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COMMENTS TO AUTHOR:

Reviewer #1: The manuscript, entitled
"Molecular-Glass Interface Engineering
Enables Highly Efficient and Stable
Inverted Perovskite Solar Cells," presents
interface engineering for a MAPbI3-based
inverted solar cell design aimed at
improving its performance and stability.
The work demonstrates that incorporating
FFI11, FFI 2, and DPP 3 between the
perovskite absorber and PCBM improves
its photovoltaic performance, while also
enhancing its hydrophobicity and
temperature stability to a slight extent.
The work is well presented and supported
by experimental evidence. Only in a few
places do the figure axis values need to
be properly written.

Reviewer #2: This manuscript reports the
use of glass-forming molecular electron-
acceptor interlayers (FFI-1, FFI-2, and
DPP-3) to enhance the efficiency and
thermal stability of inverted (p-i-n) MAPDblI,
perovskite solar cells. The topic is timely
and potentially relevant to the perovskite
photovoltaics community. However, in its
current form, the manuscript suffers from
deficiencies in experimental details, data
support, figure quality, and scholarly rigor.
Substantial revision and additional
experimental evidence would be required
before the work could be considered for
publication.

1. Essential characterization details are
missing or incomplete, particularly for
XRD, UV-Vis, and J-V/MPPT
measurements. Instrument models,
measurement parameters, calibration
procedures, and testing protocols should
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Author’s Responses to Reviewers

We deeply appreciate receiving your letter dated January 23™, 2026, regarding our
manuscript (ente.202502597; Title: Molecular-Glass Interface Engineering Enables
Highly Efficient and Stable Inverted Perovskite Solar Cells) and the accompanying
comments. Your feedback has been very valuable and helpful for improving the quality of
the manuscript and aligning it with the requirement of Energy Technology. We have address
your specific comments as much as possible in our response. Please kindly find the below
shown response to the reviewer’s suggestion.

Response to the comments

Reviewer #1
Comments:

The manuscript, entitled "Molecular-Glass Interface Engineering Enables Highly
Efficient and Stable Inverted Perovskite Solar Cells,” presents interface engineering for a
MAPbIs-based inverted solar cell design aimed at improving its performance and stability.
The work demonstrates that incorporating FFI 1, FFI 2, and DPP 3 between the perovskite
absorber and PCBM improves its photovoltaic performance, while also enhancing its
hydrophobicity and temperature stability to a slight extent. The work is well presented and
supported by experimental evidence. Only in a few places do the figure axis values need
to be properly written.

Response:

We sincerely thank the reviewer for the positive and encouraging assessment of our
manuscript. We greatly appreciate the recognition of the significance of our interface
engineering strategy and the experimental evidence supporting the improved efficiency and
stability of the devices. In response to the reviewer’s comment, we have carefully revised
the manuscript to correct and standardize all figure axis labels, units, and numerical values
to ensure clarity and readability. We believe these revisions further enhance the quality and
presentation of the manuscript.

Reviewer #2
Comments:

This manuscript reports the use of glass-forming molecular electron-acceptor
interlayers (FFI-1, FFI-2, and DPP-3) to enhance the efficiency and thermal stability of
inverted (p-i-n) MAPDI;s perovskite solar cells. The topic is timely and potentially relevant
to the perovskite photovoltaics community. However, in its current form, the manuscript
suffers from deficiencies in experimental details, data support, figure quality, and scholarly
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rigor. Substantial revision and additional experimental evidence would be required before
the work could be considered for publication.

Response:

We thank the reviewer for the detailed and constructive comments. In response to
the reviewer’s comment, we have considerably revised the manuscript by expanding the
experimental details, adding supporting data, improving figure quality, and strengthening
the scientific discussion. We believe these revisions address the concerns raised and
significantly enhance the rigor and clarity of the work.

Question 1:

Essential characterization details are missing or incomplete, particularly for XRD,
UV-Vis, and J-V/IMPPT measurements. Instrument models, measurement parameters,
calibration procedures, and testing protocols should be clearly reported to ensure
reproducibility and allow proper assessment of the results.

Answer 1:
We thank the reviewer for this insightful comment and fully agree that detailed

characterization information is essential for reproducibility and clarity. We have revised
the manuscript and added a comprehensive Experimental section to the Supporting
Information, providing complete details of the characterization methods used. The relevant
information is summarized below:

e XRD Spectra:

Crystallinity and structural analyses were performed using a Rigaku SmartLab X-
ray diffractometer (Japan) equipped with a Cu Ko monochromator (A = 1.5405 A),
a thin-film collimator, and a fixed incidence angle of 2°. Measurements were
carried out at an accelerating voltage of 40 kV and a current of 100 mA, with 26
scanned from 10° to 60°.

e UV-Vis Spectra:

UV-Vis absorption spectra were recorded using an Agilent Cary 8454
spectrophotometer over a wavelength range of 190-1100 nm. Measurements were
conducted on films deposited on FTO/NiOx substrates.

¢ J-Vand MPPT:

Current density-voltage (J-V) and maximum power point tracking (MPPT)
measurements were performed using an OTENTO-SUN V solar simulator under
AM 1.5G illumination with an intensity of 100 mW cm™ (1 Sun). A xenon lamp



was used as the light source with vertical illumination. J-V scans were conducted
with a scan speed of 50 ms, and MPPT measurements were recorded for 300 s.

We believe that the inclusion of these detailed experimental conditions addresses
the reviewer’s concern and significantly improves the clarity, reproducibility, and scientific
rigor of the manuscript.

Question 2:

Several key claims in the Introduction are either unsupported or insufficiently referenced.
For example, the statement: "However, despite these advantages, EDA suffers from several
drawbacks: its volatile and corrosive nature, combined with limited long-term stability,
significantly restricts its practical application." is presented without citation. Such claims
require direct literature support, particularly when positioning the present work as an
"advantageous alternative.” The manuscript frequently cites large blocks of references
without clearly attributing specific claims. For instance: "These molecular glass derivatives
are especially appealing due to their strong m-bonding, extended delocalization, and
inherent hydrophobic properties... (Refs. 25-34)" This citation practice is overly generic
and does not clarify which references support which specific properties. References should
be cited more selectively and precisely.

Answer 2:

We thank the reviewer for the constructive comments and fully agree that precise
statements supported by appropriate references are essential for scholarly rigor. We have
thoroughly revised the Introduction to improve specificity, accuracy, and citation quality.
Generic or insufficiently supported statements have been corrected and relevant literature
has been carefully added where appropriate. Key revisions include the following:

o Ethylenediamine (EDA):

Statements regarding the role of ethylenediamine were revised to more accurately
reflect both its benefits and limitations with additional references provided to
support these claims. The revised text now reads:

“Although ethylenediamine (EDA) has been reported to reduce interfacial trap
states and facilitate charge extraction in perovskite-based devices, its practical
applicability remains constrained by intrinsic material limitations including high
volatility, strong chemical reactivity, and well-documented corrosive and
sensitizing properties, which raise concerns regarding handling safety and long-
term interfacial stability [25-28].”

e TiO: in p—i-n device architectures:



The discussion of TiO: was corrected and expanded with appropriate citations to
clarify its limited applicability in inverted architectures. The revised statement
reads:

“Despite its widespread use in conventional n—i—p PSCs, TiO: is rarely employed
in inverted p—i—n architectures due to its requirement for high-temperature
processing, unfavorable interfacial energetics, and photocatalytic activity, all of
which are incompatible with temperature-sensitive perovskite and hole-transport
layers [7—11].”

o 77 interactions in ligand-engineered interfaces:

Statements related to m—m interactions between aromatic ligands and the perovskite
surface were refined and supported with targeted references. The revised text reads:
“In ligand-engineered PSCs, n—r interactions between aromatic moieties of
multivalent ligands and the perovskite surface can enhance interfacial ordering
and stability by promoting more uniform low-dimensional passivation layers,
which contribute to improved defect passivation and charge transport properties

[29].”

We believe that these revisions significantly improve the accuracy, specificity, and citation
rigor of the Introduction, thereby addressing the reviewer’s concern and strengthening the
overall scholarly quality of the manuscript.

Questions 3:

The photographs in Figure 4 show minimal visual contrast between pristine and modified
perovskite films over aging time. In addition, the pristine perovskite film at 0 h appears
unusually pale. Typically, MAPbIs films are much darker. The authors should clarify
imaging conditions and provide clearer or more representative images.

Answer 3:

We thank the reviewer for raising this point regarding the visual appearance of the
pristine MAPbI: film in Figure 4. The dark pale or greyish appearance of solution-
processed MAPbDI; films, which are fully converted to the perovskite phase after annealing
at 100 °C, does not indicate poor film quality; instead, high crystallinity and uniform
morphology are confirmed by XRD and SEM analyses (Main Manuscript; Figures 5 and
8). The pale appearance of the MAPbI; films can be partially attributed to the underlying
NiOy layer, perovskite film thickness, substrate reflectivity, and illumination conditions
during photography and therefore does not directly correlate with perovskite phase purity
or crystallinity.
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Figure 4. The appearance of perovskite with and without FFI 1, 2, and DPP 3 compounds
on thermal stability test.

Question 4:

The XRD patterns appear dominated by the d-phase for all samples, while the a-phase
peaks are relatively weak. This observation is difficult to reconcile with the reported device
performance and claims of preserved photoactive phase. Further clarification and careful
discussion of phase identification and intensity normalization are needed.

Answer 4:

We thank the reviewer for the comment regarding the interpretation of the XRD
spectra. We have clarified that all XRD patterns are plotted using identical intensity
normalization enabling direct and consistent comparison of phase evolution over aging
time. Although reflections associated with the 3-phase are detectable, the characteristic a-
phase MAPbI; peaks at 20 = 14.0° and 20.1° remain clearly present, particularly in the
molecular-glass-modified samples. These a-phase reflections confirm the retention of the
photoactive perovskite phase that is responsible for the observed device performance.
Importantly, compared to the pristine reference, the growth of the Pbl.-related diffraction
peak is significantly suppressed in the molecular glass-modified films, indicating improved
phase stability and reduced perovskite decomposition. This structural stabilization is
consistent with the enhanced efficiency and thermal stability reported. The XRD discussion
has been revised accordingly to explicitly clarify phase identification, normalization
methodology, and the correlation between structural evolution and device performance.



We believe these revisions address the reviewer’s concern and improve the clarity and
accuracy of the structural analysis.
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Figure 5. The XRD pattern of pristine perovskite on thermal stability as a (a) reference compared
with perovskite added with (b) FFI 1, (¢) FFI 2, and (d) DPP 3.

Question 5:

The claim that FFI-modified devices retain over 90% of their initial PCE after 96 hours at
85 °C under continuous MPP tracking is not adequately supported by the presented data.
Clear long-term MPPT results, with appropriate comparison to control devices and
information on reproducibility should be provided.

Answer 5:

We thank the reviewer for this comment and have revised the claims accordingly.
We further evaluated the impact of molecular glass interlayers on device stability using
continuous maximum power point tracking (MPPT) measurements (Figure 9d). Compared
with pristine devices, the molecular-glass-modified perovskite based devices exhibit higher
and more stable power output under identical testing conditions, while the control devices
show fast performance decay. The enhanced MPPT stability correlates with improved
thermal stability of the molecular glass-modified perovskite films (Figure 4), reduced
leakage currents (Figure 9c) and suppressed thermally induced degradation. These
consistent perovskite film modification and device-level trends confirm that the sustained
MPPT performance arises from effective interfacial thermal stabilization. Overall, these



results demonstrate that molecular glass electron-acceptor interlayers not only enhance
device efficiency but also provide robust long-term operational stability with continuous
MPPT serving as direct validation of the improved interfacial thermal robustness. We have
added new discussion. Please see the line from 381 to 392.
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Figure 9. (a) The reverse scan J-V characteristics of perovskite solar cells fabricated without
additives and with molecular glass additives FFI 1, FFI 2, and DPP 3, (b) PCE comparison of
pristine perovskite as reference, FFI 1, FFI 2, and DPP 3, (c) comparison of dark /- curve with
and without molecular glass electron-acceptor compounds and (d) comparison MPPT curve
perovskite with and without molecular glass electron-acceptor compounds.
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Figure 9b confirms device reproducibility and the robustness of the stabilization effect
across multiple devices.

We sincerely appreciate the reviewer’s thoughtful comments and positive assessment of
our manuscript. We are grateful for the opportunity to revise our paper and have carefully
addressed all reviewer suggestions to improve the quality and clarity of the work. We
believe that the revised version significantly enhances the manuscript and hope it will be
valuable to the readers of Energy Technology.

Sincerely yours

Dr. Md. Shahiduzzaman
Corresponding author
Associate Professor
Kanazawa University, Japan
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Dear Dr. Shahiduzzaman,

Thank you for submitting your manuscript entitled "Molecular-Glass Interface Engineering
Enables Highly Efficient and Stable Inverted Perovskite Solar Cells" (Research Article, No.
ente.202502597R1) to Energy Technology. The reviewer report and comments are included
at the end of this e-mail.

I'm pleased to inform you that your manuscript has been accepted for publication without

change. 8:45 PM

Congratulations 8145 P
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The proof of your ENERGY TECHNOLOGY article Molecular Glass Interface
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1. Open your proof in the online proofing system using the button above.

2. Check the article for correctness and respond to all queries. For instructions on
using the system, please see the “Help” menu in the upper right corner.

3. Please click “Save” before submitting your edits.

4. Submit your changes by clicking the “Submit” button in the proofing system.

5. If you have not already done so, please log in into Author Services
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Abstract

Perovskite solar cells with inverted configuration (p-i-n) offer simple,
low-temperature fabrication and high open-circuit voltage, but they are
limited by poor thermal and moisture stability. Here, we introduce
solution-processable amorphous molecular glass electron-acceptor
interlayers, comprising two fused fluoranthene imide (FFI) derivatives
and a diketopyrrolopyrrole (DPP) analog, which simultaneously
enhance the efficiency and operational durability of MAPbI3 p-i-n
devices. These glassy films utilize strong m—mr stacking, electron-
withdrawing triazine and thiophene units, and inherent hydrophobicity
to optimize energy-level alignment with PCBM, reduce ion migration,
and prevent moisture ingress. The addition of FFl increases the
champion power conversion efficiency (PCE) from 14.6% to 15.5% and
raises the water contact angle from 77° to 108°. Under continuous
maximum power point tracking at 85°C, FFI-modified cells retain over
90% of their initial PCE after 96 h, while control devices degrade within
48 h. X-ray diffraction and UV-Vis measurements confirm the sustained
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Graphical Abstract

First-principles calculations are used to investigate the structural
stability, mechanical behavior, and optoelectronic and transport
properties of NayLiMFg (M = Rh, Ir) double perovskites. Stability is
confirmed through formation energy, elastic criteria, and tolerance
factor analyses, while PBE-GGA and mBJ-GGA results indicate potential
for optoelectronic and thermoelectric applications. The thermoelectric
figure of merit increases with temperature, reaching 0.51 for Na,LiRhFg
and 0.31 for Na,LilrFg at 1200 K.
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1 | Introduction

Perovskite solar cells (PSCs) have emerged as one of the most promising
photovoltaic technologies due to their high-power conversion efficiency
(PCE) exceeding 26% for n-i-p and p-i-n structure [1-6] yet with a low
fabrication cost. However, their commercialization is hindered by stability
issues and the need for efficient electron transport layers (ETLs) to
optimize charge extraction. TiO; is widely used as the ETL in conventional
n-i-p PSCs, but it is rarely employed in inverted p-i-n architectures
because its high-temperature processing, interfacial mismatch, and
photocatalytic activity are incompatible with perovskite films and it is not
appropriate for hole-transport [7-11]. Thus, in p-i-n structure, ETLSs, such
as phenyl-Cgq-butyric acid methyl ester (PCBM), are a common material
due to low application temperature. In addition, PCBM molecules,
whether blended into the bulk or added as a single layer as ETLs in
devices, enhance electron transfer and can effectively reduce hysteresis
[12-18]. However, the PCBM still has some shortcomings, such as it can
still react with methylammonium iodide (MAI) or iodine ions, cannot
repel H,O molecules from outside, and even PCBM can penetrate into
the perovskite grain boundaries, resulting in damage to the perovskite
and a decrease in device performance [19-23]. Thus, interfacial
modification with interlayer material helps protect the perovskite layer
from ion migration and moisture-induced degradation, thereby
improving long-term stability.

Interface modification has long been explored as a key strategy to
improve both the efficiency and stability of PSCs. Among the reported
approaches, ethylenediamine (EDA) has been used in Sn-Pb perovskites,
where it successfully reduces trap states and enhances charge extraction
[24]. Although ethylenediamine (EDA) has been reported to reduce
interfacial trap states and facilitate charge extraction in perovskite-based
devices, its practical applicability remains constrained by intrinsic
material limitations, including high volatility, strong chemical reactivity,
and well-documented corrosive and sensitizing properties, which raise
concerns regarding handling safety and long-term interfacial stability
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Unlike EDA, tnese materials .o . /robust, nonvolatile, and
capable of forming amorphuus grassy micerlayers that intimately coat the
perovskite surface. Furthermore, they integrate defect passivation with
additional functionalities, including hydrophobic protection, suppression
of ion migration, and improved compatibility with PCBM. As a result, the
molecular glass electron-acceptor compounds represent an evolutionary
step in interfacial engineering, merging the defect passivation of earlier
strategies, the multifunctionality of bifunctional ligands, and the
robustness of glass-forming molecular systems. Collectively, these
unique features establish them as a promising route toward achieving
high-performance and durable PSCs. In the context of ligand-engineered
PSCs, m-minteractions between aromatic moieties of multivalent ligands
and the perovskite surface can enhance interfacial ordering and stability
by promoting more uniform low-dimensional passivation layers, which in
turn contribute to improved defect passivation and charge transport
properties [29].

In this study, we present molecular glass electron-acceptor derivatives as
potential interlayer materials between perovskite and PCBM in a p-i-n
structure, and thoroughly examine their influence on device
performance. These molecular glass derivatives are especially appealing
due to their strong m-bonding, extended delocalization, and inherent
hydrophobic properties. Additionally, they showcase excellent electron
mobility, high photostability, and significant chemical tunability, making
them versatile for interfacial engineering [30-39]. Beyond these inherent
benefits, this research also investigates how the distinct electronic and
chemical interactions of the molecular glass interlayers prevent the
degradation of methylammonium lead iodide (MAPDbI3) into lead iodide
(Pbly). Consequently, adding these materials not only boosts the
efficiency of PSCs but also greatly enhances their operational stability.

2 | Experimental Section

2.1 | Materials

The fluorine-doped tin oxide (FTO) glass, with a thickness of 0.7 mm,
resistivity of 9-10 Q per square, and transmittance of 82-85%, was
obtained from Nippon Sheet Glass Co., Ltd. (Tokyo, Japan). Acetone
(C3HEO, 99.5% purity) and isopropanol (IPA, C3HgO, 99.5% purity) were
sourced from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Lead
iodide (Pbl,, 99.9% purity) was acquired from Tokyo Chemical Industry
(Tokyo, Japan). N, N-dimethylformamide (DMF, 99.5% purity) were
supplied by Wako Chemical (Tokyo, Japan). Dimethyl sulfoxide (DMSO,
99.5% purity), nickel nitrate pentahydrate (Ni(NO3),-5H,0, 99.9% purity),
methylammonium iodide (MAI, anhydrous, >99.9% purity), and ethanol
(CoHgO, >99.9% purity) were obtained from Merck. Furthermore [6],
-phenyl-Cgq-butyric acid methyl ester (PCBM, 99.9%) and bathocuproine
(BCP, 99.99%) were sourced from Sigma-Aldrich (Tokyo, Japan). Silver
wire (Ag, 99.999% purity) was procured from Nilaco Corp. (Tokyo, Japan).
Electron acceptors used were either previously published [31] or the
complete synthetic details can be found in the Supporting Information.

2.2 | Device Fabrication

The NiO, thin film was made by dissolving 29.08 mg of Ni(NO3),-5H,0 in
1000 pL ethanol 99.99% with constant stirring at 1000 rpm, then followed
by filtering with PTFE 0.45 p to filter some insoluble particles. The NiO,
thin film, serving as the hole transport layer, was deposited onto FTO-
coated glass. The substrate was thoroughly cleaned using deionized
water, acetone, and isopropyl alcohol, each undergoing 15 min of
sonication. Afterward, it was dried with a nitrogen jet and subjected to
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annealing at 350°C for 3 h. Triemivercea r5Cs were fabricated by
depositing a precursor solution containing 1 M Pbl, and 1 M MAI
dissolved in 700 yL DMF and 300 pyL DMSO, which had been stirred at
60°C for 12 h. This solution was spin coated onto a NiO, thin film (acting

as the hole transport layer) at 6000 rpm for 45 s, followed by annealing at

100°C for 15 min. Before deposition, the NiO, layer underwent plasma
cleaning in an ozone atmosphere for 10 min. Next, 20 mg/mL FFl or DPP
compounds in chlorobenzene were deposited on perovskite using a spin
coater at 2000 rpm for 30 s, and continued by drying at 105°C. Moreover,
PCBM in chlorobenzene and 0.5 mg/mL BCP in ethanol were sequentially
deposited via spin coating at 1500 rpm for 30 s and 4000 rpm for 30's,
respectively. Finally, a 100 nm silver (Ag) electrode was deposited
through vacuum evaporation under a vacuum pressure of 4.5 x 1074 Pa.
The final device configuration was: glass/FTO/NiO,/MAPbls/molecular
glass electron-acceptor compounds/PCBM/BCP/Ag.

3 | Results and Discussion

Various small-molecule electron-acceptor derivatives can improve the
performance of perovskite-based solar cells. Small-molecule electron
acceptors are promising because they have multiple conjugated and
delocalized double bonds, making them suitable as ETLs in PSCs. The
materials developed by our group are even more unique due to their
glass-forming properties, which allow them to be deposited from
solution as amorphous thin films. In this study, two new glass-forming
fused fluoranthene imide (FFI) derivatives 1 and 2, along with previously
reported as diketopyrrolopyrrole (DPP) derivative 3 (3,3-Bis(6-hexyl-1,3-
dihydro-2H-indol-2-one)-2,2'-bithiophene-5,5-dicarboxamide) [31], were
studied. The structure of those materials is shown in Figure 1.
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respectively. The optical properties of perovskite with FFI 1, FFI 2, and DPP 3
for its (j) absorbance, (k) transmittance, and (l) Tauc plot.

There are three ways that can be envisaged to introduce a
mexylaminotriazine moiety on the FFl core: 1) on the imide side chain, 2)
on one on the phenyl rings, or 3) on the fused naphthalene ring.
Functionalizing the imide with the glass-inducing group enables a simple
and divergent approach to screening different structures, even though it
may not be optimal from a purely cost perspective. For this purpose,
previously published amino glass 4 was converted to the corresponding
maleimide 5 in 55% yield by condensation of the free -NH, group with
maleic anhydride. This reaction was a half pathway to synthesis FFl 1 and
FFI 2. The reaction pathway is shown in Figure 2.

HM
Ay ‘%@40 Ny
1) —/ , NEl,, acetone,r.t /||\ /)\

HN™ N7 NH
I\ 2) Ac,0, NEt,, acetone, A H
55 %
/@\ NH, Dﬁ;

U}JUII i
o figure

viewer

FIGURE 2.

Synthesis reaction of maleimide compound from amino glass compound.

Moreover, maleimide glass 5 was then condensed via a cycloaddition
reaction with cyclopentadienone 6 in refluxing nitrobenzene to afford
mexylaminotriazine-substituted FFI glass 7 in 33% yield. Glass 7 is
substituted with a bromo group on its naphthalene ring system, enabling
further substitution with electron-withdrawing substituents to enhance
its electron-acceptor character. A 4-formylphenyl group was introduced
via Suzuki coupling to yield aldehyde 5, which was then condensed with
N-ethylrhodanine to afford rhodanine-substituted FFI 6, in 67 and 95%
yields, respectively. Compounds 4 and 5 could be conveniently purified
by simple filtration on a short silica pad, while FFI 6 could be purified by
reprecipitation. The successful synthesis of the intermediate and final
glass-forming compounds was confirmed by 'H, '3C, and HSQC NMR
spectroscopy, displaying the expected chemical shifts and correlations
for all major protons and carbons as shown in Figures S2-S13. The
complete synthesis reaction of FFI 1 and FFI 2 is shown in Figure 3.
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FIGURE 3.
Complete synthesis pathway of FFI 1 (shown as structure number 1) and FFI
2 (shown as structure number 2) from maleimide compound.

As with most mexylaminotriazine-substituted derivatives, precursor 5
expectedly showed glass formation with no recrystallization on heating
or slow cooling, with a glass transition temperature (7g) of 72°C, which is
in the expected range for similar compounds. This glass-forming ability
was successfully introduced in FFI derivatives 1-2 and 7, which all
showed T; values ranging from 147 to 173°C, which are to be expected
given the highly fused aromatic structures of the FFI moiety and the
absence of long flexible chains. Again, no crystallization was observed for
any of FFl glasses 1-2 and 7 under any conditions.

The UV-Vis spectrum data after depositing the molecular glass electron-
acceptor compounds (FFI 1, FFl 2, and DPP 3) on the perovskite layer
reveal that the optical bandgap remains within the range from 1.57 to
1.58 eV, closely matching the reference perovskite layer. This stability in
the bandgap suggests that the molecular glass electron-acceptor
compounds do not significantly disrupt the perovskite’s electronic
structure. The absorption spectra of the molecular glass electron-
acceptor compounds-modified perovskite layers closely follow the
reference perovskite curve, indicating minimal alteration in optical
properties and suggesting that these materials do not strongly absorb in
the measured range. However, slight shifts or broadening at the
absorption edge hint at potential interfacial interactions, such as charge
transfer or dipole effects, which could influence carrier dynamics. The
presence of these materials at the interface may modify charge transport
and extraction without drastically affecting the intrinsic optical properties
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absorption characteristics orure peruvsnite. The optical properties of
perovskite modified by molecular glass electron-acceptor compounds are

shown in Figure 1. Energy T@ChﬂOl
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Furthermore, thermal stability test conducted over 96 h at 85 °C
simultaneously provides crucial insights into the effectiveness of
molecular glass electron-acceptor compounds in enhancing the stability
of perovskite materials. As shown in Figure 4, the perovskite films
incorporated with molecular glass electron-acceptor compounds exhibit
remarkable stability, maintaining their structural integrity and visual
uniformity throughout the test period. This suggests that molecular glass
electron-acceptor compounds may act as protective layers, mitigating
thermal degradation by preventing ion migration, inhibiting moisture
penetration, or reducing defect formation at the interface. Typically,
perovskite materials are prone to degradation under prolonged thermal
stress, leading to phase segregation, oxidation, or decomposition.
However, the preserved appearance of the molecular glass electron-
acceptor modified films indicates that these materials enhance the
perovskite’s resistance to thermal-induced degradation, potentially
extending the operational lifetime of PSCs. Further analysis, such as UV-
Vis spectra and X-ray diffraction (XRD), could confirm whether the
structural and electronic properties remain intact, reinforcing the role of N REY =vch |
molecular glass electron-acceptor compounds in stabilizing perovskite

materials under thermal stress. These findings highlight the potential of

molecular glass electron-acceptor compounds-functionalized interfaces S/rzzfjolzzitiated 4
in improving the long-term performance and commercial viability of

perovskite-based photovoltaic devices. Figure 4 presents the UV-Vis -
spectra for the thermal stability of perovskite: (a) pristine perovskite as

reference, perovskite with (b) FFI 1, (c) FFI 2, and (d) DPP 3. 2 Corresponding Author @
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FIGURE 4.
The appearance of perovskite with and without FFI 1, 2, and DPP 3
compounds on thermal stability test.

The complete set of UV-Vis spectra recorded during the 96-h thermal
stability test is provided in the Supporting Information (Figure S14),
which further confirms that the molecular glass-modified perovskite film
retains its spectral profile and band edge positions, indicating
suppressed thermal degradation compared to the pristine reference. The
UV-Vis absorbance spectra shown in the image provide quantitative
evidence supporting the thermal stability of perovskite materials
incorporated with molecular glass electron-acceptor compounds over a
96-hour period at 85 °C. The absorbance curves at different time
intervals (0 h, 24 h, 48 h, 72 h, and 96 h) show a gradual decrease in
absorption intensity, a common characteristic of material degradation.
However, the overall spectral shape and absorption edge remain

relativelv unchanged. indicating that the core ontical nronerties of the
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electron-acceptor CoMpour  , .« prooe 2 Malntaining tne structural
and electronic integrity of the peruvvsniceilms. The minor reduction in
absorbance suggests that some degradation occurs over time, likely due
to thermal stress, but the perovskite films with molecular glass electron-
acceptor compounds remain optically active and structurally intact. This
aligns with the hypothesis that the molecular glass electron-acceptor
compounds act as protective interlayers, reducing ion migration and
preventing decomposition pathways that typically lead to perovskite
degradation. Furthermore, the stability observed in the UV-Vis spectra
implies that the bandgap energy of the perovskite remains nearly
unchanged, ensuring that charge carrier generation and transport
properties are not significantly compromised over the 96-hour test. This
is crucial for the long-term performance of PSCs, as maintaining high
absorption efficiency directly correlates with sustained photovoltaic
performance. Figure S14 shows the impact of molecular glass electron-
acceptor compounds on the perovskite layer under thermal stability test.

Moreover, Figure 5 illustrates the structural evolution and thermal
stability of pristine and molecular glass-modified perovskite films during
aging (0-96 hr), as revealed by XRD analysis. The XRD patterns compare
pristine perovskite (a) with films incorporating molecular glass electron-
acceptor additives FFI 1 (b), FFI 2 (c), and DPP 3 (d). The main diffraction
peaks are marked with symbols, where a denotes the photoactive black
a-phase perovskite, & represents the undesired nonphotoactive 6-phase,
and * indicates Pbly, a typical degradation by-product. In the pristine
film, the diffraction peak at 26 = 14.00°, corresponding to the (100) plane,
serves as the primary signature of the a-phase perovskite crystal
structure, while the reflection at 26 =20.11° is assigned to the (110)
plane, representing a secondary but characteristic structural feature of
halide perovskite [40-43]. Upon thermal exposure, the pristine sample
exhibits pronounced structural degradation, as evidenced by the gradual
attenuation of the a-phase reflections accompanied by the progressive
emergence and intensification of the Pbl, peak at 12.62°. Simultaneously,
signatures of the 6-phase become more evident over time, indicating
phase instability and partial transformation under thermal stress. This
evolution reflects thermally activated iodide migration and defect-
mediated decomposition, in which under-coordinated Pb?* sites and
halide vacancies act as nucleation centers for phase segregation toward
Pbl,. The inset in Figure 5 highlights the evolution of the Pbl, diffraction
peak intensity over aging time, clearly demonstrating the accelerated
degradation kinetics in the pristine film compared to the modified
samples.
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In contrast, the incorporation of molecular glass additives substantially
mitigates these degradation pathways. The a-phase diffraction peaks
remain comparatively stable in intensity over 96 hr, and the growth of
the Pbl, peak is markedly suppressed relative to the pristine film,
demonstrating improved resistance to thermally induced phase
segregation. The slower structural evolution observed in the modified
films suggests that the molecular glass reduces defect density and
stabilizes the perovskite lattice. Mechanistically, this enhancement can be
attributed to several synergistic effects: coordination between molecular
glass molecules and under-coordinated Pb?* centers, which passivates
structural defects; formation of an amorphous intergranular network
that reinforces grain boundaries and limits lattice distortion; and
suppression of halide ion migration, thereby inhibiting the autocatalytic
decomposition process that typically accelerates degradation at elevated
temperatures. Collectively, these effects kinetically and
thermodynamically stabilize the perovskite structure, delaying the
transition toward the Pbl, phase and significantly enhancing the thermal
robustness compared to the pristine counterpart.

The mechanism of perovskite decomposition has been extensively
discussed by many researchers, with one of the main causes being the
reaction between perovskite and water. Perovskite can also decompose
into MAI and Pbl,. MAI can diffuse into the PCBM layer or evaporate as a
gas, leaving behind yellow-colored Pbl;, as a degradation residue.
Therefore, the structural degradation of perovskite can also be visually
identified by changes in its color. If the perovskite layer begins to turn
yellow, it indicates the formation of Pbl,, signaling the onset of
decomposition. However, this phenomenon does not occur in perovskite
layers that incorporate molecular glass electron-acceptor compounds.
Molecular glass electron-acceptor compounds are well known for their
extensive m-conjugated systems, which enable strong m-minteractions,
resulting in enhanced electron delocalization and mobility. This feature is
crucial for ETLs, as it enables efficient charge extraction from the
perovskite layer to the electrode, minimizing charge recombination. The
molecular glass electron-acceptor compounds have highly planar
structures, promoting tight molecular packing and superior charge
transport properties compared to conventional organic ETLs like PCBM.

Moreover, when molecular glass electron-acceptor compounds are
introduced, a perovskite-molecular glass electron-acceptor compounds
interface layer forms, exhibiting hydrophobic properties. This
hydrophobicity arises from the extensive conjugated and delocalized
bonds within the molecular glass electron-acceptor compounds, which
effectively repel atmospheric water molecules and hydrophilic MAI
molecules. This hydrophobicity can be seen from the contact angle of
molecular glass electron-acceptor compounds on the perovskite surface
in Figure 6, which increased from 77° in pristine perovskite to 107.0°,
108.4°, and 108.3° for FFI 1, FFI 2, and DPP 3, respectively. As a result,
MAI does not diffuse into the PCBM layer or escape into the
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FIGURE 6.
Contact angle test of perovskite with and without FFI 1, FFI 2, and DPP 3
compounds after 96 h stability test.

Moreover, this hydrophobic perovskite-molecular glass electron-acceptor
compounds interface enhances the compatibility between the perovskite
and PCBM layers. This is because molecular glass electron-acceptor
compounds share structural similarities with PCBM, including delocalized
conjugated bonds and hydrophobicity, ensuring better interfacial
contact. Additionally, molecular glass electron-acceptor compounds can
still interact well with perovskite due to the triazine and thiophene
functional groups, which can bind with the perovskite structure, further
enhancing its stability. The decomposition and stability mechanisms are
shown in Figure 7.

(a) (b) H0  H,0

U[JEII I
@ figure
viewer

FIGURE 7.

(a) The illustration of perovskite degradation on thermal stability test and (b)
stability mechanism of perovskite due to added by molecular glass electron-
acceptor compounds. The structure for thermal stability test was
glass/FTO/NiOx/MAPbls/molecular glass electron-acceptor compounds.

The hydrophobicity of molecular glass electron-acceptor compounds,
resulting from conjugated and delocalized double bonds, enables them
to repel external water molecules from the perovskite. This effectively
suppresses perovskite degradation into MAI and Pbl, while preventing
MAI from reacting with PCBM and blocking PCBM diffusion into
perovskite grain boundaries. Additionally, the molecular glass electron-
acceptor compounds interlayer facilitates smooth electron migration
from perovskite to PCBM, minimizing ion migration. These combined
effects significantly enhance the long-term thermal stability of the
perovskite film when molecular glass electron-acceptor compounds are
used as ETLs.
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perovskite surface and pen  , .. oo oc dounaaries, Torming a
protective hydrophobic layer. s errcapsulation effect prevents
moisture infiltration and thermal-induced degradation, thus improving
the perovskite’s resilience to environmental stressors. Consequently, the
presence of molecular glass electron-acceptor compounds contributes to
enhanced hydrophobicity and thermal stability, making this approach
promising. Figure 8 shows the SEM image of pristine perovskite as a
reference and perovskite added with molecular glass electron-acceptor
compounds.

o figure
viewer

FIGURE 8.
SEM image of (a) pristine perovskite as a reference, perovskite with (b) FFI 1,
(c) FF1 2, and (d) DPP 3. SEM = Scanning electron microscopy.

Figure 9a presents the reverse scan J-V characteristics of PSCs fabricated
without additives and with molecular glass electron-acceptor
compounds. The plots clearly demonstrate variations in /sc and Voc
depending on the incorporated molecular glass. The reference device
yields a Jsc of 17.86 mA/cm [2] and a Voc of 1.06 V, values typical of
pristine PSCs. Upon the addition of molecular glass, the /-V behavior is
distinctly modified. Among all samples, the device with FFI 1 achieves the
highest Jsc, suggesting more efficient charge generation and extraction.
This improvement can be attributed to enhanced film quality, higher
crystallinity, and suppression of trap-assisted recombination. FFl 2 and
DPP 3 also produce stable -V curves with comparable Voc to the
reference, although their /sc values remain slightly lower than that of FFI
1. In particular, the performance of DPP 3 is close to the reference,
reflecting modest gains in current density but improved device
stabilization. These findings confirm that molecular glass additives
enhance overall photovoltaic performance, with FFI 1 providing the most
pronounced effect.
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FIGURE 9.

(a) The reverse scan J-V characteristics of PSCs fabricated without additives
and with molecular glass additives FFI 1, FFI 2, and DPP 3, (b) PCE
comparison of pristine perovskite as reference, FFI 1, FFl 2, and DPP 3, (c)
comparison of dark /-V curve with and without molecular glass electron-
acceptor compounds and (d) comparison MPPT curve perovskite with and
without molecular glass electron-acceptor compounds. PCE = Power
conversion efficiency.

The J-V data further reveal improvements across all key photovoltaic
parameter (PCE, /sc, Voc, and FF) when molecular glass-based interlayers
are introduced. Notably, FFI 2 records the highest /sc of 18.50 mA/cm [2],
demonstrating superior charge collection. Meanwhile, Vocincreases
slightly to 1.08 V for both FFI 1 and FFI 2, indicating better energy-level
alignment between the perovskite absorber and ETL. The fill factor
remains stable across devices, showing that the additives do not
introduce significant series resistance or additional recombination
losses. The reduced hysteresis between forward and reverse scans
further suggests the suppression of ion migration and improved

interfacial charge transport. These effects are corroborated in Figure S15,
which compares J-V curves at maximum PCE for devices with and without

molecular glass. The molecular design of these additives plays a crucial
role in enhancing performance. Triazine moieties provide strong
electron-withdrawing properties, resulting in favorable energy-level
alignment with the perovskite conduction band and facilitating efficient
electron injection. Thiophene units, on the other hand, contribute

molecular flexibility and improved charge transfer, which enhance overall

transport characteristics [44, 45]. As a result, the modified devices
achieve higher PCEs than the reference: FFl 1 reaches 15.49% (reverse
scan), followed by FFI 2 at 15.20% and DPP 3 at 14.94%. These
improvements demonstrate the ability of molecular glass electron-
acceptor compounds to enhance charge extraction and mitigate
recombination losses, as shown in Figure 9b. Further insights are

obtained from the dark /-V characteristics. Molecular glass-based devices
exhibit significantly reduced leakage currents compared to the reference,

confirming better charge-blocking capability and suppression of
recombination at the interfaces. The presence of triazine and thiophene
groups within the interlayer enhances charge mobility and energy-level
alignment, facilitating efficient electron transfer from the perovskite to
PCBM. Lower dark current indicates effective suppression of ion
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We further evaluated the impact of molecular glass interlayers on device
stability using continuous maximum power point tracking (MPPT) Energy Technol
measurements (Figure 9d). Compared with pristine devices, the

molecular glass-modified perovskite-based devices exhibit higher and
more stable power output under identical testing conditions, while the
control devices show fast performance decay. The enhanced MPPT
stability correlates with improved thermal stability of the molecular
glass-modified perovskite films (Figure 4), reduced leakage currents
(Figure 9¢), and suppressed thermally induced degradation. These
consistent perovskite film modification and device-level trends confirm
that the sustained MPPT performance arises from effective interfacial
thermal stabilization. Overall, these results demonstrate that molecular
glass electron-acceptor interlayers not only enhance device efficiency but
also provide robust long-term operational stability with continuous MPPT
serving as direct validation of the improved interfacial thermal
robustness.

Generation, Conversion, Storage, Di

Moreover, the data clearly indicate the significant enhancement in device
performance when molecular glass electron-acceptor compounds are
introduced as an interfacial layer between perovskite and PCBM. The
reference device, which employs only PCBM as the ETL, exhibits a

) ) ) ) WILEY . vcH |G | |
moderate PCE, with relatively lower Jsc and Voc, likely due to suboptimal
charge extraction and increased recombination at the interface. In
contrast, PSCs modified with molecular glass electron-acceptor Proof Initiated E["
compounds show a substantial improvement in all key photovoltaic 3/23/2026
parameters. This improvement is attributed to the strong r-m stacking -]
interactions in the molecular glass electron-acceptor compounds, which
enhance charge transport, and the presence of triazine and thiophene 2 Corresponding Author @

functionalities, which facilitate better energy level alignment and Due date: 3/25/2026
; : Start date: 3/23/2026
suppress interfacial defects. Among the FFI 1, FFI 2, and DPP 3-based i g
E te: 3/24/2026
interlayers, FFlI 2 demonstrates the highest PCE, indicating its superior ne fae
ability to improve charge extraction and stability. The higher /sc observed Proof Collator
in FFl 2-modified devices suggests more efficient electron collection, Due date: 3/26/2026
. . . . . . . . Start date: 3/24/2026
while the increase in Vocimplies reduced nonradiative recombination
S . C End date: 3/27/2026
losses. Moreover, the FF is significantly improved, signifying reduced
series resistance and enhanced charge transfer dynamics. The DPP 3 and Completed
FFI 1 interlayers also exhibit improved performance compared to the
reference, though slightly lower than FFI 2, reinforcing the beneficial
effects of FFI 1, FFI 2, and DPP 3 compounds. Table 1 provides a detailed
comparison of the photovoltaic parameters such as PCE, Js¢, Voc, and FF
for the reference device and PSCs integrated with various molecular glass
compound interlayers.

TABLE 1. Comparison of J-V curve with and without molecular glass electron-
acceptor compounds at best PCE.

Device Scan Jsc (mA/cm?) | Voc (V) FF PCE (%)
direction
Reference | Forward 1 17.54 . 1.06 1 0.75 | 14.01
Reverse 17.95 1.06 0.77 14.64
----------------------- s s S S
FFI 1 . Forward | 18.44 . 1.08 . 0.76 L 15.17
P P L S R
| Reverse | 18.32 . 1.08 1 0.78 | 15.49
----------------------- L et
FFI 2 Forward 18.50 . 1.07 | 0.76 15.06
[ R EEEEEED frmmmmmmm e Fommmmmmoeees Lttt Hommmmmm oo
Reverse 18.20 : 1.08 | 0.77 15.20
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4 | Conclusions

This work demonstrates that glass-forming molecular electron-acceptor
compounds are highly effective interfacial layers for inverted MAPDIs-
based PSCs. Molecular glass-modified perovskite films exhibit excellent
thermal stability at 85°C for 96 hr, as confirmed by XRD, SEM, and UV-Vis
analysis. Mechanistic insights reveal that strong m-m stacking, electron-
withdrawing triazine/thiophene units, and amorphous glass-like
morphology collectively enhance interfacial robustness. The increase in
water contact angle from 77° to over 108° further indicates the formation
of durable hydrophobic barriers that suppress MAI diffusion and Pbl,
formation. This intrinsic materials stability translates directly into
enhanced device performance, including reduced leakage currents and
improved efficiency and stability. Consequently, MPPT measurements
demonstrate sustained and stable power output, confirming that the
improved operational stability arises from the robust thermal and
interfacial stabilization imparted by the molecular glass interlayers.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. 1: HOMO and LUMO orbitals of FFI
glasses 1 and 2 as calculated by DFT (B3LYP/6,31G(d,p)). The
mexylaminotriazine group was omitted from the calculations since it
contributes minimally to the electronics of the FFI chromophore. (a)
HOMO orbital of glass 1, (b) LUMO orbital of glass 1, (c) HOMO orbital of
glass 2, (d) LUMO orbital of glass 2.
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Abstract

Perovskite solar cells with inverted configuration (p-i-n) offer simple, low-temperature
fabrication and high open-circuit voltage, but they are limited by poor thermal and
moisture stability. Here, we introduce solution-processable amorphous molecular glass
electron-acceptor interlayers, comprising two fused fluoranthene imide (FFl) derivatives
and a diketopyrrolopyrrole (DPP) analog, which simultaneously enhance the efficiency
and operational durability of MAPbI3 p-i-n devices. These glassy films utilize strong r=mr
stacking, electron-withdrawing triazine and thiophene units, and inher

to optimize energy-level alignment with PCBM, reduce ion migration, anu preverc
moisture ingress. The addition of FFl increases the champion power conversion
efficiency (PCE) from 14.6% to 15.5% and raises the water contact angle from 77° to 108°.
Under continuous maximum power point tracking at 85°C, FFl-modified cells retain over
90% of their initial PCE after 96 h, while control devices degrade within 48 h. X-ray
diffraction and UV-Vis measurements confirm the sustained integrity of the a-phase and
minimal formation of Pbl,. This interfacial engineering approach offers a scalable
pathway to high-performance, durable perovskite photovoltaics.

1 Introduction

Perovskite solar cells (PSCs) have emerged as one of the most promising photovoltaic
technologies due to their high-power conversion efficiency (PCE) exceeding 26% for n-i-p
and p-i-n structure [1-6] yet with a low fabrication cost. However, their commercialization is
hindered by stability issues and the need for efficient electron transport layers (ETLSs) to
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interfacial mismatch, and photocatalytic activi% are incompatible with perovskite films and
it is not appropriate for hole-transport [7-11]. Thus, in p-i-n structure, ETLs, such as phenyl-
Cg1-butyric acid methyl ester (PCBM), are a common material due to low application
temperature. In addition, PCBM molecules, whether blended into the bulk or added as a
single layer as ETLs in devices, enhance electron transfer and can effectively reduce
hysteresis [12-18]. However, the PCBM still has some shortcomings, such as it can still react
with methylammonium iodide (MAI) or iodine ions, cannot repel H,O molecules from
outside, and even PCBM can penetrate into the perovskite grain boundaries, resulting in
damage to the perovskite and a decrease in device performance [19-23]. Thus, interfacial
modification with interlayer material helps protect the perovskite layer from ion migration
and moisture-induced degradation, thereby improving long-term stability.

Interface modification has long been explored as a key strategy to improve both the
efficiency and stability of PSCs. Among the reported approaches, ethylenediamine (EDA) has
been used in Sn-Pb perovskites, where it successfully reduces trap states and enhances
charge extraction [24]. Although ethylenediamine (EDA) has been reported to reduce
interfacial trap states and facilitate charge extraction in perovskite-based devices, its
practical applicability remains constrained by intrinsic material limitations, including high
volatility, strong chemical reactivity, and well-documented corrosive and sensitizing
properties, which raise concerns regarding handling safety and long-term interfacial
stability [25-28]. By contrast, the molecular glass electron-acceptor compounds introduced
in this work provide a distinct and advantageous alternative. Unlike EDA, these materials are
structurally robust, nonvolatile, and capable of forming amorphous glassy interlayers that
intimately coat the perovskite surface. Furthermore, they integrate defect n~eciviatinn with
additional functionalities, including hydrophobic protection, suppression

and improved compatibility with PCBM. As a result, the molecular glass electron-acceptor
compounds represent an evolutionary step in interfacial engineering, merging the defect
passivation of earlier strategies, the multifunctionality of bifunctional ligands, and the
robustness of glass-forming molecular systems. Collectively, these unique features establish
them as a promising route toward achieving high-performance and durable PSCs. In the
context of ligand-engineered PSCs, r=minteractions between aromatic moieties of
multivalent ligands and the perovskite surface can enhance interfacial ordering and stability
by promoting more uniform low-dimensional passivation layers, which in turn contribute to
improved defect passivation and charge transport properties [29].

In this study, we present molecular glass electron-acceptor derivatives as potential
interlayer materials between perovskite and PCBM in a p-i-n structure, and thoroughly
examine their influence on device performance. These molecular glass derivatives are
especially appealing due to their strong rebonding, extended delocalization, and inherent
hydrophobic properties. Additionally, they showcase excellent electron mobility, high
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distinct electronic and chemical interactions oY the molecular glass interlayers prevent the
degradation of methylammonium lead iodide (MAPbIs) into lead iodide (Pbl,). Consequently,
adding these materials not only boosts the efficiency of PSCs but also greatly enhances their
operational stability.

2 Experimental Section
2.1 Materials

The fluorine-doped tin oxide (FTO) glass, with a thickness of 0.7 mm, resistivity of 9-10 Q per
square, and transmittance of 82-85%, was obtained from Nippon Sheet Glass Co., Ltd.
(Tokyo, Japan). Acetone (C3HgO, 99.5% purity) and isopropanol (IPA, C3HgO, 99.5% purity)
were sourced from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Lead iodide (Pbl,,
99.9% purity) was acquired from Tokyo Chemical Industry (Tokyo, Japan). N, N-
dimethylformamide (DMF, 99.5% purity) were supplied by Wako Chemical (Tokyo, Japan).
Dimethyl sulfoxide (DMSO, 99.5% purity), nickel nitrate pentahydrate (Ni(NOs3),-5H,0, 99.9%
purity), methylammonium iodide (MAI, anhydrous, >99.9% purity), and ethanol (CoHgO,
>99.9% purity) were obtained from Merck. Furthermore [6], -phenyl-Cg-butyric acid methyl
ester (PCBM, 99.9%) and bathocuproine (BCP, 99.99%) were sourced from Sigma-Aldrich
(Tokyo, Japan). Silver wire (Ag, 99.999% purity) was procured from Nilaco Corp. (Tokyo,
Japan). Electron acceptors used were either previously published [31] or the complete
synthetic details can be found in the Supporting Information.

2.2 Device Fabrication

The NiOy thin film was made by dissolving 29.08 mg of Ni(NO3),-5H,0 in 1 .

99.99% with constant stirring at 1000 rpm, then followed by filtering with PTFE 0.45 p to filter
some insoluble particles. The NiO, thin film, serving as the hole transport layer, was
deposited onto FTO-coated glass. The substrate was thoroughly cleaned using deionized
water, acetone, and isopropyl alcohol, each undergoing 15 min of sonication. Afterward, it
was dried with a nitrogen jet and subjected to plasma cleaning in an ozone atmosphere for
20 min. Subsequently, 100 pL of NiOy precursor solution was dropped onto the substrate
and evenly distributed using a spin-coater at 4000 rpm for 30 s, followed by annealing at
350°C for 3 h. The inverted PSCs were fabricated by depositing a precursor solution
containing 1 M Pbl, and 1 M MAI dissolved in 700 pL DMF and 300 pL DMSO, which had been
stirred at 60°C for 12 h. This solution was spin coated onto a NiOy thin film (acting as the
hole transport layer) at 6000 rpm for 45 s, followed by annealing at 100°C for 15 min. Before
deposition, the NiOy layer underwent plasma cleaning in an ozone atmosphere for 10 min.
Next, 20 mg/mL FFlI or DPP compounds in chlorobenzene were deposited on perovskite
using a spin coater at 2000 rpm for 30 s, and continued by drying at 105°C. Moreover, PCBM
in chlorobenzene and 0.5 mg/mL BCP in ethanol were sequentially deposited via spin
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1074 Pa. The final device configuration was: g%s/FTO/NiOX/MAPblg/moIecuIar glass
electron-acceptor compounds/PCBM/BCP/Ag.

3 Results and Discussion

Various small-molecule electron-acceptor derivatives can improve the performance of
perovskite-based solar cells. Small-molecule electron acceptors are promising because they
have multiple conjugated and delocalized double bonds, making them suitable as ETLs in
PSCs. The materials developed by our group are even more unique due to their glass-
forming properties, which allow them to be deposited from solution as amorphous thin
films. In this study, two new glass-forming fused fluoranthene imide (FFI) derivatives 1 and 2,
along with previously reported as diketopyrrolopyrrole (DPP) derivative 3 (3,3'-Bis(6-hexyl-
1,3-dihydro-2H-indol-2-one)-2,2'-bithiophene-5,5'-dicarboxamide) [31], were studied. The
structure of those materials is shown in Figure 1.
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The structure of (a) FFI 1, (b) FFI 2, and (c) DPP 3, and appearance of the compounds (d) before, (e) after dissolved in
chlorobenzene, and its appearance (f) after deposited on glass. The optical properties of FFI 1, FFl 2, and DPP 3 for
their (g) absorbance, (h) transmittance, and (i) Tauc plot, respectively. The optical properties of perovskite with FFI 1,

FFI 2, and DPP 3 for its (j) absorbance, (k) transmittance, and (l) Tauc plot.
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naphthalene ring. Functionalizing the imide with the glass-inducing group enables a simple
and divergent approach to screening different structures, even though it may not be optimal
from a purely cost perspective. For this purpose, previously published amino glass 4 was
converted to the corresponding maleimide 5 in 55% yield by condensation of the free -NH,
group with maleic anhydride. This reaction was a half pathway to synthesis FFl 1 and FFI 2.
The reaction pathway is shown in Figure 2.

- HN

HN
e B
N|)§N 1) 17;,“513, acetone, r.t )Nl\\)N\
)\ /)\ Y

2) Ac,0, NEt,, acetone, A \
55 %
/@ NH. e t ~ b

S

4

FIGURE 2

Open in figure viewer | ¥PowerPoint

Synthesis reaction of maleimide compound from amino glass compound.

Moreover, maleimide glass 5 was then condensed via a cycloaddition reac
cyclopentadienone 6 in refluxing nitrobenzene to afford mexylaminotriaziie-suuvsututeu 111
glass 7 in 33% yield. Glass 7 is substituted with a bromo group on its naphthalene ring
system, enabling further substitution with electron-withdrawing substituents to enhance its
electron-acceptor character. A 4-formylphenyl group was introduced via Suzuki coupling to
yield aldehyde 5, which was then condensed with N-ethylrhodanine to afford rhodanine-
substituted FFI 6, in 67 and 95% yields, respectively. Compounds 4 and 5 could be
conveniently purified by simple filtration on a short silica pad, while FFl 6 could be purified
by reprecipitation. The successful synthesis of the intermediate and final glass-forming
compounds was confirmed by "H, '3C, and HSQC NMR spectroscopy, displaying the
expected chemical shifts and correlations for all major protons and carbons as shown in
Figures S2-513. The complete synthesis reaction of FFI 1 and FFI 2 is shown in Figure 3.
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Complete synthesis pathway of FFI 1 (shown as structure number 1) and FFI 2 (shown as structure number 2) from

maleimide compound.
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temperature (Tg) of 72°C, which is in the expedted range for similar compounds. This glass-
forming ability was successfully introduced in FFI derivatives 1-2 and 7, which all showed T,
values ranging from 147 to 173°C, which are to be expected given the highly fused aromatic
structures of the FFI moiety and the absence of long flexible chains. Again, no crystallization
was observed for any of FFl glasses 1-2 and 7 under any conditions.

The UV-Vis spectrum data after depositing the molecular glass electron-acceptor
compounds (FFI 1, FFI 2, and DPP 3) on the perovskite layer reveal that the optical bandgap
remains within the range from 1.57 to 1.58 eV, closely matching the reference perovskite
layer. This stability in the bandgap suggests that the molecular glass electron-acceptor
compounds do not significantly disrupt the perovskite's electronic structure. The absorption
spectra of the molecular glass electron-acceptor compounds-modified perovskite layers
closely follow the reference perovskite curve, indicating minimal alteration in optical
properties and suggesting that these materials do not strongly absorb in the measured
range. However, slight shifts or broadening at the absorption edge hint at potential
interfacial interactions, such as charge transfer or dipole effects, which could influence
carrier dynamics. The presence of these materials at the interface may modify charge
transport and extraction without drastically affecting the intrinsic optical properties of the
perovskite layer. These observations suggest that molecular glass electron-acceptor
compounds could serve as functional interlayers in PSCs, optimizing charge transport while
maintaining the fundamental absorption characteristics of the perovskite. The optical
properties of perovskite modified by molecular glass electron-acceptor compounds are
shown in Figure 1.

Furthermore, thermal stability test conducted over 96 h at 85 °C simultan

crucial insights into the effectiveness of molecular glass electron-acceptor cunipuunius
enhancing the stability of perovskite materials. As shown in Figure 4, the perovskite films
incorporated with molecular glass electron-acceptor compounds exhibit remarkable
stability, maintaining their structural integrity and visual uniformity throughout the test
period. This suggests that molecular glass electron-acceptor compounds may act as
protective layers, mitigating thermal degradation by preventing ion migration, inhibiting
moisture penetration, or reducing defect formation at the interface. Typically, perovskite
materials are prone to degradation under prolonged thermal stress, leading to phase
segregation, oxidation, or decomposition. However, the preserved appearance of the
molecular glass electron-acceptor modified films indicates that these materials enhance the
perovskite's resistance to thermal-induced degradation, potentially extending the
operational lifetime of PSCs. Further analysis, such as UV-Vis spectra and X-ray diffraction
(XRD), could confirm whether the structural and electronic properties remain intact,
reinforcing the role of molecular glass electron-acceptor compounds in stabilizing
perovskite materials under thermal stress. These findings highlight the potential of
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Figure 4 presents the UV-Vis spectra for the tfermal stability of perovskite: (a) pristine
perovskite as reference, perovskite with (b) FFI 1, (c) FFI 2, and (d) DPP 3.

O hour 24 hours 48 hours 72 hours 96 hours

NiO,/Perovskite (Reference)

NiO,/Perovskite/FFl 1

NiO,/Perovskite/DPP 3

Open in figure viewer | ¥PowerPoint

FIGURE 4

The appearance of perovskite with and without FFI 1, 2, and DPP 3 compounds on thermal sta

The complete set of UV-Vis spectra recorded during the 96-h thermal stability test is
provided in the Supporting Information (Figure S14), which further confirms that the
molecular glass-modified perovskite film retains its spectral profile and band edge positions,
indicating suppressed thermal degradation compared to the pristine reference. The UV-Vis
absorbance spectra shown in the image provide quantitative evidence supporting the
thermal stability of perovskite materials incorporated with molecular glass electron-acceptor
compounds over a 96-hour period at 85 °C. The absorbance curves at different time
intervals (O h, 24 h, 48 h, 72 h, and 96 h) show a gradual decrease in absorption intensity, a
common characteristic of material degradation. However, the overall spectral shape and
absorption edge remain relatively unchanged, indicating that the core optical properties of
the perovskite layers are well preserved. Comparing these results with the thermal stability
test images, it is evident that the molecular glass electron-acceptor compounds contribute
to maintaining the structural and electronic integrity of the perovskite films. The minor
reduction in absorbance suggests that some degradation occurs over time, likely due to
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molecular glass electron-acceptor compoundYact as protective interlayers, reducing ion
migration and preventing decomposition pathways that typically lead to perovskite
degradation. Furthermore, the stability observed in the UV-Vis spectra implies that the
bandgap energy of the perovskite remains nearly unchanged, ensuring that charge carrier
generation and transport properties are not significantly compromised over the 96-hour
test. This is crucial for the long-term performance of PSCs, as maintaining high absorption
efficiency directly correlates with sustained photovoltaic performance. Figure S14 shows the
impact of molecular glass electron-acceptor compounds on the perovskite layer under
thermal stability test.

Moreover, Figure 5 illustrates the structural evolution and thermal stability of pristine and
molecular glass-modified perovskite films during aging (0-96 hr), as revealed by XRD
analysis. The XRD patterns compare pristine perovskite (a) with films incorporating
molecular glass electron-acceptor additives FFI 1 (b), FFI 2 (c), and DPP 3 (d). The main
diffraction peaks are marked with symbols, where a denotes the photoactive black a-phase
perovskite, o represents the undesired nonphotoactive 6-phase, and * indicates Pbl,, a
typical degradation by-product. In the pristine film, the diffraction peak at 26 = 14.00°,
corresponding to the (100) plane, serves as the primary signature of the a-phase perovskite
crystal structure, while the reflection at 26 = 20.11° is assigned to the (110) plane,
representing a secondary but characteristic structural feature of halide perovskite [40-43].
Upon thermal exposure, the pristine sample exhibits pronounced structural degradation, as
evidenced by the gradual attenuation of the a-phase reflections accompanied by the
progressive emergence and intensification of the Pbl, peak at 12.62°. Simultaneously,
signatures of the 6-phase become more evident over time, indicating phac~ inct-hilits and
partial transformation under thermal stress. This evolution reflects therm

iodide migration and defect-mediated decomposition, in which under-coordinated Pb“* sites
and halide vacancies act as nucleation centers for phase segregation toward Pbl,. The inset
in Figure 5 highlights the evolution of the Pbl, diffraction peak intensity over aging time,
clearly demonstrating the accelerated degradation kinetics in the pristine film compared to
the modified samples.
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Evolution of the crystal structure and phase stability of perovskite films during thermal aging ¢
analyzed by X-ray diffraction (XRD). (a) Pristine perovskite (reference), (b) perovskite with FFI 1,

FFI 2, and (d) perovskite with DPP 3.

In contrast, the incorporation of molecular glass additives substantially mitigates these
degradation pathways. The a-phase diffraction peaks remain comparatively stable in
intensity over 96 hr, and the growth of the Pbl, peak is markedly suppressed relative to the
pristine film, demonstrating improved resistance to thermally induced phase segregation.
The slower structural evolution observed in the modified films suggests that the molecular
glass reduces defect density and stabilizes the perovskite lattice. Mechanistically, this
enhancement can be attributed to several synergistic effects: coordination between
molecular glass molecules and under-coordinated Pb?* centers, which passivates structural
defects; formation of an amorphous intergranular network that reinforces grain boundaries
and limits lattice distortion; and suppression of halide ion migration, thereby inhibiting the
autocatalytic decomposition process that typically accelerates degradation at elevated
temperatures. Collectively, these effects kinetically and thermodynamically stabilize the
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The mechanism of perovskite decomposition has been extensively discussed by many
researchers, with one of the main causes being the reaction between perovskite and water.
Perovskite can also decompose into MAI and Pbl,. MAI can diffuse into the PCBM layer or
evaporate as a gas, leaving behind yellow-colored Pbl, as a degradation residue. Therefore,
the structural degradation of perovskite can also be visually identified by changes in its
color. If the perovskite layer begins to turn yellow, it indicates the formation of Pbl,,
signaling the onset of decomposition. However, this phenomenon does not occur in
perovskite layers that incorporate molecular glass electron-acceptor compounds. Molecular
glass electron-acceptor compounds are well known for their extensive rrconjugated
systems, which enable strong r=minteractions, resulting in enhanced electron delocalization
and mobility. This feature is crucial for ETLs, as it enables efficient charge extraction from
the perovskite layer to the electrode, minimizing charge recombination. The molecular glass
electron-acceptor compounds have highly planar structures, promoting tight molecular
packing and superior charge transport properties compared to conventional organic ETLs
like PCBM.

Moreover, when molecular glass electron-acceptor compounds are introduced, a
perovskite-molecular glass electron-acceptor compounds interface layer forms, exhibiting
hydrophobic properties. This hydrophobicity arises from the extensive conjugated and
delocalized bonds within the molecular glass electron-acceptor compounds, which
effectively repel atmospheric water molecules and hydrophilic MAI molecules. This
hydrophobicity can be seen from the contact angle of molecular glass electron-acceptor
compounds on the perovskite surface in Figure 6, which increased from 77° in pristine
perovskite to 107.0°, 108.4°, and 108.3° for FFI 1, FFl 2, and DPP 3, respeci

MAI does not diffuse into the PCBM layer or escape into the environment, icaunig w
improved perovskite stability. The contact angles of water on molecular glass electron-
acceptor compounds on perovskite are shown in Figure 6.
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Contact angle test of perovskite with and without FFI 1, FFl 2, and DPP 3 compounds after96h = "™ i )
| | View PDF
Moreover, this hydrophobic perovskite-molecular glass electron-acceptor compounds
interface enhances the compatibility between the perovskite and PCBM layers. This is
because molecular glass electron-acceptor compounds share structural similarities with
PCBM, including delocalized conjugated bonds and hydrophobicity, ensuring better
interfacial contact. Additionally, molecular glass electron-acceptor compounds can still
interact well with perovskite due to the triazine and thiophene functional groups, which can
bind with the perovskite structure, further enhancing its stability. The decomposition and
stability mechanisms are shown in Figure 7.
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FIGURE 7
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(a) The illustration of perovskite degradation on thermal stability test and (b) stability mechanism of perovskite due
to added by molecular glass electron-acceptor compounds. The structure for thermal stability test was

glass/FTO/NiOx/MAPbls/molecular glass electron-acceptor compounds.

The hydrophobicity of molecular glass electron-acceptor compounds, resulting from
conjugated and delocalized double bonds, enables them to repel external water molecules
from the perovskite. This effectively suppresses perovskite degradation into MAI and Pbl,
while preventing MAI from reacting with PCBM and blocking PCBM diffusion into perovskite
grain boundaries. Additionally, the molecular glass electron-acceptor comnaiinde intarlavar
facilitates smooth electron migration from perovskite to PCBM, minimizin View PDF
These combined effects significantly enhance the long-term thermal stability of the
perovskite film when molecular glass electron-acceptor compounds are used as ETLs.

Furthermore, scanning electron microscopy (SEM) images confirm that molecular glass
electron-acceptor compounds effectively coat the perovskite surface and penetrate its grain
boundaries, forming a protective hydrophobic layer. This encapsulation effect prevents
moisture infiltration and thermal-induced degradation, thus improving the perovskite's
resilience to environmental stressors. Consequently, the presence of molecular glass
electron-acceptor compounds contributes to enhanced hydrophobicity and thermal
stability, making this approach promising. Figure 8 shows the SEM image of pristine
perovskite as a reference and perovskite added with molecular glass electron-acceptor
compounds.
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SEM image of (a) pristine perovskite as a reference, perovskite with (b) FFI 1, (c) FFI 2, and (d) D

electron microscopy.

Figure 9a presents the reverse scan J-V characteristics of PSCs fabricated without additives
and with molecular glass electron-acceptor compounds. The plots clearly demonstrate
variations in Jsc and Voc depending on the incorporated molecular glass. The reference
device yields a Jsc of 17.86 mA/cm [2] and a Voc of 1.06 V, values typical of pristine PSCs.
Upon the addition of molecular glass, the /—V behavior is distinctly modified. Among all
samples, the device with FFI 1 achieves the highest Jsc, suggesting more efficient charge
generation and extraction. This improvement can be attributed to enhanced film quality,
higher crystallinity, and suppression of trap-assisted recombination. FFl 2 and DPP 3 also
produce stable /-V curves with comparable Voc to the reference, although their Jsc values
remain slightly lower than that of FFI 1. In particular, the performance of DPP 3 is close to
the reference, reflecting modest gains in current density but improved device stabilization.
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(a) The reverse scan J-V characteristics of PSCs fabricated without additives and with molecular glass additives FFI 1,

FFI 2, and DPP 3, (b) PCE comparison of pristine perovskite as reference, FFl 1, FFl 2, and DPP 3, (c) comparison of

dark /-V curve with and without molecular glass electron-acceptor compounds and (d) comparison MPPT curve

perovskite with and without molecular glass electron-acceptor compounds. PCE = Power conversion efficiency.

The J-V data further reveal improvements across all key photovoltaic parameter (PCE, Jsc,
Voc, and FF) when molecular glass-based interlayers are introduced. Notably, FFI 2 records
the highest Jsc of 18.50 mA/cm [2], demonstrating superior charge collection. Meanwhile,

Voc increases slightly to 1.08 V for both FFI 1 and FFI 2, indicating better energy-level

alignment between the perovskite absorber and ETL. The fill factor remains stable across
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scans further suggests the suppression of ionmigration and improved interfacial charge
transport. These effects are corroborated in Figure S15, which compares J-V curves at
maximum PCE for devices with and without molecular glass. The molecular design of these
additives plays a crucial role in enhancing performance. Triazine moieties provide strong
electron-withdrawing properties, resulting in favorable energy-level alignment with the
perovskite conduction band and facilitating efficient electron injection. Thiophene units, on
the other hand, contribute molecular flexibility and improved charge transfer, which
enhance overall transport characteristics [44, 45]. As a result, the modified devices achieve
higher PCEs than the reference: FFI 1 reaches 15.49% (reverse scan), followed by FFl 2 at
15.20% and DPP 3 at 14.94%. These improvements demonstrate the ability of molecular
glass electron-acceptor compounds to enhance charge extraction and mitigate
recombination losses, as shown in Figure 9b. Further insights are obtained from the dark /I-V
characteristics. Molecular glass-based devices exhibit significantly reduced leakage currents
compared to the reference, confirming better charge-blocking capability and suppression of
recombination at the interfaces. The presence of triazine and thiophene groups within the
interlayer enhances charge mobility and energy-level alignment, facilitating efficient electron
transfer from the perovskite to PCBM. Lower dark current indicates effective suppression of
ion migration and reduced charge accumulation, both of which contribute to improved
interfacial stability and longer operational lifetimes, as shown in Figure 9c.

We further evaluated the impact of molecular glass interlayers on device stability using
continuous maximum power point tracking (MPPT) measurements (Figure 9d). Compared
with pristine devices, the molecular glass-modified perovskite-based devices exhibit higher
and more stable power output under identical testing conditions, while th~ ~antral davicac
show fast performance decay. The enhanced MPPT stability correlates wil

thermal stability of the molecular glass-modified perovskite films (Figure 4), reduced leakage
currents (Figure 9c), and suppressed thermally induced degradation. These consistent
perovskite film modification and device-level trends confirm that the sustained MPPT
performance arises from effective interfacial thermal stabilization. Overall, these results
demonstrate that molecular glass electron-acceptor interlayers not only enhance device
efficiency but also provide robust long-term operational stability with continuous MPPT
serving as direct validation of the improved interfacial thermal robustness.

Moreover, the data clearly indicate the significant enhancement in device performance
when molecular glass electron-acceptor compounds are introduced as an interfacial layer
between perovskite and PCBM. The reference device, which employs only PCBM as the ETL,
exhibits a moderate PCE, with relatively lower Jsc and Voc, likely due to suboptimal charge
extraction and increased recombination at the interface. In contrast, PSCs modified with
molecular glass electron-acceptor compounds show a substantial improvement in all key
photovoltaic parameters. This improvement is attributed to the strong r=mstacking
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energy level alignment and suppress interfacigl defects. Among the FFI 1, FFl 2, and DPP 3-
based interlayers, FFl 2 demonstrates the highest PCE, indicating its superior ability to
improve charge extraction and stability. The higher Jsc observed in FFI 2-modified devices
suggests more efficient electron collection, while the increase in Voc implies reduced
nonradiative recombination losses. Moreover, the FF is significantly improved, signifying
reduced series resistance and enhanced charge transfer dynamics. The DPP 3 and FFI 1
interlayers also exhibit improved performance compared to the reference, though slightly
lower than FFl 2, reinforcing the beneficial effects of FFI 1, FFl 2, and DPP 3 compounds.
Table 1 provides a detailed comparison of the photovoltaic parameters such as PCE, Jsc, Voc,
and FF for the reference device and PSCs integrated with various molecular glass compound
interlayers.

TABLE 1. Comparison of J-V curve with and without molecular glass electron-acceptor
compounds at best PCE.

Device Scan direction Jsc (mA/cm?) Voc (V) FF PCE (%)
Reference Forward 17.54 1.06 0.75 14.01
Reverse 17.95 1.06 0.77 14.64
FFI 1 Forward 18.44 1.08 0.76 15.17
Reverse 18.32 1.08 0.78 15.49
FFI 2 Forward 18.50 1.07 noe 18 Ne
Reverse 18.20 1.08 . S
DPP 3 Forward 18.05 1.07 0.76 14.61
Reverse 17.87 1.07 0.78 14.94

4 Conclusions

This work demonstrates that glass-forming molecular electron-acceptor compounds are
highly effective interfacial layers for inverted MAPbls-based PSCs. Molecular glass-modified
perovskite films exhibit excellent thermal stability at 85°C for 96 hr, as confirmed by XRD,
SEM, and UV-Vis analysis. Mechanistic insights reveal that strong rermrrstacking, electron-
withdrawing triazine/thiophene units, and amorphous glass-like morphology collectively
enhance interfacial robustness. The increase in water contact angle from 77° to over 108°
further indicates the formation of durable hydrophobic barriers that suppress MAI diffusion
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Consequently, MPPT measurements demonstYate sustained and stable power output,
confirming that the improved operational stability arises from the robust thermal and
interfacial stabilization imparted by the molecular glass interlayers.

Supporting Information

Additional supporting information can be found online in the Supporting Information
section. Supporting Fig. S1: HOMO and LUMO orbitals of FFl glasses 1 and 2 as calculated
by DFT (B3LYP/6,31G(d,p)). The mexylaminotriazine group was omitted from the calculations
since it contributes minimally to the electronics of the FFI chromophore. (a) HOMO orbital of
glass 1, (b) LUMO orbital of glass 1, (c) HOMO orbital of glass 2, (d) LUMO orbital of glass 2.
Supporting Fig. S2: "H NMR spectrum of compound 5 in DMSO-dg at 363K, 400 MHz.
Supporting Fig. $3: '3C NMR spectrum of compound 5 in DMSO-dg, 75 MHz. Supporting
Fig. S4: HSQC NMR spectrum of compound 5 in DMSO-dg, 400 MHz. Supporting Fig. S5: 'H
NMR spectrum of compound 7 in DMSO-dg at 363K, 400 MHz. Supporting Fig. $6: '3C NMR
spectrum of compound 7 in DMSO-dg, 75 MHz. Supporting Fig. S7: HSQC NMR spectrum of
compound 7 in DMSO-dg, 400 MHz. Supporting Fig. $8: "H NMR spectrum of compound 1 in
DMSO-dg at 363K, 400 MHz. Supporting Fig. $9: '3C NMR spectrum of compound 1 in
DMSO-dg, 75 MHz. Supporting Fig. S10: HSQC NMR spectrum of compound 1 in DMSO-dg,
400 MHz. Supporting Fig. S11: "H NMR spectrum of compound 2 in DMSO-dg at 363K, 400
MHz. Supporting Fig. S12: 3C NMR spectrum of compound 2 in DMSO-dg, 75 MHz.
Supporting Fig. S13: HSQC NMR spectrum of compound 2 in DMSO-dg, 400 MHz.
Supporting Fig. S14: UV-Vis spectra as thermal stability of perovskite after 96 hours: (a)
Pristine perovskite as a reference, perovskite with (b) FFl 1, (c) FFI 2, and (¢" =~ 7
Supporting Fig. S15: Comparison of /-V curve perovskite with and withou

compounds at best PCE: (a) Pristine perovskite as a reference, perovskite with (b) FFI 1, (c)
FFI 2, and (d) DPP 3.
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