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4 
4. Solvatochromic probes with 
excellent single molecule detectability 
 
 

abstract 
The suitability of 5PI and 6PI as single molecule probes was studied. Both compounds can readily be 

detected at the single molecule level. They show competitive numbers of detected photons and survival 

times when compared with other (commercially) available probes. In polymer films the intersystem 

crossing rate to the triplet state is too low to be computed from autocorrelation curves. 

Incorporation of 6PI in dioleoylphosphatidylcholine (DOPC)and dipalmitoylphosphatidylcholine (DPPC) 

vesicles reveals that the probe resides near the polar head groups. The diffusion constant obtained from 

fluorescence correlation experiments is comparable with the theoretical value found with the Stokes-

Einstein equation for a particle with a hydrodynamic range of 200 nm.  

The commercially available fluorescent probe Perylene Red was studied at the single molecule level to 

investigate if pristine spincoated poly((methyl)methacrylate)) (PMMA) films or annealed PMMA films 

could give rise to single molecules with an anomalous fluorescence lifetime of around 3 ns, as was reported 

for related dyes. In neither sample such a species could be detected.  
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4.1. Introduction 

There are many problems in biology and material sciences that benefit from the insight 

gained from spectroscopic studies at the single molecule level.[1-3] In chapter 1 the 

stringent requirements needed to detect the fluorescence of a single molecule were 

discussed. The hardware solutions to efficiently excite and detect single molecules are 

commonly available nowadays. The number of different fluorescent probe molecules that 

can be imaged for a reasonable time at the single molecule level is still quite small though. 

The photobleaching quantum yield in many cases is too high. Moreover, most single 

molecule dyes are rather dull from an information perspective: they fluoresce with a high 

quantum yield and have a large absorption cross-section, but they are not real probes in 

the sense that the measured fluorescence allows to read-out some property of the sample, 

such as pH or micro-polarity. Hence, the need for new single molecule probes is still 

quite high; in particular new probes that emit in the red to far red part of the spectrum 

are useful.[4]  

The amino substituted perylene imides introduced in chapter 2 are interesting 

candidates to be tested for single molecule spectroscopy (SMS) suitability as they both 

emit in the red to far red of the spectrum. In particular, the strong solvatochromic 

property of these compounds makes them interesting candidates for applications of single 

molecule spectroscopy. The emission maximum gives direct information of the 

microenvironment of the probe and could for example be used to study protein folding 

processes in a less invasive way than with FRET, as only one label is needed. 

Theoretically the suitability of a fluorophore as single molecule probe depends on 

mainly two parameters: molecular brightness and photostability. Molecular brightness 

can be defined as the product of the molar absorption and fluorescence quantum yield 

and in essence determines if a single emitting molecule can be observed above its 

surrounding background. Strongly fluorescent dyes typically have a reasonable 

photostability because most of the absorbed photons are re-emitted as fluorescence. The 

quantum yield of the side reaction thus cannot be high. The requirements for SMS are 
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very stringent and the photobleaching quantum yield should be at most ∼ 10-5. In 

particular when fluorescence quantum yields are not very high, as in the present case, 

this becomes important. If the probe photobleaches before enough photons are collected, 

the information needed cannot be obtained. 

Many dyes with high brightness have the problem that their λem bands are very 

narrow with a very small Stokes shift. If one would excite them at the absorption 

maximum, most of the fluorescence photons would remain undetected, because they are 

not transmitted by the dichroic beam splitter and filters. For 5PI and 6PI the molecular 

brightness, with ε ≈ 30,000 L mol-1 cm-1 and φf ≈ 0.4, is quite low. An advantage on the 

other hand are the broad absorption bands and large Stokes shifts, which in principle 

allows one to detect the whole band of emitted photons.  

In this chapter the suitability for SMS of the dyes presented in Chapter 2 (Scheme 1), 

will be discussed and comparison will be made with commonly used single molecule 

probes. After this some preliminary FCS results of 6PI labeled vesicles are presented. 

Finally a single molecule lifetime analysis of the commercially available dye Perylene 

Red in two different spincoated polymer films is presented and the results are compared 

with a similar dye in which the bimodal distribution of the single molecule lifetimes 

histogram is assigned to different conformations of the probe molecule. 

 

4.2. Aminosubstituted Perylene Monoimides as Single 
Molecule Probes 

The survival times and the maximum numbers of detected photons of the amino-

substituted peryleneimides presented in Chapter 2, 5PI and 6PI, and the naphthalimide 

analogue 5NI (scheme 1) were measured at the single molecule level. 

In Figure 1 an example of results of a single molecule of 5PI can be seen. A more detailed 

analysis of the spectral and temporal behavior of single molecules of 5PI and 6PI will be 

presented in Chapter 5.  
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Scheme 1 Structures of compounds studied. R=2,5-di-tert-butylphenyl; R’=n-hexyl. 
 

 
Figure 1 Emission from a single molecule of 5PI embedded in a matrix of PMAN (poly(methacrylonitrile)). 
Top: the fluorescence intensity as function of the time shows a rather long survival time (≈170 s); 
occasional short term blinking can be seen. Bottom: the lifetime of the emission is stable around 3.1 ns (bins 
of 2500 photons) during the whole measurement period. (λexc = 520 nm; 540 dichroic long pass (dclp) and 
520 notch filter). 
 

A count rate of approximately 16 kHz can be observed during the whole measurement 

time, with some short off periods (top trace). At 170 s the intensity drops to the 

background in one step and does not come back after 30 s have past, indicating that 

irreversible photobleaching has occurred. 
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Figure 2 Histograms representing the distributions of the survival time (A) and the number of detected 
photons (B) of 5PI embedded in a PMAN matrix. Both distributions were fitted as mono-exponential 
functions. 

 

In the bottom trace, it can be seen that the lifetime trajectory stays stable during the 

measurement time and is centered at 3.1 ns. For the irreversible bleaching of single 

molecules several mechanisms have been proposed. Organic molecules in the (long-lived) 

triplet state can react with molecular oxygen, which has a ground state triplet state. This 

can result in photo-oxidation of the molecule. Alternatively, singlet oxygen can be 

produced, which undergoes a thermal reaction which destroys the chromophore, e.g. a 

cycloaddition[5] or ene reaction.[6-8] This scheme is particularly important in solution 

photochemistry. A second mechanism is absorption of another photon while the 

molecule is in its triplet state. This leads to an excitation to a meta-stable state with a 

potentially high reactivity.[9, 10]  

The photobleaching rate for single molecules is given by the inverse of the survival 

time and an exponential distribution should be found if the photobleaching is first 

order,[11] e.g. from the triplet state.[12, 13] 

In Figure 2 the histograms for the transient duration and the total number of photons 

detected for all single molecules measured of 5PI in PMAN (poly(methacrylonitrile)) is 

presented. The histograms are fitted with a mono-exponential function to yield the mean 

survival time of 78 s and the mean number of photons detected of 650,000. 

For 5PI in PS (poly(styrene)) and Zeonex™ (poly(norbornene)) and for 6PI in PS and 

PMMA (poly(methyl)methacrylate) the same analysis was applied. The data are shown in 
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Table 1 together with those of some well known and often used probes. For 6PI the actual 

transient duration and number of detected photons are greater than the numbers given in 

Table 1, because most molecules were not measured until (permanent) photobleaching 

occurred. The data presented in Table 1 show that 5PI and 6PI posses a respectable 

photostability and therefore can be used as single molecule probes. The numbers of 

detected photons are comparable to Rhodamine 6G, and are only surpassed by perylene 

diimides and terrylene diimides.  

The excited state of fluorescently solvatochromic molecules is usually a highly polar to 

zwitter-ionic one and therefore potentially rather reactive. Considering the strong 

solvatochromic properties of both dyes the number of detected photons and transient 

lifetime are no less then excellent. The stability of 5PI in non-polar Zeonex™ is a little less 

than in the other two polymers. The spectral and fluorescence lifetime characteristics of 

5PI and 6PI will be discussed in more detail in the next chapter. 

Usually the dark states visible on the fluorescence intensity traces in single molecule 

experiments are attributed to the formation of triplet states.[10] The lack of blinking on the 

millisecond timescale suggests that the ISC rates for both 5PI and 6PI are very low. 

Blinking on short time scale can be overlooked easily though, as the intensity in the 

transient trace is obtained by integrating 15 ms. To estimate the triplet lifetime of 5PI and 

6PI the  autocorrelation curves for the macrotime traces with a resolution of 500 μs[14] 

were computed. For both 5PI and 6PI, however, no autocorrelation signal could be found. 

From this, it can be concluded that the ISC rate for both compounds is indeed very low.  

Unfortunately, 5NI could not be measured at the single molecule level for a significant 

time. Samples that are more concentrated also showed a rapid decrease in fluorescence 

intensity, indicating that photobleaching relatively rapidly occurs with this amino-

naphthalene derivative. 

Both peryleneimide derivatives show a good potential to be used as single molecule 

probes, with survival times and numbers of collected photons that are better than or at 

least competitive with many known dyes.  
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Table 1 Survival time and number of detected photons of commonly used single molecule dyesa 

Dyeb Survival time No. of detected 
photons 

environment Excitation 
Power 

Ref 

5PI 110 s 620,000 PS 1.2 kW/cm-2  
 78 s 650,000 PMAN 1.2 kW/cm-2  
 69 s 390,000 Zeonex 1.2 kW/cm-2  
6PI 84 340,000 PS 1.2 kW/cm-2  
 48 400,000 PMMA 1.2 kW/cm-2  
WS-PI 94 s 750,000 PVA 1.4 kW/cm-2 [15] 
 35 s 277,500 PMMA 30 kW/cm-2 [16] 
DCDHF - 200,000 PMMA - [11, 17] 
Rh6G 15 s 500,000 Trehalose 0.4-1.4 kW/cm-2 [18] 
 11 s (air)  PVA 1.5 kW/cm-2 [19] 
 22 s (N2)  PVA   
 1000 s  PMMA 

(vacuum) 
0.7 kW/cm-2 [9] 

RhB - 92,000 Glass surface 1.4 kW/cm-2 [10] 
SRB 8 s 90,000 PVA  [16] 
SRh 101 - 560,000 PMMA 0.7 kW/cm-2 [10] 
Oxazine-1 1 s 300 PVA 30 kW/cm-2 [16] 
TDI 98 s 7,530,000 PMMA 30 kW/cm-2 [16] 
WS-TDI 40 s 1,592,500 PVA 30 kW/cm-2 [16] 
 61 s 2,747,500 PMMA 30 kW/cm-2 [16] 
TRITC 11 s  PVA 4.5 kW/cm-2 [20] 
Nile Red 12 s  PVA 1 kW/cm-2 [21] 
JA242 - 80,000 Glass surface 0.5 kW/cm-2 [22] 
Cy5 - 30,000 Glass surface 0.5 kW/cm-2 [22] 
 1.7 s 75,000 PVA  [23] 
Atto 647N 
(Alexa647) 

1.6 s 125,000 PVA  [23] 

JF9 - 80,000 Glass surface 0.5 kW/cm-2 [22] 
DsRed Few s 5000/s Agarose gel several kW/cm-2 [24] 
 10 s  PVA 0.35 kW/cm-2 [25] 
EGFP Few hundreds 

of ms 
25,000-150,000 per s Agarose gel several kW/cm-2 [24] 

 Few bursts (0.5-
2 s) 

 PVA 0.35 kW/cm-2 [25] 

Quantum dots 100 times more 
than Rh 
(>1000s) 

≈20 Rh molecules   [26] 

a)  Some values for number of detected photons in the literature are corrected for detection efficiency; values 
presented here are not corrected. 
 b) WS-PI = water soluble perylene diimide; DCDHF = dicyanodihydrofuran; Rh6G = rhodamine 6G; RhB = 
rhodamine B; sRh 101= sulforhodamine 101; SRB = sulforhodamine B; TDI = terrylene diimide; WS-TDI = 
water soluble terrylene diimide; TRITC = tetramethyl rhodamine isocyanate; JA242 = oxazine derivative; 
JF9 = rhodamine derivative; EGFP = enhanced green fluorescent protein; PS = polystyrene; PMAN = 
polymethacrylonitrile; PVA = polyvinylalcohol; PMMA = polymethylmethacrylate; Zeonex = 
polynorbornene 
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4.3. Fluorescence Correlation Spectroscopy of 6PI Labeled 
Phospholipid Vesicles  

In fluorescence correlation spectroscopy (FCS), the fluctuations of a fluorescence signal 

are analyzed. In Figure 3 part of a fluorescence signal of a freely diffusing fluorescent 

particle is shown. In Figure 4 some of the situations that can give rise to a fluctuation of a 

fluorescence signal are illustrated: a molecule can diffuse in and out of the confocal 

volume, react or bind to a protein. These molecular processes will give rise to fluctuations 

in fluorescence intensity and can therefore be studied by FCS.  

 

 
Figure 3 Fluorescence intensity fluctuation of a 200 nm DOPC vesicle labeled with 6PI. 
 

 

 
Figure 4 Schematical representation of FCS. Probe molecules diffuse in and out of the focal volume and can 
react, bleach or bind to a protein. These are some the sources that can give rise to fluctuations in the 
fluorescence intensity signal. Depending on the source of the fluctuation, diffusion constants or binding 
strengths can be calculated from the FCS curve. Image adapted from reference [27]. 
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FCS is a relatively old technique, originally introduced by Elson, Magde and Webb in the 

early seventies.[28] It took, however, nearly 20 years until lasers with a high quality beam 

profile, low-noise single photon detectors and high quality microscope objectives with a 

high numerical aperture allowed the technique to become as widely used as it is now.  

The detection volume is down to a few μm3 (≈1 fl) which makes the technique 

applicable to be used at reasonable concentrations (∼10-9 M) and short measurement times 

(minutes). As stated before, in FCS the detected fluorescence intensity at time t is 

correlated with a time-shifted copy of itself at different time shifts τ. The result is the 

autocorrelation function (second order correlation function) which is calculated 

according to Equation 4. 

 
)()()( ττ += tItIg           (4) 

 

This autocorrelation function is proportional to the probability to detect a photon at time 

t + τ if there was a detection event at time t. This correlation is composed of two terms: 

two photons which are detected at time t and at time t + τ can originate from an 

uncorrelated event (such as background or another non-interacting molecule) or they 

will come from a correlated event, i.e. the same molecule. The uncorrelated photons will 

contribute to g(τ) as a constant offset, while the correlated photons will lead to a time 

dependent component of g(τ). In other words, the temporal behavior of the 

autocorrelation function is only determined by the correlations of single molecules. In 

that respect, FCS is a true single molecule spectroscopy technique, even though the 

analysis does not explicitly identify single molecule events. FCS is used to study dynamic 

events like diffusion, binding of a substrate to a protein, a protein binding to membrane[29] 

or to probe conformational changes. It is a powerful technique that finds many 

applications in biophysical and medical research.[30-35] 

One limitation of FCS is the limited concentration range in which it can be used: If the 

concentration of the fluorescent molecules become too large (>10-8 M), the contribution 

from correlated photons from individual molecules becomes too small, which scales with 
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N (the number of molecules in the detection volume) when compared with contributions 

of photons from uncorrelated photons from different molecules, scaling with N2. If the 

concentration gets too low (<10-13 M), the probability of finding a molecule within the 

detection volume becomes extremely small. In both cases, the measurement time for 

achieving proper correlation curves becomes too large. Recently a trick to overcome this 

has been published. By using a photoswitchable dye Eggeling et al. work at 

concentrations of 10-5 M.[36] By switching the dye off and on the effective concentration of 

the fluorescent form of the molecule is kept low.  

 

4.3.1. Labeled Phospholipid Vesicles 

When phospholipids are dissolved in water, they self assemble into bilayers (Figure 5) 

and these will then in turn form spherical particles called vesicles. These vesicles have an 

interior compartment which is effectively shielded from the outside environment and 

they will not break down under protein expression,[37] enzymatic reactions[38] or mRNA 

transcription.[39] This makes them excellent micro reactors in which to do (bio)catalysis as 

the nano-environment can be manipulated[40] and the environment mimics a real cell. By 

controlling the temperature[41] or electroporation[42] new reactants can be entered into the 

vesicle. Vesicles could also find application as medicine delivery systems.[38] 

 

 
Figure 5 Makeup of a phospholipids vesicle. The phospholipids self-assemble into a bilayer (right side) 
which will form a spherical particle in which the interior is separated from the outside by the 
phospholipids shell. Images adapted from references [43, 44]. 
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To make a fluorescently labeled bi-layer 6PI was added to the extrusion solution in CHCl-

3. The probe is not soluble in water, but after rehydration and subsequent formation of 

the vesicle the dye molecule could be trapped in the phospholipid bilayer. The emission 

and excitation spectra are shown in Figure 6. The spectra of 6PI in 

dioleoylphosphatidylcholine (DOPC) are very similar to those in 

dipalmitoylphosphatidylcholine (DPPC). This is an indication that the probe resides near 

the polar head groups of the lipid. This is further substantiated by comparing the 

excitation and emission maxima in the bilayer (λexc = 546 nm, λem = 720 nm) with those 

shown in Chapter 2. The polarity of the direct surroundings of 6PI is comparable with a 

solvent with a polarity similar to that of dichloromethane, in which the absorption and 

emission maxima are 547 nm and 715 nm, respectively. 

In a recent series of papers by Enderlein[45-47] it is shown that determining the diffusion 

coefficient quantitatively from FCS experiments is rather tricky. Significant deviations in 

the diffusion coefficient can be found if factors of refractive index matching, saturation, 

pinhole position, polarization and coverslide thickness are not taken into account. The 

figures in Enderlein’s papers show clearly that the main source of error is in the deviation 

of the molecular detection function (MDF) from the ideal 3D gaussian. As a new method 

to overcome all these problems Enderlein et al. have introduced a method which uses the 

cross-correlation between two foci (2fFCS) to quantitatively measure the diffusion 

coefficient.[48-51] A simple way to get reasonable diffusion coefficients is to assume two-

dimensional diffusion, or to leave the extension of the Gaussian MDF along the z-axis as a 

free parameter during fitting. Thus, an elongated 3D Gaussian MDF is assumed. In 

Equation 5 the correlation function for three-dimensional diffusion is given: 
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Figure 6 Excitation and emission spectra of 6PI in DOPC (A) and emission spectra of 6PI in DOPC and 
DPPC (B) λexc = 580 nm and λem =720 nm. 
 
 

 
Figure 7 Correlation curve of 200 nm diameter DPPC vesicles labeled with 6PI and a fit of the data with 
Equation 5 (λex c =  514 nm). 
 

In Equation 5, w2xy  is the xy radius of the MDF; wz the z-depth; c the number of particles 

in the excited volume; t the time in s and D the diffusion coefficient. The resulting fit of 

the FCS trace is shown in Figure 7. This yields a diffusion coefficient of 1.5 × 10-12 m2s-1. 

The diffusion coefficient for particles with a hydrodynamic radius of 200 nm can be 

calculated with the Stokes-Einstein equation: 

 

d
kTD
πη3

=            (6) 
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In Equation 6, d is the hydrodynamic radius of the particle, k Boltzmann’s constant, T the 

temperature in Kelvin, η the viscosity of the medium and D the diffusion constant. For a 

spherical particle of 200 nm in water the diffusion constant (D) is calculated to be 1.1 × 

10-12 m2 s-1. 

The experimental results from the FCS experiments are in very good agreement with the 

theoretical one. 

4.4. Single Molecule Lifetime of Perylene Red 

An advantage of single molecule spectroscopy is that a single molecule at any given time 

exists in a particular conformational state within a particular local environment. If it stays 

in this particular state for a sufficiently long time, it can be directly observed. Recent 

research about rotational and translational diffusion of a dye molecule embedded in a 

polymer matrix near the glass transition temperature show the heterogeneous dynamics 

in this region. In the glassy state, triplet lifetimes, intersystem crossing yields and 

fluorescence lifetimes of single molecules in a polymer film were shown to vary with 

time.[52, 53] It was also shown that the fluorescence lifetime fluctuations expose partial 

dynamics in polymers in relation with the Simha-Somcynsky free volume theory.[54] 

According to Vallée et al.[55] the tert-octyl substituted tetraphenoxy perylene 

tetracarboxydiimide (TPDI, Scheme 2) can appear in two different conformations: one in 

which the perylene core is twisted and one in which the perylene core is flat. These 

different conformations have significantly different lifetimes of 6.2 and 3.2 ns, 

respectively, when embedded in a poly n-butylmethacrylate matrix.[55] In view of these 

results, the commercially available dye Perylene Red (PR, Scheme 2) was embedded in a 

polymer film and studied at the single molecule level.  
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Scheme 2 Structures of the commercially available dye Perylene Red (left) and the TPDI dye studied in 
reference [55]. 
 

In view of the spectral and lifetime characteristics of 5PI and 6PI discussed in the next 

chapter, both a pristine spin coated film and an annealed film containing single molecules 

of PR were studied to investigate if there is a significant change in lifetime population. 

For this, 148 molecules were studied in the pristine sample and 127 in the annealed 

sample. For each individual molecule, a lifetime distribution histogram was created. The 

mean lifetime was then obtained fitting this histogram with a gaussian. In several cases, it 

was clear that the histogram contained two major lifetimes. In those cases, a bimodal fit 

was used. To provide equal contribution of each individual molecule to the overall 

lifetimes histogram, the two lifetimes were weighted by means of the (relative) area 

under their respective fits (e.g. 0.8 × 6.5 ns and 0.2 × 7.2 ns). The final histograms are 

shown in Figure 8. From this figure, it can be seen that there is no real difference in 

lifetimes for molecules found in a pristine film and molecules in an annealed film and that 

both lifetime distributions are rather asymmetrical. It is also strikingly clear that not a 

single molecule is found with a τ < 4 ns. 
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Figure 8 Lifetime analysis of Perylene Red in polystyrene matrix (A, 148 molecules) and in annealed 
polystyrene matrix (B, 127 molecules). 
 

The PR molecules embedded in the PS matrix have a mean lifetime of 6.5 ± 1.6 ns. In the 

case of the annealed sample, the mean lifetime is of 6.7 ± 1.4 ns. The TPDI dye studied in 

reference[55] had a lifetime of 6.2 ns in PMMA, which corresponds nicely with the value 

found here.  

According to Vallée et al. this long lived species is the most stable conformation in 

which the core or the perylene is twisted and has the smallest van der Waals volume.  

 

4.5. Conclusion 

5PI and 6PI rival many commercially available single molecule probes with a detected 

number of photons of ∼ 600,000 per molecule and a survival time of well over a minute 

for both probes. The relatively low brightness (ε ≈ 30,000 L mol-1 cm-1 and φf ≈ 0.4) is not 

an obstacle for their application in SMS. Both 5PI and 6PI are stable enough to be used as 

single molecule probes and show an ensemble emission in the red to far-red part of the 

spectrum. Only a few single molecule dyes are available in that region (TDI, Cy5, 

Atto680). The main advantage that 5PI and 6PI can have over these dyes is that they yield 

some additional information besides just an emitted photon that shows the location of the 

probe. What was not discussed yet: is it possible to study solvatochromism at the single 

molecule level? Neither was a single molecule fluorescence lifetime analysis performed 
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for 5PI and 6PI. Both single molecule emission spectra and fluorescence lifetimes will be 

present in the next chapter. The spectral information shown there brings quite some 

surprises that would remain hidden if one only measures the fluorescence intensity traces 

and the lifetimes. [11, 17] 

The inclusion of 6PI in vesicles is easily achieved. From the emission maximum of 720 

nm we conclude that the probe must be located close to the polar headgroups. Fitting of 

the FCS curves with the z length of the MDF as free fitting parameter yields a diffusion 

constant of 1.5 × 10-12 m2s-1. This is in reasonable agreement with the theoretically 

calculated value of 1.1 × 10-12 m2 s-1 with the Stokes-Einstein equation.  

The single molecule lifetime analysis of Perylene Red in polystyrene shows that 

according to the interpretation of Vallée et al.[55] there are no occurrences of molecules 

containing a “flat” perylene core, as the lifetime for this species would be around 3.2 ns. 

These measurements also show that there is no influence of annealing on the ratio 

between the two conformations.  
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4.7. Experimental Details 

The steady state fluorescence spectra were obtained as described in Chapter 2. 
 

4.7.1. Single Molecule Sample Preparation 

To avoid fluorescence contaminations, the solvent, toluene (spectroscopic grade, Sigma-

Aldrich) was checked for fluorescence and if no significant signal was found the solvent 

was used to prepare the polymer solution. A stock solution of 2 % ww polymer (Zeonex 

Z620s, Zeonor Chemicals; PMAN Mw 250,000 Scientific Polymer; PS secondary standard 

Mw 240,000, Sigma-Aldrich; PMMA Mw 350,000, Sigma-Aldrich) in toluene was made 
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and left to fully dissolve for at least 24 hours. The coverslides were sonicated for 2 × 10 

min in acetone (spectroscopic grade Sigma-Aldrich), followed by 10 min in 2 % KOH 

solution (spectroscopic grade Sigma-Aldrich) and finally sonicated for 30 min with 

Millipore water (18 MΩ) after which they were dried with Argon and placed in a UV-

Ozone cleaner for a minimum of 60 minutes.  

Alternatively the coverslides were cleaned by sonication in a 10 % Helmanex™ water 

solution (Nanopore, 18 MΩ) for 60 minutes followed by 3 times 30 minutes in water after 

which they were dried with N2 and put in the UV-Ozone cleaner for 60 min. In both 

procedures, the coverslides were rigorously rinsed with water between the following 

sonication steps. Of each batch, one blank coverslide was checked for auto-fluorescence. 

The polymer solution was then spincoated (2500 rpm, 30 s) onto the coverslide and 

checked for fluorescence. When no fluorescence was detected from the polymer film the 

polymer solution was used to make sample solutions of 10-10 M which were then spin 

coated and measured at the confocal setup (see below). 

4.7.2. Vesicles  

DOPC and DPPC were obtained from Avanti Polar lipids and stored at -18 °C. The lipid 

(9 mg) was dissolved in 10 ml CHCl3, to this solution 1 ml of 10-4 M solution of 6PI in 

CHCl3 was added. The solvent was then removed on the rotary evaporator to yield a thin 

film of lipid and dye on the wall of the roundbottom flask. This was hydrated with 18 

MΩ water (NanoPore) and kept above the Tm (20 °C DOPPC and 40 °C DPPC) during the 

hydration and the following extrusion. The extrusion was then done with 200 nm 

extrusion filters and was given a total of 20 passes through the membrane. The white 

starting suspension became clear in the end and had a slightly bluish haze. The vesicle 

solution was then allowed to cool down to room temperature and stored at 4 °C. 

Experiments were preformed within 4 days after preparing the vesicle solution.  

For the FCS experiments the vesicle solution was diluted to 10-10 M 6PI. A droplet of the 

vesicle solution was put on a coverslide and the emission was collected 10 μm above the 

surface of the glass with the confocal setup described in the next section. 

 

 102



Solvatochromic probes with excellent single molecule stability 

4.7.3. Confocal Setup 

In Figure 9 a schematic representation is given of the confocal setup at the UvA, used in 

the FCS and PR experiments. The confocal microscope used was a Microtime 200 from 

PicoQuant Gmbh, Berlin, Germany. As excitation source, a pulsed Argon-Ion laser (75.6 

MHz) at 514 nm was used. The laser beam (FWHM 100 ps) was collimated into a 

polarization maintaining single-mode fiber. The light was guided into an inverted 

microscope (Olympus IX-71) by a dichroic mirror (540 dlcp) with a high aperture oil-

immersion objective (100×, NA 1.3, Olympus). The coverslide sample was mounted on an 

xy piezo driven scanning stage (PI P-733). The emitted light was guided via the pinhole to 

one of the two single photon avalanche photodiodes (Perkin-Elmer SPCM CD2801, 

response time of 500 ps) through an emission filter (650/115). Data acquisition was 

performed with a PC equipped with a TimeHarp 200 TCSPC counting card (PicoQuant). 

 

 

 
Figure 9 Confocal setup used at the University of Amsterdam, Picoquant MT200 
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A schematic representation of the confocal setup at KU Leuven, used in the 5PI and 6PI 

single molecule experiments is shown in Figure 10. As excitation source a Ti:Sapphire 

laser (Spectra Physics) pumped an optical parametrical oscillator to obtain the excitation 

wavelength 520 nm. The emission was detected with an avalanche photo-diode (APD) in 

single photon counting mode (SPCM AQ15, EG&G). The single photon timing was done 

with a single photon counting card (Becker & Hickl GmbH, SPC 630) operating in FIFO 

mode (first-in-first-out). Suitable filters were placed in the detection path to suppress 

residual excitation light (540 nm dichroic long pass mirror and a 520 nm notch filter, 

Figure 10). The microscope itself consists of an Olympus, 60 ×; 1.4 NA oil immersion 

objective equipped with a piezo controlled scanning stage. The single molecule 

fluorescence spectra were recorded with a liquid nitrogen cooled, back illuminated CCD 

camera (LN/CCD-512SB, Princeton Instruments) coupled to a 150 mm polychromator 

(SpectraPro 150, Acton Research Cooperation) using a 10 s integration time. The recorded 

spectra were corrected for the background, the response of the CCD camera and the 

optics used.  

 

 
Figure 10 Schematic representation of the confocal single molecule setup as used in the measurements 
performed at KU Leuven. 
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For the combined measurements (spectra, intensity and decays) the fluorescence signal 

was split with a hybrid beam splitter cube (Newport 05BC17MB.1), guiding 50 % of the 

light to the CCD camera and 50 % to the APD. The excitation power was measured 

directly before the entrance to the microscope and was at 1 μW. More details on this 

setup can be found in reference [56]. 
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