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HIGHLIGHTS

® Regioisomerically-pure 1,7-DBPDIs lead to single-strand polymers (PrPDIT) with molecular weight distribution as low as 1.08.
® Ladder-type polymers (FPrPDIT) were synthesized by the quantitative yield cyclization of PrPDIT.
® Both PrPDIT and FPrPDIT are excellent acceptors with highest power conversion efficiency of 5.95% in all-polymer solar cells.

ARTICLE INFO ABSTRACT

Since dibromo perylene diimides (DBPDIs) contain two isomers that are difficult to separate, isomeric effect on
properties and applications of PDI polymers has been rarely studied. Few ladder-type polymers have been used
in organic solar cells. Herein, single-strand polymers (PrPDIT) were synthesized by the polymerization of re-
gioisomerically-pure 1,7-dibromo-PDIs (1,7-DBPDIs) and 2,5-bis(trimethylstannyl)thiophene. Furthermore,
ladder-type polymers (FPrPDIT) were obtained by the highly efficient photo-induced cyclization of polymers
PrPDIT. The effects of isomers and molecular weight on the absorption, electrochemistry, thermal stability, and
photovoltaic application of polymers were studied. Pure 1,7-DBPDIs lead to polymers with molecular weight
distribution as low as 1.08. These polymers with strong absorption in 300-700 nm, low-lying lowest unoccupied
molecular orbital (LUMO) energy levels around —4.0 eV and high thermal stability could be excellent electron
acceptors. Regioisomerically-pure polymers demonstrate better photovoltaic performance than that of mixed
ones. The highest power conversion efficiency (PCE) of all-polymer solar cells based on PrPDIT and FPrPDIT is
up to 5.95% and 4.52% respectively.
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1. Introduction All-polymer solar cells (all-PSCs) are focused recently, because

polymeric semiconductors exhibit excellent flexibility, film forming

Aiming for efficient solar-to-electricity conversion, bulk hetero-
junction organic solar cells (BHJOSCs) have attracted more and more
attention because of light-weight, flexible, and low-cost devices [1-11].
Electronic donors and acceptors are both essential in BHJOSCs. Com-
pared to the prosperity and excellence of donor materials, electron
acceptors lag obviously [12-20]. Widely used fullerene acceptors (such
as PC¢1BM, PC,1BM) have disadvantages of difficult modification, high
cost, and weak absorption [21-24]. Thus, much effort has been focused
on non-fullerene organic acceptors in the past several years, and they
show diverse and precise molecular structures, strong absorption, and
tunable energy levels [25-31].

ability, mechanical strength, and charge transport [32-34]. Perylene
diimides (PDIs) and naphthalene diimides (NDIs) are two promising
building blocks to construct polymeric acceptors [35-42]. Polymeric
PDIs have been widely reported for their advantages of suitable lowest
unoccupied molecular orbital (LUMO) energy levels, high stability, and
strong absorption [43-46]. Since dibromo perylene diimides (DBPDIs,
Fig. 1) contain two isomers of 1,6-dibromo PDIs (1,6-DBPDIs) and 1,7-
dibromo PDIs (1,7-DBPDIs) which are difficult to separate, pure major
isomer 1,7-DBPDIs are rarely used to construct conjugated polymers.
Different configurations of isomers result in polymers with different
arrangement and charge transport, which has significant effect on their
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Fig. 1. Structures of 1,7-DBPDI&1,6-DBPDI, PrPDIT, FPrPDIT, and optimized geometry of FPrPDIT.

Scheme 1. Synthetic route of PrPDIT,
FPrPDIT, and FPDI-Th. a) 1) KOH, H,0,

o o o N_o 70°C, 60min; 2) TBAB, 1-butyl bro-
LA mide, 100 °C, 5h, 92%; b) Br,, K»COs3,
d L, e O‘O o CH,Cly, rt, 12 h; ¢) CH,Cl,—CH5CN, rt,
Br B recrystallization, 46%; d) CISOsH, rt,
OO OO 4h, quantitative yield; e) alkyl amine,
P o NMP, AcOH, 80 °C, 40 min, 57%; f) 2,5-
B bis(trimethylstannyl)thiophene,
Pd,(dba)s, P(o-tolyl)s, toluene, 110 °C,
4 5 48h, 78%; g) 2,5-bis(trimethylstannyl)

thiophene, Pd(PPhs),, toluene, 110 °C,
12h, 91%; h) I, CH,Cly, hy, rt, 2h,
quantitative yield; i) I, CH»Cly, hv, rt,
10 h, quantitative yield.
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photovoltaic application [47]. Dahui Zhao and Jian Pei et al. reported a
regioisomerically-pure polymeric acceptor based on 1,7-DBPDIs and
bithiophene, and it reached the highest power conversion efficiency
(PCE) of 2.17%, and the regioisomerically-pure polymer shows im-
proved device performance compared to the irregular ones [44]. So it is
necessary to study this isomeric effect.

Ladder-type semiconductor polymers in which conjugated cores are
connected by double bonds or aromatic rings have large rigid skeletons,
which lead to free intramolecular electron communication, unique
packing and special applications [48]. Ladder-type polymers with
perfect structures are rare due to synthetic difficulty. In single-strand
PDI polymers, PDIs and neighboring aromatic ring such as benzene,
thiophene, and thieno[3,2-b]thiophene could be cyclized by the dehy-
drogenation reaction, which lead to ladder-type polymers [49-54].
However, quantitative cyclization is essential to ensure flawless struc-
tures. Xiao et al. synthesized planar ladder-type polymers based on PDIs
and thieno[3,2-b]thiophene through a highly efficient photo-induced
cyclization [48]. However, they show limited solubility due to strong
intermolecular interaction. Furthermore, their isomeric effect was not
considered, and they did not exhibit any performance in photovoltaic
application. Herein, we are interested in single-strand and ladder-type
polymers based on regioisomerically-pure PDIs and thiophene, and they
show twisted well-defined structures (Fig. 1), good solubility, and ex-
cellent photovoltaic application.

Interestingly, when pure 1,7-DBPDIs were used for polymerization,
two fractions of PrPDIT (Fig. 1) with different molecular weight and
narrow molecular weight distribution (as low as 1.08) could be ob-
tained through the simple column separation. Molecular weight and
isomeric effect have little influence on the absorption and energy levels
of these polymers, while they show different performance in photo-
voltaic application. Ladder-type polymer of FPrPDIT (Fig. 1) was syn-
thesized by the quantitative yield cyclization of polymer PrPDIT. All-
PSCs based on these polymers achieved highest PCE of 5.95% without
adding any additives or post-treatment.

2. Results and discussion
2.1. Synthesis

As shown in Scheme 1, key intermediate 1,7-DBPDIs were synthe-
sized in five steps from commercial available perylene-3,4,9,10-tetra-
carboxylic dianhydride (1) according to literature method [43,55].
Some improvement was made as following. 1) Regioisomerically-pure
3a could be obtained directly after the evaporation of 10 mL mixed
solvent(CH,Cl,/CH3CN = 1:2, v/v)gradually, and the purity was char-
acterized by '"H NMR, while recrystallization for 2-3 times were re-
quired in literature method. 2) Compound 4 was obtained quantita-
tively by the hydrolysis of 3a in chlorosulfonic acid, while p-
toluenesulfonic acid was used in the literature method, which had a
complicated post-treatment.

Single-strand polymer PrPDIT was prepared via a Stille poly-
merization reaction using Pd,(dba)s;/P(o-tolyl); as the catalyst. 1,7-
Dibromo-N, N’-bis(2-octyldodecyl)-3,4,9,10-perylene diimides (1,7-
DBPDIs) with bulky side chains were adopted to make target polymers
soluble. Molecular weight of polymers could be adjusted by the reaction
time. Notably, when the 1,7-DBPDIs were used, two fractions with
different molecular weight are easily separated through simple gel
column chromatography, and the molecular weight distribution is as
low as 1.08. As shown in Table 1, polymerization of 1,7-DBPDI for 48 h
lead to mixed polymers, and two polymers of PrPDIT with different
molecular weight (M,, = 6.3 KDa and 8.4 KDa) and low molecular dis-
tribution (M,,/M,, = 1.08 and 1.28) were isolated conveniently through
a silica gel column.

The molecular weight distribution of regioisomerically-pure poly-
mers (PrPDIT) was much lower than that of mixed polymers (PPDIT).
For example, the distribution of regioisomerically-pure polymer PrPDIT
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(M,: 6.3KDa) is as low as 1.08, while that of PPDIT (M,: 6.9 KDa) is
1.78, as determined by gel permeation chromatography (GPC) using
THF as the eluent.

As shown in Scheme 1, to get well-defined ladder-type FPrPDIT, a
highly efficient cyclization of single-strand PrPDIT is necessary. A
model compound FPDI-Th was synthesized under different conditions.
With optimized reaction condition of photo-induced cyclization, the
precursor compound PDI-Th could be converted into FPDI-Th quanti-
tatively in the presence of catalytic amount I,. PDI-Th tends to de-
compose in the solvent under ambient condition, and it leads to a
complicated mixture in the absence of catalyst I,.

Single-strand PrPDIT could be converted into ladder-type FPrPDIT
gradually under irradiation of a xenon lamp HSX-F300 (350-780 nm) in
CH,Cl,, and the process can be tracked by UV-Visible absorption. The
absorption of reaction mixture was recorded after removing catalyst I,
by aqueous Na,SOs;. As shown in Fig. 2, the absorption of starting
polymer hypsochromic shifted gradually in the reaction process in
2.5 h. The solution color changed from purple dark into red, which was
consistent with the reaction process of model compound. FPrPDIT was
characterized by high temperature NMR. Single-strand PrPDIT showed
clear NMR response at room temperature, while ladder-type FPrPDIT
gave low-field signal only at high temperature, because the rigid core
limits the free rotation of the molecule. *"H NMR signal of protons at
thienyl group (6 = 7.4 ppm) disappeared after cyclization, and a broad
peak (6 = 9.0-7.6 ppm) was observed in 'H NMR of FPrPDIT (see
Supporting Information). Due to bulky alkyl chains and twisted con-
jugated cores, target polymers FPrPDIT as the red solid showed good
solubility in common solvents like CH,Cl,, CHCl3, THF, and toluene.

2.2. Optical and electrochemical properties

The absorption of these compounds in solution and thin film were
characterized. All the polymers in this study show strong absorption in
the range of 300-700 nm (Fig. 3a and b). Their solid absorption has
slight hypsochromic shift by 5-10 nm compared to their solution ab-
sorption because of stronger aggregation in solid state. Polymers with
different molecular weights show different solid absorption due to their
different aggregation and packing in solid state.

As shown in Fig. 3a, solution absorption of ladder-type FPrPDIT
hypsochromic shifted by about 25 nm compared to that of single-strand
PrPDIT, which agrees with the model compound [24]. The optical band
gap of FPrPDIT is about 0.2 eV higher than that of PrPDIT (Table 1),
because LUMO energy levels keep consistent, while the highest occu-
pied molecular orbital (HOMO) energy levels decline after cyclization,
which is confirmed by the theoretical calculation (see Supporting
Information). The extinction coefficients (&) of FPrPDIT in 300-550 nm
are obviously higher than those of single-strand polymers, and the
ladder-type polymers show clear absorption fine structure, which is the
reflection of their special rigid core. The optical data of these polymers
were summarized in Table 1.

To study electrochemistry property of these compounds, their redox
properties in the solid state were measured by the cyclic voltammetry
(CV). All of them showed a semi-reversible reduction peak indicating
their ability to accept at least one electron, and no oxidation peak was
observed. The LUMO energy levels were estimated based on the as-
sumption that the energy level of Fc/Fc ™ is —4.8 eV relative to vacuum
[56,57]. As shown in Table 1, these polymers have similar LUMO en-
ergy levels in the range of —3.96 ~ —4.03 eV, the reason is that the
first electron-accepting position is at the oxygen atom in the carbonyl
group due to its strong electron-withdrawing property, and there is
little energy difference on the carbonyl groups among these polymers
[58].

The target polymers PrPDIT, FPrPDIT, and PPDIT exhibit excellent
thermal stability, and the 5% weight loss temperatures (Td) are 435,
440, and 431 °C respectively, which is confirmed by thermogravimetric
analysis (TGA, Fig. S2) in the air.
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Table 1
Optical, electrochemical, and molecular weight data of polymers.
Polymers (M,) A (nm) Emax’ M em ™) Ep” (eV) LUMO (eV) M,‘/KDa M./M,*
Solution Film
PrPDIT (4.3 KDa)! 542 537 15900 1.71 —4.00 4.3 1.14
PrPDIT (5.1 KDa)® 556 551 15400 1.71 —4.01 5.1 1.24
PrPDIT (6.3 KDa)' 538 527 15500 1.78 —-3.96 6.3 1.08
PrPDIT (8.4 KDa)® 553 548 15000 1.71 —4.01 8.4 1.28
PPDIT (6.9 KDa)" 553 547 15600 1.72 —4.01 6.9 1.78
PPDIT (8.0 KDa)' 554 546 15800 1.74 —4.02 8.0 1.51
FPrPDIT (6.3 KDa) 513 510 23400 1.96 —4.03 6.3 1.08
2 The molar extinction coefficient at A, in solution.
> Optical band gap.
¢ M,, M,,, and M,,/M, were determined by GPC on the basis of polystyrene calibration.
4 The first and
¢ second fraction of gel column, reaction lasted for 30 h.
f The first and
8 second fraction of gel column, reaction last for 48 h.
" Reaction last for 30 h.
! Reaction lasted for 48 h.
Table 2
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Fig. 2. The absorption of polymer PrPDIT in CHCl; with different irradiation
time.

2.3. Photovoltaic properties

To evaluate the photovoltaic properties of these electron acceptors,
all-PSCs with the structure of ITO/ZnO/donor:acceptor/MoO3/Ag were
fabricated. The PTB7-Th (structure is in Fig. S3) was selected as the
donor, because it has matched energy levels (Fig. S4) and com-
plementary absorption (Fig. S5) with those of target polymers. Table S1
shows the device properties of PTB7-Th:FPrPDIT (M,: 6.3 KDa) with
different donor:acceptor ratios, and the optimal weight ratio is 1:1. The
detailed device parameters at different concentration were shown in
Table S2, and the best concentration is 16 mgmL~'. The detailed

a) 0.4
—=— PrPDIT (4.3 KDa)
—e— PrPDIT (5.1 KDa)
—a— PrPDIT (6.3 KDa)
- —v— PrPDIT (8.4 KDa)
' —e— FPrPDIT (6.3 KDa)
g —<— PPDIT (6.9 KDa)
PPDIT (8.1 KDa)
3
=
n
o
s
>
w
0.0

500 600 700
Wavelength (nm)

300 400

Photovoltaic properties of the all-PSCs based on different acceptors with D/A
ratio of 1:1.

Acceptor (M,,) Voe (V) Jgc (mA FF (%) PCEp.x (%) PCEWd (%)
cm™2)
PrPDIT (4.3 KDa) 0.73 12.00 58.49 5.16 4.95 = 0.21
PrPDIT (5.1 KDa) 0.73 12.34 54.47 492 4.76 = 0.16
PrPDIT (6.3 KDa) 0.74 14.01 57.23 5.95 5.78 + 0.17
PrPDIT (8.4 KDa) 0.74 11.53 53.37 4.58 4.44 * 0.14
PPDIT (6.9 KDa) 0.75 10.88 53.50 4.36 4.28 = 0.08
PPDIT (8.0 KDa) 0.74 10.22 51.73  3.93 3.82 = 0.10
FPrPDIT (6.3KDa) 0.76 12.22 45.34 4.21 411 = 0.11
FPrPDIT 0.77 11.81 49.83  4.52 4.36 = 0.16
(6.3 KDa)*

@ Under the illumination of AM 1.5G, 100 mW cm ~%; ® The film thickness of
around 100 nm ( = 10 nm) was determined by AFM; ¢ 1% DIO was used as the
additive; ¢ The average PCE are calculated from 10 devices.

performances at different amounts of DIO were shown in Table S3, and
the optimized amount of DIO is 1%. Therefore, above optimized con-
ditions were adopted in the following device fabrication.

Table 2 shows parameters of solar cells fabricated at above optimal
conditions. Compared to mixed PPDIT, regioisomerically-pure PrPDIT
shows higher short-circuit current density (J.), fill factor (FF), and PCE,
which may be assigned to regular packing of the former polymers.
Molecular weight of single-strand polymers has little influence on the
device performance, and PrPDIT with M,, of 6.3 KDa gave the best PCE
of 5.95%, so it was selected to prepare ladder-type polymers. Single-
strand polymers with higher FF, J,., and PCE have better photovoltaic
performance than ladder-type ones, which is caused by different

—a— PrPDIT (4.3 KDa)
—e— PrPDIT (5.1 KDa)
—a— PrPDIT (6.3 KDa)
—v— FPrPDIT (6.3 KDa)
—o— PrPDIT (8.4 KDa)
—<— PPDIT (6.9 KDa)
PPDIT (8.1 KDa)

1.2

0.8

0.4

0.0

500 600 700 800
Wavelength (nm)

400

Normalized Absorption (a.u.) &

Fig. 3. Absorption of polymers (a) in CHCl; (1 X 10~5M) and (b) in solid state.
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—a— PTB7-Th:PrPDIT (6.3 KDa)
—a— PTB7-Th:FPrPDIT (6.3 KDa)
—v— PTB7-Th:FPrPDIT 1% DIO (6.3 KDa)

EQE/%

500 600 700 800

Wavelength/nm

0 T
300 400

Fig. 4. (a) J—V curves and (b) EQE spectra of solar cells based on PTB7-Th:PrPDIT and PTB7-Th:FPrPDIT.

morphology of active layers. Upon adding 1% DIO, PCE of ladder-type
FPrPDIT increased to 4.52% due to the improved morphology. While
single-strand polymers were insensitive to any solvent additives, they
are excellent polymeric acceptors for additive-free solar cells.

The external quantum efficiency (EQE) was measured to examine
the spectral response in the solar cells. As shown in Fig. 4b, these de-
vices show strong photoresponse in the broad range of 300-800 nm,
which indicates that both the absorption of PTB7-Th and PrPDIT/
FPrPDIT have significant contribution to the photocurrent. The highest
EQE for PTB7-Th:PrPDIT and PTB7-Th:FPrPDIT devices are 57% and
50% respectively, located at 695 nm. Specifically, the photon responses
between 300 and 600 nm are mainly contributed by PrPDIT or FPrPDIT,
while PTB7-Th provides the dominant role from 600 to 800 nm. Com-
pared to FPrPDIT, PrPDIT shows higher PCE, which is consistent with
its higher EQE.

To understand charge transport properties of all-PSCs based on
PrPDIT and FPrPDIT, their charge carrier mobilities were measured by
the space-charge-limited-current (SCLC) method. The typical J-V curves
of the hole-only and electron-only devices are shown in Fig. S7. The
calculated hole and electron mobilities are 5.72 X 10" *em*V ™ *s™!
and 6.69 x 10”7 ecm?V ™' s~ ! for PTB7-Th:PrPDIT blend film, and they
are 7.58 x 10 *em®*V s ' and 1.61 x 10 ®cm®V~'s~! for PTB7-
Th:FPrPDIT (Table S4). The electron mobility of ladder-type polymer
FPrPDIT is higher than single-strand polymer PrPDIT.

Atomic force microscopy (AFM) and transmission electron micro-
scopy (TEM) were used to study the morphology of active layers. As
shown in Fig. 5, the surface roughness of the PTB7-Th:PrPDIT and
PTB7-Th:FPrPDIT films show similar root-mean-square (RMS) as 3.03
and 2.57nm. Blend film of PTB7-Th:PrPDIT shows better

Fig. 5. AFM images of PTB7-Th:PrPDIT and PTB7-Th:FPrPDIT film.
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interpenetrating networks. The ideal morphology with a donor:acceptor
interpenetrating network could promote exciton dissociation and
charge transport, which is beneficial for achieving good performance in
all-PSCs. Combining AFM and TEM images (Fig. S8), blend film of
PTB7-Th:FPrPDIT shows larger domain size in phase separation. Too
large domain size hampered efficient charge separation and exciton
generation, which lead to its lower Js. and PCE in solar cells.

Further studies on the basic operational mechanism were performed
to obtain the photo-generated current density (Jp, = Jy, -Jp, Ji.: current
density under illumination; Jp: current density in the dark) versus ef-
fective voltage (Ve = Vo-Vi, Vo: the voltage when Jy, is zero; V,: ap-
plied voltage) curves of devices based on PTB7-Th:PrPDIT and PTB7-
Th:FPrPDIT, as shown in Fig. 6a [59-61].

The exciton dissociation probability (Pyiss) of devices based on
PTB7-Th:PrPDIT and PTB7-Th:FPrPDIT under the short circuit condi-
tion are 64% and 50%, respectively. The Pg;ss of PTB7-Th:PrPDIT is
higher than that of PTB7-Th:FPrPDIT, which is consistent with the su-
perior photovoltaic performance of the former device. The J,. of op-
timal all-PSCs under different light intensities (P) were also measured:
the relationship between J,. and P can be described as Jy. « P° [62]. The
light intensity dependence curve based on Js. was shown in Fig. 6b, and
the scaling factor (S) value of devices based on PTB7-Th:PrPDIT and
PTB7-Th:FPrPDIT are 0.95 and 0.90, respectively. Therefore, all these
devices exhibited reduced bimolecular recombination, which are ben-
eficial to achieve high J. and high FF.

3. Conclusion

Regioisomerically-pure 1,7-DBPDIs lead to high performance con-
jugated polymers with molecular weight distribution as low as 1.08.
Ladder-type polymers of FPrPDIT were synthesized by quantitative
yield cyclization of regioisomerically-pure polymer PrPDIT. These
polymers with strong absorption, low-lying LUMO energy levels, and
high thermal stability are excellent polymeric acceptors. Compared to
mixed polymers, regioisomerically-pure ones show higher Jy., FF, and
PCE. Molecular weight of single-strand polymers has a little influence
on the device performance, and PrPDIT with M, of 6.3 KDa gave the
best PCE of 5.95%. Single-strand polymers have better photovoltaic
performance than ladder-type ones, because the former lead to better
morphology. Thus, pure 1,7-DBPDIs are important in the construction
of high performance polymeric semiconductors, and twisted conjugated
ladder-type polymers with perfect structures are promising acceptors.

4. Experimental section
4.1. Materials

Known compound PDI-Th, FPDI-Th, 3a, 4, and polymer PPDIT were
synthesized according to literature method [43,63,64], and the detailed
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Fig. 6. (a) Photocurrent versus effective voltage plots and (b) light intensity dependence of short circuit intensity curves of polymer PrPDIT and FPrPDIT.

procedure is in Supporting Information. All the chemicals were ob-
tained commercially and used without further purification.

4.2. Characterization

'H NMR and '3C NMR spectra were measured on a NMR spectro-
meter. Absorption spectra were recorded on a PerkinElmer lambda 750
spectrophotometer. TGA measurements were performed using a TGA
Mettler-Toledo Gmbh under flowing air at a heating rate of 10 K-min ™.
Atomic force microscopy (AFM) images were obtained using a
NanoMan VS microscope in the tapping mode. The thickness of the
active layer of the device was measured via a VeecoDektak 150 surface
profiler. TEM images of blend films were acquired by a JEOL 2200FS
transmission electron microscopy with 200 kV accelerating voltage.

4.3. Synthesis of polymer PrPDIT

1,7-Dibromo-N, N’-bis-(2-octyl dodecyl)-3,4,9,10-perylene diimides
(1,7-DBPDIs, 700 mg, 0.63 mmol), 2,5-bis (trimethylstannyl) thiophene
(258 mg, 0.63 mmol), catalyst of Pd,(dba); (23 mg, 0.025 mmol), P(o-
tolyl)s (77 mg, 0.25 mmol), and 20 mL toluene were mixed and stirred
at 110°C for 48h under argon. The crude polymer was precipitated
from the solution by adding it to excess methanol, and the dried
polymer was purified through silica gel column with eluent of CHCls.
The first fraction was precipitated from methanol to obtain PrPDIT (M,,:
6.3 KDa, 148 mg, 22.1%), and the second fraction PrPDIT (M,: 8.4 KDa,
389mg, 58.0%) was dark purple solid. PrPDIT (M,: 6.3KDa)
M, = 6.3KDa, M,,/M, = 1.08; PrPDIT (M,: 8.4KDa) M, = 8.4KDa,
M,/M, = 1.28.'H NMR (400 MHz, C,Cl4D,) & 8.97-8.16 (m, 6H), 7.43
(m, 2H), 4.08 (m, 4H), 1.97 (m, 2H), 1.16 (m, 64H), 0.78 ppm (m,
12H).

4.4. Synthesis of polymer PPDIT

(1,7&1,6)-DBPDI (260 mg, 0.23 mmol), 2,5-bis (trimethylstannyl)
thiophene (96 mg, 0.23 mmol), catalyst Pd,(dba); (9 mg, 0.01 mmol), P
(o-tolyl); (31 mg, 0.10 mmol), and 10 mL toluene were mixed and
stirred at 110 °C for 48 h under argon. The crude polymer was pre-
cipitated from the solution by adding it to excess methanol, and the
dried polymer was purified through silica gel column with eluent of
CHCl3. PPDIT (M,,: 8.0 KDa) was obtained (193 mg, 78%) as dark purple
solid. PPDIT (M,: 8.0KDa) M, = 8.0KDa, M,/M, = 1.51."H NMR
(400 MHz, CDCl3) § 8.92-8.23 (m, 6H), 7.36 (m, 2H), 4.11 (m, 4H),
1.99 (m, 2H), 1.44-1.00 (m, 64H), 0.78 ppm (m, 12H).

4.5. Synthesis of polymer FPrPDIT

The polymer PrPDIT (50 mg), I, (5mg, 0.02 mmol), and 300 mL
CH,Cl, were mixed and stirred at room temperature and irradiated with
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a xenon lamp HSX-F300 (350-780 nm) for 10 h. The reaction mixture
was washed with saturated Na,SOs solution to remove I,. Next, the
polymer was precipitated from methanol to obtain FPrPDIT (49 mg,
quantitative yield) as dark red solid. 'H NMR (400 MHz, C5CliD5) &
9.00-7.61 (m, 4H), 4.20-3.70 (m, 4H), 2.10 (m, 2H), 1.30 (m, 64H),
0.86 ppm (m, 12H).

4.6. All-polymer solar cell fabrication

Organic photovoltaic (OPV) devices were fabricated with an in-
verted structure of ITO/ZnO/active layer/MoOs/Ag. The conductive
ITO substrates were sequentially cleaned with ultrasonication in de-
tergent, water, acetone, and isopropanol. After drying the ITO sub-
strates and treating the surface with UV ozone for 20 min, the ZnO
precursor solution was prepared by dissolving 0.5 g of zinc acetate di-
hydrate (Zn (CH3CO0),2H,0, 99.9%) in 5mL 2-methoxyethanol
(CH30CH,CH,0H, 99.8%), and 138 pL ethanolamine (NH,CH,CH,OH,
99.8%). The ZnO precursor was spun-coated at 4000 r.p.m. for 1 min
onto the ITO surface. After being baked at 200 °C for 60 min in air, the
substrates were transferred into a nitrogen-filled glove box. Then the
active layers were spun-coated from solutions of donor:acceptor (1:1 w/
w) in chlorobenzene with a total concentration of 16 mg mL~!. To
ensure the donor polymer soluble, active solutions were heated at 70 °C
for 12h prior to spin coating in a glovebox. MoO3 (7 nm) and Ag
(90 nm) were deposited by thermal evaporation under a vacuum
chamber to complete the device fabrication. The effective area of one
cell was 0.04 cm?. The current-voltage (J-V) characteristics were mea-
sured by a Keithley 2400 Source Meter under simulated solar light
(100mW cecm ™2, AM 1.5G, Abet Solar Simulator Sun 2000). The in-
cident photon-to-electron conversion efficiency (IPCE) spectra were
detected on an IPCE measuring system (Oriel Cornerstone mono-
chromator equipped with Oriel 70613NS QTH lamp). All the mea-
surement was performed at room temperature under nitrogen atmo-
sphere.

Conflicts of interest

The authors declare no competing financial interest.

Acknowledgements

The work was supported by grants National Natural Science
Foundation of China (No. 51863012, 21562031, and 51833004),
Natural Science Foundation of Jiangxi Province in China
(20171ACB21012, and 2018ACB21022), and the Innovation Fund
Designated for Graduate Students of Nanchang University (No.
CX2017050).



L. Wang et al.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.polymer.2018.12.041.

References

[1] V. Vohra, K. Kawashima, T. Kakara, T. Koganezawa, I. Osaka, K. Takimiya,

H. Murata, Efficient inverted polymer solar cells employing favourable molecular
orientation, Nat. Photon. 9 (2015) 403-408.

[2] H. Li, F.S. Kim, G. Ren, E.C. Hollenbeck, S. Subramaniyan, S.A. Jenekhe,
Tetraazabenzodifluoranthene diimides: building blocks for solution-processable n-
type organic semiconductors, Angew. Chem. Int. Ed. 125 (2013) 5513-5517.

[3] J.E. Anthony, A. Facchetti, M. Heeney, S.R. Marder, X. Zhan, n-Type organic
semiconductors in organic electronics, Adv. Mater. 22 (2010) 3876-3892.

[4] G. Zhu, Y. Zhang, Y. Hu, X. Zhao, Z. Yuan, Y. Chen, Conjugated polymers based on
1,8-naphthalene monoimide with high electron mobility, J. Polym. Sci., Part A:
Polym. Chem. 56 (2018) 276-281.

[5] W. Lai, C. Li, J. Zhang, F. Yang, F.J.M. Colberts, B. Guo, Q.M. Wang, M. Li,

A. Zhang, R.A.J. Janssen, Diketopyrrolopyrrole-based conjugated polymers with
perylene bisimide side chains for single-component organic solar cells, Chem.
Mater. 29 (2017) 7073-7077.

[6] Y.J. Hwang, T. Earmme, B.A. Courtright, F.N. Eberle, S.A. Jenekhe, n-Type semi-
conducting naphthalene diimide-perylene diimide copolymers: controlling crystal-
linity, blend morphology, and compatibility toward high-performance all-polymer
solar cells, J. Am. Chem. Soc. 137 (2015) 4424-4437.

[7] Y. Zhang, X. Guo, B. Guo, W. Su, M. Zhang, Y. Li, Nonfullerene polymer solar cells
based on a perylene monoimide acceptor with a high open-circuit voltage of 1.3 V,
Adv. Funct. Mater. 27 (2017) 1603 1892.

[8] S.Li, W. Liu, C.Z. Li, F. Liu, Y. Zhang, M. Shi, H. Chen, T.P. Russell, A simple

perylene diimide derivative with a highly twisted geometry as an electron acceptor

for efficient organic solar cells, J. Mater. Chem. 4 (2016) 10659-10665.

Y. Zhong, M.T. Trinh, R. Chen, W. Wang, P.P. Khlyabich, B. Kumar, Q. Xu,

C.Y. Nam, M.Y. Sfeir, C. Black, Efficient organic solar cells with helical perylene

diimide electron acceptors, J. Am. Chem. Soc. 136 (2014) 15215-15221.

[10] E. SchabBalcerzak, M. Wegrzyn, H. Janeczek, B. Jarzabek, P. Rannou, A. Iwan, The
synthesis and thermal, optical and electrical properties of novel aromatic-aliphatic
five- and six-membered thermotropic polyimides, Liq. Cryst. 37 (2010) 1347-1359.

[11] F.U. Shah, S. Glavatskih, E. Hoglund, M. Lindberg, O.N. Antzutkin, Interfacial an-
tiwear and physicochemical properties of alkylborate-dithiophosphates, ACS Appl.
Mater. Interfaces 3 (2011) 956.

[12] K. Sivula, C.K. Luscombe, B.C. T, J.M.J. Fréchet, Enhancing the thermal stability of
polythiophene:fullerene solar cells by decreasing effective polymer regioregularity,
J. Am. Chem. Soc. 128 (2006) 13988-13989.

[13] J. Vandenbergh, B. Conings, S. Bertho, J. Kesters, D. Spoltore, S. Esiner, J. Zhao,
G.V. Assche, M.M. Wienk, W. Maes, Thermal stability of poly[2-methoxy-5-(2"-
phenylethoxy)-1,4-phenylenevinylene] (MPE-PPV):Fullerene bulk heterojunction
solar cells, Macromolecules 44 (2011) 8470-8478.

[14] L. Yang, W. Gu, L. Lv, Y. Chen, Y. Yang, P. Ye, J. Wu, L. Hong, A. Peng, H. Huang,
Triplet tellurophene-based acceptors for organic solar cells, Angew. Chem. Int. Ed.
57 (2017) 1108-1114.

[15] E. Kozma, D. Kotowski, M. Catellani, S. Luzzati, A. Famulari, F. Bertini, Synthesis
and characterization of new electron acceptor perylene diimide molecules for
photovoltaic applications, Dyes Pigments 99 (2013) 329-338.

[16] Y. Lin, Y. Wang, J. Wang, J. Hou, Y. Li, D. Zhu, X. Zhan, A star-shaped perylene
diimide electron acceptor for high-performance organic solar cells, Adv. Mater. 26
(2014) 5137-5142.

[17]1 S. Shoaee, F. Deledalle, T.P. Shakya, R. Shivanna, S. Rajaram, K.S. Narayan,

J.R. Durrant, A comparison of charge separation dynamics in organic blend films
employing fullerene and perylene diimide electron acceptors, J. Phys. Chem. Lett. 6
(2015) 201-205.

[18] A. Krell, T. Hutzler, J. Klimke, Defect strategies for an improved optical quality of
transparent ceramics, Opt. Mater. 38 (2014) 61-74.

[19] E. Schab-Balcerzak, A. Iwan, M. Krompiec, M. Siwy, D. Tapa, A. Sikora,

M. Palewicz, New thermotropic azomethine-naphthalene diimides for optoelec-
tronic applications, Synth. Met. 160 (2010) 2208-2218.

[20] Ewa SCHABBALCERZAK, Agnieszka IWAN, Marzena GRUCELAZAJAC,

Michal KROMPIEC, PODGORNA, Marzena, Characterization, liquid crystalline be-
havior, optical and electrochemical study of new aliphatic—aromatic polyimide
with naphthalene and perylene subunits, Synth. Met. 161 (2011) 1660-1670.

[21] T.J. Sisto, Y. Zhong, B. Zhang, M.T. Trinh, K. Miyata, X. Zhong, X.Y. Zhu,

M.L. Steigerwald, F. Ng, C. Nuckolls, Long, atomically precise donor-acceptor cove-
edge nanoribbons as electron acceptors, J. Am. Chem. Soc. 139 (2017) 5648-5651.

[22] J.J. Richards, A.H. Rice, R.D. Nelson, F.S. Kim, S.A. Jenekhe, C.K. Luscombe,

D.C. Pozzo, Modification of PCBM crystallization via incorporation of C60 in
polymer/fullerene solar cells, Adv. Funct. Mater. 23 (2013) 514-522.

[23] Y. Lin, X. Zhan, Non-fullerene acceptors for organic photovoltaics: an emerging
horizon, Mater. Horiz. 1 (2014) 470-488.

[24] H. Zhong, C.H. Wu, C.Z. Li, J. Carpenter, C.C. Chueh, J.Y. Chen, H. Ade, A.K.Y. Jen,
Rigidifying nonplanar perylene diimides by ring fusion toward geometry-tunable
acceptors for high-performance fullerene-free solar cells, Adv. Mater. 28 (2016)
951-958.

[25] P. Sonar, J.P.F. Lim, K.L. Chan, Organic non-fullerene acceptors for organic pho-
tovoltaics, Energy Environ. Sci. 4 (2011) 1558-1574.

[9

[}

114

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Polymer 162 (2019) 108-115

Y. Hu, S. Chen, L. Zhang, Y. Zhang, Z. Yuan, X.H. Zhao, Y. Chen, Facile approach to
perylenemonoimide with short side chains for non-fullerene solar cells, J. Org.
Chem. 82 (2017) 5926-5931.

H. Chang, Z. Chen, X. Yang, Q. Yin, J. Zhang, L. Ying, X.F. Jiang, B. Xu, F. Huang,
Y. Cao, Novel perylene diimide based polymeric electron-acceptors containing
ethynyl as the m-bridge for all-polymer solar cells, Org. Electron. 45 (2017)
227-233.

Y. Gao, H. Li, S. Yin, G. Liu, L. Cao, Y. Li, X. Wang, Z. Ou, X. Wang, Y. Gao,
Supramolecular electron donor-acceptor complexes formed by perylene diimide
derivative and conjugated phenazines, New J. Chem. 38 (2014) 5647-5653.

G. Gao, X. Zhang, D. Meng, A. Zhang, Y. Liu, W. Jiang, Y. Sun, Z. Wang, Bis(per-
ylene diimide) with DACH bridge as non-fullerene electron acceptor for organic
solar cells, RSC Adv. 6 (2016) 14027-14033.

X. Liu, Y. Cai, X. Huang, R.B. Zhang, X. Sun, A perylene diimide electron acceptor
with a triptycene core for organic solar cells, J. Mater. Chem. C 5 (2017)
3188-3194.

Marzena Grucelazajac, Michal Filapek, Lukasz Skorka, Katarzyna Bijak,

Karolina Smolarek, Photophysical, electrochemical and thermal properties of new
(co)polyimides incorporating oxadiazole moieties, Synth. Met. 188 (2014)
161-174.

E. Zhou, J. Cong, Q. Wei, K. Tajima, C. Yang, K. Hashimoto, All-polymer solar cells
from perylene diimide based copolymers: material design and phase separation
control, Angew. Chem. Int. Ed. 50 (2011) 7972-7972.

N. Zhou, A.S. Dudnik, T.I. Li, E.F. Manley, T.J. Aldrich, P. Guo, H.C. Liao, Z. Chen,
L.X. Chen, R.P. Chang, All-polymer solar cell performance optimized via systematic
molecular weight tuning of both donor and acceptor polymers, J. Am. Chem. Soc.
138 (2016) 1240-1251.

Y. Zhou, T. Kurosawa, W. Ma, Y. Guo, L. Fang, K. Vandewal, Y. Diao, C. Wang,
Q. Yan, J. Reinspach, High performance all-polymer solar cell via polymer side-
chain engineering, Adv. Mater. 26 (2014) 3767-3772.

C. Dou, Z. Ding, Z. Zhang, Z. Xie, J. Liu, L. Wang, Developing conjugated polymers
with high electron affinity by replacing a C-C unit with a B<N unit, Angew. Chem.
Int. Ed. 54 (2015) 3648-3652.

L. Xue, Y. Yang, Z.G. Zhang, X. Dong, L. Gao, J. Zhang, Y. Yang, Y. Li,
Indacenodithienothiophene-naphthalene diimide copolymer as acceptor for all—
polymer solar cells, J. Mater. Chem. 4 (2016) 5810-5816.

Q. Wu, D. Zhao, A.M. Schneider, W. Chen, L. Yu, Covalently bound clusters of
alpha-substituted PDI-rival electron acceptors to fullerene for organic solar cells, J.
Am. Chem. Soc. 138 (2016) 7248-7251.

S. Liu, X. Song, S. Thomas, Z. Kan, F. Cruciani, F. Laquai, J.L. Bredas,

P.M. Beaujuge, Thieno[3,4-c]Pyrrole-4,6-Dione-Based polymer acceptors for high
open-circuit voltage all-polymer solar cells, Adv. Energy Mater. 7 (2017) 1602574.
H. Huang, N. Zhou, R.P. Ortiz, Z. Chen, S. Loser, S. Zhang, X. Guo, J. Casado,
J.T.L. Navarrete, X. Yu, Alkoxy-functionalized thienyl-vinylene polymers for fiel-
d-effect transistors and all-polymer solar cells, Adv. Funct. Mater. 24 (2014)
2782-2793.

M. Liu, Y. Gao, Y. Zhang, Z. Liu, L. Zhao, Quinoxaline-based conjugated polymers
for polymer solar cells, Polym. Chem. 8 (2017) 4613-4636.

S. Liu, Z. Kan, S. Thomas, F. Cruciani, J.L. Brédas, P.M. Beaujuge, Thieno[3,4-c]
pyrrole-4,6-dione-3,4-difluorothiophene polymer acceptors for efficient all-polymer
bulk heterojunction solar cells, Angew. Chem. 128 (2016) 13190-13194.

Y. Zhang, X. Guo, W. Su, B. Guo, Z. Xu, M. Zhang, Y. Li, Perylene diimide-benzo-
dithiophene D-A copolymers as acceptor in all-polymer solar cells, Org. Electron. 41
(2017) 49-55.

X. Lian, L. Zhang, Y. Hu, Y. Zhang, Z. Yuan, W. Zhou, X. Zhao, Y. Chen, Effect of
substituents of twisted benzodiperylenediimides on non-fullerene solar cells, Org.
Electron. 47 (2017) 72-78.

J. Zhang, S. Singh, D. Hwang, S. Barlow, B. Kippelen, S. Marder, 2-Bromo perylene
diimide: synthesis using C-H activation and use in the synthesis of bis(perylene
diimide)-donor electron-transport materials, J. Mater. Chem. C 1 (2013)
5093-5100.

J.J.M. Halls, C.A. Walsh, N.C. Greenham, E.A. Marseglia, R.H. Friend, S.C. Moratti,
A.B. Holmes, Efficient photodiodes from interpenetrating polymer networks, Nature
376 (1995) 498-500.

F. Fernandezlazaro, N. Zinklorre, A. SastreSantos, Perylenediimides as non-full-
erene acceptors in bulk-heterojunction solar cells (BHJSCs), J. Mater. Chem. 4
(2016) 9336-9346.

Y. Liang, S. Lan, P. Deng, D. Zhou, Z. Guo, H. Chen, H. Zhan, Regioregular and
regioirregular poly(selenophene-perylene diimide) acceptors for polymer-polymer
solar cells, ACS Appl. Mater. Interfaces 10 (2018) 32397-32403.

Z.Yuan, Y. Xiao, Y. Yang, T. Xiong, Soluble ladder conjugated polymer composed of
perylenediimides and thieno[3,2-b]thiophene (LCPT): a highly efficient synthesis
via photocyclization with the sunlight, Macromolecules 44 (2011) 1788-1791.

P. Deng, B. Wu, Y. Lei, D. Zhou, C.H.Y. Ho, F. Zhu, B.S. Ong, A readily-accessible,
random perylene diimide copolymer acceptor for all-polymer solar cells, Dyes
Pigments 146 (2017) 20-26.

M. Liu, J. Yang, C. Lang, Y. Zhang, E. Zhou, Z. Liu, F. Guo, L. Zhao, Fused perylene
diimide-based polymeric acceptors for efficient all-polymer solar cells,
Macromolecules 50 (2017) 7559-7566.

Y. Zhang, L. Chen, K. Zhang, H. Wang, Y. Xiao, A soluble ladder-conjugated star-
shaped oligomer composed of four perylene diimide branches and a fluorene core:
synthesis and properties, Chem. Eur J. 20 (2014) 10170-10178.

Y. Zhou, Q. Yan, Y.Q. Zheng, J.Y. Wang, D. Zhao, J. Pei, New polymer acceptors for
organic solar cells: the effect of regio-regularity and device configuration, J. Mater.
Chem. 1 (2013) 6609-6613.

B. Wang, W. Liu, H. Li, J. Mai, S. Liu, X. Lu, H. Li, M. Shi, C.Z. Li, H. Chen, Electron


https://doi.org/10.1016/j.polymer.2018.12.041
https://doi.org/10.1016/j.polymer.2018.12.041
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref1
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref1
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref1
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref2
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref2
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref2
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref3
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref3
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref4
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref4
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref4
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref5
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref5
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref5
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref5
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref6
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref6
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref6
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref6
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref7
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref7
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref7
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref8
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref8
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref8
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref9
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref9
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref9
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref10
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref10
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref10
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref11
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref11
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref11
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref12
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref12
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref12
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref13
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref13
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref13
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref13
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref14
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref14
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref14
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref15
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref15
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref15
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref16
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref16
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref16
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref17
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref17
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref17
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref17
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref18
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref18
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref19
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref19
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref19
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref20
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref20
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref20
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref20
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref21
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref21
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref21
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref22
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref22
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref22
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref23
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref23
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref24
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref24
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref24
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref24
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref25
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref25
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref26
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref26
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref26
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref27
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref27
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref27
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref27
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref28
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref28
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref28
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref29
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref29
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref29
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref30
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref30
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref30
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref31
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref31
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref31
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref31
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref32
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref32
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref32
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref33
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref33
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref33
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref33
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref34
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref34
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref34
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref35
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref35
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref35
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref36
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref36
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref36
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref37
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref37
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref37
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref38
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref38
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref38
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref39
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref39
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref39
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref39
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref40
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref40
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref41
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref41
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref41
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref42
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref42
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref42
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref43
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref43
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref43
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref44
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref44
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref44
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref44
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref45
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref45
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref45
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref46
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref46
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref46
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref47
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref47
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref47
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref48
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref48
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref48
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref49
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref49
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref49
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref50
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref50
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref50
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref51
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref51
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref51
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref52
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref52
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref52
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref53

L. Wang et al.

[54]

[55]

[56]

[57]

[58]

acceptors with varied linkages between perylene diimide and benzotrithiophene for
efficient fullerene-free solar cells, J. Mater. Chem. 5 (2017) 9396-9401.

L. Yang, W. Gu, L. Lv, Y. Chen, Y. Yang, P. Ye, J. Wy, L. Hong, A. Peng, H. Huang,
Triplet tellurophene-based acceptors for organic solar cells, Angew. Chem. Int. Ed.
57 (2018) 1108-1114.

Z.Yuan, Y. Xiao, X. Qian, A design concept of planar conjugated ladder oligomers of
perylene bisimides and efficient synthetic strategy via regioselective photocycliza-
tion, Chem. Commun. 46 (2010) 2772-2774.

D. Xia, Y. Wu, Q. Wang, A. Zhang, C. Li, Y. Lin, F.J.M. Colberts, J.J.V. Franeker,
R.A.J. Janssen, X. Zhan, Effect of alkyl side chains of conjugated polymer donors on
the device performance of non-fullerene solar cells, Macromolecules 49 (2016)
6445-6454.

C. Zhan, J. Yao, More than conformational “twisting” or “coplanarity”: molecular
strategies for designing high-efficiency nonfullerene organic solar cells, Chem.
Mater. 28 (2016) 1948-1964.

X. Zhao, Y. Xiong, J. Ma, Z. Yuan, Rylene and rylene diimides: comparison of
theoretical and experimental results, and prediction for high rylene derivatives, J.
Phys. Chem. 120 (2016) 7554-7560.

[59]

[60]

[61]

[62]

[63]

[64]

Polymer 162 (2019) 108-115

L. Ye, W. Jiang, W. Zhao, S. Zhang, Y. Cui, Z. Wang, J. Hou, Toward efficient non-
fullerene polymer solar cells: selection of donor polymers, Org. Electron. 17 (2015)
295-303.

L. Ye, W. Jiang, W. Zhao, S. Zhang, D. Qian, Z. Wang, J. Hou, Selecting a donor
polymer for realizing favorable morphology in efficient non-fullerene acceptor-
based solar cells, Small 10 (2014) 4658-4663.

S.R. Cowan, A. Roy, A.J. Heeger, Recombination in polymer-fullerene bulk het-
erojunction solar cells, Phys. Rev. B 82 (2010) 1771-1782.

V. Gupta, A.K.K. Kyaw, H.W. Dong, S. Chand, G.C. Bazan, A.J. Heeger, Barium, An
efficient cathode layer for bulk-heterojunction solar cells, Sci. Rep. 3 (2013)
5926-5931.

H. Zhong, C.H. Wu, C.Z. Li, J. Carpenter, C.C. Chueh, J.Y. Chen, H. Ade, AK. Jen,
Rigidifying nonplanar perylene diimides by ring fusion toward geometry-tunable
acceptors for high-performance fullerene-free solar cells, Adv. Mater. 28 (2016)
951-958.

S. Li, H. Zhang, W. Zhao, L. Ye, H. Yao, B. Yang, S. Zhang, J. Hou,
Green-solvent-processed all-polymer solar cells containing a perylene diimide-based
acceptor with an efficiency over 6.5%, Adv. Energy Mater. 6 (2016) 1501991.


http://refhub.elsevier.com/S0032-3861(18)31156-X/sref53
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref53
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref54
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref54
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref54
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref55
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref55
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref55
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref56
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref56
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref56
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref56
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref57
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref57
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref57
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref58
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref58
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref58
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref59
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref59
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref59
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref60
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref60
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref60
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref61
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref61
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref62
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref62
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref62
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref63
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref63
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref63
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref63
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref64
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref64
http://refhub.elsevier.com/S0032-3861(18)31156-X/sref64

	Single-strand and ladder-type polymeric acceptors based on regioisomerically-pure perylene diimides towards all-polymer solar cells
	Introduction
	Results and discussion
	Synthesis
	Optical and electrochemical properties
	Photovoltaic properties

	Conclusion
	Experimental section
	Materials
	Characterization
	Synthesis of polymer PrPDIT
	Synthesis of polymer PPDIT
	Synthesis of polymer FPrPDIT
	All-polymer solar cell fabrication

	Conflicts of interest
	Acknowledgements
	Supplementary data
	References




