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nodithiophene based non-
fullerene acceptors with a donor–acceptor
combined bridge for organic solar cells†

Muhammad Ans, a Khurshid Ayub,b Ijaz Ahmad Bhattia and Javed Iqbal *ac

Non-fullerene small acceptor molecules have gained significant attention for application in organic solar cells

owing to their advantages over fullerene based acceptors. Efforts are continuously beingmade to design novel

acceptors with greater efficiencies. Here, optoelectronic properties of four novel acceptor–donor–acceptor

(A–D–A) type small molecules (A1, A2, A3 and A4) were studied for their applications in organic solar cells.

These molecules contain an indacenodithiophene central core unit joined to different end capped

acceptors through a monofluoro substituted benzothiadiazole (FBT) donor acceptor (DA) bridge. The

different end capped acceptor groups are; 2-2(2-ethylidene-5,6-difluoro-3-oxo-2,3-dihydroinden-1-

ylidene)malononitrile (A1), 2-2(2-ethylidene-3-oxo-2,3-dihydroinden-1-ylidene)malononitrile (A2), 2-(5-

ethylidene-6-oxo-5,6-dihydrocyclopenta-b-thiophene-4-ylidene)malononitrile (A3), and 2-2(2-ethylidene-

5,6-dicyano-3-oxo-2,3-dihydroinden-1-ylidene)malononitrile (A4). The calculated optoelectronic

properties of the designed molecules were compared with a well-known reference compound R, which

was recently synthesized and reported as being an excellent A–D–A type acceptor molecule. All designed

molecules showed the appropriate frontier molecular orbital diagram for a charge transfer. A4 shows the

highest absorption maximum (lmax) of 858.6 nm (in chloroform solvent), which was attributed to the strong

electron withdrawing end-capped acceptor group. Among all of the designed molecules, A3 exhibits the

highest open circuit voltages (Voc) which was (1.84 V) with PTB7-Th and (1.76 V) with the P3HT donor

polymer. Owing to a lower value of le with respect to lh, the designed molecules demonstrated superior

electron mobilities when compared with reference R. Among all of the molecules, A4 shows the highest

electron mobility owing to the lower value of le compared to R.
1. Introduction

One of the major problems faced today across the globe is an
energy crisis. Non-renewable energy sources have been used
since ancient times. These energy sources are not only vanish-
ing quickly but also have adverse effects on the environment
upon combustion. Many alternative sources such as wind
power, hydro power, biomass, and solar cells have gained
signicant attention in energy conversion devices. Among
these, solar cells are quite important owing to the abundance of
sunlight available. Solar cells convert sunlight directly into
electricity by the photoelectric effect. In the past, silicon was
widely used as a semiconducting material in solar cells owing to
riculture Faisalabad, 38000, Faisalabad,
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tion (ESI) available. See DOI:

hemistry 2019
the high thermal stability, large natural abundance, reduced
toxicity and high power conversion efficiency (PCE). However,
there are some limitations associated with silicon such as the
high cost, hardness and non-tunable energy levels. Recently,
organic solar cells have emerged as a low cost alternative to
silicon based solar cells. The organic solar cells offer tunable
energy levels, solution processability, transparency, a large area
of fabrication and exibility.1–5 In bulk heterojunction (BHJ)
organic solar cells, power conversion efficiencies (PCEs) of 11–
12% have been achieved using fullerene acceptor based
(PC61BM and PC71BM) solar cells.6–9 Fullerene derivatives have
excellent properties such as a high electron mobility, isotropic
charge transfer, low reorganization energy and so forth.10,11

Despite these advantages, the use of fullerenes in solar cells is
limited owing to several factors, such as difficulty in tuning the
energy level, weak absorption in the visible region, instability,
poor solubility, and high production cost.12–16 To overcome the
limitations of fullerene, researchers are focusing on designing
solar cells based on non-fullerene acceptors. Non-fullerene
electron acceptors have many advantages such as good solu-
bility, strong absorption in the visible region, and tunable
energy levels.17–19 Recently, two important classes of non-
RSC Adv., 2019, 9, 3605–3617 | 3605
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Fig. 1 Simulated bar chart for reference R with the B3LYP, CAM-
B3LYP, MPW1PW91, uB97XD and M06-2X at 6-31G(d,p) level of
theory.
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fullerene acceptors have been studied such as the perylene
diimide (PDI)20–22 based acceptor and fused ring electron
acceptors (FREAs).23–41 Many three dimensional (3D) and helical
shaped acceptors based on PDI have been reported to have PCEs
up to 9% in organic solar cells.20–22 FREAs such as ITIC contain
a indacenodithienothiophene fused core ring, and 2-(3-oxo-2,3-
dihydroinden-1-ylidene)malononitrile (INCN) as an end capped
acceptor unit. ITIC has gained signicant attention owing to its
strong absorption in the visible region, high charge mobility,
easy purication process and tunable energy levels. At present,
a PCE of over 13% can be obtained with FREAs, much higher
than the PCEs obtained using a fullerene based acceptor.35,36

The benzothiadiazole (BT) unit is also used to design novel
small molecules acceptors (SMAs) to obtain a high PCE. BT unit
based molecules show a high LUMO (lowest unoccupied
molecular orbital) value. In different acceptors, the BT unit is
used as a p-bridge between the electron donor (D) and the
terminal end capped acceptor group with a linear structure.
McCulloch and co-workers rst synthesized BT based SMAs
(A1–A2–D–A2–A1) namely FBR, in which uorene was chosen as
the electron donor group.12 This acceptor, when combined with
the well-known donor polymer P3HT, exhibits a PCE of 4.11%.42

Several derivatives of FBR have also been reported for use in
organic solar cells, such as replacing the uorene donor with
a fused heterocyclic indacenodithiophene with a different alkyl
phenyl side chain (IDT-2BR),37 3D spirobiuorene,39 or angular-
shaped dithienonaphthalene (DTNR).43

Herein, we have designed four novel acceptor–donor–acceptor
(A–D–A) type molecules, namely (A1, A2, A3, and A4) which have
an indacenodithiophene central core unit joined to different end
capped acceptors through a monouoro substituted benzothia-
diazole (FBT) donor acceptor (DA) bridge. The optoelectronic
properties of the designed molecules were evaluated with respect
to the reference molecule R,44 which was recently reported.

2. Computational details

All calculations were performed using the Gaussian 09
program45 and the results were visualized through the Gauss-
View 5.0 program.46 The time dependent density functional
theory (TD-DFT) calculations were performed for the reference
compound R with ve functionals (uB97XD,47 CAM-B3LYP,48

B3LYP,49 M06-2X,50 and MPW1PW91 (ref. 51)) at a 6-31G(d,p)
basis set in order to simulate the absorption spectrum. For the
validation of the theoretical method, the maximum absorption
(lmax) of reference compound R was compared with the exper-
imental data. Functional MPW1PW91 with the 6-31G(d,p) level
of theory shows the best agreement with the experimental value,
therefore this functional was used for further calculations.

The lmax of all molecules were calculated in the gas and solvent
phase. The integral equation formalism polarizable continuum
model (IEFPCM)52model was used to account for the solvent effect.
Origin 6.0 program was used for the spectra plotting.53 The charge
transfer, reorganization energies, frontier orbitals and density of
states (DOS) calculations were performed at the MPW1PW91/6-
31G(d,p) level of theory. Mulliken charges for all of the designed
molecules were also performed using the same selected functional
3606 | RSC Adv., 2019, 9, 3605–3617
and are summarized in the ESI.† Furthermore, the reorganization
energies of all of the designed molecules (A1 to A4) including
reference R were estimated at the MPW1PW91/6-31G(d,p) level of
theory. The reorganization energy was divided into two major
parts: internal reorganization energy (lint.) and external reorgani-
zation energy (lext.). The external reorganization deals with the
external environmental relaxation, whereas the internal reorgani-
zation energy deals with quick changes in the internal structure.

Here, we neglected the external environmental effect in our
study and discuss only the internal reorganization energy.
Hence, the reorganization energy of the electron (le) and hole
(lh) are calculated by using the following equations.

le ¼ [E0
� � E�] + [E0

� � E0] (1)

lh ¼ [E0
+ � E+] + [E0

+ � E0] (2)

E0� and E0+ are the energies of the neutral molecule via the
optimized geometries of the cation and anion. E+, E� are the
energies of the cation and anion via optimization of the cation
and anion of the neutral molecules, and E0

+, E0
� are the single

point energies of cation and anion aer simple optimization of
the neutral molecule. E0 is the single point energy of the neutral
molecule at the ground state.
3. Results and discussion

In the current study, different functionals including
(MPW1PW91, uB97XD, CAM-B3LYP, M06-2, and B3LYP) at a 6-
31G(d,p) basis set were used for the estimation of the opto-
electronic properties of the reference compound R. The
maximum absorption (lmax) values for compound R with
MPW1PW91, uB97XD, CAM-B3LYP, B3LYP, and M06-2X, func-
tionals at the 6-31G(d,p) basis set are 714.27, 530.13, 536.04,
775.45, and 532.72 nm, respectively, while the reported experi-
mental value is 740 nm (Fig. 1).

It is quite obvious that the MPW1PW91/6-31G(d,p) level of
theory shows best agreement with the experiments and provides
justication for its use in further calculation.
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Molecular structures of reference R and the designed molecules of A1, A2, A3, and A4.
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3.1. Frontier molecular orbital diagram

The molecular structures of the reference R and designed
molecules (A1, A2, A3 and A4) are shown in Fig. 2.

The optimized geometries of reference R and the designed
molecules (A1, A2, A3, and A4) at the MPW1PW91/6-31G(d,p) level
of theory are shown in Fig. 3. The calculated Mulliken charges of
all of the molecules are shown in the ESI Fig. S1.† The acceptor,
bridge and donor exist in one plane in the optimized geometry
while branches on the donor are perpendicular to the plane.

Frontier molecular orbital (FMO) diagrams are a key point
used to discuss the opto-electronic properties of Organic Solar
Cells (OSCs). The FMO diagrams of all molecules at the
MPW1PW91/6-31G(d,p) level of theory are illustrated in Fig. 4.
This journal is © The Royal Society of Chemistry 2019
FMO diagrams illustrate the distribution pattern of the electron
density in the highest occupied molecular orbital (HOMO) and
LUMO. The HOMO and LUMO orbitals energies of the reference
compound R at MPW1PW91/6-31G(d,p) are �5.49 and
�3.35 eV.

The HOMO energies of the designed molecules (A1, A2, A3
and A4) are �5.57 eV, �5.49 eV, �5.48 eV, and �5.82 eV,
respectively, while the LUMO energies are �3.52 eV, �3.41 eV,
�3.36 eV and �3.90 eV respectively. The HOMO–LUMO energy
gaps of all of the molecules, A1, A2, A3 and A4, are 2.14 eV, 2.05
eV, 2.08 eV, 2.12 eV, and 1.92 eV respectively. The HOMO and
LUMO energies along with their energy gaps are shown in
Table 1.
RSC Adv., 2019, 9, 3605–3617 | 3607
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Fig. 3 Optimized geometries of reference R and designed molecules (A1, A2, A3 and A4) at the MPW1PW91/6-31G(d,p) level of theory.
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A4 has the lowest HOMO and LUMO values among all of the
designed molecules (A1, A2, and A3) including reference R,
which is attributed to the extended conjugation in the 2-2(2-
ethylidene-5,6-dicyano-3-oxo-2,3-dihydroinden-1-ylidene)
malononitrile end-capped acceptor group. In the case of A1, the
HOMO and LUMO values are lower than A2 and A3 owing to the
uoro substitution in the end capped group 2-2(2-ethylidene-
5,6-diuoro-3-oxo-2,3-dihydroinden-1-ylidene)malononitrile.
The HOMO and LUMO energies of A1 are higher than A4
because the cyano group has a greater withdrawing effect with
respect to uorine.

The energy of HOMO of A2 is equal to that of the reference R,
but the LUMO of A2 is more stabilized which results in a lower
HOMO–LUMO gap in A2. Finally, A3 and A2 have a comparable
HOMO energy level while A2 has a more stabilized LUMO value
mainly due to electron withdrawing effect of 2-2(2-ethylidene-3-
oxo-2,3-dihydroinden-1-ylidene)malononitrile in A2. The order
of the HOMO values for all of the molecules are A3 > R¼ A2 > A1
> A4,while the order of the LUMO energies are R > A3 > A2 > A1 >
A4.

The energy gap (Eg) is very important factor for charge trans-
fer. The lower the energy gap, the higher the charge transfer rate.
In our study, all of the designed molecules have a lower energy
gap with respect to reference R. Hence, our designed molecules
have better opto-electronic properties than R. The energy gaps of
all of the molecules are in range of 1.92 to 2.14 eV. The Eg value of
reference compound R is 2.14 eV. The energy gaps of the
designed molecules A1, A2, A3, and A4 are 2.05, 2.08, 2.12, and
1.92 eV, respectively. Among all of the designed molecules, A4
3608 | RSC Adv., 2019, 9, 3605–3617
(1.92 eV) has the lowest energy gap value owing to the extended
conjugation combined with the electron withdrawing end-
capped acceptor moiety. A1 has a higher energy gap value with
respect to A4 owing to the reduced electron withdrawing effect of
2-2(2-ethylidene-5,6-diuoro-3-oxo-2,3-dihydroinden-1-ylidene)
malononitrile compared to 2-2(2-ethylidene-5,6-dicyano-3-oxo-
2,3-dihydroinden-1-ylidene)malononitrile. Similarly, A2 has
a higher energy gap than A1 and A4 but it is lower thanR owing to
the weak effect of 2-2(2-ethylidene-3-oxo-2,3-dihydroinden-1-
ylidene)malononitrile. Finally, A3 has a higher energy gap with
respect to (A1, A2 and A4) owing to a reduced extended conju-
gation between the end-capped acceptor groups. The energy gap
decreases in the order A4 < A1 < A2 < A3 < R. The HOMO–LUMO
values and their energy gaps are expressed in Fig. 5.

To further support the FMO diagram (Fig. 4), a partial
density of states (PDOS) analysis of the designed molecules (A1–
A4) and reference R at the MPW1PW91/6-31G(d,p) level of
theory was performed. DOS spectra of all of the molecules are
shown in Fig. 6. It is clearly seen that the electron withdrawing
effect of the end-capped acceptor group changes the distribu-
tion pattern around the HOMO and LUMO. The HOMO electron
density of reference compound R is mainly spread on the donor
part and donor–acceptor bridge, while the LUMO density is
spread uniformly on the entire molecule with a little bit on the
acceptor group. In the case of A1, the HOMO density is spread
mainly on the donor as well as on the bridge group while the
lowest unoccupied molecular orbitals (LUMOs) are distributed
equally on the donor, acceptor part and little bit on the end-
capped acceptor group. The distribution pattern of A2
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 FMO diagrams of A1, A2, A3, A4 and reference R at the MPW1PW91/6-31G(d,p) level of theory.
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resembles, to some extent, A1, the highest occupied molecular
orbitals (HOMOs) are mainly spread on the donor and bridge
unit, while the LUMOs are spread on the donor, bridge unit, and
a bit on the end-capped acceptor group. The HOMOs of all of
the molecules are mainly on the donor while the LUMOs are
mainly on the bridge as well as on the end capped acceptor
groups.
Table 1 Energy of HOMO, LUMO and their HOMO–LUMO gap by
using the MPW1PW91/6-31G(d,p) level of theorya

Molecules EHOMO (eV) ELUMO (eV) Eg (eV)

R �5.49 �3.35 2.14
A1 �5.57 �3.52 2.05
A2 �5.49 �3.41 2.08
A3 �5.48 �3.36 2.12
A4 �5.82 �3.90 1.92

a Eg ¼ Energy band gap.

This journal is © The Royal Society of Chemistry 2019
The distribution pattern for the HOMOs of A3 and A4 are
quite similar. Both have electron densities on the donor as well
as on the bridge unit without an end-capped acceptor moiety,
but the pattern of density distribution in the LUMOs is quite
different, A4 has a greater LUMOs distribution on the end-
capped acceptor group while A3 has only a little bit.
4. Optical properties

The UV/Visible absorption spectra were computed at the
MPW1PW91/6-31G(d,p) level of theory in the gas phase and in
solvent (chloroform) to illustrate the optical properties of the
designed molecule (A1–A4), see Tables 2 and 3. The maximum
absorption lmax, oscillator strength (f), excitation energy, dipole
moment and assignment, in the gaseous phase are shown in
Table 2.

The results show that the strong electron withdrawing end
capped groups with a more extended conjugation cause
RSC Adv., 2019, 9, 3605–3617 | 3609
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Fig. 5 HOMO–LUMO values of the designedmolecules A1, A2, A3, A4
and the reference molecule R at the MPW1PW91/6-31G(d,p) level of
theory.
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a greater red shi in the absorption spectra.54 The UV/Visible
absorption of all of the molecules lie in the range of 714.3–
789.8 nm. The lmax value of the reference compound R is
714.3 nm. The compounds A1–A4 have a higher red shi along
with a higher oscillator strength as compared to reference R.
The lmax values of A1, A2, A3, and A4 in the gas phase are shown
in Table 2. Among all of the molecules, A4 exhibits a higher red
shi and a lower energy gap owing to the extended conjugation
of the 2-2(2-ethylidene-5,6-dicyano-3-oxo-2,3-dihydroinden-1-
ylidene)malononitrile withdrawing end-capped acceptor
moiety.

The lmax value of A1 is higher than that of R, A2 and A3 owing
to the four uoro groups which are attached to the end-capped
acceptor groups. The lmax values of the designed molecules A1,
A2, A3 and A4 are 31.2, 21.8, 6.1, and 75.5 nm, respectively,
these are red shied compared to the reference compound R in
the gas phase. The order of compounds with respect to the
increasing lmax values are R < A3 < A2 < A1 < A4 which is, as
expected, the same as the order of the decreasing HOMO–
LUMO band gap energy for the compounds. These results
suggest that the lmax corresponds to the transition from the
HOMO to LUMO which is consistent with the assignment given
in Table 2. The simulated absorption spectra of A1–A4 and R are
shown in Fig. 7. All of the novel designed molecules have lower
exciton energies than that of the reference R, which reveals that
excitation between HOMO to LUMO is easy. A4 contains
a strong electron withdrawing end capped acceptor group
which causes the lower excitation energy and a higher charge
transport ability. The order of the excitation energy is R < A3 <
A2 < A1 < A4. The same pattern is observed in the oscillator
strength.

The lmax values of reference R and the designed molecules
(A1–A4) in chloroform solvent using the IEFPCM were calcu-
lated (see Table 3). The lmax values in solution lie in the range of
742.8–858.6 nm.

The excitation energy from the HOMO to LUMO of all of the
designed molecules are in the range of 1.67–1.44 eV. All newly
3610 | RSC Adv., 2019, 9, 3605–3617
designed molecules have lower excitation energies than the
reference R, which reveals that excitation between HOMO to
LUMO is easy. Lower exciton energy means higher charger
transfer, which lead to high power conversion efficiency. Among
all, four cyano group with end capped acceptor group in A4
enhance the absorption maximum. The order of excitation
energy is R < A3 < A2 < A1 < A4, which is similar to absorption
pattern. Same pattern observed in oscillator strength. On the
basis of above discussion, all newly designed molecules have
better absorption, excitation, and oscillator strength than that
of reference R.

The lmax values in solvent show a similar pattern to that in
the gas phase. The absorption maxima for reference compound
R and the designed molecules A1, A2, A3 and A4 in chloroform
are 742.8, 797.2, 784.6, 776.9 and 858.6 nm respectively. Hence,
the absorption at the longest wavelength (858.6 nm) was found
for A4 with strong oscillator strength. The red shis from the
vacuum to the chloroform solution for A1, A2, A3 and A4 are
54.4, 41.8, 34.1 and 115.8 nm, respectively. The simulated
absorption spectra of A1–A4 and R in chloroform are shown in
Fig. 8.

On the basis of the discussion above, all of the designed
molecules have better optical properties than reference R. All
four of the designed molecules have higher lmax values as
compared to R and may therefore be superior to the reference
molecule for use as non-fullerene SMAs.

5. Reorganization energy

Another tool to evaluate the performance of organic solar cells is
reorganization energy (electron and hole), reorganization
energy is linked with the charge mobilities. Reorganization
energy and charge mobilities are in an inverse relationship; the
lower the reorganization energy, the higher the charge mobil-
ities. It depends on many factors, but is mainly inuenced by
the geometry of the cations and anions according to eqn (1) and
(2). The anionic geometry indicates the electron transfer from
the donor material, while the cationic geometry shows the hole
in acceptor material. The overall reorganization can be used to
calculate the charger transfer between the donor and acceptor
unit. Reorganization is classied into two parts; internal reor-
ganization energy (lint.) and external reorganization energy
(lext.). The external reorganization deals with the polarization
effect on the external environmental while the internal reorga-
nization provides information on quick changes in the internal
geometry. Here, we neglect the external environmental effects in
our study and discuss only the internal reorganization energy.
The reorganization energy of reference R including the
designed molecules (A1–A4) were computed at the MPW1PW91/
6-31G(d,p) level of theory. The calculated reorganization ener-
gies are expressed in Table 4.

The le value of reference compound R is 0.0064 eV. All of the
novel designed molecules have a high electron mobility as
compared to reference R, owing to the low reorganization
energy value. Among the molecules, A4 has the lowest le value,
which means that A4 has the highest electron mobility between
the donor and acceptor part. A1 and A2 have equal
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 DOS around the HOMOs and LUMO of reference R and the designed molecules A1, A2, A3, A4 at the MPW1PW91/6-31G(d,p) level of
theory.

Table 2 The maximum absorption lmax, oscillator strength (f), excitation energy, dipole moment and assignment, in the gaseous phase at the
MPW1PW91/6-31G(d,p) level of theory

Molecules
Calculated
lmax (nm) Exp. lmax (nm) Ex (eV)

f (oscillator
strength) Assignment

Dipole moment
(D)

R 714.3 740 (ref. 44) 1.74 2.73 H > L (+95%) 0.063
A1 745.5 — 1.66 2.99 H > L (+94%) 4.725
A2 736.1 — 1.68 2.98 H > L (+94%) 5.885
A3 720.4 — 1.72 3.17 H > L (+95%) 6.701
A4 789.8 — 1.57 3.03 H > L (+94%) 9.282

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 3605–3617 | 3611
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Table 3 The maximum absorption lmax, oscillator strength (f), excitation energy, dipole moment and assignment, in chloroform solvent at
MPW1PW91/6-31G(d,p) level of theory

Molecules
Calculated
lmax (nm) Expected lmax (nm) Ex (eV)

f (Oscillator
strength) Assignment

Dipole moment
(D)

R 742.8 740 (ref. 44) 1.67 3.01 H > L (+94%) 0.176
A1 797.2 — 1.56 3.20 H > L (+93%) 5.716
A2 784.6 — 1.58 3.23 H > L (+93%) 6.740
A3 776.9 — 1.60 3.57 H > L (+92%) 8.489
A4 858.6 — 1.44 3.24 H > L (+92%) 11.17

Fig. 7 Simulated absorption spectra of the designed molecules (A1–
A4) and reference R in the gas phase at the TD- MPW1PW91/6-
31G(d,p) level of theory.

Fig. 8 Simulated absorption spectra of designed molecules (A1–A4)
and reference R in solvent (chloroform) at the TD- MPW1PW91/6-
31G(d,p) level of theory.

Table 4 Reorganization energy and calculated dipole moments of
reference R and designed molecules (A1 to A4) at the B3LYP/6-
31G(d,p) level of theory

Molecules le (eV)
a lh (eV) b mg

c me
d me � mg

R 0.0064 0.0061 0.063 0.176 0.113
A1 0.0063 0.0063 4.725 5.716 0.991
A2 0.0063 0.0062 5.885 6.740 0.855
A3 0.0062 0.0061 6.701 8.489 1.788
A4 0.0048 0.0061 9.282 11.17 1.888

a Reorganization energy of the electron. b Reorganization energy of the
hole. c mg ¼ Ground state. d me ¼ Excited state.
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reorganization energies therefore, these two designed mole-
cules have similar electron mobilities. The order of the electron
mobility for the designed molecules is R < A1 ¼ A2 < A3 < A4.

The reorganization energies for the hole of all of the
designedmolecules are also compared with the reference R. The
lh value of reference compound is 0.0061 eV. The theoretical
3612 | RSC Adv., 2019, 9, 3605–3617
calculated lh values for A1, A2, A3 and A4 are 0.0063, 0.0062,
0.0061, and 0.0061 eV as shown in Table 4. A3 and A4 have equal
lh values hence, these two acceptors have the same hole
transport mobilities. The order of the hole mobilities of the
designed molecules is R ¼ A4 ¼ A3 < A2 < A1.
6. Dipole moment

Another promising property is the dipole moment of all of the
molecules which is calculated at the MPW1PW91/6-31G(d,p)
level of theory. The crystallinity of organic solar cells can be
enhanced by increasing the solubilities in organic solvents in
both the ground and excited states. During fabrication of
organic solar cells, the dipole moment is an important param-
eter. A high value for the dipole moment reveals a good solu-
bility in organic solvents. The calculated dipole moments of
reference compound R at the ground and excited state are 0.063
and 0.176 debye. The change in the dipole moment between the
ground and excited state is 0.113 debye. The dipole moments of
A1, A2, A3 and A4 in the gas phase are 4.72, 5.88, 6.70 and 9.28
D, respectively, as shown in Table 4.

All of the designed molecules show a higher dipole moment
with respect to the reference compound R. Therefore, the
solubility of the novel designed molecules should be good in
commonly used polar organic solvents (for BHJ organic solar
cells such as chloroform and chlorobenzene) as compared to R,
therefore it would give a reasonably good morphology of lm.
The changes in the dipole moment of A1, A2, A3 and A4 from
the ground to excited state are 5.71, 6.74, 8.84 and 11.17 D,
respectively. Among all of the molecules, A4 has the highest
dipole moment which is due to the four electron withdrawing
cyano groups which are attached to the end capped acceptor
This journal is © The Royal Society of Chemistry 2019
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moiety. The dipole moment of A3 is higher than A1 and A2. The
dipole moment of reference R and the designed molecules (A1–
A4) calculated in a gaseous phase, as well as in solvent, are in
order of A4 > A3 > A2 > A1 > R.

In BHJ organic solar cells, molecular fabrication (self-
assembly) in lm is greatly affected by the dipole moment of
the material, as two dipoles arrange themselves in an antipar-
allel fashion to stimulate self-assembly and improve crystal-
linity.55 If the designed molecules have a packing ability then
the high value of the dipole moment facilitates the self-
assembly of the molecules, and also forms a long chain which
provides a strong pathway for the charge mobilities. Therefore,
the greater the dipole moment, the higher the charge mobil-
ities. Furthermore, a higher dipole moment facilitates a reduc-
tion in the disorder between the donor and the acceptor, which
increases the charge mobility between the donor acceptor.
Moreover, it also reduces the charge recombination and thereby
increases the ll factor (FF).56 The dipole moment at the ground
state as well as in the excited state and their difference are
shown in Table 4.
7. Open circuit voltage

The open circuit voltage (Voc) has a vital role in the performance
of organic solar cells. It is the maximum amount of current
which can be drawn from any optical device. The open circuit
voltage is approximately proportional to the difference between
the HOMO and LUMO energies of the donor and acceptor
molecules, respectively. The LUMO energies of our designed
acceptor molecules, including R, were aligned with the HOMO
of the well-known donor polymer material PTB7-Th (EHOMO ¼
�5.20 eV)57 in Fig. 9, and the HOMO of P3HT IS (EHOMO ¼�5.12
eV).

The HOMOPTB7-Th–LUMOacceptor energy gap is 1.85, 1.68,
1.79, 1.60, and 1.30 V for R, A1, A2, A3 and A4, respectively. All of
the novel designed molecules have comparable Voc with respect
to the reference molecule R owing to the same difference
Fig. 9 The Voc of reference R and the designed molecules A1, A2, A3 an

This journal is © The Royal Society of Chemistry 2019
between the HOMO of donor and the acceptor of the designed
molecules. The energy gap of the HOMOdonor of P3HT and the
LUMOacceptor of the reference and designed molecules (A1–A4)
are 1.77, 1.60, 1.71, 1.76, and 1.22 V as shown in the ESI.† All of
the designed molecules have a comparable Voc value with
respect to reference R. Among all of the designed molecules, A2
exhibits a high Voc value. The order of Voc value with both
donors (PTB7-Th and P3HT) is the same, which is R > A3 > A2 >
A1 > A4.

A low lying LUMO for the acceptor moiety causes higher
open circuit voltages and enhances the optoelectronic
properties. A low lying LUMO orbital means that the electron
can easily be transferred between the donors to the acceptor
unit. In addition, the energy gap between the HOMO and
LUMO is also important for the transition of electrons
between the donors to the acceptor unit and enhances the
PCE. Hence, the open circuit voltages are in the order of A4 <
A1 < A2 < A3 < R.
8. Transition density matrix and
exciton binding energy

The transition density matrixes (TDMs) of the designed mole-
cules, including reference R, were computed to estimate the
nature of the transition. The MPW1PW91/6-31G(d,p) level of
theory was used to derive the absorption and emission of the S1
state in vacuum. In the present study, the effect of hydrogen
atoms is neglected by default owing to their very small contri-
butions in transitions. The transition density matrix enables us
to evaluate: (i) the interaction between the donor and acceptor
moieties with each other in the excited state; (ii) the electronic
excitation; and (iii) the electron hole localization.58 To study it,
we divided our molecules into D (donor core unit), B (combined
bridge group), and A (end capped acceptors) parts. It is clear
from the TDM diagrams (Fig. 10) that the electron coherence of
R and A1–A4 is mainly on the diagonal of the donor and
combine bridged and is small on the acceptor end-capped
d A4 with respect to donor material PTB7-Th.

RSC Adv., 2019, 9, 3605–3617 | 3613
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Fig. 10 TDM of reference R and the designed molecules (A1–A4) in the S1 state.
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groups. Additionally, the coefficients of interaction between the
donor and acceptor group is in the order of A4 < A1 < A2 < A3 <
R. According to this sequence, the coupling of the hole and the
electron of A4 may be lower with respect to the other four
molecules, but it could show a higher and easier exciton
dissociation in the excited state. The binding energy shows that
the A4 molecule has the largest number of charges and may be
easily dissociated into separated charges. Hence, the charge
3614 | RSC Adv., 2019, 9, 3605–3617
dissociation efficiency of A4 is higher than that obtained for the
other molecules.

The four designed molecules show a higher charge dissoci-
ation ability with respect to R. This suggests that these mole-
cules can increase the overall current charge density (Jsc) in
comparison with R.

The binding energy is a promising factor in the performance
evaluation of organic solar cells and helps the exciton
This journal is © The Royal Society of Chemistry 2019
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Table 5 Calculated HOMO–LUMO energy gap EH–L, Eopt first singlet
excitation energies, and the exciton binding energies (Eb)

Molecules EH–L (eV) Eopt (eV) Eb (eV)

R 2.14 1.730 0.41
A1 2.05 1.663 0.387
A2 2.08 1.684 0.396
A3 2.12 1.721 0.399
A4 1.92 1.560 0.360
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dissociation potential. The binding energy of all molecules
including reference compound R was also investigated. The
binding energy is a concrete tool for measuring the interaction
of the coulombic forces between the hole and the electron, in
which a lower value for the binding energy corresponds to
a lower coulombic interaction between the electron and the
hole, which, in turn, can cause a higher degree of exciton
dissociation in the excited state.

The binding energy (Eb) is the difference between the HOMO–
LUMO energy gap EH–L and the minimum amount of energy
Fig. 11 Charge transfer between A4 and PTB7-Th, the complex geom
31G(d,p) level of theory.

Fig. 12 Distribution patterns of the frontier molecular orbitals (HOMO) a

This journal is © The Royal Society of Chemistry 2019
required for the rst excitation (Eopt). This is the rst singlet
excited state energy formed from S0 to S1 by producing pair of
electron and hole.59–61 Eb can be calculate by using eqn (3).

Eb ¼ EH–L � Eopt (3)

The theoretical binding energies of R and A1–A4 are shown
in Table 5

The designed molecules all have a lower binding energy as
compared to the reference molecule R. In addition, the order of
the binding energies for the ve molecules is A4 < A1 < A2 < A3 <
R, which is in agreement with the TDM result.
9. Charge transfer analysis of
acceptor A4 and polymer donor PTB7-
Th

To obtain some information about the charge transfer (CT)
between A4 and PTB7-Th, the complex was analyzed for CT
analysis (Fig. 11). Among all of the molecules, the A4 molecule
etry was analyzed for charge transfer analysis at the MPW1PW91/6-

nd LUMO of A4 and PTB7-Th at the B3LYP/6-311G(d,p) level of theory.

RSC Adv., 2019, 9, 3605–3617 | 3615
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has a low reorganization energy and hence a high electron
mobility, therefore the charge transfer between A4 and PTB7-Th
was investigated.

The polymer PTB7-Th interacts with A4 in such a way that the
polymer is parallel to the combined bridge and end capped
acceptor group, which facilitate the charge transfer between the
donor and the acceptor unit. The relative orientation of A4 and
PTB7-Th has a signicant effect on the electronic structure of
the complex. The dipole moment of the complex was calculated
as the presence of a dipole from PTB7-Th in the acceptor has
been suggested as a reason for the efficient exciton dissociation
at the A4/PTB7-Th interface.62–65 The dipole m in the A4 : PTB7-
Th complex is due to electrostatic interactions of the permanent
electric moment of PTB7-Th with that of A4.

Previously published literature reveals that the dipole
moment of the complex in governed by the charge transfer. In
our case, the orientation of the dipole is in accordance with this
statement. The dipole moment vector originates from the
polymer side and points towards the end-capped acceptor group
of A4. The HOMO–LUMO distribution pattern and the elec-
tronic structure of the complex were calculated at the
MPW1PW91/6-31G(d,p) level of theory. The HOMO density is
mainly spread all over the donor polymer PTB7-Th, while the
LUMO is distributed on the bridge and end-capped acceptor
group of A4, (Fig. 12). The orbital diagram shows that the
HOMO-to-LUMO excitation is a charge transfer from the donor
polymer to the acceptor A4. The shiing of the density from the
donor to the acceptor is concrete evidence for the charge
transfer between the different groups.

10. Conclusion

Four novel A–D–A type small molecules (A1, A2, A3 and A4) were
evaluated as acceptors for non-fullerene organic solar cells. These
compounds contain indacenodithiophene as a central core unit,
monouoro substituted benzothiadiazole (FBT) as a donor
acceptor (DA) combine bridge and different end capped acceptor
groups. Various optoelectronic properties of the four molecules
were compared with a known reference molecule R. The M06-2X.
CAM-B3LYP, B3LYP, MPW1PW91, and uB97XD, with 6-31G(d,p)
basis sets were used for the simulation of the UV-Vis spectra of the
reference compound R. Overall, the designed molecules show
better optoelectronic properties as compared to R, mainly owing to
their electron withdrawing end groups. Molecule A4 displays
a broad absorption in the visible region in the gas phase (lmax ¼
789.8 nm), as well as in chloroform solvent (lmax ¼ 858.6 nm) and
has the lowest HOMO–LUMO band gap (1.92 eV) of all of the ve
molecules. The lower electron reorganization energy, as compared
to the hole reorganization energy, shows that the molecules had
superior electron mobilities. The lower values for the electron
reorganization energy transfer for A1–A4 as compared to that of R
suggest that the novel molecules are suitable for use as acceptors
with efficient electron transport in photovoltaic devices. Further-
more, the transition density matrix calculations show a higher
charge dissociation ability for A1–A4 in comparison with that of R,
which suggests a higher overall current charge density (Jsc) for
thosemolecules. The band-gap for exciton formation, asmeasured
3616 | RSC Adv., 2019, 9, 3605–3617
by the difference between LUMO energy levels of A1–A4 and the
HOMO level of amolecularmodel of polymer PTB7-Th, range from
1.30 to 1.85 eV. In summary, all four of the A–D–A type small
molecules A1–A4 have better optoelectronic properties as
compared to R and can therefore be used as organic solar cells.
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J. Am. Chem. Soc., 2006, 128, 13988–13989.

14 Y. Zhang, H.-L. Yip, O. Acton, S. K. Hau, F. Huang and
A. K.-Y. Jen, Chem. Mater., 2009, 21, 2598–2600.

15 Y. Lin and X. Zhan, Acc. Chem. Res., 2015, 49, 175–183.
16 R. B. Ross, C. M. Cardona, D. M. Guldi,

S. G. Sankaranarayanan, M. O. Reese, N. Kopidakis, J. Peet,
B. Walker, G. C. Bazan and E. Van Keuren, Nat. Mater.,
2009, 8, 208.

17 C. Yan, S. Barlow, Z. Wang, H. Yan, A. K.-Y. Jen, S. R. Marder
and X. Zhan, Nat. Rev. Mater., 2018, 3, 18003.

18 J. Hou, O. Inganäs, R. H. Friend and F. Gao, Nat. Mater.,
2018, 17, 119.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09292c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 3
/1

4/
20

26
 8

:0
3:

37
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
19 P. Cheng, G. Li, X. Zhan and Y. Yang, Nat. Photonics, 2018,
12, 131.

20 J. Liu, S. Chen, D. Qian, B. Gautam, G. Yang, J. Zhao,
J. Bergqvist, F. Zhang, W. Ma and H. Ade, Nat. Energy,
2016, 1, 16089.

21 X. Zhan, Z. a. Tan, B. Domercq, Z. An, X. Zhang, S. Barlow,
Y. Li, D. Zhu, B. Kippelen and S. R. Marder, J. Am. Chem.
Soc., 2007, 129, 7246–7247.

22 G. Gao, N. Liang, H. Geng, W. Jiang, H. Fu, J. Feng, J. Hou,
X. Feng and Z. Wang, J. Am. Chem. Soc., 2017, 139, 15914–
15920.

23 Y. Lin, J. Wang, Z. G. Zhang, H. Bai, Y. Li, D. Zhu and
X. Zhan, Adv. Mater., 2015, 27, 1170–1174.

24 S. Dai, F. Zhao, Q. Zhang, T.-K. Lau, T. Li, K. Liu, Q. Ling,
C. Wang, X. Lu and W. You, J. Am. Chem. Soc., 2017, 139,
1336–1343.

25 F. Zhao, S. Dai, Y. Wu, Q. Zhang, J. Wang, L. Jiang, Q. Ling,
Z. Wei, W. Ma and W. You, Adv. Mater., 2017, 29, 1700144.

26 Z. Luo, H. Bin, T. Liu, Z. G. Zhang, Y. Yang, C. Zhong, B. Qiu,
G. Li, W. Gao and D. Xie, Adv. Mater., 2018, 30, 1706124.

27 S. Li, L. Ye, W. Zhao, X. Liu, J. Zhu, H. Ade and J. Hou, Adv.
Mater., 2017, 29, 1704051.

28 J. Wang, W.Wang, X. Wang, Y. Wu, Q. Zhang, C. Yan, W. Ma,
W. You and X. Zhan, Adv. Mater., 2017, 29, 1702125.

29 J. Zhu, Z. Ke, Q. Zhang, J. Wang, S. Dai, Y. Wu, Y. Xu, Y. Lin,
W. Ma and W. You, Adv. Mater., 2018, 30, 1704713.

30 T. Li, S. Dai, Z. Ke, L. Yang, J. Wang, C. Yan, W. Ma and
X. Zhan, Adv. Mater., 2018, 30, 1705969.

31 W. Wang, C. Yan, T. K. Lau, J. Wang, K. Liu, Y. Fan, X. Lu and
X. Zhan, Adv. Mater., 2017, 29, 1701308.

32 B. Jia, S. Dai, Z. Ke, C. Yan, W. Ma and X. Zhan, Chem. Mater.,
2017, 30, 239–245.

33 B. Kan, J. Zhang, F. Liu, X.Wan, C. Li, X. Ke, Y.Wang, H. Feng,
Y. Zhang and G. Long, Adv. Mater., 2018, 30, 1704904.

34 S. Li, L. Zhan, F. Liu, J. Ren, M. Shi, C. Z. Li, T. P. Russell and
H. Chen, Adv. Mater., 2018, 30, 1705208.

35 Z. Fei, F. D. Eisner, X. Jiao, M. Azzouzi, J. A. Röhr, Y. Han,
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