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1. General Remarks.
Experimental conditions. Anhydrous solvents were dried by purification system Pure-
Sov 400. Chromatographic purifications were performed using silica gel 60 Merk 230-
400 mesh ASTM. Analytical thin-layer chromatography was performed using
ALUGRAM ® SIL G/UV,s, silica gel 60. Nuclear magnetic resonance 'H NMR and 13C
NMR were performed using Bruker Innova 400 Hz. Chemical shifts (6) values are
denoted in ppm. Residual solvent peaks being used as the internal standard (CHCl3, 0 =
7.27 ppm; CD,Cl,, 6 = 5.32 ppm). 3C NMR chemical shifts are reported relative to the
solvent residual peaks (CDCls, 6 = 77.00 ppm; CD,Cl,, 6 = 54 ppm). MALDI-TOF
spectra were obtained in VOYAGER DETM STR spectrometry, using Dithranol [1,8-
dihydroxy-9(10H)-anthracenone] as  matrix. Fourier  transform  infrared
spectrophotometer (FT-IR) Jasco FT/IR-6800 spectrometer was used ATR (Attenuated
Total Reflection) method, in each case the most characteristic bands are indicated for each
compound. Absorption spectra were performed on Shimadzu UV 3600
spectrophotometer. Solutions of different concentration were prepared in CH,Cl,,
toluene, benzonitrile or THF spectroscopy grade, with absorbance between 0.2 and 0.5
using a 1 cm UV cuvette. Thermogravimetric analyses were performed using a TGA/DSC
Linea Excellent instrument by Mettler-Toledo and collected under inert atmosphere of
nitrogen with a scan rate of 10 °C min-!'. The weight changes were recorded as a function
of temperature.
Electrochemical Measurements: Reduction (£,.q) and oxidation potentials (£,,) were
measured by cyclic voltammetry with a potentiostat BAS CV50W in a conventional
three-electrode cell equipped with a glassy carbon working electrode, a platinum wire
counter electrode, and an Ag/AgNOj; reference electrode at scan rate of 100 mV/s. The
E.q and E,x were expressed vs. Fc/Fc™ used as external reference. In each case, the
measurements were done in a deaerated solution containing 1 mM of the sample
compound in 0.1 M of (n-Bu)4NCIO,4 in CH,Cl, (4:1) as an electrolyte solution.
Computational Details: Theoretical calculations were carried out within the density
functional theory (DFT) framework by using the Gaussian 09, applying density functional
theory at the B3LYP level. The basis set of 6-31G* was used in the calculations
(Supercomputation Service of UCLM).
Device Fabrication and characterization
The solution processed organic solar cells were fabricated on the ITO coated glass

substrate with structure ITO/PESOT:PSS/active layer (P1 or P2:TOCRI1 or
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TOCR2)/PFN/AL The ITO coated glass substrates were cleaned in detergent, and
subsequently ultra-sonicated in deionized water, acetone and isopropyl alcohol and dried
in vacuum oven to remove all the traces of residues. The photovoltaic performance
optimization process was started with identifying the donor to acceptor ratio (weight
percentage, varying from 1:0.4 to 1:1.3) and after that solvent vapor annealing was
applied to maximize the performance of the OSCs. The D-A conjugated polymers P1 and
P2 were used as donor (D) and the total concentration of D:A blend mixture was 16
mg/mL in chloroform. The devices were fabricated by depositing PEDOT:PSS as hole
transport layer having thickness of 35-40 nm. The active layer was deposited by spin
coating (2500 rpm, 60 s) on the top of PEDOT:PSS layer under ambient conditions. For
the solvent vapor annealing (SVA), the optimized (as cast 1:1.2 D/A wt ratio) was
exposed to the THF vapours for 40s. A thin layer of PFN was spin coated on the top of
the active layer from the methanol solution. The aluminium (Al) electrode was deposited
onto the top of PFN layer via thermal evaporation at the pressure less than 10~ Torr. The
current-voltage characteristics of the OSCs were measured under illumination intensity
of 100 mW/cm? (AM1.5 G) using a solar simulator and a Keithley 2400 source meter
unit. The External quantum efficiency (EQE) measurements were performed using

Bentham EQE system.
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2. Synthesis and characterization of TOCRI1 and TOCR2.

- Synthesis of 2:

A mixture of 1 (0.1 g, 0,2 mmol), tributyl(4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-
b']dithiophen-2-yl)stannane (0.29 g, 0.44 mmol), PdCl,(PPh;), (0.0129 g, 0.018 mmol),
LiC1(0.026 g, 0.61 mmol) and CH3;CN (1 mL) was irradiated under argon in a microwave
reactor at 110 °C for 20 min. The solvent was removed under reduced pressure and the
residue was purified by means of column chromatography on silica gel employing hexane
as the eluent to give pure product 2 as a viscous purple syrup. 'H-NMR (500 MHz,
CDCl;) 6/ppm: 8.97 (s, 2H), 8.02 (s, 1H), 7.99 (s, 2H), 7.69 (s, 2H), 7.25 (d, J = 4.9 Hz,
2H), 6.99 (d, J=4.9 Hz, 2H), 1.96 — 1.89 (m, 8H), 1.24-1.07 (m, 32H), 0.8 (t, /=7 Hz,
12H). *C-NMR (125 MHz, CDCl;) &/ppm: 159.0, 143.4, 141.1, 139.0, 138.1, 136.5,
133.5, 133.2, 128.4, 125.8, 124.0, 123.3, 121.8, 121.5, 120.6, 118.6, 53.8, 37.8, 31.6,
29.7, 24.6, 22.6, 14.0. MS (MALDI-TOF) (m/z): calculated 1019.38 [M]" for
Cs¢Hg3FN3S4; found 1020.38.

- Synthesis of 3:

Under argon atmosphere, 1,2-dichloroethane (9.3 mL, previously dried with
anhydrous MgSO, for 30 minutes) was added to compound 2 (0.11 mmol, 116 mg).
Subsequently, anhydrous DMF (0.66 mmol, 50 pL) and POCI; (0.66 mmol, 60 plL) were
added. The reaction mixture was monitored by TLC turning purple after 12 hours at room
temperature. Next, the reaction was quenched with a saturated sodium acetate solution,
and it was stirred over 1 hour. At that time, the reaction turned pink. The crude was
extracted with CH,Cl, (3 x 40 mL), the organic phase was dried with anhydrous Na,SO,
and concentrated under reduced pressure. The reaction crude was purified by column
chromatography (silica gel, CH,Cl,/ethyl acetate 9:1). A reddish solid 2 was obtained
(103 mg, 87%). 'H-NMR (400 MHz, CDCl;) &/ppm: 9.88 (s, 2H), 8.95 (d, J = 1.6 Hz,
2H), 8.05 (s, 3H), 7.76 (s, 2H), 7.64 (s, 2H), 2.06 — 1.92 (m, 8H), 1.32 — 1.09 (m, 34H),
0.81 (t, J= 6.5 Hz, 12H). 3C-NMR (100 MHz, CDCls) 8/ppm: 182.60, 163.29, 158.70,
147.24, 144.06, 143.53, 143.17, 140.83, 137.05, 133.63, 133.29, 130.02, 124.32, 124.12,
122.60, 121.56, 121.41, 120.63, 54.22, 37.63, 31.56, 29.66, 24.74, 22.63, 13.99. MS
(MALDI-TOF) (m/z): calculated 1075.37 [M]* for CssHg3F¢N30,S4. found 1075.39.

- Synthesis of TOCRI1:

Under argon atmosphere, anhydrous DMF (8 mL) was added over compound 2 (0.05
mmol, 59 mg) and tetracyanoethylene (TCNE) (0.69 mmol, 89 mg). Subsequently, the
reaction was heated to 120 °C and was quenched with H,O after disappeared the starting
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material. Then, the crude was extracted with CHCl; (3 x 20 mL), and the organic phase
was dried with anhydrous Na,SO, and concentrated under reduced pressure. The reaction
crude was purified by GPC in dichloromethane. A navy blue solid TOCR1 was obtained
after washing with MeOH (50 mg, 82 %). 'H-NMR (400 MHz, CD,Cl,) 8/ppm: 9.01 (s,
2H), 8.13 (s, 1H), 8.11 (s, 2H), 7.95 (s, 2H), 7.89 (s, 2H), 2.07 (m, 8H), 1.40 — 0.97 (m,
32H), 0.81 (t, J = 6.9 Hz, 5H). 3C-NMR (100 MHz, CD,Cl,) &/ppm: 167.66, 160.59,
154.61, 148.77, 142.99, 140.70, 137.26, 136.22, 133.51, 133.17, 132.18, 131.12, 125.04,
124.75, 124.21, 123.15, 121.78, 121.50, 120.90, 113.84, 113.48, 113.36, 75.98, 54.83,
37.71, 31.50, 29.48, 24.63, 22.57, 13.74. FT-IR (ATR) v/ cm!: 3077, 2926, 2854, 2212,
1474, 1331, 1276, 1135. MS (MALDI-TOF) (m/z): calculated 1221.38 [M]* for
CesHe1FeN9O,S4, found 1221.29.

- Synthesis of TOCR2:

A catalytic amount of pyridine (0.5 mL) was added to a solution of compound 3 (0.09
mmol, 103 mg) and 2-(5,6-difluoro-3-oxo0-2,3-dihydro-1H-inden-1-ylidene)-
malononitrile (0.63 mmol, 145 mg) in CHCl; (7.5 mL), and the mixture was stirred under
inert and anhydrous conditions at 65 °C. After monitoring by TLC, it was concentrated
under reduced pressure after 2 hours of reaction. The reaction crude was purified by
column chromatography (silica gel, 100% CHCI;) and after washed with MeOH and n-
hexane. A dark blue solid TOCR2 was obtained (85 mg, 63 %). 'H-NMR (400 MHz,
CDCls, 323 K) 6/ppm: 8.94 (s, SH), 8.54 (s, 2H), 8.07 (s, 2H), 7.87 (s, 2H), 7.69 (s, 4H),
2.03 (m, 8H), 1.16 (m, 34H), 0.81 (t, 12H). FT-IR (ATR) v/ cm™': 3076, 2927, 2854, 2217,
1687, 1528, 1470, 1391, 1275, 1124. MS (MALDI-TOF) (m/z): calculated 1499.41 [M]*
for Cg,He7F10N70,S4, found 1499.31.
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'H NMR, 3C NMR, FT-IR and MALDI-TOF spectra.
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Figure S1. 'H-NMR (500MHz, CDCl;) spectrum of 2.
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Figure S2. BC-NMR (125MHz, CDCls) spectrum of compound 2.
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Figure S3. 'H-NMR (400MHz, CDCls) spectrum of 3
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Figure S4. 3C-NMR (100MHz, CDC]5) spectrum of compound 3.
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Figure S5. MALDI-TOF MS spectrum of compound 3 (Matrix: Dithranol).
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Figure S9. FT-IR (ATR) spectrum of TOCRI.
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Figure S10. '"H-NMR (400MHz, CDCl;) spectrum of TOCR2.
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Figure S11. MALDI-TOF MS spectrum of TOCR2 (Matrix: Dithranol).
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4. Thermogravimetric Analysis (TGA) of TOCR1 and TOCR2.
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Figure S13. TGA of TOCRI.
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Figure S14. TGA of TOCR2.
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5. Absorption spectrum in solution
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Figure S15. Absorption spectrum of TOCR1 (CH,Cl,, 3.7 x 10-°M) and TOCR2
(CH,Cly, 2.2 x 10°M).
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Figure S16. Normalized absorption spectra of TOCR1 in CH,Cl, (c: 3.68 x 10°M),
toluene (c: 3.06 x 10-°M) and benzonitrile (c: 4.55 x 10°M).
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Figure S17. Normalized absorption spectra of TOCR2 in CH,Cl, (c: 2.20 x 10°M),
toluene (c: 3.66 x 10-°M), benzonitrile (c: 8.79 x 10-°M) and tetrahydrofuran (c: 6.66 x
10-°M).
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Figure S18 Absorption spectrum of TOCRI1 in solution and in film.
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Figure S19. Absorption spectrum of TOCR2 in solution and in film.

6. Electrochemical Studies
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Figure S20. OSWYV (oxidation side) of TOCRI1.
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Figure S21. OSWYV (reduction side) of TOCRI.
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Figure S22. OSWYV (oxidation side) of TOCR2.
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7. Theoretical calculations

Table S1. Energetic values of the most relevant conformations of the central fragment

in Hartrees and relative values in Kcal/mol calculated at the B3LYP/6-31G(d,p) level.

AL 3 Y e 2,69 A
T i %% i 2 Sre, A,
";{ ‘535%‘ ..%’, ES - . 2> % {J‘" ‘a:
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E (Hartrees) -4528,061554 -4528,065188 -4528,068516
(Kcal/mol) 2,7) (0,42) (0)
Table S2. Energetic values of the most relevant conformations of the compounds
TOCR1and TOCR?2 in Hartrees and relative values in Kcal/mol calculated at the
B3LYP/6-31G(d,p) level.
Compound Conformations
. .:n 2 : " .“J. : " .A‘!).‘"J. + J\q‘\acJO
I AL ol ey SRS T | AT Sl e
TOCRI1 PR Bt et
s !‘,7;:‘,‘4,}‘11 L ] jaatafj‘;ﬂ % 4?{_3;':?:‘}’1 9
E (Hartrees) -5236.29892 -5236,299407 -5236,299875
(Kcal/mol) (0,6) (0,29) (0)
Compound Conformations
-t ‘ ; e d o4
TOCR2 Rt easidestat ol
‘3"‘ e 0 ¢, -
9 "#, 4 "f:
272 %y
-6289,959277 -6289,96143 -6289,963536
E (Hartrees)
(2,67) (1,32) (0)
(Kcal/mol)
Table S3. Cartesian coordinates for optimized geometry of TOCRI1.
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 6 %] 0.527921 -0.625805 -0.250229
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Table S5. Topologies and energy values of frontier molecular orbitals and HOMO-
LUMO gaps of the compounds TOCR1 and TOCR2 calculated at B3LYP/6-31G(d,p)

level.
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Figure S24. Theoretical absorption spectra of compounds TOCR1 and TOCR2

calculated at M062x/6-311+G(2d,p) level in CH,Cl,.

Table S6. Electronic transitions associated with the absorption spectra of compounds
TOCRI1 and TOCR2 calculated at M062x/6-311+G(2d,p) level. Only transitions with
£>0.1 and a contribution greater than 10% are described.
Electroni
Compoun c EeV 2
f MO (coefficient %)
d transitio ) (nm)

n

Sy—S; 1,95 636,92 2,97 H-L (82), H-1->L+1 (13)
Sy—S, 228 54353 0,51 H-1-L (33), HoL+1 (62)

TOCRI
H-6—L (16), H-3—L (18),
Sy—Se 4,00 309,64 0,47
H-1-L+2 (16)
So—S: 1,94 639,96 3,71 H-—L (78), H-1>L+1 (15)
Sy—S, 223 556,04 043 H-1-L (37), HoL+1 (53)
TOCR2

H-1-L (11), H-1—L+2 (26),
H—L+1 (13), H>L+3 (35)

So—S4 3,05 407,01 0,19

E: Transition energy, A: Wavelength of the transition, f: Transition oscillator strength,

MO: Molecular orbitals involved in the transition (H: HOMO. L: LUMO).

S25



8. Photovoltaic studies

Table S6a. Photovoltaic parameters of the P1: TOCRI1 based PSCs
for different weight ratio of P1 and TOCR1

D:A weight ratio Jsc (mA/cm?) Voc (V) FF  PCE (%)

1:0.4 15.94 0.76  0.52 6.30
1:0.8 16.53 0.77  0.55 7.00
1:1.2 17.09 0.76  0.59 7.66
1:1.3 16.47 0.75  0.56 6.92

Table S6b. Photovoltaic parameters of the P1: TOCR2 based PSCs
for different weight ratio of P1 and TOCR2

D:A weight ratio Jsc (mA/cm?) Voc (V) FF  PCE (%)

1:0.4 17.98 091  0.56 9.16
1:0.8 18.52 092  0.60 10.22
1:1.2 19.38 091  0.63 11.11
1:1.3 18.64 092  0.61 10.46

Table S7a. Photovoltaic parameters of the P2: TOCRI1 based PSCs
for different weight ratio of P2 and TOCR1

D:A weight ratio Jsc (mA/cm?) Voc (V) FF  PCE (%)

1:0.4 17.02 0.83 0.1 7.20
1:0.8 17.94 0.84 0.54 8.14
1:1.2 18.45 0.82  0.57 8.621
1:1.3 17.84 0.83  0.55 8.13

Table S7b. Photovoltaic parameters of the P2: TOCR2 based PSCs
for different weight ratio of P2 and TOCR2

D:A weight ratio Jsc (mA/cm?) Voc (V) FF  PCE (%)

1:0.4 6.82 094 043 2.76
1:0.8 7.44 095 045 3.18
1:1.2 7.14 096 049 3.36
1:1.3 6.64 097 048 3.09
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Table S8a. Photovoltaic parameters of the PSCs based on P1: TOCR1
(1:1.2) active layer subjected to SVA treatment for different times.

SVA exposure time Jsc (mA/cm?) Voc (V) FF  PCE (%)

10s 20.15 0.73  0.62 9.12
30s 20.78 0.72  0.65 9.73
40s 21.38 0.72  0.67 10.31
50s 20.85 0.73  0.66 10.04

Table S8b. Photovoltaic parameters of the PSCs based on P1: TOCR2
(1:1.2) active layer subjected to SVA treatment for different times.

SVA exposure time Jsc (mA/cm?) Voc (V) FF  PCE (%)

10s 23.06 0.87 0.67 12.44
30s 23.71 0.86 0.69 13.25
40 s 24.22 0.87 0.72 15.17
50s 23.82 0.88  0.68 14.25

Table S9a. Photovoltaic parameters of the PSCs based on P2:TOCR1
(1:1.2) active layer subjected to SVA treatment for different times.

SVA exposure time Jsc (mA/cm?) Voc (V) FF  PCE (%)

10s 20.86 0.82 0.61 1043
30s 22.41 0.80 0.63 11.29
40s 23.08 0.78 0.66 11.88
50s 22.52 0.76  0.63 10.78

Table S9b. Photovoltaic parameters of the PSCs based on P2: TOCR2
(1:1.2) active layer subjected to SVA treatment for different times.

SVA exposure time Jsc (mA/cm?) Voc (V) FF  PCE (%)

10s 9.02 095 051 437
30s 9.68 095 054 496
40 s 10.21 093 057 541
50s 9.86 093 055 5.04
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9. XRD studies
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Figure S25. XRD patterns of pristine TOCR1 and TOCR2 films.

S28




