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Abstract

When exposed to light, organic photochromic molecules undergo a fast and reversible change in their
electronic structure, resulting in a shift in color. Solid-state [composites? forms?] of these
dphotochromes are more resistant to environmental factors and better suited for commercial settings
than their solution forms. However, [solid-state matrices? the solid state?] frequently imposes
geometric limitations on the photoisomerization of these compounds, reducing their photoswitching
efficiency. This fundamental constraint considerably impedes the use of organic photochromes in real-
world applications. A promising approach to preserving the photoswitching behavior of organic
photochromes in the solid state is to incorporate the molecules within a robust porous scaffold
featuring precisely designed pores, such as a metal-organic framework, covalent organic framework,
or metal-organic cage. The physicochemical properties of these scaffolds—such as pore size and
structure, hydrophobicity, and electronic character—determine the photoswitching efficiency of the
integrated photochromes, and thus the photorepsonsive behavior of the material. There is, however,
a dearth of understanding about which features of a porous matrix vyield efficient solid
photoswitchable materials, given a particular organic photochrome. In this Review, we address the
outstanding challenges limiting solid-state photochromic materials based on organic photoswitches.
We present design principles for identifying the optimal porous scaffolds for high-efficiency
photochromic materials and conclude with the future opportunities of these materials.

Introduction

Photochromism—from the Greek words "phos" meaning light, and "chroma" meaning color'—is a
phenomenon in which the color of a material is altered reversibly upon exposure to light. This
phenomenon typically involves photo-induced electron or energy transfer, the breaking of chemical
bonds, and the reorganization of molecular structure. The concept of photochromism dates back to
the early 19th century, concurrent with the discovery of the first photochromic compounds®3. Ever
since their inception, photochromic materials have found extensive applications across various
domains, ranging from optics and materials science to information storage and environmental
remediation*®. Although photochromism can manifest in both solution-phase and solid-state systems,
the latter provides notable advantages for commercial settings>'°. Solid-state systems are more
resilient to environmental variables such as temperature fluctuations, humidity, and exposure to
solvents, and they possess excellent durability and mechanical properties, rendering them well-suited
for enduring applications.

Organic photochromic molecules encounter challenges such as low photoefficiency, limited long-term
durability, and a pronounced susceptibility to photo fatigue, in contrast to their inorganic counterparts
in the solid state!!. Consequently, despite their prevalence in academic research, organic



photochromic materials have not been widely adopted in commercial and industrial sectors, even as
photochromism as a field has steadily grown in industry?. Encapsulating organic photoswitches into
the confined microenvironment of porous scaffolds has been considered a potential strategy to
markedly improve their overall photochromic features and durability’*6. However, the geometric
constraints imposed by the solid-state matrix often impede the molecules’ photoisomerization
process, limiting their potential as photochromic compounds®'”*8, Hence, a contemporary area of
research aims to attainoptimal bulk photoresponsivity in durable nanoporous materials while
preserving the molecular photoresponsivity features.

Advanced porous materials (APMs) encompass a diverse array of materials®®2}, including metal-

organic frameworks (MOFs)*%, covalent-organic frameworks (COFs)?”"%, metal-organic cage or
polyhedra (MOPs)3%33, porous organic polymers (POPs)3*3, MOF glasses®”8, metal-organic gels
(MOGs)*¥4°, and various others*'**¢. The remarkable potential of such APMs lies in their ability to serve
as host matrices, enabling the encapsulation of various organic photochromic molecules and
maximizing their combined merits and performance®”°. These scaffolds possess interconnected
networks of pores that facilitate the incorporation of photochromic molecules within their structures,
preventing the molecules’ agglomeration®!. The distinctive attribute enables researchers to have
greater control over the dispersion and alignment of photochromic species, resulting in improved
photochromic functionality!*°2. The permeable nature of these materials results in an enlarged surface
area, offering more opportunities for interaction with incident light. Consequently, this translates into
increased photoconversion efficiency, as the materials can effectively harness light energy and induce
color changes. Moreover, certain porous scaffolds can be easily shaped into monolithic forms3%>354 or
dissolved in common solvents®®, allowing for further processing into workable forms once
unimaginable with conventional porous solids. Thus, porous scaffolds have emerged as a promising
alternative in the development of high-performance and versatile solid-state photochromic systems
for various practical applications in real-world settings.

Despite extensive research efforts that have been dedicated to investigating solid-state
photochromism using various types of porous scaffolds (Figure 1), including zeolites, silica, and other
related porous materials, there is still a lack of clear guidelines for identifying optimal porous host
matrices that enable the production of efficient photoswitchable materials. In this Review, we
summarize the [most common/promising?] organic photochromes and discuss the current challenges
in applying these molecules to solid-state photochromism. We then introduce design guidelines to
identify appropriate porous scaffolds (limited to APMs) with the most promising performance in
organic-based photochromic solids. These insights are intended to foster the development of new
solid-state photochromic systems endowed with enhanced functionality, thereby broadening their
potential applications in real-world settings.

Photochromic molecules

Organic photoresponsive molecules are toggled between two photostationary states by manipulating
light irradiation. The isomerization process entails a sequence of bond rotations and dissociationor
formation events, which change the chemical structure and subsequently, the optical and electrical
characteristics. The importance of organic photochromes stems from their intriguing color-switching
capabilities®®, their synthetic accessibility, and the ease with which their physical responses can be

engineered through slight structural modifications®”°%. In addition, their structural versatility and



tunability allows them to be compatible with various porous host materials (Figure 2a), enabling their
smooth integration into multifunctional photochromic systems. This section introduces families of
organic photoresponsive molecules that are easily integrated into porous scaffolds (Figure 2b).

Azo molecules

Azo compounds are distinguished by the existence of a central azo (-N=N-) group, which acts as the
chromophore and enables isomerization between trans and cis configurations®. The trans isomers of
azo-functionalized photoresponsive molecules are more thermodynamically stable compared to the
cis isomers, mostly because of their highly planar structure and the increased distance between the
aryl termini. A typical trans-azo compound demonstrates a m-n* transition band when exposed to
ultraviolet (UV) light, and an n-it* absorption band when subjected to visible light. The trans-to-cis
isomerization process leads to a notable decrease in the intensity of the m-t* bands while producing
a minor increase in the strength of the n-t* bands®. Light irradiation causes electron transfer in both
isomers, creating an unstable transient state that thermally relaxes to photostationary. As a result,
there is constant competition between the forward and reverse isomerizations.

Spiropyran

Spiropyran molecules are characterized by a spirocyclic configuration that consists of two aromatic
heterocycles bridged by a single sp3-hybridized carbon atom®. When subjected to UV light, this
spirocyclic configuration (known as the closed form) experiences a series of bond dissociations and
molecular rearrangements that transform it into a zwitterionic merocyanine configuration (the open
form)®2. The closed form usually appears colorless or pale yellow, whereas the open form tends to have
a colored appearance, which can range from purple to blue to green, depending on factors such as
conjugation and solvent effects. This transformation induces a substantial alteration of molecular
length from 12.2 A to 14.0 A, as well as an expansion of m-electron delocalization. Additionally, it
converts the molecule from a hydrophobic state to a hydrophilic state 3. Application of heat or visible
light irradiation generally induces the reverse open-to-closed isomerization. These molecules are
especially promising in fields such as optics, data storage, and sensing®%*,

Diarylethene

Photochromic diarylethene derivatives consist of an ethene moiety that is surrounded by aromatic
thiophene rings®. The typical isomerization of diarylethene from its open form to its closed form (six-
membered ring), and vice versa, can be induced reversibly by exposure to UV or visible light,
respectively. The open-to-closed photoisomerization expands the conjugated structure and thus
substantially augments absorbance within the visible light range, triggering the molecule’s
coloration®®. Diarylethene molecules are typically colorless or very pale in an open form but vividly
colored in their closed structures, such as blue, purple, or red. The primary features of diarylethene
derivatives are impressive fatigue resistance and thermally irreversible properties, and they have
prospective uses in molecular switches, information storage, and optoelectronic devices.

Donor-acceptor Stenhouse adducts (DASAs)

DASAs consist of three key components: electron-donating and electron-withdrawing groups, and a
triene m-bridge between them. Depending on the chemical structure and substitution, the linear
(highly conjugated) form of DASA can display strong colors ranging from yellow, orange, red, purple,
or brown, in contrast to the colorlessness of the closed, cyclic form. The isomerization between linear
and cyclic forms involves a total of fifteen intermediates®”. DASA’s forward isomerization, from linear
to cyclic, is induced by visible light—an advantageous characteristic compared to other photoswitches,



[which usually need UV light for the forward process].?® The reverse cyclic-to-linear isomerization
occurs under heat. DASA possesses several other benefits, including exceptional fatigue resistance,
elevated photoconversion efficiency, and remarkable thermal stability®®. The prospective applications
of these compounds in molecular switches, dynamic materials, and stimuli-responsive systems make
them important to fields such as medication administration and sensing”®.

Naphthalenediimide

Naphthalene diimides are a class of electron-deficient compounds that can undergo a reversible one-
electron reduction when exposed to an electron donor under irradiation, resulting in the formation of
a stable radical anion’’. These molecules contain an imide functional group, which serves as the key
element governing their photochromic behavior’?. This transformative event triggers a distinct and
discernible alteration in color, allowing for visually noticeable changes. They have applications in smart
coatings, optical filters, and color-changing materials across diverse industries’>”%,

Viologens

Viologen-based molecules feature a central bipyridinium core, which serves as the chromophore
responsible for their photochromic behavior’>. Upon exposure to light, viologens experience a
reduction-oxidation (redox) process which triggers a characteristic color change. They have notable
photoconversion efficiency, thermal stability, and adjustable redox characteristics, establishing them
as crucial constituents in the advancement of photoresponsive materials, sensors, and electrochromic
devices.

Fulgides

Fulgides encompass a central bismethylene-succinic anhydride moiety with an aromatic substituent.
Fulgides convert from their open E-isomer to their C-form upon exposure to UV light”’, and the reverse
occurs with visible light. In this context, the symbol E denotes the geometric arrangement of the
double bond that connects the succinic anhydride and the aromatic ring, whereas the symbol C
represents the closed configuration. Depending on molecular structure and environment, fulgides in
their closed-ring, more-conjugated state can be yellow, red, orange, purple, or brown. Owing to
breakage of conjugation in the molecule's rt-system, the open-ring form is frequently colorless or pale.
Fulgides possess distinctive characteristics, such as their ability to exhibit quick response times and
demonstrate commendable fatigue resistance’®. Fulgides exhibit potential in optoelectronic devices,
as they possess photochromic features that can be utilized to manipulate and regulate light emission
or electrical conductivity inside such devices”,

Overcrowded alkenes

Overcrowded alkenes have a central core composed of multiple conjugated double bonds that are
frequently organized in a polycyclic or cyclic structure. This arrangement causes a considerable level
of strain within the molecule, resulting in exceptional photochromic characteristics®!. Upon absorption
of light, these molecules undergo reversible isomerization events, alternating between stable cis and
trans configurations. This process involves the rotation of carbon-carbon double bonds, which is
followed by alterations in molecular geometry and optical characteristics®¥%3. This reversible
photoisomerization process allows for the manipulation of the molecule's electronic and steric
properties, rendering overcrowded alkenes highly suitable for applications that demand light-induced
responses®*.



Bottlenecks of organic solid-state photochromism

Although the benefits of solid-state organic photochromes make them more appropriate for
commercial use than solution-phase photochromes, the practical implementation of the organic
photochrome in the solid state still faces considerable obstacles (Table 2). These obstacles restrict the
advancement of this field in commercial contexts. We now meticulously examine the prevalent
challenges in organic solid-state photochromism that have not been systematically addressed in the
current body of research.

Kinetics of photoisomerization

Compared to their solution state, organic photochromes in the solid state have reduced photochromic
effectiveness, slow switching speeds, and limited color brightness. The photochromic efficiency may
be influenced by the molecular structure of the photochromic molecules and the chemical
environment of the solid matrix®>8. Furthermore, in the solid state, photochromic molecules easily
aggregate with each other, which [decreases their molecular flexibility and ability to isomerize?] and
lowers the switching rate of photochromismcompared to free molecules in solution®” 8. Porous
scaffolds provide a versatile platform for addressing the challenges associated with sluggish kinetics of
photoisomerization. Through encapsulation, these scaffolds offer controlled environments, improved
diffusion, and spatial confinement to prevent the aggregation of photochromic molecules and,
consequently, to achieve solution-like photochromism in the solid-state.

Sunlight-induced isomerization

The majority of photoswitching occurs when exposed to UV light. However, owing to inherent
limitations such as limited penetrability, photobleaching impact, and being harmful to humans, UV
light is difficult to meet the demands of real-world applications®®. Utilizing natural light as a means to
control photoresponsivity is a desirable approach for practical uses of solid-state photoresponsive
materials. Nevertheless, under natural light, the efficacy of isomerization is hindered by the intricate
interplay between forward and backward processes of photoresponsive molecules, exemplified by azo
compounds, spiropyran, diarylethenes, and anthracene. In this case, DASA stands out as a highly
interesting contender because its isomerization process is controlled by visible light. A porous
architecture offers a higher surface area [than a...], increasing interaction between the embedded
photochromes and incident light, thus amplifying the photochromic response. The uniform
distribution of photochromes within the material ensures consistent color changes when exposed to
sunlight rather than patchy or uneven responses. In addition, the design of porous scaffolds can be
tailored to optimize sunlight absorption, further improving the efficiency of sunlight-induced
coloration.

Photo-fatigue resistance

Some solid photochromic materials have low photo fatigue resilience [meaning?], impacting their
practical efficacy and reliability. An common factor is the accumulation of structural defects or damage
within the molecular structure during photoisomerization®®, which can impede the photochromic
reaction. The presence of photochemical side reactions is an additional factor contributing to reduced
photosensitivity. Resistivity to photo-fatigue can be improved by various means, such as molecular
design, materials engineering, and incorporation into porous scaffolds®’. The porous scaffold acts as a
protective barrier by shielding the embedded photochromes from environmental stresses and
reducing deterioration, preserving their photochromic properties over time. Furthermore, the
interaction between the photochromes and scaffold matrix promotes uniform distribution and



chemical stability, further mitigating fatigue-inducing phenomena such as photobleaching and
extending the operational lifespan of the embedded photochromes.

Durability

The insufficient long-term stability markedly hinders the implementation of photochromic materials in
commercial settings. UV light exposure, moisture, and temperature fluctuations have a detrimental
influence on the efficacy and longevity of photochromic materials. UV radiation, a prevalent
constituent of sunshine, presents a substantial threat to the longevity of photochromic materials.
Extended exposure to UV light has the potential to initiate photochemical reactions within
photochromic molecules, resulting in modifications to their molecular composition®2. Moisture, as an
environmental factor, plays a pivotal role in the deterioration of host matrices, ultimately resulting in
the material’s degradation. With the presence of hydroxyl enrichment on the surface, numerous
materials exhibiting porous structures demonstrate are hydrophilic and able to absorb water
molecules from the surrounding atmosphere. [Although hydrophilicity is useful in certain cases?], it
could pose a major issue for photoswitches that are sensitive to moisture. Fluctuations in temperature,
too, influence the stability of photochromic materials, because they cause thermal stresses that
deteriorate the molecular structures of organic photochromes. Incorporating the organic
photochromes into porous scaffolds can enhance the photochromes’ durability and longevity. The
scaffold functions as a physical barrier, protecting the embedded photochromes from UV radiation,
moisture/water vapor, and providing resistance to temperature flactuations.

Mechanical stiffness

The process of photoisomerization involves conformational changes and thus relies heavily on
molecular flexibility®*°*. However, the mobility and rotational behavior of photochromic molecules are
constrained within polymer matrices characterized by a high degree of stiffness®. As a result, their
ability to perform the necessary structural rearrangements and isomerization is limited®®. Soft polymer
matrices can alleviate mechanical constraints and improve the mobility of photochromic guests®’.
However, soft matrices have reduced mechanical robustness and are prone to deformation, resulting
in diminished durability and resilience to environmental factors such as temperature fluctuations,
humidity levels, and mechanical stress. Although practical applications favor rigid matrices, they can
often restrict photochromic behavior. When the organic photochromes are confined within the cavity
of the porous hosts, they are isolated from the surrounding environment. This confinement enables
the photochromes to undergo photoisomerization even within mechanically rigid polymers, unlocking
their full photoresponsive potential.

Sensitivity to thickness

Owing to the limited permeability of induced UV light, the greater depths of solid-state components
might receive a very low intensity of light®. This is primarily caused by absorption and scattering
phenomena. Hence, achieving photoresponsive materials with substantial thickness continues to pose
a formidable challenge. The SURMOF concept is a solution to this issue. It is possible to fine-tune the
thickness of SURMOF films to an extent that permits the excitation of virtually all photoactive moieties
contained within the MOF®8, In addition, SURMOF films may be more readily analyzed using UV-Vis
spectroscopic techniques compared to their powdery counterparts, since light scattering is reduced. A
viable alternative to SURMOFs are photoswitches that are triggered by visible and near-infrared (NIR)
light, which have the benefit of increased depth penetration through materials in comparison to UV
light®.



Porous scaffold-based photochromism

Since azobenzene was incorporated into the nanopores of molecular sieves, like zeolite and silica, in
1997, the employment of porous solids as supports for solid-state photochromic materials has
developed considerably. This section explores intrinsic (where the photochrome is part of the
framework) and extrinsic (where the photochrome is a guest molecule inside the pore) strategies for
creating highly efficient solid-state photochromic materials using different porous matrices (Figure 3).
In addition to the illustrative examples discussed here (Table 3), there exists a substantial body of
research that could not be included in detail (see Supplementary information, Supplementary Tables
1-9).

Intrinsic approach

In the intrinsic method, the photochromic molecule is incorporated [covalently?] into
[precursor/building block/linker?] molecules before they are assembled into the porous solid, making
them intrinsically part of the porous material. It is a highly effective strategy for producing solid-state
photochromic materials with a substantially high conformation of the isomerization process. This
approach disperses the photoswitches uniformly throughout the solid state, prevents leaching of the
photoswitch, and reduces intermolecular aggregation, all of which enhance photochromic reactions.
The incorporation of lengthy and soft alkyl chains into the photochromic molecules sometimes
enhances the separation between the light-sensitive molecules, hence improving the overall
isomerization process in the solid phasel®’. Photochromic components can be integrated into
crystalline scaffolds as pendant side groups of the linker or as the linker backbone itself, contingent
upon geometric constraints and synthetic capabilities.

Side group

The photo-switchable moiety can be incorporated as a pendant side group of the linker molecule
(Table 1). As a component of the linker backbones, the lack of a guest or pendant group within the
pores of porous scaffold allows for the complete utilization of the pore space, making it available for a
multitude of functions!®>1%, This approach was introduced by functionalizing the [concave/inner side]
of a [bent/V-shaped] linker molecule with an azobenzene side group, and then assembling these
linkers with metal ions to form a coordination cage. The side groups all face the interior of the cage,
and their photoisomerization causes a change in the cavity’s hydrophobicity [why is this?] and thus
affinity for a hydrophobic guest molecule. Thus, photoswitching the cage allows reversible uptake and
release of the guest!®. The synthesis of a twofold interpenetrated photoswitchable MOF, CAU-5
([Zn2(NDC)2(1)], 1= 3-azo-phenyl-4,4'-bipyridine, 2,6-naphthalenedicarboxylic acid) was likewise
achieved through this method!®. This specific MOF showcases an exceptional capacity to undergo a
reversible switch of the azo functionality within its porous scaffold. Similarly, optically sensitive MOPs
were constructed with organic linkers that had been modified with azobenzene as a side group?®. The
MOPs demonstrated an impressive ability to capture and release guest molecules through a reversible
isomerization process.

A photochromic porous aromatic framework was constructed from linkers containing pendant
spiropyran groups, which jut into the framework pores'?’. Because metal cations bind to the charged
merocyanine form but not the neutral spiropyran form, the framework demonstrated the ability to
trap and release metal ions from solution, controlled by light. Additionally, these materials exhibited a
unique form of chromism that is induced by the solvation and desolvation of the network. Porous
solids that have been built from linkers based on overcrowded alkene were able to modulate porosity
in response to light and heat?’. The side group approach has additionally been effective at fabricating



photochromic thin films'®. Thin films with azobenzene side groups allow light to readily control
properties like diffusionl®, permeability, membrane separation factors!!®, and proton-conduction
properties of guest molecules''*12, Nevertheless, there are instances where the progression of
isomerization processes is impeded!®3.

Backbone

Photoactive moieties can also be directly incorporated into the porous solid as the coordinative linker
backbone (Table 1). This approach is anticipated to result in a substantially greater and more striking
light-induced structural transformation than the side group approach, as the framework itself changes,
not only its pendant groups. The concept of coordinatively immobilizing the photoswitch as part of the
framework was first explored for diarylethene and spiropyran derivatives'®!'7-12! and was subsequently

expanded to encompass NDI, viologen, and other organic photoswitches!?1?7,

Photoswitchable triply interpenetrated MOFs (Zn(AzDC)(4,4’-BPE)o s) were synthesized by coordinating
two distinct photochromic linkers, trans-1,2-bis(4-pyridyl)-ethylene (4,4’-BPE) and 4,4’-dicarboxylate
(AzDC), to Zn ions'**. The pore diameters of the framework were considerably influenced by the
inclusion of two photoresponsive groups, both of which underwent light-driven isomerization. This
dramatic change in pore size with light enabled the immediate uptake and release of CO..
Photochromic diarylethene compounds were coordinatively immobilized as pillars in a porphyrin-
based MOF, making it light-driven and dynamically regulated?®. The porphyrin-based linker functioned
as the donor, facilitating the transmission of excitation energy to the diarylethene-based acceptor
[bis(5-pyridyl-2-methyl-3-thienyl)-cyclopentane, BPMTC]. UV light irradiation of the resulting MOFs
transformed BPMTC from its open-ring configuration to its closed-ring configuration. As a
consequence, the luminescence of the MOF was subsequently extinguished. The restoration of the
photoluminescence of the MOF can be accomplished through exposure to visible light. By employing
the same kind of pyridine-terminated diarylethene, it is feasible to fabricate an interpenetrated Zn-
MOF (Zn(L)-(bpdc)-solvents; L = diarylethene derivative; bpdc = biphenyl dicarboxylate), that exhibits
reversible photochromism?26,

A two-dimensional MOF based on viologen linkers and Eu ions exhibits the ability to change color from
yellow to blue/purple in a reversible manner when stimulated by both light and electricity'?®. This
reversible phenomenon arises from the transfer of free electrons from the electron-rich carboxylate
oxygen atom to the electron-deficient viologen group. In addition, a 3D noninterpenetrated pillar-
layered photochromic MOF, denoted as [Zn,(HFIPBB),(DPNDI)]-8DMF, was synthesized utilizing NDI-
based linker N,N’-di(4-pyridyl)-1,4,5,8-naphthalenetetracarboxydiimide (DPNDI)*?¢. The photochromic
material transformed its color from yellow to dark green when exposed to sunlight, and subsequently
returned to its initial color when placed in a dark room for a number of days at room temperature.

The backbone approach can likewise be applied to other porous scaffolds such as COFs, POPs, and
MOPs!?. The use of spiropyran-based building units in a COF allows for the manipulation of its
electrical characteristics in response to light'*°. This is achieved by ensuring that the COF induces a
significant structural rearrangement of the SP molecule during its photoisomerization process. When
exposed to UV irradiation, the spiropyran derivative isomerizes to generate the charge-separated
merocyanine form within the COF, resulting in a notable enhancement of around 40% in conductivity.
A self-assembling photochromic coordination cage utilizing a diarylethene photoswitch as a ligand, is
capable of transitioning between a structurally flexible form and a rigid form upon exposure to UV or
white light!3. Introducing diarylethene-type moieties into the polymer backbone of a POP leads to a
photoswitchable POP, which demonstrates the initial occurrences of heterogeneous photoswitchable
photocatalysis!*2. A hydrogen-bonded crosslinked organic framework, HCOF-101, was created through



the bonding of carboxylic acid dimers. This nanopore material underwent a 70% isomerization from
trans-to-cis when exposed to 442 nm light irradiation, thanks to the infusion of hydrazone*. More
recently, initial findings have been presented on solid-state photochromic materials derived from a
MOF-glass structure. These materials incorporate two 1D diarylethene-based coordination polymers,
ACP1 [Ag>(cis-dbe)(CF3S0s),] and Ag,(cis-dbe)(CF3sCO,):]***. In the glassy state, the cis-dbe (cis-1,2-
dicyano-1,2-bis(2,4,5-trimethyl-3-thienyl)ethene) linker demonstrated the ability to undergo
reversible photochromism?3*136,

Design of porous scaffolds

Unlike conventional material design outlines where porosity, pore type, surface hydrophobicity, and
electronic features hold paramount importance, the intrinsic approach reshapes these priorities. Here,
the covalently linked photochromic units within the framework render such factors relatively less
pivotal, as these units become integral components of the porous scaffold. Porous hosts endowed with
both coordination bonds, exemplified by MOFs, cages, metal-organic gels, and MOF-based glasses, are
more suitable for the side group strategy compared to the backbone strategy. This is because having
the photochromic unit as the backbone is associated with a large structural change to the material
during photoisomerization, which substantially compromises the stability of a material held together
by coordination bonds. In contrast, covalently bonded porous scaffolds like COFs, POP, and PAFs are
typically more chemically stable, rendering them suitable for both strategies of the intrinsic approach.
Moreover, the flexibility of the porous host plays a crucial role in accommodating the substantial
structural changes that are inherent to the process of photoisomerization. Flexible frameworks, which
can adapt and undergo conformational changes without compromising structural integrity, are
therefore preferred over rigid counterparts.

Challenges

Although the intrinsic approach offers good molecular distribution of the guests throughout the
porous solid and prevents the formation of second phases, this approach still faces a number of
obstacles that need to be addressed in order to advance solid-state photochromism. The primary
difficulty lies in the extensive synthetic endeavors required to produce linker molecules that feature
the desired photoactive species as a side group or backbone. Photocrystallographic measurements of
intrinsically photoswitchable frameworks and cage compounds are challenging owing to the inherent
difficulty of producing a crystalline substance that remains structurally unchanged under photo-
induced conditions. The kinetics of photoisomerization are also not as fast in framework-incorporated
photoswitches as those of switches in solution. Furthermore, the risk of structural collapse that occurs
during recurrent isomerization remains a challenge to be resolved in the absence of a fixed framework.
For example, a photochromic UiO-type framework with azo-functionalized struts degraded upon
exposure to white light'®’. Nevertheless, the degradation could be effectively managed by using a low
light intensity, as it was observed that higher light intensity accelerated degradation. Likewise, an azo-
based photochromic COF similarly loses its overall crystallinity as it undergoes photoisomerization!*,
The aforementioned issues can be avoided by employing the extrinsic approach to fabricate porous
switchable solids.

Extrinsic approach

Introducing photoresponsive molecules extrinsically—as non-coordinative guests inside porous
scaffolds—eliminates the need for complex synthetic modifications of the photochromes, while still



offering the advantages of a crystalline matrix, such as spatial separation of the guests and resistance
to photobleaching. These guest photoresponsive molecules exhibit solvent-like behavior owing to their
exceedingly low concentrations within the pores (Table 1).

The photochromes can be confined within the pores primarily using either molecular diffusion or
crystallization (Table 1). Using molecular diffusion, guests can be loaded in the solvent phase, or, if
they have relatively low melting points (such as azo and spiropyran), through melting or gas phase
methods. With solvent diffusion and crystallization methods, it is important to completely remove the
entrapped solvent from the porous scaffold afterwards.

Although the concept of a MOF was proposed by 1995, it was not until 2010 that a photoswitch,
stilbene, was successfully incorporated inside the nanopores of a MOF, [{(Znly)s(tris(4-
pyridyl)triazine),}.x(CsHsNO2)].2°. In this work, the MOF facilitated the photoisomerization of stilbene
exclusively in the solution phase by acting as a catalyst. Later, a notable advancement—
photoisomerization in one direction in the solid phase—was demonstrated when azobenzene was
encapsulated into a flexible porous coordination polymer ([Zn,(terephthalate),(triethylenediamine)])
or MOF ', Light irradiation induced azobenzene’s E->Z isomerization inside the MOF pore,
transforming the flexible host material into a tetragonal and orthorhombic superposition. Since then,
there has been extensive investigation into an extrinsic approach for the generation of solid-state
photochromism?42-158,

The extrinsic approach was used to develop a photochromic cage by incorporating spiropyran into two
flexible octahedral coordination cage molecules®®. The encapsulated spiropyrans retained their ability
to undergo photoswitching inside the cage. The resulting light-responsive cage demonstrated a
phenomenon known as negative photochromism, where it transformed into a colorless state when
exposed to blue light. In addition, encapsulating organic photochromes in a porous cage has been
shown to enhance their kinetics and fatigue resistance, as in the case of photochromic dihydropyrene
inside the octahedral coordination cage Pd'"sLs; L = 1,3,5-tris(1-imidazolyl)benzene®%160-163,

Similarly, a solid-state photoresponsive PAF was prepared by the extrinsic approach. The diarylethene
guest 1,2-bis(5-carboxyl-2-methyl-3-thienyl)perfluorocyclopentene was loaded into the PAF-1
framework, which then demonstrated the ability to capture and release CO, dynamically when
exposed to a wide range of light'®*. The observed photodynamics resulted from the host-guest
competition between the diarylethene and CO; within the sterically hindered, confined pores of the
host.

Design of porous scaffolds

Despite numerous examples of photoswitchable solids synthesized using extrinsic strategies, clear
guidelines for selecting appropriate porous scaffolds for specific photochromic guests are still lacking.
This is primarily because the isomerization process of confined guest molecules is likely to be
substantially influenced by the physicochemical environment within the scaffold nanopores!*2.

The primary criterion of the extrinsic approach is that the pore size of the scaffold typically should be
larger than the dimensions of the photochromic guest to be encapsulated. In addition to size, the
shape [and/or structure?] of the pore also influences photochromic behavior (Figure 3). Cage-type
pores, which are discrete three-dimensional cavities, are generally considered the optimal choice for
solid-state photochromic applications. The cage structure acts as a physical barrier that confines the
guests within its walls and prevents their diffusion or release. Meanwhile, channel-type pores, which
interconnect through open pathways, allow the photochromic guests to move freely through the pore
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network. The diffusing guests often aggregate with each other, which reduces the photochromic
behavior of the material.

We now describe appropriate porous scaffolds for the most widely explored photochromic guests: azo
molecules, spiropyran, diarylethene-type molecules, DASAs, and fulgides. (Viologens,
naphthalenediimides and overcrowded alkenes are typically used only in the intrinsic approach, as the
linker backbones (see Supplementary information, Supplementary Table 8).)

The closed-to-open photoisomerization of spiropyran entails a consecutive series of events that
includes the breaking of bonds, rearrangement of molecules, and alteration of electron configuration.
As a result, it expands the m-electron delocalization and transitions from a less hydrophilic state to a
more hydrophilic form. This forward photoisomerization can occur in a limited number of porous
solids, but even in these solids, prolonged exposure to high irradiation time or intensity can lead to
photobleaching of the photoswitch, which is not conducive to durability. Hence, the porous scaffold
must be carefully chosen to enhance both the photoisomerization efficiency and the longevity of the
materials. In a study last year using spiropyran guests, a few guidelines were proposed for selecting an
optimal porous scaffold for photochromic materials that efficiently harness sunlight'®®>. When
spiropyran derivatives were enclosed within the ZIF-71 MOF (Zn(dclm);; dclm= 4,5-
dichloroimidazolate), the resulting composites exhibited a much faster switching rate and greater
resilience to fatigue compared to both the pristine photoswitch in solution and embedded in a
nonporous polymer matrix. This study found that electron-deficient pore surfaces are not suitable for
achieving sunlight-induced photochromism. The optimal pore size (greater or equal to the open-form
size of the guest) and hydrophobicity (intermediate hydrophobicity) of porous scaffold matrices are
likewise crucial to achieve SP-based efficient solid-state photochromic materials.

The process of isomerizing simple azobenzene from its trans (9 A) to cis (5.5 A) form results in a
substantial change in dipole moment (0.52 to 3.08 Da) and requires an approximate free volume of
120-250 A'7°. Hence, to demonstrate efficient photochromism within a scaffold, azo-containing guests
must have enough pore volume to isomerize freely. One of the key approaches to improve the
photoefficiency of this photoswitch is through the functionalization of the azo substituents as a side
group of the linker backbones. The planarity and conjugated structure of trans-Azo promote
intermolecular aggregation in the solid state, resulting in a decrease in the molecular energy of the
trans-isomer. This, in turn, impedes the process of trans-to-cis isomerization. This issue can be
remedied by the introduction of the functional groups onto the ortho-position of the phenyl ring,
which lowers the planarity of the trans azo and therefore, reduces the intermolecular aggregation in
solids'’. A recent study has demonstrated that substituting the benzene ring with azoarenes (arylazo-
3,5-dimethylisoxazoles derivatives) results in the enhanced stability of the cis isomer and effective
photochromism in the solid-state!’2. It is worth noting that there is still a conspicuous absence of
complete integration of all desirable structural features in a single material.

Open-to-closed photoisomerization of a diarylethene-type compound expands the conjugated
structure, which leads to a notable enhancement in absorbance within the visible light spectrum.
Consequently, porous scaffolds that have hydrophobic pores are expected to enable superior
photoisomerization of their guests compared to solids with hydrophilic pores. 3. There have been
only a few reports of diarylethene derivatives incorporated into porous scaffold as guests. Therefore,
future investigations are needed to systematically analyze the optimal physicochemical environment
of a porous scaffold.

The isomerization properties of DASAs are greatly affected by the physicochemical attributes of the
nanopores, including their geometric dimensions, configuration, and polarity. One study, in which
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DASA molecules were incorporated into the pores of MIL-68(Al) and MIL-101(Cr), examined the
correlation between the chemical environment of the MOF and the isomerization kinetics and
efficiency'®. MIL-68(Al) pores hindered linear-to-cyclic isomerization while promoting the cyclic-to-
linear isomerization. Conversely, the isomerization behavior in MIL-101(Cr) follows a similar order of
magnitudes to the solutions. Given the limited literature on DASA guests in porous scaffolds, further
studies are necessary to establish a full set of guidelines for their hosts.

Fulgides have not yet been extensively studied as a guest in porous scaffolds. One study encapsulated
the fulgide molecule Aberchrome 670 within two MOF hosts, MOF-5 and MIL-68(In), with different
levels of polarity’®®. It was noted that the composites exhibited comparable photochromic
performance overall, despite the hosts’ different polarities. Another work found that Aberchrome 670
has a preference for porous scaffolds (UiO-68 in this case) with a pore size bigger than that of
Aberchrome 670 itself, as well as a somewhat nonpolar environment!’4. However, there are many
opportunities for conducting further investigation on fulgide-based porous photoswitches to unravel
the influence of porous scaffolds.

Challenges

Scaffolds must also be designed to bolster the durability of the photoswitches. For example, guest
leaching and intermolecular aggregation within the nanopores are substantial concerns with the
extrinsic approach, but these challenges can be partially avoided by employing porous scaffolds with
cage-based pores instead of channel-type pores. Eliminating trapped reactants and surplus solvent
molecules that have become confined in the cavity of the porous scaffolds are also major challenges.
Porous structures that are hydrophilic, such as porous coordination solids and carboxylate-based MOFs
possessing a surface enriched with hydroxyl groups, can attract and absorb water molecules from the
surrounding air'”>?'’?, However, this characteristic could be detrimental for moisture-sensitive
photoswitches, potentially leading to unfavorable degradation. For example, the linear DASA
coordinates in conjunction with water molecules and attains stability in a cyclic state, which remains
unchanged in the absence of light. It is imperative to consider this effect during the initial phase of the
scaffold design process'’®.

Other porous scaffolds

In addition to the [modular/chemically designed?] porous scaffolds discussed above, organic
photoswitches have likewise been embedded into more traditional porous solids, such as [mesoporous
silica, zeolites / molecular sieves...?] to construct photoresponsive solid-state materials.

Mesoporous silica nanoparticles with azobenzene-functionalized pores demonstrated promise as light-
driven dynamic nanoimpellers for delivering and releasing anticancer medications within living cells*®>.
The incorporation of merocyanine spiropyran into the nanopores of mesoporous silica was successfully
achieved using liquid assisted methods!®. The SP present in the porous silica film demonstrated rapid
photoisomerization when exposed to UV radiation, completing the process within 30 seconds. By
comparison, under identical conditions, isomerization was undetectable in a single monolayer of
spiropyran applied to a nonporous dense silica film.

Azo molecules loaded in zeolites were found to align parallel to the straight nanochannels, which can
be attributed to the molecules’ rod-like structure. Subsequent to this finding, extensive investigation
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has been dedicated to the application of zeolites as substrates for solid-state photoresponsive
materials. Melamine sponge was also employed in solid-state photochromism through the attachment
of spiropyran-containing polymers to its surface'®”. The sponge treated with spiropyran underwent
closed-to-open isomerization within 30 minutes when exposed to 365 nm UV light. This reaction
resulted in a noticeable color shift, transforming the sponge from a pale pink shade to a deep purple
color. In another work, dip coating and thermocuring techniques were utilized to coat a layer of
spiropyran-grafted PDMS onto a melamine sponge!®. The isomerization from the closed to open state
was achieved in 160 seconds when exposed to UV light, whereas reverting to the closed state in the
absence of light required more than 70 minutes.

To manufacture a color-changing textile, thiol-ene click chemistry was used to securely attach a solid-
state photochrome onto cotton fabrics'®. Upon exposure to 365 nm UV light, the pale-yellow (closed
form) cotton fabric transformed to purple (open form) within only 10 seconds. The purple cotton fabric
was also found to exhibit a rapid rate of color fading when subjected to dark conditions for 5 minutes,
to green light for less than 50 seconds, and to heating at 90 °C for 5 seconds.

A supramolecular host-guest complex that exhibits great flexibility yet maintains a reasonably stable
chemical structure and can offer ample intrinsic mobility for photoresponsive molecules. A set of
photoresponsive rotaxanes were synthesized through the use of spiropyran as one of the axle
stoppers!®. The solid-state closed-to-open isomerization of spiropyran occurs rapidly when the
macrocyclic molecule is present on the axle. The incorporation of TPE into the macrocyclic molecule
enabled reversible fluorescence switching in the solid powder state, which could be regulated by both
UV and visible light irradiation.

Future perspectives

The integration of organic photochromic molecules into porous scaffolds to form multifunctional
photoresponsive materials has become a focal point in advancing nanoscience and nanotechnology.
Unlike zeolite host materials, the surface characteristics of porous scaffolds markedly impact the
photochromism properties, thanks to the tunable chemical environment within their pores.
Integrating photochromic molecules with nanoelectronics enables optical manipulation at both the
molecular and macroscopic levels, which contributes to the potential development of novel intelligent
devices. These photoresponsive materials are being widely employed in reversible optical data storage,
photoswitchable fluorescence and cell detection, smart windows and coatings, self-cleaning surfaces,
ion sensors, sorption study, anticounterfeiting applications, targeted therapy, photolithography,
artificial muscles, nanotechnology, and nanomedicine, to name just a few.

Nonetheless, solid-state photochromic materials based on organic photoswitches and porous scaffolds
still require much further development before they are commercially viable. From an economic
standpoint, non-covalently associating photochromic dyes in porous scaffolds (through the extrinsic
approach) continues to be a cost-effective avenue of research by virtue of the photochromes’ solution-
like behavior*®. Even so, the mobility of non-covalently bound guest molecules makes it difficult to
precisely characterize and understand the interactions between the molecules and pore surfaces.
Moreover, the correlation between the loading of guests and the process of isomerization in the
extrinsic approach is an important and understudied factor. The host frameworks are strongly
influenced by the minimal loading of the photoresponsive molecules and favor guest-guest
interactions when the loading amount is quite large. Being able to determine the local structures inside
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the pores—and thus the precise loading and localization of the photochromic molecules within them—
will aid in understanding the fundamental dynamics of the host-guest and guest-guest interactions.

Natural sunlight-induced photochromism in the solid state is indispensable for commercial and real-
world use. Although numerous examples of sunlight-induced photochromism in solid materials have
been achieved, any fundamental design strategy for reliably producing this effect in porous solids
remains unclear. Similarly, long-wavelength-induced light is preferred for solid-state photoresponsive
materials owing to its good penetrability'®. There is limited research in this direction, but appropriate
molecular design and chemical modification of the photoresponsive molecule can also provide
photochromism that is generated by long-wavelength light.

Photoresponsive molecules with reverse photochromic behavior are an excellent alternative for
facilitating efficient solid-state photochromism. This is because the process of discoloration, starting
from the outer layer, does not significantly impede the penetration of light into the inner space,
ensuring fast and efficient photoisomerization. Two or more photochromic guest inclusions within a
porous scaffold are also desirable because multiple guests can interact with each other,offering distinct
guest-guest interactions, such as charge transfer or electron hopping, that can lead to intriguing
material features such as in the design of the photon-driven molecular pump. The induction of chirality
and optical activity in photoresponsive materials through the use of circularly polarized light is an
emerging research topic for its potential in chiral resolution and information storage°%1%,

Fabrication of thin films is an attractive goal for expanding the potential applications of solid
photochromic materials, because porous scaffolds are traditionally grown as single crystals or
polycrystalline powders. The particle size of porous scaffold powders commonly falls within the
micrometer range, resulting in considerable scattering effects in the UV and visible regions of the
electromagnetic spectrum. The aforementioned phenomena are avoided in monolithic forms or thin
films, as well as in SURMOFs!®*. The enhancement of light penetration in SURMOFs is achieved by
increasing the surface-to-volume ratio of the particles in the MOF. Although fabricating SURMOFs using
layer-by-layer procedures is a relatively simple process, achieving distinct boundaries between
different types of MOFs is challenging when working with MOFs in powder form®®>. The creation of
organic/inorganic heterointerfaces is important in several applications, such as photon upconversion
and charge separation in solar cells. The study of molecule-surface interactions is currently constrained
by a lack of comprehensive research, resulting in a limited understanding of the fundamental
mechanisms involved in such systems.

In summary, we expect future research to examine possibilities for photoswitch-in-porous-scaffold
systems that extend beyond the manipulation of adsorption capacities, diffusion coefficients, or
membrane separation factors. The potential for further investigation is found in the light-induced
modulation of electronic properties and the conduction of protons demonstrated by these devices. In
the context of contemporary applications, there is widespread recognition that the use of
photochromic dyes, either within or as components of porous scaffolds, represents the most
appropriate choice. drive future industrial advancement in the years to come.
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Figure 1. Key achievements in solid-state photochromism employing various porous scaffolds and
organic photochromic molecules over the past decade. PCP, porous coordination polymer; AZB,
azobenzene; DASA, donor-acceptor Stenhouse adducts; DAE, diarylethene; POP, porous organic
polymer; SURMOF, surface-mounted MOF; PAF, porous aromatic framework; DHP, dihydropyrene. All
the figures are adopted with the permission from the aforementioned (with figures) reference number.

15



Metal-Organic

Covalent-Organic

Frameworks (MOFs) Frameworks (COFs)

0L o e
Benefits Toootty o)
& < QD S
Challenges x xy
; x : ‘:C 5’
QR ‘3 0 %R
HowM
e ﬁ N
Porosity Micro/meso Micro/meso
Crystallinity Typically high Modest to high
Stability Poor to good Modest to good
Excellent Intrinsic Modest Intrinsic
Designability & &
Excellent Extrinsic Poor Extrinsic
Diffusion of Slow diffusion in Slow diffusion
Photochromes some MOFs
Azobenzene

©/ trans

uv
N\\N Vis or A

©/N\\N
cis @

Diarylethene
uv
I\ I\ "~ [ \
s s\ {s
opened closed

o) (o]
4 O 0

Naphthalenediimide

Fulgide

Ao 0 0 O
n
N UV  Ar N uv ‘ uv
0 “uv O Vs ° ’ | R =
7 7
° i C OO
z E c

Figure 2. Choices of porous scaffolds and organic photoswitches. (a) Different porous scaffolds present
benefits and challenges in the production of solid-state photochromic materials. (b) Organic
photoswitchable molecules that have been included in porous scaffolds. UV, ultra-violet; vis, visible
(light). The figure of MOFs is reproduced from REF?®, ACS; the COF is reproduced from REF%, Wiley;
the POP figure is reproduced from REF3¢, ACS; the MOP figure is reproduced from REF33, ACS.

Porous-Organic
Polymers (POPs)

Metal-Organic Cages
(MOCs) / Metal-Organic
Polvr:gdra (MOPs)

Y

MOF-Glass

Mostly micro Mostly micro Micro
Amorphous Modest to low Amorphous
Good to excellent Poor Poor

Good Intrinsic Good Intrinsic
& &
Poor Extrinsic Modest Extrinsic

Poor Intrinsic

Extremely low

Modest diffusion
diffusion

Negligible diffusion

Spiropyran NO,

s
N\oNo2 N(@

16

closed opened

OH Vs |

O_—N
cyclic //

linear

Viologen

Overcrowded alkene




Photoswitch in Solid Phase / Photoswitch@Porous Scaffolds

Photoswitch@Polymer Matrices o
‘ e - Bottlenecks of I:‘ [. 93 I:.l‘ | |, = T
l 103 - 2 . - = ny L = I ™ T
i \x\ Solid-state Qe [@are s ! |
ol Photochromism LGy e ' | # |
Restricted by ~ Facilitated
aggregation by dilution
Sluggish Isomerization Kinetics Fast (solution like photochromism)
P4
Insignificant 1 Sunlight Induces Isomerization: Modest to high
gL
_/,\_ 7))
g Low fatigue resistance Photofatigug Resistance Improved fatigue resistance g’
2 103 g
= Poor durability Durability Excellent durability g
< (7] 3
(&) <
No photochromism High Mechanical Stiffness Descent photochromism
Q &
Partial/surface photochromism High Thickness Photochromism throughout the film
o %
. v, .
I Organic photochrome T Isomerized form of organic photochrome Bl Surface isomerization (partial)

B Organic photochromes embedded in polymer film Bl Photochromes@Porous Scaffold composite embedded in films
[ Other isomerized form of organic photochromes embedded in polymer film

Figure 3. Design options for efficient photoswitchable solids utilizing porous scaffolds. The figures
related to the backbone!?, side group?®®, extrinsic'®?, large and small pore'*?, cage and channel type
pore shape!®, intermediate and strongly hydrophobic!®®, intermediate hydrophobic, and strong
hydrophobic'®, electron-deficient!®®, efficient photochromism?!®> are adopted with permission from
the relevant reference number.

Table 1. Approaches to producing solid-state photochromic materials using organic photoswitches
incorporated into various porous scaffolds.

Design approach Benefits Porous Organic
scaffolds | photoswitches
Intrinsic Side group Uniform MOFs Spiropyrans
distribution; .
Backbone Reduced COFs Diarylethenes
aggregation; POPs Azo molecules
Minimized
leaching MOPs Naphthalenedi
imides
MOF-
glasses Viologens
Overcrowded
alkenes
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Table 2. Properties of photoswitches in a nonporous polymer matrix versus a porous scaffold.

Property Photoswitch in nonporous | Photoswitch in porous
polymer matrix scaffold
Isomerization kinetics Sluggish Fast (solution-like)
Sunlight-induced Insignificant Modest to high
isomerization
Photofatigue resistance Low Improved over polymer
matrix?
Durability Poor Excellent
Photochromism with high | None [decent]
mechanical stiffness
Photochromism with high | Partial/surface Photochromism throughout
thickness photochromism film
Table 3. Major achievements in solid-state photochromism utilizing porous scaffolds.
Material Porous Organic Design Applications Refs
Scaffolds photoswitch
Approach
Azobenzene loaded AlIPO4- 100
5, Zeolite/Sili Azobenzene | Extrinsic Investlgatlon' ' of
ca photochromic behavior
ZSM-5, Silicate-1
141
Zno(t hthalate),(trieth | Flexibl Light and heat-tri d
[Zn,( e.rep. alate),(trie exible Azobenzene | Extrinsic ight an .ea riggere
ylenediamine)], MOF gas adsorption
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ZSM, Zeolite Socony Mobil-5; DTE, 1,2-bis(2,5-dimethyl-thien-3-yl)- perfluorocyclopentene; BDC,
benzene-1,4-dicarboxylic acid; DABCO, 1,4-Diazabicyclo[2.2.2]octane; IRMOF, iso-reticular metal-
organic framework; BPDC, biphenyl-4,4'-dicarboxylate; BiPy, 4,4’-bipyridine; DBTD, 3’,6'-dibromo-4',5'-
bis(4-carboxyphenyl)-1[1,1":2",1"-tetraphenyl]-4,4"-dicarboxylate ; PC-PCN, photochromic porous
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coordination network; SO-PCN, singlet oxygen-generating porous coordination network; PCN, porous
coordination network; TCPP, tetrakis(4-carboxyphenyl)porphyrin; BPMTC, bis(5-pyridyl-2-methyl-3-
thienyl)cyclopentane; HiBIPA-TC, diisophthalic acid ; DMF, N,N-dimethylformamide; MON, metal-
organic framework nanosheet; DBTD, 3',6'-dibromo-4',5’-bis(4-carboxyphenyl)-[1,1',2',1"-terphenyl]-
4,4"-dicarboxylate; TNDC, 1’,3',3'-trimethyl-6-nitro-4',7'-di(pyridin-4-yl)spiro-[chromene-2,2'-
indoline]; Melm, 2-methylimidazolate ; ANT, anthracene ; PSF, porous switchable frameworks; CON,
covalent organic nanosheet ; cis-dbe, cis-1,2-dicyano-1,2-bis(2,4,5-trimethyl-3-thienyl)ethene; dcim,
4,5-dichloroimidazolate.
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