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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. 



Chapter 2 

 - 42 - 

Introduction 
 

The photophysics of molecular systems are influenced by their environment, which may be a 

solvent or another type of embedding matrix. Solvent effects1 on such fundamental processes as light 

absorption and emission,2 excitation energy transfer and electron transfer3,4,5 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 crystal7 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 

luminescence10,11,12 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 particles14,15 

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 perylene17 and perylene imide (PMI) 

derivatives18,19,20,21 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 assemblies23,24,25 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 

http://pubs.rsc.org/en/Content/ArticleHtml/2010/PP/C0PP00063A#cit14
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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 self-

assembled 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 quenching31,32,33 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 ( 0
FΦ ) is compared to that in proximity of 

a metal nanoparticle ( met
FΦ ). We also specify the relative brightness (RB) of a chromophore near a 

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 0εε met  accounts for the different population in the excited state induced 

by metal effects on the molecular absorption.  
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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 metal-

molecule 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 values36 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. 

http://pubs.rsc.org/en/Content/ArticleHtml/2010/PP/C0PP00063A#tab1
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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). 

 Solvent λabs. (nm) λem. (nm) ΦF τF (ns) ε (M−1 cm−1) 

PMIdS 

DMF 513 580 0.72 3.9  

DMF : H2O (8 : 2 v/v) 517 588 0.63 3.7  

toluene 517 (489) a 548 (589) a 0.80 3.8  

P011a 

DMF 514 590 0.70  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 

P011 

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 

a 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. 
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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): 

[ ]
[ ][ ]BA

ABK =  (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: 

[ ] ( )12221
2
1 22222 ++++−−++= BBABAABA KccKKcccKcKKcKc
K

AB  (3) 

 

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

[ ] [ ]ABcA A −=  and [ ] [ ]ABcB B −= . 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 Scattering39 

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. 

http://pubs.rsc.org/en/Content/ArticleHtml/2010/PP/C0PP00063A#fig8
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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 DiS-

mNH2 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 xsCS-

AuNP 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 alkyl-

tetraethyleneglycol 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 time-

dependent 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 package41 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 fibre-

based 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-Frens47 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 DiS-

mNH2 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-dithia-

dotriacontylcarbamoyl)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 (DiS-

mNH2; 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.  

 

( ) ( ) ( )
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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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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 DrD 42ωτ = , 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 factor51 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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