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In this review, we highlight how recent advances achieved in the fields of photochemistry and
photophysics of metal-organic frameworks (MOFs) could be applied towards the engineering of next
generation MOF-based sensing devices. In addition to high surface area and structural tunability,
which are crucial for efficient sensor development, progress in the field of MOF-based sensors could
rely on the combination of MOF light-harvesting ability, understanding energy transfer processes
within a framework, and application of MOF-based photocatalysis towards sensing enhancement. All
photophysical concepts could be integrated within one material to improve efficiency and selectivity
of sensing devices. Thus, the focus of this review is shifted towards a “beyond the pores” approach,
which could foreshadow new guidelines for sensor engineering.
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MOFs as Advanced Sensors

For the next generation of MOF-based sensing devices, it

could be pivotal to shift from the typically applied “classical”
1-15

pore-exclusion topological paradigm to utilization of
advances in the areas of MOF photophysics and
16-28

photochemistry.
harvesting, energy transfer (ET), and photocatalytic processes,
which could occur within a porous crystalline framework
towards the enhancement of MOF-based sensing. There have
already been a number of experimental studies highlighting
advantages of some facets in the discussed strategy. For
instance, ET, in combination with the high surface area of
MOFs, has already been applied towards sensing of
acetone,””*® melamine, explosives,32 metal cations (e.g.,

In this review, we will refashion light

ngé'),33 benzene,34 anions (e.g., F'),M’35 or formaldehyde.35
Another intriguing class of MOF-sensors coupled to ligand-to-

metal and/or metal-to-metal ET is lanthanide-based

frameworks (Ln-MOFs), which have been applied as

noninvasive thermometers working in a wide temperature
36-43

range.

An inspiration for understanding and utilization of the
mentioned photophysical processes could be taken from the
natural photosystem, where the efficiency relies on the
cooperative effect of several hundred chromophores (Fig. 1).
MOFs could also be used as a tool for such chromophore
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Fig. 1 A schematic representation of processes occurring in the natural
photosystem, which could be utilized for the enhanced efficiency of next
generation MOF-based sensing devices.

through utilization of the self-assembly

The coordination of organic linkers to metal

arrangement
44-60
approach.
nodes allows for the organization of chromophores in a well-
defined manner, preventing exciton quenching or shortened
exciton lifetimes.”’ The high degree of chromophore
organization achieved in a MOF structure also provides a basis
for systematic structure-function studies, focused on the
ability of photon capture with the subsequent exciton
. . . 61
migration to a reaction center.”” In contrast to amorphous
polymers, the distances and angles between chromophores in
MOFs can be determined by single-crystal X-ray diffraction and
tuned through ligand design or variation of synthetic
conditions. The latter aspect is crucial for the understanding
and modeling of short- and long-range ET processes in such
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complex systems, which is essential for the rational design of
MOF-based sensors coupled to ET. 26264 Finally, MOFs can be
used as a “three-in-one” sensing platform, which integrates
the three aspects of artificial photosynthesis: photon
absorption, generation of charge-separated excited states, and
charge transfer to a reaction center into a single material to
enhance sensing eﬁ‘iciency.ez’ss_68

In parallel with photon capture occurring in the natural
photosystem, the first step for the preparation of MOF-based
sensors coupled to ET is light harvesting.z'm’sz'es'ﬁg_73 |
addition to a high degree of chromophore ordering, MOF
structural diversity allows for the integration of light-
harvesting units as either framework building blocks or guests.
For instance, coupling of two light-harvesting cores can be
efficiently achieved in MOFs, as well as the integration of
quantum dots (QDs) possessing large absorption cross
sections.”* As the next step after light harvesting, MOFs can
also be engineered to provide directional ET by including
different framework functionalities. For instance, ligand-to-
ligand, metal-to-metal, metal-to-ligand (or ligand-to-metal),
and guest-to-MOF ET pathways could occur in a MOF matrix,
among which some have already been successfully applied for
sensing.36'41'75

Just as in the case of the natural photosystem, where a
series of redox reactions take place at a reaction center, MOFs
can be utilized as efficient photocatalysts, and newly formed
products could be the analytes of interest for subsequent
chemosensing.sz’ss’m’m_‘q’1 A MOF consists of well-defined
homogeneously distributed metal sites,
catalytically active and tuned towards specific catalytic
transformations and subsequent sensing of a wide range of
products. Such spatial separation of the metal sites (in contrast
to metal nanoparticle sintering), in combination with the high
surface area of MOFs, distinguishes these materials for use in
the realm of photocatalysis, as well as sensing. Furthermore,
MOF cavities could be utilized as tunable nanoreactors, which
can also result in simultaneous product formation and in situ
detection.

To summarize, this review will foreshadow a new spin on
the application of the “triple nature” of MOFs as light-
harvesting materials, as platforms to achieve directional ET,
and as efficient photocatalysts towards development of novel
sensing principles in MOFs.

which could be

Light Harvesting as a First Step for Sensor
Development

Light harvesting is a first step for rational development of
an ET-coupled sensor. MOFs have emerged as a promising
artificial light-harvesting system due to their highly ordered
structures which can contain chlorophyll analogues to absorb
light for subsequent directional ET (Fig. 2).2’62‘63'66 An
additional benefit of MOFs stems from their tunability as
various organic linkers and inorganic metal nodes, which could
be combined, resulting in materials with different
dimensionalities. Due to the significant role of porphyrin-like

2| J. Name., 2012, 00, 1-3
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Fig. 2 Hierarchical organization of the chlorophyll molecules (top) and light-
harvesting linkers (bottom) in the natural photosystem and MOF, respectively.

pigments in the process of natural photosynthesis,
investigation of porphyrin-based MOFs has initially attracted
attention for the development of efficient light-harvesting
systems (Fig. 3).

The main requirement for a system possessing efficient
light capture is its wide absorption profile ideally covering the
whole solar spectrum. Therefore, establishing the
communication principles between, for instance, porphyrin-
based chromophores within extended ensembles such as
MOFs, is absolutely crucial for improvement and tunability of
their light-harvesting properties.

One of the first examples of MOFs, capable of collecting
most of the light in the visible spectrum, contains porphyrin-
and boron dipyrromethene-based (BODIPY) linkers.”* The
BODIPY linker served as an antenna for the excitation of
porphyrinic units with subsequent exciton migration. The
fluorescence quenching studies suggested that within one
lifetime (~3 ns), exciton migration occurs through up to ~3 and
45 porphyrin struts inside F- and DA-MOFs,71 respectively. This
efficient exciton migration has high anisotropy along a specific
direction and occurs between adjacent porphyrin struts (not in
intra-layers’ direction).

QDs could also be considered as promising candidates for
improvement of MOF light-harvesting properties due to their
wide absorption bands (Fig. 3).74 This route was applied for
modification of the mentioned DA-MOF and F-MOF with
CdSe/ZnS QDs.#  This strategy
preparation of a QD-MOF hybrid possessing a broader spectral

core-shell resulted in

light harvesting in MOFs

linker design

guest inclusion MOF-QD composites

Fig. 3 Approaches for the enhancement of light-harvesting properties of MOFs.
Yellow and red spheres represent the guest and QDs, respectively.
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region beyond the absorption capability of the MOF itself.
Thus, the QD-MOF hybrid materials are capable of capturing
50% more photons than the parent MOF. Deep and co-workers
continued this direction by developing a CdTe/NTU-9 (NTU =
Nanyang Technological University) composite possessing a
much broader absorption profile in comparison with
unmodified NTU-9.2% The CdTe/NTU-9 composite
demonstrated rapid photodegradation activity for Rhodamine
6G and an enhanced power conversion efficiency as a
photoanode in a QD-dye sensitized solar cell (QD-DSSC).

Another strategy to increase overall absorption of MOFs is
incorporation of molecular sensitizers inside framework pores
(Fig. 3). Owing to the great capability of encapsulating various
species, MOFs can be functionalized with a wide range of
sensitizers, which can lead to the precise tuning of absorption
properties. Yu and co-workers showed the correlation of the
MOF absorption profile with the amount of positive charge on
the dye molecule while encapsulated inside an anionic
framework (Fig. 4).84

Despite the intriguing preliminary results and great
potential to improve light-harvesting properties through the
design of new organic linkers, and incorporation of QDs or
other guest molecules, many fundamental questions in this
area are still largely unexplored. For instance, the relationship
of MOF topology and possible ways of exciton migration is still
unknown, despite its potentially important role for the
performance of sensing devices.

MOF-Sensors Coupled to ET

ET in a predesigned pathway is gaining increasing attention
due to its crucial role in a wide range of applications, including
sensing.63 ET-based sensing in MOF materials could give more
accurate and ratiometric detection compared to a single
component system due to possibility of different ET pathways,

inside one framework. MOF-based ET
36,41,75

which could occur
systems have already been explored as temperature,
anion, or explosive sensors.’

In general, ET is highly dependent on mutual chromophore
organization, which is also crucial for modeling of long- and
short-range ET processes. Among the few approaches to

Oy, 0. N
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Fig. 4 Incorporation of Coumarin 343 (green spheres) inside In-based framework
to enhance absorption properties of the material. The inset shows the sum of
absorption profiles (solid red line) of the framework (purple dashed line, left)
and guest (green dashed line, right).

This journal is © The Royal Society of Chemistry 20xx

manage a large array of chromophores, self-assembly comes
to forefront. Taking into account both aspects, MOFs could be
considered as an ideal platform to study ET processes,
particularly due to the well-defined structures of frameworks

and unprecedented modularity. The latter opens different
opportunities to study ET pathways including ligand-to-ligand,
metal-to-metal, metal-to-ligand (or ligand-to-metal), and
guest-to-MOF (Fig. 5).61’65'85 Thus, MOFs have an unrevealed
potential to help in answering the fundamental questions
regarding ET principles. For instance, the MOF crystalline
nature allows for the determination of distances and angles
between chromophores as well as their molecular
conformations by X-ray crystallography. Therefore, MOFs can
be utilized as a platform to establish a necessary structure-
property relationship. Incorporation of aromatic molecules as
organic only allows
achievement of different packing motifs (e.g., not observed in
the state) but also can change the nature of
chromophore interactions, disturbing strong electronic
coupling between molecules. One of the examples
demonstrating this concept was shown by Klosterman and co-
workers,ss’87 in which the
acridine, carbazole, and naphthalene-based derivatives inside

linkers inside a framework not

solid

incorporation of anthracene,

the MOF led to a unique packing motifs (i.e., extended face-to-
face aromatic stacking vs antiparallel stacks or herringbone
motifs observed in the crystals). This overlap increase between
organic molecules resulted in an enhancement of the quantum
yield from 4% to 11%.57

Another example of how MOFs can control photophysical
properties of chromophores is based on incorporation of
chromophores exhibiting aggregation induced
(AIE).88_91 These chromophores are almost non-emissive in
dilute solutions but strongly emit in the aggregated state 58!

emission

Forster ET linker-linker
C T ™
+4 34
*D+ A—D +*A
Dexter ET linker-metal
%_ % % + host-guest
*D+ A—D +*A

emission donor
absorbance acceptor

wavelength, nm

Fig. 5 (top left) A schematic representation of Forster and Dexter ET
mechanisms. (top right) Possible pathways for ET in a MOF. (bottom) The
spectral overlap of the donor emission profile (solid red line) and the absorption
spectrum of an acceptor (green dashed line) required for resonance ET.
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Thus, incorporation of AIE-chromophores inside a MOF matrix
allowed preservation spatial separation between chromophore
(similar to their behavior in solution) while maintaining their
photophysical response. However, MOFs not only offer a way
to restore chromophore emission but also allow utilizing such
materials for sensing applications.

The first example of the MOF containing AlE-based
chromophores (tetraphenylethylene (TPE)-based MOF) was
reported by Dinca and co-workers.” They developed a “turn-
on” sensor for selective detection of gaseous ammonia using
temperature as a valuable parameter to achieve selectivity
enhancement.”® In this system, the analyte could bind to
metals in the MOF secondary building units, and the material
exhibited pore-size selectivity towards the bulkier amines. In
contrast to non-coordinated pure organic linkers, which
typically decompose during heating at relatively low
temperature, this MOF could still maintain ligand-centered
emission up to 300 °C in air, which allowed for temperature to
act as a parameter for tunability of selectivity.93 Due to this
initial observation,93 a number of the follow-up reports
focusing on high-performance “turn-off” and “turn-on” TPE-
based MOF sensors were developed for efficient detection of
mycotoxins, benzenes, m-xylene, mesitylene, nitro explosives,
and heavy metal ions.®®

The other example of the MOF-based sensor is ZIF-8, which
demonstrated selectivity enhancement for n-hexane over
cyclohexane due to pore-size exclusion.”

Thus, all of these parameters (e.g., spatial arrangement of
chromophores, their conformation, etc.) can be tuned through
ligand design or reaction conditions,63 revealing the possibility
to control material photophysics (e.g., ET). In comparison with
molecular complexes, where chromophores are closely packed
and electronic coupling is significant, MOFs provide a pathway
to achieve chromophore separation, preserving their precise
organization.

Description of ET processes is reliant on coupling of two
types of chromophores: donors (D) and acceptors (A). In
extended architectures with weak chromophore coupling such
as MOFs, ET could be mainly described using Foérster and
63,65,66:95.9 p¢ demonstrated in Fig. 5, Forster (or
fluorescence) resonance energy transfer (FRET) works through

Dexter models.

the principle that the energy from an excited chromophore
(*D), will transfer energy to a nearby chromophore (A). FRET
relies on the transfer of excitation energy in a non-radiative
way through Coulombic interactions between chromophores
separated by 1-10 nm (Fig. 5).95 Therefore, the emission
spectrum of D must overlap with the absorption profile of A
(Fig. 5). The Dexter mechanism, on the other hand, stems from
intermolecular orbital overlap interactions, including electron
exchange, thus occurring within a short range. In many self-

assembled structures, Coulombic interactions are
predominant, and ET is described in terms of the Forster
mechanism.®*®

In the recent reports related to exciton dynamics in MOFs,

. . 97 ae
a more complex mechanism is proposed.” In addition to the
step-by-step random hopping explanation of ET, the suggested
mechanism includes “through-space” jumping beyond nearest

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

neighbors (JBNN), which should be taken into account for
estimation of ET efficiency.97 In this review, we summarized
ligand-to-ligand, metal-to-ligand, metal-to-metal, and guest-
to-host ET occurring in MOFs.

Ligand-to-Ligand ET

Ligand-to-ligand ET in a framework can be achieved due to

the possibility to couple both D and A within a MOF. This ET
pathway has been explored for a variety of MOFs consisting of,
for instance, photochromic or fulleretic linkers.”®™%* |n 2014,
Shustova and co-workers studied ET in a MOF which was
diarylethene-based (A)
coordinately immobilized between porphyrin-based layers
(D).98 Due to the D-A pairing inside the framework, the
photophysical properties of the host can be directed as a
function of excitation wavelength, allowing for the ability of
photoswitchable diarylethene-based linkers to control the
photophysical response of porphyrin-containing light-
harvesting assemblies.
MOFs can also be used to replicate ET pathways observed, for
instance, in a protein didomain scaffold, in which
chromophore cores of a green fluorescent protein variant and
cytochrome bsg, are coupled.loz_104 The choice of relevant
chromophores containing hydroxybenzylidine imidazolinone
(HBI) and porphyrin cores (Fig. 6) was determined by the
necessary spectral overlap of the HBI derivative (D) and
porphyrin-based core (A) required for FRET. Both
chromophores were coordinatively immobilized in a crystalline
scaffold resulting in 65% ligand-to-ligand ET efficiency.103

The same group also studied ligand-to-ligand ET in
fulleretic MOFs containing fullerene- or corannulene-based
linkers.”®® Fullerene (Ceo) and its derivatives are known for
their electron-accepting properties as well as ultrafast
electron/energy transfer. These explain their
widespread usage as efficient electron acceptors in organic
photovoltaicsmS'106 or molecular electronics.’®” ™ As a small
fullerene subunit, corannulene (CyoHq0) is much less explored
than Cgo despite its potential for effective charge

constructed from derivatives

factors

Fig. 6 (left) ET between two coupled chromophores of the green fluorescent
protein variant and cyt bse, protein. (right) Coordinative incorporation of the
chromophores with two different cores inside one framework to replicate
efficient ET observed in the didomain protein system.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 A fulleretic MOF, which consists of fullerene-based acceptors (pillars) and
porphyrin-containing donors (red plates).

transy:)ort.mo’“l_114 In the case for the fullerene-containing
linkers (A), they were immobilized between two-dimensional
(2D) porphyrin-based layers (D), which the mutual orientation
was controlled by metal coordination (Fig. 7).99 For the pyridyl-
based corannulene linker (D) immobilized as a pillar between
2D porphyrin-based layers (A), the ET efficiency was estimated
to be 85%.°

Lin and co-workers developed 2D metal-organic layers (2D-
MOLs) and three-dimensional (3D)-MOFs to shed light on how
MOF topology could affect ET processes.115 Although the
prepared structures were constructed from the same D and A
ligands, as well as metal cations (Hf), the variation of the
synthetic conditions resulted in the formation of different
metal node geometries and, as a result, materials with a
different topology (2D-MOLs vs 3D-MOFs). After the
incorporation of a second quenching ligand, the ET rates were
estimated as a function of concentration of this second ligand.
Quenching dynamics was estimated through the calculation of
the Stern-Vélmer constants, which were found to be 79.6 + 0.3
nsand 20 + 2 ns™ for the 3D-MOF and 2D-MOL, respectively.
Due to the favorable transition dipole alignment in restricted
dimensions, the donor-to-trap ET rate is faster in the 2D-MOL
compared to the 3D-MOF, but the overall efficiency of ET was
lower in 2D-MOLs due to slower exciton migration.
Interestingly, with an external quencher (coumarin-343), the
2D-MOL had more efficient ET possibly due to a better
accessibility of excitons from the external surface to the
external quencher.

ET in mixed-ligand MOFs containing porphyrin- and pyrene-
based ligands was studied by Lee and co-workers.™® The
coupled light-harvesting linkers possess the appropriate
spectral overlap for efficient ET, which resulted in superior
photoinduced singlet-oxygen generation.116

Recently, Lin and co-workers have devised a new concept
of ET to fill in the gaps where the other models (e.g., Dexter or
Forster) cannot be fully applied.97 The exciton dynamics in
MOFs are commonly described as ET between adjacent ligands
in a step-by-step random hopping fashion.™""  Previous
studies indicate nearest-neighbor hopping (NNH),HS’119 but Lin
and co-workers proposed “through space” JBNN.” Using two
light-harvesting MOFs with truxene-based ligands, it was
suggested that the JBNN approach accounts for up to 67% of
the ET rates.

This journal is © The Royal Society of Chemistry 20xx

The through-space ET concept was further studied on the
example of two isostructural metal-organic layers (MOLs) with
hexanuclear Zr- or Hf-secondary building units (SBUs) and a
fluorescent benzene-1,3,5-tribenzote (BTB3") Iigand.120 ET was
quantitatively determined through measuring fluorescence
quenching after MOL doping, and through-bond or through-
space ET pathways in Zr- and Hf-MOLs were studied.

Metal-to-Ligand ET

Ln-MOFs**™%  are typical examples of systems exhibiting

efficient ligand-to-metal ET. In the sensitization of Ln*" ions, a
photon is captured by the MOF organic linkers, then the
energy is transferred to the metal ion, which results in Ln®*
emission (Fig. 8). For instance, Wang and co-workers showed
that emission of Ln-MOFs (Ln = Eu, Tb) is a result of the highly
efficient ET from the ligand to the metal centers.'** By doping
different concentrations of Eu®* and Tb*" ions, an emission
profile of MOFs can be efficiently tuned, which could be profile
of MOFs can be efficiently tuned, which could be utilized in
engineering white-light emitting diodes.

Morris and co-workers studied ET processes in a UiO-67
(UiIO = University of Oslo) type of a framework
postsynthetically doped with ruthenium(ll) bis(2,2’-bipyridine)
(2,2'-bipyridyl-5,5'-dicarboxylic acid (RuDCBPY) as a function of
doping degree.125 They showed that different pathways could
be responsible for ET depending on the concentration of
(3MLCT) excited state
emission lifetime at different doping concentrations reflects
the excited state deactivation. When the MOF is saturated
with RuDCBPY, the quenched 3MLCT lifetime is proposed due

dopant, and triplet metal-to-ligand

chromophore
= (antenna)

luminescence Q = Ln

Ln3+

ISC

l'li

S, =

1”

absorption
fluorescence
Piutaniid stlohitutudnd iy
fluorescence

‘_______________
phosphorescence

So 7F

Antenna ligand Eu®*

Fig. 8 (top) Schematic representation of the antenna effect where lanthanide
ions are indirectly excited by coordinatively immobilized antenna chromophores
in a MOF matrix. (bottom) A simplified diagram depicting the antenna effect in
an Eu-based MOF. The solid arrow shows absorption of a photon followed by
either fluorescence, or intersystem crossing (ISC). If ISC occurs, either
phosphorescence or intramolecular energy transfer (IET) can occur, the latter
will result in the emission of a photon from the Eu® species.
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to Forster-type dipole-dipole 3D RET between RuDCBPY
centers, but at low concentrations of the dopant, a 2D
mechanism of FRET is thought to dominate the self-quenching
reaction of RUDCBPY.

Metal-to-Metal ET

The Lin and Meyer research groups have pioneered
investigations of metal-to-metal ET processes in MOFs. 1177119
One of possible practical applications for such metal-to-metal
ET studies in MOFs could be the development of non-invasive
luminescent thermometers working at a wide temperature
rang This type of temperature sensing is beneficial since it
does not require additional calibration of luminescence
intensity and therefore, leads
temperature detection. For instance, mixed-lanthanide MOFs,
in which Tb**-to-Eu®" ET takes place, allows for the ability to
tune photoluminescent properties of a framework as a
function of temperature.126 Recently, Miller-Buschbaum and
co-workers studied this type of metal-to-metal ET from To* to
Eu’* on the example of a bipyridine-based MOF.*?’

to more instantaneous

Guest-to-MOF (MOF-to-Guest) ET

Porous frameworks also offer a unique opportunity to
study host (MOF)-to-guest and guest-to-host ET pathways due
to possibility of tuning their topology for the selective inclusion
of desired guest molecules.

For instance, a high efficiency of ET (72%)
demonstrated on the example of a benzylidene imidazolinone
derivative (D) incorporated inside a 3D porphyrin-based
framework (A).mg'lzg_130 In 2014, Wang and co-workers were
able to construct a two-color luminescent system (blue/red)
through the introduction of 4-(dicyanomethylene)-2-methyl-6-
(4-dimethylaminostyryl)-4H-pyran (DCM) inside the
framework. The intensity ratio of blue to red fluorescence
varies in different planes within the MOF crystal suggesting
MOF-to-DCM ET.***

Recently, Zang and co-workers
Cd,(APT)3(HDABCO), (APT = 2-(2-acetoxy-propionylamino)-
terephthalic acid, HDABCO = 1,4-diazabicyclo[2.2.2]octane)
framework to study host-to-guest’-to-guest’”” ET (Fig. 9).132 The
MOF host can act as a light-harvesting antenna, and therefore,
as a D in the host-to-guest’” ET to acridine orange, which
participates in sequential ET to Rhodamine B. Successful
realization of such multistep ET was feasible due to framework
tunability, which allowed incorporation of several guests
possessing the necessary spectral overlap, for instance,
between the MOF emission and guest’ absorption, and the
guest’ emission and guest’’ absorption.

Allendorf and coworkers utilized MOF-177 as a scaffold for
incorporation of a,w-dihexylsexithiophene (DH6T) and
[6,6]phenyl-Cg1-butyric acid methyl ester (PCBM).85 In this
case, FRET could be a possible pathway of ET between the
scaffold and DH6T, while either energy or electron transfer is
possible between the MOF and PCBM. The DH6T compound
can have a dual role, in which it can act as an A for MOF-177

was

used a fluorescent

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

0= L,

acridine orange

: o, 1)
‘,OELNO\CI_J
N

SN

S
Rhodamine B

Fig. 9 Stepwise host-to-guest’-to-guest” ET in the Cd,(APT)3(HDABCO),
framework with two encapsulated dyes: acridine orange (orange spheres) and
Rhodamine B (red spheres). The purple, gray, blue, and red spheres as a part the
]lc\/IOFI structure represent Cd, C, N, and O atoms. Hydrogen atoms were omitted
or clarity.

and a D for PCBM, thus promoting ET.

As a result of continuous investigations of ET in MOFs, the
first FRET-coupled MOF sensor for the detection of free
bilirubin (the breakdown product of hemoglobin turnover) was
reported by lJia and co-workers.”®* The concentration of
bilirubin in human serum is an important parameter for
diagnosis of liver disorders. The interactions of 2,3,4-
trihydroxybenzaldehyde functional groups inside the pores of
MOFs with free bilirubin resulted in quenching of MOF
emission via the FRET process, allowing detection of free
bilirubin by the naked eye. The developed material showed
not only a fast response but also high sensitivity and selectivity
towards free bilirubin molecules over other biomolecules and
metal ions.™*

To summarize, although studies of ET processes in MOFs
are an emerging interest, their understanding and modeling
are still a great challenge. For MOFs to be utilized in their full
capacity, the gap between the structural principles and ET
mechanisms should be closed. Moreover, in reference to
ligand-to-ligand-ET, many examples are based on porphyrin-
containing chromophores, which significantly limit MOF
topology, conformation of chromophores, and material
photoluminescence response. All of these restrictions also
affect the overall ET efficiency. Furthermore, the guidance of
ET in a predesigned pathway could be governed through
chromophore organization inside the MOF structure, but its
understanding is still in the rudimentary phases.

Photocatalysis as the Pathway for Subsequent
Sensing

Photocatalysis could be considered as a powerful concept
to enhance selectivity or lower detection limits in MOF-based
sensors due to formation of new analytes, which precursors
were not easily detectable before their chemical
transformations. Furthermore, MOF-based photocatalysts
provide a way to mediate thermodynamically uphill reactions
under mild conditions, i.e., by utilization of a green chemistry
approach.mﬁ136 The modular nature of MOFs also provides
several pathways for integration of catalytically active sites
and possible systematic control over the nature of these

This journal is © The Royal Society of Chemistry 20xx
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. 62,65,67,76-78
sites.

Furthermore, a MOF scaffold could replicate
steps required for efficient photocatalysis
including light harvesting, separation and migration of charge
carriers, and the initiation of redox reactions by the charge
626567 |n  this review, we summarize the recent
advances in the field of MOF photocatalysis with the exception
of MOF-promoted water splitting. We will further narrow
down our focus by excluding catalytically-active guests from
our consideration since they were recently covered in a review
by Cohen and co-workers."*’ Thus, the scope of this article
covers photocatalysis performed on MOF metal nodes and
organic linkers (Fig. 10).

One of main driving forces towards MOF utilization for
photocatalysis relies on the possibility of multistep light-
induced processes: light harvesting centered on organic linkers
with subsequent catalysis on homogeneously distributed
catalytically active sites. MOFs can be considered as an array
of different types of catalysts located on different parts of a
framework: metal nodes, organic linkers, and encapsulated
guests. Each catalytic site can operate individually or form an
“alliance” with another type of a catalytic center. Such
cooperative effect of multiple active sites may potentially be
applied towards tandem catalysis. In addition to advantages
inherent to heterogeneous catalysts such as facile product
separation and catalyst recovery, MOF pores can restrict the
spatial reactant-catalyst alignment, which could lead to
different reaction pathways and alternative products not
accessible with “conventional” catalysts. To date, photoactive
MOFs were applied for a number of organic transformations,
including, for instance: (1) oxidation of alcohols, amines,
alkene, alkanes, and sulfides; (2) C—H bond activation, or (3)
atom-transfer radical polymerization (ATRP).137 We structure
our review based on the nature of the photocatalytic centers:
metals (inside SBUs or chelating to organic ligands) and linkers
suitable for organocatalysis.

fundamental

carriers.

Ti-MOFs

Among many popular photocatalysts, titanium dioxide
(TiO,) is one of the most widely investigated semiconductors
for a variety of photoreactions, due to its wide absorption
profile and high oxidation potential.ngf142 Therefore, it is
logical to suggest that the possible organization of Ti-based

Reactions:

B ° oxidation
* C-H bond activation
B’ ° atom-transfer radical
polymerization (ATRP)

Fig. 10 Photocatalysis in MOFs occurring on metal nodes (A -> A’) and organic
linkers (B -> B’).

This journal is © The Royal Society of Chemistry 20xx

oxoclusters inside a framework will be of great interest to
the photocatalysis community. Furthermore, spatial
separation of Ti-oxo-SBUs allows one to solve a problem
associated with a low surface area of nanoparticles as well as
their sintering. Therefore, in combination with large surface
area and high porosity, the development of Ti-based MOFs
represents a next step in the development of Ti-based
photocatalysts.143 The crystalline Ti-based MOF, MIL-125 (MIL
= Materials Institute Lavoisier), exhibited photocatalytic
activity in an alcohol oxidation.'* In this case, irradiation with
UV light promotes the alcohol oxidation (e.g., methanol,
ethanol, or benzyl alcohols) concomitant with formation of
Ti(l)-Ti(IV) species. The computational studies performed by
Walsh showed that it is plausible to tune the optical response
of the Ti-based MOFs  through organic
functionalization.**® For instance, different substituents on the

linker

BDC* (BDCZ' = benzene 1,4-dicarboxylate) core can change the
valence band from 3.5 eV to 2.4 eV. In addition, incorporation
of a BDC-(NHZ)ZZ' linker could shift the absorption profile into
the visible region.

The catalytically active NH,-MIL-125(Ti) was investigated by
Li and co-workers for reduction of CO, to formate, as well as
aerobic oxidation of amines to the corresponding imines; the
latter ones are important building blocks for preparation of

. 146
pharmaceuticals.

To evaluate the influence of aminated
linkers to photocatalysis, Mellot-Draznieks and co-workers
prepared a series of mixed-linker MIL-125-NH,-MOFs
containing different ratios of BDCZ'/BDC-NHZZ' Iigands.147 The
maximum catalytic activity for benzyl alcohol oxidation is
reached in the case of 50% of BDC-NHZZ' incorporation. Thus,
aminated improve the optical
absorption profiles, however, no correlation with the amount

of incorporated BDC-NHZZ' was reported.

linkers were shown to

Recently, Ti-based MOFs (MOF-901 and MOF-902)
outperformed the photocatalytic activity of the commercially
available P25-TiO, in the polymerization of

148,149

methylmethacrylate under visible light.

Fe-MOFs

Since iron is one of the earth abundant metals, Fe-based
MOFs could be a logical choice for the next generation of
equally effective and inexpensive heterogeneous catalysts.150
In 2015, two water-stable Fe-based MOFs, MIL-100(Fe) and
MIL-68(Fe), were used as photocatalysts to perform selective
benzene hydroxylation using hydrogen peroxide as an
oxidant.®" The benzene conversion was found to be 20% and
14% by the use of MIL-100(Fe) and MIL-68(Fe), respectively. In
the case of both photocatalysts, reaction selectivity reaches
98%. Thus, these examples demonstrate a more cost efficient,
green route for phenol production. Another example of the
MIL family, NH,-MIL-101(Fe), applied in a
photocatalytic reaction between aromatic alcohols and active

has been
methylene compounds, such as ethyl cyanoacetate or diethyl
photo-oxidation/Knoevenagel
2 The framework itself not
alcohols-to-aldehyde

malonate, in a tandem
condensation using visible light.

only acts as the photocatalyst for
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oxidation, but also as the base catalyst for the Knoevenagel
condensation, highlighting MOF multifunctionality.

Metalloligands in Ru- and Ir-MOFs

Utilization of catalytically-active linkers is an attractive
strategy to create photoactive MOFs. Over the last decade,
Ru(BPY); (BPY = 2,2'-bipyridine) and similar complexes have
been shown as efficient photocatalysts for organic
transformations including [2+2] cycloadditions,153 a-alkylation
of aldehydes,154 aza-Henry reactions,’ aerobic amine
t:ouplings,156 hydroxylation of arylboronic ac.:ids,157 or sulfide
oxidations.™® In 2011, Lin and co-workers incorporated
polypyridyl Ru(ll) and Ir(lll) complexes into the UiO-67 MOF to
study photocatalytic organic transformations including the aza-
Henry reaction, aerobic amine coupling, and aerobic oxidation
of thioanisole.”® Following the inspiration from this work,
Cohen and co-workers incorporated a Ru-based complex into
the UiO-67 MOF through postsynthetic modification (PSM) for
the aerobic oxidation of arylboronic acids under irradiation
with near-UV and visible Iight.160 Through changing the PSM
reaction time, the degree of ruthenium incorporation could be
tuned from 2 to 15%. In the case of aerobic oxidative
hydroxylation of arylboronic acids using UiO-67-[Ru(BPY)s]o.1,
the overall reaction yield of 81% is only slightly less than that
of the homogeneous reference system (Ru(BPY);Cl,). In 2016,
Cohen and co-workers extended the utilization of the PSM
strategy towards integration of Ir(lll) polypyridyl complexes
into the same MOF, UiO-67, to photocatalyze the 2,2,2-
trifluoroethylation of styrenes. The catalytic activity was
preserved at least for the first three initial catalytic cyt:les,.161
Furthermore, the prepared Ir(lll)@UiO-67 catalyst showed
better selectivity for the desired hydroxytrifluoroethyl
products than its homogeneous Ir(lll) analogs, highlighting the
crucial role of the “pore confinement effect” for suppression of
by-product formation.

Metallated Porphyrins in In- and Sn-MOFs

Metalloporphyrins could be considered as a special and
well-studied class of metalloligands.lsz*166 The high tunability
of MOFs provides several ways for metal incorporation inside
the porphyrin pre-metaIIation,82'167'168 in
metallation,71'169'170 postsynthetic exchange,171 or

complete replacement of a non-metallated linker with a metal-
172

core: situ

cation

containing one using solvent-assisted linker exchange.

In 2014, Zhang and co-workers reported a controllable in
situ metalation of an anionic porphyrin-containing In-MOF
(UNLPF-10, UNLPF = University of Nebraska-Lincoln porous
framework), where the extent of metalation in the porphyrin
macrocycles was tuned through varying the indium to ligand
ratio.'”® The photosensitizing capability of the indium-metaled
porphyrin macrocycle was used to study photocatalytic activity
of UNLPF-10 in regard to the selective oxygenation of sulfides.
For example, thioanisole was completely and selectively
converted to sulfoxide in 8 hours. The conversion after five
cycles of a photo-induced oxidation using UNLPF-10 was found

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

to be 97%. The photo-oxygenation rate of thianosole was
shown to be dependent on the amount of metallated
porphyrin sites. For example, over 40 hours are necessary to
achieve full conversion through the use of UNLPF-10 with 25%
of In-sites, while only 8 hours was necessary to achieve the
same result using the MOF containing 98% of In-sites.
Moreover, the prepared framework showed enhanced
photocatalytic activity for photo-induced oxidation of sulfides
in comparison with its homogeneous analog,
tetraphenylporphyrin, or its In-containing derivative.

In a follow-up paper, Zhang and co-workers continued their
investigation of catalytic activity of porphyrin-based
photoactive MOFs as a function of metal inside the porphyrin
macrocycle.174 On the example of the mentioned above In-
MOF, UNLPF-10, they prepared four isostructural MOFs with
different high valent metal centers (In(lll), Sn(IV)) and showed
their catalytic activity towards three organic reactions, such as
aerobic hydroxylation of arylboronic acids, oxidative primary
amine coupling, and the Mannich reaction.

Photo-induced oxidation of sulfide and phenol was studied
by Wu and co-workers using a MOF containing tin (IV)-
porphyrin linkers.'”> Photo-oxidation of sulfides catalyzed by
the MOF resulted in reaction yields as high as >99%, and was
found to be more efficient than that of its corresponding
component Sn'V(OH)ZTPyP (TPyP = 5,10,15,20-tetra(4-
pyridyl)porphyrin).

Photo-organocatalysis

Utilization of chromophores for photoorganocatalysis has
already been proven as an emergent area of
research,'2®137.1767180 However, merging advantages of light-
harvesting chromophores with benefits offered by a MOF
platform, such as porosity, modularity, tunability, high surface
area, and crystallinity is only studied to a small extent as
highlighted by the few examples below(Fig.11).

The photoactive MOF (NNU-35, NNU = Northeast Normal
University) was probed towards efficient ATRP (Fig. 11).181 The
anthracene-based bipyridine ligands and terephthalate linkers
were integrated within one framework resulting in preparation
of the photosensitizer (PS), NNU-35, possessing a broad
absorption profile. The polymerization process was based on
the reduction of the Cu-based complex present in the reaction
mixture by electron transfer from NNU-35. The produced
polymers were characterized by a narrow molecular weight
distribution. However, a relatively low conversion observed in
these reactions is still an ongoing challenge, which may be
potentially resolved through the optimization of reaction
conditions (e.g., temperature).

Another example of organocatalysis was demonstrated on
a MOF constructed from TPE-based linkers (Fig. 11).89'93’182 The
prepared MOF exhibited a high photocatalytic activity in
aerobic cross-dehydrogenative coupling (CDC) reactions under
irradiation with visible light. Moreover, yields of the CDC
reactions  between  substituted tetrahydroisoquinoline
derivatives and nucleophilic indoles surpass 85%. Mechanistic
studies confirmed the crucial role of molecular oxygen in these

This journal is © The Royal Society of Chemistry 20xx
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Fig. 11 Organophotocatalysis on photoactive MOFs depicting general scheme of
organic transformations (black) and photoactive organic linkers (blue); (top left) a-

alkylation of aliphatic aldehydes, (top right) aerobic cross-dehydrogenative coupling,
(bottom left) reduction of aryl chlorides and C—H aromatic substitution, and (bottom
right) atom transfer radical polymerization.

aerobic reactions, which is in line with the fact that under a
nitrogen atmosphere, no product formation was observed.
Duan and co-workers used the tunable nature of MOFs to
integrate different types within one
framework to catalyze the a-alkylation of aliphatic aldehydes
(Fig. 11).183 Through the integration of pyrrolidine-2-
ylimidazole (PYI)- and triphenylamine (TPA)-containing
photoactive linkers within one structure, chiral Zn-MOFs were

of active centers

prepared. The synergistic effect of the two linkers resulted in
high enantioselectivity: the photoactive TPA-based linker in
the excited state induced electron transfer to form an active
intermediate for a-alkylation, while the chiral PYI-based linker
acted as an asymmetric catalyst to achieve stereoselectivity.
Control experiments clearly demonstrated that the presence
of both linkers is essential to achieve a reaction yield of 74%
and an enantioselectivity of 92% ee. This work demonstrated
the unrevealed potential of MOFs towards tandem catalysis
through integration of several independent catalytic sites
within one platform.

The Hupp and Farha
different approach for incorporation of photocatalytically

research team demonstrated a

This journal is © The Royal Society of Chemistry 20xx

L . 184,185
active linkers inside a framework.

They postsynthetically
incorporated different PSs (e.g., [6,6]-Phenyl-Cg;-butyricacid
(PCBA) or BODIPY derivatives) into a Zr-based MOF for
selective oxidation of a sulfur mustard simulant.

In the photocatalytic reduction of aryl halides, Duan and
co-workers utilized the idea of consecutive photoinduced
electron transfer through the incorporation of a perylene
diimide (PDI) derivative inside the MOF (Fig. 11).186 For the test
reactions: reduction of aryl chlorides, C—C bond formation
through coupling between aryl chlorides and N-methylpyrrole,
photooxidation of benzyl alcohol, and oxidative coupling of
amines were investigated. In many cases, enhancement of
catalytic performance was observed in comparison with non-
coordinated PDI-based molecules.

As shown in the section above, the amount of MOFs able
to perform photocatalytic organic transformations s
continuously increasing. The MOF pores can act as molecular
sieves to separate reagents and products based on their sizes
with their further detection by specific interactions of these
guest molecules with the framework. Such a concept could
serve as a foundation for photoinduced sensing. In order to
build such sensor materials, a deeper understanding of the
interactions of guest molecules with a framework scaffold is
necessary, as well as a multi-step design of frameworks for
incorporation of photoactive units capable of sensing at the
same time. Currently, there are no examples of MOF-based
sensors directly coupled to photocatalytic organic
transformations. However, Jiang and co-workers presented a
porphyrin-based MOF capable to catalyse the Heck reaction
after the addition of copper solution as a trigger for sensing.187
The presented MOFs serve as a “turn-on” sensor for cu* ions,
which involved the following steps: (i) replacement and release
of Pd** ions from the porphyrin core of the linker upon
addition of copper solution; (ii) reduction of the released Pd**
ions to Pd nanoparticles; (iii) conversion of nonfluorescent
aniline to fluorescent indole in the Pd-catalyzed Heck cross-
coupling reaction. Thus, the presence of Cu(ll) ions was
detected based on enhancement of the fluorescent signal from
the presence of a emissive reaction product. The presented
system shows the possibility to couple catalytical performance
with sensing ability inside one MOF platform.

Singlet Oxygen for Analyte Detection

There are a number of applications dependent on efficient
singlet oxygen (102) generation.188 One of them s
photodynamic therapy (PDT), which is a rapidly developing
area for utilization of MOFs focusing on induction of abnormal
cell death (e.g., cancer cells).189 However, in situ generated 102
could be utilized for selective oxidation, which opens a
pathway to monitor product formation (or reactant
disappearance), which could lead to sensor development
coupled to 102 generation. Especially, in addition to tunability
and porosity, necessary for sensing, the well-defined nature of
MOFs is advantageous for singlet oxygen production since it
aids in precise spatial control over the PS assembly and
impedes self-quenching of the excited states. 8%

J. Name., 2013, 00, 1-3 | 9
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Fig. 12 Singlet-oxygen generation using porphyrin-based organic linkers in a
MOF.

The combination of thermal and chemical stabilities and
photosensitizing properties make porphyrin-based linkers one
of the most commonly used building blocks for construction of
MOFs for 102 (Fig. 12). For instance, Lin and co-workers
demonstrated that the porphyrin-containing Hf-MOF could
promote intersystem crossing to increase the number of
reactive oxygen species as well as faster diffusion of 102
through the pores.190

An example of a “porphyrin-free” MOF applied towards 102
production was developed by Wang and co-workers in 2016
through the incorporation a non-porphyrin PS (BODIPY) in the
UiO-type MOF.*" The prepared UiO-BODIPY framework
demonstrated the enhancement of BODIPY photostability in
comparison with the free Iigand,191 however, the ability to
generate 102 does not surpass that of the linker itself.

To summarize, the discussed results demonstrated that
MOFs could be a very promising platform for singlet oxygen
production, which in combination with other advantages
offered by a MOF, could be applied for efficient monitoring of
product formation or degradation. The latter fact outlines an
unrevealed impact for the field of MOF-based sensors.

Sensors “on Demand”

The potential to change the properties of MOFs as a
function of external stimuli could be utilized for development
of not only the next generation of lenses or “smart windows”,
but also sensors.”**™®” One of possible pathways to engineer
photoresponsive sensors is through the integration of
photochromic compounds inside a MOF matrix (Fig. 13).197
Photochromic compounds are able to switch between two
discrete states upon, for instance, irradiation. 921987204 Thus,
they can be used as a switch to control physicochemical
properties of frameworks, 92198204 Moreover, integration
inside a framework could lead to a solution of a commonly
occurring problem observed for many photochromic
molecules: their restricted photoisomerization in the solid
state. 20>2% Integration of photochromic materials with porous
MOFs could lead to a solution of this problem due to spatial
separation of photoswitchable molecules inside a MOF. In
general, photochromic sensors have a number of advantages
in comparison with “conventional” ones including (i) multiple
signal outputs and therefore, more information for analysis, (ii)
recognition can be tuned as a function of photoisomerization,
which also provides a pathway to bind several analytes
simultaneously, and (iii) isomerization and therefore, sensing
ability can be controlled not only by the excitation wavelength,
but also by electric field, temperature, or pH. To achieve
benefits offered by photochromic sensors, the first step is their
integration inside a MOF. In this review, we will focus on
integration of spiropyran-, diarylethene-,
based compounds inside a framework (Fig. 13).
Azobenzene and its derivatives are known to undergo large
structural changes during photoisomerization, while they only
have small differences in absorption spectra, unlike
diarylethene that not only undergoes structural

and azobenzene-
69,192,198-204
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Fig. 13 Preparation of photoresponsive MOFs through coordinative immobilization of photoswitchable organic linkers as a framework backbone or a side group, as
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transformations, but also has distinct absorption profiles for
the two isomers, detectable by the naked eye. Spiropyran
undergoes a large structural change upon a ring opening
event, which is triggered by UV light (Fig. 13).

There are two main approaches for incorporation of
photoresponsive units inside MOFs: linkers and guests. Linkers
can contain the photoswitchable part as (i) a main part of their
backbone and (ii) as a side group located in the pores of the
framework which does not interfere with the rigid component
of the ligand (Fig. 13). It is logical that the photoswitchable
linkers that undergo structural changes along their backbone
will behave differently than linkers with the photoswitchable
group oriented towards the pore. The latter ones will have
more freedom for photoisomerization, and the difference
between these two approaches will be highlighted in the
context of this review.

Photochromic Compounds as a Framework Backbone

In order to incorporate photochromic compounds where
isomerization occurs through the backbone of the structure, it
is crucial to maintain framework flexibility to handle the
structural transformations of the photoswitch. In addition to
structural considerations, one of the main challenges, though,
with incorporation of photochromic ligands as a backbone of a
MOF is the quantitative reversible photoisomerization of the
photoswitch. Kitagawa and co-workers developed a strategy of
how to overcome this drawback through the synthesis of an
interpenetrated diarylethene-containing framework.>”’ They
designed a framework which has enough degrees of structural
flexibility to accommodate changes after photoisomerization,
which was confirmed by single crystal X-ray diffraction. A 3D
interpenetrated structure was obtained by incorporation of a
diarylethene-based derivative (1, Fig. 13) between 2D layers of
a non-photochromic framework. The interpenetrated
structure allows for changes in linker geometry without
framework collapse. In addition to X-ray diffraction analysis,
linker photoisomerization was also confirmed by spectroscopic
studies, as well as CO, sorption measurements, showing the
possibility to tune the void space inside the framework. A
similar approach was utilized by Barbour and co-workers, who
confirmed that the degree of framework penetration
influences the photophysical response of the incorporated
photochromic linker (1 and 2, Fig. 13).208

Luo and co-workers reported preparation of a photoactive
MOF with the ability to control catalytic processes upon
exposure to an external stimulus.’® An azobenzene-based
derivative suitable for MOF preparation (i.e., azobenzene core
functionalized with carboxylate groups) was used as the
organic linker. The resulting MOF (ECUT-50, ECUT = East China
University of Technology) possesses one-dimensional channels
offering selectivity in catalysis through the confined spaces
within the MOF pores. ECUT-50 was probed as a
heterogeneous catalyst for a Knoevenagel condensation, a
common base-catalyzed reaction, due to the basicity of the —
N=N-— group in azobenzene. As a result, high size-selectivity
was achieved. Moreover, ECUT-50 was found to be inactive
upon UV irradiation for the Knoevenagel condensation,

This journal is © The Royal Society of Chemistry 20xx

confirming the idea of photoswitchable catalysis. A dynamic
framework that showed light-induced structural flexibility was
prepared by Hill and co-workers.”® In this report, a
photoactive azobenzene-based derivative (3, Fig. 13) was
combined with a trans-1,2-bis(4-pyridyl)ethylene linker.”™* The
resulting framework was able to accommodate structural
changes and showed oscillating behavior between the two
isomeric forms for both incorporated linkers under irradiation
with two different excitation wavelengths. This light induced
structural flexibility could be applied for controllable CO,
capture and release.

Recently, Luo and co-workers combined two photochromic
linkers (azobenzene- and diarylethene-derivatives) (1 and 3,
Fig. 13) into a single Zn-based MOF (ECUT-30) as a way to
control the adsorption selectivity by irradiation with Iight.212
The ECUT-30 MOF has considerable adsorption capacity
towards CO,, GC,H,, and C,H,;, alongside distinct
photoresponses towards different guest molecules.

Photochromic Unit as a “Side Group” of the MOF Linker

As discussed above, isomerization of photoswitchable
linkers within a framework typically may result in significant
structural changes, which in many cases cannot be
accommodated without framework decomposition.
Functionalization of the organic linker backbone with a
photoresponsive side group is a more feasible approach to
preserve MOF integrity. To date, this approach was mainly
studied to modulate the storage properties of MOFs for a
number of guests (e.g., CH,, CO,, or dyes).213

One example of optically induced changes in the storage
properties of MOFs was shown by Zhou and co-workers.?**
They utilized 2-(phenyldiazenyl)terephthalate (Fig. 14) as an
organic linker decorated with a photoswitchable side group to
build the framework. Although, they did not perform any
spectroscopic studies to show the isomerization of an

visible

Fig. 14 (top) Light-induced guest release in MOFs with photochromic linkers.
(bottom) Light-induced release of carbon dioxide achieved through azobenzene
linker isomerization.
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azobenzene derivative, they demonstrated the possibility to
control CO, uptake wupon irradiation with light. The
spectroscopic and theoretical calculations on the could take
place inside the pores. In the two different MOFs,
photoswitching was only enabled in one MOF structure, while
in the other, the presence of a second linker was blocking the
trajectory of photoisomerization. This work showed the
possibility to control photoisomerization through utilization of
MOFs, which can be further supported with theoretical
calculations.

Photoisomerization of organic linkers inside the framework
could potentially lead to tunability of material properties by
changing the excitation wavelength. For instance, the proof of
concept for on-demand drug release was shown on the
example of a biocompatible Zr-MOF, in which the organic
linker was functionalized with an azobenzene group (10, Fig.
13).216 The pores of the framework were capped through
binding with R-cyclodextrin decorated with azobenzene
derivatives, allowing to trap compounds of interest inside a
MOF. This supramolecular complex can dissociate under light,
leading to release of trapped molecules. The presented
approach shows the possibility of MOF utilization for
applications in light-induced drug release where no additional
chemical components are necessary.

Introduction of spiropyran-based derivatives inside the
framework structure is still a remaining challenging due to the
high degree of structural changes of the photoswitch
molecules during photoisomerization. D’Allesandro and co-
workers showed a novel approach for incorporation of
photochromism into MOFs through a two-step PSM of metal
clusters (13, Fig. 13).217 The ability of the spiropyran-derivative
attached to a metal node to isomerize inside the framework
pores was shown in their photophysical studies. UV-irradiation
resulted in stabilization of the open merocyanine form, which
was attributed to its stabilization by the presence of polar Zr-
OH groups in Zr-based metal nodes. Additionally, a further
in temperature does not show the expected
relaxation of merocyanine back to spiropyran, which supports
the idea of stabilization of the polar form through the polarity
of framework cavities.

Although incorporation of a photochromic core as a side
group of the linker backbone is seen as a promising strategy to
facilitate photoisomerization, the MOF matrix can alter the
known behavior of photoswitches in an unpredicted way. This
approach can be utilized as a new way to introduce additional
functionality to known MOF topologies. Benedict and co-
workers reported a series of diarylethene-based MOFs where a
diarylethene group was placed inside the pores of the
framework (8,9, and 12, Fig. 13).218 In the first step, through
synthesis of the dicarboxylate diarylethene-containing MOF,
they showed changes in the photophysical behavior in
comparison to solution studies. While the prepared
photochromic linker undergoes reversible isomerization in
solution, it was no longer reversible after its incorporation
inside the framework. The observed changes in behavior were
attributed to changes in the linker environment and possible
stabilization of the colored form of the photoswitch by the

increase
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framework. To further study the effect of the framework on
the photoisomerization of diarylethene derivatives after their
coordinative immobilization, the diarylethene core was
decorated with bulkier phenyl groups instead of methyl groups
(9, Fig. 13).219 This modification again resulted in changes of
photoisomerization behavior inside the framework in
comparison to that in solution. However, in this case, the
observed variations were not explained by changes in the
microenvironment of the photoswitch, but by stabilization of
the photoinactive orientation of the side groups inside the
pores of framework. In the most recent report by the same
group, the backbone of the linker was extended by pyridyl
groups (12, Fig. 13), and the final organic linkers were used as
pillars between 2D layers. This approach allows for the
increased spacing between photoactive groups, which could
facilitate their photoisomerization inside the pore space.220
Unfortunately, it again resulted in a non-reversible behavior of
the diarylethene group due to significant structural
reorganization upon irradiation.

Photochromic Compounds as Guests inside MOF Pores

As a way to overcome the spatial confinement of solid-
state photoswitches, non-coordinative inclusion could be
applied. In a recent study, Ruschewitz and co-workers loaded a
photoswitchable spiropyran-based molecule (4,Fig. 13) into
the pores of various MOFs (MOF-5, MIL-68(In), and MIL-
68(Ga)), in order to shed light on how the host (MOF) affects
the optical properties of the guest (spiropyran derivative).221
The incorporated guest into the aforementioned MOFs
exhibits behavior observed in solution rather than in the solid
state.

Photoswitchable guest molecules were also shown to
trigger structural transformations of a host framework as
studied by Kitagawa and co-workers.”?> An azobenzene
molecule (5, Fig. 13) was introduced into the pores of a flexible
Zn-based MOF ([Zn,(terephthalate),(triethylenediamine)l,),
where cis/trans isomerization of the guest was studied. This
photoisomerization, induced by light or heat, resulted in the
reversible structural transformations of the host from the
initial tetragonal crystal system to an orthorhombic one. The
changes observed in the host structure were also dependent
on the ratio of the isomers incorporated inside the pores.
Despite the reversible isomerization of azobenzene inside the
framework pores, the activation energy for this conversion
was much higher in comparison to solution behavior. The
same Zn-based MOF was utilized by Benedict and co-workers
for incorporation of diarylethene-based guest molecules (6,
Fig. 13) to study their photoisomerization inside the flexible
host.?”® In this study, a change in absorption profile was
observed upon UV irradiation, which could be reverted back
upon irradiation with visible light, allowing an “on and off”
switching potential. Interestingly, the polarized absorption
spectra showed linear dichroism in the obtained guest@MOF
system, confirming not only inclusion of the guest molecules,
but also their preferential alighment within the pores of the
host.

This journal is © The Royal Society of Chemistry 20xx
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MOFs as a Tunable Nanoreactor

Due to unprecedented modularity and versatility, MOFs
are gaining increasing interest as “tunable nanoreactors”. Such
“reactors” could completely change the reaction outcome in
comparison with the same reactions in more conventional
“flasks” due to the fact that confined space could influence the
arrangement of encapsulated guests, and therefore,
significantly affect their interactions.”* %8 In the scope of this
review, we want to describe two potentially useful concepts
for novel MOF-based sensors which rely on (i) sensing of the
products, formation of which occurs due to the confining
nature of MOF nanoreactors and (ii) sensing of emissive
products produced from non-emissive reagents inside the
MOF scaffold. In the first case, a MOF will serve as a “reaction
vessel” providing a spatial confinement for selective product
formation, which sensing will occur through a change of the
MOF photophysical response (Fig. 15). The second case relies
on the appearance of product emission due to suppression of
low energy vibrational modes because of integration inside the
MOF pores. Even though there are no literature precedents of
such systems for MOFs yet, a number of supramolecular
systems discussed below could be used as initial steps to
demonstrate the feasibility of the proposed concepts. For
instance, various supramolecular containers, which could
facilitate unusual chemical reactivity or promote specific
reactions, have been reported.zzg’BO For instance, trans-1,4-
polyisoprene could be formed with a high selectivity upon
isoprene photoirradiation inside the confined environment of

pyridyl-phenylethynylene bis-urea macrocycles under mild
229

conditions. In addition to easy polymer release, this
crystalline host is reusable. Another example, which
demonstrated advantages of a confined space, s

photodimerization investigated by Fujita and co-workers in
self-assembled coordination cages.230 Using a cage, assembled
from metal ions and tridentate ligands, they showed that
acenaphthylenes (or naphthoquinones) could be selectively
encapsulated followed by [2+2] photodimerization. In this
case, the cage cavity could accelerate the speed of the
reaction and control the stereochemistry of the product.236
These supramolecular precedents demonstrate a significant
potential and possible impact of a “nanoreactor” geometry
and dimensions on a number of chemical transformations, but

ARTICLE

from the perspective of this review, provide an intriguing hint
for porous and modular structures of MOFs to be used in
sensing applications. Very recently, a study shed light on the
possibility for applying the same concepts by the utilization of
MOF pores. For instance, MOF-74%' could be utilized as a
“smart “nanoreactor” for the storage and photoinduced
release of uranyl ions.”®? In this case, the encapsulated
coumarin molecules were able to undergo photoinduced
dimerization inside porous of a framework and acted as a
controlled gate for storage and release of uranyl ions (Fig.
16).23'2 Tracking such release or storage by photoluminesce
spectroscopy (e.g., through changes of the MOF emission
profile or through emission of uranyl ions) foreshadow the
utilization of MOFs not only as useful nanoreactors, but also as
sensors offering potential benefits including pore-shape (or
size) selectivity and wall multifunctionality.

In 2010, Kitagawa and co-workers introduced a novel concept
of photoactivation of the pores’ surface.”®® A photoresponsive
nanoporous framework functionalized with aryl azide group
was developed, which could be converted to nitrenes after
irradiation with UV Iight.233 This approach can open a novel
path for the functionalization of pore surfaces of MOFs,
leading to the potential use for recognition of different types
of molecules or for controlled chemical reactions.

To summarize, MOFs have an unexplored potential to be
utilized as “tunable nanoreactors” in sensing applications,
which could provide a foundation for the development of first
examples of efficient “reactor-sensor” couples.

Conclusion and Perspectives

As highlighted in this review, MOFs have the potential to
move beyond the pore exclusion approach for development of
new sensing devices. Recent advancements in the fields of
MOF photophysics and photochemistry foreshadow that light

Fig.15 Schematic representation of MOFs as nanoreactors.

This journal is © The Royal Society of Chemistry 20xx

Fig. 16. Utilization of a MOF scaffold for the trapping and release of uranyl ions
(yellow spheres) as a function of external stimuli. On demand release is achieved
through photodimerization of coumarin upon irradiation with a different
wavelength of light (short green post = coumarin molecules, long green post =
coumarin dimer). Orange, grey, and red spheres represent zinc, carbon, and
oxygen atoms of the framework, respectively.
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harvesting, energy transfer, and photocatalysis are facets,
which could be implemented towards the rational construction
of a novel platform with unrevealed sensing benefits. The
natural photosystem could be utilized as a model for
integration of the mentioned photophysical processes inside a
single MOF-based material creating a “three-in-one” sensing
platform.

MOFs offer a great level of control for chromophore
arrangements and structural parameters, including distances,
angles, molecular conformations through rational design of
organic linkers and tunability of synthetic conditions. Since
light harvesting is the first step for the development of novel
MOF-based sensors of this kind, it is essential for these
scaffolds to possess wide absorption profiles achieved through
efficient coupling of multiple chromophores.

Among the discussed directions, ET in MOFs has already
been successfully applied towards efficient sensing of metal
cations, explosives, organic solvents, and selected anions.
Furthermore, MOF sensors coupled to ET have also found their
applications for development of non-invasive thermometers.
In addition to tunability and high surface area, the main
advantage to develop ET-based sensors using a MOF is
framework crystallinity, which allows for the precise
determination of the distances and angles between self-
assembled organic linkers, and therefore, modeling of short-
and long-range ET processes.

Out of the three aspects of the natural photosystem that
MOFs can replicate, one of the most intriguing is the
phenomenon focused on the mimic of the photosystem
reaction center MOFs have already established
themselves as efficient heterogeneous catalysts. The question
still remains, however, of how to use photocatalysis in MOFs
as a pathway for subsequent sensing. One of the possible
approaches, which could be implemented through
photocatalysis, is of analytes, which their
predecessors are not feasible to detect (i.e., before their
chemical transformations).

Another research area, which MOFs have the potential to
impact for sensing advancement, is the engineering of
photoresponsive sensors through integration of photochromic
compounds inside a MOF matrix. Photochromic sensors
possess a number of advantages such as multiple signal
outputs leading to more information for analysis or recognition
tuned as a function of photoisomerization. Furthermore, MOFs
can be viewed as the next generation of “smart materials,”
whose sensing ability is controlled as a function of the external
stimuli, including excitation wavelength, heat, pressure, or pH.

Due to porosity and structural modularity, MOFs can also
be employed as tunable nanoreactors, with the potential to
act as a “sensor-flask,” i.e., promoting photocatalysis with
subsequent size exclusion sensing.

To summarize, MOFs have the boundless potential to add a
new disposition to the utilization of the “triple nature” of
MOFs to boost sensor development. While a true three-in-one
platform is yet to be realized, examples of two-in-one systems
that highlight the interplay between light harvesting/ET or
ET/sensing have been developed,71'82'133 which demonstrates

since

formation
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the feasibility of the proposed approach. However, integration
of all the discussed aspects inside one material, along with the
integration into a sensing device, is still an inexhaustible
challenge.
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