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Abstract

Three fused-ring electron acceptors (SIDIC, DIDIC and TIDIC) were designed and 

synthesized using single bond, vinylene and acetylene units linked 

indaceno[3,2-b]dithiophene dimers as electron-rich cores and 

3-(1,1-dicyanomethylene)-5,6-difluoro-1-indanone as electron-deficient termini. 

These molecules exhibit strong absorption from 550 to 900 nm with large attenuation 

coefficients of 1.8 – 2.0 × 105 M−1 cm−1 and high electron mobilities of 2.2 – 4.9 × 

10–3 cm2 V–1 s–1. In combination with wide-bandgap polymer FTAZ as a donor, 

organic solar cells exhibit efficiencies of 9.3 – 13.1%. Effects of the linking units on 

optical, electronic, morphologic, and photovoltaic properties were revealed. Relative 

to SIDIC, vinylene-bridged DIDIC shows red-shifted absorption, while 

acetylene-bridged TIDIC shows blue-shifted absorption. Compared with SIDIC and 

DIDIC, TIDIC has a lower HOMO, higher electron mobility, and higher device 

efficiency.
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Introduction

Organic solar cells (OSCs) with bulk heterojunction (BHJ) structure have 

received increasing interest as a potential green energy conversion technology since 

they have unique strengths, for example, easy processing, light weight, low cost, 

flexibility and semi-transparency.1-3 The BHJ photoactive layers consist of electron 

donors (D) and acceptors (A). While fullerenes were the dominant acceptors during 

last 20 years,4 the drawbacks of poor visible light absorption, restricted energy level 

adjustability, and morphology instability,5 have spurred the design of new types of 

acceptors. To address these issues, various nonfullerene acceptors have been 

developed since they have intense light absorption in visible and near-infrared (NIR) 

regions and tunable energy levels.6, 7

The acceptor-donor-acceptor based fused-ring electron acceptors (FREAs) 

represented by ITIC8 and IDIC9 were first pioneered by the Zhan group. FREAs are 

typically comprised of an electron-rich fused-ring core like 

indaceno[3,2-b]dithiophene (IDT) and two electron-deficient termini like 

1,1-dicyanomethylene-3-indanone. FREAs exhibit high electron mobility (e), strong 

visible-NIR absorption and high exciton diffusion coefficient,10 and their OSCs 

exhibit high power conversion efficiency (PCE), low energy loss and good stability.5 

Now, most developments in this field focus on molecular engineering to modify the 

central cores,11-17 side substituents18, 19 and termini,20-25 leading to continually 

breaking efficiency records.26-32 All the high-performance FREAs are based on 

fused-ring cores, and their optoelectronic properties are generally modulated via 
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tailoring the fused-ring cores, such as extending the core size,17 isomerization33 and 

asymmetric structure.34 However, all these approaches generally use relatively 

complex and lengthy synthesis routes, leading to overall low yields and high cost. 

Using simple and cheap donor/acceptor/bridging units to synthesize electron 

acceptors in high yields is relatively easy to scale up and can reduce cost.35-38 

Several organic semiconductors based on single bond, vinylene and acetylene 

linking units have been used for phototransistors and field-effect transistors, etc.39-41 

Compared with single bond- and vinylene-linked materials, the acetylene-linked 

materials generally show blue-shifted absorption spectra due to the electron-deficient 

nature of the acetylene unit. Nevertheless, there have been no any works to compare 

effects of single bond, vinylene and acetylene linking units in nonfullerene acceptors 

on photovoltaic properties.

In this study, we designed and synthesized 3 new FREAs based on IDT dimer 

cores: SIDIC, DIDIC and TIDIC (Fig. 1). The optoelectronic properties can be tuned 

by changing the simple bridges (single bond, vinylene and acetylene) between two 

IDT units. Particularly, the vinylene and acetylene units were firstly introduced into 

the FREAs as linking units. The cells based on wide-bandgap polymer FTAZ as a 

donor and TIDIC as an acceptor display a best PCE of 13.1%, notably exceeding 

those of SIDIC and DIDIC-based cells (11.0 and 9.3%, respectively). This synthetic 

approach uses commonly-used IDT and simple bridging units to construct 

high-performance dimers, and therefore is easier to scale up than complex core 

extension and isomerization routes.
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Results and discussion

Synthesis and characterization

Scheme S1 in ESI presents synthetic routes of SIDIC, DIDIC and TIDIC. The 

chemical structures of new compounds were characterized by elemental analysis, 1H 

and 13C NMR, and MS (see ESI). SIDIC, DIDIC and TIDIC have good solubility in 

routine organic solvents like chloroform. In accordance with thermogravimetric 

analysis (TGA) (Fig. S1), SIDIC, DIDIC and TIDIC are thermally stable up to >300 

°C (Table 1).

All compounds in solution have intense absorbance from 550–850 nm with large 

molar attenuation coefficients of 1.8 – 2.0 × 105 M−1 cm−1 (Fig. S2). The absorption 

peaks of TIDIC, SIDIC and DIDIC red shift gradually, and all thin film absorption 

spectra also red shifts by 26–52 nm compared with those in solution (Fig. 2a). The 

optical bandgaps (Eg) of SIDIC, DIDIC and TIDIC, evaluated from the absorption 

edges of their thin films, are 1.43, 1.40 and 1.55 eV, respectively (Table 1).

Next, cyclic voltammetry (CV) was performed to understand the impact of the 

bridging units on the electronic properties. The CV of SIDIC, DIDIC and TIDIC (Fig. 

S3) was used to estimate the lowest unoccupied molecular orbital (LUMO) and 

highest occupied molecular orbital (HOMO) energies using corresponding inflection 

points for reduction and oxidation potentials in reference to the half-wave potential 

for FeCp2
+/0 redox couple.42 The LUMO energies of SIDIC, DIDIC and TIDIC are 

−3.88, −3.91 and −3.88 eV, while the HOMO energies are −5.43, −5.44 and −5.59 eV, 

respectively (Fig. 2b). Three molecules have similar LUMO, while TIDIC has a 
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down-shifted HOMO relative to SIDIC and DIDIC, due to electron-deficient 

acetylene bridge.

Another important characteristic to understand is impact of the different bridging 

units on charge transport properties. The e of SIDIC, DIDIC and TIDIC are 3.4 × 

10−3, 2.2 × 10−3 and 4.9 × 10−3 cm2 V−1 s−1, respectively (Table S3), in accordance to 

space charge limited current (SCLC) measurement (Fig. S4). These values are similar 

to those of fullerene acceptors (~ 10−3 cm2 V−1 s−1),43 ensuring to effectively transport 

electrons from the active layer to the cathode.

Photovoltaic properties 

The wide-bandgap polymer FTAZ (Fig. 1) was chosen as a donor to fabricate 

OSCs since its intense absorption at 400-650 nm44 complements those of SIDIC, 

DIDIC and TIDIC (Fig. 2a) and its energy levels fit those of the acceptors (Fig. 2b).45 

The OSCs have an inverted architecture of indium tin oxide (ITO) 

glass/ZnO/FTAZ:acceptor/MoOx/Ag. After optimization of donor/acceptor ratio 

(Table S1) and the content of additive 1,8-diiodooctane (DIO) (Table S2), the best 

cell based on FTAZ/TIDIC exhibits a PCE of 13.1% with a VOC of 0.879 V, JSC of 

20.2 mA cm−2, and FF of 73.6% (Fig. 3a and Table 2). The SIDIC-based devices 

show decreased performance with a VOC of 0.863 V, JSC of 18.4 mA cm−2, FF of 

69.4% and PCE of 11.0%. The DIDIC-based devices show the worst performance 

with a VOC of 0.816 V, JSC of 17.5 mA cm−2, FF of 65.1% and PCE of 9.3%. The VOC 

of OSCs based on DIDIC, SIDIC and TIDIC is gradually improved, which is 

consistent with the LUMO trend found from CV.
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The external quantum efficiency (EQE) spectra of the optimized cells based on 

TIDIC, SIDIC and DIDIC gradually red shift (Fig. 3b), similar to the absorption trend 

of the acceptors. The maximum EQE of DIDIC, SIDIC, and TIDIC-based devices 

gradually increase from 66.1% to 73.8% and 80.7%, implying enhanced charge 

generation, leading to enhanced JSC. 

We measured photocurrent density (Jph) versus effective voltage (Veff) of the 

cells (Fig. 3c) and used the JSC/Jsat (Jsat: saturation photocurrent density) to 

characterize the charge collection under short-circuit condition.46 The JSC/Jsat ratio for 

the best devices based on SIDIC, DIDIC and TIDIC are 94.5%, 91.4% and 99.2%, 

respectively. The TIDIC-based device has superior charge collection efficiency than 

the SIDIC- and DIDIC-based devices, which can also be used to describe the higher 

efficiency of FTAZ:TIDIC devices.

Furthermore, the charge recombination dynamics was also probed by measuring 

each solar cell under varying intensity of incident light. The JSC versus light density 

(Plight) relationship can be expressed by JSC  Plight
α.47 The slope of the curve (i.e. α 

value) provides insight to the strength of bimolecular recombination under the 

short-circuit condition. The α values of the SIDIC, DIDIC and TIDIC-based cells are 

0.993, 0.995 and 0.986 (Fig. 3d), respectively, implying ignorable bimolecular 

recombination losses for all of solar cells under short-circuit condition.

While we presented the electron mobility of each acceptor alone earlier, the 

charge carrier mobilities in the BHJ blend are also very important. In accordance with 

the SCLC measurements48 (Fig. S5), the TIDIC-based blend exhibits high hole 
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mobility (μh) of 2.5 × 10–3 cm2 V–1 s–1 and μe of 1.1 × 10–3 cm2 V–1 s–1 with a μh/μe 

ratio of 2.3 (Table S3). The SIDIC and DIDIC-based blends display lower μh (0.75 × 

10–3 and 1.2 × 10–3 cm2 V–1 s–1) and μe (0.29 × 10–3 and 0.14 × 10–3 cm2 V–1 s–1) with 

higher μh/μe ratio (2.6 and 8.6). Thus, the TIDIC-based blend films have higher and 

more balanced charge mobilities, which can minimize charge accumulation, 

contributing to a higher FF.

Interestingly, the TIDIC-based device has the highest JSC, while the 

DIDIC-based device has the lowest JSC, which is contrary to the absorption spectra 

where the absorption peak of DIDIC red shifts 88 nm compared to that of TIDIC. We 

measured the optical constants of the materials used in the solar cell stack (Fig. 4a), 

and found that attenuation coefficients of all the blends are very similar. However, the 

BHJ based on FTAZ/TIDIC has a narrower absorption spectrum compared to those of 

FTAZ/DIDIC and FTAZ/SIDIC. Therefore, the different JSC is most likely due to 

different internal quantum efficiency (IQE) of the solar cells. IQE was calculated 

using the measured EQE divided by the absorbance of the active layer, obtained by 

optical transfer matrix simulations. The simulations were performed using the 

measured optical constants of the materials. Indeed, IQE of the TIDIC-based device is 

the highest, while that for DIDIC is the lowest (Fig. 4b).

Film morphology

Having investigated the impact that the various bridging groups have on the 

electronic, optical, and photovoltaic properties of the resulting FREAs, we next 

searched for key morphological differences. The first preliminary investigation into 
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the morphology was done with atomic force microscopy (AFM). This approach can 

provide surface images of the pure and blend films. The pure films of SIDIC, DIDIC 

and TIDIC show root-mean-square (RMS) roughness of 1.90, 2.68 and 0.77 nm, 

respectively (Fig. S6). DIDIC has a rougher surface compared to SIDIC and TIDIC, 

which affects interfacial contact and electron transport, leading to lower mobility. All 

the optimized blends have similarly smooth surface with RMS roughness of 0.68, 

0.92 and 0.90 nm, respectively (Fig. S7). This leads us to explore morphology with 

more in-depth tools. 

While AFM probes the surface, a deeper probe into the molecular packing is 

needed. Figs. 5 and S8 show the two-dimensional (2D) grazing incidence wide angle 

X-ray scattering (GIWAXS)49 patterns and the intensity profiles of the blend and pure 

films. The FTAZ/SIDIC film exhibits predominant face-on orientation with the 

lamellar peak at qr = 0.32 Å–1 (d = 29.6 Å) and the π-π peak at qz = 1.71 Å–1 (d = 3.67 

Å), which are attributed to the scattering of the crystalline FTAZ domains based on 

the consistent lattice constants. SIDIC shows low crystallinity in the blend film with 

no noticeable scattering peaks observed. The FTAZ/DIDIC film exhibits strong 

scattering peaks in the in-plane direction at qr = 0.27, 0.32, 0.39 and 0.45 Å–1, 

indicating preferential face-on packing. The peak at qr = 0.32 Å–1 can still be assigned 

to FTAZ, while the rest should come from the highly crystallized DIDIC domains. 

The FTAZ/TIDIC blend film also shows preferential face-on packing with the 

lamellar peak appeared at qr = 0.31  Å–1 (d = 20.3 Å) and the π-π peak at qz =1.76 

Å–1 (d = 3.57 Å). There is another scattering peak at qr = 0.41 Å–1, which is possibly 
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due to the end group π-π stacking of TIDIC along the backbone. In summary, the 

GIWAXS results demonstrate that all three acceptor blends can adopt a preferential 

face-on orientation and have π-π stacking which is appropriate for charge transport. 

The molecular geometries of SIDIC, DIDIC and TIDIC were investigated with 

density functional theory (DFT) calculations B3LYP/6-31G* level (Fig. S9). All three 

acceptor molecules possess highly planar backbones. In order to gain more insights 

into the effects of the linking units on the packing properties of the acceptors, we 

conducted potential energy surface scan with the dihedral angles between the two IDT 

planes (Fig. S10). The value of rotation energy barrier of DIDIC is 394 meV, much 

higher than those of SIDIC (196 meV) and TIDIC (55 meV), suggesting DIDIC has 

the most rigid configuration among the three acceptors and thus the highest 

crystallinity. Different from the other two acceptors with minima at 0° and 180°, 

SIDIC shows a valley at 160-200°, suggesting that various twisted configurations 

with dihedral angles of 160-200° may exist, which leads to weak molecular packing 

and low crystallinity. Although TIDIC shows the lowest rotation energy barrier, the 

two stable configurations at 0° and 180° are all planar, thus TIDIC is more crystalline 

than SIDIC but less than DIDIC. These results indicate that acetylene linkage is an 

effective strategy to optimize the molecular packing and crystallinity of the acceptors.

A third morphological investigation technique was used to obtain further 

information about the donor and acceptor domain sizes in the BHJ blend. Fig. 6 

presents the 2D small-angle X-ray scattering (GISAXS) patterns and the in-plane 

intensity profiles fitted with models reported elsewhere.50 The pure FTAZ domain 
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sizes of all the three films are fitted to be ~ 9 nm, mainly contributing to an intensity 

shoulder around 0.07 Å–1, while the pure acceptor domain sizes of FTAZ/SIDIC, 

FTAZ/DIDIC and FTAZ/TIDIC films are estimated to be 11.4, 15.0 and 11.0 nm, 

respectively. Although each blend has similar domain sizes, the FTAZ/DIDIC film 

shows much stronger scattering intensity in the median q range, a signal of strong 

phase separation. The stronger crystallinity was also found in the GIWAXS data from 

the previous section as well. This might cause unsatisfactory miscibility and 

inefficient charge dissociation, leading to the worst IQE and JSC. 

Conclusions

In summary, three novel FREAs (SIDIC, DIDIC and TIDIC) were designed and 

synthesized based on single bond, vinylene and acetylene linked IDT dimers and 

effects of the linking units on light absorption, energy levels, film morphology, charge 

transport, and photovoltaic properties were examined. Relative to SIDIC with single 

bond link, DIDIC with vinylene unit link shows red-shifted absorption, while TIDIC 

with acetylene unit link shows blue-shifted absorption. Three molecules have similar 

LUMO levels, while TIDIC has a relatively lower HOMO level caused by 

electron-withdrawing acetylene bridge. TIDIC has a higher electron mobility than 

SIDIC and DIDIC. When blended with the donor FTAZ that has fitted energy levels 

and complementary absorption spectra, the TIDIC-based devices display higher VOC, 

JSC, FF and PCE than the SIDIC- and DIDIC-based OSCs. 
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 Fig. 1 Chemical structures of SIDIC, DIDIC, TIDIC and FTAZ.
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Fig. 2 (a) UV-vis absorption spectra of FTAZ, SIDIC, DIDIC and TIDIC in thin films. 

(b) Energy levels of FTAZ, SIDIC, DIDIC and TIDIC estimated from cyclic 

voltammetry.
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Fig. 3 (a) J−V characteristics, (b) EQE spectra, OSCs (c) Jph versus Veff characteristics 

and (d) JSC versus light intensity of the optimized devices.
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Fig. 5 GIWAXS patterns of (a) FTAZ/SIDIC, (b) FTAZ/DIDIC and (c) FTAZ/TIDIC 

blend films, and (d) the corresponding intensity profiles along the in-plane (dashed 

line) and out-of-plane (solid line) directions.
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Fig. 6 (a, b and c) 2D GISAXS patterns of the blends. (d) The corresponding GISAXS 

profiles and best fittings along the in-plane direction.
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Table 1. Basic properties of SIDIC, DIDIC and TIDIC

λmax
b (nm)

compound
Td a

(oC) solution film

εc 

(M−1 cm−1)

Eg
d

(eV)

HOMO e

(eV)

LUMO e

(eV)

SIDIC 329 728 759 2.0 × 105 1.43 −5.43 −3.88

DIDIC 305 737 789 1.9 × 105 1.40 −5.44 −3.91

TIDIC 349 675 701 1.8 × 105 1.55 −5.59 −3.88

a Decomposition temperature measured by TGA. b Absorption maximum. c Molar 

attenuation coefficient at λmax in solution. d Optical bandgap calculated from the 

absorption edge of thin film. e Estimated from the onset oxidation/reduction potentials 

in cyclic voltammograms. 

Table 2. Performance of the optimized OSCs based on FTAZ/acceptor

VOC
 b JSC

 b FF b PCE b calculated JSC
device a

(V) (mA cm–2) (%) (%) (mA cm–2)

SIDIC
0.863 

(0.858±0.005)

18.4 

(17.9±0.3)

69.4 

(68.4±1.4)

11.0 

(10.5±0.3)
18.3

DIDIC
0.816 

(0.817±0.001)

17.5 

(17.1±0.3)

65.1 

(64.0±1.0)

9.3 

(8.9±0.3)
17.7

TIDIC
0.879 

(0.869±0.006)

20.2 

(20.6±0.4)

73.6 

(70.7±1.4)

13.1 

(12.7±0.2)
19.6

a FTAZ/acceptor = 1/1.5 (w/w), 0.2% DIO (v/v). b Average values (in parenthesis) are 

obtained from 20 devices.
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Graphical contents entry

Three new fused-ring electron acceptors were designed and synthesized based on 

indaceno[3,2-b]dithiophene dimer cores. Effects of the linking units on optical, 

electronic, morphologic, and photovoltaic properties were revealed. Paired with the 

donor FTAZ, their organic solar cells exhibit efficiencies of 9.3-13.1%.

Page 23 of 23 Journal of Materials Chemistry A


