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Chapter 4 

 

Photophysics and photostability of perylene monoimide and 

perylene diimide derivatives 
 

Abstract 
 

A set of perylene monoimide (PMI) and perylene diimide (PDI) derivatives was synthesised. 

These types of molecules are highly fluorescent, stable, and can readily be altered without influencing 

the photophysical properties. Here, we describe an unsubstituted PMI derivative which contains a 

reactive carboxylic acid, which aids the inclusion of the chromophore into multifunctional molecular 

systems. A convenient way to synthesise asymmetric PDI derivatives with a carboxylic acid is 

introduced; its preparation bypasses complicated reaction and purification steps, which normally are 

required when making such compounds. The photophysics of these molecules does not differ from 

the parent PMI and PDI derivatives. 

In addition, two solvatochromic PMI derivatives bearing an alkoxy group on the 9-position are 

synthesised; this type of molecule can readily be modified and used as a fluorescent probe that is 

sensitive to its (local) environment. To investigate the possibility of the use of these compounds in 

confocal microscopy experiments, such as single molecule experiments, the photostabilities of the 

compounds towards high excitation powers have been tested with confocal bleaching experiments. 

By comparing them with both an often-used laser dye (Pyrromethene 580) and an outstandingly 

stable PDI derivative (Perylene Red), it was found that PMI derivatives have very good 

photostability. 
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Introduction 
 

Perylene derivatives, such as N-alkyl or N-aryl-perylene-3,4:9,10-tetracarboxdiimides (PDIs), 

have been used for many applications, such as in pigments with high heat and chemical stability.1 A 

method to prepare perylene diimides by condensation of 1,8-naphthalimides has been reported as 

early as the 1950s.2 A comprehensive and versatile description of the preparation of PDIs from 

3,4,9,10-perylenetetracarboxylic dianhydride was initially reported by Langhals.3 Perylene Orange 

and Perylene Red (Figure 1) are both commercially available perylene diimides, and are soluble in 

most organic solvents. Their high absorption coefficients and high fluorescence quantum yields make 

them very popular as fluorescent dyes. Both have been frequently used in single molecule 

spectroscopy.4,5 Perylene Red has four aryloxy groups on the bay positions of the perylene moiety; 

these groups strongly increase the stability of the molecule. 

 

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

 

Conveniently, PDI derivatives can be readily decorated with functional groups so that they can 

be inserted in various multifunctional molecular systems. When the substituents on the imide site 

contain bulky groups, steric hindrance prevents π-π stacking of the perylene, thereby increasing the 

solubility of the chromophore. Also secondary residues with two long aliphatic chains6 or poly-

ethyleneglycol chains7 can improve the solubility and thereby open up many applications for these 

fluorescent dyes. Moreover, functional groups on the imide site do not affect the properties of the 

chromophore itself because of the nodes present at the imide nitrogen in both the HOMO and the 

LUMO.8 It should, however, be noted that due to their electron-poor aromatic core, these types of 

molecules are efficient electron acceptors, making them potentially useful for light-harvesting arrays.9 
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Fast short-range electron transfer can occur when substituents on the imide site are electron rich 

groups, such as p-amino substituted azobenzene,10 p-methoxybenzene,11 or tetrathiafulvalene.12 Also 

incorporation of derivatives of isoxazolidine13 or oligo(p-phenylene vinylene)14 in PDI derivatives via 

the imide site results in intramolecular electron-transfer processes. 

The photophysics of PDI derivatives can be tuned by the inclusion of sidegroups on the bay 

positions, such as the aryloxy groups present in Perylene Red. Similarly, when piperidinyl groups are 

present as side groups, the absorption and emission of these compounds are substantially red-shifted 

as compared to Perylene Orange, and their fluorescence maxima shift to the near infra-red region 

around 760 nm.15 Other substituents, among which cyano groups, can also be readily implemented.16  

 

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

 

Perylene monoimides (PMIs) can, like PDI derivatives, be equipped with functional groups on 

the imide site without altering the photophysical properties. This type of chromophores have also 

been employed as fluorescent probes or as a component in electron transfer cascades.17,18 Their 

properties can also be tuned by changing substituents on the 9-position of the perylene or on the bay 

area.19 The 9-position of the perylene group is the most reactive position of PMIs and is readily used 

for attaching other substituents; π-donating groups on this position are in conjugation with the 

electron withdrawing imide groups leading to solvatochromic ‘push-pull’ systems. Exceptional 
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solvatochromic behaviour has been observed for the amino-substituted perylene monoimide 

derivatives N-(2,5-di-tert-butylphenyl)-9-pyrrolidino-perylene-3,4-dicarboximide (5PI) and N-(2,5-di-

tert-butylphenyl)-9-piperidino-perylene-3,4-dicarboximide (6PI).20 

 

 This Chapter describes the synthesis of a PMI and PDI derivatives bearing a benzoic acid group 

(Figure 2); this group can thereafter be used as an easily accessible handle to incorporate the PMI 

derivatives as fluorescent probes into molecular systems. A facile alternative for preparing 

asymmetric PDI derivatives is introduced. The photophysical properties of the molecules in which 

the carboxylic acid is on the imide site do not differ from the parent PMI and PDI derivatives. Next to 

this, two solvatochromic PMI derivatives bearing an alkoxy group on the 9-position have been 

synthesised; this type of molecule can be readily altered and subsequently used as a fluorescent 

probe that is sensitive to its (local) environment. In addition, they have the potential to be used as 

fluorescent labels for imaging purposes and even single molecule measurements; therefore, the 

photostability of these compounds towards high excitation powers was examined.   

 

Results and discussion 
 

Synthesis of perylene derivatives 

 

The synthesis of the perylene derivatives is described: firstly, perylene monoimides (PMI) and 

perylene diimides (PDI) bearing a benzoic acid group were prepared. Carboxylic acid is a useful 

reactive group that can be directly converted to an amide group under mild conditions. The 

structures of P011a - P014a are shown in Figure 1. 

The synthesis of P011a was described in Chapter 2. The precursor for P012a is prepared from 

perylene-3,4,9,10-tetracarboxylic dianhydride and 4-bromo-2,6-diisopropylaniline21 according to 

reference 22. Subsequently, the bromo substituent was converted to a phenylgroup bearing an ethyl 

ester group via a Suzuki-Miyaura coupling.23 Thereafter the ester group was hydrolysed to the 

corresponding carboxylic acid P012a under basic conditions (Scheme 1). The precursor for 

compounds P013a and P014a has been obtained using a method described by Langhals.3 The same 

reaction steps as for P012a have been used here to obtain the PDI derivatives with a benzoic acid 

group. Interestingly, when the symmetric PDI derivative P014 was prepared, also the mono-

substituted PDI derivative P013 was obtained in a considerably high amount (Scheme 2). The 

normally undesired side-reaction is in this case rather convenient: the usual way to prepare 

asymmetric PDIs includes either selectively hydrolysing a perylene diimide,24 or first preparing a 
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monopotassium salt of perylene dianhydride,25 or reacting perylene dianhydride with a mixture of 

two different amines.26 All these methods involve rather strenuous working conditions, poorly 

soluble intermediates, complicated purification methods, and they are not suitable for every amine, 

particularly not for sterically hindered aromatic amines, such as 2,6-diisopropylaniline. The 

hydrolysis of the carboxylic esters under basic conditions was performed with quantitative yield. The 

poor solubility of the products P012a - P014a obtained after hydrolysis of the carboxylic ester 

prevented characterisation of the products with NMR spectroscopy. 

 

 
Scheme 1: Synthetic route towards P012a. 

 
Scheme 2: Synthetic route towards P013 and P014. 
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A new type of chromophore has been synthesised where an aliphatic ether is placed on the 9-

position of a perylene monoimide (Scheme 3). Two compounds, POMe and POEt, were prepared in 

reasonably high yields (56% for POMe; 76% for POEt) by an aromatic substitution reaction from N-

(2,6-diisopropylphenyl)-9-bromoperylene-3,4-dicarboximide with either methanol or with ethanol.  

 

 
Scheme 3: Synthetic route toward POMe and POEt. 

 

Photophysical properties of perylene derivatives 

 

The absorption and emission properties (Figure 2B) of the prepared PDI derivatives P013 and 

P014 are not different from the parent Perylene Orange. Likewise, the carboxylic acid group on the 

imide site in P012 does not have an influence on the properties of the unsubstituted PMI (Figure 3A). 

The fluorescence lifetimes of these compounds do not differ from the parent PDI (~3.7 ns) and PMI 

(~4.6 ns) either.27,28 Substituents on the 9-position of PMI do affect the photophysics of the 

chromophore. For example, it was found that incorporation of an ethynyl or a phenylethynyl group 

on the 9-position resulted in a bathochromic shift in toluene of 15 nm and 25 nm, respectively, in both 

absorption and emission.28,29 Introduction of a phenyl group in P011 results in a 10 nm shift to longer 

wavelengths in the absorption and emission spectra (Figure 2A; see also Chapter 2). Like in the 

aforementioned substituted PMI derivatives, the lifetime of P011 is also shorter than that of the 

unsubstituted PMI (See Chapter 2). 
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Figure 3: Normalised absorption (red) and emission spectra (blue; λexc. = 520 nm) of P011 - P014 in CH2Cl2. 

 

The alkoxy substituted PMI derivatives POMe and POEt have comparable fluorescence quantum 

yields to unsubstituted PMI derivatives (ΦF = ~70% in chloroform). Compared to unsubstituted PMI, 

the absorption maxima of POMe and POEt in toluene are shifted by 30 nm towards longer 

wavelengths. The shift induced by the alkoxy substituent is comparable to that of PMI bearing an 

aryloxy group on that position.18 Stronger electron donating groups, such as the piperidino group in 

6PI or the pyrrolidino group in 5PI, result in even larger shifts (~50 nm of 6PI and ~80 nm of 5PI).20 

The solvatochromism of POMe and POEt has been studied. The absorption (Figure 4A) and 

emission spectra (Figure 4B) are measured in various solvents. Both compounds display 

solvatochromic behaviour, with a bathochromic shift of the absorption maximum of 30 nm and of the 

emission maximum of 78 nm from n-hexane to methanol (Table 1). As is conventional for 

solvatochromic push-pull systems, the Stokes shift between the absorption and emission maxima 

shows a linear correlation with the polarity function Δf (Figure 3).30 The polarity function Δf depends 

on the dielectric constant ε and the refractive index n of the solvent and is defined as:  

 

( ) ( )2nfff −=∆ ε , (1) 

 

with ( ) ( ) ( )1212 +−= εεεf  and ( ) ( ) ( )1212 222 +−= nnnf . (2) 

 

The absorption and emission maxima have a rather large Stokes shift of around 50 nm  

(~1700 cm-1) in chloroform and 100 nm (~3100 cm-1) in MeOH. These values are less than those of 6PI 

(4000 cm-1 in chloroform and 4600 cm-1 in MeOH), whilst the slopes of the Stokes shifts versus the 

polarity function Δf of these studied compounds is comparable. The size of these molecules is 

presumably the same and the change in dipole moment can be determined by applying the Lippert-

Mataga equation using the same cavity radius as assumed for 6PI. From the slope of the plots, and 
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using a cavity radius of 5.2 Å, we calculate the change in dipole moment to be 5.5 × 10-17 statC·cm or 

5.5 D. 

The extra CH2 group in the alkoxy substituent in POEt has minor effects on the absorption and 

fluorescence properties, or on the extent of solvatochromism. 

 

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

 

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

   POMe POEt 
Solvent ε a Δf b λabs. (nm) λem. (nm) ΔS (cm-1) c λabs. (nm) λem. (nm) ΔS (cm-1) c 

n-Hexane 2.02 0.032 495 (522) 543 
(585, 631) 1.8 × 103 497 (527) 542 

(585, 632) 1.7 × 103 

Toluene 2.38 0.030 508 (536) 574 (618) 2.4 × 103 511 (538) 571 (616) 2.1 × 103 

CS2 2.64 -0.005 516 (548) 574 (622) 2.6 × 103 519 (551) 573 (621) 1.8 × 103 

DIPE 3.88 0.290    504 (529) 564 2.1 × 103 

CHCl3 4.81 0.296 516 589 (633) 2.2 × 103 520 588 (631) 2.3 × 103 

EtOAc 6.02 0.401 506 589 2.8 × 103 509 586 2.6 × 103 

THF 7.68 0.418 511 591 3.1 × 103 513 590 2.5 × 103 

i-PrOH 18.3 0.546    528 624 2.9 × 103 

Acetone 20.7 0.569 512 610 3.1 × 103 516 603 2.8 × 103 

MeOH 32.7 0.617 524 627 3.1 × 103 529 624 2.9 × 103 

ACN 35.9 0.610 516 616 3.0 × 103 519 615 3.0 × 103 

DMSO 46.5 0.527 524 621 3.0 × 103 527 623 2.9 × 103 

a ε = Dielectric constant of solvent at room temperature 

b Δf = Polarity function of solvent: Δf = f(ε)-f(n2) 

c ΔS = Stokes shift 
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Figure 5: Plot of the Stokes shift of POMe and POEt vs. the polarity function Δf. Included is also the plot of 6PI 

from reference 20 for comparison. 

 

Photostability 

 

The photostability of the perylene derivatives has been studied with a confocal bleaching 

experiment. In this experiment, the chromophore is immobilised in a polymer matrix—in this case 

polystyrene—and exposed to a focussed laser beam under ambient conditions, while monitoring the 

fluorescence intensity decay. The solutions used for preparing the samples were prepared so that the 

absorption value at 488 nm was roughly equal for all chromophores. The diameter (half height) of the 

excitation beam was estimated to be 0.25 μm. As a reference compound, pyrromethene 580 (PM580) 

was used; this compound has absorption and emission in the same range as the investigated perylene 

derivatives. Pyrromethene derivatives are frequently used as fluorescent probes and their 

spectroscopic properties have been thoroughly studied.31 Pyrromethene derivatives are used as 

fluorescent probes in live cell imaging, for example as a sensor for glucagon,32 dopamine,33 or as a 

probe for membrane dynamics.34 In research concerning the photostability of molecules trapped in 

solid xerogel matrices, a variety of dye molecules, which include pyrromethenes, have been tested.35 

They were also used as a reference in comparable investigations that examined the photostability of 

Perylene Orange and Perylene Red dispersed in gel-glasses.36 Finally, they show high conversion 

efficiencies in their use as dye lasers, mostly in Nd/YAG lasers, and have good stability to high 

pump powers.37 

The fluorescence intensity decay of POEt, P012 and P013 and PM580 at equal laser power is 

shown in Figure 5A-C. Figure 5D shows the fluorescence intensity image (80 μm × 80 μm) of 

polystyrene film containing P012, after irradiation of the polymer film at well-defined positions. The 

dark spots are the positions on which the laser was focussed. These results show that the 
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photobleaching is irreversible. In our setup, the laser power is expressed in arbitrary units; from 

previous experiments it was found that there is a linear relationship between the parameters arbitrary 

units vs. watts, so that 1,000 a.u. is estimated at 0.7 μW. The laser powers used in these confocal 

bleaching experiments are 3.0 μW, 6.7 μW and 11 μW. For comparison, in experiments on very stable 

single molecules, like Perylene Red, a typical excitation power of 15 μW at λexc. = 488 nm is used, but 

for Perylene Orange one order of magnitude lower power is used.38 The half-life periods (t1/2), 

defined as the period of time after which the fluorescence intensity is halved, of the compounds are 

shown in Table 2. The fluorescence lifetimes and the fluorescence spectra of the samples do not 

change during the bleaching process, indicating that photo-degradation does not yield compounds 

that are fluorescent upon excitation with light of 488 nm. The PMI derivatives P012 and POEt are 

more photostable than the PDI derivative P013 and PM580. Experiments where polymer-dye films of 

Perylene Orange were irradiated by 532 nm laser pulses have shown that two competitive pathways 

for photodegradation are present in this compound, either via photoreduction or photo-oxidation, 

depending on the external factors, such as the presence of oxygen.39 Although the oxidation potential 

of PMI derivatives (+1.31 vs SCE) is somewhat lower than that of PDI derivatives (+1.65 vs SCE), the 

reduction potential (-1.66 vs SCE for PMI; -0.75 vs SCE for PDI) is substantially lower because of the 

presence of two electron withdrawing imide groups in PDI derivatives,28,40 thus making PMI 

derivatives more resistant against photobleaching via reductive pathways.  The half life of POEt is 

somewhat shorter than that of P012, indicating that the ethoxy group slightly reduces the 

photostability of PMI derivatives, but it is still more stable than P013.  

 

Table 2: “Half-lifes” (t1/2) and fluorescence lifetimes (τF) of P012, POEt, P013 and pyrromethene 580 (PM580) in 

polystyrene upon irradiation with intense laser light (λexc. = 488 nm). 

Laser power (μW) 3.0 6.7 11 τF (ns) 

P012 a 75 70 62 4.7 

POEt a 82 59 49 4.9 

P013 a 42 28 19 3.3 

PM580 a 57 25 27 6.1 

a t1/2 in seconds 
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Figure 6: Panels A - C: Results of the photobleaching experiment performed using different excitation powers (A: 

3.0 μW; B: 6.7 μW; C: 11 μW); fluorescence traces of P012, POEt, P013 and pyrromethene 580 with t1/2 of the 

compounds. Panel D: Intensity image (80 μm × 80 μm) of polystyrene film containing P012, after irradiation at 

discrete positions with increasing laser power from top to bottom. 

 

In a second experiment, the photostability of POEt was further compared with Perylene Orange 

(POr) and Perylene Red (PR) at various excitation powers. Since not all the parameters in these two 

experiments are identical, the t1/2 values cannot be compared quantitatively. The half-life of these 

molecules at various laser powers is shown in Table 3. The laser powers used in these experiments 

are 1.3 μW, 3.5 μW, 6.7 μW, 13 μW, and 34 μW. With its electron donating aryloxy substituents at the 

bay positions, Perylene Red is an exceptionally photostable chromophore.36 Figure 6 shows the 

fluorescence decay traces of POEt and POr at two different laser powers. As shown before, POEt 

shows a somewhat better resistivity to high excitation powers than Perylene Orange. The 

fluorescence decay curves in Figure 7 at very high laser power (~35 µW) show that the photostability 

of PR is indeed higher by a factor 30 as compared to POr and POEt. 
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Figure 7: Results of the photobleaching experiment performed using different excitation powers (A: 6.7 μW; B: 13 

μW ); fluorescence traces of POEt and Perylene Orange with t1/2 of the compounds. 

 

 
Figure 8: Results of the photobleaching experiment performed using excitation power of 34 μW; fluorescence 

traces of POEt, Perylene Orange and Perylene Red with t1/2 of the compounds.  

 

Table 3: “Half-lifes” (t1/2) of POEt, Perylene Orange (POr) and Perylene Red (PR) upon irradiation with intense 

laser light (λexc. = 488 nm). 

Laser power (μW) 1.3 3.5 6.7 13 34 

POEt a 145 175 65 45 16 

POr a 145 150 70 25 9 

PR a     280 

a t1/2 in seconds 

 

Conclusion and perspectives 
 

Two PMI derivatives and two PDI derivatives have been prepared, bearing a carboxylic acid as a 

functional handle. The photophysical properties of P012-P014 do not differ from unsubstituted PMI 

and PDI derivatives, while in the case of PMI these are affected by substitution on the 9-position of 
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PMI and in case of PDI by substitution on the bay area. In this way, the properties of the 

chromophore can be tuned in a controlled manner. We have already employed the carboxylic acid in 

P011a to attach the chromophore with a linker to a disulfide group, which thereafter is used to bind 

the chromophore to gold nanoparticles (See Chapter 2). 

The photophysical properties of alkoxy substituted PMI derivatives POMe and POEt have been 

analysed. They are both sensitive to the polarity of the local environment, which is shown in their 

strong solvatochromic behaviour. The bathochromic shift of absorption and emission maxima 

compared to the parent PMI derivative is similar to that of the 9-aryloxy substituted PMI 

derivatives.29 It is expected that these derivatives, as well as triply aryloxy substituted PMIs, also 

display solvatochromic behaviour similar to POMe and POEt. Such compounds are used in light 

harvesting systems and as building blocks for solar cells,29,41 but no studies of the solvent effects on 

these two compounds have been found in the literature. 

The compound POEt is relatively photostable towards exposure of intense laser light: under the 

same conditions it is found to be slightly less stable than unsubstituted PMI derivatives but more 

stable than Perylene Orange as shown in confocal bleaching experiments. In single molecule 

spectroscopy the excitation power used is generally lower than that used in these confocal bleaching 

experiments; based on the photostability and the strong fluorescence, POMe and POEt are suitable 

candidates as fluorescent environment sensitive probes in microscopy imaging. Furthermore, the 

large Stokes shift in these compounds is an advantageous property for fluorescent markers, as the 

emission can easily be separated from (back)scattering of the excitation light. 

Another solvatochromic perylene derivative (5PI), of which the fluorescent behaviour also 

depends on local surroundings, has previously been used in single molecule experiments.20 It was 

found that exposure of light results in swift photo-degradation of the compound, resulting in new 

unidentified strongly fluorescent photoproducts.42 The molecules POMe and POEt show a much 

better photostability. 

 

The sidegroup at the 9-position can be readily modified, which makes it possible to include this 

kind of chromophore in experiments where a sensitive fluorescence probe is used. For example, this 

chromophore was used in confocal imaging studies on latex film formation.43 In this study, the 

original PMI derivative is functionalised with a triethylene glycol unit terminated with an acrylic 

ester group that is used for co-polymerisation with the polymer inside the latex particles. The 

triethylene glycol linker was essential to obtain sufficient water-solubility for the subsequent 

polymerisation step. These alkoxy substituted PMI derivatives showed better photostability during 

the imaging experiments as opposed to PDI derivatives, and they proved to be suitable fluorescent 

probes for investigating film formation stages such as coalescence of latex particles. 
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Experimental Details 
 

Synthesis 

 

N-(4-(4-ethylcarboxyphenyl)-2,6-diisopropylphenyl)perylene-3,4-dicarboximide (P012) 

 

Compounds N-(4-bromo-2,6-diisopropylphenyl) perylene-3,4-dicarboximide (0.127 g, 0.22 mmol) 

and ethyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (0.097 g, 0.35 mmol, 1.6 equiv.) were 

put in a flask and put under a nitrogen atmosphere. Then toluene (50 mL), purged with nitrogen, was 

added, followed by addition of Pd(OAc)2 (5 mg, 22 μmol, 10 mol%) and triphenylphosphine (25.5 mg, 

0.09 mmol, 4.4 equiv. compared to Pd-catalyst). Lastly, a solution of K2CO3 in water (1 M, 15 mL), 

purged with nitrogen, was added and the reaction mixture was heated to 90 °C and stirred overnight 

under nitrogen atmosphere. After cooling to room temperature the layers were separated and the 

organic phase was concentrated to dryness. The product was collected (96 mg, 68%) after column 

chromatography of the product mixture over silica (eluent: CH2Cl2). It has been analysed with 1H 

NMR and mass spectroscopy. 
1H NMR (400 MHz, CDCl3): δ 8.67 (d, 2H, J = 8 Hz), 8.48 (m, 4H), 8.14 (d, 2H, J = 8 Hz), 7.92 (d, 

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

2H, J = 7 Hz), 1.44, (t, 3H, J = 7 Hz), 1.24 (d, 12H, J = 7 Hz). 13C NMR (100 MHz, CDCl3) δ 166.77, 

164.20, 146.52, 146.23, 141.26, 137.93, 134.52, 132.35, 131.82, 131.45, 131.26, 130.82, 130.12, 129.38, 

128.19, 127.51, 127.33, 124.15, 123.48, 121.04, 120.44, 61.10, 29.45, 24.18, 14.55. HR-MS (FAB+) m/z = 

630.2635 (M-H+); (calcd. C43H36NO4 = 630.2644). 

 

N-(4-(4-carboxyphenyl)-2,6-diisopropylphenyl)perylene-3,4-dicarboximide (P012a) 

 

A solution of KOH in water (2 M, 3 mL) was added to a solution of P012 (26 mg, 41 μmol) in 

distilled THF (15 mL), after which the mixture was heated in an oil bath of 80 °C. The progress of the 

reaction was monitored by TLC and after refluxing for 72 h the TLC spot of P012 had disappeared. 

The reaction mixture was poured out into a solution of HCl in water (2 M, 50 mL). The precipitate 

was filtered and washed with water. A red solid was collected (20 mg, 81%). Due to poor solubility of 

the product, NMR spectra could not be obtained. 

HR-MS (FAB+) m/z = 602.2337 (M-H+); (calcd. C41H32NO4 = 602.2331). 
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N-(2,6-diisopropylphenyl)-N'-(4-(4-ethylcarboxyphenyl)-2,6-diisopropylphenyl)-perylene-

3,4:9,10-tetracarboxdiimide (P013) and 

N,N'-di-(4-(4-ethylcarboxyphenyl)-2,6-diisopropylphenyl)-perylene-3,4:9,10-tetracarboxdiimide 

(P014) 

 

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

(0.295 g, 0.34 mmol) and ethyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (0.254 g, 0.92 

mmol, 2.7 equiv.) were put in a flask under a nitrogen atmosphere. Then toluene (60 mL), purged 

with nitrogen, was added, followed by PdCl2(PPh3)2 (27 mg, 38 μmol, 11 mol%) and 

triphenylphosphine (50 mg, 0.19 mmol, 5 equiv. compared to Pd-catalyst). Lastly, a solution of K2CO3 

in water (1.4 M, 15 mL), purged with nitrogen, was added and the reaction mixture was heated to 90 

°C and stirred overnight under nitrogen atmosphere. After cooling to room temperature the layers 

were separated and the organic phase was concentrated to dryness. After column chromatography of 

the product mixture over silica (eluent: CH2Cl2 : acetone (125 : 1 v/v)), two products were collected; 

firstly eluting was P013 (69 mg, 0.07 mmol, 20%) followed by P014 (89 mg, 0.10 mmol, 30%). They 

have been analysed with NMR and mass spectroscopy. 

P013: 1H NMR (400 MHz, CDCl3): δ 8.80 (m, 4H), 8.15 (d, 4H, J = 8 Hz), 7.73 (d, 4H, J = 8 Hz), 7.57 

(s, 2H), 7.52 (t, 1H, J = 8 Hz), 7.36 (d, 2H, J = 8 Hz), 4.42 (q, 2H, J = 7 Hz), 2.83 (sept., 2H, J = 7 Hz), 2.76 

(sept., 2H, J = 7 Hz), 1.44 (t, 3H, J = 7 Hz), 1.24 (d, 12H, J = 7 Hz), 1.18 (d, 12H, J = 7 Hz). 13C NMR (100 

MHz, CDCl3) δ 166.73, 163.64, 163.48, 148.27, 146.45, 145.78, 135.38, 135.25, 132.37, 130.82, 130.35, 

130.16, 129.53, 127.85, 127.51, 127.02, 124.28, 124.24, 123.57, 123.49, 123.35, 61.15, 29.53, 24.19, 23.97, 

14.54. HR-MS (FAB+) m/z = 859.3737 (M-H+); (calcd. C57H51N2O6 = 859.3747). 

P014: 1H NMR (400 MHz, CDCl3): δ 8.79 (m, 4H), 8.15 (d, 4H, J = 8 Hz), 7.73 (d, 4H, J = 8 Hz), 7.57 

(s, 4H), 4.42 (q, 4H, J = 7 Hz), 2.83 (sept., 4H, J = 7 Hz), 1.44 (t, 6H, J = 7 Hz), 1.25 (d, 24H, J = 7 Hz). 

HR-MS (FAB+) m/z = 1007.4277 (M-H+); (calcd. C66H59N2O8 = 1007.4271). 

 

N-(2,6-diisopropylphenyl)-N'-(4-(4-ethoxycarbonylphenyl)-2,6-diisopropylphenyl)-perylene-

3,4:9,10-tetracarboxdiimide (P013a) 

 

A solution of KOH in water (2 M, 0.7 mL) was added to a solution of P013 (48.6 mg, 57 μmol) in 

distilled THF (5 mL), after which the mixture was heated in an oil bath of 80 °C. The progress of the 

reaction was monitored by TLC and after refluxing for 4 days the TLC spot of P013 had disappeared. 

The reaction mixture was poured out into a solution of HCl in water (2 M, 40 mL). The precipitate 

was filtered and washed with water. A red solid was collected (42 mg, 89%) and analysed with 1H 

NMR and mass spectroscopy. 
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1H NMR (400 MHz, CDCl3): δ 8.80 (m, 4H), 8.20 (d, 4H, J = 8 Hz), 7.68 (d, 4H, J = 8 Hz), 7.59 (s, 

2H), 7.52 (t, 1H, J = 8 Hz), 7.36 (d, 2H, J = 8 Hz), 2.83 (sept., 2H, J = 7 Hz), 2.76 (sept., 2H, J = 7 Hz), 

1.24 (d, 12H, J = 7 Hz), 1.18 (d, 12H, J = 7 Hz). HR-MS (FAB+) m/z = 831.3441 (M-H+); (calcd. 

C55H47N2O6 = 831.3434). 

 

N,N'-di-(4-(4-carboxyphenyl)-2,6-diisopropylphenyl)-perylene-3,4:9,10-tetracarboxdiimide 

(P014a) 

 

A solution of KOH in water (2 M, 1 mL) was added to a solution of P014 (39.8 mg, 40 μmol) in 

distilled THF (5 mL), after which the mixture was heated in an oil bath of 80 °C. The progress of the 

reaction was monitored by TLC and after refluxing for 4 days the TLC spot of P014 had disappeared. 

The reaction mixture was poured out into a solution of HCl in water (2 M, 40 mL). The precipitate 

was filtered and washed with water. A red solid was collected (30 mg, 79%). Due to poor solubility of 

the product, NMR spectra could not be obtained. 

HR-MS (FAB+) m/z = 951.3643 (M-H+); (calcd. C62H51N2O8 = 951.3645). 

 

N-(2,6-diisopropylphenyl)-9-methoxyperylene-3,4-dicarboximide (POMe) 

 

A solution of N-(2,6-diisopropylphenyl)-9-bromoperylene-3,4-dicarboximide (200 mg, 0.36 mmol) 

in toluene and methanol (5:1 v/v) was flushed with nitrogen. Then, potassium carbonate (10 mL, 1.3 

M) and bis(triphenylphosphine)palladium(II) chloride catalyst (PdCl2(PPh3)2; 9.2 mg, 13.1 μmol, 3.6 

mol%) and BINAP (13.9 mg, 22.3 μmol, 1.7 equiv. compared to Pd catalyst) were added. The reaction 

mixture was stirred at 90 °C for 16 h. The layers were separated and the organic phase was 

concentrated to dryness. The compound was purified by column chromatography on silica gel (115 

mg, 56%) and analysed with 1H NMR and mass spectroscopy. 
1H NMR (400 MHz, CDCl3): δ 8.61 (d, 1H, J = 8 Hz), 8.59 (d, 1H, J = 8 Hz), 8.45 (d, 1H, J = 8 Hz), 

8.32-8.40 (m, 3H), 8.26 (d, 1H, J = 8 Hz), 7.61 (t, 1H, J = 8 Hz), 7.48 (t, 1H, J = 8 Hz), 7.33 (d, 2H, J = 8 

Hz), 6.98 (d, 1H, J = 8 Hz), 4.11 (s, 3H), 2.78 (sept, 2H, J = 7 Hz), 1.18 (d, 12H, J = 7 Hz). 13C NMR (100 

MHz, CDCl3) δ 164.26, 158.19, 145.87, 138.35, 138.08, 132.36, 132.15, 131.36, 129.49, 129.14, 126.60, 

126.24, 125.60, 125.34, 124.75, 124.12, 122.12, 120.91, 119.93, 119.71, 118.90, 105.91, 56.13, 29.25, 24.15. 

HR-MS (FAB+) m/z = 512.2231 (M-H+); (calcd. C35H30NO3 = 512.2226). UV/VIS (toluene): λmax. = 508 

nm, εmax. (M-1 cm-1) = 3.1 × 104; λmax. = 536 nm, εmax. (M-1 cm-1) = 2.7 × 104. Fluorescence (toluene, 

λexc.=510 nm): λmax. = 574 nm, 618 nm, 673 nm (shoulder). 
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N-(2,6-diisopropylphenyl)-9-ethoxyperylene-3,4-dicarboximide (POEt) 

 

Same procedure as above, using ethanol instead of methanol (yield: 76%). 
1H NMR (400 MHz, CDCl3): δ 8.61 (d, 1H, J = 8 Hz), 8.59 (d, 1H, J = 8 Hz), 8.45 (d, 1H, J = 8 Hz), 

8.32-8.40 (m, 3H), 8.26 (d, 1H, J = 8 Hz), 7.61 (t, 1H, J = 8 Hz), 7.48 (t, 1H, J = 8 Hz), 7.33 (d, 2H, J = 8 

Hz), 6.98 (d, 1H, J = 8 Hz), 4.32 (q, 2H, J = 7 Hz), 2.78 (sept, 2H, J = 7 Hz), 1.63 (t, 3H, J = 7 Hz), 1.18 (d, 

12H, J = 7 Hz). 13C NMR (100 MHz, CDCl3) δ 164.27, 157.59, 145.87, 138.40, 138.12, 132.34, 132.12, 

131.39, 129.48, 129.07, 126.45, 126.27, 125.69, 125.48, 124.72, 124.11, 121.84, 120.85, 119.85, 119.58, 

118.79, 106.56, 64.51, 29.25, 24.16, 14.90. HR-MS (FAB+) m/z = 526.2377 (M-H+); (calcd. C36H32NO3 = 

536.2382). UV/VIS (toluene): λmax. = 511 nm, εmax. (M-1 cm-1) = 3.1 × 104; λmax. = 538 nm, εmax. (M-1 cm-1) 

= 2.7 × 104. Fluorescence (toluene, λexc.=510 nm): λmax. = 571 nm, 617 nm, 667 nm (shoulder). 

 

UV/VIS and fluorescence spectroscopy 

 

The UV/Vis absorption spectra were recorded on a double beam Varian Cary 3E 

spectrophotometer, spectral range 190 to 900 nm with bandwidths down to 0.2 nm. The spectra were 

recorded in rectangular 10 mm quartz cuvettes. The fluorescence excitation and emission spectra 

were recorded on a Spex Fluorolog 3 spectrometer, equipped with double grating monochromators 

in the excitation and emission channels. The excitation light source was a 450W Xe lamp and the 

detector a Peltier cooled R636-10 (Hamamatsu) photomultiplier tube. The fluorescence spectra were 

corrected for the wavelength response of the detection system. Quantum yield measurements were 

performed on solutions with low absorbance (< 0.1) according to standard procedures.44 Perylene 

Orange in toluene was used (ΦF = 0.99) as the reference, since it has good spectral overlap with the 

compounds under study.27 Fluorescence decay times were measured using time correlated single 

photon counting (TC-SPC) (λexc. = 323 nm from a frequency-doubled cavity-dumped DCM dye layer) 

on a set-up that has been described elsewhere.45 

 

Confocal bleaching experiments 

 

The bleaching experiments were conducted using a MicroTime 200 confocal microscope from 

PicoQuant GmbH in our laboratory.38 Briefly, the laser system is based on a titanium:sapphire laser 

(Chameleon Ultra-II, Coherent). The output of the laser is tuned at 976 nm, at a repetition rate of 80 

MHz, which was doubled to generate excitation pulses of 488 nm using a second harmonic generator 

(SHG). The excitation light was coupled into the adapted confocal unit via a polarisation maintaining 

monomode fibre. An excitation filter (HQ480/40x, Chroma Tech.) was placed in front of the 
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excitation beam and a dichroic mirror (Z488 RDC, Chroma Tech.) reflected the excitation light to the 

sample. The emission light passed through the dichroic mirror, a notch filter (488NF, Semrock), a 

pinhole of 50 µm in diameter and an emission filter (HQ510LP, Chroma Tech.) to a single photon 

avalanche diode (SPCM-AQR-13, Perkin Elmer).  

Samples of chromophore in a polymer matrix were prepared by spincoating a solution of 

approximately 10-6 M of chromophore in toluene with 2% polystyrene onto clean coverglasses, using 

standard settings consisting of two successive spincoating programs: 30 s with spinning rate of 

1600/min followed by 10 s with spinning rate of 300/min. The solutions that were used in these 

experiments were prepared so that the absorption value at 488 nm was roughly equal for all 

chromophores. The laser power is expressed in arbitrary units; from previous experiments it is found 

that there is a linear relationship between the parameters arbitrary units vs. watts, so that 1,000 a.u. is 

estimated at 0.7 μW. Bleaching of the compounds was performed using various excitation powers 

from 2,000 a.u. (1.3 μW) to 50,000 a.u. (34 μW) during 600 to 900 seconds. Fluorescence decay times 

were fitted using maximum likelihood estimation (MLE) with deconvolution with IRF. 
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