Chinese Chemical Letters 33 (2022) 466-469

|

ISP LS

ELSEVIE

Contents lists available at ScienceDirect C(, L Lo

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

A benzo|ghi]-perylene triimide based double-cable conjugated ®)
polymer for single-component organic solar cells s

Dan Wang?P!, Zhaofan Yang®!, Feng Liu®“*, Chengyi Xiao®, Yonggang Wu?*, Weiwei LiP*

3 College of Chemistry and Environmental Science, Hebei University, Baoding 071002, China
b Beijing Advanced Innovation Center for Soft Matter Science and Engineering & State Key Laboratory of Organic-Inorganic Composites, Beijing University of

Chemical Technology, Beijing 100029, China

¢ College of Basic Medicine, Hebei University, Baoding 071002, China

ARTICLE INFO

ABSTRACT

Article history:

Received 12 May 2021
Revised 31 May 2021
Accepted 15 June 2021
Available online 25 June 2021

Keywords:

Double-cable polymer
Single-component organic solar cells
BPTI

Electron withdrawing

Electron transporting channels

Single-component organic solar cells (SCOSCs) with high stability and simplified fabrication process are
supposed to accelerate the commercialization of organic photovoltaics. However, the types of photo-active
materials and photovoltaic performance of SCOSCs are still far lagging behind the bulk-heterojunction
type organic solar cells (BH] OSCs). It is still an arduous task to introduce new photo-active materials
into SCOSCs, aiming to improve the efficiencies of SCOSCs. One feasible way is to construct double-cable
polymers with new structures and tune conformation, morphology and mobility for the improvement in
power conversion efficiencies (PCEs). Hence, in this work, we constructed a new double-cable polymer
PBTT-BPTI by introducing fused core 5,7-dibromo-2,3-bis(2-ethylhexyl)benzo[1,2-b:4,5-c’]dithiophene-4,8-
dione (TTDO) into the main backbone and benzo[ghi]-perylene triimide (BPTI) unit into the side chain.
Both of the two units show strong electron-withdrawing property, which are expected to broaden absorp-
tion spectra and enhance intermolecular interaction. The double-cable polymer exhibited a broad absorp-
tion in the range of 300-700 nm with an optical band gap (Eg) of 1.79 eV. The PCE of PBTT-BPTI-based

SCOSCs was 2.15%, which may be limited by the unconstructed efficient electron transporting channels.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Organic solar cells (OSCs) have attracted tremendous atten-
tion due to their advantages of low-cost, solution-processing and
large-scale application [1-11]. Nowadays, most attentions have fo-
cused on the bulk-heterojunction (BH]) type OSCs, which consist of
donor and acceptor in the photo-active layers and have achieved
the highest power conversion efficiencies (PCEs) over 18% [12-
17]. However, the BHJ-type OSCs may encounter some issues in
the commercialization process, such as long-term stability, unsta-
ble phase separation and cost [18-27]. The single-component or-
ganic solar cells (SCOSCs), with one conjugated material as photo-
active layer, can simplify the fabrication process and solve the self-
aggregation issues for improved stability [28-33]. Hence, SCOSCs
are one of promising candidates for commercial applications of
0SCs in the future.

The champion PCE of SCOSCs has reached 8.40% [34], which is
still far lagging behind the PCEs of BH] type OSCs. This is mainly
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due to the limited types of single-component conjugated mate-
rials [35]. Therefore, more efforts are still needed to be devoted
into designing and synthesizing of new photo-active materials for
high-performance SCOSCs. Many types of materials have been re-
ported for the applications in SCOSCs, such as block copolymers
[36], double-cable conjugated polymers [37] and molecular dyads
[38]. Double-cable conjugated polymers as one type of the photo-
active materials used in SCOSCs, are usually constructed by donor-
acceptor conjugated polymers as conjugated backbone and small
molecular acceptors as side chain [39-42]. Both conjugated back-
bones and side units can significantly influence the PCEs of SCOSCs
through the molecular packing, cooperative crystallization, misci-
bility, etc.

The benzo|ghi]-perylene triimide (BPTI) unit, which has larger
m-conjugated structure than the naphthalene diimides (NDI) or
perylene bisimides (PBI) acceptors, was used to construct a double-
cable polymer PTPDBPTI in our previous report [43]. The BPTI
unit effectively tuned the aggregation/crystallization of PTPDBPTI
polymers and was able to construct effective electron transport-
ing channels, thus balancing hole and electron mobilities. The
PCEs of SCOSCs were promoted from 1.92% to 4.34% when replac-
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Scheme 1. Synthetic routes for the monomers and the double-cable polymer PBTT-BPTI. (i) n-BuLi, -78 °C, 3 h, 1,12-dibromodecane, THF, 50 °C, 4-6 h; (ii) Oxalyl chloride,
CH,Cly, 0 °C, overnight; (iii) AlCl;, CICH,CH,Cl, 0 °C, overnight; (iv) HBr, reflux, overnight; (v) Pd,(dba)s, [(t-Bu);PH]|BF4, K3PO4(aq) in THF, Ny, 80 °C, 7 h; (vi) NBS, 0 °C, N,
overnight; (vii) K;CO3, DMF, 80 °C, N,, overnight; (viii) Pd(PPh3),, toluene, N, 115 °C, 13 h.

ing the PBI side units by BPTI units. Hence, the BPTI unit can
act as a new electron-deficient side unit in double-cable poly-
mers. The conjugated units in conjugated backbone of double-cable
polymers can also significantly influence the photovoltaic prop-
erty of SCOSCs. He et al. reported a new donor material PBTT-F,
with fused core 5,7-dibromo-2,3-bis(2-ethylhexyl)benzo[1,2-b:4,5-
c'|dithiophene-4,8-dione (TTDO) as conjugated unit [44]. The
strong electron-withdrawing property of TTDO core is beneficial
to extend the absorption spectra and enhance the intramolecular
charge transfer, leading to the improved photovoltaic performance
of PBTT-F/Y6 based NFOSCs with an outstanding PCE of 16.1%.

Inspiring by the above work, we developed a new double-cable
conjugated polymer PBTT-BPTI by introducing TTDO to the main
backbone and BPTI as the side unit in this work. The electron-
withdrawing property of the TTDO unit significantly broadens the
absorption spectra, and both TTDO unit and BPTI unit affect the ag-
gregation properties of double-cable polymers. The SCOSCs based
on the double-cable polymer PBTT-BPTI exhibited a PCE of 2.15%
after the optimization of post annealing and solvents.

The synthetic routes for the monomers and the double-cable
polymer PBTT-BPTI were presented in Scheme 1 and the de-
tails were shown in Supporting information. The monomer M9
was synthesized via the monomer M8 and BPTI unit. Then, the
monomer M9 and M10 were used to perform Stille polymeriza-
tion to yield the double-cable polymer PBTT-BPTI. The molecu-
lar weight of PBTT-BPTI was determined by high temperature gel
permeation chromatography (GPC) with trichlorobenzene (TCB) as
eluent at 150 °C. The number-average molecular weights (M) and
polydispersity indices (P) of PBTT-BPTI were 57.10 kg/mol and
3.70, respectively. The double-cable polymer showed good solubil-
ity in 0-DCB (1,2-dichlorobenzene) and high thermal stability (Fig.
S1 in Supporting information) with decomposition temperature of
375 °C. The differential scanning calorimetry (DSC) measurement
showed that the double-cable conjugated polymer PBTT-BPTI has
no thermal transition in the range of measured temperature (Fig.
S2 in Supporting information).
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Fig. 1. (a) UV-vis absorption spectra of the double-cable polymer PBTT-BPTI in
0-DCB solution and thin film. (b) HOMO/LUMO energy levels determined from
cyclic voltammetry measurements (vs. Fc/Fc*). (c) J-V characteristics of the op-
timized PBTT-BPTI-based SCOSCs. (d) EQE spectrum of the optimized PBTT-BPTI-
based SCOSCs.

The UV-vis absorption spectra of PBTT-BPTI in 0-DCB solution
and thin film are present in Fig. 1a. The double-cable polymer
PBTT-BPTI shows a broad absorption in the range of 300-700 nm in
0-DCB solution. The absorption peaks at 363, 417, 442 and 473 nm
are contributed to the BPTI unit in the side chain [43, 45]. Three
absorption peaks of BPTI unit at A = 417, 442 and 473 nm are as-
signed to the Sy to S; transition energy, which is along the long-
axis direction. And the absorption peak in the range of 350-400
nm is assigned to the Sy to S, transition energy, which is along
the short-axis direction [45]. The absorption peak at 584 nm in
the range of 500-700 nm is contributed to the typical character-
istic of PBTT conjugated backbone, and the shoulder peak implies
the presence of molecular preaggregation in solution [46]. The ab-
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Table 1

Characteristics of SCOSCs based on PBTT-BPTI. The thickness is ~50 nm for these films.
Solvent Annealing temperature (°C) Jsc (mAjcm?) Voe (V) FF PCE (%)
0-DCB/DIO (1%) r.t. 5.18 0.96 0.39 1.95
0-DCB/DIO (1%) 150 5.12 0.94 0.42 2.03
0-DCB/DIO (1%) 200 5.54 0.92 0.42 2.15
0-DCB/DIO (1%) 230 5.23 0.90 0.40 1.87
0-DCB 200 5.53 0.86 0.38 1.80
0-DCB/DIO (0.5%) 200 5.36 0.88 0.41 1.93
0-DCB/DIO (1%) 200 5.54 0.92 0.42 2.15
0-DCB/DIO (2%) 200 5.36 0.91 0.40 1.98

sorption spectra of PBTT-BPTI in thin films showed a slightly red-
shifted absorption peak at 587 nm and an obvious shoulder com-
pared to that in solution, indicating strong aggregation of polymer
backbones and intermolecular 7w - interaction in the solid state.
Interestingly, the polymer PBTT-BPTI shows the similar absorption
spectra in solution and in thin film, but the absorption intensi-
ties of peaks are quite different, which may be due to the differ-
ent degree of aggregation of BPTI unit and PBTT unit. The conju-
gated backbone exhibited stronger aggregation property than the
BPTI side unit, which may lead to unbalanced charge transport and
further decrease photovoltaic performance in SCOSCs. The optical
band gaps (Egs) in solution and in thin film are 1.80 eV and 1.79
eV, respectively. Cyclic voltammogram (CV) curve of PBTT-BPTI in
acetonitrile that contained 1.0 mol/L NBuyPFg is shown in Fig. 1b.
The highest occupied molecular orbital (HOMO) level of PBTT-BPTI
is —5.63 eV and the lowest unoccupied molecular orbital (LUMO) is
—3.48 eV, respectively, implying that the LUMO level of PBTT-BPTI
is similar to the BPTI side unit [43].

PBTT-BPTI was then used to fabricate SCOSCs with an inverted
configuration of ITO/ZnO/PBTT-BPTI/MoO/Ag. The fabrication con-
ditions, including the optimization of additive content and anneal-
ing temperature, were applied to achieve the best device perfor-
mance (Table 1). The optimized J-V characteristics and external
quantum efficiency (EQE) curve are presented in Figs. 1c and d.
The PBTT-BPTI-based SCOSCs achieved the best PCE of 2.15% with
a short-circuit current density (Js¢) of 5.54 mA/cm?2, open-circuit
voltage (Voc) of 0.92 V and fill factor (FF) of 0.42, in which the
photo-active layer with the thickness of 50 nm was fabricated from
0-DCB with 1% DIO, thermal-annealed at 200 °C for 10 min. The
low Jsc may be attributed to the unbalanced charge transport based
on different aggregation properties between conjugated backbone
and the pendant unit in the side chain. Fig. 1d showed the EQE
spectra for the best device. The PBTT-BPTI-based SCOSCs exhib-
ited a broad response range (300-750 nm). The integral Js.E& cal-
culated from EQE curve agrees well with the observed Jsc in the
J-V measurement, with a mismatch within 5%. Space-charge lim-
ited current (SCLC) measurement was applied to study the charge
transport properties of PBTT-BPTI-based SCOSCs (Fig. S3 in Sup-
porting information). Unfortunately, we failed to obtain the elec-
tron mobility of the SCOSCs and the hole mobility was 2.06 x 10~
cm? V-1 571, indicating the unconstructed electron transporting
channels.

The crystalline property of PBTT-BPTI was studied by atomic
force microscopy (AFM) (Figs. 2a and b) and grazing-incidence
wide-angle X-ray scattering (GIWAXS) measurement (Figs. 2c and
d). The crystallographic parameters are summarized at Table S1
(Supporting information). As shown in Figs. 2a and b, thin film
of PBTT-BPTI fabricated from o-DCB/DIO showed small domains on
the surface with a low roughness of 0.87 nm. The GIWAXS pat-
terns show a clear (100) diffraction peak in the in-plane direction
and (010) diffraction peak in the out-of-plane direction for PBTT-
BPTI thin film, indicating the face-on orientation. The high diffrac-
tion peaks also indicate the strong the aggregation/crystallization
of double-cable polymer PBTT-BPTI, which would result in the un-
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Fig. 2. AFM (a) height and (b) phase images (5 x 5 pum) of PBTT-BPTI thin film.
Characteristics of the blended thin films spin-casted on Si substrates. (c) GIWAXS
patterns, (d) the out-of-plane (OOP) and in-plane (IP) cuts of the corresponding GI-
WAXS patterns.

balance charge transfer and hence lower the photovoltaic perfor-
mance.

In summary, we have successfully introduced two electron-
deficient units (BPTI and TTDO) into a new-constructed double-
cable polymer PBTT-BPTI. The double-cable polymer PBTT-BPTI
shows a board absorption spectra in the range of 300 nm to 700
nm with a low bandgap of 1.79 eV. However, the different aggre-
gation properties between the PBTT main backbone and BPTI units
led to the unbalanced charge transfer, resulting a low PCE of 2.15%
for PBTT-BPTI-based SCOSCs. Our results provide a new material
gallery for SCOSCs, and further demonstrate that the aggregation
distinction between conjugated backbone and side units is a key
parameter to influence the performance of the double-cable poly-
mers based SCOSCs.
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