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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.

k r0
Φ = 0
k r + k nr0

(1)

0
F

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 coreshell 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
- 10 -
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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
- 12 -
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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
- 13 -
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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 µ K 0 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 µ Kmet0 in equation 5. In addition, nonradiative
decay ( k nrmet ) 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 ( Φ met
) is
F
then defined in Equation 5.
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ε=

2π  2
µK 0
3 2 cn

kr =


µK 0

(2)

4ω 3 n  2
µK 0
3c 3



= µ Kmol0 + µ Kmet0 + µ Ksol0

Φ met
=
F

k rmet

(3)
(4)

k rmet
+ k nrmet + k nr0

(5)

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 ε met ε 0 accounts for the different population in the excited state
induced by metal effects on the molecular absorption.

RB =

ε met Φ met
F
0 0
ε ΦF

(6)

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
- 17 -
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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
- 18 -
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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

- 20 -

Chapter 1

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-bylayer 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-9,10imide 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-tertbutylphenyl)-9-pyrrolidino-perylene-3,4-dicarboximide and N-(2,5-di-tert-butylphenyl)-9-piperidinoperylene-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 1,8:4,5naphthalene-tetracarboxdiimide133 ( E1red2 = -0.53 vs SCE) and 1,8-naphthalenedicarboximide134 ( E1red2 = 1.31 V vs SCE), have a rather high reduction potential. External donors such as 1,4diazabicyclo[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 pmethoxyaniline.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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Chapter 2
Probing the interactions between disulfide-based
chromophores and gold nanoparticles *
The binding of disulfides to gold nanoparticles was investigated using fluorescence spectroscopy
and a perylene-monoimide dye coupled to a dissymmetric disulfide via a tetraethyleneglycolalkyl
chain (PMIdS). Quantum chemical calculations using the polarisable continuum model (PCM)
predict a strong quenching of perylene-monoimide fluorescence by gold nanoparticles as a result of
efficient excitation energy transfer from the dye to the particle. Such quenching is indeed observed
when unfunctionalised gold nanoparticles are added to a solution of PMIdS. The fluorimetric
titration curves show behaviour indicative of the existence of an equilibrium between free and bound
ligands (association constant K = 5 × 105 M-1), whereas in general the affinity of thiols and disulfide
for gold surfaces is assumed to be much higher. Gold nanoparticles fully functionalised with PMIdS
were synthesised and purified. Fluorescence correlation spectroscopy shows the appearance of free
PMIdS ligands in dilute (approximately 10-12 M) suspensions of these PMIdS-functionalised
nanoparticles over a period of several days.

* Parts of this chapter are published: J. R. G. Navarro, M. Plugge, M. Loumaigne, A. Sanchez-Gonzalez, B. Mennucci,
A. Débarre, A. M. Brouwer, M. H. V. Werts Photochem. Photobiol. Sci. 2010, 9, 1042-1054.
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Introduction
The photophysics of molecular systems are influenced by their environment, which may be a
solvent or another type of embedding matrix. Solvent effects 1 on such fundamental processes as light
absorption and emission, 2 excitation energy transfer and electron transfer 3,4,5 are well studied. These
effects may partially come from specific interactions between the chromophore and the surrounding
matrix molecules, for example through hydrogen bonding, but an important contribution comes from
embedding the chromophore in a cavity within a polarisable dielectric medium.
In addition to understanding molecular photophysics in anisotropic, unstructured media such as
solvents, glasses and polymers, interest has also developed on finding out what happens when a
chromophore is placed in an anisotropic, structured environment, such as near a dielectric interface
or a mirror, 6 or in a photonic crystal 7 which can enhance or suppress radiative transitions.
Particularly intriguing are the effects of noble metal structures on the photophysics of nearby
molecules, exemplified by surface-enhanced Raman scattering, 8,9 enhancement of the brightness of
luminescence 10,11,12 or the rate of photopolymerisation. 13 These phenomena stem from the interaction
between the chromophores and collective excitations of the conduction electrons near the surface of
noble metals (the surface plasmon polaritons). A tempting objective is to find ways of optimising
metal nanostructures in such a way that specific molecular photonic signals are enhanced, as this
opens perspectives for ultrasensitive detection in various applications.
The rich surface chemistry of thiols and disulfides combined with colloidal gold particles 14,15
enables the construction, through self-assembly, of multifunctional nano-objects that can incorporate
organic chromophores.15,16 One family of chromophores that has been intensively used in such work
are the derivatives of fluorescein, in particular adducts of fluorescein isothiocyanate (FITC). Indeed
FITC and its precursor aminofluorescein are convenient, well-known, commercially available and
inexpensive reactive dyes that can be used as photoactive ‘modules’ in molecular systems.
Fluorescein, however, has a limited photostability and the adducts of FITC have complex
photophysics.
Perylene and its derivatives, in particular the perylene imides, are known to be highly
fluorescent, photostable dyes. This enables the use of perylene 17 and perylene imide (PMI)
derivatives 18,19,20,21 in single molecule spectroscopy. PMI derivatives have recently been used in
membrane imaging. 22 Derivatives of perylene may therefore be interesting dyes for inclusion as
fluorescent modules in molecular assemblies 23,24,25 and hybrid nano-objects.
Here we investigate a disulfide derivative of PMI and its use as a fluorescent probe for the
binding of disulfides to spherical gold particles of 5–15 nm diameter (Figure 1). Such a probe will
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enable us to investigate the quenching of molecular fluorescence by colloidal gold particles. In order
to reliably probe the interaction of the disulfide with the particles and the ensuing fluorescence
quenching, the fluorescent dye should not aggregate, have a high fluorescent quantum yield, and
exist as a single emitting species in solution.

Figure 1: Structures of molecules studied. Inset: representation of binding of PMIdS onto AuNPs.

Quantum chemical calculations have been carried out to study the effect of noble metal particles
on the radiative and nonradiative transitions of nearby fluorophores. We study the absorption and
the fluorescence of the model chromophores P011 and P011a and the ligand PMIdS alone in solution,
before carrying out fluorescence titrations on the interaction of PMIdS with excess-citrate stabilised
gold nanoparticles (xCS-AuNPs). Thereafter, we use dynamic light scattering to determine the size
and the size distribution of functionalised PMIdS-AuNPs. Finally, we demonstrate spontaneous
ligand desorption from purified, fully functionalised PMIdS-AuNP in dilute solution using
fluorescence correlation spectroscopy (FCS).
In FCS, a small observation volume (sub-femtolitre) is defined optically by focusing excitation
light into the solution through a microscope objective and detecting the fluorescence coming from the
observation volume through a confocal pinhole. At sufficiently low concentrations (sub-nanomolar),
the focal observation volume will contain on average one molecule or less. The recorded fluorescence
signal will show strong fluctuations (even bursts) as a result of species diffusing in and out of the
observation volume, as well as of any photodynamics taking place while a molecule traverses the
observation volume. 26 FCS can distinguish between the fluorescence of free fluorophores and
fluorophores bound to large objects. FCS provides a reliable test for the identity and integrity of selfassembled fluorescent nano-objects, but is still rarely used for studying such objects.
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Results and Discussion
Predictions from quantum chemistry
The effect of noble metal particles on the radiative and nonradiative transitions of nearby
fluorophores can be modelled quantum chemically in the framework of the polarisable continuum
model (PCM). 27 The metal particle is described globally through its (complex) dielectric function
which fully accounts for its optical properties. This approach has recently been applied to systems
consisting of organic fluorophores and gold and silver nanoparticles. 28 It was found that these
nanoparticles are very efficient excitation energy acceptors, 29,30 in line with experimental observations
of strong fluorescence quenching 31,32,33 in fluorophore-functionalised noble metal nanoparticles.
The PCM method gives access to the radiative (kr) and non-radiative rates (knr) 34,35 of the perylene
monoimide (PMI) chromophore in solution, here N,N-dimethylformamide (DMF). The effects of gold
particles on the PMI chromophore as a function of particle size, chromophore distance and
orientation towards the gold surface have been investigated (Figure 2). The presence of the metal
affects the radiative and non-radiative rates of nearby chromophores; it introduces a change in the
radiative rate and adds an extra term to the nonradiative decay. This last term corresponds to
excitation energy transfer from the chromophore to the metal particle. The fluorescence quantum
yield of the chromophore in absence of a metal nanoparticle ( Φ 0F ) is compared to that in proximity of
a metal nanoparticle ( Φ met
). We also specify the relative brightness (RB) of a chromophore near a
F
metal particle compared to the free chromophore (Equation 1). RB 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 at the frequency of the light
excitation ε where the ratio ε met ε 0 accounts for the different population in the excited state induced
by metal effects on the molecular absorption.

RB =

ε met Φ met
F
0 0
ε ΦF

or

RB =

ε met met
Φ
ε0 F

for

knr0 = 0

(1)
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Figure 2: Schematic representation of chromophore-particle setup, defining distance from the gold particle
surface to the chomophore centre of mass and indicating longitudinal (A) and perpendicular (B) orientations.

The calculated relative brightnesses for PMI in a longitudal orientation at different distances from
gold spherical particles of increasing size (diameter = 3.4 nm, 12 nm and 25 nm, respectively) in DMF
are shown in Figure 3. The effects of distance from the metal particle on kr and ε and knr have
qualitatively similar trends for all rates: the shorter the distances, the higher the rate. However, in the
region of short distances, knr is much greater than kr, so it determines the quenching of the
fluorescence. Even the enhancement of ε at short distances is not able to offset the large quenching of
fluorescence, resulting in an RB value smaller than 1. For long distances and small particles, the
fluorescence quantum yield and RB thus trivially approach the free-molecule limit. For gold
nanoparticles of 25 nm diameter, the effects of the radius of the metal particle for small metalmolecule distances differ for kr and knr. Larger radii maximise kr and ε but are relatively less effective
in increasing knr, which results in an larger increase of kr and ε than knr and an increase in RB to values
larger than 1. This is indeed observed in Figure 3 for distances of 20–30 nm for which an overall
enhancement of the fluorescence intensity is predicted. We finally note that this net enhancement is
not present in the case of perpendicular orientation of the chromophore to the gold particle as in that
case there is no co-linearity between the chomophore transition moment (directed along the main
axis) and the sphere-induced dipole which is present in the longitudinal orientation and which gives
rise to a large increase in both kr and ε.
The distance between the PMI chromophore PMIdS used in our experiments and the gold
nanoparticle will be around 3.1 nm at most (estimated using a fully extended chain in an MM2 force
field model), and the fluorescence in the systems studied here is thus expected to be strongly
quenched when the PMIdS ligands bind with gold nanoparticles.
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Figure 3: Theoretical relative brightness as a function of distance of the PMI chromophore near a gold
nanoparticle in DMF at perpendicular (A) and longitudinal (B) orientation, for different gold particle diameters
(d = 3.4, 12 and 25 nm).

Photophysical properties of the perylene derivatives
The PMIdS ligand was prepared according to literature procedures as described in the
Experimental Section. The photophysical properties of the free PMIdS ligand and its precursors P011
and P011a have been studied in toluene and DMF and a mixture of DMF : H2O 80 : 20 v/v. The
absorption and emission maxima, as well as the fluorescence quantum yield ΦF, fluorescence lifetime
τF and molar absorption coefficient ε are all summarised in Table 1. The molar absorption coefficient
of P011 in toluene (ε = 3.3 × 104 M−1 cm−1) is similar to literature values 36 of unsubstituted PMI
derivatives.
Comparison of the absorption and emission spectra of P011 and PMIdS (Figure 4), and their
fluorescence quantum yields and lifetimes (Table 1), shows that the introduction of the disulfide tail
does not significantly alter the photophysics of the PMI chromophore. Because of the small quantity
of PMIdS ligand available, its molar absorption coefficient was not measured. In view of the
similarity of the chromophores, and because of the similar fluorescence quantum yields and lifetimes
of P011 and PMIdS, the molar absorption coefficients of both compounds are very likely to be
comparable, and therefore the molar absorption coefficients of P011 will also be used for PMIdS.
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Figure 4: Absorption (red line) and emission (blue line; λexc. = 470 nm) spectra of P011 (solid line) and PMIdS
(dashed line) in air-equilibrated DMF.

Table 1: Photophysical data for P011, P011a and PMIdS in different solvent systems: wavelengths of maximum
absorption (λabs.) and emission (λem.), fluorescence quantum yields (ΦF) and decay times (τF), and molar
absorption coefficients (ε).

PMIdS

Solvent

λabs. (nm)

λem. (nm)

ΦF

τF (ns)

DMF

513

580

0.72

3.9

DMF : H2O (8 : 2 v/v)

517

588

0.63

3.7

0.80

3.8

toluene

P011a

P011

a

517

(489) a

548 (589)

a

0.70

ε (M−1 cm−1)

DMF

514

590

2.9 × 104

DMF : H2O (8 : 2 v/v)

515

595

toluene

517 (489) a

544 (584) a

0.83

3.8

2.8 × 104

DMF

514

575

0.72

3.9

3.7 × 104

DMF : H2O (8 : 2 v/v)

516

589

0.62

3.8

3.3 × 104

toluene

517 (489) a

544 (585) a

0.80

3.9

3.3 × 104

Vibronically structured band.

Interaction between PMIdS and gold nanoparticles
Because of the prolonged stability of xCS-AuNP in DMF–water mixtures, as opposed to THF–
water mixtures, the studies involving the interaction between PMIdS and xCS-AuNP were carried
out in a DMF : water (8 : 2 v/v) mixture. Solutions of PMIdS in DMF : water (8 : 2 v/v) were
prepared, keeping the concentration of PMIdS constant, while varying the concentration of
xCS-AuNPs. The same experiments were done with AuNPs of 5 nm diameter stabilised by
tetra(n-octyl)ammonium bromide in pure DMF and in pure toluene.

- 47 -

Chapter 2

The fluorescence emission spectra of these samples are shown in Figure 5, together with the
corresponding “titration curve”. The concentration of gold nanoparticles is expressed as the
estimated number of thiolate binding sites (see Experimental Section), i.e. the concentration of thiol or
disulfide sulfur atoms that can cover the surface of these particles. The number of particle binding
sites was calculated from the xCS-AuNP absorption spectrum: the concentration of a given particle
suspension can be estimated using its UV/Vis absorbance and data for the extinction coefficient of
the xsCS-AuNPs found in the literature. For particles of an average size of 12-13 nm, an extinction
coefficient of 2 × 108 M−1 cm−1 has been reported. 37 The number of binding sites per particle Nsites is
estimated from the particle diameter and the surface that a thiol-groups requires on an Au(111)
surface. 38 For a gold nanoparticle of 12 nm, a total of approximately 2800 thiols can bind onto the
surface.

Figure 5: Fluorescence titration of PMIdS with xCS-AuNP in DMF : water (8 : 2 v/v). PMIdS concentration was
held constant at 0.3 μM (corresponding to 0.6 μM of ligating sulfur atoms). Main graph: fluorescence spectra for
increasing xCS-AuNP concentration (λexc. = 458 nm). Inset: normalised integrated fluorescence intensity as a
function of binding site concentration. The solid line is the theoretical curve for a simple binary equilibrium
between fully fluorescent ‘free’ chromophores and completely quenched ‘bound’ chromophores, using the
experimental concentrations and an association constant K of 5.0 × 105 M−1.

Contrary to what would be expected given the reported high affinity of thiols and disulfides
towards gold surfaces,14 the titration curve falls off slowly, instead of decreasing linearly with
increasing AuNP concentration until the equivalence point is reached. The titration does not end after
1 equivalent of particle binding sites (which would be at 0.6 μM), but many more particles are needed
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to bind even half of all PMIdS present. A large fraction of unbound, fluorescent PMIdS is always
present. The titration curve is described very well using a physical model for a binary equilibrium
with an equilibrium constant K between bound and unbound chromophores (Equation 2):

K=

[AB]
[A][B]

(2)

The components A and B represent the chromophore and (PMIdS and an AuNP binding site)
forming a single non-fluorescent complex (particle-bound PMIdS) respectively. The formula for the
concentration of bound chromophores as function of initial concentrations of the two components (cA
and cB) can be written as:

[AB] =

(

1
Kc A + KcB + 1 − K 2c A2 − 2 K 2c A cB + 2 Kc A + K 2cB2 + 2 KcB + 1
2K

)

(3)

The concentrations of the free chromophore and unoccupied binding sites can be expressed with

[A] = cA − [AB] and [B] = cB − [AB] . The equilibrium constant K can be obtained from the fit in the inset of
Figure 5 and gives an association constant of 5.0 × 105 M−1. Reversing the titration, adding PMIdS to a
solution of xCS-AuNP, also gives titration curves compatible with this model. According to the
binary dynamic equilibrium model, the observed remaining fluorescence of PMIdS in presence of
AuNPs stems almost exclusively from unbound PMIdS molecules.

Figure 6: Fluorescence titration (integrated intensity, λexc.=458 nm) of PMIdS with two different AuNPs type in
different solvent systems: xCS-AuNPs in DMF : water (8 : 2 v/v), TOAB-AuNPs in DMF and toluene. PMIdS
concentration was held constant, while the AuNP concentration was varied.
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We investigated if similar behaviour occurred for AuNPs of a different type, and in different
solvents (Figure 6). For this experiment, AuNPs of 5 nm stabilised by tetra(n-octyl)ammonium
bromide (TOAB-AuNPs) were used. These particles are soluble in toluene and in DMF. Similar
binding behaviour is observed for all three systems of PMIdS with AuNPs, indicating that the low
affinity between the PMIdS disulfide and gold nanoparticles is not limited to xCS-AuNPs. The
existence of a binary equilibrium between free and bound PMIdS suggests that in order to bind a
significant fraction of ligands, higher concentrations of both ligands and particles are necessary.

Perylene-monoimide functionalised particles
Dynamic Light Scattering 39
To investigate the binding of the chromophore onto the AuNPs and the consequential changes in
size of these functionalised AuNPs in comparison with xCS-AuNPs, a set of samples has been
prepared and analysed with Dynamic Light Scattering (DLS). This method is used to measure the
particle size inside a suspension.
First, a suspension of the prepared xCS-AuNPs used in the experiments has been studied with
DLS. The results are shown in Figure 7. Graph 7A shows the measured size distribution of scattered
intensities and Graph 7B displays the measured size distribution after recalculation by correction for
the scattering coefficient (See Experimental Section) resulting in the distribution expressed in particle
volume, represented in their diameter. Particles of 100 nm are more efficient in scattering light than
particles of 10-20 nm, which leads to a higher signal response in the DLS measurements. As can be
seen from comparing the two graphs that although the larger particles (size range 80-180 nm) are
responsible for 50% of the total signal in the left graph, only a very small fraction of them are actually
present in solution. The xCS-AuNPs have a size distribution between 10 and 20 nm diameter with an
average size (half height) around 14.3 nm. Since the solvent shell around the particle is taken into
account by these measurements, this value corresponds well with the reported size of 12 - 13 nm
determined by TEM imaging.37

Figure 7: Size distribution of xCS-AuNPs in H2O. A: scattered intensities, B: particle volumes.
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Second, functionalised AuNPs were prepared by mixing the xCS-AuNPs with 2.5 equivalents
(compared to binding sites of AuNPs) of either the mono-amine terminated disulfide derivative and
2-[2-[2-[2-(11-octyldisulfanylundecoxy)ethoxy]ethoxy]ethoxy]ethanamine (DiS-mNH2; See Scheme 1
in Experimental Section) in water or with PMIdS in DMF : water 8 : 2 v/v. Analysis of the samples
with DLS showed, in case of DiS-mNH2 as stabilising ligand, primarily the presence of particles with
an average size of 5 nm, which is smaller than the size of the original AuNPs (Figure 8A).
Presumably, these particles consist solely of micelles of the disulfide ligands themselves, due to their
large hydrophobic contents. If the small particles in the sample of AuNPs functionalised with DiSmNH2 can be ignored, particles with a size distribution between 40 and 90 nm are also observed
(Figure 9).
The size distribution of AuNPs functionalised with PMIdS (Figure 8B) show no small particles,
proving the solubility of PMIdS in this solvent system. However, in this case an average size of 55
nm is observed. The average size of 55 nm is much larger than expected from isolated colloidal
AuNPs. It appears that clusters of functionalised AuNPs are formed without the precipitation of the
particles. Larger particles > 100 nm have been measured as well, supporting the conclusion that more
complex systems are formed in solution. Despite the clustering of particles, it is not expected that this
will have had an influence the “fluorescence titration” experiments.

Figure 8: Size distribution of particle volumes of functionalised AuNPs. A: functionalised with DiS-mNH2, B:
functionalised with PMIdS.

Figure 9: Size distribution of scattered intensities of AuNPs functionalised with DiS-mNH2.
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Fluorescence correlation spectroscopy
In order to study potential ligand desorption from functionalised particles, gold nanoparticles
coated completely with PMIdS ligands were made by mixing an excess of PMIdS in DMF and xsCSAuNP in water to give a mixture DMF : water 8 : 2 v/v. The excess of ligands corresponds to 4 times
the ligands needed to cover all of the theoretically available binding sites on the particles,37 i.e. ~2800
binding sites per particle for xCS-AuNP particles. The resulting suspension of functionalised particles
with excess free ligands (12 μM in PMIdS, 3 μM in AuNP binding sites) was first concentrated by
centrifugation (14 000 rpm, 24 000 g, 10 min), after which the supernatant was removed, thus
removing a significant part of the excess of PMIdS which remains in solution. Fresh DMF was added
to the pellet and the new suspension was centrifuged once more. Herafter the supernatant was
replaced by fresh DMF again, in order to wash away the excess of ligands. The red coloration of the
particles concentrated in the pellet was readily diluted into the added DMF, which indicates
successful resuspension of the particles. After each centrifugation cycle, the fluorescence of the
supernatant was monitored, in order to check efficient removal of free PMIdS from the suspension.
Functionalisation of the AuNPs by PMIdS was evident from a control experiment in which P011
instead of PMIdS was used. Already after one centrifugation cycle, the pellet was turned black and
resuspension of the pellet in DMF was not achieved, indicating the necessity of the presence of the
disulfide motif in PMIdS to stabilise the particles.
The freshly purified suspensions were immediately studied by FCS, in order to identify the
presence of free and bound ligands. The initial FCS curve demonstrates the exclusive presence of
large diffusing fluorescent objects (τD = 3800 μs) combined with a short exponential decay component
(τD = 28 μs), compatible with a blinking process. The objects are in their bright state during 90% of the
time spent in the focal volume. Different processes can be at the origin of the blinking process such as
triplet blinking or ligand desorption. Even if the triplet blinking does not appear in the FCS curve of
the pure PMIdS solution at the same excitation power, the dynamics of the singlet-to-triplet
intersystem crossing process can be modified by the presence of numerous close chromophores
linked to the particle, as has been demonstrated in the case of a multichromophoric dendrimer,
decorated with peryleneimides.21 The dynamics of the energy transfer between close chromophores is
indeed complex, since it has recently been demonstrated that in the case of a multichromophoric gold
core system the energy transfer between close chromophores can be inhibited. 40 The ligand
adsorption-desorption events can also produce a blinking signature since it influences the energy
transfer between the chromophores.
There is no signature of any free ligands, as demonstrated by the absence of a continuous
background in the burst histogram (Figure 9, left), which contains only strong fluorescence bursts.
The fluorescent objects display bursts that are roughly 10 times as intense as the bursts from single
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PMIdS molecules. If the number of chromophores per AuNP is estimated to be 200 (based on the FCS
amplitudes, vide infra), the relative brightness of an individual particle-bound fluorophore is found
to be roughly 5% of that of a free ligand. This is not incompatible with the theoretical prediction,28
taking a distance from the chromophore to the gold surface of 31 Å (fully extended alkyltetraethyleneglycol spacer) and a 12 nm (120 Å) diameter gold nanoparticle, which has a predicted
relative brightness of 0.06.
After 20 days, the FCS trace of the sample has evolved: the signal is now dominated by the
fluorescence from rapidly diffusing chromophores as shown on the correlation curve (Figure 10,
right). This means that the PMIdS-AuNPs have liberated a large fraction of their capping ligands.
The correlation amplitude of the FCS trace has considerably decreased compared to the fresh sample.
Since this correlation amplitude is inversely proportional to the average number of diffusing species,
the number of emitting objects has greatly increased. The increase can be estimated to be a factor of
200, indicating significant ligand desorption after 20 days. Even though an excess of ligands has been
used, still the AuNPs were probably not fully covered in the solution prior to centrifugation.
Likewise, not all ligands are desorbed from the AuNPs when the solution is allowed to equilibrate.
This explains that the increase of emitting objects is lower than the theoretical estimation of the
number of chromophores on a fully functionalised PMIdS-AuNP, which gives 1400 chromophores
per particle (based on the previously mentioned 2800 available thiol binding sites).

Figure 10: Fluorescence correlation traces of freshly purified PMIdS-AuNP in DMF (left) and of the same
suspension 20 days after purification (right). The insets consist of time traces of the fluorescence count rate
(counts per 10 ms), demonstrating the sparse, intense bursts from large objects in the fresh sample, and
continuously fluctuating fluorescence from the free chromophores in the aged sample. The bin time of the time
traces is 10 ms.

Because of the extremely low concentrations (approx. pM in particles) used in fluorescence
correlation spectroscopy, we are not able to determine the fate of the gold particles. No precipitate is
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found at the bottom of the container. At higher concentrations (approx. nM in particles) the solutions
of PMIdS-AuNP are stable over several weeks, and the absorption shows no degradation of the
surface plasmon band. In spite of the loss of ligands, the particles are likely to be stable in DMF at low
concentrations, based on experiments in which small quantities of an aqueous xCS-AuNP suspension
are added to DMF.
In a separate experiment, we used the combination of time-correlated single photon counting and
fluorescence correlation spectroscopy. This allows us to extract fluorescence lifetime data from the
same measurements. We investigated a one-day old sample of PMIdS-AuNP in DMF. One day refers
to the time that the sample has existed since it was purified by centrifugation. This sample contains
both functionalised particles and free fluorophores. The measured fluorescence decay is not
monoexponential. After deconvolution of the instrument response, several contributions to the
fluorescence decay are found. Next to the contribution of the free ligands (τF = 3.8 ns), the fit indicates
the presence of two components with short decay times. One has a characteristic time of the same
order or shorter than that of the impulse response (~50 ps) and the other, weaker, has a decay time of
about 320 ps. These short decays correspond to species whose fluorescence is quenched.
The calculation of the correlation function of the quenched species alone can be obtained by
numerical post-acquisition temporal filtering. The fit of the corresponding correlation curve
demonstrates that the quickly diffusing free ligands do not contribute to the short fluorescence decay
component, and that this “quenched” signal arises from the large objects (Figure 11). The correlation
curve additionally displays a 50 μs short exponentially decaying component, the signature of a
blinking process, potentially related to the ligand desorption process, or to triplet blinking.
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Figure 11: Main graph: Fluorescence decay of a one-day old sample of PMIdS-AuNP in DMF. The decay curve
was obtained from the ‘microtime’ of the time-tagged time-resolved (TTTR) photon arrival time data. Inset A:
fluorescence correlation trace of the total signal. The FCS curve can be fitted by the sum of free ligands (τdiff = 130
μs) and large diffusing fluorescent objects (τdiff = 6500 μs). Inset B: correlation curve of the quenched part of the
luminescence obtained by time gating the lifetime trace in order to keep only the photons emitted within the
impulse response of the detector. The resulting FCS curve can be fitted with only one component of large
diffusing fluorescent objects with a blinking component of 50 μs that has an amplitude of 0.08.

Conclusion
The affinity of the PMIdS ligand for gold nanoparticles is not as large as usually assumed for
thiols and disulfides on gold. Fluorimetric titration curves of PMIdS with AuNPs do not show the
typical shape for high affinity complexation, which would be a linear decrease before equivalence,
followed by a flat line after equivalence. Our experimental results rather suggest the existence of an
equilibrium between free and bound fluorophores with an apparent affinity constant of 5 × 105 M. A
suitable fit to the data is obtained with a model involving a brightly fluorescent free ligand and a
strongly quenched bound ligand, implying that the fluorescence observed in the titration
experiments mainly comes from unbound ligands.
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Experimental Details
Computational methods
The quantum chemical calculations have been performed by our collaborators at the Università
di Pisa. Within the PCM framework, the interaction between the molecule, the solvent and the
metal is electrostatic in nature due to their mutual polarization. In particular, the molecule is
described quantum-mechanically using an effective Hamiltonian obtained by adding the in vacuo
electronic Hamiltonian, the electrostatic interaction energy between the molecular charge density
(nuclei + electrons), the polarization of the solvent and of the metal induced by the molecular charge
density itself. Such a polarization is conveniently expressed in terms of apparent charges placed on
the metal surface and on the surface of the molecular cavity hosting the chromophore as a solute. The
electronic excitation energies and transition densities of the molecule are calculated within the timedependent density functional theory (TD-DFT) approach properly modified so to include a term that
represents the interaction of the transition density with the oscillating metal and solvent polarization
induced by the transition density itself. This interaction is again described with apparent surface
charges in terms of the frequency-dependent dielectric permittivity of the metal and the solvent (the
frequency is chosen to be equal to that of the studied molecular electronic transition).
The TDDFT calculations for the chromophore PMI, including the geometry optimisation of both
the ground state and excited state, have been performed using B3LYP and the chosen
basis set 6-31+G(d,p). To include solvent effects, the chromophore was enclosed in a cavity made up
of a combination of spheres centred on C, O, N, and CH3 with radii 1.925, 1.830, 1.750, and 2.525 Å,
respectively. The solvent (DMF) was represented by its static dielectric constant (ε = 37.22), and by its
optical dielectric constant, (ε∞ = 2.18). All the calculations have been performed using a locally
modified version of the Gaussian package 41 in which the described PCM-metal approach has been
implemented.

UV/Vis and fluorescence spectroscopy
The UV/Vis absorption spectra were recorded on a double beam Varian Cary 3E
spectrophotometer, spectral range 190 to 900 nm with bandwidths down to 0.2 nm. The spectra were
recorded in rectangular 10 mm quartz cuvettes. The fluorescence excitation and emission spectra
were recorded on a Spex Fluorolog 3 spectrometer, equipped with double grating monochromators
in the excitation and emission channels. The excitation light source was a 450W Xe lamp and the
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detector a Peltier cooled R636-10 (Hamamatsu) photomultiplier tube. The fluorescence spectra were
corrected for the wavelength response of the detection system. Quantum yield measurements were
performed on solutions with low absorbance (< 0.1) according to standard procedures. 42 Perylene
Orange in toluene (ΦF = 0.99) was used as the reference, since it has good spectral overlap with the
compounds under study. 43 Fluorescence decay times were measured using time correlated single
photon counting (TC-SPC) (λexc. = 323 nm from a frequency-doubled cavity-dumped DCM dye layer)
on a set-up that has been described elsewhere. 44
For characterisation of the gold nanoparticles in various solvents and their interaction with
PMIdS, UV/Vis absorption spectrometric measurements were performed using an optical fibrebased system (OceanOptics, USA) incorporating a USB4000-VIS-NIR CCD spectrometer and a LS-1
tungsten-halogen light source equipped with a BG34 colour correction filter. Fluorescence
measurements were carried out on another optical fibre-based system (OceanOptics, USA) using a
QE65000 thermo-electrically cooled, back-thinned CCD spectrometer and a stabilised light-emitting
diode (LS-450, 455 nm centre wavelength) as an excitation source. Emission spectra from this
spectrometer were not corrected for the wavelength dependence of spectrometer detection efficiency.
The efficiency curve is expected to be rather flat in the region of P011 and PMIdS emission.
Moreover, virtually no changes in the shapes of the emission spectra are found during the titration
measurements, making the measurement of relative integrated intensities as needed for fluorescence
titrations reliable.

Synthesis of AuNPs
Synthesis of 4.5 nm TOAB-stabilised gold nanoparticles (TOAB-AuNPs).
Gold nanoparticles stabilised by tetraoctylammonium bromide (TOAB) in toluene were obtained
via a modification of the literature protocol. 45 A solution of HAuCl4 (57 mg, 0.145 mmol) in 10 ml
HPLC-grade water was added to a solution of TOAB (1.4 g, 2.56 mmol) in toluene (25 mL). The
mixture was vigorously stirred until the tetrachloroaurate had been transferred into the organic
phase. The aqueous phase became progressively colourless and the organic phase became orange.
The organic phase was isolated, and 10 mL of a freshly prepared aqueous solution of NaBH4 in water
(40 mM, 6 equiv.) was added dropwise under vigorous stirring. The organic phase changed from
orange to dark red indicating the formation of gold nanoparticles. Finally, the organic phase was
isolated, washed with 0.1M HCl, saturated sodium carbonate solution, washed with brine and dried
over NaSO4. The final suspension was characterised using UV/Vis spectroscopy, and compared to
previously prepared samples33 in order to confirm successful synthesis of 4.5 nm AuNPs (λmax = 519
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nm). The concentration of nanoparticles and thiolate binding sites in the resulting suspension were
estimated from the UV/Vis absorbance using literature data33,46 (Mparticle = 7.4 × 10-7 M, Mbinding-site =
2.8 × 10-4 M, εparticle = 6 × 106 M−1 cm−1, εbinding-site = 1.6 × 104 M−1 cm−1, Nsites = ~380).
Synthesis of 13 nm citrate-stabilised gold nanoparticles (xCS-AuNP).
Spherical citrate-stabilised gold nanoparticles (xCS-AuNP), with an average diameter of 13 nm
were obtained following the Turkevich-Frens 47 citrate-reduction procedure. Briefly, a solution
containing chloroauric acid (HAuCl4, 0.3 mM, 180 mL) is brought to boiling, and an aqueous solution
of sodium citrate (17 mM, 10 mL) is added rapidly. The mixture is stirred vigourously while under
reflux for 1 hour. It is then allowed to cool at room temperature in the dark. The resulting suspension
was characterised using UV/Vis spectroscopy. Comparison with previously synthesised particles37,48
confirmed successful synthesis of 13 nm xCS-AuNPs (λmax = 520 nm). The concentration of
nanoparticles and thiolate binding sites in the resulting suspension were estimated from the UV/Vis
absorbance using literature data37 (Mparticle = 7.7 × 10-9 M, Mbinding-site = 2.3 × 10-5 M, εparticle = 2 × 108 M−1
cm−1, εbinding-site = 7.1 × 104 M−1 cm−1, Nsites = ~2800).

Synthesis of PMIdS
The compound N-(2,6-diisopropylphenyl)-9-bromoperylene-3,4-dicarboximide was made in two
steps according to modified literature procedures. 49 The bromo substituent was then converted to a
phenylgroup bearing an ethyl ester group via a Suzuki-Miyaura coupling, yielding P011. 50 Thereafter
the ester group was hydrolysed to the corresponding carboxylic acid P011a under basic conditions. A
standard peptide coupling using BOP in DMF was used to couple the disulfide with a linker to the
chromophore to yield PMIdS (Scheme 1). The dissymmetric mono-amino terminated disulfide DiSmNH2 that forms the basis of the linker in PMIdS has been prepared by our collaborators at the Ecole
Normale Supérieure de Cachan/Bretagne.37
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Scheme 1: Synthetic route towards PMIdS.

Synthesis of N-(2,6-diisopropylphenyl)-9-(4-ethylcarboxyphenyl)-perylene-3,4-dicarboximide
(P011)
Compounds N-(2,6-diisopropylphenyl)-9-bromoperylene-3,4-dicarboximide (0.170 g, 0.30 mmol)
and ethyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (0.135 g, 0.49 mmol, 1.6 equiv.) were
placed in a flask and put under a nitrogen atmosphere. Then toluene (50 mL) was purged with
nitrogen and was added, thereafter Pd(OAc)2 (10.1 mg, 45 μmol, 15 mol%) and triphenylphosphine
(49.5 mg, 0.19 mmol, 4.2 equiv. compared to Pd-catalyst) were added. Lastly, a solution of K2CO3 in
water (2 M, 15 mL), which was purged with nitrogen, was added and the reaction mixture was
heated to 90 °C and stirred overnight under nitrogen atmosphere. After cooling to room temperature
the layers were separated and the organic phase was concentrated to dryness. The product was
collected (110 mg, 58%) after column chromatography of the product mixture over silica (eluent:
CH2Cl2). It has been analysed with 1H NMR and mass spectrometry. 1H NMR (400 MHz, CDCl3): δ
8.66 (dd, 2H, J = 8 Hz, 1.6 Hz), 8.49 (m, 4H), 8.23 (d, 2H, J = 8 Hz), 7.93 (d, 1H, J = 8 Hz), 7.62 (m, 4H),
7.49 (t, 1H, J = 8 Hz), 7.34 (d, 2H, J = 8 Hz), 4.48, (q, 2H, J = 7 Hz), 2.78, (sept, 2H, J = 7 Hz), 1.46, (t, 3H,
J = 7 Hz), 1.18 (d, 12H, J = 7 Hz). 13C NMR (100 MHz, CDCl3): δ 166.49, 164.12, 145.85, 144.57, 142.31,
137.74, 137.49, 132.57, 132.26, 131.17, 130.71, 130.25, 130.18, 129.97, 129.70, 129.60, 129.30, 129.10,
128.56, 128.40, 127.49, 127.12, 124.17, 123.58, 121.29, 120.66, 120.47, 61.36, 29.29, 24.17, 14.55. HR-MS
(FAB+) m/z = 630.2635 (M-H+); (calcd. C43H36NO4 = 630.2644).
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Synthesis of N-(2,6-diisopropylphenyl)-9-(4-carboxyphenyl)-perylene-3,4-dicarboximide (P011a)
A solution of KOH in water (2 M, 0.5 mL) was added to a solution of P011 (28 mg, 45 μmol) in
freshly distilled THF (5 mL), after which the mixture was heated in an oil bath of 80 °C. The progress
of the reaction was monitored by TLC. After refluxing the mixture for 24 h the TLC spot of P011 had
disappeared. The reaction mixture was poured out into a solution of HCl in water (2 M, 20 mL). The
precipitate was filtered and washed with water. A red solid was collected (26 mg, 43 μmol, 97%) and
analysed with 1H NMR and mass spectrometry. 1H NMR (400 MHz, CDCl3): δ 8.68 (dd, 2H, J = 8 Hz,
2.4 Hz), 8.52 (m, 4H), 8.31 (d, 2H, J = 8 Hz), 7.95 (d, 1H, J = 8 Hz), 7.64 (m, 4H), 7.49 (t, 1H, J = 8 Hz),
7.34 (d, 2H, J = 8 Hz), 2.78, (sept, 2H, J = 7 Hz), 1.18 (d, 12H, J = 7 Hz). HR-MS (FAB+) m/z = 602.2337
(M-H+); (calcd. C41H32NO4 =602.2331)
Synthesis of N-(2,6-diisopropylphenyl)-9-(4-(N-3,6,9,12-tetraoxa-24,25-dithiadotriacontylcarbamoyl)phenyl)-perylene-3,4-dicarboximide (PMIdS)
A solution of the perylene carboxylic acid derivative (P011a; 20 mg, 0.033 mmol) and BOP (22 mg,
0.050 mmol, 1.5 equiv.) in DMF (5mL) was stirred for 30 min at room temperature. A solution of
DIPEA (0.1 mL) and 2-[2-[2-[2-(11-octyldisulfanylundecoxy)ethoxy]ethoxy]ethoxy]ethanamine (DiSmNH2; 18 mg, 0.036 mmol, 1.2 equiv.) in anhydrous DMF (5 mL) was added to the reaction mixture.
The reaction mixture was stirred overnight at room temperature. The solvent was removed under
reduced pressure. The product (10 mg, 18 %) was purified by column chromatography on silica gel,
eluting with a step-wise gradient of starting from CH2Cl2 to CH2Cl2:EtOAc to EtOAc:MeOH. The
product was analysed with 1H NMR. 1H NMR (400 MHz, CDCl3): δ 8.61 (dd, 2H), 8.53 (m, 4H), 8.01
(d, 2H), 7.95 (d, 1H), 7.61 (m, 4H), 7.48 (d, 1H), 7.33 (d, 2H), 3.69 (m, 14H), 3.56 (m,2H), 3.38 (t, 2H),
2.78 (sept, 2H), 2.65 (m, 2H), 1.20 (m, 42H), 0.85 (m, 3H).

Dynamic Light Scattering
The dynamic light scattering measurements have been performed at Anaspec Solutions in
Moordrecht. The measurements have been carried out with a Nanotrac Ultra, with a combined
internal and external probe with a measurement capability from 0.8 to 6500 nanometres. The
instrument uses heterodyne technique for detection of particles with nanometer dimensions. At
particle sizes below 100 nanometers the optical scattering efficiency drops rapidly with particle size.
In this size region the scattering is described by Rayleigh scattering where the scattering efficiency
per unit volume of particles is proportional to the particle diameter cubed D3. Therefore, Mie
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scattering calculations for spherical particles are used to correct the measured data for the differences
in scattering coefficient.

Fluorescence correlation spectroscopy
The fluorescence correlation spectroscopy measurements have been performed by our
collaborators at Université Paris Sud. The samples are illuminated by a pulsed excitation at 488 nm,
obtained by frequency doubling a Ti-Sa femtosecond laser (repetition rate 80 MHz, pulse duration
100 fs, wavelength 976 nm) in a BBO crystal. The pulse duration of nearly 100 fs is controlled by a
prism compressor and the beam is further cleaned by spatial filtering. The beam is the illumination
source of an inverted confocal microscope. After reflection onto an appropriate beamsplitter it covers
the back aperture of a water immersion objective (N.A. = 1.2, 60×), which focuses the beam into the
sample, about 15 μm above the coverslip in order to avoid the artefacts of the interaction of the
studied species with the glass surface. The signal is collected in a backward configuration and filtered
by a 30 μm diameter pinhole. The beam is then extended to match the core and the numerical
aperture of the entrance of the collection fibre connected to a fast avalanche photodiode (impulse
response 50 ps). The avalanche photodiode signal is sent to a Single Photon Counting module
(TimeHarp300, Picoquant). A home written computer program is used to numerically filter the
bursts, to analyse the data in a given temporal window and to calculate the correlation of the data.
The samples were prepared by depositing a drop of the solution onto a clean cover slip. The data
were acquired at air and at room temperature. The concentration is maintained low in order to work
at the single particle level. Finally, the autocorrelation of the time-variant fluorescence intensity is
obtained.

G (τ ) =

I (t )I (t + τ )
I

(4)

2

The brackets indicate time average. τ is the time lag. The Rayleigh background has been omitted
in this expression. The autocorrelation function related to the Brownian diffusion of a single
fluorescent species across the excitation volume, assuming a Gaussian–Gaussian observation volume
reads as:
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G (τ ) = 1 + g (τ ) = 1 +

1
1
2
N
 ωr  τ
τ 
1 +  1 +  
 ωz  τ D
 τD 

(5)

N is the mean number of molecules diffusing simultaneously inside the focal volume, ωr and ωz
the lateral and axial FWHM waists, respectively. τD is the diffusion time through the focal volume.
The diffusion time equals τ D = ω r2 4 D , where D is the diffusion constant of the molecule, which
depends on the viscosity of the sample, the hydrodynamic radius of the molecule and the
temperature. If two non-interacting species are diffusing at the same time in the sample, the
correlation function is the sum of two contributions of the same type as previously, with a weighting
factor that is a function of the relative concentration of the two species and of their brightness.
Blinking of the fluorescence of a species (e.g. as a result of protonation, complexation etc.) gives rise to
an additional exponential decay factor 51 In order to calibrate the set-up, we have used Rhodamine 6G
as a reference in conditions similar to that used for the different samples. The diffusion coefficient of
Rhodamine 6G has been determined accurately in water. 52
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Binding of 4-amino naphthalimide derivatives on gold
nanoparticles using thioctic acid as a bidentate disulfide
linker *
Abstract
We synthesised a fluorescent 4-amino naphthalimide derivative (TNI), which was functionalised
with a bidentate disulfide, i.e. a cyclic disulfide within a five-membered ring. The photophysics of TNI
are complicated by the presence of the disulfide group. We found that upon excitation, the
investigated compound partially undergoes intramolecular photoinduced electron transfer (PET).
Noble metal nanoparticles affect the photophysical properties of nearby molecules and upon
binding of TNI with gold nanoparticles (AuNPs) the fluorescence intensity is reduced to 23%. In this
case, it was found that this ligand irreversibly adsorbs onto the gold surface. A competition
experiment using both TNI and perylene monoimide based chromophore bearing a linear disulfide,
confirmed that the two types of disulfides have different binding efficiencies with the gold surface.
Functionalisation with TNI of silver nanoparticles, or alloy nanoparticles of different gold/silver
compositions, has not been successful.

*

Manuscript in preparation

- 65 -

Chapter 3

Introduction
Metal nanoparticles (MNPs) strongly affect the optical properties of nearby chromophores. The
local electromagnetic field is influenced by surface plasmon resonance of the free electrons present in
the nanoparticles. Resonant coupling with a chromophore in close proximity may greatly enhance the
absorption and fluorescence of the chromophore. In various theoretical studies, the effect of the
enhanced field on the transition rates of the chromophore (rate of absorption, rate of radiative decay
and rate of non-radiative decay) has been investigated. 1,2,3,4 In these models, the chromophore is
usually treated as a point dipole. A substantial increase of all the rates which is caused by the
presence of a metal particle is typically predicted. When the absorption of the chromophore overlaps
with the surface plasmon band of the MNP, a drastic increase of the absorption rate is found.2
Likewise, resonant coupling also enhances the radiative decay rate. Both factors depend on the
relative orientation of the chromophore with respect to the MNP. The non-radiative rate of the
system, however, is also affected because of energy transfer from the chromophore to the metal
nanostructure. This can lead to strong quenching of the fluorescence. In the calculations on such
systems performed by our collaborators, 5 the description of the chromophore is based on a quantum
chemical (QM) model, which is much more chemically sound than treating the chromophore as a
point dipole. Their calculations confirmed that various factors, such as the distance of a chromophore
towards the surface of the nanoparticle, its relative orientation, and the shape and size of the
nanoparticle, are important variables for the enhancement of the rate factors. In particular, these
factors result in either dramatic quenching or substantial enhancement of the fluorescence intensity,
which is consistent with several experimental studies. 6 It is invariably predicted that the fluorescence
of chromophores is quenched when these are situated in very close proximity (< 5 nm) of colloidal
gold nanospheres (AuNPs).
The effects that metal nanoparticles have on the fluorescent behaviour of nearby chromophores
have been investigated experimentally. A way to study the quenching effect, and possibly find
suitable parameters for enhancing fluorescence, is to connect the chromophores onto AuNPs in
solution. Sulfur containing groups such as thiols or disulfides have a high affinity for gold surfaces.
These groups are commonly used to form self-assembled monolayers on gold surfaces. Thiols (S – H)
or disulfides (S – S) can readily chemisorb onto the surface, but there is still some uncertainty whether
the thiol or disulfide bonds of the adsorbates are dissociated upon adsorption on the metal surface.
Nuzzo et al. 7 have performed XPS studies and stated that the S – S bond of disulfides is cleaved,
whereas the S – H bond of thiols remain intact. Other studies using surface enhanced Raman
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scattering (SERS) reveal that in the spectrum of a ligand with a disulfide or thiol group adsorbed to a
gold surface, the vibrations caused by the S – S or the S – H bond are absent, indicating that the
disulfide bond and the thiol bond are both cleaved upon adsorption on the surface. 8 It is believed that
the species resulting from adsorption on the surface is comprised of an alkyl thiolate (RS– Au+)
adsorbed on the gold surface. 9
Because of their propensity to bind to gold surfaces, it seemed appropriate to combine a
chromophore with a disulfide group, after which the chromophore could be attached to gold
nanoparticles. It was found, however, that thiolates do not bind so strongly onto the gold surface and
tend to desorb from the gold surface under ambient conditions in solution (See Chapter 2). An
equilibrium between bound and free ligands is found (association constant K = 5 × 105 M-1). Instead,
we now opted for a cyclic disulfide so that upon binding onto AuNPs, this group is attached via two
sulfur atoms (Figure 1). In this way, desorption from the gold surface is minimised, as this would
require two gold-sulfur bonds to be broken. In our case, the disulfide stems from thioctic acid and is
inside a five-membered ring. This disulfide function has already been successfully used to immobilise
systems on the surfaces of a gold film or bridging of gold nanoparticles. 10,11

Figure 1: Schematic representation of functionalisation of AuNPs with a cyclic disulfide.

Like in Chapter 2, a chromophore has been equipped with a linker and the aforementioned
specific disulfide function. It was also found that gold nanoparticles remain stable in certain water
and organic solvent mixtures. Therefore, the incorporation of an ethylene glycol chain to increase the
water-solubility is no longer a necessity, and for our purposes a long aliphatic chain will suffice. The
chromophore under investigation in this Chapter is a 4-amino substituted naphthalimide derivative.
This type of chromophore has a reported fluorescence quantum yield of ≤ 84%. 12 The lowest excited
state of 4-amino substituted naphthalimides gives rise to a broad absorption band between 385 and
450 nm. 13 This band is not present in unsubstituted naphthalimides and is assigned to a transition
with charge-transfer (CT) character because of the electron donating nature of the amino group.
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Indeed, the crystal structure of N-butyl-4-(butylamino)-1,8-naphthalimide 14 suggests some charge
transfer character in the ground state: the C – N bond is shorter than a usual single bond, indicating a
considerable double bond character and additionally, the bond angles around the amine N atom are
close to 120°. The naphthalimide with the electron donating amino group is a “push-pull”
chromophore with large internal charge transfer in the first electronic excited state. This type of
chromophore is therefore also strongly solvatochromic. Naphthalimides with an amino group can be
readily prepared and this results in bright yellow/ strongly green fluorescent solids. Lucifer Yellow
is a commercial dye that is based on this structure and is, for example, used for staining of neurons. 15
For our purposes, the chromophore has, like the perylene monoimide derivative discussed in
Chapter 2, suitable properties: a rigid structure, photostability, and it exists as a single emitting
species in solution.
The molecular structure of the chromophore, TNI (thioctic acid-naphthalimide), is depicted in
Scheme 1. It consists of the fluorescent probe, an aliphatic linker and the cyclic disulfide from thioctic
acid connected via an amide bond. In addition, a reference compound BuNI is prepared (Scheme 1).

Scheme 1: Structures of BuNI and TNI.

Firstly, the photophysical behaviour of TNI is described and compared to that of BuNI. The
differences caused by the presence of the disulfide ring are discussed. Secondly, the interactions of
TNI with AuNPs in terms of the binding efficiency and the effects on the fluorescent properties are
studied. Also the binding efficiency of TNI is compared to that of a perylene-monoimide dye coupled
to a linear disulfide via a tetraethyleneglycolalkyl chain (PMIdS, See Figure 1 in Chapter 2) in a
competition experiment.
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Results and Discussion
Photophysics of naphthalimide chromophores
Absorption and emission spectra
The syntheses of TNI and BuNI are described in the Experimental Section. We studied the
photophysical properties of the reference chromophore BuNI and the ligand TNI in solution, before
carrying out fluorescence titrations concerning the interaction of TNI with gold nanoparticles. The
chromophores have a broad absorption peak in the region 380 - 450 nm and an emission peak in the
range of 480 - 520 nm; they are solvatochromic with a 20 nm bathochromic shift in absorption and a
40 nm shift in emission for BuNI from toluene to DMF (Figure 2). Compared to BuNI, both the
absorption and emission of TNI are shifted towards longer wavelengths. The shift in emission is
rather large in toluene (17 nm) compared to the shift in DMF (5 nm). Moreover, TNI is found to be less
fluorescent by 23% than BuNI in toluene. These differences between the two chromophores have
been studied in more detail and are discussed below.

Figure 2: Normalised absorption and emission spectra (λexc. ≈ 420 nm) of TNI (green) and BuNI (red) in toluene
and DMF.

The absorption and emission spectra of BuNI and TNI were measured in various solvents of
different polarities. The emission spectra of BuNI and TNI are shown in Figures 3 and 4; the samples
were excited at their corresponding absorption maxima. They both display the solvatochromic
behaviour typical of 4-amino substituted naphthalimides; 16 the absorption maximum of BuNI shifts
47 nm from n-hexane (λmax. = 408 nm) to DMSO (λmax. = 445 nm) and its emission maximum shifts by
almost 80 nm from n-hexane (λmax. = 453 nm) to DMSO (λmax. = 531 nm). The red shift of the spectra of
TNI compared to BuNI is not limited to only toluene and DMF, but appears in all studied solvents.
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The red shift is more pronounced in non-polar solvents than in polar solvents. The emission spectra
of TNI are also broader than those of BuNI.
It can be imagined that in non-polar solvents, the amide group in TNI forms hydrogen bonds with
the naphthalimide moiety, by folding of the flexible aliphatic chain. This may result in changes in the
local environment and thereby the properties of the chromophore itself. In solution, more than one
conformation may thus be present (conformational heterogeneity). The observed red shift in both the
absorption and emission spectra of TNI, compared to BuNI, as well as the fact that the emission
spectra of TNI are broader than that of BuNI, can be attributed to the presence of another emitting
species in solution as a result of intramolecular hydrogen bonding.

Figure 3: Normalised emission spectra of BuNI in various solvents.

Figure 4: Normalised emission spectra of TNI in various solvents.
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Table 1: Emission maxima of BuNI and TNI in various solvents.
BuNI

TNI

Solvent

λem. a

λem. a

Δλ (nm) b

n-hexane

452 (473) c

470

cyclohexane

455 (475) c

Toluene

BuNI

TNI

Solvent

λem. a

λem. a

Δλ (nm) b

18

THF

503

509

6

470

15

Acetone

515

515

0

481

499

18

DMF

522

527

5

iPr2O

483

493

10

ACN

520

522

2

1,4-Dioxane

495

503

8

EtOH

529

529

0

EtOAc

503

508

5

MeOH

537

537

0

DCM

503

509

6

DMSO

531

529

-2

a λexc. is at the maximum absorption of the sample.
b Difference in emission maximum between BuNI and TNI.
c Vibronically structured band.

Fluorescence lifetime measurements
The fluorescence decay times of BuNI and TNI were measured using the time correlated single
photon counting (TC-SPC) setup in both toluene and DMF, using λexc. = 323 nm or λexc. = 420 nm, and
multiple detection wavelengths ranging from 500 nm to 540 nm. In both solvents the fluorescence
decay of BuNI is monoexponential (7.9 ns in toluene; 9.8 ns in DMF) and is independent of the
detection wavelength. Unlike BuNI, the fluorescence decay curves of TNI cannot be fitted
monoexponentially, but they need to be fitted biexponentially (Figure 5). The long component τ1 is
slightly shorter than the decay time of BuNI (6.8 ns in toluene; 9.2 ns in DMF). The short component
τ2 is in the order of 1.5-2 ns (Table 2).

Figure 5: Fluorescence decay curve of TNI in toluene (λexc. = 323 nm, λdet. = 520 nm). A: monoexponential fit; B:
biexponential fit.
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Table 2: Fluorescence lifetimes of BuNI and TNI in DMF and in toluene.
BuNI

TNI

τ1 (ns)

τ1 (ns) (%) a

τ2 (ns) (%) a

Toluene

7.9

6.8 (64%)

1.4 (36%)

DMF

9.8

9.2 (91%)

2.2 (9%)

λexc. = 323 nm or 420 nm
λdet. = 490 - 530 nm (toluene), 510 - 540 nm (DMF).
a Percentages are relative amplitudes

The relative amplitude of τ2 is independent of the concentration of the chromophore TNI and the
short component must originate from an intramolecular process. Some possible explanations for the
presence of a second time constant for TNI have been considered. The sulfur atoms in TNI might
increase the probability of intersystem crossing to the triplet state (internal heavy-atom spin-orbital
coupling 17). It is known that 1,8-naphthalimides undergo intersystem crossing, 18 and it may occur in
4-amino-naphthalimides as well. However, only a few accounts have been found of sulfide-enhanced
intersystem crossing. 19 Simple enhancement of ISC does not explain biexponential decay, but heavy
atom effect may be distance-dependent. Therefore, the presence of two conformers can explain
biexponential decay: one conformer has no/little enhanced ISC, whereas the other displays increased
ISC leading to a shorter decay time. The contribution and the rate constant of the short component τ2
are lower in DMF (~9% and 2.2 ns) than in toluene (~36% and 1.4 ns). If intersystem crossing would
be the main reason for the second time constant, this difference can be explained: it is known for 1,8naphthalimides that intersystem crossing is more efficient in non-polar solvents than in polar
solvents. 20 The polarity of the solvent influences the relative energy of the electronic states involved
in the intersystem crossing process. As a consequence, the mixing of the two states will be less
important and the fluorescence quantum yield increases.
Alternatively, as the absorption maximum of thioctic acid is around 350 nm, energy transfer from
the disulfide part to the naphthalimide part is possible when exciting at 323 nm. However, the
biexponential decay is also observed with λexc. = 420 nm, which indicates that energy transfer cannot
be the reason for the presence of τ2.
A more probable reason for the occurrence of τ2 in TNI as opposed to BuNI is intramolecular
photoinduced electron transfer (PET). Naphthalimide derivatives are often used as electron acceptors
because of the electron withdrawing imide group.18 Although the amino group lowers the potential
for 1-electron reduction of these molecules by 0.2 V, 21 still nearly quantitative intramolecular
photoinduced electron transfer (PET) from tertiary amines attached to the naphthalimide through a
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short aliphatic chain on the 4-position can take place in polar solvents, leading to strong quenching of
the fluorescence and complex emission kinetics. 22,23 Likewise, studies involving the same
naphthalimide ring connected to p-methoxyaniline reveal that fast and nearly quantitative
intramolecular electron transfer takes place. 24
When the disulfide is constituted in a five-membered ring, it can be more easily oxidised than
open-chain analogues: it has been found that the oxidation potential is almost 0.3 V lower for thioctic
acid compared to linear disulfides because of the ring strain and a smaller CS-SC torsional angle in
the cyclic structure. 25 The thioctic acid-derived disulfide can thus be seen as a possible electron
donating group within TNI and the naphthalimide unit as the electron accepting group.
To verify the possibility of electron transfer within the molecule, the redox potentials E° of the
two components of TNI (thioctic acid as donor and the reference chromophore BuNI as acceptor)
were measured in dichloromethane with cyclic voltammetry. The reduction potential E1red2 of the
chromophore BuNI is -1.95 V vs Fc, * and is close to the reported value of 4-amino-1,8-naphthalimide
( E1red2 = -1.46 V vs SCE).21 Because of the electron donating amino-substituent, this value is more
negative than that of N-methyl naphthalimide21 ( E1red2 = -1.31 V vs SCE), or 3,5-di-tert-butyl-1,8naphthalimide derivatives 26 ( E1red2 = -1.41 V vs SCE). In addition, BuNI also has a low oxidation
potential at E1ox2 = +0.90 V vs Fc, due to the electron donating nature of the 4-amino group. Thioctic
acid has a lower oxidation potential (+0.74 V vs Fc) than BuNI. The E00 energy of TNI (2.69 eV in
toluene and 2.60 eV in DMF) is close to the difference in the measured redox potentials ( E1ox2( D ) − E1red2 ( A) )
of the donor and acceptor. Electron transfer from the thioctic acid group to the naphthalimide is
feasible, and at short enough distances, intramolecular PET may take place in TNI (Figure 6). The
flexible aliphatic linker between the disulfide and the naphthalimide can fold by forming hydrogen
bonds, which renders a smaller distance between donor and acceptor than would be in an extended
form. We postulate that both conformations are present in solution (conformational heterogeneity)
and that intramolecular PET occurs more efficiently in the folded conformation than in the extended
conformation. This can explain the complex biexponential decay of the fluorescence.

*

To convert the redox potential values reported versus Fc/Fc+ to the saturated calomel electrode (SCE) scale, one should

add 0.38 V; therefore the reduction potential E1red2 of BuNI is -1.59 vs SCE. See: Pavlishchuk, V. V.; Addison, A. W.
Inorg. Chim. Acta 2000, 298, 97-102.
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Figure 6: Intramolecular PET from the disulfide part of TNI to the naphthalimide part.

The lower contribution of τ2 in DMF is somewhat counterintuitive if it is caused by
intramolecular PET, since a more polar solvent would be more capable of stabilising the radical
cation and anion arising from the PET. Probably, in this system, electron transfer can only take place
when the donor and acceptor are in close proximity. In non-polar solvents, as stated before, the
folded conformation is more abundant than in polar solvents, leading to a net higher efficiency of
intramolecular PET and therefore a higher contribution of τ2 in toluene than in DMF.

Adsorption on gold nanoparticles
Titration experiments
The complex photophysics of the chromophore TNI is not likely to affect the experiments with
gold nanoparticles (AuNPs), since these experiments are performed in polar solvent mixtures (pure
DMF or DMF : H2O 8 : 2 v/v). When TNI is mixed with AuNPs, it can bind to the surface with its
disulfide moiety. Unlike PMIdS (See Chapter 2), the disulfide is part of a cyclic five-membered ring
and when it adsorbs onto the gold surface, the chromophore will bind to the nanoparticle with two
gold-sulfur bonds. Even though we concluded that the gold-sulfur bond is not so strong in dilute
samples, it is less likely to desorb from the surface, since for that two bonds need to be broken.
The experiments of functionalising AuNPs with TNI were carried out with excess-citrate
stabilised gold nanoparticles of ~12 nm (xCS-AuNPs; Nsites ≈ 3000) in a mixture of DMF : H2O 8 : 2
v/v and with tetra(n-octyl)ammonium bromide stabilised gold nanoparticles of ~4.5 nm (TOABAuNPs; Nsites ≈ 380) in pure DMF. The number of binding sites of the particle Nsites is estimated from
the particle diameter and the surface that a thiol-groups requires on an Au(111) surface. 27 For
simplicity, we assume that the cyclic disulfide linker takes an equal amount of space on the metal
surface as two thiol-groups. The chromophore concentration was kept at approximately 1 µM in all
experiments. The fluorescence spectra were all obtained in a right angle configuration (See
Experimental Section). Two types of experiments have been done to investigate the fluorescent
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behaviour of TNI upon adsorption on AuNPs. First, in a titration experiment, a solution of TNI in DMF
was prepared inside a cuvette to which small amounts of a solution of TOAB-AuNPs of ~4.5 nm were
added (10 μL per step; cparticle = 7.4 × 10-7 M). After each addition the fluorescence intensity was
measured. In the second type of experiment—a so-called series experiment—a series of solutions was
prepared with equal concentration of TNI, while varying the concentration of AuNPs. The graphs
below show the results of the two different experiments (Figure 7: titration experiment; Figure 8:
series experiment) done with TOAB-AuNPs.

Figure 7: Absorption (A) and emission spectra (B; λexc. ≈ 458 nm) of TNI (1.1 × 10-6 M, corresponding to 2.2 μM of
ligating sulfur atoms) in DMF (2.9 mL) with addition of TOAB-AuNPs. In this experiment, a total of 90 µL of a
concentrated solution of AuNPs (maximum concentration in sample: 2.0 × 10-8 M, corresponding to 7.5 × 10-6 M
binding sites) was added to the solution. The emission spectra shown in Panel B are not corrected for the change
in concentration of TNI by addition of AuNPs.

Figure 8: Emission spectra (λexc. ≈ 458 nm) from “series experiments” of TNI in DMF with TOAB-AuNPs. The
concentration of TNI was held constant at 1.1 μM, while varying the concentration of AuNPs (maximum
concentration: 4.0 × 10-8 M). The peaks marked with * are due to Rayleigh scattering.

The relative fluorescence intensity (I / I0) is determined by the emission integral, after correction
for the ‘inner filter effect’ at both the excitation pathway and the emission pathway. In the titration
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experiments, the I / I0 is also corrected for the change in concentration of the chromophore; since the
concentrations that are used are very low, a linear relationship between the concentration and the
fluorescence intensity can be assumed. Upon addition of AuNPs, the relative fluorescence intensity of
TNI decreases linearly with the amount of AuNPs added until it reaches a plateau. The decrease in
intensity is caused by quenching of the fluorescence due to binding of the chromophore onto the
AuNPs. Because of the low concentration of AuNPs it is unlikely that they will affect the fluorescent
properties of the chromophores without binding to them. As a control experiment, also an
experiment was done with BuNI and xCS-AuNPs; here no quenching of fluorescence was observed
upon addition of AuNPs (data not shown).
The point where I / I0 stops decreasing (saturation point) occurs when the number of binding
sites of the total AuNPs in solution is equal to the number of chromophores present (Figure 9). At this
point all the chromophores in solution are bound to the surface of the AuNPs. This is true for both
kinds of AuNPs. After the saturation point, I / I0 does not decrease further upon adding AuNPs,
indicating that no additional changes occur in the solutions. The relative fluorescence intensity of the
TNI-AuNPs species is ~23%, which is higher than the predictions on the basis of quantum chemical
calculations which had suggested nearly quantitative quenching of the fluorescence. Unfortunately,
due to technical difficulties, it was not possible to perform time resolved fluorescence lifetime
measurements on these systems; the fluorescence quantum yield of these bound species could thus
not be quantified. The remaining fluorescence may also in part be caused by impurities in TNI that do
no bind with the AuNPs.

Figure 9: Normalised integrated fluorescence intensity (I / I0), corrected for inner filter effects, as a function of
binding site concentration (Nsites 5nm AuNPs: ~380; Nsites 12nm AuNPs: ~3000).
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Comparable studies on the self assembly of oligo(p-phenylene vinylene) (OPV) connected to
thioctic acid shows similar results. 28 In these studies, a solution of TOAB-AuNPs of ~4.1 nm in
toluene is titrated to a solution of OPV in toluene and the ensuing OPV fluorescence is monitored. A
quenching of the fluorescence is observed as the gold particles are added. The saturation point, where
the fluorescence intensity does not decrease further, corresponds to 1.3 × 102 OPV molecules per
particle. This number is in good agreement with complete coverage of the Au surface by thiolates.
Finally, the fluorescence of these systems does not drop to zero as a fluorescence quantum yield of
0.078 has been found for OPV-Au adducts. As both calculations and lifetime measurements imply
that the remaining fluorescence should be considerably lower than the measured values, the authors
argue that the rest emission originates largely from OPV molecules not bound to the Au particle.28
Competition experiments
To see the differences in binding efficiencies of the type of disulfide, a titration experiment with a
mixture of TNI and PMIdS in DMF was performed. The TOAB-AuNPs were used in this experiment.
The solution contains more TNI than PMIdS (ratio ~5 : 1) because the absorption coefficient at λexc. of
TNI is nearly a factor three lower than that of PMIdS and also because TNI has a substantially lower
fluorescence quantum yield. The fluorescence of TNI can be distinguished in the emission spectra of
the mixtures as a shoulder underneath the emission band of PMIdS (Figure 10). As expected, the
total fluorescence intensity decreases when AuNPs are added to the solution. The fluorescence
intensity of TNI and PMIdS can be reconstructed from the spectra by fitting the corresponding
spectra of pure TNI and PMIdS in DMF (See insets in Figure 10). In this way it is possible to calculate
the relative fluorescence intensity of each chromophore separately (Figure 11). The emission peak of
TNI decreases faster than that of PMIdS, which is a clear indication that TNI binds more strongly to
the AuNPs than the disulfide group in PMIdS.
When the concentration of binding sites of the AuNPs is lower than the concentration of ligating
sulfur atoms (cbinding

sites

< csulfur

atoms),

the relative fluorescence intensity of TNI decreases linearly,

similar to the binding efficiency of pure TNI. In contrast, I / I0 of PMIdS does not decrease to the same
extent as that of pure PMIdS. We therefore conclude that a smaller amount of PMIdS binds to the
AuNPs because of competition with TNI which binds irreversibly. At the point cbinding sites = csulfur atoms,
mostly TNI would thus be adsorbed on the gold surface. Likewise, only a slight decrease of I / I0 of
TNI is observed, whilst after the equivalence point the curve of PMIdS has a similar shape as that of
pure PMIdS, i.e. gradually decreasing even after excess of AuNPs, which is a clear confirmation of
the weak binding that was found between PMIdS and AuNPs.

- 77 -

Chapter 3

Figure 10: Titration experiment (λexc. ≈ 458 nm) of a mixture of TNI (9.7 × 10-7 M) and PMIdS (1.8 × 10-7 M;
corresponding to total concentration of ligating sulfur atoms of 2.9 µM) in DMF (2.9 mL). Total added TOABAuNP stock solution: 60 µL (maximum concentration in sample: 1.5 × 10-8 M). Inset A: reconstruction of the
fluorescence spectrum of the initial mixture from that of pure TNI and PMIdS in DMF. Inset B: reconstruction of
the final solution.

Figure 11: Relative fluorescence intensity of TNI (green diamonds) and PMIdS (blue diamonds) , corrected for
inner filter effects, upon addition of TOAB-AuNPs to the mixture as a function of binding site concentration
(Nsites AuNPs: ~380). Gray diamonds are from the titration experiments with pure TNI and pure PMIdS,
respectively.

Fluorescence recovery
In an additional experiment, a solution of TOAB-AuNPs in toluene has been added to a solution
of TNI in toluene. Here, it was found that the functionalised AuNPs were not stable in solution and
after one day precipitation had occurred. The fluorescence intensity of the solution, after precipitation
of the AuNPs, increased to about 90% of that of the original solution (Figure 12). This evidently
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indicates that quenching of the fluorescence is solely due to binding of the chromophore onto the
gold surface; after precipitation of the AuNPs, the chromophore is liberated and goes back into
solution. The red-shift of the emission peak is caused by the addition of tetra-n-octylammonium
bromide (TOAB), which is present as stabiliser in high concentrations in the AuNP stock-solution.

Figure 12: Emission spectrum (λexc. ≈ 458 nm) of a sample of TNI (4.4 × 10-6 M) in toluene, without AuNPs (blue)
and with an excess of TOAB-AuNPs (200 µL; 4.7 × 10-8 M) added (green). Solid line: immediately after addition;
dashed line: after precipitation of the AuNPs overnight.

Silver and alloy nanoparticles
The absorption band of the chromophore TNI does not have the ideal overlap with the surface
plasmon band of gold (~520 nm), and from quantum chemical calculations no situations leading to
fluorescence enhancement caused by AuNPs have been found. 29 However, there is an excellent
overlap between the absorption of TNI and the surface Plasmon band of silver nanoparticles (~400
nm). In addition, the large Stokes shift in naphthalimide derivatives results in almost no spectral
overlap and minimal effects on the emission efficiency of TNI are expected. From quantum chemical
calculations,29 approximately a 100-fold amplification of the absorbance for TNI is predicted in the
presence of a silver metal nanoparticle that can effectively lead to a 4-fold enhancement in the relative
brightness of the chromophore.
Similar titration experiments as described above have been done with TNI and silver
nanoparticles or alloy nanoparticles. Alloy nanoparticles could be prepared by co-reduction of
equimolar mixtures of HAuCl4 and AgNO3 under the same conditions as used when preparing
normal xCS-AuNPs. 30 This method, however, leads to a larger size distribution than for the xCSAuNPs. The affinity of disulfides for silver surfaces is less than that for gold surfaces and in these
experiments no evidence of binding of TNI on silver nanoparticles has been observed. By mixing TNI
with alloy nanoparticles, followed by centrifugation of these samples, it was possible to prepare
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nanoparticles functionalised with the chromophore. Unfortunately, no time resolved fluorescence
lifetime measurements could be carried out and these samples have not been examined further. More
studies are needed to be able to quantify the extent of fluorescence enhancement or quenching by
alloy nanoparticles.

Conclusions and outlook
The photophysics of TNI have been studied and compared to a reference chromophore BuNI. The
complex photophysics of TNI, among which biexponential fluorescence decay, are most probably
caused by intramolecular PET from the cyclic disulfide to the naphthalimide group. Electron transfer
is a likely process based on the redox potentials of the naphthalimide group and the disulfide.
Further studies, such as nanosecond time-resolved transient absorption measurements, are needed to
observe the naphthalimide radical anion. However, due to technical difficulties, it has not yet been
possible to perform these measurements.
The fluorescence of TNI is quenched upon binding onto the surface of the AuNPs. Similar to the
experiments with PMIdS (Chapter 2), there is no dependence on the size of AuNPs. In the
experiments, it was found that the chromophore does not desorb from the gold surface, which was
the case for PMIdS. Furthermore, the difference in binding efficiency of the disulfide is confirmed
when AuNPs are added to a mixture of both chromophores TNI and PMIdS. In this experiment both
chromophores act independently from each other and bind to the gold surface with efficiencies
identical to that of pure TNI and of pure PMIdS. This shows that stronger multidentate ligands are
better suited for the construction of hybrid organic-inorganic nano-objects, when robustness is a
requirement, such as in medical diagnostics or biological imaging. Furthermore, longer spacers,
extending beyond the reach of small ligands, would be helpful in further studying the energy transfer
from organic dyes to metal nanoparticles, as well as the inclusion of noble metal particles of different
sizes and composition.
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Experimental Details
UV/VIS-fluorescence
The UV/Vis absorption spectra were recorded on a double beam Varian Cary 3E
spectrophotometer, spectral range 190 to 900 nm, with bandwidths down to 0.2 nm. The spectra were
recorded in rectangular 10 mm quartz cuvettes. The fluorescence excitation and emission spectra
were recorded on a Spex Fluorolog 3 spectrometer, equipped with double grating monochromators
in the excitation and emission channels. The excitation light source was a 450W Xe lamp and the
detector a Peltier cooled R636-10 (Hamamatsu) photomultiplier tube. The fluorescence spectra were
corrected for the wavelength response of the detection system. Fluorescence decay times were
measured using time correlated single photon counting (TC-SPC) on a set-up that has been described
elsewhere. 31 Two excitation wavelengths were used: either λexc. = 323 nm from a frequency-doubled
cavity-dumped DCM dye layer, or λexc. = 420 nm from a frequency-doubled Coherent Chameleon
titanium-sapphire laser of which the repetition rate was reduced to 4 MHz by an APE Pulse-Select
pulse picker.
For characterisation of the gold nanoparticles in various solvents and their interaction with TNI
and BuNI, UV/Vis absorption spectrometric measurements were performed using an optical fibrebased system (OceanOptics, USA) incorporating a USB4000-VIS-NIR CCD spectrometer and a LS-1
tungsten-halogen light source equipped with a BG34 colour correction filter. Fluorescence
measurements were carried out on another optical fibre-based system (OceanOptics, USA) using a
QE65000 thermo-electrically cooled, back-thinned CCD spectrometer and a stabilised light-emitting
diode (LS-450, 455 nm centre wavelength) as an excitation source. Emission spectra from this
spectrometer were not corrected for the wavelength dependence of spectrometer detection efficiency.
The efficiency curve is expected to be rather flat in the region of BuNI and TNI emission. Moreover,
virtually no changes in the shapes of the emission spectra are found during the titration
measurements, making the measurement of relative integrated intensities as needed for fluorescence
titrations reliable. In the calculations of the relative fluorescence intensity I / I0, the inner filter effects,
such as re-absorption, are considered. 32

Synthesis of AuNPs
The synthesis of 4.5 nm TOAB-stabilised gold nanoparticles (TOAB-AuNPs) and the 13 nm
citrate-stabilised gold nanoparticles (xCS-AuNP) is described in Chapter 2.
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Synthesis of naphthalimide chromophores
The reference compound BuNI and TNI have both been synthesised from 4-bromo-1,8naphthalanhydride. The synthesis of BuNI is depicted in Scheme 2. The synthesis of BuNI also
yielded a side product Me2N-NI in relatively high amounts, from a reaction of BrNI with
dimethylamine that is present as impurity in the solvent DMF. The synthesis of TNI is shown in
Scheme 3. The first attempt to prepare the mono-substituted intermediate C12NI from 1,12dodecyldiamine resulted predominantly in the dialkylated product, as has also been reported for
other reactions with symmetric diamines. 33 The second attempt of the reaction was performed using
molten dodecyldiamine as ‘solvent’, but this did not increase the yield significantly. The final step
was an amide coupling of thioctic acid with C12NI to yield TNI. The purity of TNI was checked with
normal-phase HPLC with absorption and fluorescence detection (eluens: heptane/acetone, see
further). Assuming that all chromophores detected with the HPLC have the same molecular
absorption coefficient, from that analysis the purity was estimated at ~90%.

Scheme 2: Synthesis of BuNI.

Synthesis of N-n-butyl-4-bromo-1,8-naphthalimide (BrNI)
A flask containing a mixture of 4-bromo-1,8-naphthalanhydride (1.49 g, 5 mmol), and nbutylamine (2.6 mL, 20 mmol, 4 equiv.) in ethanol (40 mL) was heated in an 80 °C oil bath. The
mixture was refluxed with stirring overnight. The resultant brown mixture was cooled to -10 °C in an
acetone/ice bath and the suspension was filtered. The residue was washed with ice-cold ethanol and
collected (1.75 g, 98%). The product was analysed with 1H NMR.
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1H

NMR (400MHz, CDCl3): δ 8.58 (dd, 1H, J = 8 Hz, 1 Hz), 8.56 (dd, 1H, J = 8 Hz, 1 Hz), 8.41 (d,

1H, J = 8 Hz), 8.03 (d, 1H, J = 8 Hz), 7.83 (t, 1H, J = 8 Hz), 4.17 (t, 2H, J = 7 Hz), 1.70 (quin., 2H, J = 7
Hz), 1.40 (sext., 2H, J = 7 Hz), 0.96 (t, 3H, J = 7 Hz).
Synthesis of N-butyl-4-(n-butylamino)-1,8-naphthalimide (BuNI)
In a round bottom flask BrNI (153 mg, 0.46 mmol) was dissolved in DMF (20 mL). To this
solution excess n-butylamine (1 mL, 10 mmol) and DIPEA (2 mL, 12 mmol) were added and the
mixture was stirred overnight in an oil bath of 130 °C. The solvent was removed by rotary
evaporation. Purification by column chromatography over silica (eluent: CH2Cl2), yielded two
products; firstly eluting was a side product N-butyl-4-(N,N-dimethylamino)-1,8-naphthalimide
Me2N-NI (25.6 mg, 0.086 mmol, 18%), followed by the product BuNI (51.4 mg, 0.16 mmol, 34%). The
purity of the two compounds is >99% based on analysis on the HPLC, using a normal phase column
and a mixture of heptane and acetone (10% acetone) as eluens. Both compounds have been analysed
by 1H NMR and mass spectroscopy.
Me2N-NI: 1H NMR (400 MHz, CD2Cl2): δ 8.51 (dd, 1H, J = 8 Hz, 1 Hz), 8.44 (dd, 1H, J = 8 Hz, 1
Hz), 8.65 (d, 2H, J = 8 Hz), 7.59 (t, 1H, J = 8 Hz), 7.11 (d, 1H, J = 8 Hz), 4.11 (t, 2H, J = 7 Hz), 3.09 (s,
6H), 1.67 (quin., 2H, J = 7 Hz), 1.41 (sext., 2H, J = 7 Hz), 0.96 (t, 3H, J = 7 Hz). 13C NMR (100 MHz,
CD2Cl2) δ 164.95, 164.39, 157.47, 132.77, 131.62, 131.14, 130.75, 125.86, 125.34, 123.82, 115.59, 113.76,
45.14, 40.36, 30.81, 30.25, 20.96, 14.23. HR-MS (FAB+) m/z = 297.1603 (M-H+); (calcd. C18H20N2O2 =
296.1603). BuNI: 1H NMR (400 MHz, CD2Cl2): δ 8.48 (d, 1H, J = 8 Hz), 8.36 (d, 1H, J = 8 Hz), 8.10 (d,
1H, J = 8 Hz), 7.57 (t, 1H, J = 8 Hz), 6.69 (d, 1H, J = 8 Hz), 5.39 (t, 1H, NH), 4.09 (t, 2H, J = 7 Hz), 3.39 (t,
2H, J = 7 Hz), 1.78 (quin., 2H, J = 7 Hz), 1.65 (quin., 2H, J = 7 Hz), 1.52 (sext., 2H, J = 7 Hz), 1.40 (sext.,
2H, J = 7 Hz), 1.00 (t, 3H, J = 7 Hz), 0.95 (t, 3H, J = 7 Hz). HR-MS (FAB+) m/z = 325.1915 (M-H+);
(calcd. C20H25N2O2 = 325.1916). UV/VIS (toluene): λmax. = 421 nm, εmax. (M-1 cm-1) = 1.13 × 104.
Fluorescence (toluene, λexc. = 420 nm): λmax. = 481 nm.
4-(12-aminododecylamino)-N-n-butyl-1,8-naphthalimide (C12NI)
First attempt: A mixture containing BrNI (300 mg, 0.9 mmol) and 1,12-dodecyldiamine (500 mg,
2.5 mmol, 2.5 equiv.), tris-(dibenzylideneacetone)dipalladium(0) (18 mg, 0.02 mmol, 2 mol % Pd), and
BINAP (25 mg, 0.04 mmol, 2 equiv. compared to Pd) in nitrogen purged toluene (10 mL) was refluxed
in a Schlenk flask for 3h. The solution was allowed to cool to room temperature. The crude oil was
purified further by flash chromatography on silica gel (gradient, CH2Cl2 to CH2Cl2 : MeOH 8 : 1 v/v).
Firstly the dialkylated product C12-NI2 was obtained as a side product (213 mg, 30%) and its
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structure was confirmed with mass spectroscopy; this was followed by the desired product C12NI
(55 mg, 12%). The product has been analysed with 1H NMR and mass spectroscopy.
C12NI: 1H NMR (400 MHz, CD3OD): δ 8.50 (m, 2H), 8.32 (d, 1H, J = 8 Hz), 7.62 (t, 1H, J = 8 Hz),
6.74 (d, 1H, J = 8 Hz), 4.12 (t, 3H, J = 7 Hz), 3.42 (t, 2H, J = 7 Hz), 2.76 (t, 2H, J = 7 Hz), 1.68 (m, 2H),
1.64 (m, 2H), 1.43 (m, 4H), 1.22 (m, 16H), 1.00 (t, 3H, J = 7 Hz). 13C NMR (100 MHz, CD2Cl2) δ 165.02,
164.42, 150.12, 134.63, 131.28, 130.35, 126.43, 125.11, 123.87, 120.76, 110.70, 104.72, 44.32, 42.17, 40.27,
32.49, 30.3-29.7, 27.68, 27.37, 20.98, 14.25. HR-MS (FAB+) m/z = 452.3279 (M-H+); (calcd. C28H42N3O2 =
452.3277). C12-NI2: HR-MS (FAB+) m/z = 703.4224 (M-H+); (calcd. C44H54N4O4 = 703.4223).

Scheme 3: Synthesis of TNI.

Second attempt: In a flask 1,12-dodecyldiamine (7 g, 35 mmol) was heated to melting under a
nitrogen atmosphere. A solution of BrNI (200 mg, 0.60 mmol) in toluene (2 mL) was slowly added
dropwise, the mixture was further heated to 130 °C and the mixture was left stirring for 2 days. The
reaction mixture was poured into water and the product mixture was extracted four times into
CH2Cl2. The organic layers were combined and filtrated over celite. Finally, the mixture was purified
via column chromatography over silica eluting with a step-wise gradient starting from CH2Cl2 to
CH2Cl2 : Acetone to Acetone : MeOH (5 : 1 v/v) to obtain the product (40 mg, 0.088 mmol, 15%).
4-(12-[5-(dithiolan-3-yl)pentanoylamino]dodecylamino)-N-n-butyl-1,8-naphthalimide (TNI)
A solution of 5-dithiolan-3-ylpentanoic acid (88.4 mg, 0.43 mmol) and BOP (398 mg, 0.90 mmol, 2
equiv.) in DMF (5 mL) was stirred for 2 h at room temperature. A solution of DIPEA (0.85 mL) and
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C12NI (370 mg, 0.82 mmol, 2 equiv.) in anhydrous DMF (2 mL) was then added to the reaction
mixture. The reaction mixture was stirred overnight at room temperature. The solvent was removed
under reduced pressure and the product was purified by column chromatography on silica gel,
eluting with CH2Cl2 : MeOH (8 : 1). The obtained fraction was recrystallised in acetone to yield the
product (50 mg, 18%). It was analysed with 1H NMR and mass spectroscopy. The purity is ~90%
based on analysis on the HPLC using a mixture of heptane and acetone (50% acetone) as eluens. The
impurities detected with the HPLC all have similar absorption spectra as the product.
1H

NMR (400 MHz, CD3OD) δ 8.53 (m, 2H), 8.35 (d, 1H, J = 8 Hz), 7.64 (t, 1H, J = 8 Hz), 6.78 (d,

1H, J = 8 Hz), 4.12 (t, 2H, J = 8 Hz), 3.45 (t, 2H, J = 7 Hz), 3.14 (m, 2H), 2.42 (sept., 1H, J = 7 Hz), 2.17 (t,
2H, J = 7 Hz), 1.79 (m, 4H), 1.64 (m, 6H), 1.28 (m, 24H), 0.99 (t, 3H, J = 7 Hz). HR-MS (FAB+) m/z =
640.3613 (M-H+); (calcd. C36H54N3O3S2 = 640.3607). UV/VIS (toluene): λmax. = 423 nm, εmax. (M-1 cm-1) =
7.1 × 103. Fluorescence (toluene, λexc. = 420 nm): λmax. = 499 nm.

HPLC
The HPLC system was equipped with two pumps (LC-20AT and LC-10AT vp; Shimadzu), a
sample injector with a 100 µL loop, a solvent degasser (DGU-14A), a photodiode array (SPD-M10A
vp) and a fluorescence detector (RF-10A XL). For analytical HPLC measurements, a Reprosil 100Si
column (5 μm, 100 Å, 150 × 4.6 mm I.D.; Dr. Maisch GmbH) was used. The chromatographic mobile
phase was a binary gradient (solvents heptane and acetone). A mobile phase condition of 10%
acetone was used for the analysis of BuNI and Me2N-NI, and 50% acetone for the analysis of TNI. The
flow-rate of the mobile phase was 1 mL/min. The detection excitation and emission wavelengths
were 420 and 500 nm, respectively.

Cyclic Voltammetry
Cyclic voltammograms were obtained of ~1 mM solutions in dichloromethane of the compounds
of interest with tetrabutyl ammonium hexafluorophosphate as supporting electrolyte. The
measurements were done in gas-tight, single-compartment, three electrode cells equipped with
platinum working, coiled platinum wire auxiliary and silver wire pseudoreference electrodes. The
cell was connected to a computer controlled Potentiostat Autolab PGSTAT 10 (Eco Chemie).
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Chapter 4
Photophysics and photostability of perylene monoimide and
perylene diimide derivatives
Abstract
A set of perylene monoimide (PMI) and perylene diimide (PDI) derivatives was synthesised.
These types of molecules are highly fluorescent, stable, and can readily be altered without influencing
the photophysical properties. Here, we describe an unsubstituted PMI derivative which contains a
reactive carboxylic acid, which aids the inclusion of the chromophore into multifunctional molecular
systems. A convenient way to synthesise asymmetric PDI derivatives with a carboxylic acid is
introduced; its preparation bypasses complicated reaction and purification steps, which normally are
required when making such compounds. The photophysics of these molecules does not differ from
the parent PMI and PDI derivatives.
In addition, two solvatochromic PMI derivatives bearing an alkoxy group on the 9-position are
synthesised; this type of molecule can readily be modified and used as a fluorescent probe that is
sensitive to its (local) environment. To investigate the possibility of the use of these compounds in
confocal microscopy experiments, such as single molecule experiments, the photostabilities of the
compounds towards high excitation powers have been tested with confocal bleaching experiments.
By comparing them with both an often-used laser dye (Pyrromethene 580) and an outstandingly
stable PDI derivative (Perylene Red), it was found that PMI derivatives have very good
photostability.
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Introduction
Perylene derivatives, such as N-alkyl or N-aryl-perylene-3,4:9,10-tetracarboxdiimides (PDIs),
have been used for many applications, such as in pigments with high heat and chemical stability. 1 A
method to prepare perylene diimides by condensation of 1,8-naphthalimides has been reported as
early as the 1950s. 2 A comprehensive and versatile description of the preparation of PDIs from
3,4,9,10-perylenetetracarboxylic dianhydride was initially reported by Langhals. 3 Perylene Orange
and Perylene Red (Figure 1) are both commercially available perylene diimides, and are soluble in
most organic solvents. Their high absorption coefficients and high fluorescence quantum yields make
them very popular as fluorescent dyes. Both have been frequently used in single molecule
spectroscopy. 4,5 Perylene Red has four aryloxy groups on the bay positions of the perylene moiety;
these groups strongly increase the stability of the molecule.

Figure 1: Chemical structure of Perylene Orange and Perylene Red.

Conveniently, PDI derivatives can be readily decorated with functional groups so that they can
be inserted in various multifunctional molecular systems. When the substituents on the imide site
contain bulky groups, steric hindrance prevents π-π stacking of the perylene, thereby increasing the
solubility of the chromophore. Also secondary residues with two long aliphatic chains 6 or polyethyleneglycol chains 7 can improve the solubility and thereby open up many applications for these
fluorescent dyes. Moreover, 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. 8 It should, however, be noted that due to their electron-poor aromatic core, these types of
molecules are efficient electron acceptors, making them potentially useful for light-harvesting arrays. 9
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Fast short-range electron transfer can occur when substituents on the imide site are electron rich
groups, such as p-amino substituted azobenzene, 10 p-methoxybenzene, 11 or tetrathiafulvalene. 12 Also
incorporation of derivatives of isoxazolidine 13 or oligo(p-phenylene vinylene) 14 in PDI derivatives via
the imide site results in intramolecular electron-transfer processes.
The photophysics of PDI derivatives can be tuned by the inclusion of sidegroups on the bay
positions, such as the aryloxy groups present in Perylene Red. Similarly, when piperidinyl groups are
present as side groups, the absorption and emission of these compounds are substantially red-shifted
as compared to Perylene Orange, and their fluorescence maxima shift to the near infra-red region
around 760 nm. 15 Other substituents, among which cyano groups, can also be readily implemented. 16

Figure 2: Structures of studied perylene monoimide (PMI) and diimide (PDI) derivatives.

Perylene monoimides (PMIs) can, like PDI derivatives, be equipped with functional groups on
the imide site without altering the photophysical properties. This type of chromophores have also
been employed as fluorescent probes or as a component in electron transfer cascades. 17,18 Their
properties can also be tuned by changing substituents on the 9-position of the perylene or on the bay
area. 19 The 9-position of the perylene group is the most reactive position of PMIs and is readily used
for attaching other substituents; π-donating groups on this position are in conjugation with the
electron withdrawing imide groups leading to solvatochromic ‘push-pull’ systems. Exceptional
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solvatochromic behaviour has been observed for the amino-substituted perylene monoimide
derivatives N-(2,5-di-tert-butylphenyl)-9-pyrrolidino-perylene-3,4-dicarboximide (5PI) and N-(2,5-ditert-butylphenyl)-9-piperidino-perylene-3,4-dicarboximide (6PI). 20
This Chapter describes the synthesis of a PMI and PDI derivatives bearing a benzoic acid group
(Figure 2); this group can thereafter be used as an easily accessible handle to incorporate the PMI
derivatives as fluorescent probes into molecular systems. A facile alternative for preparing
asymmetric PDI derivatives is introduced. The photophysical properties of the molecules in which
the carboxylic acid is on the imide site do not differ from the parent PMI and PDI derivatives. Next to
this, two solvatochromic PMI derivatives bearing an alkoxy group on the 9-position have been
synthesised; this type of molecule can be readily altered and subsequently used as a fluorescent
probe that is sensitive to its (local) environment. In addition, they have the potential to be used as
fluorescent labels for imaging purposes and even single molecule measurements; therefore, the
photostability of these compounds towards high excitation powers was examined.

Results and discussion
Synthesis of perylene derivatives
The synthesis of the perylene derivatives is described: firstly, perylene monoimides (PMI) and
perylene diimides (PDI) bearing a benzoic acid group were prepared. Carboxylic acid is a useful
reactive group that can be directly converted to an amide group under mild conditions. The
structures of P011a - P014a are shown in Figure 1.
The synthesis of P011a was described in Chapter 2. The precursor for P012a is prepared from
perylene-3,4,9,10-tetracarboxylic dianhydride and 4-bromo-2,6-diisopropylaniline 21 according to
reference 22. Subsequently, the bromo substituent was converted to a phenylgroup bearing an ethyl
ester group via a Suzuki-Miyaura coupling. 23 Thereafter the ester group was hydrolysed to the
corresponding carboxylic acid P012a under basic conditions (Scheme 1). The precursor for
compounds P013a and P014a has been obtained using a method described by Langhals.3 The same
reaction steps as for P012a have been used here to obtain the PDI derivatives with a benzoic acid
group. Interestingly, when the symmetric PDI derivative P014 was prepared, also the monosubstituted PDI derivative P013 was obtained in a considerably high amount (Scheme 2). The
normally undesired side-reaction is in this case rather convenient: the usual way to prepare
asymmetric PDIs includes either selectively hydrolysing a perylene diimide, 24 or first preparing a
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monopotassium salt of perylene dianhydride, 25 or reacting perylene dianhydride with a mixture of
two different amines. 26 All these methods involve rather strenuous working conditions, poorly
soluble intermediates, complicated purification methods, and they are not suitable for every amine,
particularly not for sterically hindered aromatic amines, such as 2,6-diisopropylaniline. The
hydrolysis of the carboxylic esters under basic conditions was performed with quantitative yield. The
poor solubility of the products P012a - P014a obtained after hydrolysis of the carboxylic ester
prevented characterisation of the products with NMR spectroscopy.

Scheme 1: Synthetic route towards P012a.

Scheme 2: Synthetic route towards P013 and P014.
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A new type of chromophore has been synthesised where an aliphatic ether is placed on the 9position of a perylene monoimide (Scheme 3). Two compounds, POMe and POEt, were prepared in
reasonably high yields (56% for POMe; 76% for POEt) by an aromatic substitution reaction from N(2,6-diisopropylphenyl)-9-bromoperylene-3,4-dicarboximide with either methanol or with ethanol.

Scheme 3: Synthetic route toward POMe and POEt.

Photophysical properties of perylene derivatives
The absorption and emission properties (Figure 2B) of the prepared PDI derivatives P013 and
P014 are not different from the parent Perylene Orange. Likewise, the carboxylic acid group on the
imide site in P012 does not have an influence on the properties of the unsubstituted PMI (Figure 3A).
The fluorescence lifetimes of these compounds do not differ from the parent PDI (~3.7 ns) and PMI
(~4.6 ns) either. 27,28 Substituents on the 9-position of PMI do affect the photophysics of the
chromophore. For example, it was found that incorporation of an ethynyl or a phenylethynyl group
on the 9-position resulted in a bathochromic shift in toluene of 15 nm and 25 nm, respectively, in both
absorption and emission.28, 29 Introduction of a phenyl group in P011 results in a 10 nm shift to longer
wavelengths in the absorption and emission spectra (Figure 2A; see also Chapter 2). Like in the
aforementioned substituted PMI derivatives, the lifetime of P011 is also shorter than that of the
unsubstituted PMI (See Chapter 2).
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Figure 3: Normalised absorption (red) and emission spectra (blue; λexc. = 520 nm) of P011 - P014 in CH2Cl2.

The alkoxy substituted PMI derivatives POMe and POEt have comparable fluorescence quantum
yields to unsubstituted PMI derivatives (ΦF = ~70% in chloroform). Compared to unsubstituted PMI,
the absorption maxima of POMe and POEt in toluene are shifted by 30 nm towards longer
wavelengths. The shift induced by the alkoxy substituent is comparable to that of PMI bearing an
aryloxy group on that position.18 Stronger electron donating groups, such as the piperidino group in
6PI or the pyrrolidino group in 5PI, result in even larger shifts (~50 nm of 6PI and ~80 nm of 5PI).20
The solvatochromism of POMe and POEt has been studied. The absorption (Figure 4A) and
emission spectra (Figure 4B) are measured in various solvents. Both compounds display
solvatochromic behaviour, with a bathochromic shift of the absorption maximum of 30 nm and of the
emission maximum of 78 nm from n-hexane to methanol (Table 1). As is conventional for
solvatochromic push-pull systems, the Stokes shift between the absorption and emission maxima
shows a linear correlation with the polarity function Δf (Figure 3). 30 The polarity function Δf depends
on the dielectric constant ε and the refractive index n of the solvent and is defined as:

( )

∆f = f (ε ) − f n 2 ,
with

(1)

( ) (

)(

)

f (ε ) = 2(ε − 1) (2ε + 1) and f n 2 = 2 n 2 − 1 2n 2 + 1 .

(2)

The absorption and emission maxima have a rather large Stokes shift of around 50 nm
(~1700 cm-1) in chloroform and 100 nm (~3100 cm-1) in MeOH. These values are less than those of 6PI
(4000 cm-1 in chloroform and 4600 cm-1 in MeOH), whilst the slopes of the Stokes shifts versus the
polarity function Δf of these studied compounds is comparable. The size of these molecules is
presumably the same and the change in dipole moment can be determined by applying the LippertMataga equation using the same cavity radius as assumed for 6PI. From the slope of the plots, and
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using a cavity radius of 5.2 Å, we calculate the change in dipole moment to be 5.5 × 10-17 statC·cm or
5.5 D.
The extra CH2 group in the alkoxy substituent in POEt has minor effects on the absorption and
fluorescence properties, or on the extent of solvatochromism.

Figure 4: Normalised absorption spectra (A) and emission spectra (B) of POEt in various solvents.

Table 1: Absorption and emission maxima of POMe and POEt in various solvents.
POMe
Solvent

εa

Δf b

λabs. (nm)

λem. (nm)

n-Hexane

2.02

0.032

495 (522)

543
(585, 631)

Toluene

2.38

0.030

508 (536)

CS2

2.64

-0.005

516 (548)

DIPE

3.88

0.290

CHCl3

4.81

0.296

516

589 (633)

EtOAc

6.02

0.401

506

THF

7.68

0.418

511

i-PrOH

18.3

0.546

Acetone

20.7

0.569

512

610

MeOH

32.7

0.617

524

ACN

35.9

0.610

DMSO

46.5

0.527

POEt
λabs. (nm)

λem. (nm)

ΔS (cm-1) c

1.8 × 103

497 (527)

542
(585, 632)

1.7 × 103

574 (618)

2.4 × 103

511 (538)

571 (616)

2.1 × 103

574 (622)

2.6 × 103

519 (551)

573 (621)

1.8 × 103

504 (529)

564

2.1 × 103

2.2 × 103

520

588 (631)

2.3 × 103

589

2.8 × 103

509

586

2.6 × 103

591

3.1 × 103

513

590

2.5 × 103

528

624

2.9 × 103

3.1 × 103

516

603

2.8 × 103

627

3.1 × 103

529

624

2.9 × 103

516

616

3.0 × 103

519

615

3.0 × 103

524

621

3.0 × 103

527

623

2.9 × 103

ΔS

a ε = Dielectric constant of solvent at room temperature
b Δf = Polarity function of solvent: Δf = f(ε)-f(n2)
c ΔS = Stokes shift
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Figure 5: Plot of the Stokes shift of POMe and POEt vs. the polarity function Δf. Included is also the plot of 6PI
from reference 20 for comparison.

Photostability
The photostability of the perylene derivatives has been studied with a confocal bleaching
experiment. In this experiment, the chromophore is immobilised in a polymer matrix—in this case
polystyrene—and exposed to a focussed laser beam under ambient conditions, while monitoring the
fluorescence intensity decay. The solutions used for preparing the samples were prepared so that the
absorption value at 488 nm was roughly equal for all chromophores. The diameter (half height) of the
excitation beam was estimated to be 0.25 μm. As a reference compound, pyrromethene 580 (PM580)
was used; this compound has absorption and emission in the same range as the investigated perylene
derivatives. Pyrromethene derivatives are frequently used as fluorescent probes and their
spectroscopic properties have been thoroughly studied. 31 Pyrromethene derivatives are used as
fluorescent probes in live cell imaging, for example as a sensor for glucagon, 32 dopamine, 33 or as a
probe for membrane dynamics. 34 In research concerning the photostability of molecules trapped in
solid xerogel matrices, a variety of dye molecules, which include pyrromethenes, have been tested. 35
They were also used as a reference in comparable investigations that examined the photostability of
Perylene Orange and Perylene Red dispersed in gel-glasses. 36 Finally, they show high conversion
efficiencies in their use as dye lasers, mostly in Nd/YAG lasers, and have good stability to high
pump powers. 37
The fluorescence intensity decay of POEt, P012 and P013 and PM580 at equal laser power is
shown in Figure 5A-C. Figure 5D shows the fluorescence intensity image (80 μm × 80 μm) of
polystyrene film containing P012, after irradiation of the polymer film at well-defined positions. The
dark spots are the positions on which the laser was focussed. These results show that the
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photobleaching is irreversible. In our setup, the laser power is expressed in arbitrary units; from
previous experiments it was found that there is a linear relationship between the parameters arbitrary
units vs. watts, so that 1,000 a.u. is estimated at 0.7 μW. The laser powers used in these confocal
bleaching experiments are 3.0 μW, 6.7 μW and 11 μW. For comparison, in experiments on very stable
single molecules, like Perylene Red, a typical excitation power of 15 μW at λexc. = 488 nm is used, but
for Perylene Orange one order of magnitude lower power is used. 38 The half-life periods (t1/2),
defined as the period of time after which the fluorescence intensity is halved, of the compounds are
shown in Table 2. The fluorescence lifetimes and the fluorescence spectra of the samples do not
change during the bleaching process, indicating that photo-degradation does not yield compounds
that are fluorescent upon excitation with light of 488 nm. The PMI derivatives P012 and POEt are
more photostable than the PDI derivative P013 and PM580. Experiments where polymer-dye films of
Perylene Orange were irradiated by 532 nm laser pulses have shown that two competitive pathways
for photodegradation are present in this compound, either via photoreduction or photo-oxidation,
depending on the external factors, such as the presence of oxygen. 39 Although the oxidation potential
of PMI derivatives (+1.31 vs SCE) is somewhat lower than that of PDI derivatives (+1.65 vs SCE), the
reduction potential (-1.66 vs SCE for PMI; -0.75 vs SCE for PDI) is substantially lower because of the
presence of two electron withdrawing imide groups in PDI derivatives,28, 40 thus making PMI
derivatives more resistant against photobleaching via reductive pathways. The half life of POEt is
somewhat shorter than that of P012, indicating that the ethoxy group slightly reduces the
photostability of PMI derivatives, but it is still more stable than P013.
Table 2: “Half-lifes” (t1/2) and fluorescence lifetimes (τF) of P012, POEt, P013 and pyrromethene 580 (PM580) in
polystyrene upon irradiation with intense laser light (λexc. = 488 nm).
Laser power (μW)

3.0

6.7

11

τF (ns)

P012 a

75

70

62

4.7

POEt a

82

59

49

4.9

P013 a

42

28

19

3.3

PM580 a

57

25

27

6.1

a t1/2 in seconds
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Figure 6: Panels A - C: Results of the photobleaching experiment performed using different excitation powers (A:
3.0 μW; B: 6.7 μW; C: 11 μW); fluorescence traces of P012, POEt, P013 and pyrromethene 580 with t1/2 of the
compounds. Panel D: Intensity image (80 μm × 80 μm) of polystyrene film containing P012, after irradiation at
discrete positions with increasing laser power from top to bottom.

In a second experiment, the photostability of POEt was further compared with Perylene Orange
(POr) and Perylene Red (PR) at various excitation powers. Since not all the parameters in these two
experiments are identical, the t1/2 values cannot be compared quantitatively. The half-life of these
molecules at various laser powers is shown in Table 3. The laser powers used in these experiments
are 1.3 μW, 3.5 μW, 6.7 μW, 13 μW, and 34 μW. With its electron donating aryloxy substituents at the
bay positions, Perylene Red is an exceptionally photostable chromophore.36 Figure 6 shows the
fluorescence decay traces of POEt and POr at two different laser powers. As shown before, POEt
shows a somewhat better resistivity to high excitation powers than Perylene Orange. The
fluorescence decay curves in Figure 7 at very high laser power (~35 µW) show that the photostability
of PR is indeed higher by a factor 30 as compared to POr and POEt.
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Figure 7: Results of the photobleaching experiment performed using different excitation powers (A: 6.7 μW; B: 13
μW ); fluorescence traces of POEt and Perylene Orange with t1/2 of the compounds.

Figure 8: Results of the photobleaching experiment performed using excitation power of 34 μW; fluorescence
traces of POEt, Perylene Orange and Perylene Red with t1/2 of the compounds.

Table 3: “Half-lifes” (t1/2) of POEt, Perylene Orange (POr) and Perylene Red (PR) upon irradiation with intense
laser light (λexc. = 488 nm).
Laser power (μW)

1.3

3.5

6.7

13

34

POEt a

145

175

65

45

16

POr a

145

150

70

25

9

PR a

280

a t1/2 in seconds

Conclusion and perspectives
Two PMI derivatives and two PDI derivatives have been prepared, bearing a carboxylic acid as a
functional handle. The photophysical properties of P012-P014 do not differ from unsubstituted PMI
and PDI derivatives, while in the case of PMI these are affected by substitution on the 9-position of
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PMI and in case of PDI by substitution on the bay area. In this way, the properties of the
chromophore can be tuned in a controlled manner. We have already employed the carboxylic acid in
P011a to attach the chromophore with a linker to a disulfide group, which thereafter is used to bind
the chromophore to gold nanoparticles (See Chapter 2).
The photophysical properties of alkoxy substituted PMI derivatives POMe and POEt have been
analysed. They are both sensitive to the polarity of the local environment, which is shown in their
strong solvatochromic behaviour. The bathochromic shift of absorption and emission maxima
compared to the parent PMI derivative is similar to that of the 9-aryloxy substituted PMI
derivatives.29 It is expected that these derivatives, as well as triply aryloxy substituted PMIs, also
display solvatochromic behaviour similar to POMe and POEt. Such compounds are used in light
harvesting systems and as building blocks for solar cells,29, 41 but no studies of the solvent effects on
these two compounds have been found in the literature.
The compound POEt is relatively photostable towards exposure of intense laser light: under the
same conditions it is found to be slightly less stable than unsubstituted PMI derivatives but more
stable than Perylene Orange as shown in confocal bleaching experiments. In single molecule
spectroscopy the excitation power used is generally lower than that used in these confocal bleaching
experiments; based on the photostability and the strong fluorescence, POMe and POEt are suitable
candidates as fluorescent environment sensitive probes in microscopy imaging. Furthermore, the
large Stokes shift in these compounds is an advantageous property for fluorescent markers, as the
emission can easily be separated from (back)scattering of the excitation light.
Another solvatochromic perylene derivative (5PI), of which the fluorescent behaviour also
depends on local surroundings, has previously been used in single molecule experiments.20 It was
found that exposure of light results in swift photo-degradation of the compound, resulting in new
unidentified strongly fluorescent photoproducts. 42 The molecules POMe and POEt show a much
better photostability.
The sidegroup at the 9-position can be readily modified, which makes it possible to include this
kind of chromophore in experiments where a sensitive fluorescence probe is used. For example, this
chromophore was used in confocal imaging studies on latex film formation. 43 In this study, the
original PMI derivative is functionalised with a triethylene glycol unit terminated with an acrylic
ester group that is used for co-polymerisation with the polymer inside the latex particles. The
triethylene glycol linker was essential to obtain sufficient water-solubility for the subsequent
polymerisation step. These alkoxy substituted PMI derivatives showed better photostability during
the imaging experiments as opposed to PDI derivatives, and they proved to be suitable fluorescent
probes for investigating film formation stages such as coalescence of latex particles.
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Experimental Details
Synthesis
N-(4-(4-ethylcarboxyphenyl)-2,6-diisopropylphenyl)perylene-3,4-dicarboximide (P012)
Compounds N-(4-bromo-2,6-diisopropylphenyl) perylene-3,4-dicarboximide (0.127 g, 0.22 mmol)
and ethyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (0.097 g, 0.35 mmol, 1.6 equiv.) were
put in a flask and put under a nitrogen atmosphere. Then toluene (50 mL), purged with nitrogen, was
added, followed by addition of Pd(OAc)2 (5 mg, 22 μmol, 10 mol%) and triphenylphosphine (25.5 mg,
0.09 mmol, 4.4 equiv. compared to Pd-catalyst). Lastly, a solution of K2CO3 in water (1 M, 15 mL),
purged with nitrogen, was added and the reaction mixture was heated to 90 °C and stirred overnight
under nitrogen atmosphere. After cooling to room temperature the layers were separated and the
organic phase was concentrated to dryness. The product was collected (96 mg, 68%) after column
chromatography of the product mixture over silica (eluent: CH2Cl2). It has been analysed with 1H
NMR and mass spectroscopy.
1H

NMR (400 MHz, CDCl3): δ 8.67 (d, 2H, J = 8 Hz), 8.48 (m, 4H), 8.14 (d, 2H, J = 8 Hz), 7.92 (d,

2H, J = 8 Hz), 7.72 (d, 2H, J = 8 Hz), 7.66 (t, 1H, J = 8 Hz), 7.55 (s, 2H), 4.42 (q, 2H, J = 7 Hz), 2.85, (sept,
2H, J = 7 Hz), 1.44, (t, 3H, J = 7 Hz), 1.24 (d, 12H, J = 7 Hz).

13C

NMR (100 MHz, CDCl3) δ 166.77,

164.20, 146.52, 146.23, 141.26, 137.93, 134.52, 132.35, 131.82, 131.45, 131.26, 130.82, 130.12, 129.38,
128.19, 127.51, 127.33, 124.15, 123.48, 121.04, 120.44, 61.10, 29.45, 24.18, 14.55. HR-MS (FAB+) m/z =
630.2635 (M-H+); (calcd. C43H36NO4 = 630.2644).
N-(4-(4-carboxyphenyl)-2,6-diisopropylphenyl)perylene-3,4-dicarboximide (P012a)
A solution of KOH in water (2 M, 3 mL) was added to a solution of P012 (26 mg, 41 μmol) in
distilled THF (15 mL), after which the mixture was heated in an oil bath of 80 °C. The progress of the
reaction was monitored by TLC and after refluxing for 72 h the TLC spot of P012 had disappeared.
The reaction mixture was poured out into a solution of HCl in water (2 M, 50 mL). The precipitate
was filtered and washed with water. A red solid was collected (20 mg, 81%). Due to poor solubility of
the product, NMR spectra could not be obtained.
HR-MS (FAB+) m/z = 602.2337 (M-H+); (calcd. C41H32NO4 = 602.2331).
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N-(2,6-diisopropylphenyl)-N'-(4-(4-ethylcarboxyphenyl)-2,6-diisopropylphenyl)-perylene3,4:9,10-tetracarboxdiimide (P013) and
N,N'-di-(4-(4-ethylcarboxyphenyl)-2,6-diisopropylphenyl)-perylene-3,4:9,10-tetracarboxdiimide
(P014)
Compounds

N,N’-di(4-bromo-2,6-diisopropylphenyl)perylene-3,4:9,10-tetracarboxydiimide

(0.295 g, 0.34 mmol) and ethyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (0.254 g, 0.92
mmol, 2.7 equiv.) were put in a flask under a nitrogen atmosphere. Then toluene (60 mL), purged
with nitrogen, was added, followed by PdCl2(PPh3)2 (27 mg, 38 μmol, 11 mol%) and
triphenylphosphine (50 mg, 0.19 mmol, 5 equiv. compared to Pd-catalyst). Lastly, a solution of K2CO3
in water (1.4 M, 15 mL), purged with nitrogen, was added and the reaction mixture was heated to 90
°C and stirred overnight under nitrogen atmosphere. After cooling to room temperature the layers
were separated and the organic phase was concentrated to dryness. After column chromatography of
the product mixture over silica (eluent: CH2Cl2 : acetone (125 : 1 v/v)), two products were collected;
firstly eluting was P013 (69 mg, 0.07 mmol, 20%) followed by P014 (89 mg, 0.10 mmol, 30%). They
have been analysed with NMR and mass spectroscopy.
P013: 1H NMR (400 MHz, CDCl3): δ 8.80 (m, 4H), 8.15 (d, 4H, J = 8 Hz), 7.73 (d, 4H, J = 8 Hz), 7.57
(s, 2H), 7.52 (t, 1H, J = 8 Hz), 7.36 (d, 2H, J = 8 Hz), 4.42 (q, 2H, J = 7 Hz), 2.83 (sept., 2H, J = 7 Hz), 2.76
(sept., 2H, J = 7 Hz), 1.44 (t, 3H, J = 7 Hz), 1.24 (d, 12H, J = 7 Hz), 1.18 (d, 12H, J = 7 Hz). 13C NMR (100
MHz, CDCl3) δ 166.73, 163.64, 163.48, 148.27, 146.45, 145.78, 135.38, 135.25, 132.37, 130.82, 130.35,
130.16, 129.53, 127.85, 127.51, 127.02, 124.28, 124.24, 123.57, 123.49, 123.35, 61.15, 29.53, 24.19, 23.97,
14.54. HR-MS (FAB+) m/z = 859.3737 (M-H+); (calcd. C57H51N2O6 = 859.3747).
P014: 1H NMR (400 MHz, CDCl3): δ 8.79 (m, 4H), 8.15 (d, 4H, J = 8 Hz), 7.73 (d, 4H, J = 8 Hz), 7.57
(s, 4H), 4.42 (q, 4H, J = 7 Hz), 2.83 (sept., 4H, J = 7 Hz), 1.44 (t, 6H, J = 7 Hz), 1.25 (d, 24H, J = 7 Hz).
HR-MS (FAB+) m/z = 1007.4277 (M-H+); (calcd. C66H59N2O8 = 1007.4271).
N-(2,6-diisopropylphenyl)-N'-(4-(4-ethoxycarbonylphenyl)-2,6-diisopropylphenyl)-perylene3,4:9,10-tetracarboxdiimide (P013a)
A solution of KOH in water (2 M, 0.7 mL) was added to a solution of P013 (48.6 mg, 57 μmol) in
distilled THF (5 mL), after which the mixture was heated in an oil bath of 80 °C. The progress of the
reaction was monitored by TLC and after refluxing for 4 days the TLC spot of P013 had disappeared.
The reaction mixture was poured out into a solution of HCl in water (2 M, 40 mL). The precipitate
was filtered and washed with water. A red solid was collected (42 mg, 89%) and analysed with 1H
NMR and mass spectroscopy.
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1H

NMR (400 MHz, CDCl3): δ 8.80 (m, 4H), 8.20 (d, 4H, J = 8 Hz), 7.68 (d, 4H, J = 8 Hz), 7.59 (s,

2H), 7.52 (t, 1H, J = 8 Hz), 7.36 (d, 2H, J = 8 Hz), 2.83 (sept., 2H, J = 7 Hz), 2.76 (sept., 2H, J = 7 Hz),
1.24 (d, 12H, J = 7 Hz), 1.18 (d, 12H, J = 7 Hz). HR-MS (FAB+) m/z = 831.3441 (M-H+); (calcd.
C55H47N2O6 = 831.3434).
N,N'-di-(4-(4-carboxyphenyl)-2,6-diisopropylphenyl)-perylene-3,4:9,10-tetracarboxdiimide
(P014a)
A solution of KOH in water (2 M, 1 mL) was added to a solution of P014 (39.8 mg, 40 μmol) in
distilled THF (5 mL), after which the mixture was heated in an oil bath of 80 °C. The progress of the
reaction was monitored by TLC and after refluxing for 4 days the TLC spot of P014 had disappeared.
The reaction mixture was poured out into a solution of HCl in water (2 M, 40 mL). The precipitate
was filtered and washed with water. A red solid was collected (30 mg, 79%). Due to poor solubility of
the product, NMR spectra could not be obtained.
HR-MS (FAB+) m/z = 951.3643 (M-H+); (calcd. C62H51N2O8 = 951.3645).
N-(2,6-diisopropylphenyl)-9-methoxyperylene-3,4-dicarboximide (POMe)
A solution of N-(2,6-diisopropylphenyl)-9-bromoperylene-3,4-dicarboximide (200 mg, 0.36 mmol)
in toluene and methanol (5:1 v/v) was flushed with nitrogen. Then, potassium carbonate (10 mL, 1.3
M) and bis(triphenylphosphine)palladium(II) chloride catalyst (PdCl2(PPh3)2; 9.2 mg, 13.1 μmol, 3.6
mol%) and BINAP (13.9 mg, 22.3 μmol, 1.7 equiv. compared to Pd catalyst) were added. The reaction
mixture was stirred at 90 °C for 16 h. The layers were separated and the organic phase was
concentrated to dryness. The compound was purified by column chromatography on silica gel (115
mg, 56%) and analysed with 1H NMR and mass spectroscopy.
1H

NMR (400 MHz, CDCl3): δ 8.61 (d, 1H, J = 8 Hz), 8.59 (d, 1H, J = 8 Hz), 8.45 (d, 1H, J = 8 Hz),

8.32-8.40 (m, 3H), 8.26 (d, 1H, J = 8 Hz), 7.61 (t, 1H, J = 8 Hz), 7.48 (t, 1H, J = 8 Hz), 7.33 (d, 2H, J = 8
Hz), 6.98 (d, 1H, J = 8 Hz), 4.11 (s, 3H), 2.78 (sept, 2H, J = 7 Hz), 1.18 (d, 12H, J = 7 Hz). 13C NMR (100
MHz, CDCl3) δ 164.26, 158.19, 145.87, 138.35, 138.08, 132.36, 132.15, 131.36, 129.49, 129.14, 126.60,
126.24, 125.60, 125.34, 124.75, 124.12, 122.12, 120.91, 119.93, 119.71, 118.90, 105.91, 56.13, 29.25, 24.15.
HR-MS (FAB+) m/z = 512.2231 (M-H+); (calcd. C35H30NO3 = 512.2226). UV/VIS (toluene): λmax. = 508
nm, εmax. (M-1 cm-1) = 3.1 × 104; λmax. = 536 nm, εmax. (M-1 cm-1) = 2.7 × 104. Fluorescence (toluene,
λexc.=510 nm): λmax. = 574 nm, 618 nm, 673 nm (shoulder).
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N-(2,6-diisopropylphenyl)-9-ethoxyperylene-3,4-dicarboximide (POEt)
Same procedure as above, using ethanol instead of methanol (yield: 76%).
1H

NMR (400 MHz, CDCl3): δ 8.61 (d, 1H, J = 8 Hz), 8.59 (d, 1H, J = 8 Hz), 8.45 (d, 1H, J = 8 Hz),

8.32-8.40 (m, 3H), 8.26 (d, 1H, J = 8 Hz), 7.61 (t, 1H, J = 8 Hz), 7.48 (t, 1H, J = 8 Hz), 7.33 (d, 2H, J = 8
Hz), 6.98 (d, 1H, J = 8 Hz), 4.32 (q, 2H, J = 7 Hz), 2.78 (sept, 2H, J = 7 Hz), 1.63 (t, 3H, J = 7 Hz), 1.18 (d,
12H, J = 7 Hz).

13C

NMR (100 MHz, CDCl3) δ 164.27, 157.59, 145.87, 138.40, 138.12, 132.34, 132.12,

131.39, 129.48, 129.07, 126.45, 126.27, 125.69, 125.48, 124.72, 124.11, 121.84, 120.85, 119.85, 119.58,
118.79, 106.56, 64.51, 29.25, 24.16, 14.90. HR-MS (FAB+) m/z = 526.2377 (M-H+); (calcd. C36H32NO3 =
536.2382). UV/VIS (toluene): λmax. = 511 nm, εmax. (M-1 cm-1) = 3.1 × 104; λmax. = 538 nm, εmax. (M-1 cm-1)
= 2.7 × 104. Fluorescence (toluene, λexc.=510 nm): λmax. = 571 nm, 617 nm, 667 nm (shoulder).
UV/VIS and fluorescence spectroscopy
The UV/Vis absorption spectra were recorded on a double beam Varian Cary 3E
spectrophotometer, spectral range 190 to 900 nm with bandwidths down to 0.2 nm. The spectra were
recorded in rectangular 10 mm quartz cuvettes. The fluorescence excitation and emission spectra
were recorded on a Spex Fluorolog 3 spectrometer, equipped with double grating monochromators
in the excitation and emission channels. The excitation light source was a 450W Xe lamp and the
detector a Peltier cooled R636-10 (Hamamatsu) photomultiplier tube. The fluorescence spectra were
corrected for the wavelength response of the detection system. Quantum yield measurements were
performed on solutions with low absorbance (< 0.1) according to standard procedures. 44 Perylene
Orange in toluene was used (ΦF = 0.99) as the reference, since it has good spectral overlap with the
compounds under study.27 Fluorescence decay times were measured using time correlated single
photon counting (TC-SPC) (λexc. = 323 nm from a frequency-doubled cavity-dumped DCM dye layer)
on a set-up that has been described elsewhere. 45
Confocal bleaching experiments
The bleaching experiments were conducted using a MicroTime 200 confocal microscope from
PicoQuant GmbH in our laboratory.38 Briefly, the laser system is based on a titanium:sapphire laser
(Chameleon Ultra-II, Coherent). The output of the laser is tuned at 976 nm, at a repetition rate of 80
MHz, which was doubled to generate excitation pulses of 488 nm using a second harmonic generator
(SHG). The excitation light was coupled into the adapted confocal unit via a polarisation maintaining
monomode fibre. An excitation filter (HQ480/40x, Chroma Tech.) was placed in front of the
- 105 -

Chapter 4

excitation beam and a dichroic mirror (Z488 RDC, Chroma Tech.) reflected the excitation light to the
sample. The emission light passed through the dichroic mirror, a notch filter (488NF, Semrock), a
pinhole of 50 µm in diameter and an emission filter (HQ510LP, Chroma Tech.) to a single photon
avalanche diode (SPCM-AQR-13, Perkin Elmer).
Samples of chromophore in a polymer matrix were prepared by spincoating a solution of
approximately 10-6 M of chromophore in toluene with 2% polystyrene onto clean coverglasses, using
standard settings consisting of two successive spincoating programs: 30 s with spinning rate of
1600/min followed by 10 s with spinning rate of 300/min. The solutions that were used in these
experiments were prepared so that the absorption value at 488 nm was roughly equal for all
chromophores. The laser power is expressed in arbitrary units; from previous experiments it is found
that there is a linear relationship between the parameters arbitrary units vs. watts, so that 1,000 a.u. is
estimated at 0.7 μW. Bleaching of the compounds was performed using various excitation powers
from 2,000 a.u. (1.3 μW) to 50,000 a.u. (34 μW) during 600 to 900 seconds. Fluorescence decay times
were fitted using maximum likelihood estimation (MLE) with deconvolution with IRF.
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Chapter 5
Excited state dynamics of 3,6-diaryl-1,2,4,5-tetrazines:
experimental and theoretical studies *
Abstract
The photophysical behaviour of three symmetrical 1,2,4,5-tetrazine derivatives substituted with
aromatic groups (phenyl: DPT; p-methoxyphenyl: DAT; thiophen-2-yl: DTT) was studied. The
UV/visible absorption spectra of these compounds in cyclohexane and acetonitrile show two
absorption maxima at 500 – 550 nm and 290 – 330 nm, as well as a shoulder at lower energies on the
latter absorption band. The electronic transitions were assigned on the basis of TD-DFT calculations.
In contrast with some other tetrazine derivatives, these compounds exhibit very weak fluorescence
(Φf ≈ 10-4 – 10-3) from the S1 (n-π*) state. When the molecules are excited to a higher energy π-π* state,
fluorescence from the nth excited state (n = 6 for DPT, n = 5 for DAT and n = 4 for DTT) is detected.
Time-correlated single photon counting (TC-SPC) and femtosecond transient absorption (fs-TA)
measurements were carried out to elucidate the fast processes after excitation to the Sn state. These
measurements showed that internal conversion from the Sn state to the S1 state is remarkably slow, in
the order of 30 ps for DTT and 20 ps for DAT. This slow internal conversion explains the presence of
higher excited state emission.

*
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Introduction
1,2,4,5-Tetrazine is a heterocyclic molecule, which consists of an electron poor aromatic ring with
four nitrogens. 1 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. 2 Therefore, the excited states of tetrazines are good oxidants,
which open several applications for these molecules, especially including the development of original
aromatic

hydrocarbon

sensors. 3

As

the

synthesis

of

3,6-subsituted

tetrazines

is

rather

straightforward, 4 they can readily be implemented in various functional molecular systems, such as
polymers in which tetrazine derivatives are coupled to electron-rich thiophene groups. 5,6 Tetrazine
derivatives have also been frequently used as bridging ligands in metal complexes in which they
facilitate metal-metal interactions 7,8 or in switchable metal complexes. 9
Tetrazine derivatives have a low energy absorption band in the visible region, which is weakly
influenced by the nature of the substituents.6,10,11 In many cases, the first excited state has a very long
decay time, involving a forbidden n-π* transition, in the range 10 – 160 ns.2 Therefore, these
derivatives are potentially interesting candidates for use in energy transfer cascades, thus making
them useful building blocks in solar cells. 12 The absorption band of this transition is vibrationally
resolved; the vibronic absorption bands at room temperature in the vapour phase of tetrazine and its
infrared spectrum have been studied in literature. 13 Moreover, the vibrational modes that appear in
the first absorption band and in the emission band of 3,6-diphenyltetrazine could be assigned with
low temperature measurements in cyclohexane. 14
Many tetrazines are known to be fluorescent, although a few of them, like the parent H, Htetrazine and 3,6-dimethyltetrazine, are not photostable. 15 Increasing the size of the substituents
improves their photostability: when one benzene ring is introduced, the photostability is increased by
a factor 30. 16 However, aromatic substituents also strongly reduce the fluorescence of tetrazines.
In previous chapters, chromophores were used that have a strongly allowed optical transition.
Enhancement by a metal in such a case can have only a limited effect on the luminescence brightness
because 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. Tetrazine derivatives have their first absorption peak
at ~550 nm; this overlaps with the surface Plasmon band of gold nanoparticles, whereas the emission
band (> 600 nm) has almost no overlap. Besides, the orientation of a chromophore relative to the
metal surface is an important factor on the effect of relative brightness. Conveniently, the tetrazine
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derivatives have a well-defined linear structure, which makes this kind of molecules suitable
candidates for building rod-shaped multi-chromophore functional systems. 17 These features make
these types of molecules suitable candidates as probes for metal enhanced fluorescence.
Three tetrazine derivatives bearing aromatic groups as substituents have been studied (Scheme
1). These are:
3,6-Diphenyltetrazine (DPT)
3,6-Di(p-methoxyphenyl)tetrazine (or 3,6-di(p-anisyl)tetrazine; DAT)
3,6-Di(thiophen-2-yl)tetrazine (DTT)

Scheme 1: Three studied tetrazine derivatives: DPT, DAT and DTT.

In this chapter we focus on the photophysical properties of these molecules. We present a
comparative study of the experimental absorption spectra with time-dependent density functional
theory (TD-DFT) calculations. We analyse the properties of DTT and DAT in comparison with those
of DPT, which have already been reported in literature.14,18 To further understand the excited state
dynamics we have performed time resolved fluorescence and femtosecond transient absorption
measurements.

Results
UV-VIS Absorption
The absorption spectra of the three tetrazine derivatives have been measured in cyclohexane
(cHex) and acetonitrile (ACN). The normalised spectra of DPT are shown in Figure 1A. In the range
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from 270 to 600 nm, two absorption maxima are present: one maximum is around 550 nm and a
second maximum is around 300 nm. Additionally, a shoulder can be seen around 360 nm. Due to
poor solubility, the exact value of the molar absorption coefficient (ε) of the lowest absorption band
could not be determined, but this transition is in the order of a few hundreds L mol-1 cm-1 and
depends weakly on the substituents.4,14,16 The absorption at 297 nm is ~80 times stronger. In
comparison to the spectra in cHex, the lowest energy absorption band is blue-shifted in ACN. Despite
the absence of a permanent dipole moment, tetrazines are slightly solvatochromic. 19 In cHex, the
lowest aborption band shows some vibrational structure.
The shapes of the absorption spectra of DAT and DTT are very similar to that of DPT (Figure
1B). The position of the maximum of the absorption peak in cHex around 550 nm of DAT (558 nm) is
comparable to that of DPT (556 nm), while that of DTT (536 nm) is at shorter wavelengths. This is
also the case in ACN. The absorption peaks between 300 and 350 nm of DAT (342 nm) and DTT (343
nm) are red shifted compared to the corresponding band of DPT (297 nm). The UV band is ~ 70 times
stronger than the visible absorption. In all three compounds, a shoulder is present on the low-energy
side of this absorption band. The extent of the blue-shift induced by the solvent of the lowest-energy
absorption peak is comparable for the three molecules.

Figure 1: A: normalised absorption spectra of DPT in cyclohexane (red) and in acetonitrile (blue). B: normalised
absorption spectra of DAT (blue) and DTT (red) in cyclohexane (solid lines) and in acetonitrile (dashed line).

Computational chemistry
Geometry and orbitals
The electronic structures of compounds DPT, DAT and DTT have been analysed using quantum
chemical calculations. Firstly, the geometry of the molecules and the molecular orbitals have been
calculated using the B3LYP hybrid density functional method with the 6-311+G(d) basis set and the
Polarisable Continuum Model (PCM) solvent model for ACN or cHex. The geometry of DPT has D2h
symmetry with the phenyl rings in the same plane as the tetrazine ring, in accordance with its crystal
structure. 20 The geometries of DAT and DTT are also planar. Secondly, based on the optimised
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geometries, the optical transition energies and oscillator strengths were calculated using TD-DFT
calculations with the same basis set. The orbital energies of these molecules are shown in Figure 2A.
Similar orbitals are connected with lines. Also representations of five selected orbitals of DPT and
DTT are shown in Figures 2B and 2C.
The order of occupied molecular orbitals of DAT and DTT is different from that of DPT. First the
five highest occupied molecular orbitals (HOMOs) are described: the highest occupied molecular
orbital (HOMO) in DPT is made of the non-bonding lone pairs of the nitrogens in the tetrazine ring
(n-orbitals); this orbital is depicted in green in Figure 2A. The HOMO-1, depicted in red, the π-orbital
delocalised over the three aromatic rings, lies close in energy. The HOMO-2 and HOMO-3 of DPT,
depicted in blue, are degenerate symmetrical and anti-symmetrical π-orbitals localised on the phenyl
rings. Lastly, the HOMO-4 of DPT is a π-orbital spread over the three rings, similar to the HOMO-1.
The π-orbitals on the tetrazine that are mixed with the π-orbitals of the substituents are higher in
energy when the aromatic substituents are more electron rich, which is the case in DAT and DTT. As
a result, the π-orbitals over the three aromatic rings have become the HOMO instead of the n-orbitals
on the tetrazine ring. This inversion in orbitals has also been calculated for other tetrazine derivatives
with electron rich substituents.2 Likewise, the orbital that is the HOMO-4 for DPT becomes relatively
higher in energy, thus becoming the HOMO-2 for DAT and DTT.
For all three molecules, the lowest unoccupied molecular orbital (LUMO; orange in Figure 2A) is
a π* orbital situated only on the tetrazine ring. At somewhat higher energies the LUMO+1 is found,
depicted in red, which is an antibonding π* orbital delocalised over the three aromatic rings.
Changing the solvent from cHex to ACN does slightly change the relative energies of the orbitals,
but not their relative positions with respect to each other.
The results from our calculations on DTT disagree somewhat with similar DFT studies from
other groups who used a different basis set (6-31G*) and performed the DFT calculations in
vacuum. 21 In reference 21, the order of the orbitals differs from our results: in our calculations, the
HOMO and HOMO-1 of DTT are inverted compared to DPT, whereas according to Kurach et al. this
is not the case. Moreover, these authors state that for DTT, and incidentally also for DPT, that π*
orbitals on the tetrazine ring are the LUMO+1, while in our calculation this is the LUMO for all three
studied molecules. Other publications on DPT and on other tetrazine derivatives confirm that this
particular orbital is the LUMO, regardless of the type of substituent.
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Figure 2: A: Calculated orbital energies of DPT, DAT and DTT in cyclohexane. Coloured orbitals connected with dotted lines represent similar orbitals. B: plots of calculated
orbitals of DPT. C: plots of calculated orbitals of DTT. Note the reversal of HOMO-1 and HOMO as compared to DPT.
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TD-DFT calculations
The results of the TD-DFT calculations on DPT agree rather well with TD-DFT calculations in
vacuum that are known in literature.18 The calculated UV-VIS spectrum is also in good qualitative
agreement with the experimental data, i.e. the three optical transitions that are observed in the
absorption spectra in the range 270 – 600 nm could be properly reproduced. The calculated
transitions and the experimental values are included in Table 1. Other ground to excited state
transitions have also been calculated, but since their oscillation strength is zero or nearly zero, they
are not shown in the Table. Using the results of TD-DFT calculations, the three main absorption
transitions in the UV-VIS spectra in the visible region can be properly assigned. The orbitals involved
in each optically allowed transition are the same for all molecules. The leading configuration of the
first excited state is an n-π* transition (S0–S1) from the non-bonding orbitals of the nitrogens (HOMO)
in DPT to the antibonding π* orbitals of the tetrazine ring (LUMO). Since this is a forbidden
transition, the oscillator strength is very low. This is indeed the case in the experimental results where
this absorption band is rather weak. Also in DAT and DTT, the n-π* transition (HOMO-1 → LUMO)
is the lowest in energy. Interestingly, while the relative orbital levels of DTT are in disagreement, the
TD-DFT calculations reported in reference 21 do agree in terms of the orbitals involved in this
transition and those in the transition in the range 300 – 350 nm.
The second transition that is distinguished in the experimental spectra is a weak π-π* transition
around 400 nm from π-orbitals that are delocalised over the molecule (HOMO-1 → LUMO for DPT;
HOMO → LUMO for DTT and DAT). Actually, an intermediate transition of DPT is calculated
which involves an n-π* transition (HOMO → LUMO+1) with oscillator strength of 0. Such transitions
have also been calculated in the literature for DPT and tetrazine derivatives with pyridine as
substituent.18 This transition is present for DAT and DTT as the third transition. Nevertheless, for
consistency, the lowest π-π* transition that is observable in the absorption spectra will hereafter be
called the S0–S2 transition. Regarding the energy of the excited state corresponding to the shoulder on
the strong UV absorption band, there is a discrepancy between the calculations and the experimental
data. For DAT and DTT, this transition should be around 460 – 480 nm according to the calculations,
whereas in the experimental data the shoulder is observed at 400 nm.
Lastly, the absorption band in the range 300 – 350 nm arised from a combination of essentially
two π-π* transitions: primarily from the orbitals on the tetrazine ring and secondly from the orbitals
on the substituents. In the UV-VIS spectra, this transition gives rise to the most intense absorption of
the molecules above 270 nm. The calculated oscillator strength of this transition is indeed more than a
factor 100 larger than that of the first transition. The energy of this transition strongly depends on the
properties of the substituents, and also the number of this transition varies depending on the
substituent: in DPT this state is the sixth excited state whereas in DAT it is the fifth, and in DTT the
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fourth. Since the nature of this excited state is the same for each molecule, it will in the remainder of
the chapter be called the Sn state, where n = 6 for DPT, n = 5 for DAT and n = 4 for DTT.
The observed blue shift in the n-π* absorption bands because of increased polarity of the solvent
is successfully reproduced by the calculations.
Table 1: Excitation energies and oscillator strengths for allowed transitions in cyclohexane and acetonitrile.
ka

Transition

cHex

ACN

TD-DFT

DPT

DAT

DTT

eV

nm

Exp.
f

b

TD-DFT

Exp.
f

nm

eV

nm

558

2.13

582

0.0041

3.10

400

0.0056

b

nm

1

HO → LU

2.10

591

0.0042

3

HO-1 → LU

3.15

394

0.0059

6

HO-2 → LU
HO-1 → LU+1

3.76

328

1.1997

297

3.77

329

1.2061

293

1

HO-1 → LU

2.10

590

0.0041

556

2.13

583

0.0041

545

2

HO → LU

2.67

465

0.0029

2.58

481

0.0027

5

HO-4 → LU
HO → LU+1

3.38

367

1.3403

342

3.35

370

1.306

329

1

HO-1 → LU

2.21

562

0.0046

536

2.24

553

0.0045

526

2

HO → LU

2.75

451

0.0092

2.67

464

0.0084

4

HO-4 → LU
HO → LU+1

3.30

376

0.9787

3.29

377

0.9076

343

543

323

a: k = number of excited state according to the TD-DFT calculations
b: f = oscillator strength

Emission spectra
Upon excitation at the first absorption maximum (λexc. ≈ 550 nm) of DPT, very weak fluorescence
is observed in the region 600 – 750 nm (Φf ≈ 10-4 – 10-3). This is in line with earlier studies on this
molecule.14 The normalised emission spectra are shown in Figure 3; the spectra are still noisy despite
the use of wide spectrometer slits and relatively long integration time (See Experimental Details). The
Raman scattering peak of the solvent, which is typically 3000 cm-1 at lower energy than the excitation
light is visible in the emission spectra at 645 nm (for λexc. = 540 nm), 660 nm (for λexc. = 550 nm) or 675
nm (for λexc. = 560 nm). Appreciable fluorescence has been observed for other tetrazine derivatives
where inversion of orbitals takes place.2 However, for DAT and DTT, the fluorescence quantum
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yield is hardly higher than for DPT. For DAT we find Φf ≈ 10-3 in cHex and Φf ≈ 1.3 × 10-3 in ACN.
For DTT in cHex Φf ≈ 5.9 × 10-4. For DTT in ACN, no fluorescence was detected.

Figure 3: A: Normalised emission spectra of DPT in acetonitrile (λexc. = 550 nm, blue line) and in cyclohexane
(λexc. = 540 nm, red line). B: normalised emission spectra of DAT in acetonitrile (λexc. = 540 nm, red line) and in
cyclohexane (λexc. = 560 nm, green line) and of DTT in cyclohexane (λexc. = 540 nm, blue line). Concentrations
were ~10-3 M in all cases. The peaks marked with * are due to Raman scattering of the solvent.

The molecules DAT and DTT were further studied with excitation at their second absorption
maxima (λexc. ≈ 320 – 340 nm), which leads to a higher excited Sn state. An identical emission spectrum
from the S1 state is obtained, but additionally, emission in the region 370 – 430 nm is observed which
is attributed to emission from the Sn state. The emission spectra of DAT and DTT are shown in
Figures 4 and 5, respectively. They are normalised at the emission peak of the S1 emission. In the
emission spectra, the Raman scattering of the solvent is obviously present around 350 nm (for λexc. =
320 nm) or 380 nm (for λexc. = 340 nm). The second order peak at 640 nm (for λexc. = 320 nm) or 680 nm
(for λexc. = 340 nm), shown in the spectra as dotted line, can be blocked when a long-pass cut-off filter
is put in the emission pathway. For comparison, the absorption spectra of the samples are shown in
green in the graphs.
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Figure 4: Normalised emission spectra (in blue) of DTT (~10-5 M) in acetonitrile (A, λexc. = 330 nm) and
cyclohexane (B, λexc. = 340 nm). For illustration, the absorption spectra of the samples are shown in green. The
peaks marked with * are due to Raman scattering of the solvent; the peaks marked with ** is the second order of
the excitation light.

Figure 5: Normalised emission spectra (in blue; λexc. = 320 nm) of DAT (~10-5 M) in acetonitrile (A) and
cyclohexane (B). For illustration, the absorption spectra of the samples are shown in green. The peaks marked
with * are due to Raman scattering of the solvent; the peaks marked with ** is the second order of the excitation
light.

Fluorescence lifetime measurements
The fluorescence lifetimes of DTT and DAT were measured with the TC-SPC setup in both cHex
and ACN, using λexc. = 323 nm and λdet. = 600 nm. With this excitation energy, the molecules are
excited to the Sn state and we detect the fluorescence from the S1 state. The fluorescence decay curves
could be properly fitted when a rise time of about 15 ps was taken into account (Figure 6). This value
is close to the system response of the measurement system (FWHM ~ 20 ps) and there may thus be
some uncertainty in its precise value. The fluorescence decay time is 200 – 500 ps for DTT, and 600 –
900 ps for DAT (Table 2). Due to very poor fluorescence signal from the sample of DTT in ACN, the
data could not be fitted very accurately. However, here also a rise time is apparent.
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Table 2: Fluorescence lifetime constants of DAT and DTT in acetonitrile and cyclohexane (λexc. = 323 nm, λdet. =
600 nm).

DAT

DTT

Solvent

τ1 (ps) b

τ2 (ns) c

χ2

ACN

15

0.98

0.978

cHex

16

0.59

1.012

ACN a

8

0.54

0.818

cHex

15

0.28

1.322

a

Because of the very weak signal, the fit cannot be considered reliable

b

Rise time

c

Decay time. Relative amplitudes of the rise and decay are in all cases

approximately equal.

Figure 6: Fluorescence time profile (λexc. = 323 nm, λdet. = 600 nm) of DAT in acetonitrile. A: monoexponential fit;
B: biexponential fit.

Femtosecond transient absorption spectra
To further understand the occurrence of the Sn emission and the complex fluorescence time
profile of the S1 emission, femtosecond transient absorption measurements were performed on DAT
and DTT. With these measurements, the rate of internal conversion from the Sn state to the S1 state
can be measured with better time resolution than with the fluorescence lifetime measurements. Due
to poor solubility in cHex, DAT could only be studied in ACN. The samples have been excited to
their Sn state (λexc. = 323 nm) and the detection range was from 360 nm to 790 nm. The transient
absorption difference spectra of DTT in ACN are shown in Figure 7. The time evolution at certain
detection wavelengths is shown in Figure 8. The datasets were analysed using global analysis with
the program Glotaran, version 1.0.1. 22 To interpret the data, a sequential model is used, in which
vibrational relaxation of the Sn state, internal conversion from Sn to S1 and transition from S1 to the
ground state are considered to be the only processes following excitation. With this model, the data of
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all three samples could be fitted reasonably well and the spectra of the components as well as the
rates of the fast processes could thus be determined accurately.

Figure 7: Transient absorption difference spectra of DTT in acetonitrile (λexc. = 323 nm).

Figure 8: Time evolution of DTT in acetonitrile at selected probe wavelengths (A: λdet. = 384 nm; C: λdet. = 453
nm; B: λdet. = 413 nm; D: λdet. = 502 nm).

The transient absorption difference spectra of the various components obtained with the global
fits are shown in panels A – C in Figure 9 for DTT in ACN, DTT in cHex and DAT in ACN,
respectively. The spectrum of DTT in ACN directly after excitation (green spectrum in Figure 8A)
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shows a broad positive absorption band from 370 – 450 nm. The bleached ground state absorption
(< 350 nm) falls outside of the detection range. The initial component undergoes vibrational
relaxation with a time constant τ1 of about 1.5 ps, accompanied by narrowing of the spectral features
(Table 3). The subsequent conversion of the Sn to the S1 state is a rather slow process: while usually
internal conversion is on a picosecond time scale, a time constant (τ2) of 20 – 30 ps was found. The
third process, transition of the S1 state to the ground state, has a lifetime of 1 – 2 ns. The time window
used for the transient absorption measurements was 2.5 ns, and also because of the weak signal of the
spectra at longer time intervals, the time constant τ3 could not be measured accurately, but it is in
qualitative agreement with the fluorescence lifetime measured more reliably with the TC-SPC set up.
The Sn state (blue spectrum in Figure 9A) and the S1 state (red spectrum in Figure 9A) have an
absorption band in the range 350 – 450 nm which peaks around 380 nm. In the region 450 – 570 nm
the first two components show a very broad unstructured absorption band, and the last component
has two positive absorption bands at 475 nm and 550 nm. Since no literature data is available on
tetrazine derivatives, it is not possible to conclusively determine which transitions are involved in the
induced absorption bands.
The spectra of the three components of DTT in cHex (Figure 9B) look similar to those in ACN in
the range 350 – 450 nm, but here no obvious absorption above 500 nm is detected. Instead, the S1 state
shows a negative band from 580 – 700 nm, which may be due to stimulated S1 emission. Compared to
DTT, the absorption bands of the Sn state and the S1 state in DAT in ACN (Figure 9C) are shifted to
shorter wavelengths. Likewise, here also a negative band is present from 560 – 700 nm, consistent
with emission from the S1 state. The time constants τ1 – τ3 are listed in Table 3. The lifetimes of DTT
are similar in ACN and cHex. The relatively lower Sn emission compared to S1 emission for DAT
compared to DTT is consistent with the rate of internal conversion process of Sn state to S1 state (τ2)
which is faster for DAT (20 ps). For clarity, the kinetic profile of the components is shown in Figure
7D. In this graph, an assumption has been used that an equal amount of the Sn state population goes
to the S1 state as to the ground state.
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Table 3: Time constants from the transient absorption measurements.

DTT
DAT

τ1 (ps)

τ2 (ps)

τ3 (ns)

ACN

1.5

29

1.2

cHex

2.6

35

1.4

ACN

1.6

20

1.7

Figure 9: Evolution associated decay spectra of DTT in acetonitrile (panel A), DTT in cyclohexane (panel B) and
DAT in acetonitrile (panel C), and the kinetic profile of DTT in acetonitrile (panel D).

Discussion
The studied molecules DPT, DAT and DTT have three electronic transitions that can be discerned
in the UV/VIS spectra in the range 270 – 600 nm. These transitions could be properly reproduced and
assigned by TD-DFT calculations. The lowest excited state is an n-π* transition (S0–S1) from the nonbonding orbitals of the nitrogens to the π* orbitals of the tetrazine ring. The other two transitions are
both π-π* transitions.
Very weak fluorescence from the S1 state of these molecules is observed. In contrast, tetrazine
derivatives with chlorine or methoxy groups as substituents show substantial fluorescence from the
S1 state; for example, dichlorotetrazine has a fluorescence quantum yield of 0.11 and a fluorescence
lifetime of 58 ns.4 This implies a radiative lifetime of 530 ns, close to the reported value for DPT of 660
ns.14 A large range of substituted tetrazines, with widely varying fluorescence quantum yields, show
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similar radiative lifetimes. The weak fluorescence of the aromatic substituted tetrazines studied in the
present work fits perfectly into this picture. The lifetime of S1 emission is < 1 ns and the fluorescence
quantum yield is ≤ 0.001. 23 The excited decay times of the S1 state are longer for DAT than for DTT,
and longer in ACN than in cHex. The emission quantum yields are all low, and were not measured
accurately in the present work, but they clearly follow the same trend.
Upon excitation to the Sn state, the molecules show dual emission, not only from the S1 state but
also from a higher Sn state. Based on the energy gap law, relaxation from the Sn to the S1 state can be
expected to be a slow process. 24 Emission from a higher excited state is probable when there is a large
energy difference between Sn and S1, which is more than half of the gap between S1 and S0:

(E

Sn

)

(

)

− ES1 ≈ 1 2 ES1 − ES0 . It can therefore be expected that radiative decay from the Sn state may

compete with internal conversion to the S1 state, also since the oscillator strength of the S0–Sn
transition is a factor 100 larger than that of S0–S1. Direct emission can thus compete with this process
leading to observable emission for a higher excited state. This emission is significant and
even stronger than the S1 emission in the steady state fluorescence measurements. It should be noted
that TD-DFT calculations show that some states are present between the Sn state and the S1 state,
which should facilitate non-radiative decay via intermediate electronic states with smaller energy
gaps. It is thus somewhat surprising that emission occurs from the Sn state. This higher excited state
emission has also been observed for DPT, both in our measurements, and in reference 14, but it is
much weaker than in the cases of DAT and DTT.
From the fluorescence lifetime and femtosecond transient absorption measurements, a
quantitative picture of the photophysical behaviour of the analysed tetrazine derivatives can be
constructed (Figure 10). It is found that when the compounds are in the Sn state they can undergo
either internal conversion to the S1 state or direct emission to the ground state. Relaxation to the S1
state has been shown to be an exceptionally slow process with time constants of 20 ps for DAT and 30
ps for DTT due to a large energy gap between the Sn and S1 states. Normally this process would be
on a timescale of a few picoseconds, but as mentioned before in these molecules the internal
conversion to the S1 state is rather slow, and is also observed as a short rise time of the S1 emission in
the fluorescence time profile.
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Figure 10: Photophysical behaviour of the tetrazine derivatives.

The slow internal conversion is unusual but not unique; for example azulene has an energy gap
between the S2 and S1 state (~14,000 cm-1) similar to that of the studied tetrazine derivatives, and
shows S2 emission due to very slow internal conversion. 25 The fluorescence lifetime of this molecule
has been determined as 1.6 ns. 26 Likewise, in studies on trans-1,2-diarylethenes, it has been shown
that with relatively slow S2 – S1 conversion, other relaxation pathways become competitive, leading to
S2 emission with lifetimes in the 100-800 ps range. 27 In case of alkoxy-substituted phthalocyanines,
weak emission from a higher state along with the S1 emission is observed; this emission has an
unusual long luminescence lifetime and was attributed to ligand-centred triplet states. 28 Other
examples of compounds that exhibit (weak) higher excited state emission also show slow relaxation
to the S1 state from the emitting state, which is in the order of a few picoseconds. 29
Even then, in the tetrazine derivatives studied here, TD-DFT calculations have found that several
states in between the emitting Sn state and the S1 state. Thus, a sequence of rapid nonradiative decays
between electronic states with a small energy gap should be possible, which renders emission from
the Sn state a surprising observation. To explain the occurrence of this higher order emission, it may
be assumed that relaxation to the S1 state of these compounds does not proceed via intermediate
states and is the dominant non-radiative relaxation channel.

Conclusion
The photophysical properties of three 1,2,4,5-tetrazine derivatives with aromatic substituents
have been studied. Their absorption spectra have been compared with TD-DFT calculations, which
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are in quite good agreement. Very weak fluorescence from the S1 state is observed, since it involves a
forbidden n-π* transition.
The large variation between the fluorescence quantum yields of different tetrazine derivativesis
rather surprising.2 It has been observed that the orbital ordering is important in determining the
fluorescence efficiency of substituted tetrazines: when the HOMO is calculated to be a n-orbital,
fluorescence is efficient, when it is a π-orbital fluorescence is weak or absent.11 The case of DPT
studied here appears to be an exception to this rule. The n-π* state, however, is invariably the lowest
excited state of tetrazines, regardless of their emission efficiency and regardless of the orbital
ordering and the S1–S0 involves the same forbidden n-π* transition independent of the substituents
Thus the emission quantum yield is not controlled by the radiative process, but completely
determined by the as yet unknown nonradiative decay pathway. Therefore, we propose that the
orbital ordering is correlated with the ordering of excited states of higher energy than the n-π* state,
which are involved in the nonradiative decay channel. In particular, a high-energy π-MO naturally
gives rise to a relatively low-energy π-π* state, which is absent in the highly fluorescent tetrazines.
We note that the decay appears to be directly to the ground state, as no indication for long-lived
transient states such as triplet states has been observed in the fs-TA measurements.
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Experimental details
Computational chemistry
The quantum-chemical calculations have been performed with Gaussian 09, Revision A.02. 30 All
calculations were performed using the B3LYP/6-311+G(d) method. Vibrational frequency
calculations were performed at the same level used for the geometry optimisation. The absence of
imaginary frequencies showed that the planar structures were true energy minima.
UV/Vis and fluorescence spectroscopy
The UV/Vis absorption spectra were recorded on a double beam Varian Cary 3E
spectrophotometer, spectral range 190 to 900 nm with bandwidths down to 0.2 nm. The spectra were
recorded in rectangular 10 mm quartz cuvettes. The fluorescence excitation and emission spectra
were recorded on a Spex Fluorolog 3 spectrometer, equipped with double grating monochromators
in the excitation and emission channels. The excitation light source was a 450W Xe lamp and the
detector a Peltier cooled Hamamatsu R636-10 photomultiplier tube. To obtain a moderate signal-tonoise ratio, the slit in the excitation channel was set at a bandpass of 7 nm, the slit in the emission
channel at 4 nm and relatively long integration times of 3 seconds per point (increment 1 nm) were
used. For comparison: typical settings for routine emission measurements of brightly fluorescent
molecules (ΦF ≥ 0.3) with excellent S/N ratio is a slit width in both channels of 2 nm and an
integration time of 0.5 seconds per point. The fluorescence spectra were corrected for the wavelength
response of the detection system. For the measurement of quantum yields, Perylene Orange in
toluene (ΦF = 0.99) 31 was used as a reference. In order to overcome the large difference in emission
intensities of sample and reference, the reference signal was attenuated using a calibrated neutral
density filter in the excitation channel. Fluorescence decay times were measured using time
correlated single photon counting (TC-SPC; λexc. = 323 nm from a frequency-doubled cavity-dumped
DCM dye layer) on a set-up that has been described elsewhere. 32
Femtosecond transient absorption
Femtosecond transient absorption spectra were obtained using a setup in our laboratory. 33 The
laser system is based on a Spectra Physics Hurricane Ti-sapphire regenerative amplifier system. The
optical bench assembly of the Hurricane includes a seeding pump laser (Mai Tai), a pulse stretcher, a
Ti-sapphire regenerative amplifier, a Q-switched pump laser (Evolution) and a pulse compressor.
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The output of the laser is at 800 nm (fwhm = 130 fs) at a repetition rate of 1 kHz. The pump probe
setup employed a full spectrum setup based on an optical parametric amplifier (Spectra-Physics
OPA) as a pump. The residual fundamental light (150 μJ/pulse) from the pump OPA was used for
the generation of white light. The OPA was used to generate excitation pulses at 323 nm (fourth
harmonic signal of the OPA). The polarisation of the pump-light was controlled by a Berek
Polarisation Compensator (New Focus). The Berek-polariser was always included in the setup to
provide magic angle conditions. The probe light was passed over a delay line (Physik Instrumente,
M-531DD) that provided an experimental time window of 2.5 ns with a maximum resolution of 0.6
fs/step. The white light generation was accomplished by focussing the fundamental (800 nm) into a
calcium fluoride plate. The angle between the pump and the probe beam was typically 7 – 10°.
Samples were prepared in quartz cuvette (l = 2 mm) to have an optical density of 2.0 at the excitation
wavelength and were stirred with a “stirring finger” to avoid heating and sample decomposition by
the laser beams. For the white light/CCD setup, the probe beam was coupled into a 400 μm optical
fibre after passing through the sample, and detected by a CCD spectrometer (Ocean Optics, PC2000).
The chopper, placed in the excitation beam, provides I and I0 depending on the status of the chopper
(open or closed). Typically, 2000 excitation pulses were averaged to obtain the transient at a
particular delay time. Due to wavelength dependence of the speed of light in a medium with
refractive index n > 1 there is a difference in arrival times of 1 ps between the blue and red
components of the white light (chirp). A polynomial correction for the chirp was used in the global
analysis of the datasets, which was performed using the TIMP package with the graphical interface
program Glotaran, version 1.0.1.22
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Confocal imaging studies on fluorescent dyes placed within
an array of Au dots
Abstract
A pattern of Au dots on a glass coverslip has been prepared via gold evaporation in a thermal
evaporator under vacuum conditions through a nanostencil consisting of a silicon nitride microsieve
with a hexagonal pattern of pores with a diameter of 0.45 μm. The pattern is analysed with light
microscopy and SEM. The coverslips are then functionalised with a dye and samples were
investigated with confocal microscopy imaging. From the images it is found that quenching of the
fluorescence by the small Au dots occurs. However, during the evaporation the gold diffuses on the
surface, and a halo of a thin transparent continuous Au layer is formed on the glass surface, which
suppresses the fluorescence of the chromophore.
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Introduction
In Chapters 2 and 3 the effect of gold nanoparticles on the fluorescence of nearby chromophores
has been investigated in solution. In these studies, we looked at changes in the average fluorescence
intensity of the ensemble. In this Chapter, we wish to investigate the fluorescence of a chromophore
placed between an array of gold particles using confocal microscopy.
A regular hexagonal pattern of gold is deposited on a quartz coverslip, after which it is
functionalised with a fluorescent dye. We have used the perylene monoimide derivative P011 (Figure
1; See Chapter 2) as chromophore. Our collaborators have predicted that when a perylene diimide
chromophore is sandwiched between two nanospheres, its radiative rate is strongly increased and
consequently the brightness of the molecule is enhanced. 1 Further investigations have been carried
out on systems of metal nanoparticles places in a 2-dimensional array in the XY plane (each particle
with a diameter of 25 nm). 2 These studies showed that strong fluorescence enhancement of
chromophores can take place and the factor of enhancement of the relative brightness can be up to
two orders of magnitude at interparticle distances ranging from 5 to 35 nm. In our experiments, the
pattern of Au dots provides such locations and it may be possible to find local ‘hot spots’ in the
pattern using the fluorescence of P011. At this stage, these experiments are only exploratory, and so,
the confocal microscopy studies were done on a continuous thin layer of chromophores deposited
from a solution of 10-5 M in toluene, not yet on single molecules.

Figure 1: Chemical structure of P011.

Confocal microscopy is a useful method to find exact positions where fluorescence quenching or
enhancement occurs. An advantage of this analysis tool is that is does not involve averaging over the
whole ensemble, and local ‘hot spots’ can be found this way. Microscopy experiments are a useful
tool for finding local effects of metal nanostructures. For example, on silver fractal-like structures
which are coated with a protein labelled with a chromophore revealed local positions where the
fluorescence intensity of the chromophore was increased. 3 In addition, 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. 4 Stronger enhancement of the fluorescence by
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silver dimer.4 Likewise, by depositing fluorescently labelled DNA strands on a porous silver layer,
increased fluorescence intensity of single molecules has been shown at certain positions.5 Also
stronger photoluminescence is observed in so-called “Bowtie” antennas, consisting of two metallic
triangles facing tip to tip that are separated by a small gap because of significant electric field
enhancement by coupling between the metal nanostructures.6
The technique used here to make regular and well-defined nanostructure patterns of metals or
semiconductors on surfaces is shadow mask evaporation.7,8,9 It makes use of a nanostencil (Figure 2)
consisting of a silicon nitride membrane with pre-defined patterns (microsieve) as a mask for
physical vapour deposition (PVD) of metals, or other materials, under high vacuum conditions. It is
called shadow mask evaporation since the nanostencil forms a local ‘shadow’ for the deposited
material. The nanostencil is attached to a substrate (a quartz coverslip) during evaporation of a gold
wire under ultra high vacuum conditions. It is thus possible to make nanostructures on a surface by
evaporation of metal through the holes of the nanostencil, after which it sublimes onto a substrate
(Figure 3). Three dimensional structures of metals, semiconductors or even complex oxides have been
successfully prepared using this technique.10 It is a promising tool with increasing interest in the field
of nanotechnology. One example where this method is employed is in fabrication of Si nanorods on a
surface. On a silicon layer, a thin layer of Au dots is deposited by PVD, which in turn functions as an
etching mask for the underlying silica substrates in a reactive ion beam etching process.11

Figure 2: Left: Picture of nanostencils from Aquamarijn Micro Filtration B.V. used in the shadow mask
evaporation. Middle: detail of the microsieve in the nanostencil consisting of fields of a porous layer (140 µm
wide) with non-porous beams of 3 µm; the distance between two fields is 75 µm. Right: detail of the porous layer
with the hexagonal pattern of pores of 0.45 µm diameter. Pictures courtesy of Aquamarijn Micro Filtration B.V.

For our research purposes, the shadow mask evaporation method is used to deposit a pattern of
gold islands on quartz microscopy coverslips. A number of nanostencils (Figure 2) have been
received from Aquamarijn Micro Filtration B.V.,12 and used as such. This nanostencil contains a
microsieve of silicon nitride. The sieve consists of 14 fields of a porous layer of 140 µm wide. Between
133
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received from Aquamarijn Micro Filtration B.V., 12 and used as such. This nanostencil contains a
microsieve of silicon nitride. The sieve consists of 14 fields of a porous layer of 140 μm wide. Between
each field is a non-porous beam of 75 μm wide. In addition, each layer also has a set of thin nonporous beams of 3 μm through the porous layer. The porous layer consists of a hexagonal pattern of
pores of 0.45 μm diameter. Extrapolation of the predictions of our collaborators1 indicates that if a
chromophore is placed between these Au dots, the relative brightness will be strongly enhanced. The
thickness of the microsieve itself is 1 μm.

Figure 3: Schematic representation of the gold evaporation experiments. A: Placement of the nanostencil to the
substrate; B: Evaporation of metal through the silicon nitride membrane; C: Removal of nanostencil revealing a
pattern on the substrate. Adapted from reference 8.

Results and discussion
Sample preparation
A pattern of Au dots was prepared on a quartz coverslip via gold evaporation through a
nanostencil under vacuum conditions in a Balzers thermal evaporator. The resultant pattern is
analysed with light microscopy and Scanning electron microscopy (SEM). The resultant gold pattern
can be observed with a normal light microscope, and shows the regular hexagonal pattern, as well as
the small gaps of 3 μm (Figure 4). The SEM measurements were performed at the Vrije Universiteit
Amsterdam. Based on these images (Figure 5) the hexagonal pattern of the Au dots is apparent; the
Au dots have a diameter of 400 - 500 nm and the distance between the Au dots is about 100 - 150 nm.
Not in all the Au patterns the dots were well ordered. In some cases, it is clear that an Au dot is
not present on the pattern, as can be seen in Figure 4B, and examples are found where on the sides of
the regular pattern the Au dots were somewhat scattered over the surface resulting in an irregular
pattern.
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Figure 4: Light microscopy images of different parts of the Au pattern (70 × 90 μm).

Figure 5: SEM images of the Au pattern (A: 60 × 60 μm; B: 20 × 20 μm; C: 9 × 9μm).

Figure 6: Schematic representation of the samples used and their orientation towards the excitation beam (top:
‘gold down’; bottom: ‘gold up’).

A thin layer of a pure chromophore (P011) was thereafter spincoated on these glass coverslips.
Two kinds of samples were prepared: One with a thin layer of polystyrene polymer as a spacer
between the Au pattern and the layer of chromophores (Type I), and one where the pure
chromophore was spincoated directly on top of the Au pattern (Type II) without polymer spacer. The
thickness of the polymer spacer was estimated at 40 nm. 13 At this stage, these experiments are only
exploratory; a continuous layer of chromophores has been made on the coverslips from a solution of
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10-5 M in toluene. A graphical representation of the analysed samples is shown in Figure 6. The
samples were analysed with confocal microscopy imaging. The samples can be placed on the
objective either with the glass coverslip (‘gold down’), or turned around and placed on another
coverslip (‘gold up’). In the first case the excitation light and the emitted light from the fluorescent
dye layer needs to pass through the gold layer, in the second case, the fluorescent dye is directly
excited.
Confocal microscopy imaging
Type I: ‘gold down’ approach
The coverslip with the polystyrene spacer between the Au pattern and the chromophore layer
was placed on the objective of the microscope face up, so that the Au pattern is underneath the
chromophore (‘gold down’). The samples are excited with light of 488 nm and the fluorescence from
the sample, after passing the dichroic mirror, passes through a notch filter and an emission filter, to
remove reflected and scattered laser light, before it reaches the detector.13 A 2-dimensional
fluorescence image in the XY plane has been made of the sample in this configuration. An example is
shown in Figure 7; the light microscope image is shown in Figure 7A. The corresponding
fluorescence image is shown in Figure 7B as an inverse contrast image in which dark means high
fluorescence intensity. An overlay of both images is shown in Figure 7C. No fluorescence is observed
between the Au dots in the Au pattern, but at positions in the sample where no Au dots are present,
the fluorescence from the chromophore is observed. Outside the Au patterns a uniform layer of
fluorescence is detected, indicating that the chromophores are distributed fairly homogeneously. The
fluorescence image itself is exactly complementary to the image of the light microscope. On the
border of the Au patterns a thin line corresponding to the gap of 3 μm between the regular patterns
of fluorescence can be observed (Figure 7B). The cross-section perpendicular to this line is shown in
Figure 7D. It has a constant width (FWHM = 2 μm) along the line that is somewhat thinner than the 3
μm gap between the Au dots, and the intensity does not change either. Moving towards the end of
the pattern, the Au pattern becomes thinner and the fluorescence intensity increases gradually. This
is shown in the three parallel cross-sections shown in Figure 7E. The fluorescence lifetime of the
sample (~ 3.7 ns) does not vary, which suggests that all detected fluorescence stems only from nonquenched chromophore.
A part of the sample with defects on the Au pattern is shown in Figure 8. The fluorescence
intensity image in Figure 8B shows that the emission can be observed through large, but also through
small defects, on the Au pattern. Moreover, the overlay image (Figure 8C) indicates that the
fluorescence is observed through all defects in the patterns, indicating that the polymer film and the
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chromophore layer are uniformly present on the Au pattern and that the polymer solution has not
floated off the rough surface of the pattern during spincoating (lotus effect 14).

Figure 7: Results of the confocal microscopy imaging: type I sample, ‘gold down’. A: Light microscopy image (70
× 80 μm); B: Fluorescence image (inverse contrast, dark means high intensity; 80 × 80 μm); C: Overlay of both.
Panels D and E: cross-sections of the fluorescence intensity along the lines shown in panel B.

Figure 8: Results of the confocal microscopy imaging: type I sample, ‘gold down’. A: Light microscopy image (70
× 80 μm); B: Fluorescence image (inverse contrast; 80 × 80 μm); C: Overlay of both (45 × 45 μm).
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Type I samples: ‘gold up’ approach
To verify whether the Au pattern is transparent for the wavelengths of excitation and emission,
the sample is turned so that the Au pattern is above the chromophore layer with regard to the
excitation beam (‘gold up’ approach). In this setting, the incident laser light and the emission light do
not have to go through Au the pattern. The fluorescence image of such a sample consists of a
homogeneous layer independent of the presence of the pattern (Figure 9A) and in this case, no
influence of the Au pattern is observed.

Figure 9: A: Fluorescence image (inverse contrast; 80 × 80 μm) of the type I sample, ‘gold up’. B: Reflection image
(inverse contrast; 80 × 80 μm) of the Au pattern without loading of polystyrene spacer or chromophore, using an
increased excitation laser power.

When the laser power of the excitation light is increased by nearly three orders of magnitude, the
reflected laser light is not completely suppressed by the emission filters, so that it is detected by the
detectors. The reflection of the gold allows the observation of the Au pattern on the coverslip, which
is not functionalised with the chromophore (Figure 9B). The gap of 3 μm is also visible in such a
fluorescence image. By this means, in the type I ‘gold up’ samples, both fluorescence of the
chromophore and reflection of the gold pattern can be detected in one image (Figure 10). The black
line in the cross-section across the gap (Figure 10C) is averaged over multiple cross-sections which
themselves are indicated in gray. The FWHM is the same as in the previous samples (‘gold down’
approach). As there appears no evidence of quenching, it is believed that the absence of fluorescence
from the gold pattern in the ‘gold down’ samples is solely caused by a shielding effect of a
continuous layer of gold on the Au pattern. In addition, the fluorescence lifetime of this sample does
not differ from that of the normal chromophore.
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Figure 10: Results of the confocal microscopy imaging: type I sample, ‘gold up’. A: Light microscopy image (70 ×
70 μm); B: Fluorescence image with increased laser intensity (inverse contrast; 80 × 65 μm). Panel C: cross-section
of the fluorescence intensity along the line shown in panel B.

Type II samples: ‘gold down’ approach
The second set of samples does not contain a polymer spacer, but instead the chromophore is
directly spincoated on top of the Au pattern (type II samples). The fluorescence images (Figures 11
and 12) of these samples when viewed through the Au pattern reveal that, like in the type I samples,
no fluorescence is observed between the Au dots in the regular Au pattern. The fluorescence images
on the defects of the Au pattern show fluorescence of the chromophores except in close proximity of
the Au dots. For example in Figure 11B, the shape of the fluorescence matches the shape of the Au
pattern in the same area. The distance in which the fluorescence is suppressed, however, is much
larger than is expected. A close-up on one area (Figure 11C) clearly indicates that the fluorescence
intensity is diminished at distances > 1 μm from an Au dot. On the border of the Au patterns a thin
line of fluorescence can be observed, corresponding to the gap of 3 μm between the regular patterns.
The width of this line (FWHM in Figure 11E: a: 1.1 μm, b: 1.3 μm, c: 1.5 μm) and the fluorescence
intensity (Figure 11D) vary when going along the layer. In addition, the width is clearly less than that
of the type I sample.
Some clusters of aggregates of chromophores can be seen in the light microscopy images (Figure
12A); these aggregates are also clearly visible in the fluorescence images (Figure 12B). Using them as
anchors, the two images can be overlaid. It is in this case found that at positions on the irregularities
of the Au pattern, the fluorescence intensity is lower than at positions of the sample where no gold is
present (outermost left in Figure 12). It seems likely that, on the substrate, there is a layer of Au that is
not visible with the light microscope, which quenches the fluorescence of the chromophore.
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Figure 11: Results of the confocal microscopy imaging: type II sample, ‘gold down’. A: Light microscopy image
(70 × 70 μm); B: Fluorescence image (inverse contrast; 80 × 80 μm). Panel C: Overlay of the light microscopy
image and the fluorescence image (30 × 30 μm). Panel D: Cross-section of the fluorescence intensity (logarithmic
scale) along the 3 μm gap. Panel E: Cross-section of the fluorescence intensity along the lines shown in panel B.

Figure 12: Results of the confocal microscopy imaging: type II sample, ‘gold down’. A: Light microscopy image
(70 × 80 μm); B: Fluorescence image (inverse contrast; 80 × 80 μm); C: Overlay of both. Aggregates of
chromophores are encircled in Panels A and B.
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Type II samples: ‘gold up’ approach
The sample is turned so that the Au pattern is above the chromophore layer with regard to the
excitation beam. These images show that fluorescence of the chromophore on top of the regular Au
pattern is completely quenched whereas the fluorescence is observed in defect areas or outside the
Au pattern (Figure 13 and 14). Interestingly, as is shown at certain positions in Figure 13B, the
fluorescence appears to be also quenched at places where no Au dots are visible in the light
microscopy image. This observation is also found in Figure 14. In this figure, the fluorescence image
is shown from the 75 μm gaps between two porous fields of the nanostencil. The regular Au pattern
is apparent by the absence of fluorescence, but cannot be observed with the light microscope. The
distance of the fluorescent layer on this area is much less (Figure 14B; FWHM = 59 μm) than that of
the actual beam. This indicates that the fluorescence is still quenched at a distance of 7 μm from the
Au pattern at both sides, presumably by a dispersed layer of gold.

Figure 13: Results of the confocal microscopy imaging: type II sample, ‘gold up’. A: Light microscopy image (60
× 70 μm); B: Overlay with the fluorescence image (40 × 40 μm).

Figure 14: Results of the confocal microscopy imaging: type II sample, ‘gold up’. A: Fluorescence image (inverse
contrast; 80 × 80 μm); B: cross-section of the fluorescence intensity along the lines shown in panel A.
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Discussion
When the sample with a polymer spacer between the gold and the fluorescent dye is illuminated
from below, through the gold, emission is only observed in the areas in which gold is not present, but
not in the holes in the gold pattern. When the sample is turned, and the fluorescent layer illuminated
directly, strong fluorescence is observed, which is not quenched by the gold layer. The observation
that fluorescence is not observed in the first experiment may be explained by the non-transparency of
the gold layer, while it is known that metallic films with small submicrometre cylindrical holes
transmit light. 15. It appears that also in areas close to the deposited gold no light is passed though the
sample. This suggests that the deposition process is accompanied by some blurring of the gold layer,
as illustrated in Figure 15. The pattern itself is consequently not transparent and blocks the excitation
and emission of the chromophore that needs to pass through the Au pattern to reach the detector.
This ‘shielding’ effect can explain the complete absence of detected fluorescence from the
chromophore on the Au pattern
.

A

B

Figure 15: A: Schematic representation of the blurring of the deposited nanostructures occurs due to diffusion of
the gold.9 B: Proposed resultant nanopattern after evaporation with a continuous layer of gold formed on the
pattern.

Towards the edge of the Au pattern, the thickness of the Au pattern decreases and therefore the
pattern is more transparent; a slight increase of fluorescence signal from this area compared to that
from the middle of the pattern is observed. When the sample is turned, the fluorescence can be
directly monitored. When a spacer (polystyrene film) is present between the chromophore layer and
the Au pattern is present (type I samples), no evidence of quenching or enhancement of the
fluorescence is found. In this case, the distance between the Au pattern and the chromophore is likely
too large to have an effect. When the chromophore is spincoated directly on top (type II samples), the
regular Au pattern completely quenches the fluorescence as can be seen when the sample is placed
- 142 -

Chapter 6

‘gold up’. Interestingly, close to isolated Au dots, the fluorescence is suppressed for a relatively long
distance, in the order of micrometres; this cannot be explained by quenching due to distinct Au dots.
It is more probable that the diffusion during the preparation of the Au pattern results in the
formation of a halo around the Au dots.

Conclusion and perspectives
The Au pattern has been successfully prepared on glass coverslips. It has been studied using SEM
and can also be observed with light microscopy. Studies using confocal imaging indicated that Au
dots indeed quench the fluorescence of the chromophore when it is spincoated directly on top. It is
also shown that the Au layer does not consist of satisfactorily separated Au dots but instead a
continuous layer of gold has formed during the evaporation, by blurring of the deposited
nanostructures due to diffusion of the gold (Figure 15). The layer is even too thick to be transparent
for light to pass through, and it shields the excitation light and fluorescence of the chromophore.
Advances in preparing a more distinct pattern of Au dots need to be sought. Clearly it is of
importance that the nanoparticles are well isolated. A way to remove the diffused gold atoms is by
corrective etching,9,16 which has been also used to improve nanostructures with smaller dimensions
than the Au pattern used in our experiments. The etching time in this cleaning method needs,
however, be tuned properly since it depends on various factors (material, thickness). To obtain a
pattern of Au dots in which the distance between them is larger, the pattern on the microsieve could
be changed. Preferably, also the pore size needs to be smaller than is the case in our experiments.
Another way to obtain sharper cone-shaped Au dots is by treating the silicon nitride with a self
assembled monolayer of alkyl and perfluoroalkyl chains. 17 This treatment reduces the diffusion of
gold atoms and also prevents clogging of the microsieve. Alternative methods that do not involve the
nanostencil can also be considered. For example, annealing of a metal surface yields structured metal
nanostructures, 18 but this method does not provide well ordered patterns. An elegant method is Au
deposition through a shadow mask consisting of a highly ordered monolayer of nanospheres. 19,20
This technique is used to fabricate regular arrays of prismatic shaped Au particles with sufficient
distance between them.20 By exposing these nanoparticles with intense nanosecond pulsed laser light,
the shape of these particles can be changed into colloids while maintaining the regularity of the
array. 21 Another possibility to prepare well-defined Au surfaces is to selectively protect certain
regions of a gold layer with a self assembled monolayer of alkanethiols, followed by etching away of
the unprotected Au surface. 22
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Experimental Details
Sample preparation
The nanostencil was fixed to a quartz coverslip which was placed on a holder with the microsieve
facing down and put into a Balzers evaporator, approximately 30 cm above the evaporation source.
The source consists of a Tungsten spiral which is heated by passing a current through the spiral. Next
to the sample a microscope slide was placed as a reference to monitor the progress of Au evaporation.
A gold wire of 0.1 g was put inside the Tungsten spiral and the chamber was brought to high vacuum
(2 - 2.5 × 10-6 bar) before the evaporation of gold was started. After evaporation of the gold, the
microsieve was carefully taken off the coverslip. The pattern of 14 gold ‘stripes’ on the coverslips
with inside a regular hexagonal pattern of small dots can be observed using a light microscope.
Next, the coverslips were thereafter functionalised with a fluorescent compound. In this case, we
opted for P011 (see Chapter 2). The Type I samples were prepared by putting a thin layer of
polystyrene as spacer on the gold pattern by spincoating a solution of 2% polystyrene in toluene,
using standard settings consisting of two successive spincoating programs: 30 s with spinning rate of
6000/min followed by 10 s with spinning rate of 300/min. Hereafter the chromophore is spincoated
on top using a solution of approximately 10-5 M of chromophore in toluene. Additionally, samples
were prepared on which the molecule was spincoated on top of the Au dots without the usage of a
spacer (Type II).
Confocal microscopy experiments
The confocal microscopy experiments were conducted using a MicroTime 200 confocal
microscope from PicoQuant GmbH in our laboratory.13 Briefly, the laser system is based on a
titanium:sapphire laser (Chameleon Ultra-II, Coherent). The output of the laser is tuned at 976 nm, at
a repetition rate of 80 MHz. The frequency of the laser light was doubled to generate excitation pulses
of 488 nm using a second harmonic generator (SHG). The excitation light was coupled into the
adapted confocal unit via a polarisation maintaining monomode fibre. An excitation filter
(HQ480/40x, Chroma Tech.) was placed in front of the excitation beam and a dichroic mirror (Z488
RDC, Chroma Tech.) reflected the excitation light to the sample. The emission light passed through
the dichroic mirror, a notch filter (488NF, Semrock), a pinhole of 50 µm in diameter and an emission
filter (HQ510LP, Chroma Tech.) to a single photon avalanche diode (SPCM-AQR-13, Perkin Elmer).
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Typical laser power in these experiments was 100 nW. The fluorescence images were obtained by XYscanning.
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Summary
Nanostructures of noble metal (copper, silver, gold, etc.) can influence the photophysical
properties of nearby molecules, because of the interaction of the so-called surface plasmon resonance
of the metal nanostructure with the molecular transition dipole. The surface plasmon resonance,
loosely defined as collective excitation of the free electrons within the metal nanostructure, has an
effect on the local electromagnetic field up to hundreds of nanometres, which in turn is ‘felt’ by a
molecule in close proximity of the nanostructure. Consequently, the fluorescence intensity of such a
molecule is increased (enhancement) or weakened (quenching). In this Thesis, the fluorescence of
chromophores which are chemically connected to metal nanoparticles is investigated. Chapter 1
explains the concept of metal enhanced fluorescence and gives examples of quenching and
enhancement of the fluorescence of chromophores found in literature.
In the research described in the Thesis, chromophores were placed in the vicinity of gold
nanoparticles (AuNPs) via a disulfide group, which can bind to the surface of the nanoparticle. The
results of these studies are discussed in Chapters 2 and 3. For this purpose, two different
chromophores were synthesised. A perylene monoimide based chromophore that was connected to a
disulfide group via a tetraethyleneglycolalkyl chain (PMIdS) is described in Chapter 2. A 4-amino
substituted naphthalimide derivative was connected to a cyclic disulfide moiety which stems from
thioctic acid (TNI) as described in Chapter 3. Thereafter, AuNPs were functionalised with these novel
molecules after which changes in the fluorescence from the chromophores were examined. According
to quantum chemical calculations strong quenching of fluorescence of both the chromophores should
take place following binding with AuNPs as a result of efficient excitation energy transfer from the
dye to the particle. Factors such as the size of the metal nanoparticles, distance of the chromophore
from the surface, and the relative orientation are important variables in the extent of quenching or
enhancement of the fluorescence. In a longitudinal orientation, fluorescence enhancement may take
place, whereas in a perpendicular alignment only quenching is predicted as in that case there is no
co-linearity between the transition moment of the chromophore and the AuNP-induced dipole. The
binding of disulfides to AuNPs was investigated using fluorimetric titration experiments, in which
unfunctionalised AuNPs are added to a solution of the chromophore. Indeed, strong quenching of
the fluorescence is observed. Using two different types of disulfide linker, the binding efficiency to
gold nanoparticles could be compared. It was found for the linear disulfide that under the used
conditions their affinity for the gold surfaces is smaller than usually presumed and complexation of
the disulfide leads to an equilibrium (association constant K = 5 × 105 M-1) instead. Desorption of the
chromophore from the surface of the nanoparticles at low concentrations is confirmed using
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fluorescence correlation spectroscopy; the appearance of free PMIdS ligands from a purified sample
of fully functionalised AuNPs was observed over a period of several days. By this means, the
fluorescence lifetimes of ‘bound’ and ‘free’ chromophores could be determined. In accordance with
the predictions, the fluorescence lifetime of the bound chromophore was much shorter than that of
the free chromophore and the extent of quenching was estimated at 95%, which is not incompatible
with the theoretical prediction. In contrast, the cyclic disulfide in TNI binds more strongly to the metal
nanoparticles since in this case two gold sulfur bonds are formed, and desorption from the surface is
less likely to occur. In this case, the fluorescence of the total mixture is reduced to 23%. The remaining
fluorescence is assigned to unbound chromophore in the solution. In a competition experiment, using
both TNI and PMIdS, the fluorescence of TNI decreases faster than that of PMIdS; this confirms that
the two types of disulfides have different binding efficiencies with the gold surface. Studies on TNI
also revealed biexponential fluorescence decay. The short component is tentatively assigned to the
result of intramolecular photoinduced electron transfer from the disulfide group to the
naphthalimide moiety. This process is more pronounced in non-polar solvent, since the aliphatic
chain can fold by, for example, forming intramolecular hydrogen bonds, and in this folded
conformation these two parts are closer together than in an extended conformation which explains
the biexponential decay because of conformational heterogeneity.
In Chapter 4 facile syntheses of derivatives of perylene monoimides (PMI) and perylene diimides
(PDI) bearing reactive carboxylic acid groups are described. The functional group can be used to
incorporate these chromophores into multifunctional molecular systems. In addition, a novel method
has been found to prepare asymmetric N,N’-substituted PDI derivatives. The photophysics of these
compounds was studied and it was found that the inclusion of a functional group on the imide site
does not have an effect on the properties of the chromophore. Therefore, the parent PMI and PDI
derivatives could still be used as model chromophores. Substitution on the 9-position of PMI
derivatives with an electron-rich group results in push-pull systems with solvatochromic absorption
and fluorescence. Two PMI derivatives bearing an alkoxy group on this position were prepared and
studied. Conveniently, this type of molecule can readily be incorporated as an environment-sensitive
fluorescent probe. Using photodegradation experiments, their photostability was evaluated and it
was found that this type of compound is sufficiently photostable against high laser powers and they
are good candidates to be used as probe in confocal imaging and even for single molecule detection.
Other chromophores that can be employed in research towards fluorescence enhancement by
metal nanoparticles are considered. Weakly fluorescent chromophores may more likely encounter
metal-enhanced fluorescence, since the metal nanoparticles could strongly enhance the radiative
decay rate and the rate of absorption, whereas the effect of metal nanoparticles may only be limited
on strong fluorescent molecules because the fluorescence quantum yield is already high. Di-aryl
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substituted 1,2,4,5-tetrazine derivatives, which are studied in Chapter 5, have a low fluorescence
quantum yield and their absorption bands have good overlap with the surface plasmon band of gold
nanoparticles. In this Chapter, we focus on the photophysical behaviour of this type of chromophore.
The predicted transitions from the TD-DFT calculations correspond well with the experimental
absorption spectra. The electronic transitions could be assigned on the basis of these TD-DFT
calculations. Excitation to the first excited state results in weak fluorescence (Φf ≈ 10-4 – 10-3).
Interestingly, fluorescence from a higher excited state is found upon excitation to a higher energy
state. Time-correlated single photon counting (TC-SPC) and femtosecond transient absorption (fs-TA)
measurements were carried out to elucidate the fast processes after excitation to the S n state. These
measurements showed that internal conversion from the Sn state to the first excited S1 state is on time
scales of 20 - 30 ps. It is postulated that this process is so remarkably slow because of the large energy
gap between the two states, despite the fact that several other states exists between them. This slow
internal conversion explains the presence of higher excited state emission since direct emission can
thus compete with this process leading to observable emission for a higher excited state.
Instead of studying the fluorescence of chromophores in solution, confocal microscopy was
employed as a useful tool in a search for local ‘hot spots’. In Chapter 6, an array of gold nanodots was
deposited on a glass coverslip via gold evaporation in a thermal evaporator under vacuum
conditions through a nanostencil which was thereafter functionalised with a perylene monoimide
derivative. This way, it would have been possible to find exact positions where the fluorescence is
enhanced, for example, when the chromophore is sandwiched between two gold dots. When a spacer
consisting of a polystyrene film is spincoated between the gold pattern and the chromophore, no
evidence of quenching or enhancement of the fluorescence is found. However, when the
chromophore layer is directly on top of the gold pattern, the fluorescence is completely quenched.
On the regular pattern, the Au layer is even too thick to be transparent for light to pass through, and
it shields the excitation light and emission of the chromophore. During the preparation of the regular
gold pattern by shadow mask evaporation through a nanostencil, the gold atoms could diffuse and
which resulted in a halo of a thin transparent continuous Au layer on the surface.
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Zusammenfassung*
Nanostrukturen von Edelmetallen (Kupfer, Silber, Gold, etc.) können die photophysischen
Eigenschaften

von

Molekülen

in

der

Nachbarschaft

seitens

der

sogenannten

Oberflächenplasmonenresonanz beeinflussen. Dieser Prozess, definiert als kollektive Exzitation der
Leitungselektronen im Metall, hat Effekte auf das lokale elektromagnetische Feld bis zu einigen
Hundert Nanometern. Das Feld wird ‚gefühlt‘ durch ein Molekül dicht bei der Nanostruktur. Infolge
wird die Fluoreszenz-Intensität erhöht (Verstärkung) oder geschwächt (Auslöschung). In der
Forschung die diese These umfasst, werden Chromophoren welche an Metall-Nanopartikeln
befestigt sind, untersucht. Kapitel 1 erklärt das Konzept von metallverstärkter Fluoreszenz und gibt
Literaturbeispiele von Verstärkung oder Auslöschung der Fluoreszenz von Chromophoren.
Kapitel 2 und 3 beschreiben die Forschung der Chromophoren in der Nähe von GoldNanopartikeln (AuNPs) bei einer Disulfid-Gruppe, welche sich mit der Oberfläche der Nanopartikeln
binden kann. Für diese Zwecke sind zwei verschiedene Chromophoren synthetisiert. Ein auf Perylen
monoimid basierendes Chromophor das mit einer Disulfid-Gruppe via tetraethyleneglycolalkyl-Kette
(PMIdS) verbunden war, ist in Kapitel 2 bezeichnet. Ein 4-amino substituiertes Naphthalimid-Derivat
ist verbunden mit einem cyclischen Disulfid, stammend aus Liponsäure, bezeichnet in Kapitel 3.
Danach werden AuNPs mit diesen neuen Molekülen funktionalisiert und anschließend die
Veränderungen der Fluoreszenz der Chromophoren studiert. Quantenchemische Berechnungen
sagen eine starke Auslöschung der Fluoreszenz von beiden Chromophoren infolge effizienter
Energieübertragung vom Chromophor zum Nanopartikel vorher. Faktoren wie das Format der
Nanopartikeln, der Abstand des Chromophors von der Oberfläche, und die relative Orientierung
sind wichtige Variablen für den Grad der Auslöschung oder die Verstärkung der Fluoreszenz.
Verstärkung der Fluoreszenz kann in Längsrichtung erfolgen, während im Falle einer senkrechten
Orientierung nur Auslöschung vorhersagt wird, weil es keine Kollinearität zwischen dem
Übergangsdipolmoment des Chromophors und dem Dipol, induziert durch den Gold Nanopartikel,
gibt. Die Adsorption der Disulfide am AuNPs wird mittels fluorimetrischen Titrations Experimenten
untersucht, wobei eine Lösung mit nicht-funktionalizierten AuNPs der Chromophor-Lösung
zugefügt wird. Dabei wird tatsächlich starke Löschung der Fluoreszenz des Chromophors
beobachtet. Die Bindungseffizienz der zwei Disulfid-Typen am AuNPs kann verglichen werden.
Unter den verwendeten Konditionen wird für das lineare Disulfid in PMIdS beobachtet, dass die
Affinität des Disulfids geringer ist als normalerweise angenommen und so ist die Komplexation der
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Disulfide reversibel und resultiert in ein Gleichgewicht (Assoziationskonstante K = 5 × 105 M-1).
Desorption des Chromophors von der Oberfläche der Nanopartikeln bei geringer Konzentration ist
mittels Fluoreszenz-Korrelations-Spektroskopie bestätigt. Von einer gesäuberten Probe mit völlig
funktionalisierten AuNPs werden nach einigen Tagen ‚freie’ PMIdS Liganden beobachtet. Mit dieser
Analysemethode

können

die

Fluoreszenzlebensdauern

von

‚gebundenen‘

und

‚freien‘

Chromophoren determiniert werden. Im Einklang mit Vorhersagen ist die Fluoreszenzlebensdauer
von gebundenen Chromophoren viel kürzer als die von freien Chromophoren. Der Grad der
Auslöschung wird auf 95% geschätzt, was sich nicht mit der theoretischen Vorhersage spießt. Das
zyklische Disulfid in TNI bindet stärker am AuNPs, weil hier zwei Gold-Schwefel Bindungen
entstehen und Desorption von der Oberfläche ist weniger wahrscheinlich. In diesem Fall ist die
Fluoreszenz-Intensität auf 23% vermindert. Der Rest der Fluoreszenz wird dem nicht-gebundenen
Chromophor in der Lösung zugeschrieben. Die verschiedene Affinität der zwei Disulfid-Typen mit
der Gold-Oberfläche ist in einem Competition-Experiment mit TNI und PMIdS bestätigt, woraus folgt
dass die Fluoreszenz-Intensität von TNI schneller abnimmt als die von PMIdS. Bei den
photophysischen Studien am TNI ist ein bi-exponentieller Zerfall zu finden. Die kurze Komponente
ist vorläufig einem intramolekularen photoinduzierten Elektronen-Transfer von der Disulfid-Gruppe
zur Naphthalimid-Gruppe zugeordnet. Dieser Prozess ist deutlicher in non-polaren Lösungsmitteln,
weil sich die aliphatische Kette falten kann, durch das Formen der intramolekularen
Wasserstoffbrücken. In diesem gefalteten Zustand sind die twei Teile näher zusammen als in einer
länglichen Form, also wird der bi-exponentielle Zerfall erklärt durch konformationelle Heterogenität.
In Kapitel 4 werden einfache Synthesen von Perylen monoimiden (PMI) und Perylen imiden (PDI)
Derivaten mit einer reaktiven Carbonsäure beschrieben. Die funktionelle Gruppe kann verwendet
werden um diese Chromophoren in multifunktionelle molekulare Systeme einzubauen. Außerdem
ist damit eine neue Synthese für asymmetrisch N,N‘-substituierte PDI-Derivate gefunden. Die
Photophysik dieser Verbindungen wurde untersucht und die Eigenschaften der Chromophoren sind
nicht empfindlich für die Anwesenheit der Carbonsäure. Also können die Stammverbindungen PMI
und PDI als Modellverbindungen gebraucht werden. Substitution an die 9-Position der PMI Derivate
mit einer elektronenreichen Gruppe zeigt ein sogenanntes ‚push-pull‘ System welches demnach
solvatochrom ist. Zwei PMI Derivate mit einer Alkoxy-Gruppe an der 9-Position würden
synthetisiert und studiert. Dieser Typ Chromophor kann als eine sensitiv Fluoreszenzmarker benutzt
werden. Die Photostabilität würde mittels Photodegradierungsexperimenten eingestuft. Diese
Verbindungen haben ausreichende photochemische Beständigkeit gegen hohe Laserleistungen und
sie sind geeignete Kandidaten als Fluoreszenzmarker in konfokalen Mikroskopen und sogar für die
Detektion von einzelnen Molekülen.
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Auch auf andere Chromophoren welche für die Suche nach verstärkter Fluoreszenz verwendet
werden können, wird eingegangen. Schwach fluoreszierende Chromophoren können mit höherer
Wahrscheinlichkeit Metallen verstärkter Fluoreszenz begegnen, weil die Metall-Nanopartikeln die
Geschwindigkeit des radiatives Zerfalls und der Absorption erhöhen kann. Die Netto-Erhöhung der
Fluoreszenz-Intensität

durch

Metall-Nanopartikeln

ist

limitiert

für

stark

fluoreszierende

Chromophoren, weil die Fluoreszenz- Quantenausbeute schon von Haus aus hoch ist. Die di-aryl
substituierten 1,2,4,5-tetrazin-Derivate, studiert in Kapitel 5, habe eine geringe FluoreszenzQuantenausbeute

und

ihre

Absorptionsbande

haben

eine

gute

Überlappung

mit

der

Oberflächenplasmonenresonanz von Gold Nanopartikeln. In diesem Kapitel liegt der Fokus auf den
photophysischen Eigenschaften dieser Chromophoren. Die vorhergesagten Übergänge aus den TDDFT Berechnungen stimmen mit dem experimentellen Absorptionsspektrum überein. Die
elektronischen Übergänge können so basierend auf diesen TD-DFT Berechnungen zugewiesen
werden. Exzitation nach dem erstem angeregten Zustand resultiert in sehr schwacher Fluoreszenz
(Φf ≈ 10-4 – 10-3). Jedoch, nach Exzitation zu einem höherem angeregten Zustand (Sn Zustand) liegt
auch

Fluoreszenz

von

einem

höheren

energetischen

Zustand

vor.

Zeitkorrelierte

Einzelphotonenzählung (TC-SPC) und femtoseconde transiente Absorptions (fs-TA) -Experimente
sind gemacht um die schnellen Prozesse nach Exzitation zum Sn Zustand zu erklären. Diese
Messungen zeigen, dass die innere Konversion des Sn Zustands nach dem S1 Zustand auf Zeitskalen
von 20 - 30 ps beträgt. Es wird angenommen dass dieser Prozess durch die relativ große
Energiedifferenz zwischen diesbezüglichen Zuständen, trotz der Tatsache dass dazwischen mehrere
Zustände vorhanden sind, so außerordentlich langsam ist. Die langsame innere Konversion erklärt
die Emission aus dem höheren angeregten Zustand, weil direkte Emission mit diesem Prozess
konkurrieren kann.
Als Alternative zu den Studien an Chromophoren in Lösung, wie beschrieben, wird konfokale
Mikroskopie betrachtet, als ein nützliches Werkzeug bei der Suche nach lokalen ‘hot spots’. In Kapitel
6 wird ein zweidimensionales Muster von Gold-Nanodots an einen Glas-Objektträger mittels
Sublimation von Gold durch ein Nanostencil bei Hoch-Vakuum, gesetzt. Anschließend ist das Muster
funktionalisiert mit einer Dünnschicht von Chromophoren (ein Perylen monoimid Derivat). Dadurch
wäre es möglich exakte Positionen zu finden wobei die Fluoreszenz verstärkt ist, zum Beispiel wenn
das Chromophor zwischen zwei Nanodots gesetzt wird. Kein Anzeichen von Verstärkung oder
Auslöschung der Fluoreszenz ist in Proben mit einer Schicht von Polystyrol zwischen Gold-Muster
und Chromophor erkennbar. Im Gegensatz dazu ist die Fluoreszenz völlig ausgelöscht, wenn das
Chromophor direkt am Gold-Muster liegt. Die Gold-Lage am regelmäßigen Muster ist zu dick um
Licht durchzulassen und als Folge werden Exzitations- und Emissionslicht blockiert. Während der
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Präparation des regelmäßigen Gold-Musters können die Goldatome diffundieren; also entsteht eine
dünne fortwährende Gold-Lage an der gläsernen Oberfläche.
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Nanostructuren van edelmetaal (koper, zilver, goud, etc.) kunnen de fotofysische eigenschappen
van moleculen in de nabijheid beïnvloeden vanwege de zogeheten oppervlakteplasmonresonantie.
Dit proces, grofweg gedefinieerd als de collectieve excitatie van de vrije elektronen binnen de
metaalnanostructuur, heeft invloed op het locale electromagnetische veld tot aan enkele honderden
nanometers. Dit veld wordt ‘gevoeld’ door een molecuul dichtbij de nanostructuur. Als gevolg
hiervan wordt de fluorescentie-intensiteit van zo’n molecuul versterkt of verzwakt (uitdoving). In het
onderzoek dat dit proefschrift omvat wordt de fluorescentie bestudeerd van chromoforen, die
gebonden zijn aan metaalnanodeeltjes. In hoofdstuk 1 wordt versterkte fluorescentie onder invloed
van metaalnanostructuren uitgelegd en worden enkele literatuurvoorbeelden van versterking en
uitdoving van de fluorescentie van chromoforen worden gegeven.
Hoofdstukken 2 en 3 beschrijven het onderzoek naar chromoforen die geplaatst zijn in de
nabijheid van goud nanodeeltjes (AuNPs) met behulp van een disulfide groep welke kan binden aan
het oppervlak van de nanodeeltjes. Voor deze doeleinden zijn twee verschillende chromoforen
gesynthetiseerd. Een op peryleen monoimide gebaseerde chromofoor verbonden met een disulfide
door middel van een tetraethyleenglycol-alkyl keten (PMIdS) wordt beschreven in hoofdstuk 2. Een
derivaat van 4-amino naftaalimide (TNI) is verbonden met een cyclische disulfide, afkomstig van
liponzuur, zoals beschreven in hoofdstuk 3. Hierna zijn AuNPs gefunctionaliseerd met deze nieuwe
moleculen en nadien zijn veranderingen in de fluorescentie van de chromoforen bestudeerd.
Kwantumchemische berekeningen voorspellen een sterke uitdoving van de fluorescentie van beide
gebruikte chromoforen als een gevolg van efficiënte energieoverdracht van de chromofoor naar het
nanodeeltje. Factoren als de grootte van het nanodeeltje, de afstand van de chromofoor tot het
metaaloppervlak, alsmede de relatieve oriëntatie zijn belangrijke variabelen voor de mate van
uitdoving of versterking van de fluorescentie. Versterking van de fluorescentie kan plaatsvinden in
een longitudinale oriëntatie, terwijl bij een loodrechte richting alleen uitdoving van de fluorescentie
wordt

voorspeld

aangezien

er

in

dit

geval

geen

collineariteit

bestaat

tussen

het

overgangsdipoolmoment van de chromofoor and de dipool geïnduceerd door het goud nanodeeltje.
De adsorptie van disulfides aan AuNPs is onderzocht met behulp van fluorimetrische titratie
experimenten, waar een oplossing van niet-gefunctionaliseerde AuNPs toegevoegd werd aan een
oplossing met de chromofoor. Sterke uitdoving van de fluorescentie van de chromofoor werd
inderdaad waargenomen. De bindingsefficiëntie van de twee verschillende typen disulfides aan
AuNPs kan worden vergeleken. Onder de gebruikte omstandigheden werd voor het lineaire
disulfide in PMIdS gevonden dat de affiniteit voor het goudoppervlak lager is dan normaliter is
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aangenomen en zodoende is complexatie van het disulfide reversibel en leidt dit tot een evenwicht
(associatieconstante K = 5 × 105 M-1). Desorptie van de chromofoor van de nanodeeltjes bij lage
concentraties is bevestigd met behulp van fluorescentie correlatie spectroscopie metingen. In een
gezuiverd monster met volledig gefunctionaliseerde AuNPs werd na enkele dagen de aanwezigheid
van ‘vrije’ PMIdS liganden geconstateerd. Met deze analysemethode kan de fluorescentie levensduur
van ‘gebonden’ en ‘vrije’ chromoforen worden bepaald. In overeenstemming met voorspellingen is
de fluorescentie levensduur van de gebonden chromofoor veel korter dan die van de vrije
chromofoor. De mate van uitdoving wordt geschat op 95%, hetgeen niet in strijd is met de
kwantumchemische berekeningen. Het cyclische disulfide in TNI bindt sterker aan AuNPs, omdat
hier twee goud-zwavel bindingen ontstaan en desorptie van het oppervlak is minder waarschijnlijk.
In dit geval is de fluorescentie- intensiteit van het mengsel verminderd tot 23%. Het restant van de
fluorescentie wordt toegeschreven aan niet-gebonden chromofoor in de oplossing. De verschillende
affiniteit van de twee typen disulfides met het goudoppervlak is bevestigd in een competitieexperiment met TNI en PMIdS waaruit volgt dat de fluorescentie-intensiteit van TNI sneller
vermindert dat die van PMIdS. Bij de fotofysische studies aan TNI werd een biëxponentieel verval
van de fluorescentie gevonden. De korte component is voorlopig toegeschreven aan een
intramoleculaire fotogeïnduceerde elektronoverdracht van de disulfide groep naar de naftaalimide
groep. Dit proces is meer uitgesproken in niet-polaire oplosmiddelen, daar de alifatische keten zich
kan opvouwen onder het vormen van waterstofbruggen; in deze opgevouwen vorm zijn de twee
delen dichter bijeen dan in een uitgestrekte vorm, waardoor het biëxponentiele verval wordt
verklaard door conformationele heterogeniteit.
In hoofdstuk 4 worden goed lopende syntheses beschreven van derivaten van peryleen
monoimide (PMI) en peryleen diimide (PDI) met een reactief carbonzuur. De functionele groep kan
worden gebruikt om deze chromoforen in multifunctionele moleculaire systemen in te bouwen. Ook
is een nieuwe syntheseroute naar asymmetrisch N,N’-gesubstitueerde PDI verbindingen
geïntroduceerd. De aanwezigheid van het carbonzuur heeft geen invloed op de fotofysische
eigenschappen zelf en zodoende kunnen de oorspronkelijke PMI en PDI derivaten gebruikt worden
als model chromoforen. Substitutie op de 9-positie van PMI derivaten met elektronenrijke groepen
resulteert in zogeheten ‘push-pull’ systemen, welke solvatochroom zijn. Twee PMI derivaten met een
alkoxy groep op deze positie zijn gemaakt en bestudeerd. Dit type chromofoor kan worden gebruikt
als een fluorescerende proob die gevoelig is voor zijn omgeving. De fotostabiliteit is beoordeeld met
behulp van fotodegradatie experimenten. Deze verbindingen zijn voldoende fotostabiel tegen hoog
laservermogen en ze zijn goede kandidaten om gebruikt te worden als proob in confocale ‘imaging’
en zelfs op niveau van detectie van individuele moleculen.
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Naast de voorgaande chromoforen zijn alternatieven bekeken voor onderzoek naar versterkte
fluorescentie onder invloed van metaalnanostructuren. De metaalnanodeeltjes versterken het verval
door emissie, met dien verstande dat de netto versterking voor sterk fluorescerende moleculen
gelimiteerd is, omdat de fluorescentie-kwantumopbrengst van zichzelf al hoog is. Bij moleculen die
zwak fluorescerend zijn kan wel behoorlijke versterking van de fluorescentie-intensiteit optreden. De
di-aryl gesubstitueerde 1,2,4,5-tetrazine derivaten die zijn onderzocht in hoofdstuk 5 hebben een lage
fluorescentie-kwantumopbrengst en hun absorptiebanden hebben goede overlap met de
oppervlakteplasmonresonantie van goudnanodeeltjes. In dit Hoofdstuk ligt de focus op de
fotofysische eigenschappen van deze chromoforen. De voorspelde overgangen van de TD-DFT
berekeningen komen goed overeen met de experimentele absorptiespectra. De elektronische
overgangen kunnen zo worden toegekend op basis van de TD-DFT berekeningen. Excitatie naar de
eerste aangeslagen toestand leidt to zeer lage fluorescentie (Φf ≈ 10-4 – 10-3). Echter, excitatie naar een
hoger aangeslagen toestand (Sn toestand) resulteert in emissie vanuit een hoger energetische
toestand. Om de snelle processen na excitatie naar de Sn toestand uit te zoeken zijn fluorescentie
levensduurmetingen (TC-SPC) en femtoseconde transiëntabsorptie (fs-TA) metingen uitgevoerd. De
resultaten van deze metingen lieten zien dat interne conversie van de S n toestand naar de S1 toestand
plaatsvindt op de tijdschaal van 20 - 30 ps. Er wordt aangenomen dat dit proces zo buitengewoon
langzaam is door het relatief grote energieverschil tussen desbetreffende toestanden, ondanks het feit
dat ertussen nog enkele andere energietoestanden aanwezig zijn. De langzame interne conversie
verklaart de emissie vanuit de hoger aangeslagen toestand aangezien directe emissie ermee kan
concurreren.
Als alternatief voor de studies aan chromoforen in oplossing, zoals hiervoor beschreven, wordt
confocale microscopie aangesproken als bruikbaar hulpmiddel bij het zoeken naar locale ‘hot spots’.
In hoofdstuk 6 is een tweedimensionaal patroon van goud nanodots geplaatst op een glazen
objectglaasje door sublimatie van goud door een nanostencil onder hoog vacuüm. Hierna is het
patroon gefunctionaliseerd met een dunne laag chromofoor (een peryleen monoimide derivaat). Op
deze manier zou het mogelijk zijn om exacte posities binnen het patroon te vinden waar de
fluorescentie substantieel wordt versterkt, bijvoorbeeld posities waar de chromofoor is geplaatst
tussen twee goud nanodots. Geen indicatie van versterking of uitdoving van de fluorescentie is
gevonden in de monsters, waarbij er een dunne film bestaande uit polystyreen tussen het goud
patroon en de chromofoor is. Wanneer de chromofoor daarentegen direct op het goudpatroon
geplaatst is, is de fluorescentie compleet gedoofd. De regelmatige goudlaag is te dik om licht door te
laten waardoor het excitatie- en emissie licht worden geblokkeerd. Tijdens het prepareren van het
regelmatige goud patroon kunnen de goudatomen diffunderen waardoor een dunne continue
goudlaag op het glasoppervlak ontstaat.
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