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ABSTRACT: The preparation of functional materials from photo

switchable molecules where the molecular changes multiply to macroscopic
effects presents a great challenge in material science. An attractive approach
is the incorporation of the photoswitches in nanoporous, crystalline metal—
organic frameworks, MOFs, often showing remote controllable chemical
and physical properties. Because of the short light penetration depth, thin
MOF films are particularly interesting, allowing the entire illumination of
the material. In the present progress report, we review and discuss the status
of photoswitchable MOF films. These films may serve as model systems for
quantifying the isomer switching yield by infrared and UV—vis spectros

copy as well as for uptake experiments exploring the switching effects on the
host—guest interaction, especially on guest adsorption and diffusion. In
addition, the straightforward device integration facilitates various experi

ments. In this way, unique features were demonstrated, such as photoswitchable membrane separation with continuously tunable

selectivity, light switchable proton conductivity of the guests in the pores, and remote controllable electronic conduction.

INTRODUCTION

Remote controllable, also referred to as smart, materials can
change their structures and properties upon exposure to external
stimuli such as heat, pH, redox potential changes, and light
irradiation."~” Switching by light is particularly desirable,
allowing clean, typically nondestructive, fast remote control
that is easy to regulate and dose. A highly attractive approach for
realizing photoresponsive materials is based on the incorpo
ration of photoswitchable molecules, which isomerize to a
different (meta)stable form upon irradiation with light of a
certain wavelength and isomerize back to their thermodynami
cally stable form upon irradiation with another wavelength or by
thermal relaxation.*”'" Representative and intensively inves
tigated photoswitchable molecules are azobenzene (AB),
spiropyran (SP), and diarylethene (DAE) (Figure 1a).'> The
changes in their structures substantially affect their properties,
including the bond angle, dipole moment, and conjugation,
enabling a large range of applications. To date, these molecules
have been incorporated into different materials such as
polymers"® and liquid crystals'* and were explored for various
applications. In recent years, their incorporation in modular
framework materials, such as metal—organic frameworks
(MOFs) and covalent organic frameworks (COFs), has been
explored.">™"”

MOFs, also referred to as porous coordination polymers, are a
class of crystalline, porous solids, made from metal containing

nodes connected by organic linkers."®" Since most organic
molecules can be functionalized with additional groups such as
—COOH and pyridine so that these molecules may serve as
potential MOF linkers, these materials are designable to a large
extent. In this way, MOFs with unicolue properties can be
designed to possess very high porosity,” low density,”' tunable
pore sizes,”” and high thermal and chemical stability.”* This
allows various applications in adsorption, separation, sensing,
and drug loading/release."®

Commonly, MOFs are prepared in the form of powders by
solvothermal synthesis. For many applications, such as
membrane separations, MOF materials in the form of thin
films are required. Traditional solvothermal methods including
in situ growth and seeding methods often allow the synthesis of
dense and defect free membranes.**~>* In 2007, a novel strategy
based on layer by layer (Ibl) synthesis of MOF thin films directly
on modified substrate surfaces was introduced, resulting in
surface mounted MOFs, SURMOFs (Figure 1b).**~** There,
the substrate is sequentially exposed to a solution of the metal
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Figure 1. (a) Structures of azobenzene (AB), spiropyran (SP), and diarylethene (DAE) and their light induced isomerization. The thermodynamically
more stable form is shown on the left hand side. (b) Schematic illustration of the layer by layer synthesis of SURMOFs on a modified substrate. Panel b

was adapted with permission from ref 44, copyright Wiley VCH (2019).
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Figure 2. (a) Methods for incorporating photoresponsive molecules in MOFs: brown, guests; green, side groups; and purple, backbone. The yellow
spheres symbolize the metal nodes, and the blue sticks, the linker molecules. Schemes of (b) bottom up synthesis and (c) postsynthetic modification,

both resulting in MOFs with functional side groups.

nodes followed by a solution of the linker molecules, and after
each exposure, the sample is washed to remove unreacted MOF
components. SURMOF growth can also be observed in situ by a
gravimetric technique such as quartz crystal microbalance
(QCM)** or by a microscopy technique such as atomic force
microscopy.”>>® In comparison to conventional MOF mem
branes or films, SURMOFs have a controllable thickness,*”*® a
higher and controllable crystalline orientation,”*’ and a lower
defect density.>®*'™* These properties not only cause
SURMOFs to be perfectly suited for various applications but
also allow them to be used as an ideal model system for the
investigation of adsorption, permeation, and conduction
processes.

The controlled, typically very small thickness of the
SURMOFs presents a great advantage for the interaction with
light, in particular, for optical and vibrational spectroscopy and
for light illumination. For MOF powders, UV—vis or infrared
(IR) spectroscopy in transmission mode is hampered by its low
transparency, and typically complex techniques are required. For
example, UV—vis spectroscopy with MOF powders requires an
integrating sphere, which is expensive, and the signal to noise
ratio is typically low compared to the results from a transmission
method. For IR spectroscopy of MOF powders, the material is
typically pressed into pellets using potassium bromide binder,
leading to a destruction of the sample. Alternatively, attenuated
total reflection (ATR) IR methods can be used, avoiding sample
destruction. However, the irradiation (i.e., photoswitching) and

the investigation of the isomerization in exactly the same part of
the sample are barely possible. In contrast, for thin SURMOF
films, IR and UV—vis spectra can be recorded in transmission
mode when prepared on a transparent substrate such as quartz
glass or calcium fluoride****® and in reflection—absorption
mode when prepared on a reflecting substrate such as gold.*”~*
These methods, where special sample preparation is avoided,
typically cause no damage to the sample and allow high signal

to noise ratios, making SURMOFs ideally suited for spectro

scopic investigations.

For photoresponsive materials, the light penetration depth is
an important parameter, governing the range where the material
is switched. The absorbance of dyes and photochromic
molecules is typically strong, so MOFs with a high density of
such molecules have short light penetration depths, typically in
the range of a micrometer. As a result, the illumination of
powders or pellets of MOFs containing photoswitches causes
only a photoresponse in the outer layer of the material. In
contrast, SURMOF films with thicknesses in the range of 100
nm are fully illuminated, causing the entire MOF material to
undergo photoisomerization.

For conductive MOFs, the physical form of MOFs such as
pressed pellets, thin films, and single crystals has a great
influence on the measured value of the electrical conductivity.>®
Most of the measurements are based on pellets because of their
straightforward preparation. However, the sizes of crystals, the
boundaries between the MOF crystals, and the orientations
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Table 1. Summary of Photoswitchable MOF Films

MOF film switchable moiety position photoswitchwing applications ref
Cu,(BDC),(AzoBiPyB) AB side group alkane and alcohol adsorption 56
Cu,(DCam),(AzoBiPyB) AB side group enantioselective adsorption 57
AB@HKUST-1 and ttAB@HKUST-1 AB and fluorinated AB guest butanediol adsorption 58
series of AB-based pillared-layer SURMOFs AB side group butanol adsorption 59
Cu,(AZoBPDC),(BiPy) AB side group butanediol diffusion and release 49
Cu,(AzoBPDC),(AzoBiPyB) AB side group H,/CO, membrane separation 60
AB@UiO-67 AB guest H,/CO, membrane separation 61
Cu,(F,AzoBDC),(dabco) fluorinated AB side group H,/C;H; membrane separation 62
Cu,(F,AzoBDC),(dabco) fluorinated AB side group proton conduction 63
Cu,(SP-BPDC),(dabco) SP side group proton conduction 64
SSP@ZIE-8 sulfonated SP guest proton conduction 65
SSP@ZIF-8 sulfonated SP guest lithium ion conduction 66
SP@Ui0O-67 SP guest electron conduction 67
Cu,(BDC),(AzoBiPyB) and Cu,(DMTPDC),(AzoBiPyB) AB side group exploring isomerization and energy barrier 68
Cu,(AzoBPDC),(BiPy) and Cu,(NDC),(AzoBiPy) AB side group exploring isomerization and steric hindrance 69
SP-JUC-120 SP guest optical device 70
Cu,(F,AzoBDC),(dabco) fluorinated AB side group refractive index and Bragg mirror 71
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Figure 3. (a) Scheme of SP loaded JUC 120. (b) Photograph and UV—vis spectra of SP JUC 120 film upon UV irradiation. SURMOF structures (c)
with fluorinated AB side groups made by bottom up synthesis and (f) with SP side groups incorporated into PSM and their photoisomerizations. (d

and e) UV—vis and IRRAS spectra of (c). (g and h) UV—vis and IR

spectra of (f). Panels (a) and (b), reproduced with permission from ref 70,

copyright The Royal Society of Chemistry (2012). Panels (c—e), reproduced with permission from ref 62, copyright Wiley VCH (2017). Panels f—h),

reproduced with permission from ref 64, copyright The Royal Society

affect the measurements.”" Avoiding these shortcomings, thin
films may represent a valuable alternative, also allowing their
incorporation in practical devices.>

To date, a variety of photoswitchable smart thin films have
been reported. In the present progress report, we review the state
of the art of photoswitchable MOF films and membranes with a
special emphasis on SURMOFs. Different investigations and
applications are discussed. We discuss the assets and drawbacks

of Chemistry (2020).

of photoswitchable SURMOFs and give a subjective prospect of
future trends.

INCORPORATION OF PHOTOCHROMIC
MOLECULES AND SPECTROSCOPY

Principally, there are three different methods for incorporating
photoswitchable molecules in MOFs: loading them as guests in
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Figure 4. (a) SEM picture of Cu,(BDC),(AzoBiPyB) SURMOF on quartz glass. The film thickness is approximately 150 nm. The sample was broken,
and the broken surface is imaged. (b) UV—vis spectra of the same SURMOF sample measured in transmission mode. The sample is in the pristine state
(trans, black), irradiated with UV light of 365 nm (red) and with 455 nm light (blue). The intensity change of the 7—7z* band is shown in the inset. The

black and blue spectra are virtually identical.

the pores, grafting them as side groups to the scaffold, and
incorporating them in the MOF backbones (Figure 2a).
Although MOF powders with photoswitchable components
such as DAE in the backbone have been presented,” > to the
best of our knowledge the photoswitching of the backbone has
not yet been shown for a MOF film. Here, only the first two
methods are discussed: as side groups and as guests in MOF
films where the responsive molecules are AB and SP (Table 1).

Photoswitchable Molecules as Guests. Because most
photoswitchable molecules are commercially available, a
straightforward way to realize photoswitchable MOFs is to
load the functional molecules in the pores, referred to as
photoswitch@MOF approach. This method avoids the (poten
tially complex) organic synthesis of the photoswitchable linkers.
In some (SUR)MOF structures such as HKUST 1 (abbrevia
tion for Hong Kong University of Science and Technology),
made of 1,3,5 benzenetricarboxylic acid and copper dimers,
there is no opportunity presented for adding further functional
groups at the linker, but their pore space can be used as a host.
When photoswitchable molecules serve as guests, the photo
switching properties or the interactions between them and the
MOF (host—guest) are not interfered with by covalent bonds.
The major factor is the size of the guest molecule, which should
be smaller than the MOF pore size. Alternatively, the
photoswitch can be embedded during the synthesis,*® or an
Ibl embeddment”” can be used. Such a synthesis is sometimes
also referred to as “bottle around the ship” synthesis.

To date, ABs and SPs have been successfully loaded into MOF
thin films. For example, AB has been loaded into HKUST 1
SURMOF for remote controllable guest uptake by straightfor
ward immersion of the SURMOF sample in AB solution. Both
UV—vis and IR spectra prove a high AB loading in the SURMOF
pores, and the optical properties of AB in the SURMOF match
well with AB in solution.*® SP is another common molecule
where the photoisomerization between the closed SP form and
the open merocyanine (MC) form goes along with large
structural changes, making it unsuitable for incorporation into
the MOF backbone. MOFs with a structure termed JUC 120
(abbreviation for Jilin University China), made of 1,3,5
benzenetricarboxylic acid and In(NOs;),, were loaded with SP
during the synthesis (Figure 3a,b).”® The MOF film was
prepared by spin coating the SP@MOF suspension onto the
quartz substrates. In another example, UiO 67 was used as host

to embed SP, where 7.5 SP molecules were loaded in each MOF
unit cell of (2.6 nm)>.%’

The molecular properties, in particular, the photophysical
features, of the photoswitches can be influenced by their
molecular environments. Thus, depending on the MOF pore
environment and functionality, the embedding in the pores may
change the properties of the switches. So,the MOFs can be
described as “solid solvents”.”>””® The loading of guest
molecules can also significantly decrease the pore volume of
MOFs. A high loading of guest molecules may result in dense
packing, hindering possible photoswitching.®"

Photoswitchable Side Groups. For molecules with large
conformation changes, such as AB and SP, their incorporation
into the backbone of the MOF scaffold sterically hinders the
photoisomerization.”® On the other hand, the incorporation of
such switches as side groups pendant to the MOF structure
typically offers enough space for the molecular isomerization.””
The photoswitchable side groups can be attached to the MOF
linker prior to MOF synthesis, which is referred to as “bottom
up synthesis” (Figure 2b), or they can be incorporated as side
groups after MOF synthesis, referred to as postsynthetic
modification (PSM) grafting (Figure 2c). Using AzoBiPyB
linker molecules, which are (E) 2 (phenyldiazenyl) 1,4 bis(4
pyridyl)benzene, having AB as a side group allows the direct
bottom up synthesis of photoswitchable pillared layer SUR
MOF. UV—vis spectroscopy data indicate that the AB switching
behavior in the SURMOF is essentially identical to the behavior
in ethanolic solution.””*® Fluorinated azobenzene’® was used
for synthesizing similar pillared layer SURMOF (Figure 3c—e),
avoiding the switching by harmful UV light.*>

In some cases (e.g. when the bottom up synthesis fails or to
avoid the complex organic synthesis of the photoswitches),
PSM”® methods are beneficial, which means first synthesizing
the MOF with active functional groups and then grafting the
photoswitching side groups, typically by click chemistry (Figure
2c). For example, azide functionalized SP was grafted via click
chemistry®® in alkynyl containing SURMOFs after its synthesis
(Figure 3f—h) 5* The SURMOF remained stable after PSM, and
an average of 0.83 spiropyran molecule was anchored in each
MOF pore. In general, the density of side groups grafted by PSM
is smaller than that in the bottom up synthesis, which in some
cases may reduce the steric effects for side groups that are too
large.
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The covalent bonding of the photoswitch at the MOF scaffold
results in stable photoswitchable materials. In different experi
ments using SURMOFs with plain AB and fluorinated AB
photoswitches,***7***¥%% no significant photobleaching effect
was observed for many, often more than 50, irradiation cycles.
This indicates the stability of the material. On the other hand, for
the photoswitch@MOF approach, the guest molecules may
desorb (slowly) from the pores. For AB@HKUST 1, it was
found that the desorption is very slow and a despletion time
constant of at least several months was estimated.>®

SPECTROSCOPIC INVESTIGATIONS AND
QUANTIFICATIONS OF THE SWITCHING YIELD

The color changes, necessarily correlated with changes in UV—
vis absorption spectra, are fundamental features of photo
chromic or photoswitchable molecules. For plain AB, an intense
absorption band at approximately 320—350 nm, caused by a
n—n* transition, is observed for the trans and cis isomers;
however, the intensity of the trans isomer is significantly
stronger.”" On the other hand, the n—z* transition at roughly
430 nm for the cis isomer is significantly larger than of the trans
isomer. For SP, the adsorption band at 272—296 nm is
attributed to the 7—7* transition in the indoline part and 323—
351 nm in the chromene part of the SP molecule. After UV
induced isomerization to the MC form, a new band at around
550—600 nm occurs due to the extended 7 conjugated system
between the indoline and the chromene moieties.*” The
wavelength of this rather wide band may depend on the
molecular environment.”* By comparing the absorbance
changes at specific wavelengths, the isomerization in photo
switchable materials can be verified.

UV-—vis spectroscopy of SURMOF is typically performed in
transmission mode, similar to the measurement of photo
switchable molecules in solution, allowing a direct comparison
between the photoswitching of the functional moieties in
solution and in the MOF.® For example, the UV-—vis
transmission spectra of a SURMOF of Cu,(BDC),(AzoBiPyB)
structure are shown in Figure 4. The scanning electron
microscopy (SEM) images of the sample show that the
SURMOF thickness [ is approximately 150 nm.

The light penetration depth &, which is defined as the depth
at which the light intensity in the material decreases to 1/e
(~37%) of its original value, can be calculated with §, = 1/(A In
10). A refers to the absorbance, as shown in the UV—vis spectra.
For the MOF film in Figure 4, the penetration depth at 365 nm,
which is the typical wavelength used for transto cis AB
photoswitching, is about 110 nm. As a result, the absorbance
of a 1 pm thick film is approximately 4, meaning only a light
fraction of 0.0001 can penetrate the film. This means that for an
MOF powder or pellet only the volume close to the outer surface
of roughly 1 um thickness is irradiated and photoswitched. Since
the SURMOF thickness is typically in the range of a few tens to a
few hundred nanometers, light penetration of the entire sample
is realized.

UV—vis spectra have been widely used in monitoring the
photoswitching of AB and SP in SURMOFs. The UV—vis
spectra of a fluorinated AB SURMOF are shown in Figure 3d.
The spectra exhibit photoswitching behavior similar to that of
the linker in solution, that is, switching from trans to cis under
530 nm irradiation and switching back under 400 nm
irradiation.®”

UV-—vis spectra of SP containing MOF films, either SP
embedded in a spin coated JUC 120 film or SP incorporated by

PSM in SURMOFs, are shown in Figure 3b and g. In the
SURMOF sample, the increase of the MC band at approximately
550 nm upon UV irradiation is clearly visible, verifying the SP
to MC isomerization. For the SP embedded in JUC 120, the
MC form is thermodynamically more stable and an intensity
decrease in the MC band upon light irradiation, indicating MC
to SP isomerization, is observed.

The yield of the photoisomerization is typically below 100%,
and the quantification of the isomer composition of the sample
upon irradiation, referred to as the photostationary state (PSS),
is important.*> Because of typically overlapping UV—vis
absorption bands of both isomers and problems of determining
the baseline in the UV—vis spectra, the composition at the PSS
by UV—vis spectroscopy is rarely possible. Methods such as
nuclear magnetic resonance (NMR)** and chromatography®®
can be used for the isomer quantification. A straightforward
nondestructive method is based on IR spectroscopy, enabled by
the transparency of the MOF material over a wide IR range and
the nonoverlapping IR bands of the isomers. It is noteworthy
that other photoswitchable materials such as polymers and
liquid crystals are typically IR nontransparent, hindering IR
spectroscopy. The IR spectra of SURMOFs can be measured by
IR reflection absorption spectroscopy (IRRAS) without
destroying the sample, enabling the quantification of the
switching yield in the PSS. For example, in the IR spectrum of
fluorinated AB SURMOFs (Figure 3e), the vibrational bands at
960 cm ™! can be assigned to the trans state. Initially, the sample
is thermally relaxed (i.e., 100% trans), and the area under the 960
cm ™! band decreases by 87% after irradiation with green light.
Upon subsequent violet light irradiation, 86% is restored. This
indicates that the trans:cis PSS values are 13%:87% and
86%:14% upon green and violet light irradiation, respectively,
in very good agreement with the switching yield of the linker
molecules in solution.®”

The switching yield of SP in SURMOFs can be quantified in a
similar way (Figure 3h). Upon UV light irradiation, 80% of the
SP molecules isomerize to the MC state.

Apart from quantifying the switching yield, IR spectroscopy
can be used to explore the transient behavior of the
photoswitches. In this way, the thermal relaxation rates and
activation energies can be quantified. In a large pore MOF with
isolated AB side groups, an activation energy of 1.09 & 0.09 eV
was determined for the thermally activated cis to trans
relaxation.”® It was suggested that this MOF may act as a
model system for isolated AB moieties, avoiding solvent effects.
While the former study was performed in vacuum, using
SURMOFs in combination with surface plasmon resonance
(SPR) also allows us to exglore the AB relaxation in various gas
atmospheres or solvents.®

PHOTOSWITCHABLE HOST—GUEST INTERACTION

Because of their high porosity, specific surface area, and
designable pore structure, MOFs are very promising candidates
in the field of molecular storage and separation.®”*® By
incorporation of photoswitchable molecules, the sizes of the
pores and pore windows can be modulated, allowing remote
control of the uptake and of the mass transfer. AB is most
commonly used in these applications owing to its apparent
simplicity and its molecular properties, including shape, polarity,
. . . . 7
and dipole moment changes upon irradiation.”” These changes
may have versatile influences on the host—guest interactions: in
- . . . 61,62 .
addition to changing the pore and window size, it may
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Figure S. (a) Butanediol uptake by photoswitchable Cu,(BDC),(AzoBiPyB) measured by QCM. The black line is for the trans state, and the red line is
for the cis state. (b) Ratio of cis/trans uptake amounts of various molecules in Cu,(BDC),(AzoBiPyB) SURMOF plotted as a function of the dipole
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uptake by the two layered SURMOF in the trans state (red) and in the cis state (blue), compared with the uptake by the blank bottom layer SURMOF
(black). (f) Butanediol release from the two layered SURMOF. Initially, the pores are filled with the guests and the top layer is in the cis state (closed).
Under visible light irradiation, indicated by arrows, the top layer switches to the trans state (i.e., it opens). The molecules are released, and the mass
change is recorded by QCM. Panels (a) and (b), adapted with permission from ref 56, copyright Wiley VCH (2015). Panel (c), adapted with
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change the attractive interaction toward the guests®® and block
the access to attractive adsorption sites.*’

Photoswitching the Uptake, Release, and Diffusion.
Investigations on the uptake and release of molecules in porous
materials are closely related to practical applications such as gas
storage and separation.”® SURMOFs are excellent research
templates for their controlled thickness, controllable defect
density, and homogeneous morphology.** The adsorption of
important gas molecules such as CO,”" or volatile or%anic
compounds (VOCs) such as hexane and toluene’” in
SURMOFs has been investigated. The amount of molecules
adsorbed in MOF films is usually quantified with a quartz crystal
microbalance (QCM) (Figure Sa), which can measure small
mass changes with sufficient time resolution.>**>** Controllable
uptake and release experiments go one step beyond, and the
MOF thin film is switched during the experiment. For instance,
the uptakes of similar organic vapors by an AB SURMOF in the
trans or cis state were investigated. The results indicate that the
dipole moment of the guest molecules plays the leading role in
adsorption switching while the molecular size has no significant
impact unless the pore size is too small (Figure Sb).*°

For a series of AB based pillared layer SURMOFs with
different pore sizes and different numbers of AB side groups, the
photoswitchable adsorption capacities for butanol were
measured by QCM. It was found that the density of AB per
pore volume is the most important factor in the cis/trans uptake
ratio rather than the pore size or the number of AB molecules per
pore (Figure 5c).>°

Taking advantage of recording the UV—vis and circular
dichroism (CD) spectra in transmission mode,”” the impact of
photoswitchable molecules in a chiral SURMOF was studied. By
combining photoswitchable AzoBiPyB as pillar linkers and chiral

D camphoric acid as layer linkers, a SURMOF which has both
photoswitchable and chiral properties was reported.*” For the
adsorption of (S) or (R) phenylethanol, the SURMOF switches
between essentially nonselective and enantioselective by light
irradiation. In detail, the uptake of (S) phenylethanol is
approximately 2.9 times larger than the uptake of (R)
phenylethanol in the trans state of the SURMOF, while there
is nearly no enantioselective adsorption in the cis state. It is
noteworthy that the enantioselectivity is modified without
modifying the chirality, as proven by the CD spectra.

Apart from the adsorption quantity, the diffusion properties of
guest molecules in the MOF pores are pivotal for applications in
molecular separation and catalysis, so the remote control of the
transportation attracts substantial interest. An early demon
stration is a two layered SURMOF where the (passive) bottom
layer possesses no photoresponsive components while the top
layer has an identical MOF scaffold that is decorated with AB
side groups. Butanediol uptake experiments show that the
diffusion in the SURMOF with the AB groups in the trans state is
roughly 15 times faster than in the cis state. Since the channel
width of the SURMOF barely changes during the isomerization,
the diffusion change was attributed to the dipole moment
change of AB. The dominating effect of the polarity change in
MOFs with AB side groups was also found for the diffusion of
CO, using powders and polarity sensitive dyes.**

In the two layered MOF film, butanediol is more strongly
adsorbed at cis AB than at trans AB, slowing down the diffusion.
By switching the top layer from slow diffusion (closed) to fast
diffusion (open), the remote controlled release of guests from a
molecular container was demonstrated (Figure 5d—f£).* In this
general approach, various active substances such as small
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the CO, permeance decreases significantly, leading to reversible switching of the separation factor. (c) Separation factor as a function of the ratio of cis

AB. Taken with permission from ref 60, copyright Springer, Nature (2016).

pharmaceutical molecules could be embedded in the MOF film
and released by irradiation.

Photoswitchable Membrane Separation. Separation of
liquid or gas mixtures by membranes is very promising for
reducing the energy consumption and increasing the efficiency.
Generally, the performance of membrane separation is
determined by two factors: selectivity (also called the separation
factor for membranes) and permeability (representing the flux).
MOFs are a strong competitor in the field of membrane
separation because of their high porosity, adjustable pore size,
and functionalization.”>*~"°" In comparison to conventional
MOF membranes made by solvothermal methods, the thickness
of SURMOF membranes can be straightforwardly controlled.'*>
SURMOFs with AB side groups fabricated on a mesoporous
support can be used as photoswitchable membranes, allowing
the remote control of the permeability of one (or more)
components, thereby changing the separation factor. For the
separation of H,/CO,, the separation factor was reversibly
switched between 3 in the trans state to 8 in the cis state (Figure
6). The switching effect is based on dipole moment changes,
where the CO, permeability is reduced in the cis state but the H,
permeability is barely affected. By adjusting the cis/trans ratio,
the separation factor can be continuously tuned (Figure 6c).®°
In further experiments, in order to avoid the use of UV light,
SURMOFs with fluorinated AB were used. By illumination with
green and violet light, the AB can switch between cis and trans,
and the selection factor of the membrane can switch between 9
and 13 for the separation of hydrogen and propene.®

A straightforward approach was realized by loading a
solvothermally synthesized MOF membrane of UiO 67
structure with AB.°" Upon adjusting the AB loading, the
permeation of the H,/CO, binary gas mixtures was affected by
UV and blue light irradiation. The separation factor was
photoswitched between 10 and 14.

In a different approach for photoswitchable MOF mem
branes, AB molecules were incorporated together with 1,2
bis(4 pyridyl)ethylene (4,4’ BPE) in the MOF backbone.'®
Under permanent membrane irradiation with either visible or
UV light, the separation factor for a H,/CO, gas mixture was
modulated between 21.3 and 43.7. The switching mechanism
deviates from the above discussed trans—cis switching, and
according to the authors, the AB backbone switching is enabled
by distortions and supported by the flexible 4,4" BPE linker. For
a better understanding of the switching mechanism and to avoid

the influence of thermal effects, further investigations are
required.

Pure MOF membranes suffer from the fact that the
preparation of membranes in dimensions required for industrial
processes presents a huge challenge and that cracks and pinholes
often destroy the performance. A very promising path for
industrial applications is the embedding of MOF crystals in
polymer matrixes, resulting in mixed matrix membranes
(MMMs).'**71% Recently, photoswitchable MOFs in MMMs
were demonstrated.'®”'*® For MMM:s containing 15 wt % AB
based MOF, a decrease of 5—8% after irradiating with UV light
was found.'® Although the presented switching ratio is much
smaller than in pure MOF or SURMOF membranes,
presumably due to the smaller density of photoswitches, because
of its scalability and various options for optimizing the switching
effect, this is a very interesting approach.

CONDUCTION PHOTOSWITCHING

In the past decade, the electronic properties of MOFs and the
properties of MOFs as hosts for efficient proton conduction
have been extensively explored with respect to various potential
applications such as in electronic and optoelectronic devices,
sensors, and fuel cells."'07!1?

Photoswitchable Protonic Conduction. Proton con
ductive materials find wide applications in fuel cells'"*"''* and
sensors."'* MOFs offer a crystalline porous structure, which can
serve as a perfect host for proton conducting molecules.
Moreover, the regular pores provide the opportunity to study
the proton conduction pathway and mechanism in detail and
allow theoretical guidance for the synthesis of new proton
conductin1g7 materials.!'! To date, both MOF powder
pellets''*'"” and thin films'"® with conductivities above 1072
S-cm™! under humid conditions have been realized.

By incorporating photoswitchable molecule into the pores,
photoswitchable MOFs can be obtained. Remote controllable
MOF thin films with fluorinated AB side groups were
synthesized on interdigitated electrodes (IDEs), followed by
loading with 1,4 butanediol or 1,2,3 triazole. While the host
MOF is insulating, the guest molecules are well known proton
conductors. For both guest molecules, the proton conductivity
reversibly decreases by about 1/3 upon trans—cis isomerization
of the host. DFT calculations and IRRAS measurements indicate
that cis azobenzene interacts more strongly with —OH or —NH
groups of the guest molecules than does the trans isomer, leading
to smaller mobility and proton conductivity of the guests.63
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To further increase the switching effect, molecules with larger
dipole moment changes are required. To this end, SP molecules
were grafted in the SURMOF by PSM. Compared to AB with a
dipole moment change from 0 to 3 D, the dipole moment
change in the SP SURMOF is significantly enhanced, changing
from about S D (SP form) to about 16 D (MC form). This leads
to much stronger hydrogen bonds of the guest molecules with
the MC form and also to larger SP MC differences. As a result, a
proton conductivity photomodulation by almost 2 orders of
magnitude is realized (Figure 7a—c).%*

By a one pot synthesis, sulfonated spiropyran (SSP) was
embedded in ZIF 8 films.®® There, presumably caused by the
polar environment, the open MC form turns out to be
thermodynamically stable and the switching to the closed SP
form was realized by visible light irradiation. The SSP@ZIF 8
film exhibits high conductivity in the dark, and the conductivity
decreased by about 3 orders of magnitude under visible light
irradiation (Figure 7d and e). The conductivity change is
explained by a hydrogen bond network formed by SSP in the

MC form inside the ZIF 8, allowing efficient proton passage.
The hydrogen bond network disappears for the SP form, leading
to reduced proton conductivity.*> The SSP@ZIF 8 membranes
were also used to photomodulate the cation transport. The Li*
conductivity decreases by a factor of 23 upon light induced MC
to SP isomerization.®® The conductivity change is explained by
changes in the Li* binding sites and in the binding affinity.

Photoswitchable Electronic Conduction. Although most
MOFs are insulators, some MOFs possess interesting electronic
properties with suitable conductivity. For example, MOFs can
be designed to be conductive by the incorporation of
appropriate coordination bonds between metal nodes and
linkers,"'® conjugated 77—z stacking between organic li
gands,"'”'*° and the formation of donor—acceptor couples
with guest molecules.'*"

Previously, it was shown that the conductivity of SP molecules
can be photomodulated by SP MC switching,'>* This is caused
by the two separate x electron systems in the indoline and
chromene moieties of SP which combine after isomerization to
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MC. Inspired by this phenomenon, nitro substituted SP was
used as guest molecules in UiO 67 films synthesized on IDE
(Figure 8). DC conduction measurements indicate that after
SP to MC isomerization, the conductivity increases 10 fold.
Density functional theory (DFT) calculations of the charge
transfer mechanism revealed that the increase in conductivity is
caused by the larger frontier orbital (i.e.,, HOMO and LUMO)
delocalization in the MC isomer compared to that in SP (Figure
7¢). In addition, the molecular extension of the MC isomer is
slightly larger than that of the SP isomer. Both effects result in a
reduction of the distance between the charge hopping sites,
increasing the conductivity. Further calculations predict that an
even larger on/off ratio can be realized for MOF structures with
optimized distances between SPs.®’

Although it does not pertain to thin films, a related work on
SP MOFs should be discussed where MOF powders and large
single crystals with SP were prepared.”® The powder sample
pressed into pellet showed that the conductivity increased by
20% after UV induced SP to MC isomerization while the
conductivity of the single crystal increased by only about 5%.
The relatively small photoswitching on/off ratio is presumably
caused by the small light penetration depth, causing only a small
amount of the (thick) sample to undergo photoisomerization. In
the same study, DAE was also employed to realize photo
switchable conductivity. Photomodulated conductivity based on
DAE was previously demonstrated for polymers.'*'** In ref 3,
DAE was incorporated into the MOF backbone, and upon UV
induced open to closed photoswitching, the conductivity of the
MOF pellets increased by a factor of 2.6. The conductivity
change was attributed to the changes in the 7 conjugation length
upon the DAE photocyclization reaction.>® The realization of
such material as a thin film seems very promising.

REFRACTIVE INDEX SWITCHING

Photonic crystals are regular periodic structures made of
materials with different refractive indices, finding application

in optical fibers, optical devices, and lasers.'>® In the past decade,
various regular photonic MOF structures were presented.'>%'*”

For the photomodulation of the characteristics of one
dimensional photonic crystals, also referred to as Bragg stacks,
materials with switchable refractive indexes are required.
Because of the small surface roughness of SURMOFs, the
refractive index of the material can be determined in a
straightforward manner by spectroscopic ellipsometry.*>"*® 1t
was found that the refractive index of fluorinated AB SURMOF
can be reversibly switched between 1.58 (trans) and 1.56 (cis) at
600 nm and between 1.73 (trans) and 1.65 (cis) at 35S nm. On
the basis of the well defined structure, DFT calculations were
able to unveil the observed phenomena. Because of the large
orbital delocalizations and the large transition dipole moment,
the trans m—n* band has the strongest absorption intensity,
stronger than that of any other cis absorption band. With the
Kramers—Kronig relation, the refractive index and its changes
can be calculated, verifying the experimental data.

A five layered TiO,/AB SURMOF film was prepared on
silicon where each layer has a thickness of approximately 0.5 m
(Figure 9).71 In the scanning electron microscopy (SEM)
images and energy dispersive X ray spectroscopy (EDX)
mapping (Figure 9b), a multilayered structure with some
periodicity can be seen. Since the refractive indexes of TiO,
(about 2) and of the fluorinated AB SURMOF differ, the
multilayered film may work as a one dimensional photonic
crystal or a Bragg reflector. The reflection spectrum shows clear
features of a Bragg reflector, although the quality is fairly low,
presumably due to deviations of the individual layer thicknesses
and the small numbers of layers. Nevertheless, a clear
photomodulation of the Bragg reflexes upon trans—cis photo
switching in the SURMOF was observed. The strongest Bragg
peak shows a reversible shift by 4 nm to smaller wavelengths
upon trans—cis switching.
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CONCLUSIONS AND OUTLOOK

In the past decade, modular framework materials such as MOFs
were explored for their uses as photoswitchable materials. While
photoswitchable MOFs in the form of powders are very
interesting for switchable adsorption and catalysis,17 thin films
of photoswitchable MOFs have shown to be a valuable model
system for the exploration of physicochemical phenomena and
advanced experiments. The layer by layer film synthesis,
resulting in SURMOPF thin films which can be grown on various
substrates, is particularly attractive. The high transparency of the
SURMOF films enables UV—vis and IR spectroscopic
investigations, representing a straightforward tool for the
quantification of the photoisomerization. The small film
thickness also results in the entire illumination and photo

switching of the sample, although the light penetration depth in
such MOF materials is typically only in the range of 1 ym. By
fabricating membranes where the photoswitchable MOF thin
films are grown on mesoporous supports, molecular mixtures
can be separated and the selectivity can be remote controlled by
light. Moreover, photoswitchable MOF thin films were
presented where the electronic and protonic conduction can
be modulated with large magnitudes. Photoswitchable SUR

MOF Bragg stacks were also presented, showing the versatility of
potential applications. So far, azobenzene is the functional
moiety in most photoswitchable MOF films, and a few studies
employing spiropyran were also published. In both cases,
changes of the dipole moment rather than changes of the
molecular shape seem to dominate the switching effects.

Although we believe in the large potential of photoswitchable
MOF films, some drawbacks need to be addressed. On one
hand, the research on SURMOF is still in its infancy. The
SURMOF synthesis is somewhat more complex than one pot
solvothermal MOF synthesis, and only a minority of the known
MOF structures have been prepared as SURMOFs so far. While
roughly 100 000 MOF structures have been published,'* the
number of SURMOF structures is less than 1000. To date,
photoswitchable MOF films possess an even smaller structural
diversity (Table 1). So far, most structures are from the pillared
layer MOF family, typically with Cu dimer metal nodes. In a few
studies, “standard” MOFs such as HKUST 1, ZIF 8, and UiO
67 were used as passive host for the photoswitches. Along with
the small diversity comes limited stability. While numerous
robust MOFs have been presented,"*® the published photo
switchable thin films have limited stability toward long term
humidity exposure. We believe that robust, water stable,
photoswitchable MOF films, for example, those based on Zr
nodes, will be realized soon, allowing membrane separation in
aqueous media.

For the future, we believe the field of photoswitchable MOFs
will become more diverse. Presumably, more research will focus
on membrane separation and on proton and ion conduction as
well as on the integration in advanced devices. In addition to the
workhorses, AB and SP, more advanced and more specified
photoswitches will be used, such as DAE, fulgide, and more. We
believe that multiresponsive MOF films will be explored where,
in addition to light, other external stimuli such as electric and
magnetic fields and heat are employed. Moreover, multifunc
tional MOF films with several functional moieties in the MOF
structure will be explored. The complexity of such multifunc
tional MOF films will be far beyond that of the presented
photoswitchable chiral MOF film. Polarized light may be used to
address specific, oriented photoswitches in the MOF film. With

all of these unexplored tasks, we believe that photoswitchable
MOF films will remain a very dynamic field and that SURMOFs
will make valuable contributions.
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