuO plates,[197,198] 1.7 eV for two micron diameter particles,[168] and 

up to 1.9 eV for thin films,[199,200] while Cu2O thin films have a similar 

bandgap to that of the bulk,[199,200] and nanoparticulate Cu2O has reported 

values of between 2.4 eV to 2.8 eV.[110,201,202] 

 

 

Figure 6.4  Tauc plots of CuNPs generated following 60 minutes of LASiS in four 10-

4 molar ligand solutions: a (red) phen; b (purple) Py; c, (green) bipy; d, 
(blue) 4Ph-Py. The thin black line represents the extrapolation of the 
first linear portion of the spectra down to the abscissa. 

 

The main reason why the bandgap values reported here are much 

greater than the values of the bulk material is due to quantum confinement 

effects.[203] It also explains why the literature-reported values for thin films 



Further Exploration of CuNP-Ligand Interaction 

 107 

and other nanoparticulates are higher than the corresponding bulk value. 

Quantum confinement is a phenomenon that is observed when the diameter 

of a material is reduced such that it starts to approach the wavelength of the 

electron. As the size of the material decreases, the energy levels of the 

material become more succinct and discrete as the confining dimensions 

decrease. This results in the material’s electronic and optical properties 

deviating substantially from those of the bulk, therefore also increasing the 

bandgap of the material. The bandgap then becomes dependent on the size of 

the particle; with decreased size there is a blue-shift in the bandgap to higher 

energies,[203] a similar phenomenon that is also seen with the location of the 

SPB.[88] There is then the potential that nanoparticles of different size 

regimes give a different bandgap; however, this can be ruled out due to the 

similarity in NP size distributions as reported in the Chapter 5. 

There is also a possibility that the determined bandgap values are 

higher than the bulk values due to the CuNPs not being homogenous in their 

composition. If there is a copper oxide shell on a pure copper core, it is 

feasible that, due to the interaction of the copper core and copper oxide shell, 

along with changes in the thickness of the copper oxide shell, the bandgap 

values presented here are indicative of the thickness of the copper shell. The 

similarity in the UV-visible spectra of CuNPs generated in pure water and 

the neutral N-donor ligand solutions, coupled with the similarity in the 

bandgap values, would indicate that the copper oxide shell is of similar 

thickness and composition between these samples. 

The UV-visible spectra of CuNPs generated following 60 minutes of 

LASiS in the four deprotonated tetrazole ligands yield Tauc plots as 

presented in Figure 6.5. The extrapolation of the linear portion of the plot 

down to the abscissa reveals that the bandgap of these CuNPs is between 3.6 
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eV and 3.9 eV. This is higher than reported for CuNPs generated in blank 

water and the four neutral ligands by at least 0.4 eV. This immediately 

suggests that the composition of the CuNPs generated in these solutions is 

different to the blank and neutral solutions. Importantly, this also indicates 

that the putative notion that LASiS undertaken in the four deprotonated 

ligands yields CuNPs that are oxide free is incorrect. The reason for this 

being that if the CuNPs are oxide free, then there is no semiconducting 

material. Typical organic semiconductors exist in thin-film or crystal 

form,[204] which means that the solution concentrations found here (10-4 

molar) are too low for the solutions themselves to contribute to the Tauc 

analysis as organic semiconductors. 
 

 

Figure 6.5  Tauc plot of CuNPs generated following 60 minutes of LASiS in four 10-4 
molar ligand solutions: a (red) T-Ph; b (purple) T-3Py; c, (green) T-4Py; 
d, (blue) T-Me. The thin black lines represent the extrapolation of the 
first linear portion of the spectra down to the abscissa. 
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Undertaking bandgap analysis of a theoretically-generated ‘pure’ 

CuNP absorption spectrum results in a Tauc plot, a plot that indicates there 

may be a bandgap present. This is demonstrated in Figure 6.6 with the 

bandgap value being 2.4 eV. The theoretical absorption spectrum was derived 

from Equation 3.5, using optical constants for copper as reported by Johnson 

and Christy,[152] as the previously used optical constants reported by 

Roberts[150] did not extend into the UV as far as required. 

 

 

Figure 6.6  Tauc plot generated from a theoretical absorption spectrum of CuNPs 
which are 10 nm in diameter, as derived by Equation 3.5. The thin black 
line represents the extrapolation of the first linear portion of the spectra 
down to the abscissa. 

 

This theoretically-determined bandgap, however, may arise from the 

previously mentioned quantum confinement effects. The physical size of the 

CuNPs leads to a separation of the various energy-states in the NP, energy-

states that in the bulk would be mixed. The few, now discrete, energy-states 
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gives rise to the bandgap demonstrated in the Tauc plot. What is important 

to see is that this bandgap is small in comparison to what is reported in 

Figures 6.3 - 6.5. This would indicate that the chemical composition of the 

CuNPs generated by LASiS in the ligand solutions and pure water are not 

pure copper.  

CuNPs generated by 60 minutes of LASiS in acetone yields a Tauc 

plot which is presented in Figure 6.7 (top panel). The onset of acetone’s 

absorption begins at approximately 340 nm, therefore the Tauc plot does not 

extend beyond 3.6 eV, the equivalent photon energy. The Tauc plot reveals 

that there is no linear portion to the plot, though this could be due to the 

fact that the bandgap analysis cannot extend into the UV past wavelengths 

of 340 nm. As previously described, CuNPs generated in acetone are 

purported to be oxide-free. The bandgap analysis here suggests that there is 

no oxide present, though this could be hindered by acetone’s absorption in 

the UV (see Appendix 6A). A similar situation arises with the Tauc analysis 

of CuNPs generated in a 10-4 molar hydrazine solution: no linear 

extrapolation is possible. 

CuNPs generated by 60 minutes of LASiS in the four alkylated 

tetrazole solutions yield Tauc plots as also presented in Figure 6.7 (bottom 

panel). The extrapolation of the linear portion of the plot down to the 

abscissa reveals that the bandgap of these CuNPs is comparable to that of 

CuNPs generated in pure water and the neutral solutions, and different to 

that of CuNPs generated in the four ‘blue’ tetrazole solutions. It also suggests 

that the composition of the CuNPs formed in these solutions is similar to 

that of CuNPs formed in pure water, and perhaps with a similar oxide shell 

coating a copper core. 
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Figure 6.7  Tauc plot of CuNPs generated following 60 minutes of LASiS in acetone 
(neat, TOP PANEL) and four 10-4 molar ligand solutions (BOTTOM 
PANEL): a (red) BuT-4Py; b (purple) BuT-Me; c, (green) BuT-3Py; d, 
(blue) BuT-Ph. The thin black line represents the extrapolation of the 
first linear portion of the spectra down to the abscissa. There is no linear 
extrapolation down to the abscissa in the case of acetone (see text). 
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LASiS performed in solutions of T-2Py and BuT-2Py demonstrate 

Tauc plots that are shown in Figure 6.8. The calculated bandgap energy of 

3.1 eV is identical to CuNPs generated in the alkylated tetrazole ligands and 

practically the same as CuNPs generated in pure water and the neutral N-

donor ligands. This result is further confirmation that the chemical 

composition of the CuNPs formed in these solutions is similar to that of 

CuNPs formed in pure water, the neutral N-donor ligand solutions and the 

alkylated tetrazole ligand solutions. The similarity of this result echoes the 

similarity seen with the UV-visible spectra presented in Chapter Three, 

suggesting that the type of copper oxide is similar.   

 

 

Figure 6.8  Tauc plot of CuNPs generated following 60 minutes of LASiS in two 10-4 
molar ligand solutions: a (red) BuT-2Py; b (blue) T-2Py. The thin black 
line represents the extrapolation of the first linear portion of the spectra 
down to the abscissa. 
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The UV-visible spectra of CuNPs generated by 60 minutes of LASiS in 

solutions of CTAB and SDS generate Tauc plots that are shown in Figure 6.9 

(top panel). The calculated bandgap of CuNPs generated in these solution is 

the smallest seen, indicating that the composition of the copper oxide here is 

different to any other CuNPs formed. The bandgaps reported here are 

actually closer to what is expected to be seen with bulk Cu2O and CuO, 

which suggests that the composition of these CuNPs is tipped towards a large 

amount of copper oxide being present. In fact, correlating the location of the 

SPB absorption feature of CuNPs generated in SDS (which is centred at 

nearly 700 nm), with the low bandgap value, indicates that there is a large 

amount of copper oxide present. This further strengthens the suggestion that 

an electrostatic force, such as is present in a surfactant, is not sufficient 

enough to protect from oxidation of the CuNPs. 

Finally, the Tauc plots generated from the UV-visible spectra of 

CuNPs generated by 60 minutes of LASiS in both ben-acid and nic-acid are 

also shown in Figure 6.9 (bottom panel). The calculated bandgaps of these 

CuNPs are like all other CuNPs, apart from those generated in the four ‘blue’ 

deprotonated tetrazole ligands.  

The similarities with the calculated bandgaps seen between CuNPs 

generated in all solutions, bar the four ‘blue’ deprotonated tetrazole ligands, 

suggests that there is a high level of similarity in the chemical composition of 

these NPs. These results would indicate that the amount and composition of 

the oxidation is similar amongst these samples, and that the differences seen 

between the bandgaps of CuNPs generated in the four deprotonated tetrazole 

solutions and all the other solutions is indicative of a difference in the 

composition of the oxide that is present. 
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Figure 6.9  Tauc plots of CuNPs generated by 60 minutes of LASiS in four 10-4 
molar ligand solutions. TOP PANEL: a (red) SDS; b (blue) CTAB. 
BOTTOM PANEL: a (red) ben-acid; b (blue) nic-acid. The thin black 
lines represent the extrapolation of the first linear portion of the spectra 
down to the abscissa. 
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It has previously been reported that CuNPs generated in pure water 

form copper (II) oxide,[138] which then suggests that the results shown here 

demonstrate CuNPs generated in all solutions bar the four deprotonated 

tetrazole ligands have a similar composition of oxide. With the difference seen 

between the bandgap of bulk copper (II) oxide and copper (I) oxide (1.2 eV 

and 2.17 eV, respectively), it could be deduced that the larger bandgap 

determined for the CuNPs generated in the four ‘blue’ tetrazole ligands 

indicates that the composition of those CuNPs is more like that of copper (I) 

oxide. 

The over-arching suggestion then is that the lower the calculated 

bandgap of the CuNPs, the greater the chemical composition is likely to be 

copper (II) oxide, while the larger the calculated bandgap of the CuNPs, the 

more likely they are to be copper (I) oxide. One could argue that the 

difference of 0.4 – 0.8 eV between these two groups of ligands is not due to a 

different oxidation state but rather down to experimental error. However, 

Ray[199] showed that CuO and Cu2O thin films prepared in an identical way 

had only a difference of 0.2 eV between their bandgaps, which then indicates 

that the difference seen in this research would be sufficient enough to discern 

between copper (II) oxide and copper (I) oxide. 

These results presented thus far indicate that there may be a strong 

link between the location of the SPB absorption feature and the oxide 

composition of the CuNPs. However, the theoretical modelling presented in 

Section 4.1, and discussed therein, suggests that the UV-visible spectra 

demonstrate Cu2O and not CuO, which is contrary to the results presented in 

this chapter. However, though the use of optical spectra to generate Tauc 

plots is a useful technique to quickly analyse oxide content in the NPs, a 

more robust technique exists to probe the chemistry of the CuNPs, that 
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being XPS. XPS analysis was therefore employed to get a better 

understanding of the chemical composition of the CuNPs and ascertain what 

form of copper oxide is present. 

 

6.3 XPS Studies 

The XPS analysis of the CuNP solutions was conducted by colleague 

Rhys Tilbury, as per Section 2.6, with the results shown in Table 6.2. The 

analysis of the percentage content of Cu(II) in each sample is shown, and this 

was calculated using Equation 2.1. Presented in Table 6.2 alongside the 

%Cu(II) is the wavelength position at which the SPB absorption feature is 

centred, which reveals that there is a strong link between the location of the 

SPB absorption feature and the presence of certain Cu oxidation states. 

As can be seen from Table 6.2 there is quite a variation in the amount 

of Cu(II) present in the various samples, from 0% all the way up to 86%. An 

interesting result to come from this analysis is that there was oxygen present 

in all the samples due to the presence of an O (1s) signal in all the XPS 

spectra. This confirms what was proposed earlier in Section 4.1, where the 

contour plots seemed to indicate that all the CuNPs formed by the LASiS 

procedure in all the studied solutions have an oxide coating. 

Following on from this, the significant blue-shift in the location of the 

SPB absorption feature seen with these four deprotonated ligands is clearly 

correlated with the absence of Cu(II) in the CuNPs formed. This suggests 

that the deprotonated tetrazole ligands supress the formation of Cu(II) 

during the NP formation process, because, as demonstrated in Figure 6.10, 

the addition of these ligands post LASiS to CuNP generated in blank water 

does not yield any significant shift in the location of the SPB absorption 
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feature, much less the approximately 80 nm blue-shift seen when LASiS is 

conducted in the presence of these four ligands. 

 

Table 6.2  CuNPs formed by LASiS in various solutions, their corresponding SPB 
absorption feature wavelength location, and the %Cu(II) present as 
calculated by Equation 2.1 

Ligand solution SPB absorption 

wavelength (nm) 

%Cu(II) 

Bare CuNP 655 28 
   

phen 630 23 

bipy 630 39 

Py 635 32 

4Ph-Py 640 55 
   

T-3Py 595 0 

T-4Py 595 0 

T-Me 595 0 

T-Ph 582 0 
   

BuT-3Py 640 48 

BuT-4Py 640 28 

BuT-Me 650 18 

BuT-Ph 675 32 
   

T-2Py 630 58 

BuT-2Py 640 32 
   

nic-acid 665 86 

ben-acid 635 53 
   

hydrazine 590 0 
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Figure 6.10  UV-visible spectra of CuNPs generated following 60 minutes of LASiS in 
pure water, with the addition of two ligands post-LASiS. TOP PLOT: 
UV-visible spectra of pure water (black trace), immediately after the 
addition of an equivalent amount of T-Me to bring the concentration to 
10-4 molar (red trace), and 72 hours after the addition of T-Me (green 
trace). BOTTOM PLOT: UV-visible spectra of pure water (black trace), 
immediately after the addition of an equivalent amount of hydrazine to 
bring the concentration to 10-4 molar (red trace), 48 hours after the 
addition of hydrazine (green trace), and 120 hours after the addition of 
hydrazine (blue trace). 
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 Figure 6.10 demonstrates that even 48 hours after the addition of T-

Me to a CuNP solution generated in pure water results in no significant 

change in the SPB absorption feature. The equivalent experiment, the 

addition of hydrazine to a CuNP solution generated in pure water, results in 

a significant blue-shift in the SPB spectral feature. This would indicate the 

hydrazine is reducing the oxide that is present on the CuNPs, while T-Me 

does not. 

It is also important to remember that the XPS analysis conducted 

cannot easily distinguish between the overlapping Cu(0) and Cu(I) signals, so 

it is assumed, due to the presence of the oxygen in all samples, that Cu(I) is 

present as copper (I) oxide (Cu2O) in the CuNPs prepared with the ‘blue’ 

deprotonated tetrazole solutions. This then suggests that the hydrazine is, 

post-ablation, a strong enough reducing agent to reduce the copper (II) oxide 

to copper (I) oxide, based on the blue SPB spectral shift. The T-Me can only 

prevent the formation of copper (II) oxides during LASiS, and does not 

reduce the copper (II) oxide to copper (I) oxide post-LASiS, due to the SPB 

absorption feature not markedly changing. 

An interesting result to be revealed is the very poor correlation 

between the amount of Cu(II) present and the wavelength position of the 

SPB absorption feature as shown in Figure 6.11. Literature says that as the 

amount of copper oxide present in CuNPs increases, the location of the SPB 

absorption feature becomes more and more red-shifted with respect to oxide 

free CuNPs, and this was also demonstrated theoretically in Section 4.1. 

While the amount of Cu(II) present in the CuNPs does not directly correlate 

to the same amount of copper(II) oxide, it would be expected to be a good 

indicator. However, what is seen here is that, for example, CuNPs generated 

in BuT-Me have only 18% Cu(II) while having a SPB absorption location of 
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650 nm, with CuNPs generated in 4Ph-Py having 55% Cu(II) while having a 

SPB absorption feature location of 640 nm. One would expect that 4Ph-Py 

having the larger percentage of Cu(II) would have an SPB centred at a 

longer wavelength to that of BuT-Me, but this is clearly not the case. 

Conversely, CuNPs generated in pure water and BuT-Me have similar SPB 

positions (650 and 655 nm respectively) but have different percentages of 

Cu(II) present (28 and 18% respectively). This suggests that the XPS-

determined amount of Cu(II) present in the CuNPs is not directly correlated 

with the amount of copper(II) oxide. 

 

Figure 6.11 Correlation plot between SPB wavelength position and % Cu(II) content 
of CuNPs generated in the various solutions. The blue dots represent 
CuNPs generated in the deprotonated tetrazole solutions, the red dots 
represent CuNPs generated in the remaining ligand solutions, while the 
grey triangle represents CuNPs generated in pure water. 

 

6.4 Conclusions 

The examination of the pH of a few select solutions demonstrates that, 

importantly, the acidity of the ligand is not the primary reason for the 

difference in SPB absorption feature location, as it’s been shown that T-2Py, 



Further Exploration of CuNP-Ligand Interaction 

 121 

a ‘red’ ligand, has the same pH as that of both T-3Py and T-4Py which are 

both ‘blue’ ligands. The small change in pH seen with bubbling with nitrogen 

to remove dissolved carbon dioxide also indicates that the natural acidity of 

the solution is of little significance. However, the large pH change seen in the 

solutions after LASiS does suggest that the ligands are being bound to the 

CuNP surface, and due to the continued similarity in pH seen between T-

2Py, T-3Py and T-4Py it demonstrates that the interaction occurs during the 

LASiS process, and that the results seen are due to the specific interactions of 

the ligand with the CuNP. 

With the AFM and TEM imaging demonstrating that the size 

distributions of the CuNPs are similar (see Chapter 5), and the pH testing 

showing that the ligands seemingly are being bound to the CuNP surface, it 

then would suggest that the chemical composition of the CuNPs is different, 

leading to the grouping that is seen in the absorption spectra data. 

With literature reporting firstly that CuNPs generated by LASiS 

contain copper (II) oxide, and that secondly, as the proportion of oxide in the 

NP increases the SPB absorption feature shifts to longer wavelengths, it 

could be assumed that the CuNPs generated in the presence of everything 

but the ‘blue’ tetrazole ligands results in copper (II) oxide coated NPs while 

the ‘blue’ ligands give oxide free or copper (I) oxide coated NPs. The fact 

that oxide is present means that bandgap analysis can be utilised with a 

classic Tauc analysis.  

The results of the bandgap analysis suggest that, in fact, while the 

majority of ligands yield what is believed to copper (II) oxide NPs, LASiS in 

the presence of the blue ligands results in CuNPs that are not oxide-free but 

actually copper (I) oxide. Meanwhile, XPS analysis of the CuNP solutions in 

fact confirms this hypothesis, with the deprotonated tetrazole-based ligand 
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solutions resulting in CuNPs that contain no Cu(II) while all the other ligand 

solutions demonstrate CuNPs with varying percentages of Cu(II). It was 

proposed in Section 4.3.3 that the four deprotonated tetrazoles are acting as 

in-situ reducing agents, and the results seen here with the XPS provide a 

more compelling argument to support that case, given that CuNPs generated 

in hydrazine and the four blue tetrazole ligands demonstrate 0% Cu(II). 

So, in summary, the results of the TEM and AFM imaging show that 

the relative consistency of the size distributions of the CuNPs is not the 

reason for the differences in the SPB absorption feature, while the bandgap 

analysis suggests that it is actually the copper oxide composition that is the 

primary reason. The XPS analysis shows that, in fact, there seem to be two 

oxide species present on the surface of the CuNPs, namely copper (I) oxide 

and copper (II) oxide. 
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Chapter 7: Further Theoretical Modelling of the Copper 

Oxide coated CuNPs 

Chapter 5 concluded that the particle size distributions of the CuNPs 

were not sufficiently varied enough to account for the variation in the 

position of the SPB absorption feature. The results from the bandgap 

analysis in Chapter 6 indicate that there are two forms of copper oxide 

(namely, copper (I) oxide and copper (II) oxide) that are formed on the 

surface of the CuNPs. This was reinforced through the use of XPS, with no 

Cu(II) being present in the CuNP samples prepared in the four deprotonated 

tetrazole or hydrazine solutions. However, if we go back to Section 4.1, it was 

concluded that the contour plots (Figure 4.2 and 4.3) show that the results 

observed with the UV-visible spectra indicate the presence of only copper (I) 

oxide in all CuNP solutions, as the red-shift and the damping of the SPB 

absorption feature with a copper (II) oxide coating cannot describe the UV-

visible spectra.  

So, what then do we say about seemingly contradictory results? It 

would be amiss to discredit the UV-visible spectra obtained from the various 

CuNP solutions, as the weight of literature-reported spectra suggests strong 

similarities between the reported results and what has been presented herein. 

The XPS results are convincing, and what is seen in the results presented 

here are consistent with literature reports of copper and its various oxidation 

states,[145] so there is little doubt to discount their accuracy. It is possible 

that the theoretical calculations may not accurately describe the 

experimental results. However, previously reported literature demonstrates 

experimental results that align with the theoretical results presented here.[106] 

There may be a perfectly acceptable explanation for the results in this 

thesis. The UV-visible spectra of the CuNP solutions are obtained 
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immediately after the LASiS process is completed, so it is entirely plausible 

that the CuNPs at the point of analysis have a copper (I) oxide coating on 

them, which would explain the correlation between the theoretical spectra 

and the experimentally-obtained spectra. The XPS analysis is, however, not 

taken immediately after the LASiS process has concluded. The CuNP 

samples need to be prepared, which involves vacuum evaporation of the 

samples to remove the water that is present, while there is wait time (in the 

order of a few hours) before the samples are placed under vacuum in the XPS 

analyser after the samples are dried.  

All this time allows for the possibility of natural oxidation of copper 

(I) oxide into copper (II) oxide, which would explain the results seen from 

the XPS data. It is known that oxidation of copper (I) oxide to copper (II) 

oxide progresses under ambient laboratory conditions,[96] so it is not 

unfeasible that the time taken for the water to be vacuum evaporated, 

combined with the wait time for the XPS analysis to commence, gives 

sufficient time for the oxidation to occur.  

If this oxidation step is taking place, it then raises an interesting issue. 

The bandgap analysis suggested that the CuNPs formed in the presence of 

the four ‘blue’ deprotonated tetrazoles demonstrated the presence of copper 

(I) oxide, while the other ligand solutions demonstrated the presence of 

copper (II) oxide. However, if the bandgap analysis is conducted on UV-

visible spectra that are obtained immediately after the LASiS process has 

finished, then by extension of the above discussion, only copper (I) oxide is 

present, which goes against what the results initially imply. An explanation 

then for the differences that are seen may arise simply from the variation in 

the thickness of the oxide coating. As shown in Section 4.1, as the oxide layer 

increases in thickness, the SPB absorption feature red-shifts. It is then 
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probable that the ‘red’ ligands result in CuNPs with a thicker oxide coating 

than CuNPs generated in the presence of the ‘blue’ ligands. This variation in 

thickness of the oxide coating is then a probable explanation for the 

differences seen in the bandgap analysis. Curtin University has recently 

commissioned a state-of-the-art FEI Talos transmission electron microscope 

(TEM). This instrument will allow for high-resolution TEM, diffraction 

capability and dispersive x-ray spectroscopy to further probe the CuNP oxide 

surface chemistry. However, this future work is beyond the scope of this 

project. 

Another possible explanation for the bandgap results is that copper 

(II) oxide may be forming in small amounts during the LASiS process. While 

the XPS results indicate that the four deprotonated tetrazole ligand solutions 

stop the formation of Cu(II) oxidation, the ‘red’ ligands do not. There is a 

very real possibility that the CuNPs formed in the ‘red’ ligand solutions are, 

during the LASiS process, slowly oxidising from copper (I) oxide to copper 

(II) oxide. The tens of percent of Cu(II) seen in the XPS analysis is due to 

then the delay in the XPS analysis after LASiS is completed, giving time for 

the Cu(I) oxide present to further oxidise to Cu(II) oxide. 

The small amount of copper (II) oxide then present wouldn’t be 

significant enough to have a dramatic effect on the UV-visible spectra, but 

would have enough of an effect on the bandgap analysis. A mixture of both 

copper (I) and copper (II) oxide would plausibly lead to the results seen. 

Given that the bulk bandgap for copper (II) oxide is lower than copper (I) 

oxide, a small amount of copper (II) oxide would start to lower the bandgap 

energy, making it less like copper (I) oxide. This would explain why the 

bandgap of CuNPs generated in the four ‘blue’ tetrazole ligand solutions are 

very similar, as there is no copper (II) oxide present.  



Further Theoretical Modelling of the Copper Oxide coated CuNPs 

 126 

The conclusion to be drawn from these results then is that the 

deprotonated tetrazole ligands must be stopping the further oxidation from 

occurring. This is confirmed with the XPS data, with there being no Cu(II) 

species present in those samples. The remaining ligands then, by extension, 

don’t limit the further oxidation, because despite the UV-visible spectra 

demonstrating copper (I) oxide, the XPS results definitively show the 

presence of Cu(II) species. 

One of the features of the MieLab software[172] is that it can take 

experimental UV-visible data and, using a recursive algorithm, fit theoretical 

data to the experimental data. It does this based on end-user inputs, 

including: the number of layers in the NP, the 56  and 54  values for the 

material of that layer and what sort of background correction (if any) there 

is. The software then takes the theoretical data and fits it to the 

experimental data. It achieves this by employing a bounded, limited memory 

Broyden-Fletcher-Goldfarb-Shanno algorithm to iteratively find better fits for 

the theoretical data, achieving a fit by minimising the 74  value.[172] This 

ability of MieLab to fit theoretical data to experimental data was utilised 

here; however, it was noticed that the software’s fitting algorithm was not 

optimised for multi-core processors nor large amounts of RAM, and so fitting 

the experimental data was a slow process. 

A few select UV-visible absorption spectra were used in the MieLab 

software to illustrate that the ‘red’ ligand solutions demonstrate the presence 

of copper (I) oxide. These plots are presented in Figure 7.1, along with the 

important fitting data shown in Table 7.1.  
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Figure 7.1   Plots of the UV-visible absorbance data (grey trace) with the fitted 
theoretical data of a Cu@Cu2O NP as determined by MieLab (red trace). 
CuNPs are formed following 60 minutes of LASIS in pure water (TOP 
PLOT) and 10-4 molar T-Ph (BOTTOM PLOT). 
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Table 7.1   Table of statistics from the MieLab fitting. The values reported represent 
the thickness of each layer (in nm). Included is the tCu2O/Rt ratio which 
is calculated from the determined diameters/thicknesses. 

  Mean (nm) Std. Dev (nm) 

Pure Water Cu (layer one) 1.4 0.57 

Cu2O (layer two) 2.77 0.87 

Total radius 4.17 1.44 

tCu2O/Rt 0.66  

T-Ph Cu (layer one) 2 0.3 

Cu2O (layer two) 0.5 0.3 

Total radius 2.5 0.6 

tCu2O/Rt 0.2  

 

It can be seen that while the fits are very close, more computing time 

would see these fits improve. It is important to note also that the values for 

calculated fits represent the thickness of that representative layer. It is 

assumed that layer one, the inner layer, is a sphere and that layer two has a 

certain thickness. The combined total of these two layers results in the 

overall radius of the NP. 

The one downside to the software is that it is unable to deal with NPs 

that are not spherical. While not abundantly clear in the TEM imaging (of 

which representative images are seen in Appendix 5B), there are some non-

spherical CuNPs being formed, although the vast majority are spherical in 

nature. It is also important to note that copper (I) oxide has an excitonic 

peak at approx.. 720 nm that cannot be replicated by the MieLab software, 

which would contribute in a small way to the non-optimum fitting.[55,107] 
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These two factors are what contribute to the non-optimum fitting seen in 

Figure 7.1.  

It is clear to see, however, that the ‘blue’ T-Ph ligand has much less 

copper (I) oxide present in comparison to CuNPs generated in pure water, 

with the tCu2O/Rt ratios making this clear. To demonstrate that it is copper 

(I) oxide that is contributing to the position of the SPB absorption feature, 

the MieLab software was tasked to fit the UV-vis spectrum of CuNPs 

generated in pure water to a Cu@CuO model. The result of this fitment is 

seen in Figure 7.2, and it is immediately clear that the fit is not good. In 

comparison, the top plot of Figure 7.1 is the same UV-vis spectrum fitted to 

a Cu@Cu2O model, and this fitment is much better.  

 

 

Figure 7.2  Plot of the UV-visible absorbance data (grey trace) with the fitted 
theoretical data of a Cu@CuO NP as determined by MieLab (red trace). 
CuNPs are formed following 60 minutes of LASIS in pure water 
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It is clear from this fitment process that the LASiS process in the ‘red’ 

ligands generate CuNPs that contain copper (I) oxide. The presence of 

copper (II) oxide, as determined by XPS, then is assumed to be due to 

further post-LASiS oxidation. 

It is important to point out that the MieLab software treats the CuNP 

and its oxide as separate individual layers. The fitting results indicate that 

for CuNP generated by LASiS in blank water there should be an oxide layer 

of more than 2.5 nm in thickness. Cu2O of this thickness should be visible on 

the TEM imaging, but inspection of the representative TEM images (seen in 

Appendix 5B) does not clearly indicate this. Because LASiS is recognised as a 

complex series of events,[39,67,69] it’s entirely likely that oxide formation occurs 

as the CuNPs grow immediately after the individual laser pulses cease, and 

that the composition of the CuNPs is mixed with areas of CuxO and Cu, with 

no clear oxide coating on the CuNPs. With this in mind, the MieLab 

software gives what could be considered as a first approximation to the 

composition of the CuNPs. 

The hypothesis that the deprotonated tetrazole ligands are acting as 

in-situ reducing agents, first suggested in Section 4.3.3, is supported by the 

combination of results seen here. This is a feature that is unique to the 

deprotonated tetrazoles, as the other ligands, including ligands that 

deprotonate in solution, don’t offer the oxidative protection that these 

deprotonated tetrazoles do. The combination of the UV-visible spectra and 

the XPS results then indicate that the oxidation from copper (I) to copper 

(II) oxide is a process that occurs mostly post-LASiS. To see if this is the 

case, it is important to probe the formation mechanisms of the CuNPs. 
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Chapter 8: Exploration of the Formation Process of 

CuNPs 

8.1 Time Dependent Formation Studies 

8.1.1 Kinetic Analysis 
As discussed in Section 1.3.3, the formation of nanoparticles generated 

by LASiS is recognised as being a complex series of events occurring over a 

very short period of time.[39,64,69,205] The understanding of these NP formation 

dynamics has intrigued research groups for many years. However, due to the 

various LASiS experimental setups there is no one set way to go about 

undertaking mechanistic studies. The issue arises due to the various types of 

lasers that are employed in the LASiS systems. From high-repetition kHz-

pulsed lasers, to lasers operating at 10 Hz or less and pulse widths in the 

femto-second range up to nano- and micro-second range there are many 

variations between research groups, which conversely leads to variations in 

the formation dynamics.[64,66,104,206] 

One difficulty in analysis arises when trying to probe shot-to-shot 

dynamics, especially when using high repetition rate lasers. This difficulty is 

that the time between shots is in the range of 100 milliseconds (for a typical 

10 Hz 1064 nm Nd:YAG laser) down to less then 1 millisecond (for kHz 

repetition rate lasers). With such a short time between laser pulses to work 

with, traditional in-situ investigation techniques do not work so well. Most 

structural investigation techniques do not have the time-resolution required 

while the light emission from the plasma interferes with sensitive optical 

techniques. 

Another issue is that the amount of material ablated is very low, in 

the order of 0.1 – 0.001 μg per pulse, which is below the sensitivity limit for 
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most structural investigation techniques, even if they can operate in the time-

resolution required.[39] Amendola and Meneghetti have comprehensively 

reviewed the various techniques that research groups have employed to probe 

these ultra-fast dynamics,[39] with techniques such as ultra-fast shadow 

photography, photoacoustic spectroscopy and time resolved X-ray techniques 

all being employed to try to further understand the processes taking 

place.[63,69] Computer simulations have the potential to give some 

understanding on the effect of the laser on the bulk material; however, 

simulations cannot account for the nonlinear optical phenomena that take 

place, and while they can approximate the ablation process, simulations are 

less reliable at modelling the nucleation of NPs away from the surface of the 

bulk. There are, of course, ex-situ techniques that can be used, such as those 

described elsewhere in this thesis (e.g. TEM and UV-visible spectrometry); 

however, these techniques are less useful for shot to shot analysis, though in-

situ UV-visible spectrometry can be used through the use of fibre optics.[80] 

To probe the short-time effects of NP formation can then be very 

difficult, often requiring specialised equipment. Another way to get an 

understanding of the formation processes, albeit on a slightly longer time 

scale, is to undertake kinetic studies. While a kinetic study cannot probe the 

shot-to-shot interaction, it can still give a very good understanding to what 

happens on a longer time-scale such as a per minute scale. 

It has been previously demonstrated in our laboratory that gold 

nanoparticles do not follow a linear formation process when generated by 

LASiS.[136] What is seen is that at early times there are formation AND 

depletion processes taking place, and then after a certain amount of time the 

formation process becomes linear. The suggestion is that in the first few 

minutes NPs are forming larger and larger nanoparticles, but also, conversely, 
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breaking apart again to a small extent, until such a time as there are 

sufficient ‘seed’ nanoparticles to allow for continuous growth in the number 

of NPs.  

A large amount of work went into developing a model to describe the 

observed behaviour, to try and give some understanding to the mechanism of 

formation. What was found was that the best fit to the data came about by 

creating a system where there existed three size regimes, namely, NPs that 

are too small to support the SPR, NPs that are medium-sized and can 

support the SPR, but give rise to only a weak SPB absorption, and NPs that 

are large in size and can comfortably support the SPR and give rise to a 

strong SPB absorption.[136]  

The fitment suggested that the main process was the creation of 

medium-sized nanoparticles, followed by the creation of large-sized 

nanoparticles. The fitment of a reverse process whereby medium-particles 

were broken down, helped explain the non-linear formation process. This so 

called ‘sink’ channel is well supported by other researchers, who acknowledge 

that there are many complex processes that occur during the formation, 

including the breakdown of particles and re-deposition of material.[39,207] 

Due to copper and gold having similar band structures and optical 

properties, and with the size of gold NPs formed by LASiS in our laboratory 

being reported to be similar to that of CuNPs formed here,[136] it would not 

be a far stretch to suggest that the formation of CuNPs follows a similar 

behaviour to that of gold NPs.  

The most straightforward technique to study the kinetics of formation 

is to record the UV-visible spectra at set time intervals. This then allows for 

the intensity of the SPB absorption feature to be monitored over time as the 

concentration of the NPs in solution increases. 
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8.1.2 Kinetic Analysis Results 
The kinetic analysis of gold as reported by Fong et al.[136] showed that 

after approximately 15 minutes of LASiS the formation process stabilised and 

progressed at a linear rate thereafter. Therefore, assuming the formation of 

CuNPs formed via LASiS follows a similar formation process to that of 

AuNPs, a similar method of analysis was employed. The UV-visible 

absorbance of CuNPs generated by LASiS was monitored every minute for 

the first 10 minutes, then at 15, 20, 25 and 30 minutes, followed by 40, 50 

and 60 minutes, and finally at 80 and 100 minutes of ablation. 

It was shown in previous research that the kinetics of formation of 

CuNPs formed in pure water showed that the growth of the plasmon band 

demonstrated short- and long-range oscillations, and it was imagined that 

this was due to a competing behaviour between the formation and removal of 

the oxide layer on the NPs themselves and also on the copper target.[80] 

However, these oscillations were not seen in this research, with Figure 8.1 

illustrating the results of LASiS conducted in pure water in our laboratory.  

Unlike as was reported with gold NPs,[136] the growth in absorbance of 

CuNPs does not show a clear linearity after 15 minutes, but has a gentle 

longer time-curve to it. This suggests that there is an extra influence in the 

formation process, perhaps indicative of the copper (I) oxide formation 

process, or a conversion of copper (I) oxide to copper (II) oxide. A possibility 

as to why oscillations in the absorbance were not seen in this research is that 

the UV-visible analysis was conducted ex-situ whereas the research presented 

by Muniz-Miranda and co-workers was in-situ analysis of the absorbance 

while the LASiS was taking place by using fibre-optic technology.[80]  
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Figure 8.1 Kinetic plots of the formation of CuNPs generated by LASiS in pure 
water. TOP PANEL: demonstration of the increase in the SPB 
absorption feature maxima over time. BOTTOM PANEL: demonstration 
of the variation in the location of the SPB absorption feature over time. 
In both panels the Y error bars represent one standard deviation from 
the mean. 
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With the nature of the LASiS method, it was important that the 

solution was made as homogenous as possible before analysis, and this was 

accomplished by gently swirling the solution to disperse the CuNPs. Too 

vigorous shaking can introduce air into the solution and can artificially 

increase the oxide on the NPs. In theory a solution to this problem would be 

to conduct the experiments in a sealed evacuated environment, however the 

sealing device on the vessel would have to withstand repeated exposure to the 

laser ablation. It should be noted that the SPB absorption feature 

wavelength position presented here is slightly red-shifted with respect to the 

UV-visible spectra presented in Chapter 3 and 4. This may be due to the fact 

that the CuNPs are oxidising more rapidly, unfortunately due to a 

combination of the swirling and the on/off nature of the LASiS process that 

was required to study the formation processes. 

 Ensuring homogeneity of the solution during UV-visible spectrometry 

was not mentioned by Muniz-Miranda and co-workers and so it is possible 

that the data they present in some instances represents the absorbance of 

freshly made NPs that are not homogenously dispersed but rather exist in 

high concentrations directly above the copper target, and at other times 

represents areas of low NP concentration. It is also important to point out 

that they analysed for up to 10,000 laser shots, which corresponds to just 

over 16 minutes of ablation time and probes the shorter time-formation 

mechanisms, while this work focuses on a time scale that is over five times 

longer. 

Figure 8.1 further demonstrates how the location of the peak of the 

SPB absorption feature changes over time. It should be noted that initially, 

in the first 10 minutes or so, the SPB shifts to longer wavelengths and then 

plateaus out after about 20 minutes. The error-bars represent one standard 
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deviation from the mean, with the kinetic analysis having been conducted 

three times, with the results being compiled and averaged. These error-bars 

illustrate how much variation there is in the location of the SPB, 

demonstrating in part the complexity of the CuNP formation process, and 

possibly the oxide formation process. It is also noteworthy that the variation 

seen with the SPB location is much greater than the variation seen with the 

SPB absorbance, which only becomes notable from 40 minutes and onwards, 

and progressively becomes larger. These results also give some justification 

for the decision to perform 60 minutes of LASiS, as both the mean 

absorbance is then at an acceptable value (an absorbance of 0.2 means 37% 

of the incident light is absorbed) and the location of the SPB is at a 

reasonably steady state. 

Figure 8.1 also provides a possible explanation for the differences in 

SPB absorption location reported in this research and by Muniz-Miranda et 

al.[80] as reported in Chapter 3.2. While the comparison was between CuNPs 

formed in both bipy and phen, the results demonstrated here with CuNPs 

formed in blank water can also apply. The size of the error bars illustrates 

that the variation between experiments identical in nature result in a large 

variation in the SPB absorption feature location. This large variation, and 

the red shifting of the SPB absorption feature location in the first 20 

minutes’ gives a reasonable explanation of the differences seen. 

In a similar manner to the kinetic analysis of CuNPs generated in pure water, 

the same analysis was conducted of CuNPs generated in a neutral ligand, 

namely bipy. Like what was seen with the analysis of CuNPs formed in pure 

water, the increase in absorbance does not show any real linearity, but a 

constant gentle curve, as shown in Figure 8.2. The absorbance, however, is 

greater than that seen with the analysis in water, and demonstrates a much 
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smaller degree of variation in the absorbance, as shown by the smaller error 

bars. Figure 8.2 also shows how again, much like the analysis of CuNPs 

generated in pure water, the SPB absorption feature location red-shifts and 

then plateaus out after approximately 20 minutes. 

 

Figure 8.2  Kinetic plots of the formation of CuNPs generated by LASiS in a 10-4 
molar aqueous solution of bipy. TOP PANEL: demonstration of the 
increase in the SPB absorption feature maxima over time. BOTTOM 
PANEL: demonstration of the variation in the location of the SPB 
absorption feature over time. In both panels the Y error bars represent 
one standard deviation from the mean. 
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In contrast, CuNPs generated in a ‘blue’ deprotonated tetrazole 

ligand, that being T-4Py, demonstrate a slightly different story (see Figure 

8.3). Immediately noticeable is that the absorption maxima is higher than 

that seen with CuNPs generated by bipy and pure water, in fact, the 

absorption after 60 minutes of ablation is more than double that seen with 

CuNPs generated in pure water, though the plot exhibits a similar initial 

curve that is also seen with CuNPs generated in bipy and pure water (see 

Figures 8.1 and 8.2). 

What is different also is that after 80 minutes of ablation the 

maximum SPB absorbance decreases (Figure 8.3, top panel) and this is due 

to the fact that the CuNPs are visibly falling out of solution due to 

agglomeration. In fact, in one repeat of this experiment, the absorption 

maxima at 80 minutes had already started to decrease in comparison to 60 

minutes, and the fact that this agglomeration occurs at around 80-100 

minutes is further justification for the LASiS process to be conducted for 60 

minutes, thus avoiding this occurrence.  

Figure 8.3 further demonstrates the CuNPs falling out of solution, 

with the location of the SPB starting to red-shift at 80 minutes, which 

indicates the CuNPs are appearing to grow in size, characteristic of them 

falling out of solution. This plot also shows that unlike seen previously, the 

SPB location actually blue-shifts by a few nanometres over 30 minutes 

(Figure 8.3, bottom panel), before plateauing out somewhat, then red-shifts 

markedly as the CuNPs start to agglomerate. 
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Figure 8.3  Kinetic plots of the formation of CuNPs generated by LASiS in a 10-4 
molar aqueous solution of T-4Py. TOP PANEL: demonstration of the 
increase in the SPB absorption feature maxima over time. BOTTOM 
PANEL: demonstration of the variation in the location of the SPB 
absorption feature over time. In both panels the Y error bars represent 
one standard deviation from the mean. 
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Another aspect worth mentioning here is that the location of the SPB 

absorption feature is different between CuNPs generated in T-4Py and bipy 

and pure water. While both the pure water and bipy analysis show the SPB 

absorption to range from 635 – 665 nm, the absorption range with T-4Py is 

from 600 – 615 nm. This difference is compelling evidence that the 

deprotonated tetrazoles are acting as in-situ reducing agents, because if they 

were ex-situ reducing agents it would be expected that the SPB absorption 

feature wavelength position in all three experiments would start at a similar 

location, with the blank and bipy red-shifting rapidly. 

The previously published research conducted on gold NPs from our 

laboratory demonstrated the need for a kinetic model that contained three-

size regimes to accurately describe the experimental results.[136] The fitment 

of the kinetic data gathered in this research was conducted in a similar way 

as described by Fong et al. in the attempt to try and understand the kinetics 

of formation. It should be made clear that a key assumption is made in this 

preliminary study, namely that the extinction coefficient ratios that were 

determined for gold also were used here for copper. There is some validity to 

this assumption, as firstly, the extinction coefficient determined for small NPs 

that cannot support the SPR was found to be very similar (0.73 for 

AuNPs,[136] and between 0.73 and 0.76 for CuNPs in this work), and 

secondly, neither Au or Cu behave like a classical free-electron (or Drude) 

metal,[88] with the onset of the interband transitions occurring right where 

the SPB absorption feature is located. This suggests that the CuNPs would 

exhibit very similar behaviour to that of AuNPs in terms of the kinetics of 

formation, and that the model developed for AuNPs would fit with this data. 

Firstly, it is important to see if it possible to fit the data presented 

here to a kinetic model that only encompasses two-size regimes, namely, 
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small NPs (that are too small to support the SPR) and large NPs (that are 

large enough to support the SPR). The kinetic model that describes these 

two-size regimes is presented in Scheme 8.1. 

 

Scheme 8.1  Illustration of the two-size regime for the formation of CuNPs. The 
model demonstrates the six different transformations that can take place 
in the formation of CuNPs. See text for an explanation of all terms 
highlighted in this model. 

 

The model, as presented in Scheme 8.1, describes the formation of 

CuNPs generated by LASiS to form these small NPs (denoted as CuNPsmall) 

and large NPs (denoted as CuNPlarge). It is considered that LASiS of bulk 

copper initiates two simultaneous formation channels to form CuNPsmall and 

CuNPlarge, these being denoted as ks and kl, with both of these processes 

considered to be reversible (identified by k-s and k-l, respectively). It is also 

plausible that each size, CuNPsmall or CuNPlarge, can interconvert because at 

least one interconversion step is required to account for the observed 

curvature in the UV-visible data presented in Figures 8.1 – 8.3. These 

interconversions occur from large NPs to small NPs and from small NPs to 

large NPs (kls and ksl, respectively). 

Numerical integration of the rate expressions combined with a least-squares 

fit to the absorbance data yields the lines of best fit presented in Figure 8.4. 

The goodness of fit was determined by minimising the Chi-squared value of 

the fit, and it is clear to see that from the lines of best fit and the Chi 
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squared values presented in Table 8.1 that the two-size regime model is 

insufficient to fit the experimental data. This is mainly in part due to the 

fact that every transformation that involves small CuNPs is invalidated, as 

they have no bearing on the SPB absorbance and therefore cannot be 

investigated. This leaves only the formation and ‘sink’ of large CuNPs (kl and 

k-l), and the interconversion from large to small CuNPs (kls), as the three 

permissible transformations. The rate constants for these three 

transformations are presented in Table 8.1. 
 

Table 8.1  The rate constants for the various transformations that result in the 
presented Chi-squared values from the numerical integration and least-
squares fit of the absorbance data presented in Figures 8.1, 8.2 and 8.3. 

 Pure water bipy T-4Py 

k l (pulse-1) 1.37x10-5 1.60x10-5 1.98x10-5 

k -l (pulse-1) 1.22x10-4 8.35x10-5 6.90x10-5 

k ls (pulse-1) 3.13x10-5 3.55x10-5 2.57x10-5 

c2 value 1.125x10-3 7.403x10-4 1.287x10-3 

 

It is clear from Figure 8.4 that the lines of best fit do not accurately 

describe the kinetic process, and that more terms need to be introduced into 

the scheme. It follows then that the kinetic scheme as presented in Scheme 

8.2, which involves three sizes of CuNPs, must be utilised to describe the 

formation more accurately. 

The presented scheme is a modification of Scheme 8.1, with the 

addition of a term which describes medium sized NPs (CuNPmedium). These 

NPs are big enough to support the SPR, but only weakly contribute to the 

SPB absorption feature. The formation and ‘sink’ processes are denoted by 

km and k-m, respectively. The transformations to smaller and larger particles 

are denoted by kms, ksm, kml and klm. 
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Figure 8.4  Plots of the numerical integration and least squares fit of the UV-visible 
spectra of CuNPs generated by LASiS. The dots represent the 
experimental absorbance data shown in Figures 8.1 – 8.3, while the solid 
line represents the line of best fit to the data after applying the two-size 
regime illustrated in Scheme 8.1. TOP PANEL: CuNPs generated in 
pure water. MIDDLE PLOT: CuNPs generated in 10-4 molar solution of 
bipy. BOTTOM PLOT: CuNPs generated in a 10-4 molar solution of T-
4Py. 
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Scheme 8.2 Illustration of the three-size regime for the formation of CuNPs. The 
model demonstrates the twelve different transformations that can take 
place in the formation of CuNPs. See text for an explanation of all terms 
highlighted in this model. 

 

Numerical integration of the rate expressions combined with a least-

squares fit to the absorbance data yields the lines of best fit presented in 

Figure 8.5. The goodness of fit, like with the two-size model, was determined 

by minimising the Chi squared error value. The most important aspect of the 

data fitting is that while all 12 transformation channels could be used, only 

four of them are implemented, and only four have to be implemented to 

describe the kinetics, with the addition of a fifth or sixth term being found to 

be unnecessary and not improving the fit.  

Figure 8.5 illustrates that the lines of best fit are a more accurate 

representation of the data with this model as opposed to what was seen in 

Figure 8.4 with the two-size model. An extensive study of the kinetic model 

determined that only four of the twelve transformation must be implemented 

to fit the experimental data. However, unlike in the precious studies into 

AuNP formation,[136] a single unique solution with a minimum set of 

parameters was not found. Rather two indistinguishable pathways are able to  
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Figure 8.5  Plots of the numerical integration and least squares fit of the UV-visible 
spectra of CuNPs generated by LASiS. The dots represent the 
experimental data obtained from Figures 8.1 – 8.3, while the solid line 
represents the line of best fit to the data after applying the three-size 
regime illustrated in Scheme 8.2. TOP PANEL: CuNPs generated in 
pure water. MIDDLE PLOT: CuNPs generated in 10-4 molar solution of 
bipy. BOTTOM PLOT: CuNPs generated in a 10-4 molar solution of T-
4Py. 

 



Exploration of the Formation Process of CuNPs 

 147 

account for the experimental observations. Table 8.2 presents the 

transformations that are implemented, along with the associated rate 

constants and Chi-squared value from the fit of the UV-visible spectra 

presented in Figures 8.1 – 8.3. 

 

Table 8.2  The rate constants for the various transformations that result in the 
presented Chi-squared values from the numerical integration and least-
squares fit of the absorbance data presented in Figures 8.1, 8.2 and 8.3. 

Scenario 1 Pure water bipy T-4Py 

k m (pulse-1) 2.85x10-5 1.91x10-5 3.61x10-5 

k l (pulse-1) 6.14x10-6 8.46x10-6 1.43x10-5 

k -m (pulse-1) 1.15x10-3 6.40x10-4 1.78x10-3 

k -l (pulse-1) 

(pulse-1) 

4.32x10-5 3.43x10-5 4.55x10-5 

c2 value 1.513x10-5 3.811x10-4 5.571x10-5 

    Scenario 2 Pure water bipy T-4Py 
k m (pulse-1) 2.88x10-5 1.96x10-5 3.64x10-5 

k l (pulse-1) 5.95x10-6 8.07x10-6 1.40x10-5 

k -m (pulse-1) 

(pulse-1) 

1.15x10-3 6.41x10-4 1.77x10-3 

k lm (pulse-1) 4.32x10-5 3.43x10-5 4.55x10-5 

c2 value 1.513x10-5 3.811x10-4 5.571x10-5 

 

The data presented in Table 8.2 represent two four-parameter fits to 

the experimental results that are indistinguishable. These are identified as 

Scenarios 1 and 2, respectively. These two Scenarios were the only identified 

four-parameter fits to the experimental data, and the new kinetic schemes 

that represent these Scenarios are demonstrated in Scheme 8.3. It was found 

that no two- or three-parameter fits converged to agreement with the 

experimental results.  
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Scheme 8.3 Illustration of the three-size regime for the formation of CuNPs. The 
model demonstrates the four different transformations that can take 
place in the formation of CuNPs as determined by the fitting of the 
experimental data. The TOP PANEL is representative of Scenario 1, 
while the BOTTOM PANEL is representative of Scenario 2, both 
described in Table 8.2. In both Scenarios, the red crosses demonstrate 
that the transformations between those species are not taking place. 

 

Interestingly, in previous reports on the formation kinetics of AuNPs, 

it was found that only three channels were required to fit the experimental 

data. These three channels were kl, km and k-m. However, despite these three 

channels being implemented here in the four-parameter fit, the fitment of 

these three channels alone yielded c2 values up to two orders of magnitude 
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larger than those reported in Table 8.2. Careful analysis of the resultant fits 

showed poor agreement with experiment during the first 10 minutes of LASiS 

irradiation. This confirms the need to invoke a four-parameter fit to the 

experimental data of the entire 100-minute timeframe. 

As seen in Table 8.2, there are only small variations in the kinetics 

constants between each scenario, and the Chi squared values are the same to 

the third decimal between each scenario. The key reason as to why the 

implementation of k-l (Scenario 1) and klm (Scenario 2) are undistinguishable 

from each other is that these rate constants are each almost two orders of 

magnitude smaller than the dominant sink rate constant, k-m (see Table 8.2).    

 

8.1.3 Inferences 
The fact that the study of the kinetics of formation in these three 

solutions demonstrate such high levels of similarity, indicates that a similar 

series of processes are occurring across all three ligand solutions. The fact 

that all three ligands demonstrate a similar curved increase in the SPB 

absorption intensity suggests that, unlike AuNPs that demonstrate a linear 

increase in the intensity after approx. 15 – 20 minutes, these kinetic plots are 

demonstrating an oxide-formation process. Also striking is that although the 

intensity values across all three solutions is different, there isn’t a marked 

variation in the rate constants across all three solutions. All rate constants 

for similar transformation processes are well within one order of magnitude of 

each other, which indicates that all solutions are showing a very similar 

formation process without any marked outlier in one or more of the solutions. 

What these results also indicate is that the formation process of 

CuNPs in a representative ‘blue’ deprotonated tetrazole ligand solution is 

very much like that of the formation process of CuNPs in a representative 



Exploration of the Formation Process of CuNPs 

 150 

‘red’ ligand solution. These results suggest that the formation kinetics are 

essentially indistinguishable from each other, despite the different SPB 

wavelength locations demonstrated by these solutions. This suggests that the 

oxide influence and the formation of the oxide is similar regardless of the 

ligand solution. This further strengthens the suggestion that the initial 

oxidation of the CuNPs is to copper (I) oxide, and that the further oxidation 

to copper (II) oxide in the ‘red’ ligand solutions occurs subsequently, while in 

the ‘blue’ ligand solutions, and hydrazine, this further oxidation is prevented.  
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Chapter 9: Conclusions and Future Work 

9.1 Future Work 

9.1.1 Modification of CuNPs after LASiS 
Once LASiS has been concluded and the CuNPs have been generated, 

there is the possibility to further modify the NPs, not by the addition of 

ligands or surfactants but by further laser ablation. It is possible to take 

advantage of the unique SPB absorption feature and utilise it to modify the 

NPs. This can be achieved through a process known as photo-fragmentation 

or annealing, where exposing the NPs to laser irradiation post LASiS reduces 

the size of the NPs. The process involves exposing the NP solution to laser 

irradiation with a wavelength frequency that is similar to the peak of the 

SPB absorbance feature, which results in the NPs absorbing the energy of the 

laser pulse. The energy the NPs absorb is such a large amount that it forces 

the NPs to fragment, thus reducing their size. It has been previously 

demonstrated in our laboratory that by exposing gold NPs to laser 

irradiation with a wavelength of 532 nm the size of the NPs was reduced.[136] 

This reduction in the size of the gold NPs was shown with TEM imaging, 

and the UV-visible absorption demonstrated a decrease in the intensity of the 

SPB absorption feature as the size of the gold NPs decreases to a size such 

that they could no longer support the SPR.   

This annealing process was examined to see if it would also work with 

the CuNPs generated in this research. The work presented here is a proof of 

concept, and doesn’t examine all the CuNP solutions that were formed by 

LASiS. Further research would need to be conducted on the annealing 

process on all CuNP solutions, as well as a comprehensive study of the size 

determination. 
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9.1.2 Annealing 
As proof of concept, the annealing process was undertaken as 

described in Chapter 2, on CuNPs generated in pure water and 10-4 molar 

solutions of T-Me and T-2Py following 60 minutes of LASiS. These three 

solutions were exposed to laser irradiation with a wavelength of 600 nm, as 

the absorption profile of all these CuNP solutions shows that there is an 

appreciable absorption cross section at 600 nm, such that the CuNPs should 

absorb enough energy to photofragment. 

Figures 9.1 and 9.2 illustrate that after just 10 minutes of annealing 

the SPB absorption feature is practically gone in all three CuNP solutions. 

The disappearance of the SPB absorption feature in all three solutions is 

indicative of a decrease in size of the CuNPs. Interestingly, the absorbance 

doesn’t really change between 10 and 20 minutes of annealing in the T-Me 

solution, though there is an increase in the absorbance at high energies above 

450 nm. This would be indicative of CuNPs that are just big enough in 

diameter to give rise to a very weak SPB absorption being broken down into 

CuNPs that can no longer support the SPR. 

AFM imaging was performed on CuNPs generated in the T-2Py 

solution, after 60 minutes of LASiS but before annealing, after 10 minutes 

and after 20 minutes of annealing. Table 9.1 reports the means and standard 

deviations of the size distributions, while Figure 9.3 demonstrates the 

histograms of the CuNP particle size distribution. 
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Figure 9.1  UV-visible plots of CuNP solutions taken during the annealing process. 
All CuNP solutions were generated by 60 minutes of LASiS. TOP 
PLOT: CuNPs generated in pure water after (red) 0 minutes of 
annealing, (green) 10 minutes of annealing, (blue) 20 minutes of 
annealing, (purple) 30 minutes of annealing. BOTTOM PLOT: CuNPs 
generated in a 10-4 molar solution of T-Me after (red) 0 minutes of 
annealing, (green) 10 minutes of annealing, (blue) 20 minutes of 
annealing, (purple) 30 minutes of annealing, (pink) 40 minutes of 
annealing. 
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Figure 9.2  UV-visible plot of a CuNP solution taken during the annealing process. 
The CuNP solution was generated by 60 minutes of LASiS. The UV-
visible plots of CuNPs generated in a 10-4 molar solution of T-2Py after 
(red) 0 minutes of annealing, (green) 10 minutes of annealing, (blue) 20 
minutes of annealing, (purple) 30 minutes of annealing.  

 

The imaging shows that with longer annealing time, the smaller and 

tighter the distribution becomes, confirming the behaviour of what is seen in 

the UV-visible spectra. However, it would be expected that there would be a 

much larger shift to smaller particle diameters, since the SPB absorption 

feature is almost non-existent after 10 minutes of annealing. Given that the 

SPR is only supported by, and gives rise to a SPB absorption feature, NPs 

greater than approximately 2 nm in diameter, the disappearance of the SPB 

absorption here in the UV-vis spectra would suggest a large abundance of 

very small CuNPs. It would be expected that the size distribution is such 

that the mean of the distribution is close to or less than 2 nm. Clearly this is 

not the case, with the results indicating that while the mean does decrease by 

some 3 nm, it does not decrease as significantly as the UV-visible spectra 

suggest.  
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Figure 9.3  Size distribution histograms of CuNPs generated following 60 minutes of 
LASiS in a 10-4 molar solution of T-2Py followed by an annealing 
process. TOP PANEL: Size distribution of CuNPs after 0 minutes of 
annealing. MIDDLE PANEL: Size distribution of CuNPs after 10 
minutes of annealing. BOTTOM PANEL: Size distribution of CuNPs 
after 20 minutes of annealing. 
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Table 9.1  Statistical data of the size distributions of CuNPs as presented in the 
histograms in Figure 9.3 

Annealing Time Mean (nm) Std Dev. (nm) Dist. Max (nm) 

Start (0 Minutes) 10.97 7.62 5 

10 Minutes 8.40 5.40 5 

20 Minutes 7.91 4.72 4 

 

A possible explanation for the results that are seen is that the smaller 

the CuNPs get, the more problematic the AFM imaging becomes. As 

mentioned in Section 5.3.1, freshly cleaved mica will exhibit naturally-

occurring structures on the surface, of no more than 2 nm in height, which 

makes identifying tiny CuNPs amongst the background problematic. The 

new TEM recently purchased by Curtin University will be used to further 

study this phenomenon. 

It was also seen that the smaller CuNPs started to agglomerate on the 

mica surface and made it problematic to successfully image these small NPs. 

Nonetheless, the proof of principle research was successful, and mimics the 

results seen with the annealing of gold NPs, confirming that an extensive 

study into the annealing of CuNPs is possible. 

If the information in Section 5.1 is recalled, it is seen that previous 

research groups have demonstrated that CuNPs of various sizes (from 7.5 nm 

to 30 nm in diameter) exhibit similar SPR features. The annealing results 

presented here don’t call these reported results into question however, despite 

the statistical data of the size distributions demonstrating a decrease in mean 

and standard deviation which correlates with a change in the UV-visible 

absorption spectra presented in Figure 9.1 and 9.2. These annealing results 

illustrate that the CuNPs can be reduced in size such that the vast majority 
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are too small to support the SPR (as shown in Figure 9.1 and 9.2). The 

theoretical application of Mie’s theory in Section 3.1 demonstrated that even 

down to 2-3 nm a SPR is supported by the NPs, while the discussion in 

Section 5.3.1 points out that CuNPs in size greater than 2 nm in diameter 

both experimentally and theoretically support a SPR. It is possible however 

that the size distributions presented here fail to account for the large amount 

of small CuNPs that are smaller than 2 nm in diameter, due to the 

problematic AFM imaging. It is envisaged that the use of the new TEM 

(which was not commissioned in time for this project) would make the 

analysis of the size distribution of the annealing process easier and give better 

results. What is more important here with these results is that the trend in 

the size distribution is decreasing, which is consistent with a decrease in the 

SPB absorption feature. 

 

9.2 Conclusions 

As stated in the introduction, a remaining challenge of CuNP LASiS 

generation is to easily generate oxide-free CuNPs. There is also an advantage 

to developing methods to be able to tune and dictate the location of the SPB 

absorption feature, that is, to have a quasi-tuneable SPR. 

The results from Chapter 3 illustrate that the CuNPs formed in the 

ligand solutions demonstrate two groupings. The key to the groupings is the 

‘blue’ ligands, where the deprotonated tetrazole ligands result in CuNPs with 

an SPB absorption feature located more in line with the theoretically 

modelled SPB location. CuNPs formed in pure water and the other ligands, 

the ‘red’ ligands, are not like those in the theoretically modelled SPB 

location. The stark blue-shift of the SPB location (with respect to CuNPs 

generated by LASiS in pure water) of CuNPs generated in the ‘blue’ ligands 



Conclusions and Future Work 

 158 

is initially attributed to the deprotonation ability of the tetrazole ligands in 

solution. The results presented in Chapter 3 also demonstrate that it’s not so 

much about the way these ligands interact with the CuNPs, nor their 

physical size, but rather the deprotonation, or lack thereof, that is dictating 

the position of the SPB absorption feature. These results also give an avenue 

to tune the SPB absorption feature location by the choice of ligand solution. 

Chapter 4 commences by demonstrating that the ‘red’ ligand solutions 

potentially form oxidised CuNPs, which is like what has been reported 

previously in the literature. Theoretical modelling of the growth of both 

copper (I) and copper (II) oxide on a CuNP demonstrates that the CuNPs 

generated in the ‘red’ ligand solutions have a copper (I) oxide coating, an 

oxide coating that is the reason for the location of the SPB absorption 

feature. The focus then turned to preventing this oxide formation on the 

CuNPs, as the ‘blue’ ligands seem to offer some oxidative protection. This is 

due to the very slight red-shift in the SPB absorption feature, with respect to 

the theoretical position, indicating that there may be the presence of a small 

amount of copper (I) oxide.  

Acetone has shown to give oxide free CuNPs due to the enolate ion 

binding to the surface of the CuNPs. A similar mechanism was assumed to be 

present in the ‘blue’ ligand solutions, due to the ligands deprotonating and 

forming a charged species in solution. However, charged surfactants and 

carboxylic acid analogues to two of the ‘blue’ tetrazole ligands, (ligands that 

also deprotonate in solution), do not show the same spectral features. The 

SPB absorption feature for these ligands is very much like the ‘red’ ligand 

solutions, suggesting very little oxidative protection. It is suggested then that 

the negatively charged ‘blue’ ligands are acting as in-situ reducing agents, 

which limit the oxidation of the CuNPs. When hydrazine, a common 
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reducing agent, is used as a LASiS solution, the CuNPs formed demonstrate 

a SPB absorption spectrum similar to that of the ‘blue’ ligand solutions. 

However, it is possible that the spectral shifts that are seen are due to 

a change in the size of the CuNPs. Therefore, AFM and TEM imaging was 

employed to analyse the CuNP size distributions to see if there was any 

significant difference in the distributions. The imaging revealed that there is 

no significant difference in the size distributions, not significant enough to 

account for the spectral changes, in any case. The conclusion then is that due 

to similar size distributions the ‘blue’ ligand solutions give rise to oxide-free 

CuNPs while the ‘red’ ligand solutions do not. 

pH analysis confirmed that both the ‘blue’ and ‘red’ ligands are 

interacting with the CuNPs due to the decrease in acidity. The decrease in 

acidity seen across all the tetrazole ligands (of which some are ‘blue’ and 

some are ‘red’ ligands) was fairly consistent, therefore suggesting that both 

the ‘blue’ and ‘red’ ligands interact with the CuNPs in a similar manner. 

Bandgap analysis by a classic Tauc-analysis showed that there seem to 

be two oxides that are formed on the CuNPs, copper (I) and copper (II) 

oxide. The ‘blue’ ligands show the presence of copper (I) oxide, while the 

‘red’ ligands show the presence of copper (II) oxide. This contrasts with the 

suggestion that the ‘blue’ ligands form oxide free CuNPs. It is therefore 

assumed that the ‘blue’ ligands offer more oxidative protection than that of 

the ‘red’ ligands by acting as reducing agents. The bandgap analysis of 

CuNPs formed in pure acetone seem to show no copper oxides, which is in 

line with literature. 

XPS analysis revealed that the ‘blue’ ligand solutions didn’t show the 

presence of any copper (II) species, while the ‘red’ ligand solutions did. The 

XPS analysis also showed the presence of a strong oxygen signal in all the 
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samples, suggesting that oxides are present. The absence of a copper (II) 

signal in the ‘blue’ ligand solutions and the presence of an oxygen signal is 

further evidence that the CuNPs formed in these solutions have a copper (I) 

oxide surface. 

However, Chapter 7 highlights the point that the contour plots shown 

in Chapter 4 indicate that ALL ligand solutions give rise to copper (I) oxide 

coated CuNPs. This contrasts with the results shown in Chapter 6 which 

seemingly indicate the presence of copper (I) and copper (II) oxide. The 

explanation for the conflicting results is proposed to be quite simple: 

continued oxidation of the CuNPs formed in the ‘red’ ligand solutions gives 

rise to the copper (II) signal seen in the XPS. Another issue then arises with 

the results of the bandgap analysis. This analysis suggested that there were 

copper (I) and copper (II) oxides present, however this now doesn’t seem to 

be the case. The explanation for these results seen in the bandgap analysis is 

that the bandgaps that are seen are all just due to copper (I) oxide. Due to 

larger amounts (that is, thicker coatings) of copper (I) oxide being present on 

the CuNPs formed in the ‘red’ ligand solutions results in lower bandgaps 

than CuNPs formed in the ‘blue’ ligand solutions. Because the XPS analysis 

is showing the presence of copper (II) species, further oxidation must be 

taking place on the CuNPs formed in the ‘red’ ligand solutions. These results 

support the hypothesis that the ‘blue’ ligands are acting as in-situ reducing 

agents, preventing further oxidation to copper (II) oxide. 

The hypothesis that all CuNPs form copper (I) oxide is supported by 

the kinetic results. The kinetic analysis indicates that the formation processes 

are very similar between CuNPs formed in pure water, a representative ‘blue’ 

ligand solution and a representative ‘red’ ligand solution. Interestingly, 

however, is that the location of the SPB immediately after LASiS commences 
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is different. This would indicate that the ‘blue’ ligands can protect from large 

amounts of copper (I) oxidation. The ‘red’ ligands don’t have this ability, 

and so the SPB location is already red-shifted from the very start. Because 

the formation processes are very similar (the rate constants are similar to 

within an order of magnitude) it can be proposed that the oxidation of 

CuNPs from copper (I) oxide to copper (II) oxide occurs mostly after LASiS 

has finished. This also correlates with what is seen with the UV-visible 

spectra results shown in Chapters 3 and 4. 

What these results all show is that the tetrazole motif provides an 

interesting solution to oxidative control of CuNPs. The key seems to be the 

ability of the tetrazole to deprotonate in solution, and when it can do so, it 

acts as an in-situ reducing agent, limiting the oxidation of the CuNPs. While 

these tetrazoles seemingly don’t prevent oxidation (only limit it), what they 

do do is allow for the tuning of the oxidation of the CuNPs. This then gives 

an avenue to tune the SPB absorption feature location. 

Interestingly, the kinetics results also demonstrate that the formation 

processes of CuNPs by LASiS are similar to that of AuNPs generated by 

LASiS. In both cases a three-size model needs to be employed to accurately 

describe the formation kinetics in the minimum amount of terms. 

So, while these results don’t demonstrate a pathway to manufacture 

oxide free CuNPs via LASiS, they do illustrate a way to control the oxide 

formation of the CuNPs. This can be advantageous, as it has been proposed 

that copper (I) oxide coated CuNPs have characteristics that are desirable for 

light-harvesting applications.[107] The proof of concept experiments into the 

annealing of the CuNPs indicated that a more in-depth study is warranted. 

This annealing allows for an avenue to generate CuNPs of a more uniform 

size, possibly also allowing for the manufacture of CuNPs of a specific size. 



Conclusions and Future Work 

 162 

Further work could also be undertaken into looking at the role of 

oxygen and/or OH- scavengers in the LASiS solutions and what effect that 

they would have in controlling, or even preventing, oxide formation. 

With research undertaken into the addition of CuNPs to motor oils to 

decrease friction and to heat-exchange fluids to improve heat transfer,[208-215] 

there is an avenue to undertake LASiS of CuNPs directly in these fluids. 

There is an avenue to also study the effects of tetrazole addition and of the 

deprotonated tetrazole-protected CuNPs to these fluids. 

The deprotonated tetrazoles have opened a new avenue of research to 

investigate why and how these ligands are behaving as in-situ reducing 

agents, a new project in itself. 
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Chapter 11: Appendices 

Appendix 2A 

 

 

Figure 11.1  SPB-Normalised UV-vis absorption spectra of CuNPs generated by 60 
minutes of LASiS in pure water (TOP PANEL) and 10-4 molar T-4Py 
solution (BOTTOM PANEL). In the top panel are six spectra from six 
different experiments conducted under identical conditions, and in the 
bottom panel are five spectra from five different experiments. The SPB 
location in the top panel varies from 638 – 655 nm, while in the bottom 
panel it varies from 594 – 602 nm.  
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Figure 11.2 SPB-Normalised UV-vis absorption spectra of CuNPs generated by 60 
minutes of LASiS in 10-4 molar Py solution. In this plot are five spectra 
from five different experiments conducted under identical conditions. The 
SPB location varies from 632 – 642 nm. 
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Figure 11.3  UV-vis absorption spectra of CuNPs generated by 60 minutes of LASiS 
in 10-4 molar T-4Py solution (blue trace) and in neat acetone (black 
trace). 
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Figure 11.4  Representative AFM images of CuNPs generated in: (Left to right, top to bottom) Pure Water, phen, bipy, Py, and 4Ph-Py. 



 

 

 

  

  
 

Figure 11.5  Representative AFM images of CuNPs generated in: (Left to right, top to bottom) T-Me, T-Ph, T-3Py, and T-4Py. 
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Figure 11.6  Representative AFM images of CuNPs generated in: (Left to right, top to bottom) BuT-Me, BuT-Ph, BuT-3Py, and BuT-4Py. 
 
 



 

 

 

   

  
 
Figure 11.7  Representative AFM images of CuNPs generated in: (Left to right, top to bottom) T-2Py, BuT-2Py, acetone, CTAB, and SDS. 
 
 



 

 

 
 
 
 
 

   
 
Figure 11.8  Representative AFM images of CuNPs generated in: (Left to right) nic-acid, ben-acid, and hydrazine. 
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Figure 11.9  Representative TEM images of CuNPs generated in: (Left to right) blank water, Phen, and Bipy. 

 

 



 

 

  

  

Figure 11.10  Representative TEM images of CuNPs generated in: (Left to right, top to bottom) T-3Py, T-4Py, BuT-3Py and T-2Py 
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Figure 11.11  UV-visible absorption data prior to Tauc analysis of CuNPs generated by 60 minutes of LASiS in: (left to right, top to bottom) pure 
water, bipy, phen, Pyr and 4Ph-Py. 



 

 

  

  

Figure 11.12 UV-visible absorption data prior to Tauc analysis of CuNPs generated by 60 minutes of LASiS in: (left to right, top to bottom) T-3Py, 
T-4Py, T-Me and T-Ph.  



 

 

   

   

Figure 11.13 UV-visible absorption data prior to Tauc analysis of theoretical 10 nm diameter CuNPs (top left) and CuNPs generated by 60 minutes 
of LASiS in: (left to right, top to bottom) neat acetone, BuT-3Py, BuT-4Py, BuT-Me and BuT-Ph. 



 

 

   

   

Figure 11.14 UV-visible absorption data prior to Tauc analysis of CuNPs generated by 60 minutes of LASiS in: (left to right, top to bottom) T-2Py, 
BuT-2Py, nic-acid, ben-acid, CTAB and SDS. 


