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Abstract
The performance of organic cells based on bulk heterojunctions (BHJs) has improved recently, but further improvements are 
necessary. In this work, we have carried out a thorough examination using density functional theory (DFT) and time-depend-
ent (TD)-DFT to investigate the structural and optoelectronic properties of pentacene-based organic molecules (PbOMs) 
as potential donor material for organic photovoltaic BHJ devices. Our results show that oxadiazole prefers to attach via its 
nitrogen atoms to the carbon atoms of the pentacene monomer with an adsorption energy about − 32.86 kcal/mol, which 
means that oxadiazole is efficiently adsorbed on the edge of the pentacene. The HOMO energy level of the PbOM with 
the lowest bandgap is − 4.00 eV wide, i.e., about 0.86 eV lower and more positive than pentacene, thus providing an ideal 
open-circuit voltage for photovoltaic devices. The bandgap of the PbOM compounds are about 1.61 and 1.80 eV affording 
an efficient charge transfer from donor to acceptor. Furthermore, the donor PbOMs are also more stable than the pentacene. 
We have examined, additionally, the reactivity and absorption properties of individual molecules and PbOM systems. Our 
results suggest that the PbOM, as a donor material, may significantly improve the efficiency of BHJ solar cells.
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1  Introduction

π-conjugated organic molecules are finding use in such 
diverse devices as organic field-effect transistors (OFETs), 
organic photovoltaic (OPV) devices, etc. [1–3]., due to 
their unique properties, e.g., suitable to both the lowest 
unoccupied molecular orbital (LUMO) and to the highest 
occupied molecular orbital (HOMO) energy levels, and 
HOMO–LUMO gaps. Additionally, they possess tunable 
photophysical properties through designing molecules via 
the donor–acceptor architecture [4]. More specifically, 
pentacene—a polycyclic aromatic hydrocarbon—is one of 
the examples of a π-conjugated organic compound making 

it a promising candidate for OPV devices [5], because of 
its high field-effect, electron and hole mobility, and low 
bandgap properties [6–10]. Pentacene has also been used 
to form bilayer junctions with C60 and perylene [11–16] in 
efficient organic solar cells and as a hole collector in the 
dye-sensitized solar cells [17] as well as an electron col-
lector in polymer solar cells [18]. Moreover, pentacene is 
an electron-donor organic material, so it has been used in 
OFETs [19] and can be modified for the development of 
solution processability [20–22]. Moreover, the derivatives of 
pentacene include desirable properties for organic thin film 
transistors (OTFTs) and are used as n-type organic semi-
conductors in OTFTs with high electron mobility [23], for 
solution processing of OFETs due to having a low bandgap, 
large π-conjugated system, and exhibit good solubility and 
stability for solution processing of OFETs [24].

A recent study demonstrated that structural modification 
of pentacene monomers with diacid molecules can be used 
as a donor for BHJ solar cells [25], thus our motivation for 
further investigating functionalized pentacene for designing 
BHJ solar cells.

In this paper, we present our examination of the following 
structural and optoelectronic properties:
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•	 Adsorption energy.
•	 Ionization potential.
•	 Electron affinity.
•	 Chemical hardness.
•	 HOMO–LUMO gap.
•	 Refractive index.
•	 Density of states.
•	 Charge distributions.
•	 Electronic charge index and dipole moments.

of pentacene-based organic molecules (PbOMs) as a poten-
tial donor material for OPVBHJ devices.

2 � Computational details

To model the PbOM compounds, individual pentacene and 
1,3,4-oxadiazole molecules were optimized and then the 
position of the 1,3,4-oxadiazole around pentacene based on 
the structure the lowest total energy was tested. Later, two 
carbon atoms separately replaced two hydrogen atoms in the 
meso-point of pentacene as in the TIPS-pentacene molecule, 
because the substitution of an atom or any molecule on pen-
tacene on the meso-points in a symmetric way also displays 
higher charge carrier mobility [26, 27]. All the calculations 
were performed using DFT calculations based on the B3LYP 
exchange–correlation functional with an empirical disper-
sion term of Grimme’s three-parameter with Becke–John-
son damping (GD3BJ) [28] with 6-311G(d,p) basis set [29, 
30] as implemented in the Gaussian 09 program [31]. The 
adsorption energy (Eads) of all optimized structures was cal-
culated as follows:

where Ecompound is the total energies of PbOM compound. 
Epentacene and E1,3,4 - oxadiazole are the total energy of individ-
ual pentacene and 1,3,4-oxadiazole molecules, respectively. 
Ebsse also is defined as the basis set superposition error and 
calculated using the counterpoise correction method [32]. 
The adiabatic ionization potential (AIP) and vertical ioniza-
tion potential (VIP) of all optimized structures were calcu-
lated as follows:

where the AIP is the energy difference between the ground 
state of the cation 

(
Ecation

)
 and the ground state of the neutral (

Eneutral

)
 . VIP is defined as the energy difference between 

the Ecation and Eneutral of the neutral optimized geometry. To 
elucidate the stability and chemical reactivity of the PbOM 

(1)Eads = Ecompound − Epentacene − E1,3,4 - oxadiazole + Ebsse

(2)AIP∕VIP = Ecation − Eneutral

compounds, the quantum chemical descriptors, including 
chemical hardness (η), chemical potential (μ), electrophi-
licity index (ω), and maximum amount of electronic charge 
index 

(
ΔNmax

)
 , were calculated as follows [33, 34] 

where IP and EA correspond to ionization potential and 
electron affinity, respectively. According to Koopman’s the-
orem, the energies of the HOMO and LUMO orbitals are 
given by IP ≈ −EHOMO and EA ≈ −ELUMO . The natural bond 
orbital calculations were performed to understand both the 
charge distributions and the nature of donor–acceptor inter-
actions. GaussSum program [35] is implemented to plot den-
sity of states (DOS). Time-dependent (TD)-DFT calculation 
based on CAM-B3LYP functional [36] with 6-311G(d,p) 
basis set was performed for estimating absorption spectra, 
because B3LYP underestimates exited state energies when 
compared CAM-B3LYP [37, 38] and LC-BLYP functionals 
[39–42]. Moreover, B3LYP has a 0.2 fraction of exchange, 
and thus it does not possess the correct asymptotic form 
of the exchange–correlation potential while CAM-B3LYP 
and LC-BLYP functionals have 0.65 and 1.0 fraction of 
exchange, respectively.

The open-circuit voltage ( VOC ) of organic photovoltaic 
BHJ devices can be analyzed by [43] 

We presumed an energy difference ΔE of 0.3 eV between 
the HOMO of the donor 

(
E
D

HOMO

)
 and the LUMO of the 

acceptor 
(
E
A

LUMO

)
 representing the energy loss.

3 � Results and discussions

3.1 � Structure, energy, and stability

We began by studying the behavior of 1,3,4-oxadiazole 
molecule around the pentacene without making structural 
modifications. The optimized structures of the oxadiazole 
molecule(s) adsorbed pentacene. In Fig. 1, we illustrate bond 
distances and the energy gaps of HOMO and LUMO for 
B3LYP/6-311G(d,p). In Fig. 2, we show the geometries and 
point groups (P.G.) of modified pentacene compounds and 
the oxadiazole molecule, which are fully optimized. Differ-
ent initial configurations including O, N and H atoms of oxa-
diazole molecule approach to C atom, and at the edge of the 
PbOM is encouraged to provide the most suitable adsorp-
tion structure. As shown in Fig. 2b, c, oxadiazole molecules 

(3)

[
� = (IP − EA)∕2

]
,
[
� = −(IP + EA)∕2

]
,

[
� = �

2∕2�
]
and

[
ΔNmax = −�∕�

]

(4)VOC =
1

e

(
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E
D

HOMO

|||
−
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E
A
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)
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prefer to connect via its N atoms to C atoms at the edge of 
the PbOM. Adsorption energies (Eads) calculated using dis-
persion corrected DFT-B3LYP method is listed in Table 1. 
Eads values of PbOM-1 and PbOM-2 compounds are nega-
tive and lie at − 22.20 and − 32.86 kcal/mol, respectively. 
These results demonstrate that the interactions of PbOM 
with oxadiazole are suitable processes. In addition, the 
PbOM-2 compound has greater negative adsorption energy 
than the PbOM-1, and so, it is more stable. It is important 
to note that PbOM-2 compound may be used as a potential 
electron transport material.

The optimized structure of pentacene has the C–C bond 
length 1.43 Å and the C–C–C and C–C–Hangles are 120.6° 
and 119.2°, respectively. Moreover, the optimized structure 
of PbOM has the C–C bond length 1.40 Å and the C–C–C 

and C–C–Hangles are 120.3° and 119.5°, respectively. The 
C–H bond length is found to be 1.08 Å which remained 
unchanged for pentacene and all the PbOM compounds. 
Moreover, the calculated structural parameters for pentacene 
are in agreement with experimental values [44] and previ-
ous studies [45, 46]. On the other hand, interaction bond 
lengths between C atom at the edge of the PbOM and N 
atom of oxadiazole molecule (s) are found to be 1.315 Å and 
1.309 Å for PbOM-1 and PbOM-2, respectively. Therefore, 
the interaction bond lengths are consistent with the more 
negative adsorption energy in PbOM-2 which is the more 
stable compound.

3.2 � HOMO–LUMO energy gap, density of states 
and charge transfer

Figure 3 shows the HOMO and LUMO energy gaps ( Eg ) 
which are fully optimized for B3LYP, TPSS and ωB97XD 
methods with the 6-311G(d,p) basis set. The HOMO and 
LUMO energy levels in the pentacene are − 6.97 and 
− 4.30 eV, respectively, indicating a low conductivity. In 
addition, the HOMO and LUMO energy levels in the oxadia-
zole molecule are − 8.08 and − 0.77 eV, respectively. These 
results indicate that pentacene is kinetically and thermally 
stable, whereas the oxadiazole is more reactive. After the 
oxadiazole adsorption process on PbOM, the HOMO levels 
sharply increased, while the LUMO levels in PbOM-1 and 
PbOM-2 compounds only slightly increased (see Fig. 4 and 
Table 1), and so Eg is changed. Besides, the calculated Eg 
value (2.20 eV) for the pentacene for B3LYP/6-311G(d,p) 
agrees with the experimental [47] value of 2.15 eV. In 
this study, Eg value for the PbOM is found to be 2.49 eV. 
Eg is decreased from 2.49 to 1.80 eV (for PbOM-1) and 
1.62  eV (for PbOM-2) when PbOM adsorbed the oxa-
diazole molecule(s). Thus, on the one hand, PbOM-1 and 
PbOM-2 possess ideal band with low bandgap for OPV. 
On the other hand, the HOMO energy level of oxadiazole 
is larger than that of PbOM, indicating that oxadiazole is 
the electron donor. The LUMO of oxadiazole is smaller 
than that of PbOM indicating that it is an acceptor. Eg is 
a critical parameter in determining charge transfer phe-
nomenon, chemical reaction, and electronic conductiv-
ity. We see, then, that PbOM-1 and PbOM-2 compounds 
exhibit higher chemical reactivity than PbOM or pentacene. 
Similarly, there is a significant increase in conductivity 
of PbOM-1 and PbOM-2 compounds compared to either 
pentacene or PbOM; we establish this order is as follows: 
PbOM < Pentacene < PbOM-1 < PbOM-2. From our results, 
we can conclude that the PbOM-2 compound is the more 

Fig. 1   The optimized structures of 1,3,4-oxadiazole molecule(s) 
adsorbed pentacene, as well as the adsorption energies and the energy 
gaps of HOMO and LUMO at B3LYP/6-311G(d,p) level of theory 
(Colour online)
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Fig. 2   The optimized structures of a PbOM, b PbOM-1, c PbOM-2 compounds and d 1,3,4-oxadiazole molecule at B3LYP/6-311G(d,p) level of 
theory (Colour online)
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suitable candidate as a donor material for organic electron-
ics, because the small band gap easily makes promotion of 
electrons in photovoltaics. We have mentioned about VOC of 
the organic solar cells depends on the energy gap between 
E
D

HOMO
 and EA

LUMO
 in Sect. 2. Our results show that C60, as an 

acceptor material, the VOC values range from 3.26 to 0.47 eV. 
The VOC (0.47 eV) is lower than the bandgap of PbOM-2 
(1.61 eV), while it (3.26 eV) is greater than bandgap of 
PbOM (2.49 eV). Thus, the narrow bandgap of PbOM-2 
with low-lying HOMO energy level is the desired energy 
band alignment to use as photovoltaic material.

To obtain detailed information on electronic states in the 
pentacene, PbOM, PbOM-1 and PbOM-2 compounds, we 
report in this study the results of the electronic total DOS 
as seen in Fig. 5. The density of localized states decreases 
concomitantly along with oxadiazole molecule where the 
greatest contribution comes from the PbOM molecule. 
These fluctuations progressively disappear based on the sub-
stitution of the oxadiazole molecule to the pentacene. The 
density of localized states has a sharply increasing tendency 
to occur in the region of between − 10 and − 15 eV. In addi-
tion, the DOS plots show a sign anomaly change in the gap 
regions. The molecular electrostatic potential (MEP) maps 
are also presented in Fig. 5, and the plots of MEP are from 
0.02 to 0.02 au. The DOS and MEP of these compounds 
provides some information on the electronic structure. The 
MEP maps show that the negative charge is mainly concen-
trated at the nitrogen and oxygen.

AIP and VIP values are associated with an effect of elec-
tron donating as two significant characteristics of the elec-
tronic structure. As given in Table 1, the calculated AIP 
and VIP values (6.13 eV and 6.18 eV) for pentacene for 
B3LYP/6-311G(d,p) again agrees with the experimental [48] 
value of 6.58 eV. The AIP and VIP values for the PbOM 
are 11.01 and 11.14 eV, respectively. AIP is decreased from 
11.01 to 9.22 eV (for PbOM-1) and 8.35 eV (for PbOM-2) 
when PbOM adsorbed oxadiazole molecule(s). Similarly, 
VIP is decreased from 11.14 to 9.28 eV (for PbOM-1) and 
8.54 eV (for PbOM-2). Results demonstrate that PbOM is 
the most available structure to accepting electrons. Note 
that VIP values are higher than AIP values due to energy 
compensation.

Atomic charges affect dipole moment, electronic, and 
molecular properties, giving a clear indication of the charge 
transfer [49]. We have also investigated the charge distri-
butions of the PbOM, PbOM-1 and PbOM-2 compounds 
including Mulliken and natural population analyses (NPA). 
Charge distribution calculations are a useful way to explain 
the differences in electropositivity and electronegativity 
of atoms within the compound. Figure 6a, b shows Mul-
liken and NPA charge distributions of PbOM, PbOM-1 and 
PbOM-2 compounds. Charges of carbon, hydrogen, nitro-
gen and oxygen atoms are presented in red, green, blue and 
cyan colors, respectively (see Fig. 6). Atomic charges in the 
PbOM are transferred from hydrogen to carbon. Accord-
ing to Mulliken and NPA analyses, both the nitrogen 
(− 0.37/− 0.14 |e|) and oxygen atoms (− 0.43/− 0.19 |e|) of 
PbOM-1 compound carried a notable negative charges, and 
both carbon 0.20/0.38 |e| and hydrogen atoms (0.15/0.18 |e|) 
showed positive. A similar trend is observed for PbOM-2 
compound. The nitrogen (− 0.33/− 0.17 |e|) and oxygen 

Table 1   The electronic and reactivity properties of the oxadiazole, 
pentacene, PbOM, PbOM-1 and PbOM-2 compounds

Values are in eV except dipole moment (Debye). V
oc

 values are calcu-
lated using the LUMO of C60 as an acceptor

Oxadiazole Pentacene PbOM PbOM-1 PbOM-2

Eads – – – − 4.05 − 4.72
AIP 10.63 6.13 11.01 9.22 8.35
VIP 11.31 6.18 11.14 9.28 8.54
HOMO − 8.08 − 4.86 − 6.79 − 4.91 − 4.00
LUMO − 0.77 − 2.66 − 4.30 − 3.11 − 2.38
Eg 7.31 2.20 2.49 1.80 1.61
eVoc – 1.33 3.26 1.21 0.47
η 3.65 1.10 1.24 0.90 0.81
μ − 4.42 − 3.76 − 5.54 − 4.01 − 3.19
ω 2.68 6.41 12.35 8.94 6.31
ΔNtot 1.21 3.41 4.46 4.46 3.96
μD 3.14 0.00 0.00 16.41 0.01

Fig. 3   The HOMO–LUMO energy gaps 
(
E
g

)
 calculated using differ-

ent methods for pentacene, PbOM, PbOM-1 and PbOM-2 compounds 
(Colour online)



900	 Journal of Computational Electronics (2020) 19:895–904

1 3

atoms (− 0.45/− 0.20 |e|) of PbOM-2 compound carried 
a high negative charge; however, carbon 0.20/0.38 |e| and 
hydrogen atoms (0.15/0.18 |e|) had a positive charge sug-
gesting their electron accepting behavior. It is important 
that there is a significant change in charge transfer due to 
adsorbed oxadiazole molecule(s). PbOM, inside PbOM-1 
and PbOM-2compounds, becomes an acceptor (A+), 
whereas oxadiazole molecule behaves like adonor (D−) (see 
Fig. 6). Note that the Mulliken analysis is found to be com-
patible with NPA.

3.3 � Global reactivity descriptors

We examined the reactivity properties of PbOM com-
pounds, i.e., chemical hardness (η), chemical potential 
(µ), electrophilicity index (ω), and the maximum amount 

of electronic charge index ( ΔNtot ). The values of η, µ, ω 
and ΔNtot are presented in Table 1. As PbOM adsorbed oxa-
diazole molecule(s), η, µ, ω and ΔNtot are decreased sig-
nificantly from 1.24 eV to 0.81, from 12.35 eV to 6.31 and 
4.46 eV to 3.96, respectively. Parr et al. reported that the 
stable compounds must have lower electrophilicity index 
[50]. It is important to note that there is an increase in sta-
bility of PbOM-1 and PbOM-2 compounds compared to the 
PbOM. This order is as follows: PbOM < PbOM-1 < PbOM-
2. The propensity of electron acceptors of the compound is 
decreased when pentacene adsorbed oxadiazole molecule(s). 
In addition, μ is increased for PbOM-1 and PbOM-2 com-
pounds. PbOM-1 and PbOM-2 compounds show a good 
electrophile characteristic due to a high value of μ and a 
low value of η.

Fig. 4   The HOMO and LUMO energy levels of the pentacene, PbOM, PbOM-1 and PbOM-2 compounds at B3LYP/6-311G(d,p) level of theory 
(Colour online)
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3.4 � Refractive index and absorption spectra

We have investigated the optical properties of PbOM com-
pounds: refractive index and absorption spectra. Hervé 
and Vandamme [51] found a relationship between the 

HOMO–LUMO gap 
(
Eg

)
 and refractive index (n) in semi-

conductors as formalized as:

(5)n
2 − 1 = A

2∕
(
Eg + B

)2

Fig. 5   The DOS and MEPs of the a pentacene, b PbOM, c PbOM-1 and d PbOM-2 compounds at B3LYP/6-311G(d,p) level of theory (Colour 
online)
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Here, A (13.6 eV) and B (3.4 eV) are a constant. The n 
of the PbOM, PbOM-1 and PbOM-2 compounds are cal-
culated from Eq. 5, and the results are given in Table 2.

The calculated n values of oxadiazole (1.61) and penta-
cene (2.60) using Eq. 1. Agree with the experimental val-
ues of 1.42 and 1.81, respectively. Note that these values 
are the closest to the experimental values among various 
relationships, for example, in Moss, Reddy, Kumar-Singh 
[51]. In addition, n values are increased from 2.49 to 2.77 
(for PbOM-1) and 2.86 (for PbOM-2). We note that n val-
ues increase inversely based on a decrease in the energy 
band gaps from Eq. 1. This result indicates that there is a 
general trend in an increase in refractive index as PbOM 
absorbed oxadiazole molecule(s). Thus, PbOM-1 and 
PbOM-2 possess ideal band with low bandgap and broad 
and strong absorption in visible and NIR region.

Figure 7 displays the absorption spectra of PbOM com-
pounds. It was observed that there is an increasing trend in 
absorbance values in the range of 546–566 nm. We can con-
clude that the PbOM-1 and PbOM-2 compounds give rise to 
an enhancement in absorption spectra in the visible region. 
Especially, the PbOM-1 and PbOM-2 need the lowest energy 
(2.190 eV) in the absorbance maxima.

4 � Conclusions

We carried out a theoretical study to model PbOM com-
pounds as a donor material for organic photovoltaic 
bulk-heterojunction devices. In our work, the structural 
and optoelectronic properties such as adsorption energy, 
ionization potential, electron affinity, chemical hardness, 
HOMO–LUMO gap, refractive index, density of states, 
charge distributions, electronic charge index, dipole 
moments and absorption spectra of the PbOM compounds 
were investigated by DFT and TD-DFT calculations for 
first time. Compared to the pentacene molecule, the PbOM 
compounds have more desirable properties. For instance, the 
PbOM-2 compound is more stable due to its greater negative 
adsorption energy. The band gaps of the PbOM compounds 
are found to be smaller than those of the individual penta-
cene and oxadiazole molecules. The HOMO energy level of 
the PbOM-2 compound is more positive than the pentacene, 
so it reduces the open-circuit voltage of the solar cell. The 
band gap of the PbOM-1 and PbOM-2 compounds are about 
1.61 and 1.80 eV which provide efficiently charge transfer 
from donor to acceptor. The refractive indices of the PbOM 
compounds are greater than pentacene. The PbOM-1 has the 
largest dipole moment which means that it has the strongest 

Fig. 6   Charge distributions a the Mulliken and b NPA of PbOM com-
pounds at B3LYP/6-311G(d,p) level of theory (Colour online)

Table 2   The refractive indexes of the oxadiazole, pentacene, PbOM, 
PbOM-1 and PbOM-2 compounds

Oxadiazole Pentacene PbOM POD-1 POD-2

Hervé–Van-
damme

1.61 2.60 2.49 2.77 2.86

Kumar-Singh 1.77 2.61 2.51 2.79 2.89
Moss relation 1.90 2.56 2.49 2.70 2.77
Reddy 2.17 3.03 2.92 3.22 3.33
Exp. 1.42 1.81 – – –
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intermolecular interaction. The charge distributions of pen-
tacene are considerably changed along with the oxadiazole 
molecule. The PbOM-1 and PbOM-2 compounds give rise to 
an enhancement in absorption spectra in the visible region. 
We hope that the obtained results will provide an insight to 
experimental studies to design new kinds of photovoltaic 
devices with higher efficiency.
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