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A series of asymmetric perinone derivatives (PERNI) bearing different substituents (methyl, fluoro, chloro,
bromo, and cyano) on the benzimidazole moiety were synthesized and investigated for possible
application as electron-collecting monolayer materials in negative—intrinsic—positive perovskite solar
cells. These compounds exhibit good thermal stability and suitable frontier molecular orbital energy
levels for electron extraction and hole blocking. The perinone-based devices were found to
demonstrate comparable power conversion efficiencies and higher operational stability than reference
devices using the representative naphthalene diimide-based monolayer material under the same
fabrication conditions. Within the PERNI series, devices fabricated with the chloro-substituted PERNI-Cl
were found to tend to exhibit the highest open-circuit voltage and fill factor owing to the smallest
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Introduction

Nowadays, energy crises have raised significant concern world-
wide, prompting the motivation to develop sustainable energy
harvesting technologies. Photovoltaic technologies (PVs) have
the potential to play a significant role in the global effort to
decarbonize the energy supply by converting renewable solar
energy into electricity. Perovskite solar cells (PSCs) are consid-
ered to be one of the most promising alternatives to commer-
cial silicon-based solar cell technology. This is due to their sky-
rocketing power conversion efficiencies (PCEs) and cost-
effective fabrication process.'™

Most of the high-efficiency PSCs that have been reported to
date are based on a solution-processed layer-by-layer stacking
device structure, with a perovskite light-absorber layer sand-
wiched between the hole-collecting layer (HCL) and the
electron-collecting layer (ECL).” In the context of solution-
processed multi-layered structures, the development of semi-
conducting materials exhibiting solvent resistance to the
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perovskite precursor solution is paramount for the charge-
collecting layer situated beneath the perovskite layer (HCL for
positive-intrinsic-negative (p-i-n) or ECL for n-i-p PSCs). In
this regard, in the case of p-i-n PSCs, chemically adsorbed
monolayer materials (or anchorable molecules) have been
identified as a suitable replacement for conventional p-type
metal oxide- and polymer-based hole-collecting materials
(HCMs), including nickel oxide (NiOx), poly(3,4-ethylenedi-
oxythiophene):poly(styrene sulfonate) (PEDOT:PSS), or poly-
[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), etc.® The
molecular structure of monolayer materials generally consists
of a n-conjugated core linked with an anchoring group (such as
phosphonic acid,” ™ carboxylic acid,"*™** boronic acid,"*
silane," etc.) via an alkyl or aryl spacer. The anchoring group
can chemisorb onto the surface of transparent conducting
oxides (TCOs) to form a robust monolayer that can withstand
the subsequent perovskite deposition. Monolayer materials
have been shown to exhibit several advantages over conven-
tional materials, including minimal parasitic absorption,
low material consumption and facile molecular structure
modification."®™® Since our initial report in 2018,” significant
progress has been made in the development of hole-collecting
monolayer materials,'®*° leading to significant progress in p-i-
n single-**' and multi-junction®*>” solar cell devices.

In n-i-p PSCs, n-type metal oxides, such as titanium oxide
(TiO,) and tin oxide (SnO,), are the most commonly used
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electron-collecting materials (ECMs). However, together with their
intrinsic oxygen vacancy defects,”® the photo-catalytic activity
under ultraviolet light and high-temperature sintering process
(>450 °C) of TiO,*® and the high batch-to-batch variation of
commercial SnO, source materials’® impede their high-
throughput production. In light of the accumulated knowledge
in p-i-n PSCs, organic monolayer materials are poised to emerge
as promising alternatives to these conventional n-type metal
oxides. However, despite recent advances in interfacial modifica-
tions that have demonstrated significant improvements in charge
extraction and device stability,*' the development of monolayer
material-compatible alternatives to metal oxides remains challen-
ging. There are very few reports on electron-collecting monolayer
materials for n-i-p PSCs, and these are limited to well-known
fullerene,”** naphthalimide,*”® and rylene diimide>**>® deri-
vatives. In contrast, there are numerous efforts devoted to devel-
oping hole-collecting monolayer materials in p-i-n PSCs.*

In our research, we have focused on perinone structure as a
potential electron-collecting monolayer material. Perinone
(Fig. 1a), the bisbenzimidazole derivative of naphthalenetetra-
carboxylic anhydride, is a significant class of dyes and
pigments.*>*!  Furthermore, perinone derivatives have the
potential to become attractive n-type semiconducting materials
for organic electronic devices™>™* due to their high electron
affinity.*>*® The perinone structure is known for its inherent
stability, a desirable trait for ECMs in PSCs that need to with-
stand operational stresses like heat and prolonged light expo-
sure, contributing to the long-term operational stability of the
solar cell. Additionally, perinone derivatives can be chemically
modified to fine-tune their frontier molecular orbital energy
levels. Thus, achieving an optimal energy level alignment with
the perovskite, facilitating efficient electron injection from the
perovskite to the ECM, and minimizing energy losses.*" Most
intriguingly, the m-extended version of perinone, perylene

(a) Perinone and Its Derivatives for Photovoltaics:
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tetracarboxylic acid bisbenzimidazole (Fig. 1a), was used as an
n-type semiconductor in the first heterojunction organic solar
cell (OSC) developed by Tang in 1986.%” Nevertheless, perinone
derivatives are less developed due to their poor solubility in
organic solvents. To the best of our knowledge, there are only
two reports using perinone derivatives in the field of PSCs. Song
and coworkers developed a series of soluble halogen-substituted
perinones (Fig. 1a) by introducing long alkyl*® or alkoxy phenyl"®
groups into the naphthalene core and used them as perovskite/
ECL interfacial materials in p-i-n PSCs, demonstrating promis-
ing results in terms of both efficiency and stability.

In this study, we sought to address the solubility issue by
designing and synthesizing a series of asymmetric perinone
molecules (PERNI, Fig. 1b) capable of forming monolayers on
top of the substrate. In this way, high concentrations of the
material in the solution are not required. These molecules contain
an imide moiety connected with a methyl phosphonic acid
anchoring group on one side and a functionalized benzimidazole
moiety on the other (Fig. 1). This approach was taken to mitigate
the potential impact of long alkyl (or alkoxy) chains on electron
transport, a concern that could hinder the efficacy of the mole-
cules. In addition, we have thoroughly investigated the funda-
mental properties of these perinone derivatives, encompassing
thermal, photophysical and electrochemical characteristics.
Finally, we fabricated and evaluated n-i-p PSC devices using
these perinone-based monolayers as electron-collecting layers.

Results and discussion
Synthesis

The synthetic route to the perinone derivatives is shown in
Scheme 1, and the detailed procedures are provided in ESLf
The phosphonate ester precursor compounds (1-6) were

(b) This Work:
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Fig. 1 Chemical structures of (a) perinone, its n-extended derivative, and reported soluble perinone derivatives for p—i—n PSCs, and (b) asymmetric

perinone-based anchorable molecules for n—i—p PSCs in this work.
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Scheme 1 Synthesis route for asymmetric perinone-based anchorable molecules.

synthesized via a one-pot synthesis protocol consisting of a
condensation reaction of naphthalene-1,4,5,8-tetracarboxylic
dianhydride (1.0 equiv.) and corresponding substituted o-
phenylenediamine derivatives (1.0 equiv.), followed by the
imidation reaction with diethyl(aminomethyl)phosphonate
(1.2-1.5 equiv.). The synthesis of compounds 1-5 was carried
out in dry dimethylformamide (DMF). However, it was observed
that compound 6 undergoes decomposition when DMF is
utilized as the reaction solvent. Consequently, for the synthesis
of compound 6, DMF was replaced with glacial acetic acid. The
acidic hydrolysis of the phosphonate esters 1-5 with concen-
trated hydrochloric acid at reflux gave the non-substituted
PERNI-H (84% yield) and substituted PERNI derivatives (91,
91, 84, and 91% yield for PERNI-CH3, PERNI-F, PERNI-Cl, and
PERNI-Br, respectively). In the case of cyano-substituted PERNI-
CN, milder hydrolysis conditions were applied using bromo
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= 50| —PERNIH
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trimethylsilane at room temperature to prevent any side reac-
tions that may occur at the -CN group. This approach resulted in
the isolation of the final product, PERNI-CN, with a 57% yield.
The chemical structures of the synthesized molecules were
verified by means of nuclear magnetic resonance (NMR), ele-
mental analysis, Fourier transformation infrared spectroscopy
(FT-IR), and electrospray ionization (ESI) mass spectrometry.

Thermal properties

The thermal stability of the perinone derivatives was evaluated by
thermogravimetric analysis (TGA). The measurements were carried
out under a nitrogen atmosphere at a scan rate of 10 °C min .
The results are displayed in Fig. 2 (see also Fig. S1 and Table S1
(ESIT) for phosphonate ester precursor compounds). The tempera-

ture corresponding to 5% weight loss (T4s) of the perinone
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Fig. 2 TGA thermograms of (a) PERNI-H, PERNI-CH3, and PERNI-CN, and (b) PERNI-F, PERNI-CL, and PERNI-Br at a scan rate of 10 °C min~* under a

nitrogen atmosphere.

This journal is © The Royal Society of Chemistry 2025
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derivatives was estimated to be in the order of PERNI-CN (228 °C)
< PERNI-CI (294 °C) < PERNI-H (326 °C) < PERNI-Br (337 °C) <
PERNIF (410 °C) < PERNI-CH3 (453 °C). The rapid weight loss
exhibited by the halogen-substituted perinone derivatives, includ-
ing PERNI-F, PERNI-Cl, and PERNI-Br, can be ascribed to the
release of the halogen atoms. In summary, synthesized perinone
derivatives exhibit adequate thermal stability for perovskite solar
cell device fabrication by solution process, which is typically
conducted at temperatures below 150 °C.

Theoretical calculations

In order to gain insight into the structural and electronic
properties of the synthesized perinone molecules, density
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functional theory (DFT) calculations were performed at the
B3LYP/cc-PVDZ level of theory. The side view of DFT-
optimized molecular conformations (Fig. 3-bottom) demon-
strates that all perinone molecules possess a rigid and planar
n-conjugated framework, which is predicted to facilitate inter-
molecular n-r stacking in the solid state.>®

As demonstrated in Fig. 3, the highest occupied molecular
orbitals (HOMOs) of all molecules are distributed on the entire
n-system with the exception of the imide moiety. Conversely,
the lowest unoccupied molecular orbitals (LUMOs) exhibit
significant delocalization over the perinone fragment. The
incorporation of electron-accepting groups such as -F, —Cl,
-Br, and -CN, into the benzimidazole moiety results in a
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Fig. 3 Frontier Kohn—Sham molecular orbitals and the side view of the optimized molecular conformations for the perinone derivatives obtained from

the theoretical calculations at the B3LYP/cc-PVDZ level of theory.
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decrease in the energy levels of the frontier molecular orbitals
compared to the non-substituted or electron-donating group
(-CH3;) substituted molecule.

Photophysical properties

In order to investigate the influence of the substituted func-
tional groups on the photophysical properties, the ultraviolet-
visible (UV-vis) absorption and photoluminescence (PL) spectra
of the perinone derivatives were measured in dimethylaceta-
mide (DMA) solution. The data are presented in Fig. 4 and
summarized in Table 1. All compounds exhibit two major
absorption bands within the range of 300-325 nanometers
(nm) and 400-455 nm, respectively. The broad and intense
absorption peak in the longer wavelength region can be attrib-
uted to 1 — w* transitions. In comparison to non-substituted
PERNI-H with exhibited a maximum absorption peak (1Ah,)
observed at 433 nm, perinone derivatives with electron-
accepting groups demonstrated a hypsochromic shift of 7-
20 nm (Z45, = 426, 422, 426, and 413 nm for PERNI-F, PERNI-
Cl, PERNI-Br, and PERNI-CN, respectively). Conversely, a dis-
cernible bathochromic shift of 22 nm was evident in the
derivative bearing the electron-donating methyl substituent
(PERNI-CH3, 1A%, = 455 nm).

A similar trend was obtained for the PL spectra with the
peak observed at 626, 675, 604, 533, 590, and 527 nm for
PERNI-H, PERNI-CH3, PERNI-F, PERNI-Cl, PERNI-Br, and
PERNI-CN, respectively. Consequently, the Stokes shift (Asokes)
for these perinone derivatives was calculated to be in the range
of 111-220 nm. The optical bandgap (E;) was determined from
the intersection (i) of the absorption and photoluminescence
spectra using the following equation: E, = 1240/ (Table 1).
The experimental results align with the theoretical calculations,
with the smallest and largest optical band gaps observed for
PERNI-CH3 and PERNI-CN, respectively.

In comparison to the phosphonate ester precursors 1-6 (Fig.
S2 and Table S2, ESIt), the PL spectra of non-substituted
PERNI-H and methyl-substituted PERNI-CH3 exhibit a bath-
ochromic shift of approximately 30 nm, while those of PERNI
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Fig. 4
derivatives.
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Table 1 Optical properties of the phosphonic acid group containing
perninone derivatives

7Ab a

Compound A “ [nm] P [nm] Aseokes’ [nmM] Ain? [nm] E,° [eV]

PERNI-H 433 626 194 503 2.46
PERNI-CH3 455 675 220 554 2.24
PERNI-F 426 604 178 484 2.56
PERNI-CI 422 533 111 474 2.62
PERNI-Br 426 590 164 488 2.54
PERNI-CN 413 527 114 458 2.71

“ Absorption spectra measured in DMA solution 10~ M. %" photo-

luminescence spectra measured in DMA solution 10~° M. € Stokes
Pl ab d

shift Jgiokes = Amax — Am: Intersection point of absorption and emission

spectra in DMA solutlon Optical band gap was estimated from the

intersection of absorption and emission spectra following this equation:

Ey = 1240/ Aing.

derivatives with electron-accepting groups, particularly chloro-
substituted PERNI-Cl, demonstrate a hypsochromic shift up to
58 nm. Freshly prepared and 24 hours-aged DMA solutions of
phosphonic acid-containing perinone derivatives (0.1 mM)
were exposed to UV radiation (254 nm). As demonstrated in
Fig. S3 (ESIt), a discernible alteration in the color of photo-
emission was observed for PERNI-F (from dark yellow to lime),
PERNI-CI (from gold to light green), and PERNI-Br (from orange
to gold). This phenomenon indicates a shift in the emission
bands towards shorter wavelengths. This phenomenon can be
explained by the formation of H-type aggregates.”>* In H-
aggregates, the molecular transition dipoles are oriented “‘face
to face”. In this configuration, the lower excited state of the two
split energy levels generated by dipole interactions is optically
forbidden, while the higher one is allowed.

Electrochemical properties

The electrochemical properties of the perinone derivatives were
investigated by cyclic voltammetry (CV) measurements in
dimethyl sulfoxide (DMSO) solution containing tetrabutylam-
monium hexafluorophosphate ("BuyN'PFs~, 0.1 M) and ferro-
cene/ferrocenium (Fc/Fc') as the supporting electrolyte and
internal standard, respectively, at a scan rate of 50 mV s .

(b

1.0

0.8+

0.6

0.4+

0.2+

0.0
400

Normalized photoluminescence ~

500 600 700 800

Wavelength (nm)

(a) UV-vis absorption in DMA solution 10~* M and (b) normalized photoluminescence spectra of the phosphonic acid group containing perninone
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The cyclic voltammograms are shown in Fig. 5, and the
electrochemical properties are summarized in Table 2.

The occurrence of quasi-reversible first reduction waves was
observed for all compounds. The half-wave reduction potential
(E1jarea vs. Fe/Fc') of PERNI-H, PERNI-CH3, PERNI-F, PERNI-CI,
PERNI-Br, and PERNI-CN was estimated to be —1.01, —0.84,
—0.75, —1.10, —0.95, and —0.92 V, respectively. The LUMO
energy levels (Erymo) were calculated to be —4.09, —4.26, —4.35,
—4.00, —4.15, and —4.18 eV for PERNI-H, PERNI-CH3, PERNI-F,
PERNI-Cl, PERNI-Br, and PERNI-CN, respectively, by using the
following equation: Eyypo = — (5.1 + Exaredyvs. rorre ), Where 5.1 €V is
the vacuum energy level of ferrocene.”®> Furthermore, the
HOMO levels of these perinone derivatives were estimated to be
in the range from —6.50 to —6.89 e€V. The LUMO and HOMO levels
of PERNI derivatives are found to be deeper than the conduction
bands (CBs) and valence bands (VBs) of typical perovskite materi-
als (CB = —3.90 eV and VB = —5.45 eV for MAPbI; or CB = —3.99 eV
and VB = —5.56 eV for Cs 05FAg soMAy 15PbL, 75Brg 25, MA: methy-
lammonium, FA: formamidinium),>**” indicating potential for
efficient electron extraction and hole blocking from the
perovskite layer.

Fabrication and evaluation of n-i-p perovskite solar cells

The present study aims to evaluate the impact of perinone
derivatives as electron-collecting monolayer materials in

View Article Online
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Table 2 Electrochemical properties of PERNI derivatives obtained from
CV and UV-vis measurements

Compound E1jaredvs. erie * [V] Erumo’ [€V] Enomo’ [eV]
PERNI-H ~1.01 —4.09 —6.55
PERNI-CH3 —0.84 —4.26 ~6.50
PERNLF ~0.75 —4.35 ~6.91
PERNI-CI ~1.10 —4.00 —6.62
PERNI-Br ~0.95 —4.15 ~6.69
PERNI-CN ~0.92 —4.18 ~6.89

“ Half-wave of reduction potential Ej;,.q was obtained as an
average value between maxima of cathodic and anodic potentials:
Eijpred =1/2 X (Epe + Epg). b calculated from the equation Ejymo =
—(5.1 + Eyjaredvs.vere )y>> > where 5.1 eV is the vacuum energy level of
ferrocene. ¢ Calculated from the equation Eyomo = ELumo + Ey, E is the
optical band gap estimated from UV-vis measurement.

perovskite solar cells. The n-i-p PSCs with a configuration of
glass/indium tin oxide (ITO)/electron-collecting layer (ECL)/
perovskite/doped  2,2',7,7'-tetrakis-(N,N-di-4-methoxyphenyl-
amino)-9,9’-spirobifluorene (Spiro-OMeTAD)/Au (Fig. 6a) were
fabricated. For the purpose of comparison, the commercially
available naphthalene diimide-based PANDI was utilized as the
reference for electron-collecting monolayer materials.’” Addi-
tionally, given that the general thickness of conventional metal
oxide-based ECL is ca. 40 nm,” in this study, to mimic a
monolayer condition, a very thin layer of SnO, (ca. 3 nm) was
also employed as the reference. As previously mentioned, the

(a) PERNI-H (b) PERNI-CH3 (c) PERNI-F
Epc =_104 —128 -1.06
E, =-0.78
5 |5 5
= + = =
(@) (@) (@)
-1.23 1. —0.93
E,o=-0.97 E,=-080 0 E,=-072
-04-06-08-10-12-1.4-16-18 -0.4-06-08-1.0-1.2-14-16-1.8 -04-0.6-0.8-1.0-1.2-1.4-1.6-1.8
Potential (V) vs Fc/Fc* Potential (V) vs Fc/Fc* Potential (V) vs Fc/Fc*
(d) PERNI-CI (e) PERNI-Br (f) PERNI-CN
-1.31 -1.22 -1.17
Ep=-1.18. 7 E,.=—0.98
2 : 2 2
o o o
3 | 3 ir 3
—1.28 —
E, =107 E,.=-092 112 E,, = -0.84

-0.4-0.6-0.8-10-1.2-1.4-1.6-1.8
Potential (V) vs Fc/Fc*
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Fig. 5 Cyclic voltammetry curves of PERNI derivatives dissolved in DMSO solution at a scan rate of 50 mV s™~.
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Potential (V) vs Fc/Fc*
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(a) Schematic Device Structure and Energy Diagram
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Fig. 6
and (c) J-V curves in the reverse scan of the champion devices.

synthesized perinone derivatives exhibit suitable energy level
matching (Fig. 6a) with our previously developed triple-cation
mixed halide perovskite (Csyo5FAq.s0MAg.15PbI, 75Brg,5). For
this reason, this perovskite component was selected for this
study. The fabrication process for PSC devices is delineated in
the ESL.{

The morphology of the perovskite films fabricated on dif-
ferent perinone-based electron-collecting monolayers was eval-
uated by scanning electron microscopy (SEM). As demonstrated
in the top-view (Fig. S4, ESI{) and cross-sectional (Fig. S5, ESIt)

SEM images, irrespective of the substituents on the
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(a) Schematic structure of n—i—p PSC and energy diagram of perinone derivatives and triple-cation mixed halide perovskite used in this work. (b)

benzimidazole moiety, all perovskite films exhibit a smooth
and pinhole-free surface. The presence of bright grains has
been attributed to the presence of excess Pbl,. Notably, the
perovskite films fabricated on the PERNI derivatives exhibited
higher coverage compared to those deposited on PANDI (Fig.
S6, ESIt). This finding indicates a higher surface wettability of
the PERNI-based monolayers compared to the PANDI
counterpart.

The current-voltage (J-V) curves for champion devices
measured under standard AM 1.5G (100 mW cm?) illumina-
tion are shown in Fig. 6b and c. The corresponding device

Table 3 Photovoltaic parameters of n—i—p PSCs with different ECLs derived from J-V measurements

ECL Jsc® [mA cm 2] Vo' [V] FF* PCE? [%)]

Thin SnO, (3 nm) 24.1 (24.0 £ 0.1) 0.97 (0.97 % 0.01) 0.67 (0.66 + 0.01) 15.8 (15.5 + 0.2)
PANDI 23.3 (22.9 + 0.6) 0.86 (0.62 + 0.15) 0.62 (0.53 + 0.05) 12.5 (7.7 £ 2.8)
PERNI-H 23.1 (21.3 £ 1.4) 0.85 (0.77 % 0.09) 0.59 (0.47 + 0.11) 11.7 (8.1 £ 3.1)
PERNI-CH3 23.4 (21.9 + 1.4) 0.88 (0.81 % 0.06) 0.61 (0.52 + 0.09) 12.4 (9.4 £ 2.8)
PERNI-F 23.1 (22.3 £ 0.8) 0.85 (0.81 + 0.04) 0.61 (0.53 £ 0.08) 12.1 (9.8 £ 2.2)
PERNI-C1 23.0 (22.6 + 0.5) 0.86 (0.84 + 0.02) 0.63 (0.56 + 0.07) 12.3 (10.6 + 1.4)
PERNI-Br 23.0 (22.8 £ 0.2) 0.85 (0.83 + 0.02) 0.58 (0.52 + 0.06) 11.4 (9.8 £ 1.1)
PERNI-CN 23.3 (23.4 £ 0.7) 0.81 (0.78 + 0.04) 0.62 (0.61 + 0.02) 11.8 (11.0 + 0.5)

% The average and standard deviation values obtained in the reverse scan from 6-18 devices were given in parentheses.

This journal is © The Royal Society of Chemistry 2025
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parameters, including short-circuit current ( Jsc), open-circuit
voltage (Voc), fill factor (FF), and PCE, are summarized in
Table 3. It is noteworthy that all devices exhibited substantial
hysteresis (Table S3 and Fig. S7 and S8, ESIT), particularly in the
cases of the PSCs employing electron-collecting monolayers, a
finding that aligns with prior reports in the literature.*%3%3°
Thus, we used the values derived from the reverse scan to
report photovoltaic parameters.

The reference devices employing a 3 nm-thin SnO, exhibited
a maximum and average PCE of 15.8% and 15.5%, respectively.
As no passivation treatment on perovskite films was utilized in
the present work, the results can be regarded as comparable to
those of previously reported studies.®® On the other hand, the
reference devices fabricated with naphthalene diimide-based
monolayer (PANDI), which has been reported as one of the
most efficient electron-collecting monolayer materials to
date,®” exhibited a lower maximum and average PCE of 12.5
and 7.7%, respectively. This outcome suggests that achieving
comparable reproducibility from laboratory to laboratory and
even batch to batch is considerably more challenging in the
case of electron-collecting monolayer-based n-i-p PSCs com-
pared to p-i-n devices with hole-collecting monolayers. From
our perspective, besides intrinsic properties of electron-
collecting monolayer materials, such as hydrophobicity and
compatible energy levels, the impact of the transparent con-
ducting oxide microstructure® is also a crucial factor and
should receive more studies.

Getting back to the devices using the perinone derivatives as
electron-collecting monolayers. All perinone-based devices
exhibited maximum and average PCEs that were comparable
to those of devices employing naphthalene diimide-based
PANDI (see box plots of photovoltaic parameters in Fig. S9,
ESIt). The maximum (average) PCE of PERNI-H, PERNI-CH3,
PERNI-F, PERNI-Cl, PERNI-Br, and PERNI-CN-based devices
was estimated to be 11.7% (8.1%), 12.4% (9.4%), 12.1%
(9.8%), 12.3% (10.6%), 11.4% (9.8%), and 11.8% (11.0%),
respectively. The enhancement in the average PCE can be
attributed to an increase in the average Voc of the perinone-
based devices (0.77-0.84 V for perinone derivatives vs. 0.62 V for
PANDI). Among the devices using the PERNI series, those
fabricated with chloro-substituted PERNI-CI tend to exhibit
the highest Voc and FF, which is correlated with its smallest
CB/LUMO energy offset (+0.01 eV for PERNI-Cl vs. +0.10 to
+0.36 eV for the other PERNI). The Jsc values derived from
the J-V curves of the perinone-based devices are in line with the
integrated values estimated from the incident photon-to-
current conversion efficiency (IPCE, Fig. S10, ESIt) spectra
and comparable to that of the PANDI-based reference device.

The present study aims to investigate the influence of
electron-collecting layers on the charge separation properties
at the ECL/perovskite interface. To this end, steady-state photo-
luminescence (PL) quenching and time-resolved PL (TRPL)
decay for the perovskite films deposited on quartz and different
ITO/ECL substrates were measured. As shown in Fig. S11 and
Table S4 (ESIt), after the fabrication perovskite layers on ECL
substrates, the PL peak intensity was reduced to 48, 32, 14, 13,
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12, 12, 11, and 4% for SnO,, PANDI, PERNI-CH3, PERNI-F,
PERNI-H, PERNI-Br, PERNI-C], and PERNI-CN, respectively, in
comparison to the pristine perovskite deposited on a quartz
substrate. A double exponential function in which the fast
lifetime (t,) is associated with the charge transfer quenching
at the interface, while the long lifetime (t,) is attributed to the
charge recombination quenching in the bulk, was used to fit
the PL decay. The average TRPL lifetime (t..) and t, for the
perovskite film fabricated on SnO, were found to be 164 and
177 ns, respectively, which are longer than those of the per-
ovskite films deposited on PANDI (t,,. = 74 ns, 7, = 82 ns) and
perinone derivatives (7, = 17-63 ns, 7, = 21-68 ns). This result
correlates well with the trend observed for Vo and indicates
that the charge recombination in the perovskite film fabricated
on SnO, was suppressed compared to those fabricated on
PANDI or PERNI derivatives, leading to higher performance of
the SnO,-based devices.

The operational stability of the devices was evaluated
through the implementation of maximum power point tracking
(MPPT) measurement in an inert atmosphere at room tempera-
ture under AM 1.5G. It is noteworthy that the operational
stability of n-i-p devices can be impacted by the incorporation
of doped Spiro-OMeTAD.*” To circumvent this concern, for the
MPPT measurement, a thin film of Spiro-OMeTAD was fabri-
cated by the vacuum deposition method.>® As shown in Fig. S12
(ESIY), after 100 h, compared to the initial output, the output
power of the PERNI-CN-, PERNI-Cl, and PERNI-CH3-based
devices was estimated to be 83, 73, and 60%, respectively,
higher than that of the PANDI-based reference device (42%).
The higher operational stability of the devices fabricated with
the PERNI derivatives could be attributed to the better coverage
and quality of the perovskite films on the PERNI-based mono-
layers compared to the case of PANDI.

Overall, as a proof-of-concept, the perinone derivatives
(PERNI series) were found to be potential electron-collecting
monolayer materials in n-i-p PSCs. In this work, a benzimida-
zole moiety has been modified with various functional groups
in order to find the optimal structure. In future work, it would
be beneficial to focus on modification of the naphthalene core
of these molecules. Thus, finetuning the energy level alignment
of the system. Additionally, we observed that the nature of the
substituent at benzimidazole moiety has a significant influence
on the overall device stability. Therefore, identification of even
more compatible functional groups could represent a fruitful
avenue for furthering this research.

Conclusions

In summary, a series of asymmetric perinone derivatives bear-
ing different substituents (methyl, fluoro, chloro, bromo, and
cyano) on the benzimidazole moiety were synthesized and
investigated. These compounds are sufficiently thermally
stable. Furthermore, the presence of suitable frontier molecular
orbital energy levels suggests their potential to function as
electron-collecting materials in n-i-p PSCs. A comparative

This journal is © The Royal Society of Chemistry 2025
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analysis was conducted on perinone-based devices and refer-
ence devices, utilizing a naphthalene diimide-based monolayer
material under identical fabrication conditions. The results
indicated that both groups exhibited comparable performance.
Among the synthesized perinone derivatives, devices fabricated
with the chloro-substituted PERNI-CI were found to exhibit the
highest open-circuit voltage and fill factor owing to the smallest
energy offset between the lowest unoccupied molecular orbital
and the conduction band of the perovskite. The type of sub-
stituent at benzimidazole moiety has a marked influence on the
overall device stability. We believe that obtained moderate but
encouraging results and structure/properties relationships,
demonstrated in this work, is another important step towards
supplementing or replacing commonly employed metal oxides
such as TiO,, SnO,, and ZnO as n-type electron transport layers,
by adopting electron-collecting molecular monolayers in the n-
i-p structure PSCs.
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