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Broader Context

The rapidly growing demand for clean, sustainable energy has driven intensive research
into advanced photovoltaic technologies capable of efficiently harnessing abundant
solar energy while mitigating pressing environmental concerns. Among these
technologies, metal halide perovskite solar cells (PSCs) have emerged as one of the
most promising next-generation photovoltaic systems, garnering widespread attention
due to their certified power conversion efficiencies exceeding 27%, tunable band gaps,
and low-cost, solution-processable fabrication. Nevertheless, the commercialization of
PSCs remains severely constrained by persistent challenges, including high defect
densities, poorly controlled crystallization processes, insufficient long-term operational
stability, and potential environmental risks arising from lead leakage. Traditional
covalent modification strategies often struggle to address these interrelated, complex
issues comprehensively. In this context, supramolecular engineering, based on dynamic
and reversible non-covalent interactions such as hydrogen bonding, n-m stacking,
electrostatic interactions, and host-guest recognition, has increasingly been recognized
as a powerful and versatile approach for achieving synergistic improvements in
efficiency, stability, and environmental safety. This review systematically summarizes
recent advances in supramolecular strategies aimed at overcoming key
commercialization barriers in PSCs, with particular emphasis on the distinctive
advantages of non-covalent molecular design over conventional covalent approaches,
the fundamental mechanisms underlying defect passivation, crystallization regulation,
stability enhancement, and lead ion immobilization, as well as the remaining scientific
and technological challenges and future directions toward reliable, high-performance,
and environmentally friendly perovskite photovoltaic devices.
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Perovskite solar cells (PSCs), an emerging photovoltaic technology, have achieved power conversion efficiency (PCE)

DOI: 10.1039/x0xx00000x

exceeding 27%, demonstrating significant application potential. However, their commercialization remains constrained by

critical bottlenecks, including high defect-state density, uncontrollable crystallization processes, insufficient long-term

stability, and lead-leakage risks. Supramolecular chemistry provides an innovative approach to addressing these challenges

through non-covalent self-assembly strategies based on hydrogen bonding, n—mt stacking, electrostatic interactions and van

der Waals forces. This review systematically summarizes recent advances in supramolecular strategies for PSCs, focusing on

defect passivation, crystallization regulation, stability enhancement, and lead-ion anchoring. It comprehensively analyzes

the molecular design principles, working mechanisms, and advanced characterization techniques of representative

materials. Rationally designed supramolecular systems effectively passivate surface and grain boundary defects, modulate

crystallization kinetics, and enhance device stability under harsh conditions, including high temperature, high humidity, and

light exposure. At the same time, they efficiently suppress lead ion migration and leakage through targeted trapping

mechanisms. This review discusses the advantages and limitations of these strategies, offering theoretical insights and

practical guidance for developing high-efficiency, stable, and environmentally friendly PSCs.

1. Introduction

Since their first report in 2009, perovskite solar cells (PSCs) have
experienced a significant increase in power conversion
efficiency from 3.8% to over 27%, emphasizing their exceptional
commercial potential.® This breakthrough stems from the
unique crystal structure and outstanding optoelectronic
properties of perovskite materials, including direct bandgaps,
high extinction coefficients, long carrier diffusion lengths, and
remarkable defect tolerance.’”’! Although PSCs have higher
efficiency than traditional silicon-based photovoltaics, they still
face major challenges for large-scale deployment.'?14 These
include non-radiative recombination losses caused by
interfacial defects, poor control of crystallization dynamics,
poor stability under heat, humidity, and light stress, and
environmental toxicity issues due to lead in the light
absorbers.1>1% These issues critically impede the transition from
lab-scale champion devices to industrial products and obstruct
the pivotal shift from efficiency to reliability.20-22
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Supramolecular chemistry offers a transformative approach to
addressing these challenges through molecular assembly driven
by non-covalent interactions, including hydrogen bonding, -t
stacking, and van der Waals interactions.?32 |ts core advantage
lies in the dynamic, reversible nature of weak interactions,
enabling precise self-assembly and functional tunability to

construct  well-defined, multifunctional supramolecular
architectures.?® 27 Such systems exhibit dynamic
responsiveness, interfacial modifiability, and synergistic

functionalities that allow simultaneous defect passivation,
crystallization regulation, mechanical stress buffering, and lead-
anchoring, all without compromising the intrinsic
optoelectronic properties of perovskites.?83° For instance,

ion

functionalized macrocycles, such as cyclodextrins and crown
ethers, can simultaneously passivate undercoordinated lead ion
lead through host-guest
recognition or coordination interactions. This dual action
significantly boosts device efficiency while
environmental safety.31-33

defects and immobilize ions

improving
In recent years, supramolecular strategies have made
significant breakthroughs in PSCs.34 A variety of supramolecular
successfully deployed for defect
passivation, modulation of crystallization kinetics, interfacial
stabilization, and suppression of lead leakage.3> 36 These
advances not only deepen our understanding of interfacial
charge behavior and degradation mechanisms but also provide
critical technical support for industrialization.3”- 38 Compared to
conventional material modification approaches,
supramolecular chemistry, owing to its molecular
programmability and functional integration, offers unique

materials have been
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advantages for addressing complex, multiscale challenges.3% 40
As research progresses, this strategy is increasingly recognized
as a key enabler of PSC commercialization.*? 42 This review
comprehensively  surveys the pivotal advances in
supramolecular engineering for PSCs, focusing on mechanistic
insights and performance outcomes in four core areas: defect
passivation, crystallization control, stability enhancement, and
lead leakage mitigation. Through detailed comparative
assessments of diverse supramolecular systems and forward-
looking discussions on current limitations, we aim to provide a
robust theoretical foundation and a practical roadmap for
developing efficient, stable, and environmentally friendly
perovskite photovoltaics.

2. Concepts and Characteristics of Supramolecular
Chemistry

Supramolecular chemistry is a discipline dedicated to the study
of molecular assemblies governed by non-covalent interactions,

encompassing their properties, structures, synthesis,
applications, and interconversions.*®> Key supramolecular
interactions include hydrogen bonding, m-m stacking,

electrostatic forces, and van der Waals interactions (Fig.1).%*
Although individually weak (typically 0.1-50 kcal/mol), these
interactions exhibit reversibility, directionality, and selectivity.*>
Through cooperative effects, they enable precise structural and
functional control at the molecular level, facilitating the
construction of tailored supramolecular systems with specific
functionalities.*® This differs from traditional covalent polymers
or permanently cross-linked networks, unless their function in
PSCs is primarily dominated by supramolecular assembly rather
than irreversible chemical bonding.

This section systematically categorizes these interactions,
highlights representative functional materials, and discusses
the characterization strategies employed.

ogen bondj

“\Ydronrectiona[ ng

Supramolecular
Interactions

Fig. 1. Key supramolecular interactions.
2.1 Key Interaction Mechanisms

Different supramolecular interactions exhibit varying binding
strengths, orientations, selectivities, and dynamic behaviors, thereby
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playing distinct mechanistic roles in PSCs. Understandingofhe
synergistic effects of different interaction ByPesOis0ePUierdlLPOP the
rational design of supramolecular systems in perovskite solar cells.

2.11 Hydrogen Bonding

Hydrogen bonding, one of the most critical supramolecular
interactions, exhibits moderate binding strength, strong
directionality, high selectivity, and dynamic adjustability.*7-4° By
introducing functional groups such as hydroxyl (-OH), amino (-
NH), or carboxyl (-COOH), stable hydrogen-bond interactions
can form with cations (e.g., MA* and FA*) on the perovskite
surface, thereby optimizing interfacial energy-level matching.5%
51 Simultaneously, hydrogen bonds can passivate defect sites in
the perovskite film, reducing non-radiative recombination
losses and improving carrier lifetime and device efficiency.52
Furthermore, by introducing appropriate materials into the
precursor, the perovskite nucleation and crystallization process
can be regulated through hydrogen bonding to obtain high-
quality films. For example, Li et al. added a multifunctional
molecule (4-guanidinobenzoate) to the perovskite precursor,
which regulated the crystal growth kinetics of perovskite by
forming hydrogen bond bridging intermediates, promoted the
formation of large-sized perovskite grains, and suppressed non-
radiative recombination of the film.2> Similarly, Qin et al.
designed a multifunctional fluorinated additive that can be
polymerized in situ, which can not only inhibit complex
intermediate phases and promote the directional crystallization
of the perovskite a phase, but also polymerize in situ during the
formation of perovskite films to form a hydrogen bond network
to stabilize the a phase (Fig. 2a).53 Additionally, organic ligands
introduced via hydrogen bonding can form a protective layer on
the perovskite surface, thereby suppressing ion migration and
phase transitions, which improves the long-term stability of the
device. Liu et al. used a series of organic spacer cations to induce
a mixed linkage structure by introducing interspacer
interactions (e.g., m-1m interactions and hydrogen bonds),
thereby forming a two-dimensional perovskite-type protective
layer on the three-dimensional perovskite surface.®* This
effectively passivated the perovskite surface, allowing for the
preparation of uniform, large-area perovskite films.

2.12 Van der Waals Forces

The van der Waals force is a ubiquitous weak intermolecular
interaction that plays an important auxiliary role in
supramolecular assembly and the interfacial stability of PSCs.>>
They facilitate non-specific adsorption on perovskite surfaces
and enhance the packing stability of supramolecular
aggregates, collectively contributing to stable supramolecular
interface formation.>® 57 Van der Waals forces can influence the
growth direction and morphology of perovskite crystals.>® By
introducing organic ligands or 2D materials with strong van der
Waals effects (such as graphene and transition metal
dichalcogenides), the crystallization process of perovskite films
can be regulated, resulting in denser and more ordered
structures.>® Furthermore, van der Waals forces can promote
close contact at the perovskite/charge transport layer interface,
thereby facilitating charge transfer and improving device
efficiency.®°

This journal is © The Royal Society of Chemistry 20xx
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interactions
o

(d) Electrostatic Interactions

Weak Electrostatic Interactions

Strong Localized Electrostatic Interactions

Fig. 2. Applications of supramolecular interactions in PSCs. (a) Hydrogen bonding: The regulated crystallization process of FA-based perovskite
via hydrogen-bonded polymer networks. Adapted from ref. 53 with permission from Springer Nature,>* Copyright 2023. (b) Van der Waals
forces: Schematic diagram of perovskite film growth on MoS,. Adapted from ref. 61 with permission from Springer Nature,®* Copyright 2024.
(c) m-m interaction: Schematic diagram of charge-bridging pathways constructed at the perovskite/ICBA interface through interface
modification by 3-AMBTh. Adapted from ref. 62 with permission from Wiley,52 Copyright 2024. (d) Electrostatic interactions: A schematic
illustration of a strong localized electrostatic interaction stabilizing the perovskite structure. Adapted from ref. 63 with permission from
Wiley, © Copyright 2025. (e) Host-guest interactions: Schematic representation of the gradient and homogeneous Cs doping of perovskite
films. Adapted from ref. 64 with permission from Springer Nature,®* Copyright 2021.

For example, Koo et al. proposed mesoporous MoS; as a highly
efficient and stable ETL material (Fig. 2b).6* The mesoporous
MoS; intermediate layer provides a larger surface contact area
with the perovskite capping layer, thereby improving charge
extraction efficiency at the perovskite layer-ETL interface.®! In
addition, the MoS, layer can serve as an ideal template,
promoting the van der Waals epitaxial growth of perovskites
with well-matched lattice parameters, thus significantly

This journal is © The Royal Society of Chemistry 20xx

improving the crystallinity of the capping perovskite and
significantly reducing residual strain.6>

2.13 nt-it Stacking

ni-1t stacking is fundamentally a subtype of van der Waals forces,
formed between aromatic rings or conjugated systems through
the overlap of molecular orbitals.®%-%8 Its strength is influenced
by the degree of m-conjugation, spatial orientation, and stacking

J. Name., 2013, 00, 1-3 | 3
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geometry.®® 70 Notably, m-mt stacking exhibits significant
directionality and relatively high binding energy, highlighting its
importance in molecular assembly and materials design.”% 72 In
PSCs, m-mt stacking can enhance molecular interactions and
improve carrier mobility, thereby optimizing the charge-
transport layer.”® 74 By introducing materials with strong rm-nt
stacking ability (such as fullerene derivatives), an ordered
molecular arrangement can be formed on the perovskite
surface, optimizing the interface charge transport
characteristics.”>7” In 2D/3D perovskite heterostructures,
aromatic spacers utilize r-it stacking to induce ordered layered
architectures that simultaneously passivate defects and provide
hydrophobic shielding.”®81 At interfaces, aromatic molecules
self-assemble into monolayers that improve charge transport.??
In hole-transport materials, m-conjugated polymers form
continuous charge pathways through ordered stacking,
markedly enhancing carrier mobility.83 8

For example, Jen et al. designed new carbazole-derived self-
assembling monolayers (SAMs), CbzPh and CbzNaph, via
asymmetric or helical m-expansion, whose stronger m-nt
interactions yield more ordered, denser SAM assemblies.®> Hu
et al. introduced 3-aminomethylbenzo[b]thiophene (3-AMBTh)
into perovskite films via a simple post-growth process to
construct charge transfer pathways (Fig. 2c¢).62 The selective
reaction of 3-AMBTh with exposed FA* on the perovskite
surface suppressed the formation of iodine vacancy defects,
thereby reducing the trap density. Furthermore, the residual
aromatic rings on the surface formed an effective m-m stacking
interaction system with subsequently deposited ICBA,
promoting charge transfer at the interface.

2.14 Electrostatic Interactions

Electrostatic interactions are Coulomb forces between charged
molecules or ions. Depending on the polarity of the charge,
strong attraction or repulsion occurs. By introducing functional
materials with positive or negative charges (e.g., polycationic or
anionic polycationic materials), the energy-level matching
between the perovskite layer and the charge-transport layer
can be tuned, thereby optimizing carrier-separation efficiency
and regulating interfacial energy levels.®® Cationic surfactants
adsorb onto negatively charged perovskite surfaces via
electrostatic attraction, forming an electrical double layer that
can not only passivate defects but also modulate the surface
work function.8” 88 Furthermore, crown ether plasma carriers
utilize electron-rich cavities to form "electrostatic coordination"
complexes, selectively binding cations to effectively suppress
ion migration and improve device stability.&°

For example, Ge et al. employed zwitterion elastomers, 3-[[2-
(methacryloyloxy)ethyl]dimethylammonio]propane-1-
sulfonate (SBMA), as novel adhesives and self-healing additives
in perovskite films.?® The highly electronegative sulfo-end
groups on SBMA induced a substantial dipole moment in the
molecule, facilitating dielectric screening during the carrier
capture process, thus effectively suppressing non-radiative
recombination in PSCs. Li et al. enhanced local electrostatic
that stabilize structure by

interactions the perovskite
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introducing a novel, carefully ., designed
tetramethyldisyltriammonium cation (Fig?2d} 83 GHisPeatigi hot
only exhibits stronger electrostatic interactions with the [Pblg]*-
octahedron but also possesses multi-site interactions with
significant steric hindrance, enabling it to bind with the
perovskite. Therefore, this strong local electrostatic interaction
induces lattice compression and increases the perovskite lattice
energy by enhancing the chemical bonding between FA* and
[Pblg]*~ and shortening the Pb-I bond. This synergistic
suppression of ion migration under various external stresses
ultimately improves structural stability.

2.15 Host-Guest Interactions

Host-guest interaction refers to the interaction between a host
molecule and a guest molecule, mediated by a variety of weak
interactions (such as van der Waals forces, hydrogen bonds, and
electrostatic interactions).®! It exhibits high selectivity and
inclusiveness and is often employed in molecular recognition
and assembly.®? In PSCs, the use of host molecules, such as
crown ethers, to wrap cations or defect sites on the perovskite
surface can form a stable interface structure, thereby reducing
non-radiative recombination (Fig. 2e).5* Additionally, the
of functional ligands through host-guest
interactions can effectively passivate the trap states in the
perovskite film, thereby improving the carrier lifetime and
device efficiency.”> In practical applications, multiple
supramolecular interactions usually work synergistically. For
example, hydrogen bonds and van der Waals forces work
together to stabilize the interface structure. -t stacking and
electrostatic interactions optimize charge transfer properties.>
Host-guest interactions and other weak interactions work
together to passivate defects.

introduction

2.2 Representative Supramolecular Materials

2.21 Cyclodextrins (CDs)

Cyclodextrins  (CDs) are naturally occurring cyclic
oligosaccharides composed of D-glucose units linked by a-
glycosidic bonds. They possess a cyclic structure with a
hydrophobicinternal cavity and a hydrophilic external surface.®>
% Common cyclodextrins include a-, B-, and y-cyclodextrins,
which vary in cavity size due to differences in the number of
glucose units, allowing them to selectively encapsulate various
molecules. °7 Chemical modifications of cyclodextrins can
modulate their solubility, binding affinity, and functional
diversity. 28100 For example, CD molecules can be modified with
functional groups to enhance the hydrophilicity of CDs, making
them useful in aqueous environments, or introduce
hydrophobic moieties to improve the binding affinity for
specific guest molecules.’°% 102 |n PSCs, CDs can form
supramolecular complexes with components in perovskite
materials through host-guest complexation or regulate the
crystallization process of perovskite through hydrogen bond
interactions.

2.22 Crown Ethers (CEs)

This journal is © The Royal Society of Chemistry 20xx
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Crown ethers (CEs) are cyclic oligomers of ethylene oxide
containing multiple electron-donating heteroatoms that can
selectively coordinate with metal cations within their central
cavities.193105 The cavity size determines ion selectivity,
allowing preferential binding of specific cations.For example,
18crown-6 has a high affinity for K*, 15crown-5 has a high
affinity for Na*, and 12crown-4 has a high affinity for Li* ions.
Notably, CEs containing only neutral oxygen donor atoms are
well-suited for binding to alkali, alkaline earth, and some post-
transition metal ions.2% Structural modifications, including
heteroatom substitution, can further enhance the dipole
moment and coordination strength.3 197 CE can form a
coordination bond with the metal ions in the perovskite
the internal cavity, thereby modulating
crystallization, passivating defects, and stabilizing the
perovskite structure, thereby improving device performance
and operational stability.198 Substituting heteroatoms can yield
a larger dipole moment, thereby enhancing coordination
interactions with lead cations.

2.23 Calixarenes

Calixarenes are a class of wheel-shaped supramolecular
structures composed of several phenol units linked by
methylene bridges (and variants such as sulfide bridges). Their
hydrophobic cavities effectively trap cations, including
potassium (K*), sodium (Na*), methylammonium (MA?*), and
formamidinium (FA*). This chelation inhibits cation migration
and prevents their decomposition under high-temperature,
high-humidity conditions. Liu et al. proposed a supramolecular
confinement method.1®® Assembling calixarene end-capping
layers on the precursor surface can induce host-guest
interactions with solvent molecules, thereby regulating
desolvation kinetics and initiating perovskite crystallization
from a straightforward molecular-precursor interface. These
combined effects significantly reduce the spatial variability of
perovskite films and broaden their processing window. This
enables the reproducible fabrication of highly crystalline, ultra-
smooth perovskite films.

material via

2.24 Cucurbit[n]urils (CB[n])

This journal is © The Royal Society of Chemistry 20xx

Cucurbiturils are a class of highly symmetrical, rigid, pumekins
shaped macrocyclic host molecules cE&fpE5EEFIGTORHNRIPBIe
glycoluril units bridged by methylene groups in the form of
CB[n], where n represents the number of glycoluril units. The
structure features a polar, hydrophobic inner cavity and
negatively charged carbonyl groups at the edges of two portals,
which can provide access to the hydrophobic cavity.''® They
readily accommodate cations or neutral guests. In PSCs, CB[n]
stabilizes lattice cations via host-guest interactions, reducing
non-radiative recombination and enhancing charge transport,
thereby improving both efficiency and stability.'!?
Supramolecular material design centers on the engineering of
functional groups, the optimization of molecular architecture,
and the control of self-assembly behavior. Functional groups
dictate chemical reactivity, molecular structure governs
conformational flexibility, and self-assembly is modulated by
concentration, solvent, and temperature. In PSCs, these
materials are primarily used in interfacial engineering, bulk
doping, and encapsulation to passivate defects, align energy
levels, and enhance long-term stability without degrading
intrinsic optoelectronic performance.

2.3 Characterization Techniques for Supramolecular Interactions
Quantitative and visual characterization of supramolecular
interactions relies on the integration of spectroscopy,
thermodynamics, chemistry, and theoretical
chemistry to elucidate the driving mechanisms of non-covalent
interactions (hydrogen bonds, van der Waals forces, m-m
stacking, electrostatic interactions, and host-guest interactions)
in  molecular recognition and self-assembly at different
spatiotemporal scales.

structural

Nuclear magnetic resonance (NMR) reveals binding sites and
conformational changes through chemical shifts and exchange
kinetics.12 It is widely used for identifying host-guest complex
systems and hydrogen bonds.''3 Fourier transform infrared
spectroscopy (FT-IR) and Raman spectroscopy can capture
characteristic peak shifts and band shapes of vibrational levels
induced by hydrogen bonding and coordination, making them
particularly suitable for resolving weak interactions between
hydroxyl, carbonyl, and metal-coordinating groups. Ultraviolet

J. Name., 2013, 00, 1-3 | 5
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Fig. 3. The chemical structures of representative supramolecular materials. (a) Cyclodextrins. (b) Crown Ethers. (c) Calixarenes. (d)
Cucurbit[n]urils. Red sites are easier to modify, while blue sites are more challenging.

visible spectroscopy and steady-state/time-resolved
fluorescence spectroscopy can provide intuitive insights into
electronic structure perturbations and energy transfer. When
guest molecules enter hydrophobic cavities and undergo m-nt
stacking or charge transfer, the peak positions, intensities, and
lifetimes of absorption and emission spectra exhibit regular
shifts and quenching/enhancement. This spectral response
typically complements the site information provided by nuclear
magnetic resonance (NMR), thus offering dual evidence for
"electronic conformation." Thermal and structural analyses
include differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) to assess thermal stability, as
well as X-ray diffraction (XRD) and scanning electron
microscopy/transmission electron microscopy (SEM/TEM) to
characterize the crystal structure and morphology. Dynamic
light scattering (DLS) and cyclic voltammetry (CV) are used to
assess aggregation and charge transfer dynamics. These
experimental data are supplemented by molecular dynamics
(MD) simulations and density functional theory (DFT)

calculations to simulate interaction mechanisms at the

quantum level.

3. Applications of Supramolecular Materials in
PSCs

3.1 Defect Passivation

Defect passivation is a cornerstone strategy for enhancing PCE
and long-term stability in PSCs. Researchers have developed
efficient supramolecular systems based on hydrogen bonding,
coordination, host-guest inclusion, and co-assembly. He et al.
developed a multifunctional universal ion migration
suppression strategy (Fig.Fig. 4a) that, through host-guest
interactions mediated by calixarene supramolecular structures,
simultaneously suppresses the migration of FA*, I, Li*, and Ag*
via coordination and hydrogen bonds, thereby stabilizing the
perovskite layer, hole transport layer (HTL), and metal electrode
layer.1* Furthermore, C8A can promote p-type doping of Spiro-
OMeTAD and passivate interface defects, thereby promoting
hole extraction and transport and suppressing trap-assisted

non-radiative recombination.
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Fig. 4. (a) lon migration inhibition strategies based on host-guest interactions between C8A and various mobile chemical

substances. Adapted from ref. 114 with permission from Wiley,14 Copyright 2025. (b) Regulation mechanisms and action sites of
benzannulated crown ethers on perovskite films. Adapted from ref. 93 with permission from American Chemical Society,®® Copyright
2020. (c) Regulation strategies of aza-crown ethers on perovskite films. Adapted from ref. 115 with permission from Wiley,1>

Copyright 2024. (d) Tailored Electron-Deficient Macrocycles Guiding the Perovskite Crystallization Process for Solar Cells. Adapted
from ref. 116 with permission from American Chemical Society,''® Copyright 2025.

Crown ethers have also been widely used due to their cavity
structure and affinity for cations. Su et al. used crown ethers to
modulate perovskite films, thereby passivating surface defects
that were insufficiently coordinated (Fig. 4b).%3 Crown ethers
induce host-guest complex formation at the surface of
perovskite films, reducing trap-state density at the hole-
transport layer and grain boundaries and thereby significantly
suppressing the performance loss in solar cells caused by non-
radiative recombination. PSCs regulated by crown ethers
exhibit higher operational stability and power conversion
efficiencies exceeding 23%. Zhao et al. employed dibenzo-21-
crown-7 in a dual host-guest strategy that concurrently
passivated lattice defects and formed a protective surface layer,
yielding certified PCEs of 25.5% with exceptional stability.®*
Nitrogen-doped further optimized Pb%*

coordination via enhanced dipole moments. Yang et al. found

crown ethers
that nitrogen-doped A15C5 has a larger dipole moment than
15C5, and due to its electron-donating ability to soft Lewis acids,
it has a stronger coordination ability with lead cations (Fig.
4¢).1%5 This improves the uniformity, defect passivation ability,
and electronic performance of the film. Ultimately, PSCs
containing A15C5 achieved a power conversion efficiency (PCE)
of 25.0%, demonstrating good operational and environmental
stability. A PCE of 21.5% was achieved on an active area of 14.0
cm?,

Furthermore, more types of supramolecular functional
materials have been used to regulate the quality of perovskite

films. B-Cyclodextrin passivates undercoordinated Pb?* through
hydroxyl coordination and encapsulates residual Pbl,,
promoting uniform crystallization and moisture resistance.
Macrocycles, such as cryptand C222, construct “lead cages” to
immobilize PbZ*, thereby suppressing deep traps and ion
migration. Qiu et al. developed a novel electron-deficient
biphenyl[nlaromatic macrocyclic molecule (NBP). When
introduced into perovskite, it can regulate the perovskite
crystallization process and inhibit halide-ion migration (Fig.
4d).116 |n addition, NBP can also effectively bind to
uncoordinated halide ions and Pb?*, reducing inherent defects
through Lewis acid-base interactions and cation-mt interactions.
Self-assembled monolayers (SAMs) with Lewis-basic groups
enable simultaneous interfacial energy-level tuning and defect
passivation. Collectively, these supramolecular approaches
enable precise, multi-level defect management, laying a solid
foundation for commercial deployment under harsh
environmental conditions.

3.2 Crystallization Control

The quality of perovskite films is exquisitely sensitive to
nucleation rate, crystal orientation, and phase purity.
Supramolecular reagents can precisely control the
crystallization process through host-guest complexation,
hydrogen bonding, and electrostatic interactions.1’. 118 B-
cyclodextrin (CD) derivatives selectively recognize precursors
through inclusion interactions, achieving comprehensive
control over crystallization, passivation, and stability.
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Fig. 5. (a) Nucleation and crystallization processes of tin perovskite on PEDOT:PSS and PEDOT:PSS/CD substrates. Adapted from
ref. 40 with permission from American Chemical Society,*® Copyright 2025. (b) Schematic diagram of halogen modulation in
perovskite without and with Crown. Adapted from ref. 41 with permission from Springer Nature,*! Copyright 2025. (c) A schematic
diagram of perovskite thin film formation under a capping layer (supramolecular confinement growth). Adapted from ref. 109 with

permission from Springer Nature,% Copyright 2025.

Zeng et al. prepared a supramolecular interface layer by
introducing the three-dimensional multidentate ligand methyl-
B-cyclodextrin (methyl-B-CD) onto poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS).40 This supramolecular interface layer achieved
good crystallization control (fast nucleation, slow growth) (Fig.
5a). Specifically, the weak coordination between CD and
ammonium at the supramolecular interface promoted the
nucleation rate, while multi-site interactions in different spatial
directions inhibited crystal growth, resulting in a denser tin
perovskite film with fewer defects. Wang et al. introduced thiol-
modified B-CD (B-CD-(SH);) into the perovskite precursor
solution.? The thiol modification enhanced its interaction with
perovskite precursors, effectively regulating the nucleation and
crystallization process of the perovskite, resulting in films with
excellent quality and lower defect density.

Crown ethers coordinate with metal cations through the lone
pair electrons of oxygen atoms within their ring cauvities,
forming stable coordinate bonds and generating positively
charged sites on the molecular framework. These sites strongly
attract and stabilize halide ions, thereby suppressing halide ion
migration in wide-bandgap (WBG) perovskites. For example,
Lian et al. used macrocyclic dibenzo-30-crown ether-10
(DB30C10) molecules as additives to effectively regulate
crystallization kinetics and suppress halide segregation under

illumination (Fig. 5b) by adjusting the coordination of halides
with monovalent cations and lead ions.*? Ultimately, the
supramolecularly engineered 1.77-eV PSCs achieved a
champion power conversion efficiency (PCE) of 21.01% and
exhibited excellent operational stability, maintaining 95% of
their initial efficiency after 1000 hours of maximum power point
tracking. Chen et al. introduced crown ethers into perovskite
precursors.’” Due to the strong interactions between crown
ethers and Cs* and Pb?* metal ions, the crystallization process
was effectively regulated, promoting uniform nucleation and
growth of pure-phase perovskite films.

Furthermore, the supramolecular confinement effect mediated
by thiocalixarenes guided epitaxial growth and slowed ion
diffusion, thereby improving the orientation and uniformity of
the films.1% Liu et al. constructed a straightforward calixarene-
precursor interface to regulate the formation kinetics of
perovskite. This interface, rather than an air-precursor interface
or a bulk precursor film, was able to initiate perovskite growth
(Fig. 5c). This unique molecularly permeable capping layer
regulates desolvation kinetics through host-guest interactions
and confines perovskite formation below a flat interface,
thereby achieving the reproducible preparation of highly
crystalline, ultra-smooth perovskite films. Zhang et al. used 4-
tert-butyl-1-(ethoxycarbonyl-methoxy)thiocalix4arene (tBuTCA)
to form host-guest complexes with cations and extracage lead
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Fig. 6. (a) Thiol-functionalized B-CD as redox shuttles enhances the photothermal stability of PSCs. Adapted from ref. 119 with permission
from Elsevier.1*® Copyright 2025. (b) Functionalized cationic B-CD stabilizes halide ions in wide-bandgap perovskites, homogenizes the phase
distribution, and effectively immobilizes Pb?* ions. Adapted from ref. 120 with permission from Wiley,2° Copyright 2025. (c) Supramolecular
macrocyclic iodine adsorbents enable photothermally stable PSCs. Adapted from ref. 37 with permission from Wiley,3” Copyright 2025.

iodide(ll) (Pbly).1*® At the same time, the negative charge
compensation of iodine vacancies can suppress the formation of Pb-
Pb dimers, thereby significantly inhibiting non-radiative
complexation. Polymer templates, such as ethyl cellulose, promote
large-grain formation through hydrogen bonding. Real-time
monitoring via in situ XRD and PL has revealed the microscopic
mechanisms from nucleation kinetics to phase-purity control,
providing vital guidance for high-quality film fabrication.

3.3 Stability Enhancement

PSCs have revolutionized the photovoltaic landscape owing to their
remarkable power conversion efficiencies (PCEs). However,
operational stability remains a critical barrier to commercialization.3®
A primary degradation pathway involves light- and heat-induced
decomposition of the perovskite phase into metallic Pb° and volatile
iodine species (I2/1°). The escape of I, not only compromises lattice
integrity but also corrodes charge transport layers (CTLs) and
electrodes.3® Moreover, volatilized I, can react with I to form
polyiodides (ly), which generate radicals under illumination,
triggering a self-accelerating cascade of decomposition reactions.
Concurrently, the aggregation of Pb® promotes non-radiative
recombination.3%34

B-cyclodextrin is often used as an iodine scavenger; its suitable pore
size and unique hydrophobic cavity structure effectively capture
iodine. Li et al. introduced it into perovskite films, effectively binding
photogenerated iodine within the perovskite film and trapping it in
its bowl-shaped structure, suppressing iodine escape at high

temperature.33 Notably, it was verified that these captured iodines
can also react with metallic Pb° to regenerate the perovskite phase,
thereby inhibiting perovskite degradation. The resulting device
maintained over 80% of its initial efficiency after 300 hours of MPP
tracking at 85 °C. Wang et al. further modified B-CD with thiols,
yielding B-CD-(SH)7, which combines three synergistic effects: iodine
confinement via supramolecular interactions, chemical redox
cycling, and dynamic defect repair.1® The B-CD cavity acts as a
molecular trap, selectively capturing iodine through host-guest
interactions, while its thiols (-SH) groups participate in redox cycles,
reversibly reducing iodine to iodide ions and oxidizing lead to lead
oxides through S-S bond formation. This dual mechanism prevents
iodine loss and regenerates lead, thereby restoring the perovskite
lattice and achieving dynamic defect repair (Fig. 6a). This strategy
significantly improves the photothermal stability of the device. Yang
et al. introduced a small amount of cationic B-cyclodextrin,
composed of multiple ammonium cations, chloride ions, and
abundant hydroxyl functional groups, into wide-bandgap perovskites
(Fig. 6b). This synergistically stabilized halide ions and enhanced the
immobilization effect of lead in high-bromine-content mixed halide
wide-bandgap perovskites, outperforming traditional electrically
neutral cyclodextrin chelating agents.’?® Therefore, halide
segregation and phase separation were effectively suppressed,
resulting in the preparation of high-quality, wide-bandgap perovskite
films with enhanced chemical homogeneity and improved
photoelectric properties. In addition to cyclodextrin molecules, Wu
et al. also developed novel nitrogen-doped conjugated macrocyclic

Please do not adjust margins



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6el00065g

Open Access Article. Published on 12 May 2026. Downloaded on 5/12/2026 11:55:12 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

PlIEasedon =555t

Review

st margins

Energy & Environmental Science

View Article Online

r
[ . "
I = 2 s P Pbl-rich FAl-rich Pb, ~poar FAl Nis] |
! : 500} = rores o 3 W f,\ A & y |
3 I L = 1 o = = J i 3 i
! . |1~ g ¥ 1P i AR 3 & |
! N G g Eaw il T ' © Z[pcosmnars, f B-CO(SH)@FAI !
| g1 o ! : { +4- - - § i £ 1
> H 1 + e E I
: e | 2 S I | PVSK@PCO{SH),  PVSK@ p-CD-SH), |
0 L (I E,=0.67 eV E,=-0.22eV — ]
' — R EE LT T T . . andme I I T O
I Time (min) Pl Binding energy (eV) Binding energy (eV) .
1 - 4000 - 1 .
\ -§ 3000] —0=Conara .E Albperovskite tandem devices : . . - PL* ) :
1 < 2500 < 3000 7 Pl Control  wi §-CD-SH, 2 |
| A £ 20 _§ msQE> 0% | - ] 15 |
| g e £ 2000 ol 0 ppm |
1 & H 1! [ ] 10 1
! g'm § 1000 [ - wpm: 2 1
1 é 500 : ! ;EL . Ss 1
1 o - ] B e .
| o 10 2‘:1 ”t ‘i‘)“ @ Control Target [ T acid solufion (ph = 8.5 § 0 . = ey o I
H me (min) P e - & |
' ' Lead leakage . s |
| e e e e e e e e e e 1 Lead leakage . ____________ T ____ h
|
___________________________________ e
a H |
1 1
(c) | suppression ! (d) ,
I N m--—-- - I
A Convel perovikas i B c | !
| N A ™ . carm, - ~ P! X
! N | K .
. 7 3 oo . |
. L | comn 4 'y |
. \ \ i i (- 1
| h h ' !
1 poic - 1y |
| Perovais tam wit PBAC modfcaton R —) v ) : I :
1 200 w01 1
0 E F | |
1 2 1 & .
| . o S [ . . Iy Control 10 min P, AR, T+ Comml.o0C. 1 san |
' _ 2| PAAC Outr B ; = [ - a0 = Comml 1
| E -0 2w in " _ | 1y 2l T | robPARC s s I
e y & - Poly-PAE 3
1 8 i & 1 zl gw !
! EI" A\ E: i in - P Z [T min o . : !
1 o} P \ " sia : 1 2|, . / :
| v \ L ks L i h ! l f
SN—— ¥ B 1 i —t ]
R S a— 1 111111111/} B N 1y § oLkt !
| troosi Tirm PRAC comoerisaton g I 10 11 12 13 14 18 0160 20 30 40 S0
e e e e e e e T | SO S 20 (degree) _ _ _ _ _ _ _ Time (min) _ _ _ !

Fig. 7. (a) Functionalized cationic B-CD acts as a strong Pb?* binding agent, inhibiting lead leakage. Adapted from ref. 120 with permission
from Wiley,12° Copyright 2025. (b) Thiol-modified B-CD enhances its binding ability with Pb and inhibits lead leakage. Adapted from ref. 119
with permission from Elsevier,'® Copyright 2025. (c) PBAC polymers suppress lead leakage through grain boundary encapsulation and strong
bonding with lead. Adapted from ref. 121 with permission from American Association for the Advancement of Science,?! Copyright 2025.
(d) Poly-PAE inhibits lead leakage through the shielding effect of its double-chain copolymer network. Adapted from ref. 122 with permission

from Wiley,'22 Copyright 2025.

lodine adsorbents (M3 and M4).37 Due to the electron-rich
properties of the dihydrodia-pentabenzene unit and the well-defined
cylindrical cavity of the macrocyclic compound, M3 and M4 exhibit a
dual-mode iodine capture: chemisorption through charge-transfer
interactions and physical encapsulation within the macrocyclic
cavity. Furthermore, these macrocyclic compounds exhibit excellent
iodine adsorption-desorption cycling performance, enabling the
release of captured iodine and promoting the regeneration of
perovskite (Fig. 6¢). Zhang et al. constructed an “iodide buffer layer”
in PSCs using a starch-polyiodide (Starch-l) supramolecular structure.
This buffer layer retains sufficient iodide in the perovskite, thereby
suppressing ion drift and repairing newly formed iodine vacancies,
thus regulating the kinetics of halide migration during light-dark
cycling. The fabricated device maintained 98% of its initial efficiency
after 42 24-hour cycles (12 hours of light/dark) and 99% of its initial
PCE after more than 1500 accelerated light-dark cycles (each lasting
20 minutes).3* These advances demonstrate that supramolecular
materials can not only enhance environmental adaptability through
interface and bulk engineering but also serve as an essential bridge
between basic research and industrial applications.

3.4 Lead-Leakage Suppression

Lead leakage is a significant environmental hazard for the
commercialization of perovskite photovoltaics, particularly when
devices are damaged or exposed to humid and hot environments for
extended periods, as Pb?* easily dissolves and contaminates water
bodies.123-125 Traditional physical encapsulations (such as glass and
polymers) can delay water intrusion.126 127 However, they cannot
effectively capture leads and suppress leakage. Recent research
suggests that supramolecular materials and their synergistic effects
provide a novel approach to addressing this issue, both by
suppressing instability during device operation and by rapidly
encapsulating Pb after damage.'?® 12 From an application
perspective, related strategies can be categorized into two types:
bulk-embedded  supramolecular  networks and  external
supramolecular encapsulation.’3% 131 Functionalized cyclodextrin
molecules show great potential in this regard. For example, cationic
B-CD,'?° composed of multiple ammonium cations, chloride ions, and
abundant hydroxyl functional groups, has been introduced into wide-
bandgap perovskites, simultaneously stabilizing halide ions and
immobilizing lead ions (Fig. 7a). Internal chemical encapsulation with
cationic B-CD effectively prevents severe device damage and
suppresses lead leakage during water immersion (lead leaching from
single-junction devices is only 5.63 ppb, far below the US drinking
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water safety standard (<15 ppb)). Thiol-modified B-CD enhances its
binding energy to lead. While stabilizing the perovskite lattice
through dynamic bonds formed by thiols and disulfides, the device
also adsorbs lead ions in situ, significantly suppressing lead leakage
during water immersion (Fig. 7b). Quantitative analysis shows that -
CD-(SH); exhibits excellent Pb adsorption performance, with an
adsorption capacity (ge) of 139.66 mg g1.1*® Yang et al. achieved
deeper stabilization through internal encapsulation and chemical
synergy.3® Specifically, an internally integrated self-crosslinking
supramolecular complex composed of 2-hydroxypropyl-B-
cyclodextrin (HPBCD) and 1,2,3,4-butanetetracarboxylic acid (BTCA)
was introduced into the bulk of the perovskite. The strong chemical
coordination and multidentate chelation between the HPBCD-BTCA
complex and Pb2* minimized lead leakage. They reduced lead toxicity
in the resulting PSC. Building on this, replacing traditional glass-
encapsulated devices with HPBCD-BTCA composites further reduces
lead leakage from perovskite decomposition caused by rainwater
and enhances the device's mechanical shock resistance under severe
impact. Even after severe device damage, it retains 97% of its initial
efficiency after 522 hours of dynamic water washing. Other
functional materials, such as ionomer gels and cation-exchange
resins, also inhibited lead leakage by chelating lead ions.!32

Additionally, lead leakage can be reduced by stabilizing the
perovskite phase. Qi et al. added the small organic compound N,N’
-bis(acryloyl)cysteine (BAC) to the perovskite precursor solution,
forming a polymer BAC (PBAC) at the perovskite grain boundaries
during the annealing process of the perovskite film (Fig. 7c).12 PBAC
not only overcomes the limitations of small organic molecules but
also enables it to interact with the perovskite through its abundant
functional groups and multiple reaction sites. This interaction
effectively passivates deep-level defects and suppresses non-
radiative carrier recombination. The hydrophobic PBAC can
encapsulate grain boundaries, effectively hindering direct contact
and interaction between water and the perovskite, thereby
preventing the collapse of the perovskite structure and slowing down
the escape of Pb?*. Similarly, Ma et al. designed a multifunctional
additive with photosensitive properties, polyamide ester (PAE),
which can form a unique double-chain copolymer network via UV-
induced in situ polymerization.22 Multiple active sites in the polymer
chain can passivate various defects and enhance charge transfer.
Meanwhile, this vast network provides adequate protection for the
perovskite, stabilizing its internal structure and resisting harsh
external environments, thereby delaying device degradation and
minimizing the leakage of toxic lead (Fig. 7d). Other functional
materials, such as ion gels and cation exchange resins, can also
suppress lead leakage through their chelating ability with lead ions.
These supramolecular strategies not only address the lead leakage
problem but also optimize halogen stability, defect passivation, and
photoelectric performance, laying the foundation for the sustainable
commercialization of perovskite photovoltaics.

4. Summary and outlook

Supramolecular materials exhibit multidimensional potential in PSCs,
leveraging non-covalent interactions to synergistically enhance
performance and stability. Current research demonstrates their
multifunctionality in lead immobilization (mitigating toxicity), grain-

This journal is © The Royal Society of Chemistry 20xx

boundary passivation (enhancing charge transport), bulk structural
protection (improving thermal resilience)P@hd0¢is¥84966}P dead
recovery, thereby paving the way for environmentally sustainable
photovoltaics.

Importantly, in addition to improvements in static efficiency, recent
studies have shown that supramolecular engineering can
significantly enhance device durability under real-world operating
conditions, including continuous illumination, high temperatures,
electrical bias, and day-night cycles (outdoor).

Supramolecular iodine trapping, redox modulation, and host-guest
confinement strategies have been shown to effectively suppress
performance degradation caused by illumination and heat during
maximum power point tracking and stabilize halide distribution
under repeated day-night cycles, thus directly addressing failure
modes associated with outdoor operation.

Despite significant progress, key challenges remain. Future efforts
should prioritize four core directions: (1) deep mechanistic
understanding, (2) rational material design, (3) multifunctional
integration, and (4) application methodology innovation.

4.1 Deepening Mechanistic Understanding

Elucidating the dynamic interplay between supramolecular agents
and perovskites is fundamental. Advanced in situ spectroscopies,
super-resolution electrochemical probing, and computational
modeling (DFT, MD) should be combined to resolve atomic-scale
interaction mechanisms, particularly under coupled light/heat/bias
stressors.

From a commercialization perspective, the ability of supramolecular
systems to maintain their functionality under simultaneous
illumination, thermal stress, interfacial electric fields, and repeated
day-night cycling represents a decisive criterion rather than a
secondary optimization target. Unlike laboratory stability tests
conducted under single-stress conditions, real-world operation
exposes PSCs to multiple, dynamically coupled stressors. Therefore,
understanding how supramolecular interactions respond, reorganize,
or self-regulate under these conditions is essential for translating
efficiency records into reliable energy yield, long-term operational
stability, and bankability required for industrial deployment

4.2 Material Innovation and Rational Design

Next-generation supramolecular materials must feature high Pb2?*
affinity, robust stability, and low toxicity. Examples include redox-
active porphyrins and engineered cyclodextrin derivatives that can
simultaneously capture iodine and remove lead. Al-assisted
computational design can precisely tune energy levels and binding
sites to achieve optimal perovskite compatibility. Self-healing
supramolecular systems could further extend device lifetimes.

4.3 Multifunctional Integrated Architectures

The future lies in unified supramolecular platforms that concurrently
enable defect passivation, crystallization control, stability
enhancement, and lead containment. Hybrid systems that integrate
supramolecules with conductive polymers or nanomaterials can yield
synergistic effects. For instance, redox-active supramolecules
embedded in hole-transport layers can simultaneously passivate
defects and enhance charge extraction, thereby simplifying device
architecture and reducing costs.

J. Name., 2013, 00, 1-3 | 11
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4.4 Application Methodology Innovation

Beyond conventional additives and post-processing methods, the
effective industrialization of supramolecular strategies requires
careful consideration of scalability and process compatibility. Some
supramolecular materials suffer from relatively high synthesis costs,
limited supply, and increased solution viscosity, which may hinder
their compatibility with scalable deposition techniques such as blade
coating and roll-to-roll  processing. Furthermore, strong
intermolecular associations and high molecular weights can
adversely affect ink rheology, drying kinetics, and the uniformity of
large-area films.

To address these challenges, future research should focus on low-
loading supramolecular designs, interface-confined structures, and

Energy & Environmental Science

processable polymers or small molecules. Establishing,compatibility
with large-area coating technologies, tdnden? 19GUtHre300and
industrial encapsulation processes is crucial for bridging the gap
between lab-scale devices and commercial modules.

This review underscores the unique advantages of supramolecular
chemistry in overcoming PSC bottlenecks. Its non-covalent,
programmable nature not only introduces a new design paradigm for
photovoltaics but also expands the frontiers of supramolecular
science. Through coordinated advances in mechanisms, materials,
and manufacturing, supramolecular engineering is poised to
accelerate the commercialization of PSCs, delivering a key
technological pillar for the clean energy transition and global carbon-
neutrality goals.

hybrid systems combining supramolecular functions with
' Material Innovation
Mechanism Elucidation _
€ High Pb? fixation capacity
* Advanced charscterization Supramolecularfor ¢ Low toxicity
* Theoretical calculation Stable and Sustainable o igh stability
Perovskite Solar Cells

Multifunctional Integration

v Defect passivation

v Crystallization regulation
v Stability enhancement

v Lead leakage suppression

Application Innovation

O Self-assembly
O Dynamic interface repair
O Industrialization

Fig. 8. Summary and outlook for the application of supramolecular materials in PSCs.

Table 1: The statistical table of photovoltaic parameters of PSCs based on supramolecular interactions

Ref.  Materials Mechanism area PCE Voc
(%) (V)
33 B-CD Stability enhancement  23.2 1.14
34 Starch-polyiodide  Stability enhancement  23.6 1.181
(Starch-1)
supermolecule
36 HPBCD-BTCA Lead-leakage 22,14 1.12
suppression
37 Diazapentacene- Stability enhancement  26.13  1.19
based
macrocycles
40 Methyl-B-CD Crystallization control 1494 1.017
41 Dibenzo-30- Crystallization control 21.01 1.30
crown-10
93 Crown ethers Defect passivation 23.70 1.154

12 | J. Name., 2012, 00, 1-3

Jsc FF MPPT Stability

(macm32) (%)

25.4 79.9 Tsgs = 1000 h at 25°C
Tso =300 h at 85°C

25.19 79.5 T92 =1472 h at RT
Retained over 98% of its initial PCE
after 42 cycles of 24 h diurnal cycle
operation (12 h light and 12 h dark)
Tog = 1000 h in light/dark cycle test

24.83 79.6 Te9 =700 h

25.82 85.05 Tos = 1000 h at 85°C

19.67 74.68 /

18.75 86.18 Toes = 1000 h at RT

25.8 79.5 Tso =300 h at RT

This journal is © The Royal Society of Chemistry 20xx
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114 4-tert- Defect passivation 26.01 1.187 26.47 82.79 Ts1 =1000 h at 30°C View Article Online

butylcalix[g]arene DOI: 10.1039/D6ELO0065G

116  Electron-deficient  Defect passivation 25.38 1.181  25.85 83.1 Tos = 1000 h at RT

biphen[n]arene

macrocycle

molecule
117 Crown ether Crystallization control 20.48 1.061 24.40 79.19 /
118  4-tert-Butyl-1- Crystallization control 24.07 1.17 25.01 82.42 /

(ethoxycarbonyl-

methoxy)

thiacalix[4]arene

(tbutca)

119 B-CD-(SH); Stability enhancement 26.14 1.17 25.72 86.87 Tog =2780 h at 45°C
& Lead-leakage Tes = 780 h at 85°C
suppression

120  Cationic -B-CD Stability enhancement 16.05 1.12 17.27 76.8 To3 =1200 h at RT
& Lead-leakage
suppression

121 C222 Lead-leakage 25.34 1.18 25.81 83.2 Toa = 1500 h at RT
suppression

122 Phosphate- Lead-leakage 25.25 1.183  25.65 83.21 /

buffered suppression
functionalized
polymer films
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