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5 
5. Single molecule spectra of amino-
substituted perylene imides 

abstract 

The single molecule spectra of 5PI and 6PI reveal three different types of emitters, two of which are not 

observed at the ensemble level. The nature of these two emitter types is not fully uncovered, but evidence 

is presented that one emitter type is most probably a result of photo-oxidation. Following a suggestion in 

the literature, the last emitter type may be attributed to twisted conformations in which the amino group is 

perpendicular to the perylene core. Computational estimation of such conformations, however, casts doubt 

on this explanation. 

The shape of the emission spectra that are observed in dropcast or spincoated films with a high dye 

concentration resembles that of the emission spectra in solution. The rigidity of the embedding polymer 

matrix limits the solvatochromic sensitivity, unfortunately, to the extent that the spectra in chemically 

different polymers are only slightly different. Finally, preliminary results of single molecule excited state 

deprotonation and reprotonation experiments are presented. 

 

 

 



 



Single molecule spectra of amino substituted peryleneimides 

5.1. Introduction 

In the early days of single molecule spectroscopy most measurements were performed at 

very low temperatures, but nowadays single molecule spectroscopy is becoming more and 

more a routinely used experiment at room temperature. It has been shown to be a 

valuable tool to directly probe the local nano-environment.[1-5] The most detailed 

information can be obtained from a collection of single molecules, which avoids the 

averaging effect from bulk experiments and allows one to investigate distributions of 

particular properties of dyes in solution,[6] gels,[7, 8] polymer matrix[9] etc. For routine 

experiments, single molecules are frequently encapsulated in thin polymer films. The 

polymer matrix is solely used as an encapsulating medium for the single molecules. In this 

way complex molecular systems, like multi-chromophoric molecules, can be studied.[10, 11]  

The effect of the polymer matrix on the properties studied is frequently ignored. That 

there can be a substantial influence of the polymer matrix is shown by some recent 

publications.[12-15] Vallée et al.[15] reported on the temporal fluctuations of the fluorescence 

lifetime of  DiD (1,1,-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine) embedded in 

polystyrene. The lifetime fluctuations were attributed to nanoheterogenous properties of 

the polymer and the fluctuating free volume around the probe. We used different 

polymer matrices to encapsulate single molecules of 5PI and 6PI to study if there are 

matrix specific effects. We used polystyrene (PS), polymethacrylonitrile (PMAN), 

polymethylmethacrylate (PMMA) and Zeonex™. These polymers were selected because 

of the differences in polarity of the repeating units. PS should be similar to toluene, 

PMMA a little more polar than toluene, PMAN is similar to butyronitrile and Zeonex™ is 

a polynorbornene matrix with a polarity similar to that of cyclohexane. The PS and 

PMMA films were spincoated from toluene, PMAN from acetonitrile and Zeonex™ from 

chloroform.  

From polymer chemistry it is known that the preparation method of the film strongly 

influences the thermodynamic state of the film.[16-19] Generally, the polymer films used in 

single molecule spectroscopy are made by spin coating a dilute solution of polymer and 
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thus letting the solvent evaporate quickly, within a few seconds. This preparation method 

leaves a considerable stress in the polymer, which can be relieved by annealing.[20-24] 

In this chapter we will show and discuss the single molecule spectra and lifetimes of 

5PI and 6PI. A remarkable difference is found between the ensemble spectra as shown in 

chapters 2 and 3 and the single molecule spectra.  

 

5.2. Preparation and Characterization of Spincoated 
Polymer Films 

As mentioned in the introduction in many cases a thin spincoated polymer film is used as 

encapsulating medium for single molecules. In this section we will have a look at the 

polymer film itself and investigate the thickness of the film and how it depends on the 

polymer concentration. The thickness of the film is known to have a strong influence on 

the emissive properties of the embedded single molecules, especially when reaching 

values of 50 nm or less. The electric field of the glass and the acidic SiOH groups on the 

surface of the glass will play a big role in the detected emission if relatively many 

molecules are close to them. The boundaries between media with different dielectric 

properties (refractive index) also effects the radiative process.[25] 

The thickness of a polymer film is measured by means of the surface profiling method. In 

this method a scratch is made in the polymer film. With a needle a thin line is scratched 

in the polymer. The needle does not damage the glass surface, but does remove all 

polymer down to the glass. The coverslide is then placed in the surface profiling 

apparatus and the profiling needle is positioned before the scratch. The profiling needle 

will move along the surface of the film and through the scratch. The needle measures 

differences in height of the surface. A typical surface profile (as measured for one scratch) 

can be seen in Figure 1. The increased height at 300 μm is typical for these measurements 

and is the leftover polymer that was scratched away. 
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Single molecule spectra of amino substituted peryleneimides 

 

 
Figure 1 Film thickness is determined by surface profiling. A) Schematic representation of a spincoated film 
on a glass surface and the profiling needle moving along the surface at 3 different positions and 3 different 
scratches. B) Typical surface profile of a scratch made in a spincoated film of 2% polystyrene in toluene. 
Thickness of the film is 100 nm. 
 
For each sample several scratches were made along the surface and each scratch was 

measured at several points. We found that a film spincoated out of a 2 % w/w polystyrene 

in toluene yields a thickness of approximately 100 nm, when spincoated for 30 s at 2500 

rpm. All films were spincoated on a Delta 10TT spincoater (BLE Laboratory Equipment 

GmbH). For more volatile solvents like chloroform, the thickness is not so much 

determined by the rotation speed and the time, but more by the acceleration speed. Most 

of the solvent is already evaporated before the spinner reaches its designated maximum 

rpm. 

To get a better understanding of how the film thickness is related to the percentage of 

the polymer used several solutions were made and measured. This yields a linear 

relationship between the weight percentage polymer and the film thickness, when the 

films are prepared at 2500 rpm for 30 s. The data presented in Figure 2 show that the 

variation in the film thickness for the films prepared in the same way is 10 – 20 %. There 

are several factors that influence the final thickness of a spincoated polymer film, such as 

concentration in the solution from which the cast is made, spinning speed, molecular 

weight and chain length.[26, 27] The main deviations in the data presented here are due to 

variations in laboratory conditions like ambient humidity and temperature.  
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Figure 2 Film thickness as a function of the weight percentage polystyrene used. 
 

5.3. Single Molecule Spectra 

The absorption and ensemble fluorescence spectra of 5PI and 6PI in toluene are shown in 

Figure 3A. 5PI is shifted to the red in comparison with 6PI which is related to a stronger 

coupling of the amine donor to the perylene imide core. Both probe molecules exhibit 

strong fluorescence, with an approximate quantum yield of 0.4 and solvatochromic shift 

towards the red with increasing solvent polarity. 5PI also shows strong solvatochromic 

behavior in absorbance, which is caused by an increasing ground state dipole moment 

induced by the (polar) solvent. This has been discussed in detail in Chapters 2 and 3. 

The ensemble spectra in polymer films resemble the spectra found in toluene, but the 

shoulder on the red side of the emission band is less pronounced. The emission spectra are 

a little blue shifted as the rigidity of the matrix effectively decreases the polarity a bit. As 

a result the excited state cannot be stabilized as well as by a solvent of low viscosity 

(Figures 3B and 3C). The excitation and emission maxima are listed in Table 1. 

Of both compounds ca. 100 individual molecules were measured. Emission spectra, 

intensity and fluorescence decay traces were measured simultaneously. At the single 

molecule level we found three distinct types of different emitters. We classify these 

emitters as type 1, type 2 and type 3 based on their spectral shapes and emission maxima 

(see Figure 4).  
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Single molecule spectra of amino substituted peryleneimides 

 
Figure 3 Absorbance and fluorescence spectra of 5PI (grey line) and 6PI (black line) in toluene (A, λexc = 580 
nm). B) Excitation and emission spectra of 5PI in PS (solid line) and PMMA films (dashed line). C) 
Excitation and emission spectra of 6PI in PS (solid line) and PMMA (dashed line). The samples were drop-
cast from a solution containing 2% w/w polymer. The thickness is estimated to be several tens of μm. 
 

Table 1 Excitation and emission maxima of 5PI and 6PI in dropcast polymer films and toluene. 
 Toluene PS PMMA 

5PI 
λexc : 576 nm 

λem  : 688 nm 

λexc : 582 nm 

λem  : 666 nm 

λexc : 602 nm 

λem  : 681 nm 

6PI 
λexc : 527 nm 

λem  : 668 nm 

λexc : 536 nm 

λem  : 646 nm 

λexc : 536 nm 

λem  : 662 nm 

 

Emitter type 1 shows a moderately intense emission with an approximately gaussian 

shaped band, which resembles the ensemble spectrum. Type 2 emitters are shifted to the 

blue with respect to type 1 and show a very intense and highly structured spectrum.  
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Figure 4 Different emitter types found for 5PI at the single molecule level. Type 2 and type 3 emitters are 
shifted so much to the blue that a part of the band is blocked by the dichroic mirror of the setup (540 
dichroic long pass mirror (dclp); see Figure 28 for transmission spectra of the filters used). For 6PI similar 
types are found. 
 

Type 3 shows an emission comparable to that of type 2 in intensity, but is very much blue 

shifted.  

Type 1 emitters show a broad, structureless emission band centered around 650 nm. 

An example of a type 1 emitter is shown in Figure 5. This particular molecule has a total 

observation time of > 300 seconds and has a fluorescence lifetime that shows a bimodal 

distribution. In Figure 5C the evolution of the lifetime during the observation time can be 

seen. After 130 s the intensity increases (Figure 5B) and accompanying this, the lifetime 

increases from 3.6 to 3.9 ns. No change in the spectrum is observed for this jump in 

lifetime. The intensity trace is made by binning the collected photons to a 20 ms window 

and plotting this versus the elapsed experiment time. The fluorescence lifetime is 

obtained by fitting the data with a mono-exponential decay function and deconvolution 

of the instrument response. The instrument response was determined by measuring a 

drop of Erythrosine B solution in water. Erythrosine B has a fluorescence lifetime of 89 

ps,[28] which is considerably shorter than the expected instrument response of ∼ 0.5 ns.  

The fit was performed on bins of 104 photons, with a 5000 photon overlap per bin. The 

bins are then plotted against the elapsed experiment time (Figure 5C) and an occurrence 

histogram is made to form the lifetimes distribution histogram.  
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Figure 5 Type 1 emitter of 5PI in PS. A)  Emission spectra (10 s integration time), B) the intensity trace 
(photons / 20 ms), C) the fluorescence lifetime as a function of the observation time and D) the lifetimes 
distributions histogram. 
 

Note that whereas in ensemble measurements the quality of these fits is assessed by a 

minimization of a least-squares penalty function of Gaussian distributed data, this 

approximation is not valid for low intensity measurements (as typical for single molecule 

measurements). The lifetimes that make up these single molecule histograms (not to be 

confused with the lifetime distribution over the whole data set) are obtained with a 

maximum likelihood estimator, which correctly accounts for Poissonian counting 

statistics. 

An example of a type 2 emitter can be seen in Figure 6. Type 2 emitters have a highly 

structured emission band consisting of three maxima. The first one occurs around 540 

nm, but this is hard to resolve because a part of the band is blocked by the dichroic mirror 

(540 nm DCLP, see Figure 28 for spectrum). A second maximum is found near 580 nm 

and the third maximum at ∼ 620 nm. Type 2 emitters are also characterized by a very 

high brightness. For the example shown in Figure 6 the intensity drops after an 

observation time of 110 s and the molecule is permanently photo bleached. This 

particular molecule has a lifetime of 4.0 ns.  
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Figure 6 Type 2 emitter of 5PI in PMAN. A)  Emission spectrum (10 s integration time), B) the intensity 
trace (photons / 20 ms), C) the fluorescence lifetime as a function of the observation time and D) the 
lifetimes distributions histogram. 

 
Figure 7 Type 3 emitter of 5PI in PS. A)  Emission spectrum (10 s integration time), B) the intensity trace 
(photons / 20 ms), C) the fluorescence lifetime as a function of the observation time and D) the lifetimes 
distributions histogram. 
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Single molecule spectra of amino substituted peryleneimides 

A third type of emitter can be seen in Figure 7. The fluorescence of type 3 emitters is very 

much blue shifted. With the dichroic mirror and emission filters used we can only see a 

part of the emission spectrum. This makes it hard to accurately determine the emission 

maximum. Probably it lies around 530 nm. The example type 3 emitter shown in Figure 7 

has a total observation time that is a little over 70 s. The average fluorescence lifetime is 

2.6 ns, but some fluctuations are present during the observation period.  

The emitters shown in Figures 5 to 7 are examples; there is some variation in lifetime 

per different molecule. There were some differences per matrix both in occurrence of 

emitter type as in lifetime per emitter type. 

To calculate the mean lifetime each molecule has been given a contribution of one to 

the overall lifetimes histogram. To ensure that each individual molecule had the same 

weight in this histogram, molecules with a clearly bimodal distribution have fractional 

contributions for both lifetimes depending on the relative contributions of the two 

lifetimes. The histograms below (Figure 8) show the variation in lifetimes found for 

different single molecules, sorted according to emitter type and embedding matrix. 

Whereas most lifetime distribution histograms in Figure 8 show a reasonable gaussian 

profile, there are some exceptions. Type 3 in Zeonex shows a hint of a bimodal 

distribution, but an accompanying change in the emission spectra was not found. Type 2 

in Zeonex shows an awkward shape that seems to stand on its own; no correlation of 

spectral response with lifetime could be made. No histogram was constructed for type 2 

emitters in PS because not enough single molecules showed this behavior to construct a 

proper histogram. 
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Single molecule spectra of amino substituted peryleneimides 

Table 2 Lifetimes of the different types of 5PI emitters 

 Type 1 Type 2   Type 3 

PS 3.5 ns - 2.7 ns 

PMAN 3.5 ns 4.3 ns 4.0 ns 

Zeonex 2.7 ns 2.8 ns 3.2 ns 

 

The average lifetimes of the different emitter types in three polymer matrices are given in 

Table 2. The differences in lifetimes between the emitter types are rather small. In PMAN 

the average fluorescence lifetimes are significantly longer for type 2 and type 3 than in PS 

or Zeonex. PMAN is the most polar of these three matrices. For charge transfer 

compounds in general the lifetime usually decreases with increasing solvent polarity, but 

in solution we did not observe an increase in fluorescence lifetime of 5PI with increasing 

solvent polarity.  

To summarize for 5PI, all different emitter types and their occurrences as fraction of 

the total number of molecules studied are listed in Table 3. In some cases we could see the 

emitter type changing during the measurement. These occurrences are listed in the 

column “changing”.  

 

Table 3 Overview of the abundance of the different types of 5PI emitters per polymer matrix 

 Type 1 Type 2 Type 3 Changinga 

PS 34 % 5 % 53 % 8 % 

PMAN 9 % 33 % 48 % 10 % 

Zeonex 12% 27 % 55 % 6 % 
a During the measurement some emitters changed from one type to another, this is their contribution to 
the total 
 

Remarkably, the abundance of type 2 and type 3 emitters makes up for 50 – 80 % of the 

total population, but these types were not found at the ensemble level (see below). 

Evidence that type 2 and 3 emitters are coming from the same probe molecule as type 1 

(and are not a contamination) is found in the fact that in some cases a change in emitter 
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type is observed during the measurement In Figure 9 such a change in spectrum is shown. 

The initial type 3 spectrum (which is distorted by the use of a 540 nm dclp) is present 

during the first frame, but changes near the end of the recording time of the second 

frame. The third and subsequent frames then only show the spectrum of a type 1 emitter. 

For 6PI essentially the same behavior is observed as for 5PI: three distinct types of 

different emitters are found at the single molecule level. Two of these are not present at 

the ensemble level. In Figure 10 an example of a 6PI type 1 emitter is shown (λmax = 650 

nm). This molecule has an observation time of 50 s, before it permanently photobleaches. 

The average lifetime is 3.3 ns, the small decrease in fluorescence intensity at t = 28 s 

(Figure 9B) is matched by a decrease in lifetime as can be seen in Figure 9C. The cause for 

the change in intensity and lifetime is probably a change of conformation or a change in 

the local polymer environment. 

An example of a 6PI type 2 emitter can be seen in Figure 11. This molecule has an 

observation time of over 80 s. The emission spectrum is very intense and highly 

structured as is characteristic for type 2 emitters, with a maximum at 615 nm and a 

second maximum at 690 nm . The average lifetime is 5.1 ns and fluctuation in the lifetime 

is small for this molecule as can be seen from both the time evolution trace as well as the 

histogram. (Figure 11C and D). The blue shift is smaller than in the case of 5PI. 

 

 
Figure 9 Single molecule jump of 5PI in PMAN excited at 520 nm. During the first 20 s only type 3 is 
present, after that only type 1 is present. 
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Figure 10 Type 1 emitter of 6PI in PS. A)  Emission spectrum (10 s integration time) after 53 s this molecule 
is permanently photo bleached. B) the intensity trace (photons / 20 ms), C) the fluorescence lifetime as a 
function of the observation time and D) the lifetimes distributions histogram. 
 

 

Figure 11 Type 2 emitter of 6PI in PMMA. A)  Emission spectrum (10 s integration time), B) the intensity 
trace (photons / 20 ms), C) the fluorescence lifetime as a function of the observation time and D) the 
lifetimes distributions histogram. 
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Type 3 emitters are found less frequently than in the case of 5PI and the blue shift is a 

little less compared with that of 5PI. Figure 12 shows an example of a type 3 emitter of 

6PI encapsulated in PS. Type 3 emitters are characterized by a more strongly blue shifted 

emission, with an emission maximum of ∼ 530 nm and relative intensity that is higher 

than for the type 1 emitters. The example shown in Figure 12 has an observation time of 

8 s, after that it is permanently photobleached.  

Since photobleaching occurred quite rapidly for this molecule the histogram (Figure 11 

D) has only very few occurrences. The fluorescence lifetime during the observation is 3.0 

ns. For 6PI also the lifetime distribution histograms were made and sorted according to 

matrix and emitter type (Figure 13). 

 

 

 
Figure 12 Type 3 emitter of 6PI in PS. A)  Emission spectrum (10 s integration time). After 14 s this 
molecule is permanently photobleached. B) The intensity trace (photons / 20 ms), C) the fluorescence 
lifetime as a function of the observation time and D) the lifetimes distributions histogram. 
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Figure 13 Lifetime distribution histograms of the emitter types of 6PI embedded in polystyrene (PS), 
polymethylmethacrylate (PMMA). Type 3 in PMMA is not shown because not enough different single 
molecules with this emitter type were observed to construct a proper histogram. 
 

Table 4 Lifetimes of the different types of 5PI emitters 

 Type 1 Type 2 Type 3a 

PS 3.2 ns 4 ns - 

PMMA 3.5 ns 3.8 ns - 
a No average lifetime is listed for type 3 as the behavior is erratic in PS 
and in PMMA not enough molecules with this emitter type were 
observed to construct a histogram 
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For 5PI the lifetimes of the different species are similar in PS and Zeonex, in PMAN all 

lifetimes are longer. For 6PI the lifetime of type 2 is longer than that of type 1. The 

behavior of type 2 emitters is clearly more erratic than that of type 1 emitters. For type 2 

the histograms have shapes that do not resemble the expected gaussian shape. The shape 

of the type 3 emitter lifetimes distribution histogram is even more unsymmetrical than 

that of type 2. The construction of this histogram is hampered by the fact that only a very 

small percentage of the molecules studied show this behavior. Table 5 shows the relative 

abundance of the different emitter types. In Figure 13 no lifetime distribution histograms 

are shown for Zeonex because these measurements were performed with continuous 

excitation. Like in the case of 5PI, a significant part of the 6PI population is made up from 

type 2 and type 3 emitters which were not found at the ensemble level. In the case of 6PI, 

however, the type 1 is dominant. 

 

Table 5 Relative abundance of the different types of 6PI emitters per polymer matrix 

 Type 1 Type 2 Type 3 Changinga 

PS 64 % 17 % 12 % 7% 

PMMA 76 % 16 % 5 % 2 % 

Zeonexb 54 % (52 %) 20 % (35 %) 24 % (13 %) 2 % 
a During the measurement some emitters changed from one type to another this is their contribution to 
the total 
b Values in brackets are for a small set of measurements with λexc 560 nm instead of 520 nm.  
 

Evidence that type 2 and 3 emitters are coming from the same molecule as type 1 (and are 

not a contamination) is found in the fact that in some cases a change in emitter type is 

observed during the measurement (‘changing’ column in Table 5). In Figure 14 such a 

change in spectrum is shown. The initial type 3 spectrum (which is distorted by the use of 

a 560 nm long-pass filter) is present during the first frame, but changes during the 

recording of the second frame. This results in a combination spectrum of type 3 and type 

1 for the second frame. The third and subsequent frames then only show the spectrum of 

a type 1 emitter. 
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Figure 14 Single molecule jump of 6PI in PMMA excited at 543 nm. During the first 5 s only type 3 is 
present, between 5 and 10 s a mixture of both types is recorded and after 10 s only type 1 is present. 
 

5.4. Solvatochromism of Single Molecule Probes in 
Polymer Films 

From the literature it is known that some mixed polymer films give phase separation 

upon dewetting. The phase separation leads to the formation of micro domains; small 

micrometer sized regions containing only one kind of polymer. Micro domain formation 

has also been observed for block copolymers[29] where the different blocks of a polymer 

fold in such a way that they are grouped together. 

One of the reasons behind the design of 5PI and 6PI was that their solvatochromic 

properties would be able to distinguish these micro domains based upon the probe’s 

emission maximum. The fact that 3 different emitter types are found at the single 

molecule level does not change that. However, only type 1 emitters show the same 

emission spectrum as the solvatochromic solution spectrum. To investigate the 

solvatochromic determination power a detailed analysis of type 1 emitters in the different 

matrices was made. In Figure 3 the ensemble emission spectra of 5PI and 6PI in PS and 

PMMA are shown. The differences in emission maxima are small. The sensitivity at the 
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single molecule level may be better though as ensemble averaging is no longer present. 

Furthermore the spectra shown in Figure 3 are drop cast films and may still contain 

residual toluene. Therefore, they could show a strong resemblance with the toluene 

emission spectrum (see Figure 2). The amount of solvent present in the polymer film also 

changes the polymer volume and thus the density of the film changes. Hence, the 

refractive index of the film is increased substantially as has been shown in several studies 

with Nile Red.[30] In Figure 15 the emission maxima of type 1 emitters are histogrammed. 

PMAN is not included in the comparison, because not enough type 1 emitters were found 

to construct a proper emission maxima histogram (also see Table 3). Although there is a 

difference in the most probable emission maximum between 5PI in PS (λmax = 650 nm) 

and Zeonex (λmax = 670 nm) of ∼20 nm, the overlap between both histograms is 

considerable.  The difference between PS and Zeonex was expected to be larger and of 

opposite sign, when taking into account the molecular structure of the repetitive unit. PS 

resembles toluene (λem = 685 nm) and Zeonex resembles cyclohexane (λem = 642 nm). The 

rigidity of the polymer matrix prevents adequate stabilization of the excited state during 

its ns lifetime and thus the solvatochromic effect is practically absent. This behavior is 

quite similar to the effects observed in frozen solvent matrices, which has been discussed 

in Chapter 3. 

 

 
Figure 15 Histograms of the emission maxima type 1 emitters of 5PI embedded in PS (A) and Zeonex (B). 
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Figure 16 Histograms of the emission maxima type 1 emitters 6PI embedded in PS (A) and PMMA (B). 
 

 
Figure 17 Histogram of the emission maxima type 1 emitters 6PI embedded in Zeonex. 
 

6PI was measured in PS, Zeonex and PMMA. Based on the results of 5PI, we expect the 

differences between emission maxima to be small. The difference in emission maxima 

found for 6PI in PS and PMMA is similar to the difference found for 5PI in ensemble 

spectra; around 20 nm (Figure 16). The average emission of 6PI in Zeonex is blue-shifted 

with respect to the other two polymers, but the data are scattered rather dramatically as 

can be seen in Figure 17. At this moment we have no explanation why the scattering of 

the emission maxima of 6PI in Zeonex is so much larger than in the case of 5PI. 

To summarize: whereas the solvatochromic sensitivity in solution is rather strong, it is 

much less in films, due to the rigidity of the matrix. The solvatochromic effect gains its 
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power by the difference in stabilization of the excited state with respect to the ground 

state. These measurements do, however, show that it is possible to measure a strongly 

solvatochromic probe at the single molecule level and opens the possibilities for use as 

reporter of nanoscopic polarity if the environment is fluidic enough.  

Interestingly, the increased rigidity does not result in enhanced luminescence; the 

fluorescence lifetimes found in polymer matrices are similar to those found in liquid 

solvents. Assuming that the radiative rates do not change much, this implies that the non-

radiative decay rates are not strongly affected either, and thus the emission quantum 

yields are similar.  

 

5.5. Single Molecule Spectra vs. Ensemble Spectra 

From the literature it is known that compounds similar to 5PI and 6PI show at least two 

types of emission at the single molecule level.[31-33] The molecules studied by Stracke et al. 

are a little different from 5PI and 6PI (Scheme 1). API resembles 5PI and 6PI the most, 

although a primary amine is not as efficient an electron donor as the pyrrolidine or the 

piperidine of 5PI and 6PI, respectively. The lack of steric hindrance, on the other hand, 

allows for a better interaction between the amino group and the aromatic rings.  

 

 
Scheme 1 Amino-substituted peryleneimides studied by Stracke et al.[31-33] 
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Figure 18 Absorption and emission spectra of API and DAPI in toluene as studied by Stracke and co-
workers. Reproduced with permission from reference [32]. 

 
Figure 19 Ensemble absorption and emission spectra (λexc = 488 nm) of the unsubstituted perylene 
monoimide N-(2,6-diisopropylphenyl)-perylene-3,4-dicarboximide (PI) studied by Stracke and co-workers. 
Reproduced with permission from reference [31]. 
 

Table 6 Absorption and emission maxima of 5PI, 6PI and API in toluene.  

 λabs λem 

5PI 576 nm 688 nm 

6PI 527 nm 668 nm 

API 550 nm 650 nm 

PI 480; 505 nm 530; 560 nm 

 

The absorption and emission spectra of API and DAPI in toluene are shown in Figure 18. 

To compare the emission and excitation maxima with those of 5PI and 6PI, the maxima 
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are listed in Table 6. DAPI is hardly a push-pull system. The nitrogen lone pair is strongly 

delocalized over the carbonyl groups. The emission spectrum is very similar to that of the 

unsubstitued peryleneimide (PI, Figure 19). 

Stracke et al. noticed that there were several different emission types in their single 

molecule sample, whereas the ensemble measurements only showed one type of 

spectrum. API showed three distinct emitter types: one similar to the broad and 

unstructured ensemble spectrum and two intense and structured emitters. The two 

structured emitters are very similar, with three different emission maxima, but differ in 

precise position of the emission maximum. Clearly this situation closely resembles the 

case of 5PI and 6PI. 

The transitions between type I and type II (not be confused with 1 and 2 from 5PI and 

6PI) were attributed to a conformational change within the probe molecule itself. Type 

III was thought to be due to extrinsic changes, like local nano environment. For API all 

three different species are found, although the relative contribution of type II is rather 

low. For DAPI, the broad and unstructured emitter type II, which resembles the 

ensemble spectrum, is not found at the single molecule level. Characteristic single 

molecule emission spectra for API and DAPI are shown in Figure 20. 

Both in the work of Stracke et al. on API and in our experiments on 5PI and 6PI, there 

is a remarkable difference between the spectra observed at the ensemble level and those 

found at the single molecule level.‡ Obviously, single molecules can show spectra that are 

very different from the bulk spectrum. This is the great benefit of the very nature of 

single molecule techniques, which allow us to observe rare and unusual emitters. But one 

would expect the average of the single molecule spectra to resemble the ensemble 

spectrum closely. In view of these results two questions arise: (1) why do so many single 

molecules show emission spectra that are very different from the ensemble spectra and 

(2) what is the nature of these species?  

                                                 
‡ From the experimental data presented in the paper of Hou et al. very similar observations can be made for 
Nile Red in polyvinylalcohol, but these were not discussed by the authors as being unusual.[30] 
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Figure 20 Structures and the observed types of single molecule fluorescence spectra of the dyes investigated 
by Stracke et al. The respective ensemble spectra in toluene are displayed in arbitrary units in the back. 
Reproduced with permission from reference [33]. 
 
According to Stracke et al. the reason why so many type I molecules are observed and so 

few type II can be the difference in brightness. This is related to the fact that single 

molecules are studied after selecting relative bright spots in a scanned area. The 

experimentalist will tend to look at the brightest spots first and the less bright molecules 

might be lost in the background. To clarify this “picking-molecules” method a little more 

Figure 21 shows an area scan (10×10 μm) of a typical single molecule sample. The spots 

that rise above the background are single molecules (marked with a white circle). It is 

hard to clearly identify single molecules upfront from an area scan. Some molecules are 

very bright and have an intensity of ten times the background whereas others only have 

an intensity of three or four times that of the background. The focus (excitation volume) 

needs to be moved to the spot of interest. The emission spectrum and the fluorescence 

lifetime will then show if the spot actually constitutes a single molecule emitter or just a 

local increase in background due to contaminants in the polymer itself. If the 

experimentalist only picks the very bright spots and ignores the lesser ones as 

background, then the population will be unevenly sampled. Hence, the very bright 

molecules will be overrepresented in the total dataset. 

Type I of API has a higher molecular brightness than type II and thus can be over-

represented. The quantum yield of the type II emission of API is only around 0.2.  
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Figure 21 Typical area scan used to find single molecule emitters. The bright spots marked in this 10 × 10 
μm area are single molecules. 
 
This gives a low brightness which makes it difficult to distinguish these emitters from the 

background. The apparent brightness also depends on the excitation wavelength and the 

filters used in the detection path (dichroic and bandpass filters). In Table 3 and Table 5 

the results of the single molecule measurements on 5PI and 6PI were given. Depending 

on the probe and the polymer matrix 30 % to 80 % of all emission is caused by type 2 and 

type 3 emitters. 

Stracke et al attributed the structured type I emission to twisted conformations of the 

probe, in which the conjugation between the amino group and the aromatic ring system 

is disrupted. This was supposed to lead to species that emit similarly to the unsubsititued 

perylene imide (Figure 19).[34] 

The likelihood of the hypothesis that multiple conformations are available for API, 5PI 

and 6PI was assessed by means of molecular computation at the B3LYP/6-31G(d) level. 

Such calculations are sufficiently accurate and reliable to provide useful information. The 

structures found are shown in Figure 22 and relevant numerical data are listed in Table 7. 

Calculations were performed for isolated molecules. Vibrational frequencies were 

calculated (harmonic approximation). In the case of 5PI, solvent effects were also 

considered (see Chapter 2 and 3).  
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Figure 22 Computed conformations for PI, API, 5PI and 6PI. 
 
 
Table 7. Selected computed data (B3LYP/6-31G(d)) for PI, API, 5PI and 6PI. 
Structure Erel 

(kcal/mol)a 
μ  

(D)b 
Eexc  
(eV)c 

λmax  

(nm)d 
f e 

PI  6.8 2.62 473 0.50 
API 0 9.6 2.44 509 0.51 
API (twisted) 6.1 7.6 2.59 578 0.52 
      
6PI (eq) 0 9.2 2.43 510 0.60 
6PI (ax) 2.1 10.0 2.35 528 0.58 
6PI (twisted, eq) 5.0 7.5 2.58 481 0.59 
6PI (twisted, ax) 5.6 7.8 2.58 481 0.58 
      
5PI 0 11.5 2.35 528 0.60 
5PI (conf 2) 0.7 9.5 2.43 510 0.59 
a relative energy of the conformation. b dipole moment. c vertical excitation energy 
(of the lowest allowed absorption), TD-DFT. d absorption maximum. e oscillator 
strength 

 
API has a single stable conformation, in which the nitrogen lone pair is effectively 

conjugated with the aromatic system. The amino group is not planar, but slightly 

pyramidalized. A twisted conformation, with a symmetry plane containing the PI part 
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and the nitrogen atom is 6.1 kcal/mol higher in energy. This structure corresponds to a 

transition state for rotation about the C-N bond. 

For 6PI, four low-energy conformations were found, which can be distinguished by the 

orientation of the perylene imide with respect to the piperidine ring (equatorial vs. axial) 

and by the dihedral angle between the piperidine ring and the perylene imide 

(conjugated vs. non-conjugated (twisted, Cs symmetry)). Only the twisted axial form had 

one imaginary vibrational frequency, characterizing it formally as a transition structure, 

but the magnitude of the force constant was very small, and the other three species also 

had very low vibrational frequencies. 

Placing the perylene imide in an axial position with respect to the piperidine ring 

favors the electronic interaction, as shown by the large dipole moment and the low 

excitation energy of this form, but it is sterically unfavorable.  

For 5PI, two low energy conformations were found. The lowest-energy one (conf 1) 

has a much larger dipole moment and is more favored as the solvent polarity is increased. 

The twisted conformations of API and 6PI have excitation energies close to that of the 

unsubstituted PI. Their energies, however, are too high for a significant population to be 

expected under normal experimental conditions. Because the twisted forms have smaller 

dipole moments, they will be further disfavored in dielectric media. On this basis, it 

seems very unlikely that such species are responsible for the blue-shifted emission bands 

observed in SMS. The second conformations of 5PI and 6PI might be thermally accessible, 

but they do not show strongly blue-shifted spectra.  

That no type 2 and type 3 emission was observed at the ensemble level (for 5PI and 

6PI) is in our opinion quite strange. The quantum yield of 5PI and 6PI is on average 0.4 in 

regular solvents (Table 1, Chapter 2). If we assume that the quantum yield does not 

dramatically change for any of the three species when going from solvent to the polymer 

matrix, which is reasonable since the fluorescence lifetimes found are similar to those in 

solution, then all species should easily be detected. During our previously described 

measurements special care was taken not to select only the brightest molecules. For 5PI 
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and 6PI the quantum yield of type 2 cannot be much more than twice that of type 1, 

because it cannot exceed unity. Since the brightness of the different species is not very 

different, it is unlikely that biased sampling is the reason for the discrepancy between 

ensemble and single molecule experiments.  

Another reason for differences between experimental results obtained for individual 

molecules in spincoated films and from ensemble measurements in dropcast films could 

be that the local environments of the molecules are different. Interactions between the 

polymer host matrix and the embedded molecules can influence their conformation. This 

is the basis for probing the free volume with single molecule probes.[13] However the 

molecular volumes of both conformations are not expected to be very different and the 

TPDI dye studied in reference [13] was substantially larger. The commercially available 

Perylene Red also has a larger molecular volume than 5PI and 6PI, but no free volume 

effect could be found for it (see previous chapter). The difference between the single 

molecule films and the films shown in Figure 3 is besides the concentration also the way 

they were prepared. The single molecule films were spincoated, whereas the ensemble 

films were drop cast. To see if this has an effect on the emission spectrum, spincoated 5PI 

films were made with high concentration (solution 10-5 M). In initial measurements it 

seemed that the spincoated films showed a significantly blue shifted emission in 

comparison with the drop cast films (Figure 24). It is well known that spincoated polymer 

films are not at a thermodynamic equilibrium and that to remove the stress and strain 

induced by the rapid spin coating and fast evaporation of the solvent the films should be 

annealed. Therefore a spincoated film was put in the oven and heated above the Tg for 

four hours (140 °C) under inert atmosphere. The resulting spectrum after annealing 

shows a much higher intensity of the long wavelength band with respect to the short 

wavelength band. 
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Figure 23 Effect of  polymer film preparation on fluorescence spectrum of  5PI encapsulated in PS (A) and 
PMMA (B). Dropcast films (solid line), freshly spincoated films (dotted line) and spincoated films after 4 
hours annealing (dashed line) at 150 C under argon. 
 
This would indicate that the blue band at the ensemble level might be caused by the 

stress introduced by the spin coating. Unfortunately, reproducibility of these annealing 

effects turned out to be rather difficult. Later measurements showed that there are 

multiple factors that influence the emission spectra in these (high probe concentration) 

spincoated films. The age of the film is a very important factor. Also the conditions under 

which the film was kept during the period prior to measuring have an influence. In 

Figure 24, the evolution of the emission spectrum of 5PI in a freshly spincoated PS film is 

shown. The first spectrum was measured less than 5 minutes after spincoating. The 

subsequent spectra were recorded at increasing intervals of 15 min in the beginning to 2 

hours at the end of the 72 hours measurement window. During the observation period of 

72 hours the blue band comes up in intensity but the red band also increases in intensity. 

A possible explanation for the time dependent rise of the blue band could be a 

(photo)reaction of the dye (e.g. oxidation). If the blue band would be due to such a 

process then one would expect the blue band to increase at the expense of the red one. 

However, selective excitation may favor the 550 nm band and thus less effectively reduce 

the intensity of the red band. It is also known that spincoated films still contain a 

substantial fraction of solvent directly after spin coating. 
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Figure 24 Emission of 5PI in a freshly spincoated film monitored over a 72 hour period (A). Both the band 
at 550 nm and the red band at 660 nm increase with time (λexc = 490nm). B) Fit of the rise of the 550 nm 
band as function of the time; the band has a rise time of 2273 s. 
 

 So the rise in intensity of the red band could also be due to the evaporation of the solvent 

and the subsequent rise in matrix rigidity may slightly increase the fluorescence quantum 

yield. In an attempt to rule out the effect of the polymer matrix itself, a polymer film only 

showing the blue emission band was redissolved in as little as possible toluene (∼2 ml), 

but unfortunately the concentration of the resulting solution was too low to measure an 

emission spectrum. 

To investigate if rise of the blue band is due to a photoreaction, a sample of 5PI in 2 % 

w/w PS in toluene was put in front of a xenon lamp and irradiated for several hours. Prior 

to irradiation the absorption and emission spectrum look identical to the ones showed in 

Figure 3A. When most of the original absorbance had disappeared an emission spectrum 

was measured. The sample was excited at the same wavelength as at which the films were 

excited (490 nm) and an emission spectrum was recorded (Figure 25). Clearly a strong 

emission maximum is present at 560 nm, which was not present prior to irradiation.  

What complicates the interpretation of these measurements is the fact that the 

decomposition of the films seems to be related to temperature and relative humidity. The 

spectra shown in Figure 24 were measured in the summer over a period over 72 hours in 

a particularly hot and humid period. Later some more films were spincoated and stored 

under different conditions (Figure 26). These were prepared and measured in autumn, 
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and after a period of 5 days only a very small rise of the blue band is visible. The sample 

kept under argon does not show a blue band at all. This strengthens the evidence that 

oxidation may play a part in the rise of the blue band. On the other hand a sample stored 

in an air tight capped vial under normal atmospheric conditions (identical to how the 

single molecule samples are stored) also does not show a rise of the blue band The blue 

band is probably responsible for type 3 emitters.  

 
Figure 25 Emission spectrum of 5PI in a 2 % w/w polystyrene in toluene solution after being irradiated for 
several hours with a xenon lamp (λexc = 490 nm). 
 

 
Figure 26 Spincoated PS films of 5PI (10-5 M) kept for 5 days under different, dark, conditions. Two sets of 
films were stored in the presence of oxygen: “Air”, films kept in a small container left open to air and 
“Capped Vial”, films kept in a small container of which the air was not removed, but the container was 
sealed so that no extra air could enter (λexc = 490 nm). 
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Type 2 spectra are so structured and intense one would expect to see them at the 

ensemble level and also see some of the structure in the emission spectrum. The bands 

would broaden somewhat at the ensemble level as not all type 2 emitters have their 

maximum at exactly the same position. But the spreading is not so large that all the 

spectral features would be obscured by the ensemble averaging. The only explanation that 

remains for the lack of type 2 emitters on the ensemble level is a site specific interaction. 

With this we mean that every polymer chain has one (or a few sites) that give rise to type 

2 emitters. This would mean each film has a maximum number of type 2 emitters that 

could be present. If the maximum is low it would never be visible at the ensemble level as 

it is being hidden by the bulk of type 1 emitters. Chapter 6 contains a more detailed 

analysis of the photo-products formed after irradiation of a solution of 5PI in toluene.  

Another difference between spincoated and dropcast films is their thickness. In the 

much thinner spincoated films a larger fraction of the entrapped molecules is close to an 

interface (glass or air). Molecules attached to the glass surface could be hydrogen bonded 

via the amino group, which is thereby deactivated as electron donor. If the interface areas 

can be saturated this would also explain why spincoated films with higher probe 

concentration show the same behavior as dropcast films. 

 

5.6. Protonated 5PI 

The amino group of the class of dyes discussed here is an electron donor, but also a base. 

At low pH it can be protonated, as was shown in Chapter 2. After excitation of the 

protonated dye the ammonium group becomes a strong acid. There is a strong driving 

force for the charge shift from the amino moiety to the imide part of the molecule that 

will cause the proton to split off in the excited state. In the literature only a few examples 

of single molecule pH experiments have been described: Mason et al. used dual color 

detection to distinguish coumarin-4[35] and coumarin-6[36] from its protonated counterpart. 

Higgins used carboxy-SNARF to study the different pH regions in silicate films.[37]  
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Figure 27 A) Emission spectrum of a single molecule of 5PI-H+ (10 s integration time), B) fluorescence 
lifetime as function of the observation time, C)  Intensity trace (photons / 20 ms) and D) the lifetimes 
distributions histogram. (λexc = 520 nm) 
 

In this section we will show some preliminary results of single molecule experiments 

performed on protonated 5PI-H+. These results are preliminary as not enough molecules 

were studied to perform a good statistical analysis. Nevertheless these measurements yield 

very interesting results concerning excited state deprotonation of a single molecule.  

After protonation of 5PI by trifluoroacetic acid (noticeable by the color change from blue 

to red) the polymer solution is diluted down to the single molecule level (10-10 M) and 

spincoated onto a coverslide. From a batch of 35 molecules only 8 show a single molecule 

spectrum with a shape that was not observed for any of previous single molecule 

experiments. The single molecule spectrum of the protonated species resembles the non-

protonated spectrum, with the exception of the additional blue band around 570 nm 

(marked with an arrow in Figure 27). 

This spectrum looks like a combination of protonated and unprotonated 5PI emission. 

This is not surprising, considering that the spectral acquisition time is 10 s. Within this 

window several million excitation cycles have passed. So apparently some excitation 

cycles will yield excited state deprotonation whereas others do not. 

These measurements show that it is possible to use single molecule spectroscopy to get 

more insight into the interesting topic of excited state deprotonation of 5PI. These 

measurements also show that the proton is not able to diffuse away in the polymer film, 
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otherwise no subsequent emission spectrum of 5PI-H+ should have been found. But more 

measurements are necessary to achieve proper statistics. Varying the pH of the 

encapsulating medium combined with shorter spectral acquisition and splitting the 

respective spectral regions onto it own lifetime detector will give better insight into the 

ratio between protonated and non-protonated emission. 

 

5.7. Conclusion 

The rigidity of the polymer matrices limits the use of solvatochromic single molecule 

probes to report on the nature of the micro-environment in rigid matrices. Our 

experiments show, however, that applicability of solvatochromic probe molecules is 

possible at the single molecule level and they may have a future use as membrane probes 

and or as a less invasive probe than a FRET pair to study protein folding and unfolding. 

The nature and the origin of the different emitter types remains a matter for further 

investigations. The highly structured emitter type 2 is in the literature attributed to a 

twisted conformation. It is unlikely though that this is a valid claim. Our modeling 

studies confirm the existence of these conformations, but the energies at which these 

conformations are found, are high above the global minimum. Type 3 emitters are 

probably due to a photo-product. Factors leading to the formation of this species remain 

unclear for the time being; climate controlled measurements may prove valuable to 

resolve this problem. A different explanation for finding so many type 2 and 3 emitters at 

the single molecule level and not at the ensemble level could be that they are induced by 

interface effects. The spincoated films are much thinner than the dropcast films used to 

measure the ensemble spectra. If the interface areas can be saturated this would explain 

why spincoated films with higher probe concentration also do not show the same 

distribution among the types as found at the single molecule level. 

The next chapter will have a more detailed analysis of the photostability of 5PI in 

comparison with its bay substituted analogue 5PI-b. 
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Although preliminary in nature, the protonation and deprotonation experiments show 

that it is possible to follow protonation and deprotonation at the single molecule level. 
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5.9. Experimental Details 

5.9.1. Confocal Setup Leuven 

The confocal setup used in these measurements has been described in the previous 

chapter. In Figure 28 the transmission spectra of the filters used are shown. 

 

 
Figure 28 Transmission spectra of the 540 nm dichroic longpass mirror and the 520 nm notch filter used in 
the confocal microscope. 
 

5.9.2. Ensemble Fluorescence Spectra 

The steady state fluorescence ensemble spectra were recorded as described in Chapter 2. 
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5.9.3. Polymer Films 

Ensemble films were made either by dropcasting a 10-5 M dye, 2 % w/w polymer solution 

on an object glass or by spincasting. In the latter preparation of the dye solution 50 μl was 

put on a coverslide and spincoating for 30 s at a speed of 2500 rpm followed by 10 s at 300 

rpm. Polystyrene (Sigma Aldrich secondary standard, Mw 240,000), 

polymethylmethacrylate (Acros, Mw 35,000) and Zeonex (Z620s, Zeon Corp.) were 

dissolved in spectroscopic grade toluene. Polymethacrylonitrile (Scientific Polymer) was 

dissolved in spectroscopic grade acetonitrile. Prior to dissolving the polymer, the purity of 

the solvents was checked for single molecule suitability, by letting a droplet of solvent 

evaporate on a coverslide and measuring the fluorescence intensity at the confocal setup.  

Single molecule films were prepared by spincasting ∼10-10 M solutions the dye in 2 % w/w 

solutions in either toluene (PS, PMMA, Zeonex) or acetonitrile (PMAN) on carefully 

cleaned coverslides. All single molecule measurements were carried out in ambient 

conditions. The thickness of the polymer films was measured with surface profilometry 

on a Sloan Dektak 3030.  
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