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This work reports the change in the structural, electronic, spectroscopic and optical properties of N,N'-
Dipentyl-3,4,9,10-perylenedicarboximide (PTCDI-C5) small molecule via experimental and theoretical
techniques. Experimental and simple models were taken into consideration to calculate the refractive
index (n) of PTCDI-C5 from its energy gap (E,) data. Electrical conductance was recorded. UV, FT-IR
and FT-Raman spectra characteristics and the electronic properties of PTCDI-C5 were also recorded
time-dependent (TD) DFT approach based on optimized structure with different solvent environments.
The results herein obtained reveal that PTCDI-C5 material is suitable for UV and chemical sensors due
to its good optoelectronic paramaters.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, organic semiconductors have received enor-
mous attention for many electronic, optoelectronic, and photonic
applications [1] such as solar cells [2-5] photovoltaics [4,5] light
emitting diodes [4,6] sensors [7,8], chemical sensors [9], vapour
sensors [10], gas sensors [11,12] and photodetectors [13]. The
semiconductors have also been investigated by performing density
functional theory (DFT) [14-16]. Among the semiconductors, the
perylenediimides (PTCDIs) which are n-type materials are the most
widely used in areas including electronic and optoelectronic appli-
cations [17] because of their high thermal and photo-stability
properties under visible light beam [18-25]. PTCDIs also have a
propensity to self-assemble into one-dimensional nanostructures
through m-m stacking. [17,26-28]. In addition, fluorescent conju-
gated polymers including PTCDIs are used as sensory materials
for the detection of ultra-trace analytes [29]. In the literature, a ser-
ies of available perylene and its derivatives (PTCDI-M, where M =
Cs, Cs, Cqo, BP2Cqg, OSC, etc.) were studied in various electronic,
photovoltaic and optoelectronic devices. For instance, the sensory
properties of PTCDI-C,q, PTCDI-Br,C;¢ and PTCDI-BP,C;o molecules
have been investigated and found that the response values of these
perylene derivatives as gas sensors increased with increasing con-
centration and decreasing nanostructure size [30]. Cholesterol-
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derived PTCDIs used as gas sensing materials have a high sensitiv-
ity amine sensor properties [31]. Moreover, logic functionality in
the form of a basic complementary inverter was demonstrated
by combining n-channel (PTCDI) and p-channel (HTP) nanowire
transistors [32].

As far as we are aware, there have been no any reports about
the structural, electronic, spectroscopic and optical properties of
N,N’-Dipentyl-3,4,9,10-perylenedicarboximide (PTCDI-C5) small
molecule using quantum chemical calculations.

The sensing and optical properties of the related material were
investigated in detail for different concentrations and solvents
[33,34]. However, one of the most important parameter, which is
recractive index (n), in optical parameters was not investigated
for various relations. In here, we investigated the fundamental n
from experimental measurement and various theoretical relations.
In addition, the structural, electronic and spectroscopic properties
of PTCDI-C5 molecule have been investigated by performing DFT
calculations. The theoretically predicted the ultraviolet-visible
(UV), Fourier Transform Infrared (FT-IR) and Fourier Transform
Raman (FT-Raman) spectra characteristics, the highest occupied
molecular orbital (HOMO), the lowest unoccupied molecular orbi-
tal (LUMO) and the frontier molecular orbital energy gap (HOMO-
LUMO difference in energy gap, E;) of PTCDI-C5 small molecule
have been investigated using time dependent (TD)-DFT based on
optimized structure with different solvent environments. The
results including E; and UV spectra have been compared with the
experimentally measured values and have been discussed in detail.
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Fig. 1. Optimized ground state geometry of PTCDI-C5 molecule with atom numbering calculated by B3LYP/6-311-G(d, p).

2. Experimental details

Experimental details such as preparation processes of the solu-
tions and UV measurements of the N,N’-Dipentyl-3,4,9,10-perylene
dicarboximide (PTCDI-C5) material for different solvents and
molarities are given in detail in Refs. [34,35].

3. Computational details

The structural, electronic and spectroscopic properties of
PTCDI-C5 have been investigated using DFT [35] at the B3LYP level.
The exchange term of B3LYP consists of hybrid Hartree-Fock (HF)
and local spin density (LSD) exchange functions with Becke’s gra-
dient correlation to LSD Exchange [36]. The correlation term of
B3LYP consists of the Vosko, Wilk, and Nusair (VWN3) local corre-
lation functional [37] and Lee, Yang, and Parr (LYP) correlation
functional [38]. This functional also gives its accurate frequencies
that play an important role in thermochemistry. The 6-311G(d,
p) basis set has been used in the calculations. The calculations have
been performed using the GAUSSIANO9 program package [39]. Var-
ious spin multiplicities were investigated and it has been found
that PTCDI-C5 have spin singlet as the most stable (minimum total
energy). The geometry of PTCDI-C5 were optimised without
imposing any symmetrical constraints and the lowest total energy
configuration was assumed as the global minimum case. The struc-
ture is taken as the local minima on potential energy surface hav-
ing positive vibration frequencies. After geometric optimization,
TD-DFT method used to get maximum wavelengths and compared
with the experimental UV absorption and E, of PTCDI-C5 small
molecule.

4. Results and discussion
4.1. Structural analysis

Optimized ground state structure and process of geometry opti-
mization of PTCDI-C5 with atom numbering calculated by
B3LYP/6-311-G(d, p) is shown in Figs. 1 and 2, respectively. From
TD-DFT calculations, the positive vibrational spectra, that is no
any kind of imaginary frequency, are found that the optimized
geometry of the PTCDI-C5 compound is located at stationary point
on the potential energy surface. The geometrical optimization
results reveal that the structure with minimum total energy of
PTCDI-C5 small molecule is the C; form. All the 205 fundamental
modes of vibrations of PTCDI-C5 were found to be IR and Raman
active suggesting that the molecule possesses a non-centro sym-
metric structure. This realization leads us to the conclusion that
PTCDI-C5 small molecule should recommend for non-linear optical
applications such as telecommunications, opto-electronics, medi-
cine, etc. For visual comparison the simulated FT-IR and FT-
Raman spectra of PTCDI-C5 are shown in Figs. 3 and 4, respectively.

4.2. Ultraviolet-visible spectroscopy

The molar extinction coefficient (¢), which is also known as the
molar absorptivity and molar attenuation coefficient is an intrinsic
property of the species. The € can be given depends on the Beer-
Lamber law [40],
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Fig. 2. Process of geometry optimization of PTCDI-C5 depending on energy.
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Fig. 3. FT-IR spectra of PTCDI-C5.
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Fig. 4. FT-Raman spectra of PTCDI-C5.

Abs
e="o (1)
where Abs is the absorbance, C is the concentration of a solution
sample and L is the path length of the sample. The molar absorptiv-
ity values of the PTCDI-C5 organic material for chlorobenzene, chlo-
roform and toluene solvents were experimentally obtained from Eq.
(1). Fig. 5(a-c) indicates the molar absorptivity plots vs. wavelength
(2) of the PTCDI-C5 organic material for chlorobenzene, chloroform
and toluene solvents, respectively. The right side of the figures
shows theoretical molar absorptivity values, while the left side of
the figures shows experimental molar absorptivity values. The
wavelengths of the peaks of experimental and theoretical molar
extinction coefficient (molar absorptivity) were observed at various
wavelength values as seen in Fig. 5(a-c).

As seen in Fig. 5(a-c), for chlorobenzene, chloroform and
toluene solvents, the experimental molar extinction coefficient
exhibits maximum values at 528, 524 and 526 nm, while the the-
oretical molar absorptivity exhibits maximum values at 543,
532.15 and 532.15 nm, respectively. Also, the experimental molar
extinction coefficients for chlorobenzene, chloroform and toluene
solvents exhibit three dominant peaks in visible (V) region, while
the theoretical molar absorptivity (or molar extinction coefficient)
exhibits one peak in the same region and for the same solvents.
However, near ultraviolet (NUV) region, the theoretical peaks of
the molar absorptivity for chlorobenzene, chloroform and toluene
solvents are higher than the experimental peaks of the molar
absorptivity and are observed at lower wavelength (332.87,
331.49 and 331.95 nm) for the same solvents, respectively.
Obtained results suggest that the experimental molar extinction
coefficient values are compatible with theoretical ones and theo-
retical UV spectra can be eliminated some low vibration according
to experimental UV spectra. Such an outcome can be related either
to the selected exchange-correlation functional, to the application
of the harmonic vibrational approximation, or to specific effects
(e.g. aggregation) not accounted for in the calculation. Moreover,
chlorobenzene, chloroform and toluene solvents have an effect
on molar extinction coefficients.

4.3. Refractive index values for different solvents, concentrations and
relations

To obtain the refractive index values of the PTCDI-C5 solved in
chlorobenzene, chloroform and toluene solvents, ngg many equa-

tions such as Reddy, Ravindra, Kumar-Singh, Herve-Vandamme
and Moss [41,42] were used together with the reported the direct
(Egq) and indirect (E,iq) optical band gap values of the PTCDI-C5
[33] as seen in Table 1(a and b). The direct nyq and indirect ngy val-
ues of the PTCDI-C5 for chlorobenzene, chloroform and toluene
solvents were calculated by using related equations and were
given in Table 1(a and b), respectively. Fig. 6(a and b) indicates
ngg and ngq curves vs. solvents for various relations. As seen in
Table 1a and in Fig. 6(a), the values for chloroform are the lowest,
while the ngq values for toluene are the highest. Similarly, the ngg
values obtained from Moss relation are the lowest, while the ngq
values obtained from Reddy relation are the highest. As seen in
Table 1(a and b) and in Fig. 6(a and b), the ngy and ngjq values for
chloroform are the lowest, while the ngg and ngq values for toluene
are the highest. Similarly, the ngg and ngq values obtained from
Moss relation are the lowest, while the ngg and ngjq values obtained
from Reddy relation are the highest. Obtained results suggest that
the direct ngy values are lower than the indirect ngq values.

To obtain the refractive index values of the PTCDI-C5 for differ-
ent concentrations (0.654, 1.472, 4.410 and 6.618 mM) with Reddy,
Ravindra, Kumar-Singh, Herve-Vandamme and Moss [41,42] rela-
tions, we used the direct and indirect optical band gap values from
our previous work [31]. The ngg and ngy values of the PTCDI-C5
organic material for 0.654, 1.472, 4.410 and 6.618 mM were
obtained by using related equations [41,42] and were given in
Table 2(a and b), respectively. Fig. 7(a and b) indicates ngq and ngiq
curves vs. concentrations (molarities) for various relations. As seen
in Table 2(a) and in Fig. 7 (a), the ngq values for 6.618 mM are the
highest, while the ngq values for 0.654 mM are the lowest. On the
other hand, the ngyq values obtained from Reddy relation are the
highest, while the ngq values obtained from Moss relation are the
lowest. Obtained results suggest that the ng and ngq values
increase with increasing concentration.

4.4, Electrical conductance values for different solvents and
concentrations

For electronic and optoelectronic devices, electrical conduc-

tance (oeec) plays a key role on performance of device. The Geject
values of the PTCDI-C5 were obtained from the following equations
[42,43],
Oelect = % (2)
where c is the velocity of light and n is the refractive index. We
obtained the o, values of the PTCDI-C5 for chlorobenzene, chloro-
form and toluene solvents. Fig. 8(a) shows the Geje. curves vs. photon
energy (E). As seen in Fig. 8(a), the electrical conductance exhibits the
maximum values and peaks between about 2.3 and 2.85 eV. The elec-
trical conductance values for toluene solvent are more different than
that of the chlorobenzene and chloroform solvents.

The Gejec values of the PTCDI-C5 for 0.654, 1.472, 4.410 and
6.618 mM were obtained from Eq. (2). Fig. 8(b) indicates the eject
curves vs. E. As seen in Fig. 8(b), the electrical conductance varies
with concentrations and is order of around 103 S. Obtained results
show that the electrical conductance can be controlled with con-
centrations. This may be an advantage for electronic and optoelec-
tronic devices.

4.5. Amplitude properties of the PTCDI-C5 film

Amplitude image of the PTCDI-C5 film was recorded by a Park
System, XE100 AFM (Gwanggyo-Ro, Korea). Fig. 9 shows the ampli-
tude image (10 x 10 um?) of the PTCDI-C5 film. As seen in Fig. 9,
PTCDI-C5 film shows nano and micro-rods. The amplitude of the
PTCDI-C5 film was found to be 1.59 pm.
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Fig. 5. The experimental and theoretical molar absorptivity plots vs. wavelength (1) of the PTCDI-C5 organic material for a) chlorobenzene, b) chloroform and c) toluene

solvents.

Table 1

The refractive index values of the PTCDI-C5 solutions for various relations and solvent obtained from (a) direct optical band gaps (Eg4) and (b) indirect optical band gaps (Egiq)-

Solvents n Values for direct optical band gaps
Moss Ravindra Herve-Vandamme Reddy Kumar-Singh

(a)

Chloroform 2.542 2.672 2.569 2.996 2.582
Chlorobenzene 2.545 2.681 2.574 3.001 2.588
Toluene 2.565 2.724 2.601 3.029 2.614

(b)

Chloroform 2.555 2.702 2.587 3.015 2.600
Chlorobenzene 2.562 2.718 2.597 3.025 2.610
Toluene 2.578 2.750 2.618 3.047 2.630
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4.6. Electronic band structure

The energy gap which is HOMO-LUMO difference in energy, is
an significant parameter in measuring the electron conductivity.
The experimental direct optical band gaps (Egq), indirect optical

Table 2

The refractive index values of the PTCDI-C5 solutions for various relations and
concentrations (mM) obtained from (a) direct optical band gaps (Egq) and (b) indirect
optical band gaps (Egja).

Concentrations n Values for direct optical band gaps

Moss Ravindra Herve-Vandamme Reddy Kumar-Singh

(a)

0.654 2.537 2.663 2.563 2990 2577
1.472 2.540 2.670 2.568 2994 2581
441 2.547 2.685 2.57668 3.004 2.590
6.618 2,557 2.707 2.591 3.018 2.603
(b)

0.654 2547 2.685 2577 3.004 2.590
1.472 2.555 2.701 2.587 3.014 2.600
4.41 2564 2.722 2.600 3.028 2.612
6.618 2.584 2.763 2.626 3.056 2.639
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Fig. 7. The refractive index (n) curves vs. concentrations (molarities) of the PTCDI-
C5 for various relations obtained from (a) direct optical band gaps (Eg) and (b)
indirect optical band gaps (Egia).

band gaps (Egq) depending on different solvents and concentra-
tions (mM) and the energy gaps (E,), obtained from DFT and TD-
DFT calculations are tabulated in Table 3. The measured Eg and
Egiq for Chloroform solvent are about 2.277 and 2.229 eV, respec-
tively, which is consistent with the theoretical E; value (2.277 eV,
HOMO =5.956 eV and LUMO = 3.678 eV) obtained from DFT (see
Table 3). From the results, one can conclude that toluene solvent
with the lowering of the band gaps can be preferred for optoelec-
tronic applications or devices, which prefer lower band gaps
because the electronic transfer in the molecule PTCDI-C5 is easier.
It implies that the HOMO-LUMO energy gap for toluene solvent
compared to that of other solvent allows easy excitation of elec-
trons from HOMO to LUMO. The energy gap values of compounds
PTCDI, PTCDI-CN, and PTCDI-Cg was also found to be 2.54 eV [44],
2.52 eV [45] and 2.20 eV [46], respectively.

In addition, the dispersion of the electronic bands for thicker
PTCDI-C5 samples increases due to interacting layers and thus
reduces the band gap energies as it seen in Table 3. We can also
see that the band gap energies decrease with increment of the size
of the materials at the nanoscale (see Table 3). This is the most
remarkable feature of materials at nano level [47,48].
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4.7. Theoretical analysis of Mulliken atomic charge and dipole moment

The Mulliken atomic charges (MAC) have a significant for quan-
tum mechanical applications. MAC of PTCDI-C5 compound were
gathered in Table 4. The charges of the atoms in the different posi-
tions show different charge with each other for some carbon
atoms. For example, MAC of Carbon atom is mostly negative in
PTCDI-C5 compound, however, the value of the average MAC of
this atom is positive in PTCDI-C5 compound when carbon atom
combined with O and N atoms. The C28 atom exhibits a positive
charge the value of MAC is bigger than others. Hydrogen atom
exhibits a positive charge because it is an acceptor atom.

The dipole moments are other important electronic properties.
The bigger the dipole moment represents the stronger intermolec-
ular interaction. The highest value of component of dipole moment
along the z-axis (u, = —0.22 Debye) predicts large opposite charge
separation in PTCDI-C5 compound. The corresponding total dipole
moment has been calculated to be 0.23 Debye.

4.8. Analysis of density of state

The density of state (DOS) is important, because the occupied
and unoccupied molecular orbitals can be seen on DOS spectrum.
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Fig. 9. The amplitude image (10 x 10 um?) of the PTCDI-C5 film.

DOS gives a representation of molecule orbitals (MOs) composi-
tions and their contributions to chemical bonding. Using Mulliken
population analysis, we have plotted DOS spectrum (see Fig. 10) for
PTCDI-C5 using GaussSum 3.0 software [49]. From Fig. 10, the den-
sity of localized states has a sharply increasing tendency in the
region of between —15 and -10 eV. The DOS analysis also indicates
that the energy gap of PTCDI-C5 has the highest value (2.27 eV) in
chloroform therefore it is less reactive compared with other sol-
vents. PTCDI-C5 with Chlorobenzene is found to be the highest
energy of HOMO value (—6.19 eV).

4.9. Radial distribution function and probability density

Fig. 11 shows the radial distribution functions (RDFs) analysis
for carbon-carbon (C-C), carbon-hydrogen (C-H), carbon-nitrogen
(C-N), oxygen-hydrogen (O-H) and carbon-oxygen (C-0), interac-
tions of PTCDI-C5 small molecule. The RDFs is calculated for each
atomic pairs of optimized PTCDI-C5 molecule. One can see that
C-H has a narrower and higher distribution than the other pair
interactions because of the weaker bond and the low atomic
weight of the H atom. Moreover, there is a slight difference

Table 3

The experimental direct optical band gaps (E,q, eV), indirect optical band gaps (Egi,
eV) depending on different solvents and concentrations (mM) and the energy gaps (Eg,
eV), obtained from DFT and TD-DFT calculations.

Solvents “Egq “Ega DFT  TD- Concentrations “Egy  “Egia
DFT

Chloroform 2.277 2229 2277 2511 0.654 2.292 2256

Chlorobenzene 2.263 2204 2277 2.541 1.472 2.281 2231

Toluene 2.194 2151 2280 2545 441 2.257 2197

6.618 2221 213

ab Refs. [30,31].
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Table 4
Mullkien atomic charges of PTCDI-C5.

Atoms Mulliken atomic charges Atoms Mulliken atomic charges
01 —0.362106 C36 -0.221075

02 —0.362068 C37 —0.224693

03 —0.362075 C38 —0.224720

04 -0.362125 C39 —0.294702

N5 —0.501479 C40 —0.294671

N6 -0.501474 H41 0.105877

Cc7 —0.006018 H42 0.105890

C8 —0.006041 H43 0.105907

c9 —0.007139 H44 0.105897

Cc10 —0.007219 H45 0.111294

C11 —0.007258 H46 0.111277

C12 —0.007121 H47 0.111288

C13 0.092277 H48 0.111293

C14 0.092352 H49 0.138675

C15 -0.251411 H50 0.138628

C16 -0.251426 H51 0.138599

Cc17 -0.251431 H52 0.138674

C18 -0.251379 H53 0.115868

C19 —0.024501 H54 0.115948

C20 —0.024490 H55 0.115805

C21 —0.024458 H56 0.116026

C22 —0.024490 H57 0.109356

c23 —0.018321 H58 0.109345

C24 —0.018352 H59 0.109354

C25 —0.018340 H60 0.109324

C26 —0.018344 H61 0.107467

Cc27 0.530456 H62 0.107438

C28 0.530539 H63 0.107427

C29 0.530514 H64 0.107486

C30 0.530504 H65 0.107734

C31 —0.074925 H66 0.103720

C32 —0.074941 H67 0.103718

c33 —0.195667 H68 0.107733

C34 —0.195613 H69 0.103699

C35 —0.221046 H70 0.103726
7 T T I

— DOS spectrum
— Occupied orbitals

6l —— Virtual orbitals
5L i
4l
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21 |
1} |
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U .
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Energy (eV)

Fig. 10. Density of state (DOS) spectrum of PTCDI-C5 obtained Mulliken population
analysis.

between C-C and C-O atoms. For C atoms, C-O is slightly shorter
than C-C and C-N interactions; for H, C-C is shorter than C-H. For
all of the combinations, C-H has stronger interactions than the
other ones. To study the influence of interactions of the atoms in
the molecule, we also performed the probability distribution
depending on the coordination number (Fig. 12). The coordination
number of C-N and C-O interactions significantly decrease; for C-C
and C-H interactions we have observed some fluctuations.
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Fig. 11. The radial distribution functions (RDFs) of the carbon-carbon (C-C), carbon-

hydrogen (C-H), carbon-nitrogen (C-N) and carbon-oxygen (C-O) interactions of
PTCDI-C5 in chloroform solvent.

Probability distribution

0 1 2 3 4 5 6 7 8 9
Coordination number

Fig. 12. Probability distributions of the carbon-carbon (C-C), carbon-hydrogen (C-
H), carbon-nitrogen (C-N) and carbon-oxygen (C-O) interactions of PTCDI-C5
depending on coordination number in chloroform solution.

5. Conclusions

PTCDI-C5 organic nanostructure have been investigated via
experimental and theoretical techniques. The results showed that
the structure with minimum total energy of the PTCDI-C5 is the
C; form. Experimental molar extinction coefficients exhibit three
dominant peaks visible region. The maximum peak is found to be
compatible with theoretical value for chloroform and toluene sol-
vents. The direct refractive index values are lower than the indirect
ones. The increase in the concentrations causes an increase in the
direct and indirect refractive index values. The electrical conduc-
tance can be controlled with concentrations thus it provides an
advantage for electronic and optoelectronic devices. The increase
in thickness of PTCDI-C5 samples gives rise to the dispersion of
the electronic bands thus decrease the band gap energies. Pre-
dicted band energy values for different solvents are also agreement
with the experimental data. In addition, C-H interactions has a nar-
rower and higher distribution.
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