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1,2-dichlorobenzene (o-DCB),[11–15] which 
will result in the large-scale accumulation 
of halogen atoms and be detrimental to 
human health and ecosystems.[16–18] There-
fore, developing high-performance non-
halogenated solvent processable OSCs is 
of great significance for future industrial 
applications.[19,20]

The prerequisite of high efficiency OSCs 
is that the active layer should form bicon-
tinuous interpenetrating network without 
severe phase separation to promote the 
exciton dissociation and charge trans-
port.[21,22] As for the active layer composed 
by polymer donor and small molecular 
acceptor, the semi-crystalline polymers 
should preferentially aggregate during the 
film deposition and then the small mole-

cules could solidify between the crystalline aggregates.[23] How-
ever, the state-of-the-art conjugated polymer donors usually 
suffer from limited solubilities in non-halogenated solvents, 
which could induce over-sized phase separation and reduced 
photovoltaic performance.[24,25] Hence, the polymer donor 
should be designed to have good solubility and processability 
in non-halogenated solvents. The introduction of bulky/long 
side chains and enhanced twisty of molecular backbone are 
often used to design non-halogenated solvents soluble polymer 
donors.[26–29] However, these molecular design strategies gen-
erally lead to reduce molecular crystallinity and packing, thus 
partly sacrificing the charge transport ability of the polymer.[30] 
All in all, the key point of high-performance non-halogenated 
solvent processable polymers is to balance the contradiction of 
crystallinity and solubility.

Herein, we design two polymer donors (PB2TCl-o and 
PB2TCl-i) with donor–donor (D–D) alternating molecular back-
bones. Compared with donor–acceptor (D–A) type polymer 
donor, this specific molecular structure could reduce the 
intramolecular charge transfer effect to achieve wide-bandgap 
polymer donors,[31] which can match well with typical efficient 
low-bandgap acceptor (BTP-ec9-4F). Moreover, this molecular 
design can weaken the intermolecular interactions and improve 
the solubility of the polymer donors. Besides, the key building 
blocks B2TCl-o and B2TCl-i are of C2V symmetry, which can 
form “zig zag-shape” molecular backbone and enhance the sol-
ubility of the polymer.[32,33] In a word, these two polymers are 
both of non-halogenated solvents processability. Unlike B2TCl-
i, B2TCl-o with Cl atoms substituted at outer-positions displays 
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1. Introduction

Organic solar cells (OSCs) have received a lot of attention due 
to their irreplaceable advantages such as light-weight, semi-
transparency, mechanical flexibility, weak light response, solu-
tion processability, etc.[1–3] During past several years, mainly 
benefited from the development of nonfullerene acceptors such 
as ITIC,[4] Y6,[5] etc., the power conversion efficiency (PCE) of 
single-junction OSCs has reached over 18%,[6–10] which is much 
higher than the benchmark PCE of 15% considered as the com-
mercialization threshold. However, there are still some issues to 
be solved for future application. For example, the current state-
of-the-art PSCs are mostly processed with harmful halogenated 
solvents such as chloroform (CF), chlorobenzene (CB) and 
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nearly planar molecular geometry. Hence, the photovoltaic per-
formance of PB2TCl-o and PB2TCl-i are significantly different. 
Using o-DMB as the processing solvent, PB2TCl-i based devices 
can only afford a PCE of 0.13%; whereas PB2TCl-o based ones 
can give an impressive PCE of 15.10%. Besides, semitransparent 
OSCs based on PB2TCl-o:BTP-ec9-4F can deliver a PCE of 
9.09% with an AVT of 23.9% and an AT of 24.2%. Furthermore, 
the building block B2TCl-o is also used as a third component to 
prepare random terpolymers (PW1 and PW2). Using o-DMB as 
processing solvent, PW1 and PW2 based devices can give PCEs 
of 16.26% and 17.19%, respectively, which are much higher than 
the parent polymers PM6 (15.16%) and D18 (16.18%). Our work 
demonstrate that B2TCl-o is a useful building block to prepare 
non-halogenated solvent processable polymer donors.

2. Results and Discussion

The chemical structures of polymer donors (PB2TCl-o and 
PB2TCl-i) and small molecular acceptor (BTP-ec9-4F) are 
shown in Scheme 1, where BTP-ec9-4F and compound 1 were 
prepared according to previously reported procedures.[32,34] 
Stille cross-coupling of compound 1 with IM1 and IM2 using 
Pd(PPh3)4 as the catalyst precursor and toluene as the sol-
vent afforded compounds 2 and 5 in yields of 77% and 71%, 
respectively. The treatment of compound 2 with Bu4NF to 
remove TIPS group afforded compound 3 in a yield of 94%. 
Then bromination of compounds 3 and 5 with NBS furnished 
compounds B2TCl-o and B2TCl-i in yields of 68% and 54%, 
respectively. Stille polymerization is adopted with Pd2(dba)3 
and P(o-tol)3 as the catalyst precursors afforded the target 
polymer donors PB2TCl-o and PB2TCl-i in yields of 55% and 
62%, respectively. These two polymers exhibit good solubility in 
common organic solvents, especially non-halogenated solvents 
such as toluene, 1,2-dimethylbenzene (o-DMB), 1,2,4-trimethyl 
benzene (TMB) etc., which provide a chance for fabricating 

eco-friendly photovoltaic devices. PB2TCl-o and PB2TCl-i dis-
play similar number-average molecular weight (Mn) (62.5 and 
71.7  kDa) and polydispersity indexes (PDI) (2.37 and 2.36), 
which can avoid the influence of molecular weight and provide 
a better comparison.

The molecular geometries of PB2TCl-o and PB2TCl-i are 
estimated by density functional theory (DFT) calculations at the 
B3LYP/6-31G(d) level, the side chains are shortened to methoxy 
to simplify the calculations. As shown in the Supporting Infor-
mation, the molecular backbone of the two polymers are both 
of “zig zag-shape” due to C2v symmetry of the building blocks 
(B2TCl-o and B2TCl-i), which can reduce the intermolecular 
interactions of polymer chains and ensure good solubilities of 
the polymers. However, B2TCl-o and B2TCl-i display markedly 
different molecular geometries. As shown in Figure 1, B2TCl-o 
with the chlorine atom located at the outer position is nearly 
planar with a small dihedral angle of 15o; whereas, the inner 
chlorinated molecule B2TCl-i is twisted with a large dihedral 
angle of 43o due to the steric repulsion between Cl and H 
atoms.[35] All in all, there are three potential benefits of PB2TCl-
o: firstly, the D–D type molecular backbone can reduce the 
intramolecular charge transfer and endow the polymer donor 
with a wide optical bandgap, which is favorable for efficient 
photon utilization when paired with low bandgap acceptor; sec-
ondly, the introduction of C2v building block can enhance the 
solubility, which is conducive to the preparation of devices by 
eco-friendly organic solvent; thirdly, the planar polymer back-
bone is beneficial for the delocalization of π-electrons, the inter-
molecular packing, and thus higher charge transport mobility.

The UV–vis absorption behaviors of PB2TCl-o and PB2TCl-i 
in dilute o-DMB solutions at different temperature are inves-
tigated. As shown in Figure 2a,b, two polymers exhibit wide 
absorptions in the range of 400–600 nm. As for PB2TCl-o, two 
featured vibrational transition peaks (0-0 and 0-1) located at 508 
and 537  nm can be observed, and the 0-0 absorption peak is 
gradually decreased with the increase of solution temperature, 

Scheme 1.  The chemical structure of BTP-ec9-4F and synthetic routes of PB2TCl-o and PB2TCl-i. Conditions and reagents: i) t-BuOK, 1-Hexanol, THF, 
reflux; ii) Pd(PPh3)4, toluene, reflux; iii) Tetrabutylammonium fluoride (TBAF), THF, 0 °C; iv) NBS, CHCl3, rt; v) Pd2(dba)3, P(o-tol)3, chlorobenzene, 
140 °C.
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indicating its temperature-dependent aggregation property. 
Unlike PB2TCl-o, the absorption peaks of PB2TCl-i are feature-
less and almost unchanged at elevated temperature, indicating 
its non-aggregated character in solution, which can be ascribed 
to its nonplanar molecular backbone (vide supra). In going 
from solutions to films, the absorption spectra of PB2TCl-
o and PB2TCl-i are both red-shifted. Thanks to the D-D type 
molecular backbone, the optical bandgaps of PB2TCl-o and 
PB2TCl-i are as large as 2.16 and 2.12 eV, respectively, according 
to the absorption edge of thin films. The energy levels of 
BTP-ec9-4F, PB2TCl-o and PB2TCl-i are estimated by cyclic 
voltammetry (Supporting Information). According to the equa-
tion: EHOMO/LUMO = −e(Eonset,ox/red − EFc/Fc+ + 4.80), the highest 

occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) energy levels are calculated to 
be −5.73/−3.58 eV for BTP-ec9-4F, −5.64/−3.49 eV for PB2TCl-o 
and −5.67/−3.56 eV for PB2TCl-i. The energy level diagram of 
BTP-ec9-4F, PB2TCl-o and PB2TCl-i is shown in Figure 2. The 
related data are also summarized in Table 1.

The photovoltaic performance of the as-synthesized polymers 
is investigated by fabricating OSCs with an inverted device 
configuration of ITO/PEDOT:PSS/Donor:BTP-ec9-4F/PDINN/
Ag. The J–V curves and photovoltaic parameters are shown in 
Figure 3 and Table 2, respectively. Chlorobenzene is initially 
used as the processing solvent, a PCE of 14.43% is achieved 
for PB2TCl-o based devices. Considering the good solubility of 

Figure 1.  Optimal geometries of building block (B2TCl-o and B2TCl-i) determined by DFT.

Figure 2.  a,b) Normalized absorptions of PB2TCl-o and PB2TCl-i in o-DMB at different temperature; c) Normalized absorptions of BTP-ec9-4F, PB2TCl-
o and PB2TCl-i as films; d) energy diagram of devices.

Adv. Energy Mater. 2022, 2104028



www.advenergymat.dewww.advancedsciencenews.com

© 2022 Wiley-VCH GmbH2104028  (4 of 8)

polymer donors, non-halogenated solvent (o-DMB) is used as the 
processing solvent to fabricate organic solar cells. Surprisingly, 
PB2TCl-o based devices give an excellent PCE of 15.10% with an 
open-circuit voltage (Voc) of 0.89 V, a short-circuit current (Jsc) of 
24.37 mA cm–2 and a fill factor (FF) of 69.69%, which is much 
higher than PB2TCl-i based ones (0.13%). The inferior charge 
transport mobility and large-scale phase separation are respon-
sible for the poor photovoltaic performance of PB2TCl-i based 
devices (vide infra). To investigate the charge-transport proper-
ties, the space charge-limited current (SCLC) measurements 
of PB2TCl-o and PB2TCl-i based devices are performed. Hole 
and electron mobilities are evaluated by fabricating hole-only 
and electron-only devices with the device architectures of ITO/
PEDOT:PSS/PB2TCl-o:BTP-ec9-4F/Au and ITO/ZnO/PB2TCl-
o:BTP-ec9-4F/Al, respectively. The detailed results are summa-
rized in Supporting Information. PB2TCl-o based devices can 
generate high hole and electron mobilities of 1.08  ×  10−4 and 
1.32 ×  10−4  cm2 V−1  s−1, respectively, with a μh/μe ratio of 0.82. 
In comparison, it is quite difficult to obtain the J1/2–V curve 
of PB2TCl-i based devices due to the poor charge transport 
mobilities. The much higher and more balanced hole and elec-
tron mobilities of PB2TCl-o based devices can well explain the 
excellent Jsc and FF values. The steady state photoluminescence 

(PL) is also measured to understand the charge transfer 
between donor and acceptor. As shown in Figure S3c (Sup-
porting Information), the emission of PB2TCl-o:BTP-ec9-4F  
blend film at 930  nm is almost completely quenched, as a 
contrast, PB2TCl-i:BTP-ec9-4F blend film still display a strong 
PL intensity. This result indicates there is an efficient hole 
transfer from BTP-ec9-4F to PB2TCl-o. Besides, the external 
quantum efficiency of electroluminescence (EQEEL) of OSCs 
based on PB2TCl-o:BTP-ec9-4F is also measured (Supporting 
Information). The nonradiative energy loss (ΔVnr) can be cal-
culated from the EQEEL by the equation: qΔVnr = −kTln(EQEEL). 
PB2TCl-o-based device gives a ΔVnr of about 0.15 eV, which is 
among the smallest ΔVnrs of devices over 15%.[36–39]

Furthermore, PB2TCl-o:BTP-ec9-4F active layer displays 
a good transmittance, which can be used to prepare semi-
transparent OSCs with a device structure of ITO/PEDOT:PSS 
(30  nm)/PB2TCl-o:BTP-ec9-4F (100  nm)/PDINN/Ag (15 or 
25 nm), and the results are summarized in Table 3. The trans-
mittance of active layer and semitransparent OSCs is also 
investigated, average visible transmittance (AVT) (370–740 nm) 
and average transmittance (AT) (400–600  nm) are two key 
parameters to estimate the features,[40–44] which can be adjusted 
by the thickness of Ag electrode. As shown in Figure  3c,d, 

Table 1.  Optical and electrochemical properties of PB2TCl-o and 
PB2TCl-i.

Polymer λmax
a) [nm] λmax

b) [nm] Eg
opt [eV] HOMO [eV] LUMO [eV]

PB2TCl-o 508, 537 504, 542 2.16 −5.64 −3.49

PB2TCl-i 448 475 2.12 −5.67 −3.56

a)In dilute o-DMB solutions.; b)As thin films.

Figure 3.  a) J–V and b) EQEs curves; c) transmission spectra of semitransparent OSCs; d) color coordinates with different anode thicknesses on the 
CIE 1931 chromaticity diagram and photograph of semitransparent OSCs without Ag electrode.

Table 2.  Photovoltaic parameters of PB2TCl-o and PB2TCl-i based 
devices.

Active layer Voc [V] Jsc [mA cm–2] FF [%] PCEmax/ave [%]

PB2TCl-i:BTP-ec9-4Fa) 0.84 0.63 25.30 0.13

PB2TCl-o:BTP-ec9-4Fa) 0.89 24.37 (23.41)b) 69.69 15.10 (14.95)

a)Processed by o-DMB; b)Calculated by EQE curve.
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OSCs with 15  nm Ag electrode can generate a PCE of 9.09%, 
with an AVT of 23.9%, an AT of 24.2% and chromaticity 
coordinates of CIE (0.353, 0.290); and the device with 25  nm 
Ag electrode can afford a PCE of 12.58%, with an AVT of 18.7%, 
an AT of 19.2%, chromaticity coordinates of CIE (0.354, 0.294). 
A photograph of semitransparent OSC without Ag electrode is 
also shown in Figure 3d. Besides, the absorption of chlorophyll 
a for plant growth (400–450 and 650–700  nm)[45] is also illus-
trated in Figure 3c. Due to the well-controlled absorption range 
of polymer donor and electron acceptor, the regions of trans-
parence spectra of the PB2TCl-o based semitransparent devices 
coincide with the absorption of chlorophyll a, which can be 
potentially applied to greenhouse for agricultural applications.

The GIWAXS measurements are performed to investigate 
the crystalline properties and molecular orientations of the neat 
and blend films. As shown in Figure 4, PB2TCl-o and PB2TCl-i 
both adopt “face-on” molecular orientations according to one-
dimensional (1D) profiles and two-dimensional (2D) patterns. 
The (010) diffraction peaks of PB2TCl-o and PB2TCl-i neat 
films in the out-of-plane (OOP) direction are located at 1.64 and 
1.57  Å−1, corresponding to π–π stacking distances of 3.83 and 
4.00  Å, respectively. Compared with PB2TCl-i neat film, the 
smaller π–π stacking distance and stronger (010) diffraction 

peak intensity of PB2TCl-o neat film mean closer π–π stacking 
and stronger intermolecular interaction, which is consistent 
with its more planar molecular backbone. As for the blend 
films, PB2TCl-o:BTP-ec9-4F displays only an obvious (010) dif-
fraction peak in OOP direction with a π–π stacking distance 
of 3.67  Å; whereas PB2TCl-i:BTP-ec9-4F exhibits observable 
two separated peaks, corresponding to the (010) diffraction 
peaks of donor and acceptor. This phenomenon indicates 
the formation of large domains of donor and acceptor in the 
PB2TCl-i:BTP-ec9-4F blend film, which is consistent with the 
morphology investigation result (vide infra).

The morphologies of blend films are investigated by 
atomic force microscopy (AFM) and transmission elec-
tron microscopy (TEM) to gain further insight into the dif-
ferent photovoltaic performance of PB2TCl-o and PB2TCl-i 
based devices. As shown in Figure 5, PB2TCl-o based blend 
film displays more homogenous phase morphology with a 
smaller root-mean square roughness value (RMS) value of 
0.84  nm; whereas PB2TCl-i based blend film exhibits a very 
large phase separation with a RMS value of 2.47  nm. More-
over, the same tendency can be also observed in TEM images. 
The large size phase separation for the PB2TCl-i:BTP-ec9-4F 
blend film is probably due to the high solubility of PB2TCl-i in 
the processing solvent, which cannot form fibril networks to 
prevent the acceptor molecule from forming large size aggre-
gate. Favorable morphology is beneficial for efficient charge 
transfer/transport in the donor or acceptor phase, which can 
well explain the high Jsc and FF values of PB2TCl-o:BTP-ec9-4F  
based devices.[46]

Due to the poor solubilities of PM6 and D18 in 
non-halogenated solvents, devices processed by non-halo-
genated solvents usually display inferior efficiency to those 
processed by halogenated solvents. As shown in Table 4, 

Table 3.  Photovoltaic and transmittance parameters of semitransparent 
devices based on PB2TCl-o.

Ag thickness 
[nm]

Voc [V] Jsc [mA cm–2] FF [%] PCEmax/ave 
[%]

AVT [%] AT [%]

15 0.84 18.04 (17.57)a) 59.66 9.09 (8.81) 23.9 24.2

25 0.89 21.09 (20.71)a) 66.46 12.48 (11.95) 18.7 19.2

a)Calculated by EQE curve.

Figure 4.  a–d) GIWAXS patterns of the neat/blend films of PB2TCl-o and PB2TCl-i. e) The corresponding scattering profiles of the neat and blend films.
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PM6:BTP-ec9-4F and D18:BTP-ec9-4F based non-halogenated 
solvent processed devices can only give PCEs of 15.16% and 
16.18%, respectively. Herein, B2TCl-o is used as a building block 
to prepare random terpolymers PW1 and PW2 (Scheme 2). Ter-
nary random copolymerization can usually reduce the crystal-
linity and improve the solubility of the resulted terpolymers.[47,48] 
As expected, terpolymers PW1 and PW2 exhibit good solubili-
ties in o-DMB. The photovoltaic performance of PW1 and PW2 
is also investigated by fabricating inverted devices with a con-
figuration of ITO/PEDOT:PSS/Donor:BTP-ec9-4F/PDINN/Ag. 
As shown in Table  4, PW1:BTP-ec9-4F and PW2:BTP-ec9-4F  
based devices give PCEs of 16.26% and 17.19%, respectively, 
which are higher than the corresponding parent polymers. 
Moreover, the Vocs of terpolymer based devices are both higher 
than the corresponding parent polymers based ones. Our 
results indicate that B2TCl-o is a potential versatile building 

block for designing high-performance non-halogenated solvent 
processable polymers.

3. Conclusion

In this work, two building blocks B2TCl-o and B2TCl-i with 
C2V symmetry are designed and used to prepare wide-bandgap 
polymer donor materials PB2TCl-o and PB2TCl-i. These two 
polymers exhibit good solubilities in non-halogenated solvent 
due to their “zig-zag shape” molecular conformations. Unlike 
B2TCl-i, B2TCl-o with two Cl atoms at outer-positions displays 
nearly planar molecular geometry, which brings significantly 
difference of PB2TCl-o and PB2TCl-i in absorption spectra, 
aggregation behaviors, photovoltaic performances, etc. When 
blended with low-bandgap acceptor BTP-ec9-4F, PB2TCl-o based 
devices give a PCE of 15.10% with o-DMB as the processing 
solvent; whereas PB2TCl-i based devices can only achieve a 
PCE of 0.13%. Moreover, the semitransparent OSCs based on 
PB2TCl-o:BTP-ec9-4 can also afford a PCE of 9.09% with an 
AVT of 23.9% and an AT of 24.2%. Furthermore, the building 
block B2TCl-o can be also used to prepare random terpolymer 
PW1 and PW2 as the third component to reduce the crystal-
linity and improve the solubility of the terpolymers. Using  
o-DMB as processing solvent, random terpolymers PW1 and 
PW2 based devices give improved PCEs of 16.26% and 17.19%, 
respectively, which are much higher than the parent polymers 

Figure 5.  AFM and TEM images of PB2TCl-o:BTP-ec9-4F and PB2TCl-i:BTP-ec9-4F blend films.

Table 4.  Photovoltaic parameters of PW1 and PW2 based devices.

Active layer Voc [V] Jsc [mA cm–2] FF [%] PCEmax/ave [%]

PW1:BTP-ec9-4Fa) 0.86 26.97 (25.62)b) 70.45 16.26 (16.13)

PM6:BTP-ec9-4Fa) 0.82 26.93 68.61 15.16

PW2:BTP-ec9-4Fa) 0.87 27.32 (26.03)b) 72.72 17.19 (16.83)

D18:BTP-ec9-4Fa) 0.83 26.10 74.95 16.18

a)Processed by o-DMB; b)Calculated by EQE.
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PM6 (15.16%) and D18 (16.18%). Taking into account molecular 
symmetry and planarity, our work provide a useful molecular 
design strategy to build high-performance non-halogenated sol-
vent processable polymer donor materials.
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