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“Non	
  e`,	
  pei	
  chimici	
   	
   Insieme	
  all’oro	
  	
   	
   Infin	
  col	
  laser	
  
che	
  un	
  vago	
  Au:	
   	
   c’e`	
  anche	
  l’argento,	
   	
   diventa	
  rotondo.	
  
ma	
  in	
  questo	
  simbolo	
  	
   che	
  di	
  questa	
  tesi	
  	
   	
   Forse,	
  energia	
  
quante	
  virtu`.	
   	
   	
   son	
  argomento.	
   	
   produrrà	
  per	
  il	
  mondo!	
  
	
  
Si	
  trova	
  libero	
  	
   	
   L’applicazione	
  	
   	
   Quanto	
  descritto	
  
L’oro	
  in	
  natura:	
  	
   	
   con	
  luce	
  solare,	
  	
   	
   m’ha	
  affascianto	
  
da	
  sabbie	
  aurifere	
   	
   non	
  e`	
  magia!	
  Ma,	
   	
   durante	
  questi	
  anni	
  
lo	
  si	
  depura.	
   	
   	
   e`	
  a	
  dir	
  poco	
  esemplare:	
  	
   di	
  dottorato.	
  
	
  
Di	
  cloruro	
  aurico	
  	
   	
   centinaia	
  di	
  Celsius	
   	
   Se	
  ti	
  interssa	
  
la	
  soluzione	
  	
   	
   	
   si	
  posson	
  ottenere	
   	
   saperne	
  di	
  più	
  	
  
nei	
  corpi	
  organici	
  	
   	
  dopo	
  che	
  il	
  Plasmon	
   	
   tutto	
  ciò	
  troverai	
  
si	
  decompone;	
  	
   	
   si	
  fa	
  decadere.	
  	
   	
   in	
  prosa	
  più	
  giu`…	
  
	
  
e`	
  riducibile	
   	
   	
   Soli	
  lor	
  posson	
  	
  
agevolmente,	
  	
  	
   	
   catalizzare	
  
rosso	
  solubile	
   	
   	
   processi	
  termici,	
  
deliquescente,	
  	
   	
   per	
  cominciare.	
  
	
  
ed	
  anche	
  in	
  seguito	
  	
   	
   Nello	
  specifico	
  
a	
  calor	
  lento	
  	
   	
   	
   per	
  dirne	
  una,	
  
l’oro	
  deposita	
  	
  	
   	
   posson	
  produrre	
  	
  
polverulento.	
  	
   	
   	
   resorufina.	
  	
  
	
  	
  
Questo	
  la	
  chimica	
   	
   Ma	
  anche	
  quando	
  
dice.	
  Io	
  vi	
  dico	
  	
   	
   si	
  metton	
  insieme	
  
che	
  l’oro	
  e`	
  l’unico	
  	
   	
   oro	
  e	
  argento	
  
sincero	
  amico;	
  	
   	
   lavoran	
  bene!	
  
	
  
che’e`	
  d’ogni	
  spirito	
  	
   	
   Carbonio	
  infine,	
  
l’unica	
  meta;	
  	
   	
   	
   da	
  meno	
  non	
  e`,	
  
che	
  per	
  disgrazia	
  	
   	
   diamante	
  o	
  grafene	
  	
  
non	
  l’ha	
  il	
  poeta	
  	
   	
   anche	
  lui	
  ha	
  un	
  perche`.	
  
	
  
che`	
  se	
  al	
  contrario,	
  	
   	
   Graphene	
  in	
  ossido,	
  
ne	
  avesse	
  a	
  iosa,	
  	
   	
   elettron	
  trasporta	
  
certo	
  la	
  chimica…	
  	
   	
   con	
  argento	
  e	
  oro	
  
restava	
  in	
  prosa!”*	
  	
   	
   non	
  ugual	
  si	
  comporta.	
  

 
*The first column was taken from “La chimica in versi” Alberto Cavaliere (1928). The 

last two columns have been inspired by this PhD work. 
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Abstract 

The interest in metal nanoparticles has seen an exponential growth in the last twenty 

years, due to the astonishing properties these materials possess on the nanometer size 

scale. Compared to the bulk metal, nanoparticles present different optical and physical 

properties, which can be tuned according to their size or shape. As an example, colloidal 

solutions of 15 nm gold nanoparticles appear red, a very different tint as compare to the 

typical gold color of a gold brick. The reason for this variation is due to the fact that 

visible light wavelengths are bigger than the nanoparticles sizes. Therefore, after 

excitation, part of the light is absorbed and produces a coherent oscillation of the surface 

electrons, resulting in a phenomenon known as surface plasmon resonance. At this point 

the system tends to return to the initial state, following different pathways. One of the 

processes occurring is the local release of heat around the nanoparticle surface. 

The aim of this thesis is to gain more insight into the actual temperature values 

achievable after plasmon irradiation and to explore the possible applications of the 

localized heat release. Synthetic procedures developed in the Scaiano group were used to 

synthesize and modify the nanoparticles. The applicability of these photochemical 

procedures was extended to the synthesis of bimetallic silver-gold (Ag/Au) core-shell 

materials via a controlled and facile synthesis method. Ag/Au core-shells combine the 

optical and physical properties of gold and silver together and they have shown promise 

as potential antimicrobial agents.  

Information regarding the temperatures achievable after plasmon excitation has been 

obtained using dicumyl peroxide as a molecular thermometer and has indicated 

temperatures close to 500ºC near the nanoparticle surface. This finding was a precious 

guideline for the selection of thermal processes that can be performed after plasmon 

excitation. The catalytic reduction of resazurin to resorufin was one of the reactions 

chosen. This process, indeed, appears significantly faster (nanoseconds) when performed 

using AuNP irradiated at 530 nm.  

The use of laser and LED irradiations has been a constant throughout this work with 

both systems being to suite the experimental needs.  

The high temperature reached irradiating metal nanoparticles has also been used to 
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trigger the caprolactam polymerization, in such a way that only in the light exposed 

position AgNP favored nylon formation, presenting promising applications in 

lithography.  

Moreover, DNA melting processes have been successfully studied, by employing a 

switch On/Off controllable irradiation of AuNP, aiming for eventual application in the 

polymerase chain reaction (PCR) process.  

Finally, considerable work has been done in the functionalization and modification of 

carbon-based materials. Functionalization with silver and gold nanoparticles has been 

performed using a photochemical procedure, during which a different behavior was 

observed for the two metals. In addition, modification of the reduced graphene oxide 

morphology was obtained by laser irradiation without the use of any external template. 

The spherical reduced graphene oxide, thus obtained, has shown promising potential in 

water splitting catalysis. In this system, the evolution of hydrogen was observed by 

employing only spherical reduced graphene oxide and visible light (532 nm laser or LED 

irradiation). 

In summary, this thesis describes how light can not only be used to synthesize and 

modify nanomaterials, but also to perform high energetic processes at room temperature, 

taking advantage of the nanoscale properties of the materials being used.  
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Chapter 1 

 
Introduction 

 
1.1 Metal nanoparticles from theory to application 

Metal nanoparticles, such as those of Au, Ag and Cu, have been increasingly studied in 

the last few years due to their unique spectroscopic properties and potential applications. 

Commonly, nanoparticles are defined as a small cluster of atoms going from less than 

100 atoms (~1 nm) to hundreds of thousands atoms (~100 nm). Usually known as 

“colloids”,1 nanoparticles have been used in glasses and ceramics since the Roman 

Empire. The Lycurgus cup represents one of the most famous examples of gold-silver 

colloidal nanoparticles used to create interesting optical effects in glasses (Figure 1.1). 

The color of the cup changes according to the light source: yellow-green when not 

illuminated and red when visible light is shined through the glass. Au-Ag colloids have 

also been employed during the Middle Age and Renaissance in stained glasses and 

pottery.2 In 1857, Faraday published a contribution in which he recognized that the red 

color of colloidal gold derives from small aggregates of gold atoms.3 Unfortunately, 
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electron microscopy techniques where not yet available and, therefore, no precise 

indication of the aggregate sizes could be obtained. Despite the fact that the use of 

nanosize materials has been known for centuries, nanotechnology officially became a 

new discipline after Richard Feynman’s famous lecture in 1959. Feynman, at that time, 

was a physicist at Caltech and with the memorable sentence “There’s plenty of room at 

the bottom” he forecasted the need of exploring the “nano-world” towards future 

technology and advancement.4  

 

Figure 1.1 Lycurgus Cup dated during the 4th century AD. The cup presents a red tint 
(right) when light shines through the glass from the inside, it appears green 
(left) when the light is coming from the outside. [Pictures taken from the 
British Museum website: www.britishmuseum.org] 

 
The revolutionary prospective opened by nanotechnology is derived from the fact that, at 

these dimensions, the properties and the behavior of materials change drastically 

compared to the same material on the macroscopic scale. The reduction of the material 

size has a considerable effect on the energy levels, meaning that the energy level 

distances increase by decreasing the material dimensions. Nanoparticles, indeed, can be 

considered as a trait-d’union between atomic and molecular structures. Unexpected 

properties arise when the material is in the nanosize. For example, some metals become 

semiconductors, other fluorescent. In the case of metal nanoparticles, such as AuNP, 

AgNP or CuNP, their small dimension gives rise to quantum effects due to electron 

confinement. When visible light is shined on metal nanoparticles, the electric field 
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induces a coherent oscillation of the surface electrons and the resulting phenomenon, 

surface plasmon resonance (SPR), is observed (Figure 1.2).  

 

 

Figure 1.2 Schematic scale representation of a 20 nm metal nanoparticle under the 
effect of an electromagnetic wave of 530 nm. [Figure reproduced from ref. 5]  

 
The origin of the bright colors of noble metal nanoparticle solutions is in fact determined 

by this specific phenomenon, as a consequence of the smaller size of the nanoparticle 

compared to the wavelength of the light used. Representative absorbance spectra for 

spherical AuNP, AgNP and CuNP in water are reported in Figure1.3. Variation of the 

absorption wavelength maxima can be obtained by changing the size or the shape of 

each metal nanoparticles, as will be described in the following discussion. 
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Figure 1.3 Representative SPB absorbance spectra for spherical AgNP, AuNP, and 
CuNP in water. [Figure reproduced from ref. 5] 

 

The first to explain the origin of the SPR was Gustav Mie in 1908.6 He considered the 

dipolar modes of spherical particles interacting with an electromagnetic light wave in 

homogeneous dielectric materials and solved the Maxwell’s equations for this system. 

As a result of this calculation, the ability to absorb light, or polarizability (α), of a metal 

nanoparticle can be expressed as in equation 1.1: 

! 

" = 3# 0V
# $#m
# + 2#m          

(1.1) 

where ε0 is the permittivity in the vacuum, V is the volume of the particle, ε is the 

permittivity of the material and εm is the permittivity of the medium surrounding the 

particle. Resonance of the surface electrons and the SPR occurs when ε ≈ -2εm. This 

dipolar approximation is valid for spheres and fails when considering big particles or 

different shapes. In these cases, more complex calculations are required.7 The 

polarizability, expressed according to the previous equation, is comprised of absorption 

and scattering contributions. The absorption is due to collisions between oscillating 
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electrons, while the scattering is due to the light trajectory deviation resulting after 

interaction with a certain object, without the lost of energy. The total extinction can be 

expressed as: 

! 

"tot ="abs +"scat          (1.2) 

! 

"abs = k Im(#)          (1.3) 

! 

"scat =
k 4

6#
$ 2           (1.4) 

where k is the wave vector of light expressed as [2π(εm)1/2]/λ and Im is the imaginary 

part of the permittivity. The contribution of each of the two components depends on the 

size of the particles and on the wavelength of irradiation as reported in Figure 1.4.8  

 

Figure 1.4 (a) Evolution of the maximum absorption and scattering for increasing 
diameters of AuNP. Spherical AuNP smaller than 90 nm are more efficient 
absorbers than scatterers. (b) Absorption and scattering cross-section 
spectra for a gold nanosphere in water, 88 nm in diameter. [Figure 
reproduced from ref. 8] 

 
In general, metal nanoparticles are very efficient absorbers; however, the choice of size 

and shape appears crucial when used for different applications. The variation of the 
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nanoparticle size or shape translates into a variation in the optical properties, meaning 

that nanoparticles can absorb at different wavelengths, going from the visible to the 

infra-red according to their morphology. By increasing the size of the particles, a longer 

surface electron oscillation is obtained after irradiation, decreasing in such a way the 

frequency of the oscillation and determining a red-shift of the plasmon wavelength. In 

addition to the size, the synthesis of metal nano-structures with particular shapes, such as 

nanorods, nanostars, nanocages or nanshells allows for the synthesis of materials with 

even longer plasmon absorption wavelengths. (Figure 1.5)9 

 
Figure 1.5 SEM and TEM micrographs of gold nanostructures of various shapes and 

sizes: (a) nanospheres, (b) nanorods, (c) nanobipyramids, (d) hollow interior 
nanosemishells, (e) hollow interior nanocages, (f) hematite core/Au shell 
nanorice, (g) nanostars, (h) silica core/Au shell nanoshells, and (i) 
nanocubes. [Figure reproduced from ref. 9] 

 

For some shapes, the absorption spectra present multiple bands, such as in the case of 

nanorods where the two bands correspond to the longitudinal and the transversal 

absorption. In this specific case, increasing the length of the rods results in a 

bathochromic shift of the longitudinal absorption, as shown in Figure 1.6. 
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Figure 1.6 Plasmon resonances of nanorods with different sizes (size increases going 

from the purple trace to red trace). The two bands, observed for each 
spectrum, correspond to the longitudinal and transversal absorptions for the 
specific size of nanorods. A red-shift of the longitudinal absorption is 
obtained by increasing the size of the particles. [Figure reproduced from 
ref. 9]. 

 

The tunability of the plasmon absorption makes nanoparticles very attractive for electric 

field related applications, such as surface-enhanced Raman scattering (SERS), 

therapeutics and photocatalytic processes.9,10 Therefore, several efforts have been made 

in the synthesis and the modification of such materials using chemical, thermal and 

photochemical procedures.10,11 

 

1.2 Photochemical synthesis 

Within all the synthetic procedures developed to control the morphological properties of 

metal nanoparticles, photochemical methods are very convenient in terms of temporal 

and spatial control, permitting the use of mild reducing agents and working at room 

temperature.11,12 A facile photochemical methodology to synthesize metal nanoparticles 

was discovered in the Scaiano’s group and consists of irradiating a benzoin compound, 

1-[4-(2-hydroxyethoxy)phenyl]-2-hydroxy-2-methyl-1-propane-1-one (I-2959) with 

UVA light.13 
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Scheme 1.1 Photochemical Norrish type I α-cleavage of I-2959. 

 

The UVA irradiation induces an α-cleavage of the I-2959 triplet excited state via a 

Norrish type I mechanism (Scheme 1.1). The quantum yield of the photodissociation is 

approximately 0.3 and the lifetime of the excited triplet state is 11 ns.14 As a result, a 

benzoyl radical and a ketyl radical are obtained. The latter represents the reducing agent 

and can be used to reduce different metal salts, such as AgNO3 or HAuCl4. 

Stoichiometric amounts of I-2959 are required to carry out the metal ion reduction, 

therefore, a 1:1 ratio is used for Ag+ and a 3:1 ratio for Au3+. The remaining benzoyl 

radical will be oxidized by air and the resulting carboxylic acid contributes to the 

stabilization of the resultant particles.15 In the case of Au, the reduction mechanism 

undergoes a series of disproportionation and reduction events, summarized in Scheme 

1.2.16 

 

HAuCl4 H+ + AuCl4-

AuIIICl4- + AuIICl3-RCOHR' RCOR' ++

+

HCl

2 AuIICl3- AuICl2- AuIIICl4-

AuICl2- + + + + RCOR'H+2 Cl-Au0

2AuICl2- AuIICl3-

AuNPn Au

RCOHR'

Au0+ + Cl-

 
 

Scheme 1.2 Reduction of hydrogen tetrachloroaurate by ketyl radicals. 
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The formation of AgNP may appear more facile since only one electron is required.17 

However, oxidation of the resultant nanoparticles needs to be avoided using strong 

stabilizing agents and working under inert atmosphere. Detailed synthetic procedure will 

be discussed in the following chapters. A summary of the I-2959 photoreduction of Ag+ 

is shown is Scheme 1.3.  

 

+
OH O

+ H+

HO
O

O
OH

HO
O

O

+

OH
h!

Ag+ + Ag0

n Ag0 AgNP  
Scheme 1.3 Photocleavage of I-2959, followed by reduction of Ag+ and formation of 

AgNP. 
 
AgNP with different shapes can also be obtained by irradiating AgNP seeds of 3 nm 

with the appropriate LED wavelength. The localized electromagnetic field, created 

around the AgNP, induces the particle growth, as larger spheres, dodecahedra, 

nanoplates and nanorods, according to the wavelength of light used. The change in shape 

corresponds to a change in the absorption spectrum and, therefore, the properties of the 

particles can be easily tuned based on our needs. (Figure 1.7)18 
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Figure 1.7 Picture of AgNP colloidal solutions produced under the corresponding LED 
irradiation at the wavelength indicated (in nm) at the top of each cuvette. 
[Figure reproduced from ref. 18] 

 
The variation in the absorption maximum depends, not only on the size and shape of the 

nanoparticles, but also on the refractive index of the medium. A linear dependency of the 

λmax and the refractive index can be obtained for refractive index values ranging from 1.3 

to 1.6. However, this approximation fails when working outside this refractive index 

range. Underwood19 and Mulvaley20 derived an equation to calculate this dependence: 

 

! 

"max (nm) = 405.2 + 85.93 # RI        (1.5) 

 

where RI is the refractive index of the media.  

When working in metal nanoparticle synthesis, several parameters need to be taken into 

account in order to obtain materials with optimal performance. Size, shape, media and 

environment are crucial for successful applications, therefore, particular attention is 

required in the nanoparticle synthetic preparation and characterization. 

Over the past 20 years, the Scaiano group has developed a considerable experience in the 

synthesis, modification and functionalization of metal nanoparticles. However, the final 

goal of our research group is not focused solely on the production of nanoparticles, but 

rather on their application. In other words, rather than being a “nanoparticles factory”, 

our main goal is to investigate the potential of these materials in several fields. 

Therefore, in addition to the synthesis and the modification of metal nanoparticles, this 
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thesis will focus on some interesting examples of plasmon-mediated processes in 

catalysis, lithography and biochemistry. 

 

1.3 What can we do with metal nanoparticles? 

A recent publication from our research group stated that: “Surface plasmons are 

described as the collective oscillations of conduction band electrons following variations 

of the electric field vector of the incident beam. Simplistic, yet correct, this description 

fails to give most chemists any idea of what these plasmons could be used for.”5 This 

statement underlines how often the mere definition of the plasmon phenomenon does not 

give a direct explanation of the potential use for nanoparticles; therefore, a better 

understanding of the processes driven by plasmonic effects is required.  

As an example, we can consider a 10 nm spherical gold nanoparticles, whose plasmon 

absorption is centered at 530 nm. As mentioned before, the excitation of the nanoparticle 

surface, in this specific case using green light, results in a collective motion of the 

electrons, which results in the polarization of the particle. Clearly the particle in this 

“highly energetic” state needs to lose the energy absorbed to return to the initial physical 

state. To do so, the system follows several pathways, according to the environmental 

conditions and to the presence of eventual neighbors, placed in its proximity. A 

schematic representation of the possible mechanisms that can occur after plasmon 

excitation is reported in Figure 1.8.21 
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Figure 1.8 Plasmon excitation leads to a range of effects on molecules adsorbed, bound, 
or in proximity to a nanoparticle, as well as changes in the nanoparticle 
itself. In the presence of a suitable receiver, antenna effects (A) can result in 
excited state processes (As and At). Plasmon relaxation can lead to thermal 
effects (T) that can themselves induce supramolecular changes in guest 
molecules (Ts), chemical change (Tc) sometimes referred to as 
photocatalysis, or changes in the nanoparticle itself (Tn) of either a physical 
or chemical nature (e.g., oxidation). Under Plasmon excitation the 
nanoparticle can act as an electron donor (Et) or as an electron acceptor (Ht). 
Color arrows are used for mechanism Tc, the one explored in this paper. 
[Figure adapted from ref. 21] 

 
Electronic excitation of molecules placed around the nanoparticles is one of the possible 

mechanisms triggered after plasmon excitation, in a pseudo-transmitter/receiver antenna 

interaction. (Figure 1.8, pathway A) An example of this phenomenon has been studied 

by previous members of the Scaiano group.22 The formation of methylene blue (MB) 

triplet excited state is enhanced by the vicinity of 15 nm AuNP; however, quenching 

phenomena are also attributed to the proximity with the nanoparticles. As a result, a 

different effect is obtained according to the distance between AuNP-MB, as reported in 

Figure 1.9.22
 



	
  

	
  

	
   Introduction 
	
   	
  

16	
  	
   	
  
	
   	
  

For molecules located within distances >20 nm, the plasmon effect does not influence 

the photochemistry of the molecule. Enhancement and quenching effects are observable 

for distances between 2 and 20 nm. Finally, if the molecule is on the surface of the 

AuNP strong quenching of the singlet or triplet excited states can be observed. 

 

 
Figure 1.9 Qualitative representation of the methylene blue interaction with the AuNP 

surface. [Figure reproduced from ref. 22] 

 

The transient particle polarization, as a result of plasmon irradiation, can also lead to 

electron or hole transfer, particularly in processes where the nanoparticles may behave as 

a shuttle between different species.23 (Figure 1.8, pathways H and E) Several catalytic 

applications have recently been published, especially in processes where the 

nanoparticles act as an electron-storing/electron-releasing medium, according to the 

surrounding molecules.24  

Fluorescence quenching processes, occurring by the proximity of a metal nanoparticle to 

the fluorophore, are often due to an electron transfer process from the excited 

fluorophore to the nanoparticle surface.25 The use of metal nanoparticles for this class of 

application is limited by the extreme short lifetimes of the plasmon excitation process, in 

the subpicosecond range. Therefore, short distances between donor and acceptor are 

required to efficiently observe an electron/hole transfer. Lately several contributions 

have been published in the field of photovoltaic and water splitting using AuNP-

decorated semiconductors, such as ZnO or TiO2, where AuNP act as electron shuttles to 
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or from the semiconductors.26 These processes can be very efficient as a result of the 

intimate contact of the supported nanoparticle on the semiconductor material. 

Considering that the quantum yield of the emission occurring after the plasmon 

excitation is around 10-5 or less, the most efficient process that can occur after metal 

nanoparticle irradiation appears to be the conversion of energy, absorbed as light, into 

heat.27 This process is of primary interest since the thermal energy released is able, not 

only, to induce morphological modification of the particles and supramolecular changes, 

but it can also trigger high energy chemical reactions. Within all possible events 

occurring after plasmon irradiation, the latter is the primary focus of my research project.  

The possibility of carrying out thermal reactions at room temperature with the only use 

of a light source appears to be a very intriguing and convenient pathway. Moreover, the 

high temperature values obtained after plasmon irradiation are extremely localized 

around the particles, meaning that the overall temperature of the system remains 

unchanged. In this manner, thermal processes can be performed in very short time scale 

(submicroseconds) and with exceptional spatial precision. An added advantage of this 

photochemically driven process is the ability to stop the process by simply turning off 

the light. Finally, the absorption of visible light makes this potential plasmonic 

application even “greener” due to the possibility of using solar energy as the source.  

In summary, the optical properties of metal nanoparticles have an incredible potential 

when applied in catalysis, lithography and bio-related applications and this thesis will 

give a flavor of the promising uses of nanoparticles in those fields. 

This general introduction is followed by short presentations of the different projects at 

the beginning of each chapter. However, for chapter 7 and 8 a more detailed description 

of the background has been reported in the respective introductive paragraphs due to the 

specificity of the topic presented. 
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Chapter 2 

 

Experimental Setup and Instrumentation 

 

In this chapter I will present a brief description of the different instrumentation used 

either for the performance of a specific process or for the analysis of the results obtained. 

The materials and methods used for each project will be presented in the corresponding 

chapter, however all the general technical and experimental setup information are 

reported in the following paragraphs.  

 

2.1 Light Irradiation Sources  

2.1.1 Laser Drop setup 

The laser-drop system employed is shown in Figure 2.1. This setup was first used in 

Scaiano’s group in the early nineties1 and then modified and optimized at the beginning 

of my graduate studies, thanks to the technical support of Michel Grenier. It consists of a 

computer-controlled syringe pump that can deliver the sample to the exposure region 

through a Teflon needle with an external diameter of 1.6 mm (used as a ruler to measure 

the drop size). The volume delivered and the number of laser pulses per drop (delivered 
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at 1 Hz) is programmable. Laser excitation was performed with the frequency doubled 

532 nm (∼ 8 ns) pulses from a Nd:YAG laser, with a power of 50 mJ/pulse; in order to 

prevent drop explosions and multiple laser pulse exposures the beam was concentrated, 

but not focused on the sample drops. Images were captured with a Nikon D90 DSLR 

camera, equipped with a Sigma 105 mm f 2.8 macro lens, controlled by the laser-drop 

system. A 532 nm notch filter was used in front of the camera lens, to make it “blind” to 

the green laser beam and to prevent camera damage. 

 

 

 
Figure 2.1 (top) Pictures of the laser drop. (bottom) Vial placed under the Teflon tube to 

collect the irradiated drops. 
 

2.1.2 Light Emitting Diodes 

LED irradiation was performed using a custom-designed LED irradiator, consisting of 

four LedEngin 10 W LZ4-40G110 emitters attached to an aluminum heat sink and a fan 

cooling system. (Figure 2.2)  
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Figure 2.2 530 nm LED irradiator connected to a fan cooling system. 
 

The maximum of the emission is centered at λexc = 530 nm as reported in Figure 2.3 The 

flux of the LED at the intensity used in the experiment (~1 A) is 625 lumens per LED, 

for a total flux received by the sample with the 4 LED set up of 2500 lumens. 

 

 

Figure 2.3 Emission spectrum of the 530 nm LED used. 
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2.1.3 Photoreactor 

Luzchem LZC-4 (Luzchem Research, Inc.) photoreactor with 14 UVA lamps was used 

as irradiation source for the nanoparticles preparation. The power dose obtained range 

from 9 to 60 W/m2. When the 14 lamps are in use the temperature inside the 

photoreactor was measured to be 31°C. Samples were irradiated in quartz cuvettes with a 

rotating carousel or in a 24 well plate, both centered in the LZC-4. 

 

2.2 Steady-State Spectroscopy 

2.2.1 UV-Vis Absorption Spectroscopy 

Absorbance spectra were measured using a Cary 50 UV-Vis spectrophotometer, using a 

quartz cuvette with a path length of 1 cm. Occasionally, the absorbance was taken using 

a Molecular Devices SpectraMax M5 well plate absorbance reader in a well plate mode. 

2.2.2 Spectrofluorimeter  

Emission spectra were collected using a Photon Technology International (PTI) 

spectrofluorimeter. Specific information on the excitation and emission wavelengths is 

reported in each chapter where this technique was employed.  

2.2.3 Raman Spectroscopy 

Raman spectra were collected for the structural analysis of carbon-based materials as 

reported in Chapter 9. For these experiments a Reinshaw In Via apparatus with a 750 nm 

laser was used. An Olympus optical microscope was adapted to the instrument. 

Typically, the sample suspended in water, was sonicated for 15 min and drop-casted on a 

quartz plate. The solvent was evaporated before recording the spectra. For the graphene 

analysis, an area of 10 µm2 was selected and an average of 24 scans were performed. 
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2.3 Microscopy 

2.3.1 Scanning Electron Microscopy (SEM) 

Particle size, shape and distribution were examined by analysis of representative 

scanning electron microscopy and transmission electron microscopy (TEM) images. 

SEM images were obtained using a JSM-7500F field emission scanning electron 

microscope from JEOL Ltd in either transmission electron detector (TED) mode with a 

bright field (accelerating voltage 20 kV, emission current 20 mA, 8 mm working 

distance), secondary electron imaging (SEI) mode (accelerating voltage 4.0 kV, emission 

current 20 µA, working distance 2-6 mm) or in Rutherford backscattered electron 

(RBEI) mode (accelerating voltage 20 kV, emission current 20 µA, working distance 8 

mm). RBEI detector was used to obtained sample surface composition information using 

the COMPO mode. Energy dispersive X-ray spectroscopy (EDS) was used in 

conjunction with SEM. This chemical microanalysis technique detects x-ray emitted 

from the sample during bombardments by electron beam to characterize the elemental 

composition of the analyzed volume. The EDS detector from Oxford Instrumentation 

was employed to quantify the silver and gold ratio for the core-shell project reported in 

Chapter 3. The analysis of the data was done using INCA software. 

 

2.3.1 Transmission Electron Microscopy (TEM) 

TEM micrographs were collected using a high-resolution transmission electron 

microscope (HRTEM). A JEOL JEM-2100F field emission transmission electron 

microscope equipped with an ultrahigh-resolution pole piece operating at 200 kV was 

used to collect TEM and HRTEM images. Preparation of the samples was as follows: 

approximately 10 µl of solution were deposited on a copper grid coated with carbon film 

(400 mesh) and dried under vacuum (~ 10-3 Pa). 

Cryo-SEM images were occasionally taken for the dsDNA plasmon-mediated melting 

project reported in Chapter 7. For this purpose images of a cover glass slip 

functionalized with AuNP were taken using Tescan – VegaII XMU microscope, 
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available at Carleton University. Prior to the SEM measurements the samples were 

uniformly coated with ~1 nm gold, using a Hummer VII sputter (Anatech Ltd.). A 

chamber pressure of 9.8 x 10-3 Pa and a voltage of 20 kV were used in the analysis.  

2.3.3 Atomic Force Microscopy (AFM) 

This scanning probe microscopy technique was used to have surface information 

regarding our lithography application of plasmon. The information is obtained from the 

probe’s interaction with the surface. Topographic imaging was performed under air on 

various areas from several exposed films after washing with water, using a Molecular 

Imaging PicoPlus Atomic Force Microscope working in non-contact mode. The AFM 

probes used for imaging had a nominal resonance frequency of 150 kHz, force constant 

of 5 N/m and were manufactured by Budget Sensors (Tap150-G).  

 

2.3.4 Fluorescence Lifetime Imaging Microscopy (FLIM) 

Fluorescent Lifetime Imaging System (FLIM, PicoQuant) instrument is equipped with a 

frequency doubled picosecond pulse diode laser (530.6 nm, 78 ps, 40 MHz, LDH-P-FA-

530L, PicoQuant). The laser beam was collimated and focused through a fiber-coupling 

unit. A beam splitter Z532rdc (Chroma) was used to reflect the excitation light into the 

oil immersion TIR (total internal reflection) objective (100X, NA1.45, Olympus, 

PLAPO). The epi fluorescent signal is passed through a 560 nm long pass filter and was 

collected by Spectrograph (Shemrock 163, Andor). 

 

2.3.5 Total Internal Reflection Fluorescence (TIRF) Microscopy  

Fluorescence imaging was performed with an Olympus FV1000 TIRF (Olympus, 

Japan). The instrument is equipped with a CW laser (543 and 633 nm He-Ne laser). The 

laser beam is collimated and focused through a fiber-coupling unit and the excitation 

light is reflected into the oil immersion TIR (total internal reflection) objective (100X, 

NA 1.45, Olympus, PLAPO). Fluorescence filter cubes were used on occasion. The 

signal was collected onto a Rolera EM-C2 (Q-Imaging) camera. 
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2.4 Chromatography 

2.4.1 High Pressure Liquid Chromatography (HPLC) 

A Waters Integrity high pressure liquid chromatograph in tandem with a reverse phase 

C18 Zorbax column was employed to analyze reaction products in the case of dicumyl 

peroxide decomposition project (Chapter 4), using a 80:20 CH3CN/MilliQ H2O eluent 

mixture and a 0.5 mL/min flow rate. 

 

2.4.2 Gas Chromatography Coupled to Thermal Conductivity Detector (GC‐TCD) 
 
Gas evolution produced after reduced graphene oxide irradiation (reported in Chapter 9) 

was investigated using a PerkinElmer Clarus 480 gas chromatograph in line with a 

thermal conductivity detector (TCD). For a typical analysis, 1 mL of gas sample was 

manually injected for a 12-minute run. The gases were carried on argon, due to its high 

sensitivity for hydrogen gas. A packed column (9’ Molecular Sieve 13X, 45/60 mesh, 

1/8” SF), maintained at constant temperature of 60°C, was used to separate all the light 

gases (O2, N2, H2, etc.). Detection of the gases was possible using a thermal conductivity 

detector at a constant temperature of 150°C. 

 

2.5 Other Instrumentation  

2.5.1 Quadrupole Mass Spectrometer (QMS)  

The apparatus consists of an ultra high vacuum chamber equipped with an AccuQuad 

residual mass analyzer and a leak valve connected to a gas reservoir. The base vacuum 

pressure of ~ 1x10-8 mbar as monitored by an ion gauge (Granville-Phillips) is achieved 

by a turbomolecular pump (Pfeiffer TMU 071, 60L/s) backed up by a mechanical pump 

(Edwards E5). The mass spectrometer head consists of an electron impact ionization 

source (70eV), a quadrupole for mass selection and a Faraday Cup detector. The 

analyzer range is 1-200 amu. The QMS was calibrated prior to each measurement using 

a two point range (m/z = 2 and 44) and the resolution was adjusted such that the FWHM 

of a single mass peak was 0.6 mass units. 
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The gas sample to analyze was injected into a 50 cm3 reservoir maintained under 

vacuum (~10-1 mbar) with a roughing pump. A leak valve connected the reservoir to the 

high vacuum where the mass spectrometer resides, such that the vacuum was maintained 

at 1x10-5 mbar. Upon injection of the sample, chemical species were identified using an 

AccuQuad residual mass analyzer. Concentration of species was internally calibrated 

using the known vapor pressure of water during the reaction.  

 

2.5.2 Microwave  

A CEM Discover Microwave was used as a comparison with the LED and laser 

irradiation sources for the projects presented in Chapter 4 and Chapter 5. For these 

experiments, the solution was placed in a CEM 10 mL Pyrex reaction tube and sealed 

with a Teflon cap; each sample was irradiated for 20 min at 80°C (300 W). 

 

2.5.3 Dynamic Light Scattering and Z-potential 

Dynamic light scattering and Z-potential measurements were obtained using a Malvern 

Zetasizer Nano (ZEN3500) fitted with a 633 nm laser (DPSS, 50 mW).  

In the first case, particle sizes were determined based on the fluctuations in scattered 

light of a sample.  For these measurements 200 µL aliquot of nanoparticles was added to 

1.5 mL of distilled deionized water in a plastic, disposable cuvette. 12-15 measurements 

were performed per samples to determine the hydrodynamic radius.  

For the Z-potential measurements, electrophoretic mobility of the particles was 

measured by taking the average of three consecutive measurements obtained analyzing 

the colloid solution in disposable folded capillary cells.  
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Chapter 3 

 

Modification of Noble Metal 

Nanomaterials 

 
3.1 Introduction 

Noble metal nanoparticles have been successfully employed in a wide range of fields, 

from catalysis to biomedicine, due to their unique and distinct properties compared to the 

bulk material.1-3 Critical aspects to take under consideration when using metal 

nanoparticles in different application are related to size, shape and not least composition 

of the colloids.4,5 Therefore, several efforts have been made in order to tune their 

morphological properties and, in recent years, different preparation methods have been 

developed to achieve the desired morphology;6 among all these methods, “seeding” 

procedures have been commonly adopted to grow metal particles in a controllable 

manner. This approach takes advantage of surface catalysis, in which the surface of the 

nanoparticle acts as a preferred site for the metal ion to be reduced, avoiding a new 

nucleation.6,7 Natan et al. have shown that it is possible to increase the size of gold 

nanoparticles used as seeds by adding subsequent layers, ending with a uniform size 

distribution.8 In this strategy metal nanoparticles are added to a mixture of the metal salt 

and a mild reducing agent, giving rise to a process in which the nucleation phase is 
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separated from the growth period. I tried to take advantage of this observation and 

combine it with the use of a photochemical strategy to grow Au/Ag core shell materials. 

Independently, a previous member of Scaiano’s group, Kathy McGilvray was 

developing a procedure to photochemically control the growth of gold nanoparticles 

using a seeding approach. The controlled synthesis of AuNP and the formation of Au/Ag 

core shell particles using the photo-seeding method have been published as a single 

contribution since both are based on the same approach and represent a facile and 

efficient method for making nanomaterial with defined size and composition (Figure 

3.1).9 

 

Figure 3.1 Cartoon representation of the controllable growth of AuNP or Au/Ag core-
shell particles using the photoseeding approach. [Figure reproduced from 
ref. 9] 

 

3.2 Materials and Methods  
 
3.2.1 Materials  

HAuCl4•3H2O, AgNO3 and sodium citrate were purchased from Sigma-Aldrich and used 

as received. I-2959 was obtained as generous gift form BASF supplied by Dempsey 

Corporation Canada and recrystallized by ethanol. For all the samples distilled deionized 

water was obtained from Millipore MilliQ water filtration system with a measured 

resistivity of 18.2 Ω. 
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3.2.2 Preparation of AuNP seeds 

AuNP used as seeds were synthesized following a common procedure used in Scaiano 

group.9 Briefly, an aqueous solution of 0.33 mM HAuCl4 and 1.0 mM I-2959 were 

irradiated in a 24-well plate using 14 UVA lamps (59.2 W/m2) for 15 min. In order to 

reduce particle size variance, the reagent solutions were prepared in large volumes and 

then distributed into the 24-well plate, 2.5 mL of solution in each well. After irradiation 

the solution was left for a minimum time of an hour in the dark before the 

functionalization with silver. One-exposure irradiation of I-2959/AuCl4
- of 3:1 

stoichiometry gives particles of ~ 12 nm in diameter.  

3.2.3 Seed mediated growth 

1 mL of AuNP seeds was added to a growth solution of AgNO3 and I-2959. Different 

concentration of AgNO3 and I-2959 were used with respect to the AuNP, in order to 

modify the relative thickness of the gold core or silver shell. In particular, three different 

proportions were chosen: Au/Ag= 65/35; Au/Ag= 50/50; Au/Ag= 35/65. To get those 

ratios we used the following concentration: 0.11 mM HAuCl4: 0.059 mM AgNO3 for the 

65:35 ratio; 0.11 mM HAuCl4: 0.11 mM AgNO3 for the 50:50; 0.11 mM HAuCl4: 0.2 

mM AgNO3 for the 35:65. The mixture was purged with N2 for 15 min and irradiated for 

10 min with 14 UVA lamps using a photoreactor. 

 

3.3 Photochemical strategies for the seed-mediated growth of 

gold-silver core-shell nanoparticles 

3.3.1 I-2959 as Reducing Agent 

A critical aspect when making metal nanoparticles and, therefore, synthesizing metal 

core-shell structures, is the choice of the reducing agent. Indeed, the use of very strong 

reducing agents can favor a second nucleation process, leading to the formation of new 

nuclei in solution and ending with a sample containing particles with different sizes and 

composition.6-8, 10-13 Ascorbic acid, hydroxylamine hydrochloride and hydrazine are 
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some of the most common reducing agents used, to name a few. In this photochemical 

approach to make Au/Ag core-shell, the choice of the reducing agent fell on the 

molecule 1-[4-(2-hydroxyethoxy)phenyl]-2-hydroxy-2-methyl-1-propane-1-one, 

commercially known as Irgacure-2959. This benzoin compound has a strong UV 

absorption with ε280nm= 1000 M-1 cm-1. When I-2959 is irradiated with ultraviolet light a 

triplet excited state of the α-hydroxy ketone with a lifetime of 10 ns is obtained.14 This 

short lifetime makes the excited state more difficult to be quenched by the metal salts. A 

Norrish type I cleavage occurs after excitation (Scheme 3.1).  

 

Scheme 3.1 Schematic representation of the synthesis of metal nanoparticles, obtained 
by I-2959 photolysis and subsequent oxidation of its radial products.  

 

The photocleavage leads to the formation of a benzoyl radical and a 2-hydroxylpropyl 

radical or “ketyl” radical.15 The latter can be considered as a “caged electron”, 

responsible for the reduction of the metal ions to metal nanoparticles. The final products 

obtained after UV irradiation of I-2959 are acetone and 4-hydroxyethoxy benzoic acid 

(4-HEBA). 4-HEBA acts as a mild stabilizing agent for the particles and can be easily 

removed. No covalent bonds between the nanoparticle surface and the stabilizer are 

formed, leaving the particles largely unprotected while sufficiently stable. All those 

properties, in addition to the good solubility in water, make I-2959 a great candidate for 
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the photochemical synthesis of metal nanoparticles.16 In a recent publication of the 

Scaiano’s group, it has been shown how the process occurring during the reduction of 

metal ions to metal nanoparticles using I-2959 is in fact a proton coupled electron 

transfer (PCeT), in which the presence of a proton receptor is crucial for the successful 

completion of the process.17 

3.3.2. Core-shell vs. alloys or individual nanoparticles 

Bimetallic nanoparticles have gained increasing attention in the last years, due to the 

possibility of combining the properties of the different metals used and to the variety of 

structures that can be obtained. Within the bimetallic particles, we can distinguish 

between “alloys” and “core-shell” particles. The former can be defined as particles with 

a homogeneous distribution of two kinds of metals, while in the core-shell the two types 

of metals are disposed in a heterogeneous arrangement in which one of the metals is 

surrounding the other one (Figure 3.2).18 

 

 
Figure 3.2 Cartoon of an alloy and a core-shell type of structures. 

 

In this photoseeding approach, the AuNP seeds are added to a degassed mixture of 

AgNO3, citrate and I-2959 and then irradiated. The reduction of Ag(I) on the AuNP 

seeds surface occurs within few minutes. Addition of citrate to the growth solution 

stabilizes the particles for several months. Figure 3.3 shows the color of the solution 

before and after irradiation. The comparison of the orange tint is an indication of the 

effective reduction of Ag+. In addition, no evidence for the precipitation of AgCl was 

observed, probably due to its stabilization as AgCl2
-. However, no indication about the 

nature of the particles obtained can be derived from this observation. Three possible 

nanostructures such as, individual nanoparticles, core-shells or alloys, could have been 
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formed.  

 

 
Figure 3.3 Pictures of the sample before (A) and after 10 min irradiation (B). 

 

In order to further investigate if bimetallic particles (Au/Ag core shells or Au-Ag alloys) 

or individual AgNP and AuNP were formed, UV-Vis analysis was performed before and 

after irradiation. The SPR band of Au spherical nanoparticles centered at 522 nm is the 

only one observed in the visible range before irradiation, as expected. In case individual 

AgNP are formed, we should expect their SPR band at ~ 400 nm and no shift of the one 

corresponding to AuNP. In contrast, the formation of alloys particles would give a UV-

Vis spectrum where only one band located between those of pure AuNP and AgNP is 

observed. Finally, if core shells are synthesized, a shift on the maxima of the two SPR 

bands is expected, due to the surface modification of the core particle. More specifically, 

the addition of a silver shell around the AuNP surface results in a variation of the 

refractive index around the AuNP seeds, which influences the overall polarizability of 

the superficial electrons and induces an hypsocromic shift of the AuNP SPR band. By 

looking at the UV-vis analysis, shown in Figure 3.4, the latter case appears to be the one 

occurring. Indeed, after irradiation, the AuNP plasmon band shifts from 522 nm to 489 

nm and a new band at 400 nm appears. These details clearly indicate the presence of 

core-shell type of structures.  
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Figure 3.4 UV absorption spectra of the Au/Ag core-shell nanoparticles (50:50) right 
after the synthesis (10 min) and days after the reaction. For this experiment 
the concentration of HAuCl4 and AgNO3 used was 0.11 mM. 

 

In order to confirm that the UV-Vis spectra obtained do not correspond to the presence 

of separate AuNP and AgNP, a mixture of independently synthesized particles was 

analyzed and the UV-Vis absorption was compared to the 50/50 photoseeded Au/Ag 

core-shell (Figure 3.5). In the mixture of individual AuNP and AgNP the UV-Vis 

spectrum shows two bands centered at the maxima expected for silver and gold particles 

obtained using I-2959 (410 nm and 520 nm respectively). In contrast, the aspect of UV-

Vis spectra obtained analyzing our core-shell sample presents the expected shifts for the 

two maxima, due to a surface modification.  
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 Figure 3.5 Normalized UV absorption spectra of 50:50 Au/Ag core shell (blue trace) 
and the mixture of AuNP and AgNP (red trace). 

 

An additional confirmation of the presence of core-shells was also provided by TEM 

microscopy. Figure 3.6 shows a representative example of a 50/50 Au/Ag core-shell 

sample, where a darker core surrounded by a lighter shell is clearly distinguishable. The 

inner portion of the core shell particle can be attributed to the AuNP seed used, since it 

appears darker at the TEM image compared to the external layer, which is the silver 

shell. The previous observation is based on the consideration of the different electron 

density of the two metal nanolayers.19,20 Finally TEM images provided information about 

the average size of the nanomaterials obtained, which appears to be 15 nm, and the 

thickness of the silver layer, which ranges from 2 to 5 nm.  

 

 
Figure 3.6 TEM images of core-shell nanoparticles solution. 
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For a more comprehensive characterization of the particles obtained, Energy Dispersive 

Spectroscopy (EDS) measurements were carried out. The elemental analysis confirms 

that the ratio between Au and Ag reflects the initial proportions used and no newly 

formed monometallic AgNP were observed (see results in Table 3.1). 

 

  

Figure 3.7 TEM images and electron energy spectrum for the Au/Ag 50:50 core-shell 
sample. 

 

The core-shells synthesized using the described photoseeding procedure appear to have a 

cleaner structure compared to those prepared in surfactant media.18-20  

In the following section will be discussed how this approach provides a reproducible 

way to control the overall composition and size of both the core and the shell. 

3.3.3. Core-shell structural variation  

One of the major aspects related to core shell structure is the distribution of the two 

metals. By varying the proportion of each layer it is possible to tune the SPR and in case, 

for example, of bio-application it is possible to combine the antimicrobial effect, 

provided by AgNP, with the photothermal effect of AuNP (as discussed in chapter 9).  

In order to modify the thickness of the two metals layers, we investigated the effect of 

the Au/Ag ratio variation. The proportion chosen were: Au/Ag = 50/50 (0.11 mM 

HAuCl4 and 0.11 mM AgNO3); Au/Ag = 65/35 (0.11 mM HAuCl4 and 0.059 mM 

AgNO3), and Au/Ag = 35/65 (0.11 mM HAuCl4 and 0.2 mM AgNO3). Citrate 

concentration of 0.83, 0.69, and 1.08 mM were used for 65:35, 50:50, and 35:65 Au/Ag 



 

	
  

	
   Modification of Noble Metal Nanomaterials 
	
   	
  

39	
  	
    
	
   	
  

ratios, respectively. A difference in the solution tint between the three samples was first 

noticed, going to a brighter orange color with increasing the silver shell thickness. Figure 

3.8 shows how the SPR bands reflect the ratio of metals used. Compared to the AuNP 

seeds, the Au/Ag = 65/35 solution presents a small shifts from 522 to 520 nm for the 

AuNP maximum and an increase in absorption in the region between 350 and 500 nm. 

For the 50:50 Au/Ag solution a stronger hypsochromic shift from 522 to 489 nm is 

observed, in addition to a band around 400 nm. The intensities of the two maxima are 

comparable, as expected from the initial ratio used between Au and Ag. Finally, the 

Au/Ag = 35/65 proportion displays a more intense band around 405 nm, attributed to the 

stronger Ag absorbance in the core-shell structure, compared to the other shoulder at 490 

nm attributed to the Au contribution. The changes are in line with those observed in 

other Au/Ag bimetallic systems.21-24 
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Figure 3.8 UV absorption spectra of core-shell nanoparticles synthesized with different 

Au/Ag proportions. The ratios were obtained using a different proportion of 
HAuCl4 and AgNO3 (Au/Ag 35:65−0.11 mM HAuCl4 and 0.2 mM AgNO3, 
Au/Ag 65:35−0.11 mM HAuCl4 and 0.059 mM AgNO3, Au/Ag 50:50−0.11 
mM HAuCl4 and 0.11 mM AgNO3). 

 

In addition, analysis of the core-shell sizes was performed using TEM and DLS. 

Representative TEM micrographs for the three different solutions are reported in Figure 

3.9.  
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Figure 3.9 TEM images of core-shell nanoparticles solutions synthesized using different 

Au/Ag proportions: 65/35 (left); 50/50 (central); 35/65 (right). The size bar 
is 20 nm. 

 

An increasing thickness of the lighter shell is observed by lowering the Au/Ag ratio. 

Moreover, looking at the hydrodynamic radii, reported in Table 3.1, a decrease in the 

size of the overall core-shell structure, including the hydrodynamic layers, is observed 

when decreasing the content of Au in the bimetallic system. These values were measured 

analyzing a large ensemble of particles by dynamic light scattering (DLS) technique. 

 
Table 3.1 Summary of Physical and Chemical Properties of the Core−Shell 

Nanoparticles with Different Au/Ag Atomic Ratios (Citrate Present)a 
 

Au/Ag	
  
ratio	
  

Au/Ag	
  ratio	
  
(measured	
  by	
  EDS)	
  

λmax	
   Size	
  (nm)c	
   Zeta	
  potential	
  
(mV)b	
  

100:0 100:0 522 10 -30 
65:35 65.8:34.2 520 18.8 ± 6.9 -35.1 
50:50 52.8:47.2 400; 489 13.8 ± 1.2 -35.9 
35:65 36.8:63.2 405 14.1 ± 3.5  -41.0 

 

a Citrate concentration of 0.83, 0.69, and 1.08 mM were used for 65:35, 50:50, and 35:65 Au/Ag ratios, respectively. b 

Typical errors for Z-potential measurements are ∼10%. c
 Hydrodynamic radii were collected using dynamic light 

scattering from a large ensemble of particles. 

Furthermore, Z-potential measurements were performed in order to obtain more 

information regarding the surface charges of the core-shells synthesized. AuNP, 

prepared by the I-2959 method in water with pH 3.0, produced zeta potentials of 

approximately -30 mV. By subsequently increasing the amount of Ag on the surface of 

the AuNP seeds, the Z-potential became more negative, reaching a value of -41 mV 

when the Au/Ag ratio analyzed is 35/65 (see Table 3.1). The decreasing value of the Z-

potential when increasing the amount of silver is due to the higher concentration of 
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citrate added as a stabilizer. AgNP are indeed more prone to oxidation compared to 

AuNP and therefore by increasing the thickness of the silver layer an increasing 

concentration of citrate is employed. The Z-potential of monometallic AgNP has been 

measured as -40 mV.  

Moreover, the stability of the core-shells made using the three different Au/Ag ratios 

was tested following the absorption spectra over time, as reported in Figure 3.10. After 

the first 5 min of irradiation the particles are already formed but not yet stabilized. 

Leaving the sample in the dark overnight is sufficient to allow the growth to be 

completed and obtained a stable nanomaterial. Minimal changes in the absorbance 

intensity are observed from 2 to 4 days after the initial irradiation. 
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Figure 3.10 UV absorption spectra of the core-shell nanoparticles recorded at different 
times. (Top left) Au/Ag 35:65 0.11 mM HAuCl4 and 0.2 mM AgNO3. (Top 
right) Au/Ag 50:50 −0.11 mM HAuCl4 and 0.11 mM. (Bottom) Au/Ag 
65:35−0.11 mM HAuCl4 and 0.059 mM. 
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3.3.4. Light irradiance dependence 

Having established the dependence of the thickness layer on the amount of metal used, 

we tried to investigate the effect of the light dose in the synthesis of the core-shell 

nanoparticles. In order to explore this aspect we used a Luzchem photoreactor equipped 

with a different number of UVA lamps and we recorded a UV-Vis spectrum after 2 min 

of irradiation for each light dose used. A spectroradiometer, consisting in a spectrometer 

connected to a detector head by a fiber optic cable, was used to quantify the light used in 

each experiments (Figure 3.11). Therefore, a power spectrum, reporting the energy 

distribution as a function of the wavelength, can be obtained by disposing the detector 

head inside the photoreactor with the selected number of lamps (2, 4, 8, 14 lamps 

respectively). Four different irradiances were used ranging from 9.2 to 59.2 W/m2. 
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Figure 3.11 UV absorption spectra of 50:50 Au/Ag core shell after 2 min irradiation at 
different light irradiances. 

 

Increasing the UVA dose leads to an approximately linear growth of the SPR at 400 nm 

and a proportional shift of the AuNP SPR, which goes from 522 nm when not irradiated 

to 490 nm when irradiated using an irradiance of 59.2 W/m2. This experiment suggested 

that the light irradiance is crucial for the core-shell synthesis process and therefore 

particular care must be taken when choosing the proper light power to get the best 

performance. 
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3.4 Summary 
 
The synthesis of Au/Ag core-shell nanoparticles using a photo-seeding approach was 

successfully investigated and a facile method for a better control of the core-shell layers 

thickness and composition was derived. Variation of the precursors concentration 

allowed simple and reproducible growth of core-shells with low polydispersity to be 

achieved. 

By varying the irradiance dose a defined photochemical control can be obtained. 

Although silver was chosen as a representative, in principle other metals reducible with 

ketyl radicals can be exploited to form a shell on the surface of a given AuNP seed. A 

comprehensive study of the core-shell properties has been realized, in terms of optical 

properties, morphology and composition. This information allows us to easily select the 

conditions required to obtained core-shell nanoparticles with precise properties.  

Au/Ag core-shell described in this chapter have been used for biological application, 

reporting astonishing potential due to the combination of both metal nanoparticles 

properties. A more detailed presentation of this application will be discussed in chapter 

9. 
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Chapter 4 

 
High-Temperature Organic Reactions at 

Room Temperature Using Plasmon 

Excitation 

 
4.1 Introduction 

Nanoparticles of noble metals such as silver, gold, and copper have characteristic colors 

due to the presence of plasmon absorption. Upon excitation, the surface plasmon band 

(SPB) can be viewed as a collective motion of electrons that result in transient 

polarization of the particle.1,2 It has been recently recognized that metal nanoparticles 

plasmon transitions can provide a mechanism to deliver energy to molecules in their 

proximity. The energy delivered through these transitions can form excited states, or 

simply provide “thermal” energy to molecules in the proximity of the particle surface.3,4 

In the latter scenario, high temperature reactions can formally occur at or near room 

temperature. Nonetheless, concerns related to the possibility for a certain molecules to 

approach the nanoparticle surface need to be taken under consideration; in addition, 
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assuming that a molecule can be placed within proper distance from the nanoparticle, 

several other aspects need to be considered in order to perform a thermal process using 

plasmon transitions. Two main questions can be formulated: which is the thermal energy 

that the plasmon excitation can provide? And therefore, which high-energy 

transformations could be triggered at room temperature by using plasmon transitions? In 

order to answer these questions, the principal goal in this work was to identify the range 

of temperatures that can be reached by irradiating nanoparticles with visible light. Due to 

the nanometer size of the material it is very difficult to measure directly the amount of 

thermal energy released after plasmon irradiation. Moreover, time resolved-studies 

indicated that energy is released from the nanoparticle in less than 1 ns5,6 and fast 

dissipation of that energy makes impossible to sense an increase of the bulk solution 

temperature. The identification of the temperatures that can be reached upon excitation 

of the metal nanoparticles SPR band is paramount for any further thermal catalytic 

application. Our goal was to find an alternative and more versatile way to obtain this 

information; for this purpose, we investigated the thermal decomposition of dicumyl 

peroxide (DCP) as a test reaction. This system was used as a “molecular thermometer”, 

meaning that the temperature reachable by plasmon excitation was identified according 

to the conversion of dicumyl peroxide, as reported in the following pages. 

 

4.2 Materials and Methods  
 
4.2.1 Materials 

Tetrachloroaurate and dicumyl peroxide were purchased from Sigma-Aldrich and used 

as received. I-2959 was obtained as generous gift form BASF supplied by Dempsey 

Corporation Canada and recrystallized by ethanol. Gold nanoparticles with a main 

diameter of 12 nm and a typical concentration of 1 nM were prepared photochemically, 

according to a procedure reported in literature and described in the previous chapters 

(chapter 1: paragraph 1.2; chapter 3: paragraph 3.2.2).7 
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4.2.2 Laser drop experiment 

The laser drop system was optimized from an existing system, previously customized in 

the Scaiano group.8 For the description of the laser drop setup referred to Chapter 2, 

paragraph 2.1.1. In a typical experiment a mixture of AuNP and dicumyl peroxide (1 

mM) was introduced in a 10 ml syringe and forced to pass through a teflon tube, forming 

a drop in the opposite side. The experiments were conducted in H2O with 5% of MeOH, 

and the samples were irradiated with different number of shots per drop. The resulting 

solution was collected using a cuvette placed below the teflon tube (Figure 4.1).  

 

 

Figure 4.1 Picture of the solution drop irradiated using the laser drop system. 

 

4.3 Decomposition of Dicumyl Peroxide 

In order to have a better understanding of the light-to-heat conversion achievable upon 

plasmon excitation, AuNP were tested as catalyst in the decomposition of dicumyl 

peroxide (Scheme 4.1). The choice of AuNP within the other metal nanoparticles (AgNP 

or CuNP) was based on the superior stability of gold versus oxidation. The reaction 

chosen is quite endothermic; indeed, at room temperature, dicumyl peroxide is stable for 

months, but can be thermally or photochemically decomposed.9,10 The photochemical 

process requires ultraviolet irradiation to trigger the reaction. On the other side, 
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prolonged heating at temperature higher then 140°C are needed to thermally decompose 

the dicumyl peroxide. 

 

O O
O

2heat or
light

  

Scheme 4.1 Dicumyl peroxide dissociation. 

The activation energy of the process can be estimated by using Arrhenius parameters 

derived from lifetime data in the temperature range of 128-158 °C and published by 

Kharasch in 1951.11 Figure 4.2 shows the resulting plot, where k is the rate constant of 

the dissociation process and T is the temperature. A value of 34.2 Kcal/mol has been 

estimated as the activation energy required for the decomposition of the DCP and it is 

attributed to the dissociation of the peroxide bond.  
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Figure 4.2 Arrhenius plot for the dicumyl peroxide decomposition. 



	
  
	
  

	
  

High-Temperature Organic Reactions at Room Temperature Using Plasmon Excitation 
	
  

51	
  	
   	
  
	
   	
  

This reaction represents an excellent candidate to challenge the limits of plasmon heating 

effects, and can be used as a “thermometer” to identify the temperature ranges 

achievable after plasmon irradiation of metal nanoparticles. After the initial 

decomposition, two pathways are possible, as reported in the Scheme 4.2.  

O O

O

2hv 
or heat

O

+ R-H R +

O

OH

CH3 +

O

Cumyl peroxide

Cumyl alcohol

Acetophenone

Cumyloxyl radical

(1)

(2)

(3)

 

Scheme 4.2 Formation and possible pathways of cumyloxyl radicals. 

 

The cumyloxyl radical, obtained after the initial decomposition, can lead to the 

formation of cumyl alcohol, in the presence of a hydrogen donor (i.e. methanol, reaction 

2), or acetophenone (reaction 3).10 

For the investigation of this particular thermal reaction using plasmon irradiation we 

employed AuNP largely unprotected. Those AuNP absorb light right around 530 nm, 

corresponding to the green light in the middle of the visible spectrum (Figure 4.3).7  
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Figure 4.3 UV spectrum of AuNP Plasmon band with and without dicumyl peroxide. 

The reaction was performed using the laser drop system described before and analyzed 

by HPLC, collecting the products at different amount of shots per drop (s/d). Pictures of 

the sample before, during and after few milliseconds of 532 nm laser excitation were 

recorded; as reported in Figure 4.4, a change in color, towards a blue tint, can be noted. 

The blue shift observed can be attributed to a surface modification or aggregation of the 

nanoparticles, however it persists just few milliseconds during irradiation and it does not 

remain after the experiment. 

 

Figure 4.4 Laser drop pictures before, during, and a few milliseconds after 532 nm laser 
excitation. Note a slight bluish tint during excitation. 
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A typical HPLC trace is reported in Figure 4.5 and shows the result obtained collecting 

the solution after 50 laser pulses per drop.  

 
  

Figure 4.5 HPLC traces of the experiment after 50 shots per drop irradiation. The peaks 
observed were attributed as follows: A- AuNP solution (4-HEBA, I-2959 
remaining in solution); B- 2-phenyl-2-propanol; C- Acetophenone; D- 
Dicumyl peroxide. 

 

In addition to the starting material, dicumyl peroxide (peak D), and the two possible 

products, 2-phenyl-2 propanol (peak B) and acetophenone (peak C), a peak attributed to 

4-HEBA and the leftover I-2959 can be also observed (peak A). 

The results of the different laser drop experiments are summarized in Figure 4.6. In the 

presence of AuNP, complete conversion of the peroxide is obtained after approximately 

75 laser shots. However, in absence of AuNP, more than 60% of peroxide still remains 

even after 200 shots per drop. (Figure 4.6) When the experiments are conducted using a 

5% and 0.5% methanol the only product isolated was 2-phenyl-2-propanol, in fact the 

required condition under which acetophenone was detected was that no hydrogen donor 

was present in solution.  
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Figure 4.6 Graph of conversion vs. number of shots per drop of 1 mM dicumyl peroxide 

in H2O with 5% of MeOH irradiated with a 532 nm laser (50 mJ/shot) with 
different number of shots per drop (0, 25, 50, 100, 200 s/d). The right panel 
in the graph shows the results using a microwave (300 W, 20 min) and a 530 
nm set of LED (4 x 15 W, 35 °C, 60 min). 

 

The data obtained clearly indicate that the presence of AuNP is essential to perform the 

decomposition of dicumyl peroxide. In other words, we are assisting to a photothermal 

effect produced by the excitation of the plasmon absorption band.  

In order to confirm these observations, comparison with other techniques such as 

microwave (MW) and LED were performed. In the first case, solutions of DCP with and 

without AuNP were irradiated in a microwave for 20 min at 300 W, reaching a bulk 

solution temperature of 80°C. No conversion was observed in absence of AuNP; 

nonetheless, a 47% conversion was obtained when AuNP were present in the solution 

vessel. Those results proved that temperatures of 80°C are not sufficient to perform the 

dissociation unless in presence of AuNP. Indeed, AuNP are good microwave absorbers, 

thus some conversion is possible. Interestingly, the conversion obtained after 20 min of 

microwave irradiation in the presence of AuNP, equal to 47%, does not reach the same 

value of conversion obtained using the laser irradiation after only 25 s (25 shots/drop), 

which is equal to 55%. 

The effect of the AuNP was also confirmed by performing the reaction using 530 nm 
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LED irradiation. The experiments were conducted for 1 h, at 35°C, employing a total 

light power of 60 W (4 LED x 15 W each). Despite the lower power used compared to 

the laser drop system, 21% of conversion was obtained in presence of AuNP; instead, in 

absence of AuNP, 100% of peroxide remained in the mixture. The LED experiments, 

other than confirming the photothermal effect exerted by the metal nanoparticles, 

represent also an inexpensive alternative to catalyze organic reaction using plasmon 

irradiation. The comparison between laser drop, microwave and LED are reported in 

Figure 4.6. The evolution of the bulk solution temperature during LED irradiation was 

monitored using a thermocouple. After an initial increase, the temperature remained 

stable at about 40°C during the all experiment. 

 

4.4 AuNP morphology before and after laser drop treatment  

The study of the plasmon-mediated effect of AuNP in the decomposition of dicumyl 

peroxide appears to be very promising, especially when using the laser drop apparatus. 

However, possible modification in the AuNP structure could occur. Figure 4.7 shows the 

colors of a AuNP [1.4 nM] and DCP [1 mM] solution before and after laser irradiation. 

The initial solution is characterized by a bright pink tint due to the plasmon band 

absorption of the AuNP, but an attenuation of that color is obtained after the laser 

treatment. This variation is probably related to the formation of smaller AuNP, generated 

by an ablation process and resulting in a weaker plasmon transition.  
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Figure 4.7 Pictures of AuNP and DCP solution before and after laser drop irradiation. 

 

Indeed, laser ablation phenomena are likely to occur when metal nanoparticles are 

irradiated using visible light.12 In the last few years several works have been published 

regarding this matter, including a recent contribution from the Scaiano’s group which 

describes the possibility of functionalizing or modifying AuNP surface using laser 

ablation.13 In order to further investigate the effect of the light on the AuNP morphology 

during the decomposition of dicumyl peroxide, we analyzed the sample before and after 

irradiation using SEM microscopy. The size of the AuNP in the initial solution is 12 nm 

on average, as confirmed by analyzing more than 100 particles from representative SEM 

pictures. As expected, the size is drastically reduced to one forth, reaching an average 

value of 4 nm, after 50 laser shots. The same effect is observed when DCP is present in 

the AuNP solution, going from an average diameter of 12.7 nm to 3 nm, after 100 shots 

per drop. (Figure 4.8) 
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Figure 4.8 SEM images of AuNP before (A: in presence of DCP; C: in absence of DCP) 

and after (B: in presence of DCP; D: in absence of DCP) ablation. 
 

This observation returns useful in the investigation of the temperature range achievable 

after plasmon irradiation, as results in the next section. 

 

4.5 Plasmon mediated energy release: from practice to theory  
According to the results obtained, the decomposition of dicumyl peroxide seems to be a 

feasible process when catalyzed by SPB photoexcitation; however, a study of the 

temperature limits related to this methodology need to be performed. In order to address 

this aspect, several calculations and observations need to be taken into account. As a first 

approach, we decided to identify the possible increase of temperature attributed to the 

bulk heating of the solution, rather then the plasmon photothermal effect. We based our 

approach on the assumption that our system is adiabatic, an approximation that appear to 

be good only considering a single drop, and not realistic for a minutes lasting 
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experiment. Knowing the volume of a drop, corresponding to 7 µl, the heat capacity (Cp) 

and density of water, we estimated a bulk heating of 1.7 K for 50 mJ laser pulse, 

according to equations 4.1 and 4.2.  

 

! 

"T(K) =
energy(J)

Cp (J /gK) # mass(g)
       (4.1) 

! 

"T(K) =
0.05J

4.2(J /gK) # 0.007(mL) #1.0(g /mM)
$1.7K     (4.2) 

 

This low value is in accordance with the high stability of DCP observed during the 

microwave experiments and corroborates our idea that bulk heating of the drops cannot 

explain the chemistry observed. 

Once the bulk heating of the solution has been ruled out as the responsible for the 

decomposition of DCP, we moved on considering the contribution of the AuNP plasmon 

excitation. In this prospective we assumed that AuNP could act as an adiabatic units 

themselves, meaning that they did not exchange heat with the surrounded medium 

during the laser pulse (8 ns). Considering AuNP as an ideal gas, an extreme limit of the 

temperature reachable after plasmon excitation can be obtained by using equation 4.1 

and considering that each drop (7 µL) contains around 10-7 g of gold. The calculation 

gave us a ΔT > 106 K, a value that stays in the same order if we consider an incomplete 

absorption of the light (absorbance ~0.05 in the drop) and it appears extremely 

unrealistic, probably due to the assumption done.  

We considered at this point that the AuNP used in this experiment undergo some surface 

modification after laser treatment, as shown in the previous section. This observation 

suggests that temperatures near the melting point are achievable. Indeed, it is well 

known that the melting point of metal nanoparticle is lower than the melting point of the 

corresponding metal bulk material, and in the case of bulk gold the melting point is 1337 

K, while for 12 nm AuNP the value is estimated to be around 1200 K.14  

With that in mind, we can state that high temperature, lower than the melting point of 

AuNP, can be reached after plasmon excitation. As an extreme temperature limit we can, 
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therefore, fix a value below 1200 K. 

The temperature range can be reduced, by considering the results obtained during the 

laser drop experiment. The idea is to relate the conversion obtained at each shot per drop 

to the amount of energy that the dicumyl peroxide need to “feel” in order to give that 

conversion. We were able to calculate the activation energy (Ea= 34.3 kcal/mol) and the 

pre-exponential factor (4.7 x 1014 s-1) relative to the dicumyl peroxide dissociation by 

looking at the kinetic data reported in literature.11 Therefore, from those parameters, the 

Arrhenius equation can be applied to obtain the rate constant as a function of the 

temperature, as reported in Figure 4.9.  
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Figure 4.9 Calculated rate constant for the decomposition of the dicumyl peroxide at 
various temperatures, based on Ea=34.25 kcal/mol and log A=14.67. The 
rectangle shows the range of temperatures where the lifetime of DCP would 
be between 10 ns and 1 µs. 

 

Our empirical results showed that 100% of conversion is obtained after around 75 shots, 

meaning that at each laser pulse 1.3% of dicumyl peroxide is decomposed. Assuming 

that the SPR heating lasted 100 ns around the AuNP, we can conclude that a temperature 

value of around 760 K was “sensed” by the DCP, as reported in the following 

calculation: 
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! 

log
Co

C
= log

100
98.7

= 0.0057 = kt = k "10#7 s$ k = 57000s#1    (4.3)
 

! 

log(57000) =14.67 =
34250

2.3 " R " T
# T $ 760K      (4.4)

  

As specified above, this result is referred to a plasmon effect lasting 100 ns; nonetheless, 

if we extend the same approach from 10 ns to 1 ms, the temperature range required to 

have a 1.3% of conversion after each laser shot is between 680 and 830 K. This 

temperature range must be considered as an indication, in other words it represents a 

“nominal” temperature required to have the decomposition of peroxide happening. 

Moreover, the data obtained were plotted as an exponential decrease curve from which 

we obtained a conversion of 1.7% after the very first laser pulse. A value for which the 

temperature range identified remains still valid. 

It also has to be noticed that the value obtained is based on the assumption that all DCP 

molecules are exposed to the plasmon energy released by the AuNP. However, not all 

the reactant molecules are likely placed on the right distance from the AuNP surface, and 

as a consequence the temperature values obtained are lower than the one expected to 

have the same conversion for a reduced amount of DCP exposed to AuNP. In addition, 

our calculation is based on the assumption that the dicumyl peroxide interaction with 

AuNP does not affect the peroxide dissociation energy, and therefore that the AuNP does 

not act as a conventional catalyst. 

 

4.6 Summary 
In conclusion, the analysis of the dicumyl peroxide decomposition by plasmon 

irradiation of AuNP gave us a nominal temperature range achievable. With our 

experiment we proved that an unimolecular process, requiring activation energies around 

35 kcal/mol, can be performed employing SPR excitation of AuNP, even when the 

molecules studied are not covalently bound to the surface of the particles. Values around 

500°C ± 100°C, for a submicrosecond times of irradiation, were obtained. El-Sayed et al. 
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reported temperatures >80°C during cancer cell treatment with AuNP.15 Therefore, our 

contribution represents the first attempt to identify a range of temperatures for plasmon-

assisted photothermal effect in organic chemistry and can serve as an indication to select 

organic reactions that could be performed with this methodology. The laser drop setup 

was paramount in the study of the system selected, however, for practical application, 

LED light sources represent a convenient and promising alternative for the catalysis of 

thermal reaction using plasmon-mediated energy delivery. The possibility to use these 

inexpensive sources of light, in addition to the possibility to use plasmon-assisted 

catalysis processes have been explored in other projects during my PhD. Nonetheless, 

the decomposition of dicumyl peroxide represents a fundamental achievement for my 

research since it provided the required knowledge to thoroughly investigate plasmon-

mediated energy release effect and its application in several fields. Examples in 

catalysis, lithography and biochemistry will be presented in the following chapters.
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Chapter 5 

 

Plasmon-Mediated Catalysis: Resazurin 

Reduction 

 
5.1 Introduction 
As reported in the previous chapters, noble metal nanoparticles possess peculiar optical 

and physical properties. Among all of them, the possibility of releasing thermal energy 

after plasmon excitation represents a promising feature. After identifying a temperature 

range reachable by irradiation of spherical AuNP,1 our next interest was focused on the 

application of that thermal energy release in catalysis. A plasmon-mediated oxidation 

process using LED irradiation of AuNP was investigated by other members of the 

Scaiano group.2 To further explore the potential of the plasmon-mediated catalysis, we 

decided to study a reduction process employing different irradiation techniques, such as 

laser drop and LED. For this purpose, we chose the reduction of resazurin, also known as 

Alamar Blue,3 to resorufin (Scheme 5.1), which is a very well known process and has 

been thoroughly studied in the past.4-8  
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Scheme 5.1 Resuzurin reduction.  

 

The choice of this reaction is due to the fact that this process can be easily followed 

either using colorimetric methods, as the color changes from blue (resazurin λmax= 603 

nm) to pink (resorufin λmax= 570 nm) (Figure 5.4), or by analysis of the high 

fluorescence emission of resorufin (λem= 582 nm) compared to the weak emission of 

resazurin3-5 (Figure 5.1).  

 

Figure 5.1 Fluorescence emission spectra for resazurin (blue) and resorufin (red). Both 
solutions were diluted to 0.1 absorbance at the excitation wavelength (532 
nm) under basic conditions. The red arrow indicates the emission due to 
traces of resorufin in the resazurin sample. 

 

This reaction can be performed using several methods such as photochemical, 

electrochemical or biocatalytic methods, to name a few.5-7 Lately, Bueno et al. described 

a photoreduction of resazurin to resorufin using different types of amines upon 

irradiation at 615 nm.8 

In our attempt we use AuNP as catalyst and hydroxylamine as reducing agent, in order 
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to verify if a plasmon-mediated catalysis process, at room temperature, was feasible for 

this specific reduction. Previous contributions reported the use of AuNP in the catalytic 

reduction of resazurin, however they adopted electrochemical methods to perform this 

transformation. Moreover, they were able to follow the fate of the reaction by using 

single molecule fluorescence on the surface of the metal nanoparticles.9-10 

In our work, we used LED irradiation and laser-drop excitation, a technique developed 

in our group,1,11 to irradiate the plasmon band of AuNP and we compared those results 

with the use of conventional heating techniques, such as microwave irradiation and 

thermal bath. In addition, a comprehensive study on the resorufin fluorescence emission 

quenching by AuNP has been performed in order to have a better understanding of the 

interaction between the metal nanoparticle and the fluorescent system analyzed. 

 

5.2 Materials and Methods 

5.2.1 Materials 

Resazurin, resorufin, hydroxylamine, and tetrachloroaurate were purchased from Aldrich 

and used as received. Irgacure 2959 was a gift from BASF supplied by Dempsey 

Corporation Canada and it was recrystallized from ethyl acetate. All the solutions were 

prepared in Millipore water (resistivity 18.2 MW at 25°C). 

 

5.2.2 Sample preparation 

In a typical experiment, 200 µL of a 10 mM solution of resazurin (6.3 mg in 2.5 mL of 

water) and 40 µL of a 0.1 M solution of NH2OH in water were added to AuNP solution 

(1.76 mL, 1.4 nM). Spherical AuNP, with a mean diameter of 13 nm and a SPB 

absorption at 530 nm (Figure 5.2), were prepared photochemically as reported in the 

previous chapters (chapter 1: paragraph 1.2; chapter 3: paragraph 3.2.2).12  
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Figure 5.2 AuNP [1.4 nM] absorption spectrum. 

 

The resulting solution of resazurin, NH2OH and AuNP was irradiated using different 

light sources as follows. 

 

5.2.3 Laser drop experiment  

For this specific project two different laser powers (50 and 80 mJ per pulse) and 

different numbers of shots per drop (1 and 10) were used. When 10 shot per drop were 

used for irradiating the sample, the laser beam was not focused on the drop, this detail is 

important since when the laser is concentrated and focused, the drop is destroyed after 

only 1 shot, Figure 5.3 illustrates how, when the laser beam is focused on the drop, an 

explosion occurs after a single shot.  
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Figure 5.3 Explosion of the drop after a single focused laser shot. The camera exposure 

aperture time is of 1 s, therefore, in the picture we have the superimposition 
of the initial drop and the splashed drop after the laser shot. The fluorescence 
emission can be observed on the drop, as a result of the laser irradiation at 
532 nm. However, the droplets appear blue due to the use of a blue flash 
(355 nm). 

 

The irradiated samples were collected in a cuvette and analyzed after addition of NaOH 

to ensure a basic pH.  

 
5.2.4 Light emitting diodes 

In this experiment 1 mL of solution was placed in a cuvette of 0.5 x 0.5 cm path. The 

sample is centered in the LED irradiator and is irradiated to induce the reduction of 

resazurin to resorufin. To follow the reaction aliquots were taken every 2 min. 

 
5.2.5 Microwave 

The solution was placed in a CEM 10 mL Pyrex reaction tube and sealed with a Teflon 

cap; each sample was irradiated for 20 min at 80 ºC. 

 
5.2.6 Sample analysis  

The irradiated samples were diluted to an absorbance of 0.1 at 532 nm, using Cary-50-

Bio UV-visible spectrophotometer and then analyzed recording the product emission 

spectrum, using a Photon Technology International (PTI) spectrofluorimeter. AuNP 

morphology before and after laser irradiation was analyzed using electron microscopy 

(see Appendix, Figure 5.18). 
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5.3 Reduction of Resazurin to Resorufin Catalyzed by Gold 

Nanoparticles 

 
As reported in the in the previous paragraph, solutions containing 1 mM resazurin and an 

excess of NH2OH in water were added to aqueous solution of AuNP, synthesized 

photochemically.12 The solution was irradiated using the laser drop system, exciting the 

surface plasmon band at 532 nm. Interestingly, after each shot we noticed an 

instantaneous change of the drop color, going from red to orange. Pictures and videos of 

the drop color change were taken during the experiment. Figure 5.4 shows the emission 

color variation during a single laser shot.  

 

 
Figure 5.4 Pictures of the drop before (resazurin) and during laser excitation (resorufin); 

the bright point on the left of the drops is due to a reflection of the light 
source illuminating the drop, and the bright orange color of the right drop 
incorporates extensive product fluorescence. 

 

The solution obtained collecting the irradiated drops in a cuvette was diluted to an 

absorbance equal to 0.1 at 532 nm and subsequently analyzed with a spectrofluorimeter. 

The percentage of resorufin fluorescence emission is reported as an indication of the 

completeness of the reaction. A quantitative conversion of resorufin to resazurin, 

corresponding to an intense emission of the product, is observed after a single shot of 

irradiation (Figure 5.5 b). The apparently different conversion obtained after 10 shots is 

due to experimental errors and reproducibility factors, since the experiments were run on 

different days. 
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Figure. 5.5 Percent fluorescence emission increment relative to the maximum 

fluorescence emission of resorufin (λ = 582 nm) for three different 
experiments: (a) different laser energies (1 s/d); (b) different number of 
shots (50 mJ per pulse); (c) absence and presence of AuNP (50 mJ per 
pulse, 1 s/d); conditions for the experiments: resazurin 1 mM, NH2OH 2 
mM and AuNP 1.4 nM, exception made for the control where AuNP were 
not employed. The individual error bars in each column show the errors 
within a single set of experiments, while the dashed error bar shows the 
reproducibility between different sets of experiments (‘a’, ‘b’ and ‘c’), 
frequently run on different days. 

 

To further investigate the effect of the setup conditions on the resazurin conversion, we 

vary the laser pulse energy used from 50 to 80 mJ, keeping the number of laser shots 

constant (Figure 5.5 a). No difference in the fluorescence emission was observed; 

indicating that the energy applied with a 50 mJ single pulse is enough to get full 

conversion of resazurin to resorufin.  
Furthermore, in the absence of AuNP no emission of the product was detected (Figure 

5.5 b). The complete inefficiency of the reaction in absence of AuNP was observed 

despite the fact that the resazurin solution at the high concentration used has a reasonable 

absorption at 532 nm (Figure 5.6). 
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Figure 5.6 Absorption spectra of resazurin and resorufin at 0.001 mM concentration. 

 

The fluorescence spectra corresponding to the results mentioned until now are reported 

in the Appendix at the end of the chapter.  

From the different experiments performed, the resazurin reduction appears to be a very 

efficient process when performed in presence of AuNP using the laser drop technique. 

Indeed, with a single 10 ns laser pulse, 50,000 to 100,000 resazurin molecules are 

reduced per AuNP, using a laser pulse of 50 mJ. This surprising result proves that a 

plasmon-mediated catalysis can be performed in a nanosecond time range using laser 

excitation. In the following paragraph comparisons with conventional thermal methods 

and LED irradiation are presented.  

 

5.3.1 LED irradiation vs. thermal methods 

In order to establish if the irradiation of the AuNP plasmon band was required for the 

catalysis of the resazurin reduction, we performed several experiments using light 

emitting diodes, microwave oven and thermal bath. In the case of the thermal bath 

experiments, we analyzed the results obtained placing the sample at two different 

temperatures, 50 and 80°C. As expected, the system at higher temperature gave the 

better conversion, confirming that the reaction is temperature controlled. Comparable 
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results were obtained using a microwave irradiation for 20 min at 80°C. Surprisingly, the 

LED irradiation, gave a higher conversion compared to the traditional thermal methods 

used. The fluorescence emission for the experiments obtained after 10 min and 

employing the different techniques are reported in Figure 5.7. 

 

 
Figure 5.7 Fluorescence emission at a given time (10 min) for the different experiments 

(except the Laser Drop experiment in which it corresponds to a single ~ 8 ns 
shot exposure. 

 
Kinetic profiles for the LED and thermal bath experiments showed how the reaction is 

faster and more efficient using the light emitting diodes even at the lower power. (Figure 

5.8) This observation represents an encouraging result for the potential application of the 

plasmon-mediated catalysis in organic synthesis due also to the convenience of the light 

source used. 
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Figure 5.8 Kinetic traces of the experiments in the LED irradiator and the thermal bath. 

Solutions of resazurin (1 mM), NH2OH (2 mM) and AuNP (1.4 nM), were 
submitted to either the LED irradiator or a thermal bath. Samples were taken 
every 2 min, diluted to 0.1 absorbance and analyzed in a spectrofluorimeter 
to record its emission spectrum. The experiment was done at two different 
power settings of the LED irradiator (full nominal power: 4 x 10 W; half 
nominal power: 4 x 5 W) and at two different temperatures of the thermal 
bath (80 and 50°C). 

 
5.3.2 Role and concentration effect of NH2OH as a reducing agent 

As mentioned before all the experiments were conducted employing NH2OH (2 mM) as 

a reducing agent. In order to have more insights on the role of this amine in the resazurin 

reduction process few comparative experiments were performed replacing NH2OH with 

triethylamine. In this case only a very small fluorescence increase, under the same laser 

drop exposure conditions, was observed, as reported in Figure 5.9. Therefore, quenching 

experiments were performed to find out if the lack of emission was due to an emission 

quenching by the triethylamine or to an actual inefficiency of the latter as a reducing 

agent for this process. More specifically, the fluorescence of 1 mM resazurin solutions 

was analyzed, using λex= 532 nm, in presence of different concentrations of Et3N (0.5, 1 

and 2 mM) (see Appendix, Figure 5.17). No variation in the emission spectra was 
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noticed using concentration of Et3N up to 2 mM, suggesting that this amine does not 

quench the resorufin fluorescence and confirming that, when used instead of NH2OH, it 

does not reduce resazurin to resorufin. 
 

 
 
Figure 5.9 Fluorescence spectra from the experiment in the presence of Et3N and 

NH2OH. Laser pulse energy 50 mJ and 1 shot/drop. 
 

These results show as the NH2OH is a necessary component for the reaction to occur. 

The different conversions obtained when using the two reducing agents might be due to 

their distinct affinities for the surface of AuNP and therefore for the catalytic site.  

Moreover, we decided to investigate the effect of varying NH2OH concentration in the 

reaction mixture. For this purpose, we used the LED irradiation method to have a 

considerable conversion in a reasonable time (2 min), since the laser drop technique is 

too fast to provide a kinetic profile. Solutions with different concentrations of NH2OH 

ranging from 0.5 to 2 mM, keeping constant the concentration of the other compounds (1 

mM of resazurin and 1.4 nM of AuNP) were irradiated and analyzed using the 

spectrophotometer. In Figure 5.10 is reported the linear dependence of the resorufin 

emission with the increase of the NH2OH concentration.  
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Figure 5.10 Fluorescence intensity of resorufin after LED irradiation of resazurin as a 

function of hydroxylamine concentration (0.5, 1 and 2 mM) keeping 
constant the concentration of the other compounds (1 mM of resazurin and 
1.4 nM of AuNP); inset: fluorescence intensity vs. NH2OH concentration 
(0.5, 1 and 2 mM) after 2 min of irradiation. 

 

Previous publication reported the use of hydroxylamine as a reducing agent, however, its 

role in the mechanism was not exhaustively examined.10 With our results we can suggest 

that the NH2OH is likely involved in the rate-determining step of the reaction. Therefore 

the hydroxylamine needs to either reach the resazurin molecule at the reactive site on the 

AuNP during the brief period of plasmon-induced heating,1 or assist in the departure of 

the product (resorufin) following reduction. Chen et al. proposed that product departure 

occurred either by substitution of fresh resazurin or ‘spontaneously’;13 we suggest that 

the ‘spontaneous’ product release could be in fact assisted by NH2OH. 
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5.4 Stern–Volmer analysis of the fluorescence quenching by 

AuNP 

 
A dependence study of the resazurin reduction on the AuNP concentration, similar to the 

one performed for the NH2OH, was conducted in order to have more mechanistic 

information on this process. Interestingly, we noticed that with AuNP concentration of 

0.7 nM the reaction appears to work better than when using 1.4 nM, since we obtain a 

stronger fluorescence emission (Figure 5.11). The result obtained can appear unusual, 

nonetheless, it has been proven that metal nanoparticles can quench the fluorescence of 

molecules in their vicinity.14,15 

 

  
Figure 5.11 Fluorescence intensity of resorufin after LED irradiation of resazurin as a 

function of AuNP concentration (0.7 and 1.4 nM), keeping constant the 
concentration of the other compounds (1 mM of resazurin and 2 mM of 
NH2OH). 

 
A comprehensive study of the possible resorufin quenching by AuNP was performed, 

analyzing the emission of the dye at different concentration of particles and employing 

the Stern-Volmer analysis.16,17 Figure 5.12 shows the decrease of the resofurin emission 
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by increasing the AuNP concentration. 

 

 
Figure 5.12 Fluorescence emission of resorufin (0.01 mM) with different 

concentrations of AuNP. 
 

From the spectra obtained we can get a linear Stern-Volmer plot, by reporting the ratio 

of fluorescence emission in absence (F0) and in presence (F) of AuNP versus the 

corresponding AuNP concentration, based on equation 5.1:  

 

  (5.1) 

 

where KSV is the Stern-Volmer constant. From the slope of the linear Stern–Volmer plot 

shown in Figure 5.13, we can obtain KSV values of 1.9 x 109 and 1.0 x 109 L mol-1 for 

excitation at 532 and 560 nm, respectively. The difference between the two values 

obtained at different excitation wavelength is probably due to some competitive 

absorption by AuNP at 532 nm and reagent higher absorption when exciting at 560 nm. 

0

5 105

1 106

1.5 106

560 595 630 665 700

0 nM
0.18 nM
0.35 nM
0.70 nM
0.93 nM
1.4 nM

C
ou

nt
s

Wavelength (nm)



 

 

Plasmon-Mediated Catalysis: Resazurin Reduction 
 

78   
  

 
Figure 5.13 Stern–Volmer plots for the quenching of the emission due to the AuNP 

with excitation at 532 nm (red) and 560 nm (blue). 
 
In the case of dynamic quenching, the Stern-Volmer constant can be expressed as: 

 

 (5.2) 

 

where kq is the quenching rate constant and τ  the fluorescence lifetime for resorufin 

(τ= 2.8 ns).18 

Using the average KSV value, a kq ≈ 5 x 1017 L mol-1s-1 can be calculated. This value 

results to be bigger than the diffusion-controlled rate constant in water (kdiff = 7.4 x 109 L 

mol-1s-1),17 therefore a faster process than the diffusion should be happening. The 

quenching constant obtained suggests a static quenching occurring between the resorufin 

and the AuNP, probably due to their pre-association in the ground state. This is a good 

indication that many excited fluorophores are formed in the vicinity of the nanoparticles. 

In addition, we can confirm that the dynamic quenching plays a minor role since the 

resorufin fluorescence lifetime is reduced to 2.6 ns (from an initial 2.8 ns) in the 

presence of 1.4 nM AuNP. 

Moreover, from the fluorescence emission quenching reported in Figure 5.13 it can be 

estimated that when AuNP concentration of 1.4 nM is employed more than half of the 

resofurin molecules are bound to the nanoparticle. Therefore, about 3760 molecules 
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should be associated to each nanoparticle, and since the average AuNP size is 13 nm, an 

area of ~15 Å2 per dye molecule can be estimated. This value appears to be too small to 

have the molecules flat on the surface of the AuNP. Most likely the resazurin is 

associated “head on” on the AuNP surface. 

In Table 5.1 are reported fluorescence data at different AuNP and NH2OH 

concentrations, obtained either using LED irradiation at 530 nm or a water bath at 80 and 

50°C.  We calculate the half-lives (t1/2) based on the exponential growth analysis of the 

resorufin fluorescence monitored every 2 minutes for 20 minutes, except for the systems 

were the plateau level was already achieved.  

Table 5.1 Catalytic reduction of 1 mL samples containing 1 mM resazurin exposed to 
either LED irradiation or a water bath. 

Energy source [AuNP]/nM [NH2OH]/mM t1/2/ seconds Plateau reached 
LED, 530 nm  0.7 2.0 180 Yes 
LED, 530 nm  1.4 2.0 132 Yes 
LED, 530 nm  1.4 1.0 186 Yes 
LED, 530 nm  1.4 0.5 (700)a No 
80 °C water bath 1.4 2.0 225 Yes 
50 °C water bath 1.4 2.0 (>1000)a No 
 
(a) Values given in brackets when the fluorescence intensity after 20 minutes was less than 80% of the 
plateau value, as extrapolated from the exponential growth analysis. 

In the fastest case presented (second row), about 500 J mL-1 are absorbed to achieve 50% 

conversion; this value is obtained if we consider four LED at full power, 4 x 4.6 watt, or 

~ 18 watt and assume that about 20% is absorbed by the sample. When compared with 

the laser drop, the LED irradiation appears to be less efficient. Indeed in the case of laser 

excitation about 10 J mL-1 (50 mJ per pulse, ~10 µL drop, estimated 50% light 

absorption) is enough to achieve over 80% conversion. The higher efficiency of the laser 

excitation most likely derives from the fact that, during the 8 ns laser pulse, each AuNP 

absorbs many photons and thus the particle surface temperature can be quite high; this 

observation can be corroborated considering the findings reported in the previous 

chapter.1  

Therefore, we believe that AuNP behave both as a heating element through 

photoexcitation of their surface plasmon band, as well as a true catalyst, being the 
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reactive site where the resazurin attached is reduced by the NH2OH.  

When analyzing these results, it is inevitable to consider that the lower conversion 

obtained with the LED irradiation compared to laser excitation is abundantly 

compensated by the convenience of the LED source, in terms of cost, installation, 

maintenance and required technical training. 

Recently, mechanistic insights on the deoxygenation of phenoxazine group containing 

resazurin by hydrazine and catalyzed by platinum nanoparticles have been published.19 

By considering the literature data in addition to our results, we have proposed an initial 

coordination of the resazurin by the surface of AuNP. The interaction is most probably 

occurring though the N-oxide group, since this is the only structural difference between 

reagent and product and the latter does not have a good affinity for AuNP. After the 

initial coordination, an electron transfer from the AuNP to the resazurin occurs. At this 

point, NH2OH assists the dissociation between AuNP and resazurin, providing an 

electron. This step is identified as the rate determining step of the reaction, due to the 

conversion dependence on the NH2OH concentration. The electron transfer is followed 

by a proton transfer from the reducing agent to the resazurin and finally the release of a 

molecule of water is obtained as a consequence of a hydrogen atom transfer. Scheme 5.2 

summarizes the principal steps of the mechanism proposed. 
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Scheme 5.2 Schematic representation of the proposed resazurin reduction mechanism, 

using NH2OH as reducing agent and AuNP as catalyst. 
 

5.5 Summary 
In conclusion, we were able to study the resazurin reduction mediated by the plasmon 

irradiation of spherical AuNP. A comparison between different experimental techniques 

was provided. Thermal bath and microwave experiment evidenced that the reduction 

studied is a thermal process; LED and laser drop irradiation were proven to be the most 

efficient techniques used. The laser drop system furnished the best results in the time 

range of nanoseconds, corresponding to the duration of a single laser pulse, despite the 

minutes-long experiments required in the other cases. 

However, LED irradiation has been demonstrated to be a competitive source when used 

for photothermal processes, being inexpensive, easy to use and relatively fast. 
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A better understanding of the resazurin reduction process was possible by the 

concentration dependence studies performed for both NH2OH, the reducing agent, and 

for AuNP. Finally mechanistic insights were obtained from the fluorescence quenching 

study, from which a static quenching between the resazurin and the AuNP was derived. 

This project represents a successful application of AuNP plasmon excitation in the 

catalysis of thermal processes and the first example in the Scaiano group of reduction 

processes catalyzed by AuNP.   
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5.6 Appendix 

 
Figure 5.14 Fluorescence spectra from the experiments obtained with different shots/drop 

and constant laser pulse energy (50 mJ). 
 

 
Figure 5.15 Fluorescence spectra from the experiments obtained with different laser pulse 

energies and constant number of laser pulse per drop (1 shot/drop). 
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Figure 5.16 Fluorescence spectra from the experiments obtained in the presence and 

absence of AuNP, using laser pulse energy of 50 mJ and 1 shot/drop. 
 

Figure 5.17 shows the quenching experiment performed using different concentrations of 

Et3N (0.5, 1 and 2 mM) into the 1mM resorufin solution at λ=532 nm, confirming that at 

the concentrations used the lack of fluorescence enhancement is not due to the amine 

quenching. 

 
Figure 5.17 Resorufin (1mM) fluorescence with different concentrations of Et3N in 

water, λex = 532 nm.  
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Figure 5.18 SEM pictures of AuNP before (A) and after (B) laser drop irradiation (1 s/d). 
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Chapter 6 

 

Plasmon Assisted Photolithography 

 
6.1 Introduction 

Photolithography, usually denoted as lithography, is a process commonly employed in 

the fabrication of integrated chips or thin film in general. The technique was invented in 

1826 and since then gigantic steps have been made in improving its performance and 

applications. A simple idea can be given by the fact that most of the electronic devices, 

we use daily, such as computers or cell phones, store information on components made 

using a photolithography technique.1 As the name suggests, photolithography uses light 

to create features on a specific substrate, described as a solubility switch. Usually the 

substrate is coated with a polymer that presents a different solubility before and after 

irradiation. By using a mask it is possible to expose some areas of the polymer to the 

light, while other portions remain covered. After the irradiation, the film is washed with 

the required solvent and, according to the nature of the polymer, the exposed or the 

unexposed portions are dissolved to give rise to the desired feature on the film. If the 

irradiated part of the film is removed we have a positive image, on the other hand, a 
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negative image is obtained when the unexposed portions of the polymer are dissolved by 

the solvent (Figure 6.1).2 

 

 

Figure 6.1 Schematic representations of the typical steps for the formation of 
photolithographic images. 

 

The use of light makes this technique very versatile, however, it leads to considerable 

limitations, the most important being the diffraction limit. Diffraction limit appears to be 

limiting especially when dealing with the size and the number of features that can be put 

on a chip. This fundamental limitation can be mathematically expressed as: 

 D = λ/ 2(n sin θ) (6.1) 

where D represents the resolution reachable, λ is the wavelength used, n is the refractive 

index of the medium and θ is the incident angle. The value (n sin θ) is also called 

numerical aperture. Modern technology uses light wavelength of 193 nm since, 

wavelengths lower than that would be absorbed by the molecules used in the polymer 

and therefore, undesired chemical reactions would occur. For this wavelength features 

with a minimum size of 96 nm would be obtained (~ λ/2). Improvements in the optics 

can let us achieve features with a resolution equal to λ/3 = 63 nm. To further decrease 
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this value a double exposure procedure can be performed. In this case, the film is 

irradiated twice using a mask that is shifted after each irradiation, and employing a 

chemical process where only the areas that have been irradiated in both steps will give a 

change in solubility either negatively or positively. In this way it is possible to reduce by 

a half the value of the resolved feature, reaching 32 nm. The last attempt in overcoming 

this limit was done by using a non-linear process, such as a two photons technology. The 

features obtained in such a way are 22 nm in size. Attempt to reach smaller features are 

still in progress but not many more “tricks” can be used to overcome the diffraction 

limit,3 unless we employ a non-diffraction limited process. In 1965, with a pioneering 

observation, Gordon Moore, one of the founders of Intel, predicted that the number of 

features stored in the integrated chips would double every two years (Figure 6.2).4 This 

prediction is now known as “Moore’s law” and it has been the driving force for the 

computer technology development. However, new ideas are required to overpass the 

limitation encountered using the conventional photolithography technique. 
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Figure 6.2 Microprocessor transistors counts from 1971 to 2011 and Moore’s law 
(strait line). The curve shows transistor count doubling every two years. 
(Insert) Original Moore’s prediction, in 1965, extrapolated to 1975. [Image 
obtained adapting the plot of transistors count vs. year, taken from 
http://en.wikipedia.org/wiki/Moore's_law, with the original Moore’s plot 
from reference 4]. 

 

For this purpose, the use of plasmon assisted processes, in which the nanoparticles 

determine where features will be created, appears to be promising as an emerging 

photolithography approach.5,6  Kevin Stamplecoskie, a previous member of the 

Scaiano’s group, explored first this field by taking advantage of the electromagnetic field 

enhancement around AgNP to start a radical polymerization, using azobisisobutyronitrile 

(AIBN) as a free radical initiator and a triacrylate. After plasmon excitation, the 

triacrylate would cross-link around the AgNP creating insoluble features (Figure 6.3).5 
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This contribution represents an encouraging result, however no spatial control is 

achievable by adopting this procedure.  

 

Figure 6.3 Cartoon representation of the plasmon-mediated radical 
photopolymerization. AgNP were synthesized and then spin-coated, in 
addition to triacrylate and AIBN, on a silica substrate. The electromagnetic 
enhancement around the AgNP makes the radial polymerization happening, 
creating lithographic features.  No control in the spatial distribution of the 
particles is achieved. [Figure reproduced from ref. 5]. 

 

In order to overcome this limitation, we decided to replace the radical polymerization 

with a thermal one. Our intent was to synthesize AgNP in situ, meaning directly on the 

substrate, instead of randomly spin-coat them on the substrate. Since the reduction of 

Ag+ to AgNP, mediated by I-2959 is a radical process, it may interfere with a radical 

polymerization, as the one employed by Kevin, therefore we decided to replace it with a 

thermal polymerization. For this purpose, a two steps irradiation method was used, 

where in the first step the AgNP would be formed, followed by a second step in which 

the plasmon irradiation would induce the thermal polymerization. To prove our concept 

we decided to employ the formation of nylon-6 from caprolactam (Scheme 6.1), a 

process that requires temperatures above 100°C.7,8  
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Scheme 6.1 Nylon-6 formation by thermal polymerization of caprolactam. 

 
As reported in Chapter 4, irradiation of spherical AuNP led to temperatures close to 

500°C.9 For the thermal polymerization reported above, we employed AgNP, which 

present a higher excitation coefficient and a more energetic plasmon band (400 nm) 

compared to AuNP (530 nm).10 Therefore, a higher surface temperature should be 

reached when irradiating AgNP. Once the polymerization of caprolactam is completed 

locally around the spherical AgNP, the differences in solubility between caprolactam and 

nylon-6 result in localized sub-wavelength features, after washing treatments. In our 

method, UVA light is used to synthesize AgNP, on specific positions of a quartz disk, by 

using a mask. The entire disk was then irradiated using 405 nm LED, corresponding to 

the plasmon absorption wavelength of the AgNP formed. The irradiation of AgNP 

results in a localize heat release, responsible for the thermal polymerization around the 

particles. The schematic representation of the procedure used is reported in Figure 6.4. 

Adopting this methodology, the limitations due to the diffraction limit can be overcome 

by employing a non-diffraction limited process. 
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Figure 6.4 Cartoon of the dual-stage photolithography method. In the first step, a glass 
slide, functionalized with AgNP precursors and caprolactam, is irradiated 
using a 365 nm LED and employing a mask. At this point, AgNP will be 
selectively formed only on the irradiated portions of the slide. The 
following step consists in the excitation of the SPR of AgNP just formed, 
using a 405 nm LED. This second irradiation will induce the 
polymerization of caprolactam to nylon-6 only around the AgNP and 
therefore, ordered features will be created. [Figure reproduced from ref. 11] 

 

6.2 Materials and Methods 
6.2.1 Materials 

AgCF3COO, caprolactam, cyclohexylamine (CHA), poly(methyl methacrylate) 

(PMMA) cyclohexanone and cumarine-6 were purchased from Sigma-Aldrich and used 

without further purification. PMMA was used to make more homogeneous films and it is 

removed after the synthesis by washing. I-2959 was obtained as generous gift form 

BASF supplied by Dempsey Corporation Canada. 

 

6.2.2 Precursor solution and spin coating 

50 µL of a solution containing equal amounts of AgCF3COO, I-2959 and 

cyclohexylamine at 1-2 wt%, 2 wt% PMMA, 15 wt% caprolactam and 75 wt% 

cylohexanone as a solvent were spin coated at 2500 rpm onto one-inch diameter quartz 

disks. 2 % PMMA was added to improve the adhesion of the film. The film thicknesses 

obtained were measured to be 991± 31 nm for several spin coated films. 
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6.2.3 LED irradiation 

A lithographic mask was put in direct contact with the spin coated films, as shown in 

Figure 6.5. Subsequently, a double step irradiation was performed using a typical 365 

nm LED irradiator for 30 min, followed by 405 nm LED irradiation for additional 30 

min and finally, the disks were washed with ethanol.  The setup used for both irradiation 

steps is reported in Figure 6.5, the only variable was the actual wavelength used. LED 

powers were 500 mW and 460 mW for the 365 and 405 nm LED respectively.  

 

 

Figure 6.5 Experimental setup for irradiation of spin-coated films. 1 = power supply, 2 
= cooling fan, 3 = light emitting diode mounted on an Aluminum plate and 
heat sink, 4=lithographic mask, and 5 = quartz disk with spin-coated film. 

 

6.2.4 Film analysis 

The analysis of the films obtained was performed using AFM, UV-vis spectroscopy, 

FLIM and electron microscopy. Specifications of the instruments are reported in Chapter 

2, nonetheless specific conditions of the experiments are illustrated below.  

AFM was performed under air on various areas of the irradiated films, working in non-

contact mode. AFM probes had a resonance frequency of 150 kHz and a force constant 

of 5 N/m.  

UV-Vis spectra of the spin-coated films were acquired at each step of the polymerization 
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and washing process with a CARY 50 UV-Vis spectrophotometer. 

FLIM images were obtained employing a 375 nm diode laser, monitoring the emission at 

λ> 405 nm by using a 405 nm long pass filter. 

SEM images of the AgNP with nylon-6 shells were taken using a STEM detector. 

COMPO mode was also used to identify the metal component from the organic material. 

 

6.3 Hierarchical approach to subwavelength features 

As mentioned in the introduction, the procedure is based on a double-step process to (1) 

synthesize AgNP in defined position, using a radical process, (2) use a thermal 

polymerization process to form insoluble nylon-6 around the particles.11  

 

6.3.1 Double-stage irradiation  

In the first step, AgNP were synthesized using a procedure commonly employed in our 

laboratory.12,13 In this process a 365 nm LED is used to irradiate for 30 min the quartz 

disk attached to a lithographic mask, after spin coating of the precursor solution. The 

light used is able to generate ketyl radicals from I-2959 and thus, the radical formed will 

induce the reduction of Ag+ to Ag0. As mentioned in the previous chapters, this process 

is a proton coupled electron transfer, see Scheme 6.2, where the presence of CHA favors 

the nanoparticles formation by trapping the proton released.12 

 

Scheme 6.2 Synthesis of AgNP using I-2959. 
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Using a 3 µm mask, we were able to generate compact AgNP lines on the quartz disk, as 

observed using microscope imaging (Figure 6.6). 

 

	
  

Figure 6.6 Microscope images of the film (a) before and (b) after irradiation with 365 
nm LED. 

 
The microscope images clearly show the presence of a pattern after 365 nm LED 

irradiation. In addition, UV-vis spectra recorded before and after irradiation confirmed 

the presence of an intense plasmon absorption in correspondence of the AgNP plasmon 

band above 400 nm (Figure 6.7).14 The spectrum obtained presents a broad absorption 

probably due to the absorption of AgNP in close proximity, which lead to a shift of the 

usual silver plasmon absorption to longer wavelengths.15-17 

After the AgNP synthesis, the 365 nm LED was replaced by a 405 nm LED in order to 

irradiate the plasmon absorption band and therefore induce a local temperature increase 

able to polymerize the caprolactam. UV-vis spectra were collected before each 

irradiation step as shown in Figure 6.7. As mentioned before, the first irradiation (using 

365 nm LED) led to the appearance of a band around 400 nm, confirming the formation 

of AgNP. The following irradiation (using a 405 nm LED) led to a mild shift of the 

plasmon band, probably due to the change of the refractive index of the medium around 

the particles, confirming therefore the caprolactam polymerization. The intensity of the 

plasmon remains constant, meaning that no silver salt was left for reduction.  
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Figure 6.7 UV-vis absorption spectra of the film during the different steps: (black) 
after spin coating, (red) after the first irradiation step with 365 nm LED, 
(blue) after the second irradiation step at 405 nm, and (green) after final 
washing with water to remove the insoluble caprolactam. 

 
As a comparison, the two steps of irradiation were inverted, in such a way that the spin-

coated solution was first irradiated with a 405 nm LED, followed by a 365 nm 

irradiation. The resulting UV-spectra obtained after each step are reported in Figure 6.8. 

After the first irradiation at 405 nm for 30 s no AgNP were synthesized. Indeed, the 

surface plasmon band appears just after the second irradiation at 365 nm for 30 s. The 

inversion of wavelength irradiation does not induce the polymerization of caprolactam. 

As a result, the AgNP are not trapped by nylon-6 and thus, the disappearance of the 

plasmon band is observed after the final washing step.  
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Figure 6.8 UV-vis absorption spectra of the film, inverting the wavelengths order: 
(black) after spin coating, (blue) after irradiation at 405 nm as first step, 
(red) after the second irradiation step using 365 nm LED, and (pink) after 
final washing. 

 
A comparison of the absorbance at 425 nm, recorded in the two different sets of 

experiments, is reported in Figure 6.9. 
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Figure 6.9 Absorbance at 425 nm recorded after each step, for the two different orders 
of irradiation: Exp.1= 365 nm followed by 405 nm irradiation; Exp.2= 405 
nm followed by 365 nm irradiation. 

 
With these experiments we were able to prove that the polymerization of caprolactam is 

actually occurring locally around the AgNP, when they are previously synthesized and 

then excited. Indeed, just when this order of irradiation is performed, nylon-6 is 

thermally formed, thanks to the high temperatures reached exciting the plasmon, and 

therefore, it is able to fix the particles on the disk.  

Finally, the un-reacted caprolactam was removed by washing the film with water, while 

the insoluble nylon-6 remained on the film encapsulating the AgNP. AFM images were 

taken to gain more insight regarding this polymerization process and the pattern formed. 

Figure 6.10 shows the presence of a well-organized distribution of nylon–coated 

particles in correspondence of the light exposed positions, in contrast with the flat 

unexposed portions of the disk. With this procedure, AgNP form lines of 3 µm, which 

are then fixed by the formation of the water insoluble polymer around the nanoparticles. 

The cross-section graph (Figure 6.10, b) shows the height of the features formed, 

underlining the presence of single and multiple particles within the irradiated 3 µm line. 

From the 3-dimension image we can clearly distinguish the two levels formed on the 
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disk, corresponding to the portions where AgNP are encapsulated inside nylon-6 and the 

unexposed portions free from any debris. 

 

 

Figure 6.10 (a) AFM image of the film obtained after a complete dual stage lithography 
process. (b) Cross section of the height of features located in 
correspondence of the line shown in image (a). (c) 3-D image of the same 
region reported in image (a).  

 
The analysis of the images gave an indication of the smallest features obtained, 

corresponding to a single AgNP coated by nylon-6 polymer and measuring 25 nm. This 

value is significantly smaller then the diffraction limit for the visible light used. From a 

statistic calculation, obtained analyzing 99 particles from several pictures, the average 

height of the particles measures 44 ± 13 nm. Even though these measurements show a 

wide polydispersity of the particles and therefore an uneven distribution of the localized 

heat released by the AgNP, we have proven that a non-diffraction limited 

photolithography procedure can be obtained by using plasmon irradiation of AgNP.  

To further investigate the structures of the polymer-nanoparticles system, SEM images 

of a colloidal solution were taken. For this analysis, a nylon-6-AgNP composite in 

solution was prepared, irradiating in two steps (5 min with 365 nm and then 5 more min 
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with 405 nm LED) a mixture containing the same precursors employed for the film 

formation on the quartz disk. From the pictures obtained we can clearly identify AgNP, 

with an average size smaller than 20 nm (Figure 6.11). Interestingly, all darker spots, 

corresponding to the AgNP, are surrounded by a lighter shell, which is attributed to the 

organic polymer layer. This observation is confirmed by the COMPO mode images. In 

this configuration, materials interacting strongly with the electron beam, such as AgNP, 

appear brighter then materials with a lower electron density, such as the surrounding 

coating of nylon-6. The images obtained highlight how the thermal polymerization 

happens locally around the particles and underline the absence of un-functionalized 

AgNP. 

 

 

Figure 6.11 SEM images of AgNP-nylon-6 composite with a lower (top) and higher 
(bottom) magnification. The images on the right are obtained using 
COMPO mode.  In the top-left image an enlargement of a selected section 
was made. 

 

6.3.2 Nylon-6 polymer imaging using FLIM 

The formation of nylon-6 encapsulating AgNP was also studied using a fluorescent 

lifetime image microscope by adding <1% of cumarin-6 to the precursors solution prior 
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irradiation.18 The solution was spin coated and irradiated first with 365 nm LED and 

after with 405 nm LED. For this experiment, a lithographic mask of 6 µm was chosen, in 

order to have a sufficient amount of lines visible with a single scan, capturing emission 

signals above 405 nm. A schematic representation of the procedure used is reported in 

Figure 6.12. 

 

 

Figure 6.12 Schematic representation of the film preparation for the FLIM experiment. 
The system is shown after spin-coating of the precursor solution. In the first 
step AgNP are formed, after 365 nm irradiation. The second step led to the 
polymerization of nylon-6 after plasmon irradiation. During this step 
cumarin-6 is trapped inside the polymer. The final step consists on the 
washing of the film. [Figure reproduced from ref. 11] 

 

In this experiment, the presence of cumarin-6 is required to ensure the possibility of 

visualizing the features obtained, by measuring its fluorescence. As described before, the 

caprolactam polymerization, induced by SPR irradiation of AgNP, results in the 

selective formation of nylon-6 around the nanoparticles. In this way, after washing the 

slide with water, cumarin-6 can be trapped only on the portions of the slide where the 

polymer is formed. FLIM images, illustrated in Figure 6.13, clearly show lines of 6 µm, 

which are distinguishable thanks to the cumarin-6 trapped in the nylon-6 shell 

surrounding AgNP. 
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Figure 6.13 FLIM images of the film obtained in presence of cumarin-6. Intensity 

image (left) and lifetime image (right) of the film irradiated using a 6 µm 
mask. In both cases the area scanned is 80 x 80 µm2. 

 

From the analysis of the lifetime, we found a two-components decay, having 3.3 ns and 

1.4 ns lifetimes (Figure 6.14, left). The lifetimes obtained are based on the FLIM images, 

as in Figure 6.13. The cumarin-6 lifetime measured in a PMMA film is 7.8 ns, and 

therefore longer than both values measured in our film. However, nylon-6 presents a 

much lower glass-transition temperature compared to PMMA, a parameter that can 

affect the lifetime measured.19 In addition, the values obtained appear reasonable if we 

consider that cumarin-6 has a lifetime of 3.3 ns in acetonitrile.20 The shorter component 

with a lifetime of 1.4 ns counts for a 40% of the emission and it can be attributed to the 

quenching effect of the silver nanoparticle on the cumarin-6.21,22 Indeed, when the 

particles are not present, cumarin-6 presents just a single lifetime component, as shown 

in Figure 6.14 (right).  
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Figure 6.14 Lifetime trace of cumarin-6 trapped in nylon-6-AgNP composite (left) or in 
PMMA (right). On top the corresponding FLIM images are reported. 

 

Summary 

In conclusion, we developed a sub-wavelength dual-stage lithography process, where 

AgNP were used to induce the thermal polymerization of caprolactam by plasmon 

irradiation. The AgNP absorption in the visible makes the process inexpensive and 

convenient, in addition to the favorable high cross section. A macroscopic control of the 

features was obtained by the controlled reduction of Ag+ to AgNP, through a radical 

process, occurring in the exposed portions of a quartz disk coupled to a micrometric 

mask. The generation of sub-diffraction limit features was then possible by plasmon-

induced polymerization of caprolactam around the irradiated particles.  

This project represents an interesting proof-of concept when considering the use of 

plasmon as an alternative to commonly employed diffraction limited lithographic 

processes. In addition we moved a step forward in the localization of the features 

obtainable, compared to previous attempts in using plasmon as tool for lithography.  
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Chapter 7 

 

Plasmon-Mediated ssDNA Dynamic 

Release from Gold Nanoparticles 

 
7.1 Introduction 

Light to heat conversion occurring after plasmon irradiation of metal nanoparticles has 

been successfully investigated, not only in the fields of catalysis and photolithography, 

but also for bio-applications, for therapeutics1 and for sensing purposes.2 Indeed, 

plasmon-mediated heating can have potential uses in processes such as polymerase chain 

reaction (PCR), eliminating external heating sources and keeping the bulk solution at 

temperatures near ambient temperature values. These advantages are possible since, as 

mentioned in the previous chapters, the heat released after plasmon irradiation of metal 

nanoparticles is extremely localized.3 Halas et al.4,5 and Branda et al.6 investigated the 

use of light to induce chemical and biochemical release. Moreover, particular interest has 

been reversed on the study of DNA nanoparticles conjugates adopting several 

methodologies, such as electrochemical methods,7 gel electrophoresis,8 analytical 

centrifugation,9 to name a few. Interestingly, the number of publications on this field is 
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increasing due to the need of having a better understanding of the thermoplasmonic 

release dynamics. A particular appealing method to investigate the ssDNA release after 

plasmon irradiation employs fluorescence spectroscopy techniques. The possibility of 

fluorescently label the dsDNA with specific dyes makes the system suitable for the 

investigation of the release procedure. Successful attempts were made in this 

direction.4,5,10,11 Therefore, our contribution was aimed to study the ssDNA release in 

situ, using high–resolution microscopy with a subcellular dimension resolution. 

Fluorescence lifetime imaging microscopy and total internal reflection microscopy were 

used to spatially identify the ssDNA release after plasmon irradiation, as schematized in 

Figure 7.1. The ssDNA could be tracked by fluorescence analysis of a labeling dye, 

ATTO 550, attached to the complementary DNA strand. The ATTO 550 fluorescence is 

quenched when the two DNA strands are coupled, but its emission increases when the 

DNA melts. Another dye, Cy5, was placed on the DNA strand covalently linked to the 

AuNP, just as a control.  

 

 

Figure 7.1 Schematic representation of the ssDNA release and corresponding 
fluorescence emission images of the ATTO 550 dye, after AuNP plasmon 
irradiation. dsDNA is attached through an amide bond between the bonded 
strand, Cy5 labeled, and the lipoic acid (in blue) functionalized AuNP. The 
glass surface (black bars on the left) is functionalized with APTES 
(yellow). Upon plasmon excitation, release of the ssDNA label with ATTO 
550 takes place with a concomitant increase in the fluorescence intensity. 
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The designed system has furnished precious information regarding the plasmon potential 

in the DNA melting of DNA-AuNP conjugates, and therefore it represents a small step 

forward for its possible use in “real life” application. 

 

7.2 Material and Methods 
 

7.2.1 Materials 

Tetrachloroauric acid (III) trihydrate (HAuCl4·3H2O), hydrogen peroxide (H2O2, 50 wt. 

%), trisodium citrate, sulfo-N-hydroxysulfosuccinimide (sulfo-NHS), α-lipoic acid, 

NaH2PO4, Na2HPO4, MES, NaCl, phosphate buffered saline solution (PBS) and (3-

aminopropyl) triethoxysilane (APTES) were purchased from Sigma-Aldrich. 1-Ethyl-3-

(3-dimethylaminopropyl) carbodiimide (EDC) was purchased from Advanced Chemical 

Technologies (Oklahoma City, USA). H2SO4 (96%) was purchased from Honeywell 

Chemicals. Glass cover slips (24 x 40 x 0.15 mm) used for gold nanoparticles 

functionalization experiments were from Fisher Scientific. DNA experiments were 

performed with freshly prepared solutions in sterilized ultra pure water filtered through 

PTFE 0.22  µm pore size. Phosphate buffer (pH 7.4) was prepared using NaH2PO4 and 

Na2HPO4. DNA Duplex (Cy5 5-labeled sequence: 5'-

5AmMC6AACACAAACACACTTAAACACAAACACACC-3Cy5Sp-3', ATTO550 5-

labeled sequence: 5'-5ATTO550N-GGTGTGTTTGTGTTTAAGTGTGTTTGTGTT-3') 

was purchased from Integrated DNA Technologies and suspended in PBS (pH 7.4, 

[NaCl] = 10 mM). The DNA solution was divided in aliquots and the vials were kept at -

80°C. The melting temperature for the oligo nucleotides  employed here varies from 43 

to 74°C for 10 to 1200 mM Na+ concentration, respectively.12 Amino modified 

ATTO550 dye was purchased from ATTO-TEC (Siegen, Germany) and suspended in 

anhydrous DMSO.  
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7.2.2 Nanoparticle Synthesis 

Gold nanoparticles were synthesized according to the Turkevich method.13 In this 

procedure 5 ml of trisodium citrate (1.0% w/v) are added to 95 ml of tetrachloroauric 

acid (25 mM) solution and left stirring for 30 minutes at 100ºC. The particles obtained 

have an average diameter of 22 ± 3.0 nm and an estimated concentration of 2.0 nM. 

 

7.2.3 Glass Slides Functionalization 

Prior functionalization the coverslips were cleaned in piranha solution (H2O2:H2SO4, 

1:3) for 1 h and then rinsed thoroughly with water. After carefully drying the slides using 

N2 flow, the surface was immersed in a 4% v/v aminopropyltriethoxysilane (APTES) 

toluene solution for 1 h. The coverslips were then washed with acetone, ethanol and 

milliQ water and then dried. At this point the AuNP functionalization was performed 

placing 1.3 ml of the AuNP stock solution on top of each coverslip for 25 min. The 

slides were finally rinsed with milli-Q water and dried. Figure 7.2 shows a schematic 

representation of this functionalization step, where the APTES acts as a bridge between 

the glass slide and the AuNP.  

 

Figure 7.2 Schematic representation of coverslip functionalized with APTES and 
AuNP. 
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The following step consists in the interaction between the AuNP and lipoic acid, 

obtained by placing 2 ml of a lipoic acid solution (1 mM) on the slide for 2 h. This time 

was sufficient to allow the interaction between the AuNP and the two atoms of sulfur. 

Finally the solution was rinsed with water and the coverslips were dried with N2.  

 

7.2.4 DNA Functionalization 

To perform the dsDNA functionalization, the amine group in the dsDNA was coupled to 

the free carboxylic acid group of the functionalized AuNP-lipoic acid slides. 1.3 ml of a 

solution mixture of dsDNA (10 nM), EDC (20 mM), sulfo–NHS (15 mM), MES buffer 

(0.1 M, pH = 6.0) and NaCl (1.0 M) were placed onto the lipoic acid AuNP 

functionalized coverslips, and incubated in a humidity chamber at 4°C for 3.5 h. After 

this time, the remaining solution was removed and stored at −80°C for further 

characterization. The slide obtained was washed	
  with PBS (pH 7.4; [NaCl] = 10 mM), 

dried and immediately used for the imaging experiments. 

 

7.2.5 Amino modified ATTO550 dye Functionalization (ATTO550@AuNP) 

Control experiments using the amino modified ATTO550 dye onto the AuNP 

functionalized slides were performed with slides prepared following the same protocol 

as the DNA fictionalization, but using 10 nM amino-ATTO550 instead of the dsDNA. 

 

7.2.6 dsDNA Melting Temperature Determination 

In order to determine the melting temperature (Tm) of the free dsDNA and the 

dsDNA@AuNP construct, emission spectra of ATTO550-ssDNA release were recorded, 

placing the system in a thermo-regulated bath at different temperatures. The experiments 

were conducted by using a clean 1.0 cm length quartz cuvette filled with 1.5 ml of 

dsDNA (10 nM, phosphate buffer, [NaCl] = 10 mM; pH 7.4) for the experiment related 

to free dsDNA. Instead, in the case of dsDNA@AuNP system, the quartz cuvette was 

first functionalized with AuNP, lipoic acid and dsDNA, following the same procedure 
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reported in the previous paragraph, and then 2.5 ml of phosphate buffer (pH 7.4; [NaCl] 

= 10 mM) were added into the cuvette. The cuvettes were placed in the water bath and 

heated gradually. Emission spectra were collected from 550 to 700 nm after 10 min for 

each set temperature exciting at 530 nm. The integrated area under the curve was plotted 

as a function of temperature. Finally the Tm was obtained by the corresponding Gaussian 

fit of the first derivative of the intensity as a function of temperature.  

 

7.2.7 LED irradiation experiments  

ssDNA release was monitored measuring the fluorescence intensities of the ATTO550 

and Cy5 labels after 10 min of 532 nm LED irradiation (0.31 W/cm2) of a PBS drop (pH 

7.4; [NaCl] = 10 mM), placed over the DNA-AuNP conjugates. Aliquots of 500 µl were 

collected for several experiments until a final volume of 1.5 ml was obtained. The 

ssDNA release was quantified by comparing the fluorescence intensities obtained with a 

standard fluorescence calibration curve for each dye. 

 

7.2.8 Fluorescence microscopy experiments 

Real time experiments were carried out using TIRF and FLIM microscopes. The 

functionalized coverslips were placed on top of the oil immersion objective (Figure 7.3) 

and fluorescence emission images and spectra were recorded in the range of 561-609 nm 

or 640-676 nm after excitation at 543 and 633 nm respectively, using a He-Ne CW laser.  

 

Figure 7.3 Picture of a functionalized glass slide placed on top of the oil immersion 
objective. TIRF and FLIM images were collected using this setup. 
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The density power of the excitation laser in the sample was estimated to be 14 W/cm2 or 

40 W/cm2 (100%) for 543 and 633 nm respectively. Specification of the TIRF and FLIM 

instrumentation are reposted in Chapter 2. 

 
7.3 Fluorescence microscopy imaging of the ssDNA release 

We designed a system in which a quartz coverslip was functionalized with APTES, in 

such a way that the ethoxysilane portions could interact with the slide and the amino 

groups could trap the AuNP. Cryo –SEM images showed particles with a mean diameter 

of 22 ± 3 nm (Figure 7.4). 

 

 

Figure 7.4 (Top) Cryo-SEM pictures of a cover slip functionalized with AuNP. 
(Bottom) Histogram of the AuNP size distribution. 
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A 30 bp dsDNA was then anchored to AuNP by the lipoic acid sulfur “feet” and a six-

carbon spacer. A schematic representation of the anchor/linker used is reported in Figure 

7.5. In this designed system only one of the two strands of DNA is covalently linked to 

the AuNP, therefore the ssDNA release does not involve the cleavage of a covalent 

bond. Moreover, the use of lipoic acid ensures a stable linkage between DNA and AuNP. 

Branda reported a threshold of 0.5 W/cm2 for the breaking of S-Au bond when using a 

single SH anchor.11 Respect to monothiol linkers, lipoic acid has been shown to increase 

the stability of the DNA-AuNP conjugates.10,14  

 

Figure 7.5 Schematic representation of the AuNP functionalized with lipoic acid and 
DNA sequence. 

  

The slide functionalization results in a surface coverage of ~ 46 %. This value was 

measured comparing the emission of unattached dsDNA (λexc = 520 nm; λem = 540 - 650 

nm, R=0.9972) collected after incubation of the dsDNA solution on the lipoic acid 

functionalized AuNP slips, with a calibration curve of dsDNA stock solution, using the 

same incubation conditions. 

As mentioned before, the DNA strands were labeled with two different fluorescent dyes. 

Cy5 was used to label the strand directly linked to the AuNP, while ATTO550 was 

employed for the complementary strand. The choice of the two dyes was made based on 

the respective excitation and emission spectra (ATTO 550: λexc = 550 nm, λem= 575 nm; 
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Cy5: λexc= 633 nm, λem= 670 nm), reported in Figure 7.6, which appear to be suitable for 

our experimental setup. 

 

Figure 7.6 Excitation (full line) and emission (dashed line) spectra of the dsDNA 
labeled with ATTO550 (green) and Cy5 (red) (100 nM dsDNA in phosphate 
buffer; [NaCl] = 10 mM; pH 7.4) at 25.0 ± 0.5˚C. 

 

A quantification of the quenching effect exerted by the AuNP on the two dyes was done 

using a simplified analytical model described by Novotny.15 The proximity between a 

fluorophore and a metal particle can result in an increase of the excitation and emission 

or it can promote non-radiative energy transfer from the molecule to the particle. 

Equation 7.1 shows the gain in brightness (GB) resulting from those interactions: 
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where Φ0 is the intrinsic molecule quantum yield, h is the distance between the 

fluorophore and the nanoparticles, a is the radius of the NP, ε(ωexc)	
   is	
   the	
   frequency-­‐

dependent	
   particle	
   dielectric	
   constant	
   at	
   the	
   excitation	
   wavelength	
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dielectric constant of the surrounding medium. The resulting plots of the GB vs. the 

distance between the fluorophore and the AuNP are shown in Figure 7.7. 

 

Figure 7.7 Calculated gain in brightness for (left) ATTO 550 (λexc = 543 nm) and 
(right) Cy5 (λexc = 633 nm) with emissions at 575 and 670 nm respectively 
as a function of the AuNP surface−fluorophore distance. Both scenarios 
parallel (colored line) and perpendicular (black line) dipole orientation with 
respect to the incident light have been included. 

 

The fluorescence of the ATTO 550 attached at the complementary strand of the DNA, 

results quenched for the 80-95% of its intensity, due to the fact that the dye is located 2 

nm far from the AuNP surface. Meanwhile, Cy5 is placed at 8 nm from the particle 

surface and therefore maintains most of its brightness (70-90% of the initial value). 

Once the system has been characterized, we proceeded with the performance of a real 

time thermoplasmonic release of ssDNA, monitored by TIRF microscopy. The 

functionalized coverslips were excited using 543 or 633 nm CW laser and the resulting 

images were taken up to 250 s. Figure 7.8 shows the emissions spots, after 543 nm 

excitation, at different times and using different irradiances. As expected, the emission 

spectra and the lifetimes of the fluorescent spots obtained exciting at 543 nm correspond 

to those of ATTO 550.  
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Figure 7.8  (Top) Fluorescence intensity images of ssDNA-ATTO550 release as a 
function of the irradiation time and the irradiance. The area of each image 
is 9 µm2 (pixel size 156 nm). The image uses a LUT false color scheme to 
represent the intensity of the fluorescence signal. (Bottom) Comparison of 
the emission spectra for ATTO550 in solution (green) and ATTO550 
released from dsDNA-AuNP conjugates (black) upon plasmon excitation. 
Insert: ATTO550 fluorescence decay under the same experimental 
conditions (τf  ~ 2.5 ns). 

Interestingly, the emission intensity changes according to the energy power used. For the 

lower irradiances used (0.2 W/cm2 and 0.9 W/cm2), we noticed an increase of the 

emission intensities proportional to the time of irradiation. The ssDNA release after 
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plasmon irradiation allows the ATTO550 to escape from the quenching zone and thus, it 

produces an increase of the fluorescence intensity. However, when using irradiances of 

3.0 W/cm2 or 7.0 W/cm2, the emission increases during the first 50 s for then decreasing 

during the following 150 s. In the latter cases, we are probably looking at bleaching 

processes happening after the first 50 s, due to the high values of the power used.  

Moreover, equivalent experiments conducted irradiating at 633 nm, corresponding to the 

excitation wavelength of the Cy5, show exclusively a decrease of the emission intensity, 

due to the bleaching of the dye. The results obtained are comparable to those recorded 

for the DNA-Cy5 in solution. (Figure 7.9)  

 

 

Figure 7.9 (Left) Average relative fluorescence intensities events of ssDNA-Cy5 
attached to the AuNP (phosphate buffer, [NaCl] = 10 mM, pH 7.4) as a 
function of the exposure time and the power intensity (λexc = 633 nm, CW): 
0.6 W/cm2 (red), 2.4 W/cm2 (blue), 8.0 W/cm2 (green), 20.0 W/cm2 (violet). 
(Right) Average relative fluorescence intensities events of DNA-Cy5 free 
in solution using the same conditions.  

	
  

To establish if the ATTO550 emission was consistent with the ssDNA release, a blank 

experiment was prepared analyzing a lipoic acid-AuNP glass slide functionalized with 

amino-ATTO550 (see paragraph 7.2.5). In this system the ATTO550 is covalently linked 

to the AuNP, therefore an increase of the emission would not be due to the photothermal 

ssDNA release. The results of this experiment are reported in Figure 7.10 and the only 
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effect we noticed was the decrease of the ATTO550 emission due to photobleaching 

process.  

 

Figure 7.10 Average relative fluorescence intensities events of AuNP@ATTO550 
conjugates (phosphate buffer, [NaCl] = 10 mM, pH 7.4) as a function of the 
exposure time and the power intensity (λexc = 543 nm, CW): 0.2 
W/cm2 (red), 0.9 W/cm2 (blue), 3.0 W/cm2 (green), 7.0 W/cm2 (violet). The 
set sample size is between 50-90 detected events for each of the power 
intensities. 

 

In order to further prove that we are releasing the ssDNA and not breaking the Au-S 

bonds, LED irradiation experiments were performed (530 nm, 0.31 W/cm2). In those 

experiments a drop of PBS (pH 7.4; [NaCl]=10 mM) was placed over a dsDNA 

functionalized AuNP slide. As reported in paragraph 7.2.7, aliquots were taken after 10 

min of irradiation and the resulting emission was analyzed. The only emission signal 

detected corresponded to the ATTO550, while no Cy5 emission was measured above the 

detection limit of 0.30 nM. These observations rule out the possibility that the dsDNA 

could be detached from the AuNP, after plasmon excitation.  

Another plausible event could be the physical desorption of the oligo nucleotides from 

the AuNP functionalized slide. To investigate this possibility, the system was incubated 

with 10 mM PBS (pH 7.4) for 24 and 36 h. The fluorescence analysis confirmed that no 

emission is detected without plasmon irradiation. 
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The results obtained by TIRF analysis, performed irradiating at 543 nm and using four 

different power light intensities (0.2 W/cm2, 0.9 W/cm2, 3.0 W/cm2 and 7.0 W/cm2 ), 

suggested a different temporal performance of the system at each power used. Indeed, a 

variation of the initial slope of the fluorescence intensities as a function of exposure time 

was observed for the four experiments. Apparently, the ssDNA release appeared faster 

when increasing the laser irradiances, as shown in Figure 7.11. 

 

 

Figure 7.11 Average relative fluorescence intensities events monitored in-situ in a TIRF 
microscope of ssDNA-ATTO550 release from the AuNP (phosphate 
buffer, pH 7.4, [NaCl] = 10 mM) as a function of the exposure time and the 
power intensity (λexc = 543 nm, CW): 0.2 W/cm2 (red), 0.9 W/cm2 (blue), 
3.0 W/cm2 (green), 7.0 W/cm2 (violet). AuNP@ATTO 550 conjugates were 
also tested as a control experiment (bottom). The set sample size is between 
50-90 detected events for each of the power intensities. 

  
However, if we consider the total energy delivered we will notice that the fluorescence 

enhancement depends only on the total energy and not on the rate of delivery, with the 

only exception being at low irradiance values. (Figure 7.12) At low energy, indeed, the 

emission increase appears faster probably due to presence of an excess of not hybridized 

ATTO labeled chains. Nonetheless, this effect appears too small to affect the results 

when using higher irradiances.  
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Figure 7.12 Fluorescence intensity enhancement for ssDNA-ATTO550 release events 
as a function of total energy delivered. Average between 50-90 intensity vs. 
time curves measured over single bright spots (see Figure 7.8) are plotted 
for each of the irradiances (red for 0.2, blue for 0.9, green for 3.0 and 
purple for 7.0 W/cm2).  ATTO550@AuNP conjugates were also tested as a 
control experiment (blue, 0.9 W/cm2, showing only emission decrease). 
(Insert) Expansion of the low energy region. 

 

The dependence of the ssDNA release process on the total energy rather than on the rate 

of energy delivery, makes this process suitable to be performed with convenient light 

sources such as LED, as an alternative to expensive lasers. 

7.4 dsDNA melting temperature and plasmon heating 

The dsDNA chosen for our study has a melting temperature of 52 ± 2°C at 10 mM NaCl, 

as reported in Figure 7.13. In previous studies,5 it has been established that the DNA 

melting temperature increases when it is coupled to the surface of a gold nanoparticle. 

Indeed, by measuring the melting temperature of the dsDNA in our system we found that 

its value increases to 66 ± 1°C (Figure 7.13).  
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Figure 7.13 Melting curves for dsDNA in solution and when bound to AuNP. The top 

panel shows the first derivative plots. The data correspond to the 
fluorescence increase as the temperature is raised and the right axis is for 
DNA@AuNP. Note that the intensity values are smaller for DNA@AuNP, 
a measure of the low amount of DNA available at the surface and the 
difficulties of this measurement. 

 

This indication suggests that in order to have a ssDNA release the plasmonic excitation 

should led to values of localized temperatures that exceed 66°C. Baffou and Quidant 

demonstrated that the irradiation of spherical AuNP (20 nm) in water, using a 530 nm 

light source with an irradiance of 1 mW/µm2, would determine an increase of the bulk 

solution temperature of 5ºC.3 Therefore, the increase in steady state temperature that we 

should expect in our system are much lower, due to the lower irradiances employed. This 

observation clearly discards the possibility of dsDNA melting favored by an increase of 

the overall solution temperature and therefore it strengthens the hypothesis of a localized 

plasmon-mediated ssDNA release. 
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7.5 Summary 

With this project we were able to monitor the thermoplasmonic ssDNA release upon 

plasmon irradiation in situ, by measuring the fluorescence emission of labeling dyes 

employing TIRF technique. Our findings indicate that irradiation of metal nanoparticles 

led to the release of heat, which is able to promote the dsDNA melting. In the previous 

chapters, we described how the plasmon heating effect could have promising application 

in catalysis and photolithography, with this project we proved that its potential could be 

extended to bio-applications. The possibility to explore this direction is even more 

encouraging if we consider the spatial and temporal selectivity that a photodynamic 

process could bring to the common PCR methodology.  

Moreover, another interesting aspect is related to the rate of the ssDNA release, which 

resulted dependent only on the total energy dose and not on the rate with which this 

energy is delivered. Therefore, these processes can be triggered either by expensive 

lasers or by more affordable and convenient light sources, such as LED. 

My contribution in this specific project was aimed to the design and the analysis of the 

experimental setup to follow the dehybridization process. The TIRF experiments were 

run in collaboration with Sabrina Simoncelli, a visiting student from Argentina and 

Hasita Weerasekera as part of his honor project. 
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Chapter 8 

 

Functionalization of Graphene Oxide with 

Metal Nanoparticles  

 
8.1 Introduction 

In the final part of my PhD, I had the chance of working with carbon-based materials, 

such as graphene and graphene oxide. The interest on those particular materials started in 

occasion of a three months exchange period at the “Instituto de Tecnología Química” en 

Valencia, for a collaboration project with Prof. Hermenegildo Garcia. During those 

months, I had the opportunity to work with researchers with a high expertise in the 

synthesis and use of graphene and other carbon materials in a wide range of fields. My 

principal interest at that point was based on the acquisition of a basic practical 

knowledge, for then explore the possibility of modifying and functionalizing those 

materials using techniques and procedures developed in the Scaiano’s group. 

In the last few years graphene (G), graphene oxide (GO) and reduced graphene oxide 

(rGO) have received considerable attention due to their electrical, thermal and 
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mechanical properties, making these materials promising for many applications.1 

Exploring outstanding physical and chemical properties of graphene and its derivatives 

and understanding their response to various experimental conditions are an indispensable 

step in developing graphene-based devises for high performance applications. Owing the 

extraordinary chemical structure (known as the Dirac fermion system)2 of graphene, 

extremely high thermal conductivity (3080 to 5150 W m-1 K-1),3 high carrier mobility 

(15 000 cm2 V -1s-1 at room-temperature)4, and high optical transmittance (~ 97.7%)4 

have been found as exceptional properties of graphene. Mechanical properties of 

graphene are indeed more astonishing; the elastic modulus is about 0.25 TPa and 

intrinsic strength of a defect-free monolayer graphene is 130 GPa.4 Despite having 

extraordinary properties, for many applications it is often required to chemically or 

physically (e.g. morphology) modify the graphene to achieve the best outcome.  

For instance Koratka et al. demonstrated that creating microscale pores, cracks, and 

voids in graphene paper enables efficient intercalation kinetics for lithium ions at 

ultrafast charge/discharge rates.5 A lithium battery fabricated using this cracked 

graphene paper displayed the highest capacity for a pure carbon anode without any 

additives. Beyond conventional approaches (e.g. graphene-ligand covalent and non-

covalent interactions or deposition of metal oxide nanoparticles), a wide range of 

methods and techniques have been developed to structurally modify graphene and its 

derivatives; including metal-mediated etching,6 hydrothermal method7 and 

photochemical engineering under UV irradiation (nanopores formation),8 to name a few.	
  

Moreover, on top of the morphological modification, chemical modification has also 

been used as a tool to make new and promising graphene based materials, with a specific 

composition. As a simple example, the oxidation of graphene led to the formation of GO. 

Compared to graphene, GO presents peculiar physical and mechanical properties in 

addition to the different chemical composition. Recently GO has been applied in fields 

such as biology,9 catalysis10 and solar cells;9 several reports focus on the use of GO as 

substrate for nanocomposite materials,11 since it has a surface functionalized with 

oxygen groups, which enables the dispersion of this material in water and suitable sites 

to interact with other molecules.12 Hybrid materials made with GO and metal 
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nanoparticles could be used for chemical sensing, optoelectronics or biology.11 For 

example, gold nanoparticles (AuNP) or silver nanoparticles (AgNP) can improve the 

physical properties of GO. The incorporation of different nanoparticles on GO or 

graphene has been achieved in several ways, using covalent, non-covalent and direct 

deposition.9-11 

Therefore, understanding the importance of modifying the graphene morphology and 

composition, my work was focused on the application of techniques and procedures 

commonly used in the Scaiano’s group to obtain carbon-based materials with specific 

properties. 

8.2 Materials and Methods 

8.2.1 Materials	
   	
  

Silver nitrate and HAuCl4·3H2O were purchased from Sigma Aldrich and used as 

received. Irgacure 2959 was a gift from BASF supplied by Dempsey Corporation 

Canada and it was recrystallized from ethyl acetate. Graphene oxide was synthesized at 

the ITQ (Institudo de Tecnologia Quimica) as part of our collaboration with the research 

group of Prof. Hermenegildo Garcia. GO was prepared according to the Hummers 

procedure.13    

Each solution was prepared using Millipore water (resistivity 18.2 MΩ at 25°C). 

 

8.2.2 Functionalization of graphene oxide sheets with silver nanoparticles 

(AgNP@GO) 

For the one pot procedure, the experiment was performed adding I-2959 (2 mM) and 

AgNO3 (2 mM) to 3.5 ml of a suspended solution of GO (1.5 mg of GO in 18 ml of 

Millipore water). The solution was purged under nitrogen for 30 min and irradiated for 

10 min with a 16 lamps UVA photoreactor (Luzchem).  

For the sequential procedure, I-2959 (2 mM) was initially added to 3.5 ml of the aqueous 

GO solution, described above. The mixture was purged under nitrogen for 30 min and 

irradiated for 10 min under the same conditions described for the one pot method. 
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Immediately after irradiation AgNO3 (2 mM) was added in the dark.  

The samples were analyzed using UV-Vis spectroscopy and scanning electron 

microscopy before and after irradiation and addition of each component. 

8.3	
  Selective	
  functionalization	
  of	
  graphene	
  oxide	
  with	
  

AgNP	
  

The functionalization of graphene oxide with metal nanoparticles was obtained using a 

photochemical methodology and avoiding the use of any linker. To do so, the AgNP 

were prepared directly on the GO sheets by reduction of Ag+ in the presence of GO, 

using I-2959 as a source of electrons. (see Scheme 8.1) This procedure leads to the 

formation of AgNP decorated GO (i.e., AgNP@GO).   
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Scheme 8.1  Photochemical mechanisms for the formation of AgNP@GO and 

AgNP@rGO. 
 

The reaction can be performed in either “one pot approach”, which means that all the 

compounds (AgNO3, GO and I-2959) are present from the beginning, or sequentially, 

which consist in irradiating just GO and I-2959 and adding afterwards AgNO3. In other 

words, during the sequential procedure electrons are delivered to GO where they are 

stored and Ag+ (or AgNO3) is added right after irradiation, following the 

photodecomposition of I-2959. There is literature evidence for the accumulation of 

electrons in GO.14 In the sequential method the addition of AgNO3 is done immediately 
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following the irradiation of the GO and I-2959 solution; after this addition, the solution 

assumes the same color we obtained using the one pot method, where the solution 

presents a more intense tint after irradiation (see insert Figure 8.1). In both cases the 

reducing species is the (CH3)2C•OH radical (ketyl radical) produced upon 

photodecomposition of I-2959 under UVA irradiation according to the mechanism of 

Scheme 8.1.15 To our surprise, this technique leads to some GO sheets heavily occupied 

by AgNP, while others remain as vacant GO sheets. Figure 8.1 shows the UV-Vis 

spectra recorded before and after 10 min UVA irradiation following the one pot 

procedure. After irradiation the formation of the characteristic surface plasmon band of 

AgNP is evident. No changes in the UV absorption were noticed after days. 

 

Figure 8.1 UV-Vis absorption spectra of GO, AgNO3 and I-2959 solution before 
irradiation (red trace) and after 10 min UVA irradiation (blue trace). Insert: 
Pictures of the solution before and after irradiation. 

	
  

The mechanism of Scheme 8.1 shows ketyl radicals reaction exclusively with Ag+ in the 

one pot method mechanism A, while in the case of the sequential method ketyl radicals 

transfer the electron to GO. Those electrons are partially stored (n-m) and in part used to 

reduce GO (m). The need for a second mechanism (B) in the one pot method will 

become apparent later on, and relates to the fact that spectral evidence is different for the 

one pot and sequential methods. In the sequential method we label partially reduced GO 

as rGO. The experiment does not yield the relative values of “m” and “n”, but it is clear 
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that “m” cannot be zero since there are differences between the AgNP decorated 

materials produced by both methods. The condition n=m is also impossible, given that 

many electrons lead to Ag+ reduction. Given the efficient formation of AgNP, we 

believe that n>>m applies, i.e., most electrons are stored, rather than used to reduce GO 

in the time scale of this experiment. 

The most striking observation in these experiments is that AgNP extensively populates 

some GO sheets, whereas others remain totally devoid of AgNP. This is true of both, the 

one-pot and the sequential methodology, and is illustrated in Figure 8.2. It is remarkable 

that electrons would favor deposition in GO sheets that have already been the subject of 

significant reaction with ketyl radicals (see Scheme 8.1). We assume that the initial 

electron deposition is a stochastic process with no real preference for a given sheet. 

Figure 8.2 SEM picture of AgNP selectively deposited on GO using the sequential 
method. The scale bar is 100 nm. 

 

We may ask why electrons would prefer to home on GO sheets that are already 

negatively charged. Further, if some of the electrons have already been used to reduce 

GO, then, these partially reduced sheets will not be as good as electron acceptors as the 

original GO sheets. 



	
  

	
  

Carbon-based Materials: Structural Modification and Functionalization 
	
  

135	
  	
    
	
   	
  

We propose that reaction of ketyl radicals with GO provides another example of proton 

coupled electron transfer (PCeT).16 In a recent publication from our group it has been 

proposed that reduction of metal ions by ketyl radicals (as in the reaction with Ag+ in 

Scheme 1) should be interpreted as a case of multisite PCeT.17 Thus, the electron is only 

delivered if and when the proton has a home. As an example, ketyl radicals are very 

sluggish reducing Ag+ in toluene or THF, but the reaction occurs efficiently upon 

addition of traces of amines, as these readily accept the proton.18 In the case of GO the 

electron transfer cannot be strictly described as multisite, but rather, the electron simply 

follows the proton, that shows a preference for negatively charged surfaces. Thus, as GO 

gets charged negatively it becomes an increasingly better “home” for the protons and, as 

a result the site where the electrons from the ketyl radicals are deposited. In other words, 

in this example of PCeT it is the proton that controls the transfer of electrons and the 

reaction kinetics, even if it is likely that ultimately some of the protons simply dissociate 

from GO and be stabilized in water. There is precedent in the literature for examples 

where proton transfer controls the kinetics.19 

One may ask if water is not enough to stabilize the ketyl radical in aqueous media. Of 

course, the radical will be hydrogen bonded in this media, but transfer of an electron also 

requires the electron acceptor, i.e., the GO sheets. The unusual preference for pre-

charged sheets suggests that delivery of the proton, or at least anchoring the ketyl radical 

at the charged GO sheet, is rate controlling. It is also unusual that ‘empty’ GO sheets are 

generally totally unoccupied. It is possible that the first few electrons received by GO 

sheets are used to reduce the most active sites in GO and thus not available as electron 

storage; this would effectively create a switch or threshold below which the GO sheet is 

not negatively charged and thus some tolerance for receiving electrons, yet not yielding 

AgNP. 

We note that the pattern of selective deposition is also observed in the one pot method. 

We find that it would be hard to explain how this occurs if mechanism A (Scheme 8.1) 

was dominant, as deposition would occur once AgNP have already formed. Instead, we 

believe that mechanism B is favored. Of course, these are competitive processes and the 

fact that one is favored does not imply that other reactions are totally prevented.  
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In order to determine how many available electrons (i.e., n-m in Scheme 8.1) could be 

stored by GO, we selected a representative image obtained by the sequential method. 

This particular sheet of AgNP@GO is shown in Figure 8.3, where we have selected a 

different image than in Figure 8.2, to illustrate how general the phenomenon is.  

 

 

Figure 8.3 SEM image of AgNP@rGO prepared by the sequential method. Average 
particle size is 12.7 ± 3.2 nm; image analysis was performed on 56 AgNP on 
the surface.  

	
  

The surface of the GO sheet (or more correctly rGO) is 5.14 x 105 nm2. Image analysis 

of the 56 AgNP detectable on its surface yields a total volume for metallic Ag of 71980 

nm3. Assuming the same density as for bulk metallic silver, this yields 4.22 x 105 silver 

atoms. If we assume that each Ag+ consumed one electron, this is also the number of 

electron initially stored in rGO and available for Ag+ reduction. If the electrons are 

stored in the rGO surface, this corresponds to one electron per 1.22 nm2; this is likely to 

be the case, as assuming that storage occurs on the perimeter would yield 162 electrons 

per nm. 

 

8.4 AgNP@GO vs. AuNP@GO 

In order to establish if the selective functionalization of GO was or not dependent on the 

metal ion used, we apply the same procedure to functionalize GO sheets with AuNP. 

Also in this case, the UV-Vis spectra obtained before and after irradiation showed the 

successful formation of AuNP (Figure 8.4), however, we could not see the same 
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selective behavior observed in the case of AgNP functionalized GO, as demonstrated by 

SEM analysis. (Figure 8.4, right)  

 

Figure 8.4 (left) Uv-Vis absorption of: GO solution (green trace); GO, HAuCl4 and I-
2959 solution before irradiation (blue trace); GO, HAuCl4 and I-2959 
solution after 30 min UVA irradiation (red trace); GO, HAuCl4 and I-2959 
solution after 30 min UVA irradiation recorded after 1 day (purple trace); 
(right) Representative SEM picture of AuNP@GO solution. 

 

In the case of AuNP@GO, indeed, we noticed a non-selective deposition of AuNP on all 

the GO sheets, which appears to be consistent if we employ a “one-pot” or a “sequential” 

procedure, as reported in the previous section. The most probable reason of these 

different results between the two metals is probably imputable to the need of a higher 

number of electrons in the case of the AuNP formation, compared to the Ag+ reduction 

(Scheme 8.2). In the case of silver, indeed only one electron is required to reduced Ag+ 

to Ag0 and therefore, as soon as the Ag+ encounters the electron on the GO surface, it is 

reduced to Ag0. On the other hand, the formation of AuNP, is preceded by a sequence of 

Au3+ disproportionation, which can happen on all the GO sheets indiscriminately, as 

schematically reported in Scheme 8.2. 
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Scheme 8.2 Photochemical mechanisms for the formation of AuNP@GO using I-
2959. Species shown as Aun+ for convenience, note that all Au species are 
negatively charged, i.e. Au3+ is AuCl3

-. 
 

The number of electrons available on the surface of a certain GO sheet may not be 

sufficient to reduce Au3+ to Au0, thus the complete reduction may occur with the 

assistance of other GO sheets, that provide the remaining electrons required.  

In addition, while the Ag+ is a positive ion, and therefore it has affinity for the negatively 

charged GO surface, all the intermediate ions derived from AuCl4
- are negatively 

charged. Thus, it is probable that during the gold reduction process, the intermediate ions 

diffuse to the solution as a consequence of their repulsion for the GO surface. This effect 

explains the random deposition of the AuNP compared to the AgNP on GO.  

The explanation proposed may need to be extended to other possible factors that could 

also play a rule, however the remaining finding is that AgNP and AuNP present a 

different functionalization tendency when reduced in presence of GO. 
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In conclusion, whether described as autocatalytic or cooperative, in the case of 

AgNP@GO, it is clear that electron deposition on GO follows non-random dynamics, 

with a preference for deposition in already electron-rich GO sheets. This phenomenon 

can be explained readily as a PCeT process, where the proton plays a determining and 

guiding role in the electron delivery. As a result we obtain a GO archipelago, in which 

some islands are heavily populated by AgNP, with some preference for shore locations, 

while others remain uninhabited. 

 

8.5 Summary 

The project presented in this chapter started as side project of my research, however the 

unique characteristics that carbon-based materials increasingly became part of my 

interests. We discovered a selective functionalization of graphene oxide with AgNP in 

contrast with the indiscriminate functionalization of AuNP. This observation was 

rationalized considering a PCeT transfer process and the distinctive behaviors of the two 

metals were attributed to the different number of electrons required for their reduction to 

the elemental state. In addition, a facile and green structural modification of reduced 

graphene oxide using laser ablation will be presented in the following chapter. The 

possible application of those modified graphene oxide compounds are countless.  

In conclusion, chemically modified graphene presents incredible potential for a wide 

range of uses and the different behaviors that this material possess according to the 

morphology or the composition makes this range of application even broader.  
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Chapter 9 
 
Summary, Future Directions and 
Conclusion 
 
9.1 Summary 

Nanotechnology represents nowadays a promising area, offering the potential to 

overcome the limitations encountered in several fields of application. The use of 

nanomaterials in everyday life is evermore increasing and indeed, even without 

knowing, we are surrounded by objects containing nanomaterials. To cite a few, 

nanoparticles of hydroxyl apatite calcium-based mineral have been used as components 

in toothpaste, for remineralization of the tooth surface.1 Another example is a nano-clay 

composite employed for the fabrication of tennis balls, making them more airtight and 

allowing them to last longer on the courts.2 Moreover, silver nanoparticles have been 

used to coat band-aid in order to help the wound healing faster due to their antimicrobial 

properties.3 Even though the examples reported can be considered successful 

applications of nanomaterials, there is still “plenty of room in the bottom” to be 

discovered.4   
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This thesis reports just the tip of the iceberg in terms of production and possible uses of 

nanomaterials, however, few interesting achievements have been accomplished and good 

applicable results have derived from this study.  

First of all, elemental nanoparticles synthesis and modification, throughout a facile 

procedure, have been reported. In all the methodologies employed light played a 

predominant role. From the synthesis of Au/Ag core-shell to the modification of 

graphene sheets, our photochemical methods showed high morphological and dimension 

control of the particles formed. The major advantage of the use of light derives from the 

possibility to interrupt the process with a simple switch off of the light source. This 

aspect can appear trivial, however it shows its importance when compared to chemical 

methods, in which no easy control of the synthesis progress can be achieved. For 

instance, it has been shown that the size and elemental ratio of Ag/Au core-shells are 

directly dependent on the irradiance dose.5  

A consistent portion of my work was focused on the study and application of the 

plasmonic properties of metal nanoparticles. Visible light was used to excite the SPR of 

AuNP and AgNP, a characteristic that makes this process suitable for a wide number of 

applications. The visible light indeed is cheaper and less harmful compared to other 

portions of the electromagnetic spectrum. Moreover, the possibility to convert the light-

to-heat was investigated, starting from the identification of the temperatures obtainable 

after plasmon irradiation. For this purpose, the dissociation of dicumyl peroxide, 

performed irradiating spherical AuNP at 530 nm, was chosen as a model reaction. This 

molecule acted as a “molecular thermometer”; in such a way that, knowing the required 

thermodynamic parameters and applying the Arrhenius equation, temperatures values 

close to 500ºC at the nanoparticles surface have been obtained.6 This indicative 

temperature represented a starting point for the selection of thermal processes that can be 

performed irradiating metal nanoparticles. 

Furthermore, practical applications of the SPR of metal nanoparticles were also 

explored, ranging from catalysis to biochemistry. 
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Resazurin reduction mediated by plasmon irradiation of spherical AuNP was studied 

measuring the emission of the resulting product, resorufin. For this reaction LED and 

laser drop irradiations were employed and compared to conventional thermal methods 

(microwaves, thermal bath). As a result, laser drop and LED showed the best 

performances in terms of conversion per time. The laser drop in particular gave a 

quantitative conversion just after a single shot, in a time range of nanoseconds. LED 

irradiation otherwise represents a convenient alternative in terms of usability and cost.7 

To further discover the potential of metal nanoparticles, a successful use for a 

lithographic application was investigated. In this project, the irradiation of AgNP-

functionalized quartz slides triggered the thermal polymerization of caprolactam into 

nylon-6. Once more the use of light was paramount, in this case not only for the 

formation of the polymer, but also for the synthesis of AgNP in selected portions of the 

slide. An ordered distribution of the polymer features was obtained thanks to the 

localization of the heat released after plasmon irradiation. This result represents another 

example of how the light-to-heat conversion can favor a process that requires high 

precision at low dimension scale.8 In addition, this work set the stage for the successful 

synthesis of self-assembled nanolasers, a project just published by a former graduate 

student in the Scaiano group.9 

In addition, the melting of a ds-DNA sequence was performed after irradiation of 

spherical AuNP attached to one of the strands of the ds-DNA. In this project a specific 

design of the system was realized to be able to observe the evolution of the process. First 

of all, each strand of the ds-DNA was marked with a dye in order to keep track of their 

positions. With this design, when the DNA is in its double stranded conformation, the 

emission coming from the dye-ss-DNA, not directly linked to AuNP, is quenched by the 

particles. However, after irradiation and melting of the DNA, the thermoplasmonic 

release of the labeled ss-DNA can be monitored in situ by measuring the emission of the 

dye. Fluorescence microscopy techniques have been employed for this purpose.10  

Finally, the modification and use of carbon-based material has been also object of my 

study, with the aim of extending my knowledge of the “nanoworld”. Successful 
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functionalization of graphene oxide with AuNP and AgNP was performed employing a 

photochemical procedure. Surprisingly, a different behavior was observed for the two 

metal nanoparticles, with AgNP being particularly selective in the functionalization of 

specific graphene oxide sheets, while AuNP showing no selectivity in the deposition. A 

PCeT was suggested as mechanism occurring in the case of AgNP. Moreover, the 

diverse tendency of functionalization, observed for the two metals, was attributed to the 

different number of electron required to reduce silver and gold.11  

 

9.2 Future directions 

9.2.1 Metal nanoparticles 

Due to the variety of applications described, several future directions can be explored.  

The optical properties of metal nanoparticles can be used to increase the range of light 

absorbed by common photocatalysts, extending their absorption to the visible range.12 In 

this prospective, during my PhD I have been involved in several projects where the 

functionalization of semiconductors, such as TiO2, n-ZnO and Nb2O5 with metal 

nanoparticles resulted in an enhancement of the catalytic performances of those 

materials. The materials were prepared using the laser drop technique, a process in 

which AuNP were ablated prior to addition to an aqueous dispersion of the 

semiconductor. SEM pictures of the resulting materials are reported in Figure 9.1.  
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Figure 9.1 SEM pictures of the AuNP@nZnO (top), AuNP@Nb2O5 (center) and 
AuNP@TiO2 (bottom). 

 

The catalysts obtained were then employed for the catalysis of several reactions, such as 

oxidations, reductions and condensations, to name a few.13,14 The combination of solid 

semiconductors with colloidal solutions of AuNP results in a catalyst that possesses the 
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properties of both materials, in such a way that, not only an extension of the absorption 

range is obtained, but also, a more convenient way to separate the nanoparticles from the 

reaction can be achieved, the latter advantage derives from the use of an heterogeneous 

support. These considerations are particularly interesting, since the composite formed 

result very efficient and suitable for green applications.  

A prolific field where the properties of metal nanoparticles can play a predominant role 

is in thermal polymerization processes. A possible direction to explore in this 

prospective is the combination of metal nanoparticles with thermoresponsive polymers. 

This class of compounds assumes a different physical state in response to a thermal 

stimulus. A change from liquid to solid can occur increasing or decreasing the 

temperature around the polymer. Indeed, thermo-responsive polymers, such as poly(N-

isopropylacrylamide) (PNIPAM) or poly(N,N-diethylacrylamide) (PDEAM), can 

undergo to a phase change if the temperature is increased above the lower critical 

solution temperature (LCST).  Other polymers, such as acrylamide (PAAm), have a 

upper critical solution temperature (UCST) above which they can be converted in free-

flowing liquids (Figure 9.2).15,16 

 

 

Figure 9.2 Plot reporting the temperature weight fraction for a LCST polymer (left) and 
a UCST polymer (right).16 

	
  

Several application of these composites can be forecasted, one of them being the use as 

materials for art conservation and restoration. This topic was the object of my research 
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proposal and it described as the localized heat released from metal nanoparticles could 

be used to get a response of a polymer employed as a cleaning material, allowing an easy 

removal of the polymer and avoiding the use of harmful solvents.  

Bio-application of nanomaterials also represents a field to continue to explore. From 

drug delivery to antimicrobial properties, nanoparticles can play a relevant role in 

several biological processes. Our DNA melting project indeed anticipates the possible 

application of metal nanoparticles SPB properties in important laboratory applications 

such as polymerase chain reaction process. Moreover, our synthesis of Ag/Au core-shell 

particles was aimed to the combination of silver and gold properties, an aspect that may 

result particularly interesting for different applications and not last for biological uses. In 

fact, by looking at their respective visible spectra, we can notice that, by functionalizing 

a gold nanoparticle with an external silver layer, a core shell structure, able to absorb 

from 400 nm to 600 nm, can be obtain. In addition, Ag/Au core-shells in principle 

maintain the antimicrobial properties of silver and the photo-thermal properties of gold.17 

In this prospective, we decided to investigate the effect of Ag/Au core-shell, irradiated 

with visible light, in the growth of different classes of bacteria. Two gram positive cocci 

strains: Staphylococcus aureus ATTC 25923, Staphylococcus epidermidis SE19 and one 

gram negative bacillus strain: Escherichia coli CF073 were chosen as representative 

examples of the two large groups of bacteria strains. (Figure 9.3)  

 

 

Figure 9.3 SEM pictures of: Escherichia coli (left), Staphylococcus aureus (center), 
Staphylococcus epidermidis  (right).18 
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For the Ag/Au core-shells used in this project, citrate was replaced with other stabilizing 

agents such as LL-37, a small peptide from the cathelicidin family or, as a cheaper 

alternative, aspartame ($563.00/mg vs. $0.06/mg). (Figure 9.4) 

 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  	
  	
   	
  

Figure 9.4 Molecular structures the stabilizing agents used: citrate (left), aspartame 
(center) and LL-37 protein (right).19 

	
  

Bacteria incubation with different concentration of Ag/Au core-shells (from 13.75 µM to 

0) was carried out for 18 h at 37ºC, keeping two identical plates under LED irradiation 

and in the dark respectively.  LED irradiation was performed using a 530 nm panel 

customized by Luzchem and placed inside the incubator as shown in Figure 9.5.   

 

 

Figure 9.5 Pictures of the LED panel and set up used, before (left) and after (right) 
turning on the light. The well-plates to irradiate were placed on top of a 
mirror to maximize the light exposure. Parallel dark experiments were 
conducted wrapping identical well-plates with aluminum foil (shown on 
top of the LED panel). The system was disposed inside an incubator at 
37ºC and keeping a constant agitation. 

 

The absorbance at 620 nm, due to the light scattering produced by the microorganisms, 

was recorded as an indication of bacterial growth. (Figure 9.6) 
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The preliminary results obtained clearly indicate that in absence of light (black bars, 

Figure 9.6) the only antimicrobial effect is due to the known properties of AgNP. 

However, when 530 nm light is shined on the plate (green traces Figure 9.6) a lower 

minimum inhibitory concentration (MIC) of the material is required, suggesting a 

cooperative effect between gold and silver.  

 

 

Figure 9.6 MIC results obtained incubating for 18 h the three bacterial strains: 
Staphylococcus epidermidis (top), Escherichia coli (center), 
Staphylococcus aureus (bottom) with aspartame@Ag/Au core-shells under 
irradiation (green bars) and in the dark (black bars). 

 

Viability experiments remain to be carried out; nevertheless this represents another 

promising application of nanomaterials.  
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As shown in this last examples, different stabilizing agents can be used to achieve the 

desired purpose, moreover the versatility of the synthetic method used not only permit to 

vary the stabilizing agent used but, in principle, it can also be used for other metals 

reducible by ketyl radicals, extending in this way the properties of the materials 

produced.  

 

9.2.2 Carbon-based materials 

Several applications of carbon-based materials have emerged in the last years. A 

comprehensive description of all possible perspectives opened by the application of 

graphene base materials is the objects of several reviews.20 In addition to the possibility 

of functionalizing graphene oxide with metal nanoparticles, we have preliminary 

explored the possibility of structurally modifying reduced graphene oxide (rGO) by laser 

irradiation.  

In our attempt, different numbers of shots per drop were used to analyze the effect of a 

532 nm beam on the rGO sheets, obtained by hydrazine reduction of graphene oxide. 

The solutions were collected after irradiation and analyzed. Figure 9.7 shows the change 

in color of the samples collected after irradiation. Increasing the number of shots per 

drop leads to a variation of the graphene solution color from dark black (initial solution) 

to clear grey (after 20 shots/drop). 

 
Figure 9.7 Graphene solutions before (left) and after laser irradiation (532 nm laser; 

45 mJ; 1, 5, 10 and 20 shots per drop).  
 

UV-visible absorption of the graphene solution before ablation showed an intense band 
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centered at 270 nm. After irradiation with just one shot per drop the absorbance started 

to decrease, until almost disappearing after 50 shots/drop. (Figure 9.8) 

 

 
Figure 9.8 Uv-Vis spectra of graphene solutions recorded collecting the solutions after 

different amount of laser shots for each drop. 
 

SEM picture of the samples before and after ablation were collected, showing a dramatic 

change in conformation of the graphene flakes. (Figure 9.9) Before laser irradiation the 

electron microscopy reveals the classical graphene sheet conformation (Figure 9.9, a), no 

particular shape is observed, other than possible overlapping of the planes. Just after one 

shot, the sample appears to have a spherical shape. (Figure 9.9, b) By increasing the 

number of shots per drop we observed a progressive decrease in the sizes of the 

graphene spherical structures, as shown in the SEM pictures sequence shown in Figure 

9.9 (b-e). 
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Figure 9.9 SEM pictures of graphene solutions before (a) and after 1, 5, 10, 20 shots 

per drop (b-e).  
 

A high surface resolution SEM can be obtained by using the SEI mode. The pictures 

obtained confirm the conformational change of the graphene flakes to a spherical shape, 

highlighting the topography features (Figure 9.10). 

a	
   b	
  

c	
   d	
  

e	
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Figure 9.10 SEM images of the grephene flakes in TED (left) and SEI (right) modes. 

 

Another indispensable tool in the graphene research is Raman spectroscopy; indeed it 

can furnish precious indication regarding the structure and the composition. Therefore, 

Raman spectra were recorded before irradiation and after different amount of shots/drop, 

showing a variation in the ratio between the G and D bands. The G-band is the primary 

mode in rGO and it represents the planar configuration sp2 bonded carbon. The position 

of this band is often used to determine the rGO layer thickness, since as the layer 

thickness increases, the band position shifts to lower energy due to a softening of the 

bonds. The D-band is known as the defect band. It represents a ring mode from sp2 

carbon rings, and to be active the ring must be adjacent to a rGO edge or a defect.21 

Specifications of the Raman instrument used and analysis procedure are reported in 

Chapter 2, paragraph 2.2.3. In our results, the G band position remains the same even 

after laser ablation, however, the relative decrease of the D band indicates a reduction of 

the defects on the rGO conformation. In fact, before ablation the intensity of the two 

bands are comparable, while after 10 shots per drop the intensity of the G band increases 

compared to the D band, indicating that the structure is getting more ordered after 

irradiation. (Figure 9.11). 
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Figure 9.11 Raman spectra of the rGO solution after a different number of laser shots, 

obtained irradiating at 530 nm. 
 

Additional information was obtained analyzing AFM images before and after laser 

irradiation. As shown in Figure 9.12 the structural variation of the rGO sample is in 

accordance with the SEM pictures. The sample presents plane features with several 

irregularities before any irradiation. After 20 shots per drop the sample appears spherical 

with features having higher height. 
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Figure 9.12 AFM images of the rGO solution before (top) and after 20 shots/drop 532 

nm laser irradiation (bottom). 
 
For comparison the same reduced graphene oxide solution was irradiated for 2 h using a 

quad of four 532 nm LED, no change in the absorbance nor in the rGO structure was 

observed by UV-Vis and SEM analysis respectively. This observation proved that laser 

irradiation is required to induce the changes in rGO morphology. However, the 

irradiation does not necessarily need to be performed on the small volume of a drop; 

indeed, the analysis of a rGO solution irradiated for 30 min in a 1 mm thin cuvette, 

keeping the irradiation wavelength and power constant (532 nm; 45 mJ), showed the 
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same morphological modification observed in the laser drop irradiation experiment 

(Figure 9.13). However, from the SEM pictures it is easy to notice how the cuvette 

irradiation leads to a more polydisperse sample compared to the results obtained using 

the laser drop system.  

 

  

 
Figure 9.13 SEM pictures of the laser irradiated rGO solution in water.   
 

After irradiation the solution presented some bubbles inside the solvent and as expected 

the color resulted drastically clearer. The formation of bubbles inside the solvent has also 

been observed by recording videos of the drop or picture of the cuvette during the laser 

irradiation. (Figure 9.14) 
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Figure 9.14. (top) Picture of the drop solution before and after 1 laser shot. (bottom) 

Picture of the rGO solution inside the 1 mm thick cuvette before and after 
30 min of laser irradiation. The formation of bubbles inside the solution 
was observed in both experiments. 

 

In order to identify what gas was being formed we repeated the irradiation using a sealed 

cuvette and taking aliquots of the gas portion. After the irradiation, the reaction 

headspace was injected into a gas chromatograph equipped with a packed column and a 

universal thermal conductivity detector (TCD). The injection result was compared to an 

injection of air. Analysis at the GC-TCD revealed that hydrogen gas, with a retention 

time of 4.09 min, was detected in the sample obtained after 30 min of rGO irradiation. 

(Figure 9.15)  
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Figure 9.15 Comparison between gas chromatograms of an air sample and the gas 
produced after 30 min of rGO ablation using a 532 nm irradiation laser. H2 
areas for the two samples are reported in the table. 

 

We were able to quantify a total amount of 13000 µmol g-1 h-1 of H2. Two potential 

events could occur for the emission of H2: the splitting of H2O or the degradation of the 

rGO structure. In the first case the emission of H2 is accompanied by the production of 

O2, according to the following reaction: 

 

Scheme 9.1 Water spitting reaction.  

 

On the other side, the evolution of syn gas may results from the rGO degradation, in 

such a way that H2 is accompanied with the formation of CO or CO2. 

2 H2O 2H2  + O2

H2 pick (4.089) Area (µV x s) Area % 

Air sample 0 0 

Gas detected after ablation 21734 2% 
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Several attempts have been made to determine which of the two events could be 

responsible for the H2 formation, the most successful being the use of 18O isotopically 

modified water. The idea behind this experiment was to monitor the release of 18O2 or 

CO/CO2 containing 18O. For this purpose rGO solution in H2
18O (18O 97%) was prepared 

in a long neck cuvette and purged with Ar for 45 min. The solution was irradiated with a 

532 nm laser for 1h and the reaction headspace was analyzed using a quadrupole mass 

spectrometers, customized by Prof. Javier Giorgi (Chapter 2, paragraph 2.5.1). The mass 

analysis showed the presence of 18O2 and the absence of any carbon oxide containing 
18O. The results obtained induce us to discard a possible degradation of rGO and 

subsequent emission of carbon oxides. Therefore, the process occurring is most likely 

water splitting.  

As a comparison, the same experiment, using H18O and described in the previous 

paragraph, was repeated replacing the laser with a 532 nm LED irradiator system and 

irradiating for 1 h. From the quadrupole mass spectrometer analysis of the reaction head 

space no presence of 18O nor CO/CO2 containing 18O was observed. In addition, when 

the rGO sample is irradiated with LED, its structure remains unaffected, meaning that 

the planar shape of the rGO is conserved. This observation led us to deduce that the gas 

evolution is related to the spherical rGO.  

In order to strengthen this deduction, we designed an experiment based on two steps; (1) 

the rGO was structurally modified using 532 nm laser irradiation; (2) 532 nm LED 

irradiation of the spherical rGO particles was performed and the eventual gas produced 

was analyzed by quadrupole mass spectrometer. The first laser irradiation step was 

performed for 30 min, and was aimed to the modification of rGO structure from planar 

to spherical. After the laser irradiation, the sample was purged for 45 min with Ar to 

make sure that any possible gas detected after the second step was not already produced 

during the laser irradiation. Finally, the LED irradiation was performed for 1 h. As in the 

previous experiment the rGO dispersion was in H18O. 

A comparison of partial pressures of 18O2, C18O and CO2 (containing one 18O) for the 

different experiments described is reported in Figure 9.16. 
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The irradiation of rGO with a 532 nm laser led to the production of 18O accompanied 

with C18O. The latter gas may be obtained from the partial degradation of the rGO 

structure due to the irradiation with the laser. 

No gases containing the 18O were detected in the case of the sole LED irradiation of 

planar rGO. 

Surprisingly, within the 18O labeled gases possible, an exclusive production of 18O2 was 

obtained when laser irradiation followed by LED irradiation was performed in sequence. 

The quantification of the gases was based on their comparison with the water vapor 

detected after each injection. Therefore, knowing the water partial pressure at room 

temperature, which is 3.2 KPa, a relative quantification of the gases partial pressures 

could be obtained. 
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Figure 9.16 Comparison between 18O2, C18O and CO2 (containing one 18O) partial 
pressures of an air sample (first column); after 30 min + 30 min of laser 
irradiation (532 nm) of rGO (second column); after 30 min + 30 min of 
LED irradiation (532 nm) of rGO (third column); and after consecutive 30 
min laser irradiation (532 nm) and 30 min LED irradiation (532 nm) of a 
rGO dispersion in H18O (fourth column). The values are obtained 
comparing the areas of traces referred to each gas detected to the area of the 
trace relative to water vapor and multiplying the value obtained for the 
water partial pressure (3.2 KPa) at 25ºC. 

 

Interestingly, the LED irradiation performed when the rGO was already structurally 

modified resulted the most efficient, giving the highest amount of 18O2. 

These results prove that our structural modification of the rGO sheets to spheres, using 

laser irradiation, can be promisingly used for the splitting of water. Further experiments 

are required to optimize the system and eventually to scale up the gas production.  
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9.3 Conclusion 

In conclusion, the work presented herein reports the design of elemental nanoparticles 

and their use in different application fields. Metal nanoparticles and carbon-based 

materials have been morphologically modified and functionalized to achieve a better 

performance of their properties. Light irradiation has been employed to tune and exploit 

the nanomaterials properties, taking into account the convenience and the applicability of 

the method used. Moreover, this thesis contributed to furnish a better understating of the 

optical properties of metal nanoparticles, giving indication of the temperature ranges 

achievable after plasmon excitation, a parameter that may result useful when considering 

the field of applicability. 

Finally, either used as catalysts, antimicrobial agents or absorbers, the results presented 

in this thesis gave a flavor of some of the potential use of nanomaterials. 
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