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A new and efficient methodology towards the synthesis of 7-pyrrolidinyl and 7, 12-

bispyrrolidinyl perylenemonoimide monoanhydrides (PMI monoanhydrides) and their 

corresponding dicarboxylic acids is devised. The high yields (70-96%) and facile synthesis of 

PMI monoanhydrides, as compared to traditional methodologies, makes the method attractive 

and versatile. The reported 7, 12-bispyrrolidinyl PMI monoanhydrides are a new family of 

peryleneimides, where the both bay-substituents are located towards the anhydride cycle. The 

electrochemical and optical properties of target molecules and their precursors were 

investigated using the UV-Vis spectroscopy and differential pulse voltammetry. Atomic 

charges and electronic properties were calculated using density functional theory (DFT). In 

addition, self-assembling monolayers of the PMI monoanhydrides and corresponding diacids 

were successfully formed over ZnO and TiO2 films. The results of the current study indicate 

that these molecules are potentially good candidates for various applications in the field of 

organic electronics and solar cells. 

 

 

 

 

 

 

 

 

Introduction 

Perylene dyes are one of the most versatile and robust 

chromophores know to be thermally and photophysically stable. 

Their discovery almost a century ago has not limited the 

interest of chemists in developing new synthetic methods for 

their improved applications.1a, b  Initially used as vat dyes,2 their 

applications gradually spread to several high tech fields like 

sensitizers in organic solar cells,3 photovoltaics,4 biosensors,5 

artificial photo synthesis,6 and several other optical devices.7 

The functionalization of the perylene core at peri-, bay- and 

ortho-positions greatly influences the solubility, electronic and 

morphological properties of the dyes.8 The substitution at the 

peri-position and its effect on the morphology, solubility and 

the chrystallochromic properties of the PDI dyes has been 

reported.9 Similarly the functionalization of the bay-position via 

halogenation,10 Pd coupling,11 catalytic  or catalyst free 

oxidation12 has also been published. The alkylation,13 

arylation,14 borylation15 and halogenation16 at the ortho-

positions are well documented. 

Since the substitution pattern greatly influences the chemical 

and physical properties of the perylene dyes, it is crucial to 

keep these properties in mind while devising the molecules for 

specific applications. For example, it is known that when 

perylene derivatives are used as sensitizers in DSSCs, the 

molecule should have an anchoring group, through which it can 

bind to the substrate surface and the presence of electron 

donating groups on perylene core increases the 

photoconversion efficiency.17-19 All these molecules carry 

either aryloxy or thiophenolic substituents in the bay-region. In 

their work, Imahori et al. has reported the synthesis and 

application of  electron donating 1, 7-substituted  perylene 

tetracarboxylic acid derivatives.20 Recently Sengupta and 

coworkers have described the synthesis of 1, 7-dibromo 

perylene monoimide anhydride.21 All these synthetic strategies 

are heavily dependent on the presence of good leaving groups 

at the bay-positions. This results in either an isomeric mixture 

of 1, 7- and 1, 6-substitued products or needs tedious 

purifications and  yield losses.21, 22 Additionally, a selective 

conversion of imide to anhydride through a saponification 

produces low yields and a mixture of mono and 

bisanhydride.23a, b 

Despite established knowledge about differences in properties 

of isomeric perylene diimides,22f, 24 efforts have mostly been 

focused on the synthesis or purification of 1, 7-substituted 
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isomers of PDIs.22a, b, 25 This has resulted in a poor knowledge 

about the properties and potential applications of 1, 6-isomers. 

Only very recently the synthesis of the preferentially 1, 6-

isomer of perylene imide has been reported.12a, b So far, only the 

1, 7-isomer of the PMI anhydride or its derivatives have been 

studied as sensitizers in DSSCs15 leaving 7, 12-substituted 

perylene monoimides with an anchoring group virtually 

unknown moieties. 

We have recently published, first of this kind, the synthesis of 

isomerically pure 7- and 7, 12-aminated perylene monoimde 

diesters (PMI diesters), both under catalytic and catalyst free 

conditions.12a Herein, we report further extension of our 

methodology towards the synthesis of novel 7- and 7, 12-

substitued perylene derivatives having strong electron donating 

groups in the bay-region and anchoring groups at peri-

positions. The electrochemical and photo physical properties of 

these compounds were studied both experiminetally and 

computationally in detail and self-assembling monolayers 

(SAMs) were prepared over ZnO films and TiO2 nanoparticles. 

The results of our studies suggest that these compounds can be 

good candidates for their potential use as sensitizers in DSSCs 

and related applications. 

 

Results and discussion 

Synthesis 

We have recently reported the synthesis of precursors 1-3 in 

47–96% yields.12a A treatment of perylene-3, 4, 9, 10-

tetracarboxylic acid bisanhydride (PTCDA) with an alkanol and 

alkyl halide in a homogeneous solution produced perylene 

tetraester (PTE).26 A selective hydrolysis and a subsequent 

imidization with octyl amine resulted in the formation of 

perylene monoimide diester PMI (diester) 1.12a The 

regioselective amination of PMI 1 at 7-, or 7, 12-positions was 

performed under catalytic or catalyst free conditions. 

 

       
 

 With precursors in hand, the hydrolysis of these PMI diesters 

to dicarboxylic acids was attempted under different conditions. 

The ester hydrolysis has been reported under acidic, basic and 

neutral conditions.27 Most widely used methods for the said 

purpose is the basic hydrolysis carried out in the presence of 

aqueous hydroxides and co-solvents at different temperatures. 

Khurana et al. has reported the facile hydrolysis of esters with 

potassium hydroxide in methanol at ambient temperatures.28 

However a treatment of PMI diester 2 with KOH in methanol 

failed to produce the desired diacid product. Similarly the use 

of trimethylsilyl iodide (TMSI) in various solvents resulted in 

either partial hydrolysis or decarboxylation of diesters. Same 

problem was encountered while attempted ester cleavage using 

sulfuric acid at elevated temperatures. A prolonged treatment of 

PMI diesters with KOH in a mixture of THF:EtOH:H2O at 

room temperature or at 50 °C again resulted in a monoacid 

along with several other spots on TLC. Therefore, we decided 

to use the procedure described by Terunum et al.29 PMI diester 

1 was heated at reflux for 24 hours with a 6 M aqueous solution 

of KOH in a 2:1 mixture of THF:EtOH. A removal of solvents 

and treatment with 3 M HCl gave the desired PMI diacid 5 in 

96% yield (Scheme 1) 

  

 

 

Scheme 1. Synthesis of PMI anhydride 4 and diacid 5 

 

 However, when 7-, or 7, 12-pyrrolidyl PMI diesters 2 and 3 

were subjected to similar reaction conditions, it was observed 

that the pyrrolidinyl substituents at the bay-positions greatly 

influenced the dealkylation process. For example, even longer 

reaction time did not fully convert the starting material to diacid 

products. Reaction mixtures contained by-products, which 

proved to be challenging to separate from the desired 

compounds. A close vicinity of the two carboxylic groups 

resulted in the formation of an anhydride during the purification 

with acidic mixture of organic solvents. In addition, a 

decomposition of product spots was also observed on the 

HPTLC plates.  

Keeping all the above mentioned limitations in mind, an 

alternate approach toward desired diacids was needed and a 

ring closing-opening method was adopted. An acid hydrolysis 

of PMI diesters 2 and 3 with p-toluenesulfonic acid in toluene 

at elevated temperature21 yielded novel 7- and 7, 12-substituted 

PMI monohydrides 6 and 7 in 93 and 75% yields, respectively.  

 

It is well established that this anhydride moiety opens up on 

adsorption over TiO2, providing strong chemical interactions 

with TiO2 surfaces and effective electronic coupling.30 This 

property of the anhydride moiety makes them excellent 

anchoring groups for sensitizers in DSSC. The same 

dicarboxylates functionality was achieved when compounds 6 

and 7 were heated at 100 °C with 2 eq. of KOH in tBuOH. The 

desired diacids 8 and 9 were obtained in 70 and 76% yields 

respectively (Scheme 2). 
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Scheme 2. Synthesis of PMI anhydrides and acids 

 

 

Theoretical calculations 

In order to clarify the possible reasons for selectivity of 

substitution, we have run the quantum chemical calculations. In 

our previous paper we suggested that reaction goes through an 

anion radical intermediate, and the specificity of the 

substitution is guided by the charge distribution pattern in the 

PMI anion radical.12a The atomic charges were calculated using 

two different levels of theory. The calculations predict that the 

negative charge is mostly localized on the ester side of both the 

neutral and radical anion species of 1 and 2 and especially on 

the four carbon atoms: d, 7, 8 and 9 or 10, 11, 12 and f (see 

Scheme 2, comp. 1). This makes the ester side rings prone to an 

electrophilic attack of the pyrrolidine moiety. Calculations 

predict that for ester 2, once the radical anion has formed, 

carbon 12 becomes the most electronegative in the bay-region 

(-0.366, at both levels of theory; compare with -0.261 or -0.259 

for carbon 1). This makes carbon 12 more attractive to the 

approaching electrophile. 

  
 

Figure 1. MK charges of a radical anion of 2 calculated at the 

M062X/6-311++G(d,p)//M062X/6-311++G(d,p) level of 

theory. 

 

The required level of theory for the quantum chemical 

calculations has been verified by predicting HOMO/LUMO 

energies for compounds 1-3. The theoretical values are in good 

agreement with the experimental data (-3.6/-5.9 vs -3.6/-6.1 for 

1, -3.1/-5.2 vs -3.1/-5.5 for 2, and -3.3/-5.0 vs -2.8/-5.2 for 3). 

More details on calculations can be found in Supporting 

Information. 

 

Absorption/Emission Studies 

The UV-vis absorption and emission spectra of compounds 1-3 

and 5-9 are shown in Figure 2. The spectra of perylene 

monoimde diesters 1-3 were recorded in CHCl3 while for 

corresponding PMI anhydrides 6, 7 and diacids 5, 8 and 9, 

measurements were made in ethanol.  
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Figure 2. Absorption (a, c, e), and emission (b, d, f) spectra of 

PMI diesters 1-3 in CHCl3, anhydrides 6, 7, and acids 5, 8, 9 in 

ethanol. Abs. of 5* is normalised due to poor solubility 

 

It is very informative and evident to note the effect of the 

pyrrolidinyl substituents at the 7- and 12-positions. In the case 

of unsubstituted PMI diester 1, two distinct absorption bands at 

506 nm and 476 nm are visible (Figure 2a, comp. 1). One 

pyrrolidinyl substituent at the 7-position shifts the absorption 

maximum towards ca 620 nm, and a second absorption band 

appears at 410 nm (Figure 2a, comp. 2). In the case of the di-

substitution, i.e. 7, 12-pyrrolidinyl PMI diester 3, the absorption 

region becomes wider with a maximum at 642 nm and a second 

absorption band at 528 nm. These features allow us to conclude 

that the enhanced interaction between the pyrrolidinyl 

substituents and the perylene core greatly influences the optical 

properties of compounds. It is visible from the spectra that the 

subsitituted PMI anhydrides 6, 7 (Figure 2c) and their 

corresponding carboxylic acids 8 and 9 (Figure 2e) retain the 

absorptive features of their corresponding PMI diesters 2 and 3 

(Figure 2a). They absorb light in visible region  and cover a 

large part of the spectrum from 475 up to 750 nm. Though 

substituted PMI diesters, anhydrides and carboxylic acids show 

similar absorption bands in visible region, the PMI anhydrides 

6, 7 and acids 8, 9 have the molar extinction coefficients almost 

two folds higher then the diesters 2, 3 at low energy (Figure 2). 

 

The emission properties of the substituted PMI diesters, 

anhydrides,  

and diacids are almost identical with the emission maxima 

around 700 nm. The normalized emission spectra of PMI 

diesters 1-3, anhydrides 6, 7 and diacid 5, 8, 9 are shown in 

Figures 2b, d and f. 

 

Electrochemical properties 

Several properties and field of applications of peryleneimides 

and their derivatives depend on the energies of the frontier 

orbitals HOMO and LUMO. These energies and relative donor-

acceptor capabilities of perylenemonoimide diesters 1-3,  PMI 

monoimide anhydride 6, and diacid 5 were investigated by 

differential pulse voltammetry (DPV) in benzonitrile containing 

0.1 M tetrabutylammonium tetrafluoroborate as a supporting 

electrolyte. The obtained redox potentials (V vs. ferrocene) are 

shown in Table 1 while the calculated HOMO-LUMO energy 

levels are plotted  in Figure 4 (along with the data  for TiO2
31 

and fullerene32 for comparison). The IV curves can be found in 

the Supporting Information, SI, pages S9-S13. 

 

 

com 

E1red E2red E1ox E2ox HOMO LUMO 

1 -1.2 -1.5 1.1 - -5.9 -3.6 

2 -1.4 -1.6 0.4 - -5.2 -3.4 

3 -1.5 -1.8 0.25 - -5.0 -3.3 

5 -0.9 -1.2 1.1 1.3 -5.9 -3.9 

6 -1.1 -1.3 0.6 1.0 -5.4 -3.7 

 

Table 1. Redox Potentials (V vs. ferrocene) of PMIs obtained 

by DPV and HOMO, LUMO (eV) calculated against vacuum. 

 

 The unsubstituted PMI diester 1 and the 12-pyrrolidinyl PMI 

diester 2 exhibit very similar redox characteristics. Similarly 
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both compounds show a single one-step irreversible oxidation, 

where the oxidation peak was detected at around +1.1 V and 

+0.45 V, respectively. The higher value of the oxidation 

potential for compound 1 (figure 3) compared to the 12-

substituted PMI diester 2 means that the unsubtituted PMI 

diester 1 is a weaker electron donor compared to 2.  

 
Figure 3. DPV curve of compound 1 vs ferrocene  

 

Similarly, the 7, 12-pyrrolidinyl PMI diester 3 undergoes a two-

step reduction and a single-step  oxidation. The reduction 

occurs at around -1.5 V and -1.8 V, whereas the oxidation peak 

appears at +0.25 V. The oxidation potentials of the 7-

pyrrolidinyl PMI diester 2 and 7, 12-pyrrolidinyl diester 3  are 

quite similar. The unsubtituted PMI diacid 5, on the other hand, 

undergoes a three-step reversible reduction, reflecting the first, 

second and third one-electron reductive processes. The 

reversible reductions occur at -0.9 V, -1.2 V, and -1.5 V. The 

diacid 5 shows two irreversible oxidation peaks at higher 

oxidation potentials of 1.52 and 1.73 V (spectra in SI). The 

voltamograms of the 12-pyrrolidinyl PMI monoanhydride 6 

shows two reversible reductions at -1.1 V and -1.3 V. For the 

oxidative potentials, it shows two reversible oxidation peaks 

around 0.6 V and 1.0 V. 

 
Figure 4. HOMO, LUMO levels of PMIs against TiO2 and 

Fullerene. 

 

Self-assembling monolayers 

Commercially available indium-tin-oxide (ITO) coated glass 

substrates were used to prepare ZnO layers using zink acetate 

and were fabricated according to the literature procedure.33 Self 

–assembling monolayers (SAMs) were prepared in a single 

step. The substrate plates were annealed at 150 °C for 1.5 hours, 

cooled, and immersed in 0.1 mM solutions of PMI diacid 5, 7,  

12-pyrrolidinyl PMI monoanhydride 7, and 7, 12-pyrrolidinyl 

PMI dicarboxylic acid 9 in ethanol. After 60 minutes, the plates 

were taken out, thoroughly washed with ethanol, dried and the 

absorption spectra were measured. The spectra for SAMs were 

obtained by subtracting the absorbance of clean substrates from 

that of SAMs.   

  

 
Figure 5. Absorption spectra of SAMs of PMI diacid 5, 

monoanhydride 7, and dicarboxylic acid 9 on ITO/ZnO plates. 

 

 The absorption spectra of SAMs of both diacids 5, 9 and 7, 12-

substituted anhydride 7 (Figure 5) differ from those in solution 

form (Figure 2b and c). Particularly interesting are the 

absorption features of 7, 12-substituted PMI anhydride 7 and its 

corresponding diacid 9. In solution, 7, 12-substituted PMI 

anhydride 7 shows two major absorption bands at 652 nm and 

555 nm plus a weak band at ca 453 nm (Figure 2b). On solid 

substrate, the major absorption bands shift towards the blue and 

a new band at higher energy region (ca 364) nm appears 

(Figure 5). Similarly 7, 12-substituted PMI diacid 9, in solution, 

exhibits two absorption bands at 545 nm and 652 nm together 

with a shoulder at 612 nm. After immobilization on a solid 

substrate, diacid 9 shows blue shifted absorptions at 588 nm 

and 514 nm together with a high energy region absorption band 

at 364 nm. Its important to note that the absorption shape of 

SAMs of both the 7, 12-substituted PMI anhydride 7 and its 

corresponding diacid 9 are essentially imitations of each other. 

This can be explained by their mode of binding to the substrate 

surface. The dicarboxylic acid 9 reacts strongly with the ZnO 

surface and forms the desired monolayer. Whereas in the case 

of 7, 12-substituted PMI anhydride 7, the anhydride moiety 

does the anchoring role via ring opening and the resultant 

dicarboxylates groups bind to the substrate surface, as proved 

by absorption.32  

 SAM layer formation was also studied on TiO2 as a substrate. 

Annealed TiO2-coated glass plates were immersed into 0.1 mM 

solutions of PMI diacids 5, 8, 9, and 7, 12-substituted PMI 

anhydride 7. In the case of compounds 7, 8 and 9, the plates 

were taken out after 3 hours, washed, dried and absorption 

spectra were recorded. For the PMI diacid 5, the deposition 

time was 24 hours due to its poor solubility and thaerefore a 

low concentration of the deposition solution. The absorption 

spectra showed the formation of monolayers (Figure 6).  
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Figure 6. Absorption spectra of SAMs of PMI diacids 5, 8, 9 

and PMI anhydride 7 over glass/TiO2 plates. 

 

 All in all, the formation of monolayers was fast, efficient and 

simple. Due to the asymmetric structure of PMIs, namely the 7, 

12-substitution, the formed layers have an intrinsically 

anisotropic structure, which might have a beneficial effect in 

photovoltaic applications. Also, it should be noted that a 

versatility of substitution on bay-rigion and distant from imide 

side, along with the two possibilities for an anchor (ahydride or 

bis-acid) makes the proposed PMI template an attractive target 

for future studies in self-assembled molecular films. 

Conclusions 

A new and facile route towards the synthesis of novel 7- and 7, 

12-bispyrrolidinyl PMI monoanhydride and their dicarboxylic 

acids is developed. The traditional synthesis of the PMI 

monoanhydrides heavily depends upon selective saponification 

of PDIs resulting in low yields due to  the absence of the 

selectivity. Our methodology is free of the selective 

saponification and thus good to excellent yields for the 

substituted PMI monoanhydrides are obtained in few steps. 

These substituted PMI monoanhydrides are easily transformed 

into either corresponding dicarboxylic acids or unsymmetrical 

PDIs by introducing second imide functionality on the 

anhydride cycle. Also, this is the first report of this kind of 

synheis, where PMI monoanhydrides carry both the amine 

substituents in 7, 12-positions, distant from the imide cycle. 

The investigation of their optical and electrochemical properties 

indicates that this kind of perylene derivatives can be applied in 

various fields of material chemistry and device preparations. 

The immobilization studies of the PMI monoanhydrides and 

diacids clearly indicate their usefulness as building blocks for 

SAMs. The presences of the electron donating pyrrolidine 

substituents at the bay-region and the presence of the anchoring 

groups in the form of anhydride/carboxylic acids make them 

attractive candidates for DSSCs and other types of solar cells. 

 

Experimental Section 

General: All commercially available reagents and solvents 

were purchased either from Sigma Aldrich Co. or from VWR 

and were used without further purifications unless otherwise 

mentioned. Purification of the products was carried out either 

by column chromatography on Silica gel 60 (Merck) mesh size 

40-63 µm or on preparative TLC plates (Merck) coated with 

neutral aluminum oxide 60 F254. NMR spectra were recorded 

using Varian Mercury 300 MHz spectrometer using TMS as 

internal standard. HRMS measurements were done with Waters 

LCT Premier XE ESI-TOF bench top mass spectrometer. Lock-

mass correction (leucine enkephaline as reference compound), 

centering and calibration were applied to the raw data to obtain 

accurate mass. 

Computational methods: Density functional theory (DFT) 

was applied in all calculations using the Gaussian 09 (Revision 

D.01) suite of programs.34 The n-octyl and n-butyl side chains 

of the molecules 1, 2 and 3 were replaced by methyl (CH3) 

groups in the modelling of the molecular structures.  The 

geometries were optimized and electronic properties calculated 

using the B3LYP and M062X functionals and the 6-

311++G(d,p) basis set. The atomic charges were computed 

using the same levels of theories with the Merz–Kollman 

method35, 36 for the neutral and radical ion models of 1 and 2. 

 

Synthesis of Precursors 1, 2 and 3 

Synthesis and characterization of precursors 1, 2 and 3 has been 

reported in our previous article.12a 

General procedure for synthesis of PMI anhydrides 

Perylene monoimide diesters 1, 2 or 3 (1.0 equiv.) and p-

toluenesulfonic acid (5.0 equiv.) were taken in toluene (33 

mL/mmol PMI diester). The resultant mixture was stirred at 90 

°C for 18 hours (in case of precursor 1, only 4 hours). After 

cooling to room temperature, the solvent was evaporated. The 

crude was dissolved in CHCl3 and washed with water (2×). The 

organic phase was dried over Na2SO4, filtered and concentrated 

on rotary evaporator. The residue was taken into methanol and 

refluxed for 2 hours. The precipitates were filtered and washed 

with methanol to give pure products. 

Synthesis of 2-octyl-1,3-dioxo-2,3-dihydro-1H-

benzo[10,5]anthra[2,1,9-def]isoquinoline-8,9-dicarboxylic 

acid 5 

PMI diester 1 (0.157 mmol, 100 mg) was taken into a 2.53 mL 

mixture of THF:EtOH (2:1 v/v). To this mixture, 0.835 mL of 

aq. KOH (6 M) was added and the resultant mixture was heated 

at 80 °C for 24 hours. The reaction mixture was cooled to room 

temperature and solvents were removed on rotary evaporator. 

The pH was adjusted to ca. 4 by adding 3 M HCl over an ice 

bath. The precipitates were filtered off and dried. The desired 

PMI diacid 5 was obtained as red solid (80 mg, 97 %).  

Data for 5: 1H NMR (300 MHz, DMSO): δ = 8.69 (d, J=8.21 

Hz, 2H), 8.63 (d, J=7.92 Hz, 2H), 8.45 (d, J=8.21 Hz, 2H), 4.04 

(t, J=7.33 Hz, 2H), 1.69 - 1.57 (m, 2H), 1.39 - 1.18 (m, 10H), 

0.86 - 0.81 (m, 3H) ppm. Due to poor solubility, 13C NMR data 

could not be recorded. MS (ESI-TOF): [M+] calcd for 

C32H27NO6
+, 520.1777; found, 520.1760. 

9-octyl-5-(pyrrolidin-1-yl)-1H-

isochromeno[6',5',4':10,5,6]anthra[2,1,9-def]isoquinoline-

1,3,8,10(9H)-tetraone 6 

Starting from 7-pyrrolidinyl PMI diester 2 (0.096 mmol, 68 

mg), p-TsOH.H2O (0.483 mmol, 91 mg), 7-pyrrolidinyl PMI 

anhydride 6 was obtained as blue solid (51 mg, 91 %).  

Data for 6: 1H NMR (300 MHz, CDCl3, TMS): δ = 8.62 (t, 

J=8.21 Hz, 2H), 8.45 - 8.33 (m, 4H), 7.47 (d, J=8.21, 1H), 4.19 

(t, J=7.62, 2H), 3.74 (br, 2H), 2.75 (br, 2H), 2.12 - 2.02 (m, 

4H), 1.74 - 1.70 (m, 2H), 1.44 - 1.25 (m, 6H), 0.89 - 0.84 (m, 

3H) ppm. 13C NMR (75 MHz, CDCl3, TMS): δ = 163.80, 

163.69, 148.32, 134.95, 134.71, 134.35, 131.18, 131.00, 

129.06, 128.55, 127.62, 125.35, 124.86, 124.68, 123.99, 

122.54, 121.34, 119.91, 118.89, 118.26, 117.19, 52.83, 40.82, 

32.05, 29.91, 29.59, 29,45, 28.38, 27.41, 25.98, 22.86, 14.30 

ppm. MS (ESI-TOF): [M+] calcd for C36H32N2O5+, 572.2350; 

found, 572.2311.  
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9-octyl-5,13-di(pyrrolidin-1-yl)-1H-

isochromeno[6',5',4':10,5,6]anthra[2,1,9-def]isoquinoline-

1,3,8,10(9H)-tetraone 7 

Starting from 7, 12-pyrrolidinyl PMI diester 3 (0.216 mmol, 

167 mg), p-TsOH.H2O (1.08 mmol, 205 mg), 7, 12-pyrrolidinyl 

PMI anhydride 7 was obtained as dark blue solid (105 mg, 75 

%).  

Data for 7: 1H NMR (300 MHz, CDCl3, TMS): δ = 8.70 (d,  

J=7.92 Hz, 2H), 8.30 (s, 2H), 7.80 (d, J=8.21 Hz, 2H), 4.24 (t,  

J=7.62 Hz, 2H), 3.70 (br, 4H), 2.74 (br, 4H), 1.83 - 1.73 (m, 

2H), 1.49 - 1.25 (m, 10H), 0.90 - 0.85 (m, 3H) ppm. 13C NMR 

(75 MHz, CDCl3, TMS): δ = 164.21, 161.30, 150.01, 135.29, 

131.44, 130.41, 129.15, 128.33, 123.89, 119.37, 118.79, 

118.60, 117.95, 52.57, 40.74, 32.09, 29.67, 29.48, 28,47, 27.47, 

25.91, 22.89, 14.34 ppm. MS (ESI-TOF): [M+] calcd for 

C40H39N3O5+, 641.2897; found, 641.2890.  

2-octyl-1,3-dioxo-6-(pyrrolidin-1-yl)-2,3-dihydro-1H-

benzo[10,5]anthra[2,1,9-def]isoquinoline-8,9-dicarboxylic 

acid 8 

7-pyrrolidinyl PMI anhydride 6 (0.050 mml, 29 mg) and KOH 

(0.101 mmol, 6 mg) were taken in 3 mL of tBuOH. The 

reaction mixture was heated at 100 °C for 3 hours. After 

cooling to room temperature, pH of the mixture was adjusted to 

ca. 6 – 6.5 by adding aqueous NH4Cl . Precipitates were formed 

which were filtered off and dried to yield desired product as 

blue solid (23 mg, 76 %). 

Data for 8: 1H NMR (300 MHz, CD3OD): δ = 8.58 (d, J=8.21 

Hz, 1H), 8.52 - 8.46 (m, 3H), 7.97 (s, 1H), 7.90 (d, J=7.92 Hz, 

1H), 7.11 (d, J=7.92 Hz, 1H), 4.19 (t, J=7.92 Hz, 2H), 3.81 (br, 

2H), 2.81 (br, 2H), 1.77 - 1.72 (m, 2H), 1.43 - 1.31 (m, 10H), 

0.93 - 0.87 (m, 3H) ppm. Due to poor solubility, 13C NMR data 

could not be recorded. MS (ESI-TOF): [M+] calcd for 

C36H34N2O6
+, 641.2897; found, 641.2890.  

2-octyl-1,3-dioxo-6,11-di(pyrrolidin-1-yl)-2,3-dihydro-1H-

benzo[10,5]anthra[2,1,9-def]isoquinoline-8,9-dicarboxylic 

acid 9 

7, 12-pyrrolidinyl PMI anhydride 7 (0.109 mml, 70 mg) and 

KOH (0.201 mmol, 12 mg) were taken in 6 mL of tBuOH. The 

reaction mixture was heated at 100 °C for 3 hours. After 

cooling to room temperature, pH of the mixture was adjusted to 

ca. 6 – 6.5 by adding aqueous NH4Cl . Precipitates were formed 

which were filtered off and dried to yield desired product as 

blue solid (55mg, 76 %). 

Data for 9: 1H NMR (300 MHz, CD3OD): δ = 8.52 (d, J=7.92 

Hz, 2H), 8.30 (s, 2H), 7.54 (d, J=8.21 Hz, 2H), 4.21 (t, J=7.92 

Hz, 2H), 3.74 (br, 4H), 2.75 (br, 4H), 1.79 - 1.66 (m, 2H), 1.41 

- 1.29 (m, 10H), 0.92 - 0.88 (m, 3H) ppm. 13C NMR (75 MHz, 

CD3OD): δ = 164.57, 150.86, 137.70, 137.68, 137.66, 132.20, 

130.17, 129.76, 122.02, 121.99, 114.82, 114.14, 111.20, 52.10, 

39.98, 31.83, 29.30, 29.19, 27.98, 27.06, 25.48, 22.54, 13.26 

ppm. MS (ESI-TOF): [M+] calcd for C40H41N3O6
+, 659.3008; 

found, 659.2996.  

 

 

Acknowledgements 
The Authors gratefully acknowledge the financial support from 

the Academy of Finland. The authors are grateful to Ms. Tuuva 

Kastinen for helping with the analysis of the molecular 

modelling calculations. Computing resouces provided by the 

CSC – IT Center for Science Ltd., administered by the Finnish 

Ministry of Education, are acknowledged.   

 

 

 

 

 

 

 

 

Notes and references 
a Department of Chemistry and Bioengineering 

  Tampere University of Technology, Tampere, Finland 

  E-mail: alexandre.efimov@tut.fi  

† Footnotes should appear here. These might include comments 

relevant to but not central to the matter under discussion, limited 

experimental and spectral data, and crystallographic data.  

Electronic Supplementary Information (ESI) available: [details of any 

supplementary information available should be included here]. See 

DOI: 10.1039/b000000x/ 

 

1.  (a) K. Grice, H. Lu, P. Atahan, M. Asif, C. Hallmann, P. Greenwood, 

E. Maslen, S. Tulipani, K. Williford, J. Dodson, Geochim. 

Cosmochim. Acta, 2009, 73, 6531–6543; (b) Kardos, M. Vat dye 

1913. 

2.  H. Zollinger, Color Chemistry, 3rd ed.; Wiley-VCH GmbH & Co. 

KGaA, 2003. 

3.  (a) L. Schmidt-Mende, A. Fechtenkötter, K. Müllen, E. Moons, R. H. 

Friend, J. D. MacKenzie, Science, 2001, 293, 1119–1122; (b) J. J. 

Dittmer, E. A. Marseglia, R. H. Friend, Adv. Mater., 2000, 12, 1270–

1274; (c) J. J. Dittmer, R. Lazzaroni, P. Leclère, P. Moretti, M. 

Granström, K. Petritsch, E. A. Mareglia, R. H. Friend, J. L. Brédas, 

H. Rost, A. B. Holms, Sol. Energy Mater. Sol. Cells, 2000, 61, 53–

61; (d) K. Petritsch, J. J. Dittmer, E. A. Marseglia, R. H. Friend, A. 

Lux, G. G. Rozenberg, P. Moretti, A. B. Holmes, Sol. Energy Mater. 

Sol. Cells, 2000, 61, 63–72; (e) S.-B. Rim, R. F. Fink, J. C. 

Schöneboom, P. Erk, P. Peumans, Appl. Phys. Lett., 2007, 91, 

173504/1–173504/3; (f) S. Erten, F.Meghdadi, S. Gunes, R. Koeppe, 

N. S. Sariciftci, S. Icli, Eur. Phys. J. Appl. Phys., 2006, 36, 225–229; 

(g) A. K. Pandey, J.-M. Nunzi, Appl. Phys. Lett., 2007, 90, 

263508/1–263508/3; (h) Y. Ooyama, Y. Harima, Eur. J. Org. Chem., 

2009, 18, 2903–2934; (i) C. Li, M. Liu, N. G. Pschirer, M. 

Baumgarten, K. Müllen, Chem. Rev., 2010, 110, 6817–6855; (j) Y. 

Lin, Y. Li, X. Zhan, Chem. Soc. Rev., 2012, 41, 4245–4272; (k) M. 

Sommer, S. Hüttner, M. Thelakkat, in: Ideas in Chemistry and 

Molecular Sciences, Advances in Noanotechnology, Materials and 

Devises (Ed.:B.Pig-nataro), Wiley-VCH, Weinheim, Germany, 2010, 

pp. 317–338; (l) H. Qian, Z. Wang, W. Yue, D. Zhu, J. Am. Chem. 

Soc., 2007, 129, 10664–10665; (m) C. Li, H. Wonneberger, Adv. 

Mater., 2012, 24, 613–636.   

4.  C. W. Tang, Appl. Phy. Lett., 1986, 48, 183-185. 

5.  B. Wang, C. Yu, Angew. Chem., Int. Ed. 2010, 49, 1485-1488. 

6.  M. S. Rodrigues- Morgade, T. Torres, C. Atienza-Castellanos, D. M.  

Guldi, J. Am. Chem. Soc., 2006, 128, 15145-15154.  

7. (a) C. Ego, D. Marsitzky, S. Becker, J. Zhang, A. C. Grimsdale, H. 

Muellen, J. D. MacKenzie, C. Silva, R. H. Friend, J. Am. Chem. Soc., 

2003, 125, 437-443; (b) S. Alibert-Fouet, S. Dardel, H. Bock, M. 

Oukachmih, S. Archambeau, I. Seguy, P. Jolinat, P. Destruel, 

ChemPhysChem., 2003, 4, 983-985; (c) Y. Liu, Y. Li, L. Jiang, H. 

Gan, H. Liu, Y. Li, J. Zhuang, F. Lu, D. Zhu, J. Org. Chem., 2004, 

69, 9049-4954; (d) W. S. Shin, H. H. Jeong, M. K. Kim, S. H. Jin, M. 

Page 7 of 9 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

R. Kim, J. K. Lee, J. W. Lee, Y. S. Gal, J. Mater. Chem., 2006, 16, 

384-390; (e) M. P. O’Neil, M. P. Niemczyk, W. A. Svec, D. 

Gosztola, G. L. Gaines, M. R. Wasielewski, Science, 1992, 257, 63-

65; (f) L. Zang, R. Liu, M. W. Holman, K. T. Nguyen, D. M. Adams, 

J. Am. Chem. Soc., 2002, 124, 10640-10641. 

8.  C. Li, H. Wonneberger, Adv. Mater., 2012, 24, 613–636. 

9.  (a) P. Erwin, M. E. Thompson, Appl. Phys. Lett., 2011, 98, 223305-3; 

(b) F. Gaser, E. Hädicke, Lieb. Annal. Chem., 1980, 1980, 1994–

2011; (c) E. Hädicke, F. Graser, Acta Crystallogr., Sect. C, 1986, 42, 

189–195. 

10. (a) A. Böhm, H. Arms, G. Henning, P. Blaschka, (BASF AG) Ger. 

Pat., DE 19547209 A1, 1997; (b) F. Würthner, Chem. Commun., 

2004, 1564–1579. 

11.  (a) B. Pagoaga, L. Giraudet, N. Hoffmann,  Eur. J. Org. Chem., 

2014, 24, 5178–5195; (b) S. Dey, A. Efimov, H. Lemmetyinen, Eur. 

J. Org. Chem., 2012, 12, 2367–2374. 

12. (a) L. George, Z. Ahmed, H. Lemmetyinen, A. Efimov, Eur. J. Org. 

Chem., 2015, 3, 584-590; (b) H. Langhals, S. Christian, A. Hofer, J. 

Org. Chem., 2013, 78, 9883-9891; (c) G. Rauch, S. Höger, Chem. 

Commun.,  2014, 50, 5659-5661. 

13. S. Nakazono, Y. Imazaki, H. Yoo, J. Yang, T. Sasamori, N. Tokitoh, 

T. C´edric, H. Kageyama, D. Kim, H. Shinokubo, A. Osuka, Chem. 

Eur. J., 2009, 15, 7530–7533. 

14. S. Nakazono, S. Easwaramoorthi, D. Kim, H. Shinokubo, A. Osuka, 

Org. Lett., 2009, 11, 5426–5429. 

15. a) T. Teraoka, S. Hiroto, H. Shinokubo, Org. Lett., 2011, 13, 2532–

2535; (b) G. Battagliarin, C. Li, V. Enkelmann, K. Mu¨llen, Org. 

Lett., 2011, 13, 3012–3015. 

16. G. Battagliarin, Y. Zhao, C. Li, K. Mu¨llen, Org. Lett., 2011, 13, 

3399–3401. 

17. (a) S. Ferrere, B. A. Gregg, J. Phys. Chem., 2001, 105, 7602–7605; 

(b) S. Ferrere, B. A. Gregg, New J. Chem., 2002, 26, 1155–1160. 

18. T. Edvinsson, C. Li, N. Pschirer, J. Schöneboom, F. Eickemeyer, R. 

Sens, G. Boschloo, A. Herrmann, K. Müllen, A. Hagfeldt, J. Phys. 

Chem., 2007, 111, 15137–15140. 

19. C. Li, J.-H. Yum, S.-J. Moon, A. Herrmann, F. Eickemeyer, N. G. 

Pschirer, P. Erk, J. Schöneboom, K. Müllen, M. Grätzel, M. K. 

Nazeeruddin, ChemSusChem, 2008, 1, 615–618. 

20. Y. Shibano, T. Umeyama, Y. Matano, H. Imahori, Org. Lett., 2007, 9, 

1971-1974. 

21. S. Sengupta, R. K. Dubey, R. W. M. Hoek, S. P. P. van Eden, D. D. 

Gunbas, F. C. Grozema, E. J. R. Sudhölter, W. F. Jager , J. Org. 

Chem., 2014, 79, 6655-6662. 

22. (a) R. K. Dubey, A. Efimov, H. Lemmetyinen, Chem. Mater., 2011, 

23, 778-788: (b) H. Y. Tsai, C. W. Chang, K. Y. Chen, Tetrahedron 

Lett., 2014, 55, 884–888; (c) H. Y. Tsai, K. Y. Chen, J. Lumin., 2014, 

149, 103–111; (d) R. K. Dubey, M. Niemi, K. Kaunisto, A. Efimov, 

N. V. Tkachenko, H. Lemmetyinen, Chem. Eur. J., 2013, 19, 6791–

6806; (e) A. Keerthi, S. Valiyaveettil, J. Phy. Chem., B, 2012, 116, 

4603-4614; (f) N. V. Handa, K. D. Mendoza, L. D. Shirtcliff, Org. 

Lett., 2011, 13, 4724-4727. 

23. (a) T. Ren, P. K. Mandal, W. Erker, Z. Liu, Y. Avlasevich, L. Puhl, 

K. Muellen, T. Bosche, J. Am. Chem. Soc., 2008, 130, 17242-17243; 

(b) J. Fortage, M. Severac, C. H.-Rassin, Y. Pellegrin, E. Blart, F. 

Odobel, J. Photochem. Photobiol., Sect. A: 2008, 197, 156-169. 

24. (a) H. Y. Tsai, K. Y. Chen, J. Lumin., 2014, 149, 103–111; (b) R. K. 

Dubey, M. Niemi, K. Kaunisto, A. Efimov, N. V. Tkachenko, H. 

Lemmetyinen, Chem. Eur. J., 2013, 19, 6791–6806; (c) A. Keerthi, S. 

Valiyaveettil, J. Phy. Chem. B, 2012, 116, 4603-4614. 

25. (a) X. Guo, D. Zhang, D. Zhu, Adv. Mater., 2004, 16, 125-130; (b) Y. 

Zhao, M. R. Wasielewski, Tetrahedron Lett., 1999, 40, 7047-7050; 

(c) M. J. Ahrens, M. J. Fuller, M. R. Wasielewski, Chem. Mater., 

2003, 15, 2684-2686; (d) Y. Liu, Y. Li, L. Jiang, H. Gan, H. Liu, Y. 

Li, J. Zhuang, F. Lu, D. J. Zhu, J. Org. Chem., 2004, 69, 9049-9054; 

(e) F. Wurthner, C. Thalacker, S. Diele, C. Tschierske,  Chem. Eur. 

J., 2001, 7, 2247-2253; (f) J. M. Serin, D. W. Brousmiche, J. M. J. 

Frechet, J. Am. Chem. Soc., 2002, 124, 11848-11849. 

26. R. Wang, Z. Shi, C. Zhang, A. Zhang, J. Chen,  W. Guo, Z. Sun, Dyes  

Pigm., 2013, 98, 450-458. 

27. (a) F. A. Carey, R. J. Sundberg,  Advanced Organic Chemistry, 3rd 

ed. Plenum Press, New York, 1990, pp. 465; (b) J. March, Advanced 

Organic Chemistry, Reaction Mechanisms and Structure, 4th ed. 

John Wiley & Sons, New York, 2001, pp. 378 and references cited 

therein; (c) K. Sisido, Y. Kazama, H. Kodama, H. Nozaki, J. Am. 

Chem. Soc., 1959, 81, 5817; (d) C. S. Marvel, J. Dec, H. G. Cooke 

Jr., J. C. Cowan, J. Am. Chem. Soc., 1940, 62, 3495; (e) B. Dayal, G. 

Salen, B. Toome, G. S. Tint, S. Shefer, J. Padia, Steroids, 1990, 55, 

233; (f) G. Blay, M. L. Cardona, M. B. Garcia, J. R. Pedro, Synthesis, 

1989, 438-439; (g) M. F. Jung, M. A. Lyster, J. Am. Chem. Soc., 

1977, 99, 968-969. 

28. J. M. Khurana, S. Chauhan, G. Bansal, Monatsh. Chem. 2004, 135, 

83-87. 

29. K. Tojo, T. Arisawa, M. Yasutake, Y. Aoki, D. Terunuma, Chem. 

Lett., 2008, 37, 930-931. 

30. S. Wang, L. Dössel, A. Mavrinskiy, P. Gao, X. Feng, W. Pisula, K. 

Muellen, Small, 2011, 7, 2841–2846. 

31. M. Grätzel, Nature, 2001, 414, 338-344. 

32. J. Y. Kim, S. H. Kim, H.-H. Lee, K. Lee, W. Ma, X. Gong, A. J. 

Heeger, Adv. Mater., 2006, 18, 572-576. 

33. M. S. White, D. C. Olson, S. E. Shaheen, N. Kopidakis and D. S. 

Ginley, Appl. Phys. Lett., 2006, 89, 143517–143520.  

34. Gaussian 09, Revision D.01, M. J. Frisch, G. W. Trucks, H. B. 

Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, 

V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, 

X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. 

Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, 

M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. 

A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. 

Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. 

Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. 

Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. 

Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. 

Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. 

Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. 

Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, Ö. 

Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, 

Gaussian, Inc., Wallingford CT, 2009. 

35. U. C. Singh and P. A. Kollman, J. Comp. Chem., 1984, 5, 129–45.  

36. B. H. Besler, K. M. Merz Jr., and P. A. Kollman, J. Comp. Chem., 

1990, 11, 431–39. 

  

Page 8 of 9Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 9  

  

Page 9 of 9 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t


