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Abstract
In this study, we have performed a thorough examination of density functional theory (DFT) and time-dependent (TD) DFT 
to investigate the structural and optoelectronic properties of 3d-transition metals (Cu, Fe, Mn, Ni, V and Zn)-doped pentacene 
π-conjugated organic molecule. The HOMO energy level of Ni-doped pentacene is − 6.17 eV wide, i.e., about 1.31 eV greater 
and more negative than pentacene. The bandgap of the pentacene considerable decreases from 2.20 eV to 1.32, 1.35 and 
0.37 eV, for Mn, Zn and V-doped pentacene structures, respectively, which affords an efficient charge transfer from HOMO 
to LUMO. The HOMO–LUMO energy gap is higher (4.44 eV, for Ni-doped pentacene), implying that the kinetic energy is 
higher and high chemical reactivity. We have examined, additionally, the reactivity and absorption properties of individual 
undoped and 3d-transition metals-doped pentacene. Pentacene has the largest vertical ionization potential (6.18 eV), cor-
responding to the highest chemical stability. Our results suggest that the new 3d-transition metals-doped pentacene may 
significantly contribute to the efficiency of solar cells.
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1 Introduction

After it was proved that doped organic molecules were elec-
trically conductive and some were even superconductive 
[1], they attracted an enormous interest regarding their use 
for molecular electronics. Especially, π-conjugated organic 
molecules were used in organic electronics such as organic 
field-effect transistors (OFETs) and organic photovoltaic 
(OPV) devices [2–4]. These molecules present unique 
properties suitable to the highest occupied molecular orbital 
(HOMO), the lowest unoccupied molecular orbital (LUMO) 
and HOMO–LUMO gaps. Furthermore, their photo-physical 

properties can be tuned allowing to design molecules via the 
donor–acceptor architecture [5, 6].

As one of the examples of π-conjugated organic com-
pounds, pentacene  (C22H14)—a polycyclic aromatic hydro-
carbon—is a promising candidate for OPV devices [7]. 
Because it has a high field effect, electron and hole mobil-
ity and low bandgap properties [8–12], it can be used to 
form bilayer junctions with  C60 and perylene [13–18] in 
manufacturing efficient organic, dye-sensitized [19] and 
polymer solar cells [20]. Pentacene is an electron-donor 
organic material that can be used in OFETs [21] and modi-
fied for the development of solution processability [22–24]. 
The derivatives of pentacene include desirable properties 
for organic thin-film transistors (OTFTs). They are used as 
n-type organic semiconductors in OTFTs with high elec-
tron mobility [25], in OFETs due to having a low bandgap, 
large π-conjugated system, and exhibit good solubility and 
stability [26]. Thus, in molecular crystals of aromatic mol-
ecules like pentacene the energetic properties such as the 
binding energy, the ionization potential (IP), the electron 
affinity (EA), the HOMO, LUMO, HOMO–LUMO gaps 
and the valence band width are important for understand-
ing the charge transport mechanism. In a recent study, it 
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was demonstrated that structural modification of pentacene 
monomers with diacid molecules can be used as a donor 
for bulk heterojunction (BHJ) solar cells [27]. Moreover, 
an experimental study has been carried out on Mg-doped 
pentacene. In the study, it has been found that using Mg as 
a dopant provides novel physical characteristics previously 
not encountered in organic field-effect transistors based on 
pentacene [28].

Our motivation for further investigation functionalized 
pentacene for designing BHJ solar cells. Thus, in this study, 
our aim is to investigate structural and optoelectronic prop-
erties such as binding energy, ionization potential, electron 
affinity, chemical hardness, HOMO–LUMO gap, refrac-
tive index, electrophilicity index, chemical potential, the 
maximum amount of electronic charge index and UV–vis 
spectra of 3d-transition metals (TM) (Cu, Fe, Mn, Ni, V 
and Zn)-doped pentacene as a potential material for photo-
voltaic applications. Herein, we are interested in theoreti-
cal investigation of 3d-transition metals-doped pentacene 
because theoretical calculation could predict the advantages 
and disadvantages of new pentacenes in advance of the syn-
thetic works. In this work, we used pentacene as a model 
system and systematically investigated the influence of Cu, 
Fe, Mn, Ni, V and Zn atoms on its optical and charge trans-
port properties.

2  Computational methodology

To model the pentacene compounds, a pure pentacene 
compound was initially optimized at the B3LYP/6-
311G(d,p) level of theory. Then, two TM separately 
replaced two hydrogen atoms in the meso-point of pen-
tacene as in the TIPS-pentacene compound (see Fig. 1). 
Doping strategy has been widely used in oligoacenes with 
different types of atoms such as B, P, S, O and N. Among 
them, for example, P-doped pentacene on the meso-point 
in a symmetric way (among different 35 phosphapentacene 
derivatives) is the simplest example exhibits the smallest 

hole transport reorganization energy reported for heter-
opentacene derivatives up to today, and this compound 
could be a potential promising candidate in high-perfor-
mance p-type OFET [29]. Besides, the HOMO–LUMO 
energy gap shows a large decrease from 2.19 eV for penta-
cene to 1.71 eV for P-doped pentacene on the meso-point 
in a symmetric way. The substitution of an atom or any 
molecule on pentacene on the meso-points in a symmet-
ric way also displays higher charge carrier mobility [30]. 
All calculations were carried out using DFT calculations 
based on the B3LYP exchange–correlation functional 
with 6-311G(d,p) basis set [31, 32] as implemented in the 
Gaussian 09 program [33].

Binding energy per atom of TM-doped pentacene com-
pounds was calculated by the following formula:

where E[C] , E[H] and E[TM] represent the individual ener-
gies of C, H and TM atoms, respectively. The numbers in 
Eq. (1) show that there are 22 C atoms, 12 H atoms and 2 
TM atoms in the new pentacene. Also, the vertical ionization 
potential (VIP) and vertical electron affinity (VEA) of all 
optimized structures were calculated as follows:

where VIP and VEA are defined as the energy difference 
between the Ecation and Eneutral of the neutral optimized geom-
etry and the energy difference between the Eneutral and Eanion 
of the neutral optimized geometry, respectively. To explain 
the molecular structure and chemical reactivity of the pen-
tacene and TM-doped pentacene compounds, the quantum 
chemical descriptors such as chemical hardness (�) , chemi-
cal potential (�) , electrophilicity index (�) and maximum 

(1)

Eb

[

pen-TM
]

= (22 × E[C] + 12 × E[H]

+2 × E[TM] − E
[

pen-TM
])

∕36

(2)VIP = Ecation − Eneutral

(3)VEA = Eneutral − Eanion

Fig. 1  The meso-points of 
pentacene
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amount of electronic charge index 
(

Nmax

)

 were calculated 
by the following formulas [34, 35]:

where IP and EA correspond to ionization potential and elec-
tron affinity, respectively. According to Koopman’s theorem, 
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 interactions. 
Time-dependent (TD) DFT calculation based on CAM-
B3LYP functional [36] with 6-311G(d,p) basis set was per-
formed for estimating absorption spectra because B3LYP 
underestimates excited state energies [37–39].

3  Results and discussions

3.1  Stability and structural properties

Figure 2 shows the optimized geometries of pentacene and 
TM-doped pentacene compounds as well as bond distances 
between C atoms and doped TMs. C–H bond lengths in the 
meso-point of pentacene are found to be 1.086 Å. Besides, 
the bond length of pentacene is in agreement with experi-
mental values [40] and previous studies [41, 42]. When two 
TM replaced two hydrogen atoms in the meso-point of pen-
tacene, bond lengths between TM and C atoms lie in the 
range of 1.732 and 2.076 Å. Binding energy per atom (Eb) 
calculated using the DFT-B3LYP method is shown in Fig. 3. 
Eb value of pentacene is found to be − 6.50 eV. The Eb values 
of pen-TM compounds are decreased and lie in the range of 
− 6.26 and − 6.45 eV when two TM replaced two hydrogen 
atoms in the pentacene compound. The pen-Zn compound 
has the smallest binding energy, so it is more unstable than 
the others. These results indicate that structural stability is 
slightly decreased with doping TM to pentacene.

3.2  Electronic and reactivity properties

To evaluate the electronic properties of pentacene and TM-
doped pentacene compounds, HOMO and LUMO energy 
gaps and levels are investigated in detail. The graph of 
HOMO and LUMO energy gap (Eg) is shown in Fig. 4. In 
this study, the calculated Eg value (2.20 eV) for the penta-
cene for B3LYP/6-311G(d,p) agrees with the experimental 
[43] value of 2.15 eV. The HOMO and LUMO energy gaps 
of pen-Fe, pen-Cu and pen-Ni are 3.51, 4.14 and 4.40 eV 
(see Table 1), respectively, indicating a low conductivity. 
However, the HOMO and LUMO energy gaps of pen-Mn, 

(4)

[

� = (IP − EA)∕2
]

,
[

� = −(IP + EA)∕2
]

[

� = �
2∕2�

]

and
[

ΔNmax = −�∕�
]

pen-Zn and pen-V are 1.32, 1.05 and 0.37 eV, respectively, 
indicating a high conductivity. These results indicate that 
pentacene is kinetically and thermally more stable than 
pen-Mn, pen-Zn and pen-V compounds. The HOMO and 
LUMO energy levels in the pen-V compound are − 3.72 and 
− 3.35 eV, respectively (see Fig. 5). pen-V has the small-
est bandgap, so conductivity is higher than the others. We 
should also mention that the pen-V is the more proficient 
compound because the small bandgap easily makes the pro-
motion of electrons in photovoltaics.

To carry out the reactivity properties of pentacene and 
TM-doped pentacene compounds, chemical hardness ( � ), 
chemical potential ( � ), electrophilicity index ( � ) and the 
maximum amount of electronic charge index ( ΔNtot ) are 
investigated in detail. The values of � , � , � and ΔNtot are 
listed in Table 1. The graph of � is also shown in Fig. 4. 
It is clearly seen that � illustrates a trend similar to the Eg 
graph. η values of pentacene and TM-doped pentacene com-
pounds are found to be in the following decreasing order: 
pen-Ni > pen-Cu > pen-Fe > pen > pen-Mn > pen-Zn > pen-
V. η value of pen-V is lower than that of other TM-doped 
pentacene compounds, thus indicating a lower resistance to 
charge transfer and change in the band structure.

VIP and VEA values as two important characteristics of 
the electronic structure are associated with the effects of 
electron donating and accepting, respectively. As shown in 
Table 1, the calculated VIP value (6.18 eV) for pentacene 
agrees with the experimental [44] value of 6.58 eV. VIP 
values of pen-TM compounds are sharply decreased from 
6.18 to 1.91 eV due to two TM replaced two hydrogen atoms 
in the pentacene compound. On the other hand, VEA values 
are importantly increased from 1.35 eV to 4.44 eV when two 
TM atoms except for Cu replaced two hydrogen atoms in the 
pentacene compound.

Graphs of � and ΔNtot are shown in Fig. 6. � values of 
pentacene, pen-Cu, pen-Fe and pen-Ni compounds lie in the 
range of 2.52 and 6.41 eV, whereas that of pen-Mn, pen-Zn 
and pen-V compounds lie in the range of 8.91 and 33.77. 
Similarly, ΔNtot illustrates a trend similar to the � graph. 
ΔNtot values of pentacene and TM-doped pentacene com-
pounds are found to be in the following increasing order: 
pen-Cu < pen-Ni < pen-Fe < pen < pen-Mn < pen-Zn < pen-V. 
All these results show that electron accepting for pen-Mn, 
pen-V and pen-Zn compounds is higher than the others.

3.3  Optical properties

In order to investigate the optical properties of pentacene 
and TM-doped pentacene compounds, refractive index and 
absorption spectra are investigated. Moss [45] found a rela-
tionship between the HOMO–LUMO gap 

(

Eg

)

 and refractive 
index (n) in semiconductors as formalized as:
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The n of the pentacene and TM-doped pentacene com-
pounds are calculated from Eq. 5, and the results are given 
in Table 2. The closest calculated n value (Moss relation) 
for pentacene (2.56) agrees with the experimental value 
1.81. n values of pentacene lie also in the range of 2.56 and 

(5)n
4
Eg = 95 eV 2.72 eV. n values are decreased with doping Ni, Cu and Fe 

atoms, whereas they are increased with doping Mn, Zn and 
V atoms. We note that n values increase inversely based on 
a decrease in the energy band gaps from Eq. 5. This result 
indicates that there is a trend in a decrease in n values for Ni, 
Cu and Fe-doped pentacene, but an increase in n values for 
Mn, Zn and V-doped pentacene (see Table 2). Thus, pen-V 

Fig. 2  The optimized geometries of pentacene and TM-doped pentacene compounds at the B3LYP/6-311G(d,p) level of theory
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possesses the lowest bandgap, as well as broad and strong 
absorption in the visible.

Figure 7 displays the absorption spectra of undoped 
and TM-doped pentacene compounds. It was observed 
that there is an increasing trend in absorbance values in 
the range of 556–902 nm when it comes to Cu, Fe, Mn, 
Ni, V and Zn dopants. Especially, the Fe-doped pentacene 
structure needs the lowest energy (1.375 eV) in the absorb-
ance maxima.

4  Conclusions

We performed a theoretical study to model the TM (Cu, 
Fe, Mn, Ni, V and Zn)-doped pentacene compounds as a 
material for organic photovoltaic devices. At that view-
point, the structural, reactivity and optoelectronic proper-
ties such as binding energy, ionization potential, electron 
affinity, chemical hardness, HOMO–LUMO gap, refractive 
index, electronic charge index and absorption spectra of 
the pentacene compounds were investigated by DFT and 
TD-DFT calculations for the first time. Comparing with 
the pentacene compound, the pen-Mn, pen-Zn and pen-V 
compounds have more desirable properties. For instance, 
the pen-V compound is more conductive due to its smaller 
bandgap. The HOMO energy level of Ni-doped pentacene 
is − 6.17 eV wide, i.e., about 1.31 eV greater and more 
negative than pentacene. The bandgap of the pentacene 
considerably decreases from 2.20 eV to 1.32, 1.35 and 
0.37 eV, for Mn, Zn and V-doped pentacene structures. 
There is a trend in a decrease in n values for Ni, Cu and 
Fe-doped pentacene, but an increase in n values for Mn, 
Zn and V-doped pentacene. Thus, pen-V possesses the 
lowest bandgap, as well as broad and strong absorption 
in the visible. We hope that the obtained results will pro-
vide an insight into experimental studies to design and 
produce various kinds of photovoltaic devices with higher 
efficiency based on the TM-doped pentacene.

Fig. 3  Binding energy per atom (Eb) of pentacene and TM-doped 
pentacene compounds

Fig. 4  The HOMO–LUMO energy gaps (Eg) and chemical hardness 
(η) of pentacene and TM-doped pentacene compounds

Table 1  The electronic 
and reactivity properties of 
pentacene and TM-doped 
pentacene compounds

All values are in eV

pen pen-Cu pen-Fe pen-Mn pen-Ni pen-V pen-Zn

Eg 2.20 4.14 3.51 1.32 4.44 0.37 1.05
VIP 6.18 5.52 1.36 1.91 4.54 2.02 5.57
VEA 1.35 1.00 4.03 4.44 2.30 4.20 1.85
HOMO − 4.86 − 5.30 − 5.86 − 4.09 − 6.17 − 4.84 − 4.20
LUMO − 2.66 − 1.16 − 2.35 − 2.77 − 1.73 − 2.64 − 3.15
η 1.10 2.07 1.76 0.66 2.22 1.19 0.53
μ − 3.76 − 3.23 − 4.11 − 3.43 − 3.95 − 3.54 − 3.68
ω 6.41 2.52 4.80 8.91 3.51 33.77 12.86
ΔNtot 3.41 1.56 2.34 5.20 1.78 19.11 7.00
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Fig. 5  The HOMO and LUMO 
energy levels of the pentacene 
and TM-doped pentacene 
compounds

Fig. 6  The electrophilicity index (ω) and maximum amount of elec-
tronic charge index ( ΔN

tot
 ) of pentacene and TM-doped pentacene 

compounds

Table 2  The refractive indexes of pentacene and TM-doped penta-
cene compounds

Herve-Vand. Moss rela-
tion

Ravindra Kumar-
Singh

Exp.

pen-Ni 1.99 2.15 1.33 2.08 –
pen-Cu 2.05 2.19 1.52 2.13 –
pen-Fe 2.19 2.28 1.91 2.25 –
pen 2.60 2.56 2.72 2.61 1.81
pen-Mn 3.01 2.91 3.27 3.08 –
pen-Zn 3.17 3.08 3.43 3.31 –
pen-V 3.68 4.00 3.85 4.64 –
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