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ABSTRACT 

The synthesis of a newly synthesized perylene tetracarboxylic diimide (PTCDI) study 
reports the effect of the different side chain substituent on the optimized and geometrical features 
of the compound. Geometrical parameters such as NMR shielding, HOMO-LUMO and molecular 
electrostatic potentials (MEP) of the compound were elucidated to determine its structural 
properties. The morphological features for the compounds were carried by using various 
microscopic techniques such as scanning electron microscopy (SEM) and phase contrast 
microscopic techniques and are discussed here.   
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1. INTRODUCTION

PTCDIs are an important class of 
pigments known to exhibit very good chemical, 
thermal and photochemical stability [1]. They also 
relatively show high electron affinities, excellent 
light stability, high luminescence efficiency as well 
as good quantum yields of fluorescence [2]. Besides 
this they also exhibit high molar absorbtivity, 
good charge and energy transport properties [3]. 
Their remarkable electrochemical properties 
makes them suitable candidates as electron 
acceptors and electron transporting materials. 
Horowitz et al. in 1996 demonstrated good charge 
transport properties in N,N’-diphenyl-3,4,9,10-
perylenetetracarboxylic-diimide [4].  From 
previous literature studies we observe that the 
high electron transport performance can be 
attributed to two main factors. Firstly high 
electron affinities and low LUMO energy levels 
does not only help electron injection from 
contacting electrodes but also enhances their air 
stabilities. Secondly it helps in easy formation of 
π-π packing, which improves better neighbouring 
intermolecular electronic orbital couplings and 
thus improve electron mobilities [5]. Another 
interesting feature of PTCDIs is that their emission 
colour can be tuned from red to black [6]. The 
reason is that perylene derivatives in the solid 
state can form a number of polymorphs or phases 
containing varying colours which is due to the 
intermolecular electronic interactions of the 
closed packed molecules [7]. Hence their role as 

red vat dyes and pigments were of prominent 
importance due to its good light and weather 
fastness, excellent thermal stability and 
chemically inertness properties [8]. An intriguing 
property of PTCDIs is that they demonstrate good 
self-assembly behaviour due to its strong π-π 
stacking. The packing of solid PTCDIs has been 
exclusively carried out for use in organic 
electronics applications where good 
intermolecular orbital overlap is related to 
charge-carrier mobility [9]. Thus well developed 
organic devices can be designed because of the 
strong π-π interactions between the planar PTCDI 
rings. Self-aggregation of PTCDIs are generally 
studied by their absorption and emission 
properties as they show strong absorption in the 
UV-vis region [10]. Another reason why PTCDIs is 
highly preferred is because of its low cost and 
availability [3]. They are thus widely used for 
electronic materials such as photovoltaic cells, 
optical switches, lasers, organic solar cells (OSCs), 
intense photoluminescence, organic light emitting 
diodes (OLEDs), organic field effect transistors 
(OFETs), dye lasers, sensors, liquid crystalline 
materials and molecular switches and so forth [11-

15]. The main disadvantage of PTCDIs lies with 
their insolubility in many organic solvents. This 
can however be overcomed by substitution at 
either the imide or bay positions. Substitution at 
the imide position does not change the optical 
properties, but substitution at the bay position 
does alter the optical properties of the compounds 
due to increased steric hindrance which in turn 
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affects the self-organization. The steric hindrance 
of the substituent side chains are thus known to 
excercise influence on the  π-π intermolecular 
stacking of the PTCDI core by having an impact on 
the solubility, the aggregation and the electron 
mobility of the material in the solid state. Thus it 
is a known fact that the choice of side chains play 
an important role in determining the molecular 
packing, morphology, colouration and thus 
enhancing the optoelectronic properties of the 
PTCDIs.  The aim of this paper is to understand the 
molecular structure of the synthesized compound 
at the molecular level using computational 
studies. 

2. MATERIALS AND METHODS

2.1. Materials used 

Perylene-3,4,9,10-tetracarboxylic 
dianhydride (PTCDA), 2-amino-4,6-dimethyl 
pyrimidine and imidazole were obtained from 
Sigma Aldrich, India while 2-amino pyridine was 
purchased from Avra chemicals , India and were 
used as such without any further purification. 

2.2. Instrumentation 

1H NMR spectra in DMSO-d6 were 
recorded on a Bruker 400 MHz spectrometer. 
Chemical shifts were measured in parts per 
million (ppm). Mass spectra were obtained with 
JEOL GCMATE 11 GC Mass spectrometer. SEM 
image was recorded on a JEOL INDIA Pvt. Ltd., 
JSM-6610LV instrument. The sample was 
prepared by casting a drop of the suspension 
dissolved in DMSO onto a clean glass slide, 
followed by annealing it in an oven overnight. The 
sample was then coated with platinum prior to the 
SEM measurement. Phase contrast microscopic 
images were obtained using a NIKON TYPE 120c, 
NIKON ECLIPSE TS 100 microscope by droping a 
suspension of the sample onto a clean glass slide 
followed by drying in air.  Water contact angles 
were measured using a Drop Shape Analyzer 
(DSA) (Kru ¨ss GmbH Germany). 

2.3. Experimental 

Langhals et al., were the first to mention 
about the synthesis of PTCDIs. We have carried 
out the synthesis using perylene tetracarboxylic 
dianhydride (PTCDA; 0.395 g,          1 mmol) and a 
primary amine in the presence of a suitable 
catalyst such as molten imidazole (6 g) taken in a 
50 mL round bottom flask and made to undergo 
condensation reaction for a period of 4h at 160-
180°C. After completion of the reaction, the 
reaction mixtures were further treated with 100 
mL ethanol and 300 mL 2M HCl and was kept to 
stir overnight. On completion of the stirring 
process the precipitate was washed with copious 
amount of water until the washings turned 

neutral. The compound were then dried, weighed 
and then characterized for further studies. In this 
paper we have synthesized two compounds 
namely as N,N’-Bis(2-amino-4,6-dimethyl 
pyrimidine)perylene-3,4,9,10-tetracarboxylic 
diimide (AD-PTCDI), N,N’-Bis(2-
aminopyridine)perylene-3,4,9,10-tetracarboxylic 
diimide (AP-PTCDI) using 2-amino-4,6-dimethyl 
pyrimidine (0.246 g, 2 mmol) and 2-
aminopyridine (0.188 g, 2 mmol) respectively. 

AD-PTCDI: 1H NMR (400MHz, DMSO-d6): 
δ 2.5 (s, 17H, CH3), 7.6 (s, 2H, Ar-pyrimidine), 7.95 
(d, 2H, perylene, J=8Hz), 8.25 (d, 2H, perylene, 
J=8Hz);  IR (KBr, cm-1): υ 3422, 2960, 2922, 2847, 
1676, 1646, 1589, 1562, 1427, 1362, 1267, 1244, 
1113, 1050, 1030, 872, 835, 809, 728, 653; 
MS(EI): m/z calcd, for C36H22N6O4, 602.1; Found: 
602.6; yield: 70%. 

AP-PTCDI: IR (KBr, cm-1): υ 3426, 2923, 
2844, 2365, 1687, 1592, 1432, 1352, 1097, 802, 
650, 546, 493; MS(EI): m/z calcd, for C34H16N406, 
544.1; Found: 544.5 [M+]. Solid fluorescence: λmax 
~ 609 (nm) (λexc=460 nm); yield: 70%. 

Scheme - 1: Synthesis of PTCDI. 

3. RESULTS AND DISCUSSION

PTCDIs are of significant interest as they 
demonstrate high electron affinities, large electron 
mobility, excellent thermal and oxidative 
stabilities, high molar absorptivities, and good 
quantum yields of fluorescence. 

3.1. NMR and NMR shielding 

From the 1H NMR spectrum for 
compound AD-PTCDI, as seen in figure 1. It can be 
observed that the distribution of protons is clearly 
well spread. The methyl peak appeared as a 
singlet at 2.50 ppm. The aromatic perylene ring 
exists as two distinct doublets in the regions 7.95 
and at 8.25 ppm respectively. The pyrimidine 
aromatic proton appeared at 7.60 ppm. The 
formation of the compound was supported by 
mass spectral data (MS-EI) which was found to be 
in good agreement with the calculated value (S1). 
On the other hand very few studies have been 
reported of the use of heterocyclic compounds 
such as pyridine, imidazole, triazole, 
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anthraquinone etc on the synthesis and self-
assembly of PTCDIs although they are known to 
exhibit fascinating properties such as forming 
hydrogen bonds which in turn are known to affect 
the self-assembly and opto-electronic properties 
of the materials. They are thus known to serve as 
challenging substituents for promising 
applications in the scientific industry [16,17]. J. Sun 
et al. synthesized a series of PTCDIs containing 
several pyridine N-oxide 
groups which were attached to the aromatic 
chromophore (perylene core or to imide groups) 
and which exhibited high fluorescence and good 
water solubility [18].  

Here in our study, 1H NMR spectra, 
however, could not be recorded for compound AP-
PTCDI due to its poor solubility in common 
organic solvent. Nonetheless the formation of the 
compound was determined by MS-EI analysis 
which was found to be consistent with the 
calculated values (S1).   

Figure – 1: 1H NMR spectrum of AD-PTCDI. 

3.2. Solid UV-vis and fluorescence studies 

The synthesized compounds were 
insoluble in a vast major of organic solvents and 
hence its photophysical studies could not be 
recorded in the solution state. Thus their optical 
properties were carried out in the solid state and 
the band gap were calculated. From Fig 2, it can be 
clearly seen that the solid state UV-vis spectra for 
the synthesized compounds totally differs from 
that of those compounds recorded in the solution 
state with respect to their wavelength range and 
peak positions due to solid state aggregation and 
also because of its amorphous nature [19]. Band 
gap energies were calculated using The Kubelka–
Munk algorithm [20].  

F(R) = (1 – R)2/ 2R = α/s = Ac/s 

where F(R) is Kubelka – Munk fuction, R is the 
reflectance of the crystal, α is the absorption 
coefficient and s is scattering coefficient, A is the 
absorbance and c is concentration of the 

absorbing species and hv is the photon energy [21]. 
The optical band gap for AP-PTCDI and AD-PTCDI 
was found to be 5.82 and 5.71 eV, respectively 
(Figure 2) as calculated from the absorption band 
in the solid state. The higher band gap value is due 
to the different side chain substituents. The 
difference is mainly attributed to the methyl 
groups present in AD-PTCDI which is absent in 
AP-PTCDI.   Literature studies in small organic 
conjugated molecules revealed that as the band 
gap increases, the exciton binding energy also 
increases. This is normally observed in the 
increasing ordering of PTCDIs that eventually 
leads to an increase in the exciton diffusion length 
and also helps in the improvement in the charge 
carrier mobilities. It is a known fact that the solid 
state packing plays an important role in the 
determining the performance efficiency of the 
device [22,23].  

Figure – 2: Tauc plots for AD-PTCDI and AP-

PTCDI. 

The fluorescence spectra of the 
synthesized compounds in solid state were found 
to be quite different as compared to the sharp and 
well defined peaks as seen in the solution state for 
the other synthesized compounds of PTCDIs as 
reported elsewhere in literature. Here in the solid 
state, the fluorescence maximum of both of the 
synthesized compounds AP-PTCDI and AD-PTCDI 
no distinguishable shoulder peak corresponding 
to the S0-S2 transitions as observed in the solution 
state were seen which was due to the large red 
shift in emission (~ 609 nm) indicated the 
presence of pronounced intermolecular 
interactions such as changes in molecular stacking 
(π-π interactions) [24]. This is also due to the high 
degree of order, which are associated with large 
exciton diffusion lengths and high charge carrier 
mobilities [25]. The red shift in the fluorescence 
spectra also acts as another indication of the 
formation of aggregates. Whereas, a blue shift of 
effective excitation wavelength in the solid state 
can be attributed to the effective absorption 
transition from ground state to higher excited 
state [26]. However, minor variations on the 
fluorescence intensity for both of the synthesized 
compounds were observed. From the figure 3, we 
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can see that the emission intensity increases with 
the use of different substituent’s.  

Figure - 3: Solid fluorescence spectral images 

of AD-PTCDI and AP-PTCDI. 

3.3. Microscopic measurements 

The surface morphological features of the 
synthesized compounds (solid powder) were 
characterized by SEM and phase contrast 
microscopy techniques. SEM images showed small 
cluster like formation as seen in figure 3. Phase 
contrast microscopy images revealed small short 
black rods for compound AD-PTCDI while small 
and thin black rods were observed for compound 
AP-PTCDI as seen in figure 4. The rod like features 
are due to the π-π stacking configuration and also 
because of its side chain which helps prevent 
molecules from assembling along a one dimension 
[27].  

Figure – 3: SEM images of AD-PTCDI and AP-

PTCDI. 

Figure - 4: Phase contrast microscopic images 

of AD-PTCDI and AP-PTCDI. 

Figure – 5: Phase contrast image of (a) AD-

PTCDI (b) AP-PTCDI. 

3.4. Water contact angle measurements 

Water contact angle test is an important 
parameter in determining the wettability nature 
of the compound .ie. to identify whether the 
material is hydrophobic or hydrophilic in nature. 
A material is considered to be hydrophobic in 
nature if it shows a contact angle above than 90°. 
On the other hand if the contact angle is below 
than 90° then the material is considered to be 
hydrophilic in nature. However if the contact 
angle reaches an upper higher limit of 180°, then 
the material it is termed to be superhydrophobic 
in nature. Hydrophobic surfaces are mainly 
dependent on some primary parameters such as 
surface roughness and low surface energy [28]. 
Lotus leaf is a perfect natural example which 
exhibits super hydrophobic property. It is mainly 
used for self-cleaning applications. Other such 
leaves which shows such intriguing property are 
Brassica oleracea, Eryngium ebracteatum and 

Colocasia esculenta [29]. This can be supported by 
the work carried out by Kerstin Koch who studied 
the hydrophobicity of plant surfaces by noting its 
structure and morphology features as well as 
carrying out experimental work related to the 
wetting properties [30].  

Polarity of a solvent also plays a crucial 
key in determining the hydrophobic as well 
hydrophilic property of the materials.  Figure 5a, b 
shows image of water droplet for compounds AP-
PTCDI and AD-PTCDI respectively. The water drop 
contact angle for these coatings was found to be 
97.992 ± 1 and 43.081 ± 1 respectively. The 
increase in the contact angle indicates that there is 
an increase in hydrophobicity of the nature of the 
compound. Hence, here in this work it can be 
clearly observed that compound AP-PTCDI is 
more hydrophobic in nature as compared to its 
counterpart compound AD-PTCDI and hence can 
be used for self- cleaning applications.  

3.5. Computational studies 

The main objective for performing out 
computational studies is to understand the 
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relationship between the optical properties and 
the structure modifications of PTCDI molecules. In 
this work, all of the calculations were carried out 
using Gaussian package.  

3.5.1. HOMO-LUMO 

The HOMO is the ability to donate an 
electron, whereas LUMO acts as an electron 
acceptor. The electron acceptor character is an 
important feature observed in PTCDIs which 
arises from the strong electron-withdrawing 
nature of the imides groups. Addition of a second 
electron into the next LUMO, almost equivalent to 
the addition of an electron into the second imide 
group, can involve a lower energy [31]. PTCDIs also 
show a direct band gap [32]. The energy gap of 
PTCDIs between the HOMOs and LUMOs, is a 
critical parameter in determining molecular 
electrical transport properties because it is a 
measure of electron conductivity as well as 
determines the molecular chemical stability. The 
chemical hardness is a good indicator of the 
chemical stability [33-36]. The energy gaps were 
observed to be 2.59 and 2.8 eV for AD-PTCDI and 
AP-PTCDI respectively. Graphical images of 
HOMO-LUMO energy gaps were displayed in 
figure 5. 

Figure – 5: HOMO-LUMO energy gaps (a) AD-

PTCDI (b) AP-PTCDI. 

3.5.2. Molecular electrostatic potential (MEP) 

MEP analysis is used to identify the 
molecular size and the positive, negative or 
neutral electrostatic potential of the compounds 
by using the colour scale. In MEP, red colour 
indicates electrophilic reactivity while blue colour 
denotes nucleophilic reactivity. Hence it is a 
powerful tool to identify the regions that will 
undergo electrophilic or nucelophilic attack [37-41]. 
Thus this method is found to be beneficial in 
elucidating the molecular structure of the 
synthesized compounds.  The different values of 
the electrostatic potential are represented by 
different colours. Red colour indicates the more 
reactive. Graphical image of MEP is displayed in 
figure 6.  

Figure – 6: MEP images of (a) AD-PTCDI (b) AP-

PTCDI. 

4. CONCLUSIONS

Here in this study carried the synthesis of 
two newly synthesized PTCDIs. The rod like 
morphological features revealed that these 
compounds are suitable to be used for the design 
of new organic devices, while its water contact 
angle measurements showed that compound AP-
PTCDI exhibited good hydrophobic behaviour and 
thus could be used for self-cleaning application 
purposes in the organic electronic industry. 
Computational studies such as NMR shielding, 
HOMO-LUMO and molecular electrostatic 
potential (MEP) analysis were performed in order 
to derive information regarding charge transfer 
within the molecule. The calculated HOMO-LUMO 
energy gap readings revealed that the synthesized 
compounds exhibits chemical activity as well as 
kinetic stability within the molecule.  MEP 
diagram also confirmed the presence of 
electrophilic and nucleophilic sites for the 
compounds.  

5. REFERENCES
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