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Experimental Section 

General Procedures and Method: All the chemicals and reagents were purchased from 

Sigma-Aldrich, Alfa Aesar Chemical Company, and Tokyo Chemical Industry Co., Ltd. and 

used without any further purification. All solvents are ACS and anhydrous grade by 

distillation. The intermediates (1-iodo-2-decyltetradecane, 2-(2-decyltetradecyl)isoindoline-

1,3-dione, 2-decyltetradecan-1-amine, N-(2-decyltetradecyl)thiophen-3-amine, N-(2-

decyltetradecyl)thiophen-3-amine, N-(2-decyltetradecyl)thiophen-3-amine, (E)-2,2'-dibromo-

4,4'-bis(2-hexyldecyl)-[6,6'-bithieno[3,2-b]pyrrolylidene]-5,5'(4H,4'H)-dione, (E)-2,2'-

dibromo-4,4'-bis(2-octyldodecyl)-[6,6'-bithieno[3,2-b]pyrrolylidene]-5,5'(4H,4'H)-dione, and 

2,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)naphthalene) were synthesized according 

to literature procedures.1-7 1H NMR spectra were recorded on an Agilent 400 MHz 

spectrometer using deuterated chloroform (CDCl3) as solvent and tetramethylsilane (TMS) as 

an internal standard. Elementary analyses were carried out with a Flash 2000 element 

analyzer (Thermo Scientific, Netherlands) and Matrix-Assisted Laser Desorption Ionization 

Mass Spectrometry (MALDI-TOF MS) spectra were obtained by Ultraflex III (Bruker, 

Germany). UV-Vis spectra in solution and in thin films were taken on a Cary 5000 (Varian 

USA) spectrophotometer. Number of average, weight of average molecular weight, and 

polydispersity index (PDI) of the polymers were determined by gel-permeation 

chromatography (GPC) with Agilent 1200 HPLC Chemstation using a series of mono 

disperse polystyrene as standards in tetrahydrofuran (THF) (HPLC grade) as eluent at 40 °C. 

Cyclic voltammetry (CV) measurements were performed on AMETEK Versa STAT 3 with a 

three-electrode cell system in a nitrogen bubbled 0.1 M tetra-n-butylammonium 

hexafluorophosphate (n-Bu4NPF6) solution in acetonitrile at a scan rate of 100 mV/s at room 

temperature. Ag/Ag+ electrode, platinum wire, and a glass carbon disk were used as the 

reference electrode, counter electrode, and working electrode, respectively. The Ag/Ag+ 
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reference electrode was calibrated using a ferrocene/ferrocenium redox couple as an external 

standard, whose oxidation potential is set at -5.1 eV with respect to a zero vacuum level. The 

highest occupied molecular orbital (HOMO) energy levels were obtained from the equation 

EHOMO (eV) = -(E(ox)
onset – E(ferrocene)

onset + 5.1). The lowest unoccupied molecular orbital 

(LUMO) levels were obtained from the equation ELUMO (eV) = -(E(red)
onset – E(ferrocene)

onset  + 

5.1).8 

Synthesis of 4-(2-decyltetradecyl)-4H-thieno[3,2-b]pyrrole-5,6-dione (2): Isolated yield = 

24 %. 1H NMR (400 MHz, CDCl3): δ (ppm) 7.98 (d, 1H, J = 4.3 Hz), 6.75 (d, 1H, J = 4.3 

Hz), 3.55 (d, 2H, J = 7.0 Hz), 1.77 (m, 1H), 1.30−1.25 (m, 40H), 0.90−0.86 (m, 6H). 13C 

NMR (100 MHz, CDCl3): δ (ppm) 173.31, 165.85, 162.07, 144.05, 113.45, 111.38, 46.80, 

37.32, 32.25, 32.23, 31.73, 30.24, 30.00, 29.97, 29.94, 29.88, 29.69, 29.66, 29.64, 26.70, 

23.02, 14.44, 14.43. MALDI-TOF MS (m/z) calcd: 489.36. Found: 489.92 (MH+). 

Synthesis of (E)-4,4'-bis(2-decyltetradecyl)-[6,6'-bithieno[3,2-b]pyrrolylidene]-5,5'(4H,4'H)-

dione: Compound 2 (1 equiv.) and Lawesson’s reagent (0.5 equiv.) in o-xylene was put in the 

two-neck round flask and stirred at 60 °C for 2 h (color changed into violet blue). After 

cooling down to the room temperature, the solvent was concentrated by evaporation. The 

crude was purified by column chromatography on silica gel with hexane:dichloromethane to 

obtain the product. Isolated yield = 42 %. 1H NMR (400 MHz, CDCl3): δ (ppm) 7.51 (d, 2H, 

J = 4.9 Hz), 6.77 (d, 2H, J = 4.9 Hz), 3.68 (d, 4H, J = 7.1 Hz), 1.89 (m, 2H), 1.31−1.22 (m, 

80H), 0.88−0.85 (m, 12H). 13C NMR (100 MHz, CDCl3): δ (ppm) 171.65, 151.88, 134.53, 

121.40, 114.58, 111.67, 46.49, 37.49, 32.28, 32.26, 31.81, 30.30, 30.02, 30.00, 29.97, 29.91, 

29.71, 29.68, 26.76, 23.04, 14.47. Elemental Analysis: Anal. Calcd for C60H102N2O2S2: C, 

76.05; H, 10.85; N, 2.96; S, 6.77 Found: C, 75.56; H, 10.87; N, 2.98; S, 6.69. MALDI-TOF 

MS (m/z) calcd: 946.74. Found: 946.70 (MH+). 
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Synthesis of (E)-2,2'-Dibromo-4,4'-bis(2-decyltetradecyl)-[6,6'-bithieno[3,2-

b]pyrrolylidene]-5,5' (4H,4'H)-dione: To a solution of TIIG in THF in a two-neck round 

flask with an ice bath, add N-bromosuccinimide (NBS) dropwise over 30 min. After TLC 

check, the reaction was quenched by addition of water. The crude was taken up in 200 ml of 

dichloromethane, washed three times with water and once with brine. After drying by MgSO4, 

the crude was purified by column chromatography on silica gel with hexane:dichloromethane. 

Isolated yield = 53 %. 1H NMR (400 MHz, CDCl3): δ (ppm) 6.82 (s, 2H), 3.62 (d, 4H, J = 7.3 

Hz), 1.83 (m, 2H), 1.28−1.24 (m, 80H), 0.89−0.86 (m, 12H). 13C NMR (100 MHz, CDCl3): δ 

(ppm) 170.66, 150.49, 123.41, 119.96, 115.28, 115.02, 46.51, 37.53, 32.28, 32.27, 31.74, 

30.30, 30.04, 30.02, 30.01, 29.99, 29.91, 29.72, 29.69, 26.71, 23.04, 14.47. Elemental 

Analysis: Anal. Calcd for C60H100Br2N2O2S2: C, 65.19; H, 9.12; N, 2.53; S, 5.80 Found: C, 

65.47; H, 9.33; N, 2.54; S, 5.78. MALDI-TOF MS (m/z) calcd: 1102.56. Found: 1102.76 

(MH+). 

Typical Synthesis Procedure of PTIIG-Np by Suzuki Polymerization: In a Schlenk flask, 

dibromide TIIG and diboronic ester naphthalene were dissolved in anhydrous toluene (5 mL), 

a solution of K3PO4, P(o-tolyl)3, and deionized water (3 mL) with Aliquat 336 was added. The 

mixture was vigorously stirred at room temperature under argon. After 30 min, Pd2(dba)3 was 

added to the reaction mixture. The crude product was poured into a mixture of methanol and 

ammonia (4:1 v/v, 250 mL). The resulting solid was filtered off and subjected to sequential 

Soxhlet extraction with methanol (1 d), acetone (1 d), and hexane (1 d) to remove impurities 

of the materials. The residue was extracted with chloroform to produce a dark-green product 

after precipitating again from methanol and drying in vacuo. 

For Low-Mn Polymer Cases: The dibromide TIIG (79.4 mmol, 1.0 equiv.), diboronic ester 

naphathalene (103.29 mmol, 1.3 equiv.), Pd2(dba)3 (1.45 mg, 2 mol%), P(o-tolyl)3 (84. 3 mg, 
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8 mol %), and K3PO4 (84.3 mg, 5 equiv.) were placed in Schlenk flask, and kept at 90 °C for 

3 hour-reaction time.  

L-PTIIGHD-Np: Isolated yield = 72%. GPC analysis (THF as eluent); Mn = 24.6 kDa, Mw = 

50.4 kDa and PDI = 2.05. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.33-6.96 (br, 8H), 3.76-

3.69 (br, 4H) 2.02-2.00 (br, 2H), 1.25-1.23 (br, 48H), 0.84 (br,12H). 

L-PTIIGOD-Np: Isolated yield = 68 %. GPC analysis (THF as eluent); Mn = 34.3 kDa, Mw = 

96.5 kDa and PDI = 2.81. 1H NMR (400 MHz, CDCl3): δ(ppm) 8.33-6.96 (br, 8H), 3.76-3.69 

(br, 4H) 2.02-2.00 (br, 2H), 1.25-1.23 (br, 64H), 0.84 (br,12H). 

L-PTIIGDT-Np: Isolated yield = 73 %. GPC analysis (THF as eluent); Mn = 50.6 kDa, Mw = 

130.4 kDa and PDI = 2.57. 1H NMR (400 MHz, CDCl3): δ(ppm) 8.33-6.96 (br, 8H), 3.76-

3.69 (br, 4H) 2.02-2.00 (br, 2H), 1.25-1.23 (br, 80H), 0.84 (br,12H).  

For High-Mn Polymer Cases: The dibromide TIIG (79.4 mmol, 1.0 equiv.), diboronic ester 

naphathalene (79.4 mmol, 1.0 equiv.), Pd2(dba)3 (1.45 mg, 2 mol%), P(o-tolyl)3 (84. 3 mg, 8 

mol %), and K3PO4 (84.3 mg, 5 equiv.) were placed in Schlenk flask, and kept at 90 °C for 24 

hour-reaction time.  

H-PIIGHD-Np: Isolated yield = 86 %. GPC analysis (THF as eluent); Mn = 61.3 kDa, Mw = 

129.5 kDa and PDI = 2.11. 

H-PTIIGOD-Np: Isolated yield = 68%. GPS analysis (THF as eluent); Mn = 63.8 kDa, Mw = 

204.0 kDa and PDI = 3.19. 

H-PTIIGDT-Np: Isolated yield = 83 %. GPC analysis (THF as eluent); Mn = 108.7 kDa, Mw = 

412.0 kDa and PDI = 3.79. 
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OFET Device Fabrication and Characterization: TG-BC devices were fabricated and tested 

with the polymers in nitrogen atmosphere. The polymer films were spin-cast from 1,2,4-

trichlorobenzene solutions (~5 mg mL1) on glass substrates with lithographically patterned 

Ni/Au source-drain electrodes (3 nm/12 nm), and subsequently dried at room temperature for 

2 h before a thermal annealing at to 300 °C for 30 min and then allowed to cool down slowly. 

The patterned channel width/length was 1.0 mm/20 μm. PMMA (Sigma-Aldrich, Mn: 120 

kDa) was spin-coated at 2000 rpm from a 80 mg ml-1 solution in n-butyl acetate on top of the 

active layer to form a dielectric layer (~500 nm thick), and subsequently baked at 80 °C for 

30 min. Finally, Al gate electrodes were thermally evaporated on top of PMMA layers as gate 

electrodes to complete top-gate transistors. The devices were characterized through a 

Keithley 4200 parameter analyzer on a probe station in nitrogen atmosphere. The charge-

carrier mobility was calculated from the data measured in the saturated regime of transistor 

operation according to the following equation: 

2)( thGS
diel

DS VV
2L

WμC
I   

Where W and L are the channel width and length, Cdiel is the gate dielectric layer capacitance 

value per unit area, and VGS and Vth are the gate voltage and threshold voltage. 

GIXD Characterization: Grazing incidence X-ray diffraction (GIXD) measurements were 

conducted at PLS-II 6D UNIST-PAL and 9A U-SAXS beamline of the Pohang Accelerator 

Laboratory in Korea. The used X-ray energy was 11.6 keV (wavelength λ = 1.069 Å) for 6D 

and 11.17 keV (wavelength λ = 1.1099 Å) for 9A beamline. The thin film sample was kept in 

vacuum chamber (10-2 - 10-3 torr) during the measurement and incidence angle of X-ray beam 

was set to 0.12o for PTIIG-Np polymers. The critical angle of the film was experimentally 

determined to be about 0.118o by using the well-known phenomena that, for αi = αc, X-rays 
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are in phase so the intensity of the evanescent (transmitted) wave is four times that of the 

incident beam under no absorption (β = λ/4 = 0, where λ and  is the wavelength and 

absorption coefficient). That is, GIXD intensity is abruptly increased when αi reaches αc of 

the film. GIXD patterns were recorded with a 2D CCD detector (Rayonix MX 225-HS for 6D 

and SX165 for 9A) and diffraction angles were calibrated using a sucrose standard 

(Monoclinic, P21, a = 10.8631 Å, b = 8.7044 Å, c = 7.7624 Å, β = 102.938º). The pole figure 

was obtained using GIXS images according to following steps. First, the (100) lamellar 

crystalline peaks were extracted from the line cut data along the radius line at 2.5°, 5°, 

7.5°,… 87.5° of azimuth angle. Then, the integral area of each (100) crystalline peak (per 

cutting line) was plotted for every 2.5° angle to complete the pole figure. To compare the 

orientation distribution of the polymer crystals for the polymer films, the relative portions of 

edge-on and face-on crystallites were determined by the integral values of each section in the 

pole figure. In detail, the range of χ of 045° and 4590° with respect to the surface normal 

were assumed to be edge-on and face-on orientation, respectively. 

AFM Characterization: Agilent 5500 scanning probe microscope (SPM) running with a 

Nanoscope V controller was used to obtain AFM images of polymer thin films. AFM images 

were recorded in high-resolution tapping mode under ambient conditions. Premium silicon 

cantilevers (TESP) were used with a rotated tip to provide more symmetric representation of 

features over 200 nm. 
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Figure S1. 1H-NMR spectra of N-(2-decyltetradecyl)thiophene-3-amine in CDCl3.  
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Figure S2. 1H-NMR spectra of 4-(2-decyltetradecyl)-4H-thieno[3,2-b]pyrrole-5,6-dione in 

CDCl3.  
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Figure S3. 1H-NMR spectra of (E)-4,4'-bis(2-decyltetradecyl)-[6,6'-bithieno[3,2-

b]pyrrolylidene]-5,5'(4H,4'H)-dione in CDCl3.  
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Figure S4. 1H-NMR spectra of (E)-2,2'-Dibromo-4,4'-bis(2-decyltetradecyl)-[6,6'-

bithieno[3,2-b]pyrrolylidene]-5,5' (4H,4'H)-dione in CDCl3. 
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L-PTIIGHD-Np (Tetrahydrofuran) 

Figure S5. GPC chromatograms of L-PTIIGHD-Np measured in THF at 40 °C. 

 

H-PTIIGHD-Np (Tetrahydrofuran) 

 

Figure S6. GPC chromatograms of H-PTIIGHD-Np measured in THF at 40 °C. 
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L-PTIIGOD-Np (Tetrahydrofuran) 

 

Figure S7. GPC chromatograms of L-PTIIGOD-Np measured in THF at 40 °C. 

 

H-PTIIGOD-Np (Tetrahydrofuran) 

 

Figure S8. GPC chromatograms of H-PTIIGOD-Np measured in THF at 40 °C. 
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L-PTIIGDT-Np (Tetrahydrofuran) 

 

Figure S9. GPC chromatograms of L-PTIIGDT-Np measured in THF at 40 °C.  

H-PTIIGDT-Np (Tetrahydrofuran) 

 

Figure S10. GPC chromatograms of H-PTIIGDT-Np measured in THF at 40 °C.  
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Figure S11. Normalized UV-vis absorption spectra of PTIIG-Np polymers for PTIIGHD-Np 

(a), for PTIIGOD-Np (b), and for PTIIGDT-Np (c) in CHCl3 (upper line) and film (bottom 

line), respectively.  
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Figure S12. Optimized frontier molecular geometries of simulated HOMO (left) and LUMO 

(right) for the PTIIG-Np based dimers with 2-hexyldecyl alkyl substituents (-HD). 

 

 

Figure S13. Optimized frontier molecular geometries of simulated HOMO (left) and LUMO 

(right) for the PTIIG-Np based dimers with 2-octyldocecyl alkyl substituents (-OD). 
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Figure S14. Optimized frontier molecular geometries of simulated HOMO (left) and LUMO 

(right) for the PTIIG-Np based dimers with 2-decyltetradecyl alkyl substituents (-DT). 

 

 

Figure S15. Theoretical lengths of different alkyl substituents (-HD, -OD, -DT) from the 

TIIG core obtained by Density functional theory (DFT) calculations. 
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Figure S16. AFM phase images of the PTIIG-Np polymers depending on the length of alkyl 

substituents (-HD, -OD, -DT) and molecular weight (L-, H-), where scale bar is 500 nm.  
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Figure S17. The distributions of charge carrier mobilities (μ) and threshold voltages (VT) 

resulted from OFETs using PTIIG-Np based polymers (PTIIGHD-Np, PTIIGOD-Np, and 

PTIIGDT-Np) [left panel: p-type (at VDS = -100 V), right panel: n-type (at VDS = 100 V) 

characteristic] 
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Table S1. Crystallography parameters of PTIIG-Np polymers with different alkyl 

substituents (-HD, -OD, -DT) and molecular weight (L-, H-).  

 

 In-plane Out-of-plane 

 qxy (Å  -1) 

d-

spacing 

(Å ) 

FWHM 

(Å  -1) 

Coherence 

length (Å ) 
qz (Å  -1) 

d-

spacing 

(Å ) 

FWHM 

(Å  -1) 

Coherence 

length (Å ) 

L-PTIIGHD-Np 

(100) 0.2918 21.5 - - 0.2922 21.5 - - 

(010) 1.7116 3.7 0.2140 26.4 1.7097 3.7 0.1800 31.4 

H-PTIIGHD-Np 

(100) 0.2881 21.8 - - 0.2941 21.4 - - 

(010) 1.7032 3.7 0.2017 28.0 1.7227 3.7 0.1954 28.9 

L-PTIIGOD-Np 

(100) 0.2601 24.2   0.2569 24.5 - - 

(010) 1.6930 3.7 0.1518 37.3 1.6999 3.7 0.1729 32.7 

H-PTIIGOD-Np 

(100) 0.2583 24.3   0.2569 24.5 - - 

(010) 1.7049 3.7   1.6999 3.7 0.1698 33.3 

L-PTIIGDT-Np 

(100) 0.2434 25.8   0.2271 27.7 - - 

(010) 1.7066 3.7 0.2647 21.4 1.7162 3.7 0.2139 26.4 

H-PTIIGDT-Np 

(100) 0.2413 26.0 - - 0.2308 27.2 - - 

(010) 1.7028 3.7 0.1154 49.0 1.6901 3.7 0.1154 49.0 
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Table S2. Relative ratios of face-on to edge-on - stacking crystallites.  

 
Population of face-on crystallites 

Axy/Az ratio value 

L-PTIIGHD-Np 0.16 

H-PTIIGHD-Np 0.07 

L-PTIIGOD-Np 0.17 

H-PTIIGOD-Np 0.04 

L-PTIIGDT-Np 0.12 

H-PTIIGDT-Np 0.05 
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