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Chapter 4 

Photoinduced Electron Transfer in Thin Films of 

Perylene Red – Pyrene Mixtures  

 

 

 

 

 

 

 

Abstract 

In this chapter, photoinduced charge separation in a mixture of Perylene Red (PDI) 

and Pyrene (Py), organized in the solid state on quartz, was studied by means of 

steady-state absorption and emission spectroscopy, and femtosecond transient 

absorption spectroscopy. Global analysis of transient absorption data indicates a 

complex physical behaviour with different charge separated states and the formation of 

triplet excited state species. 
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4.1. Introduction 

Thin films containing organic chromophores that are able to conduct charges are very 

important in relatively new industries directed at the production of (opto)electronic 

devices based on organic materials, such as electronic paper, photovoltaic cells, field 

effect transistors and light-emitting diodes. The high importance of such developments 

is illustrated by the recent investment of $ 4 million in Polyera, a developer of organic 

semiconductors and dielectrics for organic thin-film transistors and photovoltaics, by 

Solvay in September 2010. These activities are aimed at product development directed 

at e.g. printable electronics for ultra thin televisions, walls that can be lit up, and light-

weight solar cells that can be rolled up. In principle such devices can be inexpensive as 

they can be produced by roll-to-roll printing of conductive inks on plastic films. With 

further advances in productivity, reliability, and related cost, printed electronics can 

become cheaper than silicon-based electronics. It has been estimated that the world 

market for printed electronics stood at about $ 2 billion in 2010, but only about one-

third of these potential applications were realized.1  

Besides chromophores such as fullerene adducts (e.g. PCBM) and conducting 

polymers (e.g. P3HT), that are applied in Konarka’s organic solar cells,2 also perylene-

bis(dicarboximides) (PDIs) are part of this new industrial development. One of 

Polyera’s electronic inks is a (bis-CN)-bay-substituted PDI compound with fluoro-

alkyl substituents on the imide nitrogens.3 

Perylene-bis(dicarboximides) are extremely stable organic dyes of which the 

chemistry has been explored in many directions and which have been applied in many 

fields. Early applications range from car-paints, hair-treatment compositions, and 

active conducting components in photocopying devices, to laser dyes.4 The electron 

accepting abilities of perylene-bis(dicarboximides), (PDIs), make them interesting 

components for electron transfer systems5 and for application in opto-electronic 

devices.6 Several early examples have been reported where perylene dyes are the n-

type material in organic solar cells.7 As they are the best n-type organic 

semiconductors available to date with high charge carrier mobilities,8 PDI dyes are 

used and studied in xerography,9 organic field-effect transistors (OFETs),10 organic 
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light-emitting diodes (OLEDs)11 and photovoltaic (PV) devices using e.g. a 

PDI/hexabenzocoronene4b or a PDI / polymer blend.12 

Langhals, Würthner, Müllen, and Wasielewski have contributed strongly to the 

development of PDI derivatives as one of the most useful classes of chromophores.13,14 

Quite diverse electronic and optical properties can be incorporated into the PDI 

chromophore by introducing proper substituents in the so-called bay positions. The 

tetra-substituted chloro, fluoro or phenoxy as well as the bi-substituted bromo, fluoro, 

cyano, phenoxy and pyrrolidino bay-substituted PDI’s as well as core un-substituted 

derivatives are available. Scheme 4.1 shows the structure of Perylene Red, that has 

phenoxy groups in the bay-region. Thus a broad section of the visible spectrum can be 

utilized for light-harvesting purposes. Crystallographic structures of PDI derivatives 

substituted at the bay region are characterized by a twist of the carbon framework 

resulting from repulsion and steric effects among the substituents.15 

PDI systems are often applied in artificial systems for photoinduced electron and/or 

energy transfer processes. Electroactive units such as fluorenone and anthraquinone, 16 

tetrathiafulvalene,17 pyrene,18 oligothiophene,19 zinc phthalocyanine,20 3,4-

ethylenedioxy thiophene,21 zinc porphyrin,22 hexaazatriphenylenes,23 anthracene 

dendrimers,24 perylenemonoimide,25 tetraboron-dipyrrin,26 poly(fluorene-alt-

phenylene),27  were connected to the PDI dye. 

Stimulated by these facts we have embarked on a research project that is aimed at the 

study of the photophysics of doped thin films of perylene bisimides. As a first 

representative we took Perylene Red as chromophore and as the dopant we have 

chosen pyrene (see Scheme 4.1), a text-book chromophore that was previously applied 

as energy and electron donating bay substituent in photoactive molecular squares. 

Ultrafast energy and electron transfer cascades in a multi-chromophoric light-

harvesting molecular square of nanometric dimensions were reported.18b The PDI(Py)4 

ligand (Scheme 4.1) that was still available from a previous study was also applied. 

We thus present a study of thin films on quartz containing Perylene Red as the 

chromophore (PDI) as well as mixed films also containing pyrene (Py). Furthermore, 

a thin film of PDI(Py)4 was used. The thin films were studied with steady state UV-
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Vis absorption and emission spectroscopy as well as femtosecond transient absorption 

spectroscopy. 

4.2. Results and discussion 

Scheme 4.1 presents the structures of the compounds. The use of the mixtures of 

Perylene Red and Pyrene in 1:4 molar ratio was inspired by previous studies, on the 

ligand PDI(Py)4 with four Pyrene moieties attached via phenoxy groups at the PDI 

bay areas, and the corresponding square.18 

 

Scheme 4.1. Structures of Perylene Red (PDI), Pyrene (Py) and Perylene-Pyrene 

ligand (PDI(Py)4). 

The photos of the samples (Figure 4.1) show that the spin-coated thin films 

corresponding to the higher concentration solutions (samples 3 and 5) were not very 

homogeneous. The thickness of the formed thin films was estimated to be in the range 

of 70 - 200 nm.3, 28 The solutions were filtered before carrying out spin-coating, so the 

defects or cracks on the PDI and mixture PDI-Py thin films might be due to effects of 

the fast evaporation of the solvent in high concentration solutions, forming aggregates 

prior to spin. The middle of the samples is, in general, of better quality. Therefore, all 

spectroscopic measurements were adjusted so that the light beam focused on the centre 

of the samples. 
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Figure 4.1. Photos of the thin films of Perylene Red (PDI), mixture of Perylene Red 

and Pyrene (PDI-Py) and Perylene-Pyrene ligand (PDI(Py)4). The samples 2 and 4 

were prepared from low concentration solutions (6.7 mg PDI/ml); the samples 3 and 5 

were prepared from high concentration solutions (15.0 mg PDI/ml). 

The color of the PDI-Py films was significantly different from that of the PDI layer 

whereas that of the corresponding solutions was very similar. The color of the samples 

changes from pink (PDI) to purple (PDI-Py) (or dark purple in the case of high 

concentration PDI-Py sample). In particular, the PDI(Py)4 thin film (sample 1) 

appeared light grey-blue to the naked eye (Figure 4.1). The change in colour could be 

explained by the interaction between PDI and Py, which was also observed in the UV-

vis absorption and emission spectra. 

4.2.1. UV-Vis and emission spectroscopy  

The UV-Vis absorption spectrum (Figure 4.2A) of the PDI thin film, prepared from 

the lower concentration solution (sample 4), exhibits vibrational fine structure similar 
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to that observed in solution (see insert). The absorption bands at 534 and 576 nm 

correspond to the So  S1 transition whereas the band in the 400 – 480 nm regions is 

assigned to So  S2 transition. These bands are typical for Perylene Red derivatives.29 

They indicate a “monomeric” structure and random orientation of PDI in the solid 

state.30 Spin-coated films of (non-liquid crystalline) perylene bisimides under the 

investigated conditions (prepared at room temperature and without annealing) are 

often amorphous. A highly ordered structure can only be obtained either from high 

temperature annealing or self-organization of dyes under the influence of solvent 

vapor annealing.28, 30-31 The amorphousness of the PDI thin film can also be explained 

in terms of the PDI molecular structure. Due to the tetra-phenoxy substituents, the 

planarity of the perylene core is disturbed. There is a twist angle (about 30 degree) 

between the two naphthalene units32 reducing the effect of π – π interaction of a PDI 

molecule and its neighbors. Besides, the steric hindrance of the phenoxy groups 

prevents molecules from approaching a favorable (between 3.34 and 3.55 Å) π – π 

stacking distance.32 The influence of the perpendicular xylyl-attachment at the imide 

groups is also remarkable, which can lead to 6.65 Å in stack distance or to 6.57 Å in 

transverse shift33 in terms of crystal packing parameters. 

In the case of sample 5 (the thin film of PDI prepared from the higher concentration 

solution), the absorption spectrum displays some minor differences from those of the 

sample 4 and PDI in solution. A slight increase in intensity of the band at 530 nm and 

a small blue shift (8 nm) of the SoS1 transition (Table 4.1) is observed, indicating 

some amount of dimer-like species. This change is very similar to the phenomenon 

observed for the “red dimeric” compound in non-polar solvent, studied in reference. 34 

It implies that there are interactions of a PDI molecule with its neighbor to form a 

dimeric species. However, the amount of this species is small. The hypsochromic shift 

of the film indicates the dominance of H-type aggregates35 in Perylene Red layers. 

The presence of Py in the film does not strongly influence the UV-Vis absorption 

spectrum of PDI. The shape of the PDI absorption bands shows the typical but more 

pronounced fine structure in comparison to those of PDI. The shift of the PDI 

absorption band to longer wavelengths could be explained by two factors. One is the 4 
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times dilution of PDI by Py (minimizing PDI H-aggregate interaction); the other 

reason is the interactions of Py and PDI in the solid state. In the mixed films π – π 

interactions between PDI and Py can occur, which generally result in a red shift. 

Evidence of Py and PDI interaction in the solid state could be observed in the 

absorption spectrum of PDI(Py)4 film (sample 1), in which  the PDI band shifts 27 nm 

to longer wavelength relative to this band of sample 4. Besides, the interaction of PDI 

and Py moieties present in PDI(Py)4 results in the broadening of the PDI absorption 

band. In dichloromethane solution no perturbation of the PDI spectrum is observed.18a  

A) 

 

B) 

 

Figure 4.2. Absorption (A) and emission (B) spectra (ex = 465 nm) of the thin films of 

Perylene Red (PDI), the mixtures of Perylene Red and Pyrene (PDI-Py, 1:4 molar 

concentration ratio), prepared from high (h) and low (l) concentrations, (15.0 mg 

PDI/ml and 6.7 mg PDI/ml, respectively) and ((PDI(Py)4) (concentration was 2 

mg/ml), The insert in figure A is the absorption spectrum of PDI and PDI-Py mixture 

in DCM solutions (< 10-6 M). The inserts in figure B show the emission of PDI(Py)4 

(above) and normalized emission spectra of all samples (below). 



Chapter 4 

 114 

Whereas the UV-Vis absorption spectra of PDI in the solid state indicate the 

dependence on the concentrations of the solutions used to make the layers, the 

normalized emission spectra of the samples 2, 4 and 5 were almost identical (Figure 

4.2B). The only exception was the PDI-Py mixture made at higher concentration 

(sample 3).  

 
Table 4.1. The PDI absorption and emission maxima of the thin films and of the 

corresponding solutions. 

Thin film Solution (DCM) 

sample 
1 

PDI(Py)4  
2 

PDI-Py 
(l) 

3 
PDI-Py 

(h) 

4 
PDI 
(l) 

5 
PDI 
(h) 

PDI Py-PDI PDI(Py)4
(a)

Absorption 

max 

(nm) 
603 588 584 576 568 575 575 575 

Emission 

max 

(nm) 
640 614 624 613 612 610(b) - 611 

(a) from reference 18a, (b) from reference 29a. 

The relative quenching effect on the PDI emission of the Py chromophore in the thin 

films was calculated by comparing the emission intensity of PDI-Py layer to the 

corresponding PDI layer. That is, the PDI emission intensity of samples 1 and 2 (low 

concentration) was compared with that of sample 4; and sample 3 versus sample 5. All 

the quenching values of the emission were corrected for absorption factor. The results 

show that the emission is quenched by a factor of 5 in the case of intermolecular 

interaction PDI-Py systems (from both high and low concentration; 80 % quenching) 

whereas the case of PDI(Py)4 showed more than 95 % of quenching (in comparison 

with the PDI film at low concentration) indicating the strong effect of intramolecular 

interaction between PDI and Py moieties in PDI(Py)4.  

To get more insight into the interaction between PDI and Py in solid state, we carried 

out femtosecond transient absorption measurements of PDI and PDI-Py thin films. 
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4.2.2. Femtosecond transient absorption (fs-TA) spectroscopy.  

Figure 4.3 shows transient absorption (fs-TA) spectra of PDI-Py (sample 3) and of 

PDI (sample 5), corresponding to three probe delays, at 550 nm excitation. 

A) 

 

 

 
B)  

 

 

 

Figure 4.3 fs-TA spectra and kinetic traces (ex = 550 nm) of A) sample 3 (PDI-Py); 

B) sample 5 (PDI) thin films from high concentration, the dotted line in the fs-TA 

spectra in B is the spectrum (multiplied by 2.85) at 1.7 ps time delay of the PDI film 

from low concentration(sample 4). The absorbance of samples 3 and 5 at 550 nm was 

0.80 and 0.74, respectively. 
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The shape of the spectra of PDI (Figure 4.3B) is similar to that of Perylene Red in 

solution, as reported in reference,34 with ground-state bleaching at 450 nm, 540 nm 

and 590 nm, and stimulated emission bands at 590 and 650 nm. The singlet-singlet 

absorption of PDI is at ~720 nm. Nevertheless, there are some differences. Firstly, the 

fs-TA spectrum of the PDI film prepared from the more highly concentrated solution 

(sample 5) at 1.7 ps probe delay shows less stimulated emission intensity at 650 nm. 

That of the PDI film prepared from a lower concentration (sample 4) at 1.7 ps time 

delay shows a more symmetric shape of the band that is assigned to ground state 

bleaching and stimulated emission, i.e. from 500 nm to 680 nm. It implies less 

interaction among PDI molecules in solution and in sample 4 maybe due to uncovered 

areas (i.e. island formation). Secondly, the spectral trace at 999 ps indicates an 

appearance of a new small band at 620 nm (see also global analysis below). The 

reason for the rise of this band is triplet excited state formation of PDI, which can 

result from intersystem crossing (ISC) via a charge transfer transition or intermediate 

state (PDI+ PDI-).36, 37  

The spectra of the PDI-Py thin film (Figure 4.3A) show some different features. For 

example, the spectrum at 13.5 ps time delay displays two bands. The first one is at 720 

– 800 nm, which is attributed to the PDI.- species.38 The second band at 480 nm, which 

overlaps with the ground state bleaching of PDI, is of Py+ (radical cation).38c, 39 This 

result indicates a charge separation process occurring in PDI-Py thin films (electron 

transfer from Py to PDI). In the spectral trace correlated to 999 ps time delay, we also 

observe the rising of a small band at 620 nm which is assigned to the triplet excited 

state of PDI. 

Figure 4.4 displays the fs-TA spectra of PDI-Py (sample 3) and fs-TA spectra of PDI 

(sample 5) in thin films, upon 345 nm excitation. At this excitation wavelength Py 

molecules were selectively excited. The absorbance at 345 nm of sample 5 is 0.12. It is 

very small, compared to that of sample 3 (1.99). The transient absorption of sample 5 

at this excitation wavelength is very weak, A < 2  10-3 (Figure 4. 4B). Clearly, the 

contribution of directly excited PDI molecules is very small when the samples are 

excited at 345 nm. 
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A) 

 

B) 
 

 

Figure 4.4 fs-TA spectra (ex = 345 nm) A) of PDI-Py (sample 3); B) PDI (sample 5,) 

thin films. The absorbance of sample 3 and of sample 5 at excitation wavelength was 

1.99 and 0.12, respectively. 

In Figure 4.4 A, it can be seen that the PDI stimulated emission is absent although its 

ground state bleaching of PDI at 590 nm is still observed. The bands of the PDI– 

absorption at 720 – 800 nm, of the Py+ absorption at 450 – 490 nm are present in the 

spectral traces at time delays longer than 2 ps. These give more evidence of the 

electron transfer process from Py to PDI. 

4.2.3. Global Analysis using Glotaran 

The analysis of time-resolved spectroscopic data consisting of three dimensional 

datasets (wavelength, time and absorption difference intensity) is a complex and time 

consuming task. One of the reasons is that these datasets can be so complex that the 

fitting with a sum of exponentials can have various solutions.  Recently, a powerful 

tool to solve this problem has been developed. It is referred to as global and target 

analysis,40 enabling scientists to interpret such datasets (e.g. fs-TA), commonly, in 
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terms of kinetic models. Kinetic traces at all measured wavelengths are fitted together, 

so each individual fitting is correlated with the others. As a consequence, the obtained 

results are more constrained.40, 41 In global analysis, the data are fitted without prior 

knowledge about detailed kinetic models. A number of exponential decays and their 

amplitudes are applied in the fitting that is correlated to a parallel model (i.e. all 

components decay independently). Another simple model which can be used in global 

analysis is the so-called sequential model. It describes a kinetic scheme that the 

components decay sequentially. The decay of the first component that is populated by 

an input laser pulse results in the formation of the second component. The second 

component in turn decays, forming the third component, and so on (Scheme 4.2). 

Notice that the quality of fit of the data using either a parallel or a sequential model is 

the same. When a specific kinetic model (compartmental model) is applied, the 

analysis is termed target analysis. The compartmental model often depicts a 

mechanism which contains sequential and parallel steps, and many cases inversed 

steps are also involved. Then, “real” spectra and corresponding rate constants of the 

contributing species presented in the data can be deduced from this analysis.40c, 41 

The fs-TA measurements of sample 3 and 5 were analyzed with the Glotaran 1.0.1 

software package,40c, 42 using a global analysis. First, kinetic traces at several 

wavelengths (e.g. 450 nm, 500 nm, 590 nm and 720 nm) were fitted with a simple 

multi-exponential model, using the Igor Pro 6.20 program. Then, the obtained results 

were used as initial kinetic parameters in the global analysis. Scheme 4.2 depicts two 

models used in global analysis. 

 

 

Scheme 4.2. The models used in global analysis. 

The decay times of different components from this analysis are given in Table 4.2. 
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Table 4.2. Lifetimes of different components upon excitaion at 550 nm of  PDI and 

PDI-Py (samples 5 and 3, respectively) thin films, extracted from the femtosecond 

transient absorption measurements. 

   1 (ps) 2 (ps) 3 (ps) 4 (ns) 

PDI  1.22 7.9 130 6.3 Simple exponential 
fitting PDI-Py  1.30 22 210 3.5 

PDI  0.82 5.2 70 2.7 
Global analysis 

PDI-Py  0.30 3.6 160 5.2 

The spectra of PDI (sample 5) extracted from fs-TA data by means of global analysis 

are shown in Figure 4.5. 

A) B) 

 
C) D)

 
 

Figure 4.5 Global analysis results of fs-TA data of PDI in the thin film (sample 5). (A, 

B) Evolution-Associated Difference Spectra (EADS), corresponding to sequential 

model and (C, D) Decay- Associated Difference Spectra (DADS), corresponding to 

parallel model. The black and the red lines present the singlet excited state spectra of 

PDI; the blue line is assigned to the spectrum of PDI excimer; the green line is the 

spectrum of (PDI+ PDI-), which overlaps with that of PDI triplet excited state. 
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The black and the red lines are typical for the singlet excited states of Perylene Red 

derivatives. The corresponding lifetimes are 0.82 ps and 5.2 ps, respectively. The 

negative band with maximum at 590 nm is a combination of ground state bleaching 

and stimulated emission. The band centered at 720 nm is due to the singlet-singlet 

absorption of PDI. These can be assigned to the existence of the most pronounced 

population of two different singlet excited states of monomeric PDI. The blue line 

presents the spectrum of 1(PDI - PDI)* excimer species34 with a lifetime of 70 ps. This 

spectrum has a broader ground state bleaching band, and shift to the short wavelength 

side. The green line (decays with 2.7 ns) is for the (PDI+ PDI-) species, a 

consequence of an electron transfer process between two PDI units in the excimer 

species. These radical ions, then, decay to form 3PDI* triplet excited state.34   

However, there are several unfitting points in the results. The green line contains a 

positive band at 630 nm, which can be attributed to the spectrum of triplet 3PDI*. In 

addition, there are compensation effects between the blue and the black lines in 750 – 

800 nm regions (see Figure 4.5B and 4.5D). These indicate that either the sequential or 

parallel models used in global analysis is not sufficient to estimate the fs-TA data of 

PDI.  

Global analysis results of fs-TA data of the PDI – Py mixture (sample 3) are displayed 

in Figure 4.6.  

A) B)

Figure 4.6 EADS of PDI–Py thin film (sample 3) from the global analysis of fs-TA 

data. The black line and red line are spectra of two different singlet excited states of 

PDI. The blue line and green line are two charge transfer states of the PDI-Py. The 

green line also shows some feature of PDI triplet excited state at 630 nm.    
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The black and the red lines present two PDI singlet excited states with different 

lifetimes (0.3 ps and 3.6 ps respectively), whereas the other two (the blue and the 

green lines) are of different change transfer (CT) states PDI- Py+ (corresponding to 

lifetimes of 160 ps and 5.2 ns, respectively). The PDI singlet excited state spectra are 

characterized by the ground state bleaching together with stimulated emission in the 

420 – 680 nm range, and the singlet absorption band of PDI at 720 nm. The charge 

separation state spectra have a sharper band of ground state bleaching at 590 and 550 

nm, no stimulated emission. A band at 750 – 800 nm is typical for PDI radical anion.38 

The green line displays a small band at ca. 630 nm giving evidence for another species 

which has spectrum overlap with that of the longer lived CT state. It is assigned to the 

PDI triplet excited state which has a maximum at 580 nm43 and a long lifetime.  

Again, global analysis of PDI-Py fs-TA data contains several significant 

compensation effects at 750 – 800 nm between the black and the blue lines, indicating 

that the applied model may not be optimal. A further estimation using target analysis is 

needed to get more meaningful results. A suggested compartmental model for the 

PDI-Py thin film is given in Scheme 4.3. 

 

Scheme 4.3. Suggested model for target analysis (based on global analysis 

interpretation) for processes occurring in the PDI-Py thin film, upon 550 nm 

excitation.  
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4.3. Conclusion 

Our study shows that the formed PDI thin film is typically amorphous. There is a 

small amount of dimer-like species, which results from the interaction between a PDI 

and its neighbours. This leads to a blue shift in the UV-vis absorption maximum of 

PDI in sample 5 compared to that of PDI in solution or in sample 3. The femtosecond 

results also presented some small amount of this excimer. In the presence of Py, 

interaction between PDI and Py was detected in UV-Vis and emission spectroscopy, 

and in transient absorption measurements.  

An electron transfer was detected both in sample 3 and in sample 5. In the PDI film 

(sample 5), the electron transfer results from excimer formation. However, due to the 

sterical hindrance of the four bulky phenoxy substituent groups at the bay area and the 

xylyl groups attached to the imide terminals, the amount of this excimer is minor, so 

the contribution of this species is small. Because of the small size of Py, compared to 

PDI, its sterical hindrance is less. This is favorable for -stacking interaction between 

Py and PDI, indicated by the significant CT state population in PDI-Py film (sample 

3). Using global analysis, the fs-TA dataset can be interpred to give more accurate 

dynamics of species. The obtained results by using the Glotaran package gave 

interesting initial results which can be used for further analysis. 

4.4. Experimental part 

Perylene Red (PDI) from Exciton Inc, Pyrene from Aldrich, and spectroscopic-grade 

solvents were used as received. PDI(Py)4 was obtained from Prof. F. Würthner’s 

group in Germany. 

The thin film samples were prepared with spin coating (1600 rpm) method from 

dichloromethane solutions (6.7 mg/ml or 15 mg/ml) on quartz substrates. The obtained 

samples were stored at room temperature for several days before experiments were 

performed.  Before coating processes, all solutions were filtered (0.4 m PVDF HPLC 

filters) to remove aggregated particles. The quartz substrates were immersed in 

potassium permanganate in concentrated sulphuric acid solution for several days to 

remove all trace of resin or organic matter, and then washed with hydroperoxide 
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solution in acidic medium (using hydrochloric acid) (H2O : H2O2 30%: HCl 35% = 

4:1:1) to remove manganese dioxide traces. After being washed with demi water, they 

were rinsed with acetone, then with ethanol and dried with air flow. In the case of 

coating with PDI(Py)4 ligand, the substrate was further treated by ultrasonification in 

acetone for 30 minutes, rinsed with demi water, then cleaned using UV-ozone 

equipment.  

Absorption spectra were performed on a single beam HP 8453 diode array 

spectrophotometer. The spectral range is from 190 nm to 1100 nm with a resolution of 

2 nm. Fluorescence spectra were recorded on a SPEX Fluorolog 3-22 fluorimeter (with 

a Xe arc light source and a Hamamatsu R636-10 photomultiplier tube detector). The 

films were placed in an angle of ca. 56o to the emission channel to avoid reflection. 

The excitation and emission slits were  5 nm to reduce the effects of stray light. 

Fluorescence spectra were corrected for the instrument response. 

Femtosecond transient absorption (fs-TA) experiments were performed with a Spectra-

Physics Hurricane Titanium:Sapphire regenerative amplifier system. The full spectrum 

setup was based on an optical parametric amplifier (Spectra-Physics OPA 800C) as the 

pump. The residual fundamental light, from the pump OPA, was used for white light 

generation, which was detected with a CCD spectrograph (Ocean Optics PC2000 + 

slave) for visible detection. The polarization of the pump light was controlled by a 

Berek Polarization Compensator (New Focus). The Berek Polarizer was always 

included in the setup to provide the magic-angle conditions. The probe light was 

double-passed over a delay line (Physik Instrumente, M-531DD) that provides an 

experimental time window of 3.6 ns with a maximum resolution of 0.6 fs/step. The 

OPA was used to generate excitation pulses at 345 nm (Py excitation) or 550 nm (PDI 

excitation). The laser output was typically 3.5-5 μJ pulse-1 (130 fs fwhm) with a 

repetition rate of 1 kHz. The overlap of pump and probe beams was optimally aligned 

to be on the surface of each sample at the zero time.  
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