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Chapter 1 

 

Introduction 
 

1.1 Molecules and metal nanostructures 
 

1.1.1 Introduction 

 

In this Chapter the concepts of fluorescence enhancement and/or quenching of molecules nearby 

metal nanostructures will be introduced. Firstly, we will discuss nanoparticles of noble metals and 

their effects on light waves in the local environment (Section 1.1) and how they can affect the 

photophysical properties of molecules in close proximity of the nanoparticle (Section 1.2). Some 

examples of metal enhanced fluorescence and of fluorescence quenching are given. In the final part of 

the Chapter, the chromophores used in the Thesis are introduced and their properties and uses are 

described (Section 1.3). 

 

1.1.2 Molecules and light 

 

Molecules interact with electromagnetic radiation in various ways.1,2 When a molecule in the 

ground state absorbs light (photon), it goes to a state of higher energy (excited state). For electronic 

excitation, this process can be described as a transition in which an electron is promoted from an 

occupied orbital in the ground state to an empty orbital of higher energy. The first electronic excited 

state for a molecule usually arises from the transition from the highest occupied molecular orbital 

(HOMO) to the lowest unoccupied molecular orbital (LUMO). For absorption to occur the frequency 

of the photon needs to match the energy of the involved transition of the molecule. In case of 

electronic excitation this commonly requires light in the UV region (< 400 nm). Molecules with long 

conjugated systems, have a lower energy difference between HOMO and LUMO and these 

compounds have absorption in the visible range (390 to 750 nm). Examples can even be found of 

molecules with electronic absorption in the near IR region.3 In the excited state, dissipation of the 

excess energy occurs by various pathways: next to vibrational relaxation to the ground state via 

internal conversion (radiationless decay), the molecule can also release its energy by a radiative 

process, which is re-emitting of a photon (emission). When occurring from the singlet excited state, 

this process is called fluorescence. Spontaneous emission is a random process and follows first order 
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kinetics with a rate constant kr. This process is normally in the picosecond to microsecond timerange. 

Generally, any vibrational excitation is rapidly lost due to collisions with, for example, the solvent, 

and emission takes places from the lowest vibrational level of the excited state (Kasha’s rule).4 The 

efficiency of fluorescence is described by the fluorescence quantum yield (FQY), which is defined as 

the fraction of molecules in the excited state that return to the ground state through a radiative 

process (Equation 1). In this equation knr is the sum of all non-radiative process, among which are 

internal conversion, intersystem crossing, photoinduced energy or electron transfer, and 

photochemical reactions. 
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1.1.3 Metal nanostructures 

 

Nanostructures of noble metals5 (copper, silver, gold, etc.) have special optical properties that 

vary with size and shape. The major feature of these nanosize particles is the so-called surface plasmon 

resonance (SPR). Surface plasmons have been a subject of interest in research for several decades. 

Numerous well-written reviews,6,7,8,9 articles10 and book chapters11 can be found dedicated to this 

phenomenon. Recently, Chemical Reviews has compiled a thematic issue on plasmonics, which 

highlights several aspects of metal nanostructures important in plasmonics, including new methods 

for synthesising nanostructures, advances in the characterisation and a host of theory applications.12 

In addition, the Journal of Photochemistry and Photobiology A has published a special issue of Plasmonic 

Photochemistry that focuses on the chemical and physical consequences of light-field enhancement 

from nanostructures of Au or Ag.13 Surface plasmons can be described as collective excitation of the 

free electrons within the metal nanostructure as a direct response to an incoming beam of light of a 

certain frequency (Figure 1, left). The oscillating electrons themselves create a resonating 

electromagnetic field around the metal object. This plasmonic coupling with light has a drastic 

influence on the local environment. The strength and frequency of the surface plasmon resonance 

depends on various factors, such as the nature of the nanostructure (shape, size and material) and the 

dielectric constant of the medium. Based on the Mie theory,14 the optical properties of the metal 

nanostructures can be calculated with good accuracy. Typically, colloidal nanoparticles of noble 

metals (copper, silver, gold, etc.) have one surface Plasmon band which can be measured by the 

optical extinction of a sample. The total extinction of a light beam by the particle contains 

contributions of both scattering and absorption processes. For example, a solution of gold 
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nanoparticles of approximately 13 nm electrostatically stabilised by citrate (xsCS-AuNPs) has a 

clearly distinguished extinction band at 520 nm with a very high extinction coefficient in the order of 

109 M-1 cm-1 (Figure 1, right). It is found for metal nanospheres, both experimentally and through 

calculations, that the position of the surface Plasmon band displays a red-shift when the nanoparticle 

increases in size.15 The extinction coefficient, which is the sum of the scattering and absorption 

efficiency, increases with size of the nanoparticle. Moreover, the scattering cross section increases 

with size of the nanoparticle; larger nanoparticles are more efficient scatterers. 

 

 
Figure 1: Left: Schematic illustration of a localised surface plasmon of a metal sphere showing the displacement 

of the electron charge cloud relative to the nanoparticle.10 Right: Absorption spectrum of a suspension of gold 

nanoparticles (13 nm) electrostatically stabilised by citrate (xsCS-AuNPs). 

 

 
Figure 2: Left: Functionalisation of gold nanoparticles (AuNPs) with sulfide-based ligands. Right: Normalised 

extincton spectra of gold nanoparticles of ~13 nm. AuNPs stabilised by excess citrate (xsCS-AuNPs; red graph) 

and AuNPs functionalised by disulfides carrying alkyl-oligoethylene glycol chains (green and yellow graph). A 

red-shift of a few nanometres and broadening of the absorption band is apparent. 

 

The position of the SPR also depends on the refractive index of the medium. Surface adsorbates 

(ligands) can also influence the optical properties of metal nanoparticles.16 For example, strongly 

binding ligands such as thiolates accelerate plasmon relaxation, resulting in peak broadening and 
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cause a red-shift due to a change in the refractive index (Figure 2, right). In this Graph, the AuNPs are 

functionalised via self-assembly with disulfides carrying amino-terminated alkyl-oligoethylene glycol 

chains using either a symmetric disulfide (yellow graph) or a mono-amine-terminated dissymmetric 

disulfide (green graph).17 It is experimentally found that the colour of gold colloids is significantly 

different in water than in mixtures of butyl acetate and carbon disulfide.18 Likewise, the SPR of core-

shell metal nanoparticles with a silica layer coating is shifted to longer wavelengths.19 The 

morphology of the nanoparticle influences the position of the SPR. Asymmetric nanoparticles exhibit 

multiple surface plasmon bands. In case of gold nanorods, next to the SPR at 528 nm, another band is 

present that stems from the long axis of the particle. It has been shown that the position of the second 

SPR depends on the length of the long axis.20 Their extinction spectra can be calculated and when a 

surface roughness, caused by lattice defects, is taken into account, the calculations correspond very 

well with experimental spectra.21 

 

1.1.4 Preparation and stabilisation of metal nanoparticles 

 

A wide variety of methods to prepare metal nanoparticles can be found in literature. A common 

synthetic method for producing metal nanoparticles is by reduction of metal cations in the presence 

of a stabilising agent. Alkyl thiolates prevent aggregation of particles. Reduction of chloroauric acid 

(HAuCl4) by sodium borohydride (NaBH4) in the presence of alkyl thiolates yields a monodisperse 

mixture of small gold nanoparticles (AuNPs).22 Analogously, pure alkanethiolate-capped silver 

nanoparticles can be made by reduction of silver nitrate (AgNO3) with NaBH4.23 Larger gold 

nanoparticles are made using trisodium citrate as both reducing agent and stabiliser.24,25,26 The 

average size of the nanoparticles can be altered by changing the ratio of gold salt and citrate. A 

strategy to enlarge the nanoparticle is by a so-called seed-mediated growth process.27 This process 

involves addition of metal ions to a solution of gold colloids (seeds) and a weak reducing agent such 

as ascorbic acid. Also various shapes, such as nanorods or nanotriangles are made using this process. 

Dispersions of gold nanoparticles electrostatically stabilised with citrate are stable for prolonged 

periods of months. However, they aggregate in the presence of salts.28 Disulfides have a high affinity 

for gold surfaces, and they readily form self assembled monolayers (Figure 2, left). Conveniently, 

disulfides protect AuNPs against aggregation and offer a wide variety of surface functionalisation.29 

A self-assembled monolayer of thiolates on the surface makes the particle more stable against 

aggregation30,31 and they can be redissolved after centrifugation. The solubility properties can be 

influenced by changing the nature of the stabilising ligands. There is still some uncertainty whether 

the thiol (S – H) or disulfide (S – S) bonds of the adsorbates are dissociated upon adsorption on the 

metal surface. Nuzzo et al.32 have performed XPS studies and stated that the disulfide bond is 
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cleaved, whereas the thiol bond remains intact. In contrast, studies using SERS reveal that in the 

spectrum of a ligand with a disulfide or thiol adsorbed to a gold surface the vibrations from the S – S 

or the S – H bond are absent, which would imply that the disulfide and thiol bonds are both cleaved 

upon adsorption on the metal surface.33 It is believed that the species resulting from adsorption on 

the surface is an alkyl thiolate (RS– Au+) adsorbed on the gold surface.34  

The stability of gold nanoparticles can also be improved by coating the functionalised gold 

nanoparticles with a silica layer; this way influences of the environment are minimised.35  

 

1.1.5 Complex assemblies of metal nanoparticles 

 

We noted before that the local electromagnetic field is strongly affected by metal nanoparticles as 

a result of the surface plasmon resonance. The resonance energy depends on the size and the shape of 

the metal nanostructure. Along with single isolated nanospheres, also more complex structures such 

as nanorods or nanotriangles have significant effects. In fact, according to calculations, the electric 

field is considerably more strongly enhanced at rough surfaces such as the tip of a nanocrescent 

(Figure 3)36,37 or the long ends of nanorods or nanotriangles.38 Assemblies of nanostructures give rise 

to extra plasmonic features due to strong coupling between the individual nanostructures, which is 

mainly due to dipole-dipole-like interactions. 

 

 
Figure 3: Simulations of the electrical near-field distributions of single nanocrescents (left) and opposing double 

crescents for 50 nm (middle) and 10 nm (right) tip separation distance. Excitation perpendicular (upper row) and 

parallel (lower row) to the crescents’ axes. 37 

 

Many calculations have been performed on the effect of interparticle distance on plasmon 

coupling.39,40 Experimentally, it has been found that at distances in the order of tens of nanometres, 
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the nanoparticles are not close enough to produce plasmonic coupling and no changes in the 

extinction spectra of the Au are observed. Coupling between the nanoparticles occurs at distances of 

a few nanometres, resulting in splitting of the surface plasmon band in a transversal and a longitudal 

mode, the latter is red shifted compared to the standard SPR, and is strongly dependent on the 

distance between the nanoparticles. 

Dimers of gold nanostructures can be formed by interconnection of single-stranded DNA 

(ssDNA) templated AuNPs.41 Pure dimers are obtained using electrophoresis. The distance between 

the two nanospheres can be manipulated by specifying the DNA sequence; commonly a DNA strand 

of 50-100 basepairs is used. For end on connected DNA strands the interparticle distance is in the 

order of tens of nanometres and in this case the particles are not close enough to produce plasmonic 

coupling, thus no changes in the plasmon peak of the Au were observed. Also trimers of AuNPs have 

been prepared in this method. By reversing the ssDNA sequence, dimers and trimers of AuNPs can 

be formed with a distance of a few nanometres between them (Figure 4A).42 Calculations have shown 

strong local field enhancement of several orders of magnitude right in between two AuNPs when 

they are close together (< 5 nm; Figure 4B and 4C). Strong fluorescence enhancement may occur 

when a probe molecule is sandwiched between two metal nanoparticles.  

 

 
Figure 4: (a) Nanoparticle assembly scheme to yield particle groupings of various sizes (structures 3 and 4) via 

DNA Hybridisation. (b) Calculated maximum intensity enhancement in the gap between two nanoparticles for 

particle spacings ranging from 0.5 to 5 nm (n = 1.5 dielectric environment). (c) Field intensity enhancement in 

aligned 18, 8, and 5 nm gold nanospheres with 1 and 0.5 nm spacings, respectively.42 

 

More complex aggregates of AuNPs can be made by functionalising them with dendrimers. For 

example, polyphenylene dendrimers endcapped with a disulfide moiety can create aggregates via 

self assembly (Figure 5).43 Alternatively, dendrimer-induced nanoparticle aggregates with an average 

diameter of more than 300 nm, were prepared by amide coupling reaction between poly(amido 

amine) (PAMAM) dendrimers and carboxylic acid-functionalised gold clusters.44 



  Chapter 1 

 - 13 - 

 
Figure 5: Sketch of the formation of aggregates from polyphenylene dendrimers (red spheres) and gold particles. 

The circle diameters are roughly to scale.43 

 

Charged endgroups on the stabilised ligand provide opportunities of preparation of complex 

assemblies of gold nanoparticles. AuNPs functionalised with 3-mercaptopropionic acid readily 

aggregate upon addition of acid by hydrogen bonding of the carboxylic acid groups;45 this is 

accompanied by a purple colouring, due to interactions among the AuNPs within the aggregate. 

Addition of a base leads to dispersion of the aggregate and recovery of the initial Plasmon peak at 524 

nm. As an application, AuNPs functionalised with carboxylic acid terminated disulfides can interact 

with silica colloids with amino groups, thereby leading to binary aggregates in a controlled manner, 

providing highly open structures that exhibit both porosity and thus high exposure of the metal 

surface, which might be useful for catalysis.46 Likewise, structured nanoparticle assemblies can be 

made using the strong hydrogen bonding of thymine with diaminotriazine functionalised 

polystyrene, resulting in regular spherical clusters of AuNPs within the polymer.47 

 

1.1.6 Alloy nanoparticles 

 

Next to gold or silver nanoparticles, also nanoparticles consisting of a mixture of gold and silver 

(alloys) can be prepared. Methods for their preparation include simultaneous reduction of gold and 

silver ions (HCl4Au, AgNO3) with citrate,48 or with NaBH4,49,50 as well as depositing silver and gold 

films of different thicknesses, followed by annealing.51 In these particles, the position of the surface 

plasmon resonance is between that of pure silver and pure gold and there is a linear relationship 

between the gold/silver ratio and the SPR position (Figure 6). This way, the SPR can be tuned in a 

controlled manner to achieve an ideal overlap of the SPR with the absorption or emission of a nearby 
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fluorescent probe which may result in fluorescence enhancement. Similarly, alloy disk-shaped 

nanocrystals consisting of gold and copper can be prepared by mixing HAuCl4 with CuCl2, followed 

by annealing in H2/Ar atmosphere.52 

 

 
Figure 6: Absorption spectra of prepared alloy nanoparticles with various ratios of gold and silver, prepared by 

simultaneous reduction of gold and silver ions.48 

 

1.2 Photophysical processes nearby metal nanostructures 
 

1.2.1 Surface plasmon resonance 

 

Excitation of the surface plasmon resonance (SPR) changes the local electromagnetic field, and 

thereby exerts a drastic influence on the photophysics of nearby molecules. Raman scattering, for 

example, can be greatly enhanced whereas fluorescent chromophores situated in close proximity to 

isolated colloidal metal particles (typically < 50 Å) usually experience quenching of their 

fluorescence. At longer distances, it is possible that the photoluminescence is enhanced.53 Also, 

enhancement can occur in more complex structures that arise from the deposition of aggregated 

metal particles onto surfaces. Enhancement of the absorption and fluorescence of chromophore may 

occur due to near-field interactions of the excited-state chromophore with the local electric field. 

The application of optical imaging methods in medicine, biology and materials science is 

increasing at a steady pace. Fluorescent molecules have gained an important role in this field. 

Judiciously chosen chromophores can be readily detected at the level of individual molecules, but 

their photostability is usually limited. Nanoparticles, on the other hand, are more robust, and can be 
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dressed with multiple functional groups, for example specific recognition sites and fluorophores on a 

single particle. The combination of the specific spectroscopic signatures of molecules, such as Raman 

scattering (Section 1.2.2) or fluorescence (Section 1.2.3), combined with the stability of metal 

nanoparticles may give rise to useful new strategies for developing ultrasensitive single particle 

probes. 

 

1.2.2 Surface enhanced Raman scattering  

 

The surface plasmon resonance of metal nanostructures give rise to so-called surface enhanced 

Raman scattering (SERS)7 where the Raman signal of nearby molecules is enhanced by several orders 

of magnitude. Strong enhancement by a factor of 1014 - 1015 has been observed for molecules adsorbed 

on metal nanospheres.54 Gold nanoparticles, covered with a silica shell in which Raman scatterers are 

embedded are used for SERS studies.35 Rough metal surfaces, in particular the sharp edge of a 

crescent moon shaped nanoparticle,55 can lead to an enhancement factor of several orders of 

magnitude. Also aggregates of non-spherical silver nanoparticles have shown to enhance the Raman 

signal of molecules adsorbed on the metal surface.56 The local electric field can also be enhanced by 

fabrication of highly structured nanoassemblies of gold nanoparticles, which can be obtained by 

using a method called wrinkle-confined drying. In this method a solution of gold colloids is confined 

in a wrinkled stamp, followed by evaporation of the solvent, which yields a ordered arrangement of 

AuNPs.57 Uniform enhancements of the Raman signal of benzenethiol placed within the gold 

nanoparticle arrays have been achieved.58 

SERS has been employed for many applications, for example, the properties of cytochrome C 

adsorbed on gold or silver electrodes have been investigated.59,60 In such an experiment,  

cytochrome C was electrostatically immobilised to a self-assembled monolayer (SAM) of 

mercaptoethanesulfonate on a silver surface. This method allowed enhanced detection of Raman 

bands characteristic of cytochrome C using surface-enhanced resonance Raman scattering (SERRS). 

The position of the Raman bands of cytochrome C allows determination of the oxidation state, spin 

configuration, and coordination number of the iron centre in the protein when complexed to the 

metal surface. Changes of the heme redox state as function of the potential could thus be monitored. 

It was also found that reduction of cytochrome C resulted in a change in the relative orientation of 

heme group with respect to the silver surface. Oxidation of the iron leads to a different coordination 

state, from the native six-coordinated complex to a five-coordinated species. 
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1.2.3 Metal enhanced fluorescence 

 

Theoretical predictions 

 

In various theoretical studies, the effect of the enhanced excitation field on the transition rates 

(rate of absorption, rate of radiative decay and rate of non-radiative decay) has been 

investigated.61,62,63 In these models, the chromophore is usually represented as a point dipole in a 

medium. This simplification is justified when the medium or the electric field is fairly homogeneous. 

Although the point dipole representation gives qualitatively accurate descriptions of the effects of the 

electric field, from a chemical point of view, approximating the chromophore as a point dipole is a 

rather drastic assumption and particularly questionable for molecule-metal distances that are 

comparable to the chromophore size. Moreover, the absorption properties of a molecule are strongly 

affected by the electric field, and when the field is heterogeneous, the molecule can no longer be 

regarded as an isolated specimen in the medium, but, as the transition dipole is directly affected by 

the interaction with the metal, it should rather be considered as a combination of molecule-metal 

nanoparticle. According to various models,64 the absorption properties, which include the molecular 

absorption coefficient, are affected by the presence of a metal nanoparticle (Equation 2) and 

resultantly, enhancement of the molecular absorption coefficient is the result of the amplification of 

the incident field due to the field interaction with the metal nanoparticle. The emission properties are 

also strongly affected by electric field enhancement by the metal nanoparticles (Equation 3). Notably, 

calculations have shown that the radiative rate may increase by several orders of magnitude. 

Equations 2 and 3 denote the absorption coefficient ε and the radiative rate kr as a function of the 

transition dipole moment μ.64 The transition dipole μ is an important factor in the absorption process; 

its direction determines the polarisation of the transition and the square of μ is related to the strength 

of the absorption. In these equations 0Kµ
  is the transition dipole between the ground state and the 

Kth excited state and n is the refractive index of the medium. The transition dipole is directly affected 

by interaction with the metal, leading to the extra term met
K 0µ in equation 5. In addition, nonradiative 

decay ( met
nrk ) is affected as a result of an extra term corresponding to the excitation energy transfer 

(EET). Thus, the radiative and non-radiative rates are directly changed by the presence of a metal 

nanostructure, which in turn leads to stronger or weaker emission from the chromophore. The 

fluorescence quantum yield of the chromophore in the proximity of a metal nanoparticle ( met
FΦ ) is 

then defined in Equation 5.  
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As also the absorption properties of a chromophore are influenced, the relative brightness (RB) of 

a chromophore near a particle, as compared with the chromophore in the absence of a metal 

nanoparticle, can be defined as shown in Equation 6. The relative brightness represents fluorescence 

intensity at constant excitation power, as this is the quantity measured in fluorescence experiments. It 

takes into account the effect of the metal particle on the absorption coefficient ε at the frequency of the 

light excitation where the ratio 0εε met  accounts for the different population in the excited state 

induced by metal effects on the molecular absorption.  
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The presence of a metal surface may consequently lead to chromophores with a higher 

fluorescence quantum yield and/or higher relative brightness,64-65 and also with shorter fluorescence 

lifetimes by the increase of the radiative decay rate. The latter also improves the photostability of the 

molecule. In many cases, however, fluorescent chromophores situated in the vicinity of isolated 

colloidal metal particles were shown to experience quenching of their fluorescence because the metal 

particles tend to efficiently accept the excitation energy. 

 

Metal enhanced fluorescence 

 

Several methods have been used in literature to prepare systems in which organic dye molecules 

have been placed in the vicinity of metal nanostructures. In this Section, examples from literature are 

given of experimental evidence of quenching or enhancement of the fluorescence of chromophores by 

coupling with the SPR of metal nanoparticles. Self assembly on the metal surface is a straightforward 

way to achieve functionalisation of metal nanoparticles. Using disulfide ligands, gold nanoparticles 

can be equipped with chromophores.66 This way, the binding of various chromophores to metal 
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nanoparticles of ~4.5 nm and the subsequent quenching of the fluorescence could be readily 

monitored.67 In one example, an excimer probe consisting of a symmetric alkyl disulfide bearing two 

pyrenyl chromophores was adsorbed to gold nanoparticles through self-assembly.68 The excimer 

fluorescence completely disappeared, showing that the thiolates can migrate freely on the surface 

(Figure 7).  

 

 
Figure 7: Time evolution of the emission spectrum (λexc = 346 nm) of a solution of a disulfide bearing two 

pyrenyl chromophores after binding to 4.5 nm AuNPs. The broad excimer band at long wavelengths decreases 

as time goes by, while the normal pyrene emission increases.68 

 

One family of chromophores that has been intensively used in such work are the derivatives of 

fluorescein, in particular adducts of fluorescein isothiocyanate (FITC).69 This chromophore and its 

precursor aminofluorescein are convenient, well-known, commercially available and inexpensive 

reactive dyes that can be used as photoactive ‘modules’ in molecular systems. Nearly complete 

quenching of the fluorescence of FITC attached to AuNPs was observed; the fluorescence could be 

recovered when the chromophore is liberated into solution via ligand exchange with an excess of 

mercaptoethanol. Similarly, fluorescence recovery can be achieved by etching away the gold 

nanoparticle with potassium cyanide. The distance between the chromophore and the metal surface 

can be defined by using specific linkers. Densely packed simple aliphatic chains provide sufficient 

rigidity to maintain a well defined distance up to 2 nm; longer chains become floppy. Stiff spacers 

with a longer persistence length, such as DNA strands, have the ability to control the distance 

between the molecule of interest and the gold surface up to several nanometres. Nonetheless, it 

should be noted that rigid spacers do not ensure well-defined lengths when the system is attached to 

the gold surface by only one anchor point, since then this particular binding itself is flexible. Studies 

on fluorescein derivatives on gold nanoparticles of ~1.5 nm reveal that quenching of the 

photoluminescence takes place up to relatively long distances.70 In this study, AuNPs of 1.6 nm have 

been functionalised with a DNA strand of a defined length (Figure 8). Hybridisation with a 
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complementary DNA strand, equipped with a FITC chromophore, allowed placement of the 

chromophore at pre-defined distance. In this way, the extent of energy transfer from an energy donor 

(FITC) to the energy acceptor (gold nanoparticle) could be mapped.71 A distance dependency has 

been found experimentally and the distance where resonant energy transfer (RET) from organic dye 

molecules and noble metal nanoparticles is still efficient is longer than for traditional FRET (typically 

up to 100 Å) and the rate of energy transfer is dependent on 1/R4 (R = distance) instead of 1/R6 as 

would be the case for FRET.  

 
Figure 8: Schematic representation of DNA binding to a 1.5 nm AuNPs. By varying the length of the DNA 

strand, the terminal FITC fluorophore is separated from the AuNP by discrete distances.70 

  

Quenching of the fluorescence by small AuNPs has also been observed for numerous other 

chromophores. Studies on systems in which single stranded DNA, equipped with a Cy5 

chromophore, are attached to gold nanoparticles of ~6 nm in solution, showed quenching of the 

photoluminescence of Cy5, rather than enhancement.72 While the authors managed to fine-tune the 

distance of the chromophore towards the gold surface by using rigid DNA strands and different 

surface coverages, its relative orientation is not well-defined and it was found that the dominant 

orientation of the Cy5 dipoles is tangential to the AuNP surface, thus leading to net quenching of the 

fluorescence. Conversely, studies on Cy5 bound to silver nanoparticles of ~20 nm did show 

enhancement of the fluorescence accompanied with a faster fluorescence rate and improved 

photostability.73 The size of the silver nanoparticle is an important factor and a maximal fluorescence 

enhancement and photostability of the Cy5 chromophore was found for particles of 50 nm (Figure 

9).74 The fluorescence was in this particular case enhanced by a factor 17, whereas smaller and larger 

particles also showed enhancement but to a lesser extent. Likewise, by depositing fluorescently 

labelled DNA strands on a porous silver layer, increased fluorescence intensity of single molecules 

has been shown at certain positions.75  

Metal enhanced fluorescence can also be used to probe DNA hybridisation. In such an 

experiment,51 a layer of metal nanoparticles is coated with thin silicon-carbon alloy, and subsequently 

functionalised with single stranded DNA. Hybridisation of the DNA with a complementary DNA 
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strand carrying a chromophore (Cy5 or Cy3) is observed by the enhanced fluorescence. The surface 

Plasmon band in these experiments is tuned by using various nanoparticles consisting of silver, gold 

or Au/Ag-alloy nanostructures. Au nanostructures enhanced the fluorescence intensity of Cy5 by a 

factor 35, whereas the strongest increase of fluorescence intensity of Cy3 is obtained with alloy 

nanoparticles of 80/20 Au/Ag because of better matching of its SPR with the excitation wavelength 

of this chromophore. These experiments allowed detection of trace amounts of DNA. 

Complex nanostructures of metal nanoparticles have a strong effect on the properties of nearby 

molecules due to strong local electric field enhancement by coupling between multiple plasmons. 

This can lead to local hot-spots in which the electric field is confined. This has been shown for a 

chromophore placed within a metal dimer where the fluorescence was even further increased (Figure 

10).73 

 
Figure 9: Top: Respective fluorescence images of single-labeled (a) free Cy5; a single fluorophore on (b) 5, (c) 20, 

(d) 50, (e) 70, and (f) 100 nm silver particle. Bottom: Corresponding histograms of emission intensity from single 

Cy5 fluorophores loaded on different-size silver particles.76  

 
Figure 10: Top: respective fluorescence images of single-labelled (a) free Cy5, (b) single fluorophore on metal 

monomer, and (c) on metal dimer. Bottom: the corresponding histograms of the emission intensity.77 
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So-called sphere-on-plane resonators were fabricated by using dendritic polyphenylene 

structures as bridging ligands to investigate the SPR between metal nanospheres and a thin metal 

surface.78 Along with the surface Plasmon band of the AuNPs, an additional SPR band arises at 

longer wavelengths from the interaction with surface; its position is dependent on the distance.78 

These systems have the advantage that there is no ambiguity on the distance of the nanospheres to 

the surface and since the distance can be controlled, the gap resonance can be tuned. This type of 

dendrimer can also be employed as bridging ligand for gold nanoparticles, thereby rapidly forming 

networks of gold colloids.43 The dendrimer can be equipped with a Perylene Red chromophore so 

that it can be positioned in between a silver nanosphere and a silver surface (Figure 11).79 The 

fluorescence was quenched by the metal surface, but the addition of the silver nanoparticles caused 

much stronger fluorescence of at least 1000 times. The fluorescence spectra of this system showed 

emission at longer wavelengths (Figure 11C), which was attributed to ‘hot’ luminescence.  

 

 

   
Figure 11: Left: (a) perylene diimide-loaded polyphenylene dendrimer; (b) sketch of the gap region loaded with 

chromophore as spacer; (c) geometry of the sphere-on-plane system with a 3 nm spacer and 80 nm sphere. Right: 

Scaled fluorescence spectra from particle positions, compared to the background fluorescence signal. The 

emission spectrum from the dye in solution is shown in gray. The black curves show the scattering signal of the 

particles.79 

 

Alternative ways to achieve fluorescence enhancement by silver nanoparticles is by making a 

very thin film of silver, which is followed by coating the surface with fluorescent molecules.80 

Increased fluorescence of various chromophores has been observed because of strong coupling of the 

plasmon resonances to the molecules. Equally, chromophores adsorbed on a film of randomly 

dispersed silver islands on quartz, show a significantly different fluorescence time profile and faster 

fluorescence decay, due to non-radiative energy transfer.81 With single molecule detection, the 
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relative fluorescence intensity of a single chromophore on the silver island films can be measured. 

Using this method, fluorescence enhancement of chromophores positioned on silver nanoparticles is 

observed. More complex metal structures, such as silver fractal-like structures which are coated with 

a protein labelled with a chromophore, can lead to local positions where the fluorescence intensity 

was increased.82 Likewise, metal enhanced fluorescence of this chromophore has been obtained by 

silver nanorods or triangles grown on glass substrates, leading to up to 16-fold brighter 

fluorescence.83  

A charged chromophore, like sulphorhodamine, can be electrostatically incorporated in 

Langmuir-Blodget layers on a glass surface containing silver island films. In this way, the distance 

between the chromophore and the silver can be controlled.84 A strong distance dependence was 

found with an optimum at 10 nm between the chromophore and the silver surface. Also layer-by-

layer assembly on gold nanoparticles with polyelectrolytes, doped with a chromophore (which are 

fluoresceine or lissamine), reveal a distance dependency on the extent fluorescence quenching.85 

Distance dependency on the fluorescence intensity of the chromophore has been shown 

experimentally for another near infra-red emitting dye: Cypate, which is a derivative of Indocyanine 

Green with a very low intrinsic fluorescence quantum yield (ΦF = 0.012). It is found that when the 

dye is placed on the surface of a gold nanoparticle, the fluorescence is completely quenched, whereas 

when it is placed artificially at a distance of a few nanometres by coating the surfaces with polymers 

with a known thickness, metal enhanced fluorescence occurs.86  

 

Another interesting tactic to place gold nanoparticles in the vicinity of a chromophore is shown in 

Figure 12.87 By using an AFM tip, a gold nanoparticle (60 nm) can be moved towards a 40 nm 

polystyrene sphere doped with a chromophore. Initial quenching of the fluorescence is observed 

when one AuNP is positioned close to the fluorescent sphere and enhancement is achieved when it is 

placed at closer distances (<40 nm). A local ‘hot-spot’ is created when the fluorescent sphere is 

sandwiched between two AuNPs; the exact position of the fluorescent sphere between the two 

AuNPs and its orientation are an important variable for the extent of fluorescence enhancement. 

Enhancement of the fluorescence of chromophores in local ‘hot spots’ can be observed by using 

confocal microscopy. A tip bearing a single gold nanoparticle can be brought close to a layer of single 

molecules.62,88 This method allows control of the position of the AuNP and the distance and the 

fluorescence intensity can be directly monitored. When the AuNP is placed close to the chromophore, 

the fluorescence intensity is strongly enhanced, but the enhancement rapidly decreases upon further 

approaching of the AuNP, effectively leading to strong quenching at very small distances (Figure 13). 

The fluorescence enhancement is here as well accompanied by a shortening of the fluorescence 

lifetime. 
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Figure 12: Left: fluorescence images of the fluorescent sphere (FS) which is approached and sandwiched by 

AuNPs.87 The left column in the figure shows the approach of a first AuNP toward the FS; the right column 

shows the same FS as a second AuNP is brought toward the FS such that two AuNPs sandwich the FS. When the 

sandwich is fully formed (in the last image), the fluorescence of the FS is substantially enhanced. Right: 

fluorescence enhancement as a function of the distance between the first AuNP and the FS and the distance 

between the first and the second AuNP in a sandwich configuration. 

 

 

 
Figure 13: Left: (a) Arrangement in which an AFM tip with a gold nanoparticle approaches a film doped with 

chromophores. (b) Field distribution of an emitting dipole at the surface faced by a gold particle separated by 60 

nm from the surface. Right: Calculated quantum yield qa, excitation rate γexc. and fluorescence rate γem. as a 

function of molecule-particle separation. In (a) the particle diameter 80 nm and in (b) it is indicated in the 

figure.62 
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1.3 Chromophores 
 

1.3.1 Introduction 

 

To be able to investigate the effects of metal nanoparticles on the photophysical properties of 

chromophores, a few chromophores have been considered. The absorption of a chromophore is 

influenced by field interaction with the metal nanoparticle. Optimal amplification is likely to occur 

when the absorption has excellent overlap with the surface plasmon band of metal nanoparticles 

(~400 nm for AgNPs, ~520 nm for AuNPs). Conversely, to minimise energy transfer from the 

chromophore to the metal nanoparticle, which would result in strong quenching of the fluorescence, 

the emission of the chromophore would have to be sufficiently red-shifted so no overlap exists with 

the surface plasmon band of the metal. Besides, the orientation of a chromophore relative to the metal 

surface is an important factor on the effect of relative brightness: longitudinal orientation of the 

chromophore with respect to a metal nanosphere is more likely to result in an increase of the relative 

brightness. To facilitate these requirements, the chromophores used in this Thesis have a well-defined 

linear structure and have a rigid structure so that the relative orientation towards the metal 

nanoparticle can be controlled, and therefore these types of molecules are suitable candidates as 

probes for metal enhanced fluorescence. 

In this Thesis research, two chromophores, which are perylene diimides and monoimide 

derivatives (Section 1.3.2) and 4-amino substituted naphthalimide derivatives (Section 1.3.3), have 

been connected to metal nanoparticles. They have satisfactory photostability so that changes in the 

fluorescence intensity cannot be caused by photodegradation; they exist as single emitting species in 

solution, which is beneficial in lifetime measurements which are able to discriminate between free 

chromophores and chromophores bound to the metal surface which are expected to have a 

substantially shorter fluorescence lifetime. 

Fluorescence enhancement by metal nanostructures is more likely to be achieved when poorly 

fluorescent compounds are used instead of chromophores of which the fluorescence quantum yield is 

already high. Weakly fluorescent chromophores may be more suitable for this kind of research, since 

the metal nanoparticle could strongly enhance the radiative decay rate and the rate of absorption. A 

third chromophore which is covered in the thesis is 1,2,4,5-tetrazine (Section 1.3.4). This chromophore 

exhibits very weak fluorescence which involves a forbidden n-π* transition.  
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1.3.2 Perylene diimides and monoimides 

 

Perylene derivatives, such as N-alkyl or N-aryl-perylene-3,4:9,10-tetracarboxdiimides (PDIs), or 

N-aryl-perylene-3,4-dicarboximides (PMIs), are highly fluorescent molecules. They have very high 

absorption coefficients89 (PDI: εmax. ≈ 9 × 104 M-1 cm-1; PMI: εmax. ≈ 3 × 104 M-1 cm-1) and high 

fluorescence quantum yields (PDI: ~99%; PMI: ~84%), and are stable towards exposure of light. They 

have absorption in the range of 400 - 530 nm, which overlaps with the surface plasmon band of gold 

nanoparticles. The absorption and fluorescence spectra of PMI have broader bands than those of PDI 

(Figure 14). 

 

 
Figure 14: A: Chemical structures of PDI and PMI derivatives. B: Absorption (solid line) and fluorescence (dotted 

line; λexc. = 488 nm) spectrum of PDI (black) and PMI (gray) derivatives in toluene. See Chapters 2 and 4. 

 

Perylene diimides (PDIs) are interesting candidates to be used as probes in studies on surface 

enhanced fluorescence. They have been used for many applications, such as in pigments with high 

heat and chemical stability.90 Perylene Orange and Perylene Red are both commercially available 

perylene diimides, soluble in most organic solvents. Both have been frequently used in single 

molecule spectroscopy.91,92 A method to prepare perylene diimides by condensation of 

naphthalimides has been reported as early as the 1950s.93 The preparation of perylene diimides from 

3,4,9,10-perylenetetracarboxylic dianhydride has initially been reported by Langhals.94 When the 

substituents on the imide site contain bulky groups, they can prevent π-π stacking of the perylene, 

which increases the solubility of the chromophore. Also secondary aliphatic residues having two long 

chains95 or poly-ethyleneglycol chains96 can improve the solubility and thereby opening up many 

applications for these fluorescent dyes. Conveniently, PDI derivatives can be readily decorated with 

functional groups so that they can be inserted in various multifunctional molecular systems. By 

changing the substituents on the imide site, for example by incorporating a glycerol-based 

dendrimer, the molecules can be made soluble in water.97 The size of the dendrimer is an important 
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factor for the extent of the solubility and the fluorescence quantum yield of the chromophore. A PDI 

derivative with a large dendrimer group has been prepared and is soluble in water up to very high 

concentrations without reducing the FQY or changing the spectral properties. Also functionalisation 

with charged groups, such as sulphates or quaternary amines,98 provides the PDI derivatives 

sufficient water-solubility which makes them suitable probes for biological applications.99 

 

The tendency of π-π stacking is used by Würthner et al. to make highly ordered supramolecular 

systems, which may be used in artificial light-harvesting complexes or solar cells. For example, a 

cyclic trimer containing three PDI dyes self-assembles into highly ordered hexagonal nanopatterns, 

resulting in circular dye arrays (Figure 15).100 Dimers of chiral, 1,7-disubstituted macrocyclic PDIs 

could be prepared with high enantioselectivity.101 

Alternatively, PDI derivatives are held together by van der Waals interactions and hydrogen 

bonding, leading to long regular extended double strings of J-aggregates in apolar solvent, such as 

cyclohexane.102 Typical for J-aggregates is a strong bathochromic shift for both absorption and 

emission as a result of coherent coupling of the transition dipole moments and consequently 

delocalisation of excited states. Using this property the mechanism of aggregation has been 

studied.103 Long aliphatic side groups on the phenoxy substituents maintain the structural integrity of 

the aggregates, as well as their strength, as at elevated temperatures the aggregates will break down. 

The bulky subsituent also prevents π-π stacking of the PDI core which would be in competition with 

formation of J-aggregates. 

 

  
Figure 15: Left: chemical structure of a cyclic trimer, containing three PDI dyes. Right: AFM images of a 

monolayer of highly ordered hexagonal nanopatterns with the proposed molecular arrangement of cyclic trimer 

in donut-like structures.100 
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Functional groups on the imide site do not affect the properties of the chromophore itself because 

of the nodes present at the imide nitrogen in both the HOMO and the LUMO.104,105 It should, 

however, be noted that PDI derivatives have a high reduction potential (-0.75 vs SCE) because of the 

presence of two electron withdrawing imide groups.106 This property makes them welcome 

compounds for electron transfer cascades. Fast intramolecular short-range electron transfer can occur 

when substituents on the imide site are electron rich groups, such as p-amino substituted 

azobenzene,107 p-methoxybenzene,108 or tetrathiafulvalene.109 Also incorporation of derivatives of 

isoxazolidine110 or oligo(p-phenylene vinylene)111 on PDI derivatives via the imide site results in 

intramolecular electron-transfer processes. Triads of PDI connected to ferrocene and fullerene 

showed very efficient electron transfer from the ferrocene to the PDI and then from the PDI unit to 

fullerene, which makes these systems interesting building blocks for solar energy conversion.112 

The photophysics of PDI derivatives can be tuned by inclusion of side groups on the bay 

positions, which are the 1, 6, 7 and 12 position depicted in Figure 14. Perylene Red has four aryloxy 

groups on the bay area of the perylene moiety; these groups induce a bathochromic shift in 

absorption and emission and strongly increase the stability of the molecule. Similarly, when strongly 

electron donating groups like piperidinyl groups are present as side groups, they have their 

fluorescence maximum even in the near infra-red region around 760 nm.113 Tuning of the absorption 

and emission by implementing side-groups has been successfully employed in preparing artificial 

light-harvesting architectures consisting of three different PDI units, which undergo efficient energy 

transfer between them.114,115 Other substituents, among which cyano groups, can also be readily 

implemented.116  

Mono-functionalised perylene derivatives are of particular interest for further selective 

functionalisation at the terminal position. For example, chiral substituents have been introduced to 

the chromophore.117 Unfortunately, although the synthesis of PDIs is well documented, the methods 

to prepare asymmetric PDIs involve rather tedious working conditions, a very poorly soluble 

3,4,9,10-perylenetetracarboxylic-3,4-anhydride-9,10-imide derivative as key intermediate (Figure 16), 

and complicated purification methods. This intermediate is generally obtained either by selectively 

hydrolysing a perylene diimide,118 or by first preparing a monopotassium salt of perylene 

dianhydride.119 These methods are not suitable for every amine, particularly not for sterically 

hindered aromatic amines, such as 2,6-diisopropylaniline. Another strategy to prepare asymmetric 

PDIs include or reacting perylene dianhydride with a mixture of two different amines to obtain a 

statistical mixture of products.120 In this case the two amines should be similar and equally reactive 

and the isolation of the pure products can be very problematical. Only recently a direct method for 

the synthesis has been published using cycloalkylamines in a mixture of ethanol and water.121 
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Figure 16: Synthesis of asymmetric perylene diimides via a 3,4,9,10-perylenetetracarboxylic-3,4-anhydride-9,10-

imide intermediate, as described by Langhals118 (Method a) or by Tröster119 (Method b). 

 

Perylene monoimides (PMIs) can, like PDI derivatives, be equipped with functional groups on 

the imide site without altering the photophysical properties. The 9-position on the perylene group is 

the most reactive aromatic ring position of PMIs and is readily used for attaching other substituents. 

The photophysical properties can be tuned by changing the substituents on the 9-position of the 

perylene or on the bay area.122 For example, incorporation of an ethynyl or a phenylethynyl group on 

that position results in a bathochromic shift in toluene of 15 nm and 25 nm, respectively, in both 

absorption and emission.123 A broad range of the visible spectra can be covered by varying the 

substituents on the 9-position or on the bay area.124 Furthermore, π-donating groups on the 9-position 

are in conjugation with the electron withdrawing imide groups and this leads to ‘push-pull’ systems 

that are strongly solvatochromic fluorescent probes. For example, exceptional solvatochromic 

behaviour has been observed for amino-substituted perylene monoimide derivatives N-(2,5-di-tert-

butylphenyl)-9-pyrrolidino-perylene-3,4-dicarboximide and N-(2,5-di-tert-butylphenyl)-9-piperidino-

perylene-3,4-dicarboximide.125 
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Perylene monoimides have been employed as fluorescent probe or as a component in electron 

transfer cascades.126 Light harvesting compounds such as PMIs coupled to porphyrin derivatives 

have been extensively investigated by the group of Lindsey (Figure 17).127,128 The usage of the PMI is 

here intended to complement the absorption of the porphyrin, so that a broad range of the visible 

spectrum is covered. A selection of different kinds of PMIs can be addressed in the preparation of 

these compounds and the number of PMI units on the porphyrin can also be varied. Relatively long 

oligomers of these dyads are still soluble in organic solvents. More complex arrays containing PMI, 

porphyrin and phthalocyanine (Figure 18), with very broad absorption spectra over the visible range, 

show rapid energy transfer over long distances.129 They provide outstanding energy transfer from the 

PMI unit to the porphyrin and can be used as components in solar cells.  

 

 

Figure 17: Example of a perylene-porphyrin dyad consisting of a perylene monoimide dye (PMI), attached to a 

porphyrin via a phenylethyne linker.127 

 

 
Figure 18: Chemical structure of a linear array of chromophores consisting of a perylene monoimide ‘input unit’, 

a bis(free base porphyrin) ‘transmission unit’, and a free base phthalocyanine ‘output unit’ for studies in artificial 

photosynthesis and molecular photonics.129 
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In one interesting research, a compound consisting of a terrylenediimide (acceptor) at the core 

and PMI derivatives (donor; Figure 19) at the ends of a dendrimer has been synthesised and studied. 

Intramolecular energy transfer processes take place from PMI derivatives connected to a 

terrylenediimide; thereby the fluorescence from PMI is suppressed.130 Using single molecule 

spectroscopy it is revealed that the fluorescence from PMI is recovered following photobleaching of 

the acceptor (Figure 20).131 

 

 
Figure 19: Structure of the first-generation perylenemonoimideterrylenediimide dendrimer together with the 

corresponding ensemble steady-state absorption and emission spectra in toluene.130 

 

 
Figure 20: Time course of the fluorescence intensity upon selective excitation (λexc. = 488 nm) with the presence of 

donor emission after bleaching of the acceptor. Terrylene- and perylene-related single-molecule fluorescence 

data are red and green, respectively.131 

 

1.3.3 4-Amino substituted naphthalimides 

 

Naphthalimide derivatives are frequently used chromophores for many applications; they can 

readily be synthesised from cheap starting materials and adjusted with various functional groups 

that change the properties of the molecule. The unsubstituted 1,8-naphthalimide has a very low 

fluorescence quantum yield (ΦF ≈ 0.03) and readily forms the triplet state via intersystem crossing 
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(ΦISC of the order 0.95);132 this feature, as well as the electron poor nature of the molecule because of 

the electron withdrawing imide group, makes them popular electron acceptors. Indeed, both 1,8:4,5-

naphthalene-tetracarboxdiimide133 ( redE 21
 = -0.53 vs SCE) and 1,8-naphthalenedicarboximide134 ( redE 21

 = -

1.31 V vs SCE), have a rather high reduction potential. External donors such as 1,4-

diazabicyclo[2.2.2]octane are able to undergo PET to 1,8-naphthalenedicarboximide derivatives, 

yielding a naphthalimide radical anion. This intermediate has a relatively long lifetime and has an 

application as a part of molecular shuttles.135 Also fast and nearly quantitative intramolecular electron 

transfer takes place in a system of a naphthalene-tetracarboxdiimide derivative connected to p-

methoxyaniline.136 When these two molecules are connected with through a 4-amino naphthalimide 

derivative, which incidentally also acts both as chromophore for efficient light absorption and 

intermediate bridge in this process, multistep charge transfer takes place leading to a very large 

dipole moment (Figure 21). 

 
Figure 21: Chemical structure of triad system and diagram of three step charge separation with characteristic 

times measured by transient absorption in toluene.133 

 

Substituents on the aromatic ring of naphthalimides change the photophysical properties of the 

molecule. Substitution of the 4-position with electron rich groups such as amino137,138 or alkoxy 

groups139,140 leads to significantly different photophysical properties. Notably, the fluorescence 

quantum yield increases as well as the singlet fluorescence lifetime, while the intersystem crossing 

process is diminished. The lowest transition is assigned to a transition with charge-transfer (CT) 

character because of the electron donating nature of the amino or alkoxy group. This type of 

chromophore is therefore also strongly solvatochromic. Because of their efficient electron accepting 

ability and the considerable charge separation, these compounds can function as viable bridges in 

triads for stepwise charge separation, which can be used as building blocks for mimicking 

photosynthesis.133, 136 
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Naphthalimides with an amino group can be readily prepared and this results in bright yellow / 

strongly green fluorescent solids. The lowest excited state of these substituted naphthalimides gives 

rise to a broad absorption band between 385 and 450 nm, which is in good overlap with the surface 

plasmon band of silver nanoparticles (~400 nm). The structure of a 4-amino substituted 

naphthalimide derivative with its absorption and fluorescence spectrum is shown in Figure 22.  

 

 
Figure 22: Chemical structure of a 4-amino-1,8-naphthalimide derivative and the absorption (solid line) and 

fluorescence (dotted line; λexc. = 420 nm) spectrum in toluene (black) and DMF (gray). See Chapter 3. 

 

1.3.4 Tetrazines 

 

1,2,4,5-Tetrazine is a heterocyclic molecule, which consists of an electron poor aromatic ring with 

four nitrogens.141 Tetrazines are interesting compounds that can be used as strong electron acceptors, 

since they have a relatively high reversible reduction potential because of the four electronegative 

nitrogens atoms in the aromatic ring.142 As the synthesis of 3,6-subsituted tetrazines is rather 

straightforward,143 they can readily be implemented in various functional molecular systems, such as 

polymers in which tetrazine derivatives are coupled to electron-rich thiophene groups.144,145 Tetrazine 

derivatives have also been frequently used as bridging ligands146 in metal complexes in which they 

facilitate metal metal interactions147 or in switchable metal complexes.148 Tetrazine derivatives have a 

low energy absorption band in the visible region, which is weakly influenced by the nature of the 

substituents.143,149 This band overlaps with the surface plasmon band of gold nanoparticles, whereas 

the emission band (> 600 nm) has almost no overlap. In many cases, emission from the first excited 

state has a very long decay time, involving a forbidden n-π* transition, in the range 10 – 160 ns.142 

Therefore, these derivatives are potentially interesting candidates for use in energy transfer cascades, 

thus making them useful building blocks in solar cells.150 Many tetrazines are known to be 

fluorescent, although a few of them, like the parent H, H-tetrazine and 3,6-dimethyltetrazine, are not 

photostable.151 Increasing the size of the substituents improves their photostability: when one 
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benzene ring is introduced, the photostability is increased by a factor 30.152 However, aromatic 

substituents like in 3,6-diphenyl-1,2,4,5-tetrazine (Figure 23) also strongly reduce the fluorescence of 

tetrazines.  

 

 
Figure 23: Chemical structure of 3,6-diphenyl-1,2,4,5-tetrazine with absorption (solid line) and fluorescence 

(dotted line; λexc. = 520 nm) spectrum in acetonitrile (black) and cyclohexane (gray). See Chapter 5. 

 

1.4 Scope of the Thesis 
 

This Thesis comprises studies on the response of molecules to light in metal nanostructures. 

Chromophores have been synthesised and functionalised with a disulfide group to be able to 

effectively adsorb them on gold nanoparticles in solution. In addition, some other chromophores 

have been considered as fluorescent probes with the potential for single molecule detection, or as 

poorly fluorescent molecules of which the fluorescence may be strongly enhanced by metal 

nanoparticles.  

 

In Chapters 2 and 3, chromophores with disulfide linkers have been adsorbed on gold 

nanoparticles and the extent of fluorescence quenching and/or enhancement is described. In Chapter 

2, a linear disulfide ligand with a perylene monoimide derivative is used a fluorescent probe. The size 

of the nanoparticle as well as the medium is considered with theoretical calculations as well as 

experimentally. The binding affinities of this disulfide group on AuNPs at low concentrations are 

determined and liberation of the chromophore from the AuNPs in solution is studied using the 

combination of time-correlated single photon counting and fluorescence correlation spectroscopy. A 

bidentate ligand with a 4-aminonaphthalimide derivative has been prepared in Chapter 3; this 

molecule can bind to the gold surface with two gold-sulfur bonds. It has been found that this ligand 

irreversibly adsorbs on the gold surface, which is accompanied by strong reduction of its fluorescence 

intensity. 
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Chapter 4 describes the synthesis and photophysical properties of a set of perylene monoimide 

(PMI) and perylene diimide (PDI) derivatives. A novel convenient method to make asymmetric PDIs 

is introduced. The photostability of a solvatochromic PMI derivative is compared to other 

commercial laser dyes. 

The photophysical behaviour of three symmetrical 1,2,4,5-tetrazine derivatives substituted with 

aromatic groups was studied in Chapter 5. These molecules show very poor fluorescence from the 

lowest excited state, because it involves a forbidden n-π* transition. In addition, dual emission was 

observed upon excitation to a higher excited state. 

In Chapter 6, a pattern of gold dots has been prepared on a coverslip using shadow mask 

evaporation. Thereafter a thin layer of chromophores has been spincoated on top of the pattern and 

the resultant effects on the fluorescence are explored using confocal microscopy. 
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