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a b s t r a c t

Perylenediimide (PDI)-based small molecules have significantly contributed to the development of non-
fullerene acceptors, whereas the development of PDI-based polymer acceptors is relatively lagging
behind. In this study, we designed and synthesized two PDI-based n-type polymers named as PF-PDI and
PBDT-PDI, in which PDI was used as electron-deficient unit and fluorene (F) or benzodithiophene (BDT)
were used as electronrich components. The density functional theory (DFT) calculations and grazing
incidence wide-angle X-ray scattering (GIWAXS) results indicate that the PF-PDI shows larger steric
hindrance and relatively weaker lamellar packing than that of PBDT-PDI. Comparing with PBDT-PDI, PF-
PDI shows red-shift absorption and lower-lying HOMO level, which agrees well with the DFT results. A
well-knownwide bandgap polymer donor, PDBT-T1 was employed to fabricate polymer solar cells (PSCs)
with the two acceptors. The all polymer solar cells (all-PSCs) based on PDBT-T1:PF-PDI showed a high
power conversion efficiency (PCE) of 4.47%, which is approximately 2-fold larger than that of devices
with PDBT-T1:PBDT-PDI (PCE ¼ 2.70%).

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

In the past decade, fullerene-based polymer solar cells (PSCs)
comprising a polymer donor and a fullerene acceptor have been the
focus of organic photovoltaic research. The power conversion effi-
ciencies (PCEs) of state-of-the-art PCSs have already exceeded 10%
[1e19]. Despite the excellent performance of fullerene derivatives,
there are still some drawbacks, such as poor light absorption in
visible region, high production cost and inferior thermal and
chemical stability, limiting their further application in PSCs
[20e24]. To overcome these drawbacks, non-fullerene (NF) accep-
tors have attracted considerable attention and exhibited great
practical merits, such as low cost, easy tuning of electronic energy
levels and superior morphological stability in comparison with the
fullerene counterpart [24e31].

Recently, perylenediimide (PDI) derivatives have been exten-
sively studied as a promising class of candidates for application in

non-fullerene PSCs, due to their excellent solubility, high electron
mobility and strong absorption ability in the visible region [32e38].
At present, PDI-based NF acceptors can be divided into two cate-
gories, small-molecule (SM) acceptors and polymer acceptors. To
date, great progress has been achieved in PDI-based SM acceptors
through increasing their steric hindrance to suppress excessive
aggregation and PCEs over 9% have been reported [39]. In contrast,
the performance of PDI-based polymers has lagged far behind their
small molecule counterpart. Moreover, a limited number of PDI-
based polymer acceptors can be chosen for the fabrication of
high-performance PSCs. In 2007, Zhan and co-workers first re-
ported a PDI-based n-type polymer acceptor in all-PSCs with a PCE
over 1% [40]. Nowadays, the PCEs of all-PSCs containing PDI poly-
mer acceptors have already exceeded 6% [41,42]. How to further
promote the performance of them is an urgent issue.

In this study, we designed and synthesized two PDI-based poly-
mer acceptors with different molecular conformations along the
polymeric backbones. These two polymer acceptors contain an aro-
matic fused-ring of benzodithiophene (BDT) or an aromatic fused-
ring of fluorene (F) as electron-rich components and PDI as
electron-deficient core, named PF-PDI and PBDT-PDI, respectively,
(Scheme 1). It was found that these two polymeric conformations are
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different, which could be ascribed to the different molecular config-
uration and steric hindrance. Considering the important role of
selecting donor polymer in all-PSCs, here, PDBT-T1, a well-known
wide-band gap polymer with good linear conformations has been
used as the donor material [43]. When PF-PDI and PBDT-PDI were
blendedwith PDBT-T1, the intermolecular non-planar interactions by
large steric hindrance between the PDI units plays an important role
in realizing optimized nano-morphology and high PCE [36,44]. It was
demonstrated that all-PSCs based on PDBT-T1:PF-PDI showed a bet-
ter performance with a PCE of 4.45%. In contrast, all-PSCs based on
PDBT-T1:PBDT-PDI exhibited aworse PCE of 2.7%. The results indicate
that donor building block plays an important role in determining the
photovoltaic performance of PDI polymer acceptors.

2. Results and discussion

2.1. Synthesis

The general synthetic strategy for PF-PDI and PBDT-PDI are
outlined in Scheme 2. PBDT-PDI was obtained by Stille coupling
reaction in toluene with Pd(PPh3)4 as catalyst at 110 �C for 18 h. PF-
PDI was synthesized with a similar process by Suzuki coupling
reaction instead of Stille reactions. Both polymers have good solu-
bility in chloroform, chlorobenzene and dichlorobenzene. The
molecular weight and polydispersion index (PDI) of PF-PDI and
PBDT-PDI were measured to be 24.5 kg/mol, 1.5, and 32.6 kg/mol,
1.5, respectively.

2.2. Thermal stability

Thermal gravimetric analysis (TGA) was carried out to investi-
gate the thermal performance of the acceptors. The TGA plots are
depicted in Fig. S1. The results show that both of them have good
thermal stability and the onset points of the weight loss with 5% of
PF-PDI and PBDT-PDI are 443.4 �C and 419.3 �C, respectively.

2.3. Theoretical analysis

To evaluate the geometric structure of PF-PDI and PBDT-PDI,
density functional theory (DFT) calculations were performed

using Gaussian 09 at the level of B3LYP/6-31G. To simplify the
calculation, one repeating unit was employed to simulate thewhole
molecular skeleton, and the long alkyl side chains were replaced by
methyl groups. As illustrated in Fig. 1, the dihedral angle between
the PDI and BDT units in is around 52.4� for PBDT-PDI, while the
correspondingly twist angle of 62.6� is found between the PDI and
fluorene units for PF-PDI, indicating that PF-PDI exhibits a more
twisted molecular structure. DFT calculations predict the highest
occupied molecular orbital (HOMO) and lowest unoccupied mo-
lecular orbital (LUMO) of PF-PDI and PBDT-PDI to be �6.13 eV/
�3.54 eV and �5.93 eV/�3.84 eV, respectively. The images of
HOMO and LUMO of these two polymers with one repeating unit
are depicted in Fig. S2 and with three repeating units are shown in
Fig. S3, fromwhich one can see that the LUMO of the two polymer
acceptors are more localized on the electron-deficient part, sug-
gesting that the PDI component exhibit strong electron with-
drawing ability.

2.4. Optical and electrochemical properties

The UVevis absorption spectra of PDBT-T1, PF-PDI and PBDT-PDI
in solutions and thin films are shown in Fig. 2 (a) and Fig. 2 (b). The
main absorption peak of PDBT-T1 was found at lower energies
(500e700 nm) with obvious vibronic shoulder peaks both in
diluted chloroform and thin film, indicating the existence of strong
p-p stacking between polymer chains. In diluted chloroform, PF-
PDI displays one absorption peak at around 450 nm, which re-
sults from localized p-p* transitions. Another peak was found at
569 nm, which is attributed to intramolecular charge transfer (ICT).
PBDT-PDI exhibits two absorption peaks. One is located at ~560 nm,
which is due to the PDI-based local transition. Another broad
shoulder peak observed between 600 and 700 nm is ascribed to
BDT-to-PDI charge transfer, agreeing well with the DFT results
where the HOMO is almost entirely on the BDT unit and the LUMO
on the PDI unit. It can be seen clearly that PDBT-T1 shows com-
plementary absorption spectra with PF-PDI and PBDT-PDI. The
absorption spectra of blend films with or without additive CN are
exhibited in Fig. S4, fromwhich one can see that the application of
CN additives strengthen the p-p stacking between polymer chains.
Details of the absorption parameters are summarized in Table 1.

Scheme 1. Device architecture of all-PSCs fabricated in this study and the chemical structures of PDBT-T1, PF-PDI and PBDT-PDI, respectively.
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