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Chapter	1	
Photoresponsive	Porous	Materials	
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Chapter 1 

1.1 Introduction	

Nature has evolved a collection of complex molecular machinery that orchestrates 
nearly all the aspects of the dynamic functions at the cellular level from protein 
synthesis to cellular locomotion.1,2 These molecules, typically proteins or multi-
protein complexes, are capable of performing complex, structural motion in 
response to external stimuli. Although several of these systems like ribosomes3 or 
chaperonins4 operate while submerged in cytoplasm, only immobilization and 
synchronization the molecular machines allows to harness their nanoscale motion 
and overcome the thermal noise to perform tasks on larger length scales.2,5 
Therefore, most biological molecular machines are spatially immobilized and 
synchronized temporarily to allow for amplification of motion along length scales. 
This is illustrated by numerous examples of motor proteins like dyneins and 
kinesins6 that transport cargo along microtubules, myosins8 that generate 
mechanical force in skeletal muscles through cooperative action with actin filament 
or flagella motors7 harboured in membranes that rotate in unison to achieve 
directional motion of bacteria.  

Inspired by these fascinating systems, synthetic chemists have created a vast 
number of the artificial molecular machines capable to achieve control over their 
nanoscale structural motion with precision as high as shown by their biological 
counterparts.9–11 Although these molecules, when used as the individuals dissolved 
in solution, are capable of some microscopic tasks such as control over 
stereochemical outcome of a catalytic reactions12 or mechanical twisting of other 
molecules,13 they reach their full potential when allowed to operate in unison.10 
This notion is illustrated by numerous examples of artificial molecular machines or 
switches organized in mesoscopic arrays capable of delivering work and 
performing tasks at the micro and macroscopic level thanks to the cooperative 
effects.5,14,15 Monolayers of active molecules can bend microscopic cantilevers16 or 
move droplets of organic liquids across a surface,17,18 polymerized liquid crystal 
films containing various photoresponsive azobenzenes change shape,19 contract20 
or move21,22 when exposed to light, while molecular motors can rotate microscopic 
glass rods deposited on a liquid crystal film,23,24 actuate muscle-like self-assembled 
gel fibers25 or mechanically contract organogel,26,27 when properly integrated in the 
materials architecture.  

In comparison to soft materials, hard-matter, in particular solids, show 
advantageous mechanical properties and robustness. Therefore, integration of 
artificial molecular machines or switches with hard-matter based materials, in other 
words, the combination of rigidity of solids and flexibility of these molecules may 
give rise to a class of responsive solids, with unique properties which can be tuned 
dynamically by the active molecules embedded in the material.28 Despite the 
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Photoresponsive Porous Materials 

astonishing progress in the development of soft responsive materials based on 
artificial molecular machines and switches, highlighted in the paragraph above, 
incorporation of these structures in a solid scaffold without impartment of their 
function still possesses a major challenge. Pioneering studies undertaken by 
Stoddart, Heath, Flood and co-workers showed a significant decrease in the rate of 
rotational and translational motion of bistable rotaxanes and catenanes embedded 
in self-assembled monolayers (SAMs) and polymer matrices.29 Similarly, Feringa 
and co-workers observed large decreases in the rate of the thermal helix inversion 
and efficiency of the photoswitching for molecular motors densely packed in 
SAMs on gold and quartz substrates.30,31 Since isomerization, molecular motion or 
more generally, unimolecular reactions require free volume to occur, the observed 
decrease in the rate of these processes in crowded environments may be explained 
by a significantly lower free volume provided by the surrounding in comparison to 
the solution.32 In contrast, in the solid structures e.g. crystals, the free volume 
typically available for molecular motion is even lower than in densely packed 
SAMs, which in combination with the rigidity of the environment, blocks the large-
amplitude molecular motion. Therefore, perhaps not too surprising, initial attempts 
to incorporate these functional molecules in hard-matter based materials crippled 
their controllable nanoscale motion.33,34 Notable exceptions that are able to operate 
in solid state include dithienylethene derivatives, which undergo very small 
geometrical change upon isomerization and therefore show very efficient 
photocyclization even in densely packed molecular crystals,35 few azobenzene 
derivatives functionalized with bulky or polar substituents36,37 and anthracene 
derivatives38 that can undergo a facile formal [4π+4π] photocycloaddtion. 
Subsequent studies of Garcia-Garibay and Michl showed that small organic rotors 
can perform fast rotations, reaching a gigahertz rotational frequencies for C3 
symmetrical rotors (bicyclo[2.2.2]octane derivatives), when embedded in the 
molecular crystals possessing sufficient free volume.39–41 From this perspective 
incorporation of the artificial molecular machines and switches in the porous solid 
materials, in particular metal organic frameworks (MOFs) and covalent organic 
frameworks (COFs), seems to offer an opportunity to overcome constrains imposed 
on molecular motion by confinement in the solid environment and simultaneously 
organize them spatially in three-dimensional space.28,42,43 Being inherently porous, 
these structures can provide sufficient free volume for unrestricted, stimuli-
responsive motion of these molecules in the solid state.10,28 Remarkably, recent 
studies of Garcia-Garibay, Yaghi, Sozzani and others on solid state dynamics of 
linkers in MOF and COFs, showed nearly barrierless small-amplitude rotation of 
parts of the organic linkers, reaching similar angular frequencies at room 
temperature to those in the gas phase.44–47 These studies illustrate that, despite the 
relative molecular crowding, the nanoporous environment in these materials is 
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Chapter 1 

more reminiscent of a low density liquid or high-density gas phase than a solid.44 In 
addition, MOFs and COFs are intrinsically crystalline, thus opening opportunities 
for organization of the artificial molecular machines and switches in three-
dimensional periodic arrays and thereby achieving amplification of the molecular 
motion through cooperative effects.10,15,48 However, recent studies of Loeb and co-
workers showed a large decrease in the rate of the large-amplitude pirouetting or 
shuttling motion of the crown ether encircling [2]rotaxane struts.49–52 Therefore, it 
is still a challenge to arrange and densely pack these functional molecules without 
impairment of their function.  

In this chapter a subclass of the functional solid materials, namely photoresponsive 
porous materials will be discussed. First, an overview of photoresponsive 
molecules will be given, next the porous, solid materials will be briefly introduced 
and applications of these structures will be discussed. Finally, some intrinsic 
limitations, key problems and future perspective of these functional materials will 
be presented.  

1.2 Photoresponsive	molecules	

The most straightforward way to impart a photoresponsive function in a solid 
material is by incorporating the photoresponsive molecules in the rigid material 
scaffold. It can be achieved either by incorporation of photoswitches as a guest in 
the pores (Figure 1.1a) of the material or by integration of the functional molecules 
in the material scaffold (Figure 1.1b). While the first approach is a viable strategy 
and was broadly used to fabricate photo-responsive functional porous materials, the 
latter strategy is more challenging, but potentially leads to more robust and stable 
materials. Therefore this chapter will be focused on the materials featuring 
photoswitches installed within the scaffold.  

 

Figure 1.1 Schematic illustration of three distinct modes of incorporation of 
a photoswitch in the solid material scaffold (a) as a guest in the pores, (b) as 
pendant of the linker, (c) in the backbone of the linker,  
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Azobenzenes  

Azobenzenes are by far the most commonly studied and extensively used 
photoswitches owing to their relatively simple synthesis, tunability and 
photostability. Upon irradiation, the planar E-isomer undergoes isomerization to 
the non-planar, bulky Z-isomer. The reverse Z→E isomerization can be typically 
accomplished either thermally or photochemically by irradiation at longer 
wavelengths (Figure 1.2a). In general, azobenzenes show high quantum yield for 
both photo-isomerizations, and high photostationary state ratios that are established 
upon the irradiation. In addition, nearly all the photophysical and photochemical 
parameters of azobenzenes, in particular quantum yield, thermal stability of Z-
isomer, photostationary state ratios, excitation wavelengths, can be easily tuned by 
introducing various substituents at the azobenzene core and their structure-property 
relationships are well documented in the literature.53 Azobenzenes can be 
integrated in the solid material scaffold either as a pendant to or backbone of the 
linker. In the first case, the aperture or polarity of the pores can be modulated 
(Figure 1.2b), while in the latter more pronounced light-induced changes in the 
material architecture itself may be expected (Figure 1.2b). 

 

Figure 1.2 (a) Light and heat induced structural changes in an archetypical 
azobenzene photoswitch. (c) Schematic representation of the structural changes 
induced by azobenzene incorporated in a porous material as pendants (b) and 
backbone of the linker. 
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Spiropyrans  

Colourless spiropyrans undergo UV light induced isomerization to the zwitterionic, 
coloured merocyanine form (Figure 1.3a).54,55 According to widely accepted 
mechanism for the nitro-substituted spiropyrans at 6- or 8- position on the pyran 
ring, the first step in the photochemical ring opening reaction is cleavage of the 
Cspiro-O bond followed by the intersystem crossing and finally double bond 
isomerization.56 The spiropyran form can be regenerated upon irradiation at longer 
wavelengths or by heating, wheras the transoid merocyanine form can be stabilized 
by protonation. Apart from the photochromic behaviour, these compounds display 
thermochromic, acidochromic, solvatochromic and mechanochromic properties. 
Spiropyrans, when properly integrated as pendants or guests in the porous solid 
materials, can retain this remarkable multi-stimuli responsivity (Figure 1.3b).57  

 

Figure 1.3 (a) Light and heat induced structural changes in archetypical 
spiropyran photoswitch. (c) Schematic representation of the structural changes 
induced by spiropyran depicted on panel (b) incorporated in a porous material as 
pendants. 

Dithienylethenes  

Dithienylethenes (DTEs) comprise a broad class of mostly P-type 
(photochemically reversible) photoswitches. Exposure of the ring-opened isomer 
(colourless) to UV-light triggers photochemical 6π electrocyclization reaction 
leading to the coloured, ring-closed isomer, while the reverse isomerization can be 
induced with visible light (Figure 1.4a). Properly designed derivatives show half-
life times of the ring-closed isomer reaching 400 000 years at room temperature58 
and a remarkably high photostability even over 10 000 isomerization cycles.59 
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Typically, the quantum yield of the ring-closing photoisomerization of DTEs is 
temperature independent. Conversely, quantum yield of the ring-opening 
photoisomerization decreases as temperature gets lower due the presence of the 
energy maximum separating excited (S1) ring-closed isomer from the conical 
intersection.60–62 Hence, the visible-light triggered cycloreversion reaction of DTEs 
incorporated in solid materials may not be possible at the low temperatures 
necessary for gas adsorption, therefore precluding in situ operation of the material. 
As it was mentioned in the introduction section, reversible photochromism of 
dithienylethenes is well-documented in molecular crystals and requires only close 
spatial proximity between reactive carbons (< 4 Å) and antiparallel conformation 
of thiophene rings in the crystal structure.35 Isomerization of dithienylethenes leads 
to only minor changes in shape or dipole moment of the molecule, but to much 
more pronounced changes in other properties like rigidity and conductivity. 
Despite relatively small geometrical differences between ring-closed and opened 
isomers, DTEs incorporated in MOFs as backbone (Figure 1.4b) or pendant (for 
example through imidazole moiety in ZIF structures, see Figure 1.4c) of the linker 
can induce pronounced changes in material architecture, porosity or conductivity 
upon isomerization. 

 

Figure 1.4 (a) Light- and heat-induced structural changes in archetypical 
dithienylethene photoswitch. (b) Schematic representation of the structural 
changes induced by dithienylethene incorporated in a porous material in 
a backbone of the linker. (c) Representation of a structure of a dithienylethene 
photoswitch that can be incorporated in a material scaffold as pendants.  
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Anthracenes  

Anthracenes undergo a formal [4π+4π] photocycloaddition dimerization upon 
exposure to UV light, while the monomerization of the photodimer can be achieved 
thermally (Figure 1.5). This bimolecular reaction is known to proceed smoothly in 
molecular crystals and thin films, provided proper stacking and intermolecular 
distance between reactive carbons (< 4.5 Å) is present.38 

 

Figure 1.5 Schematic depiction of anthracene photoswitching  

Stilbenes and molecular motors 

Stilbenes are known to undergo two different competing reactions upon exposure 
to light. The first reaction pathway involves photochemical E/Z isomerization of 
the olefinic bond to the highly thermally stable Z-isomer, followed by conrotatory 
6π electrocyclization and finally, in the presence of oxidants, the trans-
dihydrophenanthrene can be oxidized to the corresponding phenanthrene (Figure 
1.6a, top row). The second reaction pathway is a [2π+2π] photocycloaddition of the 
excited and ground state stilbene leading to a mixture of the stereoisomers of 
substituted cyclobutane (Figure 1.6a, bottom row).63 In general, both 
photochemical reactions are competing, however, confinement in polymers64 or 
macrocyclic cavitands65 may promote a cycloaddition pathway. Structurally related 
stiff-stilbenes cannot undergo the photocyclization reaction owing to the molecular 
architecture featuring two five- or six-membered rings attached to the double bond 
(Figure 1.6b).66–68  

Overcrowded-alkene based molecular motors constitute a distinct class of 
molecular machines derived from stilbene photoswitches (Figure 1.6c).69–71 These 
unique molecules convert light and heat into a repetitive unidirectional 
stereochemically-controlled rotatory motion. Carefully chosen substitution patterns 
around the olefinic bond of these compounds precludes the competitive 
photodegradation pathways characteristic for stilbenes derivatives and controls the 
rate of the rotary motion, thus providing a possibility to fine-tune the rate of 
rotation by synthetic modifications.72 
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Figure 1.6 (a) Schematic representation of photochemical reaction pathways of 
archetypical stilbene photoswitch. (c) Structures of archetypical overcrowded-
alkene based light-driven unidirectional rotary molecular motors (first, second and 
third generation of motors are shown from left to right).  

1.3 Photoresponsive	solid	porous	materials	

Metal organic frameworks   

MOFs are meso-, micro- and nano-porous coordination polymers consisting of 
organic linkers bridging to inorganic nodes (metal clusters or cations) to form two- 
or three-dimensional networks.42,73,74 Both linkers and nodes can be tuned in terms 
of valence, leading to a variety of structures and network topologies. This synthetic 
variety was systematized by introducing the concept of reticular chemistry, which 
offers opportunities of designing functional systems tailored for the specific 
function.75 Furthermore, a single MOF crystal can simultaneously harbour multiple 
linkers bearing distinct moieties, thus accommodating a variety of functions.76,77 In 
the context of this brief overview, a special class of MOFs, namely on surface-
mounted MOFs (SURMOFs) has to be highlighted.78 These structures can be 
grown layer by layer on various substrates, giving highly oriented and crystalline 
thin films. The obvious advantage of these structures is that incident light can 
penetrate and thus influence properties in the entire film, provided the thickness of 
the layered structure is appropriately small.  
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Covalent organic frameworks  

Covalent organic frameworks are two- or three-dimensional porous organic solids 
composed entirely of organic molecules.43 These materials are made by formation 
of strong, covalent bonds between the building units. Provided the synthetic 
conditions are carefully chosen in terms of thermodynamics (reversibility of the 
bond formation) and kinetics (appropriately low rate of reaction) of the process, 
crystalline COFs may be obtained, albeit typically less ordered than in the case of 
MOFs. Since these materials are composed entirely of organic molecules held 
together by strong covalent bonds, COFs show outstanding chemical and thermal 
stability. This feature allows for precise tuning of COFs properties by means of 
post-synthetic functionalization of the framework under rather harsh conditions.  

Porous molecular crystals  

Porosity of molecular crystals can be classified as either intrinsic or extrinsic.79 The 
intrinsic porosity originates from the structure of the molecules forming the crystal. 
Therefore, intrinsically porous molecular crystals are typically formed by the 
molecules possessing large voids such as macrocyclic cavitands or coordination 
cages. The second type of porosity arises from the inefficient packing of the 
molecules in the solid state. However, intrinsically porous molecular crystals that 
preserve the porosity upon removal of the solvent or other guest molecules are 
uncommon and challenging to design rationally.79,80  

1.4 Applications	of	Photoresponsive	solid	porous	materials	

Switchable gas adsorption, storage and release 

MOFs as structures bestowed with large open porosity, found their most prominent 
application in storage and separation of gases. The fundamental problem of the gas 
storage in MOFs was thoroughly studied and resulted in the development of 
materials that soon will be commercially applied in methane-storage systems.81 
One of the biggest challenges in this field is the capture and release of post-
combustion CO2. Currently used technologies require high temperatures to release 
the captured CO2 and regenerate the adsorbent, which makes this a major 
component (even 40 % of costs) in the energy consumption of the technological 
processes.82,83 Therefore, the development of the light-responsive porous materials 
that can be switched remotely between two states with high and low CO2 
adsorption capacity may help to reduce costs associated with carbon processing 
drastically.  
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Azobenzenes 
Initial attempts of the incorporation of the azobenzene photoswitches in MOFs as 
a backbone of the linker impeded their photochromic behavior as a consequence of 
rigidity of the framework. Conversely, incorporation of the azobenzenes 
photoswitches as pendants of the linkers preserved their photoresponsive behavior 
in the solid MOFs of various structure and topology. Further studies showed that 
azobenzene functionality can be post-synthetically introduced in MIL-101(Cr)-NH2 
MOF via diazotation or amide and urea moiety formation, thus facilitating 
fabrication of the material. However, even this strategy does not ensure the 
photoresponsivity of the incorporated azobenzenes, as the steric bulk imposed on 
the pendants by small aperture pores or neighboring linkers may still hinder the 
isomerization. Bléger, Castellanos and co-workers demonstrated that incorporation 
of the ortho-fluoro azobenzene as linker pendant of MIL-53(AL) drastically 
reduced the photoisomerization efficiency of the azobenzene unit, while a more 
opened UiO-66(Zr) scaffold allowed for unhindered isomerization.  

Zhou and co-workers showed photomodulation of CO2 uptake in a MOF bearing 
azobenzene pendants.84 Solvothermal synthesis in DEF yielded a stimuli-
responsive material isoreticular to MOF-5 (Figure 1.7b), while synthesis in DMF 
gave the two-fold interpenetrated MOF showing a low gas uptake and no photo-
responsive behavior. Irradiation of the responsive material at 365 nm to induce 
E→Z isomerization of azobenzene pendants resulted in a large decrease of the CO2 
uptake by the framework, which could be reverted almost quantitatively upon 
thermally induced Z→E isomerization (Figure 1.7a,b). Based on the analysis of 
differences in the structure envelopes (i.e. the areas in direct space most likely to 
contain atoms85) and pore size distribution between pristine and irradiated materials 
these changes in gas uptake were attributed to the isomerization of azobenzene 
pendants, which non-planar Z-isomer was found to shield the main CO2 adsorption 
sites (metal oxygen bonds) and partially block smaller pores (Figure 1.7b). 

 

Figure 1.7 (a) Structure and switching of the incorporated azobenzene in the 
isoreticular MOF-5 scaffold. (b) Schematic depiction of the light and heat induced 
structural changes in the pore structure and gas adsorption of azobenzene 
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functionalized isoreticular MOF-5 structural Reprinted with permission from 
reference 86. Copyright 2013 American Chemical Society. 

Light-induced decrease in CO2 uptake were observed by Lyndon, Hill and co-
workers in a triply-interpenetrated, pillared Zn-paddlewheel framework bearing 
photoresponsive stilbene and azobenzene functionalities (Figure 1.8a) incorporated 
in the backbone of the linkers (Figure 1.8a,b,c).87 Although the framework showed 
only minor spectral changes upon irradiation, a drastic decrease of up to 64 % in 
CO2 uptake by the framework was observed upon in situ exposure to broadband 
light (Figure 1.8d, black and red lines, respectively).  

 

Figure 1.8 (a) Structure of the stilbene bispyridyl pillar and azobenzene 
dicarboxylic acid used as linkers. (b) Part of the elementary cell of triply 
interpenetrated Zn-paddlewheel pillared MOF featuring Zn-paddlewheel cluster, 
pillar and azobenzene linker. (c) Packing of the three independent networks in the 
crystal structure in c direction. Interpenetrating networks were indicated by 
various colours. (d) Changes in the CO2 adsorption isotherm of the material (black 
line, pristine), during in-situ irradiation (red line) and upon a modulated exposure 
to light (blue line), temperature of the sample (green line). Reprinted with 
permission from reference 87. Copyright 2013 Wiley-VHC. 

Since no structural transformation in the irradiated framework could be observed 
with synchrotron X-ray diffraction, the observed differences in gas uptake were 
hypothesized to stem from a light-induced structural flexibility or periodic bending 
motion of the framework associated with reversible E↔Z isomerization of both 
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photoactive linkers on a local scale. This hypothesis was further supported by the 
periodic alternations in the UV/Vis absorption spectrum of the framework upon 
continuous irradiation, while the influence of local heating was excluded based on 
the control experiments with porous materials that were weakly absorbing light 
used for excitation. Furthermore, the structural response of the framework was 
followed by desorption of CO2 was found to be almost instantaneous and the 
amount of the adsorbed CO2 could be modulated dynamically (Figure 1.8d, blue 
line). 

Similar effects of in situ light irradiation on CO2 adsorption in azobenzene-
containing MOFs were observed by Bléger, Castellanos and co-workers.88 The two 
responsive MIL-53(AL) and UiO-66(Zr) MOF scaffolds were based on visible-
light switchable ortho-fluoro azobenzene linker that could be readily isomerized in 
solution with green (>500 nm) light (Figure 1.9a). Interestingly, while the 
azobenzene linkers incorporated in MIL-53(Al) (Figure 1.9c) showed greatly 
reduced photoswitchable behavior arising from a steric congestion in the 
framework, the azobenzene decorated UiO-66(Zr) framework (Figure 1.9b) readily 
responded to visible light owing to more free volume provided by the UiO-66 
scaffold. Even though UiO-66(Zr) was proved to provide sufficient environment 
for solid-state isomerization of the azobenzene pendants, no photomodulation of 
the CO2 uptake was observed upon in situ irradiation. Conversely, the non-
photoresponsive MIL-53(Al)-based MOF showed a 10% decrease in CO2 uptake 
during in situ irradiation and no changes in uptake upon ex situ irradiation. Since, 
the isomerization of the azobenzene pendants is hindered by the MIL-53(Al) 
scaffold, the observed decrease of the gas absorption capacity in response to green 
light, was attributed to local heating of the framework induced by vibrational 
relaxation of the excited state of azobenzenes. Additional control experiments 
demonstrated that the 10% decrease in CO2 uptake is comparable to 10 °C increase 
in the overall temperature of the sample. Similar effects, albeit more pronounced 
(> 40%) were found for non-fluorinated azobenzene-decorated UiO-66(Zr)89 and 
DMOF90 scaffolds upon in situ exposure to UV-light and in mixed composite 
materials with polymers and secondary adsorbents.91 
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Figure 1.9 (a) Structure and switching of the incorporated visible-light responsive 
ortho-fluoro azobenzene linker. Models of the solid-state structure of the 
isoreticular (b) UiO-66(Zr) and (c) MIL-53(Al). Reprinted with permission from 
reference 88. Copyright 2016 Wiley-VHC. 

The opposite effect of the azobenzene E→Z isomerization on the CO2 uptake in 
porous organic polymer decorated with azobenzene pendants was observed by 
Zhang and co-workers.92 A series of functional materials was fabricated by 
condensation of triformylphloroglucinol (1, Figure 1.10) and various diamine 
azobenzenes bearing substituents of increasing steric bulk (Azo-1, Figure 1.10) or 
two azobenzene functionalities (Azo-2, Figure 1.10) forming low-crystallinity, 
imine linked network. The functional porous polymers had comparable surface 
areas and pore capacities. The resulting materials showed an increased CO2 
adsorption capacity upon ex situ UV irradiation, despite the fact that they showed 
no significant changes in surface area and only minor changes in pore size 
distribution. The highest difference, amounting to almost 30% of adsorption 
capacity between pristine and UV-treated materials, was observed for the 
azobenzene bearing no substituents, being least sterically demanding derivative. 
The inverted trend in gas uptake can be rationalized by the increase in the pores 
surface polarity. It is well documented in the literature that, apart from certain 
exceptions, the Z-isomers of azobenzenes have a considerably larger dipole 
moment (~3 D) than the E-isomer. Hence, isomerization of the azobenzenes 
confined in the pores may lead to an increase in the polarity promoting a dipole-
quadrupole interaction, thus favoring the higher uptake of CO2 by the Z-
azobenzene-appended pores.53 A similar influence of the azobenzene isomerization 
on polarity of the channels was observed by Aida in isoreticular UiO-68(Zr) MOF 
bearing azobenzene pendants.93  
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Figure 1.10 Structures of triformylphloroglucinol (1) and diamine azobenznes  
(Azo-1, Azo-2) used to construct porous switchable organic polymer (right 
structure). 

The photomodulation of gas storage capacity in molecular crystals remains largely 
unexplored area, mainly due to challenges concerning the design of these 
materials.79,80 One particular example was based on azobenzene moieties mounted 
on tetraphenyl methane core giving rise to a rigid, star-shaped unit (Figure 1.11a), 
designed especially to induce inefficient packing in the solid state and thus creating 
a permanent porosity (Figure 1.11b).94 The porous crystals of all-E isomer were 
found to selectively adsorb CO2 over N2. The amorphous phase, formed 
predominantly by the all-Z isomer, generated by irradiation with UV light, was 
non-porous (Figure 1.11c). Importantly, crystallinity and porosity of the material 
was recovered upon Z→E isomerization of azobenzene moieties induced by visible 
light or thermal treatment (Figure 1.11c, inset). 

 

Figure 1.11 (a) Strucutre of tetrameric, tetraphenyl methane based azobenzne. (b) 
Packing of the tetrameric azobenznes in the solid state along with representation of 
the empty channels. (c) CO2 adsorption isotherms at 195 K of prisitne material 
(red isotherm) and after exposure to UV light (blue isotherm). Reprinted by 
permission from Springer Nature from 94, Copyright 2015. 
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Dithienylethenes 
Since dithienylethene (DTE) derivatives are known to pose small steric 
requirements for the photoisomerization in the molecular crystals,35 it can be 
expected that incorporation of the DTE photoswitches in the linker backbone is not 
going to impede photoisomerization of photoswitch. Concomitantly, the light-
induced ring closure of the DTE should potentially lead to large structural changes 
in the framework taking advantage of cooperative structural transformation. 
Capitalizing on this idea, Pu, Guo and co-workers synthesized a five-fold 
interpenetrated MOF with biphenyldicarboxylate and DTE bispyridyl linkers 
(Figure 1.12a,b,c).95 Despite of the large degree of the interpenetration, the 
resulting material showed a ~37% of voids in unit cell and readily responded to 
light with almost immediate coloration and decolouration of the crystals upon 
consecutive exposures to UV and Vis light. Consequently, the MOF showed a large 
increase in CO2 uptake capacity (4 times) upon ex situ irradiation with UV light, 
which was explained by the favourable quadrupole-quadrupole interactions 
between CO2 and ring-closed isomer of DTE linker. Furthermore, in a dynamic gas 
adsorption experiments, an instantaneous release of 76% of adsorbed CO2 at P/P0 = 
1 was observed upon exposure of the UV-cyclized MOF to visible light. Further 
studies on this framework, showed an almost two times more favourable adsorption 
of C2H2 over C2H4 at low pressure and temperature (100 kPa, 195 K) for pristine 
material and negligible differences in the uptake for UV treated material. Based on 
calculated transient breakthrough curves, it can be expected that, this material can 
find a potential application in switchable selectivity in the separation of mixtures of 
these gases. Importantly, the cycloreversion reaction of DTE linkers could be 
achieved at lower temperature (139 K) than needed for the optimal performance of 
such a switchable membrane device.96  
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Figure 1.12 (a) Structure of the linkers used to construct five-fold interpenetrated 
pillared MOF. (b) Part of the elementary cell of triply interpenetrated Zn-
paddlewheel pillared MOF featuring Zn-paddlewheel cluster, DTE pillar and 
carboxylate linker. (c) Packing of the five independent networks in the crystal 
structure, viewed along b direction. Interpenetrating networks were indicated by 
various colours.  

Independently, Barbour and co-workers studied the same DTE based MOF and 
reported that the photocyclization is limited only to the surface of the material, and 
therefore no changes in CO2 uptake were observed.97 Conversely, irradiation of 
a two-fold interpenetrated MOF bearing more flexible dicarboxylate linker (Figure 
1.13a) at 365 nm led to a bulk photocyclization of DTE linkers, which was 
unequivocally proven by single-crystal X-ray diffraction (SC-Xray) data (Figure 
1.13b). In parallel, the isomerization of DTE resulted in a large geometrical change 
of the framework with a drastic decrease of solvent accessible volume from 262 Å3 
(for ring-opened DTE MOF) to 20 Å3 (for ring closed DTE MOF), thus, in essence, 
transforming a porous into a non-porous material (Figure 1.13c). 
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Figure 1.13 (a) Structure of the linkers used to construct framework and switching 
of the incorporated DTE pillar.(b) Part of the elementary cell of the 
photoresponsive MOF – pristine material (top panel) and after UV light-induced 
cyclization of DTE pillars (bottom panel). (c) Representation of the porosity (grey 
areas) of the pristine material (top panel) and UV-treated material (bottom panel). 
Adapted with permission from 97. Copyright 2017, Royal Society of Chemistry. 

A similar example to engineer the flexibility of a framework to alleviate the 
mechanical stress associated with photoisomerization of the linker was reported by 
Kitagawa and co-workers.98 A zinc-paddlewheel framework bridged with 
terephthalate was pillared with bispyridyl DTE photoswitch to yield a two-fold 
interpenetrated flexible MOF (Figure 1.14a,b). The reversible and bulk 
photoswitching of the DTE pillars was confirmed by SC-Xray and 1H NMR spectra 
of digested crystals (Figure 1.14c). Accordingly, both irradiated and non-irradiated 
MOFs showed a type IV CO2 sorption isotherm, indicating a flexible structure with 
a gate-opening sorption mechanism. At the first part of the adsorption branch of the 
isotherm, both non-cyclized and cyclized MOFs exhibited similar CO2 uptake and 
no changes in PXRD pattern. However, after the inflection point, marked changes 
in PXRD profile along with differences in CO2 uptake were observed, reaching 140 
ml and 89 ml (stp, standard temperature pressure) at P/P0 = 0.95 for pristine and 
UV-treated material, respectively.98  
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Figure 1.14 (a) Structure of the linkers used to construct two-fold interpenetrated 
framework. Representation of the SC X-Ray structure of (b) pristine material and 
(c) UV-treated material viewed along b direction (two independent frameworks are 
shown).  

Anthracene 
Jiang and co-workers demonstrated a photomodulation of a COF surface area 
taking advantage of the reversible [4π+4 π] photocycloaddition (Figure 1.15b) of 
anthracene moieties in the solid.99 The photoresponsive COF was synthesized by 
co-condensation of anthracene tetraol and 1,3,5-benzenetriboronic acid (Figure 
1.15a) on a quartz substrate or in the bulk yielding a crystalline material with an 
eclipsed stacking structure of anthracenes crucial for cycloaddition reaction in 
solid-state (Figure 1.15c). Irradiation of the samples at 360 nm led to a conversion 
of neighboring, stacked anthracenes to the corresponding photo-dimer with a 47% 
yield (Figure 1.15c), while the material could be reconverted to the monomer based 
system almost quantitatively upon heating at 100 °C. This light- and heat-induced 
structural transformations were translated to changes in the surface area of the 
material from 1864 m2 g-1 to 1456 m2 g-1 (BET values), with a concomitant 
decrease in pore capacity from 1.24 cm3g-1 to 1.08 cm3g-1 and no changes in pore 
size distribution, while heating of the irradiated COF led to an increase in the 
surface area to 1684 m2 g-1 (BET value). 
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Figure 1.15 (a) Structure of the anthracene-based two-dimensional COF 
connected by catecholboronate linkages along with structures of the building units. 
(b) Schematic representation of anthracene formal [4π+4π] photocycloaddition 
reaction. (c) Top and side view of structural model of pristine material (left panel) 
and UV-irradiated material after dimerization of anthracene building units (right 
panel). Reprinted with permission from reference 99. Copyright 2015 Wiley-VHC 

Switchable gas separation 

Taking advantage of the favourable interactions of CO2 with Z-azobenzene Heinke, 
Wang, Wӧll and co-workers fabricated a responsive membrane for tuneable gas 
separation. The membrane was based on a surface-mounted MOF (SURMOF) 
having a pillared Cu(II)-paddlewheel structure with both bispyridyl and 
dicarboxylate linkers decorated with photoswitchable azobenzenes (Figure 
1.16a).100 Performance and permeability of the membranes fabricated by liquid-
phase epitaxy on solid mesoporous α-Al2O3 support was studied in Wicke–
Kallenbach setup.100 Owing to the attractive interactions of CO2 quadrupole with Z-
azobenzene dipole, the CO2 permeability through the membrane could be precisely 
tuned by adjusting the E/Z ratio of azobenzene linkers with UV and visible light. 
Both N2 and H2 showed only negligible changes in permeability upon 
isomerization of the linkers. Therefore, such membranes could be used for 
reversible remote control over the molecular composition of the permeate flux with 
adjustable separation ratios ranging from 3.0 (pristine material) to 8.0 
(photostationary state material) for CO2:H2 and 5.5 (pristine) to 8.5 (UV treated) 
for CO2:N2 gas mixtures (Figure 1.10b). Similar selectivity changes in a separation 
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of H2/C2H4 and H2/C2H6 mixtures were found for analogous membrane with 
appended visible light responsive ortho-fluoro azobenzenes, while no switching 
effect on selective permeability was observed for CO2:H2 mixtures.101  

 

Figure 1.16 (a) Model of light induced structural changes in the SURMOF 
functionalized with azobenzene pendants. (b) Light-induced changes in selectivity 
of H2/CO2 separation on α-Al2O3-supported SURMOF membrane (red circles) and 
H2 (black squares) and CO2 (white squares). Adapted by permission from Springer 
Nature from 100, Copyright 2014. 

Guest uptake, release and cargo delivery systems  

The geometrical change associated with E↔Z isomerization of azobenzene (Figure 
1.17a) can be used to induce a release of cargo trapped inside of microporous 
material. To realize this idea an isoreticular MOF-74, having a one-dimensional 
hexagonal microchannels functionalized with evenly separated azobenzene 
pendants pointing towards the middle of the pore was synthesized.102 In the 
resulting architecture, a substantial part of pore aperture should be obscured by the 
E-azobenzene (8.3 Å in diameter) while for Z-azobenzene isomer the pore diameter 
should be bigger (10.3 Å), thus opening opportunities to control the pore aperture 
with light (Figure 1.17b). The ability to store and release cargo by this MOF was 
tested with propidium iodide probe, and the loading capacity of 0.4 wt% during 
three days of the continuous light exposure was established. The loaded MOF 
showed no background leakage in the absence of light and a slow release of 
entrapped fluorescent probe upon irradiation at 408 nm (wavelength close to 
isosbestic point 402 nm) over 40 h. Conversely, no release was observed upon 
irradiation at higher wavelengths (647 nm), while a much lower rate of the cargo 
release was observed upon discontinuing the 408 nm irradiation, thus highlighting 
the importance of rapid E↔Z azobenzene interconversion in cargo release from 
channels of the MOF. 
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Figure 1.17 (a) Structural changes associated with photochemical E-Z 
isomerization of azobenzene linker. (b) Schematic representation of light-induced 
changes in pore aperture of MOF-74 upon photochemical isomerization of the 
appended azobenzenes. Adapted with permission from 102. Copyright 2013, Royal 
Society of Chemistry. 

A responsive surface coating capable of storage and release of cargo was developed 
by Heinke, Wӧll and co-workers.103 The two-component system was based on 
pillared Cu(II)-paddlewheel MOF, grown by liquid-phase epitaxy with first non-
responsive layers serving as a storage tank and terminating layers, functionalized 
with photoresponsive azobenzenes serving as a valve (Figure 1.18a,b). The 
resulting surface-mounted architecture showed a four times slower uptake of 
butanediol than the non-responsive alone. Moreover, in E-state the uptake of the 
guest molecules was 15 times higher than in Z-state of appended azobenzenes 
(Figure 1.18c). Therefore, the SURMOF could be used as a remotely controlled 
container, after loading of the butanediol in E-state of valve layer, followed by the 
UV-light induced E→Z isomerization cargo can be stored in the material for 
a prolonged period and finally released upon visible-light induced Z→E 
isomerization of azobenzene pendants in the valve layers (Figure 1.18d). Further 
studies on similar azobenzene-based surface mounted MOFs established the 
influence of steric hindrance and lateral separation of azobenzenes on the 
efficiency of photoswitching104 and rate of thermal Z→E isomerization105 as well as 
indicated that polar interactions are dominant over steric effects in the uptake and 
release of butanediol.106,107  
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Figure 1.18 (a) Schematic representation of the structure of the layered SURMOF 
consisting of non-responsive, storage compartment (yellow part) and light-
responsive azobenzene appended layer (red part). (b) Structure of the SURMOF 
layers viewed along c direction. (c) Comparison of the butanediol uptake by the 
two-layered SURMOF with Z-azobenzene (blue line), E-azobenzene (red line) 
pendants and lone passive layer (black line) determined by quartz microbalance. 
(d) Butanediol release experiment monitored by quartz microbalance. Red arrow 
indicates start of the irradiation at 560 nm to induce Z→E isomerization of the 
azobenzene pendants. Reprinted with permission from reference 103. Copyright 
2017 American Chemical Society. 

Based on the same principle, that is a passive compartment for storage and active 
shell acting as a gate, a responsive azobenzene appended MOF was developed by 
Hecht and co-workers.108 The responsive MOF was based on UiO-68 network and 
was synthesized using solvent-assisted linker exchange with an azobenzene linker. 
This procedure rendered a core-shell structure with an azobenzene rich shell of 
uniform thickness. This approach allowed for bypassing of the problems associated 
with light penetration depth, and as a result practically the same photostationary 
states isomers ratios could be achieved for the core-shell crystal as for free 
azobenzene in solution. Owning to large steric bulk of the designed azobenzene 
linker, Z-azobenzene rich shell could serve as a barrier for the diffusion of 1-
pyrenecarboxylic acid, while for E-azobenzene rich shell the diffusion was much 
faster for both uptake and release experiments. An alternative approach was 
demonstrated by Meng, Gui and co-workers, who used an azobenzene β-
cyclodextrin host-guest chemistry to trap and release cargo in azobenzene 
functionalized UiO-68(Zr) MOF.109  
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Switchable separation of chemicals  

Azobenzenes  

Recently, Heinke and co-workers demonstrated a switchable, enantioselective 
uptake of 1-phenylethanol in azobenzene appended SURMOFs.110 The pillared 
Cu(II)-paddlewheel MOF was based on two linkers, – a light-switchable 
azobenzene bispyridyl derivative and D-camphoric acid, giving rise to homochiral 
responsive framework (Figure 1.19a,b). It was found, that the resulting thin MOF 
film had an adsorption capacity of (S)-phenylethanol ca. three times higher than 
that of (R)-phenylethanol. However, upon UV irradiation and E→Z isomerization 
of azobenzenes pillars, this difference is diminished as the polar interactions of 
phenylethanol with Z-azobenzene prevails over weaker enantiospecific interactions 
with the chiral camphoric acid linker (Figure 1.19c). Hence, the composition of the 
adsorbate in the MOF could be switched from enantio-enriched (~ ee = 50%) to 
racemic upon light irradiation, thus opening opportunities for light-switchable 
separation of enantiomers in permeable membranes.  

 

Figure 1.19 (a) Structure of the linkers used to construct homochiral SURMOF. 
(b) Schematic representation of the pillared structure of the SURMOF bearing 
azobenzene pillars and chiral camphoric acid linker. (c) Uptake of (R)- and (S)-1-
phenylethanol by the Z-azobenzene MOF thin films. Adapted with permission from 
110. Copyright 2019, Royal Society of Chemistry. 

Dithienylethenes 

Katz and co-workers took advantage of the changes in electronic properties of DTE 
photoswitches and applied it to a switchable separation of chemicals in ZIF-80 
MOF bearing imidazole linkers.111 The DTE photoswitch was introduced in the 
pores of the ZIF-80 framework by means of solvent assisted linker exchange 
between ZIF-80 and mixture of 2-nitroimidazole and the DTE reaching a final 
composition of 0.27:1:0.7 of DTE:imidazole:2-nitroimidazole, with the DTEs 
pendants pointing towards the interior of the large pore (Figure 1.20a). In the 
resulting architecture, the DTE pendants could be readily cyclized and re-opened 
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upon consecutive irradiations at the appropriate wavelengths without a significant 
influence on surface area of the material (Figure 1.20b). Finally, the UV-treated 
MOF, containing the ring-closed DTEs linkers, showed much stronger interactions 
with various aromatics (benzene, naphthalene, pyrene) than the pristine material.  

 

Figure 1.20 (a) Structure of the imidazole derived linkers used in the synthesis of 
DTE functionalized ZIF-80 framework. (b) Model of DTE decorated ZIF-80 
framework with ring-opened (left panel) and ring-closed (right-panel) DTE 
pendants. Adapted with permission from reference 111. Copyright 2017 American 
Chemical Society. 

Switchable catalysis  

Recent studies on porphyrin MOFs as light-harvesting platforms showed fast and 
long-distance exciton migration between organized porphyrin moieties upon light 
excitation.112,113 Furthermore, studies of Shustova on porphyrin Zn-paddlewheel 
framework pillared with photochromic dithienylethene showed the efficient energy 
transfer between porphyrin linkers and ring-closed DTE pillars, and quenching of 
the framework fluorescence (Figure 1.21a).114 Based on these studies, the same 
porphyrin MOF bearing DTE pillars were used in light-controlled singlet oxygen 
sensitization (Figure 1.21b).115 Irradiation of the framework bearing the ring-
opened DTE pillars at the Soret band of the zinc-porphyrin (405 nm) in the 
presence of oxygen led to the formation of 1O2 by means of the energy transfer 
between the porphyrin framework and triplet oxygen. Conversely, irradiation at the 
same wavelength of the MOF bearing photocyclized DTE led to the triplet-triplet 
energy transfer between the porphyrin linker and DTE pillar. Consequently, no 
photosensitization of oxygen was observed. This framework was used as 
a heterogeneous catalyst for photo-oxidation of 1,5-dihydroxynaphtalene. 
Furthermore, the same light-gated energy transfer between DTE and porphyrin was 
used in a multivariate UiO-66 nanoparticles, bearing both porphyrin and DTE 
linkers in light-controlled photodynamic therapy.116  
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Figure 1.21 (a) Structure of the DTE pillars and tetrakis(carboxyphenyl) 
porphyrin linker. (b) Model of the 3-D structure of Zn-paddlewheel porphyrin 
DTE-pillared MOF. (Note that the porphyrin linker coordinates Zn cation during 
the solvothermal synthesis). 

Switchable electronic and proton conductivity 

Azobenzenes 

The photo-control over proton conductivity in pillared Cu(II)-paddlewheel 
SURMOFs bearing visible-light responsive ortho-fluoro azobenzene pillars was 
achieved by means of modulation of the interactions of guest molecules with 
azobenzene pillars with light (Figure 1.22a).117 The light-responsive MOF thin 
films were infused with either butanediol or 1,2,3-triazole and showed reversible 
switching and up to two-fold change in proton conductivity upon isomerization of 
appended azobenzenes with light of the appropriate wavelength (Figure 1.22b). 
SURMOFs with either of the guest molecules showed lower proton conductivity 
for Z-azobenzene pillars and higher proton conductivity for E-isomer of the 
incorporated azobenzene. Quantum mechanical calculations supported with 
infrared spectroscopy data indicated that for both guest molecules hydrogen 
bonding interactions of Z-azobenzene are stronger than with E-isomer, thus 
limiting the mobility of proton carriers infiltrating the surface mounted framework 
and as a consequence decreasing the conductivity. 
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Figure 1.22 (a) Structure of ortho-fluoro azobenzene linkers and switchable 
SURMOF viewed in c direction. (b) Changes in the proton current conduction of 
butanediol in SURMOF at 1 V and 1 Hz upon alternating irradiation at 530 and 
400 nm. Adapted with permission from reference 117. Copyright 2018 Wiley-VHC. 

Spiropyrans and Dithienylethenes 

Another study focused on modulation of the framework conductance employing 
light-induced switching of the electronic properties of the linkers.118 Using both 
DTE and spiropyran photoswitches incorporated in the various MOF scaffolds and 
the reversible changes of conductivity upon illumination with light of distinct 
wavelength were demonstrated for both powdered and single crystal MOF samples 
(Figure 1.23a,b). 

 

Figure 1.23 (a) Single crystal X-Ray structure with simulated spiropyran pillars 
showing isomerization to merocyanine form. (b) Light-induced changes in the 
conductance of the single crystal of the MOF bearing spiropyrans pillars (red line) 
and control non-responsive MOF (black line). Adapted with permission from 
reference 118. Copyright 2019 American Chemical Society. 
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Sensors 

The influence of flexibility and sterics of the framework on the kinetics of 
photochemical cycloreversion reactions was assessed by the Shustova and co-
workers.119 Various spiropyrans and dithienylethene photoswitches were 
synthesized and incorporated in the MOFs with varying flexibility and pore 
aperture as pendants or backbone of the linkers (Figure 1.24a). The rates of the 
photochemical cycloreversion reactions for these photoswitches were studied in 
molecular solids, solution and MOFs. Notably, the spiropyrans derived pillars, 
showed an incomplete cycloreversion in molecular solids but nearly the same rate 
of the light-induced isomerization as in solution when embedded in the MOFs. 
However, for the bulkier derivate the cycloreversion was impeded due to steric 
congestion imposed by the framework. On the other hand, bispyridyl DTEs 
derivative showed the highest rate of ring-opening isomerization in the molecular 
solid, intermediate rates in solution and lower rate when incorporated in rigid 
pillared MOF. However, when incorporated in the more flexible MOF, the DTE 
bispyridyl pillars displayed a comparable rate of photochemical reaction to that 
observed in solution. Interestingly, for the dicarboxylic acid DTE derivative the 
same rate constants were observed for all investigated phases. Hence, the rate of 
photochemically driven processes of the incorporated switches could be tuned and 
modulated as a function of the flexibility, structure and sterics in the framework. 
Taking advantage of these dramatic changes in rate of the light-induced 
isomerization of the photoswitches embedded in distinct environments, MOF 
bearing spiropyran pendants were used as a marker for changes in material 
integrity. The intact MOF showed purple emission (λmax = 680 nm, λext = 350 nm) 
along with fast and reversible photoisomerization of spiropyrans pendants. 
However, localized exposure to HCl vapor lead to the local degradation of the 
framework and leaching of the spiropyrans pillars, which in turn induced 
irreversible changes in the framework emission and color thus allowing for visual 
detection of the damaged region (Figure 1.24b). 
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Figure 1.24 (a) Structure of the linkers, nodes and schematic depiction of the 
frameworks structure used in the study. (b) Optical micrographs of the MOF 
bearing spiropyran pillars pristine material (left panel) and material subjected to 
HCl vapour at point indicated by the black arrow (right panel). Adapted with 
permission from reference 119. Copyright 2018 American Chemical Society. 

Klajn and co-workers synthesized a series of responsive porous organic polymers 
bearing spiropyrans pendants.57 Materials were based on pore-forming tetrahedral 
tetraphenylsilane and monotopic or ditopic spiropyrans, which were connected in 
Suzuki cross-coupling to form amorphous three-dimensional porous polymers 
(Figure 1.25a). Interestingly, incorporation of the monotopic spiropyran derivative 
in the aromatic framework, preserved its characteristic photochromism and led to 
an exceptional fatigue resistance for over 100 isomerization cycles (without the 
presence of oxygen), which was attributed to the isolation of the pendants thus 
excluding the bimolecular photodegradation pathway, well established for these 
compounds (Figure 1.25b).120 Furthermore, these materials showed red 
fluorescence with pendants in the merocyanine form and no emission upon visible-
light induced switching to the spiropyran form. Conversely, an aromatic network 
embedded with a ditopic spiropyran derivative showed reversible structural 
collapse and swelling upon desolvation-solvation cycles and spontaneous 
isomerization to the merocyanine upon removal of the solvent. Finally, the multi-
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stimuli responsive properties of the porous material harboring ditopic spiropyrans 
could be used for the detection of pH changes as the framework readily responded 
with color change to the protonation and subsequent deprotonation of pendants as 
well as switchable capture and release of Cu(II) cations from the acetonitrile 
solution (Figure 1.25c). 

 

Figure 1.25 (a) Structure of building blocks and monotopic and ditopic spiropyran 
pendants used to synthesize responsive porous organic polymers. (b) Light-induced 
changes in colour of the porous material bearing monotopic spiropyran 
photoswitch. (c) Changes in the colour of the material bearing ditopic spiropyran 
upon alternating protonation/deprotonation cycles of merocyanine pendants. 
Adapted by permission from Springer Nature from 57, Copyright 2014. 

Macroscopic Actuators 

Typically, photoresponsive MOF crystals usually do not show any macroscopic 
deformation or motion upon isomerization of switchable linkers, mainly due to the 
flexibility purposely engineered in the crystal to alleviate a mechanical stress 
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associated with the structural changes of the responsive-linker. One notable 
example features a four-fold interpenetrated Zn-paddlewheel framework with 
pirydyl-functionalized stilbene attached to the metal cluster.121 Irradiation of the 
crystals at 365 nm led to [2π+2π] photocycloaddition of the neighboring stilbene 
moieties accompanied by the contraction of the elementary cell volume by 6.1% 
and shear distortion of the two-dimensional Zn-paddlewheel layers (Figure 1.26a). 
As a consequence of this distortion, upon 365 nm light irradiation the thin crystal 
of the MOF bent towards the light source, with high rate of 80°  s-1 and 
subsequently twisted in right-handed helix regardless of the direction of the 
irradiation (Figure 1.26b, top and middle panels). Conversely, a thicker crystal bent 
away from light source and upon prolonged irradiation released the built-up strain 
in abrupt break-up (Figure 1.26b, bottom panel). In order to improve the 
mechanical properties of the actuator, MOF crystals could be combined with 
a poly-vinyl alcohol membrane, which could also be actuated with light, albeit with 
lower speed of ca. 10° s-1.  

 

Figure 1.26 (a) UV-light induced changes in the SC X-Ray structure of the 
photoresponsive MOF bearing stilbene-pyridyl pendants (top panel) along with 
stacking of the pendants and structure of the stilbene dimer (bottom panel). (b) 
Optical micrographs of the photochemical crystals deformation, twisting and 
break-up of the crystals with different sizes: thin crystals (top and middle panels), 
thick crystal (bottom panel). Samples were irradiated from the left side from the 
perspective of the micrographs. Adapted with permission from reference 121. 
Copyright 2019 Wiley-VHC. 

1.5 Conclusions	

The pioneering studies on porous solids, highlighted in this chapter, clearly 
established the opportunities arising upon incorporation of light-responsive 
switches in these scaffolds as a viable method to harness their collective motion 
towards responsive, dynamic materials. Starting from non-responsive solids, where 
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light-induced structural changes of these molecules were hampered by the rigidity 
of the solid environment, systematic progress resulted in development of 
fundamental design principles allowing for integrating the responsive molecules 
with the solid support without impairment of their dynamic function and reforming 
the materials robustness. This was illustrated by the development of various, proof 
of concept materials with tuneable properties, including gas adsorption capacity, 
electronic structure or pore aperture. However, despite the significant progress in 
this field it is still in its infancy, and there are still a number of key challenges that 
have to be addressed in the future to support the development of these materials 
and exploit their full potential.  

Mode of linker incorporation. The photoswitchable units can be incorporated in the 
material scaffold as either pendants to or backbone of the linker. Based on the 
number of the literature reports, it seems that the first method of incorporation is 
more general and reliable to ensure preservation of the light-responsive function. 
The few examples presented in the recent literature of fully operational MOFs and 
COFs bearing photoswitches incorporated in the linker backbone provided insights 
into the requirements that have to be fulfilled in order to facilitate photoswitching 
of the linker. It seems that in this scenario, the most important prerequisite of the 
switching in the solid state is the flexibility of the framework. Therefore, research 
in this direction should focus on incorporation of these molecules in inherently 
flexible MOFs or frameworks capable of promoting sheer displacement distortion. 

Bulk photoisomerization. In general, a characteristic feature of most molecular 
photoswitches is their high molar attenuation coefficient <104. Therefore, owing to 
the relatively high density and light scattering on the periodic structure, light 
penetration depth in these types of solid materials is low and consequently the 
effect is limited to the surface of the material. Although few examples of bulk 
photochemical transformations are present in the literature,97,98 the phenomenon is 
not general and in practice was demonstrated only for the DTE derivatives. This 
problem can be addressed with several strategies: (i) the first possibility is the 
usage of the surface-mounted metal organic frameworks (SURMOFs),78 which can 
be grown on a substrate as thin and uniform films in a layer-by-layer fashion thus 
ensuring a uniform exposure of the film to light (ii) another option is to employ 
core-shell108 structures, where a small crystals of non-responsive MOF (core) is 
covered by thin shell of photoswitchable MOF in such a way that the molecular 
design of the hybrid material is fine-tuned to display a desirable effect; (iii) 
applying a multivariate MOFs strategy,76,77 in other words dilution of active linker 
to the point that the concentration of the photoswitch will be low but sufficient to 
induce large changes in properties of the material upon switching; (iv) or design 
multifunctional materials featuring distinct incorporated photoswitchable linkers 
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that can be addressed with orthogonal wavelengths; (v) use of the molecular 
photoswitches with very large spectral separation between two distinct forms e.g. 
DASA122 switches. 

Local Heating. Local heating associated with vibrational cooling of the excited 
state of a given photoswitch is inevitable in any system with limited heat 
dissipation, in particular solid-state materials. Therefore, careful control 
experiments always have to be performed in order to elucidate the origin of the 
light-induced changes in the properties of the light-responsive solid materials. On 
the other hand, local heating effect can be advantageous, for example by exciting 
selectively certain phonon modes of the crystalline material and thus leading to 
unique changes in the materials properties.123 

1.6 Aim	and	outline	of	this	thesis	

A major challenge in the field of molecular nanotechnology and artificial 
molecular machines is to harness their controlled nanoscale motion. The forces 
typically exerted by these molecules are minuscule (typical piconewtons) in 
comparison to the overwhelming motion of the solvent molecules. Thus, in order to 
take advantage of this structural motion and generate macroscopic function it is 
essential to immobilize and organize them in dense assemblies to block their 
random translational motion and amplify the effect through cooperative action. 
However, dense packing of the dynamic molecules in the assembled structures 
without impairment of their motion still remains a major challenge. 

The research collected in this dissertation is devoted to the organization and 
immobilization the stimuli-responsive molecules towards fabrication of the 
adaptive materials. The studies presented here can be divided into two thematically 
related parts: the first three chapters are focused on solid materials based on 
overcrowded alkene motors and photoswitches, while the following three chapters 
are dedicated to various surface confined systems. The goal of the first part was to 
integrate and organize the light-responsive overcrowded-alkenes in the dense solid 
materials in a way that would not impair or obstruct their function. Studies in the 
second part describe the extension and improvement of the control over the 
interfacial properties with light-responsive switches. 

Chapter 2 describes incorporation of archetypical second-generation overcrowded-
alkene based, rotary molecular motor into a pillared-paddlewheel metal organic 
framework. The molecular motor struts were integrated in the crystalline material 
using a post-synthetic linker exchange method. Robust MOF framework served as 
a scaffold for organization of the overcrowded olefins in three-dimensional space 
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and provided sufficient free volume to allow for the unobstructed, large-amplitude 
unidirectional rotary motion of the molecular motor in the crystal. 

Chapter 3 provides a method to extend the excitation wavelength of the molecular 
motors organized in a solid material to the visible region. Green-light excitation 
was achieved by means of energy transfer between the adjacent porphyrin and 
molecular motor linkers organized in the crystalline material. For this purpose, 
a porphyrin pillared-paddlewheel MOF bearing the overcrowded-olefin pillars was 
constructed from the parent porphyrin framework by linker-exchange method. 
Owing to the spatial proximity of the two chromophores in the MOF, the energy 
transfer between the linkers was found to be efficient and molecular motors could 
perform green-light driven rotations with rotary rates similar to that in solution. 

Chapter 4 explores the dynamic control over the properties of porous solid organic 
material. To achieve this goal, porous switchable aromatic frameworks were 
synthesized by Yamamoto cross-coupling of the tetrakis(bromophenyl)methane 
and an overcrowded-olefin derived bistable photoswitch. Remarkably, the 
photostationary state of the overcrowded olefin that could be achieved in the bulk 
of the material was the same as in solution. The isomerization of the overcrowded-
alkene based switch led to a substantial decrease in gas uptake and pore capacity, 
which could be recovered by thermal treatment. 

Chapter 5 aims towards the photocontrol of the surface wetting properties with 
first-generation molecular motors. Overcrowded olefins with hydrophilic or 
hydrophobic head groups were synthesized and their photochemical and thermal 
isomerization behaviour was studied in solution. Surface functionalized with the 
overcrowded alkene bearing hydrophilic head group showed a modest, but 
reversible changes in wettability in response to light. 

Chapter 6 describes studies towards the fabrication of light-switchable molecular 
rectifiers. The synthesized ferrocene-dithienylethene hybrid showed high stability 
to light-induced damage in solution but no rectification in surface confined system. 

Chapter 7 finally aims to improve the level of the photocontrol over the surface 
wetting properties with photoswitchable molecules. Towards this end, 
cucubit[8]uril host-guest chemistry was employed to boost the structural change of 
the surface mounted system upon photochemical E↔Z isomerization of the 
azobenzene photoswitch. The resulting supramolecular thin films showed a 
significant change in the thickness and the surface wettability upon photo-
isomerization. 
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