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1. General Measurement and Characterization.

'H and '3C NMR spectra were measured using Varian 400 MHz instrument spectrometer and obtained
in deuterated chloroform (CDCl;) with TMS as internal reference unless otherwise stated, and
chemical shifts (8) are reported in parts per million. Absorption spectra were taken on a HP8453 UV-
vis spectrophotometer. Differential scanning calorimetery (DSC) was conducted on a TA Q200
Instrument under nitrogen atmosphere at a heating/cooling rate of 10 °C/min. Thermogravimetric
analysis (TGA) was recorded on a Perkin-Elmer Pyris under nitrogen atmosphere at a heating rate of
10 °C/min. Electrochemical cyclic voltammetry was conducted on a CH instruments electrochemical
analyzer. A carbon glass was used as the working electrode and a Ag/AgCl electrode as the reference
electrode, while 0.1 M tetrabutylammonium hexafluorophosphate in dichloromethane was the
electrolyte. All CV measurements were calibrated against an internal standard of ferrocene (F,), the
ionization potential (IP) value of which is —4.8 eV for the Fc/Fc* redox system (—4.8 eV with respect
to zero vacuum level). The ionization potential values were obtained from the equation: IP = —
(Eox®t— Epe)™' +-4.8) eV. The electron affinity (EA) values were obtained from the equation EA =
— (Ered®™' — EF)°™+4.8) eV, where the Eg, value was for Fc/Fc© versus Ag/Ag'.
Quantum—chemical calculations were performed with the Gaussian09 suiteS! employing the wB97xD
density functional in combination with the 6-311G(d,p) basis set. The wB97xD functional we used
was built-in basis set in Gaussian 09 with no further range-separation parameter changes. Considering
an insignificant effect on electronic properties, all the side-chain substituents were replaced with
methyl groups. Geometry optimizations were performed with tight SCF and convergence criteria and
an ultrafine integration grid by applying the GEDIIS optimization algorithm. The minimum nature of
each stationary point was confirmed by a frequency analysis.

GIWAXS experiments were conducted at National Synchrotron Radiation Research Center
(NSRRC) on beamline BL23A in Taiwan. The samples were irradiated with an X-ray energy of 10.09
keV (A =1.23 A) at a fixed incident angle of 0.08° through a coupled double crystal Si(111)/multilayer
(Mo/B4C) monochromator, and the GIWAXS patterns were recorded on a 2D image detector (Pilatus
IM-F area detector). The thin films for GIWAXS measurement were prepared under identical

conditions used for the OPV devices.
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2. Experimental Procedures

The synthetic procedures of compound (1) was described in a previous report.

Pd(PPh3),

(1) BTMQ—©—06H13
0 h —

(2) ACOH, H,S0,, 63%

Toluene, 70%

% FiIc
POCI; Pyridine

DMF, 72% Chloroform, 71%

Scheme 1. Synthetic route of TC-FIC.
Synthesis of Compound 2.

Compound 1 (500 mg, 0.493 mmol), ethyl 2-bromothiophene-3-carboxylate (244 mg, 1.035
mmol), and Pd(PPh;), (28 mg, 0.025 mmol) were dissolved in anhydrous toluene (30 mL), and the
mixture was deoxygenated with N, for 20 min. The solution mixture was heated to reflux for 16 h
under N, atmosphere and then cooled to room temperature. After cooling to room temperature and
removing the solvent under reduced pressure, the residue was purified by column chromatography in
silica gel (hexane/dichloromethane, v/v, 3:1) and then recrystallized from ethyl acetate to give orange
solid 2 (344 mg, 70 %). '"H NMR (CDCls, 400 MHz): 6 8.21 (s, 1H), 8.03 (s, 1H), 7.61 (d, J = 5.6 Hz,
1H),7.34(d,J=5.6 Hz, 1H),4.35(q,J=7.2 Hz, 2H), 3.11 (t,J=7.6 Hz, 2H), 1.90-1.86 (m, 2H), 1.51-
1.25 (m, 18H), 0.87 (t,J= 7.2 Hz, 3H).3C NMR (CDCl3, 100 MHz): 4 163.10, 145.34, 141.74, 134.50,
133.37, 133.00, 132.95, 132.63, 130.92, 129.42, 125.08, 123.71, 122.28, 121.23, 60.96, 31.91, 31.71,
31.09, 29.73, 29.68, 29.64, 29.61, 29.54, 29.45, 29.35, 29.25, 22.68, 14.24, 14.11. HRMS (FD,

Cs6HesO4S): caled, 996.3436; found, 996.3440.
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Synthesis of Compound TC.

A Grignard reagent was prepared by the following procedure: To a suspension of magnesium turnings
(360 mg, 15.0 mmol) and 3-4 drops of 1,2-dibromoethane in dry THF (10 mL) was slowly added 1-
bromo-4-hexylbenzene (3.62 g, 15.0 mmol) dropwise, and the mixture was stirred for 45 min. To a
solution of compound 2 (1 g, 1 mmol) in dry THF (40 mL) under nitrogen was added 4-hexylbenzene
I-magnesium bromide (5 mL, 5 mmol) dropwise at room temperature. The resulting mixture was
refluxed for 16 h. The mixture was extracted with CH,ClI, (50 mL X 3). The combined organic layer
was dried over MgSO,. After removing the solvent under reduced pressure, the orange residue was
resolved by octane (70 mL) and acetic acid (7 mL), then sulfuric acid (0.7 mL, 14 mmol) was added
dropwise slowly. The resulting solution was stirred for 3 h at 65 °C and then quenched with water. The
residue was extracted by CH,Cl, (50 mL x 3). The combined organic layer was dried over MgSOj,.
After removal of the solvent under reduced pressure, the residue was purified by column
chromatography on silica gel (hexane/dichloromethane, v/v, 19:1) to give an orange solid TC (950
mg, 63%). 'H NMR (CD,Cl,, 400 MHz): 6 8.37 (s, 1H), 7.43 (d, J= 8.4 Hz, 4H), 7.26 (d, J= 4.8 Hz,
1H), 7.08 (d, J=5.2 Hz, 1H), 7.05 (d, J = 8.0 Hz, 4H), 2.94 (t, /= 8.0 Hz, 2H), 2.54 (t, /= 7.6 Hz,
4H), 1.68-1.64 (m, 2H), 1.56-1.51(m, 2H), 1.35-1.26 (m, 32H), 0.88-0.83 (m, 9H). '*C NMR (CDCl;,
100 MHz): 6 163.38, 151.73, 145.96, 141.66, 138.58, 135.55, 134.85, 134.72, 133.05, 132.12, 129.37,
129.00, 127.90, 126.83, 123.03, 121.63, 120.99, 63.24, 37.09, 35.54, 33.19, 31.92, 31.69, 31.60, 31.43,
31.27,30.72, 30.16, 30.03, 29.75, 29.73, 29.70, 29.66, 29.47, 29.38, 29.36, 29.09, 26.73, 22.69, 22.58,

14.12, 14.07, 1.01.; HRMS (FD, CpH24S¢): caled, 1516.8022; found, 1516.7999.

Synthesis of Compound TC-CHO.

To a two-neck flask POCI; (151 mg, 0.97 mmol) was added dropwise into anhydrous DMF (3.7 mL)
at 0 °C to form the Vilsmeier reagent. Then the solution of TC (700 mg, 0.46 mmol) in anhydrous 1,2-
dichloroethane (35 mL) was added, followed by heating to reflux for 16 h. After cooling to room

temperature, the mixture was poured into ice water and stirred for another 30 min. Then the mixture
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was neutralized with aqueous NaHCO; and extracted with CH,Cl, (50 mL X 3). The combined organic
layer was dried over MgSO,. After removal of the solvent under reduced pressure, the residue was
purified by column chromatography on silica gel (hexane/ dichloromethane, v/v, 2/1) to give an orange
solid TC-CHO (515 mg, yield 72%). '"H NMR (CDCl;, 400 MHz): 6 9.78 (s, 1H), 8.34 (s, 1H), 7.70
(s, 1H), 7.41 (d, J= 8.4 Hz, 4H), 7.05 (d, /= 8.4 Hz, 5H), 2.94 (t, J= 7.6 Hz, 4H), 2.54 (t, /= 7.6 Hz,
4H), 1.68-1.64 (m, 2H), 1.56-1.52 (m, 2H), 1.29-1.26 (m, 32H), 0.92-0.83 (m, 9H).'*C NMR (CDCl;,
100 MHz):5 182.53, 163.40, 155.58, 147.10, 145.18, 145.03, 142.35, 137.72, 137.07, 134.15, 133.47,
132.36, 131.38, 129.25, 129.10, 128.20, 124.45, 123.97, 122.25, 120.89, 63.51, 35.52, 31.92, 31.67,
31.60,31.43, 31.25,30.71, 30.18, 29.72, 29.69, 29.63, 29.43, 29.37, 29.05, 22.68, 22.57, 14.10, 14.06,

1.01.; HRMS (FD, C;poH240,S¢): calcd, 1572.7920.; found, 1572.7929.

Synthesis of TC-FIC. FIC (117 mg, 0.508 mmol) was added into the solution of TC-CHO (200 mg,
0.127 mmol) in chloroform (18 mL) with pyridine (0.1 mL), the mixture was deoxygenated with
nitrogen for 20 min and then refluxed for 10 h. After cooling to room temperature and removal of the
solvent under reduced pressure, the residue was then washed with methanol and hexane. The crude
product was purified by silica gel column (hexane/dichloromethane, v/v, 1/1) to give a deep blue solid
TC-FIC (180 mg, 71%). '"H NMR (CDCl;, 400 MHz): 6 8.79 (s, 1H), 8.38 (dd, J = 6.4, 4.8 Hz, 1H),
8.25 (s, 1H), 7.71 (s, 1H), 7.44 (d, J = 8.0 Hz, 4H), 7.11 (d, J = 8.0 Hz, 4H), 2.98 (t, J = 8.0 Hz, 2H),
2.57 (t,J=8.0 Hz, 4H), 1.77-1.70 (m, 2H), 1.61-1.54 (m, 2H), 1.41-1.24 (m, 32H), 0.88-0.83 (m, 9H).
13C NMR (CDCl3, 100 MHz):6 185.92, 164.61, 158.21, 158.00, 155.49, 148.10, 142.71, 140.35,
139.16, 138.75, 138.13, 136.36, 134.23, 134.23, 134.04, 133.73, 133.61, 132.52, 129.30, 129.25,
128.42, 122.66, 120.69, 120.20, 114.81, 114.59, 114.34, 112.23, 68.47, 63.55, 35.54, 31.93, 31.66,
31.36,31.26, 30.73, 29.75, 29.70, 29.48, 29.38, 29.17, 29.06, 22.68, 22.56, 14.10, 14.05.; HRMS (FD,

C126H128N402F4S6)2 calcd, 19968292, fOLll’ld, 1996.8276.
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3. Two-dimensional Conjugated Strategy in Materials for OPV
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Figure S1. Representative examples of vertically extended p-type and n-type materials in the literature.

4. TGA and DSC Analysis
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Figure S2. (a) Thermogravimetric analysis and (b) differential scanning calorimetry of TC-FIC.

5. Molar Extinction Coefficient Spectrum
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Figure S3. Molar extinction coefficient () of NC-FIC and TC-FIC. (3.71x10°M for NC-FIC and
2.90x10°M for TC-FIC, respectively)
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6. Cyclic Voltammogram
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Figure S4. Cyclic voltammogram of TC-FIC in dichloromethane at a scanning rate of 100 mV/S.

7. Charge Densities of the Cations and Anions

NC-FIC

Figure S5. The cationic/anionic molecular orbitals of TC-FIC and NC-FIC with optimized geometries
calculated at the level of WB97XD /6-311G(d,p).

S7



8. SCLC Measurements
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Figure S6. J-V curves of the (a) hole-only and (b) electron-only device characteristics of PBDB-
T:TC-FIC:PC,;BM-based device.
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Figure S7. J-V curves of the electron-only device characteristics of TC-FIC pristine device.

Table S1. Hole and electron mobility of PBDB-T:TC-FIC:PC7;BM and PBDB-T:NC-FIC:PC;;BM
blends measured by the SCLC Model.

-1 -1

2 2 -1 -1
Device Blend ratio (wt%) I (cmV s ) 4 (mV s )

PBDB-T:TC-FIC:PC7]BM 1:1:0

5 7
1.83 x 10 7.00 x 10
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1:1:0.5 210 % 10" 4.16x10°
1:1:1 154 % 10™ 331x10°
1:1:1.5 527 x10° 543 % 10°
1:1:0 1.00x 10 6.97x 10"
PBDB-T:NC-FIC:PC_ BM 03 198 10»: 718 10_:
1:1:1 2.49%x 10 8.14 x 10
1:1:1.5 2.60% 10° 1.73x 10"
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9. Fabrication and Characterization of OPV devices

The fabrication of the inverted device follows the procedures: The ITO-coated glass substrates were
cleaned by ultrasonic cleaner in detergent, DI-water, acetone and isopropyl alcohol for 10 min,
respectively, and subsequently treated with UV-ozone for 45 min. The ZnO precursor solution (diethyl
zinc) in THF was spin coated onto pre-treated ITO-coated glass and followed by thermal annealing at
170 °C in air for 15 min to crystallize the film (thickness = ca. 50 nm). The detailed processing
parameters are as follows: The chlorobenzene (CB) solution of PBDB-T/TC-FIC (8 mg mL™!; 3000
rpm) and PBDB-T/TC-FIC/PC7;BM (7 mg mL™!; 3000 rpm) in a different weight ratio with 0.5 vol%
DIO as additive were prepared and stirred 12 h at 80 °C. Active layers were formed by spin-coating
on top of the ZnO/ITO substrate with the thickness of ca 100 nm and the substrates were thermally
annealed at 150 °C for 15 min in the glove box. Finally, an MoO; layer (thickness = ca. 7 nm) and
silver top anode (thickness = ca. 150 nm) were then thermally evaporated through a shadow mask
under high vacuum (<1 x 10~ ¢ Torr) to complete the inverted devices. The devices without
encapsulation were characterized in ambient condition. Each device was constituted of 4 pixels defined
by an active area of 0.04 cm?. Current-voltage characteristics were measured by a Keithley 2400 SMU
under the irradiation of AM 1.5G San-Yi solar simulator with JIS AAA spectrum. The characteristics
of the solar cells were optimized by testing approximately 25 cells. Finally, the J — V curves were
measured in air under an AM 1.5 G spectrum from a solar simulator. IPCE spectra were measured
using a lock-in amplifier with a current preamplifier under short-circuit conditions with illumination
by monochromatic light from a 250 W quartz-halogen lamp (Osram) passing through a

monochromator (Spectral Products CM110).
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10. Computational Details

Cartesian coordinates (A) of the Gaussian WB97XD/6—311G(d,p) optimized structures

NC-FIC
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-0.78949400
13.65324000
15.54044800

-15.54077800

-13.65380600

1.84153100
-1.87112800
-2.32798100
-3.19149100

3.14113200
-4.30750300
-3.74476400

3.71034600

-1.24590600
2.26889300
3.31711800
1.10619900
1.24523600

-1.18910700

-1.67908400

0.89294600

-2.63248000

-1.86029800

-2.22564700

-1.19999400
0.13093400
3.66550700

-3.66534700

-3.79863400

-4.29410600

-4.02472200
4.29426600
3.79879300
4.02488100

-2.63648900
2.63665200
-5.49863100
-3.63417800
3.63356500
5.49825200

-0.16850900
0.17189400
-1.15519800
1.30725300
-1.29487200
0.01374600
-1.22671400
1.23447800

-0.07193100
-0.19553900
-0.30398800

0.01029500

0.07210100

0.20815300
-0.02217800
0.23422100

-0.13536300
-0.21880600

-0.22779300

-0.06402000

0.06684300
0.45104300

-0.45104200

-1.43807700

-0.39256200

0.28435300
0.39258100
1.43807000

-0.28436500

-0.34159400

0.34160800

0.07458100

0.25689600

-0.25799300

-0.07566500

0.69534100
0.77788200
0.73433800
0.55588500
0.34408900
0.43290100
0.54804000
0.45491700
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4.25805300  -0.00033000 0.24223200
5.67401900 0.11913200 0.03124300
6.01770600 1.45277200 0.12978300
-5.71620300  -0.10787400 0.17887400
-6.03365100  -1.45063800 0.11848300
7.38201800 1.65162100  -0.03882100
8.08199800 0.46477700  -0.27398400
6.98891000  -0.91838200  -0.27650200
4.79035000 2.32387200 0.40560900
4.92831200 2.98510500 1.79225300
4.77954700 4.34661200 2.01654500
5.20433500 2.16628300 2.89250300
4.90909200 4.87801700 3.29791200
4.54687700 5.01465700 1.19803900
5.33004400 2.69618200 4.16394100
5.32357000 1.09684500 2.75114700
5.18653700 4.06828300 4.39194700
4.78388400 5.94660100 3.43979800
5.54504300 2.03437600 4.99710300
4.62953600 3.28991300  -0.77208800
3.61599900 3.14898900  -1.71309300
5.57743100 4.29711800  -0.97879000
3.53850000 3.99901200  -2.81282400
2.87411700 2.36689000 -1.60634500
5.49698700 5.14186100  -2.07241300
6.38835800 4.43214200  -0.27208100
4.47046000 5.01141600  -3.01115500
2.73456100 3.86297200  -3.52892400
6.24834600 5.91417800  -2.20308500
5.33066800 4.63531600 5.77904200
5.17230100 5.71510400 5.78499900
4.60789300 4.18238800 6.46334900
6.32807800 4.43658000 6.18107700
4.37992600 5.94812400  -4.18629700
4.05052400 6.94087000  -3.86491000
5.35249400 6.06791500  -4.66990900
3.66895700 5.58456000  -4.93030500
-4.80359100  -2.32354400 0.37584300
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-4.48379200
-4.29784900
-4.34695300
-3.98785200
-4.37598300
-4.03558200
-4.48279500
-3.84992300
-3.84383400
-3.93195000
-5.06004800
-6.04654700
-4.40236300
-6.34186000
-6.58974600
-4.70303800
-3.64810700
-5.67020400
-7.11181700
-4.17012500
-5.97849300
-7.05557900
-5.53354000
-5.58156500
-3.51189400
-2.60701100
-3.34783300
-4.31819200
9.48530700
10.44477000
-8.09504600
-9.48896200

9.83351000

-10.45988200

-12.53271700

-9.81641800
7.88818200

-11.88120000

-3.16802800
-4.54326100
-2.51052900
-5.24341000
-5.08877000
-3.20784800
-1.43486400
-4.59377900
-6.31764600
-2.66977700
-3.11622000
-4.10687700
-2.82544700
-4.79328500
-4.35327100
-3.51531300
-2.04866000
-4.51376200
-5.55801500
-3.26492900
-5.28477200
-5.41210100
-6.28358500
-4.78090500
-5.34297100
-4.93924900
-6.40335000
-5.25702200
0.50488100
-0.43751600
-0.46197600
-0.50424000

1.52799000

0.44327300
1.51922800
-1.53470300
2.60722800
0.19450400
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-0.87257600
-0.84700000
-2.09952400
-2.01073900

0.08392200

-3.25282000

-2.15270800

-3.23059500

-1.95535000
-4.18982300
1.66218700
1.68667700
2.85214000
2.85221900
0.78132000
4.02286600
2.88472100
4.04505900
2.83763300
4.93445900
5.30078400
5.43211400
5.25793400
6.18383600

-4.49187800

-4.95412600
-4.29269500
-5.22590300
-0.47870100
-0.73001300
-0.29803600
-0.55769300
-0.40974700
-0.73647000
-1.15014000
-0.61881000
0.00282500
-0.98270100
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-10.25303200
-9.21643500
11.87477900
10.22171800

9.17141500
12.53713700

-12.53917700

-11.91828500

-11.46185400

-13.93935800

-15.06535100
11.91077700
11.44905400
13.94483700
15.07704200
-7.37991100

-7.03746700
-7.86184700
2.30322800
-0.02509100
0.46385900
0.00736200
-0.48864600
1.33591600
-0.78792100
1.64506800
-1.35398900
0.78003600
-1.65394300
0.03848900
-0.04171500
0.51831600
0.26177300
1.60315700
0.07744400
-0.51048900
-1.59404500
-0.05767000

1.90378800
2.50802300
-0.19105700
-1.89214000
-2.49156700
1.00691000
-1.00480700
-2.27605300
-3.32494600
-1.12201100
-1.26895200
2.27929600
3.32902900
1.12219800
1.26737400
-1.65469900
0.93257800
-2.61841300
1.15701900
1.88571700
-0.52406600
-1.88762400
0.52621200
2.17297000
3.08057300
3.86959200
-2.17711400
-3.08291100
-3.87694200
-4.21379000
4.20858800
-5.61241300
-6.25749600
-5.61466800
-6.04892000
5.60466600
5.61118300
6.01701500
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-0.73453700
-0.55918400
-0.92361100
-0.83235700
-0.74396300
-0.95437000
-1.04339000
-0.85919300
-0.71504500
-1.29187500
-1.48964100
-0.79843000
-0.67952000
-1.15720000
-1.31709400
-0.15423100
-0.08743400
-0.25524200
0.70539300
1.00048000
0.84085800
0.93217600
0.88244500
0.91685900
1.24554200
1.09831400
0.87533500
1.13817700
1.04253500
1.21566300
1.31694800
1.43590900
0.59167000
1.55015800
2.33557200
1.57379500
1.69943200
2.47897400



Table S2. The calculated IP and EA value of TC-FIC and NC-FIC.

H -0.25807600 6.26799400 0.74261600
H -1.85196400 3.12189400 1.41474400
H 1.84844300  -3.12121500 1.27945800
C -11.57268200 2.51834200  -0.99919800
C -11.86470100 3.86633500  -1.09644600
C -13.17609800 4.20592100  -1.35544300
C -14.15028200 3.21942000  -1.50957500
C -13.85459400 1.87387800  -1.41093100
H -14.65882000 1.16562200  -1.54180400
C 12.52318100  -1.51441400 -1.11191400
C 13.85408600 -1.87167800 -1.31726100
C 14.14242200  -3.21424700  -1.46535500
C 13.15211300  -4.19536400  -1.41423800
C 11.54723700  -2.50824300 -1.06215000
C 11.83167500  -3.85317500  -1.21060300
H 11.05854600  -4.60992300 -1.17002600
H -11.10377400 4.62710700  -0.97640500
H 14.67118500  -1.16780100  -1.36651700
F 13.51057200  -5.46775300 -1.56613600
F 15.40152300  -3.60072200  -1.66335100
F -15.40082700 3.60361500  -1.75929800
F -13.54102500 5.48085700  -1.46465900

Equation® IP (eV)® EA (eV)©
AE [NC-FIC]" — AE [NC-FIC] 6.480 -

AE [NC-FIC] —AE [NC-FIC]” - 2.979
AE [TC-FIC] —AE [TC-FIC] 6.320 -

AE [TC-FIC] —AE [TC-FIC]” - 2.984

2AE = Sum of electronic and thermal Free Energies = &) + Gor,
b [P value was calculated from the difference between the total energies of cation and neutral states.

¢ EA value was calculated from the difference between total energies of neutral states and anion.
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11. 'H and 3C NMR Spectra
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Figure S5. 'H NMR spectrum of compound 2 at 300 K in CDCl;.
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Figure S6. 3C NMR spectrum of compound 2 at 300 K in CDCl;.
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Figure S7. '"H NMR spectrum of TC at 300 K in CDCl;.
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Figure S8. 3C NMR spectrum of TC at 300 K in CDCl;.
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Figure S9. '"H NMR spectrum of TC-CHO at 300 K in CDCls.
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Figure S10. 3C NMR spectrum of TC-CHO at 300 K in CDCl;.
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Figure S11. '"H NMR spectrum of TC-FIC at 300 K in CDCl;.
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Figure S12. 3C NMR spectrum of TC-FIC at 300 K in CDCl;.
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