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Abstract  

The aim of this PhD thesis is the fabrication, through bottom-up approaches, 

of hybrid plasmonic and/or luminescent molecular-nanoparticle nanostructures 

that are well suitable for the synthesis of functional nanostructures showing 

structural control (in terms of ability to direct the formation of large assemblies 

in solution and in the solid-state), peculiar and appealing properties, e.g. optical, 

electronic or catalytic properties, in the perspective of their applications in 

different fields of nanotechnology. In addition, the combination of different 

optical properties belonging to the different molecular components represents an 

advanced method to manufacture hybrid assemblies, useful for improved optical 

applications. 

Gold nanoparticles (Au NPs) exhibit important chemical, electronic and 

optical properties, due to their size, shape, and electronic structures. Au NPs 

containing no more than 30-40 atoms are only luminescent because they can be 

regarded as large molecules with discrete energy levels. While nano-sized Au 

NPs only show the surface plasmon resonance because the energy level spacing 

becomes smaller as the number of gold atoms increases. Therefore, the formation 

of a band may result in the loss of luminescence. Hence, it appears that gold 

nanoparticles can alternatively be luminescent or plasmonic and this represents 

a severe constraint for their use as an optical material.  
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To overcome such a limitation, and achieve the above-mentioned purpose, 

the present study aims at the self-assembly of plasmonic Au NPs with multi-

functional emissive building blocks.  

For these reasons, we have chosen porphyrin molecules and europium 

complexes as emissive building blocks. 

In this context, it was synthesized a novel bi-functional porphyrin molecule 

having two triazine moieties, in two opposite positions of the porphyrin ring, that 

works as bridges between different gold nanoparticles. Indeed, the molecular 

structure of these new bi-functional porphyrin molecules allows the formation 

of an extensive and covalently linked Au NP network, characterized by 

plasmonic and emissive properties. Effectively, this functional architecture 

shows a strong surface plasmon, due to the Au nanoparticles, and a strong 

luminescence signal coming from porphyrin molecules, thus, behaving like an 

artificial organized plasmonic and fluorescent network.  

In addition, we experimentally investigated the luminescence quenching for 

europium complexes bound to Au nanostructures. We have studied this effect 

for two very similar europium complexes, one of which can covalently assemble 

on gold nanoparticle surfaces while the other cannot do it. We found that the Au 

nanostructures covalently surrounded by the Eu complex remained plasmonic 

and luminescent, while a total emission quenching was observed for the Eu 

complex not suited to covalent interact with the Au nanostructures. This 

behaviour was rationalized in terms of through bond vs. through-space 

interactions between the Eu complex and the Au nanoparticles. 

Finally, plasmonic Au_ZnO core-shell nanoparticles were prepared by “one-

pot” synthesis in which a [Zinc Citrate]- complex acts as ZnO precursor, 
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reducing agent for Au3+ and capping anion for the obtained Au nanoparticles. 

Gold nanostructures absorb visible light and show localized surface plasmon 

resonance bands in the visible region. Semiconducting ZnO nanostructures are 

excellent for ultraviolet detection thanks to their wide bandgap, large free 

exciton binding energy and high electron mobility. Therefore, the coupling of 

gold and ZnO nanostructures represents the best-suited way to enhance 

photodetection.  

The photocatalytic activity of such core-shell nanostructures was 

investigated through the photodegradation of a standard methylene blue (MB) 

solution, according to ISO 10678:2010. Sun light was used as an irradiation 

source, and it was observed a fast and efficient MB decomposition.  

To sum up, the most important achievement of this thesis is to have 

demonstrated that the covalent assembly of suitable molecules on gold 

nanoparticles surfaces allows the synthesis of architectures showing peculiar and 

unique properties appealing for future technologies. Noteworthy, some of these 

hybrid nanomaterials both show a strong surface plasmon and a strong 

luminescence signal. 
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Chapter 1 

Introduction 

1.1 Nanotechnology and Nanomaterials  

The birth of the concepts of nanotechnology was first discussed in 1959 by 

Nobel Prize winner Richard Feynman in his talk “There’s Plenty of Room at the 

Bottom”, in which he described the possibility of synthesis via direct 

manipulation of atoms and how its advancement could potentially generate an 

enormous number of technical applications. 

Nanotechnology sciences focus on the research and technology development 

of systems at atomic, molecular and macromolecular scales, which leads to the 

controlled assembly and study of structures and devices with length scales 

typically in the range between 1 and 100 nm.1 These novel types of materials 

have been called nanomaterials. The allure of nanotechnology comes from the 

possibility to control the properties of the material assembling such building 

blocks at the nanoscale.  

In this context, a vast array of novel nanostructures has been manufactured 

and studied in the interdisciplinary fields of nanoscience, such as chemistry, 

physics, electronics, medicine, engineering, agriculture, biology, material 

science, etc....2 The particular optical, electronic, magnetic, mechanical, or 

chemical properties of such nanostructures are due to their size, composition and 

shape which differ drastically from those of bulk materials.3  
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In fact, in the last decades, nanotechnology’s research has grown 

exponentially, thanks to the possibility of observing unique phenomena, which 

cannot be investigated in similar chemical systems characterized by larger 

dimensions.1 Indeed, nanostructured materials with tunable morphology (e.g. 

nanoparticles, nanowires, nanofibers, nanotubes, etc.) show novel properties and 

functions of exceptional interest, in virtue of their unique architectures, tailored 

physico-chemical features, which make them materials of a central role in 

fabricating nanoelectronics and biosensing devices.  

Therefore, the synthesis of multifunctional systems, to confer functional and 

specific properties, which allows their use in different applications, such as 

electronics, optoelectronics, biosensing, drug delivery, imaging, catalysis, is 

nowadays important.4-7  

Nanostructures can be synthesized by two main approaches: the top-down 

and bottom-up methods. The top-down approach involves the construction of 

nanostructures starting from the miniaturization of macroscopic materials. 

Lithography is the main used technology, which provides the transfer of a pattern 

on the matrix of interest. This methodology is used for the fabrication of 

integrated circuits.8  

Otherwise, the bottom-up approach deals with the synthesis of 

nanomaterials, using atoms and/or molecules as “molecular building blocks” 

which are assembled by weak interactions (self-assembly).9-12 The self-assembly 

is a chemical process in which molecular systems self-assemble, that is form 

ordered structures. The bottom-up synthesis is the most promising approach for 

the design of hybrid inorganic/organic nanostructures constituted from organic 

molecules or inorganic metal complexes covalently bound to inorganic metal 
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nanoparticles with novel and peculiar properties.13, 14 Such materials own the 

advantage to be inexpensive, miniaturized, robust and easy to fabricate. 

Currently, the surface functionalization with functional molecules, obtained with 

the bottom-up approach, produces multi-functional systems in which it can be 

observed an excellent structural control at the nanometric level.15, 16 

1.2 Plasmonic and/or Luminescent Nanostructures 

In the last decades, multifunctional nanomaterials showing simultaneously 

two or more functionalities, i.e., luminescence, magnetism, plasmonic and 

catalytic activity, have been extensively investigated because they are the 

combination of different properties in a single nanomaterial.17-19 

Noble metals are exceptionally resistant metals to corrosion and oxidation 

even at high temperatures and these include Rh, Ru, Pd, Ag, Os, Ir, Pt and Au. 

This class of elements has found a wide range of applications ranging from the 

aerospace to electronics industries and healthcare.20 

Therefore, noble metals nanoparticles (NM NPs) recently have become one 

of the central points of nanomaterial fabrication, due to their peculiar and 

tuneable chemical-physical properties, which cannot be observed in bulk 

materials. 

Important features shown by this class of nanomaterials are (i) the presence 

of surface plasmon resonance (SPR) which gives rise to the intense absorptions 

or scattering bands (Surface-Enhanced Raman Scattering, SERS) in the visible 

or near-infrared regions (NIR);20 (ii) surface plasmon-induced enhancement or 

quenching fluorescence of emissive molecules;21 (iii) the easy surface 
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functionalization with a wide series of molecules;22 (iv) the great chemical and 

physical stability that determine resistance to high temperature, photoirradiation, 

acids or oxidation;22, 23 (v) important properties related to the high surface area 

and the particular electronic structure.22, 24 

The dominant property of noble metal nanoparticles arises due to their ability 

to form surface plasmons. However, depending on their size, these nanoparticles 

can alternatively be luminescent or plasmonic and this represents a limit to their 

use as an optical material.  

In this context, the combination of plasmonic nanoparticles with emissive 

molecules allows the manufacture of luminescent-plasmonic nanostructures that 

can exhibit novel spectroscopic properties, due to the interactions between both 

systems. These effects mainly depend on the spectral position of the SPR bands 

and on their overlappping with the absorption/emission bands of the luminescent 

dye, as well as on the distance between the plasmonic and luminescent systems.25 

Such mutual interactions can lead to enhancement or quenching of fluorescence 

intensity of the dye, alterations of luminescence lifetimes, etc.

1.3 Gold Nanoparticles: Synthesis and Properties 

An important class of NM NPs is represented by gold nanoparticles (Au 

NPs), which are attracting the attention of a large community of scientists 

because of their tuneable and distinctive chemical, optical, magnetic and 

electronic properties, due to their modifiable electronic structures.26, 27 In fact, 

Au NPs with large surface area-to-volume ratio show size- and shape-dependent 

physico-chemical properties, which represent invaluable features for 
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applications in different technological fields such as photonics, heterogeneous 

catalysis, electronics, biosensors, drug delivery, therapeutics, imaging, etc 

(Figure 1.1).28-30 

 

Figure 1.1. Functionalization of different shapes of Au NPs. 

The first scientist who related the optical properties of gold nanoparticles to 

their small size was Michael Faraday in 1857 when he successfully prepared a 

ruby-red gold colloid through the reduction method. This work laid down the 

foundation for later colloid science.31 Nevertheless, a better understanding of this 

experimental observation occurs in 1908, when Gustav Mie provided an 

analytical solution to Maxwell’s equations for a spherical particle using the 

complex dielectric constants (ε1 + iε2) of metals and successfully modelled the 

optical extinction spectra of gold colloids.32 

Gold nanoparticles are essentially inert, non-toxic, biocompatible, and 

exhibit several interesting properties such as surface plasmon resonance, 
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surface-enhanced Raman scattering, redox activity, fluorescence quenching and 

nonlinear optical properties.33-35 

Doubtless, the most fascinating property of the Au NPs derives from 

dimensional confinement (sizes smaller than the wavelength of light), which 

leads to the alteration of their optical response following the appearance of a 

phenomenon called “surface plasmon resonance” (SPR), which fundamentally 

arises from the collective and coherent oscillation of the free conduction 

electrons in a continuous band structure, due to the resonant excitation caused 

by the incident photons or electromagnetic radiation.27, 34, 36 Figure 1.2 shows a 

schematic illustration of this phenomenon for an Au nanoparticle.   

 

Figure 1.2. Schematic representation of the oscillation of conduction electrons across 

the nanoparticle in the electromagnetic field of the incident light. 

In general, this process is due to two different types of light-matter 

interactions: scattering, in which the incident light is re-radiated in all directions 

at the same frequency, and absorption, in which the light is converted to heat 

(e.g., phonons or vibrations of the crystal lattice).30 In addition, the collective 

charge oscillation causes a large resonant enhancement of the local electric field 

inside and near the NP, which can be used to greatly enhance the optical signals 

(e.g., fluorescence or Raman scattering) arising from molecular species in the 

vicinity of the surface.35, 37, 38 Nowadays, the field of nanoplasmonics is rapidly 

and successfully developing in numerous applications, such as Surface-
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Enhanced Raman Spectroscopy (SERS),35 plasmon-enhanced fluorescence,39, 40 

amplification of non-linear optical signals,41 light-harvesting,42 photocatalysis,43 

and chemical and biological sensing (Figure 1.3).44, 45 

 

Figure 1.3. Some applications of Plasmonic Gold nanoparticles. 

Moreover, the position of the surface plasmon peak can be significantly 

influenced by structural factors, such as particle size, aggregation and shape 

irregularity, dielectric environment, refractive index, and proximity of other 

nanoparticles.46-49 Indeed, the increase in the core size of the nanoparticles from 

1 to 100 nm and their aggregation, results in significant red-shifting of SPR 

frequency, broadening of surface plasmon band (Figure 1.4A) and a variation in 

the solution colour from ruby red to blue due to the interparticle plasmon 

coupling (Figure 1.4B).34 
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Figure 1.4. A) Optical extinction spectra of gold colloids solutions between 3-100 nm 

diameters. B) The different size of the suspensions of gold nanoparticles causes the 

changing in colours of the solutions. 

However, this plasmonic band is absent in both the bulk material, in which 

the energy levels of the electrons are continuous, and small nanoparticles 

(diameter < ~3 nm), in which there are discrete energy levels.  

The characterization of the photoluminescence properties of gold 

nanostructures was less thorough than the study of plasmonic properties. It has 

been reported that as the particle size becomes comparable to the electron Fermi 

wavelength of gold metal, Au NPs behave like “large molecules” with discrete 

energy levels.41, 50 Therefore, the band structure evolves into discrete energy 

levels, allowing for interactions with light through the electronic transitions 

between the different energy levels, resulting in strong photoluminescence 

properties (Scheme 1.1).30 On this extremely small size scale, Au NPs are often 

called “Au nanoclusters” (Au NCs).27, 51, 52  
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Scheme 1.1. Schematic of the size-dependent surface potentials of Au clusters on 

different size scales. 

The observed quantized transitions (luminescence) from Au NCs follow the 

free-electron model (based on the assumption that the valence electrons can 

travel freely through the cluster due to the negligible interactions between the 

valence electrons and the cores) and arise from both intraband (sp–sp) and 

interband (sp–d) electronic transitions (Scheme 1.2).53 

 

Scheme 1.2. Representation of the energy levels of the Au NCs involved in the 

luminescence mechanism. 

Indeed, the high energy band is due to radiative interband recombination 

between the sp and d bands, while the low energy band results from radiative 
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intraband transitions within the sp band across the HOMO–LUMO gap. 

Furthermore, the intraband recombination must involve prior non-radiative 

recombination of the hole in the d-band created after excitation with an 

(unexcited) electron in the sp band.41, 53 

Depending on their size, Au NPs can be classified into two major classes: Au 

molecular luminescent or plasmonic NPs (Scheme 1.3).53 Molecular Au NPs (d 

< ~3 nm), do not exhibit any surface plasmon resonance absorption in the visible 

region, due to the limited number of free electrons on its surface, but they show 

fluorescence from the visible to near-infrared region. Also, other factors can 

significantly influence the luminescence properties of Au molecular luminescent 

NPs, such as the number of Au atoms in each cluster, the type of surface ligands, 

the aggregation valence states of metal atoms, and grain size.30, 53  

 

Scheme 1.3. Classification of Au NPs as a function of size. 
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Consequently, with advantages of long lifetime, large Stokes shift, and 

biocompatibility, Au molecular luminescent NPs have become interesting 

sensing and imaging materials.34, 41, 50, 51 

Taking this into account, Au can be considered an excellent example of a 

multifunctional nanomaterial whose electronic and optical properties can be 

readily engineered by tuning the size, shape, and/or structure, all without altering 

the basic elemental composition. 

Gold nanoparticles have been synthesized ever since ~1950. In the past few 

decades, they have typically been synthesized by reduction of tetrachloroauric 

acid (HAuCl4), in presence of reducing and stabilizing molecules that control the 

size, shape, structure and surface functionality.54-56 Specific molecules have been 

used to hamper the particle growth and confine their size within a few 

nanometers range. In fact, surface capping with appropriate molecular coupling 

layers is, so far, the most important method to achieve the purpose.36,57-59 

Therefore, phosphines, thiols, amines, citrate anion, dendrimers, DNA, proteins, 

tannic acid, etc. represent the most suitable and used capping molecules.60-67  

Although many protocols have been reported in the literature, most of them 

can be considered variants of two methods originally developed by Turkevich 

and Brust-Schriffin, respectively. 

Turkevich et al.68 were the pioneers for the development of the synthetic 

method for Au NPs in 1951, which was further refined by Frens in the 1970.69 

In both synthetic methods, the HAuCl4 solutions are treated with citric acid in 

boiling water, where the citrate anion acts as both a reducing agent of the AuCl4
− 

ions to Au(0) atoms, and a capping agent by binding to the Au surface to prevent 

the nuclei from aggregating together (Scheme 1.4). This process has been widely 
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employed to prepare dilute solutions of stable spherical monodisperse Au NPs 

with diameters of around 10-20 nm. In this thesis, the Au NPs solutions were 

prepared following these previous methods.  

 

Scheme 1.4. Schematic representation of the citrate-stabilized Au NPs synthesis. 

In early 1994, Brust and Schriffin70 described a new facile method for 

synthesizing highly stable Au NPs in organic liquids. This synthesis is based on 

a two-phase process in which a water-soluble gold salt (AuCl4
−) is transferred in 

toluene using tetraoctylammonium bromide (TOAB) as a phase-transfer agent. 

The Au3+ ions are reduced to Au0 by sodium borohydride (NaBH4) in the 

presence of alkanethiol acting as a stabilizing agent (Scheme 1.5). 

 

Scheme 1.5. Schematic representation of the two-phase synthesis of Au NPs by 

reduction of HAuCl4 in the presence of TOAB, alkanethiols and NaBH4. 
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Therefore, the robustness of the synthetic methods and the fine control of the 

chemical-physical properties of Au NPs are the main reasons for their potential 

use in various scientific fields, ranging from chemistry to nanomedicine. 

1.4 Hybrid Organic–Inorganic Nanostructures: 

Synthesis and Properties 

As discussed above, it appears that gold nanoparticles can alternatively be 

luminescent or plasmonic and this represents a severe constraint for their use as 

an optical material.  

In this context, one of the most interesting research fields of the recent 

decades is the assembly of hybrid materials (those formed from the combination 

of two or more different materials) which opens the way for the development of 

a great variety of new nanomaterials with peculiar and multiple functionalities 

that have potential applications in different areas such as imaging,22 

nanomedicine,71 energy storage,72 catalysis73 and solar energy.74 

Indeed, the resulting hybrid nanomaterial is not a simple mixture of its 

components, but a synergistic system in which, in addition to a simple 

combination of properties, novel distinctive and enhanced properties may be 

expected due to the interactions at the interface between the components at the 

molecular or supramolecular level. 

Hybrid materials investigated thus far include mixed metal oxides, inorganic 

particles (e.g., clusters, noble metal nanoparticles) coated with organic 

compounds (e.g., dyes, biological probes) or inorganic compounds (e.g., 
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transition metal or lanthanide complexes), organic or inorganic compounds 

embedded in sol-gel matrices or in metal-organic frameworks (MOFs) and 

layered organic-inorganic materials.75, 76 

Among them, hybrid molecular–nanoparticle materials, obtained by a 

bottom-up approach, are well-suited for the fabrication of functional 

nanostructures that exhibit structural control77-79 (in terms of ability to direct the 

formation of large assemblies in solution and in solid state) and show well-

defined properties, e.g., to obtain building blocks for molecular switches,15, 16 

systems for photocatalysis and photodynamic therapy,80 nanowires for 

multienzyme-cooperative antioxidative systems,81 specific complementarities 

and strong recognition properties of biomaterials82, materials able to enhance 

light absorption,83 and, in general, hybrid organic–inorganic materials showing 

desired functions.84-86 

Gold nanoparticles are generally surface-stabilized by a shell of adsorbed 

organic molecules (capping ligands) which define the colloidal stability, 

solubility, size, surface charge and other potential applications.22 Nevertheless, 

the labile capping ligands on Au NPs (citrates, phosphines, thiols, amines, or 

other adsorbed ligands) can be displaced (partially or totally) by other functional 

molecules through a ligand place-exchange reaction to synthesize hybrid 

molecular-Au NPs for synergistic applications.87  

Figure 1.5 summarizes hybrid Au NPs can be synthesized based on their 

length scale and material complexity. 
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Figure 1.5. Representative hybrid Au nanoparticles are organized according to the 

structural dimensions. 

The success of the ligand place-exchange reaction depends on the chemical 

nature (bond strength) of the capping ligand and the substituent functional 

molecule. In fact, the substituent functional molecules must have equal or higher 

binding affinity than the capping ligand for gold in order to obtain an efficient 

replacement.75, 88 Therefore, the difference in binding strength of substituent 

functional molecule-Au and capping ligand-Au, and the size of the ligands 

determine the reaction rate and the degree of surface functionalization 

(quantitative or partial) of the Au NP hybrid shell.  

Au NPs can be conjugated with a rich variety of biofunctional molecules 

(porphyrin, oligonucleotide, polymer, protein, inorganic complexes, etc.) 

through different interactions such as specific binding affinity, electrostatic 
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interactions, and hydrophobic interactions.89 These non-covalent interactions are 

widely utilized in delivery and sensing areas due to their ease of release and 

reversible nature. Alternatively, covalent conjugation of molecules to Au NPs 

stabilizes the conjugates, which is more useful as stable constructs are required, 

e.g. for imaging.  

In the last few years, many different synthetic methods have been proposed 

to get these hybrid Au NPs with multi-functionality, depending on the molecular 

functional group used as a linker for the Au NPs.58, 59, 62, 90, 91 However, only a 

few of the synthesized systems were characterized by both these properties, 

surface plasmonic resonance and luminescence. 

Taking all the above-mentioned considerations into account, in the present 

thesis we used the bottom-up approach to anchor inorganic and organic emissive 

molecules on Au nanoparticles surfaces to fabricate new hybrid molecular–

nanoparticle materials characterized by a strong surface plasmon resonance and 

an intense luminescence signal. For these reasons, we have chosen porphyrins, 

Eu(III) complexes and zinc citrate as building blocks to bind to plasmonic Au 

NPs in order to obtain novel nanosystems and investigate their optical properties. 
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Chapter 2 

Covalently Conjugated Gold–Porphyrin 

Nanostructures 

Porphyrin and metalloporphyrin molecules have attracted great attention 

because of their interesting chemical, biological, optical, magnetic and electronic 

properties.92 For such reason they can be smartly modified by adding/changing 

the macrocycle peripheral substituents and/or by modulating the oxidation state 

of the metal centre. Moreover, surface-anchored molecular switches,93 

porphyrins for charge-based information storage,94, 95 and porphyrin 

nanostructures with a long-range order on Si(100)96 have been reported. In this 

context, porphyrin molecules anchored to electroactive surfaces can be used to 

build molecular memories that can be integrated into electronic circuits. 

Porphyrin-based information storage elements exhibit large charge retention 

times (minutes) compared to those of the semiconductor elements in dynamic 

random-access memory (tens of milliseconds).95 

Taking into account all the above considerations, hybrid materials composed 

of both Au NPs and porphyrin molecules that cover their surfaces combine many 

of their distinctive characteristics, thus, originating unique properties 

fundamental for the development of new optical devices that can be used for 

many different applications, e.g., to mimic natural photosynthesis.97-103  
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Some different synthetic methods have been proposed to obtain these 

assemblies, depending on the porphyrin functional group used as a linker for the 

Au NPs.58, 59, 62, 90, 91, 104 

For this purpose, we have synthesized a new porphyrin with two triazine 

moieties in two opposite positions of the porphyrin ring, useful to connect these 

Au NPs to each other. This porphyrin molecule is well suited to act as a bridge 

for Au NPs in order to obtain an extensive and organized network of Au NPs, 

covalently linked by organic and emissive connections. To our knowledge, this 

represents one of the first few cases of an Au NPs–porphyrin organized, 

plasmonic, and emissive network.105-110 Hence, we investigated the formation of 

a new composite assembly consisting of Au NPs covalently anchored to each 

other by 5,15-Di(phenyl) 10,20-Di-benzamide, N-ethyl, N- 1,3,5 Tri-

aminotriazine, 21H,23H-porphine- (DTAzDPH2P) molecules (Figure 2.1).  

 

Figure 2.1. Structure of the 5,15-Di(phenyl) 10,20- Di-benzamide, N-ethyl, N-1,3,5 

Tri-aminotriazine, 21H,23H-porphine (DTAzDPH2P). 
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The rationalization of the mutual interactions in this assembled 

nanocomposite 3D architecture will allow the addressing of applications of this 

novel plasmonic and emissive material. 

2.1 Synthesis of Di-Triazine-Porphyrin 

The functionalization of the porphyrin was performed by a synthetic 

procedure modified as follows111-113: 0.14 mmol of 5,15-di-(p-carboxyphenyl)-

10,20-diphenyl porphyrin,114 0.336 mmol of 1-[Bis(dimethylamino)methylene]-

1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate,N-

[(Dimethylamino)-1H-1,2,3-triazolo-[4,5-b]pyridin-1-ylmethylene]-N-

methylmethanaminium hexafluorophosphate N-oxide (HATU, a coupling 

reagent for the synthesis of amides) were dissolved in 10 mL of dry DMF under 

N2 atmosphere (Scheme 2.1). Then, 0.427 mmol of N2-(2-aminoethyl)-1,3,5-

Triazine-2,4,6-triamine115 and 58 µL of N,N-Diisopropylethylamine (DIPEA, an 

organic base) were added to the mixture. The reaction mixture was stirred at 

room temperature for 24 h under nitrogen and then, poured in cooled n-hexane, 

thus, obtaining a brown precipitate which was filtered and washed with n-

hexane. The Di-Triazine-Porphyrin was purified by flash chromatography 

(Al2O3, CHCl3:CH3OH 95:5) and further crystallized by ethanol (yield 51%).  
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Scheme 2.1. Reaction pathway for the Di-Triazine-Porphyrin. 

The characterization of Di-Triazine-Porphyrin was performed by Proton 

Nuclear Magnetic Resonance (1H-NMR) and Electrospray Ionization Mass 

Spectrometry (ESI-MS) measurements. 1H NMR (Figure 2.2, 500 MHz, DMSO-

d6) δ -2.91 (s, 2H, NH-Pyr), 3.31 (m, 4H, CH2), 3.61 (m, 4H, CH2), 7.42 (br. s. 

8H, NH2-triazine), 7.85 (m, 6H, meso-ArH), 7.89 (br. 2H, NH-triazine), 8.22 (d, 

J = 6 Hz, 4H, meso-ArH), 8.31 (m, 8H, meso-ArH-triazine), 8.84 (m, 8H, β-Pyr), 

and 8.94 (s. br. 2H, NH amide) ppm. ESI-MS (Figure 2.3): m/z 1005.8 [M + H]+; 

m/z 503.5 [M + 2H]2+. Anal. Calcd. for C56H48N18O2: C, 66.92; H, 4.81; N, 25.08. 

Found: C, 66.88; H, 4.77; N, 25.01. 
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Figure 2.2. 1H NMR spectrum of the 5,15-Di(phenyl) 10, 20 -Di-benzamide, N-ethyl, 

N- 1,3,5 Tri-aminotriazine, 21H,23H-porphine, recorded in DMSO-d6. 

 

Figure 2.3. ESI-MS spectrum of the 5,15-Di(phenyl) 10, 20 -Di-benzamide, N-ethyl, 

N- 1,3,5 Tri-aminotriazine, 21H,23H-porphine. 

10 9 8 7 6 5 4 3 2 1 0 -1 -2 -3 -4
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2.2 Synthesis of Gold–Porphyrin Nanostructures 

First of all, the Au NPs solutions were prepared as reported in the literature.68, 

69 All the glassware used in the present synthesis was carefully washed with aqua 

regia (conc. HNO3 and HCl: 1:3 v/v ratio). A total of 0.036 g of sealed 

tetrachloroauric acid (HAuCl43H2O, MM = 393.835 g/mol, purity ≥ 99.9 %) 

were dissolved in 180 mL of double distilled H2O (concentration of this stock 

solution 5.08  10-4 M, mole of Au3+ = 9.14  10-5). Then, we added 18 mL of 

this Au3+ stock solution in a three-necked flask, equipped with a reflux 

condenser, and brought it on a heating plate to boil, while stirring. Meanwhile, 

0.014 g of sodium citrate dihydrate (Na3C6H5O72H2O, MM = 294.10 g/mol) 

were dissolved in 2 mL of fresh, double distilled H2O (2.38  10-2 M, mole of 

Cit3- = 4.76  10-5) and added to the boiling tetrachloroauric acid solution while 

stirring, thus obtaining a Cit3-/Au3+ ratio = 5.21.116 This solution was refluxed 20 

min and its colour turned to ruby red, thus suggesting the formation of Au NPs 

in water. The obtained solution was centrifuged, the supernatant liquid removed, 

the Au NPs re-dissolved in double distilled water five times, the last of which 

using 20 mL of water. 

To synthesize the Au NPs–porphyrin nanostructures, we added aliquots of a 

2.07 × 10−5 M porphyrin CH3OH solution (final added volume 900 µL, in 400 

min, corresponding to 1.86 × 10−8 mol) to 100 µL of an Au NPs aqueous 1.97 × 

10−7 M solution, diluted with 2 mL of CH3OH (final total volume 3 mL).36 The 

synthetic reaction pathway is represented in Scheme 2.2. 
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Scheme 2.2. Reaction pathway for the Au NPs–porphyrin nanostructures. 

In this proposed scheme, the triazine moieties, which are at 180° with respect 

to the porphyrin core, covalently bind different Au nanoparticles. The possibility 

of back-folding of the porphyrin substituents, with both legs attached to the same 

Au NPs, was investigated by accurate quantum mechanical calculations (vide 

infra) and resulted in being unlikely. Moreover, quantum mechanical 

calculations used to optimize the grafting geometry of similar polyfunctional 

porphyrin molecules on surfaces always indicated geometries tilted with respect 

to the normal to the surface plane but reminiscent of perpendicular 

arrangements.96 
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2.3 Quantum Mechanical Calculations 

The self-assembly geometry of this porphyrin on the Au NPs (Scheme 2.2) 

was studied by investigation of the conformational properties of the porphyrin 

derivative at the Density Functional Theory (DFT) level. All DFT calculations 

have been performed with the G09 package.117 Geometry optimizations have 

been carried out at the B3LYP/6-31G(d, p) level of theory.  

To verify the potential conformations of the triazine-based substituents, 

Potential Energy Surface (PES) scans of the rotational barriers involved along 

the α–ε bonds of the chain by considering 10 scans of 36° each were 

performed.117 To avoid long computational times, we have considered the model 

reported in Figure 2.4, where also, the labelling of the investigated bonds is 

given. Indeed, the presence of the meso aromatic spacer allows the safe 

consideration of a negligible contribution of the porphyrin ring on the rotational 

barriers. 

 

Figure 2.4. Labelling of the bonds for which the PES scan has been performed. μ 

represents the bond with the meso substituent. 

As expected, rotations on the α and ε bonds are hampered, at standard 

conditions, by energy barriers around 17–20 kcal/mol. Nonetheless, rotations 

around the μ, β, γ, and δ bonds require about 4–6 kcal/mol, which indicates the 



Chapter 2 – Gold–Porphyrin Nanostructures 

 

25 
 

possibility of a virtually free rotation around these bonds. This flexibility allows 

the inference of the easy occurrence of different conformations of the porphyrin 

derivative. In this context, two main typologies of conformations have been 

considered as opposite conformational paradigms. They are shown in Figure 2.5 

and are labelled as chair-like (CL) and as boat-like (BL) conformations, 

respectively. 

 

Figure 2.5. Starting geometries of the chair-like (CL) and as boat-like (BL) 

conformations. 

CL conformation is recognized as suitable to arrange the framework in 

Scheme 2.2, hence, able to coordinate different Au NPs. In the BL conformation, 

by the back-folding of the porphyrin substituents, the two substituents can 

virtually act as a tweezer by bonding to just one Au NP. On these grounds, we 

optimized the corresponding structures by considering the starting geometries 
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reported in Figure 2.5. The optimized geometries are reported in Figure 2.6 and 

indicate that the CL conformation tends to be more preferred. Indeed, the 

optimized BL conformation, Figure 2.6, displayed a configuration similar to that 

of the CL one, but the optimized CL conformer resulted in 1.6 kcal/mol more 

stable than the optimized BL one. A Boltzmann analysis of the population ratio 

indicated that CL represents 95% of the total population among these two 

conformers. Consequently, the possibility of the back-folding of the porphyrin 

substituents so that the two substituents can virtually act as a tweezer by bonding 

to just one Au NP may be related just to 5% of the porphyrin molecules. 

To summarize, though the porphyrin substituents have some rotational 

degrees of freedom (bonds μ, β, γ, δ, in Figure 2.4), the CL conformation is more 

likely. This result corroborates our reaction path in Scheme 2.2.  

 

Figure 2.6. Optimized geometries of the chair-like (CL) and boat-like (BL) 

conformations. 
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2.4 Characterization of Gold–Porphyrin 

The study of the electronic structure of the Au NPs–porphyrin nanostructures 

is fundamental to investigate the Au – porphyrin electron interactions, which are 

the basis of the coupling of the plasmon Au resonance with the porphyrin 

emission, and X-ray photoelectron spectra (XPS) represents the most suited tool 

to accomplish this task.103, 118-120  

Figure 2.7 shows the XP spectra of pure Au NPs and Au NPs–porphyrin 

nanostructures, in the Au 4f binding energy region. The 4f7/2,5/2 levels for the Au 

NPs before any porphyrin addition were observed at 84.0 and 87.7 eV, 

respectively.83, 121 These states lie at 82.8 and 86.5 eV (3.7 eV spin-orbit 

coupling), respectively, for the Au NPs–porphyrin nanostructures, and indicate 

the presence of Au0 states. Therefore, the considerably decreased values are in 

tune with the strong electron-donating capability of this di-triazine porphyrin to 

the positively charged Au NPs surfaces. 

 

Figure 2.7. Al-Kα excited XPS of the pure Au NPs solution (red line) and Au NPs–

porphyrin system (black line) in the Au 4f binding energy region. 
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Figure 2.8 shows the XPS of the Au NPs–porphyrin system in the C 1s 

binding energy region. An accurate fitting of this spectrum required five 

Gaussian components centered at 285.0, 285.5, 286.7, 287.9, and 288.9 eV. The 

first component (285.0 eV) is due to both aliphatic and aromatic backbones.118-

120 The peaks at 285.5 and 286.7 eV are assigned to the C–N and C=N groups, 

respectively.120, 122 The peak at 287.9 eV is assigned to the HN-C=N(-NH) and 

N-C=N(-NH2) triazine groups.122 The peak at 288.9 eV is assigned to the carbon 

of the amide group (Ar-CO-NH).122 

 

Figure 2.8. Al-Kα excited XPS of the Au NPs–porphyrin system in the C 1s binding 

energy region. The green, blue, magenta, orange, and dark yellow lines refer to the 

285.0, 285.5, 286.7, 287.9, and 288.9 eV components; the cyan line refers to the 

background and the red line superimposed on the experimental black profile refers to 

the sum of all Gaussian components. 

Figure 2.9 shows the XPS of the Au NPs–porphyrin system in the N 1s 

binding energy region. A careful fitting of the experimental profile required five 

Gaussian components at 397.9, 398.6, 399.5, 399.9, and 400.4 eV. The 
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component at 397.9 eV is assigned to two ionization of the two porphyrin non-

protonated imine nitrogen core, that at 398.6 to the six triazine ring nitrogen 

atoms, that at 399.5 eV is assigned to the four –NH2 triazine substituents, that at 

399.9 eV is assigned to the two porphyrin protonated pyrrole nitrogen core and 

to the two –NH– groups bound to the triazine moiety and, finally, that at 400.4 

eV is consistent with the two O=C(Ar)-NH- amide functionalities.83, 120, 122-126 

 

Figure 2.9. Al-Kα excited XPS of the Au NPs–porphyrin system in the N 1s binding 

energy region. The orange, dark yellow, magenta, blue and green lines refer to the 400.4, 

399.9, 399.5, 398.6 and 397.9 eV components; the cyan line refers to the background 

and the red line superimposed to the experimental black profile refers to the sum of all 

Gaussian components. 

The transmission electron microscopy (TEM) of the conjugated Au NPs–

porphyrin system is reported in Figure 2.10. While single and highly dispersed 

Au nanoparticles, having a mean radius of about 5 nm, have been obtained from 

the reduction of the tetrachloroauric acid with sodium citrate (Figure 2.10a), 

large organized (even though not apparently ordered) nanoscale assemblies of 

Au nanoparticles are evident in the presence of 5,15,-Di(phenyl) 10, 20-Di-
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benzamide, N-ethyl, N-1,3,5 Tri-aminotriazine, 21H,23H-porphine molecules 

(Figure 2.10b,c). The role of this porphyrin in the formation of the new 

composite assembly, consisting of Au NPs covalently anchored to each other, is 

evident in Figure 2.10d, where the ~3 nm texture surrounding the Au NPs 

represents the “glue” for the covalent assembly of gold nanoparticles.  

 

Figure 2.10. TEM images of conjugated gold – porphyrin nanostructures: (a) Au 

nanoparticles obtained from the reduction of the tetrachloroauric acid with sodium 

citrate; (b) Au NPs obtained from 100 µL of an Au NPs aqueous 1.97 × 10−7 M solution 

diluted with 2 mL of CH3OH upon the addition of 240 µL of a 2.07 × 10−5 M porphyrin 

CH3OH solution; (c) Au NPs obtained from 100 µL of an Au NPs aqueous 1.97 × 10−7 

M solution diluted with 2 mL of CH3OH upon the addition of 450 µL of a 2.07 × 10−5 

M porphyrin CH3OH solution; (d) higher magnification of the Au NPs obtained from 

100 µL of an Au NPs aqueous 1.97 × 10−7 M solution diluted with 2 mL of CH3OH 

upon the addition of 450 µL of a 2.07 × 10−5 M porphyrin CH3OH solution; the red 

circle represents the representative area investigated with EDX to obtain Figure 2.11.  
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The chemical composition of these assemblies was analyzed by Energy 

dispersive X-ray (EDX, Figure 2.11) and the results are indicative of Au 

nanoparticles surrounded by a thin layer of a nitrogen-containing compound, 

consistent with a ~ 3 nm, layer of porphyrin molecules. Therefore, the bi-

functional porphyrin molecules work as covalent bridges between different gold 

nanoparticles. 

 

Figure 2.11. EDX spectrum of the Au NPs conjugated with the 5,15-Di(phenyl) 10, 20 

-Di-benzamide, N-ethyl, N- 1,3,5 Tri-aminotriazine, 21H,23H-porphine. 

Dynamic light scattering (DLS) analysis of these two solutions (Figure 2.12) 

showed two radius distributions centred at 12 nm and 135 nm for the Au NPs 

and Au NPs–porphyrin nanostructures, respectively. These values confirm the 

increasing size of the Au nanostructures upon the porphyrin bonding. However, 

they strongly depend on the relevant number of solvent molecules that solvate 

the NPs. In fact, the DLS theory states that the electric dipole layer of both 

capping layer and solvent adhering to the surface of the particles influences their 
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movement in the medium. Thus, the hydrodynamic radius gives information of 

the inorganic core along with any coating material and solvent layer attached to 

the particle. For example, it has been reported that the diameter of some 

magnetite (Fe3O4) particles was found to be 25 nm from TEM while their 

average hydrodynamic size was 164 nm from DLS.127 

  

Figure 2.12. DLS measurements for the 6.5710-9 M Au NPs (black line) and 6.2210-6 

M Au NPs–porphyrin nanostructure (red line) methanol solutions. 

2.5 Properties of Gold–Porphyrin Nanostructures 

The main purpose of our study was the nanoscale self-assembly of Au NPs 

by means of porphyrin molecules having two functional groups in opposite 

positions, useful to connect these Au NPs to each other. It is well known that Au 

NPs can either be luminescent or plasmonic and this hampers many possible 

applications as an optical material. Therefore, the goal we would achieve with 

this final functional architecture is not only to maintain the strong surface 

plasmon resonance, typical of Au nanoparticles, but also the conservation of a 
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strong luminescence signal, coming from porphyrin molecules. Additionally, 

this property is strongly related to the absence of porphyrin aggregates which 

causes luminescence quenching. Obviously, we can observe and follow 

variations of the Au NPS surface plasmon resonance with absorbance spectra 

and detect the porphyrin fluorescence with emission measurements. 

Figure 2.13 shows the UV-Vis spectrum of the as-synthesized aqueous Au 

NPs solution. The Au surface plasmon resonance (SPR) peak lies at 520.6 nm 

(Abs = 1.5). By using a literature data for the related extinction coefficient (ɛ = 

7.6  106 M-1  cm-1), we obtained a 1.97  10-7 M concentration value for this Au 

NPs solution.36 

 

Figure 2.13. UV-Vis absorbance spectrum of the as synthesized aqueous Au NPs 1.97 

 10-7 M solution. 

Figure 2.14 shows the absorbance spectra of 100 µL of this Au NPs aqueous 

solution, diluted with 2 mL of CH3OH (Vtot = 2.1 mL), and those upon the 

successive addition of aliquots of a 2.07  10-5 M porphyrin CH3OH solution, 

up to a final added porphyrin volume of 900 µL, corresponding to 1.86  10-8 
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mol, (final total volume 3 mL). The Au SPR peak, before any porphyrin addition, 

almost does not move (520.4 nm, Abs = 0.14) with respect to the position 

observed for the aqueous solution, but the calculated extinction coefficient now 

is ɛ = 1.5  107 M-1  cm-1 for this Au NPs CH3OH solution, almost double, once 

the dilution from 100 µL up to 2.1 mL is taken into account. 

 

Figure 2.14. UV–vis absorbance spectra of 100 µL of an Au NPs aqueous 1.97 × 10−7 

M solution diluted with 2 mL of CH3OH (blue line), and upon the addition of 40 (black 

line), 80 (red line), 120 (green line), 160 (cyan line), 200 (magenta line), 240 (yellow 

line), 280 (dark yellow line), 320 (navy line), 360 (purple line), 400 (wine line), 450 

(olive line), 500 (dark cyan line), 600 (royal line), 700 (orange line), 800 (violet line), 

and 900 (pink line) µL aliquots of a 2.07 × 10−5 M porphyrin CH3OH solution (final 

total volume 3 mL). All the spectra were corrected for the volume variation. Inset: 

expanded scale of the Au NPs plasmon–porphyrin Q-bands region. It can be observed 

the colour variation from red to blue of the Au NPs solution, following the addition of 

porphyrin. 
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As the titration goes on, it is evident the progressive and monotonic increase 

in the Soret at 414.8 nm and Q-bands at 513.6, 547.8, 590.6, and 642.0 nm. The 

Soret band of a CH3OH 2.016 × 10−6 M pristine porphyrin solution (Figure 2.15, 

Abs = 0.60, ε = 289300 M−1 cm−1) appears at 414.4 nm and the related Q-bands 

are at 512.8, 546.8, 589.2, and 644.0 nm, thus, indicating about 1 nm red shift 

upon the interaction with the Au NPs. Therefore, the light-induced surface 

plasmon resonance, coherent collective oscillation of the valence electrons, and 

porphyrin absorptions result in an intense band over a wide wavelength range 

and this system can mediate excitation energy transport, e.g., to mimic a natural 

“light-harvesting” function. 

 

Figure 2.15. UV-Vis absorbance spectrum of a 2.016  10-6 M porphyrin CH3OH 

solution. 

The “footprint” of the porphyrin molecule was calculated by a Molecular 

Mechanics optimization, with the HypChemTM (v8.0.7.) code, using the so-

called MM+ as the force field. This software optimizes the molecular geometry 

(length and angle bonds) to obtain a minimum of the total energy. In addition, 
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non-covalent interactions such as hydrogen bonds, van der Waals interactions, 

steric hindrance, and electrostatic interactions were included. In our case, we 

used a conjugated gradient (Polak–Ribière) to obtain a minimum of energy, 

setting the end of the optimization when the gradient energy between the 

optimized structure was lower than 0.01 kcal/mol. 

The concentration of the porphyrin in the final solution containing the self-

assembled Au NPs–porphyrin nanostructures is 6.22 × 10−6, about 950 times 

larger than that of the Au NPs (100 μL 1.97 × 10−7 M diluted to 3 mL = 6.57 × 

10−9 M), thus, indicating the possibility of a total Au surface coverage with 

porphyrin molecules. In fact, each Au nanoparticle with a ~5 nm radius has a 

surface area of 314 nm2 (31.400 Å2), while the footprint of the porphyrin 

molecule, assumed perpendicular to the Au NP surface (95% of the total 

porphyrin population) and calculated with a MM+ method, is about 65 Å2, thus, 

confirming the possibility to accommodate about 480 porphyrin molecules per 

Au nanoparticle. Therefore, this 480/1 porphyrin/Au NP ratio was obtained upon 

the addition of 450 µL of the porphyrin solution to the starting Au NPs aqueous 

1.97 × 10−7 M solution diluted with 2 mL of CH3OH. It is important to note that 

in these exact conditions, we observed the maximum emission intensity of the 

Au NPs–porphyrin system (vide infra). The literature data show that the binding 

of Au NPs with luminescent dyes could lead to strong coupling of the plasmonic 

mode with molecular modes, but, in the present case, no peaking splitting was 

observed because of the mismatch resonance peak between AuNP and the 

porphyrin molecule.128-130 

Figure 2.16 shows the emission spectra of the above solution (100 µL of an 

Au NPs aqueous 1.9710-7 M solution diluted with 2 mL of CH3OH, and those 
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upon the successive addition of aliquots of a 2.0710-5 M porphyrin CH3OH 

solution, up to a final added porphyrin volume of 900 µL). The emission 

intensities of both 648 and 716 nm bands reach maximum values upon the 

addition of 450 µL of the porphyrin solution (9.3  10-9 mol; 3.652  10-6 M) 

and in these conditions, the porphyrin concentration corresponds to that for the 

total Au surface coverage. It is also important to stress that at each porphyrin 

concentration obtained in our experiments, the porphyrin emission intensity was 

always lower than that observed for pure porphyrin solutions with the same 

concentrations (Figure 2.17), and this is due to the well-known quenching effect 

of the Au NPs. In fact, after the addition of 240 and 450 µL of the porphyrin 

solution, we noted a 16% and 34% emission decrease, respectively. 

 

Figure 2.16. Fluorescence spectra (λex = 410 nm) of 100 µL of an Au NPs aqueous 

1.97 × 10−7 M solution diluted with 2 mL of CH3OH (blue line superimposed to the x-

axis), 40 (black line), 80 (red line), 120 (green line), 160 (cyan line), 200 (magenta line), 
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240 (yellow line), 280 (dark yellow line), 320 (navy line), 360 (purple line), 400 (wine 

line), 450 (olive line), 500 (dark cyan line), 600 (royal line), 700 (orange line), 800 

(violet line), and 900 (pink line) µL aliquots of a 2.07 × 10−5 M porphyrin CH3OH 

solution (final total volume 3 mL). All the spectra were corrected for the volume 

variation. Inset: intensity behaviour of the emission maxima upon the porphyrin 

additions. 

 

Figure 2.17. a) Trend of the luminescence spectra of the porphyrin CH3OH solution at 

different concentrations: 9.4110-7 M, black line; 2.1310-6 M, red line; 3.6610-6 M, 

green line; 5.1810-6 M, blue line; 6.2210-6 M, dark yellow line and b) Comparison 

between the PL intensities of the porphyrin CH3OH solutions (black line) and those 

obtained during the Au NPs titration at different concentrations (red line): 9.4110-7 M, 

black line; 2.1310-6 M, red line; 3.6610-6 M, green line; 5.1810-6 M, blue line; 6.2210-

6 M, dark yellow line. 

An identical behaviour was observed for the centrifuged Au NPs systems 

deposited on quartz substrates (Figure 2.18), thus, stressing that the 

luminescence is maintained at the solid-state and that the maximum 

luminescence is observed upon the addition of 450 µL of a 2.07 × 10−5 M 

porphyrin CH3OH solution to 100 µL of an Au NPs aqueous 3.66 × 10−7 M 

solution diluted with 2 mL of CH3OH (final total volume of the solution 3 mL). 
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Figure 2.18. Fluorescence spectra (λex = 410 nm) of the Au NPs–porphyrin systems 

centrifuged and deposited on quartz substrates. Starting Au NPs (blue line), centrifuged 

solutions upon the addition of 240 (black line), 450 (red line), 700 (green line), and 900 

(cyan line) µL aliquots of a 2.07 × 10−5 M porphyrin CH3OH solution (final total volume 

of the solution 3 mL). 

The photoluminescence of emitting dyes chemically bound to Au NPs has 

already been explored.131-136 Results are always indicative of pronounced 

fluorescence quenching of the given dyes. In some studies, it emerged that 

quenching was caused not only by an increased nonradiative rate, but equally 

important, by a drastic decrease in the dye’s radiative rate.131 Additionally, 

reduced fluorescence, for particular Au NPs–dye distances, almost exclusively 

governed by a phase-induced suppression of the radiative rate, has been 

shown.132 This behaviour has been confirmed and the strongly distance-

dependent fluorescence quenching in Au NPs covered with some 

polyelectrolytes has been ascribed to the fact that gold nanoparticles decrease 
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the transition probability for radiative transitions.133 Furthermore, it has been 

reported that the quenching behaviour may be consistent with 1/d4 separation 

distance from dye to the surface of the nanoparticle and that energy transfer to 

the metal surface is the dominant quenching mechanism.134 Therefore, to 

maintain the dye’s emission intensity, Au NPs and the emissive dye should be 

distant.135 Consequently, in our system, upon the addition of 450 µL of the 

porphyrin solution, the porphyrin molecules extensively reticulate with the gold 

nanoparticles to produce an organized Au NPs–porphyrin network and this 

partially quenches the porphyrin emission because the Au NPs and porphyrin 

molecules are close each other. In addition, this experimental observation 

confirms that the porphyrin molecules bond different Au NPs, since, if a relevant 

number of porphyrin molecules would back-fold and bond the same Au NPs, the 

emission quenching would be severe because of the reduced Au NPs–porphyrin 

distance. This quenching is rather a plasmonic quenching effect as already 

observed in many cases where the Au NPs are mixed with fluorescent molecules. 

In fact, (vide infra), the porphyrin molecules alone do not show any 

concentration-dependent aggregation nor quenching of absorption and 

luminescence at the concentrations used in the present experiments and, in 

contrast, in this Au NPs–porphyrin system, we noted an increase in the porphyrin 

ε value (vide infra). As a result, a delicate balance of Au NPs and porphyrin 

concentration will allow the synthesis of an organized Au network that remains 

plasmonic and emissive, and we observed the maximum emission intensity upon 

the addition of 450 µL of the porphyrin solution, exactly that needed for the total 

Au surface coverage. After the addition of 450 µL of the porphyrin solution, all 

Au NPs are covered with porphyrins and the decrease in luminescence intensity, 
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observed upon further porphyrin addition, is now due to some possible 

interactions between the porphyrin molecules in solution that can interact with 

those linked to Au NPs and be partially responsible for the observed optical 

behavior. 

Figure 2.19a shows three selected spectra of Figure 2.14, in particular, the 

absorbance spectrum of 100 µL of an Au NPs aqueous 1.97 × 10−7 M solution 

diluted with 2 mL of CH3OH (black line), that after the addition of 240 µL of a 

2.07 × 10−5 M porphyrin CH3OH solution (red line), and that after the addition 

of 450 µL of this porphyrin CH3OH solution (blue line). The comparison of these 

three spectra reveals that the first two porphyrin Q-bands are evident and slightly 

affected by the rather broad Au NPs surface plasmon resonance that, in contrast, 

moved to 612 nm (already upon the addition of 240 µL of porphyrin), thus, 

overlapping with the two higher wavelength Q-bands. In principle, this red-shift 

of the Au plasmon may be due either to aggregation or a strong coupling of the 

two systems, but the Au NPs–porphyrin bonding distance is not close enough 

for strong coupling, being the length (distance between the two opposite triazine 

moieties) of the porphyrin molecule ~30 Å.128-130 In this condition (porphyrin 

conc. 1.95 × 10−6 M), the porphyrin shows an ε value of 353800 M−1 cm−1 with 

an increase of 22%, with respect to the starting 289300 M−1 cm−1 value (for the 

2.016 × 10−6 M solution). Since it is well known that porphyrin aggregation 

causes a decrease in the molar extinction coefficient, this experimental 

observation strongly suggests that, after the addition of 240 µL of a 2.07 × 10−5 

M porphyrin CH3OH solution to the Au NPs solution, there are no porphyrin 

aggregates in solution and all these molecules are involved in the formation of 

the Au NPs–porphyrin nanostructures. After the addition of 450 µL of a 2.07 × 
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10−5 M porphyrin CH3OH solution to that of the Au NPs, we just noted an overall 

absorbance intensity decrease (blue line). A similar trend was observed for the 

centrifuged same Au NPs–porphyrin solutions deposited on quartz substrates 

(Figure 2.19b), being the starting Au NPs plasmon resonance at 559 nm and that 

after the addition of 450 µL of the porphyrin CH3OH solution at 595 nm.  

 

Figure 2.19. UV–vis absorbance spectra of (a) 100 µL of an Au NPs aqueous 1.97 × 

10−7 M solution diluted with 2 mL of CH3OH (black line), upon the addition of 240 µL 

of a 2.07 × 10−5 M porphyrin CH3OH solution (red line, corrected for the volume 

variation), and upon the addition of 450 µL of a 2.07 × 10−5 M porphyrin CH3OH 

solution (blue line, corrected for the volume variation), and of (b) the centrifuged same 

Au NPs–porphyrin solution deposited on quartz substrates, in the 430–850 nm 

wavelength range. The red arrows indicate the four Q-bands at 513.6, 547.8, 590.6, and 

642.0 nm and the black arrow indicates the Au NPs surface plasmon resonance that, in 

solution, moved from 520.4 to 612 nm and on quartz substrates moved from 559 to 595 

nm. 

It is important to point out that, in these conditions, we have obtained Au 

NPs–porphyrin nanostructures showing both strong surface plasmon resonance 

and strong luminescence signals. Therefore, the gold–porphyrin assembly 
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continues to show the surface plasmon resonance that is typical of 

semiconducting Au nanoparticles and that, in contrast, disappears on bulk gold. 

Consequently, the whole Au NPs–porphyrin assembly behaves as a 

semiconductor, thanks to the extensive electron conjugation granted by the 

porphyrin molecules that work as the wiring between the different Au NPs.  
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Conclusions 

In this chapter, the bottom-up approach was used for the fabrication of 

nanoscale assemblies of Au nanoparticles self-assembled through a new bi-

functional porphyrin molecule. In total, 95% of the porphyrin molecules are 

bound to the surface of gold NPs by one triazine side/leg and some of them, lying 

close to the core-to-core axis, are bridging different gold nanoparticles. This 

functional architecture exhibits a strong surface plasmon, due to the Au 

nanoparticles, and a strong luminescence signal coming from porphyrin 

molecules, thus, giving a new optical material with unique characteristics, like 

those of highly organized networks. Therefore, the present network organization 

continues to grant the Au surface plasmon resonance typical of Au single 

nanoparticles, while it is well known that bulk Au loses this property, and also 

grants the porphyrin luminescence that, in contrast, is lost in aggregated 

porphyrin systems because of - stacking interactions.  

In summary, this artificial Au NPs network may be used for plasmon-

enhanced fluorescence, heat generation, photocatalysis, nonlinear optics, solar 

cells, nanofluidics, photoacoustic, photothermal imaging, cancer therapy, drug 

delivery, nanotherapeutics, etc., under atmospheric conditions, since our system 

is not reactive to air nor to water and does not need to be stored in a vacuum or 

inert gas. 
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Chapter 3 

Optical Properties of Emitting Dyes Bound 

to Au Nanostructures 

In the previous chapter, we focused our attention on fabricating nanoscale 

assemblies of Au nanoparticles self-assembled through a novel bi-functional 

porphyrin molecule useful for plasmon-enhanced fluorescence, photocatalysis 

and photothermal imaging applications. Other important luminescent systems 

are lanthanide complexes. In fact, lanthanides have exceptional luminescent 

characteristics such as high luminous intensity, long fluorescence lifetime, large 

Stokes shifts and sharp emission profiles from the f−f electron transitions which 

make them useful in fluorescence, DNA hybridization, cell activity, bioimaging 

assays etc..137-145 

Besides, photoluminescence (PL) of trivalent europium ions, upon ultraviolet 

light irradiation, is involved in efficient light-conversion molecular devices.146 

In addition, because of the effective intramolecular energy transfer from the 

coordinated ligands to the luminescent central lanthanide ion, emission of 

Eu(III) results in being strongly influenced by its environment.147, 148 

As mentioned above, gold nanoparticles can alternatively be luminescent or 

plasmonic. Lanthanide complexes bound to nanometre-sized gold nanoparticles 
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could overcome this problem. In this context, we experimentally investigated 

luminescence quenching for europium complexes bound to Au nanostructures. 

We have studied this effect for two very similar europium complexes, one of 

which can covalently assemble on gold nanoparticle surfaces while the other 

cannot do it. We found that the Au nanostructures covalently surrounded by the 

Eu complex remained plasmonic and luminescent, while a total emission 

quenching was observed for the Eu complex not suited to covalent interact with 

the Au nanostructures. This behaviour was rationalized in terms of through bond 

vs. through space interactions between the Eu complex and the Au nanoparticles. 

The present nanostructures can be useful for all applications requiring plasmonic 

emitters. 
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3.1 Gold−Eu Nanostructures: Through Bond vs. 

Through Space Interactions 

Nanostructures comprised of emissive europium (III) complexes143 on 

plasmonic gold nanoparticles28, 29, 96, 121, 149-151 could combine their distinctive 

properties thus greatly enhancing the range of optical applications.152-160 

Unfortunately, pronounced fluorescence quenching of emitting dyes chemically 

bound to Au NPs has already been observed.131-136 In some studies, it emerged 

that quenching was caused not only by an increased non-radiative rate but, 

equally important, by a drastic decrease in the dye’s radiative rate.131 

Additionally, it has been shown reduced fluorescence, for particular Au NPs – 

dye distances, governed by a phase-induced suppression of the radiative rate.132 

The strongly distance-dependent fluorescence quenching in Au NPs covered 

with some polyelectrolytes has been ascribed to the fact that gold nanoparticles 

decrease the transition probability for radiative transitions.133 Furthermore, it has 

been reported that the quenching behaviour may be a function of the separation 

distance from dye to the surface of the nanoparticle, and that energy transfer to 

the metal surface is the dominant quenching mechanism.134-136  

In contrast, enhanced luminescence for emissive chromophores is an optical 

phenomenon that involves two or more associated photo-physical events such as 

Rayleigh scattering and surface plasmon resonance. Metallic nanostructures as 

Au or Ag NPs show surface plasmons that can experience resonance with an 

external electromagnetic source, thus enhancing optical effects. Apart from the 

plasmon enhancement effects observed in localised surface regions of 
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nanomaterials such as Au NPs, switching of a part of this energy via dipole-

dipole interactions can enhance luminescence and light scattering in the emissive 

molecules in close proximity. This plasmon resonance energy transfer strongly 

depends upon the overlap of the plasmon frequency of the metallic nanomaterials 

and the electronic states of the emissive molecule.161-165 Therefore, a delicate 

balance between these two quenching and enhancing effects will govern the final 

optical properties of emissive chromophores - noble metal nanomaterial hybrids. 

On this basis, in the present study, we investigated the optical properties of 

two very similar, high stable, Eu-complexes in solutions of Au nanostructures: 

tris(dibenzoylmethane) mono(5-amino-1,10-phenanthroline)europium (III) (1, 

Figure 3.1), hereafter EuNH2@Au, and tris(dibenzoylmethane) mono(1,10-

phenanthroline)europium (III) (2, Figure 3.2), hereafter Eu@Au. Results 

indicated that covalent assembly in EuNH2@Au granted a better optical 

performance to the final nanostructures that remained both plasmonic and 

luminescent and this behaviour was rationalized in terms of through bond vs. 

through space interactions. To our knowledge, this represents one of the few 

cases of europium - Au NPs plasmonic and luminescent nanostructures.152-160 

 

Figure 3.1. Structure of the tris(dibenzoylmethane) mono(5-amino-1,10-

phenanthroline)europium (III) complex (1). 
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Figure 3.2. Structure of the tris(dibenzoylmethane) mono(1,10-

phenanthroline)europium (III) complex (2). 

3.2 Synthesis of the Eu@Au and EuNH2@Au 

The synthesis of the Au NPs solution was performed as reported in the 

previous chapter.57 These Au NPs resulted in high stability being the UV-vis 

spectrum recorded after seven months from the synthesis identical to that 

obtained soon after the synthesis (Figure 2.13).  

Then, we added 90 µL of acetonitrile to 10 µL of this previous solution, thus 

obtaining 100 µL of a 1.97 × 10-8 M (1.97 × 10-12 mol) Au NPs (CH3CN/H2O 

9:1 v/v) solution. At that point, we dropwise added (in 350 min) these 100 µL of 

the 1.97 × 10-8 M Au NPs solution to 1.5 mL of 1 1.77 × 10-5 M (2.65 × 10-8 

mol) CH3CN solution, to get EuNH2@Au covalent nanostructures, thanks to the 

ability of the –NH2 group of this Eu complex to coordinated Au NPs.36, 57-59 A 

similar synthesis was performed using a solution of 2, that differs from 1 just 

because of the absence of the –NH2 group and therefore is not able to covalently 

coordinate the Au NPs, to get Eu@Au. Note that both total Au NPs and mols of 



Chapter 3 – Gold−Eu Nanostructures 

50 
 

each different Eu (III) complex are identical in the two experiments. In addition, 

the final total volume for both experiments was 1.6 mL. 

3.3 Characterization and Properties of the Eu@Au 

and EuNH2@Au Nanostructures 

After having preliminary reduced Au3+ with sodium citrate to obtain Au NPs, 

we decorated them with 1 or 2 complex molecules.56 In particular, 1 has an amine 

group useful to displace the citrate anion and covalently bind the Au NPs surface 

(Scheme 3.1), as already reported for similar systems.36, 57-59 In contrast, this 

group is absent in 2 that cannot covalently bind the Au NPs.66, 166-168  

 

Scheme 3.1. Reaction pathway for the assembly of 1 or 2 on Au NPs to get the covalent 

EuNH2@Au or ionic Eu@Au nanostructures. 

The rationalization of the electronic structure of both EuNH2@Au and 

Eu@Au nanostructures is fundamental to investigate the Au – Eu electron 
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interactions that are at the basis of the coupling of the Au plasmon resonance 

with the Eu(III) luminescence emission, and XPS represents the most suited tool 

to accomplish this task.118-120  

Figure 3.3 shows the high-resolution XP spectra for both EuNH2@Au and 

Eu@Au nanostructures, in the Au 4f binding energy region. The Au 4f7/2,5/2 spin-

orbit components of Eu@Au nanostructures were observed at 83.7 and 87.3 eV 

(3.6 eV spin-orbit coupling), respectively, while these states lie at 83.3 and 87.0 

eV (3.7 eV spin-orbit coupling), respectively, in the case of EuNH2@Au 

nanostructures. In both cases, these binding energy values are consistent with 

Au0 states.169 The ~ 0.4 eV lower binding energy of the Au 4f levels of 

EuNH2@Au with respect to binding energy values observed for Eu@Au 

nanostructures is in tune with the strong electron-donating capability of the -NH2 

group of the amino-phenanthroline ligand to the positively charged Au NPs 

surfaces.57, 169 

 

Figure 3.3. Al-K excited XPS of the centrifuged and washed with CH3CN 

EuNH2@Au (red line) and Eu@Au (black line) nanostructures in the Au 4f binding 

energy region. The two spectra have been normalized to the same intensity. 
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Figure 3.4 shows the high-resolution XP spectra of EuNH2@Au and Eu@Au 

nanostructures in the Eu 3d binding energy region. The binding energies of the 

3d5/2,3/2 spin-orbit doublet for Eu@Au are at 1136.0 and 1165.9 eV, respectively 

(29.9 eV spin-orbit separation), while those for EuNH2@Au are at 0.3 eV higher 

binding energy.170, 171 These results, consistent with Eu(III) states, once more 

stress that, the transferring of electrons to the positively charged Au NPs 

surfaces, via the -NH2 group the amino-phenanthroline ligand, makes poorer the 

Eu ions whose 3d level ionizations now are at 0.3 eV higher binding energy.  

 

Figure 3.4. Al-K excited XPS of the centrifuged and washed with CH3CN 

EuNH2@Au (red line) and Eu@Au (black line) nanostructures in the Eu 3d binding 

energy region. The two spectra have been normalized to the same intensity. 

Figure 3.5 shows the high-resolution XP spectra for Eu@Au and 

EuNH2@Au in the N 1s binding energy region. The N 1s spectrum for Eu@Au 

shows only one band centered at 399.8 eV, due to the two nitrogen atoms of the 

phenanthroline ligand while, in the case of EuNH2@Au, a careful fitting of the 
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experimental profile required two Gaussian components centred at 398.6 and 

400.1 eV (1:2 intensity ratio). The component at 398.6 eV is assigned to the 

ionization of the nitrogen of the amine group (-NH2), and that at 400.1 eV is due 

to the above-mentioned two nitrogen atoms of the phenanthroline ring that now 

lie at 0.3 eV higher binding energy with respect to the Eu@Au system, in tune 

with some electron depletion of the phenanthroline when its –NH2 group donates 

to the positively charged surfaces of Au NPs.172, 173 

 

Figure 3.5. Al-K excited XPS of the centrifuged and washed with CH3CN Eu@Au 

(black line) and EuNH2@Au (red line) nanostructures in the N 1s binding energy region. 

For EuNH2@Au, magenta and cyan lines represent the two Gaussian components at 

398.6 and 400.1 eV, respectively; the green line refers to the background and the blue 

line, superimposed to the experimental profile refers to the sum of the Gaussian 

components. The two spectra have been normalized to the same intensity. 

The XPS surface atomic concentration analyses indicated Eu/Au atomic 

ratios of 1.5 for EuNH2@Au and of 0.1 for Eu@Au. This experimental evidence 

finds a counterpart in TEM and EELS data (vide infra) and suggests that the 

concentration of the overlay of 1 on the Au NPs is 15 times larger than that of 2. 
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This result is not unexpected since 1 can covalently bind, and therefore organize 

on the Au NPs while 2 cannot do it. In this context, given the mean radius of the 

Au NPs ~ 5 nm, XPS should be able to probe almost a half of the Au NP 

thickness, being the probed depth about three times the electron inelastic mean 

free path of the Au 4f electrons (~ 16.3 Å for electron kinetic energy of ~ 1400 

eV).174 

DLS analysis of as-synthesized aqueous Au NPs solution (Figure 3.6) 

indicated a prevailing hydrodynamic radius (RH) value of 5.6 nm and a radius 

distribution in the 2.7 - 10.6 nm range. These values include the citrate capping 

layer that covers the Au NPs. In fact, the TEM means radius resulted in 4.8 nm 

(vide infra). 

 

Figure 3.6. DLS of Au NPs in water solution. 

The TEM microscopy of the Au NPs, EuNH2@Au and Eu@Au 

nanostructures is reported in Figure 3.7. Single and highly dispersed Au 

nanoparticles, having a mean radius of about 5 nm (10 nm diameter), have been 
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obtained from the reduction of the tetrachloroauric acid with sodium citrate 

(Figure 3.7a). Furthermore, we observed that the Au NPs mainly show the (111) 

plane with a 2.36 Å interplanar distance (Figure 3.8). In presence of 1, Au 

nanoparticles show a contour of ~ 1 nm around each Au NP (Figure 3.7b, c). In 

contrast, no contour at all is evident for Au nanoparticles in presence of 2 (Figure 

3.7d). It is important to stress that 1 can covalently coordinate to the Au NPs 

while 2 cannot do it. Therefore, the texture surrounding the Au NPs represents 

complex 1 covalent assembled on gold nanoparticles. 

 

Figure 3.7. TEM images of: (a) Au nanoparticles obtained from the reduction of the 

tetrachloroauric acid with sodium citrate; (b) Au nanoparticles reacted with 1; (c) 

expanded scale of Au nanoparticles reacted with 1 showing a contour of ~ 1 nm around 

each Au NP; (d) Au nanoparticles reacted with 2.  
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Figure 3.8. HAADF-STEM at atomic resolution showing a representative Au NP highly 

oriented towards the (111) plane with an interplanar distance of 2.36 Å. 

We analyzed the chemical composition of these assemblies by Electron 

energy loss spectroscopy (EELS) and the results are indicative of Au 

nanoparticles surrounded by a thin layer of an Eu-complex, in the case of 1 

(Figure 3.9), while 2 on Au NPs is negligible (Figure 3.10). 

 

Figure 3.9. EELS of Au nanoparticles reacted with 1 (EuNH2@Au) showing: Au (left), 

Eu (middle) and both Au-Eu (right) for a representative Au NP. 
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Figure 3.10. EELS of Au nanoparticles reacted with 2 (Eu@Au) showing: Au (left), Eu 

(middle) and both Au-Eu (right) for a representative Au NP. 

It is well known that Au NPs can either be luminescent or plasmonic and this 

restricts many possible applications as an optical material. Therefore, the goal 

we would achieve with this functional architecture is to maintain the surface 

plasmon resonance, typical of Au nanoparticles, as well as the luminescence 

signal, coming from the Eu complex. Figures 3.11 and 3.12 show the UV-visible 

spectra of EuNH2@Au and Eu@Au, upon the additions of the Au NPs solution 

to solutions of 1 and 2. We continued the addition of the Au NPs solution until 

detected zero-emission for one of the two investigated systems (vide infra). The 

final CH3CN/H2O 99.375:0.625 v/v solution is 1.23 × 10-9 M in Au NPs and 1.66 

× 10-5 M in 1 or 2. For EuNH2@Au, there is evidence of a strong band at 340.4 

nm and of a broad envelope extending from 225 to 300 nm with peaks at 232.2, 

252.8 and 280.8 nm, all of them attributed to the π–π* transitions of the large π-

conjugated system.170, 175 The Inset shows the 400-900 nm expanded scale and 

highlights the intensity increase of the surface plasmon resonance due to the Au 

NPs, whose position, now at 522.2 nm, is slightly affected by the Eu-complex 

coordination (see also the UV-vis of the as-synthesized Au NPs in Figure 2.13). 

The main band of the Eu complex show an evident and monotonic intensity 
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increase upon the addition of Au NPs, thus indicating a gradually increase of the 

extinction coefficient of EuNH2@Au from 68700 (that of 1) to 83600 M-1cm-1. 

  

Figure 3.11. Selected UV-vis spectra of 1.5 mL of 1 1.77 × 10-5 M (2.65 × 10-8 mol) 

CH3CN solution (black line), and upon the addition of 10 (red line), 20 (green line), 30 

(blue line), 40 (cyan line), 50 (magenta line), 60 (yellow line), 70 (dark yellow line), 80 

(navy line), 90 (purple line) and 100 (orange line) µL of a 1.97 × 10-8 M (1.97 × 10-12 

mol) Au NPs (CH3CN/H2O 9:1 v/v) solution (final total volume 1.6 mL CH3CN/H2O 

99.375:0.625 v/v). The final concentrations of 1 and Au NPs are 1.66 × 10-5 M (2.65 × 

10-8 mol) and 1.23 × 10-9 M (1.97 × 10-12 mol), respectively. All spectra have been 

corrected for the volume variation. Inset: expanded scale of the 400-900 nm wavelength 

range.  

Figure 3.12 shows the UV-visible spectra of Eu@Au upon the additions of 

the Au NPs solution. In analogy with the previous case, we noted a strong band 

at 340.1 nm and, at variance, now we did not observe any broad envelope but 

strong peaks at 228.3 and 261.0 nm, being the last one representative of the 

previous 252.8 and 280.8 nm small peaks of EuNH2@Au. Also, in this case, the 

Inset shows the intensity increase of the surface plasmon resonance, at 521.6 nm, 
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due to the Au NPs, whose highest intensity is ~ 20% less intense than that 

observed for EuNH2@Au. 

 

Figure 3.12. Selected UV-vis spectra of 1.5 mL of 2 1.77 × 10-5 M (2.65 × 10-8 mol) 

CH3CN solution (black line), and upon the addition of 10 (red line), 20 (green line), 30 

(blue line), 40 (cyan line), 50 (magenta line), 60 (yellow line), 70 (dark yellow line), 80 

(navy line), 90 (purple line) and 100 (orange line) µL of a 1.97 × 10-8 M (1.97 × 10-12 

mol) Au NPs (CH3CN/H2O 9:1 v/v) solution (final total volume 1.6 mL CH3CN/H2O 

99.375:0.625 v/v). The final concentrations of 2 and Au NPs are 1.66 × 10-5 M (2.65 × 

10-8 mol) and 1.23 × 10-9 M (1.97 × 10-12 mol), respectively. All spectra have been 

corrected for the volume variation. Inset: expanded scale of the 400-900 nm wavelength 

range.  

Figure 3.13 shows the emission spectra for solutions of 1 and 2 bare 

complexes, whose intensities at 612 nm were normalized to 100 to make some 

important relative comparisons. The band at 488 nm was observed only for 1 

and is due to the presence of the amino group on the phenanthroline ligand. The 

absence of this amino group in 2 causes the total absence of this band in its 

emission spectrum. The transition band 5D0 → 7F2 at 612.0 nm indicates that 
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both Eu3+ complexes efficiently emit red light.176 In this context, filled 5s2 and 

5p6 levels shield 4f orbitals from ligand field effects so that 4f levels in 

lanthanide compounds have generally been considered essentially atomic in 

nature and simple spectators with respect to the chemical bond.177-179 This 

certainly holds for ionic oxides and halogenated lanthanides.177-179 In contrast, 

quantum mechanical calculation combined with photoelectron spectroscopic 

studies highlighted some lanthanide-ligand covalency in discrete organometallic 

molecules.179-182 In addition, because of the effective intramolecular energy 

transfer from the coordinated ligands to the luminescent central lanthanide ion, 

emission of Eu(III) results to be strongly influenced by the metal environment.183 

In fact, Eu(III) has five narrow emission bands corresponding to the 5D0 → 7FJ 

transitions, where J = 0, 1, 2, 3, 4, 5, 6 and the cross-section for the 5D0 (lowest 

excited state) → 7F0-6 (ground states) transitions depends on the Eu site 

symmetry.183 Eu(III) in sites with inversion symmetry shows the magnetic-

dipole 5D0 → 7F1 transition at 590 nm whilst, Eu(III) in sites with no inversion 

symmetry undergoes the electric-dipole 5D0 → 7F2 strong transition with 

emissions in the 610-620 nm range.183 In practice, the various states arising from 

fn configurations are split by external fields only to a small extent (100 

cm−1).180, 183 Therefore, even though with different intensities, both electric- and 

magnetic-dipole transitions are evident in emission spectra of Eu(III)-containing 

materials.  
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Figure 3.13. Relative emission spectra of 1 (red line) and 2 (black line) CH3CN 1.77 × 

10-5 M solution; λexc = 380 nm. 

Figure 3.14 shows the variation of the intensity emission for both 1 and 2, 

measured at 612 nm, upon the addition of Au NPs to get EuNH2@Au and 

Eu@Au and Figures 3.15-3.16 show these emission spectra. 

A strong plasmonic quenching of this Eu(III) emission intensity is evident, 

as already observed in many cases where Au NPs are mixed with fluorescent 

molecules.152-160 In contrast, the emission centred at 488 nm (Figure 3.13), due 

to the 5-amino-1,10-phenanthroline ligand, gradually increased up to 36% of its 

initial intensity and moved to 497 nm. Worthy of note, (vide supra), we did not 

observe any concentration-dependent quenching of absorption but, in contrast, 

for these systems we noted an increase of the Eu-complex  value. The binding 

of Au NPs with luminescent dyes could lead to coupling of plasmonic mode with 
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molecular mode but, in the present case, no peaking splitting was observed.128-

130 As mentioned above, we continued the addition of the Au NPs solution until 

detected zero-emission at 612 nm for one of the investigated systems and 

observed that, when Eu@Au was not emitting any more, in contrast, the 

emission of EuNH2@Au reached a plateau with some residual, but significant 

intensity. At this point the emission band centered at 488 nm (now at 497 nm) 

for EuNH2@ Au has not undergone any quenching, indeed it is now 136% more 

intense than the starting band, while the emission at 612 nm is now only 6% of 

its initial intensity. 

Such an increase in the luminescence of the emission at 497 nm may be 

explained by the fact that the electronic system of metallic nanostructured 

surfaces interacts with the photonic emission from fluorophores thus resulting in 

signal enhancement and this phenomenon is called surface plasmon coupled 

emission.161, 184  

Plasmonic near-field enhancement is a phenomenon that involves 

competition among emission or excitation enhancement and quenching. Both 

phenomena largely depend upon the distance between the metal surface and the 

fluorophores. Therefore, we modelled the ground state Eu(III) complex 1 

anchoring geometry using the Sparkle/PM6 model implemented in the 

MOPAC2012 semi-empirical software.185 The MOPAC keywords used in the 

semiempirical Sparkle/PM6 calculations were: PRECISE, GEO-OK, GNORM 

= 0.25, SCFCRT =1.D-10 and XYZ. 

The resulting pseudo-tetrahedral angle of the lone pair of the amino group 

with respect to the hydrogen atoms is 111° instead of 109°. These results indicate 

that the Eu-complex molecules are tilted by 69° with respect to the normal to the 
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Au NPs surface. The distance between the Eu(III) ion and the -NH2 lone pair is 

10.2 Å and the separation distance between the Eu(III) and the Au NPs surface 

is 9.5 Å. 

 It has already been reported that AuNPs decrease the transition probability 

for radiative transitions and effectively quench the fluorescence of dye 

molecules even for dye-Au NP separation distances as long as 22 nm.186 

Moreover, the strong fluorescence quenching, caused by energy transfer from 

the excited dye molecules to the AuNP, occurs with efficiencies as high as 95%. 

Therefore, the energy transfer to the metal surface is the more dominant 

quenching mechanism and this may explain why in solution, molecules of 1 and 

2 suffer a strong emission quenching.134-136 

  

Figure 3.14. Relative variation of the intensity emission measured at 612 nm, for both 

1 and 2 upon the addition of the Au NPs 1.97 × 10-8 M CH3CN/H2O 9:1 v/v solution (2 

 100 L), to get EuNH2@Au and Eu@Au, respectively. 
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Figure 3.15. Selected emission spectra of 1.5 mL of 1 1.77 × 10-5 M (2.65 × 10-8 mol) 

CH3CN solution (black line), and upon the addition of 10 (red line), 20 (green line), 30 

(blue line), 40 (cyan line), 50 (magenta line), 60 (yellow line), 70 (dark yellow line), 80 

(navy line), 90 (purple line) and 100 (orange line) µL of a 1.97 × 10-8 M (1.97 × 10-12 

mol) Au NPs (CH3CN/H2O 9:1 v/v) solution (final total volume 1.6 mL CH3CN/H2O 

99.375:0.625 v/v). The final concentrations of 1 and Au NPs are 1.66 × 10-5 M (2.65 × 

10-8 mol) and 1.23 × 10-9 M (1.97 × 10-12 mol), respectively. All spectra have been 

corrected for the volume variation. 

 

Figure 3.16. Selected emission spectra of 1.5 mL of 2 1.77 × 10-5  M (2.65 × 10-8 mol) 

CH3CN solution (black line), and upon the addition of 10 (red line), 20 (green line), 30 
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(blue line), 40 (cyan line), 50 (magenta line), 60 (yellow line), 70 (dark yellow line), 80 

(navy line), 90 (purple line) and 100 (orange line) µL of a 1.97 × 10-8 M (1.97 × 10-12 

mol) Au NPs (CH3CN/H2O 9:1 v/v) solution (final total volume 1.6 mL CH3CN/H2O 

99.375:0.625 v/v). The final concentrations of 2 and Au NPs are 1.66 × 10-5 M (2.65 × 

10-8 mol) and 1.23 × 10-9 M (1.97 × 10-12 mol), respectively. All spectra have been 

corrected for the volume variation. 

We centrifuged, washed until no UV-signal of any Eu(III) complex was 

observed in the supernatant, re-dissolved by sonication the EuNH2@Au in 1.6 

mL of CH3CN and measured its UV-vis spectrum (Figure 3.17). 

 

Figure 3.17. UV-vis spectrum of the EuNH2@Au 7.87 × 10-10 M Au NPs solution, after 

centrifugation, washing and re-dissolution by sonication in CH3CN. 

This spectrum is dominated by the surface plasmon resonance of the Au NPs 

at 529.4 nm. Moreover, the shoulders at 232.6 and 252.8 nm and the bands at 

290.0 and 340.4 nm are close to those already observed for the solution of 

EuNH2@Au shown in Figure 3.11 and indicate that this residual absorbance was 

granted by the Eu(III) monolayer covalently bound to the Au NPs. The surface 
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coverage of the Au NPs with europium molecules was calculated using the 

Beer−Lambert law, (A = cl, where A is the absorbance, l is the path of the quartz 

cell (1 cm),  and c are the extinction coefficient and the concentration of the 

EuNH2 molecules covalently bound to the Au NPs surface, respectively). The 

intensity of the Au NPs SPR band after centrifugation and sonication is 64% of 

that observed in Figure 3.11. Then, we can safely assume that the concentration 

of Au NPs is now 64% of the starting one (1.23 × 10-9 × 0.64 = 7.87 × 10-10 M, 

1.26 × 10-12 mol). By taking into account the  value of 83600 M− 1 cm− 1 for the 

band at 340.4 nm of EuNH2 in CH3CN (Abs = 0.012), the calculated number of 

Eu molecules covalently bound to the centrifuged Au NPs is 1.38 × 1014. This 

means that 181 molecules of 1 are bound to each Au NP whose surface area is 

314 nm2 (area of a sphere of 5 nm radius) thus giving a footprint of 1.73 nm2 for 

each Eu molecule. Both these values are highly reasonable, in tune with many 

already reported data for similar systems, and state the presence of a monolayer 

of 1 around each Au NP with a full surface coverage.155, 171 In addition, this 

footprint is also in agreement with the Eu molecule’s cross-sectional area of 201 

Å2 previously estimated with the Gaussian 03 code.170 Also the UV-vis spectrum 

of Eu@Au, after centrifugation, washing and re-dissolution by sonication in 

CH3CN is dominated by the Au plasmon resonance band at 522.0 nm but it does 

not show any relevant Eu absorbance bands, in tune with the overall previously 

discussed results (Figure 3.18). 
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Figure 3.18. UV-vis spectrum of the Eu@Au 7.87 × 10-10 M Au NPs solution, after 

centrifugation, washing and re-dissolution by sonication in CH3CN. 

Then we measured also the emission spectrum of these centrifuged, washed 

and re-dissolved EuNH2@Au 7.87 × 10-10 M in CH3CN (Figure 3.19) and 

observed residual emissions at 488 and 612 nm granted by the Eu(III) monolayer 

covalently bound to the Au NPs.  

 

Figure 3.19. Emission spectrum of the EuNH2@Au 7.87 × 10-10 M Au NPs solution 

(1.65 × 10-7 M in Eu(III)), after centrifugation, washing and re-dissolution by sonication 

in CH3CN, showing residual emissions at 488 and 612 nm; λexc = 380 nm.  
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The intensity of the remaining emission due to the Eu(III) at 612 nm is 1 % 

of the starting intensity. If this emission is due to 1% of the starting Eu-complex 

molecules (corresponding to 2.65 × 10-10 mol = 1.60 × 1014 Eu-complex 

molecules), this value is very close to that obtained by UV-vis data (1.38 × 1014) 

and further confirms the presence of a monolayer of Eu-complex molecules on 

each Au NPs. As a result, we synthesized EuNH2@Au nanostructures that 

remained plasmonic and relatively emissive and this means that the strongly 

different assembly modes of 1 and 2 on Au NPs govern this property. In this 

context, TEM results indicated that, thanks to its amino group, 1 surrounds Au 

NPs and this, in turn, grants a better optical performance to the final 

nanostructures that remain both plasmonic and luminescent.57 We suppose that 

this is the case of covalent-assembly of 1 through bonds on Au NPs. Also, XPS 

demonstrated that the number of the Eu-complex molecules bound to Au NPs is 

15 times larger in case of 1, with respect to that of 2. Therefore, the through-

bond interaction by the –NH2 group and the Au NPs causes a change in the 

electronic structure of 1 that disfavors some energy transfer to the Au metal 

surface and assures some remaining Eu luminescence. In contrast, 2 is only 

physisorbed, mainly through weak interactions, on Au NP surfaces, and the 

through-space Eu(III) complex – Au NPs interaction causes a complete 

quenching of the Eu(III) emission. 
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Conclusions  

In this chapter, it was shown the synthesis of Au nanoparticles decorated 

with two slightly different Eu(III) complexes. Both functional architectures 

exhibit a surface plasmon, due to the Au nanoparticles but only EuNH2@Au 

maintains, in addition, some luminescence signal, thus giving a new optical 

material having unique characteristics. The difference between the two 

nanostructures is represented by the possibility of 1 to covalent assembly on the 

Au NPs and, therefore, interact through bond with them. Apparently, the 

covalent N-Au interaction in EuNH2@Au limits some energy transfer to the 

metal surface that would result in a total quenching mechanism. In contrast, 2 

can only interact through space with Au NPs. This different interaction preserves 

some emission intensity in the EuNH2@Au while a total emission quenching 

was observed for Eu@Au. In summary, from our study, it emerges that the 

covalent dye-Au NP interaction hinders some Eu(III) emission quenching 

mechanisms. In addition, we observed an increase in luminescence of the 

emission at 497 nm of the amino-phenanthroline due to surface plasmon coupled 

emission. Therefore, the present EuNH2@Au nanostructures can be useful for 

all applications requiring plasmonic emitters under atmospheric conditions since 

our system is not reactive to air nor to water and does not need to be stored in 

vacuum or inert gas.  

. 
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Chapter 4 

Core–Shell Plasmonic Nanostructures for 

Environmental Applications 

In the previous chapters of this thesis, it has been shown that the properties 

of the synthesized hybrid nanostructures are strongly dependent on the electronic 

structure of the emissive molecules bound to plasmonic Au nanoparticles. 

Now we want to investigate some semiconductor photocatalysts that are a 

class of emerging nanomaterials that show many applications comprising the 

degradation of toxic pollutants in wastewater. When the photocatalytic 

semiconductor is exposed to photons having energy equal to or higher than its 

bandgap, the generated electron−hole pairs can react with atmospheric oxygen 

and produce highly reactive oxygen species suitable to promote oxidation 

processes for the degradation of many organic compounds.  

However, the major disadvantage of some of these materials is due to the 

wide-bandgap that makes them promising for ultraviolet (UV) detection but less 

efficient for sun-driven applications. So, one way to overcome this limitation is 

the synthesis of hybrid metal-semiconductor photocatalysts based on inorganic 

semiconductors, especially metal oxides, and noble metal plasmonic 

nanoparticles. In particular, the core-shell structure, in which a very thin shell 
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layer of metal oxide surrounds the noble metal nanoparticle core, has significant 

potential application as a photocatalyst because the presence of noble metal 

improves solar light-harvesting capacity, enhance the efficiency of the interfacial 

charge separation process and as well as reduce the recombination possibilities 

of hole and electron pair which initiated the photocatalytic reaction. 

Noble metal nanoparticles such as Ag, Au, Pd and Pt in ZnO materials 

increase the lifetime of e−/h+ pairs due to their plasmon resonance produced by 

the collective oscillations of surface electrons (Figure 4.1). 

 

Figure 4.1. SPR effect on Au_ZnO core−shell nanoparticles. 

In this context, Au_ZnO core−shell nanoparticles are promising for 

applications in the fields of photocatalysis because of the coupling of surface 

plasmon resonance of Au NPs with the exciton emission in the ZnO shells 

represents the best-suited way to boost photodetection.  
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4.1 Sun Light Photocatalytic activity of Au_ZnO 

Core–Shell Nanoparticles  

The need of clean water is one of the main urgent problems of humanity. 

Typical wastewater treatments (filtration, chlorination, desalination, reverse 

osmosis, etc.) suffer from severe limitations because of the ineffective 

decontamination and/or elevate related costs. In this context, the peculiar 

properties of some new nanostructures may overcome these issues and promote 

unconventional water purification methods.   

From this perspective, the ZnO-based photocatalyst has attracted great 

attention because of the low cost of ZnO and its excellent stability, abundance, 

and photoactivity. The main disadvantage of ZnO is the wide-bandgap that 

makes it promising for UV detection but less efficient for visible sun-driven 

applications. ZnO is a semiconductor with a wide-bandgap of about 3.37 eV, a 

large free exciton binding energy of 60 meV and a high electron mobility of ∼ 

400 cm2 V−1 s−1.187, 188 It shows a great surface area/volume ratio, quantum 

confinement effect and is an exceptional electronic and photonic material that 

finds applications in dye-sensitized solar cells, field emission devices, sensors, 

catalysis, light-emitting diodes etc.189 

However, noble metal–ZnO composite nanostructures may overcome this 

problem as noble metal nanoparticles absorb visible light and generate localized 

surface plasmon resonances, useful to enhance photodetection of visible–

light.190 Therefore, the conjugation of gold NPs and the wide-bandgap ZnO 
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semiconductor is one of the most suitable ways to enhance ultraviolet–visible 

(UV–vis) photodetection.169, 191, 192  

In this context, there have been many reports concerning the photocatalytic 

activity of Au on ZnO materials, useful in many different technological fields.193-

201 Conversely, a few studies of Au_ZnO having a core-shell structure (ZnO shell 

on Au NPs core) have been reported. Between them, the optical properties of 

ZnO shell grown on Ag and Au nanoparticle cores by a solution method, have 

been investigated.202 It was found that both the ZnO/Ag and ZnO/Au particles 

exhibit strongly enhanced near-band-edge UV exciton emission from the ZnO 

shells of coupling with surface plasmon resonance of the metal nanoparticles. 

These observations suggested the suitability of metal NPs for improving optical 

detection. 

In another study, Au/ZnO core–shell NPs with different shell thicknesses 

were obtained by chemically depositing zinc oxide on gold NPs surfaces.203 A 

significant effect on the photoluminescence intensity and shortening of the decay 

time of the Rhodamine 6G dye in presence of Au/ZnO core–shell NPs was 

observed. The current–voltage curve of hybrid Au/ZnO exhibited a rectifying 

nature and represented the n-type Schottky diode characteristics with a typical 

turn-on voltage between 0.6 and 1.3 V. It was also found that the rectifying ratio 

increases with decreasing the thickness of the ZnO shell, whereas the electrical 

transport through the core–shell was similar to what was observed for pure ZnO 

sample NPs. Also, the nature of the O vacancy in graphitic-like ZnO bilayer 

films supported on Cu, Ag, and Au(111) surfaces was studied by quantum 

mechanical calculations.204 Furthermore, hybrid semiconductor plasmonic 

nanostructures of zinc oxide on gold NPs were synthesized by direct addition of 
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ZnO quantum dots to aqueous dispersions of gold nanoparticles of different sizes 

and so forth.205  

Recently, we obtained some core–shell Au_ZnO NPs by reacting zinc citrate 

Zn3(C6H5O7)22H2O and HAuCl43H2O in a one-pot synthesis in which the [Zinc 

Citrate]- complex (Figure 4.2) acted as the ZnO precursor, a reducing agent for 

Au3+, and a capping anion for the obtained Au NPs (Figure 4.3).169 Transmission 

electron microscopy (TEM) and energy dispersive X-ray (EDX) measurements 

provided evidence of Au(111) NPs with a mean radius of about 5 nm, surrounded 

by 2 nm layer of [Zinc Citrate]- that evolved in Au_Zn(OH)2 and then in 

Au_ZnO. 

Therefore, in the present investigation, we report on the photocatalytic 

activity of the above-mentioned Au_ZnO core–shell nanoparticles, prepared by 

a one-pot synthesis, toward a standard methylene blue (MB) solution, according 

to ISO 10678:2010. Worthy of note, sun light was used as the irradiation source, 

and observing a fast and efficient MB decomposition. Finally, we accurately 

calculated the number of adsorbed photons, the reaction rate, and the quantum 

efficiency.  

 

Figure 4.2. Structure of the [Zinc Citrate]- complex. 
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Figure 4.3. Schematic draw of the Au NPs capped with the ZnCit- anion. 

4.2 One-Pot Synthesis of Au_ZnO Core–Shell NPs 

The synthesis of Au NPs capped with ZnO nanoparticles was performed as 

previously reported.169 In particular, an appropriate quantity of zinc citrate 

Zn3(C6H5O7)22H2O [hereafter Zn3(Cit)2] was introduced into a three-necked 

flask and stored in the refrigerator at 5°C. After 24 h the mixture was totally 

clear (zinc citrate is more soluble in cold than warm water, because it has an 

inverse solubility [2.60 g/L]) and the measured pH was 6.50. Then, we brought 

this solution on a heating plate and slowly added aliquots of a HAuCl43H2O 

solution to have a final 1.5% Au3+ concentration in Zn2+. Before, the solution 

was left to cool thus leaving Au nanoparticles, thanks to the reducing action of 

the [ZnCit]- complex. 169 Afterward, we dropwise added conc. NH3 to obtain a 

white gel of Au_Zn(OH)2 at pH = 8.9. Finally, the overall gel was purified by 

dialysis against deionized water, left to evaporate up to a few mL and dried at 

130°C. A similar synthetic procedure was used to synthesise ZnO, without any 

addition of HAuCl43H2O. In the present study, we are dealing with ZnO and 
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Au_ZnO dried at 130°C, since the photocatalytic behaviour of the materials 

obtained at this temperature is better than that observed for the same materials 

sintered at higher temperatures (up to 1000°C). At this temperature (130°C) we 

observed the presence of some hydrated ZnO (vide infra) but, for convenience, 

we will refer to ZnO throughout the paper. The synthetic reaction scheme is 

represented in Scheme 4.1. 

 

Scheme 4.1. Reaction pathway for the synthesis of the core-shell Au_ZnO 

nanostructures. 

4.3 Characterization of Au_ZnO Core–Shell NPs 

The electronic study of the Au_ZnO nanostructure, fundamental to 

investigate the Au-ZnO electron interactions, which are the basis of the 
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coupling of the plasmon Au resonance with the ZnO exciton emission, was 

carried out by XPS.118-120  

Figure 4.4 shows the XP spectrum of Au_ZnO in the Au 4f−Zn 3p binding 

energy region. A careful deconvolution of this experimental profile reveals 

that the Au 4f7/2,5/2 spin−orbit components lie at 83.8 and 87.6 eV (3.8 eV 

spin−orbit coupling), thus indicating the presence of Au0 states, usually 

expected at 84.0 eV (4f7/2).83 The Zn 3p levels, clearly resolved in their 

spin−orbit components, lie at 88.9 and 91.9 eV, respectively with a 3.0 eV 

spin−orbit coupling. These 3p levels are a couple of tens of eV at higher 

binding energy with respect to those previously reported for ZnO.206  

 

Figure 4.4. Al-Kα excited XPS of the Au_ZnO, dried at 130°C, in the Au 4f – Zn 

3p binding energy region. The black line refers to the experimental profile. The blue 

line represents the background; the magenta line refers to the Au 4f spin−orbit 

components; the green line refers to the Zn 3p spin−orbit components; the red line 

superimposed on the experimental profile refers to the sum of the Gaussian 

components. 
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Figure 4.5 shows the XPS of Au_ZnO in the Zn 2p binding energy region. 

The 2p3/2,1/2 spin−orbit components have been observed at 1023.7 and 1046.7 

eV, respectively. These values are about  2 eV at higher energy with respect 

to typical values observed for pure ZnO materials,207-209 but almost identical 

to those previously reported for some Au−ZnO architectures.210 This 

observation strongly confirms the electronic communication between ZnO 

and Au in a way that ZnO electrons are supplied to Au.  

 

Figure 4.5. Al-Kα excited XPS of the Au_ZnO, dried at 130°C, in the Zn 2p binding 

energy region.  

Finally, the XPS atomic concentration analysis revealed an Au/Zn 

percentage of 0.6, roughly corresponding to half of the nominal Au 

concentration. This result is acceptable since XPS probes only the surface of 

the Au_ZnO material whose composition is 98.5 % in Zn. 

The crystal structure of both ZnO and core–shell Au_ZnO powders was 

investigated by X-ray Diffraction (XRD) measurements. The obtained 
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patterns, shown in Figure 4.6, have multiple contributions that have been 

attributed to different phases. The gold nanoparticles provide clear and 

intense 111, 200 and 220 reflections of the face-centred cubic lattice with 

Fm3̅m symmetry (PDF 00-04-0784). Besides the gold contributions, the two 

patterns share common phases mostly ascribed to orthorhombic (PDF 00-

020-1435) and tetragonal (PDF-00-38-0356) sweetite structures with 

stoichiometry Zn(OH)2. The additional reflections 100, 002 and 102 (space 

group P63mc, COD ID 00-101-1258) and 101 and 110 (space group P63mc, 

PDF 01-075-1533) belong to the ZnO hexagonal zincite structure.  

 

Figure 4.6. XRD patterns for ZnO (black line) and core–shell Au_ZnO (red line). 

The 100, 002, 102, 101 and 110 reflections belong to the ZnO hexagonal zincite 

structure.  The 220 reflection belongs to the orthorhombic Zn(OH) 2 sweetite 

structure (indicated with the symbol O), whereas the 224, 215 and 314 reflections 

belong to the tetragonal (indicated with the symbol T) Zn(OH)2 sweetite structure.  
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The morphology and chemical analyses of the core–shell Au_ZnO sample 

were investigated by TEM and EDX. The TEM microscopy (Figure 4.7a) 

shows the presence of nanoparticles having a mean radius of about 5-10 nm. 

In addition, we noted that the Au nanoparticles are highly oriented towards 

the (111) plane being the measured interplanar distance 2.36 Å (Figure 4.7b). 

Moreover, Figure 4.7c shows a typical Au_ZnCit- nanoparticle having the 

core-shell structure. The dark area represents the core Au and the surrounding 

shell represents the thin,  1-2 nm, layer of ZnCit- capping layer. 

 

Figure 4.7. a) TEM image showing a large-scale Au_ZnO NPs morphology; b) 

HAADF-STEM at atomic resolution showing a representative Au NP highly 

oriented towards the (111) plane with an interplanar distance of 2.36 Å; c) bright-

field TEM showing a typical Au_ZnCit- nanoparticle having the core-shell structure. 

The dark area represents Au and the surrounding shell represents the Zn complex. 

EDX analyses (Figure 4.8) demonstrated that the experimental 

composition of the Au_ZnO nanostructures is identical to the nominal 1.5 % 

of Au in ZnO.  
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Figure 4.8. EDX of a typical core–shell Au_ZnO nanoparticle. 

The optical properties of the synthesized systems were investigated 

through UV-Vis measurements. UV-Vis experiments were performed by 

suspending 0.2 mg of ZnO or Au_ZnO in 3 mL of water. A small magnet was 

used to stir these solutions that remained clear during UV-Vis measurements. 

The absorbance spectra (Figure 4.9) show a stronger absorption for the 

Au_ZnO system with respect to the ZnO counterpart, in the whole 200-900 

nm range, and this is certainly due to the additional presence in the spectrum 

of Au_ZnO of the surface plasmon of the Au NPs. It is well known that the 

surface plasmon of Au NPs appears as a broad band peaked in the 500-600 

nm wavelength region, depending on their size and shape.54, 67, 211, 212 Thus, 

the absorption of the solution containing Au_ZnO is also due to the presence 

of the Au NPs plasmon resonance, thus confirming that the coupling of Au 

NPs with ZnO enhanced the UV-visible photodetection. 
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Figure 4.9. UV-Vis absorption spectra of the water solutions obtained by 

suspending 0.2 mg of ZnO (black line) or Au_ZnO (red line) in 3 mL of water. These 

solutions have been stirred during UV-Vis measurements. Inset: expanded scale of 

the UV-Vis Au_ZnO absorption spectrum. 

4.4 Photocatalysis Activity of Au_ZnO Core–Shell NPs 

Photocatalysis experiments were performed using two quartz cuvettes, each 

containing 3 mL of a 1.44×10-5 M MB aqueous solution, in which we added 0.2 

mg of ZnO or Au_ZnO powders. The cuvettes were covered with lids, to avoid 

the evaporation of the solvent during the experiment and left in the dark for 60 

min, to allow the physical adsorption of the dye on the oxides to reach the 

equilibrium. The measured pH of both solutions was 7.6. UV-Vis spectra before 

and after the 60 min dark were identical. Then, we added a small magnetic stir 

bar in each solution, placed them on a magnetic stirrer and left them, covered 

with lids, under the sun light up to 300 min. The solar irradiation, measured using 

a THORLABS power meter, was 70 mW/cm2. Initially, the cuvette solutions 
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were subjected to fast UV-Vis absorbance measurements after cycles of 10 min 

irradiation. After 90 min sun light irradiation, UV-Vis measurements were 

performed every 30 min. 

Starting UV-Vis spectra of the two aqueous solutions, each containing 3 mL 

of a 1.44×10-5 M MB and 0.2 mg of ZnO or Au_ZnO powders, significantly 

differ in the wavelength region below 600 nm, since in the spectrum of the 

solution containing Au_ZnO, there is the presence of the Au NPs plasmon 

resonance hidden under the MB absorbance band. For both MB solutions, we 

observed an evident and monotonic absorbance decrease, consistent with the 

decomposition/decolouration of the dye (Figure 4.10a, b) upon irradiation. This 

evidence confirms the ability of both our oxides to act as efficient photocatalysts 

for water decontamination. A careful inspection of Figure 4.10a, b also indicates 

that Au_ZnO is more effective than ZnO, and this behaviour is well evident in 

Figure 4.10. In fact, Figure 4.11 shows that the MB concentration decreases as a 

function of the irradiation time for all samples with a first-order kinetic law. The 

curves were fitted in the range between 0 and 6 h with the following decreasing 

exponential formula: lnC/C0 = –kt, where k is the discolouration rate constant. 

The values of the discolouration rate obtained by using sun light are 0.566 and 

0.712 h-1 (± 0.01) for the MB solution in the presence of pure ZnO and core–

shell Au_ZnO, respectively, with an increase of the 26% in the latter case. These 

results are in agreement with the best, already reported, similar data for ZnO 

catalysts.213 
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Figure 4.10. a, b) Absorbance spectra for a 1.44×10-5 M water solution of MB, exposed 

to different solar light irradiation times, in presence of ZnO or Au_ZnO. The black, red, 

green, blue, cyan, magenta, dark yellow, navy, purple, wine, olive, dark cyan, royal, 

orange, violet and pink lines refer to the starting MB solution at 0, 10, 20, 30, 40, 50, 

60, 75, 90, 120, 150, 180, 210, 240, 270, and 300 minutes irradiation time, respectively. 

 

Figure 4.11. Integrated rate behaviour for first-order reaction kinetics, obtained from 

absorbance measured at 662.2 nm (band maximum) for 1.44×10-5 M water solutions of 

MB, exposed to solar light. Black and red lines are related to the MB with pure ZnO 

and Au_ZnO, respectively. In both cases the fit goodness was 99%. 
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The procedure to measure the efficiencies of MB decolouration for ZnO and 

Au_ZnO samples is described in the following. We started from the tabulated 

sun irradiance (Figure 4.12): the maximum sun irradiation is 1.32 W/m2/nm at 

522 nm, and  0.86 W/m2/nm is observed at both 400 and 800 nm visible limits. 

Integrating into the 300–2500 nm wavelength range, the solar intensity is 

calculated to be 830 W/m2 (less than 1 kW/m2).  

 

Figure 4.12. Solar irradiance in the 300-2500 wavelength range. 

Nevertheless, during our discolouration experiments, we measured an 

integrated irradiance of 70 mW/cm2 = 700 W/m2 about 84% of the total tabulated 

sun irradiance (integrated over 300–2500 nm). To calculate the solar spectrum 

hitting sample during our experiment, we rescaled the tabulated spectra taking 

into account the effectively measured intensity. Dividing this solar spectral 

irradiation by the photon energy at each wavelength and taking into account the 

exposed surface of the cuvette, we can calculate the number of photons/m2nms 

(N) hitting our cuvette. The number of photons adsorbed (Nass) by the oxides is 
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calculated by using the formula NAss=N(1-10-absorbance), where the absorbance 

spectra are reported in Figure 4.8 (absorbance of ZnO or Au_ZnO). The number 

of absorbed photons/m2nms is shown in Figure 4.13 at each wavelength.  

  

Figure 4.13. Calculated absorbed solar photons for ZnO (black line) and Au_ZnO (red 

line) catalysts.  

According to the absorbance spectra reported in Figure 4.8 and in agreement 

with our expectation, Au_ZnO (pale grey) absorbs an order of magnitude more 

photons than ZnO (white) itself. The total number of photons/m2nms between 

300–2500 nm is calculated by integrating the curves shown in Figure 4.13 and 

are reported in Figure 4.14.  
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Figure 4.14. Integrated absorbed photons in the 300-2500 nm range corresponding to 

2.3×1019 and 1.3×1020 photons/m2s for ZnO (black line) and Au_ZnO (red line) 

catalysts, respectively. The green line represents the solar irradiance. 

The quartz cuvette contained 3 mL of the 1.44×10-5 M (2.60×1016 MB 

molecules) water solutions of MB, and only one side of it was exposed to sun 

light so that the total exposed surface was 3 cm2. Therefore, after 4 h of solar 

irradiation (14 400 s), 9.9×1019 and 5.7×1020 photons are absorbed by each 

solution, containing ZnO or Au_ZnO, respectively. By using the data of Figure 

4.10a,b, after 4h, 2.34×1016 and 2.45×1016 MB molecules were decomposed by 

ZnO and Au_ZnO, respectively. By dividing each of these values by the 

appropriate number of absorbed photons (2.34×1016 / 9.9×1019 × 100 = 0.024% 

and 2.45×1016 / 5.7 ×1020 × 100 = 0.0043%), we got the quantum efficiency 

values for the two catalysts (0.024% for ZnO and 0.0043% for Au_ZnO). 

Therefore, it is evident that Au_ZnO, with respect to ZnO itself, shows an order 

of magnitude increased absorption (5.7×1020), 26% increased discolouration rate 
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(0.712 h-1), and nevertheless lower quantum efficiency (0.0043%).  

Concerning the MB photodegradation mechanism, the irradiation of a 

semiconductor moves electrons from the valence to the conduction band. The 

excited electrons and resulting holes have strong reductive and oxidative power, 

respectively, and produce reactive oxygen species. In this context, it has already 

been reported that energy edges of valence and conduction bands of 

semiconductors determine the type of generated reactive oxygen species.200 

Thus, in ZnO, holes react with water to produce hydroxyl radicals, and electrons 

react with dissolved oxygen to yield superoxide anions. Moreover, superoxide 

anions can react with holes to form singlet oxygen, during irradiation of ZnO/Au 

NPs. The reaction of methylen blue with these reactive oxygen species results in 

N-demethylation of its auxochromic dimethylamine groups plus water and 

carbon dioxide. 

In general, photoactivity is a complex phenomenon which involves several 

steps: (i) generation of the electron–hole pairs (related to photon absorption), (ii) 

separation and diffusion of the charge carriers to the active surface sites, (iii) 

reaction of holes with defects or with the MB on the surface-solution interphase, 

and (iv) electron scavenging. Therefore, the observed different quantum 

efficiencies could be due to the different lifetimes of the electron–hole pairs 

generated by the photons impinging on the two ZnO and Au_ZnO catalysts. The 

inset reported in Figure 4.9 shows the expanded scale of the absorbance spectrum 

of Au_ZnO and indicates a small but significant feature at about 300 nm, 

consistent with the presence of states in the bandgap, absent in the present ZnO 

system.  

It is important to mention that our present study does not allow us to 
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recognize the nature of compensating defects as cation vacancies, interstitial 

oxygen, or more complex defect clusters.214, 215 Nevertheless, it has already been 

reported that some defect states, associated with the presence of zinc hydroxide 

Zn(OH)2 layers on the surface of ZnO nanocrystallites, should enhance the 

photocatalytic activity and, by XRD measurements, we revealed some Zn(OH)2 

in the Au_ZnO core-shell NPs.216, 217 

In addition, we cannot exclude the role of other defects at the grain 

boundaries as partially responsible for the lower quantum efficiency found using 

the present Au_ZnO catalyst. It could also be possible due to the presence of a 

few Au3+ ions as dopants that substitute for Zn2+ in the zincite ZnO structure. In 

this case, the extra electron provided by Au3+ could go in the 4s–4p hybrid empty 

conduction band or, more likely, form a localized state deep in the bandgap, as 

seems evident in the inset of Figure 4.9. These states could be traps for electrons 

of the electron–hole pair and be responsible for the decreased quantum efficiency 

of the Au_ZnO catalyst. 
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Conclusions 

In this chapter, the UV–vis photodetection of ZnO was enhanced by about 

one order of magnitude by obtaining Au_ZnO core–shell nanostructures, 

prepared by a one-pot synthesis in which the [Zinc Citrate]- complex acted as 

the ZnO precursor, a reducing agent for Au3+, and a capping anion for the 

obtained Au(111) NPs. An increased absorption was observed in Au_ZnO 

because of the additional presence of the surface plasmon resonance of the Au 

nanoparticles. As already reported for similar systems, electronic interactions 

between gold and the n-type semiconductor ZnO at their interfaces allows the 

generation of superoxide species.218 In fact, using this Au_ZnO photocatalyst, 

sun light efficiently decomposes a standard methylene blue solution, according 

to ISO 10678:2010, with a better photocatalytic activity (increased of 26%) than 

that observed using ZnO, even though the decomposition rate did not increase 

by an order of magnitude because of the lower quantum efficiency observed for 

the Au_ZnO system. 
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General Conclusions 

The aim of this PhD thesis was the fabrication of hybrid plasmonic and/or 

luminescent nanostructures showing optical, electrical, or catalytic properties in 

the perspective of their applications in different fields of nanotechnology.  

All the investigated systems were obtained by a bottom-up approach that 

involves the self-assembly of appropriate emissive molecules on plasmonic gold 

nanoparticles. 

In all synthesized hybrid sytems, the core is represented by plasmonic gold 

nanoparticles on the surface of which functional emissive molecules have been 

anchored, thus allowing the fabrication of covalent nanostructures that show the 

combination of the starting properties of the interacting building blocks. This 

method allowed obtaining the manufacture of highly organized networks of Au 

nanoparticles self-assembled through a new bi-functional porphyrin molecule. 

The bi-functional porphyrin molecules covalently bonded to the surface of the 

gold NPs resulted in a new optical material showing a strong surface plasmon, 

due to the Au nanoparticles, and a strong luminescence signal coming from 

porphyrin molecules. 

Furthermore, we obtained the synthesis of Au nanoparticles decorated with 

two slightly different Eu(III) complexes. Both functional architectures exhibit a 

surface plasmon, due to the Au nanoparticles but only EuNH2@Au maintains, 

in addition, some luminescence signal, thus giving a new optical material having 

unique characteristics. In fact, we demonstrated the covalent dye-Au NP 
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interaction hinders some Eu(III) emission quenching mechanism. In contrast, the 

Eu complex which can only interact through space with Au NPs shows a total 

quenching mechanism of its emission. 

A real advantage of the covalent assembly is represented by the robustness 

of the obtained nanostructures and, sometimes, the unicity of their properties. As 

an example, the photocatalytic properties of the Au_ZnO core–shell 

nanostructures prepared by a one-pot synthesis led to an about one order of 

magnitude enhance of UV–vis photodetection of ZnO. An increased absorption 

was observed in Au_ZnO because of the additional presence of the surface 

plasmon resonance of the Au nanoparticles.  

Therefore, using this Au_ZnO photocatalyst, sun light efficiently 

decomposes a standard methylene blue solution, according to ISO 10678:2010, 

with better photocatalytic activity than that observed using ZnO. 

To sum up, a major goal of this thesis was the combination of 

inorganic/organic systems on gold nanoparticles properties. Thus, the covalent 

assembly of suitable molecules on gold nanoparticles surfaces allows the 

synthesis of hybrid architectures showing peculiar and unique properties 

appealing for future applications in plasmon-enhanced fluorescence, heat 

generation, photocatalysis, nonlinear optics, solar cells, nanofluidics, 

photoacoustic, photothermal imaging, cancer therapy, drug delivery, 

nanotherapeutics, etc., under atmospheric conditions, since our systems are not 

reactive to air nor to water and do not need to be stored in a vacuum or inert gas. 

Noteworthy, these hybrid molecular-nanoparticle materials both show a strong 

surface plasmon and a strong luminescence signal. 
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Appendix 

Materials and Characterization 

techniques used in this work 

All reagents and solvents used in this thesis were purchased from Sigma-

Aldrich and used without further purification due to their high degree of purity. 

The synthesized nanostructures were investigated using the techniques and 

instrumentation described in the following paragraphs. 

Trasmission Electron Microscopy 

Transmission electron microscopy (TEM) is an ideal technique for the 

morphological characterization of nanomaterials to provide structure, grain size, 

morphology, chemical compositional and crystallography information.  

A TEM has several components, which include a vacuum system in which 

the electrons travel, an electron emission source for the generation of the electron 

stream, a series of electromagnetic lenses as well as electrostatic plates that allow 

to guide and manipulate the beam. Also, is required a device to allow the 

insertion into, motion within, and removal of specimens from the beam path. 

Imaging devices are subsequently used to create an image from the electrons that 

have interacted with the system. 
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A heated tungsten filament in the electron gun produces a high-energy 

electron beam (from 60 to 300 KeV) that through multiple electromagnetic is 

collimated and focused on the surface of a thin sample (<100 nm). On reaching 

the sample, the interactions with the electrons and the atoms generate a high-

resolution image. 

During transmission, the speed of electrons directly correlates to electron 

wavelength; the faster electrons move, the shorter wavelength and the greater 

the quality and detail of the image. The denser the sample, the more the electrons 

are scattered forming a darker image because fewer electron reaches the screen 

for visualization while thinner, more transparent specimens appear brighter 

because a greater number of electrons were able to pass through the sample. 

These differences provide information on the structure, texture, shape, and size 

of the sample.  

The image can be manipulated by adjusting the voltage of the gun to 

accelerate or decrease the speed of electrons as well as changing the 

electromagnetic wavelength via the solenoids. 

In function on how the electron source/beam is generated, how the electron 

beam is manipulated, and/or what kind of signal is collected following the 

interaction of the electron beam with the sample, it is possible to obtain different 

information (Figure 1). In this context, it is possible to distinguish different 

techniques: (i) high-resolution transmission electron microscopy (HRTEM) if 

the phase contrast and lattice structural image are emphasized; (ii) scanning 

transmission electron microscopy (STEM) if a focused beam is scanned over the 

sample; (iii) energy-dispersive X-ray spectroscopy (EDXS) if the electron beam 

is scanned across the sample surface, it generates the emission of X-ray 
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fluorescence from the atoms in its path and electron energy-loss spectroscopy 

and, finally, (iv) electron energy-loss spectroscopy (EELS) if the signals related 

to the inelastic electron scattering process are collected. 

 

Figure 1. Schematic drawing showing the interaction of electrons beam with a thin 

section of sample and the signals that are used either for the formation of image or 

spectroscopy. 

EDXS can be used to identify the elemental composition of materials because 

the energy of each X-ray photon emitted from a specimen is characteristic of the 

difference in energy between the two shells and of the atomic structure of the 

emitting element. In fact, the incident beam may excite an electron in an inner 

shell, ejecting it from the shell while creating an electron hole where the electron 

was. An electron from an outer, higher-energy shell then fills the hole, and the 

difference in energy between the higher-energy shell and the lower energy shell 

may be released in the form of an X-ray.  
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For TEM analysis, samples need to be thin enough for electrons to pass 

through, a property known as “electron transparency”. Types of preparation 

include dehydration, gold or graphene sputter coating in case of non-conductive 

materials, cryofixation, etc.  

The morphology of all the nanostructures synthesized in this thesis was 

investigated by TEM measurements using an Atomic Resolution Analytical 

Microscope (JEOL ARM200F Cs-corrected). The samples were placed on Cu/C 

TEM Grid. Electron Energy Loss Spectroscopy (EELS) and Energy Dispersive 

X-ray (EDX) chemical analyses were performed using a 60 KeV electron beam. 

Dynamic Light Scattering 

Dynamic light scattering (DLS) is a non-invasive technique used to measure 

the size distribution profiles and to detect the presence of aggregation of 

colloidal samples such as particles, micelles, polysaccharides, and 

supramolecular aggregates like supramolecular polymers.  

DLS measures the temporal fluctuations of the light scattering intensity due 

to the Brownian motions of the particles that move continuously and randomly 

in solution depending on their size, when a solution containing the particles is 

placed in the path of a laser beam.1 Consequently, it allows obtaining the 

hydrodynamic parameters of particles or macromolecules in solution, such as 

hydrodynamic radius (RH). Therefore, at the same temperature and viscosity, the 

small particles move rapidly and give rapid variations in the scattering intensity, 

while the large particles move more slowly and generate slow intensity 

variations. Hence, the DLS instrument will generate a correlation function that 
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is mathematically linked with particle size and its time-dependent light scattering 

capacity using the Stokes-Einstein equation: 

D =
kB T

6 π η RH
 

in which, D is diffusion coefficient, kB is Boltzmann’s constant, T is 

temperature, η is solvent viscosity, and RH is the hydrodynamic radius of the 

particles in solution. 

The size characterization of the present hybrid nanoparticles was performed 

using both DLS and TEM. In fact, the hydrodynamic radius gives information 

of the inorganic core along with any coating material and solvent layer attached 

to the particle.2 The present DLS analysis was performed using a miniDAWN 

Treos (Wyatt Technology) multi-angle light scattering detector, equipped with a 

Wyatt QELS DLS Module, at 25°C. 

X-ray Diffraction 

X-ray diffraction (XRD) is a rapid and powerful non-destructive analysis 

technique, which can be conducted at room temperature and pressure, for 

determining the crystal structure of materials. It provides information on 

structures, phases, preferred crystal orientations (texture), and other structural 

parameters, such as average grain size, crystallinity, strain, and crystal defects.  

XRD analysis is based on constructive interference of a monochromatic 

beam of X-rays scattered at specific angles from each set of lattice planes in a 

crystalline sample.  

The X-rays are generated by a cathode ray tube, filtered to produce 

monochromatic radiation, collimated to concentrate, and directed toward the 
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sample. The interaction of the incident rays with the sample produces 

constructive interference (and a diffracted ray) when conditions satisfy Bragg’s 

Law (nλ = 2d sin θ). This law relates the wavelength of electromagnetic radiation 

to the diffraction angle and the lattice spacing in a crystalline sample. 

The XRD peak angles and intensities are determined by the atomic positions 

within the lattice planes. Consequently, the XRD pattern is the fingerprint of 

periodic atomic arrangements in each material. An online search of a standard 

database for X-ray powder diffraction patterns enables quick phase identification 

for a large variety of crystalline samples.  

The crystal structure of both ZnO and core–shell Au_ZnO powders was 

investigated by XRD measurements using a D8 Discover Bruker AXS 

diffractometer (Cu kα source) equipped with soller silts and operating in 2theta-

omega geometry. The patterns were acquired with a 0.01° step size and a step 

time of 10 s/step. The powder compounds were pelletized between tungsten 

carbide dies at 500 kg/cm and then loaded on the sample holder.  

UV-Vis Spectroscopy 

Ultraviolet-visible (UV-Vis) spectroscopy is a type of absorption 

spectroscopy in which UV-visible light is absorbed by the molecule. Absorption 

of the UV-visible radiations results in the excitation of the electrons from lower 

to higher energy levels. The technique is based on the measurement of the 

intensity of the incident monochromatic radiation produced by a suitable source 

(I0) and that of the radiation that reaches the detector after interacting with the 

sample under examination (I) (Figure 2). 
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Figure 2. Absorption phenomenon by the solution with consequent attenuation of the 

intensity of the monochromatic ray from I0 to I. 

 By comparing the incident radiation (I0) and the transmitted radiation (I), the 

amount of light absorbed by the sample at that specific wavelength can be easily 

calculated. Using the Beer–Lambert law, this absorption can be used to 

determine concentrations of solutions: 

A = log
I0

I
= ε ∙ L ∙  C 

where A is the measured absorbance, I0 is the intensity of the incident light 

at a given wavelength, I is the transmitted intensity, L is the path length through 

the sample (cm), c is the concentration of the absorbing species (mol L-1), and ε 

is the molar absorptivity or extinction coefficient (L mol-1 cm-1). According to 

this relationship, the concentration of the analyte can be calculated when ε is 

known, L is fixed, and I0 and I are measured.  

UV-vis spectroscopy can also be used for the characterization of solid 

materials on the nanometre scale, e.g. noble metal nanoparticles, when they are 

homogeneously dispersed in solvents, by measuring the Surface Plasmon 

Resonance (SPR) to get information on their size, stability, and aggregation.3 

The optical properties of the nanostructures synthesized in this PhD thesis, 

were investigated using a UV-Vis V-650 Jasco spectrometer and the spectra 



Appendix 

113 
 

were recorded with a 0.2 nm resolution at room temperature in quartz cells with 

a path length of 1 cm (3.5 mL capacity).  

Photoluminescence Spectroscopy 

Photoluminescence (PL) is a process in which a substance emits light 

(usually at somewhat lower energies with a smaller number of photons) after the 

absorption of photons (electromagnetic radiation). 

The physical principle of photoluminescence is depicted by the Jablonski 

diagram (Figure 3).4 Absorption of photons promotes an electron from the 

electronic ground state (S0) to certain vibrational levels (v = 0, 1, 2, …), of the 

first (S1) or higher electronic excited state (S2,3 …). The excited electron relaxes 

to the lowest S1 state through internal conversion (IC), which occurs when a 

vibrational state of an electronically excited state can couple to a vibrational state 

of a lower electronic state. The resulting electron can further deactivate either 

radiatively by emitting a photon (FL) or non-radiatively through one of three 

processes: (1) IC quenching to the ground state; (2) collisional quenching (CQ) 

to the ground state; or (3) intersystem crossing (ISC) to a triplet excited states 

(T1) that usually lies at lower energy relative to S1. Then, the electron can either 

emit a photon by phosphorescence or deactivate through IC to S0. 
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Figure 3. Jablonski diagram showing principles of photoluminescence spectroscopy.  

For molecular materials, the intensity and profile of the photoluminescence 

spectra are direct measures of various important material properties such as the 

relative energies of the ground and excited states, electronic transitions and 

concentrations of the emitting species. Furthermore, the temporal dependence of 

the photoluminescence reflects the relaxation characteristics of the excited state, 

molecular bonding environment, and identification and quantification of 

photoluminescence quenchers. 

Present luminescence measurements were carried out using a Varian Cary 

Eclipse fluorescence spectrophotometer with 1 nm resolution and at room 

temperature in quartz cells with a path length of 1 cm (3.5 mL capacity). The 

emission was recorded at 90° with respect to the exciting line beam using 5:5 slit 

widths. 
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X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a widely used technique to 

investigate the electronic structure and chemical composition of surfaces. It 

provides information on the oxidation states and on the chemical environment 

of the studied species and allows estimation of the surface elemental 

composition, once the relevant atomic sensitivity factors have been taken into 

account. 

It was developed in the mid-1960’s by Kai Siegbahn and his research group 

at the University of Uppsala, Sweden. The XPS technique is used to measure: 

 elemental composition of surfaces (top 0–10 nm usually); 

 chemical or electronic state of each element in the surface; 

 uniformity of elemental composition across the surface (or line profiling 

or mapping); 

 uniformity of elemental composition as a function of ion beam etching 

(or depth profiling). 

The phenomenon is based on the photoelectric effect, outlined by Einstein in 

1905, where the concept of the photon was used to describe the ejection of 

electrons from a surface when photons impinge upon it (Figure 4).  

𝐴 + ℎν → 𝐴+ +  𝑒− 

Irradiation causes the emission of photoelectrons whose kinetic energy is 

proportional to the incident radiation frequency, while their number is 

proportional to the radiation intensity. 
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Figure 4. Scheme of the photoemission and Auger processes. 

In addition to photoelectrons, after 10-14 seconds of this photoelectric 

process, Auger electrons may be emitted because of the relaxation of the excited 

ions remaining after photoemission (Figure 4).  

In the Auger process, an electron from a higher-level shell fills a core-level 

vacancy, and at the same time a second electron is emitted, carrying off the 

excess energy. The Auger electron possesses kinetic energy equal to the 

difference between the energy of the initial ion and the doubly charged fmal ion 

and is independent of the energy of the photon creating the core-level vacancy. 

Thus, photoionization causes the emission of two electrons (a photoelectron 

and an Auger electron) and the sum of the kinetic energies of these electrons 

emitted cannot exceed the energy of the ionizing photons. 

A typical XPS instrument has an analysis chamber kept at ultra-high vacuum, 

ca. 10−8 Pa and the X-ray sources typically used are Al (1486.6 eV) or Mg 

(1253.6 eV) Kα radiations that induce the emission of electrons from the inner 

energetic levels (core electrons) of each element present on the surface of the 

analysed material. 
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The vacuum is essential to maximize the path of the electrons out of the 

material, without collision with other gaseous substances present in the chamber, 

allowing thus them to reach the detector. Moreover, it reduces the probability of 

finding contaminants absorbed on the surface of the sample, such as water and 

oxygen. X-ray photoelectron spectra are thus collected by measuring the kinetic 

energy and number of electrons that escape from a few tens of angstroms of the 

surface.  

In detail, when X-rays illuminate an area of a sample cause ejection of 

electrons with a range of energies and directions. The electron optics, which may 

be a set of electrostatic and/or magnetic lens units, collect a proportion of these 

emitted electrons defined by those rays that can be transferred through the 

apertures and focused onto the analyser entrance slit. Electrostatic fields within 

the hemispherical analyser (HSA) are established to only allow electrons of a 

given energy (the so-called Pass Energy, PE) to arrive at the detector slits and 

onto the detectors themselves. Electrons of a specific initial kinetic energy are 

measured by setting voltages for the lens system that both focus onto the entrance 

slit the electrons of the required initial energy and retards their velocity so that 

their kinetic energy after passing through the transfer lenses matches the pass 

energy of the hemispherical analyser. To record a spectrum over a range of initial 

excitation energies it is necessary to scan the voltages applied to these transfer 

lenses. Thus, known the energy of the incident beam and the kinetic energy of 

the families of ejected photoelectrons, it is possible to measure the Binding 

Energy value (B.E.) using the following equation: 

EK = h −  − W 
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where hν is the energy of the incident photon, Ek is the kinetic energy of the 

ejected electron, B.E. is the binding energy of the ejected electron, and W is the 

work function depending on both the spectrometer and the material. 

According to Koopman’s theorem, the measured B.E. corresponds to the 

energy difference between the initial state of an atom with “n” electrons and 

the final state with “n-1” electrons: 

B.E. = Efinal (n-1) - Einitial (n) 

This is true only if the “frozen orbit” hypothesis (frozen or sudden 

approximation), is valid (no relaxation phenomenon after photoemission). In 

fact, according to this theorem it is believed that the atomic orbitals remain 

unchanged upon the ionization. It is known that as a result of ionization, the n-1 

number of electrons of the ion affects the correlation energy and there is an 

electronic rearrangement, but the XPS energy resolution ( 0.5 eV) allows to 

neglect these effects. 

The different atomic species can be identified by their B.E. which depend on 

the oxidation state and chemical environment of the analyzed atom (chemical 

shift). Furthermore, electrons from p, d or f orbitals give two signals (due to the 

coupling between the spin angular momentum (s) and the orbital angular 

momentum (l)) with separation energy characteristic of the atom (spin-orbit 

coupling), while the intensity ratio between the respective areas of the peaks is 

only as a function of the type of orbital from which the peaks arise. For the 

identification of the elements, it can thus be exploited also their spin-orbit 

separation.  
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In addition, it should be outlined that the XPS is a surface technique since 

the thickness from which the signals arise typically ranges from 0 to 100 Å, 

although the X-radiation penetrates into the solid for about 104 Å. In fact, the 

electrons ejected from core orbitals in the ionization process can be subjected to 

impact (inelastic scattering) within the solid, which determines an energy loss 

not allowing these to reach the surface and be expelled. Therefore, the sampling 

depth of the emitted electrons originate is defined as: 

d = 3λ·senθ 

where λ is the electron mean free path within the solid (about 30 Å) and θ is 

the take-off angle between the sample surface and the analyzer direction. 

It results evident that the higher the take-off angle the higher the sampling 

depth. 

Finally, with XPS technique it is possible to perform quantitative analyses. 

XPS peak intensity I(εi) is correlated to the number of emitted photoelectrons 

and depends on several factors: 

I(εi) = I0 ∙ ηi ∙ σ(εi) ∙ λ(εi) ∙ D(εi) 

• I0: X-ray flux intensity; 

• ηi: atomic density of the i element; 

• σ (εi): cross section for the photoelectron extraction; 

• λ (εi): mean free path of photoelectrons in the sample; 

• D (εi): detector and analyser efficiency. 

From the intensities of the peaks, it is possible to obtain the atomic 

concentrations in the sample studied through the formula: 
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Cx =
ηx

∑ ηi
=

Ix

Sx
×

1

∑
Ii

Si

 

where η is the atomic density of the element per volume unit (cm3), S is the 

atomic sensitivity factor, and I is the peak intensity. 

Before using the intensities of the peaks for the quantitative analysis it is 

necessary the removal of the background determined from all those 

photoelectrons that lose energy before reaching the detector. Methods to be used 

for this correction are (i) linear subtraction, (ii) Shirley, and (iii) Tougaard. 

The main components of an XP spectrometer system include a source of X-

rays, an ultra-high vacuum (UHV) stainless steel chamber with UHV pumps, an 

electron energy analyser, an electron detector system, a moderate vacuum 

sample introduction chamber, sample mounts, a sample stage, and a set of stage 

manipulators (Figure 5). 

 

Figure 5. Main components of an XP spectrometer and XP spectra typical of some 

elements. 
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Source: X-ray tube consisting of a tungsten cathode and a copper anode 

coated by aluminium on a face and magnesium on the other face. These materials 

are chosen for two reasons: 

• energy of the X-ray beam sufficiently high to allow the excitation of the 

core electrons; 

• Full Width at Half Height (FWHM) of the peak usually between 0.7-0.8 

eV since the resolution of the instrument is inversely proportional to the 

bandwidth of the incident beam. The electrons produced at the cathode 

by thermionic effect are accelerated by a potential of 15 keV and directed 

towards the anode, because of this collision X photons will be emitted. 

Analyser: consisting of two concentric metal hemispheres (electrostatic 

plates) between which a ddp is applied. As a function of the potential applied to 

the grid of entrance (Pass Energy) electrons will be deflected differently 

according to their kinetic energy and only those having the desired Ek will arrive 

at the detector. 

Vacuum System: allows obtaining UHV conditions through turbomolecular 

and ionic pumps. Moreover, the system can also be equipped with a titanium 

sublimation pump.  

The instrument used to perform XPS measurements is PHI 5600 Multi 

Technique System which gives good control of the electron take-off angle (base 

pressure of the main chamber 3  10-8 Pa).5,6 Samples, placed on a molybdenum 

specimen holder, were excited with Al-Kα X-ray radiation using a pass energy 

of 5.85 eV. The instrumental energy resolution was  0.5 eV. Spectra calibration 

was achieved by fixing the Ag 3d5/2 peak of a clean sample at 368.3 eV; this 
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method turned the C 1s main peak at 285.0 eV.5,7 XPS peak intensities were 

obtained after Shirley background removal.8 The atomic concentration analysis 

was performed by taking into account the relevant atomic sensitivity factors. The 

fitting of the XP spectra in the C 1s, N 1s and Au 4f−Zn 3p binding energy region 

was carried out by fitting the spectral profile with symmetrical Gaussian 

envelopes, after subtraction of the background. This process involves data 

refinement, based on the method of the least squares fitting, carried out until 

there was the highest possible correlation between the experimental spectrum 

and the theoretical profile. The residual or agreement factor R, defined by R = 

[Σ(Fobs − Fcalc)
2 / Σ (Fobs)

2]1/2, after minimization of the function Σ(Fobs − Fcalc)
2, 

converged to the value of 0.03. The fitting was performed using the 

XPSPEAK4.1 software. 
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List of Abbreviations  

1H-NMR Proton nuclear magnetic resonance 

Abs Absorbance 

Au NCs Gold nanoclusters 

Au NPs Gold nanoparticles 

B.E. Binding Energy 

BL Boat-like conformation 

CL Chair-like conformation 

DFT Density functional theory 

DLS Dynamic light scattering 

DTAzDPH2P or 

Di-Triazine-

Porphyrin 

5,15-Di(phenyl) 10,20- Di-benzamide, N-ethyl, N-

1,3,5 Tri-aminotriazine, 21H,23H-porphine 

EDX Energy dispersive X-ray 

EELS Electron energy loss spectroscopy 

ESI-MS Electrospray ionization mass spectrometry 

Eu 
Tris(dibenzoylmethane) mono(1,10-

phenanthroline)europium (III) 

EuNH2 
Tris(dibenzoylmethane) mono(5-amino-1,10-

phenanthroline)europium (III)  

HAADF-STEM 
High-angle annular dark-field scanning 

transmission electron microscopy 

HAuCl4 Tetrachloroauric acid 

ISO International Organization for Standardization 
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MB Methylene blue 

NaBH4 Sodium borohydride 

NIR Near-infrared 

NM NPs Noble metals nanoparticles 

NP Nanoparticle 

PES Potential energy surface 

PL Photoluminescence 

RH Hydrodynamic radius 

SERS Surface Enhanced Raman Scattering 

SPR Surface plasmon resonance 

TEM Transmission electron microscopy 

TOAB Tetraoctylammonium bromide 

UV-Vis Ultraviolet-visible spectroscopy 

XPS X-ray photoelectron spectroscopy 

XRD X-ray Diffraction 

ZnCit- [Zinc Citrate]- complex 

ZnO Zinc oxide 
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