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INTRODUCTION
In recent years, many researchers have diverted their focus of interest to the already existing n-type semiconductors as 

they have been found this area particularly to be quite interesting and challenging to develop for practical use in the organic 
electronic industry. From all the widely studied n-type materials, perylene tetracarboxylic diimides (PTCDIs) are highly preferred 
due to its low cost and availability [1]. Besides this, these compounds are also known to exhibit high molar absorptivity, show high 
electron affinity, demonstrate excellent photochemical and thermal stabilities, as well as good electrochemical performance [2,3]. 
The electrochemical properties exhibited by PTCDIs make them good electron acceptor and electron-transporting materials. They 
are hence widely used for applications as organic light emitting diodes (OLEDs), organic thin film transistors (OTFTs), solar cells 
photovoltaic cells, optical switches, lasers, electrophotography, fluorescent light collectors and so forth [4-7].

On the other hand, a serious disadvantage with PTCDI lies with its insolubility in a vast major of organic solvents and 
immobility in air which makes it difficult for organic electronic devices to be operated under ambient conditions. Thus, researchers 
find this area as a challenging field in the scientific domain and are striving had to find new routes to develop air stable organic 
devices. Two methods are used to increase the solubility of PTCDI’s. The first method involves substitution at the imide positions 
using strong electron withdrawing groups or long alkyl chain substituents to obtain the swallow tail conformation whereas, the 
second method is usually out by substitution at the bay positions of the parent compound. Strong electron withdrawing groups 
does not only change the redox potentials and the band gap energies of dyes but is also known to influence the semiconducting 
properties as well as the electron injection barriers into these materials [8]. Thus, diimides and other such small molecules which 
contain electron-withdrawing groups show good electron transport properties [9]. However, fullerenes are a perfect example of a 
n-type organic semiconductor that does not contain any additional electron withdrawing groups whereas, functionalized fullerenes 
are found to be suitable candidates for solution-processed n-channel OTFTs [10,11].

The scope of the work discussed in this paper is the synthesis and characterization of some new PTCDIs and the study of its 
optical and morphological properties that could help serve as useful applications in the organic electronic industry.
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ABSTRACT

Here in this paper, the synthesis of two newly synthesized perylene 
tetracarboxylic diimides (PTCDIs) namely N,N′-Bis (2,5-diethoxyphenyl) 
perylene-3,4,9,10-tetracarboxylic diimide and N,N′-Bis (4-butoxyphenyl) 
perylene-3,4,9,10-tetracarboxylic diimide are reported and are 
represented as compounds DE-PTCDI and BA-PTCDI respectively. The 
synthesized compounds were characterized by using different methods 
such as FT-IR, 1H NMR, 13C NMR and mass spectral analysis. The 
scope of this work was to synthesize new PTCDIs and study its optical 
and morphological properties. The rod like morphological features of 
both the synthesized compounds were characterized by using various 
microscopic techniques such as scanning electron microscopy (SEM), 
optical microscopy, atomic scope microscopy (AFM) and phase contrast 
microscopic techniques. Computational studies too were carried out in 
order to elucidate the structure of these compounds.
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MATERIALS AND METHODS
Materials Used

Perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) and imidazole were obtained from Sigma Aldrich, India. Whereas, 
2,5-diethoxy aniline and 4-butoxyaniline was purchased from Alfa Aesar, India. All the chemicals were used as such without any 
further purification (Scheme 1).
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Scheme 1. N,N′-Bis(2,5-diethoxyphenyl)perylene-3,4,9,10-tetracarboxylic diimide (DE-PTCDI) and N,N′-Bis(4-butoxyphenyl)perylene-3,4,9,10-
tetracarboxylic diimide (BA-PTCDI).

Instrumentation 

FT-IR measurements from the regions 4000-400 cm-1 were performed on a NICOLET AVATAR 360 instrument using KBr 
pellet. For 1H NMR and 13C NMR analysis, a small quantity of the synthesized compound was dissolved in approximately 0.5 mL 
of the desired solvent (CDCl3) and was recorded on a Bruker 400/100 MHz spectrometer respectively. Chemical shifts were 
measured in parts per million (ppm). Mass spectral analysis was carried out on a JEOL GCMATE 11 GC Mass spectrometer. SEM 
image was obtained on a JEOL INDIA Pvt. Ltd., JSM-6610LV instrument. The samples were prepared by casting a drop of the self-
assembly solution onto a clean glass slide, followed by annealing it in an oven for about half an hour. The samples were then 
coated with platinum prior to the SEM measurement. Optical microscopic images were obtained using a MAGNIUS MLX model, 
MAGNIUS MICROSCOPE, whereas, phase contrast microscopic images were obtained using a NIKON TYPE 120c, NIKON ECLIPSE 
TS 100 microscope. AFM measurements were performed on an AGILENT -5500 AFM instrument. The images were recorded by 
non-contact method. Differential scanning calorimetry was performed using NETZSCH STA 449F3 instrument. The samples were 
recorded upto 350°C and heated at 5 K min-1 in nitrogen.

Experimental

The synthesis of both the compounds was carried out by the condensation reaction of perylene tetracarboxylic dianhydride 
(PTCDA; 0.395 g, 1 mmol) and 2, 5-diethoxy aniline (0.362 g, 2 mmol)/4-butoxyaniline (0.327 mL, 2 mmol) in the presence of 
molten imidazole (~6 g) which was taken in a 50 mL round-bottom flask and carried out for a period of 8-12 h at temperatures 
ranging from 140-160°C. A nitrogen gas environment was created for the synthesis of compound BA-PTCDI. The completion of 
the reactions was determined by performing thin layer chromatography. On completion of the reaction, the reaction mixture was 
then further treated with 100 mL ethanol and 300 mL 2M HCl and was left to stir overnight. The precipitate obtained was washed 
with copious amount of water until the washings turned neutral. The compound was then dried, weighed and then characterized 
for further studies.

Whereas, compound BA-PTCDI was treated with 5% HCl washings so as to remove the impurities and was purified by washing 
the precipitate with copious amount of distilled water till the pH of the washings turned neutral. The purity of the compound was 
further determined by performing thin layer chromatography using hexane: ethyl acetate (3:2). The raw product was later dried 
at 100°C for ~12 h.

DE-PTCDI: 1H NMR (CDCl3, 400 MHz) (ppm): 8.64-8.76 (d, 6H, perylene H), 8.47-8.49 [(d, 1H, perylene H), 6.87-7.0 [(d, 6H, 
carboxy attached phenyl rings), 3.39-4.05 [(m, 8H, carboxy methylene groups), 1.34-1.42 [(m, 7H, carboxy methyl groups)], 1.12-
1.16 [(m, 6H, carboxy methyl groups)], 13C NMR (CDCl3, 100 MHz) (ppm): 163.0 (C=O), 123.0-134.5 (perylene C), 114.4 (Ar-C), 
64.9 and 64.1 (OCH2), 14.9 (CH3), IR (KBr, cm-1): 3114 (Aromatic C-H stretching), 2956-2856 (Aliphatic C-H stretching), 1694 
and 1658 (C=O stretching), 1594 (aromatic C=C stretching), 1353 (C-N stretching), MS(EI): m/z calcd, for C44H34N2O8, 718.2; 
Found: 718.7 [M+]. UV-vis (CHCl3): λmax (nm) 526, 489, 459; fluorescence (CHCl3): λmax (nm) 534, 574 (λexc=460 nm); yield: 70%, 
red powder.

BA-PTCDI: 1H NMR (400MHz, CDCl3): δ 8.69-8.77 [(d, 3H, perylene H, (H3)], 7.07-7.09 (d, 2H, H4), 4.03-4.04 (t, 2H, O-CH2), 
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2.17 [(s, 3H, H1)], 1.80-1.84 [(t, 2H, H2)], 0.90-1.0 (t, 6H, CH3); IR (KBr, cm-1): υ 3070-2879 (Ar and aliphatic C-H stretching), 
1704 and1661 (C=O stretching), 1589 (aromatic C=C stretching), 1362 (C-N stretching); Mass C44H34N2O6: 686.2 (calcd), 686.7 
(found); UV-vis (CHCl3): λmax (nm) 458, 488, 525; fluorescence (CHCl3): λmax (nm) 543, 576 (λexc=460 nm); yield: 40%, brown powder.

RESULTS AND DISCUSSION
From Figure 1, we can clearly see the well distributed peaks for both of the synthesized compounds DE-PTCDI and BA-PTCDI 

respectively. For compound DE-PTCDI, carboxy-methyl peaks were observed at 1.12-1.16 and 1.34-1.42 ppm respectively. For 
compound BA-PTCDI well defined methyl peaks appeared as a triplet at 0.90-1.0 ppm respectively. The detailed 1H NMR and 13C 
NMR assignments of DE-PTCDI and BA-PTCDI are as mentioned above.
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Figure 1. 1H NMR spectra of (a) DE-PTCDI (b) BA-PTCDI.

Since self-assembly are strongly dependent on the π-π* interactions and are of prominent importance in the organic 
electronic industry, a theoretical NMR study at the 3-21 G* level using (Gauge-Including Atomic Orbital) method was carried out 
in order to have a clear understanding about the measure of the shielding due to the central π-system. The NMR shielding of the 
synthesized compounds are displayed in Figure 2. From Figure 2, it can be implied that due to π-stacking interactions, chemical 
shifts of the perylene protons are highly shielded in NMR as seen from the differentiation in the red and coloured regions.

Optical studies

The solubility of both the synthesized compounds were carried out in various solvents such as chloroform, dichloromethane 
(DCM), ethanol, methanol, acetonitrile, DMSO, acetone and hexane. The synthesized compounds were found to be soluble in 
chloroform and DCM solvent due to its branched alkyl side chains. 

The UV-Vis absorption spectra of both the synthesized compounds were recorded in chloroform at various concentrations and 
are shown in Figure 3. The vibronic structure of the absorption bands corresponds to π–π* electronic transition of the perylene 
chromophore. The UV-Vis absorption spectra showed typical monomeric π-π transition bands with the three pronounced peaks at 
around 526/525, 489/488 and 459/458 nm for compounds DE-PTCDI and BA-PTCDI respectively. According to Frank- Condon 
principle, the maximum absorption peak corresponds in an UV-Vis spectrum to vertical excitation [12]. These peaks correspond to 
the 0-0, 0-1 and 0-2 electronic transitions of perylene diimide core in the monomeric state [13]. There is no shift in λmax position 
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with increasing concentration of the compound. In other words, it can be clearly said that the position of the maxima remained 
unaffected by the change in alkyl chain length of the different substituents incorporated at the imide positions of the perylene 
moiety. It can be observed that both of the synthesized compounds showed well defined S0-S1 absorption band in the visible 
region, which is a prominent feature of the aromatic perylene core and the dipole moment were directed parallel to the long axis 
of the molecule [14].

Figure 2. NMR shielding of (a) DE -PTCDI (b) BA-PTCDI. 

(a) 

(b) 

Figure 2. NMR shielding of (a) DE-PTCDI (b) BA-PTCDI.
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Figure 3. UV-Vis spectra of (a) DE-PTCDI (b) BA-PTCDI.

According to studies carried out by Graser et al. the degree of “area overlap” of successive π-conjugated perylene moieties 
simply determined the shift of the absorption maximum [15,16].

The fluorescence spectra of the synthesized compounds were recorded in chloroform at varying concentrations using 
excitation at 460 nm. For compound DE-PTCDI, two fine emission peaks appeared at 534 and 574 nm respectively. Whereas, two 
characteristic emission peaks were observed at around 543 and 576 nm respectively for compound BA-PTCDI. The fluorescence 
spectra depict the mirror image of the absorption [17] due to the position of the two nitrogens at the node in π orbitals [8,18]. Both the 
synthesized compounds showed similar Stokes shift values of ~ 9-10 nm. This is the same order of magnitude of other perylene 
diimides as mentioned in literature. Stokes shift in general also depends upon the aggregate size and also on the disorder 
strength of the compounds. Thus it can be observed that the substitution of the side chains does not change the electronic 
structure of the PTCDI molecules. The fluorescence spectra of the synthesized compounds are shown in Figures 4 and 5.

Self-assembly

The self-assembly of molecules into well-ordered and structured one-dimensional supramolecular architectures is highly 
dependent on the thermodynamic process and kinetic stability of the compounds [19]. Therefore, the self-assembly of the 
synthesized molecules into 1-D supramolecular structures denote the thermodynamic process [20]. In addition, self-assembly 
of perylene dyes and its derivatives is also largely dependent on the molecular stacking and solubility [21]. Thus the choice of 
solvent used is widely considered for the self-assembly formation. Usually methanol solvent is used due to its weak solvent-
molecule interaction which helps enable the formation self-assembly. PTCDI have a strong tendency to form aggregates soon 
in the chloroform/methanol solution due to its π-π interactions which leads to a diminished fluorescent quantum yield. A slight 
swirl of the glass vial immediately and upon a short period of time induces supramolecular self-assembly. Such a self-assembly 
approach takes the advantage of the strong intermolecular π-π interaction, which is enhanced in a solvent where the solvophobic 
interaction is maximized [22].
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Figure 4. Fluorescence spectra of (a) DE-PTCDI (b) BA-PTCDI.
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Figure 5. Self-assembly images of (a) DE-PTCDI (b) BA-PTCDI.

The SEM images of the molecular self-assemblies recorded onto a clean glass slide showed molecular rod like structures for 
both the synthesized compounds (Figure 6). Figure 7 exhibited rod like morphological feature as seen from optical microscopy. 
Red emission is particularly well-suited or rather well-known for π-stacked PTCDIs and a co-facial perylene compound [17,23]. These 
rods like morphological features were found to be similar to the images as shown in Figure 8. Strong bright orange molecular 
rods were observed for compound BA-PTCDI by fluorescence microscopy even for the naked eye as seen in Figure 9. The rod 
shaped morphology of the synthesized compounds was found to be consistent with the distorted π-π stacking, which prevents the 
molecules from assembling along one dimension [24].
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Figure 6. SEM image of (a) DE-PTCDI (b) BA-PTCDI.
 

 

 

 

 

 

(a) (b) 

Figure 7. Optical microscopic images of (a) DE-PTCDI (b) BA-PTCDI.
 

 

(a) (b) 

Figure 8. Phase contrast microscopic images of (a) DE-PTCDI (b) BA-PTCDI.
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Figure 9. Fluorescence microscopic images of BA-PTCDI.

AFM studies

The morphology of the synthesized compound DE-PTCDI were studied by atomic force microscopy (AFM) using spin coating 
technique. Figure 10 (a) depict a typical AFM image of DE-PTCDI. The corresponding cross-sectional view indicates that the average 
thickness of DE-PTCDI was found to be approximately about 180 nm. The existence of these small sized particles in compound 
DE-PTCDI is more clearly reflected in three-dimensional (3D) AFM image Figure 10 (b) which showed the wave type projection 
in the Z direction, which corresponds to uniformly assemble entities of fine grains. Also the formation of large aggregation was 
found as seen in the Figures 10 (a) and 10 (b). Thus, the above results confirm the micro-texture in the surface of as-synthesized 
compound DE-PTCDI. The particle size histogram of compound DE-PTCDI is shown in Figure 10 (c). The particle sizes were roughly 
distributed from 60 to 150 nm. A line is highlighted in Figure 10 (a) (two-dimensional (2D) AFM image) and the line profile for the 
line is shown in Figure 10 (d), and it might reveal rough surface, and particle distribution histogram reveals that the synthesized 
compound DE-PTCDI shows higher counts at ~250 nm (1 nm=10-9 m).
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(b) (a) 

(a) 2D Atomic force microscopy (AFM) image (height scale 180 nm; scan size, 3 µm × 3 µm), (b) 3D AFM image (2.75 µm × 2.75 µm), (c) Particle 
size distribution of the selected particles (highlighted in Figure 10(a), (d) Line profile of the selected particles highlighted in Figure 10(a).

Figure 10. Atomic force microscopy image (AFM) of DE-PTCDI by non-contact method.

Thermal studies

Differential scanning calorimetry (DSC) technique was used to study the morphological behaviour of compounds DE-PTCDI 
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and BA-PTCDI under nitrogen atmosphere (heating rate 5 K min-1). With increasing temperature, four broad endothermic peaks 
were formed at ~ 100°C, 220°C, 250°C and 310°C for compound DE-PTCDI respectively. The first three peaks may correspond 
to various transitions such as crystalline-crystalline or crystalline-isotropic transition while the fourth peak maybe due to the 
melting point. On the other hand, compound BA-PTCDI showed two endothermic transitions at ~ 70°C and 340°C respectively. 
The first peak may correspond to the crystalline-crystalline transition whereas the second peak maybe due to the melting point. 
The DSC thermograms are shown in Figure 11.
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Figure 11. DSC thermograms of (a) DE-PTCDI (b) BA-PTCDI at heating rate of 5 K min-1.

Computational studies

The DFT B3LYP 6-31*G(d,p) basis set is one of the most widely used route to confirm the conformational stability and the 
molecular geometry of large sized molecules. Optimised molecular structures of the synthesized compounds are graphically 
visualised in Figure 12.

 

(a) 

(b) 

Figure 12. Optimized molecular structures of (a) DE-PTCDI (b) BA-PTCDI.

Frontier molecular orbitals

The frontier molecular orbital (HOMO- LUMO) plays an important role in determining the electrical and optical properties 
of a compound. HOMO (electron-donating) denotes the highest occupied molecular orbital whereas LUMO (electron-acceptor) 
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represents the lowest unoccupied molecular orbital. The LUMO exhibits an interesting feature of aromatic diimides which arises 
as a result of the strong electron-withdrawing power of the imides groups. The large conjugate aromatic ring has strong tendency 
aggregation via π−π and/or hydrophobic interaction in aqueous solution. PTCDIs are known to be good n-type semiconductor 
materials hence it is easy for them to accept electrons to give anionic radical. Thus PTCDIs can be easily reduced in two steps, 
firstly by generating monoanion radical and secondly by forming a dianion species. Aggregation hence will prevent the reduction 
from radical anion to dianion because of spin pairing [25].

Also the energy gap play an important role in the design of organic devices. The energy gap is defined as the difference 
between the ground and first excited state. PTCDIs show a direct band gap [26] and are widely used to determine the kinetic 
stability and chemical reactivity of a compound. This energy gap as calculated from HOMO-LUMO is also useful in determining the 
molecular electrical transport properties as it is a measure of electron conductivity. Smaller the HOMO-LUMO energy gap, higher 
is the possibility of charge transfer [27]. In addition, the side-chain substituent groups are also known to alter the conductivity of 
organic semiconductors. Moreover, introduction of conjugated substituents onto the perylene core are known to interfere or 
disturb the orbital energy of the perylene π-array which usually leads to a shift of the absorption maximum [28]. Besides this, HOMO 
and LUMO calculations reveal the charge transfer within the molecule. 

The calculated HOMO-LUMO orbital energies are shown in Figure 13.

Figure 13. HOMO-LUMO energy gaps of (a) DE-PTCDI (b) BA-PTCDI.
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From Figure 13, we observe that the perylene (central) π system is the region where the π electrons are delocalized and are 
influenced by the terminal substituents. This is indicated by the π-π* transitions. The large band gap values of these synthesized 
compounds showed that these compounds have strong intermolecular π-π interactions and hence are found suitable to be used 
in the fabrication and design of new electronic devices.

MEP

MEP is a study of the plot of electrostatic potential mapped onto the constant electron density surface [29]. It serves as a 
useful tool in determining the reactive sites of a compound. In MEP, the red colour signifies the maximum negative region which 
is mostly used as an indicator of the electrophilic site, whereas the blue coloured region denotes the area which undergoes 
nucleophilic attack and hence acts as the positive region [30-32]. Based on its colour grading, MEP reveals important information 
such as molecular size, shape as well as positive, negative and neutral electrostatic potential regions of the compounds and 
thus is very beneficial in elucidating molecular structure of the compound along with its physiochemical property relationship 
[33]. Figure 14 revealed that the core regions of the central aromatic region is positive as compared to the other regions. The red 
coloured region contains the oxygen atom and is found to influence the neighbouring atoms with yellow tinges. Besides it also 
helps to display molecular size and shape for DE-PTCDI and BA-PTCDI respectively.

Mulliken charge transfer

Mulliken atomic charge calculation plays a very significant role in the application of quantum chemical calculations to that 
of molecular system because of atomic charges effect dipole moment, molecular polarizability, electronic structure and a lot of 
properties of molecular systems [34]. Mulliken charge transfer helps in providing information regarding the charge distributions 
over the atoms suggest the formation of donor and acceptor pairs involving the charge transfer in the molecule [35]. Figure 15 
shows the Mulliken charge transfer of compounds DE-PTCDI and BA-PTCDI respectively. From the listed charge values as shown 
in Tables 1, S3 and S4, we observed varying electropositive and electronegative atoms. Electropositive atoms are located at C21, 
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C71 and C21 for compounds DE-PTCDI and BA-PTCDI respectively. Whereas, electronegative atoms were found to be located at 
C4 and C8, C14 for compounds DE-PTCDI and BA-PTCDI respectively.

Figure 14.  MEP image of (a) DE-PTCDI (b) BA-PTCDI.

(b) 

(a) 

(a) 

(b) 

Figure 15. Mulliken charge transfer of (a) DE-PTCDI (b) BA-PTCDI.

Compound HOMO LUMO Eg

DE-PTCDI -5.44 -3.37 2.07
BA-PTCDI -5.88 -3.34 2.53

Table 1. The calculated HOMO-LUMO orbital energies of compounds DE-PTCDI and BA-PTCDI.

This indicated that both the synthesized compounds DE-PTCDI and BA-PTCDI showed the presence of both electrophilic and 
nucleophilic sites. This suggested the presence of intermolecular hydrogen bonding interactions in these compounds.
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Natural Bond Orbital (NBO) analysis

NBO analysis is an efficient tool in elucidating the stereo electronic interactions on the reactivity and dynamic behaviour 
of chemical compounds [35]. NBO helps us analyze the interactions between the intra and intermolecular bonding as well as 
provides a solid platform for investigating charge transfer or conjugative interactions in molecular system [36]. In NBO analysis, the 
hyperconjugative σ→σ* interactions play a very important role. These interactions represent the weak departures from a strictly 
localized natural Lewis structure that constitutes the primary “non-covalent” effects. In DE-PTCDI In compound 92, the strong 
intramolecular hyper conjugative interactions of π-electrons are derived as π (C9-C10) to π* (C7-C8) is 20.70 kJmol-1, π (C16-C18) 
to π* (C24-O25) is 22.95 kJmol-1, π (C27-C36) to π* (C39-C40) is 19.55 kJmol-1, π (C28-C32) to π* (C29-C68) is 19.51 kJmol-1, 
π (C29-C68) to π* (C30- C31) is 20.92 kJmol-1, π (C30-C31) to π* (C28- C32) is 21.66 kJmol-1, π (C37-C38) to π* (C27-C36) is 
19.43 kJmol-1, π (C21- O26) to π* (C2-C3) is 115.67 kJmol-1.

In compound BA-PTCDI, the strong intramolecular hyper conjugative interactions of π-electrons are derived as π (C1-C2) to 
π* (C3-C7) is 22.24 kJmol-1, π (C3-C7) to π* (C8-C9) is 22.18 kJmol-1, π (C4-C10) to π* (C3-C7) is 21.18 kJmol-1, π (C5-C6) to π* 
(C1-C2) is 20.45 kJmol-1, π (C8-C9) to π* (C4-C10) is 22.82 kJmol-1, π (C12-C13) to π* (C14-C15) is 20.45 kJmol-1, π (C14-C15) 
to π* (C24-O28) is 21.68 kJmol-1. Lone pair of electrons available on oxygen atoms O(43) and O(44) is delocalized on the 
antibonding orbitals of (C34-C35) and (C40-C41) bonds and the delocalization energy is found to be 31.49 kJmol-1.

NBO tables are listed in Tables S1 and S2 (Supplementary material).

CONCLUSIONS
Here in this paper, we have reported the synthesis of two newly synthesized PTCDIs, which were studied for its optical and 

emission properties. The UV-vis and fluorescence studies recorded in solution state were found to be mirror images of each 
other. The rod like morphological features observed for the synthesized compounds were found to be consistent with the π-π 
stacking configuration. Geometrical parameters such as optimized geometry were elucidated to determine the structural property 
of the synthesized compounds. HOMO-LUMO studies showed that charge transfer does takes place within the molecule. Mulliken 
charge analysis revealed the confirmation of charge transfer of atoms in the molecule. From the MEP diagrams, the differences 
between the chemically active and inactive sites were observed which was useful to compare their reactivity of atoms. NBO 
studies revealed the stability of the molecules arising from hyper-conjugative interaction and charge delocalization. Thus we can 
conclude that these compounds can be used for suitable applications in the organic electronic industry.
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