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ast decade, the scientific direction that studies perovskite 
lls (PSCs) has been intensively developing, the achieved 
of the power conversion efficiency (PCE) having been 
ed approximately from 3.8 to 25.5%.1,2 To achieve a high 
fficiency, it is important to provide the optimal 

rystalline structure of the light-absorbing perovskite 
s well as the correspondence between the energy levels of 
e-transport (HTL) and electron-transport (ETL) layers as 
 the uniformity and low defectiveness of films of the 
ls. In this case, the recombination of current carriers at 
erlayer boundaries decreases and the balance of the 
 and hole mobilities are achieved. Despite significant 
s in increasing the efficiency, there is a problem of low 
 of PSCs,3 which prevents the further commercialization. 
the ways to solve the problem is the further development 
 organic materials for charge-transport layers with 
ed chemical structure.4,5

lene diimide (PDI) derivatives attract researchers’ 
n because they have a fairly developed p-electron system 
the presence of five fused benzene rings. Two additional 
ed cycloimide moieties impart strong electron-
wing properties to the entire molecule, and the lowest 
pied molecular orbital (LUMO) energy is usually in the 
f –3.5 to –4.5 eV due to the presence of four electron-
wing carbonyl groups.6 The fine tuning of electronic 
ies by the substituent variation provided good diversity of 
rivatives. Many of them have been studied as non-
e acceptors (NFAs) in organic solar cells,7–9 sensitive 

materials for fluorescent and colorimetric sensors,10,11 
electroluminescent compounds in organic light emitting diods12 
as well as materials for field-effect transistors.13,14

Recently, such compounds were used as charge-transport 
materials in PSCs. For example, for PSCs of various configurations 
with tetra-PDI derivative of tetraphenylethylene (TPE-PDI4) as an 
ETL layer, high efficiencies of 16.29 and 18.59% were observed. 
In addition, high hydrophobicity of TPE-PDI4 provides better 
protection of the perovskite layer from moisture as compared to 
PC60BM, which can significantly increase the stability of 
photovoltaic cells.15 Related phenothiazine dioxide derivatives 
(PDO-PDI2 and PDO-PDI3) in the PSCs based on mixed-halide 
perovskite provided an efficiency of 16.22 and 18.72%, respectively; 
at the same time, there was practically no I–V hysteresis and 93% 
of the initial efficiency was maintained for 720 h under accelerated 
aging conditions of non-encapsulated devices.16 Incorporation of a 
(N,N-dimethylamino)alkyl PDI derivative (PDIN) with a very 
simple structure in p-i-n PSCs between Ag and PC60BM layers 
made it possible to increase the efficiency up to 17.00%, which was 
much higher than that of PC60BM-only control devices (13.51%) 
under identical conditions.17 For PSCs with ETL based on 
tetraaryloxy PDI derivatives, an efficiency of 16.8% was observed.18 
The use of (PDI-C6H4)2NPh (DPT) derivative with a central 
fragment based on a double-substituted triphenylamine in PSCs 
allowed one to achieve a PCE of 20.07% with negligible hysteresis 
during forward and reverse scans, which can be attributed to a 
suppressed ion migration in perovskite and charge accumulation at 
the interface between perovskite and ETL.19
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w non-fullerene acceptors based on perylene diimide 
cetylenic bridges were designed and synthesized 
ing Stille and Sonogashira coupling reactions as the 

eps. Their optical and electronic properties were 
d by UV–VIS spectroscopy and cyclic voltammetry, 
ergies of frontier molecular orbitals were estimated. 
reliminary studies in perovskite solar cells as electron 

ort materials showed the best power conversion 
cy for photocells of 14.18% value.
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In this work, we synthesized new structural blocks M1 and M2 
based on anthra[1,2-b:4,3-b':6,7-c'']trithiophene-8,12-dione and 
dithieno[2,3-e:3',2'-g]isoindole-7,9(8H)-dione, respectively, and 
used them as substituents in the PDI fragments, attaching them 
through acetylene bridges (Schemes 1 and 2). The resulting new 
non-fullerene acceptors (NFAs) NFA-1 and NFA-2 (Scheme 3) 
were fully characterized and tested as ETL materials in PSCs and 
an efficiency of 14.18% was observed with open-circuit voltage 
(Voc) of 960.33 mV, short-circuit current density (Jsc) of 
22.78 mA cm–2, and filling factor (FF) of 64.84%. The obtained 
results show that NFA-1 is a promising compound for further 
structural optimization for operation in perovskite solar cells. 

New monomer of anthra[1,2-b:4,3-b':6,7-c'']trithiophene 
series M1 was synthesized as outlined in Scheme 1. The key step 
was the Friedel–Crafts acylation of 2,5-bis(2-ethylhexyl)
thiophene with 4,5-dibromophthaloyl dichloride 2 which led to 
tricyclic compound 3 with a satisfactory yield of about 40%. Its 
further Stille reaction with tributyl(4-dodecylthiophen-2-yl)
stannane 6 followed by bromination afforded compound 8 in 
71% yield. Final oxidative cyclization of 8 with FeCl3 gave the 
target monomer M1 in 60% yield.

Another new monomer of dithieno[2,3-e:3',2'-g]isoindole 
type M2 was obtained in several stages from maleic anhydride 
(see Scheme 2), with the principal steps being analogous to the 
preparation of M1 (see Scheme 1). The final oxidative cyclization 
of intermediate 10 was performed, however, with atmospheric 
oxygen upon irradiation with 465 nm light.

The new monomeric fragments M1 and M2 look promising 
for designing new materials for organic electronics. 
Electrochemically estimated LUMO energies of M1, M2 are of 
–2.80 and –2.87 eV, respectively; absorption edges located at 
448 and 467 nm correspond to the optical bandgap (Eg

opt) values 
of 2.77 and 2.66 eV (Figure 1). The HOMO level energies 
estimated from these data are of –5.57 and –5.53 eV for M1 and 
M2 (Table 1). Thus, compounds M1 and M2 have weak electron-
acceptor nature due to the presence of quinone and cyclic imide 
rings in the structures, respectively.

Monomers M1 and M2 were readily functionalized with 
trimethylsilylacetylene in the Sonogashira reaction followed by 
desilylation to form diethynyl intermediates 11 and 12 (see 
Scheme 3). These compounds were coupled with PDI-Br 
precursor 13 under the Sonogashira conditions to afford new bis-
PDI compounds NFA-1 and NFA-2. Both of them were also 
prepared in moderate yields using one-pot desilylation–
Sonogashira coupling procedure as reported recently20 (see 
Online Supplementary Materials).

Both compounds NFA-1 and NFA-2 have high absorption 
coefficients in the entire visible spectrum [Figure 1(a)] due to 
strong intramolecular charge transfer from donor central 
fragments to PDI electron-withdrawing groups. The absorption 
edges of compounds locate at 653 and 668 nm, which corresponds 
to Eg

opt values of 1.90 and 1.85 eV for NFA-1 and NFA-2, 
respectively (see Table 1).

The LUMO energies of both acceptors NFA-1 and NFA-2, 
estimated from CVA curves, are practically equal (–3.86 eV); 
the corresponding HOMO energies are of –5.73 and –5.71 eV, 
respectively [see Figure 1(c) and Table 1]. These values are very 
close to the EHOMO/ELUMO values for the well-known PDI 
acceptors Fluorene-PDI2 (–6.18/–3.95 eV),21 TPE-PDI4 
(–5.82...–5.89/–3.77...–3.78 eV),15,22 Spirobifluorene-PDI2  
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(SF-PDI2) (–5.82/–3.80 eV),23 triphenylphosphine derivatives 
PPh3-PDI3, PPh3O-PDI3, PPh3S-PDI3 (–5.85/–3.64, 
−5.88/−3.70 and −5.89/−3.74 eV, respectively),24 TPDI, ThPDI 
and O-PDI (−5.68/−3.77, −5.71/−3.76 and −5.73/−3.80 eV, 
respectively).25 The DFT calculated EHOMO/ELUMO values for 
compounds NFA-1 and NFA-2 are of –5.88/–3.80 and  
–5.86/–3.87 eV, respectively (see Table 1), and are in a good 
agreement with the experimental data. The HOMO and LUMO 
distributions within the NFA-1 and NFA-2 molecules are shown 
in Figure 1(d ) (see also Online Supplementary Materials, 

Figures S8 and S9). Visually, in the NFA-1 molecule HOMO is 
fairly uniformly distributed throughout the entire molecule, and 
the LUMO orbital is mainly localized on the terminal PDI 
fragments. A similar picture is observed for  
NFA-2. From the data obtained one may conclude that NFA-1 
and NFA-2 are promising electron acceptor compounds and can 
be used in organic and hybride electronic devices.

In this work we studied NFA-1 and NFA-2 in inverted 
perovskite photovoltaic cells as electron-transport materials. The 
structure of PSCs was ITO/PTA/MAPbI3/ETL/HBL/Mg/Al, 
(ITO is indium tin oxide; BCP is bathocuproine; BPhen is 
bathophenanthroline), where HBL is additional hole-blocking 
layer such as BCP (5 nm), BPhen (5 nm) or WO3 (15 nm). We 
did not observe significant efficiency of PSCs with ETL =  
= NFA-2 (the best PCE is only of 3.36% at Voc = 1003.74 mV, 
Jsc = 14.25 mA cm–2, and FF = 23.44%). But when NFA-1 was 
used as ETL, we observed promising PCE values up to 13.44% 
at Voc = 903.35 mV, Jsc = 22.20 mA cm–2 and FF = 67.01% for 
the PCSs with the structure ITO/PTA/MAPbI3/NFA-1/BCP/ 
Mg/Al. When using BPhen as a hole-blocking material, the 
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Table  1  Optical and electronic properties of M1, M2, NFA-1 and NFA-2.

Com-
pound

lons
a/

nm
Eg

opt b/
eV

Eons
red c/

V
ELUMO

d/
eV

EHOMO
e/

eV
E T

LUMO
 f/

eV
E T

HOMO
 f/

eV

M1 448 2.77 –1.683 –2.80 –5.57 –2.87 –6.22
M2 467 2.66 –1.613 –2.87 –5.53 –2.97 –6.21
NFA-1 653 1.90 –1.190 –3.86 –5.73 –3.80 –5.88
NFA-2 668 1.85 –1.192 –3.86 –5.71 –3.87 –5.86

a In film casted from CHCl3. b Eg
opt = 1240/lons. c In 0.1 m Bu4NPF6/MeCN, 

Pt working electrode, Ag/AgCl reference electrode, scanning rate 
100 mV s–1. d ELUMO = –e(Eons

red + 4.48), where 4.48 eV is the HOMO energy 
of ferrocene. e EHOMO = ELUMO – Eg

opt. f Calculated on B3LYP// 
6-311++G(d,p) level of theory.
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PSCs efficiency slightly increased up to 14.18% at 
Voc = 960.33 mV, Jsc = 22.78 mA cm–2 and FF = 64.84%. 
Basically, this growth is due to the increase in Voc by 60–80 mV 
when using BPhen [Figure 2(a) and Table 2]. 

In both PSCs configurations, the external quantum yield 
(EQE) exceeds 80% in the visible wavelength range of  
420–770 nm [Figure 2(b)]. The maximum EQE values for both 
structures are of 90% at 580 nm. The short circuit current values 
obtained by integrating the EQE spectra are 22.09 and 
21.97 mA cm–2, which is in good agreement with the values 
obtained by measuring the current–voltage characteristics (see 
Table 2).

In conclusion, two new monomers M1 and M2 based 
on  anthra[1,2-b:4,3-b':6,7-c'']trithiophene-8,12-dione and di
thieno[2,3-e:3',2'-g]isoindole-7,9(8H)-dione were designed and 
synthesized. They were used for the preparation of new perylene 
diimide derivatives, NFA-1 and NFA-2, with acetylenic bridges. 
The optical and electronic properties of the new compounds 
were studied by UV–VIS spectroscopy and cyclic voltammetry, 
and HOMO/LUMO energy levels were estimated. Compounds 

NFA-1 and NFA-2 were preliminarily examined in perovskite 
solar cells (PSCs) as electron transport materials (ETM). The 
best power conversion efficiency (PCE) for PSCs with ETM =  
= NFA-1 was of 14.18%. The obtained results show that NFA-1 
is a promising compound for further structural optimization for 
operation in perovskite solar cells.

This study was funded by the Russian Science Foundation 
(grant no. 22-23-00318). NMR, MALDI-TOF MS, UV-
absorption, cyclic voltammetry studies and elemental analysis 
were performed with the financial support of the Ministry of 
Science and Higher Education of the Russian Federation 
employing the equipment of Center for molecular composition 
studies of INEOS RAS.
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in the online version at doi: 10.1016/j.mencom.2023.04.005.
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Figure  2  (a) Structure and J–V characteristics and (b) EQE spectra of the 
PSCs with NFA-1 as ETLs.

Table  2  Parameters of PSCs with NFA-1 in ETL composition.

ETLa Scan
direction

Voc/
mV

Jsc/
mA cm–2

FF
(%)

PCE
(%)

Jsc EQE
b/

mA cm–2

NFA-1/BCP
(5 nm)

F 881.09 22.41 61.98 12.24 22.09
R 903.35 22.20 67.01 13.44

NFA-1/BPhen
(5 nm)

F 961.47 22.47 63.81 13.79 21.97
R 960.33 22.78 64.84 14.18

a PSCs with the ITO/PTA/perovskite/NFA-1/BCP or BPhen/Mg/Al structure 
were studied under illumination with a standard light source AM1.5 
(100 mW), cell area was 0.08 cm2. b Jsc EQE was the short circuit current 
density calculated by integrating the EQE spectrum.


