
Supplementary Figures  

 

 

 

Supplementary Figure 1. Calculation results. a, HOMO and LUMO energy levels of the donor 

unit π-bridge and acceptor units; b, electron distributions of HOMO and the lowest unoccupied 

molecular orbital (LUMO) energy levels of BTID-0F, BTID-1F and BTID-2F. 
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Supplementary Figure 2. Synthesis routes of the three small molecules. I. THF, H2O, toluene, 

NaHCO3, 85 °C, Pd(PPh3)4; II. NBS, CHCl3: CH3COOH (1:1); III. TEA, Ac2O, tert-butyl 

acetoacetate; IV. toluene, Pd(PPh3)4; V. piperidine, CHCl3; VI. TEA, CHCl3. 

 



 

Supplementary Figure 3. Materials properties. a, dielectric constant function of frequency for the 

three molecules; b, cyclic voltammogram (CV) plots of BTID-0F, BTID-1F and BTID-2F in films; c, 

HOMO and LUMO levels calculated from CV; d, contact angle of small molecules on ZnO/ITO 

substrate, the error bar represents the measurement errors; e, contact angle of small molecules on 

PEDOT:PSS/ITO substrate, the error bar represents the measurements errors. 
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Supplementary Figure 4. Certification for inverted solar cells based on BTID-2F. a, certified I-V 

curve and power-V curve; b-e, details of certification. 
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Supplementary Figure 5. Resonant soft X-ray scattering (RSoXS) fitting. a-c, fitting peaks of 

RSoXs on ZnO/ITO substrates. 

 

 

Supplementary Figure 6. J-V curves of conventional devices based on the three small 

molecules.  
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Supplementary Figure 7. Morphologies for conventional devices. a, grazing incidence wide-angle 

X-ray scattering (GIWAXS) images of blend films on the PEDOT: PSS/Si substrates; b, atomic 

force microscopy (AFM) phase images of blend films on the PEDOT:PSS/ITO substrate; c, 

transmission electron microscopy (TEM) images of blend films on the PEDOT:PSS/ITO substrate; d, 

R-SoXs images of blend films on the PEDOT: PSS/Si substrates; e, In-depth X-ray photoelectron 

spectroscopy (XPS) 0–20s for blend films on PEDOT:PSS/ITO substrates; f, fitting peaks of RSoXs 

on PEDOT:PSS/ITO substrates, the profile is obtained from the division value between the value of 

S:C after etching and the value of S:C at the film surface.  
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Supplementary Figure 8. Hole/electron mobility plots from SCLC methods. a, hole mobility for 

pristine small molecules, with thickness between 100-130 nm; b, hole mobility for small 

molecules/PC71BM blends, with thickness between 100-130 nm; c, electron mobility for small 

molecules/PC71BM blends, with thickness between 100-130 nm. All the colored scattered points are 

experimental data, and all the red lines are their corresponding fittting lines from mobility calculation 

formula (Supplementary Equation 7).  
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Supplementary Figure 9. Comparisons of morphologies for BTID-2F/PC71BM blends based on 

normal and hot substrates. a, comparison of R-SoXs images on normal/ hot substrates; b, 

comparison of TEM images on normal (28 
o
C)/hot (45 

o
C) substrates; c, comparison of GIWAXS 

images on normal/hot substrates. 

 

Supplementary Figure 10. RSoXs Methods. Comparison of total scattering intensity (TSI) based 

on photon energy of 270 eV and 284.2 eV choose for RSoXs. 
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Supplementary Figure 11. a, an example of the calculation of the highest occupied molecular 

orbital (HOMO) energy levels from UPS; b, an example full width at half-maximum (FWHM) 

fitting of the in-plane GIWAXS peaks. 

 

Supplementary Tables 

Supplementary Table 1. Optical band-gap and dielectric constant for the three molecules. 

Molecules BTID­0F BTID­1F BTID­2F 

E
opt 

g  1.71 eV 1.70 eV 1.68 eV 

εr 3.82 4.39 4.02 

 

Supplementary Table 2. Device optimization of D:A ratios for BTID-0F/PC71BM, 

BTID-1F/PC71BM and BTID-2F/PC71BM.   

Donors D:A Voc (V) Jsc (mA cm
-2

) FF (%) PCE (%) 

BTID-2F 

1.1:1 0.94 15.8 74.0 11.0 

1.3:1 0.95 15.7 76.0 11.3 

1.5:1 0.95 15.3 75.0 10.9 

BTID-1F 

1.3:1 0.94 15.5 68.5 10.0 

1.5:1 0.94 15.3 72.0 10.4 

1.7:1 0.93 15.1 65.6 9.2 
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BTID-0F 

1.3:1 0.93 14.6 51.2 6.9 

1.5:1 0.93 14.0 64.0 8.3 

1.7:1 0.92 14.6 60.8 8.1 

 

Supplementary Table 3. GIWAXS and RSoXs data summarization on ZnO and PEDOT:PSS 

substrates. 

Materials substrates 

(100) d 

spacing 

(Å) 

(010) d 

spacing 

(Å) 

(010) 

Coherence 

length (Å) 

PC71BM 

Coherence 

length (Å) 

Relative 

Purity 

Face on: 

edge on 

BTID-0F  16.89 3.64 51.03 
  

32: 68 

BTID-1F  17.65 3.56 67.36 
  

27: 73 

BTID-2F  19.15 3.55 70.41 
  

19: 81 

BTID-0F/PC71BM ZnO 16.62 3.63 44.26 19.80 0.74 40: 60 

BTID-1F/PC71BM ZnO 18.02 3.57 60.35 20.61 0.93 31: 69 

BTID-2F/PC71BM ZnO 19.31 3.55 68.81 20.79 1 33: 67 

BTID-0F/PC71BM PEDOT:PSS 16.33 3.64 44.19 19.71 0.69 34: 56 

BTID-1F/PC71BM PEDOT:PSS 17.95 3.58 53.37 19.98 0.85 29: 71 

BTID-2F/PC71BM PEDOT:PSS 19.44 3.56 62.84 20.70 0.97 31: 59 

 

Supplementary Table 4. Parameters of conventional device performance based on 

BTID-0F/PC71BM, BTID-1F/PC71BM and BTID-2F/PC71BM. 

Donors D:A Voc (V) 
Jsc 

(mA cm
-2

) 
FF 
(%) 

PCE (%) 

Best average 

BTID-0F 1.5:1 0.96 13.7 73.0 9.52 9.47 

BTID-1F 1.5:1 0.94 13.9 72.0 9.39 9.27 



BTID-2F 1.3:1 0.91 14.1 73.0 9.33 9.25 

 

Supplementary Table 5. Domain size distribution of RSoXs fitting on PEDOT:PSS 

blends Domain size 1 Domain size 2 

BTID-0F 24.4 20.0 

BTID-1F 44.9 14.4 

BTID-2F 55.8 12.2 

 

Supplementary Table 6. Comparison of device performance of BTID-2F/PC71BM on normal and 

hot substrates. 

 Voc (V) Jsc (mA cm
-2

) FF (%) PCE (%) 

Hot substrate 0.95 15.1 71 10.2 

Cool substrate 0.95 15.7 76 11.3 

 

Supplementary Discussion 

Evidence of the role of surface enrichment and vertical phase separation: Conventional 

photovoltaic device performance and related characterization. 

After fluorination, the lateral morphologies (molecular packing, TEM, domain size, domain purity) 

changed in the same tendency whether on ZnO or PEDOT: PSS (Supplementary Fig. 7); while in the 

vertical direction, electron-blocking layer formed on the active layer and the hole transported path 

from the active layer to surface is only favored by inverted devices. This could explain the strange 

phenomenon that BTID-2F obtained a higher inverted device performance while BTID-0F obtained a 

higher conventional device performance. Hence, the surface enrichment and vertical phase 

separation played an important role to enhance the inverted device performance based on BTID-2F. 

 

Evidence of the role of hierarchical morphology 

To certify the influence of hierarchical morphology on device performance, we increased the 

substrate temperature from 28 
o
C (normal) to 40 

o
C (hot), because increasing the substrate 



temperature was to shorten the film forming time which would probably eliminate the hierarchical 

morphology. To our expectation, the hierarchical morphology disappeared on the hot substrate, as 

shown in the TEM images and RSoXs images (Supplementary Fig. 9a). Consequently, the main 

domain spacing was decreased from 53 to 17 nm. Though the smaller domain spacing facilitated 

charge separation, however, the device performance based on the cool substrate (the hierarchical 

morphology) was higher than that on the hot substrate (Supplementary Table. 6). In addition, the 

domain purity and the molecular packing was similar (Supplementary Fig. 9b-c). Hence, the 

hierarchical morphology would reduce the recombination loss in our materials system. 

 

Supplementary Methods 

Characterization methods 

(1) Molecular structure characterization and calculation (NMR, MS spectra, DFT). 

1
H NMR (400 MHz) and 

13
C NMR spectra were obtained on a Bruker DMX–400 NMR 

Spectrometer and using tetramethylsilane as internal standard. MS spectra (MALDI–TOF–MS) were 

determined on a Micromass GCT–MS spectrometer.
 
The ground-state and the first excited-state 

geometries of the three molecules, the HOMO and LUMO levels of donor unit, π-bridge and 

acceptor units were optimized by density functional theory (DFT)/time-dependent density functional 

theory (TDDFT) at the B3LYP/6-31G (d,p) level. For the sake of calculation, the alkyl groups were 

replaced by methyl. All calculations were performed in the gas phase and with Gaussian 09 

program.
1-3 

(2) Molecular properties characterization (Dielectric constant, UPS, UV-Vis spectra, CV, UPS, 

contact angle).   

Dielectric constant was measured on an electrochemical work station (VMP3 Biologic, France), 

according to the literature.
4
 UV-Vis spectra were obtained with a JASCO–V570 spectrophotometer. 

UPS was measured on ITO/PEDOT: PSS substrates using an AXIS ULTRA DLD multi-functional 

photoelectron spectrometer. The AFM images of the blended films on ZnO/PEDOT: PSS substrates 

were obtained on a Nanoscope Ia AFM (Digital Instruments) in tapping mode. Electrochemical 

cyclic voltammetry was conducted on an electrochemical work station (VMP3 Biologic, France), 

with a Pt disk coated with a molecular film, a Pt plate, and an Ag/Ag
+
 electrode as working, counter, 



and reference electrodes, respectively, in a 0.1 mol L
−1

 tetrabutylammonium phosphorus 

hexafluoride (Bu4NPF6) acetonitrile solution. Contact angle (θ) in solutions of BTID-0F, BTID-1F, 

BTID-2F, and PC71BM are measured on PEDOT: PSS/ZnO substrate by using the pendant drop 

method with the XG-CAMB3 standard contact angle meter. Samples were dissolved in chloroform at 

a concentration of 5 mg/mL, and the experiment was carried out under a nearly saturated CF 

atmosphere. Larger θ indicates less preferential wetting. 

(3) TEM, AFM, XPS and in-depth XPS characterization 
  

All films for characterization are prepared under identical optimized conditions of device fabrication 

in the absence of special emphasis. The TEM images of the blended films were prepared under the 

same conditions as AFM: the sample on the ITO/PEDOT:PSS substrate was transferred by floating in 

water, whereas the sample on substrate of ITO/ZnO was transferred by floating in 0.2 M HCl. XPS 

and In-depth XPS and (Omicron ESCA Probe) profiling was performed on devices without the top 

electrode (ITO/ZnO/polymer:PC71BM). The samples were sputtered with an Art gun at 3,000 eV and 

etched from the air/blend interface with a Kα X-ray photoelectron spectrometer. Integrated areas 

from the C 1s, S 2p, and Zn 2p peaks were used for data analysis.  

(4) GIWAXS characterization 

GIWAXS measurements were performed at the beamline of 7.3.3 at the Advanced Light Source 

(ALS).
5
 Samples were prepared on Si/ZnO (inverted devices) or Si/PEDOT:PSS (conventional 

devices) substrates. The 10 keV X-ray beam was incident at a grazing angle of 0.12°–0.15° and 

selected to maximize the scattering intensity from the samples. Scattered X-rays were detected by 

using a Dectris Pilatus 2M photon counting detector. The calculations of face on: edge on ratios are 

according to literature.
6
  

(5) RSoXs characterization 

RSoXs transmission was measured at a beamline of 11.0.1.2 at the ALS.
7
 Samples for RSoXs 

measurements were prepared on ITO/ZnO or ITO/PEDOT:PSS substrates. The samples were 

prepared in a similar manner as for TEM and transferred to a 1.5 mm × 1.5 mm, 100 nm thick Si3N4 

membrane supported by a 5 mm × 5 mm, 200 μm thick Si frame (Norcada Inc.). 2D scattering 

patterns were collected on an in-vacuum charge-coupled device camera (Princeton Instrument 

PI-MTE). The sample detector distance was calibrated from diffraction peaks of a triblock 

copolymer poly(isoprene-b-styrene-b-2-vinyl pyridine), which presents a known spacing of 391 Å. 



The beam size at the sample is ≈100 μm by 200 μm. Photon energy was selected to be 284.2 eV 

because of high small molecule: fullerene contrast. The scattering profiles can be processed further 

to extract the domain purity of an assumed two phase system through the total scattering intensity 

(TSI)
 8

: 

𝑇𝑆𝐼 = ∫ 𝐼(𝑞)𝑞2d𝑞 = 2𝜋2∆𝜌12
2 𝜐1𝜐2𝑉

∞

0
                 (Equation 1) 

where ∆𝜌12 is the difference in electron density between the two phases, 𝜐i is the material volume 

fraction of each domain and 𝑉 is the illuminated volume. Domain contrast affect the TSI and thus 

can be used as a measure of domain purity. In resonant soft x-rays region, 𝜌 can be extended as: 

𝜌 =
𝑓1−𝑖𝑓2

𝑉
= ∑ 𝑛𝑗(𝑓1𝑗 + 𝑓2𝑗)𝑗 = α𝐸2(𝛿 − 𝑖𝛽)             (Equation 2) 

where 𝑓1 − 𝑖𝑓2 are the complex elemental scattering factors, 𝑛𝑗  are the number densities for the 

𝑗th element in each component, and α is a constant factor. Thus, ∆𝜌12
2 = α2𝐸4∆𝑛12

2 . ∆𝜌 indicates 

the contrast between domains (not materials). If the domains are purer (materials are less mixed 

within domains), the higher contrast will lead to higher TSI. As ∆𝑛 scales with purity, relative 

domain purity can be readily obtained from TSI.  

A photon energy of 284.2 eV was selected to provide high contrast and avoid high absorption which 

can lead to beam damage and fluorescence background. The contrast of TSI based on 270 eV and 

284.2 eV has been shown in Supplementary Fig. 10. 

(6) Jph and mobility measurements. 

For investigating the dependence of Jsc and Jph on light intensity, the intensity of the light was 

modulated with a series of two neutral density filter wheels with six filters, allowing for up to 11 

steps in intensity from 96.5 mW cm
−2

 to 3.52 mW cm
−2

. Mobility measurements of pristine films and 

blend films were characterized by a hole-only space-charge limited current (SCLC) method with the 

following diode structures: ITO/PEDOT:PSS/active layer/Au for hole (Al/active layer/Al for 

electrons) by taking current–voltage current in the range of 0–5 V and fitting the results to a space–

charge-limited form.
 9-10

  

 

Calculation methods 

(1) Calculations of ionization potential of donor (IPD) from ultraviolet photoelectron spectroscopy 

(UPS). Taking BTID-0F pristine film as an example (Supplementary Fig. 11a): 



Ew (work function) = 21.2−16.9 = 4.3 eV 

IPD = 0.56 + (21.2−16.9) = 4.96 eV 

(2) The calculation of the coherence length (Lc) of PC71BM and small molecules 

The coherence length (Lc) of PC71BM and small molecules was calculated from out-of-plane (010) 

by Scherrer analysis: 

𝐿c = 2π𝐾/∆𝑞                         (Equation 3) 

K is shape factor (0.9 is used here), ∆𝑞 is FWHM of the peak. The example of fitting of FWHM 

has been shown in Supplementary Fig. 11b.  

(3) Calculation of domain size and purity from RSoXs 

Domain spacing is calculated from 2π/q, where the q corresponds to the mode of the log-normal 

distribution scattering profiles, and the domain size is half of the domain spacing. The relative purity 

of all domains over the length-scale sample can be extracted by integrating scattering profiles to 

yield ISI. Purer average domains indicate higher ISI. 

𝐼𝑆𝐼 = ∫ 𝐼𝑎𝑣𝑔𝑞2(𝑞)𝑑𝑞                     (Equation 4) 

(4) Calculation of surface enrichment degrees 

Surface enrichment degrees (SED) were calculated by: 

𝑆𝐸𝐷 =
S:C (mesuared from XPS)

S:C(calculated from ideal D:A)
                 (Equation 5) 

or  

𝑆𝐸𝐷 =
F:C (mesuared from XPS)

F:C(calculated from ideal D:A)
                 (Equation 6) 

A detailed example for the calculation of SEDs: 

As for BTID-2F/PC71BM, the optimized weight ratio (D:A) = 1.3:1, 

To convert the value to mol ratio:  

1.3

1963.8
 ÷

1

1031.0
= 0.683 

(1963.8 and 1031.0 are molecular weights of BTID-2F (C114H134F4O4S10) and PC71BM (C82H14O2), 

respectively.) 

Hence, 

the ideal S: C =
0.683 × 10

0.683 × 114 + 82
= 0.0427 

The surface S:C measured from XPS = 6.97/85.9 = 0.0814 



SED =
0.0814

0.0427
= 1.91 

(5) Calculation of surface D:A ratio. 

Taking BTID-2F/PC71BM on ZnO as an example from F:C and supposing that D = X, then, A = 1−X, 

𝐹

𝐶
=

4𝑋

114𝑋 + 82(1 − 𝑋)
=

3.68%

85.92%
 

       (3.68% and 85.92% are the F and C atom contents, respectively.)  

 The result: X > 1, illustrating the full surface of BTID-2F. PC71BM addition may slightly change 

the backbone orientation of BTID-2F.          

(6) Calculations of mobility measured from SCLC 

Charge carrier motilities were calculated by using the SCLC model considering electric-field 

dependence, as described by 

𝐽 =
9

8
𝜀𝑟𝜀𝜇𝑉2 exp (0.89√

𝑉

𝐸0𝐿
) /𝐿3                  (Equation 7) 

where J is the current density (mA cm
-2

), L is the film thickness of the active layer (cm), μ is the hole 

or electron mobility,  𝜀𝑟  is the relative dielectric constant of the transport medium, ε0  is the 

permittivity of free space (8.85 × 10
−14

 F cm
−1

), and V is the internal voltage in the device. V = Vappl 

− Vr − Vbi, where Vappl is the applied voltage to the device, Vr is the voltage drop owing to contact 

resistance and series resistance across the electrodes, and Vbi is the built-in voltage owing to the 

relative work function difference of the two electrodes. 

 

Materials and synthesis  

All reagents and chemicals were purchased from Aldrich, Alfa and used as received. Solvents and 

other common reagents were obtained from the Beijing Chemical Plant. Toluene, chloroform and 

THF were freshly distilled prior to use. Other materials were used without further purification. 

2-(6-hexylthieno[3,2-b]thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (Compound 1), 

5-bromo-4-hexylthiophene-2-carbaldehyde (Compound 2), 

(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)bis(trimethylstannan

e) (Compound 9), 

(4,8-bis(5-(2-butyloctyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)bis(trimethylstannane) 

(Compound 10), and 

(4,8-bis(5-(2-hexyldecyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)bis(trimethylstannan



e) (Compound 11 ) (supplementary Fig. 2) were synthesized according to the literature. 11-13 

 

Compound 3 4-hexyl-5-(6-hexylthieno[3,2-b]thiophen-2-yl)thiophene-2-carbaldehyde 

Under an Ar atmosphere, Pd(PPh3)4 (198 mg, 2% mmol) was added to the solution of compound 1 (3 

g, 8.57 mmol), compound 2 (2.5 g, 9.12 mmol), and NaHCO3 (2.16 g, 25.7 mmol) in a mixed solvent 

of 48 mL of THF, 16 mL of distilled water, and 16 mL of toluene. Then, Ar gas was bubbled for 20 

min, and the mixture was heated to 85 °C and maintained at the temperature for 48 h. After the 

mixture was cooled to ambient temperature, the solvent was diluted in THF; the organic layer was 

washed with water for three times and then dried over MgSO4. After concentration, the crude product 

was purified with column chromatography on silica gel with a mixture of petroleum and 

dichloromethane (1:1) as eluent. The product was obtained as a yellow solid (3 g, 84%). MS (EI): 

calcd for C23H30OS3 [M]
 + 

418.2, found m/z 419. 
1
H NMR (400 MHz, CDCl3), δ: 9.84 (s, 1H), 7.61 (s, 

1H), 7.41 (s, 1H), 7.05 (s, 1H), 2.81–2.85 (t, 2H), 2.72–2.76 (t, 2H), 1.69–1.80 (m, 4H), 1.30–1.42 

(m, 12H), 0.89-0.91(m, 6H). 
13

C NMR (101 MHz, CDCl3) δ 182.56, 141.63, 140.91, 140.70, 138.95, 

138.89, 135.80, 135.06, 123.01, 120.18, 31.60, 30.35, 29.87, 29.31, 29.13, 29.02, 28.58, 22.60, 22.59, 

14.10, 14.07. 

Compound 4 5-(5-bromo-6-hexylthieno[3,2-b]thiophen-2-yl)-4-hexylthiophene-2-carbaldehyde   

In an ice bath, NBS (1.28 g, 7.2 mmol) was added in portion to the solution of compound 3 (3 g, 7.2 

mmol) in a mixed solvent of 50 mL of chloroform and 50 mL of acetic acid. After addition, the 

mixture was warmed to ambient temperature and left undisturbed overnight. The whole mixture was 

poured into 50 mL of chloroform: then, the organic layer was washed with water, saturated NaHCO3, 

and water for three times and then dried over MgSO4. After concentration, the crude product was 

purified with column chromatography on silica gel, with petroleum and dichloromethane (3:2) as 

eluent, and the product was obtained as a yellow solid (3 g, 84.3%). MS (EI): calcd for C23H29BrOS3 

[M]
 + 

496.1, found m/z 497. 
1
H NMR (400 MHz, CDCl3), δ: 9.84 (s, 1H), 7.61 (s, 1H), 7.32 (s, 1H), 

2.78–2.83 (t, 2H), 2.73–2.77 (t, 2H), 1.67–1.74 (m, 4H), 1.31–1.39 (m, 12H), 0.88–0.91 (m, 6H). 
13

C 

NMR (101 MHz, CDCl3) δ 182.54, 140.95, 140.87, 139.43, 138.88, 137.34, 135.26, 134.27, 119.54, 

111.75, 22.59, 14.09, 14.07. 

Compound 6 4-fluoro-1H-indene-1, 3(2H)-dione 



A stirred solution of 4-fluoroisobenzofuran-1,3-dione (2 g, 12 mmol) and acetic anhydride (11 mL, 

120 mmol) containing TEA (8.6 mL, 24 mmol) was added with tert-butyl acetoacetate (2.1 mL, 13 

mmol). After being stirred for 6 h at room temperature, the reaction system was poured into a flask 

containing ice, and 5 N HCl (25 mL) was added drop-wise. The resulting mixture was stirred for 5 

min, and then the flask was placed in an oil bath at 5 °C for 5 min. The flask was then cooled to 

room temperature, and the reaction was extracted several times with DCM (3×50 mL). The organic 

layers were combined, dried (sodium sulfate), filtered, and concentrated to yield a yellow solid at 60% 

(1.9 g). MS (EI): calcd for C9H5FO2 [M]
 + 

164.1, found m/z 165. 
1
H NMR (400 MHz, CDCl3), δ: 

8.07–8.09 (d, 1H), 7.78–7.85 (m, 2H), 7.46–7.50 (t, 1H), 3.28 (s, 2H). 
13

C NMR (101 MHz, CDCl3) 

δ 196.15, 196.12, 193.54, 159.30, 156.64, 145.02, 137.90, 137.82, 129.98, 129.85, 123.17, 122.97, 

119.27, 119.23, 45.35. 

Compound 8 4,7-difluoro-1H-indene-1,3(2H)-dione 

The procedure was the same as that for compound 6. The product was obtained as a yellow solid 

with a yield of 58%. MS (EI): calcd for C9H4F2O2 [M]
 + 

182.1, found m/z 183. 
1
H NMR (400 MHz, 

CDCl3), δ: 7.46–7.49 (t, 2H), 3.3 (s, 2H). 
13

C NMR (101 MHz, CDCl3) δ 192.31, 155.14, 155.09, 

152.49, 152.44, 130.20, 130.14, 130.10, 130.05, 125.44, 125.32, 125.27, 125.14, 45.67. 

Compound 10 

5,5'-(5,5'-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)bis(6-h

exylthieno[3,2-b]thiophene-5,2-diyl))bis(4-hexylthiophene-2-carbaldehyde) 

Under Ar protection, Pd(PPh3)4 was added to the solution of compound 4 (453 mg, 0.5 mmol) and 

compound 9 (496 mg, 1 mmol) in 40 mL of toluene. Then, Ar gas was bubbled for 20 min; then, the 

mixture was heated to 100 °C and maintained at the temperature for 12 h. After being cooled to 

ambient temperature, the mixture was evaporated, and the crude product was purified using column 

chromatography on silica gel with petroleum and dichloromethane (2:3); the product was given as a 

red solid (501 mg) with a yield of 71%. MALDI–TOF MS calcd for C80H98O2S10 1410.5 found 

1410.7. 
1
H NMR (400 MHz, CDCl3), δ: 9.84 (s, 2H), 7.73 (s, 2H), 7.62 (s, 2H), 7.39 (s, 2H), 7.36–

7.37 (m, 2H), 6.92–6.93 (m, 2H), 2.98–3.01 (t, 4H), 2.81–2.89 (m, 8H), 1.67–1.81 (m, 12H), 1.32–

1.40 (m, 36H), and 0.88–0.98 (m, 24H). 
13

C NMR (101 MHz, CDCl3) δ 182.49, 146.08, 142.79, 

141.28, 140.84, 140.72, 139.21, 138.93, 137.59, 137.25, 136.83, 136.76, 136.31, 133.77, 132.81, 

127.87, 125.52, 123.53, 122.13, 119.74, 41.51, 34.32, 32.56, 31.62, 31.57, 30.31, 29.43, 29.25, 29.16, 



29.02, 28.96, 25.74, 23.07, 22.64, 22.61, 14.22, 14.12, 14.08, 10.93. 

Compound 12 

5,5'-(5,5'-(4,8-bis(5-(2-butyloctyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)bis(6-he

xylthieno[3,2-b]thiophene-5,2-diyl))bis(4-hexylthiophene-2-carbaldehyde) 

The synthesized process was the same as that of compound 10. The product was obtained as a red 

solid with a yield of 63%. MALDI–TOF MS calcd for C88H114O2S10 1522.6 found 1523.4. 
1
H NMR 

(400 MHz, CDCl3), δ:9.85 (s, 2H), 7.74 (s, 2H), 7.62 (s, 2H), 7.43 (s, 2H), 7.36-7.39 (t, 2H), 6.91–

6.92 (m, 2H), 2.98–3.02 (t, 4H), 2.83–2.98 (m, 8H), 1.69–1.81 (m, 12H), 1.29–1.43 (m, 84H), 0.90–

0.98 (m, 24H). 
13

C NMR (101 MHz, CDCl3) δ 182.52, 146.10, 142.78, 141.29, 140.88, 140.77, 

139.27, 138.93, 137.62, 137.26, 136.86, 136.74, 136.29, 133.74, 132.85, 127.85, 125.53, 123.58, 

122.23, 119.77, 40.07, 34.73, 33.44, 33.06, 31.95, 31.61, 31.57, 30.32, 29.73, 29.40, 29.22, 29.15, 

29.02, 28.93, 26.70, 23.07, 22.72, 22.64, 22.60, 14.21, 14.14, 14.12, 14.07. 

Compound 14 

5,5'-(5,5'-(4,8-bis(5-(2-hexyldecyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)bis(6-h

exylthieno[3,2-b]thiophene-5,2-diyl))bis(4-hexylthiophene-2-carbaldehyde) 

The synthesis process was the same with compound 10 with a yield of 74%. MALDI–TOF MS calcd 

for C96H130O2S10 1634.7 found 1635.2. 
1
H NMR (400 MHz, CDCl3), δ: 9.85 (s, 2H), 7.74 (s, 2H), 

7.62 (s, 2H), 7.41 (s, 2H), 7.36–7.39 (m, 2H), 6.91–6.92 (m, 2H), 2.98–3.02 (t, 4H), 2.83-2.91 (m, 

8H), 1.69-1.81 (m, 12H), 1.24-1.42 (m, 70H), 0.90-0.96 (m, 24H). 
13

C NMR (101 MHz, CDCl3) δ 

182.50, 146.08, 142.78, 141.28, 140.86, 140.77, 139.26, 138.91, 137.63, 137.26, 136.86, 136.74, 

136.29, 133.74, 132.83, 127.85, 125.52, 123.57, 122.21, 119.76, 40.10, 34.72, 33.42, 31.94, 31.61, 

31.57, 30.32, 30.07, 29.74, 29.70, 29.42, 29.39, 29.23, 29.15, 29.02, 26.72, 26.70, 22.72, 22.71, 

22.64, 22.60, 14.13, 14.08. 

BTID-0F 

Under Ar protection, five drops of piperidine was added into the mixture of compound 12 (200 mg, 

0.14 mmol) and 1H-indene-1,3(2H)-dione (207 mg, 1.4 mmol). After being stirred for 24 h at 

ambient temperature, the mixture was poured into water and extracted using CHCl3. The organic 

layer was washed with brine and water and then dried over MgSO4. After being concentrated, the 

crude product was purified by using column chromatography on silica gel, with a mixture of CHCl3 

and petroleum (2:3) as eluent, and then recrystallized with chloroform and hexane to yield the target 



compound (150 mg, 45%) as a dark solid. MALDI–TOF MS calcd for C98H106O4S10 1666.5 found 

1689.0, 
1
H NMR (400 MHz, CHCl3): 7.81–7.83 (t, 4H), 7.74–7.75 (m, 4H), 7.47 (s, 2H), 7.37 (m, 

2H), 7.06–7.34 (m, 6H), 6.94 (m, 2H), 2.84–2.97 (m, 12H), 1.72–1.79 (m, 12H), 1.26–1.45 (m, 38H), 

0.92–1.00 (m, 24H).
 13

C NMR (101 MHz, CDCl3) δ 190.05, 187.82, 146.17, 145.43, 144.99, 143.77, 

143.29, 142.35, 142.21, 141.70, 141.30, 141.15, 140.65, 139.88, 139.37, 138.98, 138.07, 137.43, 

137.41, 137.00, 136.88, 135.74, 135.44, 135.24, 135.09, 134.95, 134.84, 134.73, 134.56, 134.21, 

133.67, 132.97, 132.94, 132.90, 132.85, 131.41, 127.97, 125.54, 124.28, 123.63, 122.99, 122.86, 

122.20, 119.79, 41.64, 34.47, 32.72, 31.67, 31.63, 30.16, 29.50, 29.43, 29.25, 29.07, 25.92, 23.09, 

22.67, 22.63, 14.17, 14.09, 14.04, 10.98. 

BTID-1F 

Under the protection of Ar, five drops of TEA was added in the mixture of compound 10 (200 mg, 

0.13 mmol) and 4-fluoro-1H-indene-1, 3(2H)-dione (215 mg, 1.3 mmol). After being stirred for 24 h 

at ambient temperature, the mixture was poured into water and extracted with CHCl3. The organic 

layer was washed with brine and water and then dried over MgSO4. After concentration, the crude 

product was purified with column chromatography on silica gel, with a mixture of CHCl3 and 

petroleum (2:1) as eluent, and then recrystallized with chloroform and hexane to yield the target 

compound (150 mg, 45%) as a dark solid. MALDI–TOF MS calcd for C106H120F2O4S10 1814.6 found 

1815.3, 
1
H NMR (400 MHz, CHCl3) δ: 7.85–7.86 (m, 4H), 7.72–7.76 (m, 6H), 7.49 (s, 2H), 7.38 (s, 

4H), 6.94 (s, 2H), 2.87–2.99 (m, 12H), 1.76–1.79 (m, 12H), 1.31–1.45 (m, 54H), 0.83–0.91 (m, 24H).
 

13
C NMR (101 MHz, CDCl3) δ: 189.20, 186.91, 186.65, 146.07, 143.63, 143.42, 142.39, 141.29, 

139.19, 137.94, 136.85, 136.73, 134.77, 134.37, 132.79, 127.91, 125.53, 123.52, 122.10, 119.90, 

118.91, 40.07, 34.74, 33.46, 33.06, 31.96, 31.64, 31.60, 30.05, 29.75, 29.49, 29.25, 28.98, 28.93, 

26.70, 23.09, 22.73, 22.68, 22.63, 14.24, 14.15, 14.09. 

BTID-2F 

The synthesized process was the same with compound 1F. MALDI–TOF MS calcd for 

C114H134F4O4S10 1962.7 found 1963.8. 
1
H NMR (400 MHz, CDCl3) δ: 7.85–7.86 (m, 4H), 7.72 (s, 

2H), 7.49 (s, 2H), 7.35–7.39 (m, 6H), 6.94 (s, 2H), 2.86–2.96 (m, 12H), 1.72–1.79 (m, 12H), 1.26–

1.45 (m, 70H), 0.83–0.91 (m, 24H). 
13

C NMR (101 MHz, CDCl3) δ: 185.89, 185.56, 147.08, 146.09, 

143.60, 141.47, 141.46, 139.47, 139.24, 138.00, 137.53, 137.23, 136.87, 136.70, 136.55, 134.69, 

134.66, 134.61, 134.55, 132.83, 128.10, 127.97, 127.91, 125.54, 123.59, 122.25, 122.19, 120.11, 



99.98, 40.10, 34.73, 33.42, 31.95, 31.94, 31.63, 31.59, 30.07, 30.02, 29.74, 29.70, 29.49, 29.38, 

29.24, 28.99, 26.71, 26.69, 22.72, 22.70, 22.68, 22.63, 14.15, 14.12, 14.08. 
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