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ABSTRACT 

A grand challenge for the past two decades has been to discover how to achieve efficient long-

range transport of excitation in molecular photonic materials. Excitons (electron-hole pairs) are 

transported via incoherent hopping processes, with the effect that recombination rates are high 

and exciton diffusion lengths are short. The goal of this PhD has been to explore a new 

approach to the design of molecular photonic materials that combines biologically-inspired 

design with strong light-matter coupling. In strong light-matter coupling, a confined optical 

mode such as a localised surface plasmon resonance (LSPR) is hybridised with molecular 

excitons to yield new states that mix the properties of light and matter. Recent work 

demonstrated that light-harvesting complexes from plants and photosynthetic bacteria are 

coupled strongly to LSPRs associated with gold nanostructure arrays, yielding large coupling 

energies and coherent, ultra-fast energy transfer. However, proteins are not suitable for 

applications in electronic and optical devices. Thus, the goal of this thesis is to explore the 

construction of biomimetic plexcitonic antenna complexes, in which a synthetic polymer 

scaffold is used to organise pigment molecules within the near field associated with a metal 

nanoparticle. 

Chlorophyll a was isolated from spinach and the central magnesium ion replaced by Zn2+ to 

stabilise the molecule (ZnChla). The binding of ZnChla to poly(dimethyl aminoethyl 

methacrylate) (PDMA) was studied by X-ray photoelectron spectroscopy and optical 

spectroscopy. Concentrations of ZnChla of ~1 M were obtained, somewhat in excess of the 

concentrations found in plant light-harvesting complexes (~0.6 M). ZnChla is thought to 

coordinate to the PDMA scaffolds via the formation of coordination bonds from the tertiary 

nitrogens to the central metal ion. When these structures were formed on gold nanostructure 

arrays, splitting of the plasmon band was observed, consistent with the expected plasmon-

exciton coupling. The coupling strength was found to be correlated with the concentration of 

ZnChla in the film, consistent with the expected behaviour if strong coupling occurred. However, 
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the largest coupling energy achieved was 0.16 eV, short of the strong coupling limit and 

suggesting that further optimisation of the system is required. 

Nile Red (NR) was derivatised to introduce an iodo-alkane linker for quaternisation to the 

PDMA scaffold. Binding of the dye to the scaffolds was characterised by XPS and UV-Vis 

measurements. Extinction spectra of gold nanostructure arrays displayed dramatic changes 

after binding of iodinated Nile Red (INR), consistent with strong plasmon-exciton coupling. 

However, time did not permit a detailed investigation of the correlation between the coupling 

strength and the concentration of dye in the film. 

As an alternative approach, scaffolds were grown from glass surfaces and metal nanoparticles 

were subsequently embedded in the polymer layer, after which ZnChla was attached to the 

scaffold. For gold nanoparticles (AuNPs), beside red shift of the LSPR of AuNPs, a new feature 

is observed at 2.48 eV, which is probably due to week interaction resulted from possible 

interference between the LSPR of AuNPs and the vibrational transitions of ZnChla. For 

aluminium nanoparticles (AlNPs), obtaining useful optical properties of AlNPs that can be used 

to create plexcitonic complexes using this route is supressed by the fast oxidation of AlNPs.  
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1 CHAPTER 1: INTRODUCTION 

1.1 General introduction 

Absorption of light by molecular materials leads to the formation of electron hole pair, known 

as excitons, through the promotion of an electron from the highest occupied molecular orbital 

to the lowest unoccupied molecular orbital in molecular materials. The control of excitons is 

important in the new and emerging technologies. For example, organic light emitting diodes 

(OLEDs) are incredibly attractive in applications such as electronics because they can be 

produced from earth abundant materials in low energy process. One example of this 

application is the use of OLEDs in the displays of the modern mobile phones. However, 

molecular materials have very high dynamic disorder (the rapid and random movement of the 

constituent molecules inside their solid or condensed phase). Consequently, excitons are 

transported via an incoherent process. Excitons can only travel a short distance, ~ 10 nm 

before the electron and hole recombine. The short exciton diffusion lengths associated with 

molecular materials impose serious constraints on the design of devices. The aim of this thesis 

is to develop methods for the formation of biomimetic materials, inspired by structures found in 

photosynthesis, and to combine these with strong plasmon exciton coupling, in order to create 

new molecular materials that use coherent excitation transfer to achieve efficient long-range 

transport of excitons. 

Metal nanoparticles have surface electrons that oscillate with characteristic frequencies 

(plasma frequencies) typically in the visible region of the electromagnetic spectrum. Therefore, 

when metallic nanoparticles are irradiated with visible light and the frequency of the incident 

light matches the oscillation frequency of the surface electrons, strong absorption can be 

observed. The study of surface plasmons, which is now known as ‘plasmonics’,[1] has been 

rapidly developing since the early 1990s. This development coincided with the development of 

nanotechnology and nanoscience. A large part of the literature on plasmonics is focussed on 

metallic nanostructures containing gold or silver, which exhibit plasmon resonances in the 
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visible spectral range. AuNPs are relatively resistant to oxidation, while silver, on the other 

hand, is more susceptible to oxidation but exhibits more intense and narrower LSP resonances. 

The plasmonic properties of aluminium nanomaterials in the UV range have also begun to 

attract interest too. Under certain conditions, a plasmon mode and an ensemble of excitons 

may exchange energy faster than their decay rates. This allows the system to enter the strong 

coupling regime where new hybrid light-matter states (plexcitons) are generated.[2]  

The chemistry of plasmonic metal nanoparticles is a rapidly growing field due to their 

potential applications in biosensing, catalysis, optics and electronics. Plasmon bands, due to 

the resonant coupling of light to the plasma oscillations of metal surface electrons at an air-

electric interference, are strong features in extinction spectra. For nanoparticles larger than 2 

nm, strong plasmon bands are observed.[3] Both scattering and absorption contribute to the 

plasmon band. Plasmon bands are also known as Mie resonances because of the work of 

Gustav Mie, who provided a classical explanation for the origin of these features in optical 

spectra.[4] 

 The shape, intensity and the position of surface plasmon bands (SPB) of metal 

nanoparticles are dependent on the dielectric constant of the medium, the electronic interaction 

between NPs and the capping agents, monodispersity, shape, size, dielectric environment, and 

orientation of the particles. Thus, it is possible to tune LSPR during formation processes by 

adjusting these factors by lithography techniques or by chemical syntheses.[3,5] Quantum 

effects are common with cluster smaller than 2 nm, and for these smaller particles surface 

plasmon bands are not observed. Although all metals can exhibit SPB, Au, Ag and Cu have 

strong and intense SPB and additionally easy to use to from nanoparticles.[3] Specifically, gold 

and silver nanoparticles display a unique plasmon band in the visible range, however, these 

are shifted by nanometre-scale changes depending on their sizes and shapes.[6,7] The 

plasmonic properties of Au and Ag have been well reviewed.[8–10] 
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1.2 Surface plasmons 

Surface plasmons can be excited through several ways. One of them is to use metal 

nanomaterials, where the plasmons confined to the surfaces of the particles.[11] The system 

undergoes a state known as surface plasmon resonance when the plasma frequency matches 

that of the incident radiation.[3] 

Surface plasmons (SPs) are collective oscillations of the conductive electrons at a metal 

surface. Resonant coupling of electromagnetic radiation to plasma oscillations at a metal-

dielectric interface leads to the creation of surface plasmon polariton (SPP).[12] The dielectric 

represents the positive permittivity, while negative permittivity material is represented by the 

metal. This phenomenon can generate an electromagnetic wave outside and inside the 

plasmonic metal, and the charge oscillations can be either localised (LSPR) in case of very 

small particles, or delocalised (SPR) in the case of thin films. The plasmon oscillation of the 

free electrons can be treated as a mechanical oscillation resulting from an external electric field. 

In bulk materials, the oscillations can propagate and occur at the plasma frequency when the 

size is larger than the wavelength of the light; such excitations are merely termed as surface 

plasmons (SP).[13] See Figure 1-1 (Top). However, in case of metallic nanoparticles when the 

size of the particles is close to the wavelength of the incident light, the free electrons are 

confined and participate in the collective oscillations, so this type of oscillations is described as 

localised surface plasmons (LSP),[13] see Figure 1-1 (Down). The frequency of this oscillation 

depends on the composition, shape and size of the particles. The light is then absorbed and 

scattered by the particles. This phenomenon enables single nanoparticles to be observed 

easily by dark field microscopy.[5] SPR occurs when the light at a resonance angle is absorbed 

by thin metal less than 200 nm, which cause the conduction electrons to resonate leading to 

reduce the reflectivity. So SPR is sensitive to the change in refractive index of the medium.[12] 

LSPR is usually generated on small nanoparticles leading to generation of localised 

electromagnetic fields with shorter decay length. The most significant feature of this LSPR is 
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its sensitivity to molecular binding particularly for small biological molecules.[12] Both LSPR and 

SPR are susceptible to the alteration in the dielectric environment.[12,14] The resonant frequency 

of SPs can be adjusted by the composition, geometry, size of the material, and the separation 

distance of the structures of materials.[12] The particle size plays important role to maintain the 

frequency of LSP at visible wavelengths for metal nanoparticles.[13] 

 

 

Figure 1-1: Schematic representation of the mechanisms of LSPR and propagated SPR. 
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Theoretically, LSPR can occur in any metal or alloys and semiconductors. Gold and silver 

are the most common metals which have been exploited in the study of LSPR. In contrast, 

aluminium has different surface chemistry, and its plasma frequency lies in the UV region of 

the electromagnetic spectra, where the light can be easily absorbed by some organic materials. 

In addition to this, Al has an advantageous refractive index sensitivity. In the case of copper, 

LSPR is strongly damped by the oxide layer that forms. The oxide layer can be removed by 

acetic acid to obtain a narrower linewidth.[5] Plasmonic resonance are also exhibited by other 

materials, such as graphene due to the existence of conductive electrons.[12] 

1.2.1 Theoretical basis of LSPR  

The resulting spectrum of light-matter interaction contains the fingerprints of the analyte 

describing its specific molecular details.[13] Nanoparticles interact with incident light in a specific 

frequency domain, resulting in global scattering. The collective resonance of the nanoparticle's 

conduction electrons explains this macroscopic phenomenon. The dynamics of the electrons 

inside a metal are described by the Drude theory, where electrons are assumed to be 

independent and free. The motion of a cloud as a whole is then the total of the motions of 

individual electrons, resulting in a maximum coupling between them, with electrons acting in 

phase.[4,15] 

In nanoparticles, the goal is to determine the conditions that cause the electron cloud to 

resonate. The expression for the dielectric constant determined for the bulk is used for this 

purpose, and therefore the electron density in tiny particles (smaller than the wavelength of the 

incident light) is no longer uniform resulting in accumulating the charges at the edge of the 

particles, i.e., the electric field can cause displacement of the electron cloud leading to 

formation of surface charges. i.e. Negative charge where the electronic cloud is concentrated 

whereas positive charge where it is lacking,[15] see Figure 1-2.  
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Figure 1-2: Schematic description of the motion of electronic cloud around the particle under 

the effect of the electromagnetic field. 

 

Furthermore, because the NP size is small in comparison to the wavelength, it is reasonable 

to assume that all confined electrons in NP are subject to the same electric field at a specific 

time and that the electric field is independent of location. This hypothesis is referred to as the 

quasi-static approximation. Under the influence of the electric field, all the electrons oscillate 

collectively, resulting in plasmon polaritons in contrast to free plasmons in the bulk metal. 

These are analogous to confined gaseous plasmon oscillations; thus Shopper introduced the 

term plasmon.[4] As a result of this dipolar charge redistribution, the electron cloud is subjected 

to a new force that is driven by a restoring force that conflict with the outer electric field. These 

considerations are only applicable when the particles are sufficiently apart to prevent their 

interaction. However, they are not applicable when the NPs are linked by oligomers, 

immobilised in a matrix, or self-organize.[15] 
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Interaction of a group of NPs 

Optical properties of individual particles can differ from those of a complex group of particles, 

because the presence of a group of particles close to each other leads to a strong plasmonic 

interaction, there can be a modification of the plasmon resonance frequencies.[12] Figure 1-3. 

For example, in the case of single gold nanoparticle, the normal plasmon resonance is 

observed. However, the interaction between nearfields of the two neighbouring plasmonic 

particles can lead to coupling of the plasmon modes of metal nanoparticles at small separations. 

This coupling depends on the polarization of the light and appear in absorption spectra as shifts 

of wavelength.[16,17] As interparticle distance decreases, the red shift increases.[12]  

 

 

Figure 1-3: Optical properties of individual particle compared to a complex group of 

particles.[12] 

 

The coupling strengths of the coupled NPs depends strongly on numbers, spatial 

arrangements and interparticle distance of NPs. Thus, an enhanced utilization of NPs requires 

careful control over the structure and uniformity of NPs clusters.[18] The physical mechanism of 

this coupling and Fano resonance (an asymmetric lineshape observed in spectroscopic 
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measurements, resulting from the interference between a discrete state and a continuum of 

states) are well explained in this review.[12] 

1.2.2 SPR importance 

The interaction of the light with nanoparticle can change the optical properties of close 

molecules within the near field such as the natural emission rate.[12,19] Thus, surface plasmon 

resonance (SPR) can be employed in order to detect environmental changes in a molecular 

system via measurement of change by interaction with light.[20] For example, AuNPs can act 

as colourimetric sensors for triggering or detecting changes in the structure of the polymer such 

as non-ionic poly(N-isopropylacrylamide) (PNIPAM) and cationic poly-[2-

(methacryloyloxy)ethyl] trimethylammonium chloride (PMETAC). The nature of the polymer 

and the AuNPs can control the detected properties.[21] The environmental changes appear as 

a shift of the SPR band to a shorter (blue shift) or longer (red shift) wavelength depending on 

the refractive index of the medium.[22] changes in both the distribution and the quantity of 

particles within a polymer system can result in variation of the optical properties.[21] In addition, 

surface plasmons provide useful and unique properties due to the enhanced optical fields, that 

are confined spatially to an interface. This confinement is the result of the exponential decay 

of the electromagnetic fields and facilitates manipulating interface processes with high 

sensitivity.[11] These characteristics make the plasmonic materials are widely applied in various 

fields such as biosensing, surface plasmon resonance microscopy, fluorescence spectroscopy, 

photovoltaics and surface-enhanced Raman spectroscopy, Recently, the plasmonics field has 

been one of the most active areas of research.[11,23] This because plasmonic nanoparticles are 

effective and fundamental model of low-dimensional systems (materials that exhibit novel 

characteristics in comparison with bulk states by reducing their dimensions). Thus, plasmonics 

can be used to improve spectroscopic analysis by enhancing optical transitions of biological 

molecules where LSPR can join the properties of matter and light together.[24] In addition, LSPR 

has been employed in several systems such as quantum dots, dye molecules and others[25]. 
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Also, noble plasmonic metals have been produced as biochemical sensors, and they have 

been used in subwavelength imaging and lithography.[5] 

Plexciton 

In the strong coupling regime, the plasmon (metal) and the exciton (emitter) exchange the 

energy consistently faster than their respective decay rate, leading to the formation of new 

hybrid modes known as Plexcitons.[11,26,27] These nanosystems can be obtained by the 

combination of plasmonic substrates such as nanoparticles or nanostructures with exitonic 

materials such as organic or inorganic dyes such as organic molecules or quantum dots, etc,[28] 

as represented by Figure 1-4. 

  

 

Figure 1-4: Formation of plexcitonic states based on strong plasmon-exciton coupling. 

 

In strongly coupled systems, there is coherent energy exchange between the plasmonic and 

excitonic states. New eigenmodes are formed that are evidenced by the appearance of a 
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splitting in the absorption or transmission spectra.[29–31] A comprehensive review of the 

literature on strong plasmon-exciton coupling was published by Torma et al[2]. which also 

includes investigations of J-aggregates-based strong coupling and dye molecules-based 

plexcitonic systems during the period from 2004-2014. 

In 2016, Tsargorodska et al. [32] reported that the LSPR of Au nanostructures are split by the 

attachment of light harvesting complexes LH1 and LH2 from the purple bacteria. This splitting 

is attributed to strong coupling of the plasmon mode to excitons in the proteins. This coupling 

can lead to create new states that their energies are above and below LSPR energy. The 

strength of this coupling was found to be dependent on the electronic states in the LH 

complexes and the biomolecular coverage,[32] see Figure 1-5 – highlighted peaks.  
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Figure 1-5: Extinction spectra of LH2 (green), and AuNPs before (blue), and after the 

attachment of LH2 (red).[32] 

In addition, strong plasmon-exciton coupling was achieved using artificial analogous 

chlorophyll in artificial protein structure,[25] see Figure 1-6.  
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Figure 1-6: Extinction spectra of 1 and 2 chlorin maquettes, where the more coupling 

strength was achieved by 2-chlorin Marquette.[25] 

 

The protein acts as a scaffold to control the orientation of the dipole within the light field. By 

changing the protein structure, it was found that the energies of the coupled states could be 

manipulated. This open up a new approach to the design of photonic materials, by using 

synthetic biology, and biologically-inspired design, to program the properties of coupled 

systems. However, proteins have fragile structure and are expensive to synthesise. Lishchuk 

et al. [33] designed pigment-polymer antenna complexes, in which the peptide scaffolds found 

in biological light harvesting complexes were replaced by surface-grafted polymers. They 

attached chlorophyll to these polymer scaffolds and were able to program the properties of the 

materials by controlling the grafting density, polymerisation time and chlorophyll coupling 

chemistry. Because the polymer scaffolds were stimulus-responsive, it was possible to achieve 

active control of strong plasmon-exciton coupling to regulate the concentration of excitons in 

the plasmon mode volume and hence to control the coupling strength,[33] see Figure 1-7. 
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Figure 1-7: (a) extinction spectra of gold-PCysMA-Chla complexes in different temperature, 

(b) extinction spectra of gold-PCysMA-Chla complexes in different media.[33] 
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 The coupling strength can be determined by modelling the spectra. The coupling strength 

depends on the concentration of excitons in the plasmon mode and on the oscillator strength 

of the excitons. 

Multiple splitting can be achieved as a result of large number of localised plasmons in 

AuNPs in the presence of two or more different types of dyes.[29] Hybrid plexcitonic 

structures were formed using AuNPs and different types of dyes such as J-aggregates[29]. 

Also, strong coupling of plasmon-excitons was achieved using nanoantennas.[34] Similarly, 

the possibility of formation of strong coupled system involving naphthalene-type 

chromophore has been confirmed.[35] The research on the optical properties of plexcitonic 

systems is important for better understanding of light−matter interactions and their practical 

applications and facilitates studies understanding essential quantum phenomena such as 

entanglement and coherent energy exchange, and develop significant applications.[26] 

Nowadays, due to the distinctive characteristics of the plexcitonic systems, they attract great 

interest in particular applications such as data storages, solar cells, photonics (photovoltaics) 

and sensing.[26] 

 

Capping agent effect on the formation of plexcitonic states 

NPs are usually stabilised with a capping layer to prevent the agglomerates and aggregates 

(These capping agents are also called coating layers and can be molecules, ions or polymers).  

They play an important role in the formation of plexcitonic systems. Where the self-assembly 

process can be influenced the intermolecular forces of the capping layers. Also, capping layers 

with long chains, such as positively charged 8-trimethylammonium octylthiol (TMAOt) and 

negatively charged 8-sulfate octylthiol (SOt), can affect the distances between plasmonic and 

exitonic moieties and form various aggregation states of the exitonic materials. So, the simple 

mixing of the plasmonic and excitonic materials in solution state is not sufficient for the 
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formation of the strong plexcitonic systems.[28,36] Electrostatic interaction is the most common 

method that is exploited among all attractive reactions during the formation of plexcitonic 

system to enable the coating layer to act as a linker between the plasmonic materials and the 

excitonic molecules.[28] However, the repulsion between the similar charges of the coating 

layers tends to prevent the assembly of plasmonic and excitonic materials as illustrated in the 

case of cyanine dyes and gold nanorods as demonstrated by Mohankumar et al.[37] Moreover, 

the coating layer can be exchanged by the excitonic molecules. This exchange leads to a direct 

interaction between the plasmonic nanoparticles and the dyes, as it is shown in the case of 

citrate and borohydride.[28] Nicola et al. have studied the possibility of the occurrence of 

plexcitonic coupling using more than ten different dyes and gold nanourchins (nanostars with 

short tips) with different sizes and coating layers. Among all the tests, plexcitonic systems were 

only resulted from five reactions. It was found that the citrate capping layer yielded in strong 

plexcitonic coupling, in contrast to thiol layers with a strong bound to the NPs. Thus, the coating 

layers have a great impact on the formation and the strength of the plexcitonic system.[28] 

 

Modelling of plasmon-exciton coupled system. 

Figure 1-8 shows the dispersion of the modes in the coupled system. The horizontal line 

corresponds to the energy of the exciton, and the diagonal line correspond to the energy of the 

plasmon mode in an uncoupled system. At resonance, 𝐸𝐿𝑆𝑃𝑅 = 𝐸𝑚𝑜𝑙 and the two lines should 

cross. However, when strong coupling occurs, an avoided crossing is observed; the energies 

of the plexciton modes are given by the solid curved lines, and the energy difference at 

resonance is equal to Rabi energy ħΩ.[2] 
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Figure 1-8: Representative diagram of Rabi splitting for the two coupling modes in both 

strong coupling (solid lines), and weak coupling (dashed lines). 

 

To observe strong coupling, it is necessary that the linewidths of the plasmon and the exciton 

are small enough. If they are too broad, then a splitting of the plasmon band will not be 

observed. The system must satisfy the following equation:[2,32] 

𝑬𝒄 ≥
𝟏

𝟐
[𝜸𝒃 − 𝜸𝒎𝒐𝒍]         

where, γb is the linewidth of the plasmon mode, while γmol is the linewidth of the exciton 

mode. 

Another significant factor is the density of excitons. Increasing the number of dipoles that 

coupled to plasmonic field results in increased coupling strength (Ω) and can be represented 

by the following equation:[2] 

𝜴 = √
𝑵

𝑽
 
𝒆

√𝜺𝟎𝒎
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where, 𝑁 is the number of the dipoles, 𝑉 is the volume occupied by the plasmonfield, and 

𝜀0  is the permittivity of free space, and 𝑒 and 𝑚 are the charge and mass of the electron, 

respectively.  

As noted above, coupling strength depends on the concentration of the excitons inside the 

plasmonic field (the square root of dipole number / unit volume),[2] see Figure 1-9. Increase in 

the concentration of the excitons inside the plasmonic field leads to increase coupling 

strength,[32] and it is obvious that the splitting is dependent on the number of dipoles present at 

the surface. This is due to that strong plasmon–exciton interaction is a collective phenomenon, 

in which the plasmon mode couples to an ensemble of excitons within the plasmon mode 

volume. Thus, linking  𝐸𝐿𝑆𝑃𝑅, 𝐸𝑚𝑜𝑙 and the transition dipole moment (𝜇) is useful to give a good 

approximation for coupling energy 𝐸𝑐, and it should be proportional to the square root of the 

dipole density, see the following equation:[33] 

𝑬𝒄 ≅ √
𝝁𝟐𝑬𝒎𝒐𝒍

𝟐

𝜺𝟎𝜺𝒃𝑬𝑳𝑺𝑷𝑹

𝑵

𝑽
 

where, 𝜺𝒃 is the permittivity of the background medium. 
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Figure 1-9: Extinction spectra of plasmonic nano arrays coupled to LH2 with significant 

decrease of the fractional coverage. The coloured spectra represent the experimental data and 

the black lines represent the model data.[32] 
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1.3 Nanoparticles 

The term ‘nanoparticle’ was attributed to Greek word ‘nano’ which means ‘small’. Where, 1 

nm = one billionth of meter = 1*10-9m.[38] NPs are known as a cluster of a number of atoms 

ranging from three to 107 with size between 1 and 100nm in one dimension or more. NPs 

represent the main element in nanotechnology. NPs exhibit distinctive chemical, physical and 

biological properties compared to their bulk materials. This distinction is due to enhanced 

reactivity, stability and high surface area to volume ratio, etc.[15,39] 

NPs can be categorised, in general, into organic, inorganic and carbon-based nanomaterials. 

Organic NPs, such as micelles and dendrimers, are non-toxic and biodegradable. However, 

these organic NPs are sensitive to light and heat.[40] Inorganic nanoparticles show interesting 

electronic, optical, and magnetic properties dependent on their shape, size and composition1. 

Inorganic NPs include metal NPs and metal oxide NPs. Almost all metal can be reduced into 

their nanoscale size.[41] Carbon-based NPs are only made up of carbon.[42] Graphene, carbon 

black, carbon nanotube/ fibre and fullerenes are examples of carbon-based NPs. In recent 

years, nanoparticles have been generated from metals such as gold and silver, which led to 

the emergence of the term metal nanoparticles. Metal NPs can be modified into their respective 

metal oxides to increase their efficiency and reactivity.[18,38,39] 

 

1.3.1 Gold nanoparticles 

1.3.1.1 History of AuNPs 

Gold nanoparticles (NPs) were first synthesised in China and Egypt about the 4th or 5th 

century BC. Since then, their medicinal powers have been employed.[15,43]  AuNPs with sub-

micrometre-size that the suspended in a liquid media such as deionised water, or an organic 

fluid are known as colloidal AuNPs.[44] The optical properties of colloidal AuNPs were employed 

in colouration of glass, ceramics, china and pottery.[15] For example, gold-Plated 
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Archaeological Ivory (8th century BC), Lycurgus Cup (4th century), Teapot (1680) and Michael 

Faraday’s original gold colloid samples (1852),[20] see Figure 1-10. 

 

 

Figure 1-10: Examples of AuNPs that have been found in products produced by humans.[20] 

The most famous example of this application is the Lycurgus cup which is located in the 

British Museum in London. This cup was designed in the 4th century by the Romans. They 

discovered that incorporating small amount of gold into glass, it could be made to display 

surprising optical effects. the Lycurgus cup appears green when illuminated by reflected light, 

but a vivid red is visible in transmission. Analytical study revealed the existence of a mixture of 

gold and silver particles of about 70 nm in the glass vase, which was essential for the 

appearance of scarlet red colour.[15] Michael Faraday's study in 1857, in which gold hydrosols 

were created by reducing an aqueous solution of the gold salt (HAuCl4) with phosphorus 

dissolved in carbon disulfide, is credited with the first scientific synthesis of colloidal gold.[45,46] 

This study attributes the optical properties of colloidal AuNPs to the change in particle sizes, 

where AuNPs can exhibit range of colours from ruby red to amethyst blue.[44,47]  Gustav Mie, 

in 1908, demonstrated the role of spherical metal particles in the phenomenon of scattering 

electromagnetic waves and absorption of light.[44,48] Early in 20th century, Zsigmondy was 

awarded the Nobel prize for his role in the heterogeneously nature of colloidal solutions. In 
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1921,[44,49] Svedberg elucidate the relation between shape and size of AuNPs and their 

properties.[44,50] Significant methodologies for the preparation of AuNPs were improved during 

the other half of the 20th century.[44] For example, In 1951, Turkevich used sodium citrate for 

the reduction of HAuCl4 in water to establish one of the most widely used techniques for the 

synthesis of AuNPs.[45,51] 40 In this procedure, citric acid serves as a reducing and stabilising 

agent, resulting in AuNPs with diameters of 20 nm with a narrow distribution of the size.[44,45] 

The kinetics of the Turkevich reaction was developed by Chow and Zukoski.[45,52] This reaction 

has been studied extensively and applied in a variety of ways[45]. Further research by G. Frens 

provided control over the size of AuNPs by adjusting the ratio between gold salt and sodium 

citrate.[45,53] In 1994, Shiffrin et al. developed the colloid synthesis of AuNPs using an 

immiscible alkanethiol and NaBH4.[54] This was an opening of a promising research field on the 

functionalised AuNPs.[44] 

1.3.1.2 AuNPs synthesis  

Metal nanoparticles are currently being extensively studied due to their unique properties, 

which mean that they can be used for a wide range of applications such as sensor 

technology.[38] For the synthesis of metallic nanoparticles, a variety of techniques are used, 

which can be divided into two categories: bottom-up approaches and top-down approaches. 

The key difference between the two approaches is the starting material. In bottom-up methods, 

molecules or atoms are utilised as the starting material, whereas in top-down methods, bulk 

materials are reduced to nano-sized particles[38]. Top-down procedures are destructive 

methods, while, bottom-up procedures are constructive methods,[39] see Figure 1-11. 

 

Figure 1-11: Illustration diagram of the difference between top-down and bottom-up 

approaches. 
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In top-down approach, nanoparticles are generated by reducing the size of the initial material 

using various chemical and physical processes. This approach includes mechanical milling and 

laser ablation. Although top-down techniques are simple, they are ineffective to produce 

irregularly shaped and very tiny particles. The main negative aspect of this approach is the 

change in physicochemical characteristics and surface chemistry of the produced 

nanoparticles.[38,55,56] The bottom-up approach depends on the formation of nanoparticles from 

small atoms, molecules by joining the previously formed building blocks to generate the final 

nanoparticles. This method includes solid state, liquid state and gas phase strategies.[38,57] 

Specifically, AuNPs have been synthesized by several methods such as photolysis, 

thermolytic reduction, sonochemistry, radiolysis, two-phase synthesis procedure and chemical 

reduction. However, chemical reduction is the most popular and convenient method for 

preparing AuNPs. Briefly, a proper reduction agent is involved to reduce metal ions. In the 

usual, a protecting agent is used to avoid particles aggregation. For example, polyelectrolyte 

can be used as stabiliser for these types of nanoparticles.[58] Chemical reduction procedure is 

based on reduction of ionic salt of the metal using suitable reduction agent and solvent in the 

presence of surfactant.[59] For example, sodium borohydride can be used as a reduction agent 

in aqueous solution, while sodium lauryl sulphate (SLS) or trisodium citrate (TSC) can be used 

as capping layer or stabilization agent. The stabilization of nanoparticles can be monitored by 

the analysis of absorbance.[60] Compared to other synthesis methods, this method is the 

simplest.[59] Colloidal NPs formed by chemical synthesis are easy to prepare and inexpensive. 

However, there are several drawbacks associated with reducing agents, including poor 

reducing ability, toxicity and impurities.[28,38,61] 

In solution, the surface of NP is generally coated with capping and stabilising molecules 

such as thiols, amines, phosphine, and others, which inhibit agglomeration and continued 

growth of the NPs due to their affinity for the particle surface. These stabilization agents are 

usually referred to as ligands, and can significantly influence the behaviour of the particles, 
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because of their ability to modify the dielectric constant of the surrounding medium. Also, 

ligands can oxidise or partially reduce the NPs. The effect of these ligand is well studied.[15]  

 

  Citrate-based reduction Methods 

Citrate reduction is one of the most widely used methods for nanoparticle synthesis. 

Nanoparticles can be generated by direct addition of citrate into gold salts in boiling solvent.[62] 

In addition to the simplicity of this method, the size of the particles can be controlled by 

adjusting the ratio between the metallic salts and the reduction agent, as well as the reaction 

time and temperature.[13] In one study, range of different sizes of AuNPs from 25-50 nm was 

generated using sodium citrate. The size of the particles was controlled by adjusting the 

concentration of the reducing agent. Particles with diameter of 50, 35, 25, and 13 nm were 

produced using sodium citrate solutions with concentrations of 18, 18.2, 20.4 and 38.8 mM, 

respectively, considering the reaction conditions and experimental errors. In the same way, the 

sizes of AuNPs can be regulated by controlling the concentration of sodium borohydride during 

the solution-phase reduction reaction.[63] 

Thus, the size of the crystals decreases  during the consumption of all monomers as long 

as the concentration of gold salt remains constant.[63] 

In a similar way, a fresh solution of NaBH4 was used to reduce HAuCl4 in media consisting 

of toluene mixed with tetraoctylammonium bromide (TOAB) under specific condition to produce 

AuNPs with size of approximately 5.2 nm.[64] In this method, sodium borohydride was used as 

a strong reducing agent in order to form 5 nm AuNPs which then stabilised by sodium citrate.[63] 

A mixture of Na3C6H5O7 and NaBH4 was also used to generate AuNPs with particle size of 5 

nm.[65] The effect of both sodium citrate and sodium borohydride as reducing agents for 

tetrachloroauric acid (HAuCl4) was investigated by reducing HAuCl4 with both sodium citrate 

and sodium borohydride,[66] separately, as shown in Figure 1-12. 
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Figure 1-12: Schematic illustration of chemical reduction of gold salt with sodium citrate and 

sodium borohydride. 

 

 In a comparative study, AuNPs were generated using sodium citrate and sodium 

borohydride in order to investigate the efficiency of both reduction agents. It was found that 

formation of AuNPs using sodium borohydride is simple, but a reasonable size of nanoparticles 

cannot be obtained. However, sodium citrate exhibits higher efficiency where its reduction 

capacity was aided by heating the reactors.[66]  

Non-citrate-based reduction Methods 

AuNPs with different particle sizes were also generated without the use of sodium citrate. 

Chen and co-workers have prepared polyelectrolyte-protected AuNPs with an average particle 

diameter of 12 nm by mixing HAuCl4 with poly(diallyldimethylammonium) chloride (PDDA) 

which is exploited for both reduction and stabilization of AuNPs[58]. AuNPs with 20 nm particle 

size were prepared by the reduction of HAuCl4 in a solution of hydroxylamine –hydrochloride 

NH2OH[65]. HCl Larger AuNPs were also generated using silver nanocubes to react with HAuCl4. 

The size of AuNPs was found to be 60 nm, which is 20% more than the size of Ag nanoparticles 
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[67]. Small AuNPs up to 2 nm were generated by reduction of HAuCl4 with 

tetrakis(hydroxymethyl) phosphonium chloride (THPC). In this method, the size of the particles 

is controlled by controlling the concentration of gold salt.[68] AuNPs were biologically prepared 

using Diopyros (D.Kaka) and Magnolia (M. Kobus) leaf extracts to reduce HAuCl4 at different 

temperatures between 25 and 90 °C, and different leaf extracts concentrations in the range 

between 5 to 50% v/v. The formation of AuNPs was evidenced by the appearance of ruby-red 

colour.[69] This study shows that the particle size can be decreased down to less than half from 

110 to 40 nm with increasing of reaction temperature. Similarly, the size of particles was 

decreased with the increasing of reducing agent concentration.[69] In a different approach, 

AuNPs were synthesized inside polymer matrix. For example, AuNPs were also synthesized 

by formation of gold complexes between poly(2-vinylpyridine) (P2VP) and HAuCl4 in the 

polymer gel films. Then, AuNPs were formed by immerging the films inside boiled solution of 

sodium citrate.[70] 

 

1.3.1.3 AuNP nanostructures on solid surfaces 

Accurate control of the optical properties of ordered metallic nanostructures can be 

advantageous in many research areas such as memory storage, nanosensors, surface 

enhanced Raman spectroscopy. and surface enhanced fluorescence. This control can be 

achieved by adjusting nanostructure parameters such as period, spacing, and morphology, 

which facilitates optimization of the performance of the nanostructure for further applications. 

There are different lithography techniques that have been used for fabrication of different 

metallic nanostructures. These techniques include nanoimprint lithography, electron beam 

lithography, colloid lithography, stencil lithography and photolithography.[71]  

As mentioned above, there are a number of methods that have been used to produce AuNPs 

in solution such as chemical reduction. However, formation of well-ordered assemblies of 
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AuNPs on a solid substrate is an essential for many applications such as AuNPs-based 

nanosensors. Nanoimprint lithography[72] and electron beam lithography[73] allow to obtain high 

precision, but depend on specialised and complex instrumentations. An alternative approach 

is to use a simple method such as colloidal lithography.[74] Although the simplicity of this method 

is attractive, controlling specific characteristics such as size, particle spacing, and periodicity 

is limited. In 2014, Tsargorodska et al.[23] used Interferometric lithography (IL) to combine the 

advantages of both of these two approaches using a double exposure methods, SAMs of 

octadecanethiol were patterned and used as resists to pattern films of gold supported on Cr-

primed glass slides. The films were etched with mercapto compound to yield arrays covering 

~ cm2. Annealing of the samples results in recrystallization of the gold layer enabling to obtain 

strong plasmon absorption. The LSPR of the resulted structure can be controlled via varying 

the angle of sample rotation.[23] Samples were robust and could be cleaned using cold piranha 

solution to allow repeated re-use. The process is shown schematically in Figure 1-13. The 

laser beam is directed onto a sample and mirror set at an angle 2𝜃 relative to each other. Half 

the beam strikes the sample and the other half strikes the a mirror from which it is reflected 

onto the sample, where it interferes with the first half of the beam, leading to the formation of 

an interferogram, a pattern of alternating bands of constructive and destructive interference 

with a sinusoidal cross section and pitch 𝜆/2 𝑠𝑖𝑛𝜃.[23,75,76] 
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Figure 1-13: IL fabrication of Au nanostructure: (Top) experimental set-up. (Middle) single 

exposure. (Down) double exposure. 

 

1.3.1.4 Gold nanoparticle properties 

NPs are characterised by their size, surface area and morphology, composition, 

concentration, crystallography, shape and charge.[39] Particle size reduction to the nanoscale 

reveals unique and improved features such as particle size distribution and shape that are not 

shown in bulk material and molecules.[3,38] In comparison to bulk materials, the surface to 
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volume ratio of nanoparticles is about 40% higher. This significant surface area is a key factor 

in the size-dependent strong surface reactivity.[38] The applications of NPs are highly 

dependent to their physical and chemical properties.[39] 

There is a clear difference in the optical properties of metal nanoparticles and bulk metals[23]. 

A number of techniques have been used in order to characterise the properties and structures 

of nanoparticles. Among these, UV-vis has proved to be simple and useful tool for 

nanoparticles characterisation. For non-aggregated spherical AuNPs UV-Vis spectra display  

a strong features at around 520 nm,[77] although the position of the plasmon band depends on 

the size and shape of the particle, see Figure 1-14, which shows different shapes and sizes of 

AuNPs with their respective absorption spectra, including spherical nanoparticles, cubic 

nanoparticles, nanostars and nanorods. 

The colour of AuNPs can be in the range from ruby-red to blue depending strongly on the 

size and the structure of the particles. This relationship can be modified by nonradiative 

coupling between the particles themselves.[23,69] 

Generally, AuNPs can be selected to be either positively or negatively charged by choosing 

the appropriate stabiliser. For example, cetyltrimethylammonium bromide (CTAB)-coated 

AuNPs are positively charged, while citrate-coated AuNPs are negatively charged.[78] Also, the 

charge can be tuned using aqueous-soluble ligand. Such as   2,2-

mercaptoethoxyethoxyethanol (MEEE), N,N,N-trimethylammoniumethanethiol (TMAT) and 2- 

mercaptoethanesulfonate (MES) which can provide neutral, cationic and anionic charges 

respectively.[79] 

AuNPs can be prepared in different particle sizes, and different shapes and morphologies 

such as nanocubes, nanorod, nanobranches (Nanoparticles contain sharp tips of varying 

lengths. The number of branched tips per nanobranch ranges from 2 to 8), nanobipyramides, 
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nanospheres, nanourchins and nanostars. It was found that refractive index and absorption 

spectra of AuNPs are highly dependent to the shape and size of the particles.[20,78] 

 

 

Figure 1-14: The effect of the particle size and shape on the shape and position of the 

plasmon band.[20] 
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In comparison with Ag nanoparticles in aqueous solution, AuNPs exhibit more chemical 

stability than Ag nanoparticles.[78] However, bare AuNPs are susceptible to aggregation due to 

their high surface energy, thus, citrate is usually used as stabilization and protective coating 

layer.[80] 

Aggregation of AuNPs can be suppressed using organic ligands as a capping agent. Thiol 

functionalities have a strong affinity for AuNP and are widely used. Dendrimers and polymers 

with mercapto groups and disulfides have also been used.[63] Polymers represent an alternative 

class of surfactant that can be used as direct, reducing and stabilizing agents in seed-based 

methods of the preparation of AuNPs. For example, PDMA, has been employed as reducing 

and shape directing agent to produce AuNPs. This is because amine groups of PDMA can 

provide the essential active positions for ligands for the preparation of AuNPs with controlled 

size.[44] The terms ‘‘aggregation’’ and ‘‘agglomeration’’ are commonly used for describing 

assemblages of particles that are found in liquid suspensions  or in dry fine state. These 

processes can occur during filtration, milling, drying, storage or during crystallization operations 

as a consequence of sintering, fusion or interparticle bonding. A mass is called a lump 

(agglomerate) when the resulting shape of a mass can be described, while irregular shapes 

are resulted from aggregation process.[81] In general, nanoparticles show a susceptibility to 

cluster through either agglomeration or aggregation processes. However, an agglomerate can 

be formed as a result of weak physical interactions which eventually lead to precipitate large 

size cluster, and this process is reversible. While aggregate is cluster of colloidal particles that 

irreversibly strongly bonded together.[82] In solutions containing salts or other ions, citrate-

protected AuNPs are unstable with a comparison to protein-functionalised AuNPs which show 

more stability at 4°C.[63]  XPS has been successfully applied to investigate nanoparticles 

aggregation, but it involves very complex analysis.[82] 
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1.3.1.5 Applications 

Nanoparticles are increasingly being used in a variety of domains, including organic and 

inorganic chemistry, physics, molecular biology, material science and medicine[38]. The unique 

properties of NPs have facilitated applications in sensing, photonics, and energy harvesting[18], 

nutrition, and medicine[38], biochemistry and catalyst.[15]  

For example, immobilised AuNPs in oxide layers have been used as oxidation catalysts, 

with commercial application for anti-odour in Japan.[15] Red colloidal solutions of AuNPs have 

been utilised as tonic medication. AuNPs have attracted interest for use in drug delivery, 

diagnostic applications and treatment of cancer hyperthermia.[69] For example, AuNPs were 

used as a therapy to treat some nervous conditions. In addition, AuNPs were employed as 

antimicrobial agents. It was found that AuNP-coated aminoglycosidic antibiotics have 

antibacterial activity on both Gram-negative and Gram-positive bacteria. AuNPs can cause 

leakage of cell components (lysis) which is followed by cell death. They may also disable DNA 

by binding to it.[83]  

AuNPs were contributed to fabricate hybrid nanoassemblies by combination of AuNPs with 

poly(N-isopropylacrylamide) (PNIPAM).[84] The use of Au NPs in optoelectronic tools is strongly 

reliant on the shape, size, nature of the protecting shell, interparticle distance and surrounding 

environment of the particles[64]. AuNPs have been employed as photoprotector for chlorophyll 

a. This protection is achieved by bonding AuNPs with the nitrogen sites of chlorophyll a even 

during the dark, which leads to prevent the interaction of chlorophyll with reactive oxygen 

species that cause its decomposition in the light[85]. Similarly, AuNPs have been employed to 

prevent photolysis of magnesium tetraphenylporphyrin (MgTPP),[86] a molecule structurally 

similar to Chla. 
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nanosensors  

Interest in AuNPs nanosensors has grown rapidly due to their high sensitivity and stability, 

fast response, ease of operation and their perfect suitability in detection and analysis.[87] In 

sensors, any physical or chemical change that occurs to the environment surrounding the 

nanoparticles can lead to change in plasmonic resonance wavelength of maximum scattering 

or absorption. Therefore, highly sensitive surface plasmonic resonance is required. This 

sensitivity can be represented by the relation between the change in refractive index of 

surrounding molecules and the shift in resonance wavelength. It was found that this sensitivity 

can be effected by shape, size and metal composition.[88]  AuNPs have been employed to 

enhance the sensitivity of nanosensors for the detection of small molecule.  

For example, Au NPs have been used as SPR signal amplification tags to detect small 

molecules.This detection typically exploit coupling between the surface plasmon polaritons and 

the localised surface plasmons (LSP) of the NP, leading to enhancement of the signal[87]. 

Cationic AuNPs were selected as quenchers for anionic fluorescent poly(p-

phenyleneethynlene) (PPE) in order to design a new sensor to analyze protein targets.[89] 

AuNPs were also used as colourimetric sensors for identification of protein conformational 

alteration. Where it was found that the colour of protein-coated nanoparticles can be changed 

by alteration of solution pH,[62] see Figure 1-15 

 



 

35 
 

 

Figure 1-15: (a) Colour of AuNPs solutions at different pH, and (b) protein-coated AuNPs at 

pH 4.0, 5.0, 5.5, 6.2, 6.7, 7.2, 8.3, 9.2, and 10.1, from left to right.[62] 

 

Composite materials with colourimetric sensor properties can be produced by embedding 

AuNPs into polymer brushes. In order to increase the sensitivity of the brushes.[21] Another 

example, Au NPs bounded to polystyrene (PS) brushes via hydrogen bonding were employed 

as nanosensors to detect different types of solutions in the media. In this reaction, collapse 

and swelling behaviors of PS toward different solutions can lead to change interparticle 

distance[64]. Similarly, a novel nanosensor was constructed by adsorption of AuNPs onto 

poly(2-vinylpyridine) (P2VP) and polyglycidylmethacrylate (PGMA) together. This sensor was 

based on the behavior of the polymer brushes in different pH solutions.[90] AuNPs were coated 

with streptavidin and coupled with biotinylated antibody-based bifunctional linkers through 

electrostatic interaction in order to enhance immunobiosensors.[63]  

Conventional SPR sensors that are based on SPP detection are use a Kretschmann 

configuration in which a thin layer of noble metal is deposited on a prism.[91] In contrast, LSPR 

sensors are constructed on a substrate like a glass slide that coated with the noble metallic 



 

36 
 

nanoparticles.[91] Thus, the requirement for equipment is more modest than with a conventional 

SPP-based detection systems Optical fibre-based SPR and LSPR sensors offer a variety of 

advantages, including a small sensing tip that requires a small sample volume, and the ability 

for sensing remotely due to the simple optical design. In a comparison to SPR, LSPR 

technology has special advantages such as the ability to control and improve LSPR sensitivity 

by changing the shapes and sizes of nanoparticles.[91] 

1.3.1.6 Incorporation of AuNPs in Polymer brushes and PDMA  

Recently, metal nanoparticles were introduced into polymer templates in several different 

ways, including hydrophobic interactions, hydrogen bonding interaction covalent linkage 

host−guest interaction, and electrostatic attraction as external addition or in situ synthesis of 

nanoparticles in polymers,[71] See Figure 1-16.   

 

 

Figure 1-16: Diagram showing the process of external and in situe addition of NPs to the 

polymer brush. 

 



 

37 
 

Christau et al.[92] used non-ionic poly(N-isopropylacrylamide) (PNIPAM) brushes to control 

the spatial distribution of hydrophobic 12-mercaptododecanoic acid (MDA)-coated AuNPs and 

hydrophilic citrate-coated AuNPs. Different solvents were used for incubation because of the 

different hydrophobicity of AuNPs, which resulted in different conformations of the polymer and 

different distributions of the particles. Here, the brush-particle interaction was driven by 

hydrogen bonding. Another possibility was reported by Bhat et al.[93] where negatively charged 

AuNPs attached to positively charged poly(acryl amide) (PAAm) brushes via electrostatic 

attraction force. The charge density strength of AuNPs has a great impact on their distribution 

inside the polymer brushes. Variation in pH is the easiest approach to control the charge 

density.[21] AuNPs distribution and their amount can be controlled by variation pH during the 

incubation of poly-[2-(methacryloyloxy)ethyl] trimethylammonium chloride (PMETAC) brushes 

in the suspension of AuNPs. At pH4, AuNPs formed aggregates due to decreased electrostatic 

stabilization. While at pH 8, the AuNPs were stabilised electrostatically allowing them to 

penetrate the brush instead of sticking to the surface as in pH 4. The interaction between the 

particles and the brush was driven by the electrostatic attraction leading to formation of 

colourimetric sensors with special optical properties.[21,71] Polymers have many valuable 

properties, such as multifunctional groups, multiformity and well-defined structure,  that have 

made them the preferred choice for fabrication of  metal nanoparticle arrays using  patterned 

polymer brushes models.[71] Liping Fang et al.[71] have fabricated a hybrid film by incorporation 

of AuNPs into patterned PDMA brushes using host-guest interaction method, and the 

interaction was confirmed by using PDMA monomer as competitive guest Using PDMA directly 

as a host for AuNPs immobilization is simple and there is no need for a complicated 

modification process. The absorption band of AuNPs was red shifted after the attachment to 

PDMA brushes, because the particles become close to each other, and dielectric constant is 

perturbed around the nanoparticles and the presence of PDMA can also increase the 

surrounding dielectric constant leading to red-shift.[71]  The surface morphology become more 
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rough after it was smooth before adding AuNPs and the root-mean-square (rms) roughness 

was changed from 0.45 to 2.49 nm,[71] see Figure 1-17. Collapse state of the brushes caused 

by drying polymer brushes can cause adsorbed AuNPs to be close to each other, which is 

useful to control interparticle distance.[94] 

 

Figure 1-17: AFM images (A) PDMA brushes, and (B) AuNPs attached to PDMA brushes.[71] 

 

1.3.2 Aluminium nanoparticles 

The study of surface plasmons has been rapidly developing in the past three decades. This 

development coincided with the development of nanotechnology and nanoscience. Most 

plasmonics studies have involved work on metallic nanostructures that contain Au or Ag. These 

nano metals exhibit plasmon resonances in the visible spectral range. AuNPs have relatively 

resistant to oxidation, while AgNPs could be more susceptible to oxidation but exhibits more 

intense and narrower LSP resonances. However, due to expansion of this field of research, 

the plasmonic properties of aluminium nanomaterials opened up a host of possibilities.[95] 

 ‘Aluminium plasmonics’ is not of the new age. it could be argued that the modern 

plasmonics began in 1957 with Ritchie's prediction of a peak in electron energy loss spectra 

(EELS) resulted from thin metal films due to surface plasmons,[96] as well as Powell and Swan's 
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observation of such a peak in thin aluminium films in 1959.[97] Thus, the study of aluminium 

plasmonics can be traced back to the beginning of plasmonics over half decade ago where the 

first LSPR peak was observed using small aluminium nanoparticles.[98] The frequency of the 

plasmon bands of AlNPs is higher than that of AuNPs or AgNPs and thus allows for significant 

SPR coverage in the ultraviolet (UV) region of the spectrum, in contrast to Au, Ag, which 

typically exhibit SPR in the visible range. This feature of AlNPs is a key in applications such as 

photocatalysis and the detection of biological and organic systems that show strong UV 

absorptions. Another reason behind the interest in aluminium is that it is an abundant and 

inexpensive metal that can easily be produced in a variety of forms. Bulk Al is also a very stable 

material, because of the growth of a native oxide layer that protects the metal surface from 

contaminants and from further oxidation.[95]  AlNPs are interesting materials due to their rapid 

kinetics and high enthalpy of combustion, which add further enhancement of their reaction 

properties. Nano-sized aluminium particles are known to be a novel energetic material with 

extremely high reactivity due to enormous specific surface areas, and they are predicted to be 

used as a next-generation propellant in aerospace applications. The reactivity of AlNPs is size 

dependant. Aluminium nanoparticles with a diameter of 30-50 nm have been found to be the 

most sensitive. Aluminium nanoparticles have physical and chemical properties that make 

them suitable for a wide range of applications, including corrosion-resistance, heat shielding 

layers for aircrafts, heat reflecting paints, conductive and decorative plastics, etc. High-capacity 

hydrogen storage materials made of nanoscale Al particles are also being investigated.[99] 

 

1.3.2.1 Oxidation of AlNPs 

Aluminium has a higher density of free electrons than gold and silver. There are 3 free 

electrons in the aluminium conduction band per atom, compared to 1 electron per atom for Au 

and Ag. Aluminium is frequently considered to be undesirable for plasmonics since it is thought 
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to oxidise quickly. However, upon exposure to air, a thin passivation layer of alumina (Al2O3) 

is formed on the surface of an Al particle or Al film within a few minutes, see Figure 1-18. 

 

 

Figure 1-18: Schematic of the formation of native oxide layer on aluminium nanoparticle 

(Top), and thin film of Al deposited on solid substrate (down). 

 

Angle-resolved x-ray photoelectron spectroscopy (AR-XPS) has been utilised to investigate 

the oxidation of aluminium nanofilm.[100] It was found that over the course of several hours of 

exposure to the air, a stable oxide layer with a thickness of ~ 3 nm was formed. This layer 

remained stable for 30 days and acts as a protective layer to prevent further oxidation. As a 

result, no subsequent oxidation is detected by XPS, in contrast to the behaviour of silver 

nanostructures. Knight et al.[101] have investigated the oxidation of AlNPs in depth. They 

investigated AlNPs with a diameter of 100 nm and various thicknesses of oxide layers. The 

thickness of the passivating oxide layer was controlled by introducing specific quantities of 
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oxygen during metal deposition. They found that increasing the level of oxidation caused a 

decrease in the scattering efficiency, with the result that λmax is red shifted. Thus, controlled 

oxidation can be utilised to control the energy of the plasmon mode. Furthermore, they found 

that the linewidth of the plasmon band does not increase significantly during the process. The 

plasmon resonance disappears as the oxidation level approaches 50%.[95] 

 

1.3.2.2 Synthesis of AlNP 

Understanding the principles of nanoscale chemistry and physics is a primary requirement 

for the production of nanoparticles. Chemical, physical, and biological methods can all be used 

to prepare and stabilise metal nanoparticles; chemical methods include electrochemical 

techniques, chemical reduction, photochemical reduction, and pyrolysis, while physical 

methods include physical vapour condensation (PVC), etc.[99,102,103] Living organisms have 

enormous potential of generating nanoparticles and nanodevices with a wide range of 

applications[104].  However, high purity active metals, Al for example, are difficult to produce 

due to their rapid oxidation 5. Aluminium nanoparticles with small sizes are extremely 

vulnerable to oxidation while being stored prior to application. Regardless of particle size, the 

thickness of an oxide layer on an aluminium particle typically ranges from approximately 2 nm 

to 6 nm.[99] In general, the stability, size, morphology and properties of the metal nanoparticles 

are strongly sensitive to the kinetics of interaction of precursor with reducing agents, 

experimental conditions and adsorption of stabilizing agent. AlNPs can be synthesized in a 

gas-state, liquid-state or solid-state.[99] 

Solid-state methods 

Solid-state methods include mechanical and mechanochemical procedures. In both cases, 

ball milling equipment is used to reduce the size of the particles. In ball milling powdered metal 

is loaded into a container together with a number of heavy balls. Application of high-speed 
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rotation and vigorous shaking on the content leads to strong collision between the balls, which 

generates high mechanical energy, which in turn breaks up the particles into smaller size. 

Alternatively, mechanochemical milling may be used. Mechanochemical milling combines 

chemical and mechanical processes by changing the chemical composition of the metal 

precursor during the blending. The size of the particles synthesized by mechanochemical 

milling is typically smaller than that of mechanical synthesis.  For example, AlNPs have been 

produced by mechanochemical blending with size of 25-100nm[105] using Li or Na as reduction 

agents, while the mechanical blending of Al powdered with magnesium can produce Al 

particles with raised size up to tens of micrometers.[106]  

Liquid-state methods 

Liquid-state methods include chemical reduction and decomposition synthesis. In the 

chemical reduction route, a precursor of the metal is reduced by a suitable reduction agent, 

and catalyst, heat and stabilization agent can be involved. 110-210 nm AlNPs have been 

synthesized by the chemical reduction of aluminium chloride using lithium aluminium hydride 

as a reducing agent at 164°C in mesitylene. However, AlNPs produced by this method still 

contain impurities such as oxygen, carbon and chlorine. Similarly, 4–13 nm AlNPs were 

produced using benzildiethylenetriamine as a reducing agent in ethanol.[107] Also, NaBH4 and 

LiAlH4 have been used as reducing agents to produce 5–8 nm AlNPs.[108] In addition, bimetallic 

NPs of Au/Al were synthesized using reduction solution of sodium citrate, sodium carbonate 

and tannic acid.[109]  

In the decomposition process, alane complex is thermally or catalytically decomposed in the 

presence of a suitable passivation agent.[110] The passivation agent here can be an organic 

reagent such as a perfluorinated carboxylic acid, or a metal coating layer. AlNPs have been 

synthesised by catalytic decomposition of alane complexes using oleic acid or perfluorinated 

ionomer membrane as the surface passivation agent. Decomposition of alane amine 

H3Al(NMe2Et) at 164°C in mesitylene leads to formation of AlNPs with particles sizes between 
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44-82 nm.[111] The role of the passivation agents was investigated using 1-methylpyrrolidine 

alane and dimethylethylamine alane as aluminium precursors and molecules with single or 

double carboxylic acid groups as a capping agent. This study showed that dimethylethylamine 

alane is more reactive and can generate AlNPs with high quality and well-defined properties. 

Furthermore, this study revealed that the passivation agents play an important role not only as 

a protection factor against the oxidation, but also act to trap the particles together to remain in 

the nanoscale during decomposition of the aluminium precursor.[99] 

Gas-state methods 

This technique is based on condensation of evaporated molten aluminium inside a chamber 

containing an inert gas, where the gaseous metal condenses. Gas-state synthesis is the most 

prevalent method for the production of AlNPs. However, AlNPs obtained by this method are 

strongly influenced by the purity and type of the inert gas. This method has been modified by 

cooling the chamber to around 70 K (-203 °C) in order to speed up the condensation process. 

The modified process is called cryomelting.[112] The oxide layer can be form during the 

condensation process with thicknesses up to 4nm covering 23 nm AlNPs.[113] In 2010, an 

electromagnetic modern system containing argon gas was built for the synthesis of AlNPs.[114]  

Multi-state methods 

These methods can be conducted in either the liquid state or the gaseous state, including 

wire fragmentation (flakiness, friability) and Laser ablation. In laser ablation, AlNPs can be 

prepared by heating the target to the boiling point using a laser pulse leading to generate 

vapour atoms with adiabatic expansion. AlNPs are generated during the condensation process. 

This process occurs in a liquid such as ethanol, ethylene glycol and acetone. Acetone is 

preferable due to its ability to generate AlNPs with finer NPs with narrower size distributions.[115] 

In addition to this, laser ablation can be performed using ambient gas such as argon, and the 

size of the produced particles can be controlled by tuning the ambient gas temperature.[116] 

This method can generate particles with sizes in the range between 10-100 nm. However, the 
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main obstacle   in this approach is that the ablation rate diminishes with longer ablation periods. 

When significant quantities of nanoparticles in a colloidal solution impede the laser path, a 

portion of the laser energy is absorbed by previously created nanoparticles rather than the 

target surface.[115] In the wire fragmentation process, a powerful electrical current is applied to 

create an electromagnetic field around a metal causing a superheating of the metallic wire. 

Stopping the flow of current leads to dissipation of the electromagnetic field and the wire 

fragments into nanoscale particles. Similar to the laser ablation process, wire fragmentation 

can be performed in either liquid-phase or gas-phase. In liquid-phase, heavy alcoholic or water 

can be used as a suitable liquid-phase media for this process and the particles are collected 

by centrifugation.[117] In the gas phase, superheating of the wire by electrical current leads to 

melt and evaporate and then, ionisation of the metallic material. Sudden cooling of the system 

leads to fragment the target and subsequently NPs is formed. Argon, nitrogen and helium are 

ideal atmospheres for this process.[118] 
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1.4 Polymer brushes 

In this thesis, polymer brushes are used to organise dye molecules within the light fields 

associated with metal nanoparticles. Polymer brushes are surface-grafted polymers, in which 

one end of the polymer chain is tethered to a suitable substrate.[119] Polymer brushes are also 

known as tethered polymers[119]. Interest in polymer brushes began with the emergence of a 

theoretical prediction of the brushes morphologies, which was a consequence of quantitative 

treatments of coil-polymers in 1980s.[119] This special shape is the result of steric and 

electrostatic repulsion[75] at low grafting densities, the polymer chains are collapsed, and form 

"mushrooms" whose dimensions are determined by the radius of gyration of the polymer. 

However, at high enough grafting densities, steric repulsion between neighbouring chains 

causes them to swell away from the surface to form a brush (extended state).[120] The degree 

of swelling is determined by the nature of the interactions between neighbouring chains (for 

example, electrostatic repulsion can increase swelling), the interactions with solvent (highly 

solvated chains swell further) and the temperature. 

Surface-grafted polymers may be formed either by grafting-to or grafting-from. In grafting-to 

pre-formed polymer is attached to a surface, while in grafting-from, polymer molecules are 

grown from a surface bound initiator[119], See Figure 1-19. In general, grafting-to yields lower 

grafting densities because of the steric hindrance between the approaching chains and the 

already grafted chains of the polymer,[121] so this in this thesis the focus will be on grafting-from 

and, in particular, surface-initiated polymerisation. 

1.4.1 Grafting-to and Grafting-from  

Grafting-to 

Mansky et al. were the first users of the "grafting-to" method, which involves condensation 

of end-modified polymer chains with reactive groups on the surface.[119,122] In grafting-to 

method, preformed functionalised polymer chains are attached covalently by reaction with 
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reactive groups on the surface.[121] The major limitation of this approach is that it yields mostly 

low density polymer brushes, where a macromolecular barrier can be formed which, in turn, 

prevents the formation of new chains.[119] Although grafting-to is simple method, molecular 

weight of the polymer can directly affect the thickness of the film. Moreover, attaching polymers 

to surfaces by non-covalent adsorption makes this process ineffective, leading to formation of 

unstable polymer brushes.[123] The main limitation of this method is the impurity of non-grafted 

polymer chains with the grafted polymer, which is difficult to remove. However, this limitation 

can be overcome by centrifugation–redispersion cycle or simple washing in the case of 

attachment of a polymer to large particles. Grafting-to method is extensively employed grafting 

of a protein/peptide to a polymer to avoid contamination from the residual metal-halide salts[121]. 

The best alternative to avoid these obstacles is to grow polymer brushes via surface-initiated 

polymerisation strategies which is also known as ''grafting-from''. Atom Transfer radical 

polymerisation (ATRP) is one of ''grafting-from'' polymerisation forms.[123] 

Grafting-from 

“Grafting-from” method is attractive because it enables higher grafting densities to be 

achieved. In surface initiated polymerisation, polymers are grown from dense monolayers of 

adsorbates that terminate in an initiator.[119] Thus, the steric problems associated with binding 

pre-formed polymers to surface are removed.[121] 

The grafting-from technique involves two main steps: (step 1) the initiator is firstly attached 

to a surface or polymer chain end, and (step 2) the polymer chain is grown from the initiator[121]. 

The diffusion of monomers through the reaction mixture to the growing chain ends is the only 

limit to propagation[119,124]. Grafting-from technique is versatile and is compatible with a wide 

range of monomers and polymerisation mechanisms.[121] 
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 Polymer brushes have been employed to improve the properties of materials for a variety 

of applications including control of biofouling, sensors, protein separation, tissue engineering, 

drug delivery and medical implants. In these applications, the higher grafting density 

achievable via the grafting-from abroach is critical to the performance of the polymer film.[125]  

 

 

Figure 1-19: Schematic representation of different strategies of grafting polymer chains to a 

solid substrate. (a) Grafting-from, and (b) Grafting-to. 

1.4.2 ATRP Polymerisation 

Surface-initiated polymerisation techniques[120] include surface-initiated nitroxide mediated 

polymerisation (SI-NMP),[126] surface-initiated radical addition−fragmentation transfer (SI-

RAFT)[127] and surface-initiated atom-transfer radical polymerisation (SIATRP) .[128] ATRP is a 

rapid and simple technique for formation of different types of polymer brushes from solid 

surfaces.[24,129] The term atom transfer radical polymerisation (ATRP) is derived from the atom 

transfer step, which is the fundamental process that allows polymeric chains to grow 

uniformly.[130]  In 1995, Sawamoto and Matyjaszewski reported ATRP for the first time 

independently[121]. The first step is the modification of the surface of planar or colloidal substrate 
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using an active initiator. The modified surface is then exposed to a mixture of monomer solution 

and catalyst. In the most cases, a solvent must be used. Under optimum conditions monomers 

are joined together by the formation of covalent bonds to form polymer chains in a radical 

polymerisation process.[123] ATRP is based on atom transfer radical addition (ATRA), a process 

that is catalysed by transition metal complexes and aims to create 1:1 adducts of alkyl halides 

and alkenes. ATRP is a type of living radical polymerisation mechanism: the initiator is 

transferred to the growing chain end after addition of each monomer unit. This transfer process 

can be sustained with high efficiency for long periods, before eventually terminations start to 

occur, and the rate of reaction slows.[130] The mechanism of ATRP will be explained in detail in 

subsequent sections. The propagating radicals in ATRP are generated by transition metal-

catalysed reversible atom transfer, a process that makes ATRP different from other reversible-

deactivation radical polymerization (RDRP) approaches.[121] In a comparison with other living 

polymerisation methods that include cationic or anionic polymerisations, living polymerisation 

methods are relatively difficult to use due to special experimental requirements.[119] However, 

ATRP has been widely used to grow various types of polymer brushes from planar, colloidal 

and polymeric substrates such as gold, mica and silica.[123,131]  

ATRP components 

The main components of an ATRP reaction system are the substrate, modified to introduce 

an active initiator, a monomer and a catalyst.[130]  

substrate 

Glass has been widely used as a substrate for ATRP because of its good resistance and its 

low cost.[76] Silica surfaces have been used for the growth of polymer brushes such as poly 

(oligo ethylene glycol) methyl ether methacrylate (POEGMEMA) via ATRP.[132] The mechanism 

of grafting polymer chains onto the substrate differs depending on the type of substrate. For 

solid surfaces, either chemical bond formation or physical adsorption can be used.[133]  
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Initiator 

Alkyl halides have been used widely as ATRP initiator. To achieve well-defined polymer 

chains with narrow molecular weight distributions, the halide atom, X, must selectively and 

readily migrate between the transition-metal complex and the growing chain. Using bromine or 

chlorine results in the best control of the molecular weight. Iodine is preferable for acrylate and 

styrene polymerisation. Fluorine is not preferable because the C-F bond is extremely strong to 

undergo chemical cleavage. R-X bonds can be cleaved either homolytically or heterolytically 

depending on the initiator structure.[130] 4-(chloromethyl) phenyltrichlorosilane (CMPTS), 3 – 

aminopropyltriemethoxysilane-2-bromoisobutyryl bromide (BIBB-ATMS) and 3 – 

aminopropyltriethoxysilane-2-bromoisobutyryl bromide (BIBB-APTES) are the common 

examples of ATRP initiators. 

Monomers 

ATRP is suitable for the polymerisation of different types of functional monomers.[134] 

Methylmethacrylate (MMA) is the most common monomer that has been utilised for growing 

polymer brushes by ATRP.[123] However, many monomers have been effectively polymerised 

via ATRP. Typical monomers include (meth) acrylamides, (meth)acrylates, styrenes, and 

acrylonitrile. These types of monomers contain substituents that can stabilise the propagating 

radicals. Ring-opening polymerisation has been also successful. Under similar conditions and 

using the same catalyst, each monomer possess its unique atom transfer equilibrium constant 

for its active and dormant species (explained in detail under mechanism section). Also, each 

monomer has its unique intrinsic radical propagation rate. Therefore, for a particular monomer, 

the rate of radical deactivation and the concentration of propagating radicals must be adjusted 

to maintain the control of the polymerisation.[130]  

Catalyst 

The catalyst is the most significant factor in ATRP and there are a number of metal 

complexes that have been effectively used as catalysts in surface initiated ATRP. The catalyst 
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determines the position of the atom transfer equilibrium and the dynamics of the exchange 

between the active and dormant species. An effective transition metal catalyst has various 

features. First, there must be at least two readily accessible oxidation states separated by one 

electron in the metal core. Second, the metal centre should have a strong halogen affinity. 

Third, when the metal is oxidised, the coordination sphere around it should expand to 

preferentially admit a (pseudo)-halogen. Fourth, the ligand should have a high level of metal 

complexation. The position and dynamics of the ATRP equilibrium should eventually be 

appropriate for the specific system. As ATRP catalysts, a number of transition-metal complexes 

have been investigated.[130] 

Ligands 

The primary function of the ligand in ATRP is to solubilise the transition metal salt in the 

organic solvent and to modify the redox potential of the metal centre for suitable dynamics and 

reactivity for the atom transfer.[130,135] HMTETA and PMDETA are the most widely used ligands 

in ATRP.[136] Figure 1-20 shows the chemical structure of both PMDETA and HMTETA. 

 

Figure 1-20: Most common examples of ATRP ligand; (left) PMDETA and (right) HMTETA. 

Solvents 

ATRP can be performed either in solution, in bulk, or in a heterogeneous media such as 

suspension or emulsion. In ATRP, various solvents have been used such as water, alcohol, 

acetone, dimethyl formamide (DMF), benzene, carbon dioxide, toluene, anisole, ethyl acetate, 
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ethylene carbonate, diphenyl ether, and many others. Solvent is a critical component in ATRP, 

particularly when the grown polymer is insoluble in its monomer such as polyacrylonitrile. The 

choice of solvent is usually influenced by several factors. There should be minimal chain 

transfer to the solvent. Interactions between the catalytic system and the solvent as well as 

catalyst poisoning by the solvent should also be considered. Also, solvent-promoted side 

reactions, such as the removal of H-X from polystyryl halides, which is more obvious in a polar 

solvent,[137] which should be avoided.[130] 

Temperatures 

Increasing temperature in ATRP leads to increase the rate of the polymerisation due to the 

increase of both the atom transfer equilibrium constant and the radical propagation rate 

constant. Thus, higher propagation/termination constants ratios and efficient control may be 

obtained at higher temperatures because of the activation energy for radical propagation in this 

case is higher than for radical termination. However, at higher temperatures, side reactions 

such as chain transfer become more obvious.[137,138] Similarly, high temperatures lead to 

increase the solubility of the catalyst. Moreover, temperature increase may result in catalyst 

decomposition.[139,140] The ideal temperature is determined by the monomer, catalyst, and 

molecular weight.[130] 

Additives  

For effective ATRP, additives are often required. For the controlled polymerisation of MMA, 

a Lewis acid such as aluminium or other metal alkoxides is required. In the absence of the 

Lewis acid activator, extremely slow polymerisation was obtained. In the higher oxidation state, 

aluminium compounds can activate and stabilise the catalyst.[141] The polymerisation rate can 

be enhanced in the presence of extremely polar solvents such as water.[142] However, strong 

nucleophiles, such as phosphines, can sometimes stop the reaction.[130,143]  
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ATRP mechanism 

ATRP is generally characterised as a reversible transfer of halide between transition metals 

and the growing chains via an inner sphere electron transfer (ISET) or outer sphere electron 

transfer (OSET).[138] In general, formation of a polymer by ATRP consists of three main stages: 

initiation, propagation, and termination as illustrated in Figure 1-21.  The initiation of ATRP 

reactions requires the transfer of the halogen atoms, such as bromine, from the initiator to the 

complex that formed between the catalyst Cu(I)Br and the ligand. This means that in the 

absence of the halogen atom, ATRP will be not initiated.[120] The active species(radicals) are 

produced by a reversible redox process. This process is catalysed by a transition metal 

complex (Mt n-Y/Ligand), where Y is the counterion or another ligand). The catalyst undergoes 

a one electron oxidation with abstraction of a halogen atom, X, from a dormant species, R-X. 

This process is driven with a rate constant of activation, kact, and deactivation kdeact. Then, the 

chains of the polymer can be grown by the addition of the radicals to monomers with the rate 

constant of propagation kp.[130] The value of the equilibrium constant (Keq) = kact/kdeact) defines 

the polymerisation rate in the absence of any side reactions other than radical termination by 

coupling or disproportionation. Too low equilibrium constant results in very slow ATRP. A high 

equilibrium constant, on the other hand, will result in a substantial degree of termination due to 

an increased radical concentration. This will be accompanied by a huge amount of deactivating 

higher oxidation state metal complex, shifting the balance toward dormant species and possibly 

causing the polymerisation to appear to be slower.[130] It was found that long chains propagate 

faster than shorter chains, leading to expansion the molecular weight distribution.[144,145]  Finally, 

termination reactions (kt) lead to oxidise metal complexes, X-Mt n+1, to reduce the growing 

radicals. An effective ATRP has a small contribution of terminating chains along with uniform 

growth of all chains, which is achieved through rapid initiation as well as fast reverse 

deactivation.[130] It was found that polydispersity of polymer chains on the surface is greater 

than free chains in solution.[145]  
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Figure 1-21: ATRP mechanism.[130] 

 

Throughout the formation of block copolymers by ATRP, the order of polymerised monomers 

is a significant issue, where the active monomers are polymerised firstly followed by less active 

monomers. This arrangement ordinarily follows the following order: acrylonitrile, methacrylate, 

styrene and acrylates and acrylamides, respectively from more active to less active.  Also, vinyl 

chloride is more active than vinyl acetate. However, this arrangement can be changed due to 

halogen exchange process. In this process, alkyl halide is chain extended with an interactive 

monomer in the presence of metal complex catalyst. Since the equilibrium constant of ATRP 

for a bromo-(macro) initiator is larger than for a chloro-(macro) initiator, C-Br bond is reactivated 
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more faster than C-Cl bond leading to decrease the rate of second block growth. Thus, the 

initiation efficiency from bromo-initiator is preferable.[146] 

Advantages of ATRP 

The primary objective behind ATRP is to achieve desired modification in surface properties 

such as biocompatibility, wettability, friction, resistance to corrosion and hydrophilicity and 

hydrophobicity[147]. ATRP has several advantages compared to other polymerisation 

techniques. For example, ATRP is a simple procedure, and it is suitable for a wide range of 

both monomers and functional groups. Thus, ATRP can be performed in different types of 

media such as aqueous solution or emulsion, also it can be used for a wide variety of 

initiators[121]. In general, the formation of polymer brushes with the highest grafting densities 

can be obtained the most easily using ATRP.[148] A variety of types of polymers can be 

effectively and efficiently polymerised by ATRP, including linear, star, branched, gel/network 

and comb/brush.[149] ATRP has also been used to form bottle-brush structures[76]. Li X et al.[150] 

concluded that a smoother topography of the polymer can be produced by ATRP compared to 

surface roughness of the polymer that prepared by conventional radical polymerisation.[151] The 

simplicity of ATRP means that special equipment such as glove boxes and Schlenk are not 

required, making the synthesis of polymer brushes more accessible to a broader diversity of 

scientists.[120]  

Disadvantages of ATRP 

ATRP is to some extend sensitive to oxygen, despite the fact that polymerisation can tolerate 

a small amount of oxygen, because the effect of a small amounts of oxygen can be eliminated 

by the presence of the catalyst at a higher concentration than the growing radicals.[130,138] 

However, the concentration of the catalyst can be reduced by the strong oxidation process, 

which leads to reduce the rate of polymerisation. In some cases, peroxides can be produced 

due to the presence of oxygen which can actually catalyse the reaction. For example, 
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methacrylate can be polymerised with high molecular weight products and relatively low 

polydispersity in the presence of Cu(I) or Cu(II) complexes and small amounts of oxygen.[130,152]   

 

1.4.3 Properties of polymer brushes 

Polymer brushes can be acidic (for example, poly methacrylic acid (PMAA) and poly(acrylic 

acid) (PAA)), basic (for example, PDMA, poly(2-diethylamino)ethyl methacrylate(PDEM) and 

poly(2-dipropylamino)ethyl methacrylate (PDPA))[153] and zwitterionic when the brush chains 

can carry both positive and negative charges together, in addition to being non-ionic and 

neutral.[131] However, charged polymer brushes stretch away from the surface due to the 

osmotic pressure caused by trapped counterions and repulsion, while the neutral polymer 

brushes swell due to internal excluded volume interactions[154]. 

Binary brushes, consisting of two different monomers, can be formed as co-polymers, by 

including two monomers in the reaction mixture to form random copolymers, or by carrying out 

sequential polymerisation steps, to produce block copolymer brushes. Patterned binary 

brushes, in which different in which different monomers are polymerised in spatially defined 

regions of a surface pattern, may also be produced at the micrometre and nanometre scale by 

using nanolithographic techniques to deposit initiators selectively.[155] 

Film thickness, molecular weight, chemical composition, dispersity and grafting density are 

the most significant features of the brushes.[156] 

Grafting density  

Grafting polymers by (ATRP) is a powerful way to modify surface properties via control of 

the surface grafting density, thickness and chemical structure. The grafting density of the 

polymer is usually modified by controlling the initiator density.[145] The grafting density (𝝈) can 

be calculated in chains / nm2 using the following equation:[156]  
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𝝈 =  𝒉𝝆 𝑵𝑨/ 𝑴𝒏                         

where, ℎ is the dry film thickness of the polymer brush, 𝝆 is the polymer density, 𝑵𝑨  is 

Avogadro’s constant, and 𝑴𝒏 is the number-average molecular weight of the surface-tethered 

polymers. The change in the grafting density can lead to various height of polymer brushes[157]. 

Thus, grafting density is directly affect polymer properties.[119] For example, nanotribological 

properties of poly (PCysMA) brushes were found to be dependent on the grafting density. 

Where with the reduced grafting density, there is noteworthy increase in surface shear stress 

as it reported by Omed et al.[157]  

Dry thickness and molecular weight 

In the case of flat substrates, the dry thickness of polymer layer depends on the total number 

of monomers and its mass balance, as shown in the following equation:[145]  

𝒉 =
𝑴𝒏𝝈

𝑵𝑨𝝆
 

where, 𝒉 is the dry thickness, 𝝈 is the grafting density, 𝑀𝑛 is the number-average molecular 

weight, and 𝑁𝐴 is the Avogadro’s constant, and 𝝆 is the density of the brush. Polymer brushes 

can be formed in either mushroom-like, pancake structures or extended chains depending on 

the grafting density.[156] At higher grafting densities, steric repulsion cause chains to stretch 

away from the surface, forming brushes. However, as the grafting density decreases, the 

chains become increasingly collapsed, eventually reaching the mushroom state, in which the 

thickness of the film is effectively determined by the radius of gyration of the polymer. At very 

low grafting densities, flattened “pancake” structure may be formed,[119] see Figure 1-22. Film 

thicknesses can be easily measured by ellipsometry, although it does not provide direct 

information about dispersity and molecular weight.[156] However, molecular weight of tethered 

chains is often measured by Gel Permeation Chromatography GPC analysis after cleavage of 

the chains.[156]  



 

57 
 

 

Figure 1-22: Schematic representation of different conformations of surface-tetheared 

polymer: (a) polymer brush or extend polymer. (b) mashroom-like polymer. (c) pancake-like 

polymer. 

 

Applications of polymer brushes 

Integrating chemical and physical properties such as stiffness, self-healing, hydrophobicity 

and stimulus response, is a common purpose in many applications of modern biomaterials. 

polymer brush is one of the common strategies for engineering such properties.[125] Polymer 

brushs offer simple, versatile and effective means to control interfacial interactions. For 

example, high levels of biocompatibility and lubricity have been reported for poly2-

methacryloyloxyethyl phosphoryl choline (PMAOEPC) brushes in aqueous media. Exceptional 

resistance to protein adsorption can be achieved using poly oligoethylene glycol methacrylate 

(POEGMA) brushes.[76] By comparison to other surface modification techniques, polymer 

brushes have been extensively and effectively employed to enhance the surface properties 

such as biocompatibility, wettability, antimicrobial effect and corrosion resistance.[158] Polymer 

brushes have been utilised to produce surfaces with tailored chemical and biological 

functionalities in order to impart the desired interfacial characteristics.[120] For example, 

(PCysMA) brushes were used as a suitable cushion for supported lipid bilayers (SLBs).[159,160] 
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Polymer brushes can be utilised for smart coatings and can interact with surrounding 

environment. Recently, polymer brushes become more attractive for sensors fabrication due 

to their high sensitivity, to pH, temperature or ionic strength and the sensor conditions can be 

determined by the nature of the polymer.[21,155] In general, they can be used as platform for 

fluorescent sensors.[159] Recently, complex systems have been formed by embedding gels 

surfactants, or nanoparticles into polymer brushes.[161] 

 

1.4.4 Poly(2-(dimethylamino)ethyl methacrylate)  

Tertiary amine methacrylate-based polymers such as poly(2-(dimethylamino)ethyl 

methacrylate) PDMA, (PDEA), and (PDPA) are the widely used basic polymers. In particular, 

PDMA is a widely used weakly basic polymer because of its responsiveness to both pH and 

temperature. Tertiary amine-base polymers synthesized by different polymerisation techniques 

are commercially readily available.[162] PDMA is a weak polyelectrolyte polymer that responds 

to pH and temperature by changing its conformation.[163,164] PDMA possess a partial charge 

with (pKa 7.5) in (pH 5.5) which leads to prevent the dehydration in the same way as for 

PNIPAM brush.[161] PDMA brushes tend to be stretched away from the surface below pH 3 due 

to the large osmotic driving force, the degree of the swelling of the chains is inversely 

proportional to the grafting density, where the more swollen brushes can be obtained with low 

grafting density.[153] PDMA as a weak homopolybase, it is water-soluble. However, solubility of 

PDMA depends on the pH value of the solution. Reduced solubility is observed at pH more 

than 9 and below 7. PDMA is a cationic polyelectrolyte around pH 8. At this pH, it displays 

lower critical solution temperature (LCST) behavior, and becomes desolvated at  temperatures 

between 32 and 50 °C.[153] The precise form of temperature responsiveness varies with the pH. 

The cloud point (the temperature below which a transparent solution undergoes either a liquid-

liquid phase separation to form an emulsion or a liquid-solid phase transition to form either a 
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stable solution or a suspension that settles a precipitate) decreases from 76 °C to 38 °C when 

the pH is increased from 7 to 10.[163]  

PDMA Quaternization 

PDMA brushes have been modified by quaternisation by reaction with alkyl bromides, such 

as, 1-bromohexane, 1-bromododecane, and 1-bromoethane. PDMA brushes were 

qauaternised by other halogenated reagents such as 1-iodooctadecane.[148,164] PDMA brushes 

formed on PVBC microspheres have been quaternised by 1-bromododecane or 1-

bromohexane. The quaternisation reaction leads to the formation of a cationic polymer that is 

coordinated I-counterions as represented[158] in Figure 1-23. Because of the high surface 

charge density, q-PDMA has been used as cationic antibacterial agent.[148] q-PDMA brushed 

were also employed as a supportive pH-responsive platform for facile formation of highly 

mobile supported lipid bilayers SLBs on solid surface. The response of (q-PDMA) toward 

changing solution pH was investigated in two different solvents. In n-hexane that is non-solvent 

for the brushes, (q-PDMA) brushes were found to be pH-responsive. On the contrary, q-PDMA 

were non pH-responsive in tetrahydrofuran (THF) which is a good solvent.[164] Marco et al. have 

investigated the kinetic parameters of the formation of q-PDMA, and found that the higher 

quaternization rate was achieved at increased temperature.[165] 

 

Figure 1-23: Quaternization of PDMA with alkyl halide.[165] 
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PDMA synthesis and applications 

PDMA brushes have been grown on a planar surface using ATRP. For example, Chen and 

co-workers have used ATRP to grow PDMA brushes.[164] Antimicrobial activity of these brushes 

was examined on E. coli and S. aureus.[166] There are different solvents that have been used 

to grow PDMA brushes via ATRP such as DMF and acetone and polymerised using 

HMTETA[148] and PMTETA[167] as examples of ATRP ligands. In addition, PDMA was prepared 

also via Reversible Addition-fragmentation Chain Transfer (RAFT) at 70°C. It was used as 

macroagent of RAFT for polymerisation of methacryloxypropyltrimethoxysilane (MPS) 

monomers.[168] PDMA can also be used as cationic condensing factor for gene transfection of 

DNA. As a result, PDMA-coated nanoparticles can be used for DNA delivery.[168] PDMA was 

grafted onto poly(vinyl chloride) (PVC) using ATRP initiated by allylic and tertiary chlorines. 

This copolymer was applied as positively charged nanofiltration membrane for dye separation. 

Compared to pure PVC membrane, PVC-g-PDMA membranes have higher hydrophilicity and 

permeability due to ability of PDMA to be protonated and partially quaternised.[136] In addition, 

PDMA can be used as a template for mineralization of some inorganic oxides, such as titanium 

dioxide, silica and calcium phosphate[71]. PAMA was polymerised in anisole with AMA, Cu(I) 

Br, and PMDETA under a vacuum after three freeze−thaw cycles and terminated by exposing 

the solution to air.[167] PDMA was used to functionalise AuNPs to stabilise Pickering emulsions 

which can be reversibly broken by altering the pH as an application in control release.[163] 

PDMA brushes applications can be extended by growing the chains using different types of 

substrates, such as silica, silicon, glass, polyethylene terephthalate (PET) and gold and others. 

Similarly, its application can be extended using different initiators such as BIBB-APTES[164] and 

BIBB-ATMS.[71] 
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1.5 Dye-polymer complexes 

Organic dyes have been the subject of extensive research in recent decades. Their primary 

advantages were extended from the colouration of bulk material in the 19th century to tailor-

made functional dyes today[169]. There are numerous applications available, ranging from 

organic dye sensitised solar cells to selective protein labelling, synthetic polymers and light 

harvesting. Moreover, an estimated 70 000 tonnes of organic dyes are produced annually 

worldwide in the fields of hair colouring, textiles, paper production, food technology, leather 

tanning, and agricultural research. Recently, dyes-functionalised polymer structures have 

stimulated a great deal of interest due to their fundamental applications in organic electronic 

devices, particularly, in organic light emitting diodes (OLEDs) and white polymer light emitting 

diodes (WPLEDs) as well as in sensor molecules in environmental and biochemical 

applications.[169] 

One way to introduce dyes into a polymer is to attach the dye to the pre-formed polymer, 

either through the side chain or the end chain binding, See Figure 1-24a. For example, oregon 

green 488 fluorophores were chemically attached onto the PMEP polymers grafted onto gold 

substrates. These structures were used to investigate the conformational changes of the 

polymer in water and KCl. In water, the brushes emit strong fluorescence in the extended 

conformation. The addition of KCl increases charge screening effects along the polymer chains, 

resulting in partial collapse, which was evidenced by strong quenching of the obtained 

fluorescence[170]. In another example, 4-(2-acryloyloxyethylamino)-7-nitro-2,1,3- 

benzoxadiazole (NBDAE) as donor and 1 -(2-methacryloxyethyl)-3 ,3 -dimethyl-6-nitro-

spiro(2H-1-benzo-pyran-2,2 -indoline) (SPMA) as acceptors were used to label thermos-

responsive poly(N-isopropylacrylamide) (PNIPAM) brushes grafted on to silica nanoparticles.  

Irradiation of this system by UV light leads to transfer SPMA from nonfluorescent form to 

fluorescent form, which can act as a sensitive radiometric fluorescent thermometer.[171] 

PNIPAM brushes were grown from protein filament and derivatised to introduce fluorescent 
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reports. This system was found to be responsive to change in temperature leading to a switch 

in the structure of the polymer between swollen and collapsed forms.[172] pH-responsive dye-

labelled polymer brushes were synthesised by co-polymerisation of fluorescein O-methacrylate 

with n-butyl acrylate via ATRP. This structure showed fluorescence properties under basic 

conditions, which were not shown in neutral or acidic conditions.[173] In a similar way, Nile blue 

dye labelled PMPC homopolymer and PMPC-co-PDPA were also used as pH sensors. In these 

sensors, the dye molecules were attached covalently to already polymerised monomers.[174] 

Fluorescent nanotags were synthesised by using a bottlebrush polymer from which extend 

hundreds DNA strands that can bind to hundreds of covalently attached or thousands of non-

covalently introduced fluorescent dye molecules through side chain attachment. This 

fluorescent nanotag can detect protein targets with a remarkably bright signal that is favourable 

compared to commercial antibodies labelled with organic dyes.[175] A common serious limitation 

in these structures is the aggregation of dye molecules.23−25. To solve this problem, Maciej 

et al. suggested that attaching the dye molecules at the chain-end of a polymer chain may 

result in lower aggregation instead of attaching the dye molecules in each repeating unit of the 

polymer chain. In their work, alkynylated fluorescein was used to functionalise micropatterned 

PMMA brushes grown by ARGET-ATRP through the end chain, which can be useful in light 

harvesting applications.[176] In 2022, plexcitonic complexes were designated by using 

chlorophyll molecules to functionalise PCysMA brushes. The brushes were used as a scaffold 

to support the pigment to achieve strong plasmon-exciton coupling. The density of the pigment 

molecules attached to the system plays an important role in controlling the strength of the 

coupling. In addition, these plexcitonic dye-polymer complexes show temperature- and pH-

responsive properties allowing to active the control of the plasmon-exciton strong coupling.[33] 

Alternative approach to the introduction of dye to the polymer is first to label the 

polymerisable monomers with dye molecules, and second to carry out polymerisation using 

the labelled monomers[177] as illustrated in Figure 1-24b. For example, azo dye-labelled acrylic 
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and methacrylic monomers were polymerised by ATRP. Chemical activities of azo-labelled 

methacrylate polymers are more than that of azo-labelled acrylate polymers.[177] 

Also, organic dyes can be used as initiator in ATRP as demonstrated in Figure 1-24c 

Rhodamine 6G derivative was used initiate ATRP in order to generate homopolymers from 2-

(methacryloyloxy)ethyl phosphorylcholine (MPC) monomers. In addition, Rhodamine 6G 

derivative was also used to form pH responsive PMPC-co-PDPA copolymers via sequential 

addition process.[178] 

 

Figure 1-24: Attachment of dye molecules to the polymer: (a) direct attachment. (b) 

polymerisation of dye molecules as a monomer. (c) the use of dye molecules as initiator. 
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1.6 Chlorophyll 

Chlorophyll is one of the most abundant pigments in plants.[179] It is a bioactive compound 

that has antimutagenic and antioxidant properties.[180] It was discovered in 1818 by Pelletier 

and Caventou. Since then, many studies have been conducted on how chlorophyll can be 

extracted and purified.[179] It plays an important role to provide fundamental physiological 

information of the self-feeding organisms[181]. It enables plants and some unicellular organisms 

such as microalgae to yield chemical energy from solar energy by photosynthesis.[180]  

1.6.1 Chlorophyll chemical structure 

The primary chlorophyll molecule consists of central metal cation that bound co-ordinately 

to chlorin ring (tetrapyrrole structure). An additional pentagonal ring is located at one corner of 

the tetrapyrrole structure, while a variety of side groups are bond to the carbon atoms on the 

outer side of the structure. The other significant component is hydrocarbon tail, phytol chain, 

which is attached to the structure by ester linker.[182] 

1.6.2 Chlorophyll a and chlorophyll b 

Chlorophyll can be found as one of two main structures that are chlorophyll a and chlorophyll 

b. chlorophyll a is a green/blue with absorbance in the range of 660-665 nm, while chlorophyll 

b is a greenish yellow with absorbance from 642-652 nm[180]. Chla and Chlb exist naturally in 

the ratio of 3:1. The methyl group at the position C3 is a characteristic in chlorophyll a, while in 

chl b a formyl group is found in this position, see Figure 1-25a. In terms of thermal stability, it 

was found that Chlb is more stable than Chla.[183] 

The most vital feature of Chla is its π – electron structure. In each Chla molecule, there are 

20 π – electrons from 10 double bonds and 4 from H-substituted or metal-substituted nitrogen 

atoms. π – electron structure in chlorophyll play an important role in the spectroscopic 

properties of Chla. Absorption of light promotes the transition of π – electrons from highest 
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occupied molecular orbitals (HOMO) to the lowest unoccupied molecular orbitals (LUMO) 

crating π-π* transitions (excited state).[182,184] 

Due to the unsymmetrical aromatic structure of Chla, there are two different types of π – 

electrons transitions. The first is the transition from HOMO-1 and HOMO to LUMO+1, which 

generates strong absorption bands known as Soret bands. The second is the transition from 

HOMO-1 and HOMO to LUMO, which gives rise to a series of week absorption bands known 

as Qx and Qy,[184,185] see Figure 1-25b. 

 

Figure 1-25: (a) Typical chlorophyll structure; chlorophyll a (left) and chlorophyll b (right). (b) 

Representation of the optical transition of chlorins in chlorophyll. 
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In photosynthetic light-harvesting antenna complexes, light is captured by pigment 

molecules, including chlorophylls. the energy is funnelled into reaction centres where charge 

separation occurs to drive the photosynthetic pathway. Chlorophyll excited states in light 

harvesting complexes are ~ 4 ns in vivo, and slightly longer (6 ns) ex vivo. 

Recently, Chlorophyll has been widely used as food colours and phototherapeutic drugs, in 

addition to its important role as quantitative references in physiological studies.[179] Chlorophylls 

were applied in organic electronic devices such as organic photovoltaics (OPVs) or organic 

light-emitting diodes (OLEDs). However, in these applications, Chlorophylls have a significant 

limitation due to high and fast photodegradation. This is because chlorophyll is the best natural 

photoreceptor.[85] 

1.6.3 Chlorophyll extraction and purification 

A variety of methods have been reported for extracting chla from its source such as 

Supercritical Fluid Extraction (SFE)[186] and Organic Solvent Extraction (OSE).[187] An effective 

method for extracting chlorophyll must produce fully separated chlorophyll in solution without 

a significant change in its composition.[179] Production of highly purified chlorophyll in large 

quantities remains a major challenge. Aliphatic and aromatic hydrocarbons are highly 

ineffective in extracting chlorophyll.[179] However, OSE is the most common method, where the 

organic solvent is used to dissolve lipids and lipoproteins.[180,188] In general, it is difficult to state 

that there is a good organic solvent which can extract chlorophyll from all plants species. The 

choice of solvent varies for different species of plant.[181] Methanol, ethanol, acetone and 

dimethylformamide (DMF) are examples of organic solvents that have been used in OSE. 

Although it was found that methanol, ethanol and DMF are more efficient than acetone in 

extracting high amount of pigments, acetone was preferable because it strongly inhibits the 

formation of chlorophyll a degradation products.[180] Thus, acetone and then methanol are the 

most widely employed solvents for this purpose.[179] Iriyama et al. have extracted chlorophyll 

using a mixture of dioxane/ water based on formation of dioxane-chlorophyll complexes that 
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can be selectively precipitate leaving other forms of pigments in the solution.[189] Pure 

chlorophyll was extracted successfully using acetone and precipitated by dioxane-water 

mixture.  It was qualitatively and quantitatively separated from high plants as well as bacteria 

and microalgae by thin-layer chromatography (TLC).[179] During separation of chlorophyll a, a 

number of chemical transformations are possible, leading to poor yields.[190,191] It was found 

that extracted chl is not affected by the storage of plant tissue up to 3 days at three different 

temperatures with or without solvent.[192] Chlorophyll can be purified using simple column 

chromatography[193]. However, this technique requires a good level of technical skill, in addition 

to consumption of time and solvents.[179]  Size exclusion chromatography and ion-exchange 

chromatography techniques have been combined in order to be used in chlorophyll purification 

process.[179,194,195] 

1.6.4 Chlorophyll a and its derivatives 

Although chlorophyll is highly stable in nature, when it is isolated from its natural source, it 

may be degraded by light, acids, heat, oxygen and enzymes. This degradation process can 

result in formation of derivatives such as chlorophyllide, pheophorbide and pheophytin.[196] 

Chlorophyll has been widely analysed by inexpensive, quick and accurate spectroscopic 

methods. However, the conventional methods have some limitations in measuring a mixture of 

different pigments as a result of interfering in the absorption spectra from the various 

components of the mixture. Ideally, the components should be separated before the analysis. 

When HPLC is used to separate the components of the mixture, chlorophyll molecules can be 

easily cleaved into chlorophyllide and phytol chain. However, because of the similarity of 

absorption spectra of chlorophyll and chlorophyllide, chlorophyllide cannot be easily separated 

and leads to inaccurate analysis. Thus, chlorophyll must be extracted by a method that 

produces a minimal amount of conversion of chlorophyll to chlorophyllide.[181] The formation of 

chlorophyllide from chlorophyll is induced by either the extraction solvent or chlorophyllase, a 

hydrolase enzyme. Chlorophyll a can also be converted into pheophytin a derivative using MCS 
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or weak acid for de-metalation the molecules to remove the central magnesium. Hydrolysis of 

pheophytin leads to the cleavage of the phytol chain to form pheophorbide a.[181] Figure 1-26 

summarise the most common conversions of Chla to its derivatives. 

 

Figure 1-26: Representation of the most common conversion of chlorophyll a to its common 

derivatives Chlorophyllide a, pheophytin a, Pheophorbide a, and ZnChla derivative. 
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1.6.5 Central metal replacement 

Because of the high reactivity of chlorophyll it could be easily effected by exposure to light, 

high temperature, oxygen and basic or acidic conditions.[180] It was found that the metalo-

chloropyll derivatives are more stable than the natural chlorophyll itself. Zinc (Zn) and cupper 

(Cu) Ions were used to replace magnesium (Mg) ions in the central chlorophyll ring to resolve 

this problem. However, Zn chlorophyll derivatives are widely used, despite the simplicity of 

formation of Cu complexes, because of the toxicity of copper ions.[196] Zn-chlorophyll a 

derivative (ZnChla) is a stable form of chlorophyll a, which exhibits excellent resistance to 

degradation. Moreover, ZnChla a can effectively absorbs red light at nearly 670 nm, in contrast 

to other chlorophyll derivatives. As a result, the properties of ZnChla are potentially useful in 

the construction of synthetic of light response materials.[197] For example, it was found that 

ZnChla can be used as photosensitizer to produce biohydrogen from sucrose. [198] However, 

Mg-Chla was reported to be absorbed light at approximately 660 nm.[198] 
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1.7 Nile Red 

The demand for synthetic dyes for artificial fabric colouration was one of the early drivers of 

the modern chemical industry. Since then, small-molecule dyes have been used in a variety of 

cutting-edge technologies and industrial applications. For example, solar cells, metal sensing 

and organic light emitting diodes (OLEDs), which are now being developed to meet current 

needs.[199] Many common chromophores are employed in medicine, academia, and business, 

such as coumarin and rhodamine-based dyes. Every dye has advantages and disadvantages 

in terms of optical characteristics, solubility, photo/chemical stability, and synthetic access to 

analogues. Benzophenoxazine dyes are well-known in the literature for their bright colours and 

lipophilicity. Nile Red and Nile blue are two fluorescent compounds that belong to the 

benzophenoxazine family,[199,200] see Figure 1- 27. 

 

Figure 1-27: Chemical structure of Nile Red and Nile blue. 

 

Nile Red is neutral dye containing carbonyl group and is poorly soluble in water. It is 

extremely fluorescent with a high quantum yield in a polar solvent but does not show any 

fluorescence in water. Its chromophore is extremely vulnerable to changes in medium polarity 

and dielectric constant. Nile blue is a cationic dye with iminium moiety and thus has more 

solubility in water compared to Nile Red resulting in its sensitivity to pH changes. Nile Red 

exhibits absorption maxima at 550 nm in methanol while Nile blue exhibits absorption maxima 

at 630 nm. This large difference is attributed to strength of the donor–acceptor systems of the 
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two dyes, i.e. because of Nile blue is cationic, it has much stronger acceptor (cation) than Nile 

Red, which has amine (donor) and carbonyl group (acceptor), uncharged group. The first 

synthesis of Nile Red and Nile blue was reported in 1896 by Möhlau and Uhlmann. Notably, 

Nile Red can be derivatised from Nile blue by harsh boiling in H2SO4. However, this method is 

no longer used. Alternatively, nitrosylated precursor is used to generate Nile Red.[199] 
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2 CHAPTER 2: AIMS AND OBJECTIVES: 

Gold NPs exhibit strong plasmon absorption in the visible range and they have consequently 

attracted an interest in applications in analytical science. Recently, there has been interest in 

a new phenomenon, strong plasmon-exciton coupling. It has been shown that such strong 

coupling can occur in biological system, in particular when bacterial light harvesting proteins 

are coupled to arrays of plasmonic gold nanostructure. The coupling here is a quantum optical 

phenomenon in which a plasmon mode couples collectively to an ensemble of excitons, to form 

macroscopically extended excited state. Such mechanism could be useful in solving the 

problem that exciton diffusion lengths are small in molecular materials. Proteins are 

inappropriate for this due to their instability and high cost (including suitable storage, 

transportations and raw materials for synthesis). The goal of this project is to fabricate 

biologically inspired, biomimetic structures that can be used to achieve similar strong coupling 

without the use of proteins. In particular, polymer brushes will be used as scaffolds upon which 

to support and organise excitons attachment, rather than polypeptides. To achieve this aim, 

PDMA will be grown via atom transfer radical polymerisation ATRP from brominated solid 

substrates under simple, cheap and environmentally friendly conditions. Chla will be extracted 

from spinach leaves and will be converted into more stable form by replacing Mg ions by Zn 

ions. Then, Chla will be used to functionalise PDMA brushes through coordination bonds 

between the tertiary amine groups of PDMA brushes and the central Zn ions of Zn derivative 

of the chlorophyll molecules. This ZnChla-PDMA antenna complexes will be constructed onto 

plasmonic arrays of gold nanostructures to explore the possibility of achieving strong plasmon-

exciton coupling instead of using PCysMA brushes that need several chemical processes to 

create a suitable chemical linker for the attachment of Chla. PDMA brushes possess stimulus 

responsive properties that could be exploited to facilitate active control of the coupling by 

changing pH of the coupling media.  
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In addition, polymer brush will be used to regulate the packing of gold nanoparticles, instead 

of growing PDMA from gold nanostructure. So, novel solution processing routes to the 

formation of quantum-optical films based on these structures will be explored. To achieve this 

aim, PDMA will be grown from brominated solid substrates. Colloidal AuNPs will be 

synthesised in one step via chemical reduction method and will be imbedded into PDMA 

brushes. This will be followed by functionalisation of the structure with chlorophyll a.  

A similar solution processing route will be used to synthesis plasmonic structure based on the 

packing of AlNPs into PDMA brushes. AlNPs will be synthesised via decomposition of alane 

complex with titanium isopropoxide. Then, AlNPs will be imbedded into PDMA brushes. LSPR 

will be controlled via sono-solvo chemistry. The possibility of obtaining plasmon-exciton 

coupling by the attachment of ZnChla to PDMA-AlNPs structure was investigated. 

UV-Vis spectrophotometer (UV-VIS) will be used to record the change in the optical properties. 

The thickness of the structure will be measured by Spectroscopic Ellipsometry (SE). Atomic 

Force Microscopy (AFM) will be used to study the morphologies of the surfaces, X-ray 

Photoelectron Spectroscopy (XPS) will be used to study the change in the chemical 

composition of the samples. Contact Angle goniometer (CA) will be used to monitor the surface 

energy changes. 
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3 CHAPTER 3: EXPERIMENTAL 

3.1 Materials 

Glass substrates (cover slips glass slides, Menzel-Glazer/ 22*60# 1.5), tetrahydrofuran 

(99.7%, HPLC grade), petroleum ether 40-60 °C, hydrochloric acid (35%), sodium hydroxide 

and silica gel powder were provided by VWR. Quartz coverslips, fused, (25.4*25.4*0.25 mm), 

1, 10-diiodooctane 98% and cupper I bromide (≥ 98%) were supplied by Alfa Aesar. 

Chloroauric acid (gold(iii) chloride hydrate, 99.9% trace metals basis) HAuCl4, trisodium citrate 

(sodium citrate tribasic dihydrate, 99%), 3–aminopropyltriethoxysilane (≥ 99%), 2-

bromoisobutyryl bromide (98%), triethylamine (≥ 99%), dichloromethane (99.9%, HPLC grade), 

2-(dimethylamino)vethylmethacrylate (98%), 1,1,4,7,10,10-hexamethyltriethylenetetramine 

(97%), 1-iodooctadecane (95%), glacial acetic acid (99%), n-hexane (97%, HPLCgrade), 

diethyl ether(99.8%), zinc acetate dehydrate, titanium isopropoxide (97%), alane  N,N-

dimethylethylamine complex, 0.5 M in toluene, 1,2-epoxyhexane (97%), silver nitrate, sodium 

borohydride powder(≥ 98.0%) and bis[2-(2bromoisobutyryloxy)undecyl]disulfide (DTBU) were 

purchased from Sigma Aldrich. Ethanol, absolute (99.8%, HPLC grade), acetone (99.8%, 

HPLC grade), methanol (99.8%, HPLC 

grade), toluene (99.8%, HPLC grade), isopropan-2-ol (99.5 % HPLC grade), hydrogen 

peroxide (30% w/v), sulfuric acid (95%), dimethylformamide (99%), magnesium sulphate 

anhydrous, sodium hydrogen carbonate, sand low iron and sodium chloride were supplied by 

Fisher Scientific. Silicon wafers 6" (150 mm) was purchased from Pi-KEM.co.uk. Spinach 

leaves were obtained from a local supermarket. Fresh water was deionised by Elga PURELAB 

Nano-pore system operates with a resistivity of 15 MΩ cm. Copper mesh electron microscope 

grids (1000-2000 mesh Cu) were used for micropatterning purpose and obtained from Agar 

Scientific (Cambridge). Dry toluene and dry diethyl ether were obtained from an onsite Grubbs 

dry solvent system. All these materials were used as received without any further purification. 

Copper bromide was stored under vacuum. DMA was stored at 4 °C after removal of the 

inhibitor. Chloroauric acid was stored between 3-8 °C in the dark. 
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3.2 Cleaning of glassware and substrates 

Piranha solution (30:70 H2O2:H2SO4) was used to clean substrates and glassware. All 

substrates and glassware were placed in a large beaker on a metal plate inside a fume 

cupboard. 30% hydrogen peroxide was added, followed by the addition of a 95% sulfuric acid 

to cover the glassware. After 2 h, the piranha solution was removed into a water bath at high 

dilution. The glassware was rinsed with copious amount of deionised water and the acidity was 

tested using pH litmus paper to confirm the removal of the acid. The glassware was placed in 

an oven overnight to dry. After drying, the substrates and glassware were wrapped with 

aluminium foil until use.  Note: Piranha solution is a dangerous solution and extremely strong 

oxidising agent that may react with organic substances violently. Therefore, it is necessary to 

use special gloves, face shield, and goggles for Piranha cleaning procedures along with the 

rest of the necessary precautions for the lab. Laboratory tools such as tweezers and suba-

seals were washed with acetone and deionised water, then immersed in isopropanol under 

sonication for 30 min. This was followed by washing with deionised water and drying under a 

stream of nitrogen gas. 

3.3 Sample handling 

Piranha-cleaned substrates were cut into about 5x10mm pieces using diamond scriber, 

metallic ruler and glass stage, which have been cleaned previously with ethanol. The slides 

were cut asymmetrically assist in identifying which slide was being modified or analysed, see 

Figure 3-1.   

 

Figure 3-1: illustration of sample handling. 
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Dust created while cutting slides was removed by a stream of nitrogen gas. The slides were 

only handled with care using tweezers that had been previously cleaned with ethanol. The 

same protocol was used for handling silicon wafers and quartz chips. 

3.4 Synthesis 

Formation of self-assembled BIBB-APTES layer onto solid substrate 

 Amine-functionalised substrates were prepared by immersion of piranha-cleaned glass 

slides in a freshly prepared solution of 2.0% v/v APTES in ethanol, which had been aged for 5 

min. The immersion time was 30 min. The modified glass substrates were then washed 

thoroughly with ethanol and dried under a nitrogen stream. This was followed by annealing the 

samples inside a vacuum oven at 120°C for 30 min. APTES-functionalised substrates were 

then derivatised in a solution of BIBB (0.37 mL, 3 mmol) dissolved in a mixture of TEA (0.41 

mL, 3 mmol) and 60 mL dichloromethane. The resulting BIBB-APTES initiated glass substrates 

were rinsed with ethanol, dried under a nitrogen stream and stored in a fridge until used. BIBB-

APTES samples were characterised by XPS, AFM and CA. 

3.4.1 Growth of PDMA via ATRP 

In a 100 mL round bottom flask, 50 mL of DMF was used to dissolve 50.48 mL of DMA (47.1 

g, 30 mmol) at 90°C under stirring. The mixture was deoxygenated via three cycles of 

vacuum/nitrogen for around 20 min. HMTETA (0.30 mL, 0.15 mmol) was added to the mixture 

with further deoxygenation for approximately 10min. This was followed by the addition of 

Cu(I)Br (0.14 g, 0.10 mmol), which leads to a change in the colour of the solution from 

colourless to light brown within several seconds. The mixture was deoxygenated for further 10 

min. Then BIBB-APTES functionalised samples were placed in Schlenk tubes under nitrogen. 

4 mL of DMA/ catalyst solution was added to each sample under nitrogen at 90°C. The growth 

of PDMA was allowed to proceed for different polymerisation times ranging from 1 min to 2 h. 

Finally, the polymerisation was terminated by removing the slide from the mixture, and removal 
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of the residual of monomer and catalyst by rinsing with isopropanol and ethanol, followed by 

drying with nitrogen. The structure of PDMA brushes was analysed by XPS and the thicknesses 

of the polymerised brushes were measured by SE. 

3.4.2 Growth of PDMA brushes via ATRP from gold nanostructure  

PDMA brushes were grown from Au-coated glass slides following the procedure described 

above. However, for gold surfaces, DTBU was used to form the adsorbed layer of initiator 

rather than forming BIBB-APTES film as was used for polymerisation from glass substrates. 

3.4.3 Synthesis of quaternised PDMA 

A fresh 200 𝜇M solution of 1-iodooctadecane was prepared in tetrahydrofuran. The 

previously prepared PDMA-coated slides were immersed in the 1-iodooctadecane solution for 

18 h at room temperature. After that, the quaternised PDMA brushes were removed from the 

1-iodooctadecane solution, followed by rinsing with ethanol and sonication for 10 min in THF 

and dried under nitrogen gas. The same procedure was repeated using different 

concentrations of 1-iodooctadecane to find out the optimal conditions for maximum 

quaternisation.  

3.4.4 Extraction of chlorophyll a from spinach leaves 

The twigs and middle veins of the spinach leaves were removed from the spinach leaves, 

and the leaves were washed with deionised water and dried with paper towel. This was 

followed by vigorous blending of the leaves in acetone (300 mL) for 10 min. The mixture was 

allowed to settle. After appearance of the dark green pigment at the top of the solid sediment, 

the pigment was separated and washed with acetone several times, and the solvent was 

removed by rotary evaporator. For further extraction of chlorophyll a from the organic and oily 

impurities, the pigment was dissolved in petroleum ether 40-60°C (150 mL), then a mixture of 

60% methanol in water was used to wash the product three times. A solid portion MgSO4 was 

added to the product for drying, and the mixture was filtered to remove MgSO4 and the aqueous 
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layer. Petroleum ether was evaporated by rotary evaporator to give chlorophyll a (dark green 

pigment). 

3.4.4.1 Conversion of chlorophyll into pheophytin a 

Chlorophyll a was converted into pheophytin a by dissolving the dark green pigment in 25 

mL acetic acid under stirring for 3 h. Then, 5 mL of concentrated solution of sodium hydrogen 

carbonate was added to neutralise the pH to 7. DCM was used to separate the product from 

the mixture. The organic layer was washed with deionised water and dried with solid MgSO4 

which was removed by filtration. DCM was evaporated by rotary evaporator to give pheophytin 

a (dark blue pigment). pheophytin a was purified by column chromatography using a mixture 

of hexane, diethyl ether and acetone in the ratio 6:3:1 as mobile solvent. The formation of 

pheophytin was analysed by MS. 

3.4.4.2 Conversion of pheophytin a into Zn-chlorophyll a (ZnChla) 

The dark blue pigment was dissolved in DCM (50 mL), and the resulting solution was mixed 

with solution of zinc acetate dehydrate (0.25g) in 4 mL methanol. The mixture was refluxed 

under argon at 35°C for 1 h. The product was extracted using 20 mL diethyl ether and washed 

with diethyl ether three times and with water three times before being dried with solid MgSO4. 

MgSO4 was removed by filtration, and the solvent then was removed under reduced pressure. 

The resulting ZnChla was purified by column chromatography using a mixture of hexane, 

diethyl ether and acetone in the ratio 6:3:1 as mobile solvent. The formed ZnChla was analysed 

by MS, NMR and UV-Vis spectroscopy. 

3.4.5 Synthesis of polycrystalline gold film 

Piranha cleaned glass slides were coated with a 2-5 chromium followed by 20 nm gold in an 

Edwards Auto 306 bell jar vacuum coater system with a base pressure of 8 x10-7 mbar. 

Evaporation rates of ca. 0. nm s-1 and ca. 0.4 nm s-1 were used for Cr and Au, respectively. 

The samples were allowed to cool for 30 min and rinsed with ethanol prior to use. The 
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substrates were immersed in a 1 mmol solution of octadecanethiol in degassed ethanol 

overnight and rinsed with ethanol and dried with nitrogen before use.[23] 

3.4.6 Synthesis of AuNPs 

In an Erlenmeyer flask, 500 mL of HAuCl4 (0.17, 1 mmol dm-3) was boiled under reflux. The 

solution was stirred vigorously using magnetic stirrer-hot plate. Then, 50 mL of trisodium citrate 

(0.59g, 38.8 mmol dm-3) was added in a single addition under vigorously stirring. The yellow 

solution was turn first dark blue and finally deep red colour within a few minutes, indicating the 

formation of AuNPs. The reactants were continuously stirred under boiling temperature for 15 

minutes. Then, the mixture was allowed to cool. Finally, the volume was adjusted to 500 mL 

using fresh deionised water. The solution of AuNPs was stored in the dark between 3-8 °C. 

3.4.7 AlNPs synthesis 

3.4.7.1 Chemical decomposition 

Using a Schlenk system, 13 mL of alane  N,N-dimethylethylamine complex (0.0065 mol) in 

toluene was transferred into a double necked round bottom flask using a Luer lock syringe 

under nitrogen. This was followed by addition of 25 mL of dry ethyl ether DEE under vigorous 

stirring. 16 µL of titanium isopropoxide was dissolved in 1.6 mL of toluene and added to the 

alane/ DEE mixture in the flask. The addition of titanium isopropoxide leads to a change the 

colour of the mixture to a dark brown, promptly, indicating the formation of AlNPs. After that, 

0.15 mL of 1,2-epoxyhexane was added to the prepared AlNPs immediately as a capping agent. 

The particles and the capping agent were allowed to mix properly for 30 min under stirring. The 

solvents were removed under vacuum.[201]  

3.4.7.2 Sono-Solvo chemistry 

1 g of Al foil was cut into small pieces and sonicated in a mixture of 60 mL ethanol and 30 

mL of ethylene glycol using an ultrasonic bath at 50 °C for 6 h. During this process the colour 

changed to dark grey gradually. The large parts were allowed to precipitate overnight. The 



 

80 
 

supernatant was collected into round bottom flask that was connected to Schlenk system. After 

the removal of ethanol under vacuum at 110 °C, 10 mL of ethylene glycol was added to the 

mixture. The reaction was allowed to proceed under 197 °C for 14 days. During this period, the 

solution colour turned to yellow indicating the formation of AlNPs. In order to purify the product, 

0.5 mL ethanol was added to 0.5 mL of the reaction mixture and centrifuged to remove the 

large particles. The top part of the supernatant was collected to obtain AlNPs in ethanol.[202] 

3.4.8 Synthesis of 2-(10-iododecyl) Nile Red 

Nile Red (100 mg, 0.3 mmol), K2CO3 (250 mg, 1.81 mmol) and 1,2-diiodooctane (1.18 g, 

3.22 mmol) were dissolved in 2 mL DMF. The reaction mixture was stirred at 60 C for 2 h under 

nitrogen. The product was then extracted with ethyl acetate (30 mL) and washed 3 times with 

water (3*20 mL) and brine (30 mL) and dried to afford dark red solid product. The produced 

iodinated Nile Red was purified by column chromatography using a mixture of 1:2 ethyl acetate 

and petroleum ether to yield 60 mg iododecyl Nile Red. 

 

3.5 Deposition methods of the materials on solid substrates 

3.5.1 Self-assembled monolayers (SAMs) 

SAMs are self-organised and well-ordered molecular assemblies that can be produced by 

spontaneous adsorption of an active surfactant on a variety of solid substrates.[124]  SAM 

formation results in a structure that is at or near thermodynamic equilibrium, which promotes 

self-healing and defect rejection, as well as a densely packed and well-ordered stable surface 

configuration.[203] The general structure of SAMs consists of three main parts: head-group, 

backbone and end-group, see Figure 3-2. The head-group has strong, specific interaction with 

substrate. The backbone is made up of aliphatic chains or aromatic oligomers that control 

molecular self-assemblies. The end-group or the terminal group determines the functionality of 

the SAM as well as the topography and surface energy of the modified surface.[124]  
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Figure 3-2: Schematic illustration of the formation of SAMs. 

Many self-assembly systems have been examined. SAMs of alkyl thiolates on gold are the 

most researched to date. Silanes on hydroxylated surfaces are significant systems for many 

technological applications, forming not only on glass or silica, but also on the native oxide of 

many materials.[203] The synthesis of polysiloxane in situ, which is coupled to the surface silanol 

groups (–SiOH) via Si–O– Si interactions, is the driving force behind the formation of a SAM 

monolayer using alkylalkoxysilanes, alkylchlorosilanes and alkylaminosilanes.[203] 

Functionalised long hydrocarbons chains are the most used as SAMs building block, although 

these two-dimensional systems are not limited to long chains materials.[124] SAMs can be 

formed mostly on metals, such as Au, Ag, and Cu, using thiol chemistry, or alkyl siloxanes on 

hydroxyl-terminated substrates, such as glass surfaces, Si/SiO2 and Al/Al2O3 using siloxy 

linkages.[203]  SAMs have been successfully utilised to modify a number of hydroxylated 

substrates. For example, glass, quartz, silicon oxide, aluminium oxide, zinc selenide, mica and 

germanium oxide.[203] Recently, functional SAM systems have gained great attention as 

significant interfacial systems for sensing and other analytical applications.[203]  

In the case of particles deposition, a colloidal solution is used to immerse the substrate for 

a specified time, after that the substrate is removed from the solution and dried. The deposited 

particles are bound strongly to the substrate and do not aggregate upon drying. Thus, Stable 
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colloids allow for a uniform deposition with almost little or no aggregation, although surface 

preparation requires high level of experience. 

3.5.2 Dip coating 

Dip coating is a procedure in which the substrate to be coated is submerged in a liquid and 

then extracted at a predetermined temperature and air pressure, see Figure 3-3. The coating 

thickness is primarily determined by the liquid's viscosity, solid content, and withdrawal speed. 

A new angle-dependent dip coating method has recently been developed. For optical coatings, 

layer thickness control is critical. The angle between the substrate and the liquid surface 

determines the coating thickness. The dipping angle can be used to measure layer thickness, 

and different layer thicknesses can be achieved on both the top and bottom sides of the 

substrate.[204] 

 

Figure 3-3: Schematic illustration of dip coating process. 

 

3.5.3 Spin Coating 

The acceleration of a liquid droplets on a spinning substrate is known as spin coating. A 

droplet of the coating material is manually or robotically placed in the centre of the 

substrate. Then the droplet is spread over the top of the wafer by spinning at around 500 rpm 

for the first few seconds, then at higher speed, see Figure 3-4. The mechanics of spin coating 
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requires a delicate balance of centrifugal forces regulated by spin speed and viscous forces 

defined by solvent viscosity. Also, there are some variable parameters that can be involved in 

spin coating such as, solid content, solution viscosity, angular speed and spin speed and 

time.[205] 

 

Figure 3-4: Schematic illustration of spin coating. 

 

3.5.4 Drop- casting, simple deposition 

Depending on the desired density of the material to be deposited, a drop of the solution 

was placed on the substrate and left to dry by naturally, often between a few minutes to 

hours, or using nitrogen stream. After this treatment, the sample can be used immediately, 

see Figure 3-5. In this process, unmodified substrates can be utilised, and basic cleaning 

process are often enough. Compared to self-assembly that typically last for few hours to 

days, this technique allows faster preparation with less effort.[206] 

 

Figure 3-5: Schematic illustration of simple deposition. 
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Lee et al. introduced a fascinating deposition process to enhance the drop-casting 

method. After heating the substrate to 150°C, a drop of the solution was dropped onto 

preheated substrate leading to fast evaporation of the liquid content leaving a uniform 

dispersion of nanospheres and rods, see Figure 3-6. The boil deposition method produces 

superior outcomes with low aggregates and less dependence on solvent viscosity.[207] 

 

Figure 3-6: Schematic illustration of boil deposition. 

 

3.6 Surface modification 

3.6.1 Photolithography of BIBB-APTES films 

A frequency-doubled argon ion laser beam (Coherent Innova) FreD300C was used to 

expose the samples at wavelength of 244 nm. A beam expander was used to expand the 

exposed area to 0.8 cm2. BIBB-APTES films were exposed to a series of exposure doses 

ranging from 0.1 to 6 J/cm2. Cu electron microscope grid obtained from Agar, Cambridge, UK 

were used to achieve micropattern scale.[76] 

 

3.6.2 IL fabrication of AuNPs nanostructure  

A Coherent Innova 300C FreD frequency-doubled argon ion laser was employed as the light 

source for photolithography, emitting UV light at 244 nm. To create a coherent beam, a spatial 

filter with an aperture of 5 µm was employed to focus the laser beam through a lens and the 

edge of the coherent beam was cut using a mask with an appropriate aperture. Modified ODT 
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SAMs on gold films were etched by immersion the samples in a solution of (0.2 mol dm-3) 2-

mercaptoethylamine hydrochloride in 8% v/v of 35% of ammonia solution in ethanol. After that, 

the samples were rinsed with ethanol and dried with nitrogen. Annealing of gold layer was 

carried out using a muffle furnace (Carbolite) in air at 450-560°C for different period of times 

(50-120 min). The heating rate was ca. 7 °C min-1. The annealed samples were allowed to cool 

at room temperature. Cold piranha solution was used to clean the sample allowing them to be 

reused several times.  

 

3.6.3 Drop-casting of Chla and J-aggregates onto PDMA grafted Au arrays 

Au-coated glass slides were placed on a previously cleaned glass stage facing upwards. 70 

𝜇L of 250 𝜇M Chla solution was spread onto the surface of the sample. The droplet of the 

solution was allowed to dry naturally. After that, the sample was blown dry with nitrogen. This 

procedure was used to deposit J-aggregates on Au-coated glass slides. 

 

3.6.4 Functionalisation of polycrystalline gold film or Au nanoarrays with DTBU 

Cr/Au-coated coverslip glass slides were immersed in a 2 mM solution of (DTBU) in nitrogen-

degassed ethanol. The reaction was allowed to proceed in a fridge at temperature of 4 °C for 

24 h to form a bromine-terminated initiator monolayer. The slides were then removed from the 

solution and rinsed with ethanol and blown dry with nitrogen stream. This procedure was 

followed to functionalise Au nanoarrays samples with DTBU. 

 

3.6.5 Immobilization of AuNPs onto APTES-functionalised solid substrate 

APTES-functionalised glass slides were immersed in suspensions of AuNP with three 

different concentrations (saturated, diluted 1-1 and diluted 1-10) of AuNPs for the desired 
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immobilization time in the dark at room temperature. Then the samples were rinsed with 

deionised water, dried by a nitrogen stream, and characterised via UV-vis spectroscopy and 

AFM. 

 

3.6.6 Attachment of ZnChla to PDMA brushes and q-PDMA 

Concentrations of ZnChla ranging from 0-500 𝜇M were used to functionalise PDMA brushes. 

This was performed by immersion of PDMA samples in the solutions of ZnChla in the dark at 

room temperature overnight. Then the samples were rinsed with deionised water and dried by 

nitrogen stream. ZnChla-functionalised PDMA were characterised by UV-Vis spectroscopy, 

AFM, SE and XPS. 

 

3.6.7 Incorporation of AuNPs into brush films 

PDMA-coated glass substrates prepared as described previously were immersed in a 

suspension of AuNPs for the desired immobilization time using 1.5 mL Eppendorf tubes. The 

reaction was allowed to proceed in the dark at room temperature to form glass-BIBB-APTES-

PDMA-AuNPs layers. Then the samples were rinsed with deionised water and dried by 

nitrogen stream. AuNPs-functionalised PDMA brushes were analysed by UV-Vis spectroscopy, 

AFM and SE. 

 

3.6.8 Incorporation of AlNPs into brush films 

PDMA-coated glass substrates prepared as described previously were immersed in AlNP 

suspension for the desired time in 1.5 mL Eppendorf tubes. The reaction was allowed to 

proceed in the dark at room temperature to form glass-BIBB-APTES-PDMA-AlNPs layers. 
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Then the samples were rinsed with diethyl ether and dried by nitrogen stream. AlNPs-

functionalised PDMA brushes were analysed by UV-Vis spectroscopy, AFM and XPS. 

 

3.6.9 Attachment of ZnChla to AuNPs-functionalised PDMA system 

ZnChla was attached to AuNPs-functionalised PDMA brushes by immersion of the samples 

(glass-BIBB-APTES-PDMA-AuNPs) in a solution of ZnChla for the desired immobilization time 

in the dark at room temperature to form glass-BIBB-APTES-PDMA-AuNPs-ZnChla structures. 

Then the samples were rinsed with deionised water and dried under a stream of nitrogen. 

ZnChla-functionalised systems were characterised by UV-Vis spectroscopy, AFM, SE and XPS. 

 

3.6.10 Attachment of ZnChla to AlNPs-functionalised PDMA system 

ZnChla was attached to AlNPs-functionalised PDMA brushes by immersion of the samples 

(glass-BIBB-APTES-PDMA-AlNPs) in a solution of ZnChla for 24 h in the dark at room 

temperature to form glass-BIBB-APTES-PDMA-AlNPs-ZnChla structures. Then the samples 

were rinsed with diethyl ether and dried by nitrogen stream. ZnChla-functionalised systems 

were characterised by UV-Vis spectroscopy. 

 

3.6.11 Attachment of INR to PDMA brushes  

Different concentrations of INR ranging from 0.25 mM - 8 mM were used to functionalise 

PDMA brushes. The derivatisation reaction was conducted by immersion of PDMA grown from 

BIBB-APTES initiator in the solutions of INR overnight in the dark at room temperature. Then 

the samples were rinsed with ethanol and dried by nitrogen stream. INR-functionalised PDMA 

were characterised by UV-vis spectroscopy, SE and XPS. This procedure was followed to 
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attach INR to PDMA that grown from Au-coated glass slides that functionalised with 

bromoisobutyrylundecanethiolate (BIBUDT). 

 

3.6.12 Spin-coating of Chla PDMA grafted from gold nanostructure arrays 

PDMA-functionalised Au nanoarrays fabricated by IL sample was placed on the stage of 

spin-coater directed upwards. Then, 5 𝜇L of Chla solution was spin-coated onto the surface of 

the sample at 800 rpm. This procedure was performed using different concentration of ZnChla 

including 1.67, 2.5 and 3.35 mM. After that, the sample was blown dry with nitrogen.  

 

3.6.13 Concentration-dependence of plasmon-exciton coupling  

PDMA brushes were polymerised for 15 min and functionalised with AuNPs as described 

previously. Then the structures were immersed in a serious of different concentrations of Chla 

solutions in the range from 0 to 25 µM for 24h at 25 °C in the dark to functionalise PDMA 

brushes.  
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3.7 Analytical techniques 

3.7.1 Atomic Force Microscopy AFM 

Atomic Force Microscopy (AFM) is a member of the scanning probe microscopy family of 

technique. It is also known as Scanning Force Microscopy (SFM). In AFM, a sharp tip attached 

to a flexible cantilever is scanned across the sample surface. Changes in the interaction force 

lead to change in the deflection of the cantilever which are measured using an optical deflection 

(detection) system. This is based on the principle of measuring the force between tip and 

surface which can be demonstrated by Hooke’s law, see the following equation. 

𝑭 =  −𝑲 ∗ 𝑿      

where, 𝐹 is the force, 𝐾 is the spring constant and 𝑋 is the distance. 

The main components of an AFM system are the laser source, scanner, analysing unit and 

controlling software. AFM can be operated in one of three main modes: contact mode, non-

contact mode and tapping mode. In contact mode there is direct physical contact between the 

tip and the surface. In non-contact mode, there is no contact between the tip and the sample 

surface, and the tip oscillates with a constant amplitude at frequency slightly higher than 

cantilever's resonance frequency. AFM measures repulsive force in contact mode and 

attractive force in non-contact mode. However, non-contact measurement is technically 

difficult. Tapping mode may be considered to be an intermediate between contact and non-

contact modes being based on soft and intermittent contact with the sample. The tip gently 

taps on the surface sample while the oscillation amplitude remains constant. Contact mode is 

suitable for rough mechanically robust samples, and it is relatively faster than other modes, but 

it can damage soft samples due to direct contact which may cause scratch on the surface. 

Compared to contact mode, non-contact mode is appropriate for hydrophobic samples, but it 

is the slowest mode. However, non-contact mode is a specialised mode usually performed in 

ultra-high vacuum, and not widely used because of the experimental difficulties (although it can 
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achieve highest resolution of any AFM technique. Tapping mode is less harmful due to low 

friction between the tip and the sample and it has almost higher resolution.[208] 

AFM can provide different types of data such as friction, height, phase, amplitude which is 

particularly in tapping mode and deflection in contact mode. These data can be displayed 

through a number of channels that can be easily managed.[209] AFM can also provide 3D 

images of the analyte surface. Although AFM has been proven to be a powerful tool that used 

to analyse a wide range of samples such as metals, plastic, glasses, cells walls and bacteria, 

it subject to some limitations. In particular, the finite size of the probe can impact the analysis 

of very small structures. For surface features that approach the dimension of the AFM tip, the 

sample profile becomes convoluted with that of the tip, leading to an apparent increase in 

surface feature sizes, as illustrated by figure 3-7.[210] In addition, a variety of artefacts may be 

observed in images, due to aberrations in tip manufacturing, tip damage and the transfer of 

contamination to the probe. 

 

 

Figure 3-7: Schematic diagram  of the effect of prope quality on AFM images where non-

sharp tip can cause spatial   obstruction and reflect fake images.[210] 

 

   

 



 

91 
 

3.7.1.1 AFM experimental procedure 

AFM contact mode and tapping mode images were obtained using a Digital Instruments 

NanoScope 5 multimode atomic force microscope (Bruker, Coventry, UK) fitted with a “J” 

scanner. Silicon nitride nano-probes (Bruker, Coventry, UK) with nominal spring constants 

ranging from 0.06 to 0.350 N m−1 were used for contact mode imaging, while silicon nano-

probes (Bruker, Coventry, UK) with nominal spring constants of 26 N m−1 were used for tapping 

mode imaging. All measurements were conducted in air at room temperature. AFM data 

analysis was performed using NanoScope Analysis (v.1.5). The analysed images were 

flattened to the 3st order. 

3.7.2 Contact angle (CA) measurements: 

Several surface properties such as wetting, adhesion and surface free energy have been 

studied using expensive, time consuming and spatialised equipment. From this point of view, 

there was a need to develop simple technique to reduce these obstacles. Contact angle 

goniometry (CAG) provides a simple, inexpensive means to investigate the thermodynamics 

of surfaces. When a drop of liquid is placed in contact with a solid surface, the resulting contact 

angle depends on the thermodynamics of the solid, liquid and vapor interaction at the perimeter 

of the spreading drop. CA has been considered as a quantitative technique in same research, 

although its main use is as a qualitative technique to detect some specific properties.[211] In this 

technique, a drop of liquid is place on the solid surface using syringe equipped with a thin 

needle. The drop is illuminated from behind and imaged using a travelling telescope. The angle 

between the surface and the tangent to the drop surface where in meet the solid can be 

measured manually by an optical goniometer or via image analysis of a photographs of the 

liquid drop. When the drop touches the solid surface, it begins to spread until the equilibrium 

is reached. The contact angle at equilibrium depends on the free energy of solid-liquid, solid-

vapor and liquid- vapor interactions as shown in Figure 3-8 (Top). Equilibrium contact angle 

can be expressed by the following “Young’s equation”.[212]  
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𝜸𝒔𝒗 = 𝜸𝒔𝒍   +    𝜸𝒍𝒗   𝐜𝐨𝐬 𝜽  

where, 𝛾 is free energy of the surface and 𝜃 is CA. Measurements of contact angles provide 

a useful and sensitive tool for determining a variety of surface properties such as hydrophilicity 

and hydrophobicity, roughness, liquid surface tension, solid surface energy and surface 

heterogeneity. Notably, the value of the contact angle depends on the nature and properties of 

both phases; liquid and solid surface, where CA takes value from zero to 180°, i.e., drops of 

the same liquid act in a different manner with different substrates, and vice versa, where 

resulting contact angles are different in case of different liquids drops with identical surface. 

For example, mercury, water, and silicone oil drops form three different contact angle values 

on the same glass substrate. This is because of the differences in the surface tensions of these 

liquids. for water drops, the surface is said to be hydrophilic for contact angles less than 90º, 

and hydrophobic for contact angles greater than 90º. Where the drop does not wet the surface 

at all, the material is said to be "superhydrophobic", see Figure 3-8 (Down) .[212] 

 

Figure 3-8: Diagram of contact angle parameters and different liquids drops with different 

contact angles behaviour on solid surface. [212] 
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3.7.2.1  Contact angle experimental procedure:  

Advancing sessile drop water contact angles was measured using a Rame Hart sessile-drop 

model 100-00 goniometer. The instrument was equipped with a micro-litre syringe that was 

used to place a 2 μL drop of deionised water (18.2 MΩ.cm) on the surface to be analysed. A 

telescope with an integral goniometer is used to measure the contact angle from the right and 

left sides, after adjusting the base line in a parallel and congruent manner with the drop line 

contact with the surface. The obtained contact angle values are the mean of at least three 

different measurements. 

 

3.7.3 Spectroscopic Ellipsometry (SE): 

Spectroscopic Ellipsometry SE is useful optical method for characterisation of thin films and 

surfaces. It is a member of a small group of techniques that have been employed for measuring 

film thicknesses to a high degree of precision and accuracy.[213] The term 'ellipsometry' refers 

to the fact that the technique involves illuminating the sample with elliptically polarised light[214]. 

The light that is reflected from the surface is analysed using a rotary polariser. Polarised light 

can be characterised by measuring the alteration of the amplitude ratio 𝜑 and phase deference 

∅ of it. These two parameters are reported to be sensitive to a number of sample properties 

which include refractive indexes and layers thicknesses of both substrate and deposited films 

taking into consideration incidence angle, wavelength of the light and the permeation depth 

through the sample.[213] Ellipsometer consists of monochromatic and collimated light source 

which is supplied with a polariser, sample stage, an analyser and photodetector as represented 

in Figure 3-9.[215] 
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Figure 3-9: Schematic diagram illustrates the structure and significant component of 

ellipsometer. 

 

In SE, a Quartz Tungsten Halogen (QTH)[216] light source is used to cover the UV-VIS 

spectral range. Beside this light source usually a He-Ne laser beam is used at 70° incidence 

angle with wavelength of around 628 nm.[217] There are many applications that involve SE such 

as the examination of optical characteristics of both bulk materials and thin films in addition to 

monitoring thin layers growth. Data that obtained by SE are complex to interpret and an 

appropriate model must be constructed in accordance with characteristics of the material in 

order to analyse the data. Moreover, it is important to note that the optical characteristics of 

thin layers are completely different from the properties of bulk materials. This means that by 

proper and careful modelling of SE data, they can be used to characterise the properties of 

thin films with high precision.[218] On the other hand, it is considered as relatively slow 

experimental technique. Also, there are some limitations that should be considered during SE 

measurement. Firstly, the data must be taken at inclined incidence. Secondly, surface of the 

sample should be at a small degree of roughness.[214] 
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3.7.3.1 Variable angle spectroscopic ellipsometry VASE 

Ellipsometry is a highly accurate and repeatable method that does not require any reference 

material because it measures the ratio of two values. It is extremely sensitive to the presence 

of even very thin coatings because it detects a phase shift between polarizations along with an 

amplitude ratio. Another feature of ellipsometry is that it measures multiple parameters of the 

film at the wavelength of interest. The combination of spectroscopic capability with multiple 

angles measurements generates additional information and improves the sensitivity to the 

unidentified parameters. In variable angle spectroscopic ellipsometry (VASE), ellipsometry 

data are collected at variable incident angles, see Figure 3-10. This technique is a potential 

method for studying novel materials and procedures. For the most demanding research 

applications, sophisticated instruments and software are available for the collecting and 

interpretation of VASE data, in addition to its simplicity that makes it possible to use VASE for 

standard measurements as well. VASE analysis can be used to extract a variety of the 

desirable material characteristics, such as layer thickness, surface and/or interfacial roughness, 

and optical constants.[219] 
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Figure 3-10: Schematic diagram showing the setup of VASE technique. 

 

 

3.7.4 Total internal reflection ellipsometry TIRE  

Total internal reflection ellipsometry (TIRE) is measurement technique, that is a combination 

of internal reflection and ellipsometry. Internal reflection in this context refers to a condition 

where light is reflected at an interface where the refractive index of the incident media is greater 

than that of the reflecting material. Here, the incident semi-infinite medium is made of glass 

and is normally transparent. In most simulations, the reflecting semi-infinite media will be a gas 

or a liquid, typically water-base, and this medium can typically be opaque depending on how 

the refractive index complex is valued. The intensity changes are the main focus of SPR-based 

approaches. However, in this case, the ellipsometry principle is used to assess the polarisation 

changes caused by reflection. 
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Figure 3-11 shows the experimental set up of TIRE. In this method the sample is placed 

upside down on the top of a designated cell, which allows the measurements in different media, 

in a direct contact with the measurement media. a drop of index matching liquid is then spread 

on the top side of the sample with no air bubbles. a prism is mounted on the top of the set up 

in direct contact with index matching liquid which prevent any unwanted reflections or 

refractions.[220] 
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Figure 3-11: Schematic diagram showing the setup of TIRE technique. 

 

3.7.4.1 Ellipsometer experimental procedure:  

Ellipsometric spectra were collected using an Alpha-SE ellipsometer (J.A. Woollam Co., 

Lincoln, NE) with a Quartz Tungsten Halogen (QTH) light source to cover the UV-VIS spectral 

range, supplied with a He−Ne laser at wavelength of λ = 633 nm, and at an incident angle (Φ) 

of 75° from the normal. Measurements were conducted from 300 to 700 nm, and modelling 
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was performed using Complete-EASE software (J.A. Woollam Co., Lincoln, NE). Root-mean-

square error (RMSE) between the modelled and measured ellipsometric constants Δ and Ψ 

was used to assess the fit quality over all measured wavelengths. The thickness was measured 

in at least three different areas on each sample and stated as the mean ± standard error. 

To evaluate the thickness of dry PDMA brushes derivatized with chlorophyll grown on 

continuous gold surface or from glass, an optical multilayer-box-model was applied (see Table 

3-1). Values for optical constants n and 𝑘 of glass, chromium and gold were taken from the 

standard material library. 

 

Table 3-1: The model used for spectroscopic ellipsometry data fitting of PDMA grown on 

continuous gold film and derivatized with chlorophyll. 

Layer Material Fitted parameters 

Layer 4 

EMA: 

Material 1: Cauchy (PDMA 

brushes) 

Material 2: Chlorophyll 

thickness h of the EMA layer in 

nm 

Fraction of Material 2 

Depolarization 

Layer 3 Cauchy_Wvl (initiator) 

thickness h of the initiator in nm 

Refractive index n and 

parameters 

Bn=0.01 and Cn=0 were fixed 

during the fitting. 

Layer 2 Au 

thickness h of the evaporated 

gold 

film in nm 

Layer 1 Cr 
thickness h of the evaporated 

chromium film in nm 

Substrate BK7 glass  
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A Cauchy dispersion function (𝑛 = 𝐴𝑛 +
𝐵𝑛

𝜆2
+
𝐶𝑛

𝜆4
 and 𝑘 = 0, where A, B, and C are constants, 

A sets amplitude, B and C give dispersion shape) for the non-absorbing initiator (i.e. BIBUDT 

or BIBB-APTES) layer was used for modelling the adsorbed SAMs layer of initiator and PDMA 

brushes. Refractive indices n of the initiator used in this model, were measured previously with 

the Abbe refractometer. BIBUDT film thicknesses on continuous gold surface were fitted 

considering the previously measured Cr/Au layer thickness. 

For the PDMA brush layer, a Cauchy relation in combination with an Effective Medium 

Approach (EMA) according to Bruggeman was used to describe the dependence of the 

refractive index n on the wavelength for this non-absorbing polymer. The refractive index of 

PDMA was assumed according to Chen et al. [164] and set to ca.1.53. The second material 

in EMA model was either void (before derivatization of PDMA brushes with chlorophyll) or 

ZnChla (after derivatization). During modelling, the thickness and the optical constants of 

the underlying initiator layer were fixed to the values determined to avoid parameter 

correlations. 

In the case of PDMA grown from glass and embedded with AuNPs, the first material in EMA 

was PDMA, the second material was AuNPs and the third material was ZnChla after 

derivatization. This model and fitted parameters are represented in Table3-2. Here, linear 

optical mode was chosen for AuNPs, and Bruggeman optical mode was chosen for ZnChla. 

The change in the Delta and Psi optical properties of AuNPs-embedded PDMA before and 

after the attachment of ZnChla was recorded by conducting ellipsometry measurements by 

variable angle spectroscopic ellipsometry (VASE) between 46° – 87°. 
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Table 3-2: The model used for SE data fitting of PDMA grown on glass substrate, embedded 

with AuNPs and derivatised with chlorophyll. 

Layer Material Fitted parameters 

Layer 2 

EMA: 

Material 1: Cauchy (PDMA 

brushes) 

Material 2: AuNPs 

Material 3: ZnChla (after the 

attachment) 

 

PDMA: 

n = 1.53, B = 0.03 and C = 0 

AuNPs: 

% = 61.7  

ZnChla: 

% = 81.5 and depolarisation = 0 

 

Layer 1 Cauchy_Wvl (initiator) 

thickness h of the initiator in nm 

refractive index n and 

parameters 

Bn=0.01 and Cn=0 were fixed 

during the fitting. 

Substrate BK7 glass  

 

 

3.7.5 X-ray photoelectron microscopy (XPS) 

X-ray photoelectron microscopy XPS is non-destructive analytical technique that has been 

widely used to analyse and characterise different type of surfaces and biomedical polymers. It 

is also known as Electron Spectroscopy for Chemical Analysis (ESCA). XPS can detect all 

elements except helium (He) and hydrogen (H) and allows determination of the elemental 

composition of a material. In addition, it is also able to provide chemical bonding information.[221] 
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Among all surface analysis techniques, XPS is the most efficient tool in terms of chemical 

information and data interpretation.[221] XPS is based on the photoelectric effect[222]. However, 

principle of XPS has been well reviewed.[223] When a material is irradiated using X-rays, 

electrons are ejected from core shells in the atoms in the material. The kinetic energies EK of 

the emitted photoelectrons are given by the following equation. 

𝑬𝒌 = 𝒉𝝊 − 𝑬𝑩 −  𝝓 

where, ℎ𝜐 is the photon energy, EB is the binding energy of the orbital from which the 

photoelectrons are emitted (effectively the first ionisation energy) and 𝜙 is the work function 

(the energy barrier to emission of the photoelectron). XPS is a highly surface sensitive 

technique because the inelastic mean free paths of photoelectrons are short, meaning that 

they only escape from the top 10 nm. Figure 3-12 shows simplified principle of XPS. 

 

Figure 3-12: diagram showing the principle of XPS. 
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After ejection core shell electron, its place will be vacancy and it can be filed by a higher 

energy electron coming from a higher energy level. This process can generate another 

photoelectron which is known as ''Auger photoelectron''. The number of photoelectrons is 

plotted as a function of the photoelectron kinetic energy, or, more usually as a function of the 

BE which is more informative about surface composition and structure. The photoelectron 

binding energies are element-specific, enabling quantitative and qualitative analysis of the 

surface composition, and they are also subject to small chemical shifts that depend on their 

local binding environment. Analysis of these chemical shifts enables detailed analysis of 

surface structure and bonding.  

By repeatedly accessing sub-surface compositional layers, depth-profiling tests can be used 

to characterise composition of the sample as a function of penetration depth.[224] Monatomic 

depth profiling reveals subsurface information by using an ion beam to remove layers of the 

surface or surface contaminants. Quantified information as well as layer thicknesses are 

produced by combining an array of ion gun etch cycles with XPS studies. A spectrum, or group 

of spectra, are captured from the sample's surface prior to material removal. By rastering an 

ion beam across a square or rectangular section of the sample, the surface is etched. The ion 

beam is blanked following the etch cycle, and another set of spectra are taken. Etching and 

spectrum capture are repeated until the appropriate depth of profiling has been reached.[225] 

 

3.7.5.1 XPS experimental procedure:  

XPS analyses were carried out using a Kratos Supra instrument with a monochromated 

aluminium source and an argon cluster source. XPS data were analysed using the CASAXPS 

software. All binding energies were calibrated relative to the primary hydrocarbon C 1s signal 

at 285 eV. The samples were mounted onto the XPS sample holder with double sided carbon 

tape. In order to collect an XPS depth profile, XPS spectra are first collected from the analysis 
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area before any etching has occurred. The sample is then etched for a set amount of time 

before the XPS analysis is repeated. The sample is then re-etched, the analysis collected once 

more, and the cycle is continued for a prescribed number of depths. The conditions used for 

etching are that the argon cluster source was set to produce Ar3000
+ clusters at 10 keV. The ion 

gun is left to stabilise for two hours before use. The ion beam current is typically about 8 nA 

but can vary between different experiments, and consequently the specific ion beam current is 

measured before use. The data is then plotted as a function of the number of clusters to hit the 

sample surface (dose). The cluster source was allowed to raster over an area 2 mm by 2mm 

to produce an etch crater. The X-ray analysis was collected from an area 110 micrometres in 

diameter at the centre of the etch crater. The X-ray emission current used was 25 mA, and at 

15 kV. High resolution scans were collected from the Zn2p3 or I 3d5/2 (as appropriate for either 

quarternised with 1-iodooctadecane or reacted with chlorophyll), O 1s, N 1s, C 1s and Si 2p 

transitions, with one 30 second sweep for the O 1s, one 60 second sweep for each of I 3d5/2 or 

Zn 2p3/2and Si 2p, and four 60 second sweeps for both C 1s and N 1s. All data was collected 

at a pass energy of 40 eV. Charge neutralisation was used throughout at 0.4 A.  

XPS database available in (https://www.thermofisher.com/uk/en/home/materials-

science/learning-center/periodic-table.html) was used as a reference for peaks assignments. 

3.7.6 UV-visible spectroscopy (UV-vis) 

When a beam of light is passed through a sample, the intensity of the transmitted beam will 

be reduced at a given wavelength if the sample contains molecules that absorb at that 

particular wavelength. The absorbance A at this wavelength is given by the Beer-Lambert 

law:[226] 

𝑨 =  𝜺𝒍𝒄 

where, 𝜺 is the extinction coefficient at the wavelength of interest, 𝒍 is the path length and 𝒄 

is the concentration of the absorber. 
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In this context, "absorbance" refers to the decrease of light density due to the absorption of 

light leading to transitions in the analyte molecules from the ground state to higher states. In 

contracts, the "extinction" expresses the total loss of intensity and includes losses from 

scattering as well as absorption.[227] When the sample is measured in quartz or glass cuvette, 

the cuvette surface will reflect part of light leading to provide misleading data. In order to 

overcome this error, a reference measurement is required. This can be achieved by using blank 

cuvette that does not contain any sample as baseline. The typical instrument consists of light 

source, monocromator, sample chamber and detection unit with an amplifier. Tungsten and 

deuterium lamp are used to cover the spectral region n the UV and Visible range with a 

variation of wavelength from 190 to 900 nm.[228] 

3.7.6.1 UV-VIS experimental procedure:  

UV-visible absorption spectra at typical incidence were measured using Cary50 

spectrophotometer (Agilent Technologies, USA) at a scan speed of 600 nm/min with a 

bandwidth of 10 nm. The wavelength scan range was 350 – 800 nm (unless otherwise stated).  

For suspension samples measurements, about 3 mL of the solution were loaded in a standard 

cuvette with 10 mm optical path length and were measured in succession at room temperature 

many times. The solid samples were measured in air and in liquid. Air measurements were 

conducted using a home-made PTFE holder to enable measurements of the same area on the 

surface during all experimental stages. During the measurements of the solid surface in liquids 

with different pH values, the holder with fitted sample was placed in a standard quartz cuvette 

(10 mm transmitted path length). Then about 1.5 mL of desired solvent was injected to immerse 

the sample inside the cuvette to investigate the response behaviour of the system to pH 

modification between 0.1Μ HCl (pH1.0 ± 0.20) and 1Μ ΝaΟΗ (pΗ 12.0 ± 0.2).  
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3.7.7 Mass Spectrometry (MS) 

Approximately 10 mg of pheophytin a or ZnChla were dissolved in acetone and analysed 

with a Waters LCT classic ToF liquid-chromatography mass spectrometer (LC-MS). The same 

procedure was followed to analysed INR with LC-MS 

Analytical data of pheophytin a: 

Rf =0.33 (6:3:1 hexane: diethyl ether: acetone); LC-TOF-MS ES+, observed. m/z = 872 

(17.191 min). Calculated = 871.22 [(M + H)+, M=C55H74N4O5]. 

Analytical data of ZnChla: 

Rf =0.37 (5:4:1 hexane: diethyl ether: acetone); LC-TOF-MS ES+, observed. m/z = 933.5 

g/mol. Calculated = 934.57 g/mol [(M + H)+, M= C55H72N4O5Zn]. 

Mass spect analysis of final product of Zn-chl shows very close molecular weight of 933.5 

g/mol. 

Analytical data of INR: 

Rf =0.38 (1:2 petroleum ether: ethyl acetate); LC-TOF-MS ES+, observed. m/z = 600.18 

g/mol. Calculated = 600.54 g/mol [(M + H)+, M= C30H37N2O3I]. 

 

3.7.8 Nuclear magnetic resonance (NMR) 

1H NMR spectra of chlorophyll a derivatives or INR were collected using Bruker NMR 

(Avance and Avance III HD) spectrometers operating at a 400 MHz radio frequency. Samples 

were dissolved in approximately 5 mL of chloroform-d and filtered before measurement prior 

to NMR analysis. 

Analytical data of pheophytin a: 
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1Η ΝΜR (400 ΜΗz, in CDCl3) δ (ppm) = 0.09, -1.60 (broad singlet, 1H, NH), 0.69-0.97 

(multiplet , pythyl CHCH3) 0.96-1.41 (multiplet , pythyl CH2), (multiplet, pythyl vinyl, 2H) 1.82 

(doublet, J = 6.29, 3H), 1.90 (multeblet, 3H), 2.08 (multeplet, 3H), 2.19 (trace of acetone), 2.36 

(multiplet, 2H), 2.50, 2.64 (multiplet, 2H), 2.83 (broad triblet, J = 5.39, 2H), 3.26 (singlet, 

3H,methyl), 3.42 (singlet, 3H, methyl), 3.71 (broad singlet, 3H, methyl), 3.71 (broad singlet, 2H, 

CH2-CH3) 3.90 (singlet, 3H, COOCH3), 4.23 (broad doublet, J = 7.71 Hz, 1H) 4.31 (multiplet, 

2H, pythyl CH2), 4.46 (m, 1H HC-CH3), 4.50 (multiplet, 3H, CH3) 5.15 (multiplet, 1H, pythyl 

vinyl), 5.14, 5.38 (multiplet, multiple H, aggregation), 6.18 (d, J = 9.16, 1H, vinyl), 6.22 (singlet, 

1H, CH-COOCH3), 6.31 (doublet, J = 19.21 Hz, 1H, vinyl, cis), 8.02 (dd, J = 11.28, J = 5.97, 

1Η, vinyl, trans) 8.58 (singlet, 1 H, ring δ-H), 9.45 (singlet, 1Η, ring α-H), 9.5 (singlet, 1Η, ring 

β-H).[229] 

 

Analytical data of ZnChla: 

NMR study of ZnChla shows similar profile of pheophytin with broader peaks with slight shift 

over most of the peaks and more pronounce shift from   9.45 to 9.6 (singlet, 1Η, ring α-H), and 

from 9.5 to 9.7 (singlet, 1Η, ring β-H). 

Analytical data of INR: 

13C NMR (101 MHz, CDCl3) δ the carbon (C23) at 183.35 ppm , (C11) 161.91, (C18) 152.08, 

(C14) 150.72, (C21) 146.88, (C20) 140.17, (C15) 134.08, Ring carbons (C12, 13, 16, 17, 19, 22,  24, 25 , 

26) (131.05, 127.75, 125.55, 124.70, 118.30, 109.47, 106.68, 105.34, 96.34),  CDCl3 77.35, 

77.24, 77.04, 76.72, (C10) 68.39, (C27) 45.08, (C2 to C9) (33.57, 30.51, 29.47, 29.36, 29.34, 

29.23, 28.54, 26.06), (C28) 12.64, (C1) 7.37. Imp 29.72 ppm. The numbers of carbon atoms 

stated in 13C NMR analysis are shown in Figure 3-13.  
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Figure 3-13: Clarification of the intended numbers of carbon atoms numbers in 13C 
analysis. 

 

 

 

 

3.8 Modelling of strong plasmon-exciton coupling 

Following the method outlined by Lishchuk et al.[33] plasmon-exciton coupling in plexcitonic 

complexes was modelled as coupled oscillators. Specifically, the coupled systems were 

modelled as consisting of a broad mode with resonance frequency b and damping b coupled 

to a second narrow mode with resonance frequency d and damping d. Figure 3-14.  
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Figure 3-14: Schematic illustration of the plasmon and exciton coupling system as a 
coupled harmonic oscillator with a coupling strength g under an external light effect. 

 

 The coupling between the two oscillators in this model is g and the highly damped oscillator 

is driven by an external harmonic force with amplitude feit. In this model, the broad, highly 

damped mode is the LSPR, and the narrow line width mode is the exciton. The equations of 

motion are:  
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For harmonic oscillators these equations generate solutions xb = cbeit and xd = cdeit, where 

the coefficients cb and cd can be solved analytically. The extinction becomes proportional to the 

imaginary part of  

      

where, 

     

and 

      

The experimental results can be modelled using these equations. These equations were 

scaled to have units of energy rather than frequency. In a similar way, the energy of the exciton 

(Emol) corresponds to d and the energy of the LSPR (ELSPR) corresponds to b. The quantity 

EC = G/ELSPR is approximately equal to the splitting in the coupled harmonic oscillator model 

when the two oscillators are at resonance with each other, where G = ħ2𝑔 is the scaled 

coupling which has the dimensions of energy squared. Similarly, the energy of the exciton Emol 

corresponds to 𝜔𝑑  and the energy of the localised surface plasmon resonance ELSPR 

corresponds to 𝜔𝑏. The quantity EC = G/ELSPR is approximately equal to the splitting in the 

coupled harmonic oscillator model when the two oscillators are at resonance with each other. 

 

Several criteria are used for determining whether a system is in the strong coupling regime. 

In order for a normal mode splitting (Rabi splitting) at resonance to be visible, in the case where 
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the linewidths of the modes are similar, the coupling energy EC should be roughly the same as 

or larger than the average of the linewidths of the two modes/oscillators (modes 1 and 2). 

However, this is only an overall criterion since the visibility also depends on the shapes of the 

linewidths. In case of one large and one small linewidth, a double-peak structure (on and 

slightly off resonance) becomes more easily visible and sometimes the condition 𝐸𝑐 ≥ √𝛾1𝛾2 

is used as a guideline. In that case it is important to consider the fundamental criterion of strong 

coupling, namely that 𝐸𝑐 ≥
1

2
 (𝛾1 − 𝛾2) . This guarantees that the term giving the splitting 

between two modes at resonance, √𝐸𝑐
2 −

1

4
 (𝛾1 − 𝛾2)

2  stays real and indeed two different 

normal modes exist. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

112 
 

4 CHAPTER 4: PLEXCITONIC COMPLEXES: SYNTHESIS 

4.1 Introduction 

Excitons are electron–hole pairs that can be created as a result of absorption of light by 

molecules leading to the promotion of an electron from the highest unoccupied molecular 

orbital (HOMO) to the lowest unoccupied molecular orbital (LOMO). However, the design of 

devices is considerably limited by the exciton diffusion lengths, which are of the order of 10 nm 

or, under extreme circumstances, a few tens of nm.[230,231] Consequently, the development of 

design principles for the efficient long-range transport of excitons in molecular materials has 

remained an unsolved grand challenge. In order to solve this problem, there has been much 

interest in the utilisation of photosynthetic light-harvesting antenna complexes (LHCs) from 

bacteria and plants as a pigment-protein model for the effective transfer of excitons in 

molecular structures.[33] In these antenna complexes, precise spatial organisation of pigment 

molecules (chlorophylls and carotenoids) is achieved by peptide units, which also control 

networks of energy transfer process with a high degree of precision.[232] However, proteins are 

not suitable for potential photonic material applications due to the high expense of large-scale 

production and their natural vulnerability to processing damage. Hence, there is a crucial need 

to discover new systems that incorporate the attractive properties of LHCs into photonic 

devices such as sensors. In order to achieve this, Lishchuk et al.[33] suggested that biomimetic 

systems can be designed by incorporating dyes into surface-grafted polymer brushes -

pigment-polymer complexes by analogy with pigments protein complexes found in 

photosynthesis. In their study, PCysMA brushes were used as a scaffold to support chlorophyll 

molecules. The chlorophyll density in these pigment-polymer antenna complexes was 

controlled by varying the polymerisation time and grafting density of PCysMA brushes. 

Although there has been a large number of studies on the construction of dyes-polymer 

structures, obtaining high concentrations of the binding dye to the polymer remains a challenge.  
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In the present work, a new approach to the synthesis of pigment-polymer antenna 

complexes was examined. In particular the possibility of using surface-grafted PDMA brushes 

formed by ATRP as a scaffold to support chlorophyll molecules was investigated. The aim was 

to achieve simpler synthetic route than that reported previously by Lishchuk et al. Thus, it was 

hoped to achieve more efficient control of the biomimetic structure. ATRP was chosen to grow 

PDMA brushes from planar substrates due to its ability to generate high dense and well-

controlled thick polymer brush with low termination rates. Due to the presence of the central 

double charged ion in the chlorophyll ring, it was hypothesised that chlorophyll might bind to 

the tertiary amine group on the pendant chains of PDMA brushes through a coordination bond 

in a similar mechanism to the binding of tetrapyrroles by haem binding sites in proteins.[233] The 

density of the chlorophyll that bound to PDMA brushes was controlled by varying the 

concentrations of the chlorophyll solutions and, also, by regulating the number of the binding 

sites on the polymer chains by partial converting of the amine group to the quaternary 

ammonium.  
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4.2 Experimental 

4.2.1 Materials 

Glass substrates (Coverslips glass slides, Menzel-Glazer/ 22*60# 1.5), tetrahydrofuran 

(99.7%, HPLC grade), petroleum ether 40-60 °C, hydrochloric acid (35%), Sodium hydroxide 

and silica gel powder were provided by VWR. 1, 10-diiodooctane 98% and cupper I bromide 

(≥ 98%) were supplied by Alfa Aesar. Aminopropyltriethoxysilane (APTES) (≥ 99%), 2-

bromoisobutyryl bromide (98%), trimethylamine (BIBB) (≥ 99%), dichloromethane (99.9%, 

HPLC grade), 2-(dimethylamino)ethylmethacrylate (DMA) (98%), 1,1,4,7,10,10-

hexamethyltriethylenetetramine (HMTETA) (97%), 1-iodooctadecane (95%), glacial acetic acid 

(99%), n-hexane (97%, HPLC grade), diethyl ether (99.8%), zinc acetate dehydrate, were 

purchased from Sigma Aldrich. Ethanol, absolute (99.8%, HPLC grade), acetone (99.8 %, 

HPLC grade), methanol (99.8%, HPLC grade), isopropan-2-ol (99.5% HPLC grade), hydrogen 

peroxide (30% w/v), sulfuric acid (95%), dimethylformamide (DMF) (99%), magnesium sulfate 

anhydrous, sodium hydrogen carbonate, sand low iron and sodium chloride were supplied by 

Fisher Scientific. Silicon wafer (150 mm) was purchased from Pi-KEM.co.uk. Spinach leaves 

was obtained from a local supermarket. Deionised water was obtained from an Elga PURELAB 

Nano-pore system with a conductivity of 15 MΩ cm. Copper mesh Electron microscope grids 

(1000-2000 Mesh Cu) was used for micro-patterning. All these materials were used as received 

without any further purification. However, copper bromide was stored in a vacuumed 

atmosphere and DMA was stored at 4 °C after removal of the inhibitor. 

 

4.2.2 Samples cleaning and handling 

All glass slides and silicon wafers were cleaned as described in chapter 3. The substrates 

were immersed in Piranha solution (30% H2O2: 98% H2SO4, 1:3, v/v) for around 2 h.[234] Caution: 

Piranha solution reacts violently with organic matter and should be handled with extreme 

caution![167] After the appropriate disposal of piranha solution, the slides were washed several 
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times with deionised water and dried in piranha oven overnight. The slides were cut into small 

pieces with their size being selected to be appropriate for the characterisation technique. The 

used slides were handled using clean tweezers and stored in sealed Eppendorf tubes prior to 

use. 

 

4.2.3 Synthesis of BIBB-APTES films 

BIBB-APTES films were prepared in two steps as described previously in chapter 3. Briefly, 

2% solution of APTES in ethanol is used to immerse substrates for 30 min to form APTES films 

which were removed from the solution and rinsed with ethanol and were then dried by nitrogen 

stream. This was followed by placing annealing the samples on a hot plate for 30 min at 120 °C. 

To form bromine-functionalised ATRP initiators, APTES films were immersed in a mixture of 

bromoisobutyryl bromide and triethylamine in dichloromethane for 30 min at room temperature. 

Then BIBB-APTES functionalised substrates were rinsed with ethanol and then 

dichloromethane and finally blown dried by nitrogen.[76] 

 

4.2.4 Photolithography 

A frequency-doubled argon ion laser beam (Coherent Innova) Fred300C was used to 

expose BIBB-APTES samples at wavelength of 244 nm. A beam expander was used to expand 

the exposed area to 0.8 cm2. Cupper electron microscope grid (Agar, Cambridge, UK) was 

used to achieve micropattern scale. 

 

4.2.5 Growth of PDMA via ATRP 

PDMA brushes were grown from BIBB-APTES initiated glass and silicon substrates as 

described with more details in chapter 3. The inhibitor was removed from DMA monomers by 
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filtration of the monomers through silica in small column. DMA monomers was dissolved in 

DMF. HMTETA and Cu(I)Br were used to catalyse ATRP at 90 °C. Then 4 mL of monomer/ 

catalyst solution was added to each BIBB-APTES sample in Schlenk tubes. The reaction was 

performed at nitrogen atmosphere using three cycles of vacuum/nitrogen after each addition 

of the reaction components. The growth of PDMA was allowed to proceed for different 

polymerisation times ranging from 1 min up to 2 hours. The polymerisation was terminated by 

removing the slide from the mixture. This was followed by the removal of the residual of 

monomer and catalyst using isopropanol and ethanol. After rinsing, PDMA samples were blown 

dry with nitrogen. The same procedure was also followed to grow PDMA brushes from 

micropatterned BIBB-APTES initiator. 

 

4.2.6 Synthesis of quaternised PDMA (q-PDMA) 

Quaternised PDMA (q-PDMA) was prepared by immersing previously prepared PDMA-

coated glass and/or silicon slides in a freshly prepared solution of 1-iodooctadecane for 18 h 

at room temperature. After that, the q-PDMA brushes were removed from the solution and 

rinsed with ethanol and sonicated in THF and dried under nitrogen gas. More details can be 

found in chapter 3. 

 

4.2.7 Extraction and derivatization of chlorophyll a 

A detailed description of ZnChla synthesis can be found in chapter 3. Briefly, chl a was 

extracted form spinach leaves by acetone. After the removal of acetone under reduced 

pressure, further extraction of chlorophyll a from the organic and oily impurities was performed 

using petroleum ether. Petroleum ether was removed by rotary evaporator, yielding a dark 

green pigment, chlorophyll a. The extracted chlorophyll a was converted into pheophytin a 

(dark blue pigment) by dissolving the dark green pigment in acetic acid under stirring for 3 h. 
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Pheophytin a was purified by column chromatography using a mixture of hexane, diethyl ether 

and acetone in the ratio 6:3:1. The formation of pheophytin was analysed by MS and NMR. 

Zinc acetate dehydrate dissolved in methanol was used to convert pheophytin into ZnChla 

under reflux in argon atmosphere at 35 °C for 1 hour. The produced ZnChla was purified by 

column chromatography using a mixture of hexane, diethyl ether and acetone in the ratio 6:3:1. 

The formed ZnChla was analysed by MS, NMR and UV-Vis absorption spectroscopy. 

 

4.2.8 Attachment of ZnChla to PDMA brushes and q-PDMA. 

PDMA brushes were functionalised with ZnChla by immersion of PDMA samples in a series 

solutions of ZnChla with different concentrations ranging from 0 - 25 μM for the desired 

immobilization times at room temperature to form glass-BIBB-APTES-PDMA - ZnChla film. 

ZnChla -functionalised-PDMA samples were rinsed with deionised water and dried by N2 

stream. ZnChla -functionalised PDMA were characterised by UV-Vis spectroscopy, AFM, SE 

and XPS. This procedure was followed to attach ZnChla to q-PDMA in order to form ZnChla -

functionalised q-PDMA films. 

 

4.2.9 Surface analysis 

A Cary 50 UV-vis spectrophotometer was used to obtain extinction spectra in the range 400 

– 800 nm, unless otherwise is stated. ZnChla samples were measured in a standard quartz 

cuvette with 10 mm optical path length at room temperature at least 2 sampling areas.  Glass 

substrate-based samples were measured in air. Air measurements were conducted using 

home-made PTFE sample holder which was allowed to perform measurements of the same 

area on the surface during all experimental stages. 

X-ray photoelectron spectroscopy (XPS) spectra were obtained using a Kratos Axis Supra 

spectrometer (Kratos Analytical, Manchester, UK). All binding energies were calibrated relative 
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to the primary hydrocarbon C 1s signal at 285 eV. XPS data were analysed using the 

CASAXPS (v. 2.18) software.  

AFM images were obtained using a Digital Instruments (Nanoscope 5 Multimode Atomic 

Force Microscope), (Veeco, Santa Barbara, CA) fitted with a “J” scanner (0−125 μm). All 

measurements were conducted in air at room temperature. AFM data analysis was performed 

using Nanoscope Analysis software (v.1.5). 

Ellipsometric spectra were collected using an M-2000VI ellipsometer (J. A. Woollam Co., 

Inc., USA) operating in a spectral range from 370 to 1000 nm, at an incident angle (Φ) of 75°, 

unless otherwise is stated. Modelling ellipsomertic data was performed using CompleteEASE 

software (v.6.6). At least three measurements per sample were carried out in air to obtain an 

average. 

Water contact angles measurements were performed using a Rame Hart sessile-drop model 

100-00 goniometer. The obtained contact angle values are the mean of at least three different 

measurements. All contact angle values were denoted by cos 𝜃. 
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4.3 Results and discussion 

4.3.1 Formation and characterisation of initiator-functionalised surfaces 

ATRP initiators on solid substrates were prepared by reaction of the acyl bromide BIBB with 

films of adsorbed APTES as represented in figure 4-1. 

 

 

Figure 4-1: Schematic illustration of BIBB-APTES formation on a solid substrate. 

 

After each step in the process, samples were characterised using X-ray photoelectron 

spectroscopy (XPS), contact angle goniometry and ellipsometry. High-resolution C1s and N1s 

XPS spectra are shown in Figure 4-2. 
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Figure 4-2: XPS high resolution spectra of APTES and BIBB-APTES films: (a) C 1s spectrum 

of APTES. (b) N 1s spectrum of APTES. (c) C 1s spectrum of BIBB-APTES. (d) Br 3d spectrum 

of BIBB-APTES film. 

 

Three peaks at 285.0 eV, 286.6 eV and 288.56 eV are shown in C1s spectrum for APTES 

film. The first two peaks (at 285.0 eV and 286.6 eV) were attributed to the saturated carbon 

and carbon bonded to the amino group of APTES. The third peak (at 288.5 eV) is most likely 

attributed to the presence of the carbamate/carbamic acid groups produced as a result of the 

well-known reaction of PTES with CO2, which is evidenced by the appearance of a protonated 

amine group (NH3
+) peak at 402.5 eV next to the amine peak at 399.8 eV on the spectrum of 

N 1s of APTES film,[235,236] see Figure 4-2a and 4-2b. 
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XPS analysis of the BIBB-APTES layer[76] shows thee peaks at 285.0, 286.7 and 288.7 eV, 

corresponding to C-C-C, C-Br/CNCO and O=C-N, respectively, as shown in Figure 4-2c. The 

small features between 293-298 eV is attributed to the presence of K in the glass substrate. 

Successful halogenation of the film with Br was confirmed by the appearance of   Br 3d doublet 

peaks at 70eV and 72eV, as shown in Figure 4-2d. The extra peak at 74.5 eV in the Br 

spectrum is attributed to Al++ presented in the glass substrate. 

The change in surface chemistry was also monitored by contact angle measurements. The 

contact angle was reduced after Piranha cleaning from 25° to 9° indicating the change in 

hydrophilicity due to hydroxylation process as mentioned previously.[237] Then salinization of 

the surface by APTES increases the hydrophobicity due to the presence of amino terminated 

end groups.[237] The measured contact angle of APTES film was 46°, which increased to 70 ± 

5° after the functionalisation of the surface by BIBB layer as expected for full density and 

smooth brominated surface. The average thickness of BIBB-APTES was measured by SE to 

be 1.0 ± 0.4 nm for full density layer, See Table 4-1. 

   

Table 4-1: Measured contact angle and film thickness as a function of the change of surface 

chemistry. 

Samples Average CA / degree Thickness / nm 

Clean glass substrate 9 ± 3 ---- 

Glass-APTES 46 ± 5 ---- 

Glass-BIBB-ABTES 70 ± 5 1.10 ± 0.13 

 

 

To evaluate the best conditions for forming the BIBB-APTES film, BIBB-APTES was 

prepared using different concentrations of BIBB. As expected, 2% immersion of the sample in 

a solution of BIBB in DCM is sufficient to obtain full density BIBB-APTES film. This was 
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confirmed by contact angle measurements. The highest contact angle was achieved under 

these conditions, and it does not increase further at higher concentrations, see Figure 4-3.  

 

Figure 4-3: Contact angle of BIBB-APTES films measured at (a) different concentrations of 

BIBB and (b) different immobilisation times. 
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4.3.2 Kinetics of growth of PDMA brushes from initiator  

PDMA brushes were grown bromine-terminated surface by ATRP using the protocol 

reported by Cheng et al.[164] as shown in Figure 4-4. 

 

 

 

Figure 4-4: Schematic of ATRP synthesis of PDMA brushes. 

 

PDMA brushes grown from BIBB-APTES films were characterised by XPS, contact angle 

goniometry and spectroscopic ellipsometry. Figure 4-5 shows the dry film thickness as a 

function of time, as determined by spectroscopic ellipsometry. There was approximately linear 

increase in the height of the polymer brush during first 30 min of the polymerisation, reaching 

a thickness of 20 ±1 nm. Thereafter, the rate of the polymerisation was slowed until a maximum 
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thickness of 31 ±3 nm was reached after 60 min. After this time, no significant increase in the 

height was observed over the next three hours, which was resulted by the termination process.  

 

 

Figure 4-5: Growth profile of PDMA brushes: dry thickness as a function of polymerisation 

time. 

 

Water contact angle measurements show a dramatic increase in contact angle from 9° for 

unmodified piranha cleaned substrate to 75° after 1 h polymerisation time. Thereafter, the 

contact angle changed very little even after much longer polymerisation times.  
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The PDMA brushes were characterised using XPS as shown in Figure 4-6.  

 

 

Figure 4-6: XPS high resolution spectra of PDMA brushes: (a) C 1s spectrum. (b) N 1s 

spectrum. (c) O 1s spectrum. (d) Br 3d spectrum. 

 

The high resolution C1s spectrum of PDMA brushes polymerised for 15 min was fitted using 

four components (Figure 4-6a). These components correspond to the hydrocarbon -C-C- peak 

at 285.0 eV, -CO-N at 285.9 eV, the -C-N- at 286.8 and the ester carbonyl -CO-O- peak at 

288.9 eV, in good agreement with data reported by Cheng et al.[164] The N1s spectrum exhibits 

a high intensity peak at 399.6 eV, (Figure 4-6b), which correspond to -C-N- of PDMA[164]. XPS 

O1s spectrum shows doublet signal at 532.1eV and 533.7 eV (Figure 4-6c), which attributed 
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to -CO-O- and –C-O- respectively. The Br 3d peak in Figure 4-6d is attributed to the terminal 

halogen atom. This peak was fitted with two components, representing the doublet (3d 3/2 and 

3d 5/2) that resulted from spin-orbital coupling. 

XPS Si 2p high resolution spectra were collected from PDMA samples that were grown for 

different polymerisation times as illustrated in Figure 4-7.  

 

Figure 4-7: XPS Si 2p spectra of PDMA brushes grown for different polymerisation time; 5, 

15, 60 min from top to bottom. 

As it can be seen from Figure 4-7, Si 2p peak, which attributed to the substrate, diminished 

as the polymerisation time increased. That is, the scanned area raised away from the substrate 

surface. 
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4.3.2.1 Reduced density PDMA 

Preparation of patterned functional surfaces is a vital element in applications such as 

sensing, nanoelectronics, cell adhesion, etc. Among the different patterning techniques, 

photolithography of polymer brushes provides fast, simple, and cost effective way for surface 

modification and preparation of hybrid materials.[176] 

Here, BIBB-APTES initiators were firstly micropatterned by partial removal of bromine atoms 

from the initiators. The micropatterned initiator was used to grow PDMA brushes via ATRP. It 

was hypothesised that removal of Br from the exposed regions should lead to growth of 

brushes with reduced dry thicknesses. The micropatterning process was illustrated 

schematically in Figure 4-8. 

 

Figure 4-8: schematic illustration of debromination process of BIBB-APTES layers to create 

micropatterened PDMA brushes. 
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Micrometer scale patterning of Br-functionalised initiator was achieved by the exposure of 

BIBB-APTES layer to UV light at wavelength of 244 nm through a copper mesh electron 

microscopy grid using A frequency-doubled argon ion laser beam. The diameter of the 

illuminated area was 0.5 cm and the exposure doses was in the range 0.1 to 6 J cm-2. The 

exposure to UV results in removal of the halogen atoms from the exposed areas.  

Micropatterned BIBB-APTES films were characterised by contact mode AFM. Figure 4-9a 

shows contact mode height image of micropatterned BIBB-APTES film after a dose of 6 J cm-

2. There is a negligible contrast between exposed regions in which the Br initiator was removed 

by UV exposure (dark area) and intact regions at unexposed area on the surface. However, a 

friction force image (Figure 4-9b) exhibits a clear contrast between exposed areas (squares) 

and the masked areas (bar). The regions displaying brightest contrast correspond to the more 

polar exposed areas, from which Br has been removed. Removal of halogen atom probably 

leads to the introduction of polar groups to which the AFM probe adheres more strongly as it 

travels across the surface, causing an increase in the rate of energy dissipation and a higher 

coefficient of friction. The root mean square roughness Rq/Ra (roughness value that can be 

measured by AFM) of BIBB-APTES was measured to be 0.7 nm, consistent with previously 

reported roughness data for such surfaces by Ahmed et al.[76] AFM analysis indicates the 

successful dehalogenation of the initiator without degradation of the initiator itself. 
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Figure 4-9: AFM contact mode images of micropatterned BIBB-APTESA film: (a) AFM height 

image with its cross section. (b) AFM friction image with its cross section. 

 

Dehalogenation across the whole initiator surface was achieved through maskless UV 

modification of such BIBB-APTES layers following the procedure reported by Ahmed et al.[76] 

The diameter of the exposed area was 0.5 cm and the exposure doses were ranged from 0.1- 

6 J cm-2. The UV modified initiator was characterised by XPS and contact angle measurements. 

XPS analysis confirmed the photodegradation of the Br-functionalised initiator. The 

percentage of the Br atoms was rapidly decreased with increasing exposure dose and became 
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slowly decreased after the exposure to 1 J cm-2, demonstrating complete removal of Br atoms 

Figure 4-10 blue circles. 

The water contact angle decreases rapidly with dose up to 1 J cm-2 , with the rate of decrease 

slowly thereafter, to yield a limiting value of 46° in agreement with data reporded previously by 

Ahmed et al.,[76] as shown in Figure 4-10 black squares.  

 

 

Figure 4-10: (Blue points) Percentage of Br atoms of UV-modified BIBB-APTES layer at 

different exposure doses ranging from 0 – 6 J cm-2 across the whole surface. (Black points) 

Contact angle of UV-modified BIBB-APTES layer at different exposure doses ranging from 0 – 

6 J cm-2 across the whole surface. 

 

Micropatterned BIBB-APTES initiated surfaces were used to create patterned PDMA 

brushes at the micro-scale. AFM Hight image of micropatterned PDMA brushes shows a clear 

difference in height between exposed regions (squares) and masked regions (bars), see 
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Figure 4-11a. However, the masked areas display greater height contrast than exposed areas. 

This confirms the growth of PDMA brushes from the non-exposed areas, as expected which 

further approved by the clear contrast in the AFM phase image between exposed and non-

exposed areas as shown in Figure 4-11b. 

 

 

Figure 4-11: AFM tapping mode images of PDMA brushes grown on micropatterned BIBB-

APTESA film: (a) AFM height image with its cross section. (b) AFM phase image with its cross 

section. 

  

Height differences between the PDMA brushes polymerised for 15 min in non-exposed 

areas and the exposed areas were measured in order to estimate the mean PDMA thickness. 

As it can be seen in Figure 4-12. The Height difference significantly increased by increasing 

the exposure dose before it tends to be stabilised. This is due to the increase the partial 
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removal of Br from the initiator leading to decrease the brushes densities in the exposed areas 

and then to decrease the height in these areas. 

 

Figure 4-12: Thickness difference between exposed and non-exposed areas of PDMA 

brushes grown on micropatterned BIBB-APTES initiators measured by AFM tapping mode. 

. 

PDMA brushes were grown from BIBB-APTES films modified by exposure to variable 

irradiation doses, thus yielding varying grafting densities. A reduction in the polymer grafting 

densities leads to a reduction of the concentration of amine groups at the surface, which 

reduces the surface free energy, as confirmed by contact angle measurements as shown in 

Figure 4-13a. The thicknesses of reduced density PDMA brushes were measured by 

ellipsometry. As expected, the average thickness of the reduced density PDMA layer was 

found to decrease with increasing dose (Figure 4-13b). 
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Figure 4-13: (a) Mean contact angle of reduced density PDMA brushes as a function of 
different exposure doses. (b) Mean dry thickness of reduced density PDMA brushes as a 

function of different exposure doses measured by ellipsometry. 

 

 

(a) 

(b) 



 

134 
 

4.3.3 Addition of chlorophyll to brush structures  

4.3.3.1 Chlorophyll synthesis and characterisation 

In this work, chlorophyll a was extracted from spinach leaves as a cost-effective natural 

source due to chlorophyll abundance in such plants. Although there are several ways to extract 

chlorophyll, organic solvent extraction (OSE) method was used in this project due to its 

efficiency. 99.9% acetone was chosen for this purpose because of its ability to reduce side 

reactions unlike diluted aqueous acetone such as 80% acetone which may result in 

degradation of chlorophyll a and occurrence of side reactions. Methanol and ethanol are similar 

to aqueous acetone and can lead to form undesirable products.[181] Due to instability of 

chlorophyll outside its natural environment, it was chemically converted into more stable 

derivatives. Here, chlorophyll a firstly was converted into pheophytin a by protonation of 

nitrogen atoms using weak acid (acetic acid) which leads to remove magnesium ions from 

chlorin ring center to yield pheophytin. 

Because the chemical structure of chlorophyll a is similar to that of chlorophyll b, they were 

separated as pheophytin a and pheophytin b by column chromatography system using 6:3:1 

hexane: diethyl ether. The dark green pigment was collected and metalated with Zn ions using 

zinc acetatemonohydrate to produce Zn-chlorophyll form. Figure 4-14 summarise the 

extraction and derivatization processes of ZnChla synthesis.  
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Figure 4-14: Schematic illustration of extraction and derivatization of ZnChla, R = phetyl 

group. 

 

 

 

Acetone 
A

cetic acid
 

Pheophytin a 

Spinach 

leaves 

Zn-chl 

a 

Zn
++

/ MeOH 

30 min / 35 
0
C  

Chl 

a  

OR 

OR 

Zn 

OR 

H 

H 



 

136 
 

UV-Vis spectrum of extracted Znchl was measured in a mixture of 1:3 DMF:water. ZnChla 

molecules absorb light in the blue (around 430nm) and red (around 665nm) spectral ranges 

with a narrow bands due to soret transitions and Qx,y transitions, respectively showing a good 

agreement to reported spectra of chlorophyll in the literature,[238] see Figure 4-15. 

 

Figure 4-15: Absorption spectrum of ZnChla in DMF: water (1:3 v/v) mixture. 
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4.3.3.2 Attachments of ZnChla to PDMA 

In light natural harvesting complexes, peptide units are used to organise chlorophyll and 

carotenoids in 3D.[33] In the present work, surface-grafted PDMA brushes formed by ATRP 

were used as a scaffold to support chlorophyll molecules in order to design more readily active 

biomimetic structure. ATRP was chosen due to its ability to generate a well-controlled thick 

polymer brush with low termination rates.  

Due to the presence of the central double charged zinc ions in the chlorophyll ring, 

chlorophyll molecules were expected to bind to the tertiary amine group of PDMA brushes 

through coordination bonds via a similar mechanism to that by which heme binding sites 

coordinate to other tetrapyrroles as it can be seen in Figure 4-16. 

 

Figure 4-16: Schematic illustration of chlorophyll binding to amino group of PDMA brushes. 
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PDMA brushes were grown from brominated surfaces and incubated in solutions of ZnChla. 

The resulting ZnChla-functionalised PDMA-grafted surface structures were characterised by 

UV-vis spectroscopy and XPS. Figure 4-17. shows the absorption spectrum of a ZnChla-

functionalised PDMA brush (Figure 4-17 red spectrum) together with the absorption spectrum 

of ZnChla solution (Figure 4-17 black spectrum). Chla absorption spectrum exhibit strong 

features at 430 nm and 665 nm, corresponding to the soret and Qy transitions. The same peaks 

are observed in the spectrum of Chla-functionalised PDMA scaffold, confirming the binding of 

Chla to the polymer. The intensities of the absorption bands are reduced as expected given 

that the polymer film is only 15 nm thick, whereas the solution phase spectrum was acquired 

for Chla dissolved in solvent in a standard 1 cm cuvette.  

 

 

Figure 4-17: Absorption spectrum of ZnChla (Black) in DMF: water (1:3v/v) mixture. (Red) 

after immobilization on PDMA for 24 h for the same concentration. 
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PDMA samples were also characterised by XPS. Zn is absent from the as-prepared polymer, 

but after incubation of the polymer in a solution of Chla, a strong Zn 2p peak is observed, 

confirming the binding of Chla,[33] (Figure 4-18 a and b). 

 

Figure 4-18: XPS spectra of PDMA before and after addition of ZnChla: (a) and (b) Zn 2p 

spectra before and after the addition, respectively. (c) and (d) N 1s spectra before and after 

the addition, respectively. (e) and (f) C 1s spectra, before and after the addition, respectively. 

 

 

 



 

140 
 

Pronounced changes also observed in the N 1s region of the XPS spectrum. For the as-

prepared polymer, a single peak is observed at 399.6 eV. However, after binging of Chla, two 

peaks are observed. Fist peak is at 398.5 eV, which was attributed to Nitrogen bounded co-

ordinately to Zn ions at the centre of chlorophyll ring.[33]  The second peak that at 399.5 eV was 

attributable to -C=N-C-, from chlorin ring and tertiary amino group of PDMA (Figure 4-18 c and 

d). Addition of ZnChla additionally causes an increase in the intensity of the C 1s peak at 285 

eV, due to the presence of phytol chain in every ZnChla molecule, as it can be seen in Figure 

4-18 e and f.  

 

4.3.4  Adsorption isotherm for ZnChla on PDMA 

The kinetics of adsorption reactions can be studied conveniently by measuring adsorption 

isotherms. The amount of adsorbate at equilibrium is measured as a function of the 

concentration of the adsorbate molecules in solution at constant temperature.[239,240] In order 

to study adsorption isotherm of Chla adsorbed on PDMA brushes, PDMA films were immersed 

in a series of Chla solutions with concentrations ranging from 0- 25 μM for 24h. The amount of 

Chla bond to the brushes was determined by using Uv-vis spectroscopy and XPS. 

 Figure 4-19a shows the absorption intensity of the Chla in the solutions with different 

concentrations. As expected, the absorption intensities were linearly increased with increasing 

solution concentration. Figure 4-19b shows absorption spectra of PDMA films following 

immersing in Chla solutions of different concentrations. It can be seen that the intensities of 

the main Chla peaks increase with concentrations, as expected.   
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Figure 4-19: Absorption spectra of a series concentrations ranging from 0.1 to 25 µM of 

ZnChla in a mixture of DMF: water in the ratio 1:3 v/v. (a) in solution, and (b) on PDMA brush 

polymerised for 15 min. 
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There was a linear relation between the concentrations of ZnChla solutions and their 

respective maximum absorbance as shown in Figure 4- 20. 

 

 

Figure 4-20: calibration curve of ZnChla concentrations as a function of their maximum 

absorbance. 

 

Concentration of ZnChla within PDMA layer was calculated using Beer-Lambert low 

 

 𝐴 =  𝜀𝑐𝑙 

 

where, 𝐴 is absorbance, 𝜀 is the molar extinction coefficient, 𝑐 is the concentration, and 𝑙 is 

the path length, here, is the thickness of the brush layer d. The relation between the initial 

concentration in the solution and after adsorbed within the brush layer is plotted in Figure 4-

21 
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Figure 4-21: Concentrations of ZnChla within PDMA brushes as a function of the initial 

ZnChla concentration in solutions. 

 

The fractional coverage (the concentration of the adsorbate in relative to the maximum 

concentration of the adsorbate on the surface) of adsorbed ZnChla molecules onto the surface-

grafted PDMA brushes was calculated and presented in Figure 4-22. There is a monotonic 

relationship between the concentration of the used ZnChla solution and the amount of 

adsorbed ZnChla on the surface of the structure between 0.1 μM to approximately 5.8 μM. 

Thereafter, the rate of increase slows, and it approaches a limiting value at a concentration of 

5 μM. 
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Figure 4-22: Fractional coverage of ZnChla within PDMA layers as a function of ZnChla 

concentration in the solution. 

 

The number of excitons (chlorophylls) per polymer np can be calculated using the following 

equation: 

𝒏𝒑 =
𝑵𝑨

𝟓 × 𝟏𝟎𝟏𝟒𝜺
 

where, 𝑁 is Avogadro’s number. 𝐴 is absorbance and 𝜀 is the molar extinction coefficient. 

Then, it is possible to estimate the fraction of monomers 𝜒 that are bound to a Chl as follows. 

A reasonable assumption is that there are 4 repeat units per nm of polymer chain. Thus, the 

degree of polymerisation (number of monomers per chain) is ~ 4  d / nm, and 𝜒 =

 𝑛𝑝/(4𝑑/𝑛𝑚). Figure 4-23 
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Figure 4-23: changes in number of excitons per polymer and fraction of monomers bound 

to ZnChla as functions of the initial concentrations of ZnChla in solution.  

 

These calculations assume a fully-stretched chain confirmation, which is unlikely. So, to 

solve this, calculations based on the molecular weight of the polymer can be used instead of 

calculating chain length. However, this can be complicated and may not be directly applicable 

to determining the number of monomers in polymer brushes grown on solid substrates. This is 

because polymer brushes on substrates are typically thin films or surface-confined structures, 

and traditional bulk characterization techniques (such as gel permeation chromatography) may 

not be suitable. Also, the uniformity of the chain length across the entire surface must be 

considered. 
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After immersing in Chla solutions, PDMA samples were analysed using XPS, and the Zn 2p 

peak area was measured. The variation in the Zn 2p area with the Chla concentration is shown 

in Figure 4-24. This observation indicates that the more chlorophyll molecules the more 

binding sites on the PDMA chains are occupied by ZnChla molecules until reaching saturation 

state.  

 

Figure 4-24: Variation in Zn 2p percentage on the surface as a function of chlorophyll 

concentration. 
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4.3.5 Quaternisation of PDMA brushes and Chl attachment to q-PDMA - regulation of 

binding. 

Because PDMA possesses tertiary amine functionality in every repeated unit on the polymer 

chain, it is possible to conduct Menschutkin reaction in which tertiary amine are converted into 

quaternary ammonium salts using an appropriate alkyl halide. However, the quaternization 

efficiency depends on the used solvent used in this process. Using a poor solvent for the 

brushes such as n-hexane leads to confinement of the quaternization to the upper portion of 

the brush chains. It also maintains pH-responsive behaviour unlike the use of good solvents 

such as THF which allows for uniform quaternization throughout the polymer chains layer 

causing the polymer brushes to lose their pH-responsive properties. Moreover, the degree of 

polymer quaternization can be controlled by variation of alkyl halide concentration. It was 

hypothesised that if Chla binding was via coordination to the tertiary amine groups in PDMA, 

blocking of the amines by quaternization with 1-iodooctadecane should yield a reduction in 

Chla binding.  So, in this section, partial quaternization of the amine groups of PDMA brushes 

was achieved using 1-iodooctadecane in THF. This process was used to regulate the binding 

of chlorophyll by blocking the binding sites via converting the amine group to the positively 

charged ammonium salt. Figure 4-25 shows the schematic illustration of the quaternization of 

DMA with 1-iodooctadecane.  
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Figure 4-25: Quaternisation of DPMA with 1-iodooctadecane. 

 

The degree of PDMA quarterisation was determined by XPS because this technique can 

efficiently distinguish between normal (neutral) and quaternised (cationic) nitrogen atoms, 

which can be quantified by XPS peak-fitting. Figure 4-26 shows N 1s high resolution XPS 

spectra recorded for PDMA brushes before quaternisation (Figure 4-26a).  A series of 

quaternised PDMA brushes with a quaternization degree of 16%, 65%, and 92% were obtained 

using 1-iodooctadecane with concentrations of 25, 50, 100 𝜇M, respectively (Figure 4-26 b, c 

and d). There is only one peak at around 399.54 eV in pure PDMA XPS spectrum, which 

attributed to the neutral nitrogen atom of the amine group of PDMA brush. However, the 

emergence of N+ peak at around 402.5 eV in N 1s spectra confirms the quaternization process. 

This peak became more pronounce corresponding to the increase of the concentration of 1-

iodooctadecane.  
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Figure 4-26: XPS N 1s high resolution spectra of (a) normal PDMA brush compared to q-

PDMA with quaternization degree of (b) 16 %. (c) 65 %. (d) 92 %. 
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Noticeably, the degree of quaternization was increased with the concentration of 1-

iodooctadecane used to derivatise the brushes from 0 µM to 75 µM. However, a limiting value 

was measured for concentrations between 100 µM and 400 µM. 92% was the highest degree 

of quaternization that was achieved. See Figure 4-27 red points.  

  

Figure 4-27: Degree of quaternization (Red points) and measured contact angle (blue circles) 

as functions of 1-iodooctadecane concentration. 

 

As the degree of PDMA quaternization is increased, the measured contact angle increased 

from about 46° for un-quaternised PDMA to approximately 85° at the concentration of 100 µM 

for quaternised PDMA (See Figure 4-27 blue circles). The increase in hydrophobicity of the 

quaternised PDMA brushes can be attributed to the introduction of the relatively hydrophobic 

1-octadecyl group into the PDMA brushes, which can be inferred by the growing C1s peaks 

corresponding to the increase of the concentration of 1-iodooctadecane as illustrated in Figure 

4-28. 
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Figure 4-28: XPS C 1s high resolution spectra of (a) normal PDMA brush compared to q-

PDMA with quaternization degree of (b) 16 %. (c) 65 %. (d) 92 %. 
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The percentage of iodine on the surface increased with the degree of quaternisation As 

expected (Figure 4-29). This is due to the introduction of iodide ions as counter-ions to the 

quaternised nitrogen atoms. 

 

 

Figure 4-29: Growing iodine3d XPS spectra as a function of PDMA quarterisation degree. 

 

 

4.3.5.1 Addition of chlorophyll to quaternised PDMA brushes 

In order to explore the feasibility of regulating the binding of ZnChla molecules to PDMA 

brushes, ZnChla was used to functionalise a series of quaternised PDMA brusheswith different 

degree of quaternization. Figure 4-30 shows  XPS Zn 2p and N 1s spectra of ZnChla-

functionalised pristine PDMA Figure 4-30 a and b, respectively. Figure 4-30 also shows XPS 

Zn 2p and N 1s spectra of ZnChla-functionalised q-PDMA brushes with quaternisation degree 

of 8% (Figure 4-30 c and d), and quaternisation degree of 78% (Figure 4-30 e and f). The 
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pronounced Zn 2p peak in the case of pristine PDMA was diminshed by 8% when PDMA 

quaternised. This diminution continues increasing the quaternization. As expected, the higher 

degree of quaternization, the less ZnChla bound to PDMA brushes. 

 

Figure 4-30: Zn 2p and N 1s XPS spectra after attachment of ZnChla to PDMA before (a 

and b) and after quaternization with quaternization degree of 8% (c and d), and quaternization 

degree of 78% (e and f), respectively. 
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Absorption spectra of ZnChla-functionalised pristine PDMA and  ZnChla-functionalised q-

PDMA brushes with quaternization of 11%, 65%, 78% and 89% were recorded and are 

presented in Figure 4-31. In good agreement with the XPS observations, the intensity of the 

Chla absorption bands decreased as the fraction of quaternised monomers increased, with 

Chla being undetectable at 89% quaternization. It is notable that although these spectra span 

a wide range of concentrations and degree of quaternizations, there is no significant in the 

positions of the Chla absorption bands, suggesting that Chla is not aggregated in any of these 

structures. This is consistent with hypothesised Chla binding mechanisms in which the teriary 

nitrogen atoms on PDMA coordinate to the metal centre of The Chla. The significant decrease 

of the absorption intensities to less than the half of the original intensity by first few 

quaternization degree (11%) from around 0.4 to 0.18 can be attributed to the spatial hindrance 

caused by 1-octadecyl chains. 
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Figure 4-31: Absorption spectra of ZnChla after immobilization on to normal PDMA brush 

and q-PDMA with quaternization degree of 11%, 65%, 79% and 89%. 
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4.3.6 XPS Depth Profiling of PDMA quaternised with 1-iodooctadecane and PDMA 

reacted with chlorophyll 

In this section, data analysis and fitting obtained spectra were conducted by collaboration 

with Deborah Hammond and Jabra AlKorbi. 

4.3.6.1 XPS Depth Profiling of PDMA quaternised with 1-iodooctadecane 

To obtain a better understanding about distribution of quaternization throughout the brush 

chains, XPS depth-profiling analysis were performed to iteratively access sub-surface 

compositional layers. Here, PDMA sample was left in a 140 µM solution of 1-iodooctadecane 

for 18 hours. Untreated PDMA brush was also analysed as a control sample. THF was chosen 

as being a good solvent for PDMA. The extent of quaternization achieved was much less than 

that expected based on the original isotherm, and it is believed this is a result of the cool 

temperatures in the laboratory when the samples were manufactured or could related to the 

low efficiency of 1-iodooctadecane the 3-month-old since it was opened.  

An initial survey scan collected from unmodified PDMA thin film showed the layer thickness 

was greater than the penetration depth of the XPS experiment, which was inferred by the non-

appearance of silicon peak. Figure 4-32 shows the C 1s and N 1s spectra collected from the 

PDMA and q-PDMA samples before any etching. In the N 1s spectra the additional peak at 

approximately 402.7 eV can be seen for the quaternised samples and is consistent with a 

protonated amine group, (Figure 4-32 a and c). Changes to the C 1s spectrum can also be 

seen with a substantial increase in the C-C/C-H component at 285.0 eV compared to normal 

PDMA (Figure 4-32 b and d). 
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Figure 4-32: (a) N 1s and (b) C 1s XPS high resolution scans taken from depth profile at 

time 0, i.e., before any etching of pure PDMA. (c) N 1s and (d) C 1s XPS high resolution scans 

taken from depth profile at time 0, i.e., before any etching of q-PDMA. 

 

Figure 4-33 shows a depth profile through the normal PDMA sample. The brush was fully 

penetrated within only a few depths, so the etch time per analysis was reduced for the 

quarternised samples. The interface is sharp, i.e. there is a rapid transition between polymer 

brush and substrate suggesting a uniform polymer brush thickness.  The initial surface 

concentrations of 74 at% C, 9 at% N an 17 at% O are close to those expected for normal PDMA 

being 73 at% C, 9 at% N and 18 at% O. 
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Figure 4-33: XPS depth profile through the normal PDMA sample 

 

Nitrogen was only detected in one environment, as shown in Figure 4-34 where the 

individual N 1s and C 1s spectra are shown for the first four analyses. There is little variation 

in the carbon chemistry until the fourth analysis where the polymer brush has been largely 

removed and at this point is difficult to make a confident curve-fit with the four peaks typical of 

PDMA. 

For the discussion of chlorophyll treated PDMA later on, it important to note that for untreated 

PDMA, zinc was only detected once the glass substrate was reached, and at a constant 

concentration of approximately 0.4 at%. 
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Figure 4-34: High resolution scans of N 1s (left) and C 1s (right) taken from PDMA depth 

profile 

 



 

160 
 

Figure 4-35a shows a depth profile collected from the quaternised sample.  The same data 

is shown in Figure 4-35b, but the vertical scale has been limited to show the iodine and 

nitrogen concentrations more clearly. It can be seen that the initial carbon concentration is very 

high at approximately 85 at%. Oxygen is present in the PDMA but is present at a much larger 

concentration in the glass substrate. The carbon and oxygen profiles cross after the samples 

has been etched with nearly 3x1012 clusters/mm2 after quaternization compared to 

approximately 1x1012 clusters/mm2 for normal PDMA, suggesting either a much thicker or more 

dense organic film after quaternization. The nitrogen and iodine concentrations increase as the 

sample surface is penetrated, before decreasing as the substrate begins to give a more 

significant contribution to the intensity detected, in contrast to the expected stable 

concentrations along the depth. The reason behind this behaviour of nitrogen and iodine on 

the surface is not clear. 
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Figure 4-35: (a) XPS depth profile through q-PDMA. (b) Scale limit to show I and N more 

clearly. 
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The high-resolution scans collected during the depth profile have all been curve fitted.  The 

N 1s scans were best fitted as two components, corresponding to the tertiary amine of the 

untreated PDMA and the protonated amine after quaternization. Example spectra are shown 

in Figure 4-36. 
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Figure 4-36: Curve fitted high resolution N 1s and C 1s spectra collected for depth profiling 

of q-PDMA. 
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Figure 4-37a shows N 1s components (normal nitrogen and quaternised nitrogen) plotted 

as surface concentrations (i.e., the sum of the two components gives the total nitrogen 

concentration shown in Figure 4-35.  If these components are replotted on a logarithmic scale, 

the concentrations of the two components are seen to be parallel; suggesting the extent of 

quarternization is constant throughout the brush thickness (Figure 4-37b). It is noted these 

samples were produced in THF which is a good solvent for PDMA polymer brushes. 
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Figure 4-37: (a) Surface concentration (%) of two nitrogen environments detected. (b) 

Surface concentrations (%) of two nitrogen environments detected shown on logarithmic scale. 
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The initial N 1s analysis before any etching took place suggested approximately 17% 

quaternization of all nitrogen atoms. Control charts have been calculated to show how the 

average film composition is expected to vary with the degree of quaternization, Figure 4-38. 

 

Figure 4-38: Expected change in average composition as a function of quaternization 

(calculated). 

 

It can be seen that at approximately 17% quaternization, the composition is expected to be 

77.7 at% C, 7.0 at% N, 14.1 at% O and 1.2 at% I. These are in a reasonable agreement to the 

values seen in the depth profile shown in Figure 4-35 when the nitrogen concentration is at its 

greatest. From Figure 4-38, if the increased carbon seen on the unetched sample, 

approximately 85 at%, was due to quaternization then 75% or more quaternization would be 

required – and this does not agree with the nitrogen spectra collected. In order to explain this 

excess of carbonaceous material at the surface, it is suggested that there is excess unreacted 
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1-iodoctadecane on the surface of the sample which has likely been photobleached reducing 

the associated iodine concentration. 

From these observations, it could be concluded that quaternization occurs at a similar level 

throughout the polymer brush when THF is used as the solvent. Excess carbonaceous material 

was found on the surface of the polymer brush sample, which was most likely attributed to 

unreacted photobleached 1-iodooctadecane. 

 

4.3.6.2 XPS Depth Profiling of PDMA Treated with Chlorophyll 

PDMA sample treated with ZnChla was depth profiled using XPS. The change in elemental 

composition as a function of the dose of total number of clusters to have bombarded the surface 

is shown in Figure 4-39. The initial carbon concentration is greater, and similarly nitrogen and 

oxygen concentrations lower, than a PDMA polymer brush only, suggesting there is a change 

in the chemistry of the surface in addition to PDMA on the surface. 

 

Figure 4-39:  XPS depth profile showing variation in elemental concentration as a function 

of number of clusters. 
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The glass substrate is beginning to contribute to the XPS analyses from about 1 x 1012 

clusters onwards, suggesting material is being removed and the substrate exposed, however 

the rate of increase of silicon and oxygen due to the substrate and decrease in carbon, nitrogen 

and zinc slows dramatically from approximately 3 x 1012 clusters. The residual carbon 

concentration in this region is higher than is typically seen in other polymer brush depth profiles, 

e.g., for an untreated PDMA polymer brush the carbon concentration <3 at% after 4 x 1012 

clusters. 

The surface zinc concentration does not drop below 1.4 at% beyond the 2x1012 clusters 

point in Figure 4-39. This may be because of Zn from origin composition of the glass substrate. 

Selected curve fitted high resolution N 1s and C 1s spectra are shown in Figure 4-40.  Depth 

0 is before etching, depth 3 is within the initial region where the elemental composition of the 

surface is approximately unchanging, depth 6 is at the interference as the glass starts to 

contribute to the XPS analysis, depth 9 is two depths before where the oxygen and carbon 

profiles cross whereas depth 12 is two depths after this same point, depths 24 is in the long 

tail of the depth profile where concentrations of the elements were seen to change much more 

gradually. 
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Figure 4-40: Selected high resolution N1s and C 1s spectra from ZnChla depth profile. 
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These spectra can be compared to those collected from a PDMA polymer brush seen 

previously in q-PDMA depth profiling discussion. Before any etching, N 1s spectrum shows two 

components, a large peak at approximately 399.5 eV consistent with the tertiary amine in the 

PDMA polymer brush and a smaller peak at approximately 398.5 eV consistent with the amine 

group bonded co-ordinately with central chlorophyll zinc. The nitrogen spectra are little 

changed whilst the nitrogen concentration is approximately constant. However, as the carbon 

concentration begins to rapidly decrease, from 1.3x1012 clusters, the nitrogen concentration 

also decreases leading to noisier spectra, but spectra where the chlorophyll component 

appears to increase.  This can be seen in Figure 4-41 which plots the contributions of what 

are believed to be the PDMA tertiary amines and the bonded Zinc from chlorophyll to Nitrogen 

from PDMA to the total nitrogen surface concentration as a function of the dose of number of 

argon clusters to hit the surface. Although the data is noisy, due to the small concentrations 

involved it is suggested that the concentration of surface nitrogen due to chlorophyll shows 

small degree of change throughout the depth profile. 

 

Figure 4-41: Surface concentrations of two nitrogen environments as a function of number 

of clusters. 
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The carbon spectra similarly transition as the C-N component characteristic of PDMA at 

approximately 285.8 eV seen initially decreases in intensity and the C-C component at 285.0 

eV increases. 

It was thought that this data suggests that the majority of the material detected on the surface 

initially, before etching, is PDMA polymer brush. The polymer brush looks to be largely 

removed by ion etching. However, there seem to be chlorophyll left on the surface. This could 

be because the Ar3000+ clusters are too gentle to break up the chlorophyll and it gets left 

behind as the polymer brush is removed, or whether there is an uneven deposition of 

chlorophyll and leading to left with thicker islands of chlorophyll to continue depth profiling 

through. This data also proved that the chlorophyll has become attached to the polymer brush, 

which was evidenced by the emergence of -C-N-Zn peak at 398.5 eV. However, there is an 

excess of zinc ions, as pure chlorophyll should be only 1.5 at% zinc, or in another words, in 

pure chlorophyll C:Zn is 55:1, and by the end of the profile it was observed C:Zn = 10:1, which 

attributed to possible contamination from the solution of ZnChla. 
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4.4 Conclusion 

Surface-grafted PDMA brushes were synthesised via ATRP. The structures of PDMA 

brushes and their BIBB-APTES initiators were confirmed by XPS N 1s and C 1s spectra. 

Ellipsometric measurements reveal that the average height of the initiator was around 1 nm, 

while the heights of the brushes can reach round 15 nm after 15 min of polymerisation time 

with maximum hight of 30 min after 1 h. AFM images of PDMA brushes and their BIBB-APTES 

initiators confirm the successful growth of the polymer brushes with a good agreement with 

ellipsometric height measurements. ZnChla was successfully attached to PDMA brushes.  

Adsorption isotherms of ZnChla on PDMA were acquired and demonstrated that monolayer 

coverage was achieved with a Chla concentration of 15 μM. When the PDMA brushes were 

treated with 1-iodooctadecane, the binding of Chla was found to be blocked, decreasing as the 

degree of quaternization increased. These findings are consistent with the hypothesis that Chla 

binding to PDMA brushes is via coordination of the tertiary amine in the pendant groups of the 

polymer to the metal centre in the Chla. There is no shifts in the position in the Chla absorption 

bands after binding to PDMA brushes suggesting that the amount of aggregation is small. This 

approach seems to provide a promising route to the formation of pigment-polymer antenna 

complexes. 
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5 CHAPTER 5: PLEXCITONIC COMPLEXES: PLASMONICS 

5.1 Introduction 

Localised surface plasmon resonances (LSPRs) that are generated by the resonant 

coupling of light to the plasmonic modes of sub-wavelength metallic nanostructures are widely 

exploited in various applications such as sensors and essential research on LHCs.[33] Under 

certain conditions, the combination of plasmon mode and excitons may exchange energy faster 

than their decay rates. This allows the system to enter the strong coupling regime where new 

hybrid light-matter states (plexcitons) are generated.[2] The new plexcitonic states are 

evidenced by a splitting of the plasmon band in the absorption spectrum. A range of systems, 

including those based on dye molecules, quantum dots and J-aggregates, have all been shown 

to exhibit strong coupling.  

In a previous study, Lishchuk et al. demonstrated that LSPRs of arrays of gold 

nanostructures were strongly coupled to pigment-protein antenna complexes from bacteria[32] 

and plants.[241] Light harvesting antenna complexes organise pigment molecules (chlorophylls 

and carotenoids) precisely in space, controlling the orientations of their transition dipole 

moments and achieving high packing density, without concentration quenching of excitons. 

The integration of these remarkable properties with strong light-matter coupling opens a new 

route to the control of excitation transfer in molecular films, but proteins are fragile and costly 

to synthesise, making them unsuitable for applications in device production. The aim of this 

chapter is to investigate the properties of biomimetic light-harvesting structures based on 

synthetic polymers. 

Recently, they Lishchuk et al. described the design of pigment–polymer antenna complexes 

in which the peptide scaffold used in photosynthetic light-harvesting complexes surface grafted 

PCysMA chains. These polymer scaffolds were used to support chlorophyll molecules.[33]  

The approach of Lishchuk et al. relied upon a lengthy synthetic modification to the 

chlorophyll molecule, to enable covalent coupling to pendant amine groups on PCysMA repeat 
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units. This chapter aims to examine the feasibility of achieving a similar strong coupling, but 

using simpler approaches based on the coordination of pigment molecules to pendant tertiary 

amine groups in poly(dimethylaminoethyl methacrylate) (PDMA) brushes, as illustrated in 

chapter 1. The strategy is illustrated schematically in Figure5-1. PDMA brushes are grown 

from a suitable substrate, and then immersed in a solution of zinc chlorophyllide (ZnChl). It was 

hypothesised that the pendant dimethylamino groups in the polymer might coordinate to the 

central Zn2+ ion in ZnChla. Drop-casting and spin-coating of ZnChla and J-aggregates in the 

absence of a polymer scaffold were also investigated; such sample preparation methods are 

expected to yield thick, dense layers of pigment molecules that would be expected to exhibit 

strong plasmon-exciton coupling and provide good positive controls. In addition, the possibility 

of achieving strong plasmon-exciton coupling between excitonic NR-PDMA antenna 

complexes and plasmonic arrays of AuNPs structures was investigated.   

 

 

Figure 5-1: Schematic illustration of the growth of PDMA brushes onto brominated gold film 

and subsequent attachment of ZnChla. 
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5.2 Materials and methods 

5.2.1 Materials 

Glass substrates (Coverslips glass slides, MENZEL-GLAZER/ 22*60# 1.5) were purchased 

from VWR, UK. 1, 10-diiodooctane 98% was supplied by Alfa Aesar, UK. Deionised water (15 

MΩ cm–1) was obtained from an Elga PURELAB Nano-pore system. Dry THF was obtained 

from an onsite Grubbs dry solvent system. All these materials were used as received without 

any further purification  

 

5.2.2 Sample cleaning and handling 

Glass coverslip slides were cleaned as described in chapter 3. Briefly, Piranha solution (30% 

H2O2: 98% H2SO4, 1:3, v/v) was used to clean all substrates and glass ware. Caution: Piranha 

solution can result in a violent reaction with organic matter and should be handled with extreme 

caution! Non-glass ware and other tools were cleaned with acetone, sonicated in isopropanol 

and washed with ethanol. 

 

5.2.3 Formation of BIBB-APTES films 

BIBB-APTES films were prepared in two steps as described in detail in the chapter 3. Briefly, 

2% solution of APTES in ethanol is used to functionalise glass substrates to form APTES SAMs. 

This was followed by the attachment of BIBB in a mixture of TEA and DCM to from Bromine-

functionalised initiator substrates. 

 

5.2.4 Preparation of polycrystalline gold film 

Piranha cleaned glass slides were coated by thermal evaporation with ca. 2-5 nm thick 

chromium adhesive layer. This was followed by a deposition of thickness of 20-25 nm gold film 

(the nominal thickness is the reading of the evaporator QCM thickness monitor, i.e., the film 
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mass thickness). Edwards Auto 306 bell jar vacuum coater system was used to deposit both 

chromium and gold under a pressure of 5 x10-7 mbar with evaporation rates of ca. 0.1 nm/s for 

both metals Cr and Au. The samples were allowed to cool for 30 min and rinsed with ethanol 

prior to use. Then, the samples were immersed in 1 mmol solution of octadecanethiol in 

degassed ethanol overnight prior to rinse with ethanol and dry with nitrogen. 

 

5.2.5 Interferometric lithography fabrication of gold nanostructure arrays 

A Coherent Innova 300C FreD frequency-doubled argon ion laser was employed as the light 

source for photolithography, emitting UV light at 244 nm. To create a coherent beam, a spatial 

filter with an aperture of 10 𝜇m was employed to focus the laser beam through a lens and the 

edge of the coherent beam was cut using a mask with an appropriate aperture. The laser beam 

was directed into a Lloyd's mirror interferometer. The angle between the sample and mirror 

was set at 50º or 60º. A double-exposure process was used, and the sample was rotated 90º 

between exposures.  Doses of 21.5 J cm–2 and 18.3 J/cm2 were used during the first and 

second exposures, respectively. After lithographic processing, samples were etched by 

immersion in a 0.2 M solution of 2-mercaptoethylamine hydrochloride in 8% v/v of 35% of 

ammonia solution in ethanol. Finally, the samples were rinsed with ethanol and dried with 

nitrogen. The resulting arrays were annealed using a muffle furnace (Carbolite, UK) in air at 

500ºC for 120 min. The heating rate was ca. 7℃ min-1. The annealed samples were allowed to 

cool at room temperature.  

 

5.2.6 Functionalisation of polycrystalline gold thin films and plasmonic arrays of gold 

nanostructures using DTBU 

Cr/Au-coated coverslips and plasmonic arrays of gold nanostructures were immersed in a 2 

mM solution of DTBU in nitrogen-degassed ethanol. The reaction was allowed to proceed in a 
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fridge at temperature of 4 °C for 24 h to form bromoisobutyrylundecanethiolate (BIBUDT)-

functionalised Au surface. The samples were then removed from the solution and rinsed with 

ethanol and blown dry under nitrogen stream. 

 

5.2.7 Growth of PDMA via ATRP brominated surfaces 

PDMA brushes were grown from BIBB-APTES initiated glass substrates as mentioned with 

more details in chapter 3. Briefly, DMF was used as a solvent for DMA monomers. HMTETA 

and Cu(I)Br were used to catalyse ATRP reaction at 90 °C. Then, monomer/ catalysts solution 

was added into Schlenk tubes with BiBB-APTES-functionalised glass substrates. The reaction 

was performed at nitrogen atmosphere. The growth of PDMA was allowed to proceed for the 

desired polymerisation time (15 min and 60 min, unless otherwise is stated). The 

polymerisation reaction was terminated by removing the slide from the mixture. The same 

procedure was followed to grow PDMA from DTBU-functionalised polycrystalline gold 

substrate and DTBU-functionalised plasmonic arrays of gold nanostructures. 

 

5.2.8 Extraction and derivatization of chlorophyll a 

A detailed description of ZnChla synthesis can be found in chapter 3. Briefly, chla was 

extracted form spinach leaves by acetone. Then, extracted chlorophyll a was converted into 

pheophytin a (dark blue pigment) by dissolving the dark green pigment in acetic acid under 

stirring for 3 h. Then, zinc acetate dehydrate dissolved in methanol was used to convert 

pheophytin into ZnChla under reflux in argon atmosphere at 35 °C. 
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5.2.9 J-aggregates solution preparation 

Poly Vinyl Acetate (PVA, molar weight 450 000) was used as a host matrix for the J-

aggregated dye 5,50,6,60-tetrachloro-1,10-diethyl-3,30-di(4-sulfobutyl)-

benzimidazolocarbocyanine (TDBC). PVA was dissolved in water. TDBC was then dissolved 

in the PVA-water solution. TDBC/PVA films were deposited on a plasmonic arrays by spin-

coating and drop-casting. 

  

5.2.10 Drop-casting of Chl and J-aggregates onto gold nanostructure arrays 

Freshly fabricated plasmonic arrays of gold nanostructures were placed on a clean horizontal 

glass surface. 3 𝜇L of 250 𝜇M Chla solution was carefully placed on the surface and allowed 

to spread so that it was uniformly distributed across the surface of the sample. The drop was 

allowed to dry naturally. The same procedure was used to drop-cast 5 𝜇L TDBC solution on 

Au-coated glass slides. 

 

5.2.11 Spin coating of Chl and J-aggregates onto gold nanostructure arrays 

Annealed plasmonic arrays of gold nanostructures were placed on the sample holder of the 

spin-coater. 3 𝜇L of a 250 𝜇M solution of Chla in acetone was carefully deposited onto the 

surface of spinning sample. The spin-speed was 3000 rpm. The sample was left for 120 s for 

the solvent to evaporate. The same procedure was used to deposit 5 𝜇L of J-aggregate on Au-

coated glass slides. 

 

5.2.12 Synthesis of 2-(10-iododecyl) Nile Red. 

Nile Red (100 mg, 0.3mmol), K2CO3 (250 mg, 1.81 mmol) and 1,2-diiodooctane (1.18g, 3.22 

mmol) were dissolved in 2 mL DMF. The reaction mixture was stirred at 60 C for 2 h under 
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nitrogen. The product was then extracted with ethyl acetate (30mL) and washed 3 times with 

water and brine (30 ml) and dried to afford dark red solid product. The produced iodinated Nile 

Red was purified by column chromatography using a mixture of 1:2 ethyl acetate and petroleum 

ether to yield 60 mg iododecyl Nile Red (INR). 

 

5.2.13 Attachment of INR to PDMA brushes  

PDMA samples were immersed in solutions of INR in THF with concentrations in the range 

0.25 mM - 8 mM overnight in the dark at room temperature. On completion of the coupling 

reaction, samples were rinsed with ethanol and dried under a stream of nitrogen. INR-

functionalised PDMA brushes were characterised by UV-Vis spectroscopy and XPS. INR-

functionalised PDMA was also grown from Br-functionalised arrays of gold nanostructures 

using the same methods used to functionalise PDMA brushes on glass were analysed by 

absorption spectroscopy. 

 

5.2.14 Surface analysis 

A Cary 50 UV-vis spectrophotometer was used to obtain extinction spectra in the range 190 – 

900 nm, unless otherwise is stated. ZnChla samples were measured by placing samples in a 

standard quartz cuvette with a 10 mm optical path length at room temperature. Measurements 

were made in duplicate. The extinctions of plasmonic arrays were measured in air. 

Measurements were conducted using home-made PTFE sample holder designed to facilitate 

precise alignment of the excitation beam with the same area on the surface during all 

experimental stages. 

X-ray photoelectron spectroscopy (XPS) spectra were obtained using a Kratos Axis 

Ultra/Supra spectrometer (Kratos Analytical, Manchester, UK). All binding energies were 
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referenced to the 285 eV calibrated primary hydrocarbon C 1s signal. XPS data were analysed 

using the CASAXPS software (v. 2.18).  

Tapping mode AFM measurements were performed by using a Digital Instruments (Nanoscope 

5 Multimode Atomic Force Microscope), (Veeco, Santa Barbara, CA) fitted with a “J” scanner. 

All measurements were conducted in air at room temperature. AFM data analysis was 

performed using NanoScope software (v 1.5). 

Water contact angles measurements were performed using a Rame Hart sessile-drop model 

100-00 goniometer. The obtained contact angle values are the mean of at least three different 

measurements. 

Ellipsometric spectra were collected using an M-2000VI ellipsometer (J. A. Woollam Co., Inc., 

USA) operating in a spectral range from 370 to 1000 nm, at an incident angle (Φ) of 75°, unless 

otherwise is stated. Modelling ellipsomertic data was performed using CompleteEASE software 

(v.6.6). At least three measurements per sample were carried out in air to obtain an average. 
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5.3 Results and discussion 

5.3.1 Surface analysis of clean polycrystalline gold films  

Contact angle and XPS measurements and SE measurements were performed using 

polycrystalline Au surfaces, because these measurements are not possible for arrays of Au 

nanostructures, because the surface of Au nanoarrays is not uniform. It is assumed that the 

chemical changes to the surface are similar for both types of samples. 

The water contact angle of clean thermally evaporated gold films was measured to be 89 

± 3°. XPS study of thermally evaporated Au-polycrystalline layer shows clear and intense Au 

4f 7/2 peak at 84.25 eV and Au 4f 5/2 at 88 eV, attributed to the electronic transitions of Au, as 

shown in Figure 5-2. 

 

Figure 5-2: XPS high resolution Au 4f spectrum collected from clean polycrystalline gold 

surface. 
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5.3.2 Surface analysis of BIBUDT-modified polycrystalline gold films  

To initiate the polymerisation of PDMA from Au substrate, the surface of the gold substrate 

was modified using DTBU as illustrated schematically in Figure 5-3a. First, SAMs of DTBU are 

formed by adsorption from solution on gold nanostructure arrays formed over 0.7 cm2 using IL. 

The disulfide linkage in the adsorbate is cleaved during adsorption to yield a monolayer of 

BIBUDT at the Au surface. XPS analysis of BIBUDT-modified Au surface was performed. A 

doublet was observed at 162.5 eV and 164 eV, attributed to the S2p1/2 and S2p3/2 peaks 

formed by spin-orbit coupling (Figure 5-3b). The C1s peak was fitted with four components, 

which were attributed to C-C-C, C-C-S, C-C-O/C-C-Br, and -O-C=O- bonding environments. 

The high intensity C-C peak at 285 eV is attributed the large number of carbon single bonds 

(12 X -C-C-), see Figure 5-3c. XPS Br 3d peak was dominated by gold peak due to the overlap 

with gold transitions, Au 5p ½, which is common with brominated gold surface, see Figure 5-

3d. Also, the signal of the gold surface, Au 4f was observed clearly over the range 84 eV – 

89.5 eV, see Figure 5-3e. 
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Figure 5-3: XPS analysis of BIBUDT-modified Au surface. (a) schematic of BIBUDT-

modified Au surface. (b) XPS high resolution S 2p spectrum. (c) XPS high resolution C 1s 

spectrum. (d) XPS high resolution Br 3d spectrum. (e) XPS high resolution Au 4f spectrum. 
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5.3.3 Surface analysis of PDMA-functionalised polycrystalline gold films 

PDMA brushes were grown from DTBU-modified Au substrate as shown schematically in 

Figure 5-4a and characterised by XPS. C 1s and N 1s XPS spectra of PDMA-functionalised 

Au surfaces exhibit features identical to those were previously described for PDMA grown from 

glass substrate in chapter 4, see Figure 5-4 b and c. This indicates that polymerisation 

proceeds equally well on gold surfaces that have been modified by attachment of initiators. 

The mean thickness of PDMA brushes grown for 1 h from Au surfaces was measured by 

ellipsometry to be 32 ± 6 nm.  
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Figure 5-4: XPS analysis of PDMA grown from Au surface. (a) schematic of the growth of 

PDMA from Au surface. (b) XPS high resolution C 1s spectrum. (c) XPS high resolution N 1s 

spectrum. 

 

5.3.4 Morphology of Plasmonic arrays 

Figure 5-5 shows a tapping mode AFM height image of a typical array of gold nanostructures 

fabricated by IL. Close-packed clusters of AuNPs can be observed. The height of the plasmonic 

arrays of gold nanostructures was estimated to be 44 ± 11 nm with cluster diameter of 71 ± 33 

nm and period of 255 ± 15 nm. 
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Figure 5-5: Tapping mode AFM images of typical plasmonic arrays of gold nanostructures 

(right, and cross section taken from this image (left). 

 

Figure 5-6 shows typical extinction spectra of Au arrays fabricated by IL. Extinction spectra 

acquired for several samples displayed only very limited variability in the energy and shape of 

the plasmon band (Figure 5-6a). When spectra were acquired at varying angles of incidence 

(AOI) between 0 and 35°, a very degree of variation in the position of the plasmon band was 

observed (6 nm) without any change in the line shape (Figure 5-6b), indicating that extinction 

spectra of clean plasmonic arrays of gold nanostructures are not sensitive to the angles of 

incidence.  
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Figure 5-6: (a) Typical extinction spectra of a number of samples of Au arrays. (b) Extinction 

spectra of typical plasmonic arrays of Au nanostructures measured at different angles of 

incidence. 
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Figure 5-7 shows extinction spectra of plasmonic arrays of gold nanostructures before and 

after the growth of PDMA brushes. Typical plasmonic arrays of AuNPs exhibit an extinction 

maximum at 2.04 eV (black spectrum). However, a small red shift in the position of this plasmon 

band from 2.04 eV to 1.99 eV was measured after the growth of PDMA scaffolds for 1 h, as 

expected (see red spectrum). This red shift is due to the change in the local refractive index of 

the medium close to the plasmonic arrays from air (n = 1) to that of PDMA brushes (n = 1.51). 

 

Figure 5-7: Typical extinction spectra of Au arrays before (black) and after (red) the growth 

of PDMA brushes (denoted by eV). 
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5.3.5 J-aggregates-based plasmonic complexes 

The effect of the deposition of TDBC J-aggregates on the plasmonic properties of Au arrays 

was investigated via two ways, drop-casting and spin-coating. Drop-casting 3 𝜇 L of J-

aggregates dye in PVA matrix onto a plasmonic array yielded a layer with thickness determined 

by spectroscopic ellipsometry to be 35 ± 5 nm. Spin-coating (3000 rpm, 120 sec) 5 𝜇L of the 

dye onto a plasmonic array yielded a layer with thickness determined by spectroscopic 

ellipsometry to be ca. 30 nm. Figure 5-8a shows extinction spectra of Au arrays before and 

after deposition of J-aggregates. The black spectrum is the extinction spectrum of the clean Au 

array, with a plasmon peak at 615 nm. The red spectrum was acquired after deposition of J-

aggregates. The extinction peak is now observed at 575 nm. The absorption spectrum of Au 

arrays after drop-casting the dyes was collected at different incident angles showing red shift 

of the peak position of Au arrays to 685 nm, see blue, green and cyan spectra. Also, the 

absorption peak of J-aggregates was observed without any shift. No sign of strong coupling 

was observed which could be due to the excess adsorption thick layer (50 ± 5 nm) of J-

aggregates generated by drop-casting. 

Figure 5-8b shows extinction spectra of clean arrays of gold nanostructures before and after 

spin-coating J-aggregates. The black spectrum here is the absorption spectrum of clean Au 

arrays with maximum absorption peak at 615 nm. The cyan spectrum is the absorption 

spectrum of J-aggregates with maximum absorption peak at 575 nm. A clear splitting of the 

plasmonic gold arrays was observed after spin-coating thin layer of J-aggregates (the thickness 

of the spin coated layer was evaluated by SE to be 30 nm ± 5 nm), see red spectrum. This 

splitting was attributed to the strong coupling between the plasmon of Au arrays and excitons 

of J-aggregates. This coupling is dependant to the angle of incidence as it can be seen from 

green and blue spectra. 

The observed large shift in the LSPR caused by drop-casting of J-aggregates and the 

splitting of LSPR caused by spin-coating of J-aggregates on gold nanostructures proved that 
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the simple mixing of plasmonic materials with excitonic molecules is not sufficient to achieve 

strong light-matter coupling.  

 

Figure 5-8: (a) Extinction spectra of Au arrays before (black) and after drop-casting J-

aggregates measured at different incident angles. (b) Extinction spectra of Au arrays before 

(black) and after spin-coating J-aggregates measured at different incident angles. The sharp 

spectra observed at 585 nm in both (a) and (b) are extinction spectra of J-aggregates. 
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5.3.6 ZnChla-based plexcitonic complexes 

PDMA brushes grown from gold nanostructure were used as a scaffold to organise ZnChla 

molecules in the plasmon mode. Firstly, control experiments were conducted by depositing 

ZnChla onto the plasmonic surface via drop-casting and spin-coating. Figure 5-9a shows the 

extinction spectra of clean plasmonic arrays (black spectrum) and the same plasmonic array 

after drop-casting of 3 𝜇 L of 500  𝜇M ZnChla (green spectrum). After deposition of the 

chlorophyll, a 90 nm red shift with a broad plasmon peak was observed.  Similar observations 

were made when 3 𝜇L of 500 𝜇M ZnChla was spin-coated onto PDMA-grafted (polymerisation 

time=1 h, thickness 30-50 nm) plasmonic structure. No change in the position of the spectra 

was observed when the extinction spectra were collected at different incident angles as shown 

in Figure 5-9b, probably because the transition dipole moments of the chlorophyll molecules 

are randomly oriented in these films. These observations were not consistent with the 

existence of strong plasmon-exciton coupling in these films, because in contrast to the 

behaviour observed for TDBC, a splitting of the plasmon band was not observed. 
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Figure 5-9: (a) Extinction spectra of Au arrays before (black) and after drop-casting ZnChla 

onto the surface of plasmonic arrays of AuNPs (green). (b) Extinction spectra of Au arrays 

before (black) and after spin-coating ZnChla onto the surface of PDMA grafted from plasmonic 

arrays of AuNPs (other spectra) measured at different incident angles. 
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In order to organise the excitonic molecules of Chla inside the plasmon mode volume, PDMA 

brushes were used to support ZnChla molecules. This was achieved by incubation the samples 

of PDMA-grafted plasmonic arrays of Au nanostructures in solutions of ZnChla to allow the 

formation of plexcitonic antenna complexes by binding ZnChla to PDMA through the 

coordination bonds as presented schematically in Figure 5-10. 

 

 

Figure 5-10: Schematic of binding ZnChla to PDMA grown from Au surface. 
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 Figure 5-11 shows extinction spectra of clean Au arrays and PDMA-functionalised plasmonic 

arrays of AuNPs before and after the attachment of ZnChla. The black spectrum was acquired 

for clean plasmonic arrays of gold nanostructures, while the red spectrum was acquired for 

PDMA-grafted plasmonic arrays of AuNPs. The dotted spectrum has been acquired for ZhChla 

in a mixture of DMF and water with the ratio of 1:3. The other spectra have been acquired after 

attachment of ZnChla to PDMA from solutions with different concentrations of the dye and 

different PDMA thicknesses (labelled on the graph). In contrast to the simple red shift that was 

observed after the growth of PDMA scaffolds (Figure 5-7), a dramatic change in the spectrum 

was observed after immersion of the sample in a solution of ZnChla with concentration of 500 

𝜇M. The peak of the plasmon band at 2.04 eV appears to have been split into two peaks at 

1.87 eV and 2.07 eV with when PDMA was polymerised for 15 min (pink spectrum). Additionally, 

a new feature is observed at ca. 1.5 eV. Such a feature was observed previously in spectra of 

chlorophyll-based systems that exhibit strong plasmon-exciton coupling,[33] although its origin 

is unclear. 

When longer brushes, grown using a polymerisation time of 1 h, were used, splitting was 

also observed in the plasmon band. After immersion of such brushes in a 500 mM solution of 

ZnChla, two peaks were observed in the extinction spectrum at 1.85 eV and 1.98 eV (pink 

spectrum). These suggest a reduced splitting of the plasmon band when the brush layer is 

thicker. At a concentration of 500 mM, the ZnChla solution has an olive-green colouration, 

attributed to the formation of aggregates. The most likely explanation of the different behaviour 

for different brush thicknesses is that for these very concentrated solutions, ZnChla deposits 

primarily as aggregates on top of the brush layer; thus, reducing the polymerisation time brings 

the Chla closer to the gold surface, effectively increasing the number of excitons in the plasmon 

mode volume and thus increasing the splitting strength. For thicker brush layers, the number 

of excitons in the mode volume is reduced and the coupling energy is reduced. 
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The splitting of the spectrum immersion in the ZnChla solution was attributed to a coupling 

between the LSPR associated with the gold nanostructure and the exciton in chlorophyll 

molecules. This strong coupling is a process in which the plasmon mode and the exciton are 

hybridised to produce new states (plexcitons) that combine the properties of light and matter. 

So, the splitting that has been observed here in the plasmon band is clear evidence of the 

formation of these new plexcitonic states. 

When the concentration of ZnChla was reduced to 250 mM, the solution was blue-green in 

colour, indicating that the degree of aggregation was reduced; ZnChla was now dissolved in 

molecular form and was able to penetrate the brush layer. Consequently, higher concentrations 

of excitons were achieved within the brush layer and hence within the plasmon mode volume 

even for films grown with a polymerisation time of 1 h. The plasmon band was observed to be 

split, to yield new features at 1.94 and 2.05 eV (cyan spectrum). 

 

The strong coupling is a collective phenomenon. The LSPR mode couples collectively to the 

excitons. In particular, the coupling energy change as a function to the square root of the 

density of the excitons in the plasmon mode volume, which described as  
𝑁

𝑉
  in the following 

equation.[33] 

𝑬𝒄 ≅ √
𝝁𝟐𝑬𝒎𝒐𝒍

𝟐

𝜺𝟎𝜺𝒃𝑬𝑳𝑺𝑷𝑹

𝑵

𝑽
 

When the concentration of ZnChla was reduced from 25 𝜇M to 15 𝜇M, and 7.5 𝜇M, the 

separation between the two plexcitonic peaks was reduced to 0.11 eV and 0.07 eV, 

respectively, (light blue and blue spectra). This separation distance became hardly observed 

when the concentration reduced to 2.3 𝜇M (green spectrum). As expected, the reduction of 

ZnChla concentration leads to the reduction in the coupling strength. 
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Figure 5-11: Extinction spectra of extinction spectra of clean Au arrays and PDMA-

functionalised plasmonic arrays of AuNPs before and after the attachment of ZnChla. 
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Modelling of plasmon–exciton coupling 

The coupled plasmon-exciton systems were modelled using a simple coupled oscillator model 

described previously by Tsargorodska et al.[32] The data was modelled based on the criterion 

𝐸𝑐 ≥
1

2
 (𝛾1 − 𝛾2). 

Modelled extinction spectra of J-aggregates-based plexcitonic complexes are shown in 

Figure 5-12. The experimental data are coloured green, and the fitted data are represented by 

thin red line. Deposition of J-aggregates on the plasmon arrays of gold nanostructure caused 

splitting of the plasmon band.  This splitting was attributed to plasmon–exciton coupling with 

coupling energy of 0.26 eV. This coupling was correlated with changes in the angle of the 

incident of UV-vis beam as discussed above in Figure 5-8. The main fitted parameters are the 

energy of the plasmon and the energy of the exciton with values of 2.04 eV and 2.08 eV, 

respectively. 

 

Figure 5-12: Modelling of plasmon-exciton coupling in J-aggregates-based plexcitonic 

systems. Green spectrum is experimental data, and red is fitted data.  
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Fitted extinction spectra of ZnChla-based plexcitonic complexes are shown in Figure 5-13. 

In both graphs, the black spectra were acquired for clean plasmonic gold nanostructures, and 

the sharp peaks at 1.9 eV represent Qy band of ZnChla. Experimental spectra after attachment 

of ZnChla to PDMA polymerised for 15 min (Figure 5-13a), and 60 min (Figure 5-13b) are 

coloured green, and the fitted data are represented by bold red lines. Attachment of ZnChla to 

PDMA scaffolds grown from plasmonic arrays of gold nanostructure caused splitting of the 

plasmon band.  This splitting was attributed to plasmon–exciton coupling with coupling energy 

of 0.16 eV and 0.08 eV corresponding to the polymerisation time of 15 min and 60 min, 

respectively. The main fitted parameters are the energy of the plasmon and the energy of the 

exciton with values of 1.96 eV and 1.99 eV, respectively, for ~ 15 nm thick brushes, and 1.97 

eV and 1.90 eV, respectively, for ~ 30 nm thick brushes. 

However, such a small coupling energy is expectable for a dense layer of polymer scaffolds 

due to the steric hindrance of high density PDMA brushes that can reduce the efficiency of the 

functionalisation process, preventing the complete occupancy of PDMA binding sites with 

ZnChla. This splitting in the spectra was not observed when the density of ZnChla molecules 

was reduced within the brush layer as illustrated above. 
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Figure 5-13: Modelling of plasmon-exciton coupling in ZnChla-based plexcitonic systems 

with different polymerisation times of PDMA; (a) 15 min and (b) 60 min. The black spectra are 

before the attachment of ZnChla and thick green spectra are collected experimentally after 

attachment of ZnChla. The short red lines represent the model data. 
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5.3.7 Iodinated Nile Red (INR) 

Iodinated Nile Red dye (INR) was produced by the reaction of hydroxylated Nile Red with 1, 

10-diiodooctane as shown in the Figure 5-14. 

 

 

Figure 5-14: Synthesis of iodinated Nile Red via the reaction of hydroxylated Nile Red with 

1, 10-diiododecane chains. 

 

 

INR molecules absorb light in the visible spectral range with absorption maximum at 530 

nm. Absorption intensities of INR with different concentrations were linearly increased with 

increasing solution concentration from 0.25 mM to 8 mM, see Figure 5-15. At the concentration 

of 4 mM and 8 mM, the dye is highly saturated, and the spectrum shows high signal to noise 

ratio above the absorbance intensity of 3 AU (absorbance unit), so it is not shown in the graph. 
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Figure 5-15: Extinction spectra of INR solutions with concentrations of 0.25, 0.5, 1, 2 and 4 

mM from down to top. 

 

 

Figure 5-16 shows calibration curve for the adsorption of INR onto PDMA brushes. A linear 

relation between the concentration of INR in the solution and the intensity of the corresponding 

absorbance can be observed.  
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Figure 5-16: Calibration curve for INR concentrations vs maximum absorbance. 

 

 

In order to study adsorption isotherm of INR adsorbed on PDMA brushes, surface-grafted 

PDMA brushes formed by ATRP were used as a scaffold to support INR molecules in order to 

design active biomimetic structure that is similar to chlorophyll-PDMA complex taking 

advantage of the ability to convert the amine group into an ammonium salt. Due to the presence 

of the iodinated alkyl chain attached to INR, tertiary amine group of PDMA brushes can be 

quaternised by INR molecules to form INR-PDMA complexes, as illustrated in figure 5-17. 
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Figure 5-17: Schematic of binding ZnChla to PDMA through quaternisation mechanism. 

 

A series of INR solutions with different concentrations ranging from 0.25-8 mM were used 

to functionalise PDMA brushes by immersing PDMA samples in the solutions of INR for 24h. 

This process allows to control the amount of INR adsorbed on PDMA brushes. INR 

functionalised PDMA brushes were analysed by UV-vis spectrophotometer and XPS. 

Figure 5-18 shows extinction spectra of INR-functionalised PDMA brushes with different 

immobilised amounts of the dye. INR-functionalised PDMA brushes exhibit maximum 

absorption at 537 nm with red shift compared to that observed in the solutions. The absorption 

intensity of INR-functionalised PDMA brushes were increased with increasing the 

concentration of the dye to reach the maximum intensity of 0.09 using the concentration of 4 

mM. No more than 0.09 absorption intensity was observed using 8 mM INR. Also, no significant 

shift was observed.  
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Figure 5-18: Extinction spectra of PDMA functionalised with different concentrations of INR. 

 

The fractional coverage of adsorbed INR molecules onto the surface-grafted PDMA brushes 

was calculated and presented in Figure 5-19. There is a monotonic relationship between the 

concentration of the used INR solution and the amount of adsorbed INR on the surface of the 

structure between 0.25 mM to approximately 2 mM. Then, it tends to be more constant over 

the next range of concentrations. This indicates that partial coverage was obtained by varying 

the concentrations between 0.25 mM to less than 2 mM, while full surface coverage with INR 

molecules can be achieved at around 4 mM. However, the shape of the spectrum of 4 mM 

sample does not fit the trend set by the other samples, most probably due to an experimental 

error. Indeed, this sample was washed twice due to observed contamination. 
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Figure 5-19: Fractional coverage of INR onto PDMA brushes. 

 

The binding of INR to PDMA brushes was examined also by XPS. This technique is 

appropriate due to its ability to distinguish between normal nitrogen exists in every repeated 

unit of PDMA brushes and the protonated nitrogen that can be resulted from the binding of 

iodinated NR molecules with high analytical sensitivity. Figure 5-20 a and b show N 1s XPS 

spectra of INR-functionalised PDMA brushes with two INR concentrations, 0.25 mM and 8 mM, 

respectively. These spectra exhibit two components at 399.8 eV and 402.7 eV corresponding 

to normal nitrogen of the amine group and quaternary nitrogen, respectively, see Figure 5-20 

a. However, the peak of the quaternary nitrogen became more pronounced using higher INR 

concentration of INR (8 mM), see Figure 5-20b. This observation suggested that INR 

molecules bound to PDMA chains through the quaternisation of the tertiary amine group with 

the iodinated chain attached to the INR. As it can be noticed here, the intensity of the 

quaternisation peak is relatively small compared to the peak of the normal nitrogen. i.e., there 
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is a small quaternisation degree, which could be due to the addition of two normal nitrogen 

atoms (originally from each binding INR molecule) for every quaternised nitrogen atom.  

 

Figure 5-20: N 1s XPS spectra of INR-functionalised PDMA brushes with different INR 

concentrations. (a) 0.25 mM and (b) 8 mM 

 

The binding profile of INR to PDMA brushes was obtained by examine the relation between 

the concentration of the used INR solution and the percentage of the quaternised nitrogen.  
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This profile exhibits a good agreement to the observations obtained from extinction spectra 

analysis as shown in Figure 5-21. The percentage of quaternised nitrogen atoms increased 

almost linearly with increasing the concentration of the solution of INR between 0.25 mM and 

2 mM before it became more stable up to 8 mM. 

 

 

Figure 5-21: Quaternisation degree of the amine groups of PDMA brushes with different 

concentrations of INR. 

 

 C 1s XPS spectra were used to test for the binding of INR to PDMA brushes. Figure 5-22 

shows C 1s XPS spectra collected for PDMA functionalised with INR with concentrations of 

0.25, 2 and 8 mM. As expected, the increase in the intensity of C-C peak at 285 eV was 

observed when the concentration of the solution of INR was increased. This observation is 

attributed to the large number of C-C bonds exist in each INR molecule due to the presence of 

long alkyl chain terminated with iodine atom.   
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Figure 5-22: C 1s XPS spectra of INR-functionalised PDMA brushes with different INR 

concentrations. (a) 0.25 mM and (b) 2 mM (c) 8 mM. 
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Figure 5-23 shows that I 3d XPS high resolution spectra of PDMA functionalised with INR 

with concentration of 0.25 mM and 2 mM. As it can be seen in this figure the peak of iodine is 

small feature at the concentration of 0.25 mM, while it became more pronounced at the 

concentration of 2 mM indicating that more binding site have been occupied by INR when 

concentration of INR solution increased from 0.25 mM to 2 mM.  

 

 

Figure 5-23: I 3d XPS spectra of INR-functionalised PDMA brushes with different INR 

concentrations. (top) 2 mM and (down) 0.25 mM. 

 

 

Figure 5-24 shows that the percentage of iodine ions on the surface was increased by 

increasing the concentration of INR in the solution in which the samples were immersed. This 

observation indicates that the more INR molecules attached to the brushes the more binding 

sites on the PDMA chains are occupied by INR molecules until reaching saturation state at the 

concentration of 4 mM.  
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Figure 5-24: Iodine percentage on the surface of PDMA as a function of INR concentration. 

 

 

 

There was no sign of strong plasmon-exciton coupling was observed when INR was spin-

cast on the surface of plasmonic arrays of Au nanostructures. Only a red shift was obtained. 

However, the red shift was as the concentration of INR increased. This could indicate that the 

orientation of INR was not optimised for strong coupling, see Figure 5-25.  

 

0 2 4 6 8

0.04

0.06

0.08

 Iodine precentatge

P
re

c
e
n

ta
g

e
 o

f 
io

d
in

e
 /
 %

Conentration of INR / mM



 

211 
 

 

Figure 5-25: Extinction spectra of INR spin-casted on the plasmonic arrays of gold 

nanostructures. 

 

Figure 5-26 shows extinction spectra of PDMA-initiated gold plasmonic arrays before and 

after attachment of INR. When INR-PDMA antenna complexes were deposited onto plasmonic 

arrays of AuNPs structures, a splitting in the absorption band was observed Figure 5-26 blue 

spectrum. This splitting was found to be sensitive to the angle of incidence of the UV-vis beam 

at 7.5º, 2 º and 0 º, see magenta, dark yellow and green spectra, respectively. This observation 

was attributed to the coupling between LSPR of gold nanostructures and excitonic transitions 

of INR.  
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Figure 5-26: Extinction spectra of PDMA-initiated gold plasmonic arrays before and after 

attachment of INR. 

 

Here, also, the coupled plasmon-exciton systems were modelled using a simple coupled 

oscillator model described previously by Tsargorodska et al.[32] The data was modelled based 

on the criterion 𝐸𝑐 ≥
1

2
 (𝛾1 − 𝛾2). 

Fitted absorption spectrum of INR-based plexcitonic complexes are shown in Figure 5-27. 

The black spectra were acquired for clean plasmonic gold nanostructures and green spectrum 

was acquired after polymerisation of PDMA. Experimental spectrum after attachment of INR to 

PDMA polymerised for 1 h is coloured red, and the fitted data are represented by bold blue 

line. Attachment of INR to PDMA scaffolds grown from plasmonic arrays of gold nanostructure 

caused splitting of the plasmon band.  This splitting was attributed to plasmon–exciton coupling 

with coupling energy of 0.21 eV.  The main fitted parameters are the energy of the plasmon 

and the energy of the exciton with values of 1.96 eV and 1.99 eV, respectively. 
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Figure 5-27: Modelling of plasmon-exciton coupling in J-aggregates-based plexcitonic 

systems. Green spectrum is experimental data, and red is fitted data.  

 

However, such coupling energy is expectable for a dense layer of polymer scaffolds due to 

the steric hindrance of high density PDMA brushes that can reduce the efficiency of the 

functionalisation process, preventing the complete occupancy of PDMA binding sites with INR. 

While strictly this approaches the strong coupling regime, it is believed that the system is not 

yet fully optimised. There is scope for further optimising the coupling of the dye to the polymer 

by controlling the grafting density of the polymer. That may enable to achieve an increase in 

the concentration of dye molecules in the brush layer, thus increasing N/V and hence the 

coupling energy. 
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5.4 Conclusion 

The feasibility of constructing of plexcitonic dye-polymer antenna complexes has been 

investigated via different methods. To set a bench-mark, J-aggregates and chlorophyll were 

spin-cast and drop-cast onto gold nanostructures. The splitting of the extinction spectra of gold 

nanoarrays is only observed in the case of spin-cast of J-aggregates on the surface of gold 

nanostructures, while a red shift is observed in the case of spin-cast of ZnChla on the surface 

of gold nanostructures. A large shift is observed when both ZnChla and J-aggregates were 

drop-casted on the surface of gold nanostructures. 

Pigment-polymer plexcitonic complexes were formed by attaching pigment molecules 

(chlorophyll and Nile Red derivatives) to PDMA scaffolds grown from gold nanostructures. 

Splitting of the plasmon band LSPR, which is a sign of the strong plasmon exciton coupling, is 

observed in the case of spin-casting of J-aggregates. This splitting was sensitive to the incident 

angle during the measurements of UV-vis extinction spectra. Strong coupling was not observed 

in measurements on spin- and drop-cast films of ZnChla, perhaps because of problems 

associated with the deposition conditions. However, splitting of the LSPR was observed when 

ZnChla is attached to PDMA brushes. The coupled spectra were successfully fitted using a 

simple coupled oscillator model. The strength of plasmon-exciton coupling is dependent on the 

concentration of ZnChla from which the ZnChla was bound to the PDMA scaffold, as expected. 

A splitting of the absorption band was also observed when INR was attached to PDMA 

scaffolds, and not observed when INR spin-casted onto the plasmonic arrays of gold 

nanostructures. Modelling yielded a coupling energy of 0.21 eV, approaching the strong 

coupling regime. It is probable that the coupling strength could be increased further for both 

ZnChla and INR by further optimisation of the reaction conditions (polymerisation time, solution 

concentration of pigment, grafting density of polymer), and such studies would be a good 

subject for future work. 
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6 CHAPTER 6: GOLD NANOPARTICLE FILMS 

6.1 Introduction 

Gold NPs exhibit strong plasmon absorption band and they have consequently attracted an 

interest in applications in analytical science.[242] Recently, there has been interest in a new 

phenomenon, strong plasmon-exciton coupling, in which plasmon modes exchange energy 

with molecular emitters so rapidly that their states are mixed to create new hybrid light-matter 

states called plexcitons.[2] Recently, it has been shown that such strong coupling can occur in 

biological systems, in particular when plant LHCs or synthetic protein LHCs are coupled to 

plasmonic nanoarrays.[32,241]  

These observations provide inspiration for new ways to design photosynthetic materials. 

However, proteins are not suitable for many potential applications of molecular materials 

because of their fragility and the high cost of production. Thus, to exploit these new design 

principles, one alternative route is to translate them into the construction of synthetic polymers. 

In previous work, organic polymer brushes were used a suitable alternative to the peptides 

scaffolds that organise chlorophyll and carotenoids in light-harvesting complexes. Particularly, 

PCysMA brushes were used to support chlorophyll molecules coupled to gold 

nanostructures.[33] However, the dependence of lithographic step in this published work 

potentially represents a limitation.  

The aim of this chapter is to expand the work by imbedding plasmonic AuNPs into polymer 

brushes rather than growing the polymer brushes from a surface-bound arrays of 

nanostructures. This would enable the use of biologically inspired design principles in 

combination with strong light-matter coupling but without the need for nanolithography. 

The procedures are simple, inexpensive and enable good control of film thickness. To 

achieve this, cationic PDMA brushes will be grown via ATRP on brominated substrates. Then, 

AuNPs will be imbedded into PDMA brushes by immersing PDMA samples into AuNPs solution 

for certain period of time. Then, ZnChla will be attached to the system by immersing the 
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samples in ZnChla solution in order to investigate possible the possibility of plasmon-exciton 

interaction. Figure 6-1 shows simplified schematic illustration of each step of the addition of 

ZnChla to AuNPs-embedded PDMA structure. 

 

 

 

Figure 6-1: Schematic illustration of incorporation of AuNPs into PDMA and subsequent 

addition of ZnChla. 
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6.2 Materials and methods 

6.2.1 Materials 

Glass substrates (Cover slips glass slides, Menzel-Glazer/ 22*60# 1.5) were obtained from 

VWR. Cupper I bromide (≥ 98%) was supplied by Alfa Aesar. Chloroauric acid (gold(iii) chloride 

hydrate,99.995% trace metals basis) HAuCl4, trisodium citrate (sodium citrate tribasic 

dihydrate, 99%), 3–aminopropyltriethoxysilane (≥99%), 2-bromoisobutyryl bromide (98%), 

triethylamine (≥99%), 2-(dimethylamino) ethyl methacrylate (98%), 1,1,4,7,10,10-

hexamethyltriethylenetetramine (HMTETA) (97%), 1-iodooctadecane (95%), and zinc acetate 

dehydrate were purchased from Sigma Aldrich. Ethanol, absolute (99.8%, HPLC grade), 

hydrogen peroxide (30% w/v), sulphuric acid (95%), dimethylformamide (99%), and 

magnesium sulphate anhydrous were supplied by Fisher Scientific. Silicon wafer (150 mm) 

was purchase from Pi-KEM (UK). Copper bromide was stored under vacuum atmosphere and 

DMA was stored at 4 °C after removal of the inhibitor. Chloroauric acid was stored between 3-

8 °C in the dark. 

 

6.2.2 Samples cleaning and handling 

Glass coverslip slides were cleaned as described in chapter 3. The substrates were 

immersed in Piranha solution (30% H2O2: 98% H2SO4, 1:3, v/v) for around 2 h. Caution: 

Piranha solution can result in a violent reaction with organic matter and should be handled with 

extreme caution! Then, the slides were washed several times with deionised water and placed 

in oven at 90 °C for few hours to dry. The slides were cut into small pieces (≈ 0.5 * 1.2 cm) and 

handled using a clean tweezers and kept in Eppendorf tubes until use. 
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6.2.3 Synthesis of BIBB-APTES films 

BIBB-APTES films were prepared in two steps as described previously in chapter 3. Briefly, 

2% solution of APTES in ethanol was used to functionalise glass substrates to form SAMs of 

APTES. This was followed by the attachment of BIBB to from Bromine-functionalised initiator. 

 

6.2.4 Growth of PDMA via ATRP 

PDMA brushes were grown from BIBB-APTES initiated glass substrates as described in 

detail in chapter 3. Briefly, DMF was used as a good solvent for DMA monomers. HMTETA 

and Cu (I)Br were used to catalyse ATRP reaction at 90 °C. 4 mL of monomer/ catalyst solution 

was added onto each initiator sample in Schlenk tubes, under a nitrogen atmosphere. After the 

desired polymerisation time, the reaction was terminated by removing the slide from the 

mixture.  

 

6.2.5 Extraction and derivatization of chlorophyll a 

A detailed description of ZnChla synthesis can be found in chapter 3. Briefly, Chla was 

extracted form spinach leaves by acetone and converted into pheophytin a (dark blue pigment) 

by dissolving the dark green pigment in acetic acid under stirring for 3 h. Then, zinc acetate 

dehydrate dissolved in methanol was used to convert pheophytin into ZnChla under reflux in 

argon atmosphere at 35 °C for 1 h. 

 

6.2.6 Synthesis of AuNPs 

AuNPs were prepared by reduction of HAuCl4 (0.17, 1 mmol dm-3) with trisodium citrate 

(0.59g, 38.8 mmol dm-3) at boiling point under vigorous stirring.  The appearance of deep red 

colour within a few minutes indicates the formation of AuNPs. The resulting suspension of 
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AuNPs was stored in the dark in a fridge. A full description of AuNP synthesis can be found in 

chapter 3. 

 

6.2.7 Immobilization of AuNPs onto APTES-functionalised solid substrate 

AuNPs were adsorbed onto APTES-functionalised glass substrate by immersing the 

previously formed amine-functionalised slides in AuNPs solution for the desired immobilization 

time in the dark at room temperature to form glass-APTES-AuNPs films. More details can be 

found in chapter 3. 

 

6.2.8 Incorporation of AuNPs into brush films 

AuNPs-incorporated PDMA brushes were prepared as described previously in chapter 3. 

Briefly, PDMA samples were immersed in AuNPs solution for 24 h unless otherwise is stated. 

The reaction was allowed to proceed in the dark at room temperature to form AuNPs-

functionalised PDMA films. 

 

6.2.9 Attachment of ZnChla to PDMA-AuNPs system. 

ZnChla was attached to AuNPs-functionalised PDMA brushes by immersion of the samples 

(glass-BIBB-APTES-PDMA-AuNPs) in solution of ZnChla for 24 h in the dark at room 

temperature to form glass-BIBB-APTES-PDMA-AuNPs-ZnChla structures. Detailed 

description can be found in chapter 3. 

 

6.2.10 Surface analysis 

A Cary 50 UV-vis spectrophotometer was used to obtain extinction spectra in the range 400 

– 800 nm, unless otherwise stated. AuNPs colloidal suspension was characterised in a 
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standard quartz cuvette with 10 mm optical path length at room temperature.  Glass slides 

functionalised with APTES and AuNPs or PDMA and AuNPs were characterised in air. The 

measurements were conducted using a home-made PTFE sample holder which was used to 

perform measurements on the same area of the surface during all experimental stages. 

X-ray photoelectron spectroscopy (XPS) spectra were obtained using a Kratos Axis 

Ultra/Supra spectrometer (Kratos Analytical, Manchester, UK). All binding energies were 

calibrated relative to the 285 eV calibrated primary hydrocarbon C 1s signal. XPS data were 

analysed using the CASAXPS (v. 2.18) software.  

AFM images were obtained using a Digital Instruments (Nanoscope 5 Multimode Atomic 

Force Microscope), (Veeco, Santa Barbara, CA) fitted with a “J” scanner (maximised 125 μm). 

All measurements were conducted in air at room temperature. AFM data analysis was 

performed using Nanoscope Analysis software (v.1.5). 

Ellipsometric spectra were collected using an M-2000VI ellipsometer (J. A. Woollam Co., 

Inc., USA) operating in a spectral range from 370 to 1000 nm, at an incident angle (Φ) of 75°, 

unless otherwise is stated. Modelling ellipsomertic data was performed using CompleteEASE 

software (v.6.6). At least three measurements per sample were carried out in air to obtain an 

average.  
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6.3 Results and discussion 

6.3.1 Synthesis and characterisation of AuNPs  

A colloidal suspension of AuNPs was produced in one step by chemical reduction of gold 

salt using trisodium citrate in a simple, fast and cost-effective chemical synthesis method. In 

the process, tetrachloroauric acid was used as a precursor and sodium citrate was used as a 

reducing agent as described by the following equation.  

𝑯𝑨𝒖𝑪𝒍𝟒 + 𝑵𝒂𝟑𝑪𝟔𝑯𝟓𝑶𝟕     
𝟏𝟑𝟎 ℃/ 𝟏𝟓 𝒎𝒊𝒏
→                𝑨𝒖 + 𝑪𝟔𝑯𝟓𝑶𝟕 + 𝟑𝑵𝒂𝑪𝒍 + 𝑯𝑪𝒍 

Although there are a number of reduction agents can be used for this purpose, sodium citrate 

was chosen to act as a reducing and stabilization agent together. The resulting AuNPs were 

characterised by Uv-Vis spectroscopy. Figure 6-2 shows a series of extinction spectra 

recorded for colloidal AuNP suspension with various concentrations (concentrated as-prepared 

17 nM, diluted 1-1 in water and diluted 1-10 in water). All spectra exhibit a strong absorption at 

523 nm. The noise in the spectrum for the concentrated solution spectrum (blue) is a 

consequence of the signal becoming saturated. 

Using the wavelength at which the plasmon absorption occurs,[243]  and following Haiss 

method,[65] the average particle size of the produced AuNPs solution is estimated to be 13 nm 

± 5 in a good agreement to DLS measurements, which reveals average particle size between 

11 and 15 nm. However, the resonance energy relays on various parameters such as average 

particle size, dielectric constant of the medium and surface charge, etc. As it can be seen in 

Figure 6-2 only the intensity of the plasmon resonance peak was reduced by dilution. Thus, 

the dilution reduces only the volume fraction of the particles in the solution, but peaks positions 

remain the same.   
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Figure 6-2: Extinction spectra of various concentrations of colloidal AuNPs prepared by 

chemical reduction. (Blue) concentrated as-prepared solution. (Black) diluted 1-1 solution in 

water. (Red) diluted 1-10 solution in water. 

 

ATPES-fuctionalised glass substrates were used as a platform to support the formation of 

contentious AuNP layers (layer of full coverage of adhered  AuNPs). The effect of the solution 

concentration of the immobilised AuNP was examined by UV-vis absorption measurements. 

Figure 6-3 shows surface plasmon band of three different concentrations (concentrated as 

prepared, diluted 1-1 in water and diluted 1-10 in water) of the deposited AuNPs on APTES-

functionalised glass substrates. Compared to the spectra shown in Figure 6-2, the maximum 

absorption maxima are blue-shifted due to the change of the particle’s medium from water (n 

= 1.33) to air (n = 1). Also, a broad shoulder peaks appear at ca. 650nm. This shoulder peaks 

are attributed to the aggregation of the neighbouring particles as will be discussed in the 

relevant AFM images in Figure 6-4. However, the intensities of the main peak at 516 nm and 
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the shoulder peak at 640 nm were decreased with decreasing the concentration of the solution 

of immobilised AuNPs. 

 

Figure 6-3: Extinction spectra of AuNPs adsorbed onto APTES-functionalised glass 

substrate acquired from three solutions with different concentrations (Blue) as-prepared 

solution. (Black) diluted 1-1 solution in water. (Red) diluted 1-10 solution in water. 

 

The AFM height image in figure 6-4 shows the morphologies of films of AuNPs immobilised 

on APTES-functionalised glass substrates After immersion of the samples in nanoparticles 

suspensions for 24 h. As it can be seen in both the height image and the phase image, a full 

surface coverage of AuNPs is obtained through the binding of the partially positive amine group 

(–NH2) of APTES to the negatively charged AuNPs.[244,245] The particles are close packed with 

small interparticle separation seem to be aggregated, leading to coupling of plasmon modes 

on neighbouring particles, accounting for the proud features at 640 nm in the extinction spectra 

shown previously in Figure 6-3.  
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Figure 6-4: AFM tapping mode images of AuNPs adsorbed onto APTES layer (a) height 

image (b) phase image, and their respective cross-section spectra (a1) and (b1). 

 

6.3.2 Incorporation of AuNPs into PDMA brushes 

AuNPs were incorporated into PDMA brushes by immersing PDMA brush samples in a 

suspension of AuNP for 24h, allowing the negatively charged AuNPs to bind to the positively 

charged polymer chains through electrostatic interaction as illustrated schematically in Figure 

6-5. 
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Figure 6-5: illustration of electrostatic interaction between AuNPs and PDMA chains. 

 

 Optical properties of AuNP-functionalised PDMA brushes were characterised by UV-vis 

absorption spectroscopy. Surface analysis of these samples was conducted using XPS and 

ellipsometry, and morphology analysis was performed using AFM.  Absorption measurements 

show that a slight shift from 523 nm to 521 nm in the position of the plasmon band after 

incorporation of AuNPs into approximately 15 ± 3 nm thick PDMA brushes as shown in Figure 

6-6. This shift is possibly due in part to the change in the refractive index of the medium from 

1.33 (water) to 1 (air). This shift is independent to the concentration of the colloidal solution of 

AuNPs; the plasmon band was observed at the same wavelength when the AuNP suspension 

was diluted 1-1 and 1-10 in water. The highest intensity (I = 0.03 AU.) was obtained for the 
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highest concentration of AuNPs. The absorption intensity was decreased as the concentration 

of the NP suspension was decreased, see Figure 6-6. 

 

 

Figure 6-6: Extinction spectra of AuNPs adsorbed onto PDMA brushes from three solutions 

with different concentrations (Black) concentrated as-prepared solution 17 nM. (Blue) diluted 

1-1 solution in water. (Red) diluted 1-10 solution in water. 

 

The effect of PDMA brush thickness on the plasmon resonance of the embedded AuNPs 

into PDMA brushes was investigated. As shown in Figure 6-7, AuNPs embedded 15 nm thick 

PDMA brushes exhibit absorption maximum at 525 nm and a broad shoulder peak at 650 which 

is attributed to aggregation, see Figure 6-7 black spectrum. However, when AuNPs were 

embedded into 20 nm thick brush, a broad peak was observed with a maximum absorption at 

640 nm, which could be attributed to the formation of high number of aggregated particles, see 
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Figure 6-7 blue spectrum. Using 35 nm thick PDMA resulted in the appearance of a broad 

peak to 665 nm with a pronounced shoulder peak at 545 nm. This apparently broad peak can 

be explained by the formation of two types of aggregates, with overlapping distributions of sizes 

but different mean radii, see Figure 6-7 red spectrum.  

 

Figure 6-7: Extinction spectra of AuNPs-embedded PDMA brushes with different 

thicknesses of the brush (Black) 15 nm. (Blue) 20 nm. (Red) 35 nm. 

 

A possible explanation for the change in AuNP packing with PDMA thickness is shown 

schematically in Figure 6-8. When the height of the brushes is approximately in the range of 

the particle size, 13-15 nm for example, a layer of particles forms in which there is a low degree 

of aggregation. However, when the height of the polymer increases, it becomes possible to 

accommodate a large number of particles, leading to an increase in the degree of aggregation.  
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Figure 6-8:  Schematic illustration of AuNPs embedded into PDMA brushes with different 

thicknesses ranging from 15 30 nm. 

 

PDMA brushes were formed via 15 min ATRP and functionalised by incorporation of AuNP, 

before being characterised by spectroscopic ellipsometry in air. The glass substrate was 

modelled as BK7 glass from the standard material library contained in the CompleteEase 

software. A Cauchy dispersion model was used for modelling the non-absorbing BIBB-APTES 

initiator. AuNPs embedded PDMA layer were described as a mixed layer and modelled using 

the effective medium approximation (EMA). The first material in the EMA layer was PDMA with 

refractive index of ca. 1.53. The second material in the EMA model was the AuNPs. This optical 

multilayer-box-model is schematically illustrated in Figure 6-9. More details about this model 

can be found in Chapter 3. 
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Figure 6-9: The multilayer-box-model used for ellipsometry data fitting of AuNPs-

functionalised PDMA. 

 

Approximately 15 nm to 17 nm thick layer of AuNPs-functionalised PDMA brushes was 

obtained. Combining this observation with the average particle size estimated from AFM image 

as shown above, it is reasonable to assume that a dense film of particles one particle thick was 

successfully incorporated into PDMA chains. Also, ellipsometry delta and psi spectra of 

AuNPs-functionalised PDMA measured at angle 75° exhibited a single plasmon peak at 525 

nm with shoulder peak at around 630 nm without any significant shift or emergence of new 

peaks due to the presence of only one type of resonance frequency belong to AuNPs, see 

Figure 6-10. This observation is in a close agreement with absorption measurements shown 

above in figure 6-6.   
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Figure 6-10: Spectroscopic ellipsometry Psi and Delta spectra acquired for AuNPs-

functionalised PDMA brush.  

 

To investigate the distribution of AuNPs in the brush films, tapping mode AFM was employed. 

Figure 6-11a shows a tapping mode topographical image of an unmodified PDMA brush film. 

The surface appears to be completely covered with polymer. The root-mean-square (rms) 

roughness was measured to be ca. 0.5 nm. Figure 6-11b shows tapping mode image of a 

similar film after immersion in a suspension of AuNP for 4 h. Isolated particles are clearly 

resolved, embedded within the polymer film. Figure 6-11c shows an AFM image of similar 

PDMA film after immersion in the nanoparticle suspension for 24 h. Now, isolated particles are 

no longer observed; instead, the image reveals a close packed layer of auNP. The surface 

morphology become rougher after incorporating Au NPs into the brush layer with root-mean-

square (rms) roughness of 4.2 nm after 24 h immobilization time. 
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Figure 6-11: (a) PDMA brush grown from glass substrate via ATRP. (b) AuNPs-embedded 

PDMA brush with immobilisation time of 4 h. (c) AuNPs-embedded PDMA brush with 

immobilisation time of 24 h. 

 

6.3.3  Attachment of chlorophyll to AuNPs-PDMA structure 

To examine the possibility of attaining the efficient and fast transfer of energy in the 

synthesised Chla-functionlised PDMA complexes, AuNPs were firstly incorporated into PDMA 

brushes, then the brushes were functionalised by Chla molecules. A possible mechanism is 

that AuNPs are packed within the polymer chains, then Chla molecules are bound to the chains 

through coordinate bonds in close proximity to the plasmonic AuNPs allowing possible 

interaction as represented by the schematic diagram in Figure 6-12. 
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Figure 6-12: Schematic diagram showing the proposed structure of plasmon-exciton 

coupling in AuNPs-ZnChla supported by PDMA brushes. 

 

The optical properties of AuNPs-embedded PDMA functionalised with ZnChla were 

characterised by absorption spectroscopy. Surface analysis of this system was carried out 

using spectroscopic ellipsometry, AFM and XPS. Figure 6-13 shows the extinction spectra of 

AuNPs adsorbed onto PDMA brushes before (blue) and after attachment of ZnChla from a 100 

𝜇M suspension (red) to the plasmonic films. The spectra are shown as a function of energy, 

rather than wavelength. As shown in this graph, the plasmon band was redshifted to about 

2.21eV. In addition to this redshift, a new shoulder peak has emerged at 2.48 eV. The redshift 

is attributed to the presence of chlorophyll molecules on the surface, which leads to change 

dielectric environment surrounding the plasmonic particles. The origin of the peak at 2.48 eV 
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(Figure 6-13 red spectrum) is not clear, but it was not observed when films were formed using 

lower concentrations such as 50 µM.  At these lower concentrations, the peak at 2.21 eV 

associated with aggregation was also diminished. (Figure 6-13 green spectrum). This feature 

could possibly be attributed to weak plasmon-exciton coupling resulting from the interference 

between the plasmon resonance of AuNPs and the vibrational transitions of ZnChla along 

visible range, but this peak is not attributed to the concentration effect as it appears at 1.93 eV. 

However, strong plasmon-exciton interaction is not possible due to the large separation 

between maximum absorption resonance of AuNPs at 2.39 eV and absorption maxima of 

ZnChla at 1.86 eV.  

 

Figure 6-13: Extinction spectra of AuNPs-embedded PDMA brushes before the attachment 

of ZnChla (blue), and after the attachment of ZnChla with concentration of 100 µM (red) and 

concentration of 50 µM (green). 
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The optical observations obtained by Uv-vis analysis were confirmed by ellipsometry 

measurements. Ellipsometric amplitude (psi) spectra of AuNP-functionalised PDMA before and 

after the addition of ZnChla were collected at variable incident angles ranging from 57 to 69. 

Before the addition of ZnChla on the system, there is only one peak at 499 nm measured at 

the angle of 68° corresponding to the plasmon resonance of AuNPs. This peak was gradually 

shifted along the range of incident angles to reach 515 nm with a broad shoulder at 590 nm at 

the incident angle of 58°, which was attributed to the aggregation of the particles, see Figure 

6-14a. Ellipsometric data obtained after the addition of ZnChla showed new characteristics that 

differ from those of the surface before the addition of chlorophyll discussed above, see Figure 

6- 14b. Here, a shift in the position of the plasmon peak of AuNPs (from 495nm to 520nm) was 

observed. In addition to this, a new peak (at 431 nm) was observed at the incident angle of 68°, 

which was shifted to 440 nm at the incident angle of 57°. This peak could be attributed to the 

effect of ZnChla transitions on the plasmon band.  Also, small features were observed at 669 

without any shift along the range of the incident angles, which could be the Qy band of the 

ZnChla.  
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Figure 6-14: Spectroscopic ellipsometry amplitude (Psi) spectra collected from AuNPs-

functionalised PDMA brushes at variable incident angles ranging from 57 to 69, before the 

attachment of ZnChla (a) and after the attachment of ZnChla (b). 



 

236 
 

XPS studies of ZnChla attached to AuNPs-functionalised PDMA confirm the presence of 

ZnChla on the surface, which was evidenced by the appearance of Zn 2p peak at 1022 eV, 

see inset Zn 2p spectrum in Figure 6-15. The percentages of Zn 2p were diminished from 0.5 

to 0.3% by reducing the concentration of ZnChla solution from 5.9 µM to 0 µM. At the 

concentration of 0 µM, the percentage of Zn observed on the surface was 0.08% which 

attributed to the Zn from glass substrate, see Figure 6-15.  

  

 

Figure 6-15: Zn 2p percentage measured by XPS analysis of AuNPs-embedded PDMA 

brushes after the attachment of ZnChla with different concentrations ranging from 0 µM to 5.9 

µM. The inset graph is Zn 2p spectrum collected from AuNPs-embedded PDMA brushes after 

the attachment of ZnChla with concentration of 100 µM. 

 

Ellipsometry data obtained after the attachment of ZnChla were modelled. The substrate 

was modelled as BK7 glass. A Cauchy dispersion model was used for modelling the non-

absorbing BIBB-APTES initiator.  ZnChla attached to AuNP-embedded PDMA layer was 
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described as a mixed layer and was modelled as EMA with graded layer to find out the 

distribution of the chlorophyll across the scanned area. The first material in EMA layer is PDMA 

with refractive index of ca. 1.51. The second material in EMA is AuNPs. The third material is 

chlorophyll a. This optical multilayer-box-model is schematically illustrated in figure 6-16. More 

details about this model can be found in Chapter 3. 

 

 The thickness of the film was measured here to be approximately 17 nm. Chlorophyll is 

more concentrated at the bottom than at the middle and top of the scanned area with 

percentage of .8.2%, 3.1% and 2.4%, respectively. 

 

 

Figure 6-16: Multilayer-box-model used for ellipsometry data fitting of AuNPs-functionalised 

PDMA after the addition of ZnChla. 

 

The distribution of ZnChla molecules was investigated by AFM height and phase tapping 

mode images as shown in Figure 6-17. ZnChla was found to be distributed over the surface 

with partial formation of blobs over the surface. The diameter of formed ZnChla blobs was 

estimated as 40 - 55 nm.  
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Figure 6-17: AFM tapping mode images of AuNPs-embedded PDMA brushes after the 

attachment of ZnChla. (a) Height image and (b) Phase image. 
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6.4 Conclusion 

AuNPs with average particle size of 13 nm were successfully prepared in a single reduction 

step. Sodium citrate was chosen to act as a reducing agent and capping agent simultaneously. 

Incorporation of AuNPs into PDMA brushes was controlled via immobilisation time. Full 

coverage of AuNPs was achieved by incubation PDMA samples in AuNPs solution overnight. 

However, no strong plasmon-exciton coupling was achieved by attachment of ZnChla to the 

system. This most likely attributed to the long distance between AuNPs maximum plasmon 

resonance and maximum excitations resonances of ZnChla. The observed splitting of 

absorption band in the obtained result could be attributed to the interference between AuNPs 

maximum plasmon resonance with the vibrations along the range of Chla absorption between 

Soret band and Q bands. A further possibility that could be considered is that apparent splitting 

results from Fano coupling (previously mentioned in the introduction) between nanoparticles in 

close-packed films. 
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7 CHAPTER 7: ALUMINIUM NANOPARTICLE FILMS 

7.1 Introduction 

Aluminium is a promising candidate metal for nanoplasmonics. It is one of the most 

abundant elements on earth and is employed extensively in a variety of consumer goods 

applications.[100] Thus, for mass-production of plasmonic devices, it offers substantial economic 

relative to gold and silver, and it is not subject to concern about that are significant for noble 

metals. Aluminium is a relatively economical and manipulatable material facilitating the mass 

production. Furthermore, aluminum has a plasma frequency that is higher than that of gold or 

silver, which effectively enables the material to exhibit large surface plasmon responses in the 

ultraviolet (UV) region of the spectrum, as opposed to gold or silver, which normally exhibit 

visible plasmons. This is pertinent, for instance, to the use of plasmonics techniques in the 

detection of organic and biological systems that exhibit potent UV absorptions as well as in 

photocatalysis[95]. However, AlNPs are known to oxidise rapidly, which diminishes its optical 

characteristics. When an Al particle or Al layer is exposed to air, a native coating of alumina 

(Al2O3) forms on the surface within a few minutes.[95] The LSPR of AlNPs is predicted to be 

redshifted by formation of an oxide shell that alters the dielectric characteristics of the 

nanoparticle environment, while the metallic core that is projected to undergo a spectral blue 

shift due to volume contraction as the oxide layer thickness increases. The total detected LSPR 

signal is determined by the balance of these two effects.[100]  

The goal of this chapter was to form Al nanoparticles AlNPs and to try to modify their 

plasmon energy so that they resonate with the soret transitions in Chla (2.84 eV). The starting 

point was a well-established method for NP synthesis expected to yield particles with plasmon 

energy of 0.21 eV. It was then hoped to modify the synthesis route to produce particles with 

similar plasmon energies. To achieve this, AlNPs will be prepared by chemical decomposition 

of alane complexes by titanium isopropoxide. Also, sono-solvo chemistry will be used to modify 
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the plasmon energies of AlNPs. The produced AlNPs by both ways will be imbedded into the 

brushes by immersing surface-grafted PDMA samples in the solution of AlNPs for certain time.  
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7.2 Materials and methods 

7.2.1 Materials 

Quartz cover slip slides, fused, (25.4*25.4*0.25mm) were supplied by Alfa Aesar. Titanium 

isopropoxide (97%), alane N,N-dimethylethylamine complex, 0.5  M in toluene, 1,2-

epoxyhexane (97%) were purchased from Sigma Aldrich. Toluene (99.8% HPLC) was supplied 

by Fisher Scientific. Dry toluene and dry diethyl ether were obtained from an onsite Grubbs dry 

solvent system. All these materials were used as received without any further purification.  

 

7.2.2 Samples cleaning and handling 

Quartz cover slip slides were cleaned as described in chapter 3. The substrates were 

immersed in Piranha solution (30% H2O2: 98% H2SO4, 1:3, v/v) for 2 h. Caution: Piranha 

solution can result in a violent reaction with organic matter and should be handled with extreme 

caution! Then, the slides were washed several times with deionised water and dried in piranha 

oven overnight. The slides were cut into small pieces with appropriate size depending on the 

used characterisation technique and handled using a clean tweezers and kept in Eppendorf 

tubes until use. 

 

7.2.3 Synthesis of BIBB-APTES films 

BIBB-APTES films were prepared in two steps. Detailed description can be found in chapter 

3. Briefly, 2% solution of APTES in ethanol is used to functionalise qurtz substrates to form 

APTES films. This was followed by the attachment of BIBB to from Bromine functionalised 

initiator. 

7.2.4 Growth of PDMA via ATRP 

PDMA brushes were grown from BIBB-APTES initiated quartz cover slip slides substrates 

as mentioned with more details in chapter 3. Briefly, DMF was used as a good solvent for DMA 
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monomers. HMTETA and Cu(I)Br were used to catalyse ATRP reaction at 90 °C. Then 4 mL 

of monomer/ catalysts solution was added onto each initiator sample in Schlenk tubes. The 

reaction was performed at nitrogen atmosphere. The growth of PDMA was allowed to proceed 

for the desired polymerisation time. The polymerisation was terminated by removing the slide 

from the mixture.  

 

7.2.5 Synthesis of quaternised PDMA (q-PDMA) 

Quaternised PDMA (q-PDMA) were prepared by immersing previously prepared PDMA-

coated quartz cover slip slides in a freshly prepared solution of 1-iodooctadecane for around 

18 h at room temperature. More details can be found in chapter 3. 

 

7.2.6 Extraction and derivatization of chlorophyll a 

A detailed description of ZnChla synthesis can be found in chapter 3. Briefly, chla was 

extracted form spinach leaves by acetone. Then, extracted chlorophyll a was converted into 

pheophytin a (dark blue pigment) by dissolving the dark green pigment in acetic acid under 

stirring for 3 h. Then, zinc acetate dehydrate dissolved in methanol was used to convert 

pheophytin into ZnChla under reflux in argon atmosphere at 35 °C for 1 hour. 

 

7.2.7 AlNPs synthesis 

7.2.7.1 chemical decomposition 

In Schlenk system, 13 mL of alane  N,N-dimethylethylamine complex was mixed with 25 mL 

of dry ethyl ether. A freshly prepared titanium isopropoxide solution was used to decompose 

alane complex, which leads to change the colour of the mixture to a dark brown, promptly, 

indicating the formation of AlNPs. 1,2-epoxyhexane was used to form capping layer to coat the 

prepared AlNPs. More details can be found in chapter 3.  
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7.2.7.2 Sono-Solvo chemistry 

Small pieces of Al foil were sonicated in a mixture of 60 mL ethanol and 30 mL of ethylene 

glycol using ultrasonic bath at 50 °C for 6 h. The large parts were allowed to precipitate 

overnight. The supernatant was collected into round bottom flask that was connected to 

Schleck system. After the removal of ethanol under vacuum at 110 °C, 10 mL of ethylene glycol 

was added to the mixture. The reaction was allowed to proceed under 197 °C for 14 days. The 

produced AlNPs was extracted in ethanol and centrifuged to remove the large particles. 

 

7.2.8 Incorporation of AlNPs into brush films 

PDMA-coated glass substrates prepared as described previously were immersed in AlNPs 

solution for the desired immobilization time using 1.5 mL Eppendorf tubes. The reaction was 

allowed to proceed in the dark at room temperature to form glass-BIBB-APTES-PDMA-AlNPs 

layers. Then the samples were rinsed with diethyl ether and dried by nitrogen stream. AlNPs-

functionalised PDMA brushes were analysed by UV-Vis spectrophotometer, AFM and XPS. 

 

7.2.9 Attachment of ZnChla to PDMA-AlNPs system 

ZnChla was attached to AlNPs-functionalised PDMA brushes by immersion of the samples 

(glass-BIBB-APTES-PDMA-AlNPs) in solution of ZnChla for 24 h in the dark at room 

temperature to form glass-BIBB-APTES-PDMA-AlNPs-ZnChla structures. Then the samples 

were rinsed with diethyl ether and dried by N2 stream. ZnChla-functionalised systems were 

characterised by UV-Vis spectrophotometer. 

7.2.10 Surface analysis 

A Cary 50 UV-vis spectrophotometer was used to obtain extinction spectra in the range 190 

– 800 nm, unless otherwise is stated. ZnChla samples were measured in a standard quartz 

cuvette with 10 mm optical path length at room temperature at least 2 times. The solid samples 
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were measured in air. Air measurements were conducted using home-made PTFE sample 

holder which was allowed to perform measurements of the same area on the surface during 

all experimental stages. 

X-ray photoelectron spectroscopy (XPS) spectra were obtained using a Kratos Axis 

Ultra/Supra spectrometer (Kratos Analytical, Manchester, UK). All binding energies were 

calibrated relative to the 285 eV calibrated primary hydrocarbon C 1s signal. XPS data were 

analysed using the CASAXPS (v. 2.18) software.  

AFM images were obtained using a Digital Instruments (Nanoscope 5 Multimode Atomic 

Force Microscope), (Veeco, Santa Barbara, CA) fitted with a “J” scanner (0−125 μM). All 

measurements were conducted in air at room temperature. AFM data analysis was performed 

using NanoScope (v 1.5) Analysis software. 

Water contact angles measurements were performed using a Rame Hart sessile-drop model 

100-00 goniometer. The obtained contact angle values are the mean of at least three different 

measurements. 
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7.3 Results and discussion 

AlNPs were synthesised by reacting titanium isopropoxide with alane complex under 

nitrogen atmosphere at room temperature. This reaction follows Buhro’s method as 

represented by the following equation, 

𝑨𝒍𝑯𝟑 + 𝑻𝒊(𝒊 − 𝑶𝑷𝒓)𝟒 → 𝑨𝒍𝒏 

 Titanium isopropoxide acts as a decomposing agent.[201] The formed NPs are spherical 

particles with high pyrophoric property. To reduce the pyrophoricity of AlNPs, they were capped 

with polyether. The resulting AlNPs are negatively charged due to the presence of the oxygen 

atoms, where the epoxide reacts with Al, which initiate the polymerisation of the polyether by 

opening the ring of the epoxide leading to continuous propagation of the polymerisation 

reaction. Strong Al-O bonds are formed by linking the first oxygen with Al.[201] Although there 

are different methodologies that have been utilised to produce AlNPs as noted in the 

introduction, decomposing alane complexes by titanium isopropoxide was chosen because it 

enables the production of AlNPs that are to some extent comparable to AuNPs in terms of size 

and shape. This was important because of the goal of trying to embed the particles in a surface-

grafted polymer film in a similar way of embedding AuNPs within PDMA brushes.  

Figure 7-1a shows simplified visualization of the produced AlNPs. After the stabilization of 

AlNPs with polyether, the solvent was removed to enable the measurements of extinction 

spectra in water.  Polyether-caped AlNPs shows strong absorption in deep UV spectral range 

at 265 nm with 1 nm blueshift for 1:1 diluted AlNPs solution in water as shown in Figure 7-1b. 
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Figure 7-1: (a) proposed structure of single AlNP prepared by alane decomposition and 

coated by polyether molecules. (b) Extinction spectra of AlNPs in wate. The black spectrum 

was aquired for a concentrated solution and The red spectrum for diluted solution. 
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To investigate the sensing properties of the produced AlNPs and obtain refractive index 

sensitivity m (𝑚 =  𝛥𝜆𝑆𝑃𝑅 / 𝛥𝑛), extinction spectra of AlNPs were collected in air, water, ethanol, 

isopropanol, DCM and chloroform with refractive index of n = 1, 1.33, 1.36, 1.38, 1.42, 1.44, 

respectively. As expected, as the refractive index of the surrounding medium increased, the 

resonance peaks of AlNPs redshifted indicating that the produced AlNPs were sensitive 

dielectric environment. Figure 7-2 shows the linear relationship between the refractive index 

of the medium and the resonance peaks of AlNPs. The slope of the line, m = 145.5 nm/RIU 

(refractive index unit), is the refractive index sensitivity factor for the produced AlNPs. 

 

Figure 7-2: Refractive index sensitivity of the produced AlNPs in different solvents. 
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7.3.1 Incorporation of AlNPs into PDMA brushes 

AlNPs were incorporated into PDMA brushes in the same way that AuNPs were added to 

the brushes. PDMA slides were immersed in AlNPs solution for 24 h. AlNPs-imbedded PDMA 

brushes were characterised by XPS, AFM and contact angle. Due to the interference of Al and 

Br XPS spectra, Al 2p was identified using Br 3d spectrum. XPS Br 3d spectrum of AlNPs 

immobilised onto PDMA brush shows high intensity peak at 74.5 eV with attributed to the 

presence of AlNPs on the surface, while the peak at 70. 8 eV was attributed to Br on the end 

of every repeated unit of the polymer chains, see Figure 7-3a. However, to confirm the 

attribution of the peak at 74.5 eV to AlNPs rather than the substrate, Al percentage was 

measured also using a control sample of piranha cleaned substrate without any further 

modification. This analysis confirms that the percentage of Al in AlNPs-imbedded PDMA 

brushes sample is much higher that the percentage of Al in unmodified clean substrate, see 

Figure 7-3b. 
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Figure 7-3: (a) XPS Br 3d Spectrum of AlNPs incorporated into PDMA brushes showing Al 

peak at 74.5 eV. (b) AlNPs percentage into PDMA brushes (red bar) compared to the 

percentage of Al of clean glass substrate (black bar). 
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AlNP-embedded PDMA brushes were analysed by AFM. AFM tapping mode height images 

of AlNP-embedded PDMA brushes confirmed the spherical shape of AlNP with average 

particle size of 50 ± 5 nm as shown in figure 7-4a. However, observed AlNPs in these images 

can be either single layer with partial coverage on the surface of PDMA brushes or multi-layers 

and the observed partials are located on the top layer. Although height image suggests that a 

sub-monolayer is presented, the phase image suggests that a small number of AlNPs are 

adsorbed on top of closed-packed layer of AlNPs. Most likely there are multiple layers which 

were evidenced by large number of indistinct particles underneath the most pronounced 

particles, see squared are in phase image (Figure 7-4b). 

 

Figure 7-4: AFM tapping mode images of AlNPs incorporated into PDMA brushes. (a) height 

image, and (b) phase image. 

 

Extinction spectra of AlNPs-imbedded PDMA brushes were collected in air. Figure 7-5 

exhibits a plasmon peak at 242 nm, shifted from the position measured for particles in solution 

(265 nm). This low absorbance could be attributed to fact that the particles surrounded by Al2O3 

layer in air. Further evidence for this explanation is the change of the colour of the sample from 

grey to white after a very short period of exposure to air, estimated at a few minutes, see the 

inset photo in Figure 7-5. 
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Figure 7-5: Absorption spectrum of AlNPs-coated PDMA brush, and inset photo of AlNPs 

adsorbed onto PDMA brush.  

 

The hydrophobicity of the produced AlNP-impregnated PDMA brushes was tested by 

varying the percentage of AlNPs in the solution that was used for AlNPs immobilization. The 

hydrophobicity of AlNPs-imbedded PDMA brushes was increased with increasing percentage 

of AlNPs in the solution to reach maximum at 89° ± 2 at the percentage of 100%, See Figure 

7-6. This hydrophobicity is attributed to the hydrophobic polyether capping agent. As the 

degree of incorporation of AlNPs into the PDMA layer increases, the hydrophobic AlNPs come 

to dominate the properties of the film while the hydrophilic PDMA brushes make reduced 

contribution to the properties of the composite layer. 
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Figure 7-6: Contact angle of PDMA brushes AlNP functionalised with AlNPs with 

percentages ranging from 0 to 100%. 

 

The addition of ZnChla to AlNPs-functionalised PDMA caused absorption spectrum of AlNPs 

to redshift from 242 nm to around 250 nm. However, obtaining a pronounced resonance peak 

after the addition of chla is still a challenge, where only low intensity and high signal to noisy 

ratio was obtained as shown in Figure 7-7. 
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Figure 7-7: Absorption spectrum of ZnChla-functionalised AlNPs-coated PDMA brush.  

 

In order to transfer AlNPs into more useful practical form by modifying maximum resonance 

from deep UV region to near visible spectral range, AlNPs were instead synthesised following 

a sono-solvo chemistry method.[202] Briefly, small pieces of Al foil were sonicated in a mixture 

of ethylene glycol and ethanol in 2:3 ratio. After removal of ethanol, the formed AlNPs were 

stored in ethylene glycol for 14 days at 197 °C. Then, AlNPs were extracted and centrifuged in 

ethanol. Following this process, dissolved Al ions in ethylene glycol/ ethanol does not show 

any plasmonic resonance, see Figure 7-8a. After 14 days of storing Al ions in ethylene glycol 

in a nitrogen atmosphere, AlNPs were obtained that exhibited a plasmon resonance at 370 nm, 

as required (Figure 7-8b). 
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Figure 7-8: Extinction spectra of AlNPs synthesised via sono-solvo chemistry (a) after 1 day 

inoccupation in ethanol/ ethylene glycol mixture.  (b) after 14 days inoccupation in ethanol/ 

ethylene glycol mixture. 
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AlNPs produced by this method are more hydrophobic compared to AlNPs produced by 

decomposition of alane complexes with measured contact angle of 97 ± 2°. Thus, it proved in 

order to incorporate these particles into PDMA films, and a plasmon absorption was not 

observed, see Figure 7-9. 

 

 

Figure 7-9: Absorption spectrum of AlNPs synthesised via sono-solvo chemistry and 

imbedded into PDMA brush. 

 

To reduce the effect of the hydrophobicity of AlNPs, q-PDMA with long hydrophobic 

octadecyl chains was used. It was hoped that these chains would act as a cushion to imbed 

the hydrophobic AlNPs. Also, as alternative to q-PDMA, polystyrene brushes were grown via 

ATRP and were used instead of PDMA due to their high hydrophobicity. In addition, long 

brushes were used to imbed large number of AlNPs. In an alternative approach, AlNPs were 

spin coated on to the brush surface using different solvents such as ethanol or acetone. To 

avoid the oxidation of AlNPs, AlNPs-functionalised PDMA films were coated with a protective 
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layer of titanium with different thicknesses. However, no significant enhancement was achieved. 

This could be attributed to the critically fast (within 1-2 min) formation of Al2O3 layers around 

AlNPs particles that can suppress the optical properties AlNPs.  
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7.4 Conclusion 

AlNPs were successfully synthesised via two methods: chemical decomposition and sono-

solvo chemistry. In chemical decomposition method, alane complex was decomposed using 

titanium isopropoxide. The maximum plasmon resonance of AlNPs prepared by this method 

was observed at 265 nm. However, this deep UV plasmon resonance is not ideal for sensing 

applications. So, sono-solvo chemistry method was used to tune the maximum plasmon 

resonance from deep UV spectral range to near visible range at around 370. 

Although AlNPs prepared by chemical decomposition were observed on the top of PDMA 

layer by AFM images, incorporation of AlNPs (either prepared via chemical decomposition or 

sono-solvo chemistry) into surface-grafted PDMA brushes with controllable plasmon 

resonance is still challenging. This obstacle most likely caused by the very fast oxidation state 

that can supress optical properties as well as high sensitivity and hydrophobicity of AlNPs.  
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8 CHAPTER 8: CONCLUSION AND FUTURE WORK 

 

8.1 CONCLUSION 

In this thesis, PDMA scaffolds are used to support excitonic chlorophyll a molecules in order 

to form plexcitonic antenna complexes. The structures of PDMA brushes and their BIBB-

APTES initiators were confirmed by XPS N 1s and C 1s spectra. Ellipsometry measurements 

reveal that the average height of the initiator is 1 nm, while the heights of the brushes can 

reach 15 ± 3 nm after 15 min polymerisation time, approaching maximum hight of 30 ± 5 nm 

after polymerisation for 1 h. AFM images of PDMA brushes and their BIBB-APTES initiators 

confirm the successful growth of the polymer brushes with a good agreement with ellipsometry 

data.  

Adsorption isotherms of ZnChla on PDMA were acquired and demonstrated that monolayer 

coverage is approached using 250 μM Chla. When PDMA brushes are treated with 1-

iodooctadecane, the binding of Chla is found to be blocked, decreasing as the degree of 

quaternization increase. These findings are consistent with the hypothesis that Chla binding to 

PDMA brushes is via coordination of the tertiary amine in the pendant groups of the polymer 

to the metal centre in the Chla. There is no shift in the position in the Chla absorption bands 

after binding to PDMA brushes suggesting that the amount of aggregation is negligible. This 

approach seems to provide a promising approach to the construction of pigment-polymer 

antenna complexes. 

Depending on the successful formation of pigment-polymer antenna complexes by binding 

ZnChla to PDMA, the feasibility of constructing of plexcitonic antenna complexes on gold 

surfaces is investigated. The splitting of LSPR, which is a sign of the plasmon exciton coupling, 

is observed by spin-casting of J-aggregates on the surface of gold nanoarrays with coupling 

energy of 0.26 eV. This splitting is sensitive to the incident angle of UV-vis beam. Splitting of 

LSPR is also observed when ZnChla is co-ordinately attached to PDMA brushes. In this 
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structures, plasmon-exciton coupling is dependant to the concentration of ZnChla as expected. 

In these structures, coupling energy of 0.16 eV is measured for 15 ± 3 nm thick film, and 0.08 

eV is obtained for around 30 nm thick film. However, there is scope for further optimising the 

coupling of the dye to the polymer by controlling the grafting density of dye molecules, which 

may enable to achieve an increase in the concentration of ZnChla molecules in the brush layer, 

thus increasing N/V and hence the coupling energy. 

A splitting of the extinction spectra of is also observed with coupling energy of 0.21 eV when 

INR attached co-ordinately to PDMA scaffolds grown from gold plasmonic arrays. Although this 

is strictly approaching the strong coupling regime, it is believed that it could be improved by 

controlling the grafting density of the polymer brushes to accommodate more excitons that can 

lead to strong coupling. 

Instead of the construction of pigment-polymer antenna on gold surface, a solution route to 

the formation of plasmonic structures is tested by embedding plasmonic materials within PDMA 

brushes. To achieve this, AuNPs with average particle size of 13 nm are successfully prepared 

in a single reduction step and incorporated into PDMA brushes via simple immersing of PDMA 

modified surface in a suspension of AuNPs. Full coverage of AuNPs is achieved by incubation 

PDMA samples in AuNPs solution overnight. However, no strong plasmon-exciton coupling is 

achieved following attachment of ZnChla to this system probably due to the long separation in 

energy between the LSPR of the AuNPs and the transitions in ZnChla. 

A similar solution route is used to fabricate AlNP-based plasmonic structure. Here, AlNPs 

are successfully synthesised via chemical decomposition and sono-solvo chemistry. In 

chemical decomposition, alane complex is decomposed using titanium isopropoxide. The 

maximum plasmon resonance of AlNPs prepared by this method is observed at 265 nm. 

However, this deep UV plasmon resonance is not ideal for sensing applications. So, sono-

solvo chemistry method is used alternatively to tune the maximum plasmon resonance from 
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deep UV spectral range to near visible range at 370. However, incorporation of AlNPs (either 

prepared via chemical decomposition or sono-solvo chemistry) into surface-grafted PDMA 

brushes with controllable plasmon resonance is not achieved. This obstacle most likely is 

caused by the very fast oxidation state that can supress optical properties as well as high 

sensitivity and hydrophobicity of AlNPs.  
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8.2 FUTURE WORK 

Control of the polymer brush grafting density through patterning BIBUDT-initiated gold 

structures may be useful for the enhancement of plasmon-exciton coupling that was observed 

in ZnChla-PDMA antenna complexes or INR-PDMA antenna complexes grown from plasmonic 

arrays of gold nanostructures. It was thought that full density PDMA brushes could cause high 

steric hindrance, leading to difficulty in sufficient penetration of chlorophyll molecules into the 

polymer layer, reducing number of excitons inside plasmon volume, and then the coupling 

strength. Therefore, reduced density PDMA brushes may be useful to allow sufficient space to 

accommodate sufficient number of excitons that enable to achieve strong coupling. Also, pH 

responsiveness properties of PDMA brushes could be utilised to control conformational 

structure of the brush layer to program the formation of these plexcitonic systems. 

Because LSPR of AuNPs are resonant close to or may overlap maximum absorption of INR, 

it might be useful to explore the possibility of formation of plexcitonic complexes by attaching 

of INR to AuNPs-impregnated PDMA brushes grown from BIBB-APTES-initiated planar 

substrate, glass for example. Alternatively, incorporation of AuNPs into PCysMA brushes 

functionalised with commercial dye, e.g., Cyanine3 NHS ester (Cy3-NHS ester), may be useful. 

Designed plasmonic AlNPs-impregnated PDMA structure in theses was suppressed by fast 

formation of oxide layer that overlapped with plasmonic properties of AlNPs. Therefore, it might 

be useful to employ oxidation tolerant metal nanoparticles, silver nanoparticles for example. 

 

 

 

 

 



 

263 
 

9 REFERENCES 

 

1.  Lee H, Cheng YC, Fleming GR. Coherence dynamics in photosynthesis: protein 

protection of excitonic coherence. Science (80- ) 2007;316(5830):1462–5.  

2.  Törmä P, Barnes WL. Strong coupling between surface plasmon polaritons and 

emitters: a review. Reports Prog Phys 2014;78(1):13901.  

3.  Moores A, Goettmann F. The plasmon band in noble metal nanoparticles: An 

introduction to theory and applications. New J Chem 2006;30(8):1121–32.  

4.  Kreibig U, Vollmer M, Kreibig U, Vollmer M. Theoretical considerations. Opt Prop Met 

Clust 1995;13–201.  

5.  Anker JN, Hall WP, Lyandres O, Shah NC, Zhao J, Van Duyne RP. Biosensing with 

plasmonic nanosensors. Nat Mater 2008;7(6):442–53.  

6.  Kelly KL, Coronado E, Zhao LL, Schatz GC. The optical properties of metal 

nanoparticles: the influence of size, shape, and dielectric environment. J. Phys. Chem. 

B2003;107(3):668–77.  

7.  Haes AJ, Haynes CL, McFarland AD, Schatz GC, Van Duyne RP, Zou S. Plasmonic 

materials for surface-enhanced sensing and spectroscopy. MRS Bull 2005;30(5):368–

75.  

8.  Murray WA, Barnes WL. Plasmonic materials. Adv Mater 2007;19(22):3771–82.  

9.  Pelton M, Aizpurua J, Bryant G. Metal‑nanoparticle plasmonics. Laser Photon Rev 

2008;2(3):136–59.  

10.  Lal S, Link S, Halas NJ. Nano-optics from sensing to waveguiding. Nat Photonics 

2007;1(11):641–8.  



 

264 
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