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General

All solvents and reagents were purified using the standard methods. 'H NMR and '*C NMR
spectra were obtained on a Bruker Avance™ 400 (400 MHz) or a Avance™ 500 (500 MHz)
nuclear magnetic resonance (NMR) spectrometer. UV-vis absorption spectra were recorded using
a Perkin Elmer Cary I optical spectrophotometer. Cyclic voltammetry measurements were
performed on a potentiostat-galvanostat AUTOLAB Type III equipped with standard three-
electrode scheme in an acetonitrile solution of 0.1 molxL'! tetrabutylammonium
hexafluorophosphate (n-BusNPFy) at a potential scan rate of 50 mVxs™!. Films of the investigated
compounds were deposited on a glassy carbon electrode surface and used as a working electrode.
Ag/Ag" and platinum wire were used as reference and counter electrodes, respectively.

MALDI-TOF mass spectra were recorded on the Axima Confidence time-of-flight
spectrometer (Shimadzu Biotech) in the reflectron high resolution mode with nitrogen laser (A =
337 nm). Positive and negative ions were recorded. The mass range between 200 and 5000 was
scanned. Trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was
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used as a matrix in all experiments. The target was prepared as follows. Compounds were dissolved
in methylene chloride to give a concentration of 0.1 mg ml'. Twenty (20) ul of the obtained
solutions were mixed with 20 ul of the 10 mg ml™! matrix solution in CH>Cl>. The resulting
mixtures were deposited on a stainless steel target and dried in air. The morphology of the
perovskite/polymer double-layer stacks were investigated by an NTEGRA NT-MDT atomic force
microscope in semicontacting mode on the area of 5x5 pm?.

Perovskite solar cells based on BT-PDI and BT2-PDI2 compounds were fabricated as
follows. First, a thin layer of hole-transport poly[bis(4-phenyl)(4-methylphenyl)amine] (PTA) (1.5
mg ml! chlorobenzene solution) was deposited on a thoroughly cleaned surface of a glass substrate
with an electrically conductive layer of indium tin oxide (ITO) using spin-coating at 4000 rpm for
30 s. After drying the PTA layer at 110°C, a perovskite light-absorbing layer was applied to the
PTA surface by a method involving the use of an anti-solvent to obtain polycrystalline films. To
do this, a perovskite solution (90-100 pl, 1.3 M) in the appropriate solvent mixture (DMAA/DMSO
= 4:1 for Cso.12FA0.33Pbl3) was dropped over the PTA layer at 4000 rpm, and after 32-33 sec,
chlorobenzene (100 pl) was applied to initiate the film crystallization. After thermal annealing (5
min at 110°C for Cso.12FA0.88Pbl3), an electron transport material BT-PDI or BT2-PDI2 (10 mg
ml’!, toluene solution) was deposited on the perovskite layer at 3000 rpm for 30 sec, following the
thermal deposition of electrode material (Al, 100—120 nm) in high vacuum (8x10°° mbar) at a rate
of 3 A/sec. PCsoBM was used as a standard electronically conductive material.

The PL spectra were recorded on a QE Pro High Performance Spectrometer Ocean Insight
fiber spectrometer and a 405 nm diode laser (10 mW) as an excitation source.

The current-voltage (J-V) characteristics of the devices were obtained under the simulated
solar illumination (100 mW cm? AMI.5) provided by a KHS Steuernagel solar simulator
integrated in MBraun glove box. The intensity of the illumination was checked before every
measurement using a calibrated silicon diode with a known spectral response. The J-V curves were
recorded in an inert atmosphere using a Kethley 2400 source-measurement unit. The active areas
of all devices were 0.08 cm?. The obtained Jsc values were confirmed by integrating the external
quantum efficiency (EQE) spectra against standard AM1.5G spectrum. The EQE spectra were
measured in inert atmosphere using specially designed setup, LOMO instruments, Russia.
Compounds 1 [S1] and S5 [S2] were prepared according to the literature methods.
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Synthesis
General synthetic schemes
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Scheme S1

5,6-Bis(decyloxy)-4,7-diethynylbenzo[c][1,2,5]thiadiazole (2). Stage I. A solution of 4,7-
dibromo-5,6-bis(decyloxy)benzo[c][1,2,5]thiadiazole (SS5) (3 g 495 mmol) and
trimethylsilylacetylene (9.72 ml, 49.46 mmol) in a mixture of THF (80 ml) and NEt; (30 ml) was
purged with Ar for 20 min, and catalytic amounts of PdCl>(PPh3), (347 mg, 0.495 mmol), PPh;
(324 mg, 1.24 mmol) and Cul (236 mg, 1.24 mmol) were added. The purging was continued for
additional 20 min, and then the reaction mixture was refluxed for 48 h. After cooling the mixture
was evaporated to dryness. The residue was dissolved in a mixture of petroleum ether/chloroform
=90:10 and flashed on short SiO> column (5 cm) and the product was completely eluted from the
Si0; (TLC control in PE/CHCI3 = 1:1). The solution was evaporated to dryness and used on the
next stage without further purification.
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Stage 2. The product of the 1-st stage was dissolved in dry THF (200 ml) and purged with Ar for
20 min. Then a solution of KF (2.71 g, 36.13 mmol) in MeOH (25 ml) was added in one portion,
and the mixture was stirred at room temperature for 3 h under argon. Then the reaction mixture
was evaporated, the residue was dissolved in CHCIl3, washed with equal volume of water, dried
over MgSQs, and evaporated. The residue was purified on SiO; in a mixture of petroleum
ether/chloroform = 3:1 as an eluent. The target compound was obtained as yellow powder with the
yield of 1.680 g (53.0%). '"H NMR (400 MHz, Chloroform-d) & 4.32 (t,J= 5.7 Hz, 4H), 3.90-3.77
(m, 2H), 1.90-1.79 (m, 4H), 1.51 (s, 4H), 1.27 (m, 24H), 0.88 (s, 6H). *C NMR (101 MHz, CDCls)
o 158.78, 151.74, 107.08, 88.53, 75.81, 75.22, 31.86, 30.24, 29.57, 29.55, 29.37, 29.29, 25.88,
22.64, 14.06. Elemental Anal. Calcd for C30H44N20,S: C, 72.54; H, 8.93; N, 5.64; O, 6.44; S, 6.45.
Found: C, 72.67; H, 8.19; N, 5.57; S, 6.28.

Compounds BT-PDI and BT2-PDI2. A solution of 1-bromo-N,N"-bis(2-octyldodecyl)perylene-
3,4,9,10-tetracarboxybisimide (1) (0.6195 g, 0.60191 mmol) and 5,6-bis(decyloxy)-4,7-
diethynylbenzo[c][1,2,5]thiadiazole (2) (130 mg, 0.2617 mmol) in a mixture of THF (45 ml) and
NEt; (15 ml) was purged with argon for 20 min, then Cul (40 mg, 0.20936 mmol), PPh; (55 mg,
0.20936 mmol) and PdCI>(PPhs). (37 mg) were added in sequence. The purging was continued for
additional 20 minutes, and then the reaction mixture was refluxed for 48 h. After cooling, the
solvents were evaporated and the residue was purified on SiO; column using a mixture of
toluene/ethylacetate = 250:0.25. The first deep violet band contained BT-PDI product which was
obtained as black powder with the yield of 292 mg (46.5%). The second brown band contained
BT2-PDI2 product which was obtained as black powder with the yield of 73 mg (19.3%).

Compound BT-PDI: 'H NMR (500 MHz, Chloroform-d) & 10.69 (s, 2H), 8.79 (s, 2H), 8.37 (d, J
=29.8 Hz, 8H), 8.10 (s, 2H), 4.85 (s, 4H), 4.22 (s, 4H), 4.07 (s, 4H), 2.21 (s, 4H), 2.07 (s, 2H),
1.93 (s, 2H), 1.76 (s, 4H), 1.64-1.01 (m, 164H), 0.82 (m, 30H). '*C NMR (126 MHz, CDCIl;) §
163.46, 163.27, 163.07, 162.02, 158.48, 151.15, 133.77, 133.32, 132.94, 132.70, 132.09, 130.67,
129.97, 128.60, 128.43, 127.98, 126.43, 125.60, 123.50, 123.39, 122.86, 122.75, 122.35, 121.42,
119.36, 106.39, 102.54, 95.43, 76.18, 45.08, 44.88,36.91, 36.80, 32.25,32.10, 31.97, 31.06, 30.38,
30.07,29.87,29.57, 26.85, 26.76,26.47,22.91, 22.84, 14.26. MALDI-TOF: Ci58H220N6O10S, m/z:
2396.222 [M+H]". Calcd. 2394.665. Elemental Anal. Calcd for CissH220N6010S: C, 79.22; H, 9.26;
N, 3.51; S, 1.34. Found: C, 78.81; H, 8.94; N, 3.86; S, 1.47.

Compound BT2-PDI2:

"H NMR (500 MHz, Chloroform-d) & 10.56 (s, 2H), 8.67 (s, 2H), 8.45-8.35 (m, 6H), 8.17 (m,
4H), 4.70 (s, 4H), 4.62 (s, 4H), 4.19 (s, 4H), 4.07 (s, 4H), 2.21-1.85 (m, 14H), 1.85-1.60 (m, 14H),
1.60—1.04 (m, 184H), 0.93-0.73 (m, 36H). 1*C NMR (126 MHz, CDCl3) § 163.53, 163.25, 162.16,
159.52, 158.31, 151.47, 151.15, 137.77, 137.62, 137.54, 133.95, 133.41, 133.16, 133.01, 132.11,
130.65, 130.25, 128.51, 128.10, 126.67, 125.84, 123.32, 122.88, 122.77, 122.44, 121.64, 119.50,
106.44,102.15,95.21, 86.36, 78.29, ,76.02, 75.84, 44.99, 44.85, 36.87, 36.73, 32.20, 32.17, 32.08,
31.94, 30.93, 30.33, 30.11, 30.05, 29.99, 29.92, 29.89, 29.86, 29.82, 29.71, 29.68, 29.55, 26.79,
26.75, 26.53, 26.37, 22.89, 22.83, 14.29, 14.26. Ci3sH262N3O012S2, m/z: 2891.692 [M+H]". Calcd.
2889.965. Elemental Anal. Calcd for C13sH262NgO12S2: C, 78.12; H, 9.14; N, 3.88; S, 2.22. Found:
C,77.93; H, 9.20; N, 3.52; S, 2.29.
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NMR characterization of the compound 2
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Figure S1. 'H, 13C NMR spectra of the compound 2.

S5



VAR 2a N
e
@y

S8 —

org—
PEB_
or'g—

68—

69°0T—

K_826_flask_2

NMR and MALDI-TOF MS characterization of compound BT-PDI

BT-PDI

GaHir

8T°TE

Tt

a4
0se
SE€T
L8°E

S9'TT

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

T
75 70 65 60 55 50 45
f1 (ppm)

8.0

8.5

9T PT—
¥8'TT
S.NNH/
19t
ﬁ.wNW
s8'9¢ 3
s6e —
18'62
£0°08 —
8E'0E
90'TE
L61E k@ —
01'Ze Lo
seze 8roL— N
08'9€
16'9€ Lo
88'bb [}f
80°5
£'56 N Lo
z
2w
oo R
E —
3 o
rs
o
re
£0'56 $SZ0T—
A + -3
mm.ﬂ:/ FS
9E'61T _
#.5/ ©
sezer =1 3
szt 66'90T— -
982zt
6e7€CT
05°€2T 9E'6TT—
09's2T
mv.mdﬂ/ AN
861\t SETet \
£b'82T mm.Nﬁ/
09'821 98'TeT—~=
nm.mﬁ\ 6E€T N
L9°0€T 05°€2T d
60°2€T
0L7ZET 09'52T—
P6CET €971 —
334
LT geyp— J—
STTST eveci 7
8t'851 09821
20291 o1 — _ ——
agy 6t — 5 3
£37 T
0LTETND
wm.NMﬁH
zeeeT
wear”
STIST— 2
s
(1]
he)
he] B
e cdr'esT— -
T
a i 3
n ~N
N o
I mmmo.Nﬁ/
2 2091\
o Qeeor~
g Bpeor”
| ¥4
Y4

-10

40

70

T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90
f1 (ppm)

T
210

S6



240007
22000 2396.222
] 100.00% 2396.222
0,
20000-] 20000 100.00%
1 2397.269
0,
180001 78.22%
2397.269 15000,
1 78.22%
16000 2398.391
] 47.13%
14000- 10000
1 2395.176
12000- | X
] 2398.391 5000 20.08%
100001 47.13%
] N
8000/
1 2388 2392 2396 2400 2404 2408
60001 2395.176 m/z
1 20.08%
4000 I
20007
0 L | . il L
1500 1700 1900 2100 2300 2500 2700 2900 3100 3300 3500 3700 3900 4100 4300 4500 4700 4900
m/z

Figure S2. 'H, 1*C NMR and MALDI-TOF spectra of compound BT-PDI.
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NMR and MALDI-TOF MS characterization of compound BT2-PDI2

180
€8°0
€80
+8'0
580

880

-

i}

1
HL
81
6v'1]
Nm.HL
55T

851
65T
197
9T
991
o1
7%

€6'T
€0T
90T

60T
ore

[4%4 ‘m
L0

8T
0z ]
€907
oy

LT8~
8E'8~_
087
Nv.m\
198~

sk_1.501.fid

]
=l
2

_oligomer.

K_826_oli

CyoHzy

H\CEHW
N

OC1oHz1

o)

5
=
S

=

CgHi7

PETT

1.0 0.5 0.0

1.5

5.0 4.5 4.0 3.5 3.0 2.5 2.0

5.5
1 (ppm)

6.0

6.5

9TbTY
62T
€822
6822 1
16921
€592 1
S£79ZH
6£°921
5567
89'62
12627
2862
9862
68'62
26627
66'62°]
50°0¢ ]
11°0¢ ]
€670
£€6'0€ ]
v6TE ]
8021
e
o0zze
eroe ]
89 |
S8'bb]
66'bb"

¥8'SL
No.mh/.

D L e —

o

20

9€98—

bl i

40

50

60

oTLL
ﬁv.nn\\‘
67'8L
9€'98—

TTs6—
ST°C0T
bp'90T /
05°6TT
Y91t
laxaas
LLeen
88°7¢T
ceeet
¥8'SCT
No.mﬁy
01°8¢”
15'8C
§T0E
§9°0€
Tr°ee
T0°€E
IT'Eee
TH'EE
S6'EE
bS'LE
e
LLrLe

Has

Crol

H\Can

ST'1S
L¥'1S

TE'8S

o~
—n
o g
© &5

n
1]
o«
e}

iy
i
o
3

r_flask_1.5132.fi

_oligomer_f
CaoHas
CEHW/\

K_826_oli

0.

OCigHz1

C1oH210

CioH21

TTS6—

STZ0T—

k8T —
65T —

mer. flask_15132.

826, aligo
N
ERE
N/

K

|
| "J |
l LULALL
T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80
f1 (ppm)

T
190

T
200

S8



% 2891.692
100.00%
90001 2891.692
8000 8000, 100.00%
7000]
70007 60001 2890.634
so00]  57-34% [2892.860
6000- 2000] 49.63%
30001 2890.634
> ol I, 02,860
1000/ 49.63%
4000~ 0: L1 ‘ ‘ I‘ L1 —
30004 2885 zslgomffgs 2900
2000-
1000 ‘ “ ﬂ m MJ J H J J
i b o o

800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400 4600 4800
m/z

Figure S3. 'H, 1°C NMR and MALDI-TOF spectra of compound BT2-PDI2.
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Optical and electrochemical studies
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Figure S4. UV, PL, and CVA characterization and Tauc plot for BT-PDI compound.

S10




T T T T T T T T T T
250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

60
s —BT2-PDI2
N\/ \/N CioH210  OCyqHa4 40 4
— — 7 N\
Mo
N
C10H21 CWOHZW g g}_ 04
T 20 N
& N
5 -1385.89 mV vs. Fc'/Fc
O 404
BT2-PDI2 o ELunio = -8(-1.386 +4.800) =-3414 eV
_80 -
opt
Ered vs. Fc Enomo E,® Erumo ] 1
AY /eV eV eV
2250 -2000 -1750 -1500 -1250 -1000 -750 -500 -250 O
-1.386 -5.33 1.92 -3.41 Potential (mV, vs. F¢*/F¢)
100000 11
——BT2-PDI2 cf ——BT2-PDI2_cf
90000 i 10 —— BT2-PDI2_film
80000 - 3 0,94
. 70000 g 08
b ' 074
§ 60000 E
- 2 064
'S 50000 Z
£ T 054
= 40000 A I
w T 0,4
30000 g 03]
20000 e 02
10000 0,1
0 0,0

B T e S T S e St o o
250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

1.1 1.1
——BT2-PDI2_film

1,0 i 41,0
Z 09+ oo
c i3
S ] 1.2
= 0,8 08 g
£ o074 Jor &
S =
T 064 \ 4065
— ' E
(] i L} _ —
g 0,5 | 05 ?
8 044 5 Ho4 2
o s 17
2 034 ' do03 E
< —

02 N o2

v
0,1 . 0.1
‘\
0,0 T T T T T T — = 0,0
300 400 500 BOO 700 800 900 1000 1100

Wavelength (nm)

3.0
——BT2-PDI2

0.0 T T

T T T T T
20 21 22 23 24

Energy (eV)

25

Figure SS. UV, PL, and CVA characterization and Tauc plot for BT2-PDI2 compound.

S11




Calculations

HOMO, -5.936 eV LUMO, -3.849 eV

Figure S6. Perspective, top, front, and side views, and HOMO/LUMO distribution, for BT-PDI
molecule
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HOMO, -5.819 eV LUMO, -3.791 eV

Figure S7. Perspective, top, front, and side views, and HOMO/LUMO distribution, for BT2-PDI2
molecule.
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AFM study
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Figure S8. AFM images of Cso.12FAo.8sPbls perovskite film without coating.
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Electron mobility measurements
The electron mobility of BT-PDI and BT2-PDI2 was determined using photo-CELIV

method. For this experiments, OPV-like devices with architecture ITO/PEDOT:PSS/active
layer/PFN/Field’s alloy were fabricated. To do this, solutions of BT-PDI or BT2-PDI2 in
chlorobenzene with concentration 10 mg ml' were prepared firstly. Then regiorandom P3HT
(Ossila Ltd.) was added to these solutions with concentration 2 mg/ml.

The substrates/ITO (Q = 20 ©Q/sq (S101), purchased from Ossila Ltd.) were mechanically
cleaned in a surfactant solution, then ultrasonicated sequentially in a surfactant solution, distilled
water, acetone and ethanol. The substrates were then dried with a stream of clean air and exposed
to UV ozone for 60 minutes. Spin Coatier T100 was used to apply films from solutions. A solution
of PEDOT:PSS (Al 4083, purchased from Ossila Ltd.) was filtered through a hydrophilic filter
with a pore size of 0.45 um and spin-coated onto the surface of pre-cleaned ITO substrates at 5000
rpm for 30 s. Immediately after application, the PEDOT:PSS layer was annealed at 140 °C for 10
minutes in air. The active layer was spin-coated from pre-prepared solutions by centrifugation at
1000 rpm for 1 minute. The active layer consisted of the regiorandom P3HT:NFA 1:10 w:w
composite. PFN was used as an electron-conducting layer. It was spin-coated at 3500 rpm for 30
seconds. The cathode material was Field’s alloy (Bi/In/Sn = 32.5% / 51% / 16.5%). It was
deposited onto the electron-conducting layer by dripping at 100 °C.

Photo-CELIV experiment was performed as described in ref. [S3]. Since hole mobility in
regiorandom P3HT is very low, and its fraction in the composite is small, the effective mobility
measured by photo-CELIV is determined by the electron mobility of the acceptor.

The effective mobility  was estimated using the relation [S4]:

w=2L*3At,’,

where ¢, is the position of the maximum of the current transient, 4 is the voltage ramp rate. The

thickness of the active layer was determined by AFM profilometry.
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