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Thiophene-containing molecular materials are recognised as efficient substrates in organic photovoltaics.

Herein, we have demonstrated the effect of substitution patterns of thiophenes on the electron accepting

ability of perylene bisimide derivatives, which in turn dictates the photovoltaic performance. The thiophene

units were integrated through a- or b-positions on the 1- or 1,7-bay positions of perylene-bisimide through

alkyne spacers in order to modulate the electronic properties of PBI. The target molecules are structurally

robust as per electrochemical studies and exhibited broad absorption in the visible region. Better light

harvesting ability and favourable LUMO energy levels render these dyads and triads suitable as electron

acceptors in organic solar cells. Bulk heterojunction solar cells were constructed from thienyl–PBI (1–4)

as acceptors and a polymer P as a donor. a-Linked 1 and 3 showed a PCE of 5.72% and 6.94% with

a remarkable energy loss of 0.55 eV and 0.58 eV, respectively whereas, b-linked 2 and 4 showed an

overall PCE of 4.93% and 6.06% with an energy loss of 0.52 eV and 0.54 eV, respectively.
Introduction

Organic photovoltaics (OPVs) have emerged as a promising
cost-effective alternative for harnessing solar energy efficiently
owing to their tunable absorption, mechanical exibility, light
weight and easier functionalization.1–4 Organic solar cells
(OSCs) based on solution-processed bulk heterojunctions
(BHJs) with small molecules as a donor–acceptor blend in the
absorber active layer are instrumental in attaining high power
conversion efficiency (PCE).4–7 Most of the highly efficient BHJ
OSCs reported so far employ fullerene derivatives (PC61BM and
PC71BM) as acceptors. High electron affinity and isotropic
charge transport with remarkable electron mobility render
fullerene an ideal acceptor for the best performing devices.8–15

Nevertheless, fullerene-based acceptors have certain inherent
downsides such as poor light harvesting in the visible region,
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high cost, less tunable architecture, morphological instability in
thin lms and large energy loss, thus limiting further
improvement in the PCE.16 Thus, in order to circumvent these
issues, the development of new non-fullerene small molecule
acceptors (NFSMAs) which show PCEs comparable to or even
higher than that of fullerene, has gained large momentum over
the past decade.17–21 Compared with fullerene-based acceptors,
NFSMAs possess efficient absorption and tunable molecular
structures. In most cases, NFSMAs are derivatives of electron
acceptors with a larger p-surface having the advantage of better
charge delocalization and transport. Generally, these electron
acceptors have a low lying LUMO with n-type semi-
conductivity.22–24 Recently, the overall PCE of PSCs based on
NFSMAs has reached the range of 12–13%.25,26

Among the non-fullerene acceptors, perylene bisimide (PBI)
derivatives27–30 have drawn much attention owing to their n-type
semiconductivity, higher thermochemical stability, larger p-
conjugated backbone and superior photophysical properties.
Unlike fullerenes, PBI derivatives exhibit strong absorption in the
visible region between 400 nm and 650 nm, high electron
mobilities, low lying LUMO energy levels, and exibility in design
and hence, they are widely explored as small molecule acceptors
for BHJ OSCs.31 However, because of the large planar structure of
the perylene core, the unfunctionalized PBI molecules oen show
a high aggregation tendency in thin lms, leading to large crys-
tallization domains over 20 nm (ref. 32) and may limit exciton
dissociation,33 thereby hampering the device performance. The
solution processability of PBIs can be improved by introducing
bulky groups onto the N-, bay- and/or ortho-positions of PBI.34–44
This journal is © The Royal Society of Chemistry 2018
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Chart 2 Schematic representation of 1–4.
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This further helped in achieving remarkable PCEs for OSCs using
the PBI-based acceptors (Chart 1).15,45–49 Thiophene units on the
other hand are highly sought aer substituents for developing
organic functional materials.50–53

These are good substituents to improve the solubility and
have excellent donor properties with inherent electron delo-
calization. If PBI and thiophene can be incorporated into
a single molecular framework, the electronic properties can be
manipulated to achieve promising materials for OSCs.

In this context, we designed and synthesized a series of PBI
based small molecule acceptors (1–4) for bulk heterojunction
solar cells. The molecules 1 and 3 have a thiophene moiety
connected through the a-position to the 1- and 1,7-positions of
the PBI bay area respectively whereas in the case of 2 and 4, it is
attached via a b-linkage to the 1- and 1,7-positions of the PBI bay
area respectively (Chart 2). The p-linker has pronounced effects
on the molecular conformation and electronic distribution of
the D–A type molecular system.34 Therefore, an alkyne linker
was chosen to make sure that the thiophene and PBI units
remain co-planar for better orbital overlap, which would result
in improved electronic communication.

These small molecules were used as electron acceptors along
with a low bandgap D–A copolymer54 P (Chart 2) as an electron
donor with broad absorption. P has an optical bandgap of 1.56 eV
with HOMO and LUMO energy levels around �5.25 eV and
�3.72 eV, respectively. The photovoltaic performances of these
OSCs assembled from the abovementioned D–A pairs were found
to be highly dependent on the linkage position and conjugation
length, subsequently inuencing the resulting PCEs. Recrystalli-
zation from hexane/CHCl3 afforded analytically pure compounds
1–4. All the synthesized molecules were characterized by NMR
spectroscopy as well as by atmospheric pressure chemical ioni-
zation high resolution mass spectrometry (APCI-HRMS).
Complete synthetic and characterization details of the precur-
sors and newly synthesized molecules are provided in the ESI.†
Chart 1 Selective acceptors based on perylene bisimides reported
recently.

This journal is © The Royal Society of Chemistry 2018
Device fabrication and characterisation

The device structure was ITO/PEDOT:PSS/active layer/PFN/Al.
The indium tin oxide (ITO) coated glass substrates were
cleaned with an ultrasonication process sequentially in deter-
gent, deionized water, acetone and isopropyl alcohol and then
dried under ambient conditions. Aer ltration through a 0.45
mm lter, PEDOT:PSS (Bay P VP AI 4083, Bayer AG) was spin-
coated at 3500 rpm for 60 s to form a 40 nm thick layer on
the cleaned ITO substrate, and baked on a hot plate at 120 �C for
about 10 min. A blend mixture of P–1 or 2 or 3 or 4 (different
weight ratios of 1 : 05, 1 : 1, 1 : 1.5, 1 : 2 and 1 : 2.5) was
prepared using chloroform (total concentration of 18 mg mL�1)
and then its thin lm of about 90 � 5 nm was deposited on the
top of the PEDOT:PSS layer by spin coating at 1500 rpm for 60 s.
For solvent vapor annealing (SVA), the above-prepared active
layers were placed in a Petri dish containing chloroform for 60 s.
Aer that 0.5 mgmL�1 of PFN inMeOHwas directly spin-coated
on the active layer at 4000 rpm for 40 s. An aluminium (Al)
cathode (70 nm) was then evaporated onto the surface of the
photoactive layer with or without a surface interface layer under
high vacuum (10�5 mbar) to form the cathode. Hole-only and
electron-only devices were fabricated similarly to the PSCs with
a structure of ITO/PEDOT:PSS/active layer/Au and ITO/Al active
layer/Al, respectively. The J–V characterization of the devices was
carried out on a computer-controlled Keithley 2400 Source
Measurement system. A solar simulator was used as the light
source, and the light intensity was monitored by using a stan-
dard Si solar cell. The incident photon-to-current efficiency
(IPCE) of the devices was measured by illuminating the devices
with the light source and a monochromator and the resulting
current was measured using a Keithley electrometer under
short-circuit conditions.
Results and discussion
Synthesis

The synthetic pathways are displayed in Scheme 1. To install an
ethyne group, we chose to employ a typical Sonogashira
J. Mater. Chem. A, 2018, 6, 574–582 | 575
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Scheme 1 Synthesis of dyads 1–4 via Sonogashira coupling.
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coupling reaction between ethynylthiophene and 1-bromo or
1,7-dibromoperylene bisimide.55,56
Fig. 1 Absorption spectra of molecules 1–4 in chloroform (top) and in
thin films (bottom).

Table 1 Optical and electrochemical data

Compound labsmax (nm)
3/105

(M�1 cm�1) lemmax (nm) Ered (V)

1 556 0.47 594 �0.66
�0.79

2 549 0.46 578 �0.66
�0.79

3 587 0.33 622 �0.59
�0.71

4 575 0.42 603 �0.62
�0.73
Absorption and emission studies

The steady-state absorption of the PBI derivatives 1–4 was
recorded from 10�6 M solution in CHCl3. The absorption
proles of compounds 1–4 reveal a prominent red shi
compared to unsubstituted PBI in their p–p* transition along
with band broadening (Fig. 1).

In the case of mono-substituted dyads 1 (labsmax ¼ 556 nm) and
2 (labsmax ¼ 549 nm), absorption maxima showed bathochromic
shis of �30 nm and 20 nm respectively compared to that of
parent PBI. 1,7-Bis(ethynyl-thienyl) PBI derivatives 3 (labsmax ¼ 587
nm) and 4 (labsmax ¼ 575 nm) displayed the most interesting
absorption features with remarkable red shis of around 70 nm
and 60 nm respectively (Table 1).

The above observations are attributed to the overall
planarity achieved in these systems, which further extends
the conjugation and narrows the band gap. Interestingly,
compounds 1 and 3, in which thiophene is attached through
the a- position, exhibit larger bathochromic shis than b-
linked 2 and 4. Experimental band gaps obtained from the
optical data conrm the conjugation extension. The absorp-
tion spectra of thin lms of 1–4 are shown in Fig. 1. It can be
seen from Fig. 1 that the absorption band is slightly red
shied and broadened in comparison to that in solution,
suggesting stacking interactions in the solid state. The
optical bandgaps estimated from the absorption edge in thin
lms are found to be 1.92 eV, 1.98 eV, 1.86 eV and 1.94 eV, for
1, 2, 3 and 4 respectively. The optical absorption spectra of
conjugated polymer P in the thin lm showed an absorption
band centred at 670 nm (Fig. S16, ESI†) which is comple-
mentary to the absorption spectra of PBIs, indicating that
both P and PBIs contribute to the photocurrent generation in
resultant OSCs. To gain further insights into the role of the
thienyl substituents on the optical properties of PBI, emis-
sion studies were conducted on chloroform solutions of 1–4
(Fig. 2). Altering the thiophene position over the linker
signicantly modies the characteristic emission prole of
PBI. The emission proles of all the molecules are red
576 | J. Mater. Chem. A, 2018, 6, 574–582
shied with complete loss of vibronic progression relative
to the vibronically discernible emission features of parent
PBI.

Emission maxima for these molecular systems are red shif-
ted in the region 550–670 nm (Table 1). Mono-thienyl appended
PBIs appeared to be more uorescent than dithienyl analogues.
Fluorescence quantum yields (F) were estimated to be �0.4 for
1 and 2 which were reduced to �0.2 and �0.3 respectively for 3
and 4. Steady state absorption and emission features further
corroborate the inuence of the thienyl architecture on the
optical properties. Solvent dependent absorption spectra show
a blue shi in absorption maxima with uorescence quenching
in polar solvents (Fig. S17†).
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Emission spectra of molecules 1–4 in chloroform.
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Single crystal X-ray diffraction studies

To comprehend the photophysical data obtained for the present
set of molecules, a thorough structural investigation was immi-
nent and therefore efforts were taken to structurally characterize
1–4. Initial efforts to obtain X-ray quality single crystals were not
successful. Single crystals suitable for X-ray diffraction studies
could be grown only for 1 and 4 aer repetitive trials.

From Fig. 3, it can be seen that the thienyl moiety is perfectly
coplanar with the PBI aromatic core without any core distortion.
Thus, the planarity of the entire p-system is conserved which is
necessary in order to ascertain the observed microscopic and
photophysical properties. A careful analysis of the X-ray
diffraction data provided further information on the stacking
interactions in the solid state. Every molecule of 4 is stacked
between four molecules in a sandwich fashion. This arrange-
ment provides ample scope for the aryl moieties to have
a number of p–p stacking interactions. Fig. 3 depicts one such
stacking in which a thiophene unit is stacked over the core of
the PBI resulting in p–p interactions having a distance of 3.56
Fig. 3 Single-crystal X-ray diffraction structure of 1 (CCDC 1569915) &
4 (CCDC 1042505) & packing diagram of 4 (below).

This journal is © The Royal Society of Chemistry 2018
Å. The presence of extensive stacking hints at the possibility of
efficient charge carrier mobilities. Further details about the
packing and torsion angles are provided in the ESI.†

Computational investigations

DFT calculations performed at the B3LYP/6-311g** level using
Gaussian 09 suite of programs57 suggest that the HOMO is
delocalized over the whole PBI and thienyl framework in all four
molecules. The LUMO, on the other hand, is localized only over
the PBI framework with limited delocalization on the alkyne-
bridge (Fig. 4). These data corroborated the fact that the
conjugation extension has been made feasible by the alkynyl
linker.34,55 In addition to the extended conjugation, the presence
of sulphur contributes towards the red shi.

Electrochemical investigations

All molecules 1–4 showed two characteristic reversible reduc-
tions in the range of 0.6–0.8 V vs. the SCE (Table 1) in cyclic
voltammetric studies.

An easier reduction in all these cases points to the possibility
of p-extension with respect to PBI. The second reduction was
more facile in the case of 1,7-di substituted thienyl PBIs 3 and 4
than that in 1-thienyl PBIs 1 and 2 (Fig. 5). Similarly, in 3 and 4,
the ease of reduction compared to 1 and 2 hints at more
delocalisation of the p-cloud upon bay di-substitution.34

The HOMO and LUMO energy levels of these small mole-
cules were estimated from CV data (Fig. 5). HOMO energy levels
for the b-linked derivatives are slightly up-shied compared to
a-linked counterparts, whereas the LUMO energy levels of b-
linked derivatives get deepened. The LUMO energy levels of the
derivatives 1–4 are higher than that of PC71BM, which is bene-
cial in attaining the high Voc of the resulting OSCs. To add
further, the HOMO offset between these acceptors and the P
donor is higher than the threshold value of 0.3 eV which
ensures that the hole transfer from 1–4 to P donor is feasible in
the active layer. On the other hand, the LUMO offset is below the
threshold value (0.3 eV), warranting efficient electron transfer
from P to PBI acceptors (1–4).

Photoluminescence quenching

Photoluminescence (PL) spectra of pristine P and 1–4 in thin
lms were recorded to investigate the charge transfer in OSCs.
Fig. 4 Frontier orbital pictures of compounds 1–4.

J. Mater. Chem. A, 2018, 6, 574–582 | 577
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Fig. 5 Cyclic voltammograms of the molecules 1–4 in DCM (Top) &
Frontier energy levels of 1–4 in comparison to PC71BM (Bottom).

Fig. 6 PL spectra of thin film blends from donor P and acceptors 1–4.
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PL quenching experiments were carried out at an excitation
wavelength of 660 nm. The PL emission of P was located at
812 nm while PBI derivatives 1–4 displayed emission in the
range of 590–630 nm. P:PBI derivative (1–4) (weight ratio 1 : 2)
blended lms (Fig. 6) showed quenching of PL. As shown in
Fig. 6 the quenching efficiencies of the polymer donor and a-
linked PBI acceptors (P:1 and P:3) decreased by 92% and for b-
linked PBI (P:2 and P:4) the quenching efficiency decreased by
88%. The stronger PL quenching suggests more efficient photo-
induced charge transfer in P:1 or 3 blends than that in P:2 or 4
blends.
Fig. 7 Current density vs. voltage (J–V) characteristics of the devices
based on 1–4 under AM1.5 G irradiation (100 mW cm�2).
Photovoltaic properties

To probe the photovoltaic performances of these derivatives,
BHJ-OSCs were fabricated using a conventional device structure
of ITO/PEDOT:PSS/P:PBI (1–4)/PFN/Al (the details of device
fabrication and characterization are described in the ESI†). The
optimized active layers were obtained by spin-casting from
a chloroform solution. Organic solar cells prepared from a 1 : 2
weight ratio of donor (P) and acceptor (1–4) showed the best
photovoltaic performance.

The OSCs based on mono-substituted 1 and 2 revealed an
overall PCE of 3.25% and 2.81%, respectively with a Voc of
1.04 V, whereas, di-substituted 3 and 4 showed an overall PCE of
3.36% and 3.14%, with a Voc of 0.98 V (Table S1, ESI†). The
higher values of Voc for the OSCs based on 1 and 2 relative to 3
and 4 can be ascribed to the high lying LUMO energy levels of 1
and 2 as compared to 3 and 4, since the Voc of BHJ-OSCs is
directly proportional to the energy difference between the
578 | J. Mater. Chem. A, 2018, 6, 574–582
HOMO level of the donor and the LUMO level of the acceptor
employed in the active layer.

The higher values of Jsc for OSCs (Table S1, ESI†) based on 3
and 4 compared to 1 and 2 counterparts may be related to
a slightly larger LUMO offset between the formers and P indi-
cating more efficient exciton dissociation in the devices based
on di-substituted 3 and 4. The PL spectra show that PL
quenching is more for P:1 and P:3 blend lms than that for P:2
and P:4 and also conrm the more efficient charge transfer in
OSCs based on the former blends than the latter.

Although the LUMO offset for PBI (1–4):P is about 0.10–
0.16 eV, which is lower than the threshold value 0.3 eV, the
electron transfer from donor P to PBI acceptors seems to be
efficient, as conrmed from the PL quenching measurements.
Recent studies have proven that efficient charge separation can
occur despite an energy offset smaller than 0.3 eV.58,59

In order to improve the PCE of the above devices, we have
employed SVA treatment of active layers. The current–voltage
characteristics of the devices based on optimised active layers
are shown in Fig. 7 and the photovoltaic parameters are
compiled in Table 2. SVA treatment played a positive role in
enhancing the PCEs of the OSCs. The devices based on mono-
substituted 1 and 2 showed an overall PCE of 5.72% and
4.93%, respectively, whereas their di-substituted counterparts 3
This journal is © The Royal Society of Chemistry 2018
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Table 2 Photovoltaic parameters of organic cells fabricated using 1–4 via SVA treatment under the illumination of AM 1.5G, 100 mW cm�2

Compound Jsc (mA cm�2) Voc FF PCE (%) mh (cm2 V�1 s�1) � 10�4 me (cm
2 V�1 s�1) � 10�4

1 10.27 (10.16)b 0.96 0.58 5.72 (5.61)a 1.16 (�0.05) 4.15 (�0.07)
2 9.06 (8.97)b 0.99 0.55 4.93 (4.84)a 1.11 (�0.07) 3.12 (�0.05)
3 11.43 (11.36)b 0.92 0.66 6.94 (6.89)a 1.18 (�0.04) 4.64 (�0.04)
4 10.57 (10.43)b 0.94 0.61 6.06 (5.92)a 1.13 (�0.05) 4.21 (�0.05)
PC71BM 6.34 0.84 0.42 2.24

a Average performance values out of 8 devices. b Estimated from the IPCE spectra.
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and 4 showed an overall PCE of 6.94% and 6.06%. We have also
used 3 as an acceptor and a well-known polymer P3HT as
a donor and achieved an overall PCE of 6.07% with Jsc ¼ 10.63
mA cm�2, Voc ¼ 0.84 V and FF ¼ 0.68. The increase in PCE for
the OSCs is attributed to the substantial increase in both Jsc and
FF with a slight reduction in Voc. We further measured the
incident photon-to-current conversion efficiency (IPCE) of these
devices and IPCE spectra are shown in Fig. 8. From Fig. 8, it is
clear that the spectra are broader over the entire visible region
from 350–850 nm.

The close resemblance of the IPCE spectra to the absorption
spectra of corresponding P:PBIs (1–4) active layers (Fig. S18,
ESI†) is indicative of a complementary contribution of both the
conjugated polymer donor and PBIs to the Jsc values. Fig. 8
shows that IPCE values for the devices based on 1 and 3 active
layers were higher than those of 2 and 4. This is indicative of
a highly efficient photoelectron conversion process in the
former devices than that in the latter ones and also conrms the
higher value of Jsc for the devices based on 1 & 3 than 2 & 4
counterparts.

High IPCE values in the 650–800 nm region (where the light
absorption is mainly ascribed to the donor P) illustrate effective
electron transfer from donor P to acceptors 1–4 despite the low
LUMO energy offset. The Jsc values estimated from IPCE spectra
are 10.16 mA cm�2, 8.97 mA cm�2, 11.36 mA cm�2, and 10.43
mA cm�2 respectively for 1–4 based devices. These values are
within a reasonable mismatch to the Jsc values estimated from
the corresponding J–V curves under illumination.
Fig. 8 IPCE spectra of solar cells corresponding to 1–4.

This journal is © The Royal Society of Chemistry 2018
The Voc of an organic solar cell is dependent on the LUMO
energy level of the acceptor. The devices based on non-fullerene
acceptors 1–4 (P:PBI (1–4)) displayed Voc in the range of 0.93 to
0.99 V which is much higher than that of the device constructed
from donor P and a fullerene-based acceptor PC71BM
(P:PC71BM), due to the up-shi in the LUMO energy level of
PBIs, relative to PC71BM.

The hole mobility (mh) and electron mobility (me) of the
blended active layers based on 1, 2, 3 and 4 were measured from
the dark J–V characteristics of electron-only and hole-only
devices using the space charge limited current model. Since the
hole mobilities for all the active layers remained similar (about
an average value of 1.14 � 10�4 cm2 V�1 s�1), we have only
observed dark J–V characteristics for electron-only devices
(Fig. 9 and Table 2). The electron mobilities follow the trend 3 >
4 > 1 > 2, indicating that the electron mobility for the a-linked
PBI is higher than that for b-linked PBI. Moreover the D–p–A–
p–D PBI showed higher electron mobility than the D–p–A
counterpart. These results demonstrated more balanced charge
transport in the devices made from a-linked PBIs than from b-
linked PBIs. In order to investigate the charge generation and
transport properties of the OSCs, the variation of photocurrent
(Jph) with effective voltage (Veff) was measured (Fig. 10). Jph ¼ JL
� JD, where JL and JD are the current densities under illumina-
tion and under dark, respectively, and Veff ¼ Vo � Va, where Vo is
the voltage when Jph is zero, and Va is the applied voltage. From
Fig. 10 it can be envisaged that when Veff is sufficiently high, Jph
Fig. 9 J–V curves of the electron-only devices for the optimized
active layers of 1–4.
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Fig. 11 TEM images of optimized (a) P:1, (b) P:2, (c) P:3 and (d) P:4 thin
films, scale bar 200 nm.
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becomes saturated (Jsat) and all the photogenerated excitons are
dissociated into free charge carriers and collected by the elec-
trodes. Jsat is only limited by the total amount of incident
photons and the ratio Jph/Jsat provides information about the
exciton dissociation efficiency and charge collection
efficiency.60–63

As can be seen from Fig. 10, although the Jsat values for all
OSCs remain mostly the same, the Jph values for the devices
based on 3 are the largest at certain Veff before Jph is saturated
and the trend is 3 > 4 > 1 > 2. We have estimated the exciton
dissociation and charge collection efficiency under short circuit
conditions and are about 0.87, 0.85, 0.92 and 0.89 for 1, 2, 3 and
4 based devices, respectively. This suggests that OSCs based on
acceptor 3 show the highest dissociation efficiency or charge
collection efficiency among all devices. The higher charge
collection efficiency also indicates a lower bimolecular recom-
bination that is responsible for a larger FF value. Besides, the
device based on 2 shows a strong eld dependence across the
largest Veff range and Jph becomes slightly saturated at Veff
values more than 1.4 V, but the Jph value of the 3 based device is
almost saturated at a much lower Veff value around 0.5 V, which
suggests that photogenerated excitons can be more efficiently
dissociated into free charge carriers and subsequently collected
at the electrode with suppressed bimolecular recombination,
leading to larger FF values in 3 based devices.64

Low energy loss (Eloss) is another notable characteristic
associated with the SCs based on acceptors 1–4. The Eloss is
dened as Eloss ¼ Eg � qVoc, where Eg is the optical band gap of
either the donor or acceptor employed in the active layer of
PSCs, whichever is smaller.65 Here Eg is the optical bandgap of
the donor polymer. Lower energy loss subsequently leads to
a high Jsc and PCE. The energy loss (Eloss) observed for 1–4
remained in the range of 0.52 to 0.58 eV, which is lower than
that observed for OSCs based on the fullerene acceptor and is in
line with that of the non-fullerene acceptor based devices with
low driving force less than 0.3 eV.66–70 The Eloss, in our devices
based on PBI acceptors, is one of the lowest values for BHJ-
OSCs. The low energy loss may be related to the higher values
Fig. 10 Variation of photocurrent density (Jph) with effective voltage
(Veff) for the optimized devices based on 1–4.

580 | J. Mater. Chem. A, 2018, 6, 574–582
of LUMO energy levels and the low LUMO offset and HOMO
offset between the donor and the acceptor and is benecial for
obtaining high Voc.

The morphologies of the optimized active layers were
investigated using transmission electron microscopy (TEM)
(Fig. 11). It can be seen from Fig. 11 that all the optimized blend
thin lms showed uniform morphology with no large domains.
Among all the blend lms, P:1 and P:3 lms exhibited increased
nano-brils and more desired bi-continuous interpenetrating
networks between donor P and acceptors 1–4, beneting charge
generation and transportation, and thereby leading to
enhanced Jsc and FF with suppressed charge recombination.71,72
Conclusions

In summary, four thienyl-perylene bisimide derivatives (1–4), in
which thienyl units were substituted at a or b positions on the 1-
and 1,7-positions of perylene-bisimide through alkyne spacers,
were synthesized and their optical and electrochemical prop-
erties were investigated. These materials have been exploited as
non-fullerene acceptors for the fabrication of solution pro-
cessed organic solar cells. The photovoltaic devices based on
P:1, P:2, P:3 and P:4 exhibit an overall PCE of 5.72%, 4.93%,
6.94% and 6.06% respectively, with Voc values between 0.92 and
0.99 V. An impressive energy loss in the range of 0.52–0.58 eV
was also observed which is in the rank of the best known values.
These results conrmed that the linkage position along with
extended conjugation has a signicant impact on the photo-
voltaic performance of the devices. Our results also demon-
strate that the PCE of the OSCs based on these PBI acceptors can
be easily tailored by judicious choice of substituents.
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