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1. Experimental Section

General Methods. Chemicals and reagents were purchased from commercial suppliers and used
without further purification. Air-sensitive reactions were carried out under nitrogen atmosphere. The
device preparation was done in air atmosphere. NMR spectra were recorded in designated deuterated
solvent on a Bruker Advance 400 MHz spectrometer at 298 K. Coupling constants (J) are denoted in
Hz and chemical shifts (8) in ppm. Mass data were obtained with a Bruker Daltonics Inc. Apex II
FT-ICR or Autoflex III MALDI-TOF mass spectrometer. Cyclic voltammetry (CV) measurements
were taken using a CHI 660D potentiostat in 0.1 M solution of NBu4PFs in DCM under an
atmosphere of nitrogen. Glassy carbon electrode with a diameter of 3 mm was used as a working
electrode and a large area platinum sheet was used as the counter electrode. All potentials are
referenced to the Ag/AgCl electrode. UV-Vis spectra were recorded on a TU-1810DSPC
spectrophotometer at room temperature in dichloromethane, with a conventional 1 cm quartz cell.
Emission spectra were recorded using an F-380 spectrofluorimeter of Tianjin Gangdong Sic. & Tech
Development Co. Ltd., with a red-sensitive photomultiplier tube R928F. Thermogravimetric analysis
(TGA) was performed using a TA Instruments TGAQS500 with a ramp of 10 °C/min under N, from
100 to 700 °C. DSC were recorded on a Discovery DSC from TA instruments under nitrogen,
heating (until 300 °C) and cooling (50 °C) at 20 °C/min of scanning rate.

2. Synthetic Details and Characterization
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2,2°-(4,5-dimethoxy-1,2-phenylene)bithiophene (2) To a degassed DMF (5 mL) solution of 4,5-
dibromoveritole (5.46 g, 18.45 mmol) were added 2-tributylstannylthiophene (12.0 mL, 37.85 mmol)
and PdCl,(PPh;), (0.65 g, 0.93 mmol, 5 mol %). The reaction mixture was degassed and refilled with
nitrogen three times. The tube was sealed and then stirred at 130 °C for 20 h. After cooling to room

temperature, 50 mL methanol was added to the mixture. The resulting precipitate was filtered and



recrystallized by CH,Cl,/CH30H two times to get 4.74 g of 2 as a gray solid in 85% yield. '"H NMR
(400 MHz, CDCly) o: 7.17 (dd, 2H, J, = 5.2 Hz, J, = 1.2 Hz), 6.92 (s, 2H), 6.88 (dd, 2H, J, = 3.5, J,
= 5.2 Hz), 6.79 (dd, 2H, J; = 3.5 Hz, J, = 1.2 Hz), 3.86 (s, 6H). *C NMR (400 MHz, CDCl3) é:
148.5, 142.8, 126.9, 126.8, 126.4, 125.6, 113.9, 56.1. HR-MS (ESI): calcd for C;sH40,S, [M+H]",
302.0435; found, 302.0440.

Reagent Amount (g) | Amount (mL) Price ($/g or $/mL) Total price ($)
4,5-dibromoveritole 5.46 3.885 21.212
2-tributylstannylthiophene 12 3.960 47.520
DMF 5 0.200 1.000
PdCl,(PPh;), 0.65 19.070 12.396
methanol 100 0.002 0.200
CH,Cl, 50 0.003 0.150
Total cost ($) 82.478
Amount intermediate 2 (g) 4.74
COST for intermediate 2 ($/g) 17.400

5,5’-(4,5-dimethoxy-1,2-phenylene)bis(2-bromothiophene) (3) To the mixture of compound 2
(3.07 g, 10.15 mmol), CHCI; (100 mL), and AcOH (100 mL) was added NBS (4.52 g, 25.37 mmol)
in portions. After being stirred at 0 °C for 8 h, the mixture was diluted with CHCI;. The organic layer
was washed with water (50 mL) and brine (50 mL), dried over MgSO,, and evaporated under
reduced pressure. The crude mixture was recrystallized by CH,Cl,/CH;0H 3 times to get 4.43 g of 3
as a white solid in 95% yield. "H NMR (400 MHz, CDCl;) &: 6.85 (d, 2H, J = 4.0 Hz), 6.83 (s, 2H),
6.57 (d, 2H, J = 4.0 Hz), 3.85 (s, 6H). 13C NMR (400 MHz, CDCls) &: 148.9, 143.8, 129.8, 127.2,
125.5, 113.7, 112.2, 56.1. HR-MS (MALDI): calcd for C;sH,Br,0,S, [M+H]", 457.8640; found,
457.8643.



Reagent Amount (g) | Amount (mL) Price ($/g or $/mL) Total price ($)

compound 2 3.07 17.400 53.419
CHCl, 100 0.020 2.000
AcOH 100 0.007 0.700
NBS 4.52 0.110 0.497
methanol 100 0.002 0.200
CH,Cl, 50 0.003 0.150
MgSO, 5.00 0.024 0.120
Total cost ($) 57.086

Amount intermediate 3 (g) 4.43

COST for intermediate 3 ($/g) 12.886

2,5-dibromo-8,9-dimethoxy-naphtho[1,2-b:4,3-b’|dithiophene (4) To a solution of compound 3
(204.2 mg, 0.44 mmol), DDQ (150.3 mg, 0.67 mmol) in 50 mL CH,Cl, in a pressure vessel were
added BF;0Bt; (1.3 mL, 4.4 mmol) at 0 °C for 20 min. After the mixture up to room temperature,
continue stirred 2 h. The solvent was removed under reduced pressure. Compound 4 (188.5 mg,
yield: 93%) was obtained as pale green solid. 'H NMR (400 MHz, CDCls) 8: 7.61 (s, 2H), 7.22 (s,
2H), 4.08 (s, 6H). *C NMR (400 MHz, CDCls) &: 149.7, 135.8, 130.8, 125.7, 120.7, 112.8, 104.0,
56.2. HR-MS (MALDI): calcd for C;¢H,Br,O,S, [M+H]*, 455.8483; found, 455.8485.

Reagent Amount (g) | Amount (mL) Price ($/g or $/mL) Total price ($)
compound 3 0.2042 12.886 2.631
DDQ 0.1503 0.803 0.121
BF;0Bt, 13 0.099 1.288
CH,Cl, 50 0.003 0.150
Total cost ($) 4.190
Amount intermediate 4 (g) 0.1885
COST for intermediate 4 ($/g) 22.230




Synthesis of PBT A solution of compound 3 (150 mg, 0.33 mmol), 4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-N,N-bis(4-methoxyphenyl)aniline (351.49 mg, 0.82 mmol), K,CO; (513.4 mg,
3.71 mmol) and Pd(PPhs); (22.74 mg, 0.02 mmol) in THF/H,O (10/1, a total of 11 mL) was
degassed for 20 min under nitrogen. The reaction was heated at 90 °C for 18 hours. The mixture was
cooled to room temperature and then 10 mL water was added. The mixture was extracted with
CH,Cl, 3 times, and the organic phase was combined. The solvent was removed under reduced
pressure and the crude product was purified by flash column chromatography silica gel, (eluent: n-
Hexane: AcOEt (8:1)) to afford PBT as a yellow solid (199.8 mg, 0.22 mmol), yield 68%. '"H NMR
(400 MHz, DMSO-d®) &: 7.38 (d, 4H, J = 12.0 Hz), 7.21 (d, 2H, J = 4.0 Hz), 7.01~7.04 (m, 10H),
6.90~6.94 (m, 10H), 6.74 (d, 4H, J = 8.0 Hz), 3.84 (s, 6H), 3.74 (s, 12H). 1*C NMR (400 MHz,
DMSO-d®) &: 155.8, 148.4, 147.8, 143.8, 140.0, 139.8, 128.1, 126.7, 126.0, 125.4, 125.3, 121.9,
119.4, 114.9, 113.8. HR-MS (MALDI): caled for CssHgN,O¢S, [M+H]", 908.2948; found,
908.2941.



Reagent Amount (g) Amount (mL) | Price ($/g or $/mL) Total price
®

compound 3 0.150 12.886 1.933
4-(4,4,5,5-tetramethyl-1,3,2
-dioxaborolan-2-y1)-N,N-bis(4- | 033149 20.635 7.253
methoxyphenyl)aniline
K,CO; 0.5134 0.020 0.010
Pd(PPh3)4 0.02274 1.776 0.040
THF 1 0.007 0.007
CH,Cl, 50 0.003 0.150
silica gel 100 0.009 0.900
n-Hexane 500 0.005 2.500
AcOEt 100 0.068 6.800
Total cost ($) 19.593
Amount PBT (g) 0.1998
COST for PBT (8/g) 98.063

Synthesis of NDT A solution of compound 4 (188.5 mg, 0.41 mmol), 4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-N,N-bis(4-methoxyphenyl)aniline (443.7 mg, 1.03 mmol), K,CO; (677.3
mg,4.90 mmol) and Pd(PPhs), (28.5 mg,0.025 mmol) in THF/H,O (10/1, a total of 11 mL) was
degassed for 20 min under nitrogen. The reaction was heated at 90 °C for 18 hours. The mixture was
cooled to room temperature and then 10 mL water was added. The mixture was extracted with
CH,Cl, 3 times, and the organic phase was combined. The solvent was removed under reduced
pressure and the crude product was purified by flash column chromatography silica gel, (eluent: n-
Hexane: AcOEt (4:1)) to afford NDT as a yellow solid (293.6 mg, 0.32 mmol), yield 79%. 'H NMR
(400 MHz, DMSO-d%) &: 8.19 (s, 2H), 7.67 (d, 4H, J = 8.0 Hz), 7.39 (s, 2H), 7.10 (d, 8H, J = 4.0
Hz), 6.96 (d, 8H, J = 4.0 Hz), 6.86 (d, 4H, J = 8.0 Hz), 3.98 (s, 6H), 3.76 (s, 12H). 13C NMR (400
MHz, DMSO-d®) &: 156.0, 149.4, 149.3, 148.5, 142.2, 139.6, 132.8, 132.2, 126.6, 125.1, 120.6,
119.0, 117.8, 115.1, 55.7, 55.2. HR-MS (MALDI): calcd for CscHysN2O6S, [M+H]*, 906.2792;
found, 906.2784.




Reagent Amount (g) | Amount (mL) Price ($/g or $/mL) Total price
®

compound 3 0.1885 22.230 4.190
4-(4,4,5,5-tetramethyl-1,3,2
-dioxaborolan-2-y1)-N,N-bis(4- |  0-4437 20.635 9.156
methoxyphenyl)aniline
K,CO; 0.6673 0.020 0.013
Pd(PPh;), 0.0285 1.776 0.051
THF 1 0.007 0.007
CH,Cl, 50 0.003 0.015
silica gel 100 0.009 0.900
n-Hexane 400 0.005 2.000
AcOEt 100 0.068 6.800
Total cost ($) 23.132
Amount NDT (g) 0.2936
COST for NDT ($/g) 78.787

Synthesis of CH;NH;1

The method to synthesize CH;NH3I (MAI) has been reported previously.! In this process, 32 ml

hydroiodic and (57 wt% in water, Innochem) and 22ml methylamine (30-33 wt% in alcohol,
TIANJIN FUCHEN) were mixed and stirred in a 250ml round-bottomed flask at 0 °C for 5 hours.
The crude was dissolved in methylamine alcohol solution (12.5 mmol/L, TIANJIN FUCHEN),

recrystallized from diethyl ether. The process of purification was repeated three times, and the

product was dried at 50 °C in a vacuum oven for 24 hours.

'W. Ke, P. Priyanka, S. Vegiraju, C. C. Stoumpos, I. Spanopoulos, C. M. M. Soe, T. J. Marks, M. C. Chen and M. G.
Kanatzidis, J. Am. Chem. Soc., 2018, 140, 388-393.
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Figure. S1 DSC of PBT (a) and NDT (b) with scan rate of 20 °C/min (heat/cool/heat/cool).

4. Preparation Perovskite Films and Device Fabrication

The conductive glass substrates (ITO-coated glass) were cleaned by ultrasonication in
isopropanol (1 h), suds (1 h), deionized water (30 min), acetone (15 min) and isopropanol (30 min),
respectively. Then the cleaned ITO were dried under a flux of nitrogen and further cleaned in the
UV-0s cleaner for thirty minutes. The precursor solution of electron transport layer (ETL, SnO,) was
spin-coated onto ITO at 3000 rpm for 30 s, then annealed at 150 °C for 30 minutes. The perovskite
precursor solution was prepared according to the reported method.? To fabricate the perovskite films,
the precursor solution was spin-coated onto the SnO,-coated ITO at 4000 rpm for 25 s in air
atmosphere and 2 mL of diethyl ether was dripped on rotating substrate in 2 s before the surface
changed to be turbid. Then the prepared perovskite film was annealed at 65 °C for one minutes and
100 °C for two minutes. Optimized concentrations in 1 ml of chlorobenzene were found to be 65 mM
for spiro-OMeTAD and 20 mM for PBT and NDT respectively. 30 pl of 4-tert-butylpyr-idine (>
96.0%, TCI), and 35 pl of lithium bis (trifluoromethane-sulfonyl) imide (Li-TFSI) (99.95%, Sigma-
Aldrich) solution (260 mg Li-TFSI in 1 ml acetonitrile, 99.8%, Sigma-Aldrich) were added as
additives. Then the HTM solution was spin-coated onto the perovskite layer at 3000 rpm for 30s.
Due to the low solubility of NDT, the HTM solution as well as the substrate were heated to 100 °C

2N. Ahn, D. Y. Son, L. H. Jang, S. M. Kang, M. Choi, N. G. Park, J. Am. Chem. Soc., 2015, 137, 8696.
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for spin coating. Finally, 100 nm of gold as the mental electrode on the HTM-coated films was
evaporated at a metallization chamber.

The hole-only devices were fabricated by spin-coating PEDOT:PSS (1-3% in water) onto pre-
cleaned, patterned ITO substrates. A film of the HTM was spin-coated on top from its chlorobenzene
solution with a concentration same to that for perovskite devices fabrication. As a counter electrode,
Au of 100 nm thick was deposited on top by vacuum evaporation. The current density-voltage curves

of the devices were recorded with a Keithley 2400 source.

5. Films and Devices Characterization

Morphology and microstructure characterization of absorber layers were investigated using an S-
4800 High resolution field emission scanning electron microscope (FESEM) (Hitachi, Japan). The
current density-voltage (J-V) curves were measured using a solar simulator manufactured by Enli
Technology Co., Ltd with a source meter (keitheley 2400) at 100 mA/cm? illumination (AM 1.5G).
The light intensity was adjusted with an NREL calibrated silicon solar cell. The active area (0.012
cm?) was defined with a mask with aperture. Transient-state photoluminescence (PL) was measured
by FLS980 (Edinburgh Instruments Ltd) with an excitation at 600 nm. The conditions of all
measurement of solar cells were conducted at room temperature under ambient atmosphere without

encapsulation.



6. J-V curves measured by different voltage scan directions
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Fig. S3 J-V curves for the devices of NDT (a), spiro-OMeTAD (b) and PBT (c¢) under opposite scan direction.

7. Ultroviolet photoelectron spectroscopy (UPS)

The valance band (VB) spectra were measured with a monochromatic He I light source (21.2
eV) and a VG Scienta R4000 analyzer. A sample bias of -5 V was applied to observe the secondary
electron cutoff (SEC). The work function (¢) can be determined by the difference between the
photon energy and the binding energy of the secondary cutoff edge.
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Fig. S4 Calculate the HOMO levels of PBT and NDT.

8. X-ray Crystallography

The X-ray diffraction data were collected using a Rigaku Saturn 724 diffractometer on a rotating
anode (Mo-K radiation, 0.71073 A) at 173 K. The structure was solved by the direct method using
SHELXS-973 and refined with Olex2.* The single crystal of NDT was obtained by slow diffusion of

hexane into a solution in CH,Cl,.

Table S1. Crystallographic Data.

compound NDT
empirical formula Cs56N206S,
formula weight 1076.92
space group P-1

crystal system triclinic
a(A) 11.237(2)
b(A) 12.606(3)
c(A) 19.298(4)
a(deg) 90.32(3)

£ (deg) 95.79(3)
y(deg) 109.07(3)
vol (A3) 2568.5(10)
Z 2

density (Mg/m?) 1.392
temp (K) 173.15
wavelength (A) 0.71073

final R indices
R indices (all data)
CCDC No.

R1=10.0656, wR2 =0.1982
R1=0.0760, wR2 = 0.2237
1814908

3G. M. Sheldrick, Acta Cryst. 2008, A64, 112.

40. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. Puschmann, J. Appl. Cryst., 2009, 42, 339.
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9. Cartesian Coordinates of DFT-optimized Structure
10.1 Cartesian Coordinates of DFT-optimized Structure of PBT:
Charge = 0 Multiplicity = 1
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10.2 Cartesian Coordinates of DFT-optimized Structure of NDT:
Charge = 0 Multiplicity = 1
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'"H NMR spectrum of PBT in DMSO-d¢
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3C NMR spectrum of PBT in DMSO-d¢:
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HR-MALDI mass spectra of PBT:

MALDI,2-20,20171019

Analysis Info Acquisition Date  10/19/2017 6:08:23 PM
Analysis Name  D:\Data\MALDI\2017\1018\2-20_0_N9_000001.d

Method MALDI_P_100-3000 Operator

Sample Name  MURU-N-ESI Instrument solariX

Comment

Acquisition Parameter

Acquisition Mode Single MS Acquired Scans 3 Calibration Date Thu Oct 19 05:49:33
Polarity Positive No. of Cell Fills 1 Data Acquisition Size 2097152
Broadband Low Mass 101.1 m/z No. of Laser Shots 10 Data Processing Size 4194304
Broadband High Mass  1800.0 m/z Laser Power 200 Ip Apodization Sine-Bell Multiplication
Source Accumulation  0.001 sec Laser Shot Frequency  0.020 sec
lon Accumulation Time  0.300 sec
Intens. +MS)
x108
o
=
1.5 é
1.0
0.5+
0.0 ph p—i T } 1 T T T Ay
200 400 600 800 1000 1200 1400 1600 miz
Intens. +MS|
x108]
e
1.5 §
8
n
N
1.0 §
8
8 8
0.51 'C_i g
> o
4 l 5
0.0 T T T A T
“897.5 900.0 902.5 905.0 907.5 910.0 912.5 915.0 917.5 920.0 miz
[——2-20_0_N9_000001 d: +MS il
Meas. m/z # lonFormula Score m/z err[ppm] Meanerr[ppm] mSigma rdb e Conf N-Rule
908.294098 1 C56H48N206S2 100.00 908.294831 0.8 0.4 533 340 odd ok
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'"H NMR spectrum of NDT in DMSO-d®:

° 38 grTresssssns NDT B &
© NN NSNS ©© 0000 © o
Vo N I

e

3.99 =

1911 p—o
3.91 -1

o177 |——————

o 2123

©
(&
©
o
o |
(&
o |
o
~
=
o
o
(8]
kel
3
3

g gggggere | NDT

1494
49.%
48,
42

_ 557
\-55.2

3
2 JITIe ceddeToo
[

| .‘..Hh.n LH. M ”n I AL ‘Jtn‘lln mm.‘l J.RM .\.U

\
Jt‘hlm\.lt..ll | | j‘ ‘ N “Hi,‘.hl Jl LUl l.‘\... ‘L ‘L thl,l“:..‘u.l.‘,h.,.. ‘.‘., (4l

N
T T T T
30 40 10 0 -10

T T T T T T T T T T T T T T T T T
210 200 190 180 |[170[ 160 50 1%0 130 120 11 100 90 80 70 60 50 40

11



HR-MALDI mass spectra of NDT:

MALDI,2-15,20171019

Analysis Info Acquisition Date 10/19/2017 6:03:19 PM
Analysis Name D:\Data\MALDI\2017\1019\2-15_0_N7_000001.d
Method MALDI_P_100-3000 Operator
Sample Name  MURU-N-ESI Instrument solariX
Comment
Acquisition Parameter
Acquisition Mode Single MS Acquired Scans 2 Calibration Date Thu Oct 19 05:49:33
Polarity Positive No. of Cell Fills 1 Data Acquisition Size 2097152
Broadband Low Mass  101.1 m/z No. of Laser Shots 10 Data Processing Size 4194304
Broadband High Mass  1800.0 m/z Laser Power 2001p Apodization Sine-Bell Multiplication
Source Accumulation  0.001 sec Laser Shot Frequency  0.020 sec
lon Accumulation Time  0.300 sec
Intens. ] +MS|
x107
6.
5] 8
44
3.
2
11
200 400 600 800 1000 1200 1400 1600 miz
Intens. +Msl
x107]
2
61 o
8 o
& «
o
4] 5
8
24 & 3 %
g8 8 8§
] I § °
(-]
[ . - , - - , e T - - .
898 900 902 904 906 908 910 912 914 916 miz
[——2-15_0_N7_000001.d: +MS |
Meas.m/z # lonFormula Score m/z err[ppm] Meanerr[ppm] mSigma rdb e Conf N-Rule
906.278363 1 C5BH46N206S2 100.00 906.279181 -0.9 0.4 629 350 odd ok
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