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A B S T R A C T

Organic semiconductors are attractive candidates for the development of flexible and efficient optoelectronic
devices. In this work, we have studied the pyrene end-capped thiophene derivatives with different number of
oligomeric rings and substituted with their oxygen analogue furan. Results indicate that the molecular planarity
varies with the substitution of furan rings and the number of rings play a role on optoelectronic property
of the systems. All the systems have shown ambipolar behavior, but the high charge barrier in the case of
electrons could limit the device performance. Further, in photovoltaic analysis the increment in oligomeric
ring has substantially reduces the open circuit voltage and the fill factor. However, the introduction of furan
has improved the overall light harvesting efficiency. With the proper choice of material and device engineering
the shorter systems can be considered for photovoltaics, where as the longer derivatives can be considered for
light emitting device applications.
1. Introduction

Organic semiconductors are one of the rapidly growing field of
interests owing to their structural tunability, ease in processability and
low synthetic costs. Since, literally it is possible to fabricate these mate-
rials on any substrate, there is great surge of interest to develop flexible
organic electronic devices. Already, organic light emitting diodes are
proven as a better candidates for flexible display technology and offers
high contrast, crisp and vivid pixels than their inorganic counterparts.
Presently, there is an intensive exploration in the sister fields such as
organic field effect transistors (OFET), organic photodetectors, memory
devices and organic photovoltaic (OPV) cells [1–5]. These fields are in
requirement of new promising materials with high mobility and tunable
exciton dynamics. Especially, since these materials can be fabricated as
ambipolar semiconductors, there opens a possibility to develop organic
light emitting transistors (OLET) and then to the long sought organic
lasers [5–8]. On the other hand, by properly controlling the exciton
dynamics, these materials can be utilized for the development of OPV
devices [9–11].

In this regard, linearly fused aromatic compounds such as tetracene,
pentacene, rubrene and oligothiophenes are widely investigated in
the form of OFETs and OPVs [12–15]. Particularly, oligothiophenes
are one of the promising and widely studied moieties in terms of
organic electronic materials. The thiophenes, when combined with
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different oligomer lengths, proper side chains and terminal groups can
be tuned to achieve a specific property such as specific absorption
or emission wavelength. Due to this advantage thiophene derivatives
are synthesized and studied for electronic and optoelectronic appli-
cations [16–19]. Particularly, when the thiophenes are end-capped
with pyrene results planar conjugated, electron rich molecules with
strong 𝜋-delocalization and high fluorescence emission [20,21]. Few
reports already demonstrated the feasibility of these systems towards
the fabrication of OLETs with moderate mobility and photolumines-
cence quantum yield (PLQY) [22,23]. The presence of sulfur atom in
the thiophene core gives rise of strong intermolecular interactions leads
to high mobility. On the other hand, the large size and small electroneg-
ativity of sulfur affects the molecular planarity and crystal packing.
Further, often a heavy atom effect due to the presence of sulfur has
been observed in thiophene based systems. One way to overcome such
difficulties is by the substitution of thiophene moieties by furan [24].
Furan is an oxygen analogue of thiophene with larger electronegativity
and smaller covalent radius than sulfur and due to this, it offers the
shortening of 𝜋 – 𝜋 stacking distance leads to an improved charge
carrier transport and optical properties [25]. Further, replacing sulfur
with oxygen would help to tune the highest occupied molecular orbital
(HOMO), lowest unoccupied molecular orbital (LUMO) and energy
gaps of the accompanying molecular system. Since, the furan moieties
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offers strong fluorescence emission, they are particularly of very inter-
est towards OLET applications [19]. The smaller size of oxygen than
sulfur is advantageous to reduce steric hindrance and thus improve the
molecular planarity and crystal packing suitable for OPV. Additionally
furan-based systems are comparatively more soluble than the thiophene
based systems. So, using these system, devices can be fabricated by
means of chemical or solution processing techniques, rather than the
usual thermal assisted process. Finally, furan is abundant and can
be naturally obtained from furfural polymer collected from trees and
vegetables. So, these systems could be used towards the development
of eco-friendly electronic devices [26].

In the present work, we have analyzed the bipyrene end-capped
thiophene of different oligomer lengths (n = 1–3). These systems are
already studied towards OFET and OLET applications and reported
to have moderate mobility and PLQY [22]. We have substituted the
furan moieties in the place of thiophene and studied their structural,
electronic and optical properties. Further, a systematic analysis was
carried out to evaluate their suitability towards OLET and OPV appli-
cations. We have observed that the furan substitution greatly improves
the molecular planarity and hole mobility. Overall, the bipyrene end-
capped systems show moderate OLET properties along with good OPV
parameters indicating their suitability towards optoelectronic applica-
tions.

2. Methodology

In the present study we have considered three pyrene end-capped
thiophenes, such as 2,5-bis(pyren-1-yl)thiophene (BPY1T), 5-(pyren-
1-yl)-5′-(pyren-2-yl)-2,2′-bithiophene (BPY2T) and 5-(pyren-1-yl)-5′-
[5-(pyren-1-yl)thiophen-2-yl]-2,2′-bithiophene (BPY3T) for the anal-
sis. The molecular structures are retrieved from the previous re-
ort [22]. In each system the thiophene unit was replaced by the furan
nd the corresponding molecules are 2,5-bis(pyren-1-yl)furan (BPY1F),
-(pyren-1-yl)-5′-(pyren-2-yl)-2,2′-bifuran (BPY2F) and 5-(pyren-1-yl)-
′-[5-(pyren-1-yl)furan-2-yl]-2,2′-bifuran (BPY3F). All the calculations

were performed at B3LYP level with the 6-31G(d,p) basis set. The
choice of the basis set is based on the fact that the availability of
other similar reports for benchmarking and comparison [27–30]. For
electronic calculations Gaussian 09 suite was used and for excited state
analysis ORCA package has been utilized. In the case of ORCA, Gaussian
equivalent basis set was used for the geometry optimization and the
structure is compared with the Gaussian results [18,19]. Ideally, these
results would be same and in such case excited state analysis are carried
out.

In this work, the charge transport characteristics are modeled as the
hopping process between two molecules. The charge carrier transport
can be interpreted as charge mobilities and these values indicate how
fast an charge carrier (hole or electron) move from one molecule to
another molecule. Higher the hole mobility, the system is termed as
p-type and higher the electron mobility, termed as n-type. In such a
case, the hopping between two identical molecules can be expressed
as M± ⋯ → M…M±. Due to the charge injection, the molecule will
undergo a structural relaxation to obtain an optimum structure in the
charged state. This distorted molecules are termed as a polaron. By
transferring the charge to the neighboring molecule, the first molecule
tends to retain it original geometry and the neutral state.

In order to model the electron and hole mobility two molecular
parameters, (a) reorganization energy and (b) charge transfer integral,
are required. These two parameters are used to describe the charge
transfer rate k as [31],

k = 4𝜋2

h
J±2

e
√

4𝜋𝜆±kBT
exp

(

– 𝜆±

4kBT

)

(1)

here 𝜆± is the reorganization energy for hole or electron, J±e is the
ransfer integral for hole or electron, h is Planck’s constant, T is the
emperature (298 K in our case) and k is the Boltzmann constant. The
2

B

reorganization energy can be calculated from the difference between
neutral and charged state of a single molecule. The transfer integrals are
obtained by modeling the dimers of the molecule. According to Marcus
theory, reorganization energy is the measure of energy variation in a
molecule due to its structural change when add or removing a charge
carrier. Usually it is expressed as inner sphere and outer sphere reor-
ganization energy values. But, it requires large computational cost to
calculate the outer sphere reorganization energies as the electronic po-
larization and electron–phonon coupling of the surrounding molecules
need to be considered. Due to its negligible values, in the present case
we have considered only the inner reorganization energy values for the
mobility calculations. It can be given as [32],

𝜆± = 𝜆±1 + 𝜆±2 (2)

here ± corresponds to the electron (–) or hole (+) state values and
the 𝜆±1 and 𝜆±2 values can be directly calculated from the difference in
adiabatic potential energy surfaces as,

𝜆±1 = E±
2 – E±

3 (3)

𝜆±2 = E±
4 – E±

1 (4)

where, E±
1 is the neutral state energy of the optimized geometry, E±

2 is
the energy of the charged state in optimized geometry, E±

3 is the energy
of the charged optimized geometry and E±

4 is the energy of the neutral
state in charged geometry.

The charge transfer integral is a measure on strength of interaction
between the dimers. In the present work, we are assuming the co-facial
geometry for the analysis [31]. When two localized monomers are used
to create the dimer, the highest occupied molecular orbital (HOMO)
or the lowest unoccupied molecular orbital (LUMO) are combined
together to form the HOMO and HOMO-1 (or LUMO and LUMO+1)
state in dimer configuration. By using the energy splitting in dimer
method, the charge transfer integral can be approximated as,

J±e =
(EHOMO – EHOMO–1

2

)

(5)

This method is accurate as long as the monomers are identical
and are symmetrically positioned. By substituting the values of 𝜆 and
Je in Eq. (2), the charge transfer rate can be estimated. Further, by
substituting the k values into Einstein’s relation, the charge transfer
mobility can be calculated as,

𝜇 = ed2k
2kBT (6)

where d is the distance between two identical molecules in dimer state
and e is the electronic charge. As noted, depending on the 𝜆 and Je
values, overall mobility of the system will be varied. Ideally, higher Je
and lower 𝜆 values are required to get efficient charge transport and
high mobility in the system.

For the analysis of emission properties, the excited state analysis
was carried out using the ORCA program and the results are then
fed into an in-built advanced spectral analysis (ASA) module. De-
tailed description about this approach can be found elsewhere [33].
In simple terms, the vibrational structure of the electronic transitions
are neglected and each individual electronic band is approximated
as a Gaussian or Lorentzian or mixed lineshape. So, the electronic
transition spectrum will depend on the applied field (or energy of
the incident photon), electronic transition energy and the transition
dipole moment. By choosing the optimal linewidth and the standard
deviation parameters, corresponding absorption and emission spectrum
are calculated.

3. Results and discussion

3.1. Structural analysis

The optimized geometries of the pyrene end-capped thiophenes and
furans are given in Fig. 1. It can be seen from the geometries that upon
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Fig. 1. Optimized geometries (a) BPY1T (b) BPY1F (c) BPY2T (d) BPY2F (e) BPY3T and (f) BPY3F.
Table 1
Molecular properties of the pyrene end-capped systems.

System Bond length (Å) Bond angle (◦) MPP (Å) SDP (Å)

BPY1T 1.473 146.51 1.1516 3.6829
BPY1F 1.456 173.06 0.0021 0.0084
BPY2T 1.466 157.50 0.7594 3.0989
BPY2F 1.455 169.08 0.0009 0.0043
BPY3T 1.466 159.78 1.0086 3.1441
BPY3F 1.455 163.47 0.0001 0.0006

the substitution of furan, the molecules tend to be more planar than
their thiophene counterparts. The corresponding bond lengths, bond
angles and dihedral angles are given in Supplementary Information File
(Table. S1–S6). The key bond lengths and bond angles between the
pyrene and thiophene/furan core is given in Table 1. For BPY1T(F)
and BPY3T(F) systems the center oxygen or sulfur atom is taken as the
middle reference point. Whereas in the case of BPY2T(F) systems, a
dummy atom is inserted between the two thiophene/furan rings and
the angles were measured. It can be seen that by substituting furan
in pyrene could results a bond length around ∼1.45 Å, independent
of number of furan rings in the system. In the case of thiophene, a
slight reduction from 1.473 to 1.466 Å has been observed for BPY1T
and BPY2T, respectively. Interestingly, additional thiophene rings does
not alter the bond length between sulfur/oxygen and near by carbon
atoms in the individual moieties on either side. This can be seen as the
electronegativity decreases, the molecule tends to be more planar and
it could lead to a minor disorientation in the case of furan systems [34].

As planarity can directly impact the mobility and ambipolarity of
the OLETs, we have used an recently developed molecular planarity
parameter (MPP) and span of deviation from plane (SDP) for the in-
depth analysis of variation in molecular planarity with respect to the
furan substitution. Details of the method can be found elsewhere [35].
In short, all the atoms in the molecule are fitted to a fitting plane by
means of least squares method. Once the fitting plane is established,
MPP can be obtained as the root mean square deviation of the atoms
from the fitting plane. Similarly, SDP can be obtained as the difference
between most positive and negative distances of an atom from the
fitting plane. The difference between these parameters is that the
MPP is a measure of overall deviation in atoms to the fitting plane,
whereas, SDP is a deviation of the molecular span to the fitting plane.
In general smaller MPP and SDP indicates more planarity in the system.
3

The implementation in Multiwfn program offers the possibility to
create a color map based on the deviation of atoms with respect to
the fitting plane. The obtained values are given in Table 1 and the
colored maps are given in the Supplementary Information File (Fig.
S1). In the case of BPYT systems, BPY2T is more planar than that of the
other two. Whereas for BPYF systems the molecular planarity gradually
increases with increase in the number of furan rings. Further, lower
SDP values in furan systems indicate a minimal twist in the system
upon the substitution of rings. A similar fact is not true in the case of
BPY3T. Chemically, furan derivatives are more planar than thiophene
derivatives due to the higher electronegativity of oxygen than sulfur.
So, lone pair electrons in the oxygen atom exerts a strong attraction to
ring electrons than the sulfur, leading to strong resonance effect and
more stable planar structure [36].

3.2. Electronic properties

The calculated frontier molecular orbitals are given in Fig. 2. It
can be seen that for all the systems the electron cloud is delocalized
uniformly over the entire molecule. Previously, Kazuaki Oniwa et al.
have reported the theoretical HOMO (–5.54, –5.31 and –5.17), LUMO
(–1.99, –2.21 and –2.36) and energy gap (3.55, 3.10 and 2.81) values
for the BPY1T, BPY2T and BPY3T respectively [22]. The present values
are in agreement with their report and slight variation in the values
could be attributed to the choice of basis sets. The energy gap values are
decreasing with the introduction of thiophene or furan ring and furan
systems show slightly lower energy gap values than their thiophene
counterparts. Even though there is a trend of increasing band gap
values with respect to MPP and SDP, the variation is majorly due
to the furan substitution. Further, the trend of increasing LUMO and
decreasing HOMO with the addition of more thiophene/furan rings is
an expected behavior in the case of conjugated systems due to their
weak bonding and anti-bonding on the inter ring.

3.3. Charge injection analysis

From the frontier molecular orbital analysis, it can be seen that the
HOMO and LUMO levels are in alignment with the work functions of
Au and Ca, two widely used metals for the fabrication of contacts in
organic semiconductor devices. This ensures the better charge injection
at the source and drain levels of a practical device. But more accurate



Computational and Theoretical Chemistry 1225 (2023) 114135A. Bhattacharya et al.
Fig. 2. Frontier molecular orbitals of (a) BPY1T (b) BPY1F (c) BPY2T (d) BPY2F (e) BPY3T and (f) BPY3F.
Table 2
Charge transport properties of pyrene end-capped systems (in eV).

System IP EA 𝜆+ 𝜆– J+
e J–

e 𝜇+ 𝜇–

BPY1T 6.027 0.944 0.345 0.261 0.010 0.013 0.002 0.218
BPY1F 6.229 0.563 0.109 0.204 0.007 0.004 0.120 0.014
BPY2T 5.929 1.053 0.326 0.267 0.010 0.012 0.087 0.044
BPY2F 5.916 0.656 0.087 0.226 0.008 0.003 0.092 0.029
BPY3T 5.834 1.167 0.340 0.277 0.012 0.010 0.035 0.121
BPY3F 5.712 0.765 0.141 0.228 0.008 0.005 0.090 0.399

analysis on charge injection efficiency can be done using adiabatic
ionization potential (IP) and electron affinity (EA) values. Usually these
IP and EA values can be related directly to the HOMO and LUMO values
of the system. But, due to the exchange correlation potentials used in
DFT analysis, ratio between HOMO and LUMO does not consistent with
the ratio between IP and EA values [37]. On the other hand, it has been
observed that the DFT values of IP and EA values are in good agreement
with the experimental values. These values can be calculated using the
relations,

IP = Ecation – Eneutral (7)

EA = Eneutral – Eanion (8)

where Eneutral, Ecation and Eanion are the molecular energies of neutral,
cationic and anionic forms. The calculated values are given in Table 2.
Usually an IP value less than 5.0 eV is considered as suitable for
employing widely used Au as the electrode. Addition of more rings
as well as the substitution of furan (excluding the BPY1F case) we
have witnessed the decrement in IP values. This indicates the better
suitability of the materials for hole injection. On the other hand, lower
EA values indicates the challenge in electron injection and this could
be the reason for the absence of electron transport in experimentally
reported BPYT systems. Further reduction in EA values, with the in-
troduction of furan is a concern to realize the electron transport in
these systems. In real-world devices, metal contacts are often deposited
on top (or bottom) of the organic semiconductor to inject and extract
the charges. For efficient charge injection (or extraction), the work
function of the metal should exactly match the HOMO (or LUMO)
of the semiconductor. Practically, such exact matching is not always
possible, and the energy difference between the work function and
HOMO (or LUMO) is termed as charge injection barrier. Lower the
injection barrier better would be the charge injection. In the present
work, the charge injection barrier for the molecular systems with some
widely used metal contacts is given in Table 3. It can be seen that the
electron injection barrier for both BPYT and BPYF systems is much
higher than the hole injection barrier. Due to the limited choice of
materials as metal contacts, contact engineering approaches are often
considered to address this issue [38].
4

Table 3
Charge injection barrier of the pyrene end-caped systems against different metals in
eV.

System Al Ca Au Ag

Electron Hole Electron Hole Electron Hole Electron Hole

BPY1FT 2.5275 1.096 1.3475 2.276 3.5475 0.0760 3.1775 0.446
BPY1T 2.2707 1.0211 1.0907 2.2011 3.2907 0.0011 2.9207 0.371
BPY2FT 2.5126 0.8283 1.3326 2.0083 3.5326 –0.1917 3.1626 0.178
BPY2T 2.1808 0.9434 1.0008 2.1234 3.2008 –0.0766 2.8308 0.293
BPY3FT 2.4492 0.6717 1.2692 1.8517 3.4692 –0.3483 3.0992 0.021
BPY3T 2.1222 0.8747 0.9422 2.0547 3.1422 –0.1453 2.7722 0.224

3.4. Charge transfer properties

The reorganization energy (𝜆) and the charge transfer integral (Je)
are calculated using Eqs. (2) and (5) and the obtained values are given
in Table 2. For higher hopping rate or charge transport, a higher trans-
fer integral value along with lower reorganization energy is required.
It can be seen that with the substitution of furan moieties the hole
reorganization energies are approximately reduced by half and the 𝜆–

values are also significantly lesser than that of the thiophene systems.
In the present case, charge transfer integral between the dimer

was estimated using the HOMO, HOMO-1 and LUMO, LUMO+1 levels,
corresponding to hole and electron transfer integrals. Since these Je
values indicates the coupling strength of the charge interactions, it has
the major contribution to the charge transfer rates in the system. Higher
Je values yields higher coupling strength and which in turn increase the
charge transfer mobility. The calculated values are given in Table 2.
It can be seen that with the increase in number of thiophene/furan
rings, the hole transfer integral has been gradually increasing. Whereas
in the case of electron transfer integrals, it is gradually decreasing
with the increase in number of rings. Both reorganization energy and
charge transfer integral values are used for the calculation of drift
mobility. It is evident from the Table 2 that all the three thiophene
system possess higher electron mobility than the hole mobility, in-
dicating the systems are predominantly n-type materials. However,
previous experimental studies reported only hole mobilities for these
systems. This could be due to the choice of metal contacts utilized
for the transistor fabrication. Though furan derivatives show higher
hole mobilities, their electron mobilities are comparatively lower in
the case of BPY1F and BPY2F systems. There were many theoretical
and experimental studies where thiophene was substituted by furan
shows increased hole mobility with decrease or complete loss of elec-
tron mobilities [25,26]. Though some reports claim the role of LUMO
degeneracy upon furan substitution, this part has to be studied further
for proper explanation [39].

3.5. Excited state analysis

The absorption spectra of the pyrene end-capped thiophene and
furan systems are given in Fig. 3. Thiophene systems show a strong
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Fig. 3. Absorption spectrum of pyrene end-capped thiophene and furan systems.
Fig. 4. Emission spectrum of pyrene end-capped thiophene and furan systems.
absorption band between 300 and 500 nm region, whereas furan
substituted systems showing an shoulder peak in 500 nm region. Cor-
responding emission spectrum is given in Fig. 4. The shoulder peak in
this case is broadly resolved and a dominant emission is observed in the
infrared region. The emission peaks are assigned to 𝜋 → 𝜋∗ transition
and most of their contribution arising due to LUMO → HOMO transfer.
The radiation lifetime is an important parameter to be considered for
the analysis of OLET systems and it can be given as

𝜏 = 1.499
foscE2 (9)

here E is the excitation energy, fosc is the oscillator strength and 𝜏 is
the radiation life time. The simulated parameters and the calculated 𝜏
values are given in Table 4. It can be seen from Fig. 3 as well as from the
calculated data, the electronic transition peaks are gradually red shifted
owing to addition of rings in the system. Along with the radiation
lifetime, the transition dipole moments (TDM) can also be used to
estimate the emission efficiency. TDM measures charge displacement
from the ground state to the excited state. In the case of emissive
systems, higher radiative efficiencies can be obtained for the systems
with larger TDM values [40]. In the present case, TDM values are
slightly improving for the thiophene systems and are slightly decreasing
for the furan systems, respectively. Whereas, the 𝜏 values are slightly
decreasing and then increasing for thiophenes and a prompt increment
is observed for furans. These variations, in the case of thiophenes can be
attributed to their molecular planarity and the trend is in accordance
with their corresponding MPP and SDP values. However, for furans,
5

Table 4
Excited state properties of pyrene end-capped systems (in eV).

System E (cm–1) fosc TDM (au2) 𝜏 (ns)

BPY1T 24 200 1.086 14.776 2.356
BPY1F 22 685 1.246 18.090 2.336
BPY2T 23 638 1.864 25.963 1.439
BPY2F 22 406 1.292 18.985 2.310
BPY3T 21 646 1.621 24.658 1.973
BPY3F 19 381 0.427 7.261 9.336

their larger delocalization of the excited state electron cloud along with
the molecular planarity yields efficient overlap between the excited
state wavefunctions, leads to better optical properties [41,42].

3.6. Photovoltaic properties

Due to their p-type characteristics, pyrene end-capped thiophene
and furan derivatives can be considered as electron donors in bulk
heterojunction solar cells. In the present case, we are considering well-
studied fullerene derivative (PC61BM) as the electron acceptor [26].
Theoretically, the power conversion efficiency of an OPV can be evalu-
ated using the parameters such as open circuit voltage (Voc), the short
circuit current density (Jsc), and the fill factor (FF). Higher these values
higher would be efficiency of an OPV. The open circuit voltage can be
estimated using the relation [43],

V = 1 (

|EDonor | – |EAcceptor|
)

– 0.3 V (10)
oc e HOMO LUMO
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Table 5
Photovoltaic properties of pyrene end-capped systems.

System Voc (V) 𝜂 (arb) FF (%) Eb (eV) LD – LA (eV)

BPY1T 1.031 0.943 88.549 0.569 1.960
BPY1F 1.106 0.917 89.150 0.719 2.217
BPY2T 0.953 0.948 87.842 0.435 1.870
BPY2F 0.838 0.986 86.597 0.504 2.202
BPY3T 0.884 0.626 87.132 0.671 1.812
BPY3F 0.681 0.976 84.364 0.523 2.139

Here e is the elementary charge, |EDonor
HOMO| and |EAcceptor

LUMO | are absolute
value of HOMO of the donor and LUMO of the acceptor systems. For
PC61BM the LUMO value is about –3.77 eV. The obtained values are
given in Table 5. It can be seen that the Voc values decreases with
increase in number of oligomeric rings. Further, the furan substitution
has a positive impact only in the case of BPY1F, whereas for the other
systems Voc values has been substantially decreased.

The light harvesting efficiency of the system can be related to the
short circuit current density Jsc using the relation,

Jsc = q∫

∞

0
Sun(𝜆) 𝜂(𝜆) IQE(𝜆) d(𝜆) (11)

here, Sun(𝜆) is the spectral irradiance of the incident light, 𝜂(𝜆)
s the light absorbing efficiency of the system, and IQE(𝜆) is the

internal quantum efficiency. In an ideal situation, the 𝜂(𝜆) values are
irectly proportional to Jsc. So, the 𝜂(𝜆) values are calculated from the
imulated absorption spectrum for the major peaks using,

𝜆 = 1 – 10–fosc (12)

The calculated values are given in Table 5. With increase in number
f oligomeric rings the harvesting efficiency of the thiophene deriva-
ives gradually decreases whereas in the case of furan systems, an
mprovement has been observed.

Finally, the fill factor can be calculated by

F =
𝜐oc – ln

(

𝜐oc + 0.72
)

𝜐oc + 1 (13)

where 𝜐oc can be given as,

𝜐oc =
eVoc
kBT (14)

The accuracy of Eq. (13) is said to have valid, if the values are
greater than 10%. In the present case we have obtained values around
85% and are given in Table 5. The FF values are gradually decreasing
with the increment in number of rings in both thiophene and furan
systems. Further, the charge transfer behavior of specific OPVs can
be estimated using exciton binding energy and the energetic driving
force. The exciton binding energy is the energy required to dissociate
an exciton into electron and hole. Lower these values, easier it would be
to obtain the free charges. It can be calculated as the difference between
frontier orbital gap (Eg) and the exciton energy of the first singlet (Eopt)
s,

b = Eg – Eopt (15)

The calculated values are given in Table 5. The values are gradually
ecreasing with increase up to two rings. Further Eb values are higher
or furan substituted systems than their thiophene counterparts. For
oth BPY3T and BPY3F the values are slightly increasing owing to their
rbital degeneracy due to the additional ring. The energetic driving
orce (LD – LA) is the energy difference between LUMO of donor and
cceptor and are given in Table 5. The values indicate that there is
nough driving force for efficient charge separation at donor level.
urther, lower Eb values than the LD –LA suggests the higher possibility
f exciton dissociation in the system.

In the case of Voc and FF, the values are decreasing with respect
o the increase in number of rings. This is due to the more charge
6

elocalization with the addition of rings in both the systems, such
elocalization advantageous in the sense of OLETs. However, in the
ase of thiophene systems, the molecular planarity plays a crucial role
s its MPP and SDP increases, especially for BPY3T system. Furan seems
o have an positive impact in the sense of light absorption as it has
ower torsional angle bending leading to more rigidity.

A note of caution is, in the present case, all the calculations are
arried out for the gas phase molecular systems. Though the frontier
olecular orbitals and the spectral properties can be directly inferred
ith the real chemical systems, the choice of the functional and the
asis sets would impact their accuracy. As discussed in the Electronic
roperties, a slight variation in the values of frontier molecular or-
itals with respect to the choice of basis set between the present
ork and Kazuaki Oniwa et al. report is worth mentioning here [22].
dditionally, the calculated drift mobilities are for the dimers and are
ntirely different from the solid-state field effect mobilities calculated
sing OFETs and OLETs. So, it is wise to avoid directly comparing the
xperimental mobility values with the simulated values. Nevertheless,
he observed drift mobility trend for different oligomeric lengths and
ubstitutions should result in similar physical phenomena. So, a similar
mprovement or decrement can be expected in the experimental data.

. Conclusions

Pyrene end-capped thiophene and furan derivatives are studied
sing density functional theory at the level of B3LYP and 6-311G(d,p)
asis set. From the geometrical parameters and the molecular planarity
nalysis it is evident that upon furan substitution the molecule tends
o be more planar. This has an impact on the electronic and optical
roperties of the furan substituted systems. Considering the charge
njection barrier, furan substituted systems shows shorter band gaps
nd higher hole mobility than their thiophene counterparts. On the
ther hand, furan substitution substantially affect the electron mobility,
hich seems to be an universal behavior in these systems. All the

ystems show both electron and hole transfer characteristics but much
xperimental work is required in terms of contact engineering to realize
mbipolar mobility. In the case of photovoltaic analysis, the furan
ubstitution greatly improves the light harvesting efficiency. On the
ther hand, short circuit voltage and fill factors are slightly affected
pon increasing the number of rings in both systems.
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