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General.

Thin layer chromatography (TLC) was performed on plates coated with 0.25 mm thick silica
gel 60F-254 (Merck). Column chromatography was performed using PSQ 60B (Fuji Silysia).
Preparative gel permeation chromatography (GPC) was performed with a JAI LC-918 system
equipped with RI-50 detector, JAIGEL-2H column (20 mm ID x 600 mm) and 1H column (20
mm ID x 600 mm) using toluene as eluent (flow rate: 3.8 mL/min). Melting points (mp) were
measured on a Yanaco Micro Melting Point Apparatus. 'H and C NMR spectra were
recorded with a JEOL ECA 500 (500 MHz for 'H and 125 MHz for ’C) spectrometers. The
NMR chemical shifts are reported in ppm with reference to residual protons and carbons of
CDCl; (6 7.26 ppm in 'H NMR, 6 77.0 ppm in *C NMR) and CD,Cl, (6 5.32 ppm in 'H NMR,
5 53.8 ppm in °C NMR). UV-vis absorption measurement was performed with a Shimadzu
UV-3150 spectrometer (Shimadzu Co.,), in degassed spectral grade solvents. Cyclic
voltammetry (CV) was performed on an ALS/chi-620C electrochemical analyzer with the CV
cell consisting of a glassy carbon electrode, a Pt wire counter electrode, and an Ag/AgNOs3
reference electrode. The measurement was carried out under an argon atmosphere using
CH,Cl, solutions of samples (0.5 mM) with 0.1 M tetrabutylammonium hexafluorophosphate
(BuyN'PFy") as a supporting electrolyte. The redox potentials were calibrated with ferrocene as
an internal standard. The HOMO energy levels in the solid state were determined from the
onset of photoelectron spectra measured with a photoelectron spectrometer in air, model AC-3
(Riken Keiki Co., Ltd.). Thermogravimetric analysis (TGA) was performed on a Shimadzu
TGA-50 apparatus (Shimadzu Co.,). The values are given for a weight-loss of 5% (7ys). All
reactions were carried out under an argon atmosphere. Photocurrent-voltage measurements
(J=V curves) for perovskite solar cells were measured in air with an OTENTO-SUNIII
(BUNKOUKEIKI Co., Ltd.) and a Keithley 2400. External quantum efficiency (EQE) spectra
were recorded on a SMO-2501III system. The light intensity of the illumination source was
adjusted by using standard silicon photodiodes: BS520 for J-V characteristics and SiPD
S1337-1010BQ for EQE measurements, respectively.
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Computation method.
DFT calculations for optimization of the geometries were conducted using the Gaussian 09

program.’

Synthesis.
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Octyloxy-substituted oxygen-bridged triarylamine derivative 5 was synthesized according
to our previously reported synthetic method.” Using o-iodoanisole and 2,6-difluoroaniline as
starting materials, monoarylated difluoroaniline 7 was selectively synthesized by
Buchwald-Hartwig arylation in 96% yield. Subsequently, Ullmann arylation of 7 with
2-iodo-1,4-dimethoxybenzene using Cu and K,COs gave bisarylated difluoroaniline 8 in 92%
yield. After cleavage of methyl groups of 8 by BBr3;, double-cyclization under the condition
with K,CO; in DMF at 120 °C, followed by treatment with 1-bromooctane gave 5 in 82%
yield. Treatment of 5 with 1 eq. NBS selectively afforded monobrominated derivative 6 in
98% vyield. Lithiation of 6 with n-BuLi, followed by treatment with ;PrOBpin afforded 9 in
75% yield.

2,6-Difluoro-N-(2-methoxyphenyl)aniline (7). o-lodoanisole (21.7 g, 92.5 mmol),
2,6-difluoroaniline (10.7 g, 82.7 mmol), Pd,(dba);-CHCl; (1.60 g, 1.59 mmol), sodium
tert-butoxide (9.22 g, 95.9 mmol) and tri-fert-butylphosphine (2.58 g, 12.7 mmol) were
dissolved in dry toluene (200 mL) and the mixture was stirred at 100 °C for 16 h. The

insoluble materials were filtered off, and the solids were washed with toluene (150 mL). After
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addition of water to the filtrate, the aqueous phase was extracted with toluene (50 mL x 3).
The combined organic phase was dried over Na,SO,, filtered off, and concentrated under
reduced pressure. The obtained crude product was passed through a short pad of silica gel with
the eluent of a mixture of CH,Cl, and hexane (CH,Cl, : hexane = 1 : 2, Ry = 0.45), and then
purified by silica gel column chromatography (CH,Cl, : hexane = 1 : 4 , Ry = 0.25) to give
18.7 g (79.4 mmol) of 7 in 96% yields as orange oil.

'H NMR (500 MHz, CDCly): 6 7.18-7.01 (m, 1H), 7.18-6.93 (m, 2H), 6.91-6.81 (m, 3H),
6.60 (ddd, *J(H,H) = 9.0 Hz, *J(H,H) = 7.0 Hz, *J(H,H) = 2.5 Hz, 1H), 5.88 (s, 1H), 3.93 (s,
3H); °C NMR (125 MHz, CDCls): 6 157.1 (dd, 'J(C,F) = 246.1 Hz, *J(C,F) = 5.7 Hz), 147.6,
133.2, 123.6 (t, *J(C,F) = 9.8 Hz), 120.7, 119.7, 119.0 (t, 2J(C,F) = 15.5 Hz), 112.9 (t, “J(C,F)
= 2.3 Hz), 111.8 (dd, *J(C,F) = 16.6 Hz,*J(C,F) = 6.8 Hz), 110.0, 55.5; HRMS(FAB) (m/2):
[M]+ caled. for Ci3H;FoNO: 235.0809; found, 235.0811; Elemental analysis calcd (%) for
Ci3H11FoNO: C 66.38, H4.71, N 5.95; found: C 66.27, H 4.53, N 6.06.

2,6-Difluoro-N-(2,5-dimethoxyphenyl)-/NV-(2-methoxyphenyl)aniline (8). The mixture of 7
(23.3 g, 99.0 mmol), 2-iodo-1,4-dimetoxylbenzene (28.8 g, 109 mmol), K,CO; (34.6 g, 250
mmol), copper powder (12.7 g, 200 mmol), and 18-crown-6 (1.28 g, 4.86 mmol) was
dissolved in mesitylene (150 mL). The mixture was stirred at 220 °C for 30 h. The resulting
insoluble materials were filtered off, and the solids were washed with CH,Cl, (250 mL). The
combined filtrate was concentrated under reduced pressure. The obtained crude product was
washed with hexane (250 mL) and methanol (100 mL) to give 33.9 g (91.3 mmol) of 8 in 92%
yield as white solids.

mp: 152.6-153.6 °C; 'H NMR (500 MHz, CDCls): 6 7.07 (td, *J(H,H) = 7.5 Hz, “J(H,H) = 1.5
Hz, 1H), 7.01 (tt, *J(H,H) = 8.0 Hz, *J(H,F) = 6.0 Hz, 1H), 6.97 (dd, *J(H,H) = 7.5 Hz,
*J(H,H) = 1.5 Hz, 1H), 6.90 (dd, *J(H,H) = 8.0 Hz, *J(H,H) = 1.0 Hz, 1H), 6.87 (td, *J(H,H) =
7.5 Hz, *J(H,H) = 1.5 Hz, 1H), 6.84 (d, J(H,H) = 6.0 Hz, 1H), 6.83-6.81 (m, 2H), 3.68 (s, 3H),
3.60 (s, 3H), 3.52 (s, 3H); °C NMR (125 MHz, CD,CL): & 159.1 (dd, 'J(C,F) = 249 Hz,
J(C,F) = 6.0 Hz), 154.4, 153.5, 147.4, 138.2, 136.3, 125.0, 124.8 (t,%J(C,F) = 13.1 Hz), 124.7,

124.1 (t, *J(C,F) = 9.6 Hz), 121.1, 115.3, 113.1, 111.5 (dd, 2J(C,F) = 18.4 Hz, *J(C,F) = 5.4
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Hz), 110.5, 107.8, 57.3, 56.1, 55.5; HRMS (FAB) (m/z): [M]" calcd. for C,H;oF,NOs3,
371.1333; found, 371.1336; Elemental analysis calcd (%) for C,H9F,NO;: C 67.92, H 5.16,
N 3.77; found: C 67.93, H 5.16, N 3.92.

2-(Octyloxy)benzo[5,6][1,4]oxazino[2,3,4-kl|phenoxazine (5). 8 (6.10 g, 16.4 mmol) was
dissolved in CH,Cl, (180 mL). BBr; (5.10 mL, 53.8 mmol) was added to the solution at
—78 °C. The mixture was slowly warmed up to room temperature and further stirred for 3 h.
The reaction mixture was poured into water and extracted with ethyl acetate (30 mL x 3). The
combined organic phase was dried over Na,SQy, filtered off, and concentrated under reduced
pressure to give 6.37 g of the crude product as white solids, which was used without further
purification.

These solids were dissolved in DMF (150 mL). After addition of K,CO; (9.13 g, 66.1
mmol), the mixture was stirred at 120 °C for 14 h. After the solution was cooled to room
temperature, 1-bromooctane (5.30 mL, 24.7 mmol) was added. The solution was further stirred
at 80 °C for 8 h. The resulting insoluble materials were filtered off, and the filtrate was
concentrated under reduced pressure. The obtained solids were dissolved in CH,Cl, (30 mL).
After addition of water, the mixture was extracted with CH,Cl, (20 mL X 3). The organic
phase was dried over Na,SQ,, filtered off, and concentrated under reduced pressure. The
obtained crude product was dissolved in CH,Cl,. After passed through a short pad of silica gel,
the crude product was purified by silica gel column chromatography (CH,Cl, : hexane = 1 :
10, R¢= 0.40) to give 5.42 g (13.5 mmol) of 5 in 82% yield as colorless oil.

'H NMR (500 MHz, CD,CL,): 6 7.36 (d, *J(H,H) = 8.0 Hz, 1H), 6.97 (td, *J(H,H) = 8.0 Hz,
*J(H,H) = 2.0 Hz, 1H), 6.94-6.88 (m, 3H), 6.81 (d, *J(H,H) = 9.0 Hz, 1H), 6.77 (t, *J(H,H) =
8.0 Hz, 1H), 6.49 (d, *J(H,H) = 9.0 Hz, 2H), 6.42 (dd, *J(H,H) = 9.0 Hz, “J(H,H) = 2.5 Hz, 1H),
3.88 (t, "J(H,H) = 7.0 Hz, 2H), 1.73 (quin, *J(H,H) = 7.5 Hz, 2H), 1.43 (quin, *J(H,H) = 7.5 Hz,
2H), 1.37-1.23 (m, 8H), 0.88 (t, *J(H,H) = 7.0 Hz, 3H); °C NMR (125 MHz, CD,CL): §
155.9, 147.4, 146.1, 145.7, 141.0, 130.0, 129.3, 124.06, 124.02, 123.8, 120.9, 117.73, 117.69,
1154, 111.3, 111.1, 108.3, 102.3, 69.0, 32.2, 29.8, 29.68, 29.66, 26.4, 23.1, 14.3; HRMS

(FAB) (m/z): [M]" calcd. for CosH,7NO3, 401.1991; found, 401.1990; Elemental analysis calcd
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(%) for C,6H27NO3: C 77.78, H 6.78, N 3.49; found: C 77.57, H 6.68, N 3.75.

3-Bromo-2-(octyloxy)benzo|5,6][1,4]oxazino|2,3,4-kl|phenoxazine (6). 5 (4.28 g, 10.7
mmol) was dissolved in CH,Cl, (160 mL). N-Bromosuccinimide (1.90 g, 10.7 mmol) was
added to the solution and the solution was stirred at room temperature for 14 h. The reaction
mixture was passed through a short pad of silica gel with an eluent of CH,Cl, to give 5.00 g
(10.4 mmol) of 6 in 98% yield as white solids.

mp: 65.6-66.6 °C; 'H NMR (500 MHz, CD,Cl,): 6 7.29 (d, *J(H,H) = 8.0 Hz, 1H), 7.06 (s,
1H), 6.98 (dd, *J(H,H) = 7.5 Hz, *J(H,H) = 1.5 Hz, 1H), 6.97—6.88 (m, 3H), 6.77 (t,”J(H,H) =
8.0 Hz, 1H), 6.50 (d, *J(H,H) = 8.5 Hz, 1H), 6.48 (d,*J(H,H) = 8.5 Hz, 1H), 3.89 (t, J(H,H) =
6.5 Hz, 2H), 1.78 (quin, *J(H,H) = 7.0 Hz, 2H), 1.47 (quin, *J(H,H) = 6.5 Hz, 2H), 1.40-1.23
(m, 8H), 0.90 (t, *J(H,H) = 7.5 Hz, 3H); °C NMR (125 MHz, CD,CL,): § 152.1, 147.4, 145.8,
145.7, 141.2, 129.3, 129.0, 124.3, 124.13, 124.05, 121.6, 120.6, 117.9, 115.0, 111.46, 111.42,
104.1, 101.0, 70.5, 32.2, 29.7, 29.6, 29.5, 26.3, 23.0, 14.3; HRMS (FAB) (m/2): [M]" calcd. for
Cy6H26BrNO;, 481.1079; found, 481.1083; Elemental analysis calcd (%) for C,sHysBrNOs: C
65.00, H 5.46, N 2.92; found: C 64.89, H 5.44, N 2.94.

2-(Octyloxy)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzo[5,6][1,4]oxazino[2,3,4-

kl]phenoxazine (9). 6 (961 mg, 2.00 mmol) was dissolved in THF (40 mL) and the solution
was cooled to —78 °C. n-BuLi in hexane (850 uL, 2.21 mmol) was added dropwise to the
solution and the mixture was stirred at —78 °C for 1 h. After addition of iPrOBpin (450 uL,
2.21 mmol), the mixture was slowly warmed up to room temperature and further stirred for 2 h.
The reaction mixture was concentrated under reduced pressure. The obtained solids were
dissolved in CH,Cl, (30 mL). After addition of water (30 mL), organic phase was extracted
with CH,Cl, (20 mL x 3). The organic phase was dried over Na,SO,, filtered off, and
concentrated under reduced pressure. The obtained crude products were purified by gel
permeation chromatography (eluent: toluene) to give 797 mg (1.51 mmol) of 9 in 75% yield as

colorless oil.

'H NMR (500 MHz, CD,CL,): 8 7.35 (dd, *J(H,H) = 8.5 Hz, “J(H,H) = 1.5 Hz, 1H), 7.15 (s,
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1H), 6.99 (td, *J(H,H) = 7.5 Hz, *J(H,H) = 1.5 Hz, 1H), 6.96-6.90 (m, 2H), 6.86 (s, 1H), 6.78
(t, *J(H,H) = 8.5 Hz, 1H), 6.50 (dd, *J(H,H) = 8.5 Hz, “J(H,H) = 1.5 Hz, 2H), 3.85 (t, *J(H,H)
= 6.5 Hz, 2H), 1.74 (quin, *J(H,H) = 6.0 Hz, 2H), 1.51 (quin, *J(H,H) = 7.5 Hz, 2H),
1.37-1.26 (m, 20H), 0.89 (t, *J(H,H) = 7.0 Hz, 3H); °C NMR (125 MHz, CD,Cl,): 6 161.2,
147.5, 146.3, 145.6, 140.5, 132.7, 129.0, 124.5, 124.3, 124.1, 120.7, 117.8, 115.6, 111.4, 111.1,
100.0, 83.6, 70.0, 32.3, 29.8, 29.7, 26.4, 25.0, 23.1, 14.2 (One signal for the carbon atom
bonding to the boron atom was not observed due to the quadrupolar relaxation of the boron
atom and one sp’-carbon signal was overlapped); HRMS (EI) (m/%): [M]" caled. for
C3,H3sBNOs, 527.2849; found, 527.2852; Elemental analysis calced (%) for C3;;H3sBNOs: C
72.87, H 7.26, N 2.66; found: C 72.78, H 7.17, N 2.71.

1,3,5,7-Tetra(Bpin)azulene was synthesized by direct borylation using Ir catalyst, according
to our previous report.” 5,7-Di(Bpin)azulene was obtained by the selective deborylation of
1,3,5,7-tetra(Bpin)azulene.” Tetra-substituted derivative 1 was obtained by Suzuki-Miyaura
cross coupling of the brominated derivative 6 and 1,3,5,7-tetra(Bpin)azulene in 58% yield as
green solids. In a similar manner, coupling reaction of 6 and 5,7-di(Bpin)azulene afforded the
derivative 3 in 76% yield as green solids.

1,3-dibromoazulene was obtained by bromination of azulene with 2 eq. of NBS in 79%
yield.* Suzuki-Miyaura cross coupling of 1,3-dibromoazulene and the borylated derivative 9
afforded 2 in 46% yield as green solids.

3,37,5,5"-Tetra(Bpin)-1,1"-biphenyl was also prepared by selective direct borylation with Ir
catalyst.” Suzuki-Miyaura cross coupling of 3,3",5,5 -tetra(Bpin)-1,1"-biphenyl and 6 afforded

tetra-substituted biphenyl derivative 4 in 59% yield as pale yellow solids.
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1,3,5,7-Tetrakis(2-(octyloxy)benzo|[5,6][1,4]oxazino|2,3,4-kl|phenoxazin-3-yl)azulene (1).
1,3,5,7-Tetra(Bpin)azulene (639 mg, 1.01 mmol), 6 (2.33 g, 4.84 mmol), PdCl,(dppf)-CH,Cl,
(50.5 mg, 61.8 umol), and cesium carbonate (3.29 g, 10.1 mmol) in THF (90 mL) were
charged in a Schlenk tube. After flushed with argon three times, the mixture was stirred at
95 °C for 2 d. After passed through a short pad of silica gel with an eluent of CH,Cl,, the
obtained crude product was further purified by silica gel column chromatography (hexane :
CHCL,=3:1, R=0.20) to give 1.01 g (0.583 mmol) of 1 in 58% yield as green solids.

mp: 114.9-116.7 °C; '"H NMR (500 MHz, CD,Cl,): 8 8.48 (s, 2H), 8.12 (s, 1H), 7.89 (s, 1H),
7.45 (d, *J(H,H) = 8.0 Hz, 2H), 7.41 (d, *J(H,H) = 8.0 Hz, 2H), 7.08 (s, 4H), 7.04-6.97 (m,
8H), 6.95-6.91 (m, 8H), 6.79 (t, *J(H,H) = 8.0 Hz, 2H), 6.78 (t, *J(H,H) = 8.0 Hz, 2H),
6.54-6.49 (m, 8H), 3.89 (t, *J(H,H) = 7.0 Hz, 4H), 3.83 (t, *J(H,H) = 7.0 Hz, 4H), 1.65 (quin,
*J(H,H) = 7.5 Hz, 4H), 1.60 (quin, *J(H,H) = 7.5 Hz, 4H), 1.28-1.09 (m, 40H), 0.79 (t,
*J(H,H) = 7.0 Hz, 6H), 0.78 (t, *J(H,H) = 7.0 Hz, 6H); °C NMR (125 MHz, CD,CL): 6 153.1,
152.3, 147.4, 146.0, 145.9, 145.8, 145.7, 142.4, 140.9, 140.7, 138.0, 135.8, 131.8, 129.6, 129.5,
129.3, 128.6, 127.9, 126.5, 124.15, 124.07, 123.7, 123.6, 121.6, 121.0, 120.8, 120.0, 117.78,
117.75,115.0, 111.4, 111.2, 111.1, 101.2, 100.8, 69.94, 69.91, 32.3, 29.8, 29.74, 29.69, 29.66,
29.60, 29.5, 26.5, 26.3, 23.05, 23.03, 14.3 (seven sp> and two sp’-carbon signals were
overlapped); HRMS (FAB) (m/z): [M]+ caled. for Ci14H10sN4O1n, 1724.7964; found,
1724.7959; Elemental analysis calcd (%) for C;14H 0sN4O12: C 79.32, H 6.31, N 3.25; found:
C 79.25,H 6.26, N 3.27.
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1,3-Bis(2-(octyloxy)benzo[5,6][1,4]oxazino[2,3,4-kl|phenoxazin-3-yl)azulene (2).

1,3-Dibromoazulene (129 mg, 0.453 mmol), 9 (518 mg, 0.982 mmol), PdCl(dppf) -CH,Cl,
(12.9 mg, 15.8 umol), and cesium carbonate (739 mg, 2.27 mmol) in THF (20 mL) were
charged in a Schlenk tube. After flushed with argon three times, the mixture was stirred at
95 °C for 24 h. The mixture was passed through a short pad of silica gel with an eluent of
CH,Cl,. The obtained crude product was purified by gel permeation chromatography (eluent:
toluene) and further purified by silica gel column chromatography (hexane : CH,Cl, =3 : 1,
R¢=0.30) to give 191 mg (0.206 mmol) of 2 in 46% yield as green solids.

mp: 73.8-75.7 °C; 'H NMR (500 MHz, CD,Cl,): 6 8.32 (d, *J(H,H) = 9.5 Hz, 2H), 8.11 (s,
1H), 7.58 (t, *J(H,H) = 9.5 Hz, 1H), 7.48 (d, *J(H,H) = 8.0 Hz, 2H), 7.13 (t, *J(H,H) = 9.5 Hz,
2H), 7.10 (s, 2H), 7.06-7.02 (m, 4H), 6.97—6.92 (m, 4H), 6.80 (t, *J(H,H) = 8.0 Hz, 2H), 6.54
(t, *J(H,H) = 8.5 Hz, 4H), 3.83 (t, *J(H,H) = 7.0 Hz, 4H), 1.58 (quin, *J(H,H) = 7.0 Hz, 4H),
1.21 (quin, *J(H,H) = 7.0 Hz, 4H), 1.18-1.09 (m, 16H), 0.82 (t, *J(H,H) = 7.0 Hz, 6H); °C
NMR (125 MHz, CD,Cly): 6 153.2, 147.5, 146.1, 145.8, 140.8, 140.4, 138.6, 137.2, 136.3,
129.7,128.2,125.7, 124.2, 123.7, 123.3, 121.6, 121.0, 120.8, 117.8, 115.1, 111.5, 111.2, 101.2,
100.8, 69.9, 32.2, 29.65, 29.63, 29.57, 26.5, 23.0, 14.2 (one spz-carbon signal was overlapped);
HRMS (FAB) (m/z): [M]+ calcd. for CgHsgN,Og, 926.4295; found, 926.4301; Elemental
analysis calcd (%) for Cs,HssN2Og: C 80.32, H 6.31, N 3.02; found: C 80.35, H 6.40, N 3.07.
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Scheme S4
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5,7-Bis(2-(octyloxy)benzo|5,6][1,4]oxazino|2,3,4-kl|phenoxazin-3-yl)azulene 3).
5,7-Di(Bpin)azulene (237 mg, 0.624 mmol), 6 (663 mg, 1.38 mmol), PdCl,(dppf) -CH,Cl,
(15.0 mg, 18.4 umol), and cesium carbonate (1.04 g, 3.19 mmol) in THF (30 mL) were
charged in a Schlenk tube. After flushed with argon three times, the mixture was stirred at
95 °C for 48 h. The mixture was passed through a short pad of silica gel with an eluent of
CH,Cl,. The obtained crude product was purified by silica gel column chromatography
(hexane : CH,Cl; =2 : 1, Ry=0.38) to give 439 mg (0.473 mmol) of 3 in 76% yield as green
solids.

mp: 73.5-74.7 °C; 'H NMR (500 MHz, CD,Cl,): 8 8.54 (d, *J(H,H) = 1.5 Hz, 2H), 7.92 (t,
*J(H,H) = 1.5 Hz, 1H), 7.88 (t, J(H,H) = 3.5 Hz, 1H), 7.43 (d, *J(H,H) = 7.5 Hz, 2H), 7.37 (d,
*J(H,H) = 3.5 Hz, 2H), 7.04 (s, 2H), 7.05-7.00 (m, 4H), 6.96-6.92 (m, 4H), 6.79 (t, >J(H,H) =
8.0 Hz, 2H), 6.53 (d, *J(H,H) = 8.0 Hz, 2H), 6.52 (d, *J(H,H) = 8.0 Hz, 2H), 3.89 (t, *J(H,H) =
6.5 Hz, 4H), 1.65 (quin, >J(H,H) = 7.5 Hz, 4H), 1.31 (quin, *J(H,H) = 7.5 Hz, 4H), 1.25-1.12
(m, 16H), 0.82 (t, *J(H,H) = 7.0 Hz, 6H); °*C NMR (125 MHz, CD,Cl,): § 152.4, 147.5, 146.0,
145.8, 141.5, 141.0, 139.0, 138.8, 137.3, 131.5, 129.6, 129.5, 128.8, 124.24, 124.16, 123.8,
120.9, 119.9, 119.1, 117.8, 115.1, 111.4, 111.3, 100.9, 69.9, 32.2, 29.63, 29.60, 29.5, 26.4,
23.0, 14.2; HRMS (FAB) (m/z): [M]" caled. for CsHssN,Og, 926.4295; found, 926.4300;
Elemental analysis calcd (%) for Ce,HssN,Og: C 80.32, H 6.31, N 3.02; found: C 80.29, H
6.29, N 3.00.
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Scheme S5

Q OCgHi7 pinB Bpin pdCl,(dppf)-CH,Cl,
g N Br + Q O CsCOs
THF, 95 °C
] pinB Bpin
6

3,3°,5,5"-Tetrakis(2-(octyloxy)benzo[5,6][1,4]oxazino|2,3,4-kl|phenoxazin-3-yl)-1,1"-biphe
nyl (4). 3,37,5,5"-Tetra(Bpin)-1,1"-biphenyl (39.5 mg, 0.601 mmol), 8 (173 mg, 0.360 mmol),
PdCl,(dppf)-CH,Cl, (10.1 mg, 12.3 umol), and cesium carbonate (196 mg, 0.601 mmol) in
THF (5 mL) were charged in a pressure vessel. After degassed for 10 min, the solution was
stirred at 95 °C for 27 h. After diluted with CH,Cl, (20 mL), the reaction mixture was
quenched with 1 M HCI aq. The organic phase was extracted with CH,Cl, (5 mL x 3),
followed by washing with water and brine. The combined organic phase was dried over
MgSO,, filtered off, and concentrated under reduced pressure. The obtained crude product was
purified by silica gel column chromatography (hexane : CH,Cl, =4 : 1, Ry = 0.17) to give
62.3 mg (0.0355 mmol) of 4 in 59% yield as pale yellow solids.

mp: 99.8-101.6°C; '"H NMR (500 MHz, CD,Cl,): 8 7.87 (s, 4H), 7.75 (s, 2H), 7.43 (d, *J(H,H)
= 8.0 Hz, 4H), 7.09 (s, 4H), 7.04 (s, 4H), 7.03—6.98 (m, 4H), 6.97-6.92 (m, 8H), 6.79 (t,
J(H,H) = 8.0 Hz, 4H), 6.53 (d, *J(H,H) = 8.0 Hz, 4H), 6.52 (d, *J(H,H) = 8.0 Hz, 4H), 3.91 (t,
J(H,H) = 6.5 Hz, 8H), 1.74 (quin, *J(H,H) = 7.5 Hz, 8H), 1.34 (quin, *J(H,H) = 7.5 Hz, 8H),
1.20-1.06 (m, 32H), 0.75 (t, *J(H,H) = 7.0 Hz, 12H); °C NMR (125 MHz, CD,CL,): § 152.7,
147.5, 146.0, 145.8, 141.1, 140.9, 138.1, 129.54, 129.48, 128.8, 127.1, 125.7, 124.2, 124.1,
123.8, 120.9, 119.3, 117.8, 115.1, 111.5, 111.2, 100.8, 69.9, 32.3, 29.78, 29.71, 29.5, 26.6,
23.0, 14.2; HRMS (FAB) (m/z): [M]" calcd. for C;16H;10N4O12, 1750.8120; found, 1750.8118;
Elemental analysis calcd (%) for C;16H;10N4O12: C 79.52, H 6.33, N 3.20; found: C 79.15, H

6.63, N 3.05.
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Figure S1. Thermogravimetric analysis of 1 heating at 10 °C/min under No.
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Figure S2. Thermogravimetric analysis of 2 heating at 10 °C/min under No.
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Figure S3. Thermogravimetric analysis of 3 heating at 10 °C/min under No.
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Figure S4. Thermogravimetric analysis of 4 heating at 10 °C/min under No.
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Peovskite Solar cells: Device fabrication.
1) Preparation of mesoporous TiO, layer

Patterned transparent conducting oxide substrate (FTO, 25 mm x 25 mm, Asahi Glass Co.,
Ltd., Japan) was treated with ultrasonic cleaning for 10 min with a 1wt% neutral aqueous
detergent solution, acetone, 2-propanol, and distilled water, respectively, and then subjected to
an Os/ultraviolet treatment for 15 min.

FTO substrate was covered with a compact TiO, layer by spray pyrolysis of a ethanol
solution (0.05 M) of titanium di-isopropoxide bis(acetylacetonate) (75wt% in 2-propanol,
Tokyo Chemical Industry Co., Ltd., Japan) at 450 °C. The resulting compact TiO, layer was
treated with an aqueous solution (100 mL) of TiCly (440 pL, special grade, Wako Pure
Chemical Industries Ltd., Japan) at 70 °C for 30 min, followed by rinsing twice with distilled
water. The substrate was sintered at 500 °C for 20 min.

Subsequently, mesoporous-TiO; layer (thickness: 200 nm; average particle size: ca. 20 nm)
was deposited on the plate by spin-coating (slope 5 s, 5000 rpm, 30 s, slope 5 s) of a
suspension of TiO, paste (PST-18NR, JGC Catalysts and Chemicals Ltd.) in ethanol (paste :
ethanol =1 : 5 wt ratio), followed by sintering at 500 °C for 30 min.

The obtained substrate was treated with ultraviolet-ozone cleaning for 15 min before used

for perovskite layer fabrication.

2-A) Two-step solution method for perovskite layer

In a glove box filled with an inert gas, a 1.0 M solution of Pbl, (L0279 for perovskite
precursor, Tokyo Chemical Industry Co., Ltd., Japan) in dehydrated DMF at 70 °C was
deposited on the mesoporous TiO, films by spin-coating (slope 5 s, 6500 rpm, 5 s, slope 5 s).
The resulting yellow film was annealed on a hot plate at 70 °C for 1 h. The film was dipped in
a 0.06 M 2-propanol solution of CH3NH;lI (Tokyo Chemical Industry Co., Ltd., Japan) for 40 s.

The formed perovskite film was then annealed on a hot plate at 70 °C for 1 h.

2-B) One-step solution method using toluene dropping for perovskite layer

S18



In a glove box filled with an inert gas, a 1.1 M solution of Pbl, and CH3NH;3I in DMSO
(room temperature) was deposited on the mesoporous TiO, films by spin-coating (slope 1 s,
1000 rpm 40 s, slope 1 s, 0 rpm. 30 s, slope 5 s, 5000 rpm 20 s, slope 5 s: At the last 5 s of
spin-coating, 0.5 mL of toluene was slowly dropped on the rotating substrate.). The resulting

transparent film was annealed on a hot plate at 100 °C for 10 min to form perovskite layer

(250 nm).

3) Preparation of hole-transporting layer and Au electrode

A mixture  of  hole-transporting = material (HTM, 0.050 M) and
[tris(2-(1 H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III)
tris(bis(trifluoromethylsulfonyl)imide)]® (FK209, 0-15.0 mg, 0—0.010 M (for 0.0 eq. —0.20
eq.)) as an oxidizing agent was dissolved with a solution containing chlorobenzene (1 mL),
4-tert-butylpyridine  (TBP, 244 uL, 0.165 M, Aldrich), and lithium
bis(trifluoromethylsulfonyl)imide (LITFSI, 7.6 mg, 0.027 M, Wako Pure Chemical Industries
Co., Ltd.). After 30 min, the resulting suspension was filtered with a membrane filter
(Cosmonice filter S, Nacarai Tesque, Inc.) in order to remove the formed insoluble Co(II)
complex. The hole-transporting layer was deposited on the perovskite layer by spin-coating
(slope 5 s, 4000 rpm, 30 s, slope 5 s) of the obtained filtrate. The resulting film was dried on a
hot plate (at 40 °C for 1-4, and at 70 °C for Spiro-OMeTAD, respectively) for 30 min. Finally,

a gold layer (80 nm) was thermally deposited on the hole-transporting layer.
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Figure S9. Histograms of each value of (a) Jsc, (b) Voc, (¢) FF and (d) PCE for 33 samples
of perovskite solar cells (0.04 cm” mask), which were prepared by optimum two-step

solution method for perovskite layer using Spiro-OMeTAD with 0.10 eq. Co (III) dopant as
a HTM.
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Figure S10. Current density-voltage characteristics of perovskite solar cells using 1 with
different amount of Co(III) dopant (0.0 eq.: black, 0.05 eq.: green, 0.10 eq.: orange, 0.15
eq.: red, 0.20 eq.: blue) measured with a mask (0.04 cm?®) under 100 nW/cm?” photon flux
(AM1.5QG) (solid line) and dark condition (dashed line).

Table S1. Summary of Photovoltaic Parameters Derived from J-V Measurements of

Perovskite Solar Cells using 1

CO(H[I;;)]OPM Jo [MA/em?] Voo [V]  FF PCE[%] R,[Qcm? R, [Qcm?]
0.0 149 082 039 48 15 12 % 10°
0.05 1822 096 057 99 6.8 2.1 x 107
0.10 20.1 099 066 132 70 7.4 x 10?
0.15 20.7 104 073 157 8.6 1.6 x 10°
0.20 20.5 102 071 14.8 6.8 1.6 x 10°

Components in the solution for the deposition of hole-transporting layer: 1 (0.050 M), FK209
(0.0-0.010 M), TBP (0.165 M), and LiTFSI (0.027 M) in chlorobenzene.
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Figure S11. External quantum efficiency spectrum for perovskite solar cell (0.04 cm®
mask) using 1 with 0.15 eq. Co (IIT) dopant, in which perovskite layer was fabricated by

two-step solution method.
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As shown in Figure S12, the cell using 1 showed moderate hysteresis behavior, in which the
forward scan performs better than the reverse scan. This hysteresis behavior is diametrally
opposed to that observed in cells using Spiro-OMeTAD (Figure S13). The origin of this

moderate hysteresis remains unclear at present.

25

—_— — forword
—_ reverse

20 4

-
()]
1

Current density / mA/cm?
o o

0
AN
ASY

_5 T T T T T

0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage / V

Figure S12. Current density-voltage characteristics of perovskite solar cells using 1, in
which perovskite layer was fabricated by one-step solution method, measured by forward
(red) and reverse (blue) scans with a mask (0.10 cm?) under 100 nW/cm® photon flux
(AM1.5G) (solid line) and dark condition (dashed line).

Table S2. Summary of Photovoltaic Parameters Derived from J-V Measurements of
Perovskite Solar Cells using 1, in which Perovskite Layer was Fabricated by
One-Step Solution Method

Scan Direction  Jy. [mA/em®] Voo[V] FF  PCE[%] R,[Qem’ R, [Qcm’]
Forward 21.7 1.08 0.71 16.5 6.9 19 x 10°

Reverse 21.1 1.06 0.70 15.8 7.7 24 x10°

Components in the solution for the deposition of hole-transporting layer: 1 (0.050 M), FK209
(0.0-0.010 M), TBP (0.165 M), and LiTFSI (0.027 M) in chlorobenzene.
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Figure S13. Current density-voltage characteristics of perovskite solar cells using
Spiro-OMeTAD, in which perovskite layer was fabricated by two-step solution method,
measured by forward (red) and reverse (blue) scans with a mask (0.04 cm?) under 100
nW/cm’” photon flux (AM1.5G) (solid line) and dark condition (dashed line).

Table S3. Summary of Photovoltaic Parameters Derived from J-V Measurements of
Perovskite Solar Cells using Spiro-OMeTAD

Scan Direction  Jg [mA/cm?®] Ve [V] FF PCE [%] R,[Qcm’] R, [Qcm?]
Forward 21.0 0.96 0.68 13.6 4.6 2.7 %x10°

Reverse 209 0.96 0.71 14.2 52 3.7 x 10*

Components in the solution for the deposition of hole-transporting layer: Spiro-OMeTAD (0.050
M), FK209 (0.005 M), TBP (0.165 M), and LiTFSI (0.027 M) in chlorobenzene.
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Table S4. Summary of Photovoltaic Parameters Derived from J-} Measurements of

Perovskite Solar Cells using 2—4

HTM CO(HEC?]OPM Jsc [mA/em?]  Voc[V] FE  PCE[%] R.[Qem’] Ry [Qcm’]
2 0.0 14.1 0.84 036 43 34 1.3 x 102
2 0.15 15.9 091 0.7 9.7 47 8.2 x 10?
3 0.0 173 091  0.54 8.5 8.5 2.7 x 10°
3 0.15 17.1 087 0.3 7.9 52 4.1x%10°
4 0.0 1.20 0.78 035 032 350 9.6 x 102
4 0.15 231 070 028 045 180 3.4 x 10°

Components in the solution for the deposition of hole-transporting layer: HTM (0.050 M), FK209 (0.0 or
0.0075 M), TBP (0.165 M), and LITFSI (0.027 M) in chlorobenzene.
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As shown in Figure S14-S19, the cross-sectional SEM images demonstrate that the film
morphology for all doped HTM layers is comparable, suggesting that the observed difference

of photovoltaic performance between the cells using these materials does not depend on the

morphology of the films.

Perovskite

mp-TiO,

Figure S14. Cross-sectional SEM image for perovskite solar cell using 1 with 0.15 eq.
Co (I1I) dopant, in which perovskite layer was fabricated by two-step solution method.

Au
HTL

Perovskite
mp-TiO,

Figure S15. Cross-sectional SEM image for perovskite solar cell using 1 with 0.15 eq.
Co (IIT) dopant, in which perovskite layer was fabricated by one-step solution method.

S26



Perovskite
mp-TiO,

Figure S16. Cross-sectional SEM image for perovskite solar cell using 2 with 0.15 eq.
Co (IIT) dopant, in which perovskite layer was fabricated by two-step solution method.

Perovskite
mp-TiO,

Figure S17. Cross-sectional SEM image for perovskite solar cell using 3 with 0.15 eq.
Co (I1I) dopant, in which perovskite layer was fabricated by two-step solution method.
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Perovskite

mp-TiO,

Figure S18. Cross-sectional SEM image for perovskite solar cell using 4 with 0.15 eq.
Co (IIT) dopant, in which perovskite layer was fabricated by two-step solution method.

Au

HTL
Perovskite

mp-TiO,

200 nm

Figure S19. Cross-sectional SEM image for perovskite solar cell using

Spiro-OMeTAD with 0.10 eq. Co (IIT) dopant, in which perovskite layer was fabricated
by two-step solution method.
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Space-charge-limitation of current (SCLC) method.’

The hole mobilities in the films of materials were measured from the
space-charge-limitation of current (SCLC) J-JV characteristics obtained in the dark for
hole-only devices. Hole mobilities were calculated using the Mott-Gurney law by fitting
Equation 1, where J is the current density, & is the permittivity of free space (8.85 x 1072
F/m), ¢ is the relative permittivity of the material (approaching 3 for organic semiconductors),
w is the hole mobility, V' is the applied voltage, and d is the thickness of the active layer,

respectively.

J—gssqu 1
g P

The ITO-coated glass substrate (5 Q/sq, 2.5 cm % 2.5 cm, GEOMATEC) was washed
carefully under ultrasonic irradiation using acetone (15 min), and ethanol (15 min). The
substrate was further cleaned with a Filgen UV230 UV/ozone cleaner. A thin layer of
PEDOT:PSS (Nagase ChemteX, Denatron PT-100) was prepared onto the ITO surface by the
spin-coating (5000 rpm, 60 s). The resulting substrate was heated at 200 °C for 10 min under
ambient conditions. Then, hole transporting layer was prepared onto PEDOT:PSS layer by
spin-coating (slope 5 s, 2000 rpm, 40 s, slope 5 s) of chlorobenzene solution of hole
transporting material with a concentration of 60 mmol/L. The film thicknesses were measured
with Alpha-Step 1Q (KLA-Tencor Co.). As a counter electrode, Au was deposited on the film
by vacuum evaporation. The current density—voltage curves of the devices were taken with a

Keithley 2400 source.
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Figure S20. J-V characteristics of space-charge-limited current of non-doped
HTMs. Relatively low threshold voltages indicate that these SCLC devices have
ohmic contact.
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Figure S21. Photoelectron spectra measured for the spin-coated film of a) 1 and b) 1 with
Co(III) dopant (0.15 eq.).
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Figure S22. Photoelectron spectra measured with the spin-coated film of a) 2 and b) 2 with
Co(IIT) dopant (0.15 eq.).
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Figure S23. Photoelectron spectra measured for the spin-coated film of a) 3 and b) 3 with
Co(IIT) dopant (0.15 eq.).
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Figure S24. Photoelectron spectra measured for the spin-coated film of a) 4 and b) 4 with
Co(III) dopant (0.15 eq.).
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Figure S25. Photoelectron spectra measured for the spin-coated film of a) Spiro-OMeTAD
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and b) Spiro-OMeTAD with Co(III) dopant (0.10 eq.).
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Figure S26. Photoelectron spectra measured for the perovskite (CH;NH;Pbls) film.
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Time-resolved microwave conductivity (TRMC) method.’
1) Treatment of quartz substrate

Quartz substrate (Daiko MFG Co. Ltd.) was treated with ultrasonic cleaning for 10 min with
acetone and 2-propanol, respectively, and then subjected to an Os/ultraviolet treatment for 30

min.

2) Preparation of HTM solution

A mixture of HTM (0.040 M) and FK209 (0-12.0 mg, 0—0.0080 M) as an oxidizing agent
was dissolved in a solution containing chlorobenzene (1 mL), TBP (19.5 uL, 0.132 M,
Aldrich), and LiTFSI (6.2 mg, 0.022 M, Wako Pure Chemical Industries Co., Ltd.). After 30
min, the resulting suspension was filtered with a membrane filter (Cosmonice filter S, Nacarai

Tesque, Inc.) to remove the formed insoluble Co(II) complex.

3) Fabrication of HTM sample

In a glove box filled with an inert gas, the hole-transporting layer was deposited on the
quartz substrate by spin-coating (slope 5 s, 2000 rpm, 40 s, slope 5 s) of the solution of each
HTM. The resulting film was dried on a hot plate (at 40 °C for 1-4 and at 70 °C for

Spiro-OMeTAD, respectively) for 30 min.

4) Fabrication of perovskite (mesoporous-TiO,/CH3;NH;Pbl;) sample

Quartz substrate was covered with the mesoporous TiO, layer by spin-coating (slope 5 s,
5000 rpm, 30 s, slope 5 s) of a suspension of TiO, paste (PST-18NR, TiO,) in ethanol (paste :
ethanol = 1 : 5 wt ratio), followed by sintering at 500 °C for 20 min. The obtained substrate
was treated with ultraviolet-ozone cleaning for 15 min before used for perovskite layer
fabrication. In a glove box filled with an inert gas, a 0.75 M solution of Pbl, in dehydrated
DMEF (70 °C) was deposited on the mesoporous TiO, films by spin-coating (slope 5 s, 4000
rpm, 20 s, slope 5 s). The resulting yellow film was annealed on a hot plate at 70 °C for 1 h.

The film was dipped for 40 s in a 0.06 M solution of CH3;NH;I in 2-propanol. The formed
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perovskite film was then annealed on a hot plate at 70 °C for 1 h. The hole-transporting layer
was deposited on the perovskite layer by spin-coating (slope 5 s, 2000 rpm, 40 s, slope 5 s) of
the solution of HTM. The resulting film was dried on a hot plate (at 40 °C for 14 and at

70 °C for Spiro-OMeTAD, respectively) for 30 min.

5) TRMC measurement

Transient photoconductivity was measured by flash-photolysis time-resolved microwave
conductivity (FP-TRMC). A resonant cavity was used to obtain a high degree of sensitivity in
the measurement of conductivity. The resonant frequency was set at ~9.1 GHz and the
microwave power was set at 3 mW, so that the electric field of the microwave was sufficiently
small not to disturb the motion of charge carriers. The value of conductivity is converted to the
product of the quantum yield ¢ and the sum of charge carrier mobilities Ju, by ¢2u = Ao
(e]oFlight)_l, where e, I, Fiign, and Ao are the unit charge of a single electron, incident photon
density of excitation laser (photons/m?), a correction (or filling) factor (/m), and a transient
photoconductivity, respectively. The change of conductivity is equivalent with AP/(AP;),
where AP,, P, and A are change of reflected microwave power, a power of reflected
microwave, and a sensitivity factor [(S/m)], respectively. Third harmonic generation (355 nm
for HTM-only samples and 550 nm for perovskite samples w/wo HTL) from an Optical
Parametric Oscillator (OPO) of a Nd:YAG laser (Continuum Surelite 11, 5-8 ns pulse duration)
was used as an excitation source. The incident photon density of HTM-only sample and
perovskite sample were set at 4.6 x 10" photons/cm® and 1.4 x 10" photons/cm?, respectively.
The sample was set at the highest electric field in a resonant cavity. FP-TRMC experiments
were performed at room temperature.

The values of ¢ in the compounds were determined by conventional photo-current
measurement’® in a vacuum chamber (10~ Pa) using an inter-digitated Au electrodes on a
glass substrate with 5 pm gap under excitation at 355 nm with the photon density of 4.6 x 10"
photons/cm”. Transient current was predominantly observed on the film sample under the
applied bias of 0-10 V (0-2.0 x 10" Vem ™), and monitored by a Tektronix TDS3032B digital

oscilloscope.
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Figure S29. Local mobility (Zu) in non-doped films of
Spiro-OMeTAD (blue) and 1 (red) measured by TRMC.
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Figure S30. Maximum TRMC signal (¢Zu) for the spin-coated neat
film (black) and Co(IIl) doped films (red) of 1. The films were
prepared by deposition of the solution containing additives, LiTFSI
(0.54 eq.), TBP (3.3 eq.) and Co(III) dopant (0.0-0.15 eq.).
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Figure S31. Maximum TRMC signal (¢Zu) for the spin-coated film (neat (black) and
doped (red) HTMs): (a) 2, (b) 3, (c) 4, (d) Spiro-OMeTAD. The films were prepared by
deposition of the solution containing additives, LiTFSI (0.54 eq.), TBP (3.3 eq.) and
Co(IIT) dopant (0.0-0.15 eq.).
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Figure S32. a) Image of charge collection at the interface between perovskite and
hole-transporting layer. b—f) ¢XZu transients of perovskite films prior (red) posterior (blue)
to 1 coating at a photon flux of /o = 1.4 x 10"! photons/cm? with different amount of Co(1II)

dopant ((b) 0.0 eq., (c) 0.05 eq., (d) 0.10 eq., (¢) 0.15 eq., and (f) 0.20 eq.).
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Figure S33. ¢Zu transients of perovskite films prior (red) posterior (blue) to HTM coating
at a photon flux of Zo = 1.4 x 10'' photons/cm’: (a) 2 (Co(III): 0.0 eq.), (b) 2 (0.15 eq.), (c) 3
(0.0eq.), (d) 3 (0.15¢q.), (¢) 4 (0.0 eq.), and (f) 4 (0.15 eq.).
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A good correlation was observed between the PCEs of the solar cells and the extent of
transient decay in TRMC measurements for 1—4 as well as the effects of the amount of Co(III)

dopant for 1.

Table S5. Summary for the Parameters in Perovskite Solar Cells and the Transient
Decay of TRMC Measurements for 1-4

Co(IT) .
T maet] 1 T DA (o] ool D e
1 0.0 14.9 0.82 0.39 4.8 15 1.2 x 10? (1] -
1 0.05 18.2 0.96 0.57 9.9 6.8 2.1 x10° -38 2.2
1 0.10 20.1 0.99 0.66 13.2 7.0 7.4 x 10? 56 0.94
1 0.15 20.7 1.04 0.73 15.7 8.6 1.6x10° —58 0.72
1 0.20 20.5 1.02 0.71 14.8 6.8 1.6 x 10° 50 0.77
2 0.0 14.1 0.84 0.36 4.3 34 1.3 x10? -9 2.5
2 0.15 15.9 0.91 0.67 9.7 4.7 8.2 x 10? -19 2.2
3 0.0 17.3 0.91 0.54 8.5 8.5 2.7 x 10° 0 1.4
3 0.15 17.1 0.87 0.53 7.9 5.2 4.1 x 10? -15 1.2
4 0.0 1.20 0.78 0.35 0.32 350 9.6 x 10° -26 -
4 0.15 2.31 0.70 0.28 0.45 180 3.4 x 10? 24 —
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TH NMR (500 MHz, CD,Cly)
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1H NMR (500 MHz, CD,Cly)
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H NMR (500 MHz, CD,Cl,)
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TH NMR (500 MHz, CD,Cl,)
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TH NMR (500 MHz, CD,Cl,)
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TH NMR (500 MHz, CD,Cl,)
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13C NMR (125 MHz, CD,Cly)
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