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Abstract: A new heptacyclic core based on phenyl substituted Benzo[1,2-b:4,5-b']dithiophene 

(BDT) is designed, and paired with 1,1-dicyano methylene-3-indanone (INCN) end group to 

construct a non-fullerene acceptor, BPIC. The strong aggregation and large phase separation in 

PBDB-T:BPIC blend cause inefficient exciton dissociation and ineffective charge transport, 

resulting in a low 11.12% power conversion efficiency (PCE) with the low short-circuit current 

density (JSC), and fill factor (FF). To finely control the active-layer nanomorphology, the chlorine 

atom is introduced into the INCN termini, and di-chlorinated BPIC-2Cl and tetra-chlorinated 

BPIC-4Cl are synthesized. It is an interesting phenomenon that, unlike other literature reports, 

while the di-chlorination reduces crystallinity and phase-separation scale, further chlorination 

increases crystallinity and phase separation. PBDB-T:BPIC-2Cl device exhibits suitable molecular 

packing and nearly ideal nanoscale phase separation, which facilitates exciton dissociation and 

charge transport and thus yields the higher PCE of 12.63% with significantly improved JSC and 

FF. PBDB-T:BPIC-4Cl device, however, exhibits strong stacking intensity and excessively large 

phase separation, leading to the obviously reduced JSC, FF and PCE of only 8.23%. This work 

demonstrates that novel phenyl substituted BDT core and delicated chlorination strategy provides 

powerful tools for high-performance non-fullerene acceptors in OSCs. 

 

Keywords: phenyl substitution, chlorination, morphology, non-fullerene acceptor, organic solar 

cells 
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1. Introduction 

Non-fullerene acceptors (NFAs) [1-4] are currently a major focus of research in the development of 

bulk-heterojunction organic solar cells (OSCs).[5-7] Compared with the widely used fullerene 

acceptors, [8-10] NFAs offer the advantages of easy modification of chemical structures and 

electronic energy levels, strong absorption in the visible and near-infrared region, coupled with 

good stability.[11, 12] Recent developments have led to a rapid increase in power conversion 

efficiencies (PCEs) of NFA OSCs to ~ 16%, not only demonstrating the viability of using NFAs 

to replace fullerene acceptors, [13-19] but also encouraging OSC commercial future.  

Fused-ring electron acceptors (FREAs), as an important class of non-fullerene acceptors, typically 

consist of electron-donating planar fused ring flanked with two strong electron-withdrawing end 

groups,[20] substituted by side chains.[21-25] A majority of FREAs, including the representative IDIC 

and ITIC, utilized extended fused-ring indacenodithiophene (IDT) or indacenodithieno [3, 2-b] 

thiophene (IDTT) as the central building block. [26-30] Benzo[1,2-b:4,5-b′]dithiophene (BDT) unit 

is a rather widely used building block in donors, partially due to its symmetric and planar 

conjugated structure. [31-40] For instance, polymeric donor PBT1-C[41] with alkylphenyl substituted 

BDT core, demonstrated a record high fill factor of 80.5% in fullerene OSCs and showed a good 

efficiency of 12.7% with a very high fill factor of 78.5% in ITCPTC based OSCs, due to the 

formation of optimal interpenetrating network nanomorphology. FREAs based on phenyl 

substituted BDT has never been demonstrated, despite the report of alkyl[42]/thiophene[43-45] 

substitution of BDT central unit. On the other side, electron-withdrawing end groups also have 

important influences in the properties of fused-ring electron acceptors. The “acceptor-donor-

acceptor” structure can induce intramolecular charge transfer (ICT), tune the lowest unoccupied 

molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) energy levels, and 
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lead to broad and strong absorption. Further chlorination of end groups can strengthen ICT effect, 

reduce LUMO and HOMO, and expand absorption throughout the visible and even near-infrared 

region. And typically, chlorination enhance π-π stacking and crystallinity.[46-48] For example, in 

the system of PBDB-T:IXIC, chlorination enhanced π-π stacking and crystallinity, and gradually 

reduced the average domain size from 31.96 nm, to 25.20 nm in PBDB-T:IXIC-2Cl and 23.53 nm 

in PBDB-T:IXIC-4Cl. For the all-small-molecule system of DRCN5T and F-0Cl, chlorination by 

2-Cl and 4-Cl monotonically increased π-π stacking, crystallinity, and domain size. 

Herein, we designed and synthesized a new heptacyclic core based on phenyl substituted BDT, 

and constructed a non-fullerene acceptor, BPIC, by pairing the new core with 1,1-dicyano 

methylene-3-indanone (INCN) termini. The strong aggregation and large phase separation 

observed in PBDB-T:BPIC blend, caused inefficient exciton dissociation and ineffective charge 

transport, resulting in the PCE of 11.12% with the low short-circuit current density (JSC), and the 

low fill factor (FF). To finely optimize the active-layer morphology, we introduced the chlorine 

atom into the INCN termini. We found an interesting new phenomenon that, the di-chlorination 

reduced crystalline intensity and phase-separation scale, while further chlorination (4-Cl) 

increased crystallinity and phase separation instead. This non-monotonic change was observed for 

the first time. The PBDB-T:BPIC-2Cl device exhibited suitable stacking intensity and nearly ideal 

phase separation, which facilitated exciton dissociation and charge transport, and thus afforded the 

high PCE of 12.63% with significantly improved JSC and FF. In contrast, the PBDB-T:BPIC-4Cl 

system exhibited strong stacking intensity and excessive phase separation, leading to obviously 

reduced JSC, FF and a poor PCE of 8.23%.  
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Scheme 1 Synthetic Routes to BPIC, BPIC-2Cl and BPIC-4Cl. 

2. Results and discussion  

2.1 Synthesis and characterization 

The synthetic routes to BPIC, BPIC-2Cl and BPIC-4Cl were illustrated in Scheme 1. BPIC, BPIC-

2Cl and BPIC-4Cl were characterized by mass spectrometry, 1H NMR, 13C NMR  and elemental 

analysis (see ESI). BPIC, BPIC-2Cl and BPIC-4Cl had good solubility in common organic 

solvents such as chloroform, chlorobenzene and o-dichlorobenzene at room temperature.  
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Figure 1 (a) UV-vis absorption spectra of BPIC, BPIC-2Cl and BPIC-4Cl in chloroform solution 

(10−6 M). (b) UV-vis absorption spectra of PBDB-T, BPIC, BPIC-2Cl and BPIC-4Cl pure films. 

(c) Cyclic voltammograms for BPIC, BPIC-2Cl and BPIC-4Cl. (d) Energy level diagram of the 

layers of the device. 

 

The optical absorption spectra of BPIC, BPIC-2Cl and BPIC-4Cl in chloroform solution (10−6 M) 

and thin films were shown in Figure 1a and 1b, respectively. BPIC showed an absorption 

maximum at 719 nm with a molar absorptivity of 1.48 × 105 M−1 cm−1 in solution. Di-chlorination 

and Tetra-chlorination red-shifted and slightly improved light absorption. Compared with BPIC, 

BPIC-2Cl and BPIC-4Cl displayed absorption maxima at 733 and 746 nm in solution, with molar 

absorptivity of 1.59 × 105 and 1.62 × 105 M−1 cm−1, respectively. The absorption maxima of BPIC, 

BPIC-2Cl and BPIC-4Cl films are at 749, 775 and 795 nm, red-shifted 30, 42 and 49 nm relative 
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to those in solution, respectively. With the increasing extent of chlorination, the optical band gaps 

narrowed from 1.53 eV for BPIC to 1.47 eV for BPIC-2Cl and 1.43 eV for BPIC-4Cl. (Table 1). 

Cyclic voltammetry (CV) measurements were performed to investigate the electronic energy levels 

of BPIC, BPIC-2Cl and BPIC-4Cl (Figure 1c). All these acceptors exhibited irreversible reduction 

waves and oxidation waves. The highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) energy levels are estimated from the onset oxidation and 

reduction potentials, respectively. Non-chlorinated BPIC exhibited a HOMO of −5.51 eV and a 

LUMO of −3.81 eV. BPIC-2Cl and BPIC-4Cl presented HOMO/LUMO energy levels of 

−5.57/−3.90 and −5.60/−4.08 eV, respectively (Figure 1d and Table 1). The chlorination of INCN 

end groups obviously down-shifted HOMO and LUMO, due to the electron-withdrawing property 

of chlorine.  

Table 1 Basic properties of BPIC, BPIC-2Cl and BPIC-4Cl. 

Compound 

λmax
 (nm) Eg

opt a) 

(eV) 

εb) 

(M−1 cm−1) 

Eox/Ered (V) c) 

HOMO c) 

(eV) 

LUMO c) 

(eV) 

μe 

(cm2 V−1 s−1) solution film 

BPIC 719 749 1.53 1.48 × 105 1.18/−0.52 −5.51 −3.81 6.34 × 10−4 

BPIC-2Cl 733 775 1.47 1.59 × 105 1.23/−0.43 −5.57 −3.90 7.08 × 10−4 

BPIC-4Cl 746 795 1.43 1.62 × 105 1.26/−0.25 −5.60 −4.08 5.68 × 10−4 

a) Estimated from the absorption edge in film; b) Molar absorptivity at λmax in solution; c) Estimated 

from Cyclic voltammetry (CV) method by measuring film in acetonitrile. 

2.2 Photovoltaic properties 

The previously reported wide-bandgap polymer donor PBDB-T[49] (Scheme 1) possessed strong 

absorption from 350 to 750 nm, which complements those of low-bandgap BPIC, BPIC-2Cl and 

BPIC-4Cl (Figure 1a). The energy levels of PBDB-T (HOMO = −5.33 eV; LUMO = −2.92 eV) 

matched well with those acceptors, beneficial to efficient exciton dissociation, and its deep HOMO 
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energy level favored high open-circuit voltage (VOC). We fabricated BHJ OSCs with a device 

structure of indium tin oxide (ITO)/ poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) 

(PEDOT:PSS)/ PBDB-T:acceptor/ zirconium acetylacetonate (Zracac) [50]/Al (Scheme S1). The 

optimal donor: acceptor weight ratio is 1:1. Table 2 summarized the VOC, JSC, FF, and PCE of the 

optimized devices. The current density-voltage (J-V) curves of the best devices were shown in 

Figure 2a. The average VOC gradually descended with the increasing extent of chlorination, from 

0.880 V for BPIC to 0.814 V for BPIC-2Cl and 0.742 V for BPIC-4Cl, in accord with the down-

shift trend of LUMO values of the acceptors (Table 1). The average JSC and FF displayed non-

monotonic change and reached maximum in PBDB-T:BPIC-2Cl device, leading to the higher 

average PCE of 12.20%, despite the middling VOC of 0.814 V. The champion PBDB-T:BPIC-2Cl 

device demonstrated a PCEmax of 12.63% with a VOC of 0.822 V, a JSC of 21.08 mA cm−2 and a FF 

of 72.9%, outperforming those of BPIC and BPIC-4Cl ( PCE max of 11.12% and 8.23%).  

 

Table 2 Photovoltaic performance and mobilities of the optimized devices based on PBDB-T: 

acceptor. 

devicea) 
VOC

b) 

(V) 

JSC
b) 

(mA cm 2) 

calc. JSC 

(mA cm 2) 

FFb) 

(%) 

PCEb) 

(%) 

μh 

(cm2 V−1 s−1) 

μe
  

(cm2 V−1 s−1) 

μh
/
μe 

 

PBDB-T: 

BPIC 

0.880±0.005 

   (0.886) 

17.92±0.21 

  (18.23) 
17.92 

68.1±1.0 

 (68.8) 

10.74±0.28 

(11.12) 
7.35 × 10−4 3.82 × 10−4 1.92 

PBDB-T: 

BPIC-2Cl 

0.814±0.008 

 (0.822) 

20.73±0.28 

 (21.08) 
20.45 

72.3±0.7 

 (72.9) 

12.20±0.30 

(12.63) 
7.54 × 10−4 4.43 × 10−4 1.70 

PBDB-T: 

BPIC-4Cl 

0.742±0.006 

 (0.749) 

17.11±0.21 

 (17.21) 
16.72 

63.1±1.1 

 (63.8) 

8.01±0.22 

(8.23) 
7.12 × 10−4 3.43 × 10−4 2.08 

a)
 PBDB-T: acceptor = 1:1 (w/w); 

b)
Average values with standard deviation were obtained from 20 

devices; the values in parentheses are the parameters of the best device. 
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Figure 2 (a) Current density-voltage (J-V ) curves, (b) EQE spectra, (c) Jph versus Veff  and (d) Jsc 

versus Plight of the optimized devices with the structure of ITO /PEDOT:PSS /PBDB-

T:acceptor/Zracac/Al. 

 

The external quantum efficiency (EQE) spectra of the optimized devices were shown in Figure 

2b. Compared with non-chlorinated BPIC, chlorinated BPIC-2Cl and BPIC-4Cl exhibited broader 

EQE response in PBDB-T based devices, consistent with the broad and red-shifted absorption of 

the latter two acceptors. The EQE maxima of PBDB-T: BPIC, PBDB-T: BPIC-2Cl, and PBDB-T: 

BPIC-4Cl blends are 70.7%, 76.1%, and 63.2%, respectively. The JSC of PBDB-T: BPIC, PBDB-

T: BPIC-2Cl, and PBDB-T: BPIC-4Cl blends calculated from integration of EQE spectra with the 

AM 1.5G reference spectrum are 17.92, 20.45, and 16.72 mA cm−2, respectively, consistent with 

JSC values measured from J−V curves (the error is < 3%, Table 2). 
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We measured the photocurrent density (Jph) versus the effective voltage (Veff) to investigate the 

charge generation and extraction properties (Figure 2c). At high Veff of 3 V, all the photogenerated 

excitons are assumed to be dissociated into free charge carriers and collected by electrodes51. 

PBDB-T: BPIC-2Cl device presented a Jsat of 21.92 mA cm−2, much higher than that of the PBDB-

T: BPIC (19.34 mA cm−2) and PBDB-T: BPIC-4Cl device (18.60 mA cm−2), which meant PBDB-

T: BPIC-2Cl blend have better light absorption. The exciton dissociation efficiency (ηdiss = JSC/Jsat) 

and charge collection efficiency (ηcoll = Jmax/Jsat) were calculated under the short circuit and 

maximum power output conditions, respectively. The PBDB-T: BPIC-2Cl device revealed a ηdiss 

of 96.1% and a ηcoll of 83.4%, both higher than those of PBDB-T: BPIC (ηdiss of 94.3% and ηcoll of 

78.6%) and PBDB-T: BPIC-4Cl (ηdiss of 92.5% and ηcoll of 75.0%), indicative of more efficient 

exciton dissociation and charge transport. 

Charge recombination in the devices was investigated by measuring JSC with different incident 

light intensities (Plight) (Figure 2d). The relationship between JSC and Plight can be described by the 

formula JSC∝ PS; S = 1 indicates all free carriers are swept out and collected at the electrodes prior 

to recombination, while S < 1 indicates the existence of bimolecular recombination. PBDB-T: 

BPIC-2Cl device displayed an S value of 0.96, slightly surpassing that of PBDB-T: BPIC (0.93) 

and obviously exceeding that of PBDB-T: BPIC-4Cl counterparts (0.85). The weakest bimolecular 

recombination in PBDB-T: BPIC-2Cl device corresponded with the highest ηcoll of 83.4% and the 

highest FF of 72.9%. 

The electron mobilities of pure acceptor films and the blended films, and the hole mobilities of the 

blended films were measured by the space charge limited current (SCLC) method (Figure S13 

and S14). [52] BPIC-2Cl displayed a slightly higher electron mobility than BPIC and BPIC-4Cl. 

The hole and electron mobilities of PBDB-T: BPIC-2Cl blends are 7.54 × 10−4 and 4.43 × 10−4 cm2 
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V−1 s−1, respectively, higher than those of PBDB-T: BPIC (7.35 × 10−4  and 3.82 × 10−4 cm2 V−1 

s−1) and PBDB-T: BPIC-4Cl blend (7.12 × 10−4 and 3.43 × 10−4 cm2 V−1 s−1). The higher and more 

balanced charge mobilities (μh/μe = 1.70) in PBDB-T: BPIC-2Cl blend accounted for its weaker 

bimolecular recombination, more efficient charge extraction and higher FF of 72.9%. [53] 

2.3 Film morphology 

Atomic force microscopy (AFM) was used to detect surface roughness and phase separation. 

Grazing-incidence wide-angle X-ray scattering (GIWAXS) and grazing incidence small angle X-

ray scattering (GISAXS) were adopted to investigate molecular packing and nanoscale phase 

separation in thin films. [54, 55] 

 

Figure 4 AFM height images (a-c) and phase images (d-f) of (a,d) PBDB-T:BPIC, (b,e) PBDB-

T:BPIC-2Cl and (c,f) PBDB-T:BPIC-4Cl blends. (scale bar: 400 nm) 
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Figure 5 (a) 2D GIWAXS patterns of PBDB-T, BPIC, BPIC-2Cl and BPIC-4Cl neat films, and 

(b) the corresponding GIWAXS intensity profiles along the in-plane (dashed lines) and out-of-

plane (solid lines) directions.  

 

Figure 6 2D GISAXS patterns of PBDB-T: BPIC, PBDB-T: BPIC-2Cl and PBDB-T: BPIC-4Cl 

blends and the intensity profiles and best fittings along the in-plane direction. 
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As shown in AFM height images (Figure 4), PBDB-T: BPIC-2Cl blend exhibited a root mean 

square roughness (Rq) of 1.04 nm, obviously smaller than that of PBDB-T: BPIC (3.41 nm) and 

PBDB-T: BPIC-4Cl (4.01 nm), which perfectly fitted the stacking intensity revealed in the 

GIWAXS data of donor:acceptor blend. Figure S15 presented two-dimensional (2D) GIWAXS 

patterns of PBDB-T: BPIC, PBDB-T: BPIC-2Cl and PBDB-T: BPIC-4Cl blend films and the 

corresponding intensity profiles along in-plane and out-of-plane directions. PBDB-T: BPIC 

blended films exhibited two π-π peaks and very strong lamellar peaks in the out-of-plane direction. 

According to the GIWAXS data of pure film (Figure 5), the π-π peak at larger qz ≈1.72 Å−1
 with 

crystalline correlation length (CCL) of 35.3 Å possibly belonged to BPIC, while the π-π peak at 

smaller qz ≈1.53 Å−1
 with CCL of 36.2 Å may originated from PBDB-T, implying large-scale 

phase separation in PBDB-T: BPIC blend. Along the out-of-plane direction, PBDB-T: BPIC-2Cl 

blend exhibited π-π peaks at qz≈ 1.74 Å−1 with CCL of 16.7 Å, while PBDB-T: BPIC-4Cl blend 

displayed an increased CCL of 20.7 Å for π-π peaks at qz≈ 1.74 Å−1. The smoother film surface 

and suitable stacking intensity are favorable for interface contact and charge collection. Figure 5 

presented two-dimensional (2D) GIWAXS patterns of PBDB-T, BPIC, BPIC-2Cl and BPIC-4Cl 

pure films. PBDB-T neat film exhibited bimodal lamellar peaks (qr ≈ 0.29 Å−1, d ≈ 21.66 Å and 

qz ≈ 0.32 Å−1, d ≈ 19.63 Å) and the π-π peaks (qz ≈ 1.69 Å−1, d ≈ 3.71 Å). BPIC neat films 

barely showed any scattering peaks, demonstrating an amorphous nature. By contrast, BPIC-2Cl 

exhibited a preferential “face-on”-oriented packing with the π-π peak at qz ≈ 1.82 Å−1 (d ≈ 3.45 

Å). In contrast, BPIC-4Cl demonstrated a strong edge-on structural ordering with a sharp lamellar 

peak at qz ≈ 0.36 Å−1 (d ≈ 17.4 Å, CCL= 157.3 Å−1). The proposed chlorination strategy here 

could effectively influence the molecular packing of acceptors.  
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Figure 6 presented 2D GISAXS patterns of PBDB-T: BPIC, PBDB-T: BPIC-2Cl and PBDB-T: 

BPIC-4Cl blends, and the intensity profiles and best fittings along the in-plane direction. The data 

were fitted with fractal-like network models and Debye-Anderson-Brumberger (DAB) models, to 

account for the scattering contribution from pure phase domains and the intermixing amorphous 

phase, respectively. PBDB-T:BPIC-2Cl exhibited an pure phase domain size (2Rg) of 23.2 nm, 

very close to the exciton diffusion length, which would allow efficient exciton dissociation. In 

contrast, PBDB-T:BPIC and PBDB-T:BPIC-4Cl exhibited excessively large pure phase domain 

sizes of 47.1 and 99.1 nm. The corresponding correlation lengths of the amorphous intermixed 

phases were fitted to be 59.1, 29.5 and 39.4 nm, for PBDB-T:BPIC, PBDB-T:BPIC-2Cl and 

PBDB-T:BPIC-4Cl blend, respectively. The smallest intermixing phase for the PBDB-T:BPIC-

2Cl blend film was well consistent with the results observed in AFM phase images (Figure 4). 

PBDB-T: BPIC-2Cl blend showed more uniform and finer nanofibrillar network than PBDB-T: 

BPIC and PBDB-T: BPIC-4Cl. The smaller aggregated domains of BPIC-2Cl based blend led to 

a larger donor/acceptor interfacial area, which was favorable for exciton dissociation, and the 

interpenetrating network therein facilitated hole and electron transport. The nearly ideal phase 

separation scale and fine nanofibrillar network accounted for the higher ηdiss, ηcoll, Jsc, FF, and 

efficiency of PBDB-T: BPIC-2Cl system. 

Evidenced in AFM, GIWAXS and GISAXS, the di-chlorination reduced crystalline intensity and 

phase-separation scale while further chlorination (4-Cl) increased crystallinity and phase 

separation obviously. This non-monotonic change with different degree of chlorination is very 

different from the reported NFA chlorination works in the past literature. For example, for the 

system of PBDB-T:IXIC, chlorination enhanced π-π stacking and crystallinity, and monotonically 

reduced the average domain size from 31.96 nm without Cl, to 25.20 nm in PBDB-T:IXIC-2Cl 
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and 23.53 nm in PBDB-T:IXIC-4Cl. On the other hand, for the all-small-molecule system of 

DRCN5T:F-0Cl, chlorination gradually increased not only π-π stacking, crystallinity, but also the 

domain size, all in monotonic manner. The non-monotonic morphology tuning trend by controlling 

the degree of NFA chlorination in this manuscript provides a novel way of improving NFA OSC 

morphology and performance.  

3. Conclusions 

To summarize, by combining a new phenyl-substituted-BDT based heptacyclic core with two 

INCN termini, we first designed a new non-fullerene acceptor, BPIC. The PBDB-T:BPIC device 

suffered strong aggregation and large phase separation with limited PCE of 11.12%, due to 

inefficient exciton dissociation and ineffective charge collection. Chlorination of the INCN termini 

in BPIC led to BPIC-2Cl and BPIC-4Cl NFAs, in which we observed interesting non-monotonic 

morphology tuning trend. Di-chlorination reduced crystalline intensity and phase-separation, 

while tetra-chlorination showed clearly increased crystallinity and phase separation comparing to 

the di-chlorination case, which has never been reported before. This new phenomenon allowed us 

to achieve suitable molecular packing and nearly ideal phase separation in PBDB-T:BPIC-2Cl 

device, which facilitated exciton dissociation and charge transport, and a high PCE of 12.63%. 

The PBDB-T:BPIC-4Cl system, however, exhibited excessively large crystallization and phase 

separation, leading to poor PCE of 8.23%. These results offered more insight into the 

understanding of the champion photovoltaic performance of PBDB-T:BPIC-2Cl blend, which will 

benefit future design of high-performance non-fullerene acceptors. 
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TOC 

    We designed three novel low-bangap FREAs, BPIC, BPIC-2Cl and BPIC-4Cl, based on a 

heptacyclic core using phenyl substituted BDT as the central unit, end-capped with INCN, mono-

chlorinated INCN, and di-chlorinated INCN moieties, respectively, and investigated the effects of 

chlorination on optical and electronic potentials of these molecules, as well as morphology and 

photovoltaic performance of organic solar cells. 

 

 




