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Photoswitching Conduction in Framework Materials
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Light is an attractive non-invasive stimulus that permits the activation and
control of properties and functions in precise and tunable ways. It inspired sci-
entists and engineers to develop different applications, including those based
on conductivity, magnetism or reactivity, and to design light-responsive materi-
als that can sense, adapt, and self-heal under illumination. Often, photoactive
molecules that can reversibly undergo photoisomerization serve as the key
component to achieve light-switching of functionalities in advanced materials
for reconfigurable electronics or light-controlled information storage and pro-
cessing. However, when used in bulk or solution, they face limitations such as
aggregation or restricted isomerization. Their integration into frameworks ma-
terials overcomes these challenges, paving the way for new photoprogrammed
materials. This review shows the potential of framework materials for light-
switched conduction, focusing specifically on proton and electron conduction
photoswitching. This work reviews the recent progress in state-of-the-art and
explains the mechanisms driving the photoresponse, including the Grotthuss
mechanism for proton transport, the hopping mechanism for electron conduc-
tion, and other charge transfer (CT) pathways. Strategies that are employed

to improve photoswitchable conduction are elaborated. In the end, this work
discusses ongoing challenges and provide an outlook into potential future
directions for efficient property implementation in new materials and devices.

interactions with matter at the atomic,
molecular, and nanoscale levels. Among
its advantages over other external stim-
uli are remote control, low energy con-
sumption and precision. This has enabled
the discovery of numerous interesting phe-
nomena and materials whose properties,
such as conductivity, can be reversibly
switched on and off by light absorption.!'
However, photoswitching efficiency and its
speed, materials structural stability, pho-
todegradation, crystallinity and tunability
were still the matter of extensive opti-
mizations. Therefore, new classes of ma-
terials for the remote control of electron
and proton conduction properties and the
photoswitching of responses were investi-
gated more intensively over the past few
years. Photoswitching of proton conduc-
tivity is particularly interesting because
it opens the door to advanced applica-
tions in low-power, reconfigurable com-
puting (particularly in complex logic gate
architectures, where light-gated conductiv-
ity enables dynamic protonic logic opera-

1. Introduction

Light is a powerful tool for driving the discovery and develop-
ment of new advanced functional materials due to its specific
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tions and neuromorphic circuit behavior).%’
proton exchange membrane fuel cells!®] with on-demand proton
conduction reducing standby energy losses, or bio-electronic de-
vices with optically triggered, non-invasive, biomimetic proton
pumps!”! for implantable systems, synthetic biology interfaces(®!
or pH-regulated microreactors!®! with better stability and modu-
larity than achieved using biological materials.!*) Efficient photo-
switching of electron conductivity allows for light replacing elec-
trical gating for wireless reconfiguration in optically gated tran-
sistors used in sensing, photodetectors, optical switches, opto-
electronic circuits or photonic computing elements, as well as for
reconfigurable memory and logic essential for adaptive comput-
ing, neuromorphic systems, or programmable logic arrays.[}1-1%]
Thus, well-designed and efficient photoswitchable materials with
remotely controlled photoswitchable conduction and high on/off
ratios align with the demand for energy efficient, next-generation
flexible and neuromorphic electronics, as well as smart materials
for personal healthcare.

Light activated switching of electronic properties and re-
versibility of responses are permitted by photoswitchable
molecules that undergo reversible structural rearrangements
upon external light stimuli (Figure 1). Reversibility depends
on the stability of the photogenerated state and is permit-
ted if the new configuration is less stable, thus the return to
the original state occurs upon a removal or a change of the
stimulus.['®! With this respect, thermally reversible (T-type) or
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Figure 1. Photoswitchable molecules are commonly incorporated into framework materials in three different ways: i) as backbone linkers, ii) as guest
molecules, and iii) attached to the linker. Diverse molecules were reported and summarized elsewhere.l?23%-33] Here, AB, SP and DAE are depicted as

examples.

photochemically reversible (P-type) photoswitches are known.!7]

One of the key benefits of photoswitches is that they rely on light
as the primary stimulus, which is both precise and non-invasive,
for the activation of structural changes.!"®] A key prerequisite is
understanding the specific wavelengths and conditions needed
to induce these changes, permitting tailoring and modulation of
their photoresponse.['] The photoisomerization mechanisms of
photoswitches can be categorized as (E/Z) isomerization or ring
closing/opening transformations. (E/Z) isomerization involves
the transition between E (entgegen) and Z (zusammen) configu-
rations around a double bond. Thus, this type of isomerization
does not include the making or breaking of any bonds but a
distinct arrangement of atoms around the double bond, for ex-
ample, the observed cis to trans changes in azobenzene (AB).[?]
On the contrary, ring transformations involve bond breaking
and formation within a molecular ring system. This mechanism
has been observed for: spiropyrans (SP), diarylethenes (DAE),?!]
DASA (Donor—Acceptor Stenhouse Adducts),!??! dihydroazulene
(DHA)-vinylheptafulvene (VHF),!}] dimethyldihydropyrene,*]
fulgides and fulgimides.[?! Moreover, fulgimides can switch be-
tween different forms (E, Z, and closed-ring) depending on the
light exposure. Overall, photoswitches offer a wide range of struc-
tural modifications and capabilities, making them attractive com-
ponents to integrate into functional materials and devices.
Despite all the interesting functionalities, these molecules
present certain limitations. For instance, in polar environments,
many photoswitches do not dissolve well, or they often aggre-
gate, which negatively impacts their absorption and emission
properties and limit photoconversion."! This hinders the ap-
plicability of photoswitches in the solid state for electronic de-
vices, sensors, memristors, etc. since their motion is restricted
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and the structural changes essential for the photoswitching are
not permitted.?*?’] To overcome these limitations, photoswitch-
able molecules have been incorporated into nanoporous frame-
work materials such as metal-organic frameworks (MOFs), co-
valent organic frameworks (COFs), Zeolitic Imidazolate Frame-
works (ZIFs), and porous aromatic frameworks (PAFs) as guest
molecules, backbone linkers, or attached to the main linkers (e.g.,
side groups), as schematically depicted in Figure 1. The crys-
talline nanostructure of these materials allows a precise control
over intermolecular distances and pore size to prevent steric hin-
drance effects,[?82% facilitating the use of photoswitches in the
solid state with improved photoconversion, eliminating the need
for solvents. The resulting solids can be grown as crystals or
be epitaxially deposited on surfaces (e.g., thin films or surface-
mounted MOFs, i.e., SURMOFs),[% allowing for diverse harvest-
ing of the photoswitchable responses.

In the past decade, investigations aiming toward the un-
derstanding the reversible photoisomerization of the pho-
toswitchable linkers incorporated into different framework
materials,[?3*¢) including isomerization efficiency and kinet-
ics in systems like ZIF*?l and MOFB3%4147] have been reported.
More recent studies have explored the structural rearrange-
ments of photoswitches for applications such as controlled cargo
releasel*648-501 or controlled gas adsorption,*) among others.[>?
Beyond the structural diversity of photoswitches in different iso-
meric states, their electronic properties can also vary. For in-
stance, one isomer may exhibit a higher tendency for charge
transfer, facilitating charge carrier migration and enhancing
the material’s conductivity, while the other does not.>3] More-
over, different photoisomers can interact differently with or
within the framework materials, leading to distinct material
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responses.>* Therefore, the photoswitching properties of frame-
work materials with implemented photoswitches have been in-
tensively investigated lately!?830-3255] and some recent reviews in
this regard provide a summary of different pathways that have
been explored.[¢-*8] However, the overview of conduction photo-
switching in frameworks and the explanation of mechanisms of
attained functionalities with the relation to the framework type
have not yet been adequately addressed. In this review, we ad-
dress studies focused on the photoswitchable responses of frame-
work materials to reversibly control electron, proton and other
ionic conductivity under light stimuli, and provide insights into
the mechanisms involved in their functionality. We explain ongo-
ing limitations, the envisioned role of molecular design for per-
formance optimizations, and provide strategies aimed at advanc-
ing the conduction photoresponses of framework materials.

2. Framework Materials

Framework materials are a class of materials defined by their
porous, lattice-like structures, which are typically crystalline.
These materials are commonly classified based on their compo-
sition (e.g., hybrid, containing organic linkers and metal nodes,
or purely organic frameworks) and bonding characteristics, with
their coordination networks extending across different dimen-
sionalities (e.g., 1D, 2D, 3D).5%l The primary categories of hybrid
frameworks include MOFs, 32! with ZIFs!>! and MOF films like
SURMOFs as important sub-groups.[®] COFs are well known in
the class of pure organic framework materials,[®!! other mem-
bers of this classification include PAFs, Hydrogen-Bonded Or-
ganic Frameworks (HOFs),[®?] Supramolecular Organic Frame-
works (SOFs),l9%* Porous Organic Frameworks (POFs)[%] and
Halogen-bond Organic Frameworks (XOFs).[®®) All materials
mentioned have gained immense popularity with intense re-
search efforts driven by their highly tunable properties and
promising applications across various fields. For instance, size of
pores, topology and microstructure of frameworks were demon-
strated to be controllable by the linker length, interpenetrated
structures, acidic or basic functional groups, reactivity of func-
tional groups, second building units, etc.l®’] This is extremely
important for catalysis, where, for example, MOFs have been ex-
tensively studied due to their tunable active sites and pore envi-
ronments. Similarly, COFs, due to their high surface area, tun-
able pore size, and chemical stability, have shown promising ap-
plications such as targeted and controlled drug release, as well
as improving the sensitivity and selectivity of electrochemical
biosensors.[®! However, electronic responses of framework ma-
terials are known to be limited in most cases, thus not all frame-
work classes are equally investigated with this respect. For exam-
ple, electronic properties of MOFs are restricted by their porous
structure and inefficient electronic coupling, while ZIFs do not
have highly conjugated structures necessary to create pathways
for electron transport. This could be overcome by careful tun-
ing of conduction pathways and adapting the topology of the
framework. In this way, stacked 2D materials permit smaller
intermolecular distances and increased conductivities in a spe-
cific direction.’”) Thus, 2D frameworks are recognized with an
often larger conductivity than typical 3D frameworks because
they enable shorter intermolecular distances and better electron
density delocalization.l’®] However, the controlled organization
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of donor-acceptor pairs within spatially continuous networks of
frameworks containing guest molecules is also known to en-
hance the photoconduction on/off ratios resulting from efficient
exciton separation and charge transport within donor and accep-
tor domains.[®!

Photoresponsive molecules in specific framework classes were
used to advance the applicability of these materials for sen-
sors, photodetectors, photoreactors, optical switches, memory
and data storage devices,[?#317°71] and in emerging fields like
optical computing.[’>73] However, a strong focus was given to
light-activated conduction, where chromophores in frameworks
permit the change in conduction properties and photocurrent,
however without reversible structural changes in the organic
linker itself.31%°] Consequently, photoswitching between light-
controlled “on” and “off” states was not possible, and the photore-
sponse was irreversible in its switching characteristics. For appli-
cations such as rewritable memory, optical switches, or adaptive
sensing platforms, reversibility is essential to ensure repeatable
and controllable photoresponses.”>7*] Thus, we focus below ex-
clusively on framework materials that exhibit light-induced pho-
toswitching responses, which are enabled by reversible structural
changes in photoswitches. We discuss their conduction charac-
teristics, the nature of their photoresponses, and performance
upon assembly in frameworks. To highlight the factors influ-
encing photoswitching and the diverse strategies reported for
integrating photoswitches into frameworks, we first summarize
some general concepts relevant to different classes of framework
materials.

2.1. Photoswitchable MOFs

MOFs provide a well-defined crystalline structure that allows pre-
cise control over the arrangement of the photoactive molecules.
Their porosity allows for the loading of chromophoric com-
pounds into the pores or the integration as building blocks, which
can lead to a more pronounced optical response compared to free
molecules in solution.*!]

2.1.1. Photoisomerization in MOFs

Many studies have focused on the photoisomerization of
ABs,38%] SPg 136441 DAEs!”>7¢ and, recently, DASAM®! in
MOFs,[>230487477] with azobenzene being the first photoswitch-
able linker incorporated into a porous MOF in 2011 by Mod-
row et al.®] In 2013, Hermann et al. reported a MOF that in-
cluded AB as a guest molecule and exhibited a higher switch-
ing efficiency compared to bulk solid-state azobenzene.l*! Al-
though the photoisomerization of the azobenzene integrated as
the side group of the linker molecules in the MOF structure can
be sterically hindered upon specific assembly, Wang et al. exper-
imentally and theoretically demonstrated the photoswitching of
azobenzene side group in MOFs with layered structure and pil-
lared connectivity.?’]

Photoisomerization kinetics in MOFs and photoswitching by
the integration of other photoswitchable molecules such as SP,
hydrazone, and DAE derivatives, and MOF confinement ef-
fects on photoisomerization speed, reversibility, stability, and
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spectroscopic behavior were also investigated. For example,
Thaggard et al.l”® showed that sterically demanding SP deriva-
tives can boost the photoisomerization rate in rigid MOF ma-
trices up to 1000 times compared to the same molecules in so-
lution. However, chemical interactions, particularly host-guest
effects and metal-photoswitch interactions, as well as steric ef-
fects and framework flexibility play a crucial role in determin-
ing the conversion efficiency of photoswitchable MOFs and the
switching behavior.[”>7°#% For instance, SP functionalization in
MOFs like MOF-808 demonstrated that host polarity and struc-
tural changes affect photoswitching efficiency and adsorption
properties, with SP incorporation increasing CO, uptake but hin-
dering reversibility due to stabilization within the pores.[®! Simi-
larly, Schwartz et al. found that SP encapsulated in MOF-5, MIL-
68(In), and MIL-68(Ga) exhibited reversible photoswitching, but
the efficiency and kinetics depended on the polarity of the host
framework.!”?]

The way a photoswitchable molecule is incorporated into a
MOF (e.g., as a guest, attached to the linker, or as a backbone
linker, see Figure 1) also affects its switching efficiency, which is
related to the differences in steric factors, pore confinement, and
structural flexibility.[?] For backbone linkers, photoswitches with
minimal structural changes upon isomerization are preferred,
for example, DAE-based linkers, because the photoisomerization
process (ring-opening/closing) occurs within the plane of the
molecule imposing only minimal changes in the structure.?! In
contrast, for larger structural changes such as those in AB, the cis-
to-trans photoisomerization is hindered due to the large geomet-
rical rearrangements.*! Significant structural changes are more
feasible when photoswitches are attached to the linker®?! or intro-
duced as guest molecules.!”®] However, the latter approach, while
simplifying synthesis, may lead to steric hindrance if the MOF
pores are too small for effective photoisomerization.®% Steric
hindrance has been linked to asymmetrical photoisomerization
effect, where the forward transition occurred significantly faster
than the reverse.’!! For example, in some MOFs, switching in
one direction can take as little as 10 min, while the reverse pro-
cess can take over an hour.[?] A similar observation was reported
for a metal-porphyrin framework integrating a DAE deriva-
tive, bis(5-pyridyl-2-methyl-3-thienyl)cyclopentene (BPMTC), as
a backbone linker, where the closed-to-open transition was ap-
proximately 45 times slower than the reverse process.!®*]

Some studies have demonstrated that thin-film MOFs can
achieve significantly faster switching than the bulk ones.3%] It
has been suggested that the high molar attenuation coefficient in
photoswitches, which describes how strongly a species absorbs
and thereby attenuates light, may limit the depth of light pene-
tration in bulk framework materials (although in other classes of
photoswitchable materials, penetration depths exceeding 1 mm
have been realized).3%! This prevents efficient photoisomeriza-
tion throughout the entire structure®!l in addition to isomer
competition and photostationary state effects, known to decrease
photoconversion.[®] In general, light penetration depth in mate-
rial depends strongly on the wavelength of light and how strongly
the material absorbs that wavelength. Strong absorption, partic-
ularly at shorter wavelengths, that are, indeed, often used for
photoswitches,®”] results in a smaller penetration depth.[®8] In
line with this, Danowski et al. reviewed different photorespon-
sive porous materials and pointed out that photoisomerization
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in bulk is often confined to the surface due to scattering and
limited light penetration, restricting switching throughout the
framework.?>%] In their paper, they provided some strategies to
address this challenge. For example, growing MOFs as thin films,
where thickness can be controlled, has been proposed instead
of bulk materials, as it reduces steric hindrance and enhances
light accessibility.”! In line with that, Zhang et al. demonstrated
improved photochromic properties, reversibility, and stability in
a nitrobenzospiropyran-embedded MOF thin film.[*/ Similarly,
Fu et al. incorporated AB into HKUST-1 thin films, achieving
high orientation and efficient guest encapsulation through a
layer-by-layer growth method.®!! For an azobenzene MOF film,
Jiang et al. estimated the light penetration depth, defined as the
depth at which the light intensity in the material decreases to 1/e
(~37%) of its original value, to be on the order of hundreds of
nanometers.3% Thus, thick MOF films (much thicker than 1 um),
or MOF materials in the form of pellets or large crystals, are illu-
minated and photoswitched only at the outer part of the material
and large shares of the material remain in their dark state. As
a result, not only the framework topology and strategies of pho-
toswitch incorporation reflect the light-responsiveness of frame-
work materials, but also the form of the processed material.

2.1.2. Photoswitchable MOF Films

Among MOF films, surface-mounted metal-organic frameworks
(known as SURMOFs), synthesized directly on surfaces by layer-
by-layer epitaxial growth,[®?! provide an ordered, crystalline struc-
ture films, facilitating more controllable incorporation of photo-
switches and tuning of their densities in a material.*°! Several
studies have shown that integrating photoswitchable molecules
as guests or linker side groups support efficient, reversible
photoisomerization when sufficient free space is available to
minimize steric hindrance. An important number of contri-
butions have studied the photoisomerization process of AB in
SURMOFs,[2#6] where reversible photoisomerization with ap-
proximately 64% conversion efficiency was reported in most
cases. In addition, it was concluded that if steric hindrance is
avoided, azobenzene switching occurs efficiently regardless of
pore size or linker positioning.**!

Reversible photoswitching, showing no sign of photobleach-
ing or degradation after three irradiation cycles was also reported
for fluorinated azobenzene attached to the linker (F,AzoBDC)
in Cu,(F,AzoBDC), (dabco) SURMOF with loaded butanediol®*!
(see Figure 2a left). A decrease of the conductivity (i.e., seen
by the Nyquist plot of the impedance depicted in Figure 2a
bottom-right) in the cis state was observed upon irradiation with
green light, that is, switching to the “off”-state by 530 nm induc-
ing the trans-to-cis transition. The reversible photoswitching to
the “on”-state occurs by 400 nm inducing the cis-to-trans transi-
tion. Thus, the reversible current and conductivity switching of
guest molecules, such as 1,4-butanediol and 1,2,3-triazole, was
explained to be dynamically controlled by the trans to cis isomer-
ization of the SURMOF. We explain the conductivity switching
in this MOF in detail in Section 3.

Kanj et al. studied Cu,(e-BPDC),(dabco) SURMOF with SP-
functionalized linker (e-BPDC denotes 2-ethynyl-[1,10-biphenyl]-
4,40-dicarboxylic acid) to achieve photomodulation of proton
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Figure 2. Proton conduction photoswitching in a) Cu,(F,AzoBDC),(dabco) SURMOF with azobenzene integrated as a side group and b) Cu, (SP-
BPDC), (dabco) with modified SP attached to MOF linker. For a): Three switching cycles of the MOF loaded with butanediol at 1V and 1 Hz show the
change in current upon irradiation with green light (530 nm), inducing trans-to-cis isomerization of the azobenzene groups (top right). Nyquist plot of
the impedance (Z) of the MOF loaded with triazole: data in black represents the pristine sample (trans); data in green and violet indicate the cis and
trans states after irradiation with green and violet light, respectively (bottom right). For b): MOF conductivity with different protic species loaded (water,
ethanol and methanol) with results for the SP form shown in black and for the merocyanine (MC) form shown in violet (bottom left). Absolute value of
impedance Z of the MOF with loaded water (bottom right). Figure a) adapted with permission from ref. [54] Copyright 2018. Published by John Wiley

and Sons. Figure b) adapted with permission from ref. [94] Copyright 2020. Published by Royal Society of Chemistry.

conduction.®l The UV light induced isomerization of SP to the
MC form led to a substantial decrease in proton conductivity (i.e.,
by nearly two orders of magnitude, see Figure 2b) due to the
strong binding of guest molecules to the MC isomer. Therefore,
reversible differences in conduction could be achieved. Finally,
they reported that photobleaching, which is usually caused by
dimerization of SP, was prevented by anchoring SP to the MOF
scaffold. The underlying mechanism behind the distinct photore-
sponse of this MOF film is explained below.

Recently, Klokic et al.[®®] reported reversible photoswitching
in Zn-based MOF films (Cl-DMOF-1) with AB incorporated into
the pores. The use of chlorinated terephthalic acid and dabco as
ligands yielded 3D-oriented MOF crystals with increased rigid-
ity due to chloro-substitution. By controlling the growth time,
they demonstrated that film behavior can be modulated, thereby
influencing the photoresponse. Entirely rigid frameworks were
obtained within short reaction times (10-60 min), resulting in
the absence of AB isomerization in the films. Prolonged growth
under intermediate times (90 min) produced more flexible het-
eroepitaxial films capable of reversible photoswitching. In con-
trast, extended growth (180-270 min) yielded films with lost
epitaxial alignment and bulk-like (inhomogeneous) structuring,
which hindered light penetration, thus impeding their photo-
physical characterization.

2.1.3. Photoswitching in ZIFs

ZIFs are a subclass of MOFs that have zeolite-like topology due
to the similarity in the tetrahedral coordination of metal ions
(e.g., Zn?* or Co**) with imidazolate linkers (Im), mimicking
the Si-O-Si bond angles in zeolites. While ZIFs share some
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structural and thermal stability features with zeolites, they are
still categorized as MOFs because they are built from metal
nodes and organic linkers.®® The number of references that
include photoswitchable molecules in ZIFs is rather low. In
comparison with MOFs, which offer a wide range of linker
and metal combinations, ZIFs are primarily composed of zinc
or cobalt ions and imidazolate-based linkers. This restricted
chemical diversity can limit the design flexibility needed for in-
corporating photoswitchable units. Moreover, while MOFs can
be tailored with a wide range of pore sizes and surface ar-
eas, ZIFs typically exhibit pore diameters which generally range
from ~5 to 16 A with small crystallographic apertures be-
tween 2 and 5 A due to their zeolite-like topologies.[”] As
pointed out above, this can hinder the integration of photo-
switches into their structure and the respective photoconversion
performance.

The azobenzene-based molecule incorporated as backbone
linker in the ZIF material isostructural to ZIF-8 was studied by
Bernt et al.[*l The photoswitching was partially reversible, but
the cis to trans isomerization cycle did not fully recover the origi-
nal state after multiple cycles. They reported the photobleaching
and steric hindrance effects to limit the full recovery, suggesting
other approaches for positioning the photoswitchable molecule
within the confined ZIF structure to be more efficient for improv-
ing the reversibility of the photoisomerization reaction. It was
further investigated by Liang et al. in 2020 in a light-responsive
ZIF-8 with high on/off photoswitchable proton conductivity,!”!
where sulfonated spiropyran (SSP) was incorporated as guest.
The resulting SSP@ZIF-8 hybrid membrane demonstrated re-
versible photoswitching with an on/off ratio of 2.8 x 10*, and a
fast response time of 5 s. We explain the properties of this mate-
rial in Section 3.1 and 3.2.
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Figure 3. Schematic representation of selected strategies for integrating photoswitches into COF materials: a) DAE as backbone linker in COF-O (open
ring) and COF-C (closed ring) for photoswitching of electron conduction (top panel) and cycles of conductivity changes upon repeated light switching
(bottom panel).l'%] b) DASA as side group in COF-HNU9I®! for photoswitching proton conduction (top panel). Photoswitching cycles of the COF-HNU9
film under light on/off at 25 °C and 98% RH and the temperature dependence of proton conductivity at 98% RH (bottom panel). Figure a) adapted with
permission from ref. [105] Copyright 2019. Published by John Wiley and Sons. Figure b) adapted with permission from ref. [6] Copyright 2022. Published

by Royal Society of Chemistry.

2.2. Photoswitchable COFs

COFs are crystalline, porous polymeric materials known for
their structural integrity, high surface area, and design flexi-
bility. Their 2D networks can be precisely tailored using a va-
riety of organic building blocks. COFs comprising efficient z-
conjugated structures facilitating efficient electron transport both
within and between layers (e.g., based on phthalocyanine or
porphyrin units) permit the obtainment of conductive mate-
rials, which are especially valuable for applications requiring
high electrical conductivity.®®%! In general, the conductivity of
COFs can be enhanced by dopants embedding, however, unlike
many MOFs, there are presently less studies on COF with photo-
switching electronic responses. It is likely due to relatively good
conductivities of z-conjugated COFs, ranging between ~10712
to 1071 S m™! for intrinsically conductive frameworks,[1%0101]
and reaching values of ~100 S m™ for doped COFs (e.g., I,
doped).l1%2]

Shustova et al. have previously reviewed the dynamically con-
trolled electronic properties of stimuli-responsive materials with
different dimensionalities, including COFs materials.32] They
also managed to tune the electronic structure of a COF as func-
tion of an external stimulus by adding SP as a guest molecule
in the pores.['®! They observed that upon UV irradiation there
is a color change from pale yellow to dark red or brown indicat-
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ing the transformation from closed SP to open MC. This led to a
39% increase in conductivity due to the z-electron delocalization
present in MC, which can facilitate better charge transport within
the COF. Yang et al.[1% reported that deposition of the organic
semiconductor DPP4T on a 2D COF (BDFamide-Tp) enhanced
its conductivity via interfacial doping, and subsequent encapsu-
lation of SP enabled a photoswitchable electroactive response. It
showed stable and reversible conduction photoswitching for at
least 30 cycles without photodegradation and the output current
in the on and off states of 1.2 x 107 A (V=10 V) and 1.2 x 1073
(V =10 V), respectively. This resulted in a conductivity ratio of
2 orders of magnitude between the on and off states of the de-
vice. We discuss the mechanism of such a response in the next
section.

In most reported cases of photoswitched COFs materials with
photoresponsive molecules integrated either into the COF back-
bone or as pendant groups, linkers that undergo relatively small
structural changes upon light irradiation, such as DAE-based
building blocks, have been applied.’>] For example, 1,2-bis(5-
formyl-2-methylthien-3-yl)cyclopentene was used as a covalently
integrated building block in COF (see Figure 3a) obtained by Yu
et al.'%] Tt demonstrated reversible photoisomerization between
the open and closed-ring forms upon exposure to UV and visi-
ble light, respectively. The material exhibited excellent cyclability
and a remarkable 200-fold increase in electron conductivity un-
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der UV irradiation, attributed to the extended z-conjugation in
the closed-ring isomer.

In 2022, Chen et al.l%l reported the reversible proton con-
duction of the photoresponsive COF named COF-HNU9, where
DASA was incorporated as pendant group (see Figure 3b) within
the channels of a g-ketoenamine-based COF (as a side group).
The closed form of DASA significantly improved the proton
conductivity by promoting hydrogen-bond networks with water
molecules inside the nanochannels. The authors reported no sig-
nificant degradation after 20 switching cycles, confirming the re-
versibility of the process (see Figure 3b bottom left). However,
they observed that the flexible DASA units might block the pore
opening at low temperatures. In the “on” state, an increase in the
proton conductivity was observed with rising temperature, under
98% RH (see Figure 3b bottom right).

The role of spatial freedom in COFs, allowing the effective
structural change of photoswitches, and the importance of de-
signing linker structures for efficient photoswitched response
was pointed out by the study of Das et al.['%! They demonstrated
the storage and release of rhodamine B dye by the hydrophobic
azobenzene-based COF, called TTA-AzoDFP, in response to UV
light exposure. Mechanical motions of azobenzene, incorporated
as the pendant groups pointing toward the pore channels permit-
ted reversible photoswitching process, maintaining performance
over multiple cycles.

2.3. Photoswitchable HOFs

HOFs are porous 2D and 3D materials built from organic
molecules that are held together mainly by hydrogen bonds. The
characteristic feature of HOFs differentiating them from MOFs
and COFs is the supramolecular nature of their self-assembly
based on a weaker bonding than coordination or covalent bonds,
permitting easier synthesis and higher reversibility, but less sta-
ble structures, especially under harsh conditions. In addition to
hydrogen bonds, the assembly of HOFs is strongly influenced by
other forces such as z-r stacking and C—H " interactions,[!”]
thus HOFs can be further tuned to achieve enhanced stability.
Liang et al.['%] prepared a hydrogen-bonded crosslinked organic
framework (H.OF) which was first assembled as a HOF and
then stabilized via covalent thiol-ene crosslinking (like known
in COFs) forming H.OF-101. Single-crystal X-ray diffraction re-
vealed large 1D pores (~1.4 nm) and flexible crosslinkages, giving
the material high stability and permanent porosity. A hydrazone
photoswitch was post-synthetically loaded into the pores, where
it exhibited reversible Z/E photoisomerization for at least five
cycles, which could not be realized in the neat hydrazone crys-
tal. The use of HOF in this case enabled multicycle fluorescence
switching, thus, the authors highlighted H.OF-101 as a promis-
ing material for solid-state optical information storage devices.
Gao et all'] reported two kinds of HOFs with post-
synthetically modified unbonded carboxylic groups, which are
often associated with unstable properties of HOFs, namely Tb-
HOFs and HOFs-olefin, modified with Tb** and 5-hexene-1-ol,
respectively. With a loaded SP into these HOFs, they aimed to cre-
ate a multi-stimulus-responsive fluorescent HOF with potential
applications in advance time-resolved information encryption.
Upon incorporating the fluorescent center Th**, they demon-
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strated that this hybrid material (Tb-HOFs@SP) exhibited dy-
namic emission changes as a result of the fluorescence resonance
energy transfer process between the donor (Tb-HOFs) and the
acceptor (the MC form). Specifically, the emission color shifted
from green to yellow and ultimately to orange with regulation of
the UV irradiation time and could subsequently be reverted to its
original state under white-light exposure. Thus, the dynamic flu-
orescence emission of Tb-HOFs@SP could be achieved. In ad-
dition, they demonstrated that the photochromic properties of
spiropyran, including fading speed and fatigue resistance, were
enhanced in the modified HOFs, specifically in HOF-olefin@SP.
This enhancement originates from changes in pore polarity re-
sulting from the modification of residual carboxyl groups. Since
the polarity of the environment affects SP photoconversion, lead-
ing to faster SP-to-MC photoisomerization and stabilization of
the MC state under more polar conditions, thereby hindering
photoswitching cyclability, the reduction in polarity within the
modified HOFs resulted in distinct differences in switching be-
havior. Specifically, the saturation times were 3 min for unmodi-
fied HOF@SP compared with 5 min for HOF-olefin@SP, while
the fading times for the MC-to-SP transition were 50 min for
HOF@SP and 30 min for HOF-olefin@SP. Moreover, fatigue-
resistance studies revealed that HOF-olefin@ SP showed the best
performance even after five cycles.

Recently, Liu et al.l''% developed a photoresponsive HOF
capable of solution-mediated reversible 2D-3D framework
transformation by remote light irradiation. The synthe-
sized 3D HOF (HOF-OF), comprising DAE and tetrakis(4-
amidiniumphenyl)methane as building blocks connected by
charge-assisted hydrogen bonds, showed photocontrolled re-
versible structural conversion to a new 2D HOF via solution
processability. The authors explained that upon UV irradia-
tion, DAE converted from the ring-open to ring-closed form,
generating internal strain that was released through hydrogen
bond breaking, resulting in reassembly, changing the initial 3D
structure to a 2D HOF (HOF-CF). They reported that the open
DAE form and regenerated 3D framework could be achieved
reversibly with visible light. Upon loading the lanthanide com-
plex into a HOF with emission overlapping the DAE absorption,
they demonstrated reversible luminescence on/off switching of
the material via a photochromic fluorescence resonance energy
transfer process. The authors proved the functionality of this
HOF as an invisible security ink and promising application
for intelligent high-security anti-counterfeiting, where the ir-
radiation with UV and visible light enables a higher level of
anti-counterfeiting.

Despite the multiple advantages of HOFs and the diverse func-
tionalities that can be programmed into these materials, the
number of photoswitchable HOFs remains limited, and such
frameworks have not yet been reported to exhibit light-switchable
conduction properties. This highlights the importance of further
exploring these materials with diverse types of framework func-
tionalizations and photoswitchable molecules.

2.4. Other Photoswitchable Framework Materials

Beyond the most often investigated framework materials com-
prising MOFs and COFs, other framework types are known
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to be adaptable for photoswitching. Their conductivity photo-
switching remains largely unexplored, partly due to challenges
related to the material’s stability in comparison with MOFs and
COFs. For example, Kundu et al.''!l reported photoresponsive
PAFs and photoresponsive porous aromatic networks (PANs)
with covalently linked SP inside the framework, allowing re-
versible photoisomerization in the solid state. After testing over
100 cycles, no significant photodegradation was observed un-
der inert conditions, but degradation occurred in ambient con-
ditions. The conversion efficiency depended on the SP load-
ing, and the nanoporous environment facilitated efficient iso-
merization. In addition, Castiglioni et al. studied the modulation
of porosity and gas uptake through bulk photoisomerization in
porous switchable frameworks (PSF) with a bistable chiroptical
overcrowded alkene as the photoswitchable molecule. The over-
crowded alkenel2113] was integrated into the framework back-
bone via its fluorenyl moiety (acting as the stator), while the naph-
thyl moiety (acting as the rotor) remained pendant in the pores,
providing enough space for rotation. The material exhibited effi-
cient and reversible photoisomerization in the solid state with
no significant photodegradation. Yuan et al.l%] synthesized an
azobenzene-functionalized POF that, through reversible trans -
cis photoisomerization, enabled light-controlled change of pore
size and CO, adsorption, which was reflected in a 10% decrease
of the CO, uptake after UV irradiation. Almost full recovery was
observed upon thermal regeneration with almost no decay after
three alternating external-stimuli cycles, demonstrating the re-
versibility of the transformation as well as the reproducibility of
the CO, storage-release process in this case. Sheng et al."*l re-
ported the synthesis of PSF by modular post-synthetic grafting
strategy, enabling the successful and flexible introduction of SP
pendant groups inside the porous network. They reported that
the photoisomerization was reversible and efficient in the bulk
solid state, which is a common challenge in other framework ma-
terials.

Recently, Jin et al.'®! reported crystalline 3D photochromic
MOFs formed by assembling Metal-Organic Polyhedrons
(MOPs), which represent assemblies of organic linkers and
metal nodes, serving as supramolecular building blocks to
build extended 3D MOFs. A photoswitchable DAE-based linker
(1,5-Bis(2-methyl-5-(4-pyridyl)-3-thienyl)cyclopentane),  coordi-
nated with Cu?* or Rh?* metal nodes, was incorporated into two
MOP-based MOFs, DUT-210(Cu) and DUT-210(Rh). More stable
photoswitching cycling was reported for DUT-210(Rh) than for
DUT-210(Cu), which degraded under high UV exposure. Steric
hindrance and framework rigidity were shown to influence iso-
merization kinetics with Rh-based MOF having higher rigidity
and faster switching. However, these materials are more likely
to find relevant applications in kinetic design for optically driven
motors, actuators, or biomedical release systems, rather than in
conduction photoswitching.

In summary, in this section different strategies for photo-
switchable framework materials were described, each with their
advantages and limitations. Efficient photoconversion regulated
particularly by the balance between sufficient conformational
freedom, minimizing steric hindrance within the framework and
material’s fabrication form, for example, thin films or powders,
were pointed out. Achieving high reaction reversibility, prevent-
ing photodegradation of photoswitches, and ensuring light pen-
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etration throughout the entire material permitted by thin film
technologies were demonstrated as a promising pathway for the
development of new light induced stimuli responsive materials.
In the next section, we explain the conduction photoswitching
functionality of reported framework materials and explain the
mechanisms of underlying electronic responses.

3. Conduction in Photoswitchable Framework
Materials: Types and Mechanisms

Although conductivity in framework materials has been studied
extensively over the years, and photoisomerization behavior in
such materials has been explored for the past decade,[*! the in-
tegration of photoswitchable molecules to enable on-command
conductivity changes represents a more recent topic.!'% To the
best of our knowledge, the first report of the light-induced con-
ductivity switching in framework materials was published by
Miiller et al.l’*) in 2018, addressing the proton conduction change
in a SURMOF modified with azobenzene as a side group within
the material. Shortly afterward, Garg et al. (same group) demon-
strated on/off light-induced electron conductivity switching in
the UiO-67 MOF with embedded SP as a guest through reversible
SP-to-MC isomerization and stronger electronic coupling be-
tween MC species compared to SP species.’3! Since then, the
topic has gained significant attention, and the number of studies
has been continuously increasing (see Figure 4), reporting vari-
ous conduction mechanisms and diverse strategies for improve-
ment of an on/off conduction switching.

Since mainly two conduction types in framework materials
have been investigated up to date, that is, proton and electron
conduction, in the following section, we discuss them sepa-
rately, explaining underlying mechanisms and microscopic pa-
rameters relevant for conduction photoswitching phenomena.
Generally, protons are not free charge carriers; instead, they
require hydrogen-bonded networks and proton donor/acceptor
groups to move through the framework. This can occur via either
the Grotthuss or the vehicle mechanism.['2!] In contrast, elec-
tronic charge transport occurs either via hopping mechanism,
where charge carriers (electrons or holes) move between localized
states, or band-like mechanism, where charge carriers propagate
through delocalized electronic states.[>®) Moreover, charge trans-
port mechanism at the borderline between the localized hopping
and delocalized charge transport, that is, dynamically disordered,
partially coherent transport regime, where carriers are transiently
localized by molecular fluctuations but retain some delocalized
character, is known.['?2123] Such mechanism was suggested for
MOF frameworks due to frustrated rotation of linkers causing
fluctuations of the electronic coupling and dynamic disorder.!'2]

3.1. Proton Conduction

Proton conduction refers to the movement of positively charged
hydrogen ions (e.g., H*, H;O%, or even NH,*) in solution or
through a material. For the framework materials, two main
mechanisms are typically reported to describe this type of con-
duction: (i) the Grotthuss mechanism, which occurs when a pro-
ton hops between molecules, and (ii) the vehicle mechanism,
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known for proton migration via a carrier molecule to which the
proton is bonded, permitting the proton to move together with
the carrier.['?] The main requirement for the Grotthuss mecha-
nism is a continuous hydrogen-bonded network that allows pro-
ton hopping.['2] This process often involves activation energy <
0.4 eV, while the vehicle mechanism is related with higher acti-
vation energy, typically > 0.4 eV.[127:128]

Various factors impact the mobility of charge carriers in both
proton conduction mechanisms in solution, however, in photo-
switchable framework materials, in hydrous conditions, where
water molecules are involved, temperature, humidity and load-
ing of guest molecules were found to have the most effect. Tem-
perature (e.g., < 85 °C) accelerates conduction, while relative hu-
midity (RH) (e.g., > 90% RH) promotes the formation of dy-
namic hydrogen-bonding networks within the framework, facili-
tating proton hopping through diverse channels. In MOFs in an-
hydrous conditions, where water is absent, the critical factors de-
termining proton conduction are charge carrier concentration,
structure, acidity and the presence of alternative nonvolatile con-
duction medium (e.g., triazole, imidazole).!121:12]

The remote control of proton conduction by light was
reported for the SURMOF film with a pillared-layered
Cu,(F,AzoBDC),(dabco) with o-fluoroazobenzene moieties
attached to the linker (see Figure 2a) in 2018.°*] Two guest
molecules, that is, 1,4-butanediol and 1,2,3-triazole, were loaded
in this MOF and proton conduction was steered by trans-to-cis
and cis-to-trans isomerization of azobenzene moieties and the
differences in the hydrogen bridges formed between the guest
molecules with the azo groups in the cis and trans states of
the photoswitch. With the green light of 530 nm, 86% of the

Adv. Funct. Mater. 2025, €12262 €12262 (9 of 26)

cis form was obtained, while with the violet light of 400 nm,
conversion back to the trans form in 87% was achieved. Since
the stronger bonding between the guest molecules with the cis
state occurred, the mobility of the guest molecules decreased, re-
sulting in a decreased proton conductivity. At room temperature,
SURMOF with the azobenzene linkers in the trans state showed
better conduction, that is, for butanediol the conductivity of
9.0 X 10°° S m™ and 6.1 x 10°® S m~! was obtained in the
case of the trans and cis state, respectively, while for triazole the
measured values were 1.2 X 107 Sm™! and 7.9 x 107> S m~%.
Thus, by switching the state of the photoswitch in the framework
scaffold, proton conduction triggered by guest molecules was
altered and could be repetitively changed using different light.
This study represents the role of hydrogen bonding dynamics
between the guest molecules that controls conduction.

The light control of proton conduction in framework materi-
als with spiropyran was reported too.°*! Here, using a copper-
based SURMOF, Cu, (SP-BPDC), (dabco), functionalized with SP
moieties via post-synthetic modification (PSM) was prepared (see
Figure 2b). The infrared spectroscopy measurements indicated
0.83 photoswitchable moiety anchored in each MOF pore, that
is, almost 1 per pore. The material exhibited a proton conduc-
tivity of 2.5 X 107 S m™! in the SP form at room temperature
and 93% RH. It showed a significant decrease upon UV-induced
switching to MC with an on/off ratio of 82. A high switching yield
(~80%) of MC was achieved under 365 nm UV-light irradiation.
The possibility of changing the proton conduction in this mate-
rial was demonstrated using different guest molecules (i.e., wa-
ter, methanol, and ethanol). The highest on/off ratio of 82 was
observed for water. The switching process was fully reversible,
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Figure 5. Light-induced modulation of proton conduction in SP-functionalized framework materials. The top panel schematically represents the nitro-
substituted SP photoswitch (a) that was incorporated within the MOF scaffold upon PSM as reported in ref. [94] where the UV light was used for the
SP-to-MC (b) conversion modulating proton conduction in Cu, (SP-BPDC), (dabco) SURMOF (see Figure 2b). The role of hydrogen-bonded networks
is highlighted. In the bottom panel, the photoswitching between thermodynamically stable MC form of SSP (c) loaded as guests in ZIF-8[7] and its
conversion to SP (d) under visible light exposure is depicted. In both cases, additional protic species were embedded in the pores of the framework.
Dipole moment was calculated using the gas-phase optimized molecules using CAM-B3LYP functional with the def2-TZVP basis set.

and no significant photobleaching was detected after multiple
switching cycles. The study suggested that proton conduction
between the guest molecules in the MC form of the MOF linker is
impacted by strong hydrogen bonding between guest molecules
and MC (schematically depicted in Figure 5b). Infrared spec-
troscopy results provided direct spectroscopic evidence that wa-
ter guest molecules are strongly adsorbed, which is connected
to a decrease in conductivity. Since the polarity of the molecule
in the SP form differs from the one in the MC form, what is
modulated by the change of the electronic structure and differ-
ent dipole moments attained, for example, from 5.6 Debye for
the nitro-substituted SP to 11.1 Debye for its MC form (marked in
Figure 5), much stronger short-range binding of the guests to the
framework with MC was present. The authors pointed out that
the strength of such interactions is one for the reasons of the 13-
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times-higher switching effect in proton conductivity of ethanol
in SP-MOFs (by a factor of 20) than in butanediol in AB-MOFs,
switched only by a factor of 1.5.

In 2020, Liang et al. investigated the proton conductivity of
a light-responsive ZIF-8 with sulfonated spiropyran (SSP@ZIF-
8)7] as a guest molecule. SSP is characterized by the MC form
stabilized in the dark in polar environments, making MC the
favored state, necessitating visible light for triggering ring clo-
sure back to the SP form (Figure 5c,d). It is known as neg-
ative photochromism.**1311 The SSP in ZIF-8 was incorpo-
rated at different weight ratios (1%, 5%, 10%, and 20%) us-
ing a solid confinement conversion process at room temper-
ature, starting from a composite thin film of zinc hydroxide
nanostrands (ZHNs) and SSP. The authors reported that due to
electrostatic interactions, the negatively charged SSP adhered to
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85U8017 SUOWWOD SAIERID 3(dedl|dde auyy Aq peuienob ae sl O ‘8sn J0 SaInJ 10} ARIq1T 8UIUO A8]1M UO (SUONIPUCD-PUB-SW.B) W00 A3 1M AR1q 1 Ut |UO//Sdy) SUoNIpUoD pue swie | 8y18es *[5Z0z/TT/yT] uo Akeiqiauljuo A(1Mm ‘9160jouyde | Ind Imisu| jeynss|e A Z9zzZTS20g WiPe/z00T 0T/10p/uod A 1M Aiq 1 puljuo psoueApe//Sdny Woiy pepeojumoq ‘0 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

a) c)
-“ 1541
N © 1
ooc 0 O ooo g 165,

e)ﬂs-a
164y

1E-5]

o (Sem”)

1 E-Ol

.
B u

On mode (MC form)

o4

10 15 20 50 60 70 80 9 100

T T v r

Relative humidity (%)

" ik \ ;| .
[+

f) 0.11

® SSP@ZIF31%
A SSP@ZIF8.5% 0.01
<o & SSP@ZIF-3-10% ] dark
E ¢ v SPP@ZIF-8.20% P 1E4]
o --.L..> o :.z -51541
(4] \ 7/ (22 1 Bt eV] o 15.5]
( ) r ’é Ea=085 oV ;1E~61 o——o——'°‘—"—_.—_.
£ -6 "‘"\\_::;:::3 1673 s
"' bl 1E !
28 29 30 31 32 33 34 35 20 30 40 S50 60 70 80
Off mode (SP form) 1000/T (K") Temperature (°C)
g)om] o
154]
5154]
L2
-} ‘IE-5~!
1E-6«! Off
6 \J -~ L v
Time (s)

Figure 6. Photoswitching of proton transport in SSP@ZIF. a) and b) The schematic illustration of the possible transport mechanism in the presence of
MC and SP forms of SSP. ¢) Measured proton conductivity of SSP@ZIF with different SP loading at 25 °C and 95% RH in the dark. d) Comparison of
Arrhenius plots with different SSP content under 95% RH. ) Proton conductivity of SSP@ZIF-8-10% under different humidity and at 25 °C in the dark.
f) Comparison of the proton conductivity of SSP@ZIF-8-10% under visible light (black line, SP form) and in the dark (blue line, MC form) with 95% RH.
g) Reversibility cycles of proton conductivity of SSP@ZIF-8-10% membrane by turning on/off light illumination, measured at 55 °C and 95% RH. Figure

adapted from ref. [7] Copyright 2020. Published by John Wiley and Sons.

the positively charged ZHNs, and during the transformation of
ZHNs into ZIF-8, SSP became confined within the MOF cavities
(see Figure 6a,b). Among the tested compositions, 10%
SSP@ZIF-8 exhibited the highest proton conductivity and the
photoswitching response at 75 °C and 95% RH with the conduc-
tivity under visible light (SP-form) of 1.8 x 10~ S m™" versus
5.0 S m~! obtained for the MC form (Figure 6¢—f). The response
time was measured to be 5 s and an on/off ratio of 2.8 x 10*
was reported. Moreover, this material demonstrated reversible
switching with no significant photodegradation even after 100
cycles. Liang et al. reported that SSP@ZIF-8 follows a mixed
proton conduction mechanism, where activation energies range
from 0.64 eV to 1.09 eV, depending on SSP loading. These values
typically indicate a vehicle mechanism (> 0.4 eV), however, the
authors proposed that Grotthuss (hopping) conduction also con-
tributed, facilitated by hydrogen-bond networks formed by the
MC form of SSP functional groups (phenol and sulfonate) and

Adv. Funct. Mater. 2025, €12262 e12262 (11 of 26)

water molecules inside the MOF cavities (see Figure 5c¢). In gen-
eral, the encapsulation of SSP reduced the effective pore space,
making water diffusion more restricted, which was reflected in
increased activation energy results with loading (Figure 6d). De-
spite this, SSP@ZIF-8 still presented high proton conductivity
results thanks to the strong hydrogen-bonding interactions (be-
tween the MC form of SSP and water molecules). Interestingly,
although the pristine ZIF-8 exhibited a low activation energy of
0.43 eV, explained by the authors as Grotthuss mechanism, its
conductivity was two orders of magnitude lower than the SP-
loaded (SSP@ZIF-8-10%). This suggests that even if proton hop-
ping was in principle possible, the additional hydrogen-bonded
networks between photoswitches and water in ZIF-8 permitted
efficient conduction of SSP@ZIF-8.

Proton conduction in a copper-based MOF, Cu-TCPP (copper
tetrakis(4-carboxyphenyl)porphyrin), modified with polystyrene
sulfonate (PSS) and SSP to form PSS-SSP@ Cu-TCPP composite
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membranes was reported by Xue et al. in 2023.] The composite
was synthesized via an in situ solid confinement method, using
copper hydrogen nanostrands as the metal source. The measured
proton conductivity in the dark, where MC-form was present,
reached 1.37 X 107 S m~! at 55 °C and 95% RH, showing on-off
ratio beyond 10 between the change to the SP form by applying
520 nm light. The authors explained that the reason for this obser-
vation was that the hydrophilic MC form (i.e., with significantly
larger dipole moment, so higher polarity, as depicted for the nitro-
substituted MC in Figure 5b) provided phenol groups that par-
ticipate in the construction of a hydrogen bonding network, en-
hancing proton conduction and leading to an overall increase
in the conductivity of the PSS-SSP@Cu-TCPP composite mem-
brane, as explained for SSP@ZIF-8 above. However, upon irra-
diation at 520 nm, the SSP underwent photoinduced structural
changes, transforming from the MC form to the less polar SP
form, which, in addition, blocked the phenol groups from partic-
ipating in hydrogen bonding, thereby decreasing proton conduc-
tivity. The study indicated that both Grotthuss and vehicle mech-
anisms contribute to proton conduction. The activation energy of
0.62 eV in the dark suggested that the vehicle mechanism dom-
inated, as water molecules facilitate proton transport. However,
as temperature increased, some water molecules escaped, caus-
ing a reduction in activation energy, suggesting a transition to a
more Grotthuss-like mechanism, where proton hopping along a
hydrogen-bonded network becomes more dominant.

More recently, a new study demonstrated the use of a different
approach of anchoring photoswitchable units in frameworks. Liu
et al.l'®] grafted azobenzene-4,4'-dicarboxylic acid (AZOA) onto
the Zrg(u3-0),(u3-OH), nodes of MOF-808 through the partial
substitution of the terminal formate groups, creating a function-
alized MOF-808-AZOA. They have shown that in the trans form
of AZOA, there was no interaction between the terminal carboxyl
groups of the photoswitch and the oxygen atoms of the Zr-based
secondary building unit, permitting H-bonded networks between
guest water molecules and AZOA increasing proton conductivity.
Under UV light (365 nm), when the cis-AZOA was formed, it ex-
hibited a much closer contact with the metal node, indicating the
charge-assisted H-bonding interactions with the node instead of
with the water molecules. In addition, the hydrogen atom in the
terminal COOH group of AZOA should be more difficult to dis-
sociate in this case, thus proton conduction in the cis state was
decreased. Although conductivity values were not explicitly re-
ported, the observed change in resistance indicated a reversible,
light-controlled switching in proton conductivity. The trans-to-cis
isomerization of AZOA resulted in the impedance increase from
~15 kQ (dark, trans) to 3 MQ (UV, cis), representing a 200-fold
change after 100 s.

A stimuli-responsive proton conductive COF (COF-HNU9)
(Figure 3c) incorporating DASA within p-ketoenamine-based
COF channels was reported by Chen et al.[®! the parent COF was
synthesized via condensation of 1,3,5-triformylphloroglucinol
and 4-aminosalicylhydrazide using a solvothermal approach, and
DASA was anchored into the COF channels as a PSM. The
DASA moieties underwent reversible open (COF-HNU9-O) to
closed (COF-HNU9-C) photoisomerization upon visible light
irradiation, and the structure reverted thermally upon heating.
At 98% RH and 25 °C, the proton conductivity of COF-HNU9 in-
creased by three orders of magnitude compared to the pristine
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COF upon visible light irradiation. At 98% RH and 80 °C, the
conductivity reached 2.0 S m~'. The switching process was re-
versible, and after 20 switching cycles no significant photodegra-
dation or conductivity loss was observed. From the switching ki-
netics measurements, the photoisomerization from COF-HNU9-
O to COF-HNU9-C was estimated to occur in approximately 120
min under visible light, while the thermal reversion back to COF-
HNUD9-0 required 180 min at elevated temperatures. The activa-
tion energy of the pristine COF was 0.44 eV, indicating a mixed
conduction mechanism in which both the Grotthuss and vehicle
mechanisms could contribute. In the light-exposed COF-HNU9-
C state, the activation energy decreased to 0.25 eV, consistent with
a dominant Grotthuss-type conduction mechanism facilitated by
strong hydrogen-bond networks. The hydrophilic properties of
COF-HNU9-C were suggested to enhance proton transfer path-
ways, leading to higher proton conductivity upon light irradia-
tion.

3.2. lon Conduction

Beyond conduction photoswitching based on proton transport,
ion conduction modulation (i.e., non-proton) controlled by light
has been reported. For that, Liang et al. synthesized MOF-
membranes ZIF-8 with incorporated SSP as a guest molecule
(SSP@ZIF-8) at different weight ratios (1%, 5%, 10% and
20%).11181 The SSP@ZIF-8 membranes were constructed via a
solid confinement conversion process from a composite thin
film of ZHNs and SSP at room temperature. This material
showed selective adsorption of Li* over other tested ions (Na*,
K* and Mg?*) and demonstrated reversibility in ion conductivity
upon light irradiation, with no apparent photodegradation (see
Figure 7a). The best result was observed for SSP@ZIF-8-10%
membranes with a Li* conductivity of 1.6 X 1072 S m™! (in the
MC-form) and 7.1 X 10~* S m™ (in the SP-form) at 25 °C. Thus,
the on/off ratio of 23 upon visible light irradiation was reported.
The conduction mechanism was explained to be dominated by a
hopping process, in which Li* ions hop between available bind-
ing sites within the channels. The activation energy for Li* trans-
port was found to be lower in the MC state (0.51 eV) than in
the SP state (0.56 eV), as shown in Figure 7b. This suggests
that in the MC form (dark state), the oxygen atoms in the sul-
fonate and phenol groups of SSP serve as Li* binding sites, fa-
cilitating the hopping of Li* ions from site to site. In contrast,
upon visible light irradiation, the phenol group is absent in the
SP form, reducing the number of available binding sites and in-
creasing the energy barrier for ion transport, thereby decreasing
conductivity.

In this study, the authors reported significant differences in the
on/off conductivity ratios of other cations (Figure 7c). In compar-
ison to Lit with the highest photoswitched differences in con-
ductivity, Na*, K*, and Mg?* were found to have lower values
of 3.8, 1.7 and 1.3 in the SSP@ZIF-8-10% membranes, respec-
tively. It indicates that the MC-SP isomerization impacts the con-
ductivity of Li* more significantly, probably due to the different
size of the Li* cation and larger differences in Li* binding en-
ergies to MC and SP forms. Thus, this study demonstrated not
only photoswitching-modulated changes in conduction but also
high ion selectivity, offering an interesting approach for design-
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Figure 7. Light controlled ion conduction in ZIF-8. a) Lithium-ion conductivity in SSP@ZIF-8-10% upon different light exposure. b) Arrhenius plots of
SSP@ZIF-8-10% for Li* transport in the presence of MC form (in dark) and SP form (with light) of SSP. c) The comparison of on/off switching ion
conductivity of SSP@ZIF-8-10% membranes for different metal ions before and after visible light irradiation. Figure adapted from ref. [118] Copyright

2020. Published by Royal Society of Chemistry.

ing functional materials for the efficient extraction of lithium
ions and the remote control of lithium-ion conduction, which
could significantly advance the development of lithium-ion bat-
tery technologies.

3.3. Electron Conduction

Different pathways for electron transport in framework materials
have been identified. In their extensive review on electrically con-
ductive MOFs, Xie et al. grouped them according to the design
strategy to: guest promoted, hopping, through-space, through-
bond and extended conjugation.*®! In a simplified classifica-
tion, these pathways can be divided into two main categories:
(i) through-bond and (ii) through-space.*’] In the through-bond
pathway, the electron transport involves coordination bonding
between the MOF components, allowing charge carriers to move
through continuous chains of bonds within the framework. The
through-space pathways are triggered when the spatial separa-
tion between charge carriers exists and electronic properties are
controlled by effects such as orbital overlap, z-r stacking, nonco-
valent interactions or environmental effects modulating changes
in the electronic levels. Thus, often the electron conduction path-
ways can be explained using principles from solid-state physics,
where the mechanisms for electron transport depend on how
electronic structure (band structure), degree of order, and inter-
action with the lattice or defects control charge motion. Here, two
main charge transport mechanisms are known for framework
materials, that is, band-like conduction and hopping conduction.

In band transport, electrons are free to move in continuous
energy bands with delocalized charge carriers, allowing for bar-
rierless movement across the material (see Figure 8a), leading to
high electron conductivity. However, this transport mechanism
is rare in framework materials and mainly occurs for specific
topologies and chemical compositions of frameworks,[132-134] for
example, with coupling between the metal nodes and organic
linkers.35] Typically, frameworks (e.g., MOFs) are porous ma-
terials with modular architectures of metal nodes and organic
linkers, impacting the band structure by inducing higher charge
localization.['?] Tt is supported by spatial separation of linkers in
the scaffold of the framework or as embedded guest molecules,
which promote localization of electronic states rather than a de-
localization within a conduction band (see the differences in
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potential energy surfaces (PES) in Figure 8). Band-like trans-
port should be even less expected for photoswitchable frame-
work materials with photoswitches incorporated into the frame-
work scaffold since the switching response is related to rather
strong structural changes by chromophores, inducing higher
disorder and lattice vibrations, increasing charge localization.
Thus, the hopping mechanism with electron (or hole) hops be-
tween localized states is a dominant pathway for charge car-
rier transport in this case (as depicted in Figure 8b). It re-
quires overcoming the activation energy, permitting the move
from one localized site to another. It depends on the energy
gap difference between localized states and the reorganization
energy, 4, needed to reorganize the molecular or lattice environ-
ment (e.g., vibrational modes) for transfer. The process can be
illustrated as parabolic PES representing the initial (i) and final
(f) states with reorganization energy corresponding to the verti-
cal transition energy between the two PES and the crossing point
related to the probability for electron transfer. Here, the strength
of the spatial interaction, for example, electronic coupling (J) be-
tween the hopping sites, approximately reflected by spatial over-
lap of molecular orbitals, is particularly relevant for the electron
hopping rate. A stronger coupling indicates that the transition is
more likely to occur when it reaches the intersection. In the weak
coupling regime, when electron transfer is slower than nuclear
motions, the electron “hops” between localized sites (i.e., donor
and acceptor) after nuclear reorganization, and the CT rate de-
pends quadratically on the coupling. This concept is known to be
used in the Marcus theory of charge transfer, which is most often
applied for hopping in frameworks.[”?l However, several theories
are generally used to describe hopping transport.!'3¢137] Since dif-
ferent initial and final states may be involved in CT via hopping,
in this manuscript, we focus mostly on photoswitching electron
conduction induced by photoactive molecules (i.e., not the metal
nodes presentin MOFs), therefore, diverse through-space scenar-
ios are discussed below.

As mentioned in the previous section, the first proof of concept
for photoswitching of electron conduction in framework materi-
als was realized by us in 2018 for UiO-67 with nitro-substituted
SP (see Figure 9a) as a guest molecule.>’] A stable structure with
a high switching yield under 70% conversion to MC upon UV
irradiation was confirmed. Conductivity measurements showed
values of 4.1 X 10 S m™! for the SP loaded MOF and 4.1 x 10~%
S m™! after the conversion to the MC form. The reversibility of
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Figure 8. The schematic visualization of a a) band-like and b) charge hopping-based electron transfer mechanisms. Left panel: Barrierless movement
of delocalized charge carriers occurs in adiabatic, strong electronic coupling regime (solid curves), where charge carriers are delocalized over many
sites and move coherently through extended electronic states (visualized with blue arrows). Such transport was reported for Cu; (HHTP), monolayers
exhibiting a unit cell with D¢, symmetry and in specific experimental conditions.[**] Right panel: Electron hopping between the diabatic potential energy
surfaces (dashed lines) of the initial and final localized sites is illustrated on the right. The microscopic parameters that define the CT rate in the weak
coupling regime are shown for clarity, with further explanation provided in the text. The energy difference between the hopping sites is neglected in this
scheme. Green arrows schematically indicate electron hops within the MOF material.

the reaction was demonstrated by several switching cycles, with
a minor 5% loss in effect due to photodegradation. The conduc-
tivity modulation with light was proved to result from SP-to-MC
conversion because of significant differences in the electronic
structure of guest molecules, their molecular length and elec-
tronic coupling between neighboring sites providing hopping
states permitting charge carrier transport within the material.

Adv. Funct. Mater. 2025, e12262 e12262 (14 of 26)

Here, MC was shown to have more pronounced electron delocal-
ization in frontier orbitals, for example, highest occupied molec-
ular orbital (HOMO), as depicted in Figure 9a. Together with
the structure elongation upon bond breaking, it allowed smaller
distances between the hopping sites and better electronic cou-
pling, increasing the CT rate. In Figure 9a (on the right), the val-
ues of the electronic coupling between neighboring SP and MC
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Figure 9. a) Representation of photoswitching of electron conduction in UiO-67 with embedded SP in the pores. (Top right) The increase in current
upon SP-MC photoisomerization in SP-loaded UiO-67. (Bottom right) Electronic coupling between SP species (SP-SP) and MC species (MC-MC) in MOF
pores as a function of their center of mass distance. b) Computational model of SP-based MOFs with SP incorporated into a paddle-wheel SURMOF
scaffold with interlayer distances ~9.2 A regulated by the dabco pillar linkers. Upon photoisomerization, structural rearrangements of linkers in room
temperature trigger the decrease of intermolecular distances between neighboring linkers from 8.6 A (in SP form) to ~3.5 A (in MC form), permitting
7—7 interactions and better electronic coupling, enhancing hopping transport. c) Time evolution of the electronic coupling between HOMO and LUMO
orbitals of SP-linkers (red) and MC-linkers (blue) in Cu2(SP)2(dabco) and Cu2(MC)2(dabco) MOFs. Figure a) (right) adapted with permission from ref.
[53] Copyright, 2018. Published by John Wiley and Sons. Figures b) and c) with permission from ref. [72] Copyright 2023. Published by Springer Nature.

molecules calculated using density functional theory (DFT) are
provided. They indicate lower couplings between SP molecules
than MC molecules (16 times), which change significantly with
the increase of the hopping distance. Specifically, on distances
~14 A, the on/off ratio between more conductive (MC) and less
conductive (SP) photoswitches reaches even four orders of mag-
nitude. This observation suggested that optimizing the distances
between photoswitches and their orientations in a material can
give huge on/off ratios, and thus, significant changes in the elec-
tron conduction controlled by light.

Since one of the best ways to control chromophores in frame-
works is to incorporate them in the scaffold and manipulate them
with linker lengths or framework topologies, in silico models for
SP-based MOFs were developed by Mostaghimi et al.l’?! (see an
example in Figure 9b). Several types of SP- and MC-based layer
linkers were used for MOF models to understand the impact
of different functional groups on electronic coupling between
the molecules. Dabco and bipyridine were implemented as pillar
linkers to mimic different interlayer distances in the SURMOF
(i.e., 9.2 A and 13.7 A), which impact molecular separation be-
tween the photoswitches, thus the spatial overlap of their molecu-
lar orbitals deciding about the strength of the electronic coupling.
Sampling of structural motions of modeled MOF structures by
performing molecular dynamics simulations at room tempera-
ture revealed that layer linkers in SP-based MOFs possess com-
pletely different structural motions and flexibility of linkers. It
significantly impacted attained interaction sites and the possibil-
ity of a CT. SP-to-MC photoisomerization (assumed in the model
to be 100%) permitted the formation of structurally more flex-
ible MC molecules, which allowed the intermolecular distance
decrease between MOF linkers from 8.6 A (in SP-based MOFs) to
3.5 A (in MC-based MOFs), see Figure 9b. It should be noted that
the interlayer distance in this case was still the same, because the
same dabco pillar was explicitly modeled. Such a huge change in
the distances between photoswitches leads to different strengths
of the electronic coupling (see Figure 9c), which was strongly
enhanced in the case of the MC-based MOF due to the pres-
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ence of 7—z interactions, as well as superexchange-like (through-
space) electronic coupling. This was additionally allowed by the
r-electron delocalization of MC. The authors pointed out that dy-
namic disorder in such systems plays an important role, directly
impacting the electron hopping rates and electron conduction
of materials. The electronic coupling values in MC-based MOFs
were shown to be 23 times higher than in the SP case, demon-
strating an on/off photoswitching ratio of ~500 for hole charge
carrier transport.

DAE photoswitches incorporated in frameworks were reported
permit the modulation of electron conduction by Yu et al.l'%) and
Dolgopolova et al.l'¥”] As depicted in Figure 3b, Yu et al. studied
COFs with a DAE-based photoswitchable linker (1,2-bis(5-formyl-
2-methylthien-3-yl)cyclopentene) covalently integrated into the
framework, while Dolgopolova et al. implemented DAE and SP in
MOFs as main backbone linker and attached to the MOF linker,
respectively. The on-off ratio triggered by reversible photoisomer-
ization was 200 in COFs with conductivity values of 1 x 107 S
m~! (open ring under visible light) and 2 x 1073 S m~! (closed
ring under UV light). The authors reported that photoinduced
switching enhanced conductivity due to z-conjugation extension
through photocyclization reaction. They confirmed that the ring-
closing/opening reactions did not compromise the integrity of
the frameworks since the formation of covalent bonds between
methylthiophene units is known to occur in one plane. Using
DFT calculations, they denoted the decrease of the band gap from
1.606 eV for COF-O to 0.543 eV for COF-C, as well as differences
in the density of states of both materials. They have not explic-
itly discussed the charge transport mechanism in both materials
but suggested that due to the 2D layered structure of the COF,
it likely occurs in-plane along the framework, with potential con-
tributions from interlayer z-z interactions facilitating through-
space hopping. Since the interlayer distance decreased from 6.6 A
(in COF-O) to 6.3 A (in COF-C), the role of stacking interactions
changes. However, the photoinduced conversion triggers bond
formation within COF layers, that is, modulation of through-
bond pathways may be more significant.
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A similar observation for the conductivity enhancement
attributed to changes in z-conjugation length after photo-
cyclization was reported in MOFs by Dolgopolova et al.l}”]
The average conductivity values for the non-irradiated sam-
ples of the DAE-based MOFs: Zn,(BPDC),(BPMTC) and
Zn,(SDC),(BPMTC) with Zn-based paddle-wheel units con-
nected by BPDC* (H,BPDC = biphenyl-4,4’-dicarboxylic acid)
or SDC* (H,SDC = stilbene-4,4"-dicarboxylic) with the pho-
tochromic DAE-based axially coordinated to the nodes, were
found to be 6.4 x 107> and 9.5 X 107 S m~'. However, after
UV exposure approximately three times conductivity enhance-
ment was detected, resulting in conductivity of 1.7 x 10™* and
2.9 x 107 S m~!, respectively, measured using two-contact
probe pressed-pellet setup on bulk MOFs. In addition, using
a different secondary building unit (Zr-based) and slightly
modified H,BCMTC linker another MOF could be obtained
with a higher conductivity of 1.4 X 10> S m™' before UV and
2.3 x 1072 S m! after UV, resulting in an on/off ratio of 1.64.
The authors also integrated SP units into MOF frameworks
by attaching them to the linker to investigate photoswitched
conductivity enhancement. Specifically, they synthesized the
Zn,(DBTD)(TNDS) MOF was synthesized (H,DBTD = 3',6'-
dibromo-4',5’-bis(4-carboxyphenyl)-1[1,1:2,1"-tetraphenyl]-
4,4"-dicarboxylic acid, TNDS = 1’,3’,3'-trimethyl-6-nitro-4',7’'-
di(pyridin-4-yl)spiro[chromene-2,2’-indoline]). They demon-
strated that the SP-MC conversion upon irradiation was possible
without framework degradation even after several consecutive
irradiation cycles. However, the conduction measurements
for SP-based MOFs were limited due to fast cycloreversion
kinetics, preventing precise conductivity measurements. Thus,
they reported a relative increase in conductivity upon UV
irradiation of 1.2 times. Finally, it was stated that in a SP-
based MOF, UV-induced photoisomerization of SP to MC
allowed the formation of a charge-separated merocyanine
form, increasing frontier orbitals delocalization and decreas-
ing spatial separation. As discussed for similar molecules
above, this facilitates charge hopping, promoting conductivity
enhancement.

Recently, Liu et al. presented a series of conductive
MOFs thin films where the electron conductivity was re-
versibly remote controlled by light.!?l For that, SURMOF
films based on Cuy(HHTP), MOF (Cu4(2,3,6,7,10,11-
hexahydroxytriphenylene),), which is known to be intrinsically
conductive, were prepared. The conductivity of the pristine
Cu,(HHTP), was reported to be 4.13 S m™' and exact con-
duction mechanism in this MOF remains under debate in
the literature with the tendency to the band-like mechanism.
However, a more recent study has reported metallic behavior.!'*!
The films were loaded with AB, DAE, SP, and hexaarylbiim-
idazole (HABI)*%1391 as guest molecules in the pores (see
Figure 10a). Upon guest loading, a slight reduction in con-
ductivity was observed, with the photoswitch@Cu,(HHTP),
conductivities (measured by 2-probe DC) ranging ~3.90 S m .
HABI@Cu,;(HHTP), exhibited the highest conductivity of 3.75
S m ~!. Based on DFT calculations, the decrease in the density
of states near the Fermi level was detected. Since this change
is differently modulated after the photoconversion of photo-
switches, different on/off ratios were observed with the most
significant reversibly modulated electron conduction by up to
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15% for HABI (Figure 10b). Cycling experiments demonstrated
reversible conductivity switching over at least three cycles, with
no evidence of photodegradation under the reported conditions.
Moreover, the spectroscopic analysis of the UV-vis absorption
spectra confirmed that light-induced isomerization of the pho-
toswitches in the Cuy(HHTP), MOF pores were similar to the
isomerization in solution with photoconversion in MOF pores
similar to other studies reported, that is, approximately 65%
for AB, 60% for DAE, 70% for SP and 84% for HABI. Finally,
the authors used the HABI@Cu,(HHTP), SURMOF film for
exploring its sensor performance for exposure of volatile organic
compounds such as ethanol, 1-propanol, toluene, and water.
By measuring the change in current at a constant DC voltage
of +1 V, enhancements in selectivity were reported: 63% for
1-propanol, 43% for toluene, 35% for ethanol, and 16% for water
in the UV-induced radical state of HABI compared to its dimer
state. Moreover, by photoswitching the sensor to different states,
the sensitivity and selectivity of such a sensor array became more
diverse and, thus, the accuracy of identifying different analytes
enhanced. Previously, some of the authors termed it as photo-
programmable sensors.['*0] Here, the accuracy of identifying the
above-mentioned analytes at various concentration enhanced
from 84% to 99%.12]

A similar light-induced electron conductivity principle
was realized in 2D COF BDFamide-Tp with SP-based guest
molecules.l'™ However, the pristine COF was found to be
insulating, showing low current below 0.1 nA, which was
explained to originate from the p-ketoenamine type linkage,
breaking the conjugation between the benzodifuran units,
hindering the band-like CT in the conjugation in the 2D layer.
When the organic semiconductor DPP4T was deposited on
top of BDFamide-Tp (see Figure 10c), the conductivity of the
material increased by three orders of magnitude. The effect
was attributed to an interfacial doping, because the p-type
semiconductor DPP4T can transfer electrons to the electron-
deficient BDFamide-Tp, permitting the generation of the hole
charge carriers. The photoswitching of conduction of this device
could be realized only after the encapsulation of SP into the
pores of the COF, which differently modulated the measured
electronic responses upon the light-driven MC formation. The
domination of MC triggered the decrease of conductivity, while
the opposite effect was measured for SP (see Figure 10d). Thus,
the device became photoswitchable with the current on/off ratio
after UV versus vis illumination of 100. However, the exact
reasoning for conductivity photoswitching changes was not
provided.

Finally, in the recent manuscript by Li et al.}?l a novel ap-
proach, based on photoswitching and manipulation with conduc-
tive states, capable of processing information on the molecular
level was reported. Using a SURMOF Cu, (F,AzoBDC), (dabco)
(Figure 2) with ortho-fluorinated azobenzene molecules
as layer linkers organized in a periodic array, a domino-
toppling-like directional transport of an electron was realized
(see Figure 11).

Here, instead of being modulated only by light, the charge
transport in the material was also manipulated by applying
an electric field. Upon the photoexcitation of AB from its
trans to cis state by irradiation with green light of 530 nm
(see step 1 in Figure 11), the thermal back isomerization
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Figure 10. Photoswitching of conduction in 2D frameworks: a) Cuz (HHTP), SURMOF film on interdigitated gold electrodes with embedded pho-
tochromic HABI molecules, and the illustration of other photoswitches used in the study, that is, SP, DAE, and AB. The summary of corresponding
photoisomerization processes is given for clarity. b) Conductivity changes over three consecutive switching cycles in Cuz (HHTP), SURMOFs loaded
with AB, DAE, SP, and HABI with the respective change of conductivity phoswitching and current response under repeated light switching at +1 V.
Violet sections represent UV light irradiation and the green sections represent visible light irradiation or thermal relaxation. c) Schematic representation
of the thin-film device with DFamide-Tp COF encapsulated with SP underneath DPP4T polymer with DFamide-Tp/DPP4T as an active layer. d) (Upper
panel) Dynamic current response during the switch-on process under visible light (pink zone, SP form) in comparison to the switch-off process under
UV light (purple zone, MC form). (Bottom left) I-V curves of a photoswitchable device after 8 min of UV illumination (yellow, off-state) or 6 min of
vis illumination (blue, on-state). The inset shows the device configuration. (Bottom right) Switching cycles of the electron conduction photoresponse
enabled by DFamide-Tp COF encapsulated with SP. Figures a) and b) adapted with permission from ref. [12] Copyright, 2025. Published by John Wiley

and Sons. Figures c) and d) adapted with permission from ref. [104] Copyright, 2022. Published by American Chemical Society.

was accelerated by applying an electric field (see step 2 in
Figure 11). The injected electrons change the neutral cis form
to a cis*” radical anion, but due to the low energy barrier,
the cis*~ state quickly changes back to trans*~, allowing the
electron to hop to the next neutral cis. The process is re-
peated, creating a domino-like chain reaction of isomerization
and electron hopping. When the light initiating the first step
is switched off, the current applied between the ITO bottom
electrode with the grown SURMOF and the gold top elec-
trode decreases back to the base current within a time con-
stant of ~10 min. Since this switching process can be re-
peated and interpreted as writing and storing information
upon green light irradiation (with metastable cis formation)
and reading or erasing information upon electron injection,
such materials can be used for photoswitchable optoelectronic
information storage and self-erasing readout. By further tai-
loring the framework composition and the electronic struc-
ture of its components, new advanced functional materials and
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their quantum-level electronic control could be realized in the
future.

3.4. Framework Guided Conductivity

In this section, we aimed to summarize the conduction pho-
toswitching properties of reported framework materials. As we
demonstrated, photoswitchable proton conduction in framework
materials has proven to be effective in membranes,’! and thin
films,® especially under high humidity conditions (>90% RH)
and elevated temperatures (>300 K), demonstrating minimal
photodegradation over multiple cycles (see Table 1). It is particu-
larly relevant for applications where efficient and clean electric
energy production by proton-exchange membrane fuel cells is
needed or in chemical sensors.[*1*!] Among protic species, wa-
ter consistently leads to higher on/off switching ratios compared
to anhydrous environments due to its high propensity for the
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Figure 11. Mechanism of a light-pumped domino-toppling-like directional transport of an electron in Cu,(F,AzoBDC),(dabco) SURMOF material.
a) Domino analogy: electron transfer (red sphere) triggers sequential toppling of upright dominoes (meta-stable cis isomers) into lying ones (trans
isomers). b) Schematic representation of cis to trans isomerization in the SURMOF structure. c) Current response under repeated green-light irradiation
(530 nm, 30 min) with ITO and Au electrodes at 1V bias. d) Mechanism of electron propagation via light-induced initial trans to cis isomerization
("pumping"), followed by directional cis to trans switching coupled with electron transfer to the neighboring cis isomer to carry on the chain reaction
resetting the system to the all-trans state. Adapted with permission from ref. [120] Copyright, 2025. Published by John Wiley and Sons.

formation of hydrogen-bond networks that facilitate hopping of
the proton. Conductivity values for such a conduction range be-
tween ~107? and 5.0 S m~! (see Table 1) with the highest con-
ductivity observed in a membrane system SSP@ZIF-8 with MC
embedded as a guest molecule at 75 °C and 95% RH. Therefore,
such frameworks have potential for advanced chemical sensing
applications, fuel cells, and bio-electronic devices, as well as for
photoswitchable devices such as proton conducting field-effect
transistors,/’) and, as recently demonstrated, for applications in
photo-programmable sensors for environmental monitoring.[*2]

While Grotthuss-type mechanism is commonly used to ex-
plain the H*-transport in these systems, several studies!”*) have
also reported mixed behavior influenced by framework confine-
ment and water content. The interpretation of conduction mech-
anisms remains complex, as high activation energies (>0.4 eV)
can result not only from the vehicle transport but also from steric
hindrance. These findings show the importance and the need for
further investigations for better understanding of proton trans-
port pathways and exploration of alternative framework materials
to achieve higher conductivities with enhanced switching perfor-
mance.

From the analysis of state-of-the-art, we can summarize that
photoswitching of electron conduction in framework materi-
als has been reported predominantly for MOFs owing to their
greater structural tunability and ability to incorporate photo-
switches in desired conditions. The conductivity values in the
photoswitchable MOF materials range from ~10~° to ~3.0 S
m~! (see Table 1) with the highest values characteristic to in-
trinsic high conductivities of pristine frameworks, for exam-
ple, Cu;(HHTP), SURMOFs. It permits the realization of light-
programmable sensors and other smart electronic devices, how-

Adv. Funct. Mater. 2025, e12262 e12262 (20 of 26)

ever, there is a scarce number of other MOF framework ma-
terials resulting in such high conductivities that can be photo-
switched. (The detailed analysis of other photoswitchable materi-
als with switchable electronic conduction properties in compar-
ison to this MOF was provided in Table S1, Supporting Infor-
mation in ref. [12]) Typically, MOFs exhibit low intrinsic elec-
tron conductivity due to their porous and sometimes insulat-
ing architectures, thus incorporation of photoswitches in some
cases create new conductive pathways, increasing conductivities
or due to specific interactions disrupt conductive pathways, al-
lowing light-controlled modulation of responses. However, the
presence of photoswitchable molecules in frameworks either as
linkers or guest molecules is required for such a response to take
place.

In general, reversible changes (i.e., the on/off effect) in elec-
tron conductivity due to photoswitching in MOF frameworks
were calculated to range typically from one to two orders of mag-
nitude, related to the change in intermolecular distances and dy-
namics in materials, as well as orbital overlap or mixing in the
density of states. Experimentally reported on/off ratios are lower
(see Table 1), which may be partially due to the lower photocon-
version probabilities known for photoswitches than assumed in
theoretical models. In addition, subtle differences in the nanos-
tructure may result in deviations. In most cases, electron hopping
regulates charge transport in reported materials with some excep-
tions to systems with strong conjugation as in z-stacked systems,
that is, Cuy(HHTP), MOF.

COFs have demonstrated photoswitching primarily through
modulation of z-conjugation in photochromic linkers, though
the number of reported examples remains limited and con-
ductivity values are generally lower. However, the on/off
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ratio for electron conduction photoswitching was reported to
be rather high, that is, 200 (see Table 1). COFs present ad-
vantages over MOFs for specific applications such as micro-
electrochemical energy storage and flexible electronics, where
their covalent bonding network offers better mechanical stabil-
ity during cycling and avoids the heavy metal related limitations
of MOFs.[1*2]

From our analysis, there is virtually none for ZIFs reported
for photoswitched electron conduction, but these materials are
known for proton conduction photoswitching. This is likely due
to the structural characteristics of ZIFs and lack of extended -
conjugation in imidazolate-based frameworks, making them less
suitable for electron conduction.

The summary of findings suggests that MOFs currently of-
fer the most versatile platform for integrating dynamic light-
induced electron conduction into porous framework materials,
while COFs represent an emerging direction and ZIFs or other
framework materials remain largely unexplored for this function-
ality. Altogether, it opens the vast variety of further possibilities
toward advancing functionality of materials,['**-1%] starting from
engineering the composition of frameworks!'32134] (e.g., by metal
node engineering and linker design) or heterojunction-like inter-
faces up to post-synthetic doping, hybrid architectures of MOF-
COF composites, MOF-graphene hybrids, or MOF-perovskite hy-
brids, as well as structures with designed donor-acceptor do-
mains allowing for efficient charge carrier separation and trans-
port.

4. Challenges and Perspectives

Despite exciting progress in the development of frameworks with
photoswitchable conduction, several challenges limit the fabrica-
tion of a wide range of new photoswitchable framework materi-
als, currently hindering the realization of their full potential in
practical applications.

Optimization of Photoswitchable Molecules: First, the num-
ber of photoswitchable molecules that can operate under
the desired experimental conditions is still rather small as
the requirements on their performance related to quantum
efficiency and fatigue resistance limit the number of use-
ful candidates. In addition, optimizing the excitation wave-
lengths of photoswitches toward longer wavelengths is im-
portant for overcoming the light penetration depth limita-
tion, which affects the number of molecules efficiently pho-
toactivated within the material. Combined with wavelength-
orthogonal design of photoswitches to achieve selective absorp-
tion by the reverse isomer, this would allow higher probabil-
ities of conduction with a better controlled isomer competi-
tion.

Control Over Competing Processes: Going in line with sum-
maries provided in previous sections, photoconversion of pho-
toswitches in frameworks, lifetimes of photoactive states, their
stability and photodegradation impact the quality of func-
tional materials and cycling performance. Modulating responses
through environmental tuning of the electronic structure of
photoswitches or by introducing additional molecules or forces
to suppress undesired processes may represent an important
pathway toward practical implementation. It is particularly rel-
evant for photoswitches since the light-induced changes of
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their physicochemical properties are highly sensitive to vari-
ous environmental factors. In addition, the electron and pro-
ton conduction types are based on subtle electronic effects
and intermolecular interactions, which are sensitive to the
quality of the material, therefore, the presence of side re-
actions or defects disrupts measured responses, decreasing
their performance and reversibility. A better control and tun-
ing of competing processes is essential for the functional-
ity of framework materials. Nevertheless, the research field
remains in its early stages when it comes to understand-
ing the photochemical and photophysical phenomena occur-
ring within materials under experimental conditions. Conse-
quently, the development of robust computational methods and
comprehensive experimental characterization are critical as
foundational efforts.

Integration of Photoswitches and Synthesizability of Frame-
works: The mode of photoswitch incorporation (e.g., as guest,
backbone linker, or side group) significantly influences con-
duction behavior. Backbone integration may hinder isomeriza-
tion, especially for switches undergoing large structural rear-
rangements, while pore loading is more feasible but often lim-
ited by steric hindrance, requiring large pore sizes. Covalent at-
tachment as side groups allows ordered placement, however it
may complicate synthesis. Synthesizability of frameworks and
design of experimental conditions toward structure-controlled
synthesis create a promising direction aiding to overcome this
challenge.[**] However, reliable tools designed for specific exper-
iments and types of framework materials using automated sys-
tems (self-driving labs) and artificial intelligence are presently
still in development.[*#”]

Scaling of Synthetic Platforms: Another significant chal-
lenge of photoswitched materials (even beyond frameworks) is
the poor light penetration in bulk materials addressed above.
Since photoisomerization often remains confined to the surface,
preventing switching throughout the structure, special forms
of materials are more efficient than others. Membranes and
thin films have shown to be a good alternative to this limi-
tation, but such materials require specific experimental tech-
niques and conditions,. Standardization and adaptation of syn-
thetic methods permitting accessibility of efficient techniques
and automatization of processes could help in large-scale data
acquisition for structure-property relationships of frameworks
with data-driven and knowledge-driven design of improved
materials.

Design of New Architectures and Hybrid Systems: Finally,
proton conductivity of frameworks is rather moderate and
permits improvements by modifications of photoswitches or
tuning framework topology, since this type of conduction is
strongly related to hydrogen-bonded networks and properties
of guest molecules. However, electron conductivities of frame-
works are typically low and are improved by z-conjugated
and well-stacked architectures that facilitate efficient charge
transport, but there are not many such materials currently
available, where the photoswitching generates currents neces-
sary for practical applications. Addressing this issue requires
designing materials where local photoisomerization events
translate into amplified, long-range changes in transport
properties, such as through pore gating, cooperative network
rearrangements, or phase transitions. Moreover, framework
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structures with designed donor-acceptor domains or
heterojunction-like interfaces containing different molecu-
lar moieties allowing for efficient charge carrier separation and
transport offer an interesting pathway for the development of
improved systems. A wide scientific community is engaged in
new developments with this respect; thus, we envision notice-
able progress in this direction soon. In addition to ongoing
developments in electronic structure methods and multiscale
modeling techniques, deeper understanding of conduction
mechanisms will be possible, and combined with design strate-
gies, automated tools and experiment-theory feedback loops will
permit emergence of new framework materials with advanced
functionalities.

5. Conclusion

Photoswitching of electron, proton and other ionic conductivi-
ties offers a powerful strategy to remotely and reversibly con-
trol properties of materials using light. Such functionality per-
mits a huge variety of possible applications, including optical
memory devices, reconfigurable electronics, neuromorphic sys-
tems, artificial proton pumps, smart batteries, or light-tunable
membranes. Reversibility of responses is provided by photoac-
tive molecular switches that reversibly change their structure and
electronic properties under light. Efficient photoconversion of
photoswitches can be realized in framework materials, which
offer a wide range of tunable functionalities, as well as modu-
lar architecture and porous structure. Thus, integration of pho-
toswitches into frameworks permitted light-controlled gas sorp-
tion or release, catalysis, or sensing. The difference in response
induced by light is connected to the fact that electronic proper-
ties of photoisomers and their reactivity change upon light expo-
sure, resulting in differences in interactions with other species,
binding in the pores or even modulating charge transport path-
ways of conductive frameworks or inducing conductivities of
initially nonconductive materials. In this review, we have high-
lighted strategies applied toward photoswitching of electron and
proton conduction pathways using molecular switches incorpo-
rated in MOFs, COFs, ZIFs, and other framework materials as
guest molecules and scaffold components, introduced either by
direct synthesis from functionalized linkers or after PSM. We
explained the differences in conduction mechanisms, as well as
microscopic parameters and phenomena modulating the on/off
switching of conduction. We demonstrated frameworks with
light-responsive proton conduction, offering potential for appli-
cations in smart membranes, sensors, and energy devices. Since
materials that combine good electron conductivity with photo-
responsive properties are still under development, and the first
evidence of such possibilities was only recently reported, we have
highlighted the significant potential of frameworks for diverse
smart materials. In view of their enormous potential, we are con-
vinced that these materials will have a bright future in fields rang-
ing from energy and sensing to soft robotics and bioelectronics.
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