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1. Introduction

Metal–organic frameworks (MOFs) are crystalline porous
materials composed of organic linkers (ligands) connecting
metal centers or clusters. These materials have unique
structural features, such as permanent, regular porosity, and
large internal surface areas.[1–5] The enormous variety in MOF
structures arises from the diversity of choice in metal
structural building units (SBUs) and organic linkers, leading
to an extensive spectrum of physical and chemical proper-
ties.[6–9] This, along with the presence of various interactions,
including hydrogen bonding, van der Waals interactions, p–p

stacking, and metal coordination, have made MOFs promis-
ing functional compounds. In particular, the uniquely tunable
structural properties of MOFs have seen potential applica-
tions proposed for them in areas as diverse as gas storage and
separation, sensing, and catalysis.[10–21]

Progress in supramolecular chemistry has led to switch-
able molecules capturing widespread attention. Although the
denotation of “switching”[22–25, 93, 94] has been variably
employed in the literature, for the purposes of limiting the
scope of this Review the term “switch” will signify any system
that, upon exposure to a particular, external stimulus, such as
light, temperature, or electrical field, undergoes a reversible
and controllable transformation between two or more distinct
molecular states, commonly involving isomerization, bond
breaking or formation, the gain or loss of electrons, or
conformational changes. Under ideal conditions, it is assumed
that every stage in the transformation of a reversible process
is in equilibrium with the next state and the prior state, so that
infinitesimally small reversal steps along the reaction coor-
dinate will yield a state indistinguishable to that from before
the process began. By controllable, it is meant that the applied
stimulus is assumed to be the principal instigator in the
change of state. In other words, the transformational energy
barrier that exists between the states should be in excess of
that which the thermal energy under observation conditions

could overcome. Through this reason-
ing, is it possible that a structure that is
not considered a switch at higher
temperatures, may fit the conditions
to be termed a switch at lower temper-

atures although for simplicityQs sake, these will not be
highlighted herein. Finally, distinct implies that the trans-
formation between these states produces some change in
properties discrete enough to be observable and distinguished
from one another using modern characterization techniques.
For these reasons mass transport, gradual swelling, simple,
inconspicuous hinging motions, and other phenomena which
are either not reversible, do not entail intramolecular changes,
do not possess a significant enough activation energy to be
well controllable (such as in the case of small but additive
lengthening or shortening of bonds), or whose states are too
similar and cannot be distinguished from one another will not
be included.

Switching processes are one of the key strategies in the
adsorptive/desorptive control of materials. However, com-
pounds that perform well as switches in solution may
encounter difficulties in the solid state, such as incomplete
conversions owing to a greater restriction of movement in the
solid state. In fact, switchability in molecules in solution does
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not always translate to a molecule with switchability in the
solid state. Conversely, molecules which do not exhibit
switching in solution may gain this capacity in the solid
state.[26, 27]

The advantage of immobilizing switchable molecules into
porous materials is that the molecules can be incorporated
into the solid state where extra pore space permits maintained
mobility of the molecule. To date, a variety of stimuli–
responsive, dynamic, and flexible materials have been docu-
mented. In addition, the high degree of tunability of MOFs
can be exploited to optimize the response and sensitivity to
various stimuli. As the MOF synthetic toolkit expands, the
realization of MOFs with targeted designs becomes increas-
ingly facile.[20, 28] Moreover, owing to the regularity and
crystallinity of MOF structures, computational studies have
been successful, and recent high-throughput screening studies
have helped in effectively guiding experimentalists.[29–33]

In situ or post-synthetic modification, structural and pendant
ligands, primary and auxiliary metals and metal clusters, as
well as pore sizes, shape, acidity, and hydrophobicity modi-
fications can direct the uptake capacities, selectivity, sensitiv-
ity, and mobility of MOFs and MOF components.[20, 28] MOFs
have greater surface areas and higher degrees of tunability
than other porous materials, such as zeolites, essential for
applications including selective catalysis and low density, high
capacity gas storage. Compared to porous polymers, MOF
crystallinity, periodicity, and permanent porosity makes
characterization by X-ray diffraction techniques more ame-
nable. Finally, while covalent organic frameworks (COFs) are

often lighter and have larger pore structures that are more
stable than in MOF counterparts, MOFs boast more diverse
synthetic conditions and the additional tunability provided by
the metal structural building unit (SBU) can permit facile
incorporation of photochemical properties, catalytic centers,
and gas sorption sites.[11–21]

Flexible MOFs having the ability to structurally adapt
under particular circumstances without the loss of structural
integrity are often referred to as 3rd generation MOFs, or soft
porous crystals.[2] While this umbrella label includes switch-
able MOFs, not all 3rd generation MOFs are switches. For
instance, flexible MOFs can undergo reversible phase
changes, such as from crystalline to amorphous or crystal to
crystal transformations, as well as volume changes in response
to stimuli but they are not always switches if these changes do
not occur on an intramolecular level or if the differences in
states are not considerable enough to differentiate, as is often
the case in swelling and mass transport-reliant changes.

Herein, discussion will focus on switchable MOFs rather
than dynamic and flexible MOFs. Despite fairly extensive
studies carried out on dynamic and flexible MOFs, studies on
switchable MOFs were very limited until 2009 (Scheme 1).
Table 1 lists some switchable MOFs that have been reported,
their switching mechanisms, and their applications. As shown
in Table 1, there are many ways to impose switching features
on MOFs:
a) Insertion of switchable guest molecules into the MOF’s

pores;[27,34, 35]

b) Functionalization of side groups on the linkers;[36,37]

Fahime Bigdeli obtained her B.Sc. in
Chemistry from Damghan University, Iran.
She completed her MS degree in Inorganic
Chemistry under the supervision of Prof. Ali
Morsali from Payame Noor University, Iran,
in 2009. She received and her Ph.D. under
the guidance of Prof. Ali Morsali and Prof.
Hassan Hosseini-Monfared from University
of Zanjan in 2017. She is a postdoctoral
researcher with Prof. Ali Morsali in Tarbiat
Modares University. Her major research
interest is centered around the synthesis and
applications of the coordination polymers
and MOFs.

Christina T. Lollar received her B.A. degree
in French and her B.Sc. degree in Chemistry
in 2015 from SMU in Dallas, TX. She
joined Prof. Hong-Cai Zhou’s research group
at Texas A&M University in 2017. Her
research interests focus on stimuli responsive
molecular organic frameworks with potential
applications in gas storage, separation, and
sensing.

Ali Morsali attended Tarbiat Moallem Uni-
versity, Tehran and earned a B.S. degree in
Chemistry. He received his MS degree in
Inorganic Chemistry in Zanjan University,
Zanjan. He then attended graduate school
at Tarbiat Modares University, Tehran and
earned his Ph.D. in 2003 and began his
independent career at the Tarbiat Modares
University where he has been a Professor in
the Department of Chemistry since 2012. In
2016, he spent a six month sabbatical with
Prof. Hupp and Prof. Farha, Northwestern
University. He had another six months sab-

batical in Prof. Omar Yaghi’s group, Berkeley in 2017. His research
interests are primarily in the area of inorganic chemistry, coordination
polymers and MOFs.

Hong-Cai “Joe” Zhou obtained his Ph.D. in
2000 from Texas A&M University. After
a postdoctoral stint at Harvard University
with Prof. R. H. Holm, he joined the faculty
of Miami University, Oxford in 2002. He
moved back to Texas A&M University in
2008. He was promoted to a Davidson
Professor of Science in 2014 and a Robert A.
Welch Chair in Chemistry in 2015. His
research focuses on the discovery of synthetic
methods to obtain robust framework materi-
als with unique catalytic activities or desir-
able properties for clean-energy-related appli-
cations.

Angewandte
ChemieReviews

4654 www.angewandte.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2020, 59, 4652 – 4669

http://www.angewandte.org


c) Direct incorporation of switching ligands as the MOF
backbone.[38–40]

Light is the most common stimulus employed for switch-
ing in MOFs whereby the light can excite the metal ions in the
MOF, the structural ligands, the pendant ligands, or the guest
species. In particular, azobenzenes (AZBs) are among the
best candidates for molecular switches, either as guest
molecules or as side groups. However, other stimuli have
also received recognition including redox, guests, temper-
ature, and pressure. The Sections of this Review have been
selected and organized based upon the type of stimulus
applied to yield a switching response.

2. MOF Switching with Light

Light is a simple and practical stimulus that provides fast,
clean, remote-controllable transition between states.[41,42]

Particularly, wavelengths near the visible spectrum are non-
destructive, have high resolution, produce few side products,
and are easily accessible in the form of sunlight.[42, 43] Photo-
chromic molecules are compounds that reversibly change
their molecular and electronic state upon exposure to light
stimulus. Generally, photoresponsive molecules exhibit
potential as sensors, switches, and memory and optical data
storage media. For instance, a number of organometallic
molecules have been widely investigated and used in tech-
nologies including organic light-emitting diodes (OLEDs),
fluorescent probes, and laser dyes.[44–46]

Attracted by what an organometallic chemistry and
materials science hybrid could offer to these technologies,
photoresponsive MOFs are a new class of MOF that have
recently garnered significant research interest.[47] Conceptu-
ally, MOFs are appropriate structures for the encasement of

optically active agents
because entrapment of
these molecules into the
MOFsQ pores prevents
agglomeration and subse-
quent self-quenching.
However, photochromic
molecules often cannot
effectively switch and
exhibit their optimal opti-
cal activity in the solid
state since their motion is
restricted by intramolecu-
lar interactions in dense
crystalline packing.[23]

Therefore, it is essential
that the switchable species
is not restrained to the
point of inactivity once
incorporated into a MOF.

Azobenzenes are one
of the most studied photo-
chromic molecules. These
molecules possesses an azo

bond that can be switched from a thermally stable trans
isomer to a metastable cis isomer upon irradiation with UV
and visible light irradiation. Isomeric conversion of azoben-
zene is rapid and reversible, changing the structure and
polarity such that the distance between the two para carbon
atoms in the trans and cis forms are 9 c and 5.5 c,
respectively.[36,42, 48] Azobenzenes are undoubtedly one of the
most popular species hosted in light-stimulated switchable
MOFs.[49, 50] In fact, an azobenzene pendant moiety was the
switching piece in the first photoswitchable MOF, CAU-5.[51]

As pendant groups, azobenzene units retain their switch-
ability without significant loss of activity. In addition, upon
cis/trans switching, dangling azobenzene groups can modify
the pore environment enough to give rise to interesting
properties and applicability.

The openness of the MOF PCN-123’s pores was studied in
the work of Zhou et al. by exploiting the reversible photo-
response of a pendant azobenzene group.[43] This switching in
turn modified the frameworkQs CO2 adsorption capacity.
Although the cis isomer offers larger pore space in PCN-123,
it is the trans isomer that displays the greater CO2 uptake by
allowing increased access to the metal clusters, the main site
for CO2 adsorption. Of particular interest was that the
decrease in CO2 uptake after UV treatment was only about
26.6%, whereas this value approached 53.9% 5 hours after
UV irradiation. It was suggested that there may be synergism
at work, whereby the trans-to-cis transformation of the
azobenzene ligand encourages the isomerization of other
azobenzene ligands. Well-designed experimental or theoret-
ical insight into this synergistic effect could prove useful to
control the speed of these conversions in future materials.

Seeing the potential these materials could have in gas
capture and separation, studies have been conducted on MOF
films with switchable azobenzene groups. In one example,
Heinke et al. designed a MOF, Cu2(F2AzoBDC)2(dabco).[37]

Scheme 1. The number of articles published each year that cover switchable and flexible MOFs.
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Table 1: Features and suggested or examined applications of select switchable MOFs.

MOF Switchable Component Switching Mecha-
nism

Stimulus Application(s) Ref.

Cu2(F2AzoBDC)2(dabco) F2AzoBDC ligand Cis/Trans isomeriza-
tion

Light H2 :hydrocarbon separa-
tion

[37]

Zn(L)-(bpdc)·solvents Diarylethene derivative
ligand

Ring opening/clos-
ing

Light CO2 storage/release [57]

UiO-66-TCPP-BCDTE BCDTE ligand Ring opening/clos-
ing

Light 1O2 generation [34]

{[Eu(BA)(Bpybc)1.5(H2O)]·2NO3·5H2O}n Bpydc ligand Light-induced radi-
cal generation/oxi-
dative quenching

Light and
Redox

Readout/Data Storage [86]

UiO-66-PNIPAM PNIPAM coating Coil-globule transi-
tion

Temperature Small organics storage
and release (resorufin,
caffeine, procainamide)

[76]

PC-PCN BPDTE ligand Ring opening/clos-
ing

Light None mentioned or
examined

[46]

SO-PCN BPDTE ligand Ring opening/clos-
ing

Light 1O2 generation and pho-
tocatalytic oxidation of
1,5-dihydroxynaphthalene

[46]

2,6-Naph(COOLi)2 Ligand carboxylate
groups

Lithium intercalation Redox Heat-responsive switch-
ing devices

[39]

[Fe(pz)M(CN)4] Metal environment Spin state stabiliza-
tions

Guest Memory devices [99]

MOF-808-SP Spiropyran ligand Ring opening/clos-
ing

Light and
Temperature

Gas separation [62]

UBMOF-3 TPDPy ligand Ring opening/clos-
ing

Light None mentioned or
examined

[58]

AMOF-1 Metal environment Quenching by Cu2+

guest
Guest Cation (Cu2+) sensing [100]

Azo-IRMOF-74-III Azobenzene ligand Cis/Trans isomeriza-
tion

Light Dye (propidium iodide)
storage and release

[36]

PCN-123 Azobenzene ligand Cis/Trans isomeriza-
tion

Light or
Temperature

CO2 storage/release [43]

CAU-5 AzoBiPyB ligand Cis/Trans isomeriza-
tion

Light or
Temperature

Gas storage/release [51]

PSZ-1 Imidazolate-based dieth-
ienylethene ligand

Ring opening/clos-
ing

Light Aromatic hydrocarbon
filter

[59]

Cu2(AzoBPDC)2(AzoBiPyB) SURMOF AzoBPDC and AzoBiPyB
ligands

Cis/Trans isomeriza-
tion

Light H2 :CO2 separation [82]

ECIT-20 BPE ligand [2++2] reaction Light and
Temperature

Allyl alcohol removal,
conversion, and release

[64]

Zn(AzDC)(4,4’-BPE)0.5 BPE and azobenzene
ligands

Cis/Trans isomeriza-
tion

Light CO2 storage/release [55]

[Zn2(terephthalate)2(triethylenediamine)]nAB Azobenzene ligand Cis/Trans isomeriza-
tion

Light or
Temperature

Optical, electric, and
magnetic devices

[54]

JUC-120 BSP guest Ring opening/clos-
ing

Light Photonic and optical
devices

[61]

UiO-67 Azobenzene guest Cis/Trans isomeriza-
tion

Light H2 :CO2 separation [35]

[Fe(pmd)-(H2O){M(CN)2]·H2O (M =Ag or Au) FeII environment Spin state stabiliza-
tions

Temperature Sensory and memory
devices

[71]

[FeII(Hbpt)Pt(CN)4]·1/2Hbpt·1/2CH3OH·5/
2H2O

FeII environment Spin state stabiliza-
tions

Temperature Memory devices [73]

Fe2[Nb(CN)8]·(4-pyridinealdoxime)8·2H2O FeII environment Spin state stabiliza-
tions

Temperature
and pressure

Memory devices and
optical information stor-
age and displays

[72]

SALI-R3(C+) Semirotaxane ligand Semirotaxane dumb-
bell site preference

Redox Molecular electronic
devices

[94]

TMU-34 H2DPT ligand Deprotonation of
tetrazine moiety

Redox Chloroform detection [81]

i-motif DNA-modified UMCM-1 i-motif DNA DNA folding and
unfolding

Redox Storage/release of rhod-
amine 6G

[98]

G-quadruplex DNA-modified UMCM-1 G-quadruplex DNA DNA folding and
unfolding

Redox Horseradish peroxidase
mimic

[98]
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This MOF, containing a difluorinated azobenzene derivative,
was capable of switching upon exposure to green or violet
visible light, avoiding the potential destruction of organic and
biological materials caused by UV light irradiation (Figure 1).
Additionally, the use of visible light increases the isomer-
ization yields through avoiding competition with ligand-to-
metal charge transfer (LMCT) promoted by UV light in Cu-
paddle-wheel structures. MOF film on mesoporous Al2O3

supports separated H2 :hydrocarbon mixtures while being
unable to separate H2 :CO2 mixtures. For this reason, the
modulation of H2 :hydrocarbon separation by visible light

irradiation was attributed to pore opening/blocking effects of
the cis/trans isomers of F2AzoBDC, rather than any changes
in polarity or metal-site access. Also employing minor
modifications to the linker, Wang and co-workers assembled
a pillared-layer structure MOF with two unique pendant azo
linkers, AzoBPDC and AzoBiPyB, on a porous a-Al2O3

support.[82] This assembly permitted precise control of the
H2 :CO2 separation factor from 3 to 8. The successful use of
modified azobenzene linkers suggests the exploration of more
azobenzene modifications. Changes to the electron distribu-
tion near and around the azo bond or adjustments to the

degree of bulkiness on the pendant ligand will
undoubtedly affect the wavelength of switching, the
completeness of switching, and/or the amount of
blocking around the metal clusters or the pores.
However, such investigations still need to be thor-
oughly undertaken.

In addition, gas separation capabilities, incorpo-
ration of a dangling azobenzene group can result in
further interesting applications upon guest encapsu-
lation. For instance, azo-IRMOF-74-III, an analogue
to MOF-74, was capable of trapping and releasing
a fluorescent cargo of propidium iodide thanks to the
pore blocking effects of the azo ligand in the trans
conformation.[36] Interestingly, HeinkeQs group took
the direction of loading proton conductors 1,4-
butanediol and 1,2,3-triazole as guests into a sur-

Table 1: (Continued)

MOF Switchable Component Switching Mecha-
nism

Stimulus Application(s) Ref.

UiO-68-OH Hydroquinone ligand Hydroquinone/
quinone transforma-
tion

Redox Storage devices [80]

NU-1000-FCn+ [2]catenane Partially restrained
relative motion

Redox Molecular electronic
devices

[85]

MIL-100(Al)@Fe(sal2triene) FeII environment Spin-state stabiliza-
tion

Guest Sensing devices [90]

MOF-5 Metal environment Introduction of
intermediate energy
levels

Guest Pyridine sensor [95]

PCN-250 Azobenzene ligand Cis/Trans isomeriza-
tion

Pressure CH4 uptake [66]

ZAG-6 1,4-cyclohexanedicarboxy-
late ligands

Uncoiled/coiled
transformation

Pressure Proton conduction [77]

DUT-8(Ni) Percolating carbon nano-
particles

Disruption of nano-
particle network with
increasing volume

Guest Sensing in industrial feed
streams, VOC filtration,
gas storage

[101]

ELM-11 Percolating carbon nano-
particles

Disruption of nano-
particle network with
increasing volume

Guest Sensing in industrial feed
streams, VOC filtration,
gas storage

[101]

{Fe(pyrazine)[Pt(CN)4]} FeII environment Spin-state stabiliza-
tion

Guest None mentioned or
examined

[102]

{[Ag12(S
tBu)6(CF3CO2)6]0.5[Ag8((S

tBu)4(CF3CO2)4]-
(tppe)2(DMAC)10}n

tppe ligand Steric restriction of
internal ligand rota-
tions

Guest Sensing and light-emit-
ting devices

[91]

MAMS-1 Pendant t-butyl groups Steric restriction to t-
butyl rotation

Temperature H2 :CO2 separation [74]

DUT-49 9,9’-([1,1’-biphenyl]-4,4’-
diyl)bis(9H-carbazole-
3,6-dicarboxylate) ligand

Bending and
straightening of
ligand

Pressure Micropneumatic devices,
self-propelling systems,
mechanical actuators

[96]

Figure 1. a) Structure of Cu2(F2AzoBDC)2(dabco) with fluorinated azobenzene
side groups which undergo reversible trans- (left) to-cis (right) isomerization by
irradiation with green light (530 nm) and from cis-to-trans by irradiation with
violet light (400 nm).The photoswitchable linker F2AzoBDC is shown next to the
MOF structure. C grey, O red, Cu salmon, F green, and N blue. For clarity, the
hydrogen atoms are not shown. Reproduced with permission from Ref. [37].
Copyright T 2017, John Wiley and Sons.
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face-mounted MOF, Cu2(F2AzoBDC)2(dabco) on a quartz.[52]

Experimentally, the trans conformation in the azo linker
resulted in higher conductivity, and thereby freer movement
of the proton conductors, while the cis conformation showed
reduced conductivity, suggesting more restraints to the guest
moleculesQ movement. Using quantum chemical calculations
and IR spectroscopy, it could be asserted that the cis
conformation allows for stronger hydrogen bridging between
the azo nitrogen and the guest molecules, slowing the guest
molecules’ travel. Finally, Meng et al. exploited the suscept-
ibility of metallofullerene spins through inclusion into a MOF
with pendant azobenzene units.[53] The differences in dipole
moment of the linker, as well as the p–p interactions with the
fullerene guest result in reversible and marked changes in the
magnetic properties. However, upon irradiation times over
30 minutes, no further differences in the EPR spectra were
observed. This seems to be in contrast to the synergistic
effects observed in PCN-123 and this difference may be due to
the strong host–guest interactions between the MOF and
fullerenes as well as isomerization hindrance that is a result of
the metallofullereneQs sheer size.

MOFs with azobenzenes guest molecules can also find
application as separation membranes. In one instance, a thin
film of UiO-67 deposited on an a-Al2O3 support was loaded
with azobenzene guest molecules.[35] Although the azoben-
zene guests showed p-interactions with the MOF framework,
they were still able to switch under UV irradiation, producing
two distinct states with discernable variation in H2 :CO2

permeance, which were credited primarily to the gating
effect of azobenzene rather than electrostatic changes.
KitagawaQs group noticed an interesting transformation
when azobenzene guest molecules were stimulated inside of
a flexible zinc framework.[54] Conformational isomerism of
the guests triggered a structural adjustment in the host
framework from a tetragonal to an orthorhombic symmetry
(Figure 2). This process of guest-to-host structural trans-
mission is a key example and will inspire the further
incorporation of switchable moieties as guests into flexible
frameworks. This approach has the potential to convert
generally flexible frameworks into switchable ones, producing
new smart porous materials.

The question inevitably arises as to if switchable linkers
can be incorporated into MOFs as integral, critical parts of
a frameworkQs walls, rather than as pendant groups or guest
molecules. The primary obstacle in these attempts is the
overall rigidity that the linker would have to overcome in
order to maintain switchability. However, Lyndon et al. have
reported a MOF, Zn(AzDC)(4,4’-BPE)0.5 composed of two
linkers both capable of cis/trans isomerization that are located
perpendicular to one another (Figure 3).[55] While this result
was captivating, changes in the framework due to isomer-
ization of the ligands were localized and transient. The quick
transitions back to their more stable isomers were likely due
to the already established crystallinity of the MOF framework
as well as because of stresses from existing as a triply
interpenetrated framework. Nevertheless, this study sets
a precedence for future research into switchable integral
MOF ligands as well as questioning how much removing

interpenetration would free the linkers to allow for slightly
more permanent switching between states.

Dithienylethenes are another family of photoresponsive
organic groups applied in the preparation of switchable
MOFs. Triggered by UV or visible light, dithienylethenes
undergo reversible ring opening/closing. Diarylethene deriv-
atives, such as dithienylethenes, are distinguished by the
excellent thermal stability of both their open and closed
isomers, which limits the extent of unintended back reaction
to the more thermally stable isomer over time. Dithienyle-
thenes display desirable properties for photochromic studies,
such as large optical differences between states, thermal
stability, fatigue resistance to photochromic performance, and
rapid responses in the solid state.

The first dithienylethene MOF included the photochromic
species as guest molecules within a Zn-based host.[56] Shortly
afterwards, a dithienylethene was employed as a secondary
structural ligand (Figure 4).[57] This ligand utilizes pyridine
donor ligands on the dithienylethene moiety along with
carboxylate-donating BPDC ligands to assist in stabilizing the
framework. The resulting MOF demonstrated excellent

Figure 2. Structural transition of guest molecules leading to a confor-
mational change in the host. Red objects represent trans-AB and
orange objects represent cis-AB. Reproduced with permission from
Ref. [54]. Copyright 2012. American Chemical Society.

Figure 3. Photo-switching of an AzDC-functionalized MOF molecule
capable of reversible CO2 uptake. Reproduced with permission from
Ref. [55]. Copyright T 2013, John Wiley and Sons.
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controlled CO2-adsorption/release with desorption capacities
around 75 % using static irradiation.

Striving for more efficient switching, BenedictQs group
sought to develop a dithienylethene-incorporated MOF with
less geometric restrictions than its predecessors. To this end,
rather than attaching the coordinating groups to the thienyl
portion, whereby repeated photoisomerization exerts stress
and damage to the MOF scaffold, a Zn-MOF, UBMOF-3, was
produced with ditopic linkers bearing modified dithienyle-
thene species (Figure 5) with the switchable thienyl moiety

protruding into the MOF’s pores.[58] Following this success,
this linker motif was then included into the larger pores of
a ZIF-70 framework using solvent assisted linker exchange to
produce PSZ-1.[59] As was hypothesized, the resulting switch-
able MOF underwent up to 5 open–close cycles with no
noticeable damage to the structure. Additionally, the dithie-
nylethene linker is photobleached in solution whereas
incorporation onto PSZ-1 prevents this photoinactivation.
The material was then used for the separation of aromatic
hydrocarbons, to confirm a difference in pore properties
between the open and closed states. In the open form,
toluene, naphthalene, and pyrene all pass through the
material, similar to unmodified ZIF-70. However, if the
material is irradiated with UV light to produce the closed
form, the elution is halved for all the aromatic species.
Because the retention times between all the species are
similar, it was proposed that the differences in retention times
are due to electronic effects rather than steric blocking of
pore space. Reversible modification of a MOFQs pores with an
input as simple as light irradiation, without causing any

damage to the overall structure, is an exciting concept to
bestow reusability and durability on smart materials.

In two examples highlighting interesting applications of
the dithienylethenes, the photoswitchable linker was installed
in conjunction with a Zn-TCPP photosensitizer ligand to
generate molecular dyad MOFs.[46] The appropriate energy
state of the dithienylethene linker in its open position is too
high to accept energy from the excited state of TCPP. In this
case, energy transfer occurs between the excited Zn-TCPP
linker and triplet oxygen to product singlet oxygen. In
contrast, the closed state of the dithienylethene linker is
lower in energy and capable of accepting energy from the
excited state, minimizing the formation of singlet oxygen. This
MOF’s catalytic performance was then demonstrated via the
photooxidation of 1,5-dihydroxynaphthalene. In a following
study, TCPP and the dithienylethene, in varying ratios, were
added in situ to the synthesis of UiO-66.[34] Unlike with the
use of a photosensitizer and a switch separately in solution,
this method of incorporation into a MOF ensured relative
closeness of the two species and thereby more efficient
transfer of energy. This singlet-oxygen-generating MOF was
successfully employed in controllable in vitro photodynamic
therapy, in which the authors discovered that substituent

effects on dithienylethene switches result in a loss of
fatigue resistance upon repeated cycling.[60]

Spiropyrans are an alternative class of photoactive
molecule that are capable of reversibly converting
between a colorless “closed” spiropyran form (CSP)
under the influence of visible light or heat, and
a colored “open” merocyanine form (OMC) upon UV
light irradiation, however, they are far less studied in
MOFs than azobenzenes or dithienylethenes. Rather
than cis/trans isomerization as in the case of azoben-
zenes, and similar to dithienylethenes, spiropyrans
undergo a reversible ring opening/closing switching
mechanism (Figure 6).

Although spiropyrans were previously incorpo-
rated into a MOF (JUC-120) using a microwave-
assisted crystallization inclusion method,[61] they were

also inserted post-synthetically into MOF-808 through
replacement of solvent occupied sites on the Zr6 nodes with
a precursor (1-(carboxymethyl)-2,3,3-trimethyl-3H-indol-1-
ium) and subsequent addition of and condensation with 2-
hydroxy-5-nitrobenzaldehyde to produce the spiropyran-
bearing MOF.[62] Switching of this auxiliary ligand using
visible or UV light modulated the CO2 uptake of the
framework. The open spiropyran isomer boasted a higher

Figure 4. Reversible interconversion of a diarylethene derivative under
UV or visible light irradiation. Reproduced with permission from
Ref. [57]. Copyright T 2014, John Wiley and Sons.

Figure 5. Dithienylethene-based linkers (spheres: metal nodes) Reproduced with
permission from Ref. [59]. Copyright 2017. American Chemical Society.

Figure 6. Reversible isomerization between spiropyran (left) and mer-
ocyanine (right). Reproduced with permission from Ref. [62]. Copyright
T 2016, Royal Society of Chemistry.
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CO2 uptake than the closed isomer, which was attributed to
the charges around the nitrogen and oxygen atoms in the
open form which should cause a greater affinity for CO2.

Recently, HeinkeQs group conducted an in-depth study
into conductance modulation in a UiO-67 scaffold with
embedded spiropyran photoswitches.[63] Although previous
studies had shown regulation of conductivity upon isomer-
ization in single molecules and self-assembled monolayers of
spiropyrans, utilization of these concepts in a three-dimen-
sional material is novel and could offer untapped potential. In
addition to documenting a 10-fold spike in current upon
irradiation with UV light, they also noted the relatively slower
isomerization back to the closed form. They performed
cycling experiments and noticed a small decrease in perfor-
mance between cycles attributed to the fatigue effect. They
applied density functional theory (DFT) to suggest a charge-
hopping mechanism of charge transfer. In addition, they also
addressed the electron density of the frontier orbitals and the
electronic couplings to assert that the greater degree of
electron coupling in the open form of spiropyran facilitates
charge hopping and electron conductance. Such a detailed
report provides inspiration to optimize this and similar
switchable conducting materials through adjusting the dis-
tances between and distribution of spiropyran molecules.
Modifications to the structure of the spiropyrans themselves
should enable access to more diverse properties. For instance,
the targeting of more accessible (for cheaper devices) or less
accessible (more selective devices) switching wavelengths
may be achievable through the addition of electron-with-
drawing or electron-donating groups. Alternatively, increas-
ing the disparity in conjugation between open and closed
isomers could produce a larger difference in electron coupling
and therefor electronic conductance.

In one intriguing, unorthodox approach, Gong et al.
demonstrated a photo-activated, gas–solid reaction between
structural 1,2-di(4-pyridyl)ethylene (BPE) linkers and intro-
duced allyl alcohol.[64] In contrast to the cis/trans isomer-
ization of azobenzenes and ring opening/closing of spiropyr-
ans and dithienylethenes, the double bond in the center of the
BPE linkers undergoes a reversible, asymmetric [2++2] cyclo-
addition reaction with allyl alcohol. This platform behaves as
a highly efficient, reusable, safe, capture and release switching
platform for toxic allyl alcohol. More importantly, this work
promotes deeper consideration for switchable, light-con-
trolled, reaction-based devices.

Finally, although the rise of molecular shuttles, switches,
and motors has led to a collection of mechanically interlocked
materials being installed into MOFs, these either have
unpredictable or uncontrollable Brownian-like motion or
indistinguishable, degenerate switching states.[92] Of late,
molecular motors, capable of controllable, unidirectional
motion, have been implemented into MOF systems. One
such system was a light-driven rotor protruding into the
MOF’s pores but covalently linked to the backbone ligand.[65]

The initial rotation utilized light stimulus, however, the
second step required heat input. These immobilized rotor
struts were capable of full, repeatable 36088 unidirectional
rotation. Although applicability of “moto-MOFs” may not be
near realization, it is easy to imagine these materials could aid

in carefully controlled fluidic mass transport or gas diffusion
applications, whereby the MOF scaffolding provides a base by
which to eliminate any unproductive movements.

In this Section the isomerization of the three most
commonly employed photoswitching molecules, azobenzenes,
dithienylethenes, and spiropyrans, was described. When such
switchable moieties are integrated into MOFs, they can profit
from sieving function of the framework and protection by the
framework. Additionally, MOFs can mitigate challenges, such
as aggregation and self-quenching, by immobilizing switches
at regulated distances and installation percentages. These
studies have illustrated consequences of the placement
(structural, pendant, or guest) and functionalization of the
switchable moieties, particularly regarding potential damage
to the hosting framework, the necessary wavelength of
switching, and steric facilitation or hindering of isomerization.
The studies mentioned have explored the application of the
resulting materials in the capture, storage, and/or release of
gaseous molecules, pairing with a photosensitizer to generate
singlet oxygen, conductivity switching, and modulation of
magnetic susceptibility. Studies utilizing switchable compo-
nents as part of the MOF backbone are lacking and more
insight into this area would be helpful. Inclusion of photo-
switchable constituents beyond azobenzenes, dithienyle-
thenes, and spiropyrans is one direction that will doubtlessly
be pursued in this field. Of particular interest would be
further exploration of MOFs impregnated with photoacti-
vated molecular motors. Molecular tweezers could in princi-
ple work well with the filtering effect provided by MOF
structures, producing stable, highly selective capturing devi-
ces. Additionally, designing MOFs with built in tracks for
synthetic molecular walkers could produce interesting selec-
tive mass transport. “Moto-MOFs” are certain to develop
with help from the vigorous advances being made with
molecular motors. Finally, although it was not emphasized,
many of the MOFs discussed suffer from interpenetration,
reducing the amount of pore space available for switching and
effectively restricting the application potential of the mate-
rial. As control over MOF interpenetration improves, these
new strategies should be employed in synthesizing future
switchable MOFs.

3. MOF Switching with Temperature and Pressure

Temperature is a scalar stimulus akin to light in its
accessibility and prevalence in the realm of switchable smart
materials. Although less accessible, pressure is another
straightforward, scalar stimulus that, like temperature, is
often used in conjunction with or interchangeably with other
stimulus-based switching systems. For instance, the light-
switchable azobenzene ligands discussed in the previous
Section have been observed to be also undergo switching on
the application of heat or sufficient pressure.[43, 54, 66] If one
considers the specific type of response elicited by stimulation,
the variety of switchable MOFs is amplified further. Similar to
how light-sensitive species may react by cis/trans isomer-
ization, ring opening/closing isomerization, excitation of
a photosensitizer, or other bond-rearrangement, -breaking,
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or -formation reactions, species which are receptive to
temperature and pressure may switch in the form of cis/
trans isomerization, spin crossover, rotation around single
bonds, proton transfer, and globule/coil conversions.

Compounds that are capable of spin crossover (SCO)
have recently garnered significant attention. SCO describes
a change in spin state common in the 3d orbitals of octahedral
metal centers with d4–d7 electronic configurations and is
induced by external stimuli including temperature, pressure,
light, magnetic field, solvent, pH, and ligand exchange.
Moreover, combinations of spin states of non-degenerate
metal centers can enhance the diversity of “states”. Materials
capable of SCO are highly sought after for the development
of microsensors, memory devices, data storage devices, and
displays. High values for work density, accompanied by the
ability to operate at ambient temperatures, is desirable for
practical purposes.

Figure 7 illustrates three types of SCO that are commonly
observed. Metal–ligand bonds are typically weaker in the high
spin (HS) state and the transition from low spin (LS) to HS
leads to a greater volume of material. As temperature
increases, the fraction of HS states (g) may increase gradually
(Figure 7a). This type of SCO is most appropriate for sensing.

Secondly, the fraction of HS states may increase suddenly as
temperature rises (Figure 7 b), ideal for switching applica-
tions. A final SCO profile details a sudden jump in g with the
presence of hysteresis upon subsequent cooling (Figure 7c),
appealing for the construction of memory devices, optical
displays, and magnetic devices.[67–69] Modulation of hysteresis
may be accomplished using powerful intermolecular inter-
actions such as hydrogen bonding and p–p interactions.[69–71]

SCO compounds which demonstrate thermal hysteresis at
room temperature are most useful for application as memory
devices.[67] Spin states may be indirectly tracked on account of
observable structural changes accompanying the spin tran-
sitions. Because electron distribution, and consequently
quadrupole moment, at the nuclei changes, Mçssbauer
spectroscopy is a suitable characterization method for these
compounds. UV/Vis, IR, Raman spectroscopies and differ-
ential scanning calorimetry (DSC) are also appropriate
methods for identification through to the variations in optical
properties, bond vibrations, and heat content of the states,
respectively.

The d6 FeII ion (usually in the form of structures giving
a [FeIIN6] coordination environment) is an ideal SCO switch
with noticeable popularity in SCO research. Transitions in
FeII ions between the 1A1(t2g

6) low-spin (LS) ground states
and the thermally accessible 5T2(t2g

4eg2) high-spin (HS) state
are frequently carried out by energy input in the form of
temperature or visible light whereby marked changes in bond
lengths, cooperativity, and magnetic response consequently
occur.

In 2011, an iron-based SCO MOF was introduced by
Ohkoshi et al. stimulated by light.[97] However, ab initio
investigation into the SCO phenomenon of this material
predicted spin-state transitions between the low-spin state,
intermediate state, high-spin state (HS-1), and a second high-
spin state (HS-2) generated by pressure or temperature.[72]

These spin-state changes manipulated the bond lengths and
bond angles and in turn the relative energy levels, Fe–N
hybridization, and hopping interactions. However, only the
transition between the low-spin and first high-spin state via
changing temperature has been observed[97] and so future
research to realize these predicted states and transitions, or
the reasons for their inaccessibility, is still necessary.

Compared to simple single-step SCO transitions with only
two states, stepwise SCO possessing
intermediate states enables more sophis-
ticated control over a myriad of device
technologies, particularly in memory
storage. Hofmann-type SCO-MOFs
with the ability to adapt for distorted
geometries may show durable intermedi-
ate magnetic phases. In fact, Tao et al.
obtained a 3D Hofmann-type SCO-
MOF [FeII(Hbpt)Pt(CN)4]·1/2Hbpt·1/
2CH3OH·5/2H2O (Hbpt = 4,4’-(1H-
1,2,4-triazole-3,5-diyl)dipyridine] which
undergoes incomplete, reversible, three-
step SCO.[73] Further developments and
discoveries regarding MOFs capable of
SCO, especially those containing multi-

step SCO and SCO near room temperature, will lead to key
developments in various advanced switching devices, partic-
ularly data storage and memory devices.[67] Specifically, well-
organized, multiple SCO-capable metal-containing MOFs
should be surveyed in order to access enhanced cooperativity
and new spin states, which would allow for the fabrication of
more complicated devices without excessive escalation in
costs or device size.

As stated, the application of temperature or pressure can
produce several responses in switchable materials. Some of
these responses generate observable properties that may
seem counterintuitive. In one such case, ZhaoQs group
exfoliated and purified nanosheets of MAMS-1, a nickel-
based MOF with robust bonds within a layer, with connected
layers affixed to one another through individually weak van
der Waals interactions.[74] This MOF possesses two distinct,
perpendicular apertures. The smaller apertures are situated
perpendicular to the membrane and gated by pairs of tert-
butyl groups whereas the larger aperture is hydrophilic and
located parallel to the main body of the membrane. The

Figure 7. Schematic illustrations of the main types of SCO phenomenon, where the y axis is
fraction high spin (HS; g, often shown as x) and the x axis is temperature (T): a) gradual
b) abrupt c) abrupt with thermal hysteresis. Reproduced with permission from Ref. [67].
Copyright 2015. Royal Society of Chemistry.
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permeance of CO2 is abnormally low—
lower than the smaller He and H2 gasses
as well as larger O2, N2, and CH4,
signifying that the CO2 permeance is
not due to size effects. Rather, this is
attributed to the hydrophilic and “CO2-
philic” internal surface of the larger
pores which CO2 molecules effectively
stick to, reducing complete permeation
of this species. An interesting feature of
the H2/CO2 mixture separation was also
noticed. Typically, heating a material
will result in expansion of the lattice and
increased gas permeance according to
the Arrhenius equation. This is known
as positive thermal expansion. More
unusual to materials, but common in
MOFs, is the opposite process whereby
the material contracts upon heating,
known as negative thermal expansion
(NTE). It was previously demonstrated
that heating of MAMS-1 enhance acces-
sibility through the MOFQs openings
through intensifying the motion of the
dangling tert-butyl groups.[75] Conse-
quently, although heat-induced contrac-
tion of the framework is predicted for
most MOFs, energizing of these func-
tional group via heating may act counter
to the gas permeation influences of this
effect. It was found that the lattice
expands in the ab plane with heat
input but that the interlayer distances
contract in the bc plane (Figure 8).
Rather than movement of the t-butyl groups being enhanced,
the contraction of the lattice forces these species closer to one
another, effectively reducing their available space for move-
ment. Overall, while the CO2 permeance remains relatively
constant, this fact results in a material capable of controllable,
cyclable H2 permeance and hence a temperature-dependent
separation factor. Elaboration into materials with multiple
gas permeation pathways, structural flexibility, and additional
performance from pendant groups is an interesting
manner to expand the already vast tunability of MOF
separation membranes.

In an alternative approach, the benefits of ther-
moresponsive polymers can be improved through
attachment onto a MOF’s surface. Nagata et al.
affixed the heat-sensitive PNIPAM polymer to
a UiO-66 base.[76] Below the critical temperature, or
the cloud point Tc, of 32 88C, PNIPAM adopts a loose
coiled conformation and above this temperature, the
coils collapse into a dense globule conformation
(Figure 9). Contraction into the globule form acted as
enough of a physical diffusion barrier for UiO-66-
PNIPAM to be used as a temperature-dependent
storage/release of organic guest molecules resorufin,
caffeine, and procainamide. Up to three cycles with-
out change to the release behavior could be per-

formed. Notably, UiO-66-PNIPAM could not entrap larger
molecules, such as protoporphyrin IX, however, PNIPAM-
modified MOFs with larger pores may be able to fill this hole.

Appliance of pressure to MOFs rarely yields reversible
reactions and when it does, it is almost exclusively in the form
of amorphization or single-crystal-to-single-crystal transfor-
mations. Therefore, reversible bond formation/breaking or
rearrangement in response to pressure are novelties lacking

Figure 8. PXRD patterns of a) 2D membrane and b) bulk MAMS-1, highlighting shifting peaks
when sample is exposed to different temperature. c) Schematic representation of expansion
and shrinkage of pore space viewed along the c-axis during heating and cooling. d) Schematic
representation of expansion and shrinkage of pore space viewed along the a-axis during heating
a cooling, with the discrepancy in freedom of rotation of pendant t-butyl groups emphasized.
Reproduced with permission from Ref. [74]. Copyright 2017, Springer Nature Publishing AG.

Figure 9. Schematic representation showing PNIPAM-modified UiO-66. At lower
temperatures, PNIPAM adopts a solvated, loosely “coiled” conformation, allow-
ing for guest molecule diffusion into and out of the MOF (left). At higher
temperatures, PNIPAM adopts a globule conformation, closing off the pores of
the MOF (right), effectively trapping the internal guest molecules. Reproduced
with permission from Ref. [76]. Copyright T 2015, Royal Society of Chemistry.
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investigation. Another rarity mentioned previously are
switching moieties incorporated as essential structural com-
ponents in MOFs, which often results in the loss of switch-
ability due to the overall stiffness imparted by integration into
a crystalline network. Switching can disrupt the structure
enough to result in collapse or damage. Therefore, evidence
of switching with integral ligands with maintenance of
crystallinity are notable. In one instance, PCN-250 was show
capable of sequential phase transformation by isomerization
about the azo bond in a structural azobenzene ligand.[66] Two
derivatives of PCN-250 were isolated after 19 MPa and
150 MPa of applied pressure displaying different ratios of
switched/unswitched azobenzene ligands and volumetric CH4

uptakes.
Ortiz et al. reported on a zinc alkyl gate (ZAG) MOF,

ZAG-6, a wine-rack motif framework composed of Zn
clusters and 1,6-hexanebisphosphonate chains.[77] Naturally,
this organic species adopts an uncoiled chain conformation.
Compression via pressure induces a structural transition in
this ligand to a coiled chain in concurrence with a reversible
proton transfer between a phosphonate group and a guest
water molecule (Figure 10). Moreover, the relative enthalpies
of the coiled ligand with neutral guest water molecules and
the coiled ligand with protonated guest water molecules are
similar enough to suggest that this proton is fairly delocalized
in this conformation, making ZAG-6 a candidate as a switch-
able proton conductor.

Pressure and temperature are interesting stimuli partially
due to the various circumstances in which they arise. For
example, in some industrial processes, failure of pressure-
relieving mechanisms or unplanned accumulation of heat can
be dangerous. Smart materials with switch-off capabilities
may work to prevent further build-up (as in the case of
thermal runaway) and minimize damage to surrounding
components. Therefore, although these switching cases may
be secondary functions, such safety features can easily be
envisioned as essential to meet industrial standards or
consumer expectations in the future.

4. MOF Switching with Redox

Redox switches are capable of switching between two
redox states upon the addition or removal of electrons.[24, 78,79]

For redox switches to prove useful, the on and off states
should be structurally distinctive with sufficiently distinguish-
able characteristics for detection,[79] most often through
variations in the geometry and/or the electronic configuration
of the compound.[24] To assure reversibility, the oxidation and
reductions should not be so harsh that the coordination bonds
between the ligands and metal clusters suffer and are unable
to rejoin to yield the original structure.

Redox switching of the structural ligands in MOFs should
occur while maintaining structural integrity and crystallinity.

In one successful example of a redox-induced switchable
MOF, a Zr-oxo MOF, UiO-68-OH, possesses hydroquinone
ligands that are oxidized to quinone ligands by addition of
iodobenzene diacetate.[80] During this process, the colorless
MOF crystals transform to yellow crystals, with a visibly

observable core–shell intermediate, and fluorescence quench-
ing from blue to mostly non-fluorescent. The switching cycle
could be completed through oxidation by ascorbic acid back
to UiO-68-OH for up to three cycles. Similarly, TMU-34,
a Zn-based MOF was exposed to an extensive range of
volatile organic compounds (VOCs): methanol, ethanol,
formaldehyde, acetone, formic acid, acetonitrile, chloroform,
bromoform, dichloromethane, diethyl ether, tetrahydrofuran,
n-hexane, toluene, xylene, and styrene.[81] Astonishingly, only
chloroform produced a color change (from yellow to pink)
perceptible by the naked-eye, which was attributed to
oxidation of bent, V-shaped H2DPT ligands by chloroform
to planar DPT ligands (Figure 11, note: 3D conformations not
represented in the Figure). The quick response time, low
detection threshold, and selectivity in the presence of other
VOCs position TMU-34 as a promising colorimetric chloro-
form sensor requiring no extraneous instrumentation.

Disruption of essential metal–ligand coordination bonds
in MOFs is a less explored manner of redox switching in
MOFs owing to the risk of structural collapse associated with
this method. Nevertheless, Ogihara et al. reported a MOF
with switchable electronic conduction whose switching behav-
ior is controlled through reversible Li intercalation
(Figure 12).[39] The introduction of these lithium species
provides an additional electron hopping pathway while
maintaining structural integrity, thermal stability, and ionic
conductivity. These results are informative for the pursuit of
safer battery electrodes with shutdown functions. This rever-

Figure 10. Structure of ZAG-6 at ambient (left) and pressurized (right)
conditions with the difference in organic linker conformation accentu-
ated below. Adapted and reproduced with permission from Ref. [77].
Copyright 2014. American Chemical Society.
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sible intercalation of lithium is reminiscent of lithium
intercalation into graphite anodes in lithium-ion batteries.
Since lithium dendrite formation is one of the greatest
restraints to lithium battery improvements, it may be fruitful
to investigate how these mechanisms of intercalation differ,
and whether MOFs like this could provide a protective
coating on the anode to temporarily store lithium ions,
preventing build up of lithium plating and subsequent
dendrite formation while the high porosity of MOFs may
still allow for efficient lithium-diffusivity to and away from
the anode.

With recent advances in understanding the biological
relevance and programmability of DNA-switches, suggests

that DNA-modified MOFs as a means to endow switchability
could soon become more popular and practical. Kahn et al.
explored the various applicability of three DNA/MOF
hybrids loaded with rhodamine 6G, differing in regards to
the DNA sequences appended to the MOF surface: i-motif,
triplex DNA nanostructures, or G-quadruplex DNA.[98] . i-
motif DNA-modified MOFs were reversibly pH responsive,
in which a pH of 5.5 coiled the DNA around the MOF,
withholding the internal dye cargo, whereas a pH increase to
7.4 dissociated the organization of these DNA strands,
releasing the cargo. To study the applicability of DNA/MOF
hybrids, K+-stabilized hemin/G-quadruplex/MOF composites
were synthesized. This complex was shown to catalyze the
oxidation of 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid). Upon the addition of 18-crown-6-ether to remove the
coil-stabilizing potassium cations, the catalytic ability of this
system is switched off (Figure 13). This study suggests DNA-
functionalization of MOFs as an easy way to apply switch-
ability for applications such as turn on/off catalysis and
control guest uptake and release devices.

Bistable mechanically interlocked molecules (MIMs)
have unique abilities in redox switching applications.
Although the random movements of most switchable MIMs
in solution lead to a net zero switching, the highly ordered
spaces in MOFs are ideal platforms to host MIMs for
organized and unidirectional movement.[83] Rotaxanes and
catenanes are two of the most popular and well-developed
MIMs. Rotaxanes are mechanically interlocked molecules
consisting of a macrocycle threaded through an axis termi-
nated on both ends by a bulky group to prevent unthreading
of the macrocycle. This ring can shuttle reversibly between
two or more positions along the axis and convert electrical or
chemical stimuli into mechanical energy. Catenanes are
mechanically interlocked molecules composed of two or
more interlocked macrocycles. These rings can be control-
lably rotated relative to one another through redox-active
functional groups. Additionally, the presence of weak inter-
actions, such as hydrogen bonding in each of the two states,
often results in changes in chemical and physical proper-
ties.[24, 84,85]

Hupp et al. realized that sufficient pore
space exists within NU-1000 for the post-
synthetic installation of and proper opera-
tion of a functionalized, redox-activated
[2]catenane, FC4+ with two nondegenerate
switching states (Figure 14).[85] Inclusion
into a MOF scaffold acts to eliminate
cancellation of work due to random
motion, the spacious pores of NU-1000 are
well-suited for retention of the switching
capability after incorporation, and the
use of post-synthetic installation allows
for a more diverse array of switchable
moieties to be used. The highly organized
incorporation of a bistable MIM into
the highly stable NU-1000 with the preser-
vation of activity is an important step
towards the development of new electronic
devices to make use of molecular motors

Figure 12. Illustration of reversible lithium intercalation between organic linkers and inorganic units
in 2,6-Naph(COOLi)2. Reproduced with permission from Ref. [39]. Copyright 2017, AAAS.

Figure 11. a) Switching of H2DPT to DPT upon oxidation. b) Images
illustrating the visual changes of TMU-34 from a yellow color before
addition of chloroform as an oxidant to a pink color in O-TMU-34 after
oxidation. Reproduced with permission from Ref. [81]. Copyright T
2017, John Wiley and Sons.
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while protecting them from threats of external degrada-
tion.

In another case, Zhang et al. designed a 3D polyrotaxane
framework, {[Eu(BA)(Bpybc)1.5(H2O)]·2NO3·5 H2O}n,
(HBA = benzoic acid, H2BpybcCl2 = 1,1’-bis(4-carboxyben-

zyl)-4,4’-bipyridinium dichloride), that showed rever-
sible photochromism and luminescence modula-
tion.[86] UV light irradiation of the framework
produces a deep blue color likely caused by the
formation of viologen radicals. Subsequent oxidation
of the framework via exposure to oxygen converts
this reduced, radical “off” state to the neutral,
bleached “on” state. This example highlights the
potential for future MOF structures to themselves act
as the novel molecular motors on a supramolecular
scale.

The development of MOFs capable of controlled
redox reactions or MOFs as suitable hosts for redox-
active molecules via post-synthetic modification
make them appropriate for the design and construc-
tion of novel molecular switches in applications, such
as nanoelectronics,[87] molecular machines,[24] drug
delivery,[78] and energy storage devices.[88]

5. MOF Switching with Guests

Guest molecules are an easy to implement stimuli
for switching. However, in most studies, guest

molecules inhabiting MOF pores are handled
like impurities, to be removed before appli-
cation or characterization.[89] In spite of this,
MOF electronic, magnetic, and scintillation
properties can be incredibly susceptible to
their internal environments and hence the
guests inhabiting them should be treated as
an additional dimension of tunability. In
terms of switchability requirements, guest
interactions with the MOF host should be
relatively strong, reversible, and alter or
create new properties by virtue of their
infiltration.

The majority of SCO compounds are non-
porous—freeing the way for MOF contribu-
tions to the field. Porosity allows for easy
electronic state perturbations through
absorption of guest molecules as well as
potential for sensing- or capture-based appli-
cations. In one instance, a Fe(sal2trien)
moiety was introduced into a MIL-100(Al)
framework.[90] This Fe(sal2trien)+ species
shows solvent-dependent spin states at room
temperature, correlating principally with the
degree of interaction with said solvent via
hydrogen bonding. It was observed in the
EPR spectrum, absorption spectrum, and
magnetic properties that dehydration ampli-
fies the fraction of high-spin to low-spin
states in the MOF. Modulating the spin

states of a porous material using a solvent such as water, is
a step toward cheaper, greener, more accessible, switchable
SCO complexes.

With a wider scope of guest molecules considered,
Southon et al. examined [FeII(pz)NiII(CN)4]·xGuest, a mate-

Figure 13. Illustrated depictions of pH and K+ switching in an i-motif gated MOF
and a G-quadruplex gated MOF. Reproduced with permission from Ref. [98].
Copyright 2017, John Wiley and Sons.

Figure 14. a) The structure of NU-1000 composed of tetratopic carboxylate ligands and
Zr6 clusters with emphasis on the large pore area (C gray, O red, Zr blue). b) Chemical
and schematic structures of [2]catenane FC4+ as well as NU-1000-FCn+ produced after
solvent assisted linker installation. Reproduced with permission from Ref. [85]. Copyright
2016. American Chemical Society.
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rial capable of bistability at room temperature.[99] From
analysis of the adsorption of water, methanol, ethanol,
acetone, acetonitrile, and toluene, a few conclusions were
drawn. First, it was noted that inclusion of larger guests could
more effectively suppress the switching transition. Second,
steric bulk properties are the dominant factor in the resulting
SCO temperature. As the temperature of the system falls,
occupation of higher energy vibrational states decreases and
so the kinetic dimensions of the guest also decrease, leading to
weaker interaction with the host. At a certain point, guests are
small enough so that crossover at the metal centers would
reoptimize the interactions with the guests and minimize the
overall energy of the system. Third, the mechanistic conclu-
sion drawn from this system is unique in that the temperature
of SCO is primarily motivated by the degree of host–guest
interaction energy rather than stabilizations of spin states
directly by the guest molecules. Fully reversible guest
adsorption in this framework produces interesting memory
effects with step-wise pseudo reversibility. Within the frame-
workQs bistable temperature range, the area within the SCO
hysteresis loop, the MOF in the high-spin state can be
converted into the low-spin state configuration through
introduction of acetonitrile. Interestingly, removal of the
acetonitrile leaves the evacuated framework in its low spin
state. Although the framework can then be returned to the
high-spin state by a similar procedure using acetone as
a guest, this resulting effect can itself be a useful magnetic
function. At 310 K, this memory process can proceed alter-
natively from the low-spin MOF with acetonitrile guests, to
the evacuated high-spin form, and then to the high-spin MOF
with acetonitrile guests. The authors proposed future studies
into the investigation of more than just the size of the guest
(the shape and orientation for instance) and its effect on
responsive SCO MOFs. After these prerequisites are inves-
tigated, it would also be interesting to consider the polarity
and electronegativity of the guests in order to develop more
complicated frameworks capable of SCO responses based
upon host–guest interaction energies as well as variations in
spin-state energies induced by guest molecules.

Steric and electronic effects are also both considerations
in guest-induced luminescent switching in MOFs. In a silver
MOF possessing tppe ligands, it was learned that the presence
of dimethylacetamide molecules restricts the eight rotors
present in the tppe ligands.[91] As the MOF is exposed to the
atmosphere, DMAC molecules slowly exit the framework,
freeing up the tppe to adopt various conformations and
producing a reversible change from blue to yellow fluores-
cence. To verify this inference, the fluorescence character-
istics with DMF, THF, toluene, and Et2O were also examined.
Variances in polarity of the guest molecule demonstrated an
inconsequential effect on the fluorescence. However, dispar-
ities in switching rates were observed and were correlated to
the varying boiling points of the guests. The influence of
larger or smaller guests was not discussed—which could prove
interesting considering the conclusion that restriction of tppe
rotations are the origin of this MOF’s switchable fluorescence.

In contrast to guest-induced adjustments to fluorescence,
guests have additionally been utilized to tune phosphores-
cence of MOF frameworks. Although phosphorescence is

frequently studied with rare-earth or noble-metal-containing
MOFs, the anionic MOF AMOF-1 initially demonstrates
green phosphorescence due to MLCT from the cadmium-
containing SBUs to the organic linkers and initial (Me2NH2)

2+

guest molecules.[93] Metal-cation doping in this MOF produ-
ces marked adjustments in phosphorescence emission wave-
lengths and emission intensities through the introduction of
additional, intermediate energy levels to the Cd2+ by which
charge density from the Cd2+ can transfer or p-density from
the ligand phenyl rings can be quenched. As a result of the
extreme difference in phosphorescence intensity before and
after Cu2+ doping, AMOF-1 could function as a Cu2+-
sensitive switch. MOF-5 is another framework shown to
possess highly controllable phosphorescence with pyridine
guest-based switching behavior.[94] Within the relatively large
channels of MOF-5, pyridine and TPA ligands interact in a p–
p manner, increasing the wavelength of the emitted lumines-
cence. Facile pyridine guest removal was accomplished
through simple heating of the sample to 50 88C, returning the
framework to its original color.

Guest–MOF materials can be difficult to understand and
analyze due to their understudied possession of supramolec-
ular and molecular identity.[89] Guests may encourage a MOF
to switch by maximization of interactions between the two or
through the introduction of intermediate energy states to
accept or donate charge density. Generally, guest studies have
focused on a limited selection of solvents or cations. The next
step in understanding these interactions is to observe guest
interactions in variable pore environments and defect extent.
Additionally, long term-studies regarding guest-filled MOFs
exposed to ambient conditions are necessary to understand
passive escape or replacement of guests.

6. Conclusion

Herein were discussed the general design, mode of
operation, and applications of switchable MOFs.

The installation of switchable moieties as integral, pend-
ant, or guest species were briefly compared with an emphasis
on maintenance of switchability and host integrity. Light,
temperature, pressure, redox, and guests were highlighted as
being among the more common investigated stimuli for
MOF-based switching. However, more unconventional stim-
uli, such as application of a potential, do exist but their
resulting switching mechanisms are currently more
obscured.[34, 36]

Pursuing the development of MOFs with switchable
processes offers valuable opportunities which result from
their highly crystalline, and hence characterizable, tunable
structures. Meticulous selection of the key MOF components,
such as organic linkers and metal SBUs, synthetic conditions
to promote an assorted array of porosity, topology, and
organization, and post-synthetic modifications from an
expanding toolkit make MOFs a pliable platform to fit
a varied collection of applications. These components may
work individually or in concert when exposed to precise
stimuli to generate the switching activity. Conversely, these
adaptable properties have earned MOFs a disparaging rep-
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utation as a being “jack of all trades, master of none”. In their
current state, this may very well be the case. However, with
the ever-expanding levels of tunability, including the success-
ful imbuing of switchable behavior with a wide scope of
stimuli, increases MOF and MOF composite materials
potential to be undeniably valuable multi-functional smart
materials. Only time will tell whether MOFs will bloom into
a go-to material for practical purposes or whether limitations
in synthesis, such as difficulties in obtaining single crystals or
processing of some MOFs into films or monoliths, in stability,
which typically requires the use of a limiting selection of
metals and coordination groups to reinforce, and in proper-
ties, as is seen by the intricacy involved in developing
electrically conductive MOFs, an issue that has been con-
fronted recently and that fights against the directionality of
metal bonds to generally redox-inactive ligands, could in
some way be inherently insurmountable.

Switchable MOFs are promising compounds for many
applications requiring separation and purification of gas
mixtures or highly efficient gas sorption. Other methods to
accomplish these tasks may depend on vacuum or heating. In
contrast, compared to these other methods, porous MOF-
based systems allow the use of inexpensive, less energy
demanding, and accessible stimuli, such as sunlight. In
addition, design of systems aimed at the adsorption and
release of guest molecules under the influence of external
stimuli provide potential applications in drug-delivery, adapt-
able surface coatings, optical, electrical, memory and mag-
netic devices. Multiplicity in stimuli for a single MOF is one
future course leading to multifunctional materials reminiscent
of gel and other supramolecular assembly counterparts and
can also be interesting from a curiosity standpoint. However,
reliable control of switchability for more practical uses may
require fine-tuning to assure only a single, specific stimulus
can enact switching and to eliminate unintentional switching.
Further insight into the role of framework topology, concen-
tration of defects, and interactions between multiple switch-
ing moieties within a single framework would enable more
informed design of MOF materials. Understanding of these
fundamental behaviors may avoid extensive loss of time and
resources chasing new applicability. Limited research has
been devoted to these less glamorous, yet promising avenues
and systematic investigations that further the understanding
of the meaningful relationships between structural aspects
and resulting behavior in turn will facilitate the expansion of
productive, controllably switchable MOF materials.
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