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ABSTRACT

The long-term instability of metal halide perovskites, such as MAPbI3 and FAPbI3, remains a major obstacle to their commercialization. This study introduces a
multifunctional-organic-additive (agent 1), synthesized via a one-pot reaction using ethanol as a green solvent, offering an environmentally benign approach. Agent 1
was incorporated into MAPbI; films through antisolvent treatment and surface passivation, enhancing both shelf and operational stability. Under moderate humidity
(35-45 %), antisolvent-treated films showed only 23 % degradation after ~36 days, compared to 60 % in untreated samples. At higher humidity (55-65 %),
passivated films retained 67 % of the original material, while reference films degraded by 97 %. On the other hand, solar cells treated with agent 1 maintained 91 %
of their initial efficiency after 60 min of continuous operation. Long-term storage tests (168 h) revealed a 41 % efficiency drop in reference devices, versus 13 % and
29 % in antisolvent- and passivated-treated devices, respectively. Agent 1 also exhibited excellent thermal/chemical stability, with negligible decomposition above
200 °C and only 0.35 % weight loss after 24 h at 95 °C. Its molecular integrity was confirmed via 'H NMR after one year. Combining ease of synthesis, environmental
safety, and multifunctionality, agent 1 is a promising candidate for industrial-scale stabilization of perovskite solar cells.

1. Introduction

Despite remarkable progress in the power conversion efficiency of
perovskite-based photovoltaic devices, their limited operational and
environmental stability remains a critical bottleneck for commerciali-
zation. External stressors such as moisture [1], oxidizing agents [2], and
thermal fluctuations [3] accelerate structural and functional degrada-
tion, severely compromising device performance and longevity. A
promising strategy to mitigate these issues involves the incorporation of
molecular additives [4]. These compounds have demonstrated the
ability to enhance crystallinity [5,6], passivate structural defects [7],
and improve environmental stability, particularly against
moisture-induced degradation [8,9]. Among several kinds of defects,
halide vacancies are especially detrimental, as they facilitate the escape
of halogen anions in their molecular form (X3) [10], a degradation
pathway notably prevalent, for example, in MAPbI;3 perovskites [11]. To
address this challenge, both organic (e.g., monomers, polymers, sol-
vents) [12-14] and inorganic [15] materials have been explored,
yielding encouraging results. Organic additives often feature functional
groups such as carboxylic acid/carboxylate (~COOH/-COQO") [16],
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carbonyl (-C=0) [17,18], thiocarbonyl (-C=S) [19], alcohol (-OH)
[20], amino (-NHy) [21], nitrile (-C = N) [22], and halogen substituents
(I, Br, Cl, F) [7,8]. These groups contain heteroatoms with lone electron
pairs (e.g., N, O, S), which act as Lewis bases to fill halide vacancies and
stabilize the perovskite lattice [23-26]. While organic molecules offer
synthetic versatility and tunable functionality, their application in-
troduces two key limitations: 1. Simple molecules, often organic salts,
tend to be highly hydrophilic or possess low melting points, under-
mining long-term device stability [27]; and 2. Complex macromolecules
or polymers typically require elaborate and costly synthetic routes [12,
28], restricting their accessibility to specialized laboratories. In this
work, we present a novel organic additive designed to overcome these
limitations, offering enhanced stability, defect passivation, and pro-
cessability for MAPbIs-based perovskite films and complete solar cell
devices. Directing our attention towards durability, with simple mole-
cules, we make a first approximation of a family, 4H-chromenes, of
highly modifiable molecules, which makes them a range of possibilities
to improve photovoltaic devices.
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2. Experimental section
2.1. Materials and characterization

Benzaldehyde (Reagent Plus®, >99 %), 5,5-Dimethyl-1,3-Cyclohex-
anedione (>99 %), Malononitrile (>99 %) were purchased from Sigma-
Aldrich. Lead Iodide (Pbly, 99.99 %) was purchased from TCI. Methyl-
ammonium lodide (MAL 99.9 %) was purchased from Greatcell solar
company. Tin Oxide (SnOj, 15 % in Hy0) was purchased from Alfa
Aesar. 2,20,7,70-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,90-spiro-
bifluorene (Spiro-MeOTAD, 99 %) was purchased from Feiming chem-
ical limited. 4-tert-butylpyridine (tBP, 98 %), Bis(trifluoromethane)
sulfonamide lithium salt (Li-TFSI, 99.95 %), Acetonitrile (ACN, 99.5 %),
Chlorobenzene (CBz, 99.8 %), N,N-dimethylformamide (DMF, 99.8 %)
and dimethylsulfoxide (DMSO, 99.8 %) were purchased from Sigma-
Aldrich. All reagents were used without further purification.

2.2. Synthesis of 2-amino-5-oxo-4-phenyl-5,6,7,8-tetrahydro-4H-
chromene-3-carbonitrile (agent 1)

100 mg of 5,5-dimethylcyclohexane-1,3-dione (0.714 mmol), 47 mg
of malononitrile (0.714 mmol), and 96 pL of benzaldehyde (75 mg,
0.714 mmol) were placed in a flask and dissolved in 2 mL of absolute
ethanol. Then, 7 pL of 10 % molar piperidine (6.08 mg, 0.0714 mmol)
were added. A crystalline white powder was obtained with a yield of 95
% (199 mg; 0.676 mmol). The melting point was 202-204 °C. 'H NMR
spectra (600 MHz, DMSO-d6) showed signals at & 7.28-7.26 (t, 2H),
7.18-7.12 (m, 3H), 6.99 (s, 2H), 4.16 (s, 1H), 2.25-2.23 (d, 1H),
2.11-2.08 (d, 1H), 1.03 (s, 3H), 0.94 (s, 3H). While *C NMR spectra
(151 MHz, DMSO-d6) displayed signals at § 195.67, 162.51, 158.50,
144.77, 128.35, 127.16, 126.58, 119.75, 112.74, 58.30, 49.98, 39.52,
35.58, 31.82, 28.41, 26.81.

2.3. Device fabrication

2.5 x 2.5 cm pre-patterned ITO substrates were washed in subse-
quent ultrasonic baths for 15 min each with water and soap, ethanol,
acetone and isopropanol and finally dried with Ny flow. Before the ETL
deposition, a 20 min UV-Ozone treatment was performed, then a 3 w.t.%
solution of SnO, was prepared by dissolving the 15 w.t.% stock solution
with miliQ-water. Then it was deposited by spin-coating on top of the
Glass/ITO substrate at 3500 rpm for 40 s, then it was annealed at 150 °C
for 30 min. After the annealing and when the substrates cooled down, a
15 min UV-Ozone was performed before the perovskite deposition. A
1.24 M precursor solution was prepared by mixing 622 mg of Pbl, and
215 mg of MAI and dissolved in 1 mL of DMF +0.095 mL of DMSO. Then
the precursor solution was spin-coated on top of the SnO; layer at 4000
rpm for 20 s, then at the second ~6, 250 pL of CBz with (1 mg/ml of
agent 1 in CBz) or without agent 1 was dropped in the center of the
spinning substrate. After the spinning was finished, the substrate was
annealed at 100 °C. for 10 min. For the passivated films, a 1 mg/ml of
agent 1 in CBz solution was spin coated on top of the already formed
perovskite film at 4000 rpm for 30 s dynamically and then annealed at
100 °C for 10 min. When the substrates were cooled down, the HTM was
prepared dissolving 72.3 mg of spiro-OMeTAD, 28.8 pL of 4-tert-butyl-
pyridine, and 17.5 pL of a stock solution of 520 mg/mL lithium bis-
(trifluoromethylsulfonyl)imide in acetonitrile in 1 mL of chlorobenzene.
Finally, 100 nm of gold was thermally evaporated. The films and com-
plete devices were fabricated under ambient atmosphere, and once
prepared, all analyses were carried out in air.

2.4. Preparation of thin films for pXRD analysis
2.5 x 2.5 cm pre-patterned FTO substrates were washed in subse-

quent ultrasonic baths for 15 min each with water and soap, ethanol,
acetone and isopropanol and finally dried with Ny flow. After drying, the
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cleaned substrates were subjected to a surface activation treatment
consisting of UV/ozone exposure at 100 °C for 20 min using a SETCAS
LLC Ozone Cleaner UV (Model SC-UV-1).

Perovskite thin films were deposited using a spin-coating process
performed with an Ossila Spin Coater, programmed at 4000 rpm for 50 s.
The perovskite precursor solution was prepared by dissolving 622 mg of
lead iodide (PbIy) and 215 mg of methylammonium iodide (MAI) in a
solvent mixture of 1 mL N,N-dimethylformamide (DMF) and 0.095 mL
dimethyl sulfoxide (DMSO), depositing an aliquot of 50 pL and 250 pL of
CBz as an antisolvent at 3 s, ending with an annealing process at 100 °C
for 10 min. For the incorporation of agent 1 as an additive, a 1 mg/mL
solution in CBz was prepared and applied 250 pL during the antisolvent
step after 3 s of starting the program it spins. In addition, a second batch
corresponding to the passivating layer method was prepared, in which
the additive was added 250 pL in a concentration of 1 mg/mL of CBz
solution in a spin program identical to the one already mentioned, using
a previously formed perovskite film, closing with a final annealing
process at 100 °C for 10 min.

2.5. Thermal analysis

For TGA, initial temperature: 25 °C, final temperature: 250 °C.
Heating rate: 2.5 °C min~ ! under air. For isotherm, initial temperature:
20 °C, final temperature: 95 °C. Heating rate: 2.5 °C min~ ' under air.
The sample was then kept at that temperature for 24 h.

2.6. Films characterization

The XRD pattern of the prepared films were measured using X-ray
diffractometer (D8 Advance DAVINCI, Bruker-AXS) (Cu Ko, wavelength
A= 1.5406 A) within the range of 3-60°, step of 0.02° and counting time
of 3 s per step.

2.7. Device characterization

J-V curves were measured using an Abet technologies (Sun 2000)
solar simulator. The light intensity was adjusted to 1 sun (100 mW/cm?)
using a calibrated Si solar cell and a photodiode. The devices were
measured in ambient conditions without encapsulation; the active area
was defined by a mask which was 0.121 cm?. The Shelf-stability mea-
surements were measured using the same system.

MPP measurements were carried out in ambient conditions (T~60 °C
and RH > 45 %) using an Ossila solar simulator class AAA and auto-
mated J-V measurement system (T2003B3-G2009A1). The light in-
tensity was adjusted to 1 sun (100 mW/cm?) using a calibrated Si solar
cell. The devices were not encapsulated.

2.8. Nuclear magnetic resonance of agent 1 and MAPbIs precursors

All results were measured on a 14.09 T (600 MHz) NMR Spectrom-
eter Jeol brand, Model ECZ600R. For 'H NMR, 2 different solutions were
prepared; a. Contains 20 mg of Agent 1 and b. It contains 10 mg of Agent
1 + 14 mg of Pbl, and 5 mg of MAL For *C NMR, 2 different solutions
were prepared; a. Contains 50 mg of Agent 1 and b. Contains 50 mg of
Agent 1 + 70 mg of Pbl; + 25 mg of MAL All of this is measured in
DMSO-D6.

2.9. IR studies

2.9.1. Thin films

For the preparation of these thin films, the same method described
for pXRD was followed, in which it was differentiated by taking 250 pL
from the original solution, to which 10 mg of Agent 1 was added and
with this a new precursor solution was obtained. Thin films of MAPbI3
and MAPbI3 + Agent 1 were obtained. Both films were measured using a
PerkinElmer Spectrum 400 FTIR/FIR spectrophotometer range: 4000 -
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400 cm-! with spectral resolution: 0.4-64 cm ™.
2.9.2. Solution

For the measurement of the Fourier transform Infrared spectroscopy
(FTIR) in solution, using a PerkinElmer Spectrum 400 FTIR/FIR spec-
trophotometer range: 4000 - 400 cm-! with spectral resolution: 0.4-64
em™l. 4 different samples were prepared, corresponding to pure 1.
(DMSO), 2. (DMSO + Pbly), 3. (DMSO + Agent 1) and finally 4. (DMSO
+ PbI; + Agent 1). Each sample was prepared using 250 pL of DMSO, 14
mg of Pbl,, and 10 mg of Agent 1.

2.10. UV-Vis studies of extracted thin films

UV-Vis absorption spectra were obtained using a Thermo Scientifi-
cEvolution 220 dual beam spectrophotometer. Each measurement was
made in a wavelength range of 700-270 nm with a spacing of 0.5 nm.
Each sample was obtained by performing an extraction of formed films,
control film (aged) and film with 10 mg of Agent 1 (aged). In the case of
control films (fresh), antisolvent (fresh) and passivating layer (fresh), a
triplicate was performed. In each extraction, 10 mL of toluene was used
to fully submerge the film, which was then allowed to stand for 15 min at
room temperature. From each undiluted extract, a volume of 3 mL was
collected for analysis.

3. Results and discussion

To explore the potential of 4H-chromenes (4HC) as functional ad-
ditives, we carried out the synthesis using a simple and versatile pro-
tocol. This procedure involves three key reactants: a diketone (e.g., 1,3-
cyclohexanedione), an aldehyde with positions amenable to function-
alization, and a molecule bearing a highly acidic a-hydrogen, such as
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malononitrile, Fig. la. The reaction can be performed under either
acidic or basic catalysis [29,30], using a two-step or one-pot synthesis
[31]. The resulting family of compounds naturally contains functional
groups such as carbonyl, ether, amino, and nitrile, which are known to
passivate halide vacancies [4,7]. Notably, the diketone and aldehyde
structures can be modified to introduce additional functionalities (red,
blue and green substituent in the scheme of the reaction). Therefore,
there are extensive and varied possibilities for improving performance
through molecular engineering.

Agent 1 was synthesized via a multicomponent reaction by
combining all reactants in a single vessel, using ethanol as the solvent,
Fig. la. Although alternative solvents such as water [32] and
solvent-free conditions [33] have been reported in the literature under
specific catalytic systems. In this study, ethanol was selected as solvent,
due to its environmentally benign nature and its ability to deliver high
yields when using simple catalysts like piperidine [31]. Upon stirring,
the formation of a white precipitate was observed within minutes.
Anyway, the reaction was allowed to proceed for 30 min at room tem-
perature to ensure complete product formation. The resulting white
powder was isolated by vacuum filtration, though gravity filtration was
found to be equally viable, and washed with cold ethanol until the faint
orange hue disappeared completely. This color change corresponds to
the formation of a stable dissolved intermediate, arising from the
interaction of the aldehyde and malononitrile precursors [34,35]. The
reaction showed a yield of more than 95 %, highlighting its remarkable
efficiency in addition to the extremely simple synthesis method. Beyond
its synthetic simplicity, the procedure employs non-polluting solvents,
operates under mild conditions, and generates a highly hydrophobic
material. This hydrophobicity is particularly relevant for applications
aimed at enhancing the moisture resistance of perovskite-type materials,
specifically 3D structures such as MAPDIs.
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Fig. 1. a. Synthesis of the agent 1. b. 'H NMR spectrum of agent 1 acquired in a 600 MHz spectrophotometer using DMSO-d6 as solvent. Full circle: residual water.
Star, impurities with a concentration lower than 5 %, see discussion in the main text.
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Agent 1 was characterized by H NMR (Fig. 1b), and comparison
with literature data confirmed its high purity [36], eliminating the need
for time-consuming purification methods such as chromatography,
which typically involve large volumes of hazardous and contaminating
solvents. Regarding the two small peaks observed at approximately 4.3
and 3.4 ppm in the 'H NMR spectrum (indicated with a star), these
correspond to trace impurities generated during the reaction, most likely
as a result of the initial condensation step in the synthetic cycle. These
impurities represent approximately 4-5 % relative to the signals of the
main compound. We observe that their presence is directly related to the
preparation conditions. During the synthesis of agent 1, we used
different solvent volumes. We observed that when the reaction mixture
was more concentrated (i.e., lower solvent volume), the sudden pre-
cipitation of the solid tended to drag along more impurities. In contrast,
when the system was more diluted, the resulting solid was significantly
purer, although the solvent volume required increased up to threefold.
Considering the objectives of our study, we opted for an intermediate
concentration that allowed us to obtain a solid with a good level of
purity (maximum impurity level around 5 %) without excessive solvent
consumption.

Given the diversity of functional groups present in agent 1, which
have the potential to passivate defects in hybrid perovskite films, and
once its synthesis was completed, its activity as an additive in MAPI3
perovskite films was evaluated. The incorporation in the perovskite
films of agent 1 was carried out using two approaches: 1. Addition via
the solvent used as an antisolvent (AS), 2. Deposition of a passivating
layer of agent 1 (PL). For further details on the experimental procedures,
refer to the experimental section. As a first step, thin films were fabri-
cated and characterized by powder X-ray diffraction (pXRD). The initial
test involved the preparation of reference MAPI3 thin films and MAPI3
thin films in which agent 1 was included in the antisolvent. All films
were stored for approximately 30 days under ambient conditions
without any additional precautions. It is important to note that although
relative humidity fluctuated throughout the period, it consistently
remained at high levels, with an average value of 50 % but with peaks
close to 90 %. The formation of MAPI3 was monitored through the
characteristic peak at 14.2° of MAPI3, as well as the appearance of Pbl,
at 12.72°, related to the degradation process. Structural characterization
via pXRD demonstrated that both methodologies, AS and PL, produced
the cubic phase of MAPI; perovskite consistently, without any detect-
able additional phases Fig. 2a and b. The emergence of additional phases
is probable owing to the incorporation of the agent 1 molecule into the
crystal lattice, potentially leading to new diffraction peaks below 10°,
analogous to the behavior observed in 2D perovskite systems. However,
such features are not observed in the experimental data, suggesting
either limited integration of agent 1 into the lattice or a different
structural accommodation mechanism that does not produce low-angle
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reflections. After storing the samples under ambient conditions, X-ray
diffraction (XRD) patterns were reacquired to evaluate their structural
stability. Degradation was assessed by analyzing the relative intensity of
the characteristic peaks: 14.18°, corresponding to the perovskite phase
(MAPI3), and 12.72°, associated with Pbl,, a degradation product. In the
first experiment, reference films were compared with those treated using
agent 1 incorporated into the antisolvent. The results showed signifi-
cantly greater degradation in the reference films, with the PbI, peak
accounting for approximately 61 % of the intensity, while the MAPI3
peak represented only 39 %. In contrast, the films treated with agent 1
exhibited markedly improved stability: the Pbl, peak was ~24 %, and
the MAPI3 peak reached ~76 %. This difference suggests that the
addition of agent 1 in the antisolvent effectively enhances the film's
resistance to moisture. Using the MAPI3/Pbl; intensity ratio as a stability
metric, a fivefold improvement was observed compared to the reference
films. In a second experiment, thin films of MAPI3 were fabricated both
as reference samples and with agent 1 applied as a passivating layer. As
in the previous test, the films were stored for ~30 days under ambient
conditions without additional protection. The results were even more
outstanding: the reference films showed near-complete degradation,
with the Pbl, peak accounting for ~97 % while that the MAPI;3
diffraction peak shows only ~3 % of intensity. Meanwhile, the films
with the passivating layer of agent 1 retained much of their original
composition, with the Pbl, peak at ~33 % and the MAPI3 peak at ~67
%, confirming the stabilizing effect of agent 1 under harsh environ-
mental conditions.

These results further demonstrate that the addition of a passivating
layer of agent 1 leads to a significant enhancement in the moisture
stability of MAPI; films. Once again, when using the MAPI3/Pbl, peak
intensity ratio as a metric for evaluating stability, a remarkable
improvement of approximately 66-fold is observed compared to the
reference films.

This result is strongly supported by chemical reasoning. As described
in the synthesis section, the synthesized 4HC molecule exhibits high
hydrophobicity, which can be inferred from the large number of
nonpolar covalent bonds among its constituent atoms. This property
provides a crucial advantage, especially considering that many passiv-
ating agents, although effective in improving short-term stability and
performance, tend to degrade over time due to their chemical nature.
Molecules containing a significant proportion of polar covalent bonds (e.
g., OH, NH, SH, CO), which often constitute the functional groups
responsible for passivation, are prone to interact with ambient moisture,
ultimately compromising long-term stability [37].

To further assess the effectiveness of agent 1 in improving stability
under operational conditions, complete photovoltaic devices were
fabricated. Two key aspects were evaluated: shelf stability (SS) and
stabilized power conversion efficiency under maximum power point

b.
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Fig. 2. a. pXRD characterization, via antisolvent method and b. passivating layer.
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tracking (MPPT). The corresponding photovoltaic parameters are sum-
marized in Table 1.

Regarding shelf stability, the reference device (without agent 1)
exhibited a consistent decline in PCE, dropping to 41 % of its initial
value after 170 h of exposure to ambient air (RH = 40 %). In contrast,
the device incorporating agent 1 via the antisolvent method showed a
significantly smaller reduction of only 13 %, indicating that the refer-
ence degraded approximately three times faster. When agent 1 was
applied as a passivating layer, degradation was also mitigated, with a
PCE drop of 29 %, suggesting a 1.4-fold improvement in stability
compared to the reference.

These findings underscore the dual role of agent 1 in enhancing both
the intrinsic stability of the perovskite material and the overall perfor-
mance of the photovoltaic device. The comparative degradation trends
are illustrated in Fig. 3. The results showed that passivated solar cells
exhibited slightly more stable open-circuit voltage (Voc) values over the
course of the study compared to unpassivated devices. Interestingly, and
in agreement with the pXRD observations, both the short-circuit current
density (Jsc) and the fill factor (FF) demonstrated substantially better
performance in the devices passivated with agent 1 than in the reference
device.

Given that the pXRD patterns revealed perovskite degradation and
the formation of Pbl,, the decrease in Jsc values is likely associated with
reduced charge carrier generation due to less efficient light absorption
across the electromagnetic spectrum. When comparing the PCE perfor-
mance curve with those of the other three parameters, it becomes
evident that the drop in efficiency most closely mirrors the trend
observed in the fill factor curve. This observation suggests that the
dominant factor contributing to the decline in PCE may be poor inter-
facial contact between layers, as an evident consequence of the degra-
dation of the active layer [38].

Maximum power point tracking (MPPT) was performed under
continuous 1 sun illumination for 3600 s (Fig. 4). Devices incorporating
agent 1 via the antisolvent (AS) method retained 78 % of their initial
power conversion efficiency (PCE), while the unpassivated device
maintained 74 %. Notably, the PSC with agent 1 applied as a passivating
layer preserved 91 % of its original PCE, demonstrating superior oper-
ational stability. A detailed analysis of the photovoltaic parameters
revealed that the passivated film with the additional layer exhibited
enhanced stability, with Voc, Jsc, and FF values retained at 97 %, 94 %,
and 98 % of their initial values, respectively. In comparison, the
unpassivated film showed retention values of 96 % for Voc, 83 % for Jsc,
and 89 % for FF. As in previous observations, the decline in PCE appears
to be linked to the degradation pathway from MAPI3 to Pbl, and the
resulting decrease in light-harvesting efficiency, which is consistent with
the pXRD findings. In other words, the inclusion of agent 1 not only
improves the intrinsic stability of the perovskite film but also enhances
the overall device stability under operational conditions—despite the
structural simplicity of the molecule.

In most studies available in the literature regarding the use of
passivating agents in perovskite films, there is a systematic absence of
specific evaluations concerning the intrinsic stability of the substances
employed. From our perspective, this represents a critical limitation that

Table 1
a. PCE of device without (w/0) agent 1, with (w) agent 1 as antisolvent and
passivating layer.

MAPDI;

Jsc (mA@cm ?) Voe (V) FF (%) PCE (%)
19.82662 1.03346 77.06919 15.79142
MAPDI; with Agent 1 as Antisolvent

Jsc (mA@cm ?) Voe (V) FF (%) PCE (%)
19.49022 1.00659 74.1668 14.55056
MAPDI; with Agent 1 as Passivating Layer

Jsc (mA@cm ?) Voe (V) FF (%) PCE (%)
21.71906 1.0142 76.32948 16.81345
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must be addressed. It is essential to characterize the chemical and
structural behavior of passivating agents under relevant environmental
conditions, particularly in the presence of moisture and elevated tem-
peratures, in order to ensure their reliable and long-term application in
photovoltaic devices.

For this reason, after confirming the beneficial effect of agent 1 on
the stability of both the films and the fabricated devices, we focused on
evaluating its intrinsic stability. Considering that photovoltaic devices
can reach operating temperatures of approximately 85 °C, we conducted
a thermal stability study using thermogravimetric analysis (TGA). A
slight and consistent mass loss (~1.5 %) was observed between room
temperature and 220 °C, likely due to the evaporation of residual sol-
vent. Up to 100 °C, the typical temperature reached during device
operation, the mass loss remained minimal, below 0.3 %. On the other
hand, given the prolonged exposure of solar cells to elevated tempera-
tures, we further examined long-term stability by conducting an
isothermal test at 95 °C for 24 h (Fig. 5a).

The results indicated no significant mass loss, even when measure-
ments were conducted in the presence of air. To determine whether
extended thermal exposure altered the chemical composition of agent 1,
we acquired its corresponding 'HNMR spectrum. The spectra remained
identical to the spectrum of the pristine material, confirming that agent
1 exhibits remarkable thermal stability, Fig. 5b. Although numerous
additives have been successfully employed to enhance device efficiency,
and to a lesser extent, stability, many of them are liquid in nature. This
physical state makes them susceptible to gradual evaporation under
sustained thermal stress, potentially initiating device degradation [26,
39,40].

Finally, in line with the goal of developing materials that are both
easily synthesizable and industrially accessible, we acquired the 'H
NMR spectrum of agent 1 after one year of storage under ambient
conditions. The results, once again, confirmed the preservation of its
chemical integrity, Fig. 5b. Therefore, we conclude that among the 4HC
derivatives, the 4HC evaluated in this study contributes to improving the
stability in perovskite-type films and in photovoltaic devices. We would
like to point out again that this is despite agent 1 representing the
simplest molecule in this family that we propose in this study. This
enhancement, beyond being influenced by the functional groups pre-
sent, may also be attributed to the high intrinsic stability of the material.

To elucidate the interaction mechanism between Agent 1 and the
precursors of MAPbIs, we acquired its 'H nuclear magnetic resonance
(NMR) spectra. The magnified region of interest (Fig. S2) reveals that all
resonances corresponding to the protons of Agent 1 exhibit upfield
chemical shifts, indicating a modification in the local electronic envi-
ronment upon interaction with the perovskite precursors. The complete
spectra are provided in Fig. S1 for reference.

The observed phenomenon indicates a relative reduction in the
deshielding of hydrogen nuclei, attributable to changes in intermolec-
ular interactions. Under initial conditions, in the absence of perovskite
precursors, the protons of Agent 1 predominantly interact with the ox-
ygen atoms of the DMSO solvent through H---O hydrogen bonding. This
interaction is particularly strong, favored by the high electronegativity
of oxygen and efficient orbital overlap, leading to pronounced
deshielding of the hydrogen nuclei involved. Upon incorporation of the
precursors Pbly and CH3NH;sl, the chemical environment undergoes a
significant modification: the H---O interaction loses predominance and is
replaced by H---I interactions. The latter are intrinsically less effective
due to the large disparity in atomic size and lower electronegativity,
resulting in a less pronounced deshielding compared to the initial con-
ditions, as previously reported [41-44]. Overall, the upfield chemical
shifts observed reflect a reorganization of the electronic environment of
Agent 1, modulated by the electronegativity and ionic size of the species
present, which directly influence hydrogen-bond strength. This modifi-
cation in chemical shifts suggests the potential of Agent 1 to interact
effectively with perovskite precursors within thin films, particularly
with iodide anions.
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The presence of multiple Lewis base functional groups (C=0O, CN,
NH,) within Agent 1 makes it a strong candidate for iodide vacancy (Vy)
passivation through coordination bonds of the type X—M?>*, where X =
O or N and M represents a metal ion with an incomplete coordination
sphere (Pb%" in this case, but potentially Sn?* as well). To evaluate the
feasibility of the X—Pb?" interaction, 3C NMR experiments were per-
formed (Fig. S3). This technique is particularly useful to identify coor-
dination of heteroatoms with electron-deficient species, such as
incompletely coordinated Pb?*, through chemical shift variations of

carbons bound to the involved functional group. Contrary to expecta-
tions, carbons bound to oxygen or nitrogen did not exhibit significant
shifts. All remaining resonances showed negligible shifts, with some
even exhibiting slight upfield shifts; only, as we expect, the carbonyl
carbon showed a minor downfield displacement, Fig. S4. Given that
DMSO is well known to form stable complexes with Pb**+ [45], we hy-
pothesize that the absence of significant shifts arises from competitive
solvation, where Agent 1 cannot displace DMSO from the Pb%* coordi-
nation sphere.
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To test this hypothesis, solution FTIR spectra were acquired under
four conditions: (i) pure DMSO, (ii) DMSO + PblIj, (iii) DMSO + PbI, +
Agent 1, and (iv) DMSO + Agent 1. Considering the structure of DMSO,
we focus on the behavior of the S=0 group, which will surely serve as a
Lewis base coordinating Pbl, [46]. Concerning the S=O stretching band
(1043, 1019 cm™!) of DMSO, its profile showed a clear modification
upon interaction with Pbl,. Upon addition of Agent 1 to the DMSO/Pbl,
system, no substantial change was observed in the characteristic band
(Fig. S5), indicating that the S=0 — Pb%* interactions remained unaf-
fected. Besides, examination of the functional groups of Agent 1
revealed that the vibrational bands associated with -CN (2188 cm’l),
C=0 (1664 cm™), and C-N (amine, 1214 cm™') were unchanged,
regardless of the presence or absence of Pbl,. These results demonstrate
that, in the presence of DMSO, Agent 1 does not coordinate to the
metallic center. This observation is consistent with the >C NMR data,
thereby supporting the hypothesis that Agent 1 does not interact with
Pb%* in DMSO solution.

However, given the positive influence of Agent 1 on shelf and
operational stability, we hypothesized that coordination must occur in
the solid state, specifically in thin films. Films were fabricated by
introducing Agent 1 either via antisolvent addition or as a passivation
layer. Due to the detection limit of the FTIR setup, the presence of Agent
1 could not be confirmed in the initial experiments. Therefore, the
fabrication method was modified by adding 10 mg of Agent 1 directly
into the precursor solution. FTIR spectra of the resulting films un-
equivocally revealed the presence of the expected functional groups:
NH; (3422 cm™ and 3359 cm ™), -CN (2190 em ™), C=0 (1648 cm ™),
Fig. S6. Interestingly, all bands exhibited shifts: hypsochromic for -CN
and C=0, and bathochromic for -NHj. The hypsochromic shifts
observed for -CN and C=0 may reflect restricted vibrational motion
within densely packed films, as previously reported [47,48]. In contrast,
the bathochromic shift of the N-H stretching vibration is consistent with
bond weakening (elongation), originating from donation of the nitrogen
lone pair to a metal center with an incomplete coordination sphere [49,
50]. This observation suggests that Agent 1 behaves as a passivator of Vi,
where the coordinating agent is the amino group through -NHy;—Pb?*
interactions. It has been reported that the presence or generation of V|
triggers the degradation of the perovskite MAPbI3 material through io-
dide ion (I") migration, followed by its oxidation to I [51-54]. To verify
this hypothesis, both fresh and aged films were immersed in toluene for
15 min to extract the I, formed within the crystal lattice. The resulting
solutions were analyzed by absorption spectroscopy, as shown in Fig. S7.
The results revealed a higher concentration of I, in freshly prepared
films compared to those aged 20 days. In fresh films, degradation pro-
cesses promoted by Vi are only beginning, and the migration/oxidation
pathway is strongly favored, resulting in a greater presence of I. In
contrast, aged films—where the degradation (migration/oxidation) of I"™
has been ongoing for several days—exhibited lower levels of extracted
I, likely due to its prior release into the environment [55]. To evaluate

the passivation performance of Agent 1 in the reported conditions, three
types of thin films were prepared: (i) unpassivated, (ii) passivated by
antisolvent addition, and (iii) passivated by an additional layer con-
taining Agent 1. Spectroscopic analysis after toluene extraction of fresh
films revealed clear differences in I, concentration, Fig. S8. The highest
concentration was detected in unpassivated films, followed by
antisolvent-passivated films, while the lowest concentration was
observed in films with the additional Agent 1 layer. These results suggest
that I, release, and thus Vi density, is mitigated by Agent 1. The anti-
solvent route produced a positive but limited effect, whereas the addi-
tional layer provided stronger passivation, likely due to higher local
concentration of Agent 1 at the film surface.

This proposed mechanism is consistent with the photovoltaic per-
formance observed in our solar cells: the presence of Agent 1 delays the
decline of Jsc and FF, thereby contributing to the structural integrity and
operational stability of the devices [54]. Furthermore, the reduced Iy
concentration in passivated films supports the FTIR-derived hypothesis
that Agent 1 interacts with Pb?* centers, effectively passivating iodide
vacancies and preventing subsequent degradation processes, including
I” migration and oxidation to form I,.

The comprehensive evaluation of agent 1 across multiple config-
urations—incorporation via antisolvent and as a passivating
layer—consistently demonstrated a significant enhancement in both
material and device stability. The minimal degradation observed in
shelf-life tests, MPPT, and thermal stability assessments underscores the
robustness of agent 1 under operational and environmental stressors.

4. Conclusions

This work introduces agent 1 as a multifunctional organic additive
that significantly enhances the environmental and operational stability
of MAPbDI3 perovskite films. Synthesized via a one-pot reaction in
ethanol, agent 1 offers a scalable and green fabrication route, aligning
with sustainable manufacturing principles. Its integration through
antisolvent treatment and surface passivation reduces moisture-induced
degradation and improves long-term device performance. Treated films
retained up to 67 % of their structure under high humidity, while solar
cells preserved over 90 % of their initial efficiency during continuous
operation. Beyond performance, agent 1 exhibits exceptional thermal
and chemical resilience, maintaining molecular integrity after pro-
longed stress and storage. These combined attributes—stability, pro-
cessability, and environmental safety—position agent 1 as a compelling
candidate for industrial-scale stabilization of perovskite solar technol-
ogies, advancing the path toward durable and sustainable photovoltaics.
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