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Experimental Section

Chemicals: 2,7-dibromo-9-fluorenone, 4-bromophenol, Methane sulfonic acid, 4,4'-
dimethoxydiphenylamine, Sodium tert-butoxide, Tri-tert-butylphosphine, Palladium(II)
acetate, 1,1,2,2-Tetrachloroethane (TeCA), Chlorobenzene (anhydrous 99.8%), acetonitrile
(anhydrous 99.8%), Bis(trifluoromethane)sulfonimide lithium salt (Li-TSFI, 99.95%) and 4-
tert-butylpyridine (t-BP, 96%) were purchased from Sigma-Aldrich. Pbl, (purity 98%) and
PbBr, (purity 99.999%) were purchased from TCI and Alfa, respectively. The t-BP was
distilled before using; all of the other chemicals were used as received. Dye LEG4 and tris(2-
(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(IIl) tris- (bis(trifluoromethyl sulfonyl)imide))
(FK209) was provided by Dyenamo AB. Spiro-OMeTAD was purchased from Luminescence
Technology Corp. Solvents and other chemicals are also commercial available and used as
received unless specially stated. Chromatography was performed using silica gel 60A (35-63
um). NMR spectra were recorded on a Bruker AVANCE 500 MHz spectrometer. High
resolution MALDI spectra were collected with a Fourier transform-ion cyclotron resonance

mass spectrometer instrument (Varian 7.0TFTICR-MS).

Synthesis of 2,2',7,7'-tetrabromospiro[fluorene-9,9'-xanthene] (4Br-SFX): A mixture of
4-bromophenol (17.3 g, 100 mmol), 2,7-dibromo-9-fluorenone (3.38 g, 10 mmol) and
methane sulfonic acid (MeSOzH, d =1.48 g/ml, 2.6 ml, 3.84 g, 40 mmol) was heated at 150
°C for 24 h. The reaction was cooled to room temperture, 100 ml methanol was slowly added
into the mixture, then the white precipitate was filtered and washed with abundant of
methanol, 5.9 g (yield 91 %) white powder was obtained. 'H NMR (500 MHz, (CDs),CO, 298
K), o(ppm): 8.00 (d, J =10 Hz, 2H), 7.69 (d, J = 10 Hz, 2H), 7.48 (d, J = 10 Hz, 2H), 7.43 (s,

2H), 7.30 (d, J= 10 Hz, 2H), 6.53 (s, 2H).

Synthesis of N2,N2,N2',N2',N7,N7,N7',N7'-octakis(4-methoxyphenyl)spiro[fluorene-9,9'-

xanthene]-2,2',7,7'-tetraamine (X60): The synthesis of compound X60 was obtained by



Buchwald-Hartwig reaction in which 4,4’-dimethoxydiphenylamine (1.52 g, 6.62 mmol),

4Br-SFX (1.0 g, 1.54 mmol), NaOtBu (0.74 g, 7.7 mmol), was added to 30 ml of dry toluene.

The system was purged with nitrogen several times. Then P(t-Bu); (0.03 g, 0.124 mmol),

Pd(OAc), (0.03 g, 0.124 mmol) was placed in mixture solution and reaction was refluxed

overnight. Organic phase separation by ethyl acetate and combined organic phases were dried

with MgSO, and purified with chromatography petroleum ether/ethyl acetate (1:1) to afford

1.57 g (yield 82%) of X60. 'H NMR (500 MHz, ds-DMSO, 298 K), 8 (ppm): 7.35 (d, J = 10

Hz, 2H), 6.99 (d, J = 10 Hz, 2H), 6.85~6.67 (m, 34H), 6.60 (d, J = 10 Hz, 2H), 6.54 (s, 2H),

6.07 (s, 2H), 3.71 (s, 12H, OMe), 3.67 (s, 12H, OMe). 3C NMR (500 MHz, d;-DMSO, 298

K), 6 (ppm): 155.48, 154.89, 154.30, 147.44, 145.60, 143.36, 140.56, 140.13, 131.59, 125.97,

125.21, 124.66, 122.66, 120.23, 120.01, 119.84, 117.33, 116.00, 114.76, 114.64, 55.19, 55.18,

53.92.

HR-MS (ESI) m/z: [M+1]* caled for 1240.4986; found, 1241.5033.
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Figure S1."H NMR (ds-DMSO) spectrum of X60.
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Figure S2.3C NMR (ds-DMSO) spectrum of X60.

Optical Characterization

UV-Vis absorption spectra were recorded on a Lambda 750 UV-Vis spectrophotometer. The
fluorescence spectra of dye solutions were recorded on a Cary Eclipse fluorescence

spectrophotometer. All samples were measured in a 1 cm cell at room temperature.

Electrochemical Measurements

Electrochemical experiments were performed with a CH Instruments electrochemical
workstation (model 660A) using a conventional three-electrode electrochemical cell. A
dichloromethane solution (DCM) containing 0.1 M of
tetrabutylammoniunhexafluorophosphate (n-BuyNPF¢) was introduced as electrolyte, where

an Ag/0.01 M AgNOs; electrode (acetonitrile as solvent) was used as the reference electrode



and a glassy carbon disk (diameter 3 mm)as the working electrode, a platinum wire as the
counter electrode. The cyclovoltammetric scan rates were 50 mV/s. All redox potentials were
calibrated vs. normal hydrogen electrode (NHE) by the addition of ferrocene. The conversion

E(Fc/Fc+) =630 mV vs NHE.
Computational Details

In the simulation, Optimization and single point energy calculations are performed using the
cam-B3LYP! and the 6-31G** basis set for all atoms, without any symmetry constraints. All
reported calculations were carried out by means of Gaussian 092. The reorganization energy 4,

is determined by four energies, (the Nelson four-point method) 34:

/1:E+*- E++ E*- E

Where the £+ is the energy of the neutral molecule in the cation symmetry, and the E* is the
energy of the cationic molecule in the neutral symmetry; the E. and E are the optimized

energies of the cationic and neutral molecules.

Non-adiabatic Marcus theory is used for calculate the charge transfer rate’, R:

@G0+@2

2 |J|° T ak,T
e
h 4nAkBT

R=



Where the 4 is the reorganization energy, the J describes the electronic coupling, and AGy is

the free energy between the equilibrium states of the products and reactants.
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Figure S3. Cyclic voltammograms of X60, Spiro-OMeTAD and Ferrocene tested in DCM

(104 M).
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Figure S4. Normalized differential pulsed voltammetry (DPV) of X60 and Spiro-OMeTAD

in DCM (10 M).
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Figure S5. Normalized UV-Visible absorption and photoluminescence of X60 in toluene (10

5 M).
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Figure S6. UV-vis absorption spectra of X60 solution (22X 10> M, in toluene) with the

gradual addition of dopant-FK209.



Table S1. Summary of optical properties and band gap of HTM-X60 and Spiro-OMeTAD.

Auo A Eoo?
HTMs [nm] hm]  [eV]
X60 307 388 419  3.05
Spiro-OMeTAD 306 386 423  3.05

© Calculated from the intersection of the normalized absorption and emission spectra
(Figure SS).

LEG4

Spiro-OMeTAD

Figure S7. Molecular structures of LEG4 and Spiro-OMeTAD.
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Figure S8. Frontier orbitals of X60 and Spiro-OMeTAD.

Table S2. Calculated electrochemical properties of X60 and Spiro-OMeTAD. Energy levels

are given vs. vacuum.

HTMs HOMO  HOMO-1 LUMO LUMO-1
X60 -5.61 -5.49 0.48 0.84
Spiro-OMeTAD -5.59 -5.45 0.47 0.62
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Mobility Measurements

Hole mobility was investigated by the space-charge-limited current (SCLC) method, which

can be described as the following equation:

9  V*

J = gﬂg 0€ r}
where J is the current density, p is the hole mobility, &, is the vacuum permittivity (8.85 x 10
12 F/ m), g, is the dielectric constant of the material (normally taken to approach 3 for organic

semiconductors), V is the applied bias, and d is the film thickness. The hole-only devices

were fabricated according to the literature.%’
Conductivity Measurements

The conductivities of the HTMs were determined by using a two-contact electrical
conductivity set-up, which were performed by following a published procedure.® Glass
substrates without conductive layer were carefully cleaned in ultrasonic baths of detergents,
deionized water, acetone and ethanol successively. Remaining organic residues were removed
with 10 min by airbrushing. A thin layer of nanoporous TiO, was coated on the glass
substrates by spin-coating with a diluted TiO, paste (Dyesol DSL 18NR-T) with terpineol (1:3,
mass ratio). The thickness of the film is ca. 500 nm, as measured with a DekTak profilometer.
After sintering the TiO, film on a hotplate at 500 °C for 30 min, the film was cooled to room
temperature, before it was subsequently deposited by spin-coating of a solution of HTM in
chlorobenzene, whereas the concentrations and additives were the same as in case of
photovoltaic devices. Subsequently, a 200 nm thick Ag back contact was deposited onto the

organic semiconductor by thermal evaporation in a vacuum chamber with a base pressure of

11



about 10 bar, to complete the device fabrication. J-V characteristics were recorded on a

Keithley 2400 Semiconductor Characterization System.

Device Fabrication

Solid-state dye-sensitized solar cells:® Fluorine-doped tin-oxide (FTO) coated glass
substrates (Pilkington TEC15) were patterned by etching with zinc powder and 2 M
hydrochloric acid. The substrates were carefully cleaned in ultrasonic baths of detergents,
deionized water, acetone and ethanol successively. The remaining organic residues were
removed with 10 min by airbrush. A compact TiO, blocking layer was deposited onto the
surface of a pre-cleaned FTO substrate by spray pyrolysis on a hotplate at 450 °C using an
airbrush. The solution used in the spray pyrolysis was 0.2 M Ti-isopropoxide, 2 M
acetylacetone in isopropanol. In all electrode preparations 10 spray cycles were used as
standard parameter. Nanoporous TiO; films were coated on the compact TiO, layer by screen-
printing of a diluted TiO, paste (Dyesol DSL 18NR-T) with terpineol (2:1, mass ratio). The
thickness of the film is ca. 2.5 um, as measured with a DekTak profilometer. After sintering
the TiO, film on a hotplate at 500 °C for 30 min, the film was cooled to room temperature and
immersed in 0.02 M aqueous TiCly at 70 °C for 30 min. The film was then rinsed by
deionized water and then annealed on a hotplate at 500 °C for 30 min. After cooling to 90 °C,
the film was immersed for 2 h in 0.1 mM solution of LEG4 dissolved in tert-butanol and
acetonitrile (1:1), and then the sensitized electrodes were rinsed by ethanol and dried.
Subsequently, the HTM solutions were prepared by dissolving the X60 in chlorobenzene at a
concentration of 150 mM, with addition of LiTFSI (20 mM, from a stock solution in
acetonitrile with concentration of 0.5 M) and t-BP (200 mM, from a stock solution in
chlorobenzene with concentration of 1.0 M). The HTM solution was left on the sensitized
electrode for 30 s and then followed by spin-coating for 30 s with 2000 rpm. All of the HTM

solutions were prepared in glove box under nitrogen atmosphere; chlorobenzene and
12



acetonitrile were deaerated by bubbling with dry nitrogen for half hours before introducing
into glove box environment. The TeCA-doped HTM solutions (Doping with 4 % TeCA,
volume ratio relative to chlorobenzene) were illuminated one minute for generation of the
Spiro-OMeTAD™ by UV light (A=380 nm) before spin coating. Subsequently, a 200 nm thick
Ag back contact was deposited onto the organic semiconductor by thermal evaporation in a

vacuum chamber with a base pressure of about 10-° bar, to complete the device fabrication.

Perovskite solar cells: The devices of PSCs were fabricated according to a published
method.” The washing and etching procedures were the same as in case of ssDSC devices. A
20~30 nm TiO, blocking layer was deposited on the cleaned FTO glass by spray pyrolysis
using O, as the carrying gas at 450°C from a precursor solution of 0.6 ml titanium
diisopropoxide and 0.4 ml Acetylacetonate in 7 ml anhydrous Isopropanol. A 200 nm
mesoporous TiO, was coated on the substrate by spin coating with a speed of 4500 rpm for 15
s with a ramp of 2000 rpm-s-!, from a diluted 30 nm particle paste (Dyesol) in Ethanol, the
weight ratio of TiO, (Dyesol paste) and Ethanol is 5.5:1. After that, the substrate was
immediately dried on a hotplate at 80°C, and then the substrates were sintered at 500°C for 20
min. The perovskite film was deposited by spin coating onto the TiO, substrate. The
perovskite layer was deposited by spin coating the perovskite precursor solution in one-step,
which was prepared by mixing of the formamidinium iodide (FAI), lead iodide (Pbl,),
methylamonium bromide (MABr) and lead bromide (PbBr;) in a mixed solvent of DMF and
DMSO solution (volume ratio 4:1) with the molar concentration of 1.35M Pb%* (Pbl, and
PbBr;). The molar ratio of Pbl,/PbBr,=85/15, Pbl,/FAI=1.05, PbBr,/MABr=1/1. The spin
coating procedure was done in an Argon flowing glovebox, first 2000 rpm for 10 s with a
ramp of 200 rpm-s’!, second 6000 rpm for 30 s with a ramp of 2000 rpm-s'. 110 pl
chlorobenzene was dropped on the spinning substrate during the second spincoating step 20 s

before the end of the procedure. The substrate was then heated at 100°C for 90 min on a
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hotplate. After cooling down to room temperature, HTM was subsequently deposited on the
top of the perovskite layer by spin coating at 3000 rpm for 20 s. The HTM solutions were
prepared by dissolving the X60 in chlorobenzene at a concentration of 60 mM, with the
addition of 30 mM LiTFSI (from a stock solution in acetonitrile with concentration of 1.0 M),
200 mM of t-BP (from a stock solution in chlorobenzene with concentration of 1.0 M) and 1.8
mM FK209 (from a stock solution in acetonitrile with concentration of 0.5 M). The HTM
solution was dripped on the perovskite electrode and then followed by spin-coating for 30 s
with 3000 rpm. All of the HTM solutions were prepared in glove box under nitrogen
atmosphere; chlorobenzene and acetonitrile were deaerated by bubbling with dry nitrogen for
half hours before introducing into glove box environment. Finally, 80 nm of gold was

deposited by thermal evaporation using a shadow mask to pattern the electrodes.

Device Characterization

Current-Voltage characteristics were recorded by applying an external potential bias to the
cell while recording the generated photocurrent with a Keithley model 2400 digital source
meter. The light source was a 300 W collimated xenon lamp (Newport) calibrated with the
light intensity to 100 mW-cm2 at AM 1.5 G solar light condition by a certified silicon solar
cell (Fraunhofer ISE). IPCE spectra were recorded on a computer-controlled setup comprised
of a xenon lamp (Spectral Products ASB-XE-175), a monochromator (Spectral Products
CM110) and a Keithley multimeter (Model 2700). The setup was calibrated with a certified
silicon solar cell (Fraunhofer ISE) prior to measurements. The prepared ssDSC samples were
masked during the measurement with an aperture area of 0.126 cm? (diameter 4 mm) exposed
under illumination. The prepared PSC samples were masked during the measurement with an

aperture area of 0.16 cm? exposed under illumination.
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Figure S10. Corresponding IPCE spectrum of the X60-based PSCs.
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Figure S11. Histogram of ssDSCs efficiencies based on X60 as HTM (at least 16 devices

were studied).
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Figure S12. Histogram of PSCs efficiencies based on X60 as HTM (at least 12 devices were

studied).
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Synthesis cost estimation of 1 gram 4Br-SBF and 4Br-SFX.

We roughly estimated the synthesis cost of 1 gram 4Br-SBF and 4Br-SFX according to the
cost model that was described by Pablo et al.! and Osedach et al.'' The quotes (for bulk
quantities when possible) have been collected from major chemical suppliers (Sigma-Aldrich,
Alfa, TCI and Fischer) for all used chemicals. The estimated synthesis cost of 4Br-SFX (1.12
$/g) is 30 times lower than that of the 4Br-SBF (33.89 $/g). (Figure S13 and S14, Table S3

and S4).

4-bromophenol: 294 g —— 0

e (FENES S S @
Water: 100 g 1.70 mmol

Methanol: 100 g Molecular Weight: 338.0

91%

o
— > Reagants O O
Br Br

—— > Solvents 1.00g

o e
Workup materials

Molecular Weight: 648.0

4Br-SFX

Figure S16. Synthetic routes 1 gram of 4Br-SFX.
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Table S3: Materials quantities and cost for the synthesis of 4Br-SFX.

Weight  Weight  Weight Price of Materlal - Gost per
Chemical name reagent solvent workup Chemical ($lg step
(9) (9) (9) ($/kg) product)  \%/step)
2,7-dibromo-9- 57 421.00 0.24 1.12
fluorenone
4-bromophenol 294 ¢ 203.78 0.60
Methane
sulfonic acid 0.65g 85.21 0.06
Methanol 100 g 2.21 0.22
Water 100 g - -
Total 4169 200 g 1.12 $/g

20



Phenyl boronic acid: 0.74 g ———>
K2C032 2.0 g
PdCly(PPhs),: 0.061 g

Water: 2.6 g
DME: 14.8 g

Extraction
Water: 23.5g
Et,0: 174 g
MgSOQO4: 1.65 g

Column
Heptane: 311 g
EtOAc: 174 g
SiO,: 428 g

9-fluorenone: 0.95 g
Mg: 0.14 g
THF:3.5¢g

Washing
Methanol: 75 g

Quenching

HCI solution: 21 g
Methanol: 75 g
Crystallisation
Acetic acid: 100 g

FeCl3: 0.002g ———
Bry: 1.74 g
CHCI;: 9.6 g

Quenching
NH4OH solution: 3.5 g

Crystallisation ——
CHCI3: 65 g
Ethanol: 35 g

— > Reagants

— > Solvents

Workup materials

Co

1629
5.71 mmol
Molecular Weight: 282.9
90%
O Br
1209
5.14 mmol ‘
Molecular Weight: 233.1
56%
091g I
2.88 mmol 0.0
Molecular Weight: 316.4
55%
e
1.00g
1.58 mmol

ate™

Molecular Weight: 632.0

4Br-SBF

Figure S17. Synthetic routes of 1 gram of 4Br-SBF.!°

21




Table S4: Materials quantities and cost for the synthesis of 4Br-SBF.10

Weight  Weight  Weight Priceof ~ Material oot per
. . cost
Chemical name reagent solvent workup Chemical ($lg step
(9) (9) (9) ($/kg) product)  (%/step)
Phe“’;'c"?gm“'c 0.74 g 1419.73 1.05 28.63
K.CO; 209 6.74 0.02
PdCIx(PPh;), 0.061 g 16,701.4 1.02
Water 269 - -
Dimethoxyethane 14.8¢ 94.77 1.40
Water 235¢g - -
Diethyl ether 174 g 22.89 3.98
MgSO, 1659 54.24 0.09
Heptane 31149 4.59 1.43
Ethyl acetate 174 g 3.63 0.63
Silica gel 428 g 44.41 19.01
9-Fluorenone 0.95¢ 162.72 0.15 4.62
Magnesium 0.14 ¢ 36.32 0.01
Tetrahydrofuran 35¢g 9.94 0.04
Methanol 759 2.21 0.17
Hydrochloric
icid (5%) 21g 3.13 0.07
Methanol 759 2.21 0.17
Acetic acid 100 g 40.12 4.01
Iron(lll) chloride 0.002 g 17.09 0 0.64
Bromine 1.74 g 44 .33 0.08
Chloroform 96¢g 26 0.03
NH4OH (25%) 35¢g 8.14 0.03
Chloroform 659 26 0.17
Ethanol 35¢g 9.53 0.33
Total 5.633 g 30.5¢g 1486.65 g - - 33.89 $/g
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