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1. Experimental Section

1.1 Materials and Synthesis. 

Synthesis of 4,4'-(spiro[cyclopenta[2,1-b:3,4-b']dithiophene-4,9'-fluorene]-2',7'-

diyl)bis(N,N-bis(4-methoxyphenyl)aniline) (SDTF-1). A flame dried Schlenk tube 

was charged with 1 (250 mg, 0.51 mmol), 2 (898.6 mg, 2.57 mmol) and Pd(PPh3)4 (60 

mg, 0.052 mmol). The Schlenk tube was evacuated and backfilled with nitrogen three 

times. After the addition of dry DME (20 mL), a solution of KF (303 mg, 5.2 mmol) in 

3 mL of water was added and the reactor was brought into an oil bath pre-heated at 

85 °C. The reaction mixture was stirred at this temperature overnight. After cooling to 

room temperature, the mixture was treated with water and diluted with CH2Cl2. The 

organic phase was washed with water, brine and dried over MgSO4. After filtration, the 

solvent was removed at reduced pressure and the crude material was purified by column 

chromatography (silica gel, CH2Cl2) affording the title compound as dark yellow solid 

(300 mg, 63% yield). 1H NMR (400 MHz, CDCl3 + 1% v/v NH2NH2
.H2O) δ: 7.81 (d, 

J = 7.9 Hz, 2H, Fluor-H), 7.55 (dd, J1 = 7.9 Hz, J2 = 1.7 Hz, 2H, Fluor-H), 7.29 (d, J = 

6.7 Hz, 4H, Ar-H), 7.06 (d, J = 4.9 Hz, 2H, Thioph-H), 7.02 (d, J = 6.7 Hz, 8H, Ar-H), 

6.98 (d, J = 1.5 Hz, 2H, Fluor-H), 6.89 (d, J = 6.8 Hz, 4H, Ar-H), 6.80 (d, J = 6.7 Hz, 

8H, Ar-H), 6.46 (d, J = 4.9 Hz, 2H, Thioph-H), 3.78 (s, 12H, OCH3). 13C NMR (100.6 

MHz, CDCl3 + 1% v/v NH2NH2
.H2O) δ: 155.8, 154.8, 148.0, 146.0, 140.8, 140.3, 139.9. 

138.4, 132.9, 127.4 (Ar-C), 126.4 (Ar-C), 126.3 (Fluor-C), 125.5 (Thioph-C), 121.7 

(Thioph-C), 121.5 (Fluor-C), 120.8 (Ar-C), 120.2 (Fluor-C), 114.6 (Ar-C), 61.9, 55.5 

(OCH3).
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Synthesis of Dimethyl 9-(5,5'-Bis(trimethylsilyl)-2,2'-bithiophen-3-yl)-fluoren-9-ol 

(4). To a solution of protected dithiophene 3 (412 mg, 1.05 mmol) in dry Et2O (16 mL) 

cooled to -78 °C, BuLi (1.6 M in hexane, 0.78 mL, 1.05 mmol) was added dropwise 

under stirring. After 2 h, a solution of 9-fluorenone (161 mg, 0.89 mmol) in dry Et2O 

(5 mL) was added dropwise. At the end of the addition, the cooling bath was removed 

and mixture was allowed to return to room temperature and left under stirring for 4 h. 

After quenching with careful addition of water and phase separation, the organic layer 

was washed with water, brine and dried over MgSO4. After filtration, the solvent was 

removed at reduced pressure and the crude material was purified by flash column 

chromatography (silica gel, petroleum ether:AcOEt = 95:5) affording the title 

compound (365 mg, 83% yield) as an off-white foam. 1H NMR (400 MHz, CDCl3) δ: 

7.74 (s, 1H, Thioph-H), 7.39 (d, J = 7.4, 2H, Fluor-H), 7.32 (dd, J = 7.3, 2H, Fluor-H ), 

7.24 (t, J = 7.5, 2H, Fluor-H), 7.17 (t, J = 7.4, 2H, Fluor-H), 6.62 (d, J = 3.3, 1H, Thioph-

H), 6.04 (d, J = 3.3, 1H, Thioph-H), 0.37 (s, 9H, SiCH3), 0.21 (s, 9H, SiCH3). 13C NMR 

(100.6 MHz, CDCl3) δ: 149.62, 142.26, 141.93, 139.83, 139.65, 138.90, 135.66, 135.00 

(Thioph-H), 133.04 (Thioph-H), 129.67 (Thioph-H), 129.07 (Fluor-H), 128.23 (Fluor-

H), 124.88 (Fluor-H), 119.90 (Fluor-H), 82.55, 0.13 (SiCH3), -0.04 (SiCH3).

Synthesis of 9-(5,5'-Dibromo-2,2'-bithiophen-3-yl)-fluoren-9-ol (5). To a solution of 

carbinol 4 (365 mg, 0.74 mmol) in CHCl3 (10 mL) cooled to -78 °C, NBS (290 mg, 

1.62 mmol) was added under stirring. The temperature was allowed to return to room 

temperature and the mixture left stirring overnight. After the addition of water and 
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phase separation, the organic layer was washed with water and dried over MgSO4. After 

filtration, the solvent was removed at reduced pressure and the crude material was 

purified by column chromatography (silica gel, petroleum ether:AcOEt = 97:3) 

affording the title compound (300 mg, 80% yield) as a white solid. 1H NMR (400 MHz, 

CDCl3) δ: 7.45-7.43 (m, 3H, Fluor-H, Thioph-H), 7.33-7.31 (m, 4H, Fluor-H), 7.24 (dt, 

J1 = 7.4 Hz, J2 = 1.0 Hz, 2H, Fluor-H), 6.50 (d, J = 3.8 Hz, 1H, Thioph-H), 5.81 (d, J = 

3.8 Hz, 1H, Thioph-H). 13C NMR (100.6 MHz, CDCl3) δ: 148.9, 143.1, 139.6, 133.7, 

131.2, 130.4 (Fluor-C), 129.5 (Thioph-C), 129.4 (Fluor-C), 128.9 (Thioph-C), 128.4 

(Fluor-C), 124.6 (Fluor-C), 120.0 (Fluor-C), 113.9, 111.7, 82.1.

Synthesis of 2,6-dibromospiro[cyclopenta[2,1-b:3,4-b']dithiophene-4,9'-fluorene] (6). 

To boiling CHCl3 (amylene stabilised, 250 mL) containing FeCl3 (24 mg, 0.15 mmol), 

carbinol 5 (600 mg, 1.19 mmol) was added. The solution became green and after 30 

min under stirring the disappearance of starting material was confirmed by TLC 

analysis. The mixture was cooled to room temperature and the solvent removed at 

reduced pressure. The crude material was purified by column chromatography (silica 

gel, petroleum ether:CHCl3 = 9:1) to give the title compound (451 mg, 78% yield) as a 

white solid. 1H NMR (400 MHz, CDCl3) δ: 7.79 (d, J = 7.6 Hz, 2H, Fluor-H), 7.38 (dt, 

J1 = 7.5 Hz, J2 = 1.0 Hz, 2H, Fluor-H), 7.16 (dt, J1 = 7.5 Hz, J2 = 1.0 Hz, 2H, Fluor-H), 

6.85 (d, J = 7.6 Hz, 2H, Fluor-H), 6.43 (s, 2H, Thioph-H). 13C NMR (100.6 MHz, CDCl3) 

δ: 152.5, 143.6, 141.6, 138.2, 128.4 (Fluor-C), 127.9 (Fluor-C), 124.5 (Thioph-C), 

123.6 (Fluor-C), 120.3 (Fluor-C), 112.1 (Thioph-C), 62.7.

Synthesis of 4,4'-(spiro[cyclopenta[2,1-b:3,4-b']dithiophene-4,9'-fluorene]-2,6-

diyl)bis(N,N-bis(4-methoxyphenyl)aniline) (SDTF-2). A flame dried Schlenk tube 

was charged with 6 (354 mg, 0.73 mmol), 2 (1,27 g, 3.64 mmol) and Pd(PPh3)4 (85 mg, 

0.073 mmol). The Schlenk tube was evacuated and backfilled with nitrogen three times. 

After the addition of dry DME (28 mL) a solution of KF (430 mg, 7.27 mmol) in 4 mL 

of water was added and the reactor was brought into an oil bath pre-heated at 85 °C. 

The reaction mixture was stirred at this temperature overnight. After cooling to room 

temperature, the mixture was treated with water and diluted with CH2Cl2. The organic 
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phase was washed with water and dried over MgSO4. After filtration, the solvent was 

removed at reduced pressure and the crude material was purified by column 

chromatography (silica gel, CH2Cl2) affording the title compound as an orange solid 

(530 mg, 78% yield). 1H NMR (400 MHz, CDCl3 + 1% v/v NH2NH2
.H2O) δ: 7.83 (d, 

J = 7.6 Hz, 2H, Fluor-H), 7.38 (m, 2H, Fluor-H), 7.26 (d, J = 6.8 Hz, 4H, Ar-H), 7.16 

(m, 2H, Fluor-H), 7.02 (d, J = 8.9 Hz, 8H, Ar -H), 6.97 (d, J = 7.5 Hz, 2H, Fluor-H), 

6.84-6.80 (m, 12H, Ar-H), 6.53 (s, 2H, Thioph-H), 3.79 (s, 12H, OCH3). 13C NMR 

(100.6 MHz, CDCl3 + 1% v/v NH2NH2
.H2O) δ: 155.8, 154.7, 147.8, 145.3, 141.6, 140.7, 

136.7, 127.9 (Fluor-C), 127.8 (Fluor-C), 127.1, 126.4 (Ar-C), 125.7 (Ar-C), 123.9 

(Fluor-C), 120.7 (Ar-C), 120.1 (Fluor-C), 116.1 (Thioph-C), 114.7 (Ar-C), 62.5, 55.5 

(OCH3). 

Synthesis of 9-(5,5'-Dibromo-2,2'-bithiophen-3-yl)-2,7-dibromo-fluoren-9-ol (8). To 

a solution of carbinol 7 (352.7 mg, 0.54 mmol) in CHCl3 (7 mL) cooled to -78 °C, NBS 

(216.8 mg, 1.21 mmol) was added under stirring. The temperature was allowed to return 

to room temperature and the mixture left stirring overnight. After the addition of water 

and phase separation, the organic layer was washed with water and dried over MgSO4. 

After filtration, the solvent was removed at reduced pressure and the crude material was 

purified by column chromatography (silica gel, petroleum ether:CH2Cl2 = 6:4) 

affording the title compound (330 mg, 92% yield) as a white solid. 1H NMR (400 MHz, 

CDCl3): δ 7.50 (s, 1H, Thioph-H), 7.45-7.43 (m, 4H, Fluor-H), 7.28-7.25 (m, 2H, Fluor-

H), 6.51 (d, J = 3.8 Hz, 1H, Thioph-H), 5.83 (d, J = 3.8 Hz, 1H, Thioph-H). 13C NMR 
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(100.6 MHz, CDCl3): δ 150.4, 141.8, 137.5, 133.2, 132.7 (Fluor-C), 130.7 (Thioph-C), 

130.5, 129.8 (Thioph-C), 129.05 (Thioph-C), 128.2 (Fluor-C), 122.5, 121.4 (Fluor-C), 

114.5, 112.6, 81.5.

Synthesis of 2,6,6’,7'-Tetrabromospiro[cyclopenta[2,1-b:3,4-b']dithiophene-4,9'-

fluorene] (9). To boiling CHCl3 (amylene stabilized, 250 mL) containing FeCl3 (28 mg, 

0.17 mmol), carbinol 8 (450 mg, 0.68 mmol) was added. The solution became green 

and after 30 min under stirring the disappearance of starting material was confirmed by 

TLC analysis (silica gel, Petroleum ether: CH2Cl2 = 6:4). The mixture was cooled to 

room temperature and the solvent removed at reduced pressure. The crude material was 

purified by column chromatography (silica gel, petroleum ether:CHCl3 95:5) to give the 

title compound (360 mg, 82% yield) as a white solid. 1H NMR (400 MHz, CDCl3): δ 

7.63 (d, J = 8.4 Hz, 2H, Fluor-H), 7.49 (d, J = 8.4 Hz, J = 1.6 Hz, 2H, Fluor-H), 7.12 

(d, J = 5.0 Hz, 1H, Thioph-H), 6.95 (d, J = 1.6 Hz, 2H, Fluor-H), 6.41 (d, J = 5.0 Hz, 

1H, Thioph-H). 13C NMR (100.6 MHz, CDCl3): δ 152.9, 147.1, 139.5, 138.9, 131.3 

(Fluor-C), 126.9 (Thioph-C), 126.1 (Fluor-C), 121.8, 121.5 (Fluor-C), 121.3 (Thioph-

C), 61.3.

Synthesis of 4,4',4'',4'''-(spiro[cyclopenta[2,1-b:3,4-b']dithiophene-4,9'-fluorene]-

2,2',6,7'-tetrayl)tetrakis(N,N-bis(4-methoxyphenyl)aniline) (SDTF-3). A flame dried 

Schlenk tube was charged with 9 (250 mg, 0.39 mmol), boronic acid 2 (1.15 g, 3.3 

mmol) and Pd(PPh3)4 (90 mg, 0.078 mmol). The Schlenk tube was evacuated and 

backfilled with nitrogen three times. After the addition of dry DME (20 mL) a solution 

of KF (383 mg, 6.6 mmol) in 3.5 mL of water was added and the reactor was brought 

into an oil bath pre-heated at 85 °C. The reaction mixture was stirred at this temperature 

overnight. After cooling to room temperature, the mixture was treated with water and 

diluted with CH2Cl2. The organic phase was washed with water, brine and dried over 

MgSO4. After filtration, the solvent was removed at reduced pressure and the crude 

material was purified by column chromatograpy (silica gel, from 100% CH2Cl2 to 

CH2Cl2: MeOH = 100:1). The dark yellow fraction collected was dissolved in CH2Cl2 

and precipitated from Petroleum Ether affording the title compound as a dark yellow 
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solid (380 mg, 64% yield). 1H NMR (400 MHz, CDCl3 + 1% v/v NH2NH2
.H2O): δ 7.81 

(d, J = 7.9 Hz, 2H, Fluor-H), 7.55 (dd, J1 = 7.9 Hz, J2 = 1.6 Hz, 2H, Fluor-H), 7.29 (d, 

J = 8.7 Hz, 4H, Ar-H), 7.24 (d, J = 8.8 Hz, 4H, Ar-H), 7.07 (d, J = 1.6 Hz, 2H, Fluor-

H), 7.01-6.97 (m, 16H, Ar-H), 6.88 (d, J = 8.7 Hz, 4H, Ar-H), 6.81-6.75 (m, 20H, Ar-

H), 6.56 (s, 2H, Thioph-H), 3.76 (s, 24H, OCH3). 13C NMR (100.6 MHz, CDCl3 + 1% 

v/v NH2NH2
.H2O): δ 155.8, 155.7, 154.9, 147.9, 147.8, 146.2, 145.2, 140.9, 140.7, 

140.4, 139.8, 136.8, 132.9, 127.5 (Ar-C), 127.2, 126.4 (Ar-C), 126.3 (Fluor-C), 125.7 

(Ar-C), 121.7 (Fluor-C), 120.9 (Ar-C), 120.8 (Ar-C), 120.2 (Fluor-C), 116.4 (Thioph-

C),114.6 (Ar-C), 62.6, 55.5 (OCH3).

Cost estimation for SDTF-2 The lab synthesis costs of SDTF-2 were estimated on the 

base of a model originally proposed by Osedach et al.1 For every synthetic step the 

actual amounts of reactants, catalysts, reagents, solvents and materials for workup and 

purification required to obtain 1 g of SDTF-2 are reported (Tables S1 and S2). The use 

of 1 g of drying agent (MgSO4) was assumed to be required to obtain 1 g of the 

(intermediate) product. The lab synthesis costs per kg of the home-made intermediates 

3-Bromo-5,5'-bis(trimethylsilyl)-2,2'-bithiophene and Bis(4-methoxyphenyl)amine 

were previously estimated by Saliba et al.2 The price per kg of the commercially 

available chemicals and the cost per kg of the home-made intermediates 3-Bromo-5,5'-

bis(trimethylsilyl)-2,2'-bithiophene and 4-(bis(4-methoxyphenyl)amino)phenylboronic 

acid were multiplied by the quantities that are required for the synthesis. The costs thus 

obtained were summed up affording an estimation of the direct material cost for SDTF-

2 (86.44 €/g = 98.24$/g, Table S1).

1.2 Theoretical Calculations.

Energy decomposition analysis (EDA) was carried out using AMBER force field for 

dimers in single-crystals with the MultiWFN package (version 3.8),3 also based on 

single-point energy calculation at the M06-2X/6-31G(d,p) level of theory. The total 

intermolecular interaction energy (Eint) can be decomposed into the electrostatic (Eele), 

repulsion (Erep), and dispersion (Edisp) energies as described by

                                 (1)𝐸𝑖𝑛𝑡 = 𝐸𝑒𝑙𝑒 + 𝐸𝑟𝑒𝑝 + 𝐸𝑑𝑖𝑠𝑝
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The hole-transfer integral (V) is defined as the strength of electronic coupling between 

the highest occupied molecular orbitals (HOMO) of molecules in dimers of single 

crystals by equation

                                      (2)𝑉 =  ⟨𝜑HOMO
𝑖 │𝐹│𝜑HOMO

𝑓 ⟩

Where  represents the wavefunction and F is the Fock operator. The hole-transfer 𝜑

integral was calculated with the Gaussian 09 program package at the M06-2X/6-

31G(d,p) level of theory. The hole-transfer rate constant (ki) can be described by Marcus 

theory5 as follows:

                                (3)𝑘𝑖 =  
4𝜋2𝑉2

𝑖

ℎ
1

4𝜋𝜆𝑘𝐵𝑇exp [ ―
𝜆

4𝑘𝐵𝑇]
Where Vi is the hole-transfer integral between adjacent molecules in single crystal 

structure, λ is the reorganization energy, h is the Planck constant, kB is the Boltzmann 

constant and T is the temperature in kelvin. The reorganization energy (λ) of hole-

transfer is composed of internal reorganization energy and external reorganization 

energy. The external part can be ignored because of its little contribution in the solid 

state. The internal part is dependent of the change of molecular geometry during hole-

transfer process. By definition

                              (4)𝜆 ≈  𝜆int = (𝐸 ∗
0  –𝐸0) +(𝐸 +  –𝐸 ∗

+ )

where  is the energy of neutral in ion geometry,  is the energy of neutral in 𝐸 ∗
0 𝐸0

neutral geometry,  is the energy of ion in ion geometry, and  is the energy of 𝐸 + 𝐸 ∗
+

ion in neutral geometry. The diffusion coefficient ( D ) is defined as

                                           (5)𝐷 =  
1

2𝑛∑
𝑖𝑑

2
𝑖 𝑘𝑖𝑝𝑖

where n represents the dimensionality of the single crystal with a value of 3. di and ki 

are the centroid distance and the hopping rate, respectively. Pi is the relative hopping 

probability via path i, which can be generalized as

                                                  (6)𝑝𝑖 =  
𝑘𝑖

∑
𝑖𝑘𝑖

In the end, the charge mobility (µ) can be derived via Einstein-Smoluchowski equation

                                                   (7)µ =  
𝑒𝐷
𝑘𝐵𝑇
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where e is the elementary charge.

The interaction energies (ΔE) calculations based on density functional theory (DFT) 

were performed using the Vienna ab initio simulation package4 through the following 

formula:5 

                                 (8)𝛥E = E𝑖𝑛𝑡𝑒𝑟 –Eℎ𝑡𝑚 –E𝑝𝑒𝑟𝑜𝑣

Where  is the energy of the interface,  is the energy of the isolated E𝑖𝑛𝑡𝑒𝑟 Eℎ𝑡𝑚

molecules and  is the energy of the isolated perovskite slab. DFT calculations E𝑝𝑒𝑟𝑜𝑣

used the Projector Augmented Wave (PAW) method to describe the effects of core 

electrons and Perdew-Burke-Ernzerhof (PBE)6 implementation of the Generalized 

Approximation (GGA) for the exchange-correlation functional. The energy cutoff for 

the plane-wave basis set of 500 eV was used for the calculations. The total energy 

tolerance for the electronic energy minimization was 10-4 eV; for structure optimization, 

forces were minimized such that all atoms experience forces < 0.05 eV Å-1 after 

relaxation of the ionic coordinates and unit cell shape and volume. The k-point meshes 

for different structures were generated according to the Gamma centered scheme for 

the Brillouin zones. The perovskite model system is made by 3×3×1 perovskite slabs 

oriented along the 010 direction for the MAI-teminated surface.
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2. Additional Figures and Tables

Figure S1. DSC traces of SDTF-1, SDTF-2 and SDTF-3.
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Figure S2. Optimized geometries of SDTF-3 in top view (a) and side view (b).



S14

Figure S3. Single crystal structures of SDTF-1 viewed from the crystallographic (a) a 

axis, (b) b axis and (c) c axis.
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Figure S4. Single crystal structures of SDTF-2 viewed from the crystallographic (a) a 

axis, (b) b axis and (c) c axis.
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Figure S5. Predicted single crystal structures of SDTF-3 viewed from the 

crystallographic (a) a axis, (b) b axis and (c) c axis.
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Figure S6. Molecular packing structures and interaction energies of dimers 1-5 

extracted from (a-e) SDTF-3 and isodensity surface plots of intermolecular HOMO 

overlaps of dimers 1-5 extracted from (f-j) SDTF-3.
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Figure S7. Statistics of the photovoltaic parameters for SDTF-1, SDTF-2, and 
SDTF-3 based devices over four different batches.
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Figure S8. J−V curve of PSC employing spiro-OMeTAD as HTM. 
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Figure S9. Aging data with solar concentrator of SDTF-2 and spiro-OMeTAD. 
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Table S1. Materials quantities and cost for the synthesis of SDTF-2.

Chemical 
Weight 
reagent 

(g/g)

Weight 
solvent 

(g/g)

Weight 
workup 

(g/g)

Price of 
Chemical 

(€/kg)

Chemical cost 
(€/g final 
product)

Cost per 
step 

(€/step)

3 1.24 8848.21 10.95
fluoren-9-one 0.48 116.40  0.06
BuLi (1.6M) 1.35 137.66  0.19
Et2O dry 44.85 128.38  5.76
MgSO4 1.08 48.48  0.05
SiO2 51.43 21.19  1.09
EtP 419.91 4.38  1.82
AcOEt 30.93 2.44  0.08 20.00
4 1.08
NBS 0.86 19.50  0.02
CHCl3 16.09 1,66  0.03
MgSO4 0.89 48.48  0.04
SiO2 32.35 21.19  0.69
EtP 267.78 4.38  1.17
AcOEt 11.67 2.44  0.03 1.98
5 0.89
FeCl3 0.05 19.18  0.01
CHCl3

a,b 68.87 4.36  0.30
SiO2 26.59 21.19  0.56
EtP 204.20 4.38  0.89
CHCl3 52.89 1.66  0.09 1.85
6 0.67
boronic acid 2.39 21029.28 50.26c

Pd(PPh3)4 0.16 5014.4  0.79
DME 45.72 188.97  8.64
KF 0.80 258.4  0.21
CH2Cl2 69.87 1.66  0.12
MgSO4 1.00 48.48  0.05
SiO2 91.81 21.19  1.95
CH2Cl2 353.30 1.66  0.59 62.61
Total 9.96 175.53 1615.70 86.44

a Stabilized with amylene. The solvent recovered by evaporation under reduced pressure has been 
reused in more than five subsequent runs affording constant yields of product. b 746 g of solvent has 
been used to produce 7.2 g of product in sixteen subsequent cyclization runs, each one performed 
on 0.6 g of starting material. c See Table S2
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Table S2. Materials quantities and cost for the synthesis of 4-(bis(4-

methoxyphenyl)amino)phenylboronic acid (2).

Chemical
Weight 
reagent 

(g/g)

Weight 
solvent 

(g/g)

Weight 
workup 

(g/g)

Price of 
Chemical 

(€/kg)

Chemical 
cost (€/g 

final 
product)

Cost 
per 
step 

(€/step)

Bis(4-
methoxyphenyl)amine 4.74 6860.00  32.52

iodobenzene 12.66 186.94  2.37
CuI 0.08 87.04  0.01
tBuOK 6.96 48.48  0.34
toluene dry 102.52 38.33  3.93
MgSO4 4.74 48.48  0.23
SiO2 142.22 21.19  3.01
EtP 1092.28 4.38  4.78
AcOEt 171.05 2.44  0.42 47.61
4-Methoxy-N-(4-
methoxyphenyl)-N-
phenylaniline

4.74

NBS 3.04 19.50  0.06
CHCl3 70.66 1.66  0.12
MgSO4 5.07 48.48  0.25
MeOH 22.48 2.22  0.05 0.48
4-Bromo-N,N-bis(4-
methoxyphenyl)-
aniline

5.07

BuLi (1.6M) 6.72 137.66  0.93
tri isopropyl borate 2.97 271.33  0.81
THF dry 5.54 23.90  0.13
MgSO4 2.39 48.48  0.12
Et2O 29.43 5.66 0.17
HCl 37% 5.00 2.13  0.01 2.17
Total 46.98 178.72 1474.66 50.26
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Table S3. Crystallographic parameters of SDTF-1 and SDTF-2.

SDTF-1 SDTF-2

Empirical formula C61H46N2O4S2 C61H46N2O4S2

Formula weight 935.12 935.11

Crystal color, habit Yellow, flake Yellow, flake

Crystal system orthorhombic monoclinic

a, Å 14.8658(4) 10.021(2)

b, Å 15.6929(5) 28.750(6)

c, Å 20.6757(8) 10.908(2)

α, deg 90.00 90.00(3)

β, deg 90.00 112.31(3)

γ, deg 90.00 90.00(3)

V, Å3 4823.38(30) 2907.39(120)

ρ calc, g/cm3 1.28765 1.06782

Space group P c c n (56) P 1 21 1 (4)

Z value 4 2

Temperature, K 140 300

no. of reflections measured 4972 9528

no. of variables 314 626

Residuals: R; wR2 0.0723, 0.1973 0.1012, 0.2724

CCDC Nr. 1475591 1475590
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Table S4. Intermolecular interaction energy of dimers in SDTF-1 single-crystal.

Dimers Eele

[KJ/mol]

Erep

[KJ/mol]

Edisp

[KJ/mol]

Eint

[KJ/mol]

Dimer 1 -10.29 61.14 -183.22 -132.37

Dimer 2 -5.70 32.98 -93.14 -65.86

Dimer 3 -6.22 11.37 -40.07 -34.92

Dimer 4 -4.11 3.08 -12.68 -13.71

Dimer 5 -0.28 0.21 -6.23 -6.30
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Table S5. Intermolecular interaction energy of dimers in SDTF-2 single-crystal.

Dimers Eele

[KJ/mol]

Erep

[KJ/mol]

Edisp

[KJ/mol]

Eint

[KJ/mol]

Dimer 1 -8.10 37.52 -114.47 -85.05

Dimer 2 -4.05 17.92 -58.20 -44.34

Dimer 3 -0.42 2.11 -14.11 -12.43

Dimer 4 -1.48 0.75 -11.46 -12.20

Dimer 5 -4.45 3.17 -8.76 -10.04
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Table S6. Intermolecular interaction energy of dimers in predicted SDTF-3 single-
crystal.

Dimers Eele

[KJ/mol]

Erep

[KJ/mol]

Edisp

[KJ/mol]

Eint

[KJ/mol]

Dimer 1 -3.22 1.31 -16.19 -18.09

Dimer 2 -1.49 55.14 -71.09 -17.44

Dimer 3 0.94 0.29 -6.17 -4.95

Dimer 4 0.43 0.00 -1.37 -0.94

Dimer 5 0.07 0.00 -0.33 -0.26
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Table S7. Reorganization energy, transfer integral, center-of-mass distance, hole 

hoping rate of dimers in SDTF-1 single crystal and theoretical hole mobility.

Dimers V 

[meV]

d 

[Å]

k 

[s-1]

λ

[eV]

µh 

[cm2 V-1s-1]

Dimer 1 4.39 10.97 1.32×1011

Dimer 2 2.04 14.86 2.85×1010

Dimer 3 0.31 10.34 6.58×108

Dimer 4 0.33 23.71 7.46×108

Dimer 5 0.0002421 16.31 4.01×102

0.18 9.11×10-3
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Table S8. Reorganization energy, transfer integral, center-of-mass distance, hole 

hoping rate of dimers in SDTF-2 single crystal and theoretical hole mobility.

Dimers V 

[meV]

d 

[Å]

k 

[s-1]

λ

[eV]

µh 

[cm2 V-1s-1]

Dimer 1 2.067 16.87 7.41×1010

Dimer 2 1.406 15.26 3.43×1010

Dimer 3 0.120 10.02 2.50×108

Dimer 4 0.117 10.59 12.14×108

Dimer 5 0.111 28.75 2.37×108

0.11 1.11×10-2
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Table S9. Reorganization energy, transfer integral, center-of-mass distance, hole 

hoping rate of dimers in predicted SDTF-3 single crystal and theoretical hole mobility.

Dimers V 

[meV]

d 

[Å]

k 

[s-1]

λ

[eV]

µh 

[cm2 V-1s-1]

Dimer 1 0.12 14.00 1.12×108

Dimer 2 0.26 19.00 5.25×108

Dimer 3 0.044 22.80 1.54×107

Dimer 4 0.0001 26.17 7.77×101

Dimer 5 0.0001 29.68 7.77×101

0.17 1.02×10-4
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Table S10. Photovoltaic Parameters of Champion PSC Based on S spiro-OMeTAD. 

HTM VOC [V] JSC [mA cm-2] FF [%] PCE [%]
spiro-

OMeTAD
1.12 22.3 77.0 19.7
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Figure S10. 1H NMR of compound STDF-1.
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Figure S11. 13C NMR of compound STDF-1.
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Figure S12. 1H NMR of compound 4.
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Figure S13. 13C NMR of compound 4.
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Figure S14. 1H NMR of compound 5.
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Figure S15. 13C NMR of compound 5.
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Figure S16. 1H NMR of compound 6.
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Figure S17. 13C NMR of compound 6.



S39

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f1 (ppm)

12
.0

3

1.
99

12
.0

8
2.

02
8.

04
2.

07
4.

06
2.

08

2.
00

3.
77

3

7.
26

0
CD

Cl
3

6.46.56.66.76.86.97.07.17.27.37.47.57.67.77.87.9
f1 (ppm)

1.
99

12
.0

8

2.
02

8.
04

2.
07

4.
06

2.
08

2.
00

6.
51

5

6.
78

1
6.

79
7

6.
82

5

6.
98

9
6.

99
5

7.
01

1

7.
14

6
7.

14
8

7.
23

0
7.

23
4

7.
24

6
7.

25
1

7.
26

0
CD

Cl
3

7.
34

77.
36

4
7.

36
6

7.
80

4
7.

82
3

Figure S18. 1H NMR of compound SDTF-2.
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Figure S19. 13C NMR of compound SDTF-2.
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Figure S20. 1H NMR of compound 8.
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Figure S21. 13C NMR of compound 8.
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Figure S22. 1H NMR of compound 9.



S44

0102030405060708090100110120130140150160170
f1 (ppm)

29
.8

5

62
.1

2

77
.1

6
CD

Cl
3

11
2.

91

12
1.

84
12

2.
16

12
4.

35
12

6.
97

13
1.

89

13
8.

76
13

9.
60

14
5.

63

15
0.

93

110115120125130135140145150155
f1 (ppm)

11
2.

91

12
1.

84
12

2.
16

12
4.

35

12
6.

97

13
1.

89

13
8.

76
13

9.
60

14
5.

63

15
0.

93

 
Figure S23. 13C NMR of compound 9.
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Figure S24. 1H NMR of compound SDTF-3.
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Figure S25. 13C NMR of compound SDTF-3.
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