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To construct efficient low band gap polymers, increasing the Quinone structure of the polymer backbone
could be one desirable strategy. In this work, two D—Q—-A—Q polymers P1 and P2 were designed and
synthesized with thiophenopyrrole diketone (TPD) and benzothiadiazole (BT) unit as the core and ester
linked thieno[3,4-b]thiophene (TT) segment as /7 -bridging, and the main focus is to make a comparative
analysis of different cores in the influence of the optical, electrochemical, photochemical and morphologi-
cal properties. Compared with the reported PBDTTgnu—TBTTHp - 4, P1 exhibited the decreased HOMO energy
level of —5.38 eV and lower bandgap of 1.48 eV. Furthermore, when replaced with BT core, P2 showed
a red-shifted absorption profile of polymer but with up-shifted HOMO energy level. When fabricated
the photovoltaic devices in conventional structure, just as expected, the introduction of ester substituent
made an obvious increase of Voc from 0.63 to 0.74 V for P1. Besides, due to the deep HOMO energy level,
higher hole mobility and excellent phase separation with PC7:BM, a superior photovoltaic performance
(PCE = 7.13%) was obtained with a short-circuit current density (Jsc) of 14.9 mA/cnf , significantly higher
than that of P2 (PCE = 2.23%). Generally, this study highlights that the strategy of inserting quinoid
moieties into D—A polymers could be optional in LBG-polymers design and presents the importance and
comparison of potentially competent core groups.
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1. Introduction exhibit the competency to turn excitons into free charges. There-

fore, two basic strategies have been proven very effective in de-

In recent past, organic photovoltaic (OPV) has become one of
the most researched topics for the sources of energy which could
be easily revitalized. The light weight, flexible and color adjustable
OPV materials have become the beacon of hope for scientists and
economists for affordable alternate source of energy [1,2]. The
structure of bulk heterojunction (BHJ) solar cell devices normally
consist of p-type conjugated polymers as electron-donors and n-
type materials as electron-acceptors [3-6]. One of the key research
directions for BHJ type of OSCs has been the design of low-band-
gap polymers of Eq < 1.5 eV, which could be in favor of obtain-
ing a broad absorption profile with as much as possible energy
absorption to elevate the photocurrent. However, the major obli-
gation in LBG polymers is to reach the level of adequate energy
offset between HOMO and LUMO levels of the fullerene, and to
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signing low band-gap polymers of stabilizing the quinoid (Q) res-
onance structure [7] and utilizing donor (D)-acceptor (A) interac-
tions [8-10]. To realize the low bandgap of <1.5 eV, generally,
strong acceptor (such as pyrrolo [3,4-c]pyrrole-1,4-dione (DPP),
isoindigo, naphtho[1,2-¢:5,6-c"]bis[1,2,5]thiadiazole (NTz)) or donor
moiety (such as 2,2-bithiophene (2T), dithieno-[3,2-b:2,3-d]pyrrole
(DTP)) could be used (Fig. S1), in which, the well-known DPP
derivatives have been considerably most focused class as normally
the optical band gap of copolymers conventionally have been un-
der 1.5 eV with desirable efficiency of >7% [11-15]. However, it
seems difficult to further optimize the electronic energy levels just
through the single D—A strategy. Thus, it is essential to develop
novel molecular strategy to construct efficient low band gap poly-
mers [6,16].

As we all know, increasing the Quinone structure of the poly-
mer backbone could be in favor of its capability to bring the
polymer in class of narrow band gap [17]. For example, the
thiophenopyrrole diketone (TPD) has wide bandgap of energy
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Fig. 1. New employed strategy of the modification in polymer structure.

normally (E¢°"' = 1.8 eV) with very mediocre competency
in OSCs, for instance, when copolymerized with benzo[1,2- b:4,5-
b’]dithiophene (BDT) [18,19]. However, the quinoid group
thieno[3,4-b]thiophene (TT) as bridging component and respective
impact can enhance or decrease the competency of polymers. The
optical absorption of the polymer PBDTten—TBT THp—; was broad-
ened to 726 nm with the band gap of approximately 1.5 eV, and
the corresponding devices could give maximum efficiency of 6.47%
in conventional structure (Fig. 1) [18]. However, the Voc signifi-
cantly decreased from the 1.00 to 0.64 V, which further restricted
its development. The limitation of structural upgradation was simi-
larly noted in benzothiadiazole (BT) based polymers [20-22]. Thus,
further variation was needed to upgrade the performance and op-
timization of these types of structures and study their upgradation
process.

Besides, the side chains have capability to alter the character-
istic energy profiles of polymers by enhancing or diminishing var-
ious vital characteristics like tuning of solubility, thermal stability
of BHJ OSCs, impacting the rate of crystallization and dimerization
of fullerene, electron affinity, polymer packing, morphology, even-
tually device efficiency and others [19,23-28]. As compared to the
electron-donating alkyl side chain, the electron-withdrawing ester
linked side chain group is very impactful in lowering the HOMO
energy level with increased crystallinity and exhibiting high den-
sity of 17 —1 * stacking. Meanwhile, the non-covalent interactions
between O and S could also make the structure more compact and
planar [29]. For example, Hou and co-workers synthesized poly-
mers based on polythiophene derivatives with majorly introduc-
ing the ester linked side chain in structure which ultimately re-
sulted in PCE of 7.2% with Voc = 0.91 V, significantly superior to
the photovoltaic performance based on P3HT (PCE of only 1.8% and
Voc=0.63V) [30].

In this study, two D-Q-A-Q polymers (P1 and P2) were de-
signed and synthesized with TPD or BT unit as the core and ester
linked TT segment as TT-bridging, and the main focus is to make
a comparative analysis of different cores in the influence of the
optical, electrochemical, photochemical and morphological prop-
erties [31]. Compared with PBDT1en—TBTTHp—; [18], P1 exhibited
the decreased HOMO energy level of —5.38 eV and lower bandgap
of 1.48 eV. So, the impact of structural modification and side-
engineering does have its good signs on the polymer potential. Fur-
thermore, when replaced with BT core, P2 showed a red-shifted
absorption profile of polymer but with up-shifted HOMO energy
level and poor performance due to the lower hole mobility, and
less favorable morphology. When fabricated the photovoltaic de-
vices in conventional structure, just as expected, the introduction
of ester substituent made an obvious increase of Voc from 0.63 to
0.74 V for P1. Besides, due to the deep HOMO energy level, higher
hole mobility and excellent phase separation with PC71BM, a su-
perior photovoltaic performance (PCE=7.13%) was obtained with
a short-circuit current density (Jsc) of 14.9 mA/cm?, significantly
higher than that of P2 (PCE=2.23%). Generally, this study highlights

that the strategy of inserting quinoid moieties into D—A polymers
could be beneficial in LBG-polymers design and presents the im-
portance and comparison of potentially competent core groups.

2. Experimental
21. Materials

All chemical reagents and materials were purchased from com-
mercial sources and used without further purification, unless oth-
erwise mentioned. Toluene (PhMe) and tetrahydrofuran (THF) were
distilled over sodium in the presence of benzophenone as indica-
tor. N,N-dimethylformamide (DMF) was distilled over calcium hy-
dride. Compounds 1 and monomer 2D-BDT-Sn were synthesized
according to the previous literatures [32,33].

22. Sample preparation

221.  Compound 2

Compound 1 (1.7323 g, 2.7 mmol) and 1,3-dibromo-5-octyl-4H-
thieno[3,4-c]pyrrole-4,6(5H)-dione (TPD, 0.3935 g, 0.9 mmol) were
added to the double neck RBF and air was removed from the
mixture. The catalyst tetra-triphenylpalladium (0.144 g) was added
quickly to the flask under Argon protection. Then after the addi-
tion of toluene (25 mL), the mixture was refluxed at 110 <C for
24 h, and then the toluene was evaporated by vacuum distilla-
tion and rotary evaporator. Subsequently, the residue was extracted
by adding water and DCM, and the organic phase was separated,
dried by anhydrous sodium sulfate. Then, column chromatographi-
cally was done with PE and DCM (2:1) as eluent. The product ob-
tained was orange solid (1.174 g, 68%). *H NMR (600 MHz, CDCls):
O (ppm): 7.85 (s, 2H), 7.72 (s, 2H), 4.27 (d, 4H), 3.69 (t, 2H), 1.83—
1.80 (m, 2H), 1.72-1.69 (m, 2H), 1.43-1.28 (m, 42H), 0.92-0.84 (m,
15H)

222, Compound 3

Compound 2 (0.382 g, 0.389 mmol) was added into the RBF
followed by trichloromethane (50 mL). Then, N-bromosuccinimide
(NBS, 0.152 g, 0.85 mmol) was added in parts. At room tempera-
ture, the reaction mixture was stirred for 4 h and the washing with
sodium thiosulfate solution was done. Later the solvent extraction
with DCM and drying with anhydrous sodium sulfate gave organic
phase, which was concentrated and then subjected to purification
process by neutral alumina column chromatography with PE and
DCM (4:1) as eluent. The product was precipitated in methanol,
filtered and then dried in vacuum oven which gave eventually red-
dish brown solid (0.069 g, 20%). 'H NMR (600 MHz, CDCl3): 0
(ppm): 7.61 (s, 2H), 4.29 (d, 4H), 3.68 (t, 2H), 1.84-1.80 (m, 2H),
1.72-1.68 (m, 2H), 1.43-1.25 (m, 42H), 0.92-0.84 (m, 15H).

223, Compound 4
Compound 1 (1.7323 g, 2.7 mmol) and 4,7-
dibromobenzo[1,2,5]thiadiazole (BT, 0.264 g, 0.9 mmol) were
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Scheme 2. Synthetic route of BT monomer.

reacted with similar procedure as synthesis of 3 with the catalyst
tetra-triphenylpalladium (0.144 g) under Argon protection and
toluene (25 mL) as solvent. After refluxing the mixture at 110 <C,
the washing was done. Later the column chromatographically was
done with PE and DCM (2:1) as eluent. The product obtained was
black (0.42 g, 65%). 'H NMR (600 MHz, CDCl3): 0 (ppm): 7.89 (s,
2H), 7.81 (s, 2H), 7.71 (s, 2H), 4.31-4.28 (m, 4H), 1.79-1.75 (m,
2H), 1.54-1.38 (m, 16H), 1.06-0.92 (m, 12H).

224 Compound 5

Compound 4 (0.42 g, 0.58 mmol) was added into the RBF fol-
lowed by trichloromethane (50 mL) and then, N-bromosuccinimide
(NBS, 0.225 g, 1.26 mmol) was added in parts. At room tempera-
ture, the reaction mixture was stirred for 4 h and the washing with
sodium thiosulfate solution was done. Later the solvent extraction
with DCM and drying with anhydrous sodium sulfate gave organic
phase, which was concentrated and then subjected to purification
process by neutral alumina column chromatography with PE and
DCM (4:1) as eluent. The product was precipitated in methanol,
filtered and then dried in vacuum oven, which gave finally black
solid (0.35 g, 70%). *H NMR (600 MHz, CDCl3): O (ppm): 7.78 (s,
2H), 7.61 (s, 2H), 4.31-4.29 (t, 4H), 1.81-1.77 (m, 2H), 1.52-1.39 (m,
16H), 1.02-0.96 (m, 12H).

225 Synthesis of polymers

2251 General procedure of polymerization for P1 and P2. To
a 25 mL round-bottom flask, compound 3 or compound 5
(0.2 mmol), bis(trimethyltin)benzothiophene (BDT, 0.2 mmol) and
toluene (5 mL) were added. Later, the mixture was purged with
argon for 20 min followed by adding the -catalyst Pd(PPh3)s
(0.01 mmol, 11.5 mg). And then after being purged with argon
for another 40 min, the mixture was heated at 110 <C for 12 h.
After cooling to room temperature, the mixture was dropped in
methanol. After the filtration, the precipitate was packed in fil-
ter paper, subjected to Soxhlet extraction, and then the product

was precipitated with methanol. Later, the product was filtered
and dried overnight under vacuum at 40 <C. P1 was reddish brown
solid film with metallic luster and P2 was dark blue color solid.

3. Results and discussion

The synthetic route of the monomers were shown in Schemes
1 and 2 and the details are described in Experimental section [9].

31. Physical characteristics of polymers

Two polymers P1 and P2 were prepared through Stille cou-
pling reaction with a mixed solvent of toluene/DMF (Scheme 3). P1
and P2 were reasonably well soluble in common solvent, such as
chlorobenzene (CB) and o-dichlorobenzene (0-DCB), which could
be favorable for solution processing in device fabrication. The ther-
mal stability of polymers was analyzed by using thermogravimet-
ric analysis (TGA), as shown in Fig. S1. P1 polymer exhibited better
thermal stability quality by showcasing onset decomposition tem-
peratures (Tg) corresponding to 5% weight loss at 366 <C while P2
polymer only displayed T4 at 236 <C. So, P1 has more potential
to successfully perform in OSCs at high temperature with superior
thermal strength.

32, Computational study of polymers

The computational study of both polymers for the calculation
of energies and distributions of the frontier molecular orbitals was
executed by density functional theory (DFT) using the Gaussian
09 program at the B3LYP/6-31G(d,p) level. For the simplification
of calculation and shorter time duration, one repeating unit of
methyl group was used instead of alkyl groups. The HOMO and
LUMO energy levels of the polymers P1 and P2 are presented with
minimized conformational structures as well in Fig. 2. The dihe-
dral angles between TT moiety and TPD are 0.1734<and 0.0252<
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Fig. 3. UV absorption spectra of polymer P1 and P2 in solution and film state.

Table 1. Optical and electrochemical properties of P1 and P2.

Polymer Solution Film Film Eg4OPt HOMO
Amax (nm) Amax (nm) Aonsel (nm) (eVv) (eVv)

P1 743 762 836 1.48 —5.38

P2 690 707 935 1.32 —5.07

whereas the angle between BT and TT are 1.13<and 1.57< These
small angles implicate that both polymers have good planar struc-
tural arrangement. The very small dihedral angles between TT and
core units could be ascribed to the non-covalent lnteractlons be-
tween sulfur in adjacent TT and accepting units [34-36]. In Fig. 2

the HOMO energy levels are distributed and delocalized on almost
all the structure while LUMO is mainly constrained on the acceptor

unit. Besides, the smaller HOMO-LUMO gap for P2 repeating unit
suggests that P2 will possess the lower bandgap, but with a higher

HOMO energy level. All these calculations assert the probable ap-

titude of this new structural framework which is showing better
planarity and conformation than previous literature and also de-
picting a fair assessment between two potentially very competent
accepting groups. In addition, P1 exhibited deeper HOMO energy
level but P2 with lower optical bandgap.

33. Optical properties

The ultraviolet-visible (UV-vis) absorption spectra of the two
polymers are presented in Fig. 3 with comprehensive data in
Table 1. Both polymers P1 and P2 exhibit broad absorption spec-
trum in range of 600-900 nm. The maximum absorption peak
of P1 and P2 is found at 743 and 690 nm for solution, 762 and
707 nm for film state, respectively. The onset wavelength values
(Aonset) of P1 and P2 in film state are 836 and 935 nm respec-
tively and the bandgap obtained on the basis of these values was
calculated to be 1.48 and 1.32 eV. The absorption peak value of
P1 is higher than 725 nm of PBDTten—TBTTen—;, Which might be
due to that the introduction of ester groups to TT units enhance
the electron-withdrawing ability and then increase intramolecular
charge transfer of P1. The absorption curves of P1 in solution state
and film state show similar profile, moreover, the maximum peak
of absorption from solution to film red-shift only 4 nm. These re-
sults corporately indicate the strong aggregation behavior for P1.
In contrast, P2 demonstrates a significant red-shift than that of
P1, which could be attributed to that the acceptor strength of BT
is higher than TPD. The above results strongly confirmed that in-

creasing the quinoid structure of the backbone could be favorable
to give low bandgap poly mers.

3.4. Electrochemical properties

For the better and efficient PSCs, particularly the values of Voc
are very vital factor, which are directly related and majorly reliant
on matching the energy levels of both donors and acceptors. Cyclic
voltammetry (CV) was carried out for the electrochemical charac-
teristic behaviors and HOMO and LUMO measurements of the both
polymers. The standardization of saturated calomel reference elec-
trode (SCE) was done employing the (E 1, (F¥F¢*)) arrangement at
4.40 eV and the oxidation onset potential of the P1 and P2 was cal-
culated to be at 0.98 and 0. 67 V respectively (Fig. 4). The formula

EroMm —(Ea™ + EF* o eV was employed for calculation of
HOMO level which was 75 38 and —5.07 eV for P1 and P2 corre-

spondingly, whichwas ~— _ tent with the calculations (Table 1).
consis

The value of HOMO level of both polymers P1 and P2 was rela-
tively lower than those of the previously reported polymers which
mean that both polymer films will be more suitable and appropri-
ate for obtaining high values of Voc after blending with PCBM than
the previously reported similar polymer structures. The energy or-
bital values especially HOMO level are more deep and lower in P1
than P2 polymer. So, it can be anticipated that P1 is capable to
attain higher Voc in OSCs because Voc is proportional to the off-
set between the HOMO of polymeric donor and the LUMO of the
fullerene acceptor.

s P]

— P2

Fe/Fe

Current (a.u)

0.0 0.5 1.0 15
Potential (V)

Fig. 4. Cyclic voltammogram curves of P1 and P2.
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Table 2. Photovoltaic performance parameters of polymers.

Polymer Additive Voc Jsc FF PCE
(DIO) (\%) (mAlcmz) (%) (%)
P1 2% 0.74 14.9 64.3 713
PBDT1eH-TBTTHD-;[18] 0 0.63 15.93 64.76 6.47
P2 3% 0.66 8.20 40.8 2.23

3.5. Photovoltaic performance

For the photovoltaic characteristic study of polymers in
solar cell, the fabrication of bulk heterojunction solar cells
was done by using traditional device structures comprising of
ITO/PEDOT:PSS/Polymer:PC7:BM/PEN-Br/AL. In the conventional de-
vice structure, the role of PEDOT:PSS is normally to assist the hole
extraction, while, the role of hole blocking and electron extrac-
tion is attributed to PFN-Br. Other factors including solvent addi-
tive, D/A ratio also have vital role in performance of polymer solar
cell. The detailed evaluation of competency of polymer P1 and P2
in OSC device structures under different working conditions has
been depicted in Tables 2 and S2 and J-V curves are displayed in
Figs. 4 and S2.

The device results without any DIO additive in both polymers
were not very encouraging but with the addition of DIO, the per-
formance started to improve in key factors of devices, more specif-
ically, the Jsc and fill factor (FF). It could be attributed to the
improvement of the morphology of active layer, which will be
discussed later. The photovoltaic devices based polymer P1 with
the TPD core unit showed a power conversion efficiency (PCE) of 7.13%
with Voc of 0.74 V, Jsc of 14.9 mA/cm?, and FF of 64.3%, which is
better than the reported analogues PBDTten—TBTTHD—;

(Voc = 0.63 V and PCE = 6.47%). This result confirmed that our ex-
pectation of ester substituent could be favorable for Voc. By con-
trast, the polymer P2 which contains BT only showed the Voc of
0.66 V and Jsc of 8.20 mA/cm?, leading to a poor efficiency of
2.23% [37]. Furthermore, the efficiency of 7.13% is clearly one of
higher range values of LBG polymer based PSCs (Table S1). More
importantly, this new D—Q—A—Q structural arrangement could give
a prospective path to further upgrade for the LBG class of poly-
mer through the choice of the core, device engineering. In-depth
explanation of TPD unit exhibiting more potential to gain in sim-
ilar structural arrangement than that of BT could be explained by
the further analysis and studies like photoluminescence test (PL),
charge-carrier mobility assessment and morphological investiga-
tion.

The external quantum efficiency (EQE) analysis was done for
both polymers P1 and P2 by obtaining spectra under illumina-
tion of monochromatic light. From Fig. 5, the Jsc integrated from
the EQE spectra of P1 and P2 is approximately similar with ex-
perimental Jsc values within the possibility of 10% error. The de-
vices of both of the narrow band-gap polymers based on TPD and
BT demonstrate broad range spectra between 300 and 850 nm.
The relatively high photo-response for P1 could be one main
reason to give higher value of Jsc. In addition, charge-carrier
mobility assessment by the space charge limited current (SCLC)
method gives the values of charge-carrier mobility which is key
factor for the competency of OSC devices. The hole mobility of
P1 and P2 was obtained by employing the device structure of
ITO/PEDOT:PSS/Polymer:PC71BM/Au. As shown in Fig. 6, the val-
ues obtained from technique depict that the hole mobilities (U})

of two devices comprising P1 and P2 are 5.56 x 10 *cm?V 1571

and 2.98 x 1073 cm?V~1s ! respectively. High mobility could be
favorable for effective charge carrier transport and reduce the pho-

tocurrent loss in photovoltaic devices. Thus, P1-based devices ex-
hibited high Jsc, leading to the excellent performance.

3.6. Photoluminescence spectroscopy

The photoluminescence (PL) spectra of pure polymers and
blend film were examined to investigate the exciton dissociation
behaviors in the blends (Fig. S3). It is obvious that the excitons in
blend film of P1:PC71:BM showed effective dissociation. On the con-
trast, a large amount of excitons in P2:PC71BM could not separate
into free charges successfully, indicating severe geminate recombi-
nation in this blend. It explains why devices based on P2 showed
low current density compared with P1, although P2 has broader
absorption.

3.7. Morphological characterization

The morphology of the active layer blend plays a vital role in
the charge transport and charge separation. Transmission electron
microscopy (TEM) is employed to investigate the morphology of
polymers after modification in device with and without additive
DIO (Fig. 7). In the case of P1, when no additive was added, the
blend film showed strong phase separation which might be unfa-
vorable of exciton transfer. With addition of DIO, the observable
aggregations in P1:PC71BM blend film fade and fibrous interpen-
etrating network appears which is favorable for charge transport
and separation and it also visibly affirms the influence of DIO on
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phase separation exciton separation [31]. The addition of DIO de-
creases the aggregation in P2:PC71BM blend as well, which is very
significantly detectable on the TEM images. However, the crys-
tallinity in P2 based blend is still in micrometer size, which is
much longer than the diffusion length of excitons. The difference
between morphology of P2 based and P1 based blend film agrees
well with the results obtained from PL spectra. The anticipated
nanophase structural arrangement usually tends to favor escalation
of Jsc and FF in the blend films which is dually proved in P1 with
improved high values of both features whereas in P2 such behavior
is not showcased.

4. Conclusions

In summary, to develop the efficient LBG polymer, two poly-
mers P1 and P2 based the new D-Q-A-Q arrangement were
synthesized with different core groups like TPD and BT and a
comparative study was executed to investigate the potential of
core groups. The P1 polymers seemed to have adopted the new

altered structure in a better effective manner than P2 because the
comprehensive characteristic details of polymer visibly exhibit the
improvement in all profiles of P1. The introduction of ester sub-
stituent makes the polymer P1 with decreased HOMO level of
—b5.38 eV but with a low bandgap of 1.48 eV. By contrast, the BT-
based polymer P2 exhibited smaller Eg of 1.32 eV, but it could
not give excellent performance due to the lower hole mobility,
lower charge density and less favorable morphology. As a result,
the TPD core unit based P1 showed a remarkable capability to gain
from the similarly modified structural framework and improved
greatly its photoelectric profile by attaining a high Voc 0.74 V, Jsc
14.9 mA/cm?, FF 64.3% and 7.13% efficiency, which is much greater
than BT based polymer (2.23%) and almost 30% increased than the
similar TPD based polymer (6.47%) from literature. It is established
in this scenario that the TPD core unit is potentially more tal-
ented in comparison to BT for enhancing its properties. Overall,
this work highlights the strategy of inserting quinoid moieties into
D—A polymers, which could be beneficial in LBG-polymers design
and presents the importance and comparison of potentially com-
petent core groups.
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