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The aggregation and crystallinity of polymeric donors are significant for polymer solar cells (PSCs), 

which dominate the film forming properties, morphology, and  micro-structures  of  the  active layer, 

and consequently, influence the charge carrier generation and transport in the device. Regulation of 

the aggregation of polymers can be realized via the design of alkyl chains, and thus, herein, a 

cyclohexylmethyl side chain is employed and grafted on PBDD-T, which is one of the most efficient 

polymeric donors for non-fullerene PSCs, to construct two new polymers, PBDD-CH and PBDD-CH-S. 

Both polymers have a high number-average molecular weight (Mn) of 50.06 kDa and 58.50 kDa, 

respectively, but excellent solution processability. Their optical properties indicate that PBDD-CH has a 

weak aggregation characteristic even at room temperature, which is caused by the steric cyclohexylmethyl 

side chains. Therefore, the newly designed polymers exhibit amorphous aggregation behavior in their film 

states, which was characterized by grazing incidence X-ray diffraction analysis. PBDD-CH and PBDD-CH-S 

have a similar optical bandgap (Eopt) of 1.85 eV and low lying highest occupied molecular orbital (HOMO) 

energy levels of —5.52 and —5.47 eV, respectively. The polymer:ITIC morphologies and phase separation 

could be  easily  controlled  using  1,8-diiodooctane  (DIO)  and  thermal  annealing  post-treatment, which 

resulted in a smooth surface morphology and well-defined  phase  separation,  as characterized  by atomic  

force microscopy (AFM) and transmission electron microscopy (TEM) measurements. The best power 

conversion efficiency (PCE) for PBDD-CH:ITIC and PBDD-CH-S:ITIC was 8.21% and 9.63%, respectively, 

which  are rarely  reported  for  amorphous  polymer:acceptor blends. 

 
 

1. Introduction 

Polymer solar cells (PSCs) have attracted much attention due to 

their ability to be printed, large area, flexibility and low cost.1–3 

However, their power conversion efficiency (PCE) is a bottle- 

neck for their commercial application, which is restricted by 

the lack of electron donors, acceptors and understanding of the 

morphology  of  donor–acceptor  bulk  heterojunctions  (BHJ). 

Fullerene derivatives, such as phenyl-C61-butyric acid methyl 

ester (PC61BM) and its derivative PC71BM, have been the 

dominant electron acceptors for the last decade due to their  

high electron mobility, large nonplanar spherical  structure, 

and ability to form the favorable bulk heterojunction (BHJ) 

morphology.4–6 However, the low lying lowest unoccupied 

molecular orbital (LUMO) energy levels and weak absorption 

of fullerene derivatives restrict the open-circuit voltage (VOC) 

and short-circuit current density ( JSC) in PSCs. Recently,  non- 

   fullerene electron  acceptors (NFAs) with a low  bandgap (LBG), 
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and high absorption coefficient (e) and electron mobility (me) 

have exhibited great prospect in the field of PSCs.7–10 In particular, 

small molecule electron acceptors (SMAs), which exhibit good 

stability, easily tuned chemical structure and low-cost production 

process, are likely to replace fullerene derivatives.11–16 The PCE 

of the-state-of-the-art non-fullerene PSC has exceeded 15% for 

single-junction cells,17–19 and 17% for tandem cells.20
 

Due to the rapid development of non-fullerene PSCs, much 

attention has been paid to wide bandgap (WBG) polymers on 

account of their complementary absorption with LBG SMAs in 
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recent years, such as the regulation of their energy levels and 

bandgaps, and optimization of their self-assembly and micro- 

structures.21–23 The highest occupied molecular orbital (HOMO) 

energy level of polymers can be regulated via the electron- 

induced effect, for example, highly electronegative fluorine (F) 

and sulfur (S) atoms are widely used to control the frontier 

molecular orbitals of polymer,24,25 which can also influence their 

aggregation and crystalline behaviors. Moreover, once F or S 

atoms are introduced, the intra- and inter-molecular interactions 

are strengthened because of the formation of noncovalent bond 

action, a tightly p–p stacked polymer backbone and high degree 

of packing order, which are also crucial for inter-chain charge 

carrier transport.26 However, as has been reported for some 

strongly aggregated or highly crystalline polymers, their phase 

separation is difficult to control when blended with electron 

acceptors, which will influence the charge carrier generation and 

result in poor device performances.27 Thus, the design of poly- 

meric donors for non-fullerene PSCs is highly necessary, where 

not only their complementary absorption and matching energy 

level should be considered, but also good miscibility between the 

polymer and SMA. Evidence suggests that an ideal active layer 

should have a bicontinuous network, in which both the donor 

and acceptor molecules are in orderly rows in their phases.6,28,29 

Alkyl side chains, which are used to optimize the solution 

processability for semi-conducting polymers, are also employed 

to regulate the optical and electrical properties of polymers.30 

For fullerene PSCs, the structure of the polymeric donor 

dominates not only the absorption, but also the phase- 

separated morphology of the active layer. Yan et al. reported 

that the aggregation of the polymer correlated with the design 

of alkyl chains, where the polymer:fullerene phase structure lay 

on the optimized polymer structure and was independent of the 

fullerene structures.31 The type of the alkyl chain can influence 

the polymer backbone arrangement and orientation, and thus, 

the polymer:fullerene structures and photovoltaic performances. 

For non-fullerene PSCs, the SMAs have a distinctive design 

feature, resulting in appropriate stacking, and thus the transport 

of electrons instead of holes. Accordingly, tailoring the structure 

of SMAs may lead to significant changes in their aggregation, 

crystallinity, and film micro-structures, which will affect the 

polymer:SMA phase separation. Therefore, the donor selectivity 

of SMAs will be different from that of fullerene derivatives. 

However, only a few studies have focused on the optimization 

of the polymeric donor aggregation to better match with SMAs 

for non-fullerene PSCs. Benzo[1,2-c:4,5-c0]dithiophene-4,8-dione 

(BDD)32–34 and 5,6-difluoro-2H-benzo[d][1,2,3]triazole (ffTAZ)35–37 

alternating benzo[1,2-b:4,5-b0]dithiophene (BDT) polymer are the 

most well-known WBG polymers that match well with SMAs. Our 

previous work demonstrated that optimizing the aggregation of 

BDT–ffTAZ can promote the miscibility of polymer:SMA, and 

realize nearly an ideal active layer morphology and micro- 

structure in the absence of any post-treatment.21 The BDD and 

BDT alternating polymer PBDB-T has a rigid and planar back- 

bone, which to date, is one of the most efficient polymeric 

donors for non-fullerene PSCs. However, the HOMO energy level 

of PBDB-T is relatively high, and resulting in a low VOC of around 

0.9 V when blended with 3,9-bis(2-methylene-(3-(1,1-dicyanomethy- 

lene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3- 

d:20,30-d0]-s-indaceno[1,2-b:5,6-b0]dithiophene (ITIC).38  Accordingly, 

F and S atoms have been introduced to enlarge the  VOC; however, 

the enhanced inter-chain interaction makes it difficult to balance 

the solution processability and molecular weight. In this work, a 

steric cyclohexylmethyl side chain was employed to adjust the 

energy level and aggregation of a BDD-based polymer. Two 

polymers PBDD-CH and PBDD-CH-S were designed and 

synthesized, and our results demonstrate the bulky side chains 

significantly decreased the HOMO energy level of the polymers, 

resulting in a higher VOC of 0.98 V for the as-cast PBDD-CH:ITIC 

and PBDD-CH-S:ITIC solar cells. Interestingly, PBDD-CH and 

PBDD-CH-S exhibit weak aggregation behavior, and are relatively 

amorphous in their pristine and blend film states. However, the 

polymer:ITIC blends  show  excellent  photovoltaic  performances 

with a PCE of 8.21% and 9.63%, respectively, which are rarely 

reported  for  amorphous  polymers  and  acceptors.  Thus,  we  pro- 

pose that steric alkyl chains are effective substituents to regulate 

the energy levels of polymers and balance their molecular weight 

and solution processability, finally resulting in easily controlled 

polymer:SMA morphologies and phase-separated structures. 

 

 

2. Experimental 
2.1. General information 

Common reagent grade solvents including deuterated chloro- 

form (CDCl3), anhydrous chlorobenzene (CB, 99.8%) and o-

dichlorobenzene (o-DCB) were purchased from Sigma-Aldrich 

and used without  further  treatment.  Tetrahydrofuran  (THF) 

and toluene were carefully dried and distilled from appropriate 

drying agents prior to use. 1,3-Dibromo-5,7-bis(2-ethylhexyl)- 

benzo[1,2-c:4,5-c0]-dithiophene-4,8-dione, 2,6-bis(trimethyltin)-4,8- 

bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b0]dithiophene, 

and 2,6-bis(trimethyltin)-4,8-bis(5-(2-ethylhexylthio)thiophen-2- 

yl)benzo[1,2-b:4,5-b0]dithiophene were purchased from SunaTech 

Inc. Commercially available reagents 3-bromothiophene, 

(bromomethyl)cyclohexane, n-butyllithium (1.6 M in hexane), 

tributyltin chloride, tetra-n-butylammonium hexafluorophosphate (n-

Bu4NPF6),  tris(dibenzylideneacetone)dipalladium   (Pd2(dba)3) and 

tri(o-tolyl)phosphine (P(o-tol)3) were purchased from Aladdin and 

Sigma-Aldrich and used without further purification unless 

otherwise stated. Indium tin oxide (ITO)-coated glass substrates 

with a sheet resistance of 10 O &—1 were obtained from 

Shenzhen Display Inc. (China). PDINO and ITIC were purchased 

from Derthon Optoelectronic Materials and PEDOT:PSS 

(CleviosTM PVP. Al 4083) was obtained from Heraeus Materials 

Technology Ltd. Nuclear magnetic resonance (NMR) spectra 

were measured in CDCl3 on a Bruker AVANCE 600 MHz Fourier 

transform NMR spectrometer, and chemical shifts were quoted 

relative to the internal standard tetramethylsilane (TMS). High- 

resolution mass spectroscopy (HRMS) experiments were per- 

formed on a 15 T SolariX XR Fourier transform ion cyclotron 

resonance (FTICR) spectrometer (Bruker Daltonics, Bremen, 

Germany) coupled with a standard APPI source. The molecular 

P
u

b
li

sh
ed

 o
n

 0
8
 A

u
g

u
st

 2
0

1
9

. 
D

o
w

n
lo

ad
ed

 o
n
 1

/7
/2

0
2
0

 9
:0

5
:2

8
 A

M
. 



J. Mater. Chem. C, 2019, 7, 10881--10890   |  10883 This journal is © The Royal Society of Chemistry  2019 

View Article Online 

Journal of Materials Chemistry C Paper 

 

 

1/2 
) ) a     g 

g 

 

weights of the polymers were measured via gel permeation 

chromatography (GPC) performed on a PL-GPC 220 (Agilent), 

and polystyrene was used as the standard (150 1C, 1,2,4- 

trichlorobenzene (TCB) as the eluent). Absorption spectra were 

recorded with a Hitachi U-4100 UV-vis-NIR scanning spectro- 

photometer. Cyclic voltammetry (CV) measurements were per- 

formed on a CHI660D electrochemical workstation equipped 

with a three-electrode cell consisting of a glassy carbon working 

electrode, saturated calomel electrode (SCE) reference electrode 

and platinum wire counter electrode. The measurements were 

carried out in anhydrous acetonitrile containing 0.1 M n-Bu4NPF6 

as the supporting electrolyte under an argon atmosphere at a 

scan rate of 100 mV s—1. Thin films were deposited from chloro- 

form solution onto the working electrodes and dried under 

nitrogen prior to the measurement. The redox potential of the 

Fc/Fc+ internal reference was 0.40 V vs. SCE. The HOMO and 

LUMO energy levels were calculated using the empirical formula 

of EHOMO = —e(Eox + 4.4 — E(Fc/Fc+ nd   ELUMO  =  EHOMO  + Eopt, 

where  Eox  and Eopt  are the onset oxidation  potential  and the 

optical bandgap, respectively. Atomic force microscopy (AFM) 

images were acquired using an Agilent-5400 scanning probe 

microscope with a Nanodrive controller in tapping mode with 

MikroMasch NSC-15 AFM tips with resonant frequencies of 

B300 kHz. Bright-field transmission electron microscopy 

(TEM) images were acquired using a HITACHI H-7650 electron 

microscope operating at an acceleration voltage of 100 kV. 

Grazing incidence wide-angle X-ray scattering (GIWAXS) patterns 

were acquired by beamline BL16B1 (Shanghai Synchrotron Radia- 

tion Facility). The X-ray wavelength was 0.124 nm (E = 10 keV), and 

the incidence angle was set to 0.21. 

2.2. Synthesis of the monomer and polymers 

1,3-Bis(4-(cyclohexylmethyl)thiophen-2-yl)-5,7-di(2-ethylhexyl)- 

benzo[1,2-c:4,5-c0]-dithiophene-4,8-dione. Under an argon atmo- 

sphere,  1,3-dibromo-5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c0]-dithio- 

phene-4,8-dione (0.60 g, 1 mmol), tributyl(4-(cyclohexylmethyl)- 

thiophen-2-yl)stannane  (1.41  g,  3  mmol),  Pd2(dba)3  (18.3 mg, 

0.02 mmol) and P(o-tol)3 (36.5 mg, 0.12 mmol) were mixed in a 

50 mL flask, and then 20 mL dry toluene was added. The mixture 

was refluxed overnight, then cooled to room temperature,  and  

the solvent was evaporated under reduced pressure. The crude 

product was purified by silica gel column chromatography 

(eluent: petroleum ether/CH2Cl2 = 10 : 1, v/v) and dried under 

vacuum to provide 1,3-bis(4-(cyclohexylmethyl)thiophen-2-yl)- 

5,7-di(2-ethylhexyl)benzo[1,2-c:4,5-c0]-dithiophene-4,8-dione     as 

a yellow solid (yield = 93.6%, 0.75 g). 1H NMR (400 MHz, CDCl3): 

d (ppm) 7.56 (s,  2H),  7.06  (s,  2H),  3.36–3.25  (m,  4H), 2.51 

(d, J = 4 Hz, 4H), 1.77–1.63 (m, 12H), 1.41–1.12 (m, 24H), 1.00– 

0.83 (m, 16H). 13C NMR (101 MHz, CDCl3): d 177.74, 153.14, 

142.63, 141.84, 133.18, 132.88, 132.36, 132.28, 125.35, 41.22, 

39.15, 38.40, 33.63, 33.19, 32.76, 28.80, 26.94, 26.54, 26.31, 

26.02, 23.04, 22.68, 14.14, 10.90. 

1,3-Bis(5-bromo-4-(cyclohexylmethyl)thiophen-2-yl)-5,7-di(2- 

ethylhexyl)benzo[1,2-c:4,5-c0]-dithiophene-4,8-dione.   1,3-Bis(4- 

(cyclohexylmethyl)thiophen-2-yl)-5,7-di(2-ethylhexyl)benzo[1,2- 

c:4,5-c0]-dithiophene-4,8-dione (0.40 g, 0.5 mmol) was added to 

a dry two-neck 20 mL round-bottom flask, the flask was charged 

with nitrogen, and then 5 mL chloroform and 1 mL acetic acid 

were added sequentially. The reaction mixture was stirred in the 

dark, and then N-bromosuccinimide (NBS) (0.18 g, 1 mmol) was 

added within 5 min. Afterwards, the reaction mixture was 

monitored by TLC until the starting material was  consumed. 

Then 10 mL deionized water was added and the product  

extracted with dichloromethane three times, and the organic 

phase was combined and washed with water, then dried using 

anhydrous sodium sulfate. After removing the solvent, the crude 

product was purified by silica gel column chromatography 

(eluent: petroleum ether/CH2Cl2 = 15 : 1, v/v) and dried under 

vacuum to provide 1,3-bis(5-bromo-4-(cyclohexylmethyl)thio- 

phen-2-yl)-5,7-di(2-ethylhexyl)benzo[1,2-c:4,5-c0]-dithiophene-4,8- 

dione as a yellow solid, which was recrystallized from a mixture 

of ethanol and tetrahydrofuran as a yellow powder (yield = 79.2%, 

0.38 g). 1H NMR (600 MHz, CDCl3): d (ppm) 7.37 (s, 2H), 

3.34–3.26  (m, 4H), 2.48 (d, 4H), 1.77–1.65  (m, 12H), 1.43–1.16 

(m, 24H), 1.04–0.98 (m, 4H), 0.94–0.89 (m,  12H).  13CNMR  

(150  MHz,  CDCl3):  d  (ppm)  147.99,  147.86,  146.31, 146.18, 

141.18, 137.18, 131.66, 131.47, 113.74, 109.42, 109.35, 59.85, 

39.09,  38.77,  37.20,  33.12,  31.93,  31.88,  31.54,  29.90, 29.64, 

29.58,  29.35,  26.49,  26.41,  26.36,  26.28,  22.70,  14.14, 14.12. 
13C NMR (151 MHz, CDCl3) d 177.60, 153.74, 141.66, 140.79, 

132.74,  132.57,  131.90,  131.52,  116.17,  41.20,  38.76,  37.14, 

33.67,  33.11,  32.82,  29.72,  28.88,  26.46,  26.25,  26.05, 23.05, 

14.21,  10.89.  HRMS  (APPI):  m/z  calcd  for  C48H62Br2O2S4: 

956.19994;  found: 956.19961. 
 

Synthesis  of polymers 

The polymers were synthesized according to a previous report.39 

2,6-Bis(trimethyltin)-4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo- 

[1,2-b:4,5-b0]dithiophene   or   2,6-bis(trimethyltin)-4,8-bis(5-(2- 

ethylhexylthio)thiophen-2-yl)benzo[1,2-b:4,5-b 0]dithiophene 

(0.2 mmol), 1,3-bis(5-bromo-4-(cyclohexylmethyl)thiophen-2-yl)-5,7- 

di(2-ethylhexyl)benzo[1,2-c:4,5-c0]-dithiophene-4,8-dione (0.2 mmol), 

Pd2(dba)3 (1.8 mg, 0.002 mmol) and P(o-tol)3 (3.6 mg, 0.012 mmol) 

were dissolved in 6 mL toluene in  a  25  mL  round-bottom 

flask protected by argon. The flask was purged three times  

with successive vacuum and argon filling cycles. The oil bath 

was heated to 110 1C gradually,  and  the  reaction  mixture 

was stirred for 18 h at 110 1C under an argon atmosphere. 

After cooling, the mixture was cooled to room  temperature 

and precipitated in 200 mL methanol. The precipitate was 

filtered and washed with methanol and hexane successively    

in a Soxhlet apparatus to remove the oligomers and catalyst 

residue. Finally, the polymer was extracted with chloroform. 

The chloroform fraction was concentrated and precipitated in 

methanol. The precipitate was filtered and dried under vacuum 

at 40 1C overnight. 

PBDD-CH, black solid, GPC: number-average molecular 

weight (Mn) = 50.05  kDa, polydispersity  index  (PDI)  =  1.98. 
1H NMR (600 MHz, CDCl3): d (ppm) 7.71–7.65 (br, ArH), 7.62–7.51 

(br,  ArH),  7.34–7.28  (br,  ArH),  6.90–6.82  (br,  ArH),  3.35–3.12 

(br,  CH2),  2.86–2.78  (br,  CH2),  2.75–2.63  (br,  CH2),  1.80–1.56 

(br, CH), 1.42–1.06 (br, CH2), 0.93–0.75 (br,  CH3). 
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PBDD-CH-S, GPC: Mn = 58.50 kDa, PDI = 2.25. 1H NMR 

(600  M  Hz,  CDCl3):  d  (ppm)  7.72–7.68  (br,  ArH), 767–7.63 

(br,  ArH), 7.44–7.39  (br,  ArH), 7.25–7.23  (br, ArH), 3.42–3.21 

(br,  CH2),  3.10–2.93  (br, CH2),  2.81–2.70  (br, CH2), 1.81–1.61 

(br, CH), 1.47–1.17 (br, CH2), 1.00–0.78 (br,  CH3). 

 
2.3. Device fabrication and evaluation 

The devices were fabricated with the configuration of ITO/ 

PEDOT:PSS/polymer:SMA/PDINO/Al.23 The ITO-coated substrates 

were cleaned with detergent, deionized water, acetone and 

isopropyl alcohol in an ultrasonic bath sequentially for 15 min, 

and dried under ultra-pure N2 and  then treated  with O2  plasma 

for 6 min. Then, a 30 nm PEDOT:PSS layer was spin-cast on the 

ITO-coated glass at 4000 rpm and baked at 150 1C for 20 min in 

an oven, and then the substrates were transferred to a glovebox 

filled with N2. CB solutions consisting of the polymers and SMA 

in different blend ratios were stirred overnight at room tempera- 

ture (the optimized polymer concentrations for PBDD-CH and 

PBDD-CH-S were 8 and 10 mg mL—1, respectively). The above 

solution was spin-coated to form the active layer on the ITO/ 

PEDOT:PSS substrate, and the optimized thicknesses of the 

PBDD-CH/ITIC and PBDD-CH-S/ITIC films were B130 and 

B148 nm, respectively, which were estimated using a Veeco 

Dektak 150 surface profiler. Subsequently, an ultrathin layer of 

PDINO (0.2 mg mL—1 in methanol) was cast on the active layer at 

2600 rpm for 20 s. Finally, an Al (100 nm) metal electrode was 

thermally evaporated under  about  4 10—4  Pa and  the  device 

area was  defined by a  shadow mask as 0.1  cm2. 

The current density–voltage ( J–V) characteristics of the 

devices were recorded using a Keithley 2420 source measure- 

ment unit under the illumination of AM 1.5G (100 mW cm—2, 

Newport solar simulator). The light intensity  was  calibrated 

with a standard silicon solar cell. The external quantum effi- 

ciencies (EQE) of the solar cells were analyzed using a certified 

Newport incident photon conversion efficiency (IPCE) measure- 

ment system.  The hole-only device employed a  device  architec- 

ture of ITO/PEDOT:PSS/active layer/MoO3/Al and the electron- 

only device employed a device architecture of ITO/ZnO/active 

layer/PDINO/Al, and the related thicknesses of the active layers 

were determined using a Dektak 150 surface profiler. Mobility 

was measured using the space-charge-limited current (SCLC) 

method, which fits the J–V curve with a space charge limited 

form, where the SCLC is described by J = 9e0ermh(e)V
2/8d3,40

 

where e0 is the permittivity of free space (8.85 x 10—12 F m—1), 

er   is  the  relative  permittivity  of  the  material  (assumed  to    

be 3), mh  is the hole mobility and me  is the electron mobility.      

V = Vappl — Vbi — Vs (Vappl is the applied voltage, Vbi is the built-in 

voltage, and Vs is the voltage drop from the substrates series 

resistance) and  d  is the  thickness  of the  related films. 

 
 

3. Results and discussion 
3.1. Synthesis 

PBDD-CH and PBDD-CH-S were prepared via Pd(0)-catalyzed 

Stille polymerization, as described in Scheme 1. Both polymers 

 

 

Scheme 1    Synthetic routes for the monomers and polymers. 
 

 

 

exhibited a red solution in refluxing toluene, but a viscous dark 

solution when cooled to room temperature, which precipitated 

from methanol as continuous fibers with metallic luster, indicating 

their potential high molecular weight. PBDD-CH and PBDD-CH-S 

exhibited excellent solubility in common solvents such as chloro- 

form (CF), chlorobenzene (CB) and o-dichlorobenzene (o-DCB) 

at room temperature. The Mn of PBDD-CH and PBDD-CH-S is 

50.06  kDa and 58.50  kDa with PDI of 1.98 and 2.25,  respectively, 

which were measured via gel permeation chromatography (GPC) 

using TCB as the eluent at 150 1C (Table1 and Fig. S1 in the ESI†). 

 
3.2. Photophysical  and  electrochemical  properties 

The UV-vis absorption spectra for PBDD-CH and PBDD-CH-S 

are shown in Fig. 1 and summarized in Table 1. Both the 

polymers have a similar Eopt of about 1.85 eV in their thin-film 

state, which is comparable to that of PBDB-T. However, as 

shown in Fig. 1, PBDD-CH shows a hypsochromic absorption in 

CB solution, with an absorption peak at 520.25 nm together 

with a weak shoulder peak at 616.14 nm, indicating the p–p 

stacking in PBDD-CH is strongly hindered by its bulky side 

chains. The dilute PBDD-CH solution exhibited a red rather 

than a dark solution compared with PBDD-CH-S, which also 

implies its weak aggregation characteristic. This weak aggrega- 

tion behavior is approximately ascribed to the tortuous polymer 

backbone. For PBDD-CH-S, similar absorption profiles were 

observed for its solution and film states, showing two absorp- 

tion peaks centered at 582.08 nm and 627.50 nm, respectively, 

indicating the introduction of S atoms enhanced the inter- 

molecular interactions. PBDD-CH and PBDD-CH-S have relatively 

high e of 6.9 x 10 and 7.9 x 10 cm in their film states, 

respectively (Fig. S2, ESI†), and their absorption is complemen- 

tary with that of ITIC, as shown in Fig. 1, which possesses a low 

Eopt of 1.49 eV. 

Electrochemical cyclic voltammetry (CV) measurements  

were performed to determine the HOMO and LUMO levels of 

PBDD-CH and PBDD-CH-S. As shown in Fig. 2, only oxidation 
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Table 1  Summary of the photophysical and electrochemical properties of the PBDD-CH and PBDD-CH-S polymers 

Polymer Mn (kDa) Mw (kDa) PDI e (cm—1) ledge (nm) Eopt (eV) Eox (V) EHOMO (eV) ELUMO (eV) 

PBDD-CH 50.06  99.17 1.98 6.9 x 10 670 1.85 1.12 —5.52 —3.67 
PBDD-CH-S 58.50 131.76 2.25 7.9 x 10 672 1.85 1.07 —5.47 —3.62 

 

 
 

 

Fig. 1 UV-vis absorption of PBDD-CH (red) and PBDD-CH-S (blue) in CB 

solution (dash line) and thin-film state (solid line), and UV-vis absorption of 

pristine ITIC (navy) film. 

 
 

potentials were observed for both polymers. PBDD-CH and 

PBDD-CH-S exhibited high onset oxidation potentials (Eox) at 

1.12 V and 1.07 V vs.  saturated calomel, and consequently,  deep 

HOMO energy levels (EHOMO) of —5.52 and —5.47 eV (Fig. 2b), 

respectively, which are much deeper than that of PBDB-T (—

5.23 eV).41 Thus, these results indicate that the steric side chains 

decreased the EHOMO of the polymer, which is in agree- ment 

with our previous work. In the absence of the reduction 

 

polymeric donor are likely to enhance the VOC and diminish  

the energy loss (Eloss) for PSCs.42,43
 

 
3.3. Micro-structures 

Two-dimensional grazing incidence wide-angle X-ray scattering 

(2D-GIWAXS) was used to investigate the micro-structures of 

the polymer films, as depicted in Fig. 3. Unexpectedly, both 

polymers exhibited extremely weak crystalline characteristics 

compared to the reference polymer PBDB-T. Considering the 

difference in the design of the polymers, the relative amor-  

phous characteristics of PBDD-CH and PBDD-CH-S are ascribed 

to the introduction of the steric cyclohexylmethyl side chains, 

which may make the polymer backbone more tortuous and 

hinder side-chain packing and main-chain p–p stacking. However, 

according to previous works, the bulky side chain is proven to be 

a predominant substituent that can adjust the polymer crystal- 

linity and result in an overall compact packing.21 We infer this is 

because BDD-based polymers have relatively weak aggregation 

characteristics compared to other polymers such as ffTAZ- and 

5,6-difluorobenzo[c][1,2,5]thiadiazole-based44 polymers. Conse- 

quently, an appropriate distortion of the polymer backbone is 

favorable for the equilibrium of the crystallinity and solution 

processability, resulting in high photovoltaic performances.45 

Here, for the BDD-based polymers, possibly a planar backbone 

is more desirable for high crystallinity. An inconspicuous 010 

diffraction centered at 15.01 nm—1 was observed for PBDD-CH-S 

in the out-of-plane direction, as shown in Fig. 3b and d, and the 

corresponding p–p stacking distance was calculated to be 4.19 Å, 

which is larger than that of the reported BDD-based polymers.46
 

potentials,  the  LUMO  energy  level  (ELUMO)  of  PBDD-CH and        

PBDD-CH-S were calculated from the optical Eg and EHOMO 

according to the formula ELUMO = Eopt + EHOMO. As summarized 

in Table 1, both the EHOMO and ELUMO decreased for compared 

to  that of  PBDB-T,  where  the  deeper energy  levels  for the 

 

 

 

Fig. 2 CV curves of the PBDD-CH and PBDD-CH-S polymers vs. the 

saturated calomel electrode (a) and energy level diagrams for the polymeric 

donors and ITIC (b). 

Fig. 3  2D-GIWAXS patterns (a and b), and out-of-plane GIWAXS profiles 

(c and d) for the PBDD-CH (top) and PBDD-CH-S (bottom) pristine films, 

respectively. 
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This result indicates that the cyclohexylmethyl side chain influenced 

not only the degree of crystallinity, but also the molecular arrange- 

ment compactness of the polymers. This molecular-dependent 

micro-structure will be interesting to help understand the polymer 

structure–device property relationship for PSCs. 

3.4. Photovoltaic properties 

Considering the complementary absorption and matched 

energy levels of ITIC with PBDD-CH and PBDD-CH-S, ITIC 

was chosen as the electron acceptor to characterize the photo- 

voltaic performances. The conventional device configuration of ITO 

(indium tin oxide)/PEDOT:PSS (poly(3,4-ethylenedioxythiophene):- 

polystyrene sulfonate)/polymer:ITIC/PDINO/Al was employed, and 

the detailed fabrication is provided  in  the  Experimental  section. 

The  optimized  concentration  of  PBDD-CH  and  PBDD-CH-S was 

8 mg mL—1  and  10 mg mL—1  in CB,  respectively,  with a donor:- 

acceptor ratio of 1 : 1 wt%, as summarized in Table 2. The as-cast 

PBDD-CH:ITIC  and  PBDD-CH-S:ITIC  cells  had  a  high  VOC  of 

0.98 V, which is about 0.1 V higher than that of the PBDB- 

T:ITIC-based device, with a small Eloss  (Eg  — eVOC) of 0.59 eV.  

The improvement in VOC is ascribed to the deeper EHOMO of the 

polymers, which is caused by the introduction of the bulky 

cyclohexylmethyl side chains. The current density–voltage ( J–V) 

curves of the PBDD-CH:ITIC-  and  PBDD-CH-S:ITIC-based  

devices (100 mW  cm—2  (AM  1.5G)  irradiation)  are  shown  in  

Fig. 4. The PCE of 6.15% for the as-cast PBDD-CH:ITIC device is 

relatively low because of  its low JSC  of  11.89 mA cm—2  and  FF  of 

52.81%. Interestingly, when 0.2% DIO was added and the blend 

film was thermally annealed (TA) at 120 1C for 10 min, the PCE 

reached up to 8.21%, combined with a VOC of 0.95 V, JSC of 14.32 

mA cm—2 and FF of 60.17%. The significantly improved device 

performances indicate the morphology and the phase separa- 

tion of the polymer:ITIC blend is controllable, which is prob- 

ably related to the weak aggregation characteristic of PBDD-CH. 

For PBDD-CH-S:ITIC, the as-cast device exhibited a moderate 

PCE of 8.96%, and its JSC of 14.87 mA cm—2 and FF of 61.38% 

are much higher than that of the PBDD-CH:ITIC-based device. 

It should be noted that for most BDT-containing polymers, the 

alkylthio side chain can form pp(C)–dp(S) orbital overlap 

between the sulfur atom and the conjugated side chain, thus 

decreasing  the  EHOMO  of  the  polymer,  resulting  in  a higher 

VOC.23 However, in this work, the energy levels and VOC for 

PBDD-CH and PBDD-CH-S are comparable. One possibility is 

because of the tortuous polymer backbone, which makes the 

frontier molecular orbital distribution more localized, and thus 

the electron-induced effect of the sulfur atom is not predomi- 

nant compared to the steric hindrance effect of the side chains. 

Nevertheless, the alkylthio side chains are favorable for the 

polymer backbone aggregation and crystallinity, which result in 

high photovoltaic performances. The PCE for PBDD-CH-S:ITIC 

was further optimized up to 9.63% when 0.1% DIO was added 

and it was thermally annealed at 120 1C for 10 min, and both 

the FF and JSC were higher than that of the optimized PBDD- 

CH:ITIC-based devices. All the devices exhibited a wide range 

 
 

 

Table 2    Photovoltaic  performance  of the devices based on PBDD-CH:ITIC  and PBDD-CH-S:ITIC 
 

Device D/A ratio VOC (V) JSC (mA cm—2) FF (%) PCE (%) mh  (cm2  V—1  s—1) me (cm2 V—1 s—1) 

PBDD-CH:ITICa
 1 : 1 0.98 11.89 (10.99) 52.81 6.15 No No 

PBDD-CH:ITICb 

PBDD-CH-S:ITICa
 

1 : 1 
1 : 1 

0.95 
0.98 

14.32 (13.64) 
14.87 (14.53) 

60.17 
61.38 

8.21 
8.96 

9.57 x 10—5
 

No 
1.55 x 10—4

 

No 

PBDD-CH-S:ITICc 1 : 1 0.96 15.24 (14.73) 65.83 9.63 1.24 x 10—4 3.06  x 10—4
 

a As-cast. b 0.2% DIO and thermally annealed at 120 1C for 10 min. c 0.1% DIO and thermally annealed at 120 1C for 10 min. 

 
 

Fig. 4   J–V (a) and EQE (b) curves of the as-cast and optimized polymer:ITIC devices. 
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spectral response from 300–800 nm, as seen from the external 

quantum efficiency (EQE) curves (Fig. 4b), and the JSC inte- 

grated from the EQE agrees well with the measured data, as 

summarized in Table 2. The charge carrier mobility of the PSCs 

was measured using the space-charge-limited current (SCLC) 

method (details are provided in the Experimental section). The 

J–V curves of the hole-only and electron-only devices are shown 

in Fig. S3 (ESI†). As summarized in Table 2, the PBDD-CH:ITIC 

device has a hole mobility (mh) of 9.57 x 10—5 cm2 V—1 s—1 and 

electron mobility (me) of 1.55 x 10—4 cm2 V—1 s—1, and their mh is 

relatively lower than that of reported BDD-based polymers, 

which maybe because of the weak crystallinity of PBDD-CH. The 

mh of 1.24 x 10—4 cm2 V—1 s—1 and me of 3.06 x 10—4 cm2 V—1 s—1 

for PBDD-CH-S:ITIC are higher than that of PBDD-CH:ITIC, which 

are favorable for the reduction of exciton recombination and FF. 

The plots of photocurrent density ( Jph) versus the effective 

applied voltage (Veff) are depicted in Fig. 5a, which were used to 

characterize the exciton dissociation and charge collection of 

the optimized devices.47 The effective experimental photocurrent 

density is given by Jph = JL — JD, where JL and JD are the 

photocurrent densities under illumination and in the dark, 

respectively. Veff is given by Veff = V0 — Vappl, where V0 is defined 

as the voltage, where JL = JD and Vappl is the applied bias.48 Jph is 

plotted on a double logarithmic scale against the Veff. For PBDD- 

CH:ITIC, Jph is saturated at Veff 4 1.5 V, and the saturated 

photocurrent density ( Jsat) is 14.67 mA cm—2; therefore, the 

charge extraction probability ( Jph/Jsat) was estimated to be as 

high as 97.6% under short-circuit conditions. For PBDD-CH- 

S:ITIC, Jph is saturated at Veff 4 1.5 V, and Jsat is 15.70 mA cm—2, 

resulting in a Jph/Jsat of 97.1% under short-circuit conditions The 

high charge extraction probabilities indicate sufficient exciton 

dissociation and effective charge collection in both devices. 

The Jph saturated at a large bias suggests that the mean electron 

and hole drift lengths are equal to or larger than the device 

thickness and no recombination occurred. The effective exciton 

dissociation and charge collection indicate good miscibility 

between the polymeric donors and ITIC, the morphology and 

phase separation of which can be easily controlled by using 

conventional pre- or post-treatment technologies. We also inves- 

tigated the variation in JSC as a function of light intensity (Plight) 

to gain deeper insight into the charge recombination using the 

power-law equation JSC p Pa
ght,

49 where if the power-law expo- 

nent a is close to 1, it indicates weak bimolecular recombination. 

The JSC plots versus Plight in the log–log scale  are shown in  

Fig. 5b. Accordingly, the a values were deduced from the slope 

of the linear fitting curves to be 0.99 and 0.98 for the PBDD- 

CH:ITIC and PBDD-CH-S:ITIC devices, respectively, indicating 

negligible bimolecular recombination. These physical experi- 

ments provide strong evidence for high exciton dissociation 

probability and charge collection efficiency as well as effective 

charge recombination supersession in our solar cells. 

3.4.    Morphologies and phase separation 

The 2D-GIWAXS profiles of the PBDD-CH:ITIC and PBDD-CH- 

S:ITIC films are shown in Fig. S4 (ESI†). However, there was no 

obvious diffraction peak observed for both films. Although ITIC 

is a famous electron acceptor, it is less crystalline and even  

amorphous when blended with some polymeric or small molecule 

donors.50 Also, because of their tortuous polymer backbones, 

PBDD-CH and PBDD-CH-S also exhibit amorphous characteristics 

in the blend films. The surface micro-structures of the blend films 

were characterized via atomic force microscopy (AFM), and as 

shown in Fig. 6, it is obvious that both polymers show desirable 

film-forming properties and decent miscibility with the electron 

acceptor ITIC, whether additive was used or not. As depicted in 

Fig. 6a, PBDD-CH:ITIC exhibited a smooth and uniform surface 

morphology with a small root-mean-square (RMS) surface rough- 

ness of 0.77 nm, and when DIO was added and TA employed, the 

uniform surface morphology was also observed with an increased 

RMS of 1.24 nm (Fig. 6b). A rougher surface morphology indicates 

 
 

 

Fig. 5    Jph–Veff  curves (a) and  JSC–Plight  (b) curves for the optimized  PBDD-CH:ITIC  and  PBDD-CH-S:ITIC devices. 
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Fig. 6 AFM height images for the PBDD-CH:ITIC- and PBDD-CH-S:ITIC- 

based devices. 

 

 
stronger aggregation of the polymer, implying that the self- 

assembly of PBDD-CH can easily be controlled by using post- 

treatment technologies. For PBDD-CH-S:ITIC, the opposite 

phenomenon was observed, where the as-cast blend has a 

rougher surface structure with RMS of 1.54 nm (Fig. 6c); never- 

theless, it became smoother with an RMS of 0.74 nm (Fig. 6d) 

using DIO additive and TA treatment. The difference in the 

surface micro-structures for the active layers should be related   

to the distinguishing aggregation characteristics of  PBDD-CH  

and PBDD-CH-S. However, interestingly, both optimized active 

layers  exhibited  clearly  defined  micro-structures,  as  seen from 

 
the TEM images shown in Fig. 7, although both polymers have 

different aggregation and film forming properties. The well- 

defined polymer:ITIC phase separation can help explain the 

enhanced device performances when DIO and TA were employed. 

The surface and phase structures of the polymer:ITIC blends are 

critical for the physical processes occurring as the devices start  

to work, such as charge carrier generation, transport and collec- 

tion. Even though the amorphous micro-structures may not be 

desirable for the charge carrier transport, the design of the 

polymeric donor to promote the donor:acceptor miscibility is 

surely significant for understanding the delicate polymer-SMA 

molecular  compatibility. 

 

4. Conclusions 

In summary, two BDT and BDD alternating polymers, PBDD-CH 

and PBDD-CH-S, were designed and synthesized,  with  the 

aim to adjust the energy levels and aggregation characteristics 

of the polymers, and investigate their application for non- 

fullerene PSCs. Our results demonstrate that the aggregation 

and crystalline behaviors of BDD–BDT are significantly affected 

by inserting bulky cyclohexylmethyl side chains, and simulta- 

neously, the energy levels of the polymer decreased to certain 

degree. Therefore, PBDD-CH and PBDD-CH-S exhibited nearly 

amorphous states in their pristine and blend films, but excel- 

lent film-forming properties and polymer:ITIC phase separa- 

tion structures. Additionally, the VOC was enhanced to 0.98 V 

for the as-cast PBDD-CH:ITIC- and PBDD-CH-S:ITIC-based 

devices. When DIO was used as an additive and thermal 

annealing post-treatment was employed, the PBDD-CH:ITIC 

and PBDD-CH-S:ITIC blend films exhibited different phase 

separation structures, which result in effective exciton dissocia- 

   tion, electron collection and diminished charge recombination. 

The best PCEs reached up to 8.21% and 9.63% for PBDD-CH: 

ITIC and PBDD-CH-S:ITIC, respectively, and although their 

active layers were amorphous, efficient charge carrier transport 

occurred. Our study indicates the aggregation and crystallinity 

of BDD–BDT can be easily adjusted by the side chain, which 

ensures good solution processability and high molecular weight. 

More importantly, the side chain  can significantly promote  

the polymer:ITIC miscibility, and result in a well-controlled 

morphology. These results will help to understand the structure– 

property relationship for non-fullerene PSCs. Moreover, we 

conclude this strategy will be more effective for other polymers 

that have too strong aggregation characteristics to match well 

with non-fullerene acceptors. 
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Fig. 7 TEM images of the PBDD-CH:ITIC- and PBDD-CH-S:ITIC-based 
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