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Abstract	
	

	

	

Nanomaterial’s applications have expanded greatly in the last few decades due to 

their interesting properties. Example of nanomaterials are metal nanoparticles NP. NP have 

interesting physical and optical properties that make them different and more useful than 

their bulk counterpart. Some of these properties are the large surface area to mass ratio and 

their ability to absorb light. NP have been applied in the health, environment, and catalysis 

fields  

The main focus of this thesis will be on the applications of nanomaterials in medicine 

and catalysis. In the first part of the thesis, coated polydispersed and polymorphic silver 

nanostructures AgNS were synthesized using seed mediated method. The synthesized 

AgNS were characterized using SEM, TEM, and UV-VIS. The stability of these AgNS were 

determined by measuring the shift in the plasmon band over time and by measuring their 

zeta potential. Moreover, the bactericidal properties of coated AgNS were tested on gram 

negative bacteria such as Escherichia coli and   Pseudomonas aeruginosa and gram positive 

bacteria such as Methicillin- Resistant Staphylococcus aureus (MRSA) and Staphylococcus 

aureus. 

The second part of the thesis discusses the field of nanocatalysis where different 

supported metal nanoparticles on TiO2  were synthesized and characterized by TEM, diffuse 

reflectance DR, XPS and ICP. The activity of the synthesized catalysts was tested for 

Ullmann C-C cross coupling reaction. The use of the photoresponisve Pd@TiO2 under the 

combination of UVA 368 and visible light 465nm irradiation offered the highest selectivity 

toward the cross coupling product.  
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Chapter	1	
Introduction	

	

1. Definition of nanomaterials 

Nanomaterials are materials that range in size from 1 to 100 nm.1 Nanomaterials 

are amorphous or crystalline structures that can consist of single or multi-elements (i.e. 

metallic, non-metallic, polymeric, etc.) and be synthesized into different  shapes  and sizes. 

Figure 1.1 illustrates the size of nanoparticles (NP) relative to other biological and non- 

biological materials. 

 

 
Figure 1.1: NP size relationship to biological and non-biological materials. Adapted 

from ref. 2 © 2015 Nikalje AP. 

2. History of nanoparticles 

In the past 150 years researchers have been extensively studying colloidal NP. 

However, the first use of NP was dated to ancient time. The Roman Empire was known 

for their fascinating architectures and buildings. Ancient people were  the  masters  of adding 

nanoscale material to bulk material in order to improve properties. One of the oldest 

examples that were reported on the use of NP is the Lycurgus cup (AD 400), the cup was 

made from glass but it displayed a strange phenomenon. The colour of the cup changes 

depending on whether the cup is illuminated from the front (green, Figure 1.2 left) or 

from inside (red, Figure 1.2 right). This incident remained a mystery un t i l  the British 

museum analyzed the glass material of the cup. It was found that Ag and AuNP were 



		
2 

added to the glass in a ratio of 7:3 and relative size of 70 nm. This composition was 

responsible for the different colours seen when the cup reflects or transmits the light 

(vide infra).3 

 

 
Figure 1.2: Lycurgus cup. Left: Green color adopted due to light reflection; Right: 

Red color adopted due to light transmission. ©  Trustees  of  the British Museum. 

Reproduced from ref.4 with permission from Springer Nature, Nature photonics. 

Another example where nanomaterials were used in the old ages is the Damascus 

sword. 5 Damascus steel amazed people with its strength, elasticity and durability. The 

secret of the Damascus steel remained a mystery till 2006 when a group of German 

researchers analyzed the composition of the sword and to their  surprise  it  contained carbide 

nanowires and carbon nanotubes. 

3. Classification of nanomaterials 

There are varieties of ways that are used to classify nanomaterials, such  as 

dimensionality and chemical composition. 

In terms of dimensions, nanomaterials can be classified according to the size of 

each 3D dimensions 6 Thus, zero dimensional (0D) materials where all the dimensions fall 

within the nanoscale (below 100 nm) are usually considered NP (Figure 1.3 A); one 

dimensional (1D) materials where two dimensions are in the nanoscale range and one in 

the macroscale, for example nanotubes, nanowires and nanorods (Figure 1.3 B); two 

dimensional (2D) materials with only one dimension in the nano range, i.e. nanoplates 
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and nanofilms (Figure 1.3 C); and three dimensional (3D) materials with all their 

dimensions in the macroscale. Figure 1.3 D 

 

 
 

Figure 1.3: SEM images of different nanomaterials. A represent NP, B 

nanoribbons, C nanoplates and D nanocoils. Adapted from ref. 6  with permission from 

Elsevier, Progress in Material Science 

According to their chemical composition, NP can be categorized into carbon-based 

nanomaterial such as graphite and carbon nanotubes, or metal NP usually constituted 

by noble transition metals, such as Au, Ag, or Pd, among others. This thesis will be only 

focused on the latter ones. 

Metal NP, such as Au, Ag and Cu, have special optical properties due to the 

presence of localized surface plasmon resonance (LSPR), which is responsible for their 

great absorption properties in the visible region of the electromagnetic solar spectrum. 

Other metal NP, like Pd or Pt, do not display this kind of behaviour, therefore metal NP 

can be categorized into plasmonic and non-plasmonic NP based on the optical properties 

that they have in the visible region.7, 8 

4. Plasmonic metal nanoparticles 

The plasmonic properties of metals strongly depend on the material geometry.9  In 

order to understand the LSPR in NP, one could start analysing this phenomenum over flat 

gold surfaces. Theoretically, a slab of metal consists of a periodic array of positive 

A	 B	

C	 D	
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charges (the nuclei) and electrons that are bound to the positive charges by electrostatic 

interactions. When the metal slab absorbs polarized light – with its oscillating electric 

field component perpendicular to the surface of the metal –, the electric field leads to 

oscillation of the electrons in the metal. Then the oscillating electrons couple with the 

electromagnetic field mode and they travel as a package forming a surface wave. This 

phenomenon is known as surface plasmon polaritons (SPP) and is shown in Figure 1.4, 

left panel. In SPP the surface plasmon wave propagates between the metal surface and 

the dielectric medium, for that reason, both the metal and the medium dielectric constants 

are important for the properties of the surface plasmon. 

In the case of NP, they absorb light in the same manner as SPP. However, the 

NP are not flat like metal slab, their surface has curvature which defines its finite 

dimensions usually smaller than the excitation wavelength. Moreover, the surface plasmon 

wave is able to penetrate the entire NP due its small size. Polaritons are just  due  to 

oscillating electro-magnetic field that is trapped on the particle. The electrons oscillate 

together but only the surface has oscillating charge, which is known as surface 

plasmons as shown in Figure 1.4, right panel. 10, 11
 

 

 
 

Figure 1.4: Schematic representation of plasmon resonance.  Left:  propagating  

SPP along the dielectric–metal interface. Right: localized surface Plasmon on the surface 

of metal NP. Adapted from ref. 11  with permission Springer Nature, Nature Photonics. 

The plasmon absorption was described by Mie in 1908, after he solved Maxwell’s 

equation for spherical NP. Thus, assuming that the particles are in homogenous dielectric 

material, when the radius of NP is smaller than the wavelength of the incident light, only 

the dipolar mode participates in the absorption. 12, 13  The ability of the particle to absorb 

light is illustrated in equation 1.2 

! = 3 ∈! !
! − !!
! + 2!!

                        (1.2) 
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Where α is the polarizability, ∈0 is the permittivity of vacuum, V corresponds to the volume 

of the particles, ∈ is the permittivity of the material, and ∈m is the permittivity of the 

particles’ environment.  

Le Ru and Etchegonic described the relation between polarizability and the radius of 

the particles (R). Equation 1.3 shows how polarizability is directly proportional to the cube of R, 

and therefore related to particle size. 

! = 4 ∈! !!!
∈ −1
∈ +2                              (1.3)            

According to equation 1.2, resonance occurs at the maximum absorbance of light by 

the particle, which is achieved when 

∈= −2 ∈!                   (1.4) 

Therefore, the dielectric constant of the material has to be negative in order for 

plasmon to absorb, a condition met by Au, Ag and Cu among others. {L. Dmitruk, 2009, 

Physical nature of anomalous optical transmission of thin absorptive corrugated films}   

Mie assumed that for particles that are smaller than 20 nm, they tend to have an 

absorbance band that is dominated by a dipole whose position and widths are independent of 

size with the following equation. Where σ(ω) is the absorption cross section,  

!!"#!
9! ∈!!/!

!  . ! ∈! (!)
∈!  ! + 2 ∈! ! +∈! ! !                           1.5  

 V is the volume of the particle, ω is the angular frequency of excitation, and c is the speed 

of light. ∈!  !"# ∈= ∈! ! + ! ∈! (!) Illustrate the dielectric function of the medium and 

metal respectively.   
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Extinction consists of two phenomena, the first one is the absorption of light 

produced by plasmon, and the second one is the scattering of light due to particle size. 

 
 

 

Figure 1.5: Illustration of the events contributing to the extinction: surface plasmon 

absorption of a metal NP and light scattering. 

The decay of the plasmon occurs through de-phasing of the collective coherent 

oscillation of electrons in the particle. 14
 

• LSPR: dependence on size, shape, chemical nature and environment 

As mentioned above, LSPR depends on different factors such as size, shape, and 

chemical nature of the metal and dielectric media. Different sizes lead to different light 

absorption. When the particle size of Cu, Ag and Au is smaller than the wavelength of 

the incident light, they absorb light at different frequencies, which leads to different color of 

the colloidal solution. Larger particles absorb near IR light because the cross section for 

absorption and scattering depends on the polarizability (equations 1.6 and 1.7), which is 

proportional to the size of the particle (equation 1.3).15  Figure 1.6. Illustrates the effect of 

different size of AuNP on the absorption of light. 16  
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Figure 1.6. Extinction spectra of different-size AuNP  suspended in water showing 

the dependence of LSPR with particle size. Reprinted with permission from 

cytodiagnostic Inc. 16
 

Additionally, the shape of the NP plays an impor tant  ro le  in  ad jus t ing  the 

opt ica l  p roper t ies  o f  the  nanomater ia l .  When the NP is not symmetrical; the 

particles acquire extra plasmon resonance which is translated into transversal and 

longitudinal plasmons.  Figure 1.7 shows the effect of different shape of AuNP on the LSPR. 

In some cases, more than one plasmon band can be distinguished, i.e. Au nanorods have 

transversal band at 530 nm and longitudinal SPR band at 640 nm, 17 

 

 
Figure 1.7. Absorption spectrum  of colloidal AuNR solution in water that 

illustrates the presence of two plasmon bands. Adapted from ref.17  with permission from 

Royal Society of Chemsitry, Chemical Communication.  
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The optical properties of AuNR have been described by Gans model for ellipsoids, 

where polarizibility is described in equation 1.6 

!!,!,! =  !! !"# (∈!∈!)
!∈!!!!!,!,! (∈!∈!)

    

 Where, a,b, and c are the length of the ellipsoid along the axes x,y, and z, respectively, 

∈_ is the permittivity of the material, ∈! is the permittivity of free space, and L,x,y,z is the 

depolarization factor for the respective axes which in turn depends on the ellipticity of 

the particle. Therefore, the absorption of AuNR relies on the aspect ratio more than the 

absolute dimensions of the NP. 18 

As mentioned before, the absorption properties of the NP also depend on the 

nature of the metal used. For instance, Figure 1.8 presents the absorption spectra of 

CuNP, AgNP and AuNP; which shows that Cu absorbs at longer wavelengths than Au and 

Ag. 19
 

 

 
Figure 1.8: Illustration of the absorption spectra of colloidal Ag, Au and CuNP. 

Adapted from ref. 19 with permission from John Wiley and Sons, Photochemistry  and 

Photobiology.

(1.6)	
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LSPR show also dielectric medium dependency as presented in equation 1.2. For instance, 

when AuNP are suspended in high concentration of NaCl they agglomerate leading to red-shift 

absorption, as larger particles absorb near the IR region because when the particles aggregate 

the conduction electrons become delocalized and shared with close particles  (Figure 1.9).16 

 

Figure 1.9 UV-Vis spectra (right) of monodisperse (A) 15 nm AuNP  (B)  in  sodium 

chloride (NaCl). Reprinted with permission from cytodiagnostic Inc . 16 

• LSPR effect 

The excitation of the plasmon can lead to many effects as illustrated in Figure 

1.10. Thus, upon excitation the large absorption coefficient of AuNP can promote different 

phenomena such as antenna effect, electron-hole transfer, and heat transfer. The antenna 

effect leads to energy transfer and the generation of singlet (or triplet) excited state when 

a receiver is available close to the NP surface. This non-radiative resonance energy 

transfer is known as Förster Resonance Energy Transfer (FRET) or dipole-dipole 

interaction. FRET occurs via coulombic interaction, there is  no  electron  transfer involved. 

FRET happens when there is orbital overlap between the donor and the acceptor, and 

therefore they must be within proximity and have a specific orientation. The efficiency of 

FRET is inversely proportional to the sixth power of the distance between donor and 

acceptor molecules. In the case of NP, this efficiency varies with the fourth power of the 

inverse of the distance (R-4) and results from the coupling of the AuNP's plasmon 

resonance and the acceptor orbital.20 The second effect observed upon plasmon excitation 

is the hole or electron transfer to molecules that act as electron donors or acceptors, 

and it is really important for catalytic applications. Finally, the third effect is related to the 

thermal relaxation of the plasmon, which leads to high surface temperature that 

facilitates chemical or physical changes of molecules in close proximity to the surface by 
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overcoming energy barriers. For example, a study performed by the Scaiano group 

showed that the temperature of the surface of AuNP can reach 500 ºC.21 

 

 
Figure 1.10: Plasmon excitation effects on molecules close to NP surface:  A) antenna 

effect, E) electron transfer, H) hole transfer, and T) thermal effect. Adapted from ref. 20 

with permission from Copyright (2017) American Chemical Society. 

5. Synthesis of metal nanoparticles 

The NP preparation methods are divided into top-down and bottom-up approaches. 

Top-down method starts with bulk materials that are ablated into smaller units to form 

NP. Mechanical grinding, physical deposition, laser ablation and electro-explosion  are 

examples of this method.22-24 On the other hand, during bottom-up approaches, the NP 

are generated from small units, usually atoms, that are generated (e.g., by redox 

reactions) and grown to particle size. This thesis is focused in the use of bottom-up methods.  
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During bottom-up methods, the metal salt (Mn+) is reduced into its atomic form (M0). 

The process is described by equation 1.7 

!!!  + ! !! →  !! →→→ !"#                    (1.7) 
 

The process has been described as shown in Figure 1.11. First, the concentration 

of M0
 spikes as the precursor M+2 is reduced. Once the concentration of M0  reaches the 

level of super-saturation (Css) the atoms start to aggregate and form small clusters 

through self-nucleation until the concentration of M0 drop below the level of saturation. 

Then the nucleation step is terminated and clusters will stop forming. Finally, the clusters 

keep on growing by consuming M0 that stayed in solution forming NP. 25 

 

Figure 1.11. LaMer and Dinegar’s nucleation mechanism. Adpated from ref. 25 

Particularly for the synthesis of AuNP and  AgNP,  the  most  frequently  used  

reducing agent is NaBH4. These NP tend to aggregate easily if they are not stabilized with 

capping agents, usually organic molecules. The role of the capping agent is preventing 

the growth of the NP and concomitant aggregation and precipitation. The most common 

capping agents usually contain N, S and P that bind strongly to the surface of the NP. 26,27,
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Photochemical  approach 

There are a variety of methods that are used to synthesize metal NP,28-31 but the 

photochemical method offers many advantages over the other methods. Some of these 

advantages are spatial and temporal resolution, and synthesis flexibility –thus, tuning the 

size and shape by altering the irradiation wavelength, intensity and time of irradiation. 

The photochemical approach utilizes a photosensitizer that acts as the initiator of the 

photochemical reaction. Norrish type I reaction is the most common method for the 

photochemical synthesis of the Ag and AuNP. The Norrish type I reaction of a benzoin 

shown below generates upon UVA irradiation a ketyl radical, a strong reducing agent 

capable to reduce the metal salt. 

The general method for making AuNP in the Scaiano group is shown in Figure 

1.12. 32 Briefly, the photochemical synthesis of AuNP involves the use of Irgacure 2959 (I-

2959), which    generates    the    4-hydroxyethoxybenzoyl radical – a precursor for 4-

hydroxyethoxybenzoic acid (HEBA) – and the ketyl radical,  the reducing agent for the 

formation of AuNP. 

 

Figure 1.12. General scheme for the photochemical synthesis of AuNP.  
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Seed mediated method 

Despite the presence of many methods to synthesize NP, the seed mediated 

method remains one of the most efficient due to the high yield  of  NP  generated  and  ability  

to control size of the NP. The first step in this approach is to create small NP, which are 

called seeds by reducing the metal salt using NaBH4. Then growth solution is prepared 

and the seeds are added to it, allowing them to grow into a specific size. This method has 

been implemented to synthesise high quality Au nanorods with specific aspect ratio. Different 

aspect ratio is obtained by manipulating many factors such as concentration of metal, 

time, and amount of reducing agent. Growth solution for the synthesis of  Au nanorods is 

made of high amount of surfactant  (cetyltrimethyl  ammonium  bromide  – CTAB –), Au salt, 

Ag nitrate and a mild reducing agent. Some important  factors  for synthesis quality are the 

age of the seeds, amount of seeds added, amount of reducing agents  used,  amount  of  

Ag  nitrate  in  growth  solution,  and  temperature.  Figure  1.13 shows a representation of 

the seed mediated method for Au nanorods. 33 

The role of AgNO3 is to control the final aspect ratio of the rods.  However its exact 

role is still under investigation. Some studies claim that a Ag[BrCTA]2 complex is formed 

and this complex acts as a specific capping agent on the seeds by changing the CTAB 

micellar structure by silver bromide interaction. 34
 

 

 
Figure 1.13. Representation of the seed-mediated method for the synthesis of 

AuNRs. Adapted from ref. 33 with permission from The Royal Society of Chemistry.  
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6. Nanomaterials Applications 

NP are used for biomedical, environmental, technological and catalytic applications. 

The main focus of this thesis will be on the biomedical and catalytic aspects. 

6.1 Biomedical applications 

The stability, low toxicity, biocompatibility, and the ability to absorb light and emit 

energy have made NP useful for biomedical applications such as imaging, drug delivery 

and therapeutics.35 Although this thesis is focused on the use of Ag nanstructures for 

therapeutics, other biomedical applications are briefly described below. 

a. Imaging 

Semiconductor NP, also known as quantum dots (QD), are great for imaging due to 

their photostability, narrow emission, and broad excitation wavelength. These photoactive 

nanomaterials can be used as labels as they produce a strong fluorescent signal. 

Fluorescent NP are of great promise for imaging because they are bright, have broad 

range of excitation wavelength and narrow emission bands that can be tuned by 

controlling the size of the QD. There have been reports about how QD were used to 

label tumour cells where the divisions of the cancer cell were monitored by the change of 

fluorescence signal. Even though this method could revolutionize the imaging field as it 

could offer early detection of cancer, toxicity remains a challenge.36 Moreover, QD TV’s 

have been commercially available for a  few years. 

b. Drug delivery 

The use of NP as drug carrier became very popular in the 21st century. Some of 

the attributes that one needs to consider when designing a drug delivery systems are: 

the system has to have a specific target, low toxicity, and the therapeutic effect of the drug 

should be unchanged. The system has to be also biocompatible. 

Drug delivery offers many advantages such as the ability to control when and 

where the drug is being released. AuNP are very promising in the field of drug 

delivery due to special optical, electronic and biochemical properties.  AuNP are easily 

functionalized due to the presence of the negative charge on the surface.  In one of the  

studies  a system was designed by making AuNP that are tethered with doxorubicin with poly 

(ethylene glycol) spacer using acid labile linkage. It was found that as soon as the DOX-

tethered AuNP enters acidic media, the drug release was monitored by the monitoring the 

fluorescence signal. AuNP quenches the fluorescence due to nanosurface energy 

transfer between the dexorubicinyl groups and gold NP.37 
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c. Therapeutics 

The therapeutic applications of NP are countless. One of the biggest 

breakthroughs is the use of NP to cure cancer. In addition to the use of NP for imaging 

and carrier of drugs, NP can be used as the therapeutic agents themselves. In recent 

research, it was reported that functionalizing the AuNP with a protein that has specific 

binding to the tumour cells and then irradiating the AuNP with near IR light will release 

local heating,  killing the cancer cell. 38
 

Another example where NP themselves are used as therapeutic agents is the use 

of Ag or AuNP as antimicrobial agents. In recent years, the world has been facing a crisis 

due to the development of antibiotic resistance, which has caused an urgent demand to 

develop alternatives.  Developing coated Ag and AuNP, as an alternative to antibiotics has 

been the center of NP research over the past decade. In a recent study by the Scaiano 

group, AuNP coated with amoxicillin have been used as antibacterial agents toward 

Staphylococcus aureus. 39 The main focus of this thesis will be on the use of coated Ag 

nanostructures as antimicrobial agents toward Staphylococcus aureus, Escherichia coli, 

Methicillin-Resistant Staphylococcus aureus (MRSA), and Pseudomona aeruginosa. 

6.2 Catalytic applications 

Heterogeneous vs homogeneous catalysis 

A catalyst is a material that takes part in a chemical reaction facilitating the 

reaction by interaction with reactants, but remains unchanged after the reaction is 

completed. The main advantage of using a catalyst is to increase the speed of the 

reaction by lowering the activation energy, which allows the reaction to occur under milder 

conditions. T h e  majority of catalysts work based on the principle of thermal mechanism 

where, after heating, the catalyst uses the thermal energy that is gained to catalyze the  

reaction toward  the  desired  product.  This type o f  catalysis has  low  energy  efficiency,  

low selectivity   and   it   is   costly.40    Catalysts   can   be   in   two   forms, homogeneous   

and heterogeneous. In homogeneous catalysis the reactant, product and catalyst are all in 

the same  phase,  while  in  heterogeneous  catalysis  the  reaction  happens  in  multiple  

phases. Figure 1.14 shows the main difference between the homogeneous and 

heterogeneous catalysts. In heterogeneous catalysis the reactant interacts with the catalyst 

usually supported on a solid surface. 41 
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Figure 1.14. Representation of how the reactant interacts with (A) homogeneous 

and (B) heterogeneous  catalysts. 

This classification of catalysis into two categories usually  overlooks  intermediate 

situations that do not fall into the heterogeneous or homogeneous group. Scaiano has 

described these particular situations as follows: i) heterogeneous to homogeneous, where 

the active species can leach and diffuse away from the surface of the heterogeneous 

material to react in the homogenous phase; ii) homogeneous to heterogeneous catalysis, 

where the homogeneous catalyst forms insoluble nanostructure complex that acts as in 

situ heterogeneous catalyst; and iii) heterogeneous to homogeneous and back, where the 

heterogeneous catalyst releases the active catalytic species that after the catalysis are 

deposited  back  on  the  surface  of  the  catalyst. Figure 1.15.  illustrates these three 

different situations.41 

 

(A)	Homogeneous	 (B)	Heterogeneous	
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Figure 1.15 Representation of the three types of heterogeneous catalysis and how 

they interact with the reactant (R) to give product (P). 

One of the greatest advantages of using heterogeneous catalysts is the ability to 

separate and reuse them; making the process more economically and environmentally 

friendly, desired attributes of Green Chemistry. 

Nanocatalysts 

NP-based catalysts are widely used in the pharmaceutical industry. 42 Due to their 

large surface area, NP have become greatly used as catalysts, i.e. more catalytic sites 

so more reactions can happen simultaneously. NP are  greater in  size  than  atoms  and 

smaller than bulk materials, therefore they can be described as a state of matter between 

bulk and single molecules. When the bulk is reduced to nanometer dimension, the energy 

bands of the bulk material split in to discrete levels, conduction and valence level. The 

density for material begin to build up from the center of the band and the edges of the 

electronic band represent the surface states.  NP, have lower  density  of states than the 

bulk materials and they have higher contribution from the surface state. Therefore, NP 

have different electronic band structure than the bulk material, which leads to different 

properties. Figure 1.16 illustrates the difference between  NP  and the bulk material.43, 44  
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Figure 1.16: Density of states for metal NP compared to those of bulk and of 

isolated atoms. 

The desired attributes for a good catalyst are high activity, selectivity, and stability. 

There have been reports on the use of NP for many chemical reactions such as 

dehalogenation, C-C  coupling,  cyclization  and  many  more.  There is also a trend  to 

transform some of the reactions that are catalyzed by NP in the homogeneous phase into 

the heterogeneous phase. 45-52 

Photocatalysis 

Photocatalysis is an active area of research that aims toward performing reactions 

under milder conditions. In  photocatalysis, the  reaction  is  catalyzed through  light 

absorption,i.e. high temperature and high pressure can be  avoided.  In photocatalysis, the 

light needs to  be  absorbed  in  order  to  activate  the  substrate.  In order  to  speed  up  

the reaction, the photocatalyst needs to interact with the substrate in the ground or 

excited state. Photocatalysts  (PC) can also be homogeneous or heterogeneous materials.49, 

53- 59The main interest in the Scaiano group is to design systems that allow running 

reactions  under  milder  conditions,  where  heterogeneous  photocatalysts  can  substitute 

the use of homogeneous catalysts and harsh reaction conditions. 

The photocatalytic mechanism involves the excitation of the PC after absorption of 

light, which can take two routes to accelerate the reaction:53 i) energy transfer, which leads 

to the formation of the excited state of substrate (S) that is easier to oxidize (and to reduce) 
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than the ground state –scheme 1.1 a–; ii) electron transfer, where the catalyst acts as 

electron donor or acceptor –scheme 1.1 b. 

 

Scheme 1.1.  Illustration of the photocatalytic mechanism. a) energy transfer, b) 

electron transfer. Similar mechanism can be written leading to P+ and PC-. 

In nature, the most abundant PC that can be found is Chlorophyll. Plants use 

chlorophyll to absorb sunlight and convert it into chemical energy, thus plants turn water 

and CO2 into glucose and O2  upon absorption of sunlight (Figure 1.17).54  
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Figure 1.17: Illustration of the photocatalysis of water into O2 and glucose in the 

presence of sunlight. Reprinted with permission from.54
 

The most used synthetic heterogeneous photocatalyst is Titanium dioxide (TiO2), a 

semiconductor that possesses great stability, low toxicity, high reactivity, and low cost. 

The major disadvantage for TiO2 is that it can only absorb light below ~ 400 nm due to its 

large band gap 3.2eV. Moreover, TiO2 requires high energy UV irradiation to  get activated, 

so it can make use of 5% of the solar energy on earth, therefore, the potential of using 

TiO2 for environmentally sustainable applications is limited. 55In order to overcome this 

drawback and make TiO2 absorb in the visible region, metals were supported on the 

TiO2. For example, doping TiO2 with Pd will lead to great absorption in the visible region as  

metals provide additional energy levels within the band gap; therefore electron transfer to 

the conduction band will demand less photon energy.  Absorption spectra of TiO2 and 

Pd@TiO2 are shown in figure 1.18.  
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Figure 1.18. Absorption spectra of TiO2 in red, Pd@TiO2 in Black. 

Figure 1.19, left panel, shows how upon excitation with UV light, TiO2 electrons 

move from the valence band to the conduction band creating electron-hole pairs, which 

are responsible for the oxidation and reduction properties of excited TiO2. Unfortunately, 

the electron-hole recombination process occurs rapidly, limiting the  catalytic  activity  of 

TiO2. The addition of metal NP, e.g. Pd, onto TiO2 can introduce an electron capture 

center that traps the electron, increasing the charge separation and slowing down the 

electron-hole recombination (Figure 1.19, right panel). This is reflected  in  the improvement 

of the photocatalytic activity. 57
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Figure 1.19. Illustration of the electron hole recombination before and after doping 

TiO2. 
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The applications of TiO2 are countless. TiO2  is used for catalytic, environmental and 

health applications.  Some  of  the  most  important  environmental  applications  of  TiO2   

are  the photocatalytic production of hydrogen and water treatment.58 TiO2 can also be 

used as self-cleaning service for example; when TiO2 is added to tiles and paints it 

provides a self-sterilizing material. These antimicrobial properties of TiO2 arise from the 

hydroxyl free radicals that are generated upon excitation of TiO2 with UV  light,  these  radical  

convert organic molecules to CO2 and water and therefore lead to the destruction of the 

microorganism.59  Moreover, TiO2  has been used a photocatalyst or support for catalyst 

for many reactions. 45-52 

7. Characterization of nanoparticles 

There are many techniques used to characterize the various properties of NP.  The 

following section describes the techniques utilized during this thesis. 

7.1 Electron Microscopy 

Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) allows NP imaging for size and shape 

characterization. The principle of operation is based on the observation of the electrons 

that are scattered from the sample after irradiation with an electron beam. Briefly, the 

sample is deposited on a grid and the electron beam –generated by the electron gun at 

the top of the microscope– is focused on the surface of the nanomaterial through a set of 

lenses. Once the electrons interact with the sample the image can be formed by both 

secondary electrons (SE) emitted from the sample or back scattered electrons (BSE) 

scattered by  the  sample. SE  gives  higher resolution  images  than  BSE  as  they  come 

from near the surface of the sample. Figure 1.20 summarizes the operation of a SEM. 60 
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Figure 1.20. Scanning Electron Microscope. The generated electron beam is 

focused on a spot of the sample. The interaction between the electrons and the sample 

generate an image that is formed by both secondary electrons (SE) emitted from the 

sample or back-scattered electrons (BSE) scattered by the sample. 

Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) operates in a very similar manner 

compared to SEM. TEM differs from SEM in the following: i) TEM works on the concept of 

transmitted electrons, it detect primary electrons that are transmitted from the sample; ii)  

TEM provides sub-nanometer spatial resolution; and iii) the voltage in TEM is much 

higher than SEM.61
 

7.2 X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is the  most  common  surface  analysis 

technique. It gives information about the elemental ratio and bonding nature. It  also provides 

information about the chemical state and electronic state of the element. The analyte is 

irradiated with X-ray in vacuum, the electron near the surface will be ejected if the energy 

is sufficient, the emitted electron is used to identify the source of the element. The emitted 

electron has kinetic energy KE.62 
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Figure 1.21 Representation of the principle of operation of XPS. 

XPS is used to analyze inorganic compounds such as metals and 

semiconductors. In this thesis XPS was used as a technique to learn about the 

oxidation state of metals such as Pd, Cu and Au. 

7.3 Inductively coupled plasma optical emission spectroscopy 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is a method 

that is used to determine the metal concentration in a sample. It operates based on  the 

following concept, the torch plasma will ionize the sample into ions which lead to excitation  

of  the  atoms. When  the  atoms  relax  to  low  energy  level  they  emit  at wavelengths 

that are characteristic to a specific element. The concentration of the element is related to 

the intensity of the emission.63 

7.4 Diffuse reflectance spectroscopy 

Diffuse reflectance (DR) spectroscopy is used to analyze the optical properties of 

solid samples. Since light cannot penetrate opaque samples, DR is used to determine 

the absorption profile of the material. Thus, the sample is irradiated with polychromatic 

light inside of an integrating sphere (a sphere made of totally reflective material) and only 

the light that is reflected from the sample (not absorbed) is reaching the detector 

(Figure 1.22).64  The DR spectrum can be used to determine the semiconductor band gap 

using the Kubelka Function. The relation between absorption coefficient and band gap 

energy is giving in the following equation  
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!ℎ!
!
! = !(ℎ! − !!) 

where α is absorption coefficient, ν is light frequency, A proportionality constant , Eg 

is the band gap energy. 

Plotting !ℎ!1/2 vs ℎ!  allows the evaluation of the band gap energy by plotting the 

straight line to the axis intercept. 65 

 

 

Figure 1.22. Presentation of the working principle of DR. Reflection includes 

two components: specular and diffuse. Specular reflectance is the mirror like reflection 

of the sample surface. Diffuse reflectance happens when the surface reflects light in 

different directions  
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Chapter 2  
Bactericidal properties of silver 
nanostructures coated by small 
biomolecules. A persuasive case for 
the benefits of polymorphic and 
polydisperse nanomaterial 
compositions 

2.1.  Medical application of silver nanoparticles  

In 1928, Alexander Fleming discovered the first antibiotic, which is known as Penicillin. 

Penicillin has saved millions of lives. In the 1900s, the major cause of death was infectious 

diseases such as Pneumonia, while after the discovery of the first antibiotic the leading cause 

of death became heart diseases. Shortly after, the problem of antibiotic resistance started to 

emerge and this forced the pharmaceutical companies to rush into developing a new beta 

lactam antibiotic such as Methicillin.  

 

Despite all efforts, in 1968 the first case of methicillin-resistant Staphylococcus aureus 

(MRSA) was discovered. MRSA is known to kill more people than HIV, Parkinson and 

homicide combined. There was a great effort to develop new antibiotics between the period of 

1960 and 1980.3 Then the trend to develop new antibiotic drugs decreased due to diminished 

economic motivation and extensive regulation. The lack of development of new antibiotics has 

led to a health crisis when it comes to antimicrobial treatment.4 Some of the factors that lead to 

antibiotic resistance are, the random use of antibiotics, the prescription of antibiotics for viral 

infections, and bacteria that is known not to be treated by antibiotics, the extreme use of 
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antibiotics for agriculture purposes and the lack of regulation for obtaining antibiotics especially 

in developing countries. There are two kinds of bacterial resistance to antibiotics; the first kind 

is intrinsic resistance where the bacteria is naturally resistant to the antibiotic, for instance 

gram negative bacteria are intrinsically resistant to Vancomycin, a well known antibiotic. The 

other type is acquired resistance where the bacterial cell gains the resistance to antibiotics by 

mutation, i.e. changing their outer structures where antibiotics will not be able to bind to the 

bacteria. Mutation could occur due to natural or induced methods. Natural causes of mutation 

are due to the very rapid rate of bacterial multiplication. Bacteria double every 20 minutes 

which translates to 30 times multiplication in 10 hours. During multiplication the DNA need to 

be duplicated by a process called DNA replication that is catalyzed by the enzyme polymerase 

III. Due to the fast rate of duplication, the enzyme can have some error when connecting the 

nucleic acid, which could cause mutation in the DNA, and therefore resistance. On the other 

hand, the induced method involves the inappropriate use of antibiotics. When the right amount 

of antibiotic is used, the bacteria will die; however, if the concentration of antibiotic is below the 

lethal dose, reactive oxygen species (ROS) will be generated which lead to mutation of the 

organism’s DNA. In other words, ROS tend to increase the mutagenesis rate in organisms; 

therefore, the genetic information of bacteria is changed and the antibiotic will be ineffective 

toward the bacteria. 5  

The government has taken some steps to control the antibiotic crisis such as regulating 

the prescriptions of antibiotics and educating people about the crisis.6-8 However, these efforts 

are not sufficient to put an end to the crisis. There remains an urgent demand for the 

development of novel antimicrobial therapies to treat infections that are caused by resistant 

and non–resistant bacteria.9-11  

Silver has been known as an antimicrobial agent for a very long time. Hippocrates 

reported the use of silver to cure wounds, also the ancient Romans stored water in silver 

bottles. In 1884, a silver solution of AgNO3 was first applied to a newborn’s conjunctiva in order 

to prevent maternal transmission of Neisseria gonorrhoeae. Silver has been used in implants 

such as cardiac valves, and is also used in toothpaste, baby products, surgical equipment, 

wound care products and food storage. 12-15 On the other hand, silver nanoparticles (AgNP) 

are known to have a broad antimicrobial effect for over 650 strains of bacteria and viruses and 

to be non-toxic at small concentration toward the human body. As mentioned in the previous 

chapter, the properties of nanoparticles outperform the bulk material of the same metal.16 The 

mechanism behind the ability of AgNP to inhibit bacteria remains under investigation.17 Some 

of the proposed mechanisms include the ability of silver ion (Ag+) to bind to the thiol group in 

the enzyme of the bacterial respiratory chain leading to the production of large amounts of 

ROS which promote cell death.  Silver ions also increase the permeability of the cell 
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membrane allowing the silver ion to penetrate the cell wall, changing its structure and therefore 

leading cell death.18, 19 On the other hand, the Scaiano group has demonstrated that AgNP 

outperform the role of silver ion as antimicrobial agents.13 This proved that the antimicrobial 

properties of AgNP do not rely only on the release of silver ions and that they work through a 

different mechanism. The Scaiano group also demonstrated that the use of non-toxic and 

inexpensive materials such as sweeteners to increase the antimicrobial activity of AgNP and 

AuNP.20 

AgNP can be synthesized by many different method which can result in different NP 

shape and size, changing their plasmonic properties,21 and as a result changing the 

antimicrobial activity.22, 23 In this chapter we demonstrate how sweetener and small molecule-

coated polymorphic AgNS can inhibit the growth of common bacteria: Staphylococcus aureus, 

Escherichia coli, Methicillin-Resistant Staphylococcus aureus (MRSA), and Pseudomona 

aeruginosa. The minimum inhibition concentrations (MICs) and minimal biofilm eradication 

concentration (MBEC80) based on silver content for the planktonic and biofilm assays are also 

reported. MIC is the lowest concentration of antibiotic that is needed to inhibit the bacterial 

growth in planktonic testing where the bacteria float and are not adhered to any surface. In 

planktonic testing the bacteria is incubated with the antibiotic at the same time. However 

MBEC80 is the lowest concentration that is needed to eradicate 80% of biofilms. In biofilms the 

bacteria adhere to non-biological surfaces in wet environments. Biofilm is considered a 

protective mode for bacteria that achieve organism survival in harsh environments. In biofilm 

testing the biofilm is allowed to form before the antibiotic is introduced. 24 

 The small molecules that are used are aspartame, sorbitol, sucralose and 

glucosamine. Glucosamine is not a sweetener but for the ease of use it will be referred to as a 

sweetener. 
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The work shows how highly polydisperse and polymorphic nanostructures can be an 

asset rather than a disadvantage, simply because bacteria appear not to be able to adapt 

quickly to the multiple shapes of silver nanostructures (AgNS), facilitating the efforts in terms of 

synthesis and stabilization of AgNP. The surface protection with glucosamine and the various 

sweeteners tested has proven to lead to excellent particle stabilization in aqueous media and 

prolonged shelf life stability.25, 26  

This project has been done in collaboration with summer student Caitlin Lazurko, Dr. 

Daniela Marquez (Department of Chemistry and Biomolecular Sciences and Centre for 

Advanced Materials Research, University of Ottawa), Dr. Jazmin Silvero  (Department of 

Pharmaceutical Sciences, Faculty of Chemistry, National University of Cordoba-Argentina), Dr. 

Robert Slinger (Infectious Diseases/Medical Microbiology, Children’s Hospital of Eastern 

Ontario) and under the supervision of Dr. Shaun Kilty (Department of Otolaryngology–Head 

and Neck Surgery, The Ottawa Hospital, University of Ottawa) and Dr. Juan Scaiano 

(Department of Chemistry and Biomolecular Sciences and Centre for Advanced Materials 

Research, University of Ottawa).  

The work described in this chapter is the result of the efforts done by all people 

mentioned above. For completeness, I will include all the results in this thesis specifying who 

performed the experimental work. Thus, whereas I was in charge of the synthesis of coated 

silver nanoparticles and nanoplates and their characterization by SEM, TEM and UV- VIS, as 

well as the testing of bactericidal properties of sweeteners alone; synthesis of coated AgNS 

and their bactericidal properties were tested in collaboration with Caitlin Lazurko. She also 
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determined the gold nano-rods and silver nanoparticles bactericidal properties. Dr. Daniela 

Marquez did the synthesis of gold nanorods and characterized them by TEM, UV-VIS and Zeta 

potential. She also offered training for Caitlin Lazurko and me on the synthesis of the 

nanostructures. Dr. Jazmin Silvero and Caitlin Lazurko carried out the Hemolysis Test. Dr. 

Jazmin Silvero offered training for me and Caitlin Lazurko on the proper way of testing the 

bactericidal properties. Dr. Robert Slinger offered training on plating bacteria, and testing them 

at the Children’s Hospital of Eastern Ontario. 

2.2.  Synthesis of silver nanostructures  

Silver nanostructures (AgNS) have been used for wide range of applications such as 

biomedical, catalysis, and environmental. Synthesizing AgNS that are suitable for a specific 

application remains a challenge as different shapes, size and capping lead to completely 

different activity. This challenge has led scientists to work on developing different synthetic 

strategies to be able to control the size and shape of the AgNS. The most widely used 

methods are the photochemical approach and the seed mediated growth method described in 

the previous chapter. The seed mediated method remains as the most common way of 

synthesis for AgNS due to its ease and ability to control size and shape. The seed mediated 

method is considered bottom to top approach as it is based on the chemical reduction of the 

metal salt using a reducing agent. We have studied the antibacterial properties of coated 

AgNS that were synthesized by the seed mediated method.  

2.2.1.  Experimental  

Reagents  

Sodium borohydride (NaBH4, 99%), silver nitrate (AgNO3, >99%), ascorbic acid (99%), 

hexadecyltrimethylammonium bromide (C16TAB, 96%), and sodium hydroxide (NaOH), 

sucralose, D-(+)-glucosamine hydrochloride, sorbitol, and aspartame were purchased from 

Sigma-Aldrich and used as received without further purification. Aqueous solutions were 

prepared using 18.2 MΩ cm-1 Milli-Q water obtained from a Millipore System equipped with a 

0.22 µm filter. Mueller Hinton broth was used to prepare the planktonic and biofilm tests. 

Synthesis of uncoated silver nanostructures 

AgNS were synthesized based on a seed-mediated method reported by Hormozi-

Nezhad et al.27 28, 29 The seed solution was made by adding 5 mL of AgNO3 (0.25 mM) to 15 

mL of sodium citrate (0.25 mM). Next, a total of 0.6 mL of ice cold NaBH4 (0.01 M) was added 

gradually in aliquots of 100 µL every 10 minutes. The solution was kept undisturbed for two 

hours at room temperature. Next, a growth solution was prepared by the successive addition of 
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0.25 mL AgNO3 (10 mM), 0.50 mL of ascorbic acid (7.2 mM) to 9.5 mL of CTAB (0.05 M). 

Finally, 125 µL of seed solution were added into the growth solution immediately followed by 

addition of 0.1 mL of NaOH (1.00 M). The mixture was stirred for two days. Excess surfactant 

was removed by centrifugation (11,000 rpm; 10 min) and then the AgNS were resuspended in 

2.5 mL of water. 

Synthesis of coated silver nanostructures  

Sweetener coated AgNS were prepared following a procedure similar to the synthesis 

of the uncoated AgNS. The sweetener was incorporated in the synthesis by mixing the 

corresponding sweetener and NaBH4 in 10mL of Milli-Q water in order to obtain final 

concentrations of 1 mM and 0.01 mM, respectively. Four types of sweeteners –aspartame, 

sucralose, sorbitol and glucosamine– were used as coating agents for the AgNS. 

Synthesis of coated silver nanoparticles 

Silver nanoparticles (AgNP) were synthesized using a simple bench-top protocol 30 

with some modification; NaBH4 (aq) was used as the reducing agent and aspartame (Asp), 

glucosamine (GlcN) and sucralose (Suc) as the stabilizers. All glassware were cleaned by 

soaking in H2O2:H2SO4 (1:3). AgNP@Asp were synthesised as follows: 15 mL solution 

containing 3.0 mM NaBH4 (aq) and 1.0 mM Asp was prepared and the AgNP synthesis was 

initiated with the addition of 15 mL of 0.5 mM AgNO3 (aq) solution to the previous mixture 

under continuous stirring on a magnetic stir plate. The synthesis of AgNP@GlcN and 

AgNP@Suc were performed utilizing the 1.5 mM of GlcN and 1.5 mM of Suc, respectively. 

Particularly, the pH of the aqueous solution containing NaBH4 and Asp was adjusted to 8.3, by 

adding 0.1 M HCl (aq) as needed prior to the addition of AgNO3 (aq). The reaction mixtures 

were stirred for 2 h, leading to a bright yellow colour solution of AgNP. The AgNP were left in 

the dark for approximately 24 h for further stabilization.  

Synthesis of silver nanoplates  

Silver seeds were prepared as follows: 0.2 mM of Irgacure 2959 (I-2959), 0.2 mM of 

AgNO3 and 1.0 mM of Trisodim citrate were mixed together and irradiated for 5 minutes under 

UVA illumination. Then the seeds were allowed to grow to nanoplates by illumination for 24 

hours using 590 nm LED. 31 

Synthesis of gold nanorods  

The synthesis of gold nanorods AuNR was based on a seed-mediated method 

reported by He et al. Briefly, the seed solution was made by the addition of 25 mL of HAuCl4 

(0.1 M) to 10 mL of C16TAB (0.1 M). Then, 0.6 mL of an ice-cold NaBH4 aqueous solution (0.01 
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M) was added. The mixture was stirred vigorously for 2 minutes and aged at room temperature 

for 45 minutes. Next, a growth solution was made by dissolving 3.6 g of C16TAB and 0.44 g of 

5-bromosalicylic acids in 100 mL of warm MilliQ water (55 oC). Then, 1.92 mL of aqueous 

AgNO3 was added and the solution was left undisturbed for 15 minutes at room temperature to 

further add 100 mL of a HAuCl4: 3H2O. Upon gentle mixing of the solution for 15 minutes, 0.5 

mL of 0.1 M ascorbic acid was added with vigorous stirring for 30 seconds until the mixture 

became colorless. Finally, 0.32 mL seed solution was added and the mixture was stirred for 30 

seconds to then incubate it at 27 oC for 12 hours. The final AuNR solution was centrifuged at 

11,000 rpm for 10 minutes and re-dispersed in water.  

Instrumentation  

Scanning Electron Microscopy (SEM) images were recorded using a JSM-7500F field 

emission scanning electron microscope from JEOL Ltd. 

UV-visible Spectroscopy (UV-VIS) Absorption spectra were recorded by a CARY 100 

UV-vis spectrometer. 

Transmission Electron Microscopy (TEM) TEM analyses were carried out on a JEM-

2010F microscope (JEOL, 200 kV, 0.14 nm resolution). For this purpose, samples were 

prepared by dipping the carbon-coated copper grid in the sonicated suspension of the material. 

The digital analysis of the TEM images were done using image J.  

Zeta potential were measured with a Malvern Zetasizer (model Nano-S)  
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2.2.2.  Results and discussion  

Before assessing the antibacterial activity of the AgNS, It was important to understand 

the properties of the AgNS being tested. Therefore; they were characterized by multiple 

methods such as UV-VIS, SEM, TEM and zeta potential. 

 

Figure 2.1. Absorption spectra of sweetener-coated AgNS solutions. 

Two bands can be distinguished in the absorption spectra in figure 2.1, this is in 

agreement with the presence of metallic anisotropic nanostructures where the plasmon 

resonance is split into transversal plasmon at 410 nm and longitudinal plasmon at 540- 560 nm 

depending on the sweetener that is used for coating and the particle aspect ratio.32, 33 It was 

noticed that the longitudinal plasmon has higher sensitivity than the transversal one with 

regard to aspect ratio and the refractive index of the environment. The variation of the 

maximum wavelength of the longitudinal plasmon band between 540-560 nm is due to the 

different particle aspect ratio. 23,34 Moreover, the presence of different sweeteners led to 

changes in the refractive index of the particle surrounding environment which in turn led to 

changes in the maximum wavelength of longitudinal plasmon. 
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Figure 2.2.TEM image of a polydisperse and polymorphic A)Suc@AgNS solution, B) GlcN 

@AgNS, and C) Sor@AgNS  

A	 B	
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Figure 2.3. SEM image of a polydisperse and polymorphic  A) Asp@AgNS solution, B) naked 

AgNS, and C) Sor@AgNS 
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The coated AgNS were characterized by TEM and SEM. The images obtained from 

SEM and TEM (Figures 2.2-2.3) show how sweetener-coated AgNS solutions are composed of 

spherical particles, nanoplates, and silver nanorods of varying size and aspect ratio – 

possessed highly polydisperse and polymorphic characteristics –. Extensive particle counting 

showed a higher percentage of spherical nanoparticles (~70%) with average particle size ~ 

20nm compared to anisotropic nanorods (~20%) average particle size ~49 nm and nanoplates 

(~10%) average particle size ~31 nm in each one of the sweetener-coated nanostructure 

solutions.  The analysis of 60 TEM and SEM images allowed us to estimate the distribution of 

the different shapes, as illustrated in Figure 2.4  

 

 

Figure 2.4. Distribution of different morphologies for AgNS stabilized with sucralose.  
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In addition all other nanomaterials that were synthesized were characterized by UV-

VIS and TEM. Characterization of these materials is presented in figures 2.5-2.9 

 

Figure 2.5. Absorption spectra of sweetener-coated silver nanoparticle  solutions. 

 

Figure 2.6. TEM image of A GlcN @AgNP, B Suc@AgNP, C Asp@AgNP.  
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Figure 2.7. TEM image of citrate stablized silver nanoplates.  
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Figure 2.8. Absorption spectra of AuNR in water. 

 

Figure 2.9. TEM image of AuNR in water.  
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Stability assay 

The relative stability of each AgNS solution was also evaluated by measuring their 

corresponding zeta (ζ) potential. ζ Potential is related to the particle’s dispersion, aggregation 

and flocculation in which aggregation is induced by the presence of a polymer. Colloids are 

usually stabilized via electrostatic repulsion – in the form of double electric layer – or by steric 

interaction – where the organic species attached to the surface of nanoparticles provides a 

layer that prevents aggregation. Electrostatic repulsion is the most prevalent way to stabilize 

the nanoparticles in aqueous solution and is done by adding surface bound ionisable species. 

Figure 2.10 shows the ion distribution around the nanoparticles. For negatively charged 

particles, the net charge at the surface of the particle affects the organization of the ions in the 

region that surrounds the particle, which leads to increased concentration of the counter ion 

close to the surface of the particle, creating a double layer. The environment around the 

particles consists of two layers, the Stern layer where the ions are firmly attached to the 

surface of the particles and the diffuse layer where ions are more weakly bound. The plane 

formed between these two layers is known as slipping plane and in this boundary the ζ 

potential is measured. When the absolute value of ζ potential is bigger than 30 mV the colloid 

is considered electrostatically stable. 35, 36 

 

Figure 2.10. Schematic illustration of the double electric layer and the position at which 

the ζ potential is measured. Reprinted with permission from ref 37  
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The ζ potentials of the coated silver nanostructures are summarized in table 2.1. The ζ 

potential values obtained indicate that these nanostructures form stable suspensions in water 

and possess a positively charged surface, which is consistent with the presence of positively 

charged quaternary amino groups on the surface of the nanostructures belonging to C16TAB 

stabilizing molecules and important for their interaction with bacteria. The relatively large 

standard deviations (SD) obtained are likely due to the polydisperse and polymorphic nature of 

the samples. Nevertheless, the ζ potential values fall within the characteristic range of 

electrostatic stable colloidal nanoparticle suspensions (≥30mV). 

Sample ζ - Potential (mV) 

Asp@AgNS 47 ± 14 

Sor@AgNS 56 ± 16 

Suc@AgNS 60 ± 14 

GlcN@AgNS 58 ± 16 

AgNS 51 ± 16 

Table 2.1. ζ-potential values of polydisperse and polymorphic sweetener-coated AgNS  

The optical properties of these coated AgNS were examined by taking the absorption 

spectra of the AgNS over time. The results were demonstrated in terms of the position of the 

longitudinal plasmon band (LSPR) with respect to its transverse counterpart (TSPR) as well as 

the absorbance ratio between them (LSPR/TSPR) with increasing storage times. A decrease 

in distance between longitudinal and transverse plasmon bands was observed for all 

sweetener-coated AgNS solutions due to a shift of the former to shorter wavelengths while the 

position of the latter remained constant at approximately 420 nm; Figure 2.15 shows these 

findings.  
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Figure 2.11 A) Absorption spectra of Suc@AgNS solutions for days 1, 3, 5, 6, 7, 8 and 

13; B) LSPR band with respect to TSPR band and C) LSPR/TSPR ratio at different storage 

times. Blue naked AgNS, black Suc AgNS, green Sor AgNS, red Asp AgNS, purple GlcN 

AgNS  

Figure 2.11 B shows variation in position of the LSPR with respect to the TSPR at 

consecutive storage times for each sweetener-coated AgNS solution. Similar slopes where 

obtained for these curves exhibiting the same trend in terms of changes in optical properties 

with time. Furthermore, the ratio between the plasmon bands (LSPR/TSPR), shown in Figure 

2.11 C, stayed the same over time suggesting that the changes in optical properties mentioned 

above could be due to changes in refractive index of the immediate environment surrounding 

the AgNS rather than to changes in its shape or size. Moreover, these results are consistent 

with the high stability of the AgNS evidenced by the ζ potential measurements that are greater 

than +30 mV presented above.  

A	

B	
C	
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2.3. Antibacterial Activity of Silver nanostructure 

The sweetener coated AgNS were tested against gram-positive bacteria such as 

Staphylococcus aureus, and methicillin-resistant Staphylococcus aureus (MRSA), as well as 

on gram-negative bacteria such as Escherichia coli and Pseudomonas aeruginosa.  

2.3.1. Experimental procedures 

Bacterial strains and growth conditions 

The bacterial strains used were Staphylococcus aureus ATCC 25923m, Pseudomonas 

aeruginosa ATTC 27853U, MRSA ATTC 29247m and Escherichia coli ATCC 25922U. 

Bacteria were cultured for 20-24 hours on an agar plate. 

Planktonic Assay for MIC Determination 

McFarland standard 0.5 bacterial suspensions were prepared by dissolving bacteria 

cultures in 0.9% saline solution. The bacterial suspensions were diluted to a factor of 100 

using Mueller Hinton broth (MHB II; Becton Dickinson, Oakville, Ontario, Canada). The 

planktonic assay was then prepared in a 96 well round bottom microtiter plate (Nunc Inc., 

Rosklide, Denmark).  Serial dilution was carried out to obtain a final range of 0.38µM-0.33mM 

silver content. Wells 11 and 12 were used as control wells where well 11 had bacteria with only 

sweetener and no AgNS. While well 12 was a sterility well, respectively. The prepared 

microtiter plate was gently shaken for 30 seconds and incubated for 18 hours at 37°C under 

ambient air. The bacteriostatic MIC end point was taken as the lowest concentration of AgNS 

with no visible bacterial growth. Each measurement was done in triplicate to ensure accuracy. 

Finally, the lack of bacterial growth and consequently the MIC, was confirmed by diluting 10 µL 

of such solution in 100 µL of PBS to further plate it on agar and incubate for 18 h at 37°C for 

colony counting.  

Biofilm Assay for MBEC80 Determination 

The viability of microbial cells inhabiting the biofilm population was determined 

following a modified MTT colorimetric method based on the reduction of a tetrazolium salt 

previously reported by Kairo et al.38 Briefly, biofilms were prepared in a 96 well round bottom 

microtiter plate (Nunc Inc., Roskilde, Denmark) by adding 50 �L of bacterial suspension and 

50 �L of MH broth. A Nunc Microplate Peg Lid was placed on the plate and incubated on a 

rocker table for 16 hrs at 37°C in ambient air. Upon bacterial incubation, the Peg lid was 

treated with 10% N-acetyl-L-cysteine in order to disrupt the biofilm. Then, the bacterial 

suspension was removed and 200 µL of PBS and 50 µL of a 0.3 % MTT solution were added 
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and incubated for 2 h at 37°C. Then, the MTT solution was removed from the wells and 150 µL 

of DMSO and 25 µL of 0.1 M glycine buffer (pH 10.2) were immediately added to the wells in 

order to dissolve the formazan crystals formed. Finally, incubation was carried out for 15 min at 

room temperature and the absorbance of the solution was measured at a wavelength of 550 

nm using a Microplate Reader Model 550 (BioRad). Experiments were done in triplicate to 

eliminate environmental errors and ensure accuracy.  

Hemolysis Assay 

The integrity of red blood cells from healthy human volunteers (from Córdoba, 

Argentina) incubated with sweetener-coated AgNS 1.5 mg/mL was evaluated following a 

modified version of a procedure previously reported by Choi J. et al.21 Upon incubation, AgNS 

were removed by centrifugation –in order to avoid any possible spectral interference– followed 

by absorbance measurements at 541 nm, corresponding to free hemoglobin. Measurements 

were performed after 24 h of incubation. A solution of 0.9% NaCl and H2O were used as 

negative and positive control of hemolysis, respectively. 

2.3.2.  Results and discussion  

The sweetener coated AgNS were tested on Staphylococcus aureus, Escherichia coli, 

methicillin-resistant Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa. The 

average minimum inhibition concentrations (MICs) and minimal biofilm eradication 

concentration (MBEC80) based on silver content for the planktonic and biofilm assays are 

summarized in table 2.2.  
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Table 2.2. Average planktonic MICs and biofilm MBEC80 (µg/mL ) of sweetener-coated AgNS  

Entry Sample S. aureus E. coli 

  
Plankton

ic 
MIC 

Biofilm 
MBEC80 

Planktoni
c 

MIC 

Biofilm 
MBEC80 

1.  AgNS 0.148 0.841 0.443 13.5 

2.  Asp@AgNS 0.049 0.420 0.443 6.74 

3.  Suc@AgNS 0.177 0.841 0.443 13.5 

4.  Sor@AgNS 0.049 0.841 0.443 6.74 

5.  GlcN @AgNS 0.006 0.210 1.33 13.5 

Entry Sample MRSA P. aeruginosa 

  
Plankton

ic 
MIC 

Biofilm 
MBEC80 

Planktoni
c 

MIC 

Biofilm 
MBEC80 

6.  AgNS 0.443 1.68 11.9 N/I* 
7.  Asp@AgNS 0.148 0.841 11.9 53.9 
8.  Suc@AgNS 0.177 6.74 11.9 N/I* 
9.  Sor@AgNS 0.049 1.68 11.9 N/I* 
10.  GlcN@AgNS 0.148 1.68 11.9 N/I* 

 *N/I = no inhibition 

 *N/I = no inhibition 

The goal of this experiment was fulfilled as the planktonic and biofilm form of the tested 

bacteria were inhibited using sweetener-coated AgNS at minimum concentrations that ranged 

between 0.006 µg/mL and 13.5 µg/mL. Prior reports have outlined the need to use higher 

concentration of monodisperse AgNP solutions that ranged between 30 µg/mL and 200 µg/mL. 
39, 40 

It was noticed that higher concentration of naked AgNS (CTAB- stabilized) were 

required compared to the coated AgNS, which emphasizes the importance of the sweetener in 

the inhibition of bacterial growth (table 2.2 entries 1-10).  

Glucosamine and sorbitol-coated nanostructures were found to be the best sweeteners 

against S. aureus. Glucosamine could be increasing the nanoparticle’s uptake as it is a well 

known nutrient for the bacteria.25 In the case of E. coli and MRSA lower concentrations of 

sorbitol-coated AgNS were bactericidal to both planktonic and biofilm bacterial forms. It was 

found that S. aureus is more sensitive toward AgNS presenting overall lower MICs and 

MBEC80 in comparison with the other bacteria. In contrast, P. aeruginosa has the highest 

resistance toward the bactericidal nanostructure solutions since it is one of the most highly 

adaptable microorganisms with a very complex and impenetrable membrane.41  
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In order to determine whether silver ions or AgNP are responsible for the inhibition of 

the bacterial growth, a control experiment was done using 1mM AgNO3 solution. Results are 

summarized in table 2.3 

Table 2.3. Average planktonic MICs and biofilm MBEC80 (µg/mL ) of 1.0 mM AgNO3 solution 

Entry Sample S. aureus E. coli 

  Planktonic 
MIC 

Biofilm 
MBEC80 

Planktonic 
MIC 

Biofilm 
MBEC80 

1.  1.0 mM 
AgNO3 

0.443 13.5 1.33 N/I* 

Entry Sample MRSA P. aeruginosa 

  Planktonic 
MIC 

Biofilm 
MBEC80 

Planktonic 
MIC 

Biofilm 
MBEC80 

2.  1.0 mM 
AgNO3 

00.443 13.5 N/I* N/I* 

 

Higher MIC and MBEC80 were required when 1.0 mM AgNO3 solution was used (table 

2.3 entry 1), this proves that AgNS are responsible for the inhibition of bacteria and not Ag+ 42  

The change in the longitudinal plasmon  in the absorption spectra Figure (2.14) is due to the 

changes in the refractive index of the environment that surrounds the nanostructures, this 

change is likely due to the partial removal of the nanostructures’ coating.20, 26 In addition to 

that, AgNP have specific mechanisms that make them able to adhere to the microbial cell such 

as penetration, metabolic interference and free radical generation that have been found to play 

an important role.41  

In order to evaluate the importance of the polydispersity of the nanostructures in the 

inhibition of the growth of bacteria, monodispersed nanostructures were tested against the 

bacteria. Table 2.4 summarizes these results   
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Table 2.4. Average planktonic MICs and biofilm MBEC80 (µg/mL ) of monodisperse nanostructures 

Entry Sample S. aureus E. coli 

  Planktonic 
MIC 

Biofilm 
MBEC80 

Planktonic 
MIC 

Biofilm 
MBEC80 

1.  Asp@AgNP 35.6 N/I* N/I* N/I* 

2.  Suc@AgNP 35.6 N/I* 53.9 N/I* 
3.  Sor@AgNP 35.6 N/I* 107 N/I* 

4.  Silver 
nanoplates 11.9 N/I* 11.9 N/I* 

5.  AuNR N/I* N/I* N/I* N/I* 

6.  Core-shell 
Ag@AuNPs N/I* N/I* N/I* N/I* 

Entry Sample MRSA P. aeruginosa 

  Planktonic 
MIC 

Biofilm 
MBEC80 

Planktonic 
MIC 

Biofilm 
MBEC80 

7.  Asp@AgNP 35.6 N/I* N/I* N/I* 
8.  Suc@AgNP 35.6 N/I* 53.9 N/I* 
9.  Sor@AgNP 35.6 N/I* N/I* N/I* 

10.  Silver 
nanoplates 11.9 N/I* 11.9 N/I* 

11.  AuNR N/I* N/I* N/I* N/I* 

12.  Core-shell 
Ag@AuNPs N/I* N/I* N/I* N/I* 

 *N/I = no inhibition 

Higher concentration of silver was required when monodisperse sweetener-coated 

AgNS solutions were tested (table 2.4 entries 1-3 and 7-9). When silver nanoplates were 

tested (table 2.4 entry 4 and 10) there was inhibition for the planktonic form only but higher 

concentration of silver was required. No inhibition was also observed when AuNRs, Core-shell 

Ag@AuNPs were tested (table 2.4 entries 5,6,11,12).  These finding support the role and the 

importance of the polymorphism in improving the antibacterial efficiency.  

A question that needed to be answered is whether the sweetener alone is responsible 

for the bactericidal properties of these structures or not. Table 2.5 present the results that were 

obtained when the sweeteners were tested alone. All sweeteners were innocuous to bacteria 

in the planktonic or biofilm form.  
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Table 2.5. Average planktonic MICs and biofilm MBEC80 (µg/mL ) of sweetener in the absence of AgNS 

Entry Sample S. aureus E. coli 

  Planktonic 
MIC 

Biofilm 
MBEC8

0 

Planktonic 
MIC 

Biofilm 
MBEC80 

 Aspartam N/I* N/I* N/I* N/I* 

 Sucralose N/I* N/I* N/I* N/I* 

 Sorbitol N/I* N/I* N/I* N/I* 

 Glucosamine N/I* N/I* N/I* N/I* 

Entry Sample MRSA P. aeruginosa 

  Planktonic 
MIC 

Biofilm 
MBEC8

0 

Planktonic 
MIC 

Biofilm 
MBEC80 

 Aspartam N/I* N/I* N/I* N/I* 

 Sucralose N/I* N/I* N/I* N/I* 

 Sorbitol N/I* N/I* N/I* N/I* 

 Glucosamine N/I* N/I* N/I* N/I* 

*N/I = no inhibition 

In general the concentrations of AgNS that were found in this work are lower than 

those of AgNP previously reported in the literature.32 these efficient low concentrations could 

be attributed to the polymorphic nature of the solutions tested, which is thought to impact the 

adaptability of bacteria related to the multiple morphologies of the AgNS.  

Hemolysis Tests 

Hemolysis is breakage of red blood cell and the liberation of their contents (cytoplasm). 

When this test is administered in mammals, nanomaterials will meet the blood cells. Therefore 

the study of the effect of nanostructures on blood cell is important.  Red blood cells are the 

most sensitive as they don’t have a nucleus. The damage of the membrane is an indicator of 

stress and can be measured by monitoring hemoglobin released upon such damage.  

Free hemoglobin released into the serum after incubation of red blood cells  with 

coated AgNS solutions and their MICs was monitored.  Figure 2.12 illustrates that more than 

63% of the erythrocytes maintained their integrity under these conditions. However, the 

amount of hemolysis observed might be due to the osmotic effect of water in which the 

nanoparticles are suspended.  
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Figure 2.12. Values for erythrocytes preserving their integrity when exposed to 

polydisperse and polymorphic coated AgNS solutions.  
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2.4. Conclusion 

The synthesis, characterization and bactericidal properties of sweetener coated AgNS 

were achieved. The seed mediated method at room temperature was the method of choice for 

the synthesis of the nanostructures.  

SEM, TEM and UV-VIS spectroscopy were the method of choice for characterizing the 

AgNS. Zeta potential measurements were performed to evaluate the stability of these coated 

AgNS. The coated AgNS displayed great bactericidal properties against Staphylococcus 

aureus, Escherichia coli, methicillin-resistant Staphylococcus aureus (MRSA) and 

Pseudomonas aeruginosa. Polydispersed coated AgNS were proven to be more efficient than 

their monodispersed counterparts. This finding emphasizes the importance of the 

polymorphism character of these AgNS. The study how each shape and size of nanoparticle 

effect bacteria differently is well known 43but the essence of polymorphism and polydispersity 

has not been established before. Glucosamine- and sorbitol-coated AgNS solutions have the 

best bactericidal effect for both S. aureus in planktonic and biofilm forms, while Sor@AgNS 

proved to be the most efficient against E. coli and MRSA. 

2.6.  Future work  

Future work will involve the use of these coated AgNS on bacteria from human 

samples. The plasmonic properties of AgNS can allow us to use visible light to enhance the 

bactericidal properties these nanostructures. Moreover, The cytotoxicity of the coated AgNS 

needs to be assessed to determine whether these AgNS are safe for human consumption. The 

hemolysis effect can be minimized by changing the media that is used for the suspension of 

the nanostructures, as well as the use of binary coating that maximize biocompatibility.    
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Appendix 

 

Figure 2.2.TEM images of a polydisperse and polymorphic Suc@AgNS solution. 

 

Figure 2.3.TEM images of a polydisperse and polymorphic Sor@AgNS solution. 
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Figure 2.4.TEM images of a polydisperse and polymorphic GlcN @AgNS solution 
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Chapter	3	
Expanding	the	Color	Space	in	the	Two-	
Color	Heterogeneous	Photocatalysis	of	
Ullmann	C-C	Coupling	Reactions	
	

3.1 Background 

The carbon-carbon bond is  one of the most important building blocks for 

pharmaceutical and biological compounds.1 Due to the essence of this type of bond  there 

has been lot of effort to perform C-C coupling reactions under milder conditions. The use of 

transition metals to catalyze C-C coupling reactions is considered a very important step that 

revolutionized the field of organic synthesis. 2, 3 One of the most widely studied transition 

metals utilized to catalyze this type of reactions is palladium (Pd(0)). There are plenty of 

examples in literature involving Heck, Sonogashira, Miyaura, and Suzuki couplings.4 Before 

Pd0 became a popular metal for the formation of C-C bonds, copper was the catalyst of 

choice for C-C coupling reactions such as Ullmann coupling. 1, 5 

In 1901 Ullmann and Goldberg reported the first Ullmann reaction, which involved 

the formation of symmetrical biaryl compounds.5, 6  The initial Ullmann reaction      required 

the use of copper salt, high temperature (>180 ºC), and high loading of metal catalyst; in 

addition to that, the reaction suffered from low functional group tolerance and long reaction 

time. A general scheme for Ullmann coupling is shown in scheme 1. As shown, the 

Ullmann reaction can involve a C-C coupling (A) or C-Y coupling (B), the latter also known 

as Ullmann coupling.  



 

 

 

 
 
 
 

 
 
 
 

 

Scheme 3.1. General Ullmann reaction: A) Ullmann C-C coupling or B) Ullmann 

condensation. 

The initial efforts for performing the Ullmann coupling under milder conditions focused 

on increasing the solubility of the copper catalyst. In 1964, Weingarten 7 observed that the 

presence of a diester impurity in the solvent he used led to increase of the reaction rate for 

the coupling between potassium phenoxide and bromobenzene. It was concluded that the 

diester impurity in the solvent has increased the solubility of the catalyst and therefore 

increased reaction rate. Later on, in 1975, Cohen described the synthesis of symmetrical 

biaryls starting from o-bromonitrobenzene at  room temperature with copper (I) that was 

soluble in the reaction mixture of acetone and ammonia.8 In addition to that Buchwald in 1997 

demonstrated that phenols  could  be coupled with aryl bromides in toluene at 100 ºC using 

soluble copper (I) trifluoromethanesulfonate–benzene with 1-naphthoic acid and ethyl 

acetate as additives and Cs2CO3 as a base. 9 Homogenously, Ullmann cross-coupling 

reaction  could  be favored by selecting the right mix of bi-metallic homogenous catalyst 

where the reagents interact sequentially with each metal center based on their different 

reactivity. 10
 

The mechanism of the Ullmann reaction remained ambiguous, the traditional well 

accepted mechanism described the formation of an aryl-cuprate intermediate, that after 

oxidative addition of a second aryl halide can form the final product through reductive 

elimination.6, 11  

A) 

B) 
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Several attempts to use heterogeneous catalysts  and  milder  conditions  have been 

done for many years. Ullmann on surface reaction is known to happen on Cu, Ag, and Au, 

usually by breaking the C-X bonds, then the C-metal coordination bonds form.12 It is 

known that the de-halogenation of aryl halides can be performed at room temperature 

over different metals, including Pd.12-14  

Natarajan et al. had used photo- activated Ullmann coupling on copper surfaces to 

synthesize a highly conjugated oligothiophene where basically the C-I bond is selectively 

photo-dissociated to generate a thienyl radical that produces a reactive thienyl-Cu 

intermediate.15 Moreover, surface Ullmann coupling of chloropyridines was reported to be 

catalyzed by poly (N- vinylpyrrolidone) (PVP) stabilized bimetallic Pd-Au nanoclusters under 

milder conditions. 16, 17  Niu et al. demonstrated that Cu2O supported on hydroxyl group 

rich TiO2  precursor can thermally catalyze the C-O bond formation via Ullmann type cross-

coupling reaction. Although the study has not been extended to different substrates,  it 

gives up to 95 % yields working at 150 ºC. 18 Supported Palladium based catalyst was 

found to be effective for Ullmann type couplings for N-arylation of indoles using TEA as 

base. Additionally, the versatility and cheap production of  aryl-chlorides make them suitable 

candidates for Ullmann reactions. Due their very low reactivity, many attempts to improve 

their reactivity were made using Pd heterogeneous catalysts.19 

The development of powerful, inexpensive and commercially available light 

emitting diodes (LED) and a wide range of photocatalysts, mainly transition metals, has 

led to increased popularity of the use of light to carry out chemical reactions in the field 

of homogeneous catalysis.20-22 In order to expand the use of light for heterogeneous 

catalysis, there was a need to develop a photo-responsive material that is easily separated 

and reused. Combining heterogeneous catalysis and light offers a way to carry out the 

reactions under milder and greener conditions.23, 24
 

The Scaiano group has reported that heterogeneous photo-responsive materials, in 

specifically palladium-doped titania (Pd@TiO2), can react differently upon UV or visible light 

irradiation yielding different products with different wavelengths for the same reaction 

mixture.25, 26  
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During this thesis, we were able to demonstrate that Ullmann reaction can be 

heterogeneously photocatalyzed by dual UV-visible excitation of Pd@TiO2, an easy to 

separate and reuse material. We show  here  that  visible light  alone  does  not  initiate the 

reaction, however, combining UV light with 465 nm visible light  leads  to  improved activity, 

yields, and  selectivity  towards  cross-combination  products.  The reaction involves 

photoresponsive intermediate that is associated to the catalyst, where Pd nanostructures 

can absorb visible radiation, while UV  absorption  is  dominated  by  the TiO2. Therefore, a 

hybrid photo-responsive material shows different reactivity when irradiated with two color 

light sources. By selecting the optimal light wavelengths, one can tune the selectivity 

toward different products. 

3.2 Results and Discussion 

In the first attempt to perform coupling between two aryl halides, reaction 

conditions were inspired from a different publication that reported C-C coupling. 25 

Pd@TiO2 was chosen as catalyst as it has been known to catalyze many reactions that 

involves C-C coupling. Results of the first attempted  Ullmann  coupling  are  reported  in table 

3.1 

Table 3.1. First attempted Ullmann Coupling 
 

 

Entry Solvent Time (h) 1 (%Conv) 3 (%Yield) 4 (%Yield) 7 (%Yield) 

i THF 3 100 42 48 15 
 

Reaction conditions: 0.1 mmol 1, 0.2 mmol of 2, 0.5 mmol of K2CO3 and 20 mg of Pd@TiO2 catalyst in 5 mL of THF 
under Argon. Samples were irradiated using 368 nm LED working at 0.4 W cm-2. Yields and conversions were 
calculated by GC-FID using t-butylbenzene as external standard. 

 

Having found that the reaction is possible under these conditions, we aimed to 

improve the selectivity toward the cross coupling product by changing one variable at a 

time.  The first thing that was done is testing the reaction with different solvents table 3.2. 

It was found that the solvent plays a very essential role in the reaction.  THF was 

found to be the only solvent that offer coupling products ( table 3.2, entry I), while methanol 
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yielded only the reduction product 7 due to the formation of strongly reducing •CH2OH that 

produces H2  (table 3.2, entry ii). 25-28 Moreover, MeCN and DCE were shown to be inert 

solvents as no reaction happens after 24 hours irradiation, ( table 3.2, entries iii, and IV). 

Table 3.2. Screening of solvents for C-C coupling 
 

 

Entry Solvent Time (h) 1 (%Conv) 3 (%Yield) 4 (%Yield) 7 (%Yield) 

i THF 3 100 42 48 15 

ii MeOH 24 100 ND ND 100 

iii MeCN 24 0 ND ND ND 

iv DCE 24 0 ND ND ND 

Reaction conditions: 0.1 mmol 1, 0.2 mmol of 2, 0.5 mmol of K2CO3 and 20 mg of Pd@TiO2 catalyst in 5 mL of solvent 
under Argon. Samples were irradiated using 368 nm LED working at 0.4 W cm-2. Yields and conversions were calculated 
by GC-FID using t-butylbenzene as external standard. 

Furthermore, running the reaction with inert solvents such as MeCN, then adding 1 

equivalent of THF was enough to get the reaction to proceed with acceptable yields in less 

than 5 hours (Table 3.3). THF is able to form tetrahydrofuranyl radical (vide infra).29 as 

confirmed using TEMPO as a radical trapping agent (Table 3.4 and Figure 3.1).  



Table 3.3. Ullmann reaction in the absence and presence of THF 

 

Entry Solvent Eq THF Time (h) 1(%Conv) 3 (%Yield) 4 (%Yield) 

i MeCN 0 0 ND ND ND 

ii MeCN 1.5 1.5 31 31 ND 

iii MeCN 1.5 4.5 57 50 7 

Reaction conditions: 0.1 mmol 1, 0.2 mmol of 2, 20 mg of Pd@TiO2 catalyst, 2 eq. of Cs2CO3 in 5 mL of MeCN upon 
irradiation at 368 nm (0.4 Wcm-2) and 465 nm (1.0 Wcm-2). Yields and conversions were calculated by GC-FID using t-
butylbenzene as external standard.  

Table 3.4. Ullmann reaction in the presence of TEMPO 

 

Entry 

 

mmol of reagents Time (h) 

 

        % yield 

1 2 TEMPO 3  4  8  

i 0.1 0.2 0.2 1 ND ND 39 

ii 0.1 0.2 0.2 4 12 6 70 

iii 0.1 0.2 0.2 7 73 29 >99 

iv 0 0 0.2 7 -- -- >99 

Reaction conditions: 20 mg of Pd@TiO2 catalyst, 2 eq. of Cs2CO3 in 5 mL of THF upon irradiation at 368 nm (0.4 Wcm-2) 
and 465 nm (1.0 Wcm-2). Yields and conversions were calculated by GC-FID using t-butylbenzene as external standard.	
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Figure 3.1. Mass spectrum of TEMPO-THF radical trapping adduct (Table 3.4, 

product 8) 

The presence of TEMPO inhibited the Ullmann reactions (Figures 3.2). 30 A 

preliminary initial rate calculation suggests the formation of tetrahydrofuranyl radical is 

around 4.4 10-5 M s-1 under our conditions, and therefore, it is the rate-limiting step for the 

reaction. 

 
 

 
Figure 3.2. Kinetics of the Ullmann reaction in the presence of TEMPO showing the 

yield of TEMPO-THF adduct 8 (pink), cross-coupling product 3 (black) and homo-coupling 

product 4 (blue). Reaction is performed under irradiation at 368 nm (0.4 Wcm-2) and 465 

nm (1.0 Wcm-2). 
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Figure 3.3. Kinetics of the formation of TEMPO-THF adduct 8. Reaction is 

performed under irradiation at 368 nm (0.4 Wcm-2) and 465 nm (1.0 Wcm-2). 

Having understood the important role of THF for the Ullmann reaction, different 

bases were evaluated in order to improve selectivity toward coupling (Table 3.5).  In the 

absence of base, only reductive product 7 was observed. Using TEA and DABCO as bases 

led to zero conversion after 24 hours irradiation time. Both K2CO3 and Cs2CO3 proved to be 

efficient for the Ullmann coupling; however, Cs2CO3 favors the coupling product and shows 

negligible amount of reductive product.  
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Table 3.5. Screening of different bases 
 

  

Entry Base Light (nm) Equivalents Time 
(h) 

1 
(%Conv) 

3 
(%Yield) 

4 
(%Yield) 

7 
(%Yield
) 

i none 368 - 24 100 ND ND 100 

ii K2CO3 368 1.5 3 92 6 11 75 

iii K2CO3 368  3 3 100 9 36 60 

iv K2CO3 368 5 3 100 42 48 15 

v DABCO 368 5 24 0 ND ND ND 

vi TEA 368 5 24 0 ND ND ND 

vii Cs2CO3 368 5 3 100 50 48 traces 

viii Cs2CO3 368+465 5 1 100 77 22 ND 

ix Cs2CO3 368+465  2 1 100 80 20 ND 

Reaction conditions: 0.1 mmol Methyl-Iodobenzoate, 0.2 mmol of Iodoanisole, 20 mg of Pd@TiO2 catalyst in 5 mL of THF 
under Ar atmosphere upon irradiation at 368 nm (0.4 Wcm-2). Yields and conversions were calculated by GC-FID using t-
butylbenzene as external standard. DABCO: 1,4-Diazabicyclo[2.2.2]octane . TEA: triethylamine.  

In order to assess the importance of light on the Ullmann coupling, the reaction was 

carried out under different conditions summarized in table 3.6 and Figure 3.5. The reaction 

was completed in a very short time (100% conversion in 1h) when UV+ Blue lights were 

used simultaneously. The UV light alone is able to initiate the reaction but it favors 

homocoupling product 4, the mix of UV and Blue is required to achieve the high selectivity 

toward the cross- coupling product 3 as the Blue light is responsible for this selectivity. 

Irradiating with blue light at high power for long time led to some products with obvious 

selectivity toward the cross coupling 3. Carrying out the reaction in the dark or under reflux 

for 24 hours led to no conversion. Emission spectra of the UVA and 465 nm are shown is 

figure 3.4  
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Table 3.6. Light screening 
 

 

Entry Light 
(nm) 

Temperature 
(ºC) 

Time 
(h) 

1 (Conv%) 3(%Yield) 4(%Yield) 7(%Yield) 

 

i UV 50 1 60 10 20 28 

ii UV + 
Blue 

60 1 100 80 20 ND 

iii Blue 50 24 <5 traces ND ND 

iv Blue* 60 24(48) 39(65) 33(52) 8(15) ND 

v Dark 50 24 0 ND ND ND 

vi Dark  60 24 0 ND ND ND 

vii Dark  77 (Reflux) 24 0 ND ND ND 

Reaction conditions: 0.1 mmol Methyl-Iodobenzoate, 0.2 mmol of Iodoanisole, 20 mg of Pd@TiO2 catalyst, 2 eq. of base 
in 5 mL of THF under Ar atmosphere. Yields and conversions were calculated by GC-FID using t-butylbenzene as 
external standard. Irradiation at 368 nm = 0.4 Wcm-2 and at 465 nm = 1.0 Wcm-2. • 1.6 Wcm-2 
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Figure 3.4. Emission spectra of light-emitting diodes centered at 368 nm (red) and 

465 nm (black). Normalized power.  
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Figure 3.5. Screening of light conditions using reaction in Scheme 1. UVA: 

irradiation for 1 h using 368 nm LED at 0.4 Wcm-2; UVA + blue: irradiation for 1 h using 368 

nm LED  at 0.4 Wcm-2 and 465 nm LED at 1.0 Wcm-2; blue: Irradiation for 24 h using 465 

nm LED at 1.6 Wcm-2; and dark: Reflux at 77 ºC for 24 h. 

Having found that the usage of 465 nm improved the selectivity toward the cross 

coupling we tested different visible lights to find the best combination of UV and visible 

light. Action spectra were obtained by carrying out the test reaction using different 

wavelengths of visible light. The light source screening was performed using UVA light 

(368 nm LED) combined to different visible light sources, namely 465 nm, 500 nm, 525 nm, 

590 nm, and 630 nm; with adjusting all irradiation sources to the same power,i.e. 0.2 

W/cm2 (Figure 3.6). Table 3.7 shows the yields obtained after one hour of irradiation under 

the conditions described. 
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Figure 3.6 Reaction setup showing the 2 LED sources (illustrated with 368 and 590 

nm) pointing into the sample, ensuring same irradiance (0.2 Wcm-2) and vigorous stirring 

Table 3.7. Percentage yield for cross-coupling product 3 and homo-coupling product 4 of the 
reaction run with two-color light working at 0.2 W/cm2 
 

 
Entry λ1 λ2 Yield % 3 Yield % 4 

i 368 368 19±5 52±1 

ii 368 465 42±1 36±2 

iii 368 500 25±7 52±9 

iv 368 525 30±6 48±1 

v 368 590 24±6 43±7 

vi 368 630 27±4 51±8 

 

It was found that the optimal results are obtained when a mix of 368nm and 465 nm 

is used (table 3.5, entry ii). Moreover, it was found that the intensity of the lights has a great 

effect on the reaction. If the intensity of the blue light is kept constant at 1.0 W cm- 2, and 

the intensity of the UV light is increased, both conversion and yield are increased. However, 

when UV light is kept constant at 0.4 Wcm-2 the change of the blue light intensity not only 

increases the conversion and yield of the reaction, it also favors cross- coupling product 

formation. (Figure 3.7) 
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Figure 3.7 Conversion (blue) and yield (red) of cross-coupling product versus light 

intensity obtained after 1 h exposure: (A) keeping 465 nm working at 1.0 W/cm-2 and 368 

nm at various intensities; (B) keeping 368 nm working at 0.4 W/cm-2 and 465 nm at various 

intensities 

In an attempt to generalize these observations, we evaluated the use of different 

catalysts such as Au or Cu- decorated TiO2, bimetallic materials and the use of different 

supports such as Nb2O5 or nano-diamonds (CND). It was found that both TiO2 and Pd are 

essential for the reaction to proceed (table 3.8). Whereas Pd@TiO2 can serve as catalyst for 

aryl iodide derivatives, bimetallic systems, such as Pd@Au@TiO2, can extend the scope 

towards other aryl halides such as bromides. 

 

 



		
74 

Table 3.8. Catalyst Screening  

 

10 Catalyst Atm Time (h) 1 (% Conv) 3 (%Yield) 4 (%Yield) 7 (% Yield) 

i Pd@TiO2 Ar 2a 100 20 54 23 

ii Pd@TiO2 Ar 1 100 80 20 ND 

iii Pd@TiO2 Air 2 100 40 60 ND 

iv Cu@TiO2 Air 24 0 ND ND ND 

v Cu@TiO2 Ar 24 0 ND ND ND 

vi Au@TiO2 Air 24 0 ND ND ND 

vii Au@TiO2 Ar 24 0 ND ND ND 

viii Cu@Pd@TiO2 Air 2 100 56 29 5 

ix Cu@Pd@TiO2 Ar 5 0 ND ND ND 

x Cu@Au@TiO2 Ar 24 0 ND ND ND 

xi Cu@Au@TiO2 Air 24 0 ND ND ND 

xii Pd@Au@TiO2 Ar 1.5 100 77 10 13 

xiii Pd@Au@TiO2 Air 1.5 100 50 40 7 

xiv TiO2 Ar 1 0 ND ND ND 

xv TiO2 Ar 24 100 ND ND 100 

xvi Pd@CND Ar 24 0 ND ND ND 

xvii Pd@Nb2O5 Ar 24 0 ND ND ND 
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Reaction conditions: 0.1 mmol Methyl-Iodobenzoate, 0.2 mmol of Iodoanisole, 20 mg of catalyst, 2 eq. of 
Cs2CO3 in 5 mL of THF upon irradiation at 368 nm (0.4 Wcm-2) and 465 nm (1.0 Wcm-2). Yields and conversions were 

calculated by GC-FID using t-butylbenzene as external standard. aIrradiation with only 368 nm LED. 

The scope of the reaction can be evaluated by dividing the products into two 

systems The first system is push-pull where one aryl group is substituted with an electron 

donating group (EDG) and the other one with an electron withdrawing group (EWG). The 

second system is pull-pull or push-push where substituents on the aryl halides are both 

EWG or EDG. It was found that for push-pull systems with moderate EWG such as 4-

methyl iodobenzoate the cross-coupling reaction is favored under the conditions studied 

here. Interestingly, no condensation products were found when substituents such as –NH2 

were used.31   EDGs in ortho positions usually favor the homo-coupling product of the para-

substituted aryl iodide. However, when a strong EWG was used the selectivity towards the 

homo-coupling product increased. While the pull-pull system seemed to be inactive under 

the conditions studied, the push-push systems offered a great conversion and yields in 2-3 

h. Scheme 2 and table 3.9 present these finding and a comprehensive characterization of 

the product scope is shown in the Appendix  
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Scheme 2: Scope of the Ullmann reaction under two-color heterogeneous 
photocatalysis. Yields and conversions were calculated by GC-FID using t-

butylbenzene as external standard. Values between brackets correspond to the 
yield of the homo- coupling product of limiting reagent (blue).  
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Table 3.9. Scope of the reaction  

 

Entry R1 R2 Time (h) 1 (% Conv) 3 (%Yield) 4 (%Yield) 7 (% Yield) 

R1=EWG & R2=EDG 

i -C(O)OCH3 -p-OCH3 1 100 80 (67) 20 (12) ND 

ii -C(O)OCH3 -p-NH2 4 100 75  ND 22 

iii -C(O)OCH3 -H 4 100 75 (70) 25 (17) ND 

iv -C(O)OCH3 -o-OCH3 24 100 2 98 (80) ND 

v -C(O)OCH3 -o-NH2 24 100 20 80 (65) ND 

vi -C(O)OCH3 -o-OH 24 15 ND ND 10 

vii -C(O)OCH3 -o-CH3 2 100 11 90 (83) ND 

viii -C(O)OCH3 -m-CH3 24 100 78 (71) 17 ND 

ix -CN -p-OCH3 1.5 100 34 (27) 62 (50) ND 

x -CF3 -p-OCH3 3 100 42 (31) 58 (53) ND 

R1=EWG & R2=EWG 

xi -C(O)OCH3 -p-CN 3 100 94 (75) ND ND 

xii -C(O)OCH3 -p-CF3 2 100 80 (57) 14 (9) ND 

xiii -C(O)OCH3 -p-NO2 24 0 ND ND ND 

xiv -C(O)OCH3 -o-NO2 24 20 ND 5 15 

R1=EDG & R2=EDG 

xv -OCH3 -p-NH2 24 0 ND ND ND 

Values between brackets correspond to isolated yields  
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The reusability of the catalyst shows 100 % conversion after the 4 cycles tested. 

The catalyst kept its great selectivity towards cross-coupling product 3 for at least 3 cycles 

then the selectivity toward the cross coupling has diminished due to change in the oxidation 

state of Pd. (Figure 3.8).  

 

 
Figure 3.8. Conversion (black) and yields for cross-coupling product 3 (red) and 

homo- coupling product 4 (blue) after several catalytic cycles. 

Moreover, leaching tests was performed to determine whether the reaction happens 

in the homogeneous or heterogeneous phase. The leaching test was done as follows, after 

photo-initiation of the reaction in the presence of the catalyst, the solids were separated by 

filtration, and the filtrate further irradiated under the same conditions. The reaction stops 

after removal of the solid catalyst suggesting that no catalytic species leaks into the 

homogeneous phase. From figure 3.9 it can be concluded that the reaction happens in the 

heterogeneous phase as the reaction stopped immediately after the solid catalyst was 

removed, confirming that no catalytic species have leached to the homogeneous phase. 
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Figure 3.9. Leaching test of Pd@TiO2: Catalytic reaction is performed in the 

presence of catalyst. After 30 min of irradiation (blue dash-line), the reaction mixture is 

separated from the catalyst and the filtrate is irradiated for another 30 min. The figure 

shows the % conversion and yield obtained in the presence of catalyst (full markers) and in 

the filtrate (hollow markers). No catalytic species in the filtrate are detected while the non-

filtered reaction continues to complete conversion. 

Based on the results that were obtained we propose the  reaction  mechanism shown 

in Scheme 3. Upon UVA excitation an electron gets promoted from the valence band VB 

to the conduction band CB creating electron- hole pair on the TiO2.26, 32 PdNP, traps the 

electron from the conduction band (CB) and extends the lifetime of the electron- hole pair 

through energy and spatial separation. 33 THF quenches the  hole  in  the valence band 

(VB) forming tetrahydrofuranyl radical I (step A) 29, 34 and a proton. The base then 

captures the proton (Cs2CO3 in this system, step B). When the base is not present, the 

proton can be reduced on the Pd surface yielding surface Pd-H species,26 yielding the 

reduction product 7 (Table 3.5 entry i) .The formation of radical I as a true, free and 

mobile radical is proved by adding TEMPO that quantitatively traps the radical to produce 

8 (Table 3.4). These reactions are known to occur with rate constants exceeding 108 M-1s-

1. 35 It was noticed that the Ullmann reaction is inhibited until the TEMPO runs out 

(Table 3.4 and Fig 3.2). In the absence of TEMPO, radical I can transfer its electron to 

either of the two aryl iodides present in the system. As both aryl iodides exist in 

comparable concentrations, it is acceptable to hypothesize that the one with electron 

withdrawing substitution (EW) will normally be favored in the competition 
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illustrated in step C. Note the formation of H+, a strong acid is again scavenged by base 

(step B). The aryl radical anion formed (III) is expected to live very shortly 36 and loses 

iodide before, or simultaneously, with the aryl radical associating with  the  Pd@TiO2 surface 

(step D). The kinetics of phenyl radical with THF are known to be around 5 x 106
 M-1s-1, or 

about 1000 times slower than diffusion control  and  thus,  even  a  free  aryl radical has a 

reasonable chance of finding the Pd@TiO2 surface. The aryl iodide with electron 

donating (ED) substituents is more likely the favored aromatic species to associate with 

the Pd@TiO2  surface, as other electron rich aromatics are known to do.37 It is possible 

that this association occurs at both the TiO2 and the Pd surface, but the latter is more 

important from a mechanistic point of view (step E). The oxidative addition of the second 

aryl halide (assisted by tetrahydrofuranyl radical I)  can  furnish  product through a photo 

reductive elimination.38 Thus, visible light makes the final  stage  of electron transfer from 

the PdNP to the remaining iodide possible, paving the way for cross-coupling product 

formation (step F). 

It is important to note that when the 465 nm LED is absent the selectivity shift toward the 

homocoupling. Even though that the Pd is not playing a catalytic activity when only UVA LED 

is used, the Pd will slow down the electron- hole recombination which is important for the 

formation of the homocoupling product.    
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Scheme 3: Proposed mechanism of the photocatalytic Ullmann cross-coupling 

reaction shows the expected formation of the electron-hole pair on the TiO2 surface upon 

UVA excitation. Under the reaction conditions THF can easily form the tetrahydrofuranyl 

radical I (A) – a very good electron donor – and H+ – more likely scavenged by base 

(B).This radical can easily donate an electron to the aryl iodide and assist the formation of 

the intermediate III (C), which finds its way to Pd surface through D. On the other hand, 

electron can be trapped by Pd, which in turn can form the Aryl-Pd intermediate (E), possibly 

with the most electron donor substituted aryl iodide. The oxidative addition of the second 

aryl halide (assisted by tetrahydrofuranyl radical I) can furnish Aryl-Pd-Aryl structure, to 

finally give rise to product through photo reductive elimination (F).  
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The importance of visible light deserves some comment. Recent work by Zhu  and 

coworkers has demonstrated that non-plasmonic NPs, such as PdNP, can induce 

photocatalysis in the visible region by hot-electron processes.38  Also, the efficiency of 

visible light in those processes not only depends on the nature of the photocatalyst, but 

also in the orbital energy of the reagents involved in the reaction,38 which for the same type 

of reaction can differ drastically depending on electronic substitution of the  reagents. 39 In 

the context of these seminal studies, the formation of C-C bonds in this system and the role 

of the visible irradiation fall in line with observations in a variety of other photoactive 

systems. Thus, visible light can catalyze the reductive elimination (F) favoring cross- or 

homo-coupling products according to the electronic substitution of the reagents. Finally, the 

fate of iodide in the system is also interesting, as it can find its way to yield iodine, readily 

detectable with a conventional starch test Figure 3.10 The required oxidation is likely to occur 

by TiO2 hole scavenging by iodide,40 a process that may gain some importance as iodide 

accumulates towards the end of the reaction. 

 
 
 
 

 
Figure 3.10. Starch-Iodine test. A) Reaction mixture; B) Reaction mixture plus 

starch; C) iodine solution plus starch.  
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3.3 Experimental  section 
 

3.3.1 Materials and instruments 

Unless otherwise specified, all chemicals were purchased from Sigma-Aldrich or 

Fisher Scientific and used without further purification. TiO2  P25 was purchased from Univar 

Canada. 1% AuNP@TiO2  was purchased from Strem Chemicals and ground using a 

mortar prior to use. Irgacure-2959 (I-2959) was a gift from BASF. 

 

 
 

Transmission electron microscopy (TEM) images and Energy-dispersive X-ray 

spectroscopy (EDS) were performed on a JEM-2100F FETEM (JEOL) operating at 200 kV. 

Samples were prepared by drop casting a water dispersion of the material onto a   200 

mesh copper grid coated with a carbon film. X-ray photoelectron spectroscopy  (XPS) was 

recorded using Kratos analytical model Axis Ultra DLD, using monochromatic aluminum Ka 

X-rays at 140 W. XPS data was analyzed using CasaXPS software,  Version 2.3.15 and all 

fittings obtained using a Gaussian 30% Laurentian and a Shirley baseline. Diffuse 

reflectance (DR) measurements were carried out in VARIAN Cary 7000 UV-VIS 

Spectrophotometer coupled with an integrating sphere accessory. UV irradiation used for 

catalyst synthesis was performed in a Luzchem photoreactor equipped with  UVA bulbs 

(typically operated with 14 bulbs, corresponding to ~75 Wm-2 with ~ 4% spectral 

contamination). Light-emitting diodes (LEDs) of 10 W from LedEngin were used for the 

photocatalytic C-C coupling in the UV (centered at 368 nm) and visible region (centered at 

465 nm) working at 700 mA (Figure 3.4). 

Quantification was carried out in a Perkin Elmer, Claurus Gas Chromatograph 

coupled to a Flame Ionization Detector (FID) and a DB-5 column (30 m length, 0.320 mm 

diameter, 0.25 µm film) using Helium as a carrier gas and t-Butyl benzene or Stilbene as 

external standard. 

Isolation of the products was performed by preparatory thin layer  chromatography 

(PTLC) using 1000 µm thick glass baked TLC plates. All 1H NMR and the 13C NMR spectra 

were recorded on a Bruker AVANCE 400 spectrometer expressing the chemical shifts in 

ppm relative to the H-signal of the tetramethylsilane (TMS) and to the C-signal of the 
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deuterated chloroform as internal standard, respectively. Steady-state absorbance and 

fluorescence measurements were recorded on a CARY-60 spectrophotometer and a 

Photon Technology International (PTI) fluorimeter,   respectively. Mass spectra were 

collected in an Agilent 6890-N Gas Chromatograph with an Agilent 5973 mass selective 

detector calibrated with acetophenone. 

3.3.2. Catalyst preparation 

Pd@TiO2: Palladium supported on TiO2  was prepared by photodeposition of PdNP 

onto TiO2 (P25) as previously reported. In brief, TiO2 (500 mg) and PdCl2 (11 mg, for 2 wt% 

Pd@TiO2) were dispersed in 200 mL of Milli-Q water, sonicated for 20 minutes and 

irradiated in a Luzchem photoreactor equipped with 14 UVA bulbs for 8 hours with vigorous 

stirring. The brownish slurry was centrifuged and washed with Milli-Q water at least five 

times to remove unreacted PdCl2 and dried overnight in a desiccator under vacuum. The 

resulting dark-gray powder was characterized by TEM, XPS, and DR. The catalyst was 

kept under argon to ensure reliable activity. 

Cu@TiO2: The copper supported on TiO2  was prepared by photodeposition of   Cu 

utilizing Irgacure-2959 (I-2959) following the reported procedure.32  Briefly, TiO2  (160 mg), 

CuCl2.2H2O (64 mg, for 5 wt% Cu@TiO2) and I-2959 (11.2 mg) were dispersed in 100 mL 

of milliQ water. The mixture was purged with Argon for 20 min, sonicated and then 

irradiated in a Luzchem photoreactor equipped with 14 UVA bulbs for 5 h under vigorous 

stirring. The bluish slurry was centrifuged and washed with Milli-Q water at least five times 

and then dried in a desiccator overnight under vacuum. The resulting light-blue powder was 

characterized by TEM, XPS, and DR. The catalyst was kept under argon    to ensure 

reliable activity. 

Cu@Pd@TiO2: Copper supported on Pd@TiO2  was prepared following the same 

strategy used for the synthesis of Cu@TiO2, photodeposition of Cu onto the as prepared 

Pd-TiO2.  In brief, Pd@TiO2 (160 mg), CuCl2 (21 mg) and I-2959 (56 mg) were dispersed in 

100 mL of Milli-Q water, purged with Argon for 20 minutes then sonicated for 20 minutes 

and irradiated in a Luzchem photoreactor equipped with 14 UVA bulbs for 5 hours with 

vigorous stirring. The grey slurry was centrifuged and washed with Milli-Q water at least five 

times and dried overnight in a desiccator under vacuum. The resulting dark-gray powder 

was characterized by TEM, XPS, and DR. The catalyst was kept under argon to ensure 

reliable activity 
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Pd@Au@TiO2: Palladium supported on commercial Au@TiO2  was prepared 

following the procedures described for Pd@TiO2  preparation. Thus, Au@TiO2  (200 mg) 

and PdCl2 (10.2 mg, for 1% Pd@Au@TiO2, w/w%) were dispersed in 80 mL of Milli-Q 

water, sonicated for 30 minutes and irradiated in a Luzchem photoreactor equipped with 14 

UVA bulbs for 3 hours with vigorous stirring. The grey slurry was centrifuged and washed 

with Milli-Q water at least five times to remove unreacted PdCl2 and dried overnight in a 

desiccator under vacuum. The resulting dark-gray powder was characterized by TEM, XPS, 

and DR. The catalyst was kept under argon to ensure reliable activity. 

 
3.3.3 Catalytic activity 

After an extensive screening of conditions the catalytic reaction was carried out 

utilizing the following general procedure: 20 mg of catalyst, 0.1 mmol of 1, 0.2 mmol of 2, 

0.2 mmol base, 5 mL THF were sonicated for 10 min to ensure uniform dispersion. The 

reaction mixture was then purged with Ar for another 10 min and irradiated with a 368 nm 

and a 465 nm LEDs working at 0.4 Wcm-2 and 1.0 Wcm-2, respectively, until complete 

conversion of 1, or up to 24 h. After reaction was complete the catalyst was filtered out and 

the solvent completely evaporated in a rota-vapor system at 60 ºC. The reaction mixture 

was re-dissolved in ethyl acetate and the base extracted with water. The solvent was 

evaporated and the products dissolved in DCM. Quantification of the products was done by 

GC-FID. Finally, the cross-coupling product was separated by preparative TLC and 

characterized by 1H and 13C NMR, Mass spectrometry and UV-Vis and fluorescence 

spectroscopy. 

Light source screening 

 
The light source screening was performed using UVA light (368 nm LED) combined 

to different visible light sources, namely 465 nm, 500 nm, 525 nm, 590 nm, and 630 nm; 

adjusting both irradiation sources to the same power, i.e. 0.2 Wcm-2. Table 

3.7 shows the yields obtained after one hour of irradiation under the conditions 

described.  
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Radical trapping reaction 

The presence of the tetrahydrofuranyl radical was determined by using (2,2,6,6- 

Tetramethylpiperidin-1-yl)oxyl (TEMPO) as a radical trapping agent. In brief, 2 eq. of 

TEMPO were added to the reaction conditions described above and the reaction followed 

until complete conversion. Products were characterized by GC-MS Figure 3.1 and 

quantified by GC-FID  Figure 3.2. 

Leaching test 

 
The reaction mixture was prepared as described above. After 30 min of irradiation 

the catalyst was filtered off and the reaction mixture filtrate was purged with Argon and 

irradiated for another 30 min. figure 3.9 shows no increase in the conversion and yield 

percentages following filtration confirming that no catalytic species are present in the 

homogeneous phase. 

Starch test conditions 

 
An aqueous solution of iodine (0.1 M) was prepared by mixing 1.5 g of KI and 1.27 g 

of Iodine to the moistened KI and adding 50 mL of water gradually while the solution is 

stirring till the Iodine is fully dissolved. This solution was mixed with aqueous starch solution 

(1 w/v %) to give the dark blue/violet solution shown in Fig 3.10, C. The same was 

performed for the reaction mixture solution (Fig 3.10, B). Similar results were found when 

homocoupling conditions were favored. 

Catalyst  Recyclability 

 
The Pd@TiO2  was tested for reusability after 4 catalytic cycles. Following irradiation, 

the samples were placed in a 15 mL centrifuge tube, and centrifuged at 6500 rpm for 15 

min to recover the catalyst. The catalyst was subjected to centrifugation- rinsed-stirring 

steps five times using THF as rinsing solvent.  
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3.4 Catalyst characterization 

 
Each one of the designed catalysts was characterized by TEM, EDS, DR, XPS and 

ICP 

Transmission electron micrographs 
 
 

 
 

Figure 3.11. TEM image (A) Pd@TiO2, (B) commercial Au@TiO2, (C) Cu@TiO2, (D) 

Cu@Pd@TiO2; (E) Pd@Au@TiO2, and (F) Cu@Au@TiO2. Scale bars: 50 nm. Notice  the 

gray 25-50 nm particles correspond to TiO2 P25 and dark dots to metallic nanoparticles 

(MNP) deposited on the TiO2  surface. Average MNP sizes are indicated in Table 3.10.  

	 B	 	

D	  E	   	
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EDS analysis 

 
 

 
 

Figure 3.12. EDS spectrum for Pd@TiO2 (Cu signals belong to the sample holder). 

 

 
 

Figure 3.13. EDS spectrum for Cu@Pd@TiO2. Notice that Ni signals belong to the 

sample holder and they interfere with the Cu signals. Cu presence was later confirmed by 

ICP-OES (See below).  
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Figure 3.14. EDS spectrum for Pd@Au@TiO2  (Cu signals belong to the sample 

holder).  
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XPS analysis 
 
 

 
 

Figure 3.15. Deconvoluted Pd 3d HR-XPS spectra for Pd@TiO2  catalyst. The curve 

fitting of the Pd 3d core-level spectrum is performed by using two spin-orbit split Pd 3d5/2 

and Pd 3d3/2 components, separated by ~5.2 eV. 

 

 

 
 

Figure 3.16. Deconvoluted Pd 3d HR-XPS spectra for Pd@Au@TiO2  catalyst. The 

curve fitting of the Pd 3d core-level spectrum is performed by using two spin-orbit split Pd 

3d5/2 and Pd 3d3/2 components, separated by ~5.2 eV. 
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Figure 3.17. Deconvoluted Au 4f HR-XPS spectrum for Pd@Au@TiO2  catalyst. The 

curve fitting of the Au 4f core-level spectrum is performed by using two spin-orbit split Au 

4f7/2 and Au 4f5/2 components, separated by ~4.5 eV  
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DR spectra 

 
 

 
 

Figure 3.18. Diffuse reflectance spectra of TiO2 in red and in black (A) Pd@TiO2, (B) 

commercial Au@TiO2, (C) Cu@TiO2, (D) Cu@Pd@TiO2; (E) Pd@Au@TiO2, and (F) 

Cu@Au@TiO2.  
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Metal loading analysis 

 
Table 3.10. Main characterization features of the catalysts used in this work 

 

Mi-Mii@TiO2 Metal amount (wt%) a Particle size (nm) 

 
 

 
 

i 

Mi 

 
Au 

Mii 

 
-- 

Mi 

 
1.02 

Mii 

 
-- 

Mi 

 
2.3 ± 0.9 

Mii 

 
-- 

ii Cu -- 0.15 -- ND -- 

iii Pd -- 1.28 -- 1.6 ± 0.9 -- 

iv Pd Au 1.66 1.03 0.94 ± 0.4 4.6 ± 1.5 

v Cu Pd 0.13 0.94 ND 4.6 ± 0.9 

vi Cu Au 0.17 1.03 ND 3.6 ± 1.5 

 
 

a Determined by ICP-OES.  
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3.5 Conclusion 

 
In conclusion, we have demonstrated how two-color irradiation of Pd@TiO2 

photocatalyst can tune the selectivity of the Ullmann reaction toward the cross coupling 

product by using the corresponding aryl iodide derivative. The reaction proceeds under mild 

conditions and with excellent yields. It was proven that the system is heterogeneous and 

reusable.  We believe that using different wavelengths of light open the road to many 

organic synthesis. 

We believe that the light should be thought of as a reagent that needs to be 

considered and optimized in a chemical reaction in order to selectively favor one product 

over the other.  For instance, using two lights for Ullmann coupling allowed us to achieve 

high selectivity toward the cross coupling whereas a monochromatic light failed to do so. 

3.6 Future Work 

 
Future work will focus on finding the optimal conditions that allow us to expand the 

scope of the reaction to include both aryl bromides and aryl chlorides. Moreover, the field of 

using different wavelengths of lights can be applied in order to tune the selectivity for different 

organic reactions such as cross coupling between two vinyl halides  or  vinyl halides and 

aryl halides.  
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3.7 Appendix 

 
Reaction scope and product characterization 

 
1. Methyl   4'-methoxy-[1,1'-biphenyl]-4-carboxylate. 

 
1H NMR  (400 MHz, CDCl3): δ 8.1 (dt, 2 H), 7.6 (m, 4H), 7.0 (dt, 2 H), 3.9 (s, 3H), 

3.8 (s, 3H); 13C NMR  (100 MHz, CDCl3): δ 167.1 (C14), 159.9 (C3), 145.2 (C8), 132.4 

(C6), 130.2-130.1 (C11), 129.7(C10, C12), 128.4-128.3 (C5, C7), 126.5 (C9, C13), 

114.4-114.2 (C2, C4), 55.4 (C17), 52.1 (C1) . 

 

MS calculated for C15H14O3: 242.09  
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Figure 3.19. 1H NMR of Methyl 4'-methoxy-[1,1'-biphenyl]-4-carboxylate. 

 

 

Figure 3.20. 13C NMR of Methyl 4'-methoxy-[1,1'-biphenyl]-4-carboxylate. 
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Figure 3.21. MS spectrum of Methyl 4'-methoxy-[1,1'-biphenyl]-4-carboxylate 

 

 

 
 

Figure 3.22. UV-Vis (black) and fluorescence (red) spectra  (λexc 278 nm) of Methyl 

4'- methoxy-[1,1'-biphenyl]-4-carboxylate  
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2. Methyl   4'-amino-[1,1'-biphenyl]-4-carboxylate. 

MS calculated for C14H13NH2: 227.26 

 
 
 

 
 

Figure 3.23. MS spectrum of Methyl 4'-amino-[1,1'-biphenyl]-4-carboxylate 

 

 
 

Figure 3.24. UV-Vis and fluorescence spectra (λexc 275 nm) of Methyl 4'-amino-[1,1'- 

biphenyl]-4-carboxylate  (non-isolated). 
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3. Methyl  [1,1'-biphenyl]-4-carboxylate. 

 
1H NMR  (400 MHz, CDCl3): δ 8.1 (dt, 2 H), 7.6 (m, 4H), 7.5-7.4 (m, 3 H), 3.9 (s, 

3H); 13C NMR  (100 MHz, CDCl3): δ 167.0 (C14), 145.7 (C8), 140.0 (C6), 130.1(C3-11), 

128.9 (C2-4), 128.2 (C5-7), 127.3(C10-12), 127.1 (C9-13), 52.1 (C1). 

 
MS calculated for C14H12O2: 212.25 
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Figure 3.25. 1H NMR of Methyl [1,1'-biphenyl]-4-carboxylate. 

 

 

Figure 3.26. 13C NMR of Methyl [1,1'-biphenyl]-4-carboxylate. 
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Figure 3.27. MS spectrum of Methyl [1,1'-biphenyl]-4-carboxylate 

 
 

 
 

Figure 3.28. UV-Vis and fluorescence spectra (λexc 275 nm)  of Methyl [1,1'-

biphenyl]-4- carboxylate  
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4. Methyl   3'-methyl-[1,1'-biphenyl]-4-carboxylate. 
 

1H NMR  (400 MHz, CDCl3): δ 8.1 (dt, 2 H), 7.6 (dt, 2H), 7.4 (m, 2 H), 7.3 (td, 

1H), 7.2 (m, 1H); 13C NMR  (100 MHz, CDCl3): δ 167.1 (C14), 145.8 (C8), 140.0 (C6), 

138.6(C2), 130.1(C11), 128.9 (C3), 128.8 (C10-12), 128.1(C4), 127.7 (C7), 127.1 (C5), 

124.4 (C9-13), 52.1 (C1), 21.5 (C17). 

 
MS calculated for C15H14O2: 226.28 
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Figure 3.29.  1H NMR of Methyl 3'-methyl-[1,1'-biphenyl]-4-carboxylate. 

 
 

 

Figure 3.30. 13C NMR of Methyl 3'-methyl-[1,1'-biphenyl]-4-carboxylate. 
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Figure 3.31. MS spectrum of Methyl 3'-methyl-[1,1'-biphenyl]-4-carboxylate 

 

 

 
 

Figure 3.32. UV-Vis and fluorescence spectra (λexc 275 nm)    of Methyl 3'-methyl-

[1,1'- biphenyl]-4-carboxylate  
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5. Methyl   4'-cyano-[1,1'-biphenyl]-4-carboxylate. 

 
1H NMR  (400 MHz, CDCl3): δ 8.1 (dt, 2 H), 7.7 (m, 4H), 7.6 (dt, 2 H), 3.9 (s, 3H); 

13C NMR  (100 MHz, CDCl3): δ 166.6 (C14), 144.5 (C8), 143.4 (C6), 132.7 (C2-4), 130.4 

(C10-12), 130.2 (C11), 128.0 (C5-7), 127.3 (C9-13), 118.7 (q, C17), 111.9 (C3), 52.2 

(C1). 

 

MS calculated for C15H11NO2: 237.26  
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Figure 3.33. 1H NMR of Methyl 4'-cyano-[1,1'-biphenyl]-4-carboxylate 

 
 

 

Figure 3.34. 13C NMR of Methyl 4'-cyano-[1,1'-biphenyl]-4-carboxylate 
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Figure 3.35. MS spectrum of Methyl 4'-cyano-[1,1'-biphenyl]-4-carboxylate. 

 
 

 
 

Figure 3.36. UV-Vis and fluorescence spectra (λexc 290 nm) of Methyl 4'-cyano-[1,1'- 

biphenyl]-4-carboxylate.  
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6. Methyl   4'-(trifluoromethyl)-[1,1'-biphenyl]-4-carboxylate. 

 
1H NMR  (400 MHz, CDCl3): δ 8.1 (dt, 2 H), 7.7 (s, 4H), 7.6 (dt, 2 H), 3.9 (s, 3H); 

13C NMR  (100 MHz, CDCl3): δ 166.8 (C14), 144.1 (C8), 143.5 (C6), 130.3(C3-11), 129.8 

(C10-12), 127.6 (C5-7), 127.3 (C9-13), 125.9 (C2-4), 125.8 (q, C17), 52.2 (C1). 

 
MS calculated for C15H11F3O2: 280.25  
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Figure 3.37. 1H NMR of Methyl 4'-(trifluoromethyl)-[1,1'-biphenyl]-4-carboxylate 

 
 

 

Figure 3.38. 13C NMR of Methyl 4'-(trifluoromethyl)-[1,1'-biphenyl]-4-carboxylate 
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Figure 3.39. MS spectrum of Methyl 4'-(trifluoromethyl)-[1,1'-biphenyl]-4-carboxylate 

 
 

 
 

Figure 3.40. UV-Vis and fluorescence spectra (λexc 278 nm)  of Methyl 4'- 

(trifluoromethyl)-[1,1'-biphenyl]-4-carboxylate  
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7. 4'-methoxy-[1,1'-biphenyl]-4-carbonitrile. 
 

1H NMR  (400 MHz, CDCl3): δ 7.7-7.6 (m, 4H), 7.5 (dt, 2 H), 7.0 (dt, 2H), 3.8 (s, 

3H); 13C NMR  (100 MHz, CDCl3): δ 160.2 (C3), 145.3 (C8), 132.6 (C10-12), 131.5 (C6) 

128.4 (C5-7), 127.1 (C9-13), 119.1 (C14), 114.6 (C2-4), 110.1 (C11), 55.4 (C15). 

 
MS calculated for C14H11NO: 209.08  
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Figure 3.41. 1H NMR of 4'-methoxy-[1,1'-biphenyl]-4-carbonitrile. 

 

Figure 3.42. 13C NMR of 4'-methoxy-[1,1'-biphenyl]-4-carbonitrile 
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Figure 3.43. MS spectrum of 4'-methoxy-[1,1'-biphenyl]-4-carbonitrile 

 
 

 
 

Figure 3.44. UV-Vis and fluorescence spectra (λexc 295 nm)  of 4'-methoxy-[1,1'- 

biphenyl]-4-carbonitrile  
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8. 4-methoxy-4'-(trifluoromethyl)-1,1'-biphenyl. 

 
1H NMR  (400 MHz, CDCl3): δ 7.6 (m, 4H), 7.5 (dt, 2 H), 7.0 (dt, 2 H), 3.8 (s, 3H); 

13C NMR  (100 MHz, CDCl3): δ 159.9 (C3), 144.3 (C8), 132.2 (C6-11), 128.4 (C5-7), 

126.9 (C9-10-12-13), 125.7 (q, C14), 114.4 (C2-4), 55.4 (C15). 

 
MS calculated for C14H11F3O: 252.08  
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Figure 3.45.   1H NMR of 4-methoxy-4'-(trifluoromethyl)-1,1'-biphenyl. 

 
 

 

Figure 3.46. 13C NMR of 4-methoxy-4'-(trifluoromethyl)-1,1'-biphenyl. 
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Figure 3.47. MS spectrum of 4-methoxy-4’-(trifluoromethyl)-1,1’-biphenyl 

 
 

 
 

Figure 3.48. UV-Vis and fluorescence spectra (λexc 278 nm)  of 4-methoxy-4'- 

(trifluoromethyl)-1,1'-biphenyl  
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9.  [1,1'-Biphenyl]-4,4'-dicarbonitrile. 

 
1H NMR  (400 MHz, CDCl3): δ 7.8 (m, 4H), 7.7  (m, 4 H); 13C NMR  (100 MHz, 

CDCl3): δ 143.6 (C6-8), 132.9 (C2-4-10-12), 128.0 (C5-7-9-13), 118.4 (C14-17), 112.5 

(C3-11). 

 

MS calculated for C14H8N2: 204.07  
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Figure 3.49. 1H NMR of [1,1'-Biphenyl]-4,4'-dicarbonitrile. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.50.  13C NMR of [1,1'-Biphenyl]-4,4'-dicarbonitrile. 
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Figure 3.51.MS spectrum of [1,1'-Biphenyl]-4,4'-dicarbonitrile. 

 
 

 
 

Figure 3.52. UV-Vis and fluorescence spectra  (λexc 278 nm) of [1,1'-Biphenyl]-4,4'- 

dicarbonitrile.  
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10. 1,1'-Biphenyl,   4,4'-bis(trifluoromethyl). 

 
1H NMR  (400 MHz, CDCl3): δ 7.7 (m, 8H); 13C NMR  (100 MHz, CDCl3): δ 143.3 

(C6-8), 130.5-130.1 (C3-11), 127.6 (C5-7-9-13), 126.0-125.9 ( C14-17), 125.5 (C2-4-10- 

12). 

 
MS calculated for C14H8F6: 290.05  
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Figure 3.53. 1H NMR of 1,1'-Biphenyl, 4,4'-bis(trifluoromethyl). 

 

 
 

Figure 3.54. 13C NMR of 1,1'-Biphenyl, 4,4'-bis(trifluoromethyl). 
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Figure 3.55. MS spectrum of 1,1'-Biphenyl, 4,4'-bis(trifluoromethyl).  
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11. Dimethyl   [1,1'-biphenyl]-4,4'-dicarboxylate. 
 

1H NMR  (400 MHz, CDCl3): δ 8.1 (m, 4H), 7.7 (m, 4 H), 3.9 (s, 6 H); 13C NMR 

(100 MHz, CDCl3): δ 166.8 (C14-17), 144.4 (C6-8), 130.2 (C3-11), 129.7 (C2-4-10- 

12), 127.3 (C5-7-9-13), 52.2 (C20-23). 

 
MS calculated for C16H14O4: 270.09  
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Figure 3.56. 1H NMR of Dimethyl [1,1'-biphenyl]-4,4'-dicarboxylate 

 
 

 

Figure 3.57. 13C NMR of Dimethyl [1,1'-biphenyl]-4,4'-dicarboxylate 
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Figure 3.58. MS spectrum of dimethyl [1,1'-biphenyl]-4,4'-dicarboxylate. 

 

 
 
 

 
 
 

Figure 3.59. UV-Vis and fluorescence spectra (λexc 278 nm) of dimethyl   [1,1'-

biphenyl]-4,4'-dicarboxylate.  
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Chapter 4  
Suggestions for Future Work  

Future work will focus on taking advantage of the plasmonic properties of silver 

nanostructures and utilizing visible light to enhance the bactericidal properties of these coated 

AgNS. In addition to that, testing the coated AgNS on bacterial samples that are collected from 

humans will be a very valuable experiment as it will give a better idea of the efficiency of using 

these coated AgNS in medicine. Finally the cytotoxicity of these coated AgNS must be 

evaluated to make sure that they are not toxic for human cells.  

The reaction conditions that were achieved for the Ullmann reaction should be utilized 

to expand the scope of Ullmann reaction and include C-C coupling between two aryl bromides 

and two-aryl chlorides. In fact the ability to achieve high selectivity using different excitation 

wavelengths should be expanded to include more organic synthesis. 

Our extensive mechanistic study for the Ullmann project has inspired us on a new 

project that I am proudly taking part of with Andrew Hainer and Stefanie Rincon. The new 

project focuses on the free radicals that are generated from ethers and hydrogen production 

Scheme 4.1  

	

Scheme 4.1 metal decorated TiO2 that captures the electrons, slowing down electron- 

hole recombination. Upon irradiation with UVA light, THF forms tetrahydrofuranyl radical which 

is a very good electron donor and H+ that is reduced on the surface of the metal, generating 

hydrogen.  
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Our research focuses on cyclic ethers, particularly THF. The Scaiano group has broad 

experience with hydrogen atom transfer (HAT) chemistry of these molecules. 1 Cyclic ethers 

are not viewed as the typical electron donors used as sacrificial electron donor as alcohols and 

amines.  

In our experiments, we want to focus on using 368 nm as a source of irradiation for the 

metal decorated TiO2, such as palladium, i.e. Pd@TiO2, suspended in THF. Despite the fact 

that visible light is usually more desirable for solar energy applications, 368 nm is frequently 

long enough to prevent or minimize product photodegradation during organic synthesis. The 

photolysis produces generous amounts of H2 gas, quite comparable with typical sacrificial 

electron donor SED systems involving methanol or formic acid. The mechanism we propose is 

shown in scheme 4.2 where we anticipate that the hole will reside in the TiO2 valence band, 

while the electrons will move rapidly to the metal particle, effectively their host. 

 

	

Scheme 4.2: Mechanism for the formation of hydrogen and dihydrofuran from THF. 

Note that the THF-derived radical formed in reaction 3 is mobile and can undergo solution 

reactions. 

We will be testing different supported metals on TiO2 in order to find the best catalyst 

that suits the system. Different cyclic ethers will also be tested in order to find which cyclic ether 

generates radical more easily and produces more hydrogen. Moreover, TEMPO will be utilized 

as a free radical scavenger to confirm whether free radicals from ethers are generated or not. 
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GC-FID and GC-MS will be used to characterize the TEMPO- adduct while thermal conductivity 

detector TCD will be used to measure how much hydrogen is being produced.  
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