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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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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 



 

 
4 
 
 
 
 

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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Chapter	2	
Unidirectional	Rotary	Motion	in	a	
Metal	Organic	Framework	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Overcrowded alkene-based light-driven molecular motors are able to perform large amplitude 
repetitive unidirectional rotations. Their behavior is well understood in solution; however, Brownian 
motion precludes the precise positioning at the nanoscale needed to harness cooperative action. Here 
we show molecular motors organized in crystalline metal organic frameworks (MOFs). The motor 
unit becomes a part of the organic linker (or strut) and its spatial arrangement is elucidated through 
powder and single crystal X-ray analyses, polarized optical and Raman microscopies. We confirm 
that the light-driven unidirectional rotation of the motor units is retained in the MOF framework and 
that the motors can operate in the solid state with similar rotary speed (rate of thermal helix inversion) 
to that in solution. 

This chapter was published as: Wojciech Danowski, Thomas van Leeuwen, Shaghayegh 
Abdolahzadeh, Diederik Roke, Wesley R. Browne, Sander J. Wezenberg, Ben L. Feringa, 
Nature Nanotechnology, 2019, 14, 488-494 
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Chapter 2 

2.1 Introduction	

Drawing inspiration from nature, the field of synthetic molecular machines has 
matured to the point that control of molecular motion can be successfully achieved 
in different molecular systems using external stimuli.1–5 Virtually, all biological 
counterparts exhibit collective and cooperative behaviour requiring well-defined 
organization along multiple length scales.6–8 To fully exploit the potential of 
artificial molecular machines and harness their collective motion it is crucial to 
incorporate them into nanostructured macroscopic materials allowing for precise 
spatial arrangement.9–12  

The chiral overcrowded alkene based rotary molecular motors are unique in the 
sense that these molecules use light, heat, and stereochemical control to achieve 
unidirectional rotation.13,14 The full 360° rotary cycle comprises two reversible 
photochemical E/Z isomerization steps, each followed by an irreversible thermally 
driven helix inversion in which the photogenerated metastable isomer converts to 
the stable isomer (Figure 1b), releasing steric strain. The overall unidirectionality 
of the rotary cycle is governed by the higher energy of the metastable compared to 
the stable isomer which renders the thermal helix inversion step energetically 
downhill. Previously, incorporation of these molecular motors into liquid 
crystals,15–19 polymer gels,20,21 muscle-like fibers,22 as well as attachment to 
surfaces,23,24 and 2-dimensional organization in the pores of tris(o-
phenylene)cyclotriphosphazene (TPP)25 has enabled, to some extent, cooperative 
action and macroscopic function. Nevertheless, attaining a perfect ordering in 3-
dimensions in a solid-state material without impeding the motor function remains 
a fundamental challenge.9,26  

Metal-organic frameworks (MOFs) constitute ideal platforms to spatially organize 
molecular motors in a precise and predictable manner.9,10,26–28 MOFs are porous 3-
dimensional materials consisting of inorganic nodes (metal ions or clusters), 
bridged by organic linkers and, due to their inherent porosity, typically possess 
large free volume, essential for the dynamic behaviour in the solid material.29,30 
Recent studies showed that linker rotors can undergo small amplitude non-
directional rotations when embedded in a MOF framework,31–35 while [2]rotaxane 
struts exhibited large amplitude pirouetting and shuttling motion when embedded 
in a MOF.36–39 In a different investigation, electrochemical switching and large 
amplitude rotational motion of a redox-active bistable catenane, which was 
introduced in the MOF framework by solvent assisted linker incorporation (SALI), 
was demonstrated.40 Nevertheless, towards efficient collective and cooperative 
behaviour and creation of the machine like function in nanostructured condensed 
phase, it remains challenging to avoid a decrease in the rate of molecular motion 
and to achieve a motion with directional bias. 
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Here we report the 3-dimensional organization of light-driven rotary molecular 
motors in the solid state using a MOF as a platform for achieving well-defined 
spatial organization. The desired motorized MOF (here denoted as moto-MOFs 
containing motor 1 or 2-E/Z as pillars, Figure 2.1) materials were prepared via 
a post-synthetic method, and possesses sufficient free volume (larger than the 
volume that the molecular motor occupies) to ensure uncompromised large 
amplitude unidirectional rotary motion of the linker-based motor in the solid state. 

2.2 Synthesis		

 

Scheme 2.1 Synthesis of molecular motor pillar 1 

Molecular motor 1 was synthesized in two steps from known compounds. First, 
dibromo functionalized motor 5 was synthesized in a Barton-Kellog reaction from 
diazo 3 and thioketone 4. Next, pyridyl functionalities were introduced with Suzuki 
cross-coupling with 4-pyridinylboronic acid to afford bispyridyl functionalized 
motor 1 in a good yield. 
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Scheme 2.2 Synthesis of molecular motor pillars 2-E/Z 

Synthesis of the motors 2-E/Z bearing desymmetrized lower half commenced with 
the synthesis of 2-bromo-7-iodofluorenone 6 according to the literature 
procedure.41 Next, the fluorenone 6 was converted into the corresponding 
tosylhydrazone 7 in a condensation reaction with N-tosylhydrazide. Heating of the 
aqueous suspension of 7 with a base afforded, after crystallization from cold ether, 
diazo compound 8 as a stable, pink, crystalline solid. Diazofluorene 8 was 
subsequently used in the Barton-Kellog olefination with thion 5, which afforded 
molecular motor 9 as an inseparable mixture of diastereoisomers. Subsequently, 
motor 9 was functionalized with 3-fluoropyridine in a Suzuki cross-coupling 
reaction and at this stage the diastereoisomers could be separated by column 
chromatography yielding 10-E and 10-Z. Noteworthy, the reaction proceeded 
smoothly with Pd(dppf)Cl2 catalyst, whereas the reaction with Pd(PPh3)4 catalyst 
led mostly to decomposition products. The resulting motors 10-E and 10-Z were 
further functionalized with 3-methoxypyridine to give the desired products 2-E and 
2-Z. The geometry of both isomers was assigned based on the 1H NMR shifts of 
the methoxy group, as in 2-E the methoxy group is located in the vicinity of the 
shielding aromatic ring current of the upper-half (Scheme 2.3), which results in 
downfield shift of the resonance of the methoxy protons in comparison to 2-Z (2-Z: 
4.00 ppm 2-E: 3.71 ppm). 
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Scheme 2.3 Structure of 2-E and 2-Z 

2.3 Design,	synthesis	and	characterization	of	the	Motorized	
Metal	Organic	Frameworks	

 

Figure 2.1 Schematic representation of the 3-dimensional organization of 
molecular motor 1 in moto-MOF representing packing in the crystal, elementary 
cell, and structure of the linkers: tetracarboxylic acid (TCPB) and molecular 
motor (1) used to construct the framework. In the designed framework, the stator of 
the motor (i.e. lower-half) is used to bridge the 2-D layers constructed from Zn 
paddlewheel clusters and TCPB, while the rotor moiety (i.e. upper-half) can rotate 
freely with respect to the lower-half 

Taking into consideration the free volume required for proper motor functioning in 
the crystalline MOF, the material of choice was a zinc pillared-paddlewheel  
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BrYO-MOF.42 This type of MOF consists of layers formed by zinc paddlewheel 
nodes, which are bridged by tetracarboxylic acids linkers (TCPB, Figure 2.1). The 
layers are connected in the third dimension by 4,4’-bipyridine-derived pillars, and 
the distance between the nodes is approximately 10 Å (in the [100] direction) and 
16 Å (in the [010] direction). It was envisioned that incorporation of the dipyridyl-
functionalized motor 1 (the rotor moiety is 8 Å in length) (Figure 2.1) within this 
framework should provide enough free space for unhindered rotation of the motor 
unit (The free volume in the parent MOF42 was estimated as the solvent accessible 
volume which was mapped using a probe radius - 1.5 Å with grid spacing - 0.1 Å 
(Mercury Software) giving a free volume of 1470 Å3 (39.4% of the cell volume), 
while the volume required for the unhindered rotation of motor was estimated to be 
423 Å3). Since the overcrowded olefinic bond of 1 might react under the relatively 
harsh conditions required for MOF synthesis,43 we opted for a post-synthetic 
fabrication method of the material, i.e. a Solvent-Assisted Linker Exchange 
(SALE).44 In this process, dipyridyl-naphthalenediimide pillars (DPNI) can be 
readily replaced with a broad range of bipyridines allowing for fabrication of new 
MOF materials under much milder conditions than used in de novo synthesis 
(Figure 2.2). 

 

Figure 2.2 Schematic representation of the synthesis of the MO-MOFs via SALE. 
Crystals of the parent framework were immersed in a solution of 1, 2-E or 2-Z 
during which bipyridine motor 1, 2-E or 2-Z (yellow) replaced the parent DPNI 
(green) pillars in the structure. 

Hence, a parent MOF constructed from 1,4-dibromo-2,3,5,6-tetrakis(4-
carboxyphenyl)benzene (TCPB) and DPNI was employed.42 Subsequently, SALE 
was carried out by immersing the colourless crystals of this parent MOF (Figure 
2.3a) in a DMF solution containing 1 at 60 °C for 24 h, which afforded yellow 
crystals of moto-MOF1 (Figure 2.3b). Moto-MOF2-E and moto-MOF2-Z were 
synthesized in a similar way, but the exchange was carried over four days and the 
solution was replaced with a fresh batch every 24 h to achieve full exchange 
(Figure 2.3c,d). 
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Figure 2.3 Optical microscope images of (a) a parent MOF, (b) moto-MOF1, (c) 
moto-MOF2-Z and (d) moto-MOF2-E (scale bar 300 µm). 

Characterization by 1H NMR spectroscopy of digested (using D2SO4) crystals of 
moto-MOFs in d6-DMSO showed the expected 1:1 ratio of TCPB and respective 
motor, supporting a successful exchange (Figure 2.4a). Bands characteristic of the 
overcrowded olefin and TCPB are observed by Raman spectroscopy, while bands 
characteristic of DPNI were not observed. (Figure 2.4b,c). The anticipated 
composition of the moto-MOF1 was further confirmed by elemental analysis and 
Inductively Coupled Plasma Atomic-Emission Spectroscopy (ICP-AES), of which 
the analysis results corresponded well to the anticipated 1:1:2 ratio of 1:TCPB:Zn.  
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Figure 2.4 (a) 1H NMR (400 MHz, d6-DMSO) of digested (with D2SO4) crystals of 
parent MOF (black line), moto-MOF1 (red line), moto-MOF2-E (blue line), moto-
MOF2-Z (violet line). Coloured rectangles denote resonances of the aromatic 
protons of TCPB and DPNI. (b) Raman spectra (785 nm, 50 mW) of a parent 
MOF (black line) showing bands characteristic of both DPNI and TCPB (DPNI  
1726 cm-1 νC=O, and TCPB 1610 cm-1 νC=C of aromating rings). In the spectrum of 
moto-MOF1 (red line) bands characteristic of DPNI are absent and bands 
consistent with 1 (blue line) are present (νC=C of the central double bond  
1562 cm-1). (c) Comparison of Raman spectra of moto-MOF1 (black line), moto-
MOF2-Z (red line) and moto-MOF2-E (blue line). 
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Powder X-Ray Diffraction (PXRD) data, acquired under solvent saturated 
conditions, showed that the crystallinity of the material was preserved in all cases 
throughout the SALE process (Figure 2.5a,b). The PXRD pattern of the moto-
MOFs is similar to the pattern observed for the parent material in terms of peak 
positions. However, slight differences in terms of the relative peak intensities were 
observed, assigned to the differences in electron density in the crystal structure 
originating from the substitution of the DPNI pillar in the framework. 
Nevertheless, the position of the first peak at 2θ = 4.00°, which corresponds to the 
reflection from the (001) plane, remains unchanged (Figure 2.5a,b inset). This 
observation is consistent with the fact that the DPNI linker and bipyridyl-
functionalized molecular motor 1 have similar N-N distances (N-N distances in 
DFT optimized structures (B3LYP, 631-G(d,p) 15.6 Å DPNI, 15.4 Å 1).  

 

Figure 2.5 (a) Comparison of the PXRD patterns of MOFs, simulated parent MOF 
(intensity of first peak was decreased three times, black line), experimental parent 
MOF (blue line), MO-MOF1 (red line), inset shows expanded region around first 
peak. (b) Comparison of the PXRD patterns of MO-MOFs with motors 1 (MO-
MOF1, black line), 2-E (MO-MOF2-E, blue line), with motor 2-Z (MO-MOF2-Z, 
blue line) pillars. 

The single crystal X-Ray diffraction data of MO-MOF1 could only be partially 
resolved. From the solution of the diffraction data and initial refinement, the 
position of the Zn cations and the TCPB fragment were located, but for the 
molecular motor moieties (apart from the pyridyl nitrogen atoms) this was not 
possible due to a degree of disorder (Figure 2.6a,b). It can be calculated on the 
basis of the elementary cell dimensions (a 16.202 Å, b 10.742 Å, c 22.2582 Å), that 

one cm3 of MO-MOF1 contains approximately 4  1020 motor units, illustrating 
that densely functionalized responsive materials can be created in this way.  
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Figure 2.6 (a) Packing diagram of the TCPB in the unit cell of the MO-MOF1. (b) 
Stacking of the two-dimensional layers in the c direction. Hydrogen atoms and 
disordered guest molecules have been omitted in the drawing. Zinc atoms are 
drawn in green, bromines in yellow, carbons in black, and oxygens, nitrogens in 
red. The volume between the layers is filled with diffuse electron density.  

Furthermore, Polarized Optical Microscopy (POM) showed that MO-MOF1 
crystals are birefringent indicating that the motor units are predominantly 
orientated in the same direction in the crystal (Figure 2.7a). In addition, the 
polarized Raman spectra of the MO-MOF1 crystals showed significant variation of 
the polarizability of the bands characteristic of the C=C stretching with respect to 
the polarization axis of the laser, upon rotation of the crystal over 180° (15° steps). 
It was found that the band ascribed to the stretching of the overcrowded double 
bond of 1 exhibit one maximum. A similar trend was observed in the band due to 
the stretching of the double bonds in the aromatic rings of both TCPB and 1. 
(Figure 2.7b). The disorder in the crystal thus most likely arises from the different 
orientations of the rotor units in 1 along the [001] direction.  
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Figure 2.7 (a) Polarized optical microscope (POM) images of the MO-MOF1 
crystals. The crystal was rotated by 33°, 78°, 123° and 168° with respect to the 
transmission axis of analyzer. (b) Angle dependence of the (normalized) ratio of 
the band areas recorded with a polarized and non-polarized laser, for the bands 
centered at 1562 cm-1 (stretching of the central double bond of the molecular 
motor, red squares, left axis) and 1610 cm-1 (C=C stretching in the aromatic rings 
of both 1 and TCBB, black rectangles, right axis). During the measurement, the 
sample was kept under solvent-saturated conditions in a closed quartz cuvette to 
avoid drying. The sample of the MO-MOF1 was placed on the manual rotary table, 
mounted to the microscope stage. Raman spectra were taken in the direction 
perpendicular to the (001) plane of the single MO-MOF1 crystal with the linearly 
polarized and non-polarized laser upon rotating the table every 15°. 

2.4 Photochemical	and	thermal	isomerization	in	solution.	

The rotary behaviour of molecular motor 1 was characterized in solution by 
UV/Vis absorption and NMR spectroscopies. Upon irradiation of 1 at 395 nm at  
-30 °C in CDCl3, a new set of 1H NMR resonances, indicative of the formation of 
the metastable isomer, appeared and a photostationary state (PSS) ratio of 83:17 
(metastable:stable) was established. Warming the sample to room temperature 
resulted in full conversion of the metastable to the stable isomer (Figure 2.1). 
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Figure 2.8 Comparison of the 1H NMR (500 MHz, CDCl3, -30 °C) spectra of stable 
1 (black, bottom spectrum), PSS mixture (red, middle spectrum) and the PSS 
mixture kept in the dark at room temperature overnight (after THI, blue, top 
spectrum). A PSS ratio of 83:17 (metastable:stable) was determined by integration 
of the aliphatic signals of the metastable form and stable form. 

In the UV/Vis absorption spectrum, a gradual bathochromic shift of the main 
absorption band occurred with an isosbestic point maintained at 420 nm upon 
irradiation at 395 nm, consistent with the formation of the metastable isomer 
(Figure 2.9a). The rate of the thermal helix inversion (THI) was determined by 
following the exponential decrease of the main absorption band of the metastable 
isomer in the temperature range (7–16 °C) in CHCl3, in DMF, and in heptane. 
Eyring analysis showed that the Gibbs energy of the activation for the thermal 
helix inversion is similar in all examined solvents (Figure 2.9b-d). The 
experimental values matched closely to the barrier for THI calculated by DFT 
methods at the B3LYP 6-31G(d,p) level of theory confirming the unidirectional 
rotation of the molecular motor 1 (Δ‡Gcalc(20 °C) = 90.3 kJ mol-1, Table 1, Table 2).  
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Figure 2.9 (a) UV/Vis absorption spectrum of 1 before (black solid line) and after 
irradiation to the PSS (red line) at 395 nm (at 7 °C, CHCl3) and after subsequent 
THI (red dashed line). An isosbestic point is maintained at 420 nm. Eyring plot 
analysis of thermal isomerization step from metastable 1 to stable 1 in (b) heptane, 
(c) DMF, (d) Chloroform. Thermodynamic parameters of the transition state were 
obtained by fitting the linearized form of the Eyring equation using Origin 
software. Dashed lines indicate 95% confidence intervals. 

Table 1 Characteristics of rotary motor 1 in solution, in moto-MOF1, moto-
MOF2-Z and calculated values 

 
Δ‡G(20 °C)  
(kJ mol-1) 

t1/2                    

(min) 
Heptane 89.5±0.2a 17 

Chloroform 
89.1±0.7a 

(88.9±0.3c) 
15 

DMF 87.7±0.6a 8.0 
DMF 1H2

2+ 87.7±0.1a 8.0 
Calculated 90.3b 23 

moto-MOF1 88.6±0.7c 12 
moto-MOF2-Z 88.9±1.3c 13 

adetermined by UV/Vis spectroscopy based on Eyring analysis, bDFT B3LYP 6-
31G(d,p), c derived from the rate constant determined by Raman spectroscopy at 
room temperature 
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Additional studies were performed on bis-protonated 1. UV/Vis absorption 
(conducted in DMF) and 1H NMR (conducted in d4-MeOH) spectroscopies 
confirmed that protonation of 1 did not affect significantly the photochemical 
isomerization behaviour nor the barrier for thermal helix inversion (photostationary 
state ratio 68:32 metastable:stable, Δ‡GDMF(20 °C) = 87.7 kJ mol-1 (Figure 2.10, 
Table 1, Table 2). Hence, binding of 1 to Zn(II) in moto-MOF is unlikely to have 
a significant effect on the rotary behaviour of motor.  

 

Figure 2.10 (a) Changes in UV/Vis spectra of 1H2
2+ upon irradiation with a 395 

nm LED. Stable (black solid line), PSS mixture (red solid line), after THI (red 
dashed line). (b) Comparison of 1H NMR (500 MHz) spectra of protonated stable 1 
(red, bottom spectra) and PSS mixture (purple, top spectra) at -30 °C in d4-MeOH. 
A PSS ratio of 68:32 (metastable:stable) was determined by integration of the 
aliphatic signals of metastable form and stable form. 

Similarly, the spectroscopic properties of desymmetrized model compound 2, for 
which all stereoisomers were identified with 1H NMR, excludes possible thermal 
E/Z isomerization pathways and confirms that these pyridyl functionalized 
compounds behave as unidirectional rotary molecular motors (Figure 2.11). The 
Raman spectrum of stable 1 in CHCl3 showed a sharp band centred at 1562 cm-1, 
which is characteristic45 of the stretching of the overcrowded olefinic bond. Upon 
irradiation at 395 nm, an additional band appeared at 1550 cm−1 characteristic45 of 
the stretching of the central double bond of the metastable isomer (Figure 2.12a). 
The gradual decrease of this band corresponds to the thermal helix inversion and 
was followed over time. The rate constant (k = 8.8·10-4 s-1) at room temperature 
was used to calculate the activation barrier Δ‡G(20 °C) = 88.9 kJ mol-1 (Table 1, 
Table 2). The value obtained by Raman spectroscopic analysis is in good 
agreement with the barrier determined by UV/Vis absorption spectroscopy 
(Δ‡GCHCl3

(20 °C) = 89.1 kJ mol-1).  
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Figure 2.11 (a) Comparison of 1H NMR spectra (500 MHz) of stable 2-E (black 
spectra), PSS mixture (red spectra) and PSS mixture kept in the room temperature 
in dark overnight (blue spectra ) at -30 °C in CDCl3. A PSS ratio of 87:13 (2-Z 
metastable:2-E stable) was determined by integration of the aliphatic signals of the 
metastable form and stable form. Ratio of 2-Z stable:2-E stable (87:13) after THI 
isomerization of 2-E metastable was determined by integration of the signals of the 
methoxy group of the corresponding isomers. (b) Comparison of 1H NMR (500 
MHz) spectra of stable 2-EH2

2+ (black spectra), PSS mixture (red spectra) and PSS 
mixture kept in the room temperature in dark overnight (blue spectra) at -30 °C in 
d4-MeOH. A PSS ratio of 79:21 (protonated 2-Z metastable:2-E stable) was 
determined by integration of the aliphatic signals of metastable form and stable 
form. Ratio of protonated 2-Z stable:2-E stable (79:21) after THI isomerization of 
protonated 2-Zmeta was determined by integration of the signals of the methoxy 
group of the corresponding isomers. As it is evident from the ratios of the isomers, 
heating of the sample to room temperature results in full conversion of the 
metastable 2-E into 2-E stable, thereby completely excluding the TEZ 
isomerization path for both deprotonated and protonated motor. 

Additionally, the unidirectional rotary motion of the desymmetrized analogue 2 
was followed by Raman spectroscopy in CHCl3. The respective 2-E/Z isomers 
could be identified quantitatively from the intensity of bands in the 1290 cm-1 
region (Figure 2.12b-d). 
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Figure 2.12 (a) selected region of the Raman spectrum (785 nm, 50 mW, 3·10-3 M 
in CHCl3) of stable 1 (black line); after irradiation at 395 nm at -30 °C a new 
broad band centred at 1550 cm-1 is present corresponding to the metastable isomer 
(red line, 1-PSS), and after thermal helix inversion the initial spectrum was 

recovered (red dashed line, 1-THI). (b) Comparison of Raman (785 nm, 50 
mW) spectra of various mole fraction mixtures of 2-E and 2-Z solutions 
(total concentration 1.5 mg ml-1 in CHCl3). (c) Comparison of Raman 
spectra of 2-Z (black line), after irradiation at 395 nm for 5 h at -25 °C 
(PSS mixture, red line), and after THI (blue line). The Raman spectrum of  
2-E (navy line) is shown for comparison. (d) Expansion of the Raman 
spectra from c panel in the region 1250-1450 cm-1

. 

2.5 Photochemical	and	thermal	isomerization	in	the	solid	state.	

The rotary behaviour of molecular motor 1 in the confined environment of the 
moto-MOF (Figure 2.13a) was studied with Raman spectroscopy. This technique is 
particularly convenient, as it allows for in situ monitoring of structural changes of 
the individual molecular components in the framework (i.e. molecular motor, 
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TCPB). As it is known for this particular family of MOFs, solvent removal leads to 
the collapse of the porous structure42,46 and experiments were therefore performed 
on moto-MOF crystals immersed in DMF. Photoswitchable MOFs, for example 
bearing azobenzene47,48 or diarylethylene49,50 struts have recently been studied and 
proven to be stable upon exposure to UV light.51 Nevertheless, the stability of the 
framework upon irradiation at 395 nm was verified with PXRD, which showed no 
changes even over 5 h (see Experimental Data section). Also, no leakage of the 
linkers to the solution took place as Raman spectra of the solvent only showed 
bands corresponding to DMF, while the spectra of the single crystals of  
moto-MOF1 showed the bands corresponding to the components of the framework. 
During irradiation of a crystal at 395 nm at room temperature, a gradual decrease in 
the area of the band at 1562 cm-1 was observed, accompanied by a gradual increase 
of the broad band centred at 1550 cm-1 (Figure 2.13b). 

 

Figure 2.13 (a) Schematic representation of structural changes during the 
photochemical and subsequent thermal isomerization (half of the rotary cycle) of 1 
incorporated in moto-MOF1. (b) Changes in Raman spectrum of moto-MOF1 
(black solid line, initial), upon irradiation at 395 nm (red solid line) and upon 
subsequent thermal isomerization (red dashed line) at 20 °C, inset shows multiple 
irradiation/thermal helix inversion cycles, (all Raman spectra were recorded at 
785 nm with power density sufficient to avoid sample heating, see Experimental 
Data section). 

These spectral changes correspond well to those observed in solution and can be 
therefore ascribed to the same isomerization process. Furthermore, irradiation of 
moto-MOF1 crystals at low temperature (-5 °C) showed that, depending, on the 
crystal thickness, the metastable to stable isomers ratio in moto-MOF1 can be as 
high as in solution (see Experimental Data section). Hence, the molecular motors 
can still undergo their usual photoisomerization when embedded in the MOF. 
When irradiation was discontinued and the sample was kept in the dark, the band 
characteristic of the metastable isomer disappeared and the original spectrum was 
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recovered, indicating that thermal relaxation to the stable isomer had taken place 
(Figure 2.13b). These irradiation and thermal relaxation steps could be repeated 
multiple times without any noticeable signs of fatigue (Figure 2.13b, inset). 
Additionally, for moto-MOF2-E/Z the changes in intensity around 1290 cm-1 upon 
prolonged irradiation were followed by Raman microscopy. The spectral features 
in this area are characteristic of the 2-E and 2-Z isomers. The same Raman 
spectrum was obtained upon prolonged irradiation at 395 nm (1 h) of either moto-
MOF2-E or moto-MOF2-Z corresponding to a 1:1 ratio of 2-E/Z pillars, thereby 
indicating the unidirectional motion of the molecular motor (Figure 2.14). 
Furthermore, the 1H NMR spectroscopy of digested crystals of both moto-MOF2-Z 
and moto-MOF2-E revealed that the irradiation and subsequent heating to induce 
thermal helix inversion results in the conversion of the respective pillars into the 
opposite geometrical isomer (2-E and 2-Z, respectively), further corroborating 
unidirectional rotation of the molecular motor (see Experimental Data section). As 
in solution, the thermal isomerization of the metastable isomer in both moto-MOF1 
and moto-MOF2-Z was followed in time by monitoring the decrease of the band 
area at 1550 cm-1. The barrier (Δ‡G) of thermal helix inversion at room temperature 
in the moto-MOFs determined was 88.6±0.7 kJ mol-1 for moto-MOF1 and  
88.9±1.3 kJ mol-1 for moto-MOF2-Z.52 These values are in excellent agreement 
with the barrier determined in solution (Table 1), and the good agreement between 
the barriers for thermal helix inversion of 1 and 2-E in moto-MOF excludes 
a thermal E/Z isomerization pathway, confirming that the unidirectional rotation of 
the molecular motor is not compromised by confinement in moto-MOF.  
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Figure 2.14 (a) Schematic representation of structural changes during the 
photochemical and subsequent thermal isomerization (half of the rotary cycle) of 
2-Z incorporated in moto-MOF2-Z. (b) Changes in Raman spectrum of moto-
MOF2-Z (black solid line, initial), upon irradiation at 395 nm (red solid line) and 
upon subsequent thermal isomerization (red dashed line) at 20 °C. (c) Comparison 
of the Raman spectra of moto-MOF2-Z (black line) and moto-MOF2-E (grey line) 
after long irradiation at 395 nm (1 h, 4xt1/2, blue line) to reach equal ratio of 2-Z 
and 2-E pillars. The major changes indicative for E/Z isomers are observed 
around 1290 cm-1(expansion shown at d panel). Starting from each isomer moto-
MOF2-Z or moto-MOF2-E same spectrum is obtained (blue line) indicating 
unidirectional rotation of molecular motor. The green, dashed line is a model 
spectrum consisting of 50% contribution of moto-MOF2-Z and moto-MOF2-E 
spectra. Bands between 1400-1450 cm-1 are characteristic of DMF and are not 
reproducible in the confocal volume of Raman microscope. These spectra were 
measured for samples kept between two 100 µm-thick sapphire slides at x 100 
magnification to minimize the contribution of background. 
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2.6 Conclusions	

In conclusion, we have devised a simple strategy, using SALE, to achieve spatial  
3-dimensional organization of light-driven molecular motors using a MOF 
platform. By using Raman spectroscopy, the photochemically and thermally driven 
rotary motion in solution could be compared to that in the crystalline solid. It is 
shown that the motor units in the struts are able to perform unhindered 360° 
unidirectional rotations, owing to a design which allows for sufficient free volume 
provided by the chosen framework. These findings are remarkable as it was shown 
previously that the incorporation of rotaxanes in MOFs influences their 
dynamics.36,39 The successful preparation of a fully operational motorized MOF 
will allow in the future for exploring collective behaviour of 3D-organized rotary 
molecular motors and tailoring crystalline materials for a specific light-responsive 
function, for example, control of diffusion of gases, directional light-powered mass 
transport or for miniature light-powered pumps in microfluidic devices. 
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2.8 Experimental	Data	

General Considerations All reagents were obtained from commercial sources and 
used as received without further purification. Compounds 3,53 4,16 6,41 DPNI42 and 
TCPB42 were synthesized according to literature procedures. Crystals of the parent 
Metal Organic Framework were synthesized according to a literature procedure.42 
Dry solvents were obtained from an MBraun solvent purification system. Column 
chromatography was performed on a Reveleris X2 flash chromatography system. 
TLC: silica gel 60, Merck, 0.25 mm. HRMS were recorded on an LTQ Orbitrap 
XL, and Elemental (C, H, N) Analysis was performed on an Elementar vario 
MICRO cube: Elemental Analyzer, ICP-OES was performed on a PerkinElmer 
optical emission spectrometer Optima 7000 DV. NMR spectra were obtained using 
a Varian Mercury Plus (1H: 400 MHz, 13C: 100 MHz 19F: 376 MHz) or a Varian 
Innova (1H: 500 MHz) instrument. Chemical shifts are reported in δ units (ppm) 
relative to the residual solvent signal of CDCl3 (1H NMR, δ 7.26 ppm; 13C NMR, δ 
77.0 ppm) d4-MeOH (1H NMR, δ 3.31 ppm; 13C NMR, δ 49.0 ppm) or d6-DMSO 
(1H NMR, δ 2.50 ppm; 13C NMR, δ 39.5 ppm). The splitting pattern of peaks is 
designated as follows: s (singlet), d (doublet), t (triplet), m (multiplet), br (broad), 
p (quintet), dd (doublet of doublets) or ddd (doublet of doublet of doublets). 



 

 
61 

 
 
 
 

Unidirectional Rotary Motion in a Metal Organic Framework 

UV/Vis absorption spectra were measured on a Hewlett-Packard 8453 diode array 
spectrometer in a 1 cm quartz cuvette. Solvents used for spectroscopic studies were 
of spectroscopic grade (UVASOL, Merck). UV/Vis irradiation experiments were 
performed using Thorlab LED (M395F1). NMR irradiation experiments were 
performed at -30 °C with a Thorlab model M395F1 LED coupled to a 0.6 mm 
optical fiber, which guided the light into the NMR tube inside the spectrometer.54 
Raman spectra were recorded using a Perkin Elmer Raman Station connected to 
a microscope equipped with a 785 nm 50 mW laser. Raman irradiation experiments 
were performed using Thorlab LEDs (M395F1). PXRD data were obtained for the 
capillary-encapsulated samples at room temperature with a Bruker D8 Advance 
diffractometer equipped with a CuKα source (λ = 0.15406 nm). Samples were 
mounted in capillaries with supernatant liquid; capillaries were sealed with wax 
and placed on the goniometer head for mounting on the diffractometer. SC X-ray 
data was collected using Bruker Proteum diffractometer with rotating anode and 

Cu radiation and Helios optics ( = 1.54184 Å) at a temperature of 100 K. Density 
functional theory (DFT) calculations were carried out with the Gaussian 09 
program (rev. D.01).55 All of the calculations were performed on systems in the gas 
phase using the Becke’s three-parameter hybrid functional56 with the LYP 
correlation functional57,58 (DFT B3LYP/6-31G(d,p)). Each geometry optimization 
was followed by a vibrational analysis to determine that a minimum or saddle point 
on the potential energy surface was found. 

Irradiation Experiments: For solid state Raman spectroscopy, samples of moto-
MOF crystals were kept at room temperature, in 1 mm capped, quartz cuvette filled 
with DMF or between two quartz slides sealed with PTFE paste to avoid drying. 
Raman spectra were acquired using a RamanStation400F (PerkinElmer) employing 
multi-mode fibres for both excitation and emission. Sample was placed on the 
Olympus BX51 microscope stage and a chosen single crystal of moto-MOF was 
aligned with laser beam (785 nm, 50 mW) at x 50 lens magnification. Irradiations 
were carried with 395 nm LED (Thorlab M395F1) connected to 0.6 mm optical 
fibre, which guided the light to the position of the laser beam. 

Kinetic Measurements UV/Vis samples in heptane, chloroform or DMF  
(~1×10-5 M) were irradiated with a Thorlab LED (M395F1) between 7 and 16 °C to 
reach PSS. The thermal helix inversion was followed by recording UV/Vis spectra 
with 30-120 s intervals. The absorbance at 480 nm was followed in time in order to 
extract the rate constants used for the Eyring plots. A least squares analysis was 
performed on the Eyring equation. 

Kinetic Measurements in moto-MOFs Crystals of moto-MOFs closed in a 1 mm 
quartz cuvette filled with DMF or between two quartz slides, were irradiated with 
a Thorlab LED (M395F1) at 20 °C on the microscope stage until no changes were 
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observed in the Raman spectrum. The thermal helix inversion was followed by 
recording Raman spectra with 1-5 min intervals. The changes in the area of the 
band centered at 1550 cm-1 was followed in time in order to determine the rate 
constant and Gibbs free energy of activation of THI. 

2,7-dibromo-9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-
9H-fluorene (5)  

A two-neck flask was charged with 2,7-dibromo-9-diazo-9H-
fluorene (3) (1.0 equiv., 690 mg, 1.97 mmol) and a solution of 
thioketone 4 (1.3 equiv., 550 mg, 2.59 mmol) in dry THF (20 
mL) was added. The reaction mixture was stirred at room 
temperature for 16 h. Subsequently, tris(dimethylamino)-
phosphine (1.29 g, 7.90 mmol, 1.4 mL) was added and the resulting mixture was 
stirred at room temperature for 16 h and purified by column chromatography (SiO2, 
pentane/CH2Cl2) to yield 5 as a yellow solid (720 mg, 1.43 mmol, 73%). 1H NMR 
(CDCl3, 400 MHz): δ 8.08 (d, J = 1.6 Hz, 1H), 7.98 (dd, J = 8.3 Hz, 2.0 Hz, 2H), 
7.70 – 7.45 (m, 6H), 7.47 – 7.34 (m, 1H), 7.33 (dd, J = 8.1 Hz, 1.8 Hz, 1H), 6.75 
(d, J = 1.7 Hz, 1H), 4.30 (p, J = 6.6 Hz, 1H), 3.59 (dd, J = 15.2 Hz, 5.6 Hz, 1H), 
2.82 (d, J = 15.2 Hz, 1H), 1.41 (d, J = 6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ 
154.2, 148.1, 141.1, 138.3, 137.6, 137.0, 135.2, 132.5, 131.8, 129.5, 129.4, 129.3, 
128.9, 128.8, 127.8, 127.0, 126.9, 126.8, 125.5, 123.8, 120.9, 120.7, 119.9, 119.9, 
45.1, 41.8, 19.2; HRMS (ESI) calcd C27H19Br2 [M+H]+ 502.9827 found 502.9830. 

Synthesis of 4,4'-(9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-
ylidene)-9H-fluorene-2,7-diyl)dipyridine (1)  

A two-neck round-bottom flask equipped with a reflux 
condenser was charged with 5 (1.0 equiv., 400 mg 0.80 
mmol), 4-pyridinylboronic acid (2.2 equiv., 216 mg, 1.76 
mmol) and Pd(PPh3)4 (0.05 eq., 46 mg, 0.04 mmol). 
A degassed (by bubbling with the nitrogen for 20 min) 
aqueous solution of K2CO3 (1 M, 7.9 mL) and THF (15 mL) were added and the 
resulting mixture was heated at reflux and stirred at this temperature for 16 h. 
Subsequently, the reaction mixture was cooled to room temperature, after which 
EtOAc (30 mL) was added and the aqueous phase was extracted with EtOAc (2 x 
10 mL). The combined organic layers were washed with brine (20 mL), dried over 
MgSO4 and concentrated in vacuo, and the crude product was purified by column 
chromatography (SiO2, pentane/EtOAc) to afford 1 as yellow solid (0.60 mmol, 
299 mg, 75%).1H NMR (CDCl3, 400 MHz): δ 8.78 – 8.70 (m, 2H), 8.38 – 8.27 (m, 
3H), 8.09 (d, J = 8.2 Hz, 1H), 7.99 (t, J = 7.8 Hz, 2H), 7.87 (dd, J = 13.2 Hz, 8.2 
Hz, 2H), 7.71 (dd, J = 7.9, 1.5 Hz, 1H), 7.67 – 7.50 (m, 5H), 7.41 (ddd, J = 8.2, 
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6.8, 1.3 Hz, 1H), 7.05 (d, J = 1.5 Hz, 1H), 6.66 – 6.60 (m, 2H), 4.45 (p, J = 6.6 Hz, 
1H), 3.62 (dd, J = 15.3 Hz, 5.7 Hz, 1H), 2.86 (d, J = 15.3 Hz, 1H), 1.52 (d, J = 6.7 
Hz, 3H) 13C NMR (100 MHz, CDCl3): δ 152.8, 150.2, 149.7, 148.8, 147.9, 147.9, 
140.8, 139.9, 139.2, 137.9, 137.1, 135.6, 135.6, 132.6, 131.6, 129.7, 129.3, 129.0, 
127.2, 127.0, 125.8, 125.4, 125.2, 124.4, 124.1, 122.6, 121.4, 120.8, 120.5, 119.7, 
45.1, 41.8, 19.2. HRMS (ESI) calcd C37H27N2 [M+H]+

 499.2169 found 499.2167. 

(E/Z) N'-(2-bromo-7-iodo-9H-fluoren-9-ylidene)-4-methylbenzenesulfono-
hydrazide (7) 

A two-neck round-bottom flask was charged with 2-bromo-7-
iodo-9H-fluoren-9-one (6) (1.0 equiv., 2.00 g, 5.19 mmol) and 
p-toluenesulfonyl hydrazide (1.2 equiv., 1.16 g, 6.23 mmol) 
and EtOH (100 mL) was added. The resulting suspension was 
heated at reflux and stirred at this temperature for 16 h. The reaction mixture was 
cooled down to room temperature and the precipitate was filtrated, washed with 
EtOH (30 mL) and dried to afford 7 as a pale yellow solid (E/Z mixture 1/1 ratio, 
2.80 g, 5.10 mmol, 98%).The product was used in the next reaction step without 
further purification. 1H NMR (400 MHz, d6-DMSO): δ 8.38 (s, 1H) 8.22 (s, 1H), 
7.97 – 7.83 (m, 5H), 7.83 – 7.51 (m, 10H), 7.46 (d, J = 8.0 Hz, 5H), 2.38 (s, 6H). 
HRMS (ESI) calcd C20H15BrNISO2 [M+H]+ 552.9077 found 552.9085. 

2-bromo-9-diazo-7-iodo-9H-fluorene (8) 

A round-bottom flask was charged with N-tosylhydrazone 7 
(2.00 g 3.61 mmol) and an aqueous solution of NaOH (2 M, 100 
mL) was added. The resulting suspension was heated at 90 °C 
and stirred at this temperature for 16 h. The resulting suspension was cooled down 
to room temperature and the aqueous phase was extracted with CH2Cl2 (3 x 100 
mL). The combined organic layers were washed with brine (150 mL), dried over 
MgSO4 and concentrated in vacuo. The pure product was obtained by 
crystallization from Et2O to afford 8 as pink needle-shaped crystals (1.10 g, 2.70 
mmol, 75%) 1H NMR (400 MHz, CDCl3): δ 7.82 (t, J = 1.0 Hz, 1H), 7.75 (d, J = 
8.2 Hz, 1H), 7.62 (dd, J = 2.7 Hz, 1.4 Hz, 3H), 7.43 (dd, J = 8.3 Hz, 1.7 Hz, 1H). 
13C NMR (100 MHz, CDCl3) δ 134.5, 134.1, 133.4, 129.7, 129.2, 127.8, 127.7, 
122.2, 122.0, 121.8, 120.5, 91.3. (Resonance corresponding to carbon connected to 
diazo moiety was not observed). 
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(E/Z)-2-bromo-7-iodo-9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-
ylidene)-9H-fluorene (9)  

A two-neck flask was charged with 2-bromo-9-diazo-7-iodo-
9H-fluorene (8) (1.0 equiv., 794 mg, 2.00 mmol) and a solution 
of thioketone 4 (1.3 equiv., 552 mg, 2.60 mmol) in dry THF (20 
mL) was added. The reaction mixture was stirred at room 
temperature for 16 h. Subsequently tris(dimethylamino)-
phosphine (4 equiv., 1.30 g, 8.00 mmol, 1.4 mL) was added and the resulting 
mixture was stirred at room temperature for 16 h. After purification by column 
chromatography (SiO2, pentane/CH2Cl2) 9 was obtained as a yellow solid (E/Z 
mixture 1/1.1 ratio, 760 mg, 1.38 mmol, 69%). 1H NMR (400 MHz, CDCl3) δ 8.30 
(d, J = 1.4 Hz, 1H), 8.08 (d, J = 1.6 Hz, 1H), 7.97 (dd, J = 7.1 Hz, 2.9 Hz, 4H), 
7.76 – 7.29 (m, 16H), 6.94 (d, J = 1.4 Hz, 1H), 6.75 (d, J = 1.6 Hz, 1H) 4.29 (q, J = 
5.9 Hz, 2H), 3.58 (dd, J = 15.2, 5.6 Hz, 2H), 2.81 (d, J = 15.2 Hz, 2H), 1.41 (m, J = 
6.8 Hz, 3.6 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 154.1, 148.1, 148.1, 141.4, 
140.8, 138.4, 138.1, 138.0, 137.7, 137.5, 137.1, 135.4, 135.2, 135.0, 133.0, 132.5, 
132.5, 131.8, 131.8, 129.5, 129.4, 129.3, 129.2, 128.8, 127.7, 127.6, 126.9, 126.9, 
126.8, 126.8, 125.5, 125.5, 123.8, 123.7, 121.1, 121.0, 120.7, 120.2, 120.1, 119.9, 
92.3, 91.2, 45.1, 45.0, 41.8, 41.8, 19.2, 19.1. HRMS (APCI neg.) calcd C27H17BrI 
[M−H]- 546.9553 found 546.9553.  

(E)/(Z)-4-(7-bromo-9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-
ylidene)-9H-fluoren-2-yl)-3-fluoropyridine (10-E), (10-Z) 

A two-neck round-bottom flask equipped with a reflux 
condenser was charged with a E/Z (1/1.1 ratio) mixture of 9 
(1.0 equiv., 505 mg 0.92 mmol), 3-fluoro-4-pyridineboronic 
acid pinacol ester (1.09 equiv., 225 mg, 1.0 mmol), and 
Pd(dppf)Cl2•CH2Cl2 (0.05 eq., 38 mg, 0.046 mmol). 
A degassed (by bubbling with the nitrogen for 20 min.) 
aqueous solution of K2CO3 (1 M, 10 equiv., 9.2 mL) and THF (10 mL) were added 
and the resulting mixture was stirred at reflux for 5 h. Subsequently, the reaction 
mixture was cooled to room temperature, diluted with EtOAc (20 mL) and the 
phases were separated. The aqueous phase was extracted with EtOAc (2 x 10 mL) 
and the combined organic layers were washed with brine (20 mL), dried over 
MgSO4 and concentrated in vacuo. Purification by column chromatography, during 
which the E-Z isomers could be readily separated, (SiO2 pentane/EtOAc) afforded 
10-E and 10-Z as yellow solids (0.38 mmol, 197 mg, 87% 10-E, 0.40 mmol, 207 
mg, 83% 9-Z). 10-E: 1H NMR (400 MHz, CDCl3) δ 8.30 (d, J = 2.7 Hz, 1H), 8.12 
(d, J = 1.6 Hz, 1H), 8.05 (dd, J = 9.3 Hz, 6.6 Hz, 2H), 7.96 (d, J = 8.2 Hz, 1H), 
7.86 – 7.72 (m, 3H), 7.63 – 7.51 (m, 4H), 7.41 (ddd, J = 8.2 Hz, 6.8 Hz, 1.3 Hz, 



 

 
65 

 
 
 
 

Unidirectional Rotary Motion in a Metal Organic Framework 

1H), 6.90 (d, J = 1.5 Hz, 1H), 6.14 (dd, J = 6.9, 5.0 Hz, 1H), 4.32 (p, J = 6.6 Hz, 
1H), 3.59 (dd, J = 15.3 Hz, 5.6 Hz, 1H), 2.82 (d, J = 15.3 Hz, 1H), 1.44 (d, J = 6.7 
Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 153.4, 148.1, 145.4, 145.3, 141.7, 139.0, 
138.6, 138.3, 137.8, 137.1, 135.5, 132.6, 131.6, 131.5, 131.2, 130.4, 130.3, 129.7, 
129.7, 129.0, 128.7, 127.9, 127.8, 127.0, 127.0, 125.6, 124.0, 123.5, 121.3, 121.2, 
118.9, 45.0, 41.9, 19.1. (more signals were observed due to coupling to 19F). 19F 
NMR (376 MHz, CDCl3): -132.82 (d). HRMS (ESI) calcd C32H22BrNF [M+H]+ 
518.0914 found 518.0911. 10-Z: 1H NMR (400 MHz, CDCl3) δ 8.60 (s, 1H), 8.53 
(d, J = 4.9 Hz, 1H), 8.29 (s, 1H), 8.02 – 7.90 (m, 3H), 7.71 – 7.57 (m, 4H), 7.58 – 
7.49 (m, 2H), 7.46 – 7.34 (m, 2H), 6.80 (d, J = 1.7 Hz, 1H), 4.38 (p, J = 6.6 Hz, 
1H), 3.61 (dd, J = 15.3 Hz, 5.7 Hz, 1H), 2.83 (d, J = 15.2 Hz, 1H), 1.44 (d, J = 6.7 
Hz, 3H), 13C NMR (100 MHz, CDCl3) δ 153.9, 148.0, 145.8, 145.7, 139.7, 139.7, 
139.0, 138.9, 138.7, 137.1, 136.7, 136.6, 135.3, 132.5, 131.8, 131.3, 131.3, 129.5, 
129.3, 129.0, 128.8, 128.3, 127.3, 127.2, 126.9, 126.8, 125.5, 124.6, 124.6, 123.8, 
120.4, 120.3, 119.9, 45.3, 41.8, 19.2. 19F NMR (376 MHz, CDCl3): -132.57 (br). 
HRMS (ESI) calcd C32H22BrFN [M+H]+ 518.0914, found 518.0920. 

(E)/(Z)-3-fluoro-4-(7-(3-methoxypyridin-4-yl)-9-(2-methyl-2,3-dihydro-1H-
cyclopenta[a]naphthalen-1-ylidene)-9H-fluoren-2-yl)pyridine (2-E), (2-Z) 

A two-neck round-bottom flask equipped with a reflux 
condenser was charged with 10-E or 10-Z (1.0 equiv., 
119 mg 0.23 mmol), 3-methoxy-4-pyridineboronic acid 
pinacol ester (1.4 equiv., 75 mg, 0.32 mmol) and 
Pd(PPh3)4 (0.05 equiv., 13 mg, 0.012 mmol). A degassed 
(by bubbling with the nitrogen for 20 min.) aqueous 
solution of K2CO3 (1 M, 2.3 mL) and THF (10 mL) were added and the resulting 
mixture was stirred at reflux for 2 h. Subsequently, the reaction mixture was cooled 
to room temperature, diluted with EtOAc (10 mL) and the phases were separated. 
The aqueous phase was extracted with EtOAc (2 x 10 mL) and the combined 
organic layers were washed with brine (20 mL), dried over MgSO4 and 
concentrated in vacuo. Purification by column chromatography (SiO2 
pentane/EtOAc) afforded 2-E and as yellow solid (0.18 mmol, 98 mg, 78 % 2-E). 
2-Z was synthesized according to the same procedure (0.19 mmol, 104 mg, 83 % 
2-Z). 2-E: 1H NMR (400 MHz, CDCl3) δ 8.61 (d, J = 2.7 Hz, 1H), 8.53 (dd, J = 
5.0, 0.8 Hz, 1H), 8.31 (s, 1H), 8.16 (s, 1H), 8.04 – 7.82 (m, 6H), 7.66 (ddd, J = 
10.4 Hz, 7.9 Hz, 1.5 Hz, 2H), 7.56 (ddd, J = 9.7 Hz, 7.6 Hz, 5.7 Hz, 3H), 7.43 
(ddd, J = 8.3 Hz, 6.8 Hz, 1.3 Hz, 1H), 6.89 (d, J = 1.4 Hz, 1H), 6.17 (d, J = 4.8 Hz, 
1H), 4.38 (p, J = 6.6 Hz, 1H), 3.71 (s, 3H), 3.59 (dd, J = 15.2 Hz, 5.6 Hz, 1H), 2.81 
(d, J = 15.2 Hz, 1H), 1.46 (d, J = 6.7 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ  
157.9, 152.5, 152.2, 147.7, 146.0, 145.9, 142.6, 140.4, 140.2, 139.2, 138.9, 138.3, 
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137.6, 137.3, 136.5, 136.4, 135.8, 134.1, 133.6, 132.6, 131.3, 129.8, 129.5, 129.0, 
128.3, 127.3, 127.3, 127.1, 126.9, 126.1, 125.0, 124.6, 124.5, 124.0, 123.9, 123.8, 
120.1, 118.7, 56.0, 45.2, 41.9, 19.2. (more signals were observed due to coupling to 
19F). 19F NMR (376 MHz, CDCl3): -132.77 (d). HRMS (ESI) calcd C36H28FN2O 
[M+H]+ 547.2180, found 547.2161. 2-Z: 1H NMR (400 MHz, CDCl3) δ 8.48 – 8.37 
(m, 2H), 8.32 (dd, J = 9.5, 2.1 Hz, 2H), 8.01 (ddd, J = 33.2 Hz, 8.2 Hz, 5.4 Hz, 
4H), 7.88 (dd, J = 8.2, 5.4 Hz, 2H), 7.72 – 7.50 (m, 4H), 7.51 – 7.37 (m, 2H), 6.95 
(d, J = 1.5 Hz, 1H), 6.15 (dd, J = 6.9 Hz, 5.0 Hz, 1H), 4.39 (p, J = 6.6 Hz, 1H), 
4.00 (s, 3H), 3.59 (dd, J = 15.3 Hz, 5.7 Hz, 1H), 2.81 (d, J = 15.2 Hz, 1H), 1.44 (d, 
J = 6.7 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 152.4, 147.8, 145.4, 145.3, 143.1, 
139.9, 139.5, 139.1, 138.6, 138.3, 137.8, 137.7, 135.8, 135.7, 134.6, 134.4, 132.6, 
132.0, 131.9, 131.8, 131.4, 130.3, 129.7, 129.6, 129.0, 128.4, 128.3, 127.9, 127.8, 
127.8, 127.1, 126.9, 125.6, 125.1, 125.1, 124.2, 124.0, 123.5, 119.9, 119.1, 56.2, 
45.1, 41.9, 19.2. (more signals were observed due to coupling to 19F) 19F NMR 
(376 MHz, CDCl3): -132.77 (m). HRMS (ESI) calcd C36H28FN2O [M+H]+ 
547.2180 found 547.2183. 

Synthesis of moto-MOF via SALE Crystals of parent BrYO-MOF42 (30 mg) were 
placed in a 2 mL screw cap vial and a 1 mL solution of motor 1 (30 mg, 0.06 
mmol) in DMF was added. Next, the vial was capped and placed in an oven at 60 
°C for 24 h. For moto-MOF2-Z and moto-MOF2-E similar procedure was used but 
the exchange was performed on 15 mg of parent BrYO-MOF with a solution of 
either 2-E or 2-Z (1ml, 30 mg) for 96 h and the exchange solution was replaced 
with a fresh batch every 24 h. For moto-MOF2-E the exchange was carried out in a 
1:1 (v:v) mixture of NMP/DMF due to low solubility of 2-E in pure DMF. 
Subsequently, the vial was removed from the oven and the supernatant solution 
was immediately replaced with 1 mL of fresh DMF. To remove the excess of 1, the 
supernatant solution was replaced with fresh portions of DMF after 0.5, 1, 2, 6, 24 
and 48 h. For elemental analysis, the MOF crystals were extensively washed with 
DCM and dried in vacuo. For NMR studies, the MOF crystals were extensively 
washed with DCM, dried in vacuo, and the 0.5 mL of d6-DMSO and two drops of 
D2SO4 were added. The sample was sonicated until complete dissolution of the 
MOF crystals was achieved. Elemental analysis moto-MOF1 calcd. 
[C71H42O8N2Zn2Br2·3H2O] %C 61.10; %H 3.47; %N 2.01; %Zn 9.37; found %C 
60.87, %H 3.45, %N 2.06, %Zn 9.00 
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Table 2. Summary of the thermodynamic parameters of the transition state for the 
thermal isomerization of 1 and 1H2

2+ in various solvents. 

Solvent 
Δ‡G (20 °C) 

(kJ mol-1) 
Δ‡H (20 C) 
(kJ mol-1) 

Δ‡S (20 °C) 
(J mol K-1) 

t1/2 (min) 

Chloroform 89.1±0.7 76.8±2.1 -42.3±7.4 15 
Heptane 89.5±0.2 81.9±2.2 -26.1±7.8 7 

DMF 87.7±0.6 89.4±2.5 5.7±8.7 8 
DMF 1H2

2+ 87.7±0.2 75.4±2.0 -41.8±7.2 8 
Errors of the Gibbs free energy were estimated as 95% confidence intervals, errors 
of entropy and enthalpy were derived from the fit. 

5 10 15 20 25 30 35 40

2(o)

 moto-MOF1
 moto-MOF1 5h of irradiation

 

Figure 2.15 PXRD patterns of MOFs, moto-MOF1 after SALE with 1 (blue line) 
moto-MOF1 irradiated for 5 h with 395 nm (purple line). 
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Figure 2.16 Comparison of Raman spectra of thin crystal of moto-MOF1 before 
(black spectrum) and after irradiation at (395 nm) -5 °C (red spectrum). The ratio 
of metastable to stable isomer achieved can be estimated from the ratio of 
intensities of bands at 1550 cm-1 (band characteristic of metastable isomer) to 
bands and 1582 cm-1 (ca. 5) which are similar to the ratio of intensities of these 
bands in the Raman spectrum of a PSS mixture in CHCl3 (ca. 5). It can be 
therefore concluded that depending on the crystal thickness the PSS ratio that can 
be achieved can be as high as in solution (ca. 80-70 % of metastable isomer). 
Bands around 1400–1500 cm-1 are characteristic of DMF and their intensity varies 
with time depending on exact position of the confocal volume with respect to the 
crystal. 
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Figure 2.17 Comparison of observed rate constants of 1 in MOF using 30, 50, 75 
and 100% 50 mW 785 nm laser power (30 s exposure time, spectra recorded every 
2 min). Decreasing laser power to 75% of its nominal value results in lowering the 
observed k, further lowering of the laser power does not lead to further lowering of 
observed k indicating that local heating effect is only observed when 100% laser 
power is used. 

 

Figure 2.18 Comparison of the exponential decay of the area of the band 
corresponding to metastable isomer of 1 in MOF recorded with 75% laser power 
with different (2 (black squares) 3 (red rectangles), 4 (blue triangles), 5 (purple 
rectangles) minutes) time intervals between recording consequent Raman spectra 
(30 s exposure to the laser time, real experiment time). Rate constants were 
obtained by fitting exponential decay I=I0e-kt+B using Origin software. The values 
of the rate constant obtained were similar and independent on the interval time, 
thereby excluding local heating. 
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Figure 2.19 Comparison of 1H NMR (d6-DMSO, digested using D2SO4) spectra of 
moto-MOF2-Z (black spectrum), and moto-MOF2-Z after irradiation at 395 nm 
and THI (red spectrum). Crystals of moto-MOF2-Z were ground in a mortar and 
irradiated for 4 h at -20 °C with stirring. The crystals were recovered by 
centrifugation, washed with DCM to remove DMF and dried in vacuo. Upon 
irradiation, a metastable 2-E pillar is formed which is subsequently converted to 
stable 2-Z thereby showing unidirectional rotation of the motor. The 1H NMR 
spectrum of digested moto-MOF2-E is shown for comparison. Crossed resonances 
belong to residual DMF. 
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Figure 2.20 Comparison of 1H NMR (d6-DMSO, digested using D2SO4) spectra of 
moto-MOF2-E (black spectrum), and moto-MOF2-E after irradiation at 395 nm 
and THI (red spectrum). Crystals of moto-MOF2-E were ground in a mortar and 
irradiated for 4 h at -20 °C with stirring. The crystals were recovered by 
centrifugation, washed with DCM to remove DMF and dried in vacuo. Upon 
irradiation, a metastable 2-Z pillar is formed which is subsequently converted to 
stable 2-E thereby showing unidirectional rotation of the motor. The final ratio of 
2-E/2-Z 60/40 was determined by integration of the methoxy resonances of the 
respective isomers. The 1H NMR spectrum of digested moto-MOF2-Z is shown for 
comparison. Crossed resonances belong to residual DMF. 
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Chapter	3	
Visible	Light	Driven	Rotation	of	
Molecular	Motor	in	a	Dual‐Function	
Metal	Organic	Framework	Enabled	
by	Energy	Transfer	

 

 

 

 

 

 

 

 

 

 

 

 

 

The visible light driven rotation of an overcrowded-alkene based unidirectional molecular motor used 
as a strut in a dual-function metal organic framework (MOF) is reported. Excitation with green light 
of a palladium porphyrin triplet sensitizer incorporated in the material scaffold allowed for 
sensitization of molecular motor pillars by means of linker to linker energy transfer. The molecular 
motor was introduced in the framework scaffold with the post synthetic solvent assisted linker 
exchange method and the structure of the material was confirmed by powder (PXRD) and single 
crystal X-ray (SC-XRD) diffraction. Time-resolved phosphorescence showed a large decrease in the 
emission lifetime of the porphyrin upon exchange of the pillars for molecular motor, consistent with 
efficient energy transfer between the porphyrin linkers and molecular motor pillars. The rotation of 
the molecular motor in the solid state upon excitation with visible light was confirmed with 
NIR-Raman spectroscopy and showed similar rates of thermal helix inversion as that found in 
solution. 

This work will be submitted for publication. Manuscript in preparation. 
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3.1 Introduction	

The overcrowded-alkene based light-driven molecular motors constitute 
a prominent class of artificial molecular machines owing to their chirality 
controlled photochemically and thermally powered repetitive unidirectional rotary 
motion.1–3 Although, it has been demonstrated that these molecules can perform 
tasks in solution, such as control over the stereochemical outcome of catalytic 
reactions4 the Brownian motion precludes their cooperative action in ensemble 
required to achieve more advanced functions.5–7 Therefore, in order for these 
artificial molecular machines to reach their full potential, it is essential to overcome 
the effects of the thermal movement by integration of these dynamic molecules into 
mesoscopic assemblies.8 Incorporation and immobilization of these molecules in 
various supramolecular architectures, including organo9- and hydrogels,10,11 
polymers,12,13 liquid crystals14–17 or self-assembled monolayers18 provided a way to 
harness their light-induced rotational motion and resulted in fabrication of 
responsive materials, like adaptive polymers,19,20 artificial muscles10,11 or 
responsive surfaces18,21 with tuneable properties. However, to date, overcrowded-
olefins based materials operate by using harmful UV light, which among other 
drawbacks, limits the penetration depth, can potentially damage the system and 
offers only minor selectivity in the multiphotochromic materials.3,22,23 Therefore, 
the development of stimuli-responsive materials based on these molecules requires 
reliable and practical visible light excitation strategies which are compatible with 
a chosen material scaffold.  

The most common methods of red-shifting of the excitation wavelength of the 
molecular motors are based on HOMO-LUMO gap engineering featuring extension 
of the aromatic system,24 functionalization with donor-acceptor substituents25 or 
formation of metal complexes.26 However, these approaches typically lead to low 
quantum yield of the photoisomerization,24 are limited in absorption shift to the 
blue part of the spectrum and the resulting molecular architectures are synthetically 
difficult to incorporate in a given material scaffold.27 Alternatively, visible light 
driven rotation of these molecules can be achieved taking advantage of the 
intramolecular sensitization by means of energy transfer from a second 
chromophore.28 In principle, this approach requires less synthetic efforts and the 
excitation wavelength can be conveniently tuned over a broad spectral range 
limited only by the choice of a photosensitizer and triplet-triplet energy transfer 
requirements. In addition, the generality of this strategy is reflected in several 
examples of photoswitches including, azobenzenes,29,30 stilbenes31,32 and 
dithienylethenes,33,34 that can be triggered by energy transfer from secondary 
chromophores in solution.  
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Metal Organic Framework Enabled by Energy Transfer 

Metal organic frameworks (MOFs) constitute a class of hybrid materials composed 
of inorganic nodes and organic linkers connected in three-dimensional crystalline, 
highly porous network.35–37 Due to the high inherent porosity these structures 
possess internal free volume capable of promoting stimuli-responsive structural 
transformations,38–47 or rotational48–54 and translational55 motion of parts of the 
organic linkers organized in the crystalline solid. In addition, the structural 
diversity and chemical tunability of these materials makes them ideal platforms to 
achieve a spatial co-organization of functional molecules56,57 and chromophores.58 
Recent studies on light-harvesting multicomponent MOFs, showed a facile and 
long-distance energy migration between light-absorbing nodes and/or linkers in 
MOFs of various architectures.59–62 Furthermore, the incorporation of 
photochromic dithienylethenes struts in a pillared-layer porphyrin MOFs, provided 
a method for reversible photocontrol over energy transfer between adjacent 
chromophores and efficiency of singlet oxygen generation.63,64  

Recently we have demonstrated that a molecular motor incorporated as a strut in 
the pillared-paddlewheel MOF is capable of performing unhindered, large 
amplitude unidirectional rotary motion fuelled by UV light and heat.65 In the 
present study we show the rotation of overcrowded-alkene based molecular motor 
struts in a MOF fuelled by visible light which is enabled by linker to linker energy 
transfer. The desired material was obtained using a post-synthetic functionalization 
method from a parent Zn pillared-paddlewheel MOF bearing palladium porphyrin 
tetracarboxylic acid linker (PdTCPP) and bispyridyl pillars. The chosen MOF 
scaffold provided a proximal organization of both linkers allowing for the efficient 
energy transfer between the chromophores and a large free volume crucial for the 
unhindered rotation of the light driven molecular motor in the solid state.  

3.2 Design,	synthesis	and	characterisation	of	Motorized	Metal	
Organic	Framework	

The desired MOF was designed based on zinc pillared-paddlewheel topology 
related to the framework described earlier.65 In the chosen structure nodes of the 
framework, that is the zinc paddlewheel clusters, are connected by porphyrin 
tetracarboxylic acid linker (PdTCPP, Figure 3.1) forming two-dimensional layers, 
which are pillared by the second bispyridine derived linker. We envisioned, that the 
size of PdTCPP linker will ensure sufficient lateral separation of the pillars 
(molecular motors) and thus generate free volume critical for uncompromised 
rotation of the molecular motor (in the designed structure, distance between the 
nodes in [100] and [010] direction is approximately 17 Å, Figure 3.1). 
Furthermore, the length of bispyridyl derived molecular motor 1 pillar (N-N 
distance 15.6 Å, see Figure 3.1 for structure) should sufficiently separate the 
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porphyrin layers to prevent the interlayer porphyrin-porphyrin exciton transport. 
Finally, the nodes of the framework were based on closed-shell d10 configuration 
Zn2+ cations in order to exclude any undesired energy transfer between PdTCPP 
and nodes. Since MOFs of this topology are typically synthesized under relatively 
harsh conditions in the presence of strong mineral acids66, we decided to prepare 
the material of choice using a post-synthetic method, i.e. solvent assisted linker 
exchange (SALE) developed by Farha and Hupp.67–71 In this process, bispyridine 
derived pillars of the pillared MOFs can be exchanged for different bispyridyls of 
similar length under neutral conditions, which prevents side reactions and 
decomposition of the acid-sensitive linkers.67 Furthermore, it was demonstrated 
that with this method shorter pillars can also be exchanged for longer pillars 
thereby leading to more opened structures.69 However, due to the lack in the 
literature of data referring to suitable MOF scaffold that could serve as a substrate 
for SALE, first novel parent MOFs bearing pillars being weaker bases (higher pKa) 
than molecular motor 1 were designed i.e. either dipyridyl-naphthalene diimide 
(DPNI, see Figure 3.2a for structure) or meso-α,β-di(4-pyridyl) glycol (DPG, see 
Figure 3.3a for structure) pillars. 

 

Figure 3.1 (a) Structures of PdTCPP (left, top) and bispyridyl molecular motor 1 
(left, bottom) used as linkers for construction of the MOF framework. (b) 
Schematic representation of the rotation of molecular motor 1 incorporated as 
struts in the motorized pillared paddlewheel PdTCPP MOF driven by energy 
transfer from a PdTCPP sensitizer (right). Relevant dimensions of the elementary 
cell are given. 
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The initial attempts to construct the parent MOF bearing DPNI pillar were 
unsuccessful. It was found that the outcome of the synthesis strongly depends on 
the batch of the N,N-diethylformamide used for the solvothermal synthesis and the 
obtained precipitates were composed of different crystalline phases. The single-
crystal X-ray (SC X-ray) diffraction analysis revealed that the most abundant 
(based on the visual inspection of the shape of the crystals) light-orange, platelet 
crystals, showed only weak diffraction, unsuitable for interpretation of data and 
structure determination (Figure 3.2b).  

 

Figure 3.2 (a) Structures of the PdTCPP and DPNI linkers used for the synthesis 
of the parent MOF scaffold. (b) Optical micrograph of the crystals obtained in 
solvothermal (DEF) synthesis (scale bar 100 µm). (c) SC-X-ray structure (red 
blocks) showing the part of the elementary cell of the interpenetrated MOF 
(hydrogens have been omitted for clarity, black – carbon, blue – nitrogen, green – 
zinc, pink – oxygen, yellow – palladium). Space filling model of the packing in the 
solid state of the interpenetrated MOF (PdTCPP and DPNI fragments were 
coloured in violet and green respectively) along b (d), c (e), and a (f) 
crystallographic directions.  
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On the other hand, the second type of crystalline phase (dark orange blocks) 
present in the sample consisted of a two-fold interpenetrated pillared paddlewheel 
MOF.66 In the obtained structure, free volume generated by the asymmetric unit, is 
fully occupied by the secondary framework associated with the c glide plane 
symmetry of the elementary cell (Figure 3.2c-f).  

A shorter meso-α,β-di(4-pyridyl) glycol (DPG, see Figure 3.3a for structure) pillar 
was employed to preclude the formation of interpenetrated structures,. The desired 
pillared-paddlewheel framework was synthesized in a solvothermal reaction 
between PdTCPP, DPG, Zn(NO3)2·6H2O and tetrafluoroboric acid in a binary 
solvent mixture (DMF/EtOH) providing square-shaped crystals (Figure 3.4b). 
Interestingly, the reaction carried in the less acidic medium under otherwise 
identical conditions, gave predominantly needle-like crystals (Figure 3.3b) of 
three-fold interpenetrated framework with zig-zag structure (Figure 3.3c).  

 

Figure 3.3 (a) Structures of the PdTCPP and DPG linkers used for the synthesis of 
the MOF scaffold. (b) Optical micrograph of the crystals obtained in solvothermal 
synthesis without addition of EtOH as a co-solvent (scale bar100 µm). (c) 
Projection the along c direction of the SC-X-ray structure of interpenetrated MOF 
forming needle-shaped crystals (P21/n space group, hydrogens have been omitted 
for clarity, grey – carbon, steel – nitrogen, dark steel – zinc, red – oxygen, 
turquoise – palladium). 
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Characterisation by 1H NMR (d6-DMSO) spectroscopy of the digested (using 
D2SO4) square-shape crystals of the pillared-paddlewheel MOF showed the 
expected 1:1 ratio of DPG and PdTCPP linkers. The initial refinement of the  
SC-X-ray diffraction data collected from the target MOF revealed the expected 
layered structure composed of PdTCPP and Zn cations, while the DPG pillars 
could not be resolved, presumably due to the rotational disorder. Nevertheless, the 
interlayer distance of 9.2 Å (N-N distance between pyridyl N nitrogens coordinated 
to paddle-wheel clusters) determined from the structure, corresponded well with 
the N-N (N,N distance in DFT optimized structure B3LYP/6-31G(d,p) 9.4 Å) 
distance in DPG linker, indicating that DPG pillars are intercalating the layers of 
the framework (Figure 3.4c,d).  

 

Figure 3.4 (a) Structures of the PdTCPP and DPG linkers used for the synthesis of 
the parent MOF scaffold. (b) Optical micrograph of the crystals obtained in 
solvothermal synthesis with EtOH as additional co-solvent (scale bar 100 µm). (c) 
Packing diagram of the two-dimensional layers of PdTCPP in the unit cell of the 
parent MOF. (d) Stacking of the two-dimensional layers in the c direction 
(hydrogens have been omitted for clarity, black – carbon, blue – nitrogen, green – 
zinc, pink – oxygen, yellow – palladium). 
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The powder X-ray diffraction data (PXRD), acquired under solvent saturated 
conditions, corroborated bulk crystallinity and phase purity of the sample. 
Furthermore, Pawley refinement showed negligible differences between the 
experimental and simulated diffraction patterns, further indicating the formation of 
the target pillared structure (Figure 3.5a,b).  

 

Figure 3.5 (a) Molecular structure of the modelled pillared paddlewheel MOF, 
bearing DPG pillars. (b) Pawley fitting (red) of the diffraction pattern of the model 
pillared paddlewheel MOF to the experimental pattern (empty circles). The 
difference plot (blue) and Bragg peak positions (green) are provided.  

Subsequently, the parent DPG pillars were exchanged for bispyridyl molecular 
motor 1, by means of SALE, which was carried out by soaking the crystals of 
parent MOF in a DMF solution of bispyridyl molecular motor 1 at 80 ºC for 48 h 
(the solution of 1 was replaced with a fresh one after 24 h) to achieve full exchange 
(Figure 3.6).  

 

Figure 3.6 Schematic representation of the synthesis of the motorized pillared 
paddlewheel MOF via SALE from parent MOF bearing DPG pillars by exchange 
with molecular motor 1. 

1H NMR spectroscopy of digested (using D2SO4) crystals of motorized PdTCPP 
MOF in d6-DMSO indicated the anticipated 1:1 ratio of linkers (PdTCPP and 1) 
thus proving complete exchange (Figure 3.7a, red spectrum). The successful linker 
exchange was further confirmed by Raman spectroscopy. In contrast to the parent 
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MOF (Figure 3.7b, black spectrum), the Raman spectrum of the motorized 
PdTCPP MOF showed additional stretching modes at 1580 cm-1 (Figure 3.7b, red 
spectrum), characteristic of the overcrowded olefin 1 (Figure 3.7b, blue spectrum).  

 

Figure 3.7 (a) 1H NMR (400 MHz, d6-DMSO) of digested (with D2SO4) crystals of 
parent pillared paddlewheel MOF bearing DPG pillars (black, bottom spectrum) 
and motorized PdTCPP MOF (red, top spectrum). Coloured rectangles denote 
resonances of the protons of DPG (blue) and PdTCPP (violet), red oblique lines 
denote residual DMF. (b) Raman spectra (1064 nm, 250 mW) of the parent 
pillared paddlewheel MOF (black spectrum), bispyridyl molecular motor (blue 
spectrum) and motorized pillared paddlewheel MOF (red spectrum)  

Similarly, to the parent MOF, the SC-X-ray diffraction data of motorized MOF 
could only be partially resolved. From the refinement of the data the PdTCPP 
units and Zn paddle-wheel clusters forming a layered structure could be confirmed, 
while the disorder between the layers precluded the interpretation of electron 
density of the intercalating units (Figure 3.8b,c). Nevertheless, the clear increase of 
the interlayer distance to 15.6 Å (estimated N-N distance between pyridyl nitrogens 
coordinated to paddle-wheel clusters based on the distance between paddlewheel 
cluster in c direction), corroborated the incorporation of longer pillar, consistent 
with length of the molecular motor 1 (N-N distance in DFT optimized structure 
B3LYP/6-31G(d,p) 15.4 Å). In addition, the expansion of the elementary unit in 
[001] direction was clearly supported by the changes observed in positions of the 
peaks in the PXRD patterns. In comparison to the PXRD of the parent MOF, 
significant shifts to a lower diffraction angle were observed for the peaks ascribed 
to reflections from planes perpendicular and oblique to [001] direction, while peaks 
corresponding to reflections from planes parallel to [001] direction remained 
unchanged (Figure 3.8d). 
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Figure 3.8 (a) Optical micrograph of the motorized PdTCPP MOF crystals 
obtained via linker exchange (SALE) (scale bar100 µm). (b) Packing diagram of 
the two-dimensional layers of PdTCPP in the unit cell of the parent MOF. (c) 
Stacking of the two-dimensional layers in the c direction (hydrogens have been 
omitted for clarity, black – carbon, blue – nitrogen, green – zinc, pink – oxygen, 
yellow – palladium). (d) Comparison of the experimental PXRD patterns of parent 
MOF (black, bottom pattern) and motorized MOF (red, top pattern). The Miller 
indices of planes corresponding to the peaks are given in brackets. The vertical 
dashed lines indicate peaks in PXRD pattern of motorized MOF, corresponding to 
(hkl) (where l ≠ 0) planes. 

Furthermore, Pawley refinement showed good agreement between the dimensions 
of targeted motorized PdTCPP MOF elementary cell and the experimental PXRD 
pattern (Figure 3.9b). 
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Figure 3.9 (a) Molecular structure of the modelled pillared paddlewheel MOF, 
bearing bispyridyl molecular motor 1 pillars. (b) Pawley fitting (red) of the 
diffraction pattern of the model pillared paddlewheel MOF to the experimental 
pattern (empty circles). The difference plot (blue) and Bragg peak positions (green) 
are provided. 

3.3 Energy	transfer,	photochemical	and	thermal	isomerization	
in	solution	

The intermolecular energy transfer between the porphyrin (PdTCPP) and 
molecular motor 1 in solution was studied with emission spectroscopy (Figure 
3.10a). The deoxygenated solution of PdTCPP excited at 530 nm showed weak 
fluorescence at 610 nm and a strong emission band characteristic of 
phosphorescence at 710 nm (Figure 3.10c, black line). Conversely, for a mixture of 
PdTCPP and molecular motor 1 (1:5 ratio of PdTCPP:1) a significant decrease of 
the intensity of the phosphorescence, comparable to fluorescence intensity level, 
was observed, in line with the energy transfer between triplet states of porphyrin 
and motor (Figure 3.10c). The Stern-Volmer plot constructed in the presence of 
motor 1 at concentrations between 0.0 and 60.0 µM showed a linear relationship 
for the quenching of PdTCPP phosphorescence intensity with Stern-Volmer 
constant KSV = 0.033 µM-1 (Figure 3.10b).  

Intermolecular sensitization of the rotary motion of motor 1 in solution was studied 
with UV/Vis absorption, 1H NMR and Raman spectroscopies (Figure 3.11a). In the 
UV/Vis absorption spectra the region characteristic of the main absorption band of 
the molecular motor 1 (maximum ~400 nm, Figure 3.11b, blue, solid line) is 
dominated by the strong Soret band of PdTCPP (Figure 3.11, black, solid line). 
Nevertheless, irradiation of the argon purged solution of 1 and PdTCPP (1:1 ratio 
of 1:PdTCPP) at 530 nm (Q band) led to a bathochromic shift of the absorption in 
the region of the Soret band (Figure 3.11b, red, solid line), that is reminiscent of 
the formation of the metastable isomer of molecular motor (Figure 3.11b, blue, 
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dashed lines). Subsequent, warming of the sample led to the recovery of the 
original spectrum, consistent with the recovery of the stable isomer by thermal 
helix inversion (Figure 3.11b, red, dashed line). 

 

Figure 3.10 (a) PdTCPP phosphorescence quenching via intermolecular triplet-
triplet energy transfer. (b) Stern-Volmer plot of PdTCPP (24.2 μM solution in 
DMF) phosphorescence quenching by molecular motor 1 followed by changes in 
the emission intensity at 710 nm. (c) Comparison of emission spectra (λexc = 530 
nm) of DMF solutions of PdTCPP (black spectrum, 24.2 μM) and PdTCPP and 
molecular motor 1 mixture (red spectrum, 1:5 molar ratios of PdTCPP:1). The 
emission maxima of fluorescence (610 nm) and phosphorescence (710 nm) are 
indicated with arrows. 

Upon irradiation, thermal isomerization cycles could be performed for five 
consecutive cycles without any noticeable sign of fatigue or degradation (Figure 
3.11b, inset). The rate of the thermal helix inversion of bispyridyl motor 1 in the 
presence of PdTCPP in DMF solution was determined following the exponential 
recovery of the initial spectrum in the range of temperatures (6–14 ºC). Eyring plot 
analysis showed that the Gibbs free energy of activation of thermal helix inversion 
of the metastable isomer of 1 in this mixture (Δ‡G(20 ºC) = 88.0±0.4 kJ mol-1,  
t1/2 = 9.1 min) is essentially the same as the previously determined value in pure 
solvent (Δ‡G(20 ºC) = 87.7±0.6 kJ mol-1, t1/2 = 8.0 min), thereby demonstrating that 
bispyridyl motor 1 can operate similarly via direct excitation and triplet 
sensitization (Figure 3.11c). In the Raman spectra of the equimolar mixture of 
PdTCPP and 1 in DMF, bands characteristic of the PdTCPP partially overlap and 
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obstruct bands characteristic of 1 (Figure 3.11d, black spectrum) nonetheless, the 
features consistent with sequential photochemical and thermal isomerization of 1 
could be readily observed with Raman spectroscopy. Irradiation of this mixture at 
530 nm at low temperature led to a decrease in Raman intensity at 1580 cm-1 with 
concomitant increase in scattering intensity at 1550 cm-1, while warming to room 
temperature led to gradual recovery of the initial spectrum (Figure 3.11d).  

 

Figure 3.11 (a) Triplet-triplet sensitization of the light driven rotary motion of 
molecular motor 1 by intermolecular energy transfer from PdTCPP. (b) 
Comparison of UV/Vis absorption spectra (-20 ºC, 6.1 µM, DMF) of 1 (blue, solid 
line) 1 irradiated at 395 nm to photostationary state (blue, dashed line), PdTCPP 
and 1 (1:1 molar ratios) mixture (black, solid line), mixture of PdTCPP and 1 
irradiated at 530 nm to photostationary state (red, solid line) and photostationary 
state mixture after thermal helix inversion (red, dashed line). Inset shows changes 
in absorbance followed at 450 nm upon multiple irradiation and heating cycles. (c) 
Eyring plot analysis of the thermal helix inversion of the metastable 1 generated by 
energy transfer from PdTCPP in DMF. Thermodynamic parameters were obtained 
by fitting to the linearized form of Eyring equation using Origin software. Dashed 
lines indicate 95% confidence interval. (d) Changes in the Raman spectrum (1064 
nm, 250 mW) of PdTCPP and 1 solution in DMF (black, solid line), after 
irradiation at 530 at -20 ºC to a photostationary state (red, solid line) and after 
thermal helix inversion (red, dashed line). Arrows indicate changes characteristic 
of the metastable isomer. 
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In addition, the intermolecular energy transfer induced photoisomerization of 
motor 1 was monitored with low temperature 1H NMR spectroscopy (Figure 3.12). 
Upon irradiation of equimolar mixture of 1 and PdTCPP at 530 nm at -20 ºC, a 
new set of upfield shifted 1H NMR resonances was observed in the aliphatic part of 
the spectrum, characteristic of the metastable isomer (Figure 3.12, red spectrum). 
Warming the sample resulted in full recovery of the stable isomer as indicated by 
the recovery of original spectrum, (Figure 3.12, blue spectrum). The 
photostationary state ratio of metastable and stable isomers of 1, established upon 
irradiation at 530 nm, was approximately 49:51, consistent with changes observed 
in Raman spectroscopy (Figure 3.11d) which showed ~50% decrease of scattering 
intensity in the bands characteristic of the metastable isomer (1580 cm-1).  

 

Figure 3.12 Comparison of 1H NMR spectra (500 MHz, d8-THF, -30 ºC) of the 
PdTCPP and stable 1 (1:1) mixture (black spectrum), photostationary state 
mixture (red spectrum) and photostationary state mixture kept in the room 
temperature for 4 h in the dark (blue spectrum). The photostationary state ratio, 
established upon irradiation of the PdTCPP and 1 mixture at 530 nm was 
determined by integration of the aliphatic (Hb) and aromatic (fluorene protons 
adjacent to the double bond) peaks.  
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3.4 Energy	transfer,	photochemical	and	thermal	isomerization	
in	solid	state	

The extent of the energy transfer between the 1 and PdTCPP linkers in motorized 
MOF was characterised with time-resolved emission spectroscopy. The emission 
decays plots of phosphorescence upon excitation at 532 nm showed a much more 
rapid decay of the emission intensity in motorized PdTCPP framework compared 
to the parent MOF. These data were fitted with first-order bi-exponential decays 
and two lifetimes (shorter and longer) were found for the parent MOFs. The shorter 
lifetime (~1 μs) originate from instrument response, while much longer lifetime 
obtained (194 μs), was in close agreement to the lifetime of phosphorescence of 
PdTCPP in deoxygenated DMF.72 In contrast, for motorized MOF, 
phosphorescence lifetime was found to be shorter than the resolution of the 
instrument (<1 μs). Nevertheless, these data showed more than 100-fold decrease 
in the emission lifetime, thus demonstrating efficient energy transfer between the 1 
and PdTCPP linkers in MOF (Figure 3.13b).  

 

Figure 3.13 (a) Schematic representation of PdTCPP phosphorescence quenching 
in motorized pillared paddlewheel MOF. (b) Comparison of the decay curves of the 
emission intensity at 710 nm upon pulsed irradiation (532 nm) of the crystals of the 
parent MOF (black curve) and motorized MOF (red curve) 

The rotary motion of motor 1 inserted in the MOF scaffold was followed with 
Raman spectroscopy. Previously, we demonstrated65 that this technique is 
particularly convenient to study the rotary photochemical and thermal 
isomerization of molecular motors in condensed phase as it allows for 
unambiguous correlation of spectral data with structural changes that these 
molecules exhibit in response to light and heat stimuli. Upon exposure of the 
polycrystalline motorized PdTCPP MOF sample to green light (530 nm) a gradual 
decrease in the Raman intensity at 1580 cm-1 with concomitant increase in 
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scattering intensity at 1550 cm-1 was observed (Figure 3.14). Similar spectral 
features were detected upon photochemical isomerization of molecular motor 1 in 
solution and therefore could be ascribed to the same photochemical process. 
Furthermore, Raman spectroscopy showed that, for thin samples (much less than 
100 µm), the photostationary state of 1 reached via triplet sensitization in 
motorized PdTCPP MOF can be similar to that in solution (see experimental 
section). When the irradiation was discontinued, the initial Raman spectrum was 
recovered gradually indicating thermal relaxation of the metastable to stable 
isomer.70 The barrier of the thermal relaxation at room temperature was determined 
by monitoring the changes in the bands area characteristic of the metastable 
isomer. The Gibbs free energy of activation for this process (Δ‡G(20 °C)) was 
88.9±0.9 kJ mol-1, t1/2 = 13.1 min) and corresponded well to the barrier determined 
in DMF solution (88.0±0.4 kJ mol-1, t1/2 = 9.1 min). The good agreement between 
the barriers in the solution and the solid material shows that molecular motor 1 can 
perform its large amplitude rotary motion uncompromised while incorporated in 
PdTCPP MOF. Furthermore, irradiation/thermal relaxation steps could be repeated 
over five cycles without any noticeable sign of fatigue or photo-degradation 
indicating high stability of the framework.  

 

Figure 3.14 (a) Schematic representation of visible light and heat induced 
structural changes of molecular motor 1 during the rotation (half of the rotary 
cycle). (b) Changes in the Raman spectrum (1064 nm, 250 mW, 100 s integration 
time) of the motorized PdTCPP MOF sample (black solid line) upon irradiation at 
530 nm (red solid line) and subsequent thermal isomerization (red dashed line). 
Inset shows changes in the area around 1550 cm-1 followed upon multiple 
photochemical/thermal isomerization cycles. 
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3.5 Conclusions	

In conclusion we have established that the photoisomerization of the molecular 
motor pillars in a porphyrin Zn-paddlewheel MOF can be driven with visible light. 
The desired motorized MOF was constructed by post synthetic linker exchange 
SALE method from parent PdTCPP MOF bearing shorter bispyridyl pillars. 
Exchange of the pillars resulted in the expected expansion of the elementary cell in 
the c direction as shown by the SC-X-ray and PXRD data. Due to the spatial co-
arrangement of the chromophores in the motorized MOF scaffold, the energy 
transfer between the linkers was found to be very efficient, and the photochemical 
isomerization of the molecular motor could be achieved with green 530 nm light. 
Additionally, it was shown that the rate of the thermal helix inversion step of the 
molecular motors incorporated in the material scaffold is essentially the same as 
that observed in solution, owing to the large free volume present in the framework. 
In the future, these materials may find application as responsive membranes, 
miniaturized pumps able to accelerate flow of gases or in combination with 
catalytic function, miniaturized chemical reactors able to accelerate inflow of 
reactants and outflow products, powered by a sustainable and non-invasive visible 
light. Furthermore, we envision that this strategy may be used to expand the scope 
of photosensitizers and molecular motors to achieve even further red-shift of the 
excitation wavelength towards red light.  
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3.7 Experimental	Data	

For general experimental considerations and synthesis of motor 1 see Chapter 2. 
Samples were irradiated using M530F2 530 nm Thorlab LED. The steady-state 
emission spectra were recorded on Jasco FP-6200 spectrofluorimeter. The 
phosphorescence lifetimes of solid MOFs were recorded on home-built system 
comprising 532 nm excitation laser (SpitLight 400, InnoLas) and Omni-λ 300 
(Zolix) monochromator/spectrograph and digital phosphor oscilloscope (DPO 
4032, Tektronix). The Raman spectra were recorded on home-built system 
comprising a 1064 nm (Cobolt RumbaTM) 500 mW laser, equipped with Raman 
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probe (250 mW·cm-1 transmitted power density) and connected to spectrograph 
(AndorTM Technology, SR-303I-B) 

 

Synthesis of the DPNI-PdTCPP MOF 

A 4 ml screw-cap glass vial was loaded with 6.0 mg (1.0 equiv., 6.7 μmol) of 
PdTCPP, 2.8 mg (1.0 equiv., 6.7 μmol) of NDPI, 37 μL of stock solution (110 mg 
in 1 mL of EtOH) of Zn(NO3)2·6H2O (2.0 equiv., 4.1 mg, 13.7 μmol) and 33 μL of 
HNO3 stock solution in EtOH (1 M, prepared by dilution of concentrated nitric acid 
in EtOH) and diluted with 1.4 mL of DEF and 0.7 mL of EtOH. The mixture was 
sonicated in ultrasonic bath for 15 min and placed in 80 ºC in an oven for 96 h 
upon which the plate and block crystals have formed. The crystals were collected 
and washed thoroughly with DMF.  

Synthesis of the DPG-PdTCPP MOF 

A 4 mL screw-cap glass vial was loaded with 4.45 mg (1.0 equiv., 4.97 μmol) of 
PdTCPP, 2.15 mg (2.0 equiv., 9.94 μmol) of DPG, 40 μL of stock solution (110 
mg in 1 mL of EtOH) of Zn(NO3)2·6H2O (3.0 equiv., 4.43 mg, 14.8 μmol) and 32 
μL of HBF4 stock solution in EtOH (prepared by dilution of 100 μL of 48% 
aqueous HBF4 acid in 1ml of EtOH) and diluted with 0.75 mL of DMF and 0.25 
mL of EtOH. The mixture was sonicated in ultrasonic bath for complete dissolution 
and placed in 80 ºC in an oven for 24 h upon which the plate deep purple crystals 
have formed. The crystals were collected and washed thoroughly with DMF 
yielding ca. 5 mg of dried crystals (after removal of DMF). For 1H NMR studies 
the sample was washed thoroughly with DCM and dried in vacuum to remove most 
of the solvent from the pores of the material, next 0.5 mL of d6-DMSO with 3 
drops of D2SO4 were added and the sample was sonicated until full dissolution of 
the material. The needle crystals of the interpenetrated DPG-PdTCPP MOF were 
grown following an analogous procedure with 16 μL of HBF4 stock solution.  

Synthesis of motorized MOF via SALE  

Crystals of parent DPG-PdTCPP MOF (approximately 5 mg) were placed in 
a 4 mL screw cap vial, and bigger intergrowth patches of crystals were gently 
crushed with a Pasteur pipette, and 1 mL solution of molecular motor 1 
(approximately 20 mg) in DMF was added. The vial was kept in the oven at 80 ºC 
for 24 h after which, the solution of molecular motor was replaced by a fresh one 
and the exchange was continued for further 24 h at 80 ºC. Next, the crystals were 
washed thoroughly with DMF and kept under solvent for further studies. For 1H 
NMR studies the sample was washed thoroughly with DCM and dried in vacuum 
to remove most of the solvent from the pores of the material, next 0.5 mL of  
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d6-DMSO with 3 drops of D2SO4 were added and the sample was sonicated until 
full dissolution of the material. For SC-X-ray data crystals of the parent MOF were 
not pulverized and the exchange was carried for two days. 

General procedures for the Emission studies and Irradiation studies in 
Solution 

DMF for PL studies and UV/Vis adsorption experiments was degassed by at least 
three cycles of freeze-pump-thaw cycles with Argon. The stock solutions were 
prepared in a glove box and samples were transferred to quartz cuvettes and sealed 
in glove box. For 1H NMR studies the solution of PdTCPP and 1 (3.0 mmol for 
both components) in d8-THF was bubbled in the NMR tube with argon for ~ 30 
sec, submerged with Evans NMR tube equipped with optical fibre and sealed with 
Parafilm.  
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Figure 3.15 Changes in absorbance at 440 nm during thermal helix inversion of 
the metastable 1 isomer in mixture of PdTCPP and 1 (1:1) in DMF followed in 
range of temperatures (6–14 °C) over time with UV/Vis absorption spectroscopy. 

General procedures for the Emission studies in MOFs 

A suspension of either parent DPG-PdTCPP or motorized 1-PdTCPP MOFs 
crystals in DMF was placed in an NMR tube, degassed by bubbling with Ar for 
~30 sec, capped and sealed with Parafilm. The intensity decay curves were 
recorded on hand-agitated samples.  

General Procedure for the Irradiation studies in MOFs 

The sample of solid motorized MOF was placed between two quartz slides with 
small amount of DMF, and slides were sealed with Teflon tape. The samples were 
placed on a microscope stage and irradiated at 530 nm with LED. 
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Figure 3.16 Comparison of the PSS530 Raman spectra (1064 nm, 250 mW) of 
PdTCPP:1 mixture in solution at -20 ºC (left) and motorized PdTCPP MOF 
(right). Ratio of Raman intensities at PSS530 (I1581/I1550) 1.2 and 1.6 for solution and 
solid, respectively, indicates that the ratio of metastable to stable isomer at the PSS 
is similar in both cases.  

Details on Single X-ray Studies 

A single crystal of MOF was mounted on top of a cryoloop and transferred into the 
cold nitrogen stream (100 K) of a Bruker-AXS D8 Venture diffractometer. The 
structure was solved by direct methods using SHELXT software and refinement of 
the structure was performed using SHLELXL software. The contribution of 
electron density in the voids was removed using the PLATON/SQUEEZE routine. 
Hydrogen atoms were generated by geometrical considerations. 
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Table 1 Crystallographic data for DPNI-PdTCPP MOF 

Chemical Formula C36 H18 N4 O6 Pd0.5 Zn 
Mr 721.11 
crystallographic system monoclinic 
color, habit orange, block  
size (mm) 0.26 x 0.18 x 0.16  
space group C 2/c 
a (Å) 23.4265(8) 
b (Å) 23.4769(8) 
c (Å) 19.9645(7) 
, deg 115.564(2) 
V (Å3) 9905.2(6) 
Z 8 
calc, g.cm-3 0.967 
µ(Cu Kα), cm-1 2.395 
F(000) 2904 
temp (K) 100(2) 
 range (deg) 2.813 –  59.141 
data collected (h,k,l) -26:26, -26:26, -22:22 
no. of rflns collected 39568 
no. of indpndt reflns 7122 
observed reflns 5829 (Fo  2 σ(Fo)) 
R(F) (%) 6.78 
wR(F2) (%) 16.11 
GooF 1.115 
Weighting a,b 0.0359,  106.0779  
params refined 430 
restraints 439 
min, max resid dens -0.544, 0.995  

Table 2 Crystallographic data for parent DPG-PdTCPP MOF 
Chemical Formula C48 H24 N6 O8 Pd Zn2 
Mr 1049.94 
crystallographic system tetragonal 
color, habit red, platelet  
space group P 4/mmm 
a (Å) 16.6421(8) 
b (Å) 16.6421(8) 
c (Å) 16.1146(15) 
V (Å3) 4463.09 
Z 1 
calc, g.cm-3 0.391 
R(F) (%) 6.58 
temp (K) 100(2) 

Table 3 Crystallographic data for DPG-PdTCPP MOF 
Chemical Formula - 
Mr - 
crystallographic system monoclinic 
color, habit orange, needle  
space group P 21/n 
a (Å) 7.8815(11) 
b (Å) 15.761(2) 
c (Å) 33.580(5) 
V (Å3) 4162.39 
, deg 93.750(4) 
Z 1 
calc, g.cm-3 - 
R(F) (%) - 
temp (K) 100(2) 
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Table 4 Crystallographic data for motorized 1-PdTCPP MOF 
Chemical Formula - 
Mr - 
crystallographic system tetragonal 
color, habit orange, platelate  
space group P 4/mmm 
a (Å) 16.625(3) 
b (Å) 16.625(3) 
c (Å) 22.463(8) 
V (Å3) 6208.56 
Z - 
calc, g.cm-3 - 
R(F) (%) - 
temp (K) 100(2) 

 

Details on Pawley refinement 

Pawley refinement of powder X-ray diffraction (PXRD) patterns and establishment 
of structural models were performed using Materials studio Software suite. For 
parent MOF a tetragonal unit cell with lattice parameter a = b = 16.76176(6) Å, c = 
16.34245(1) Å was found. This is in good agreement with the original single 
crystal data on parent MOF with a unit cell in space group P4/mmm and lattice 
parameter a = b =16.97084(8) Å, c = 16.1146(15) Å which was collected at 100 K, 
while the PXRD data was recorded at ambient temperature. For motorized MOF 
a tetragonal unit cell with lattice parameter a = b = 16.76049(8) Å, c = 
22.50124(1) Å could be refined from PXRD data. This represents an elongation of 
the unit cell in c-direction of 38% proportional to the elongation of the pillaring 
ligand while the a, b lattice constants are found to be almost identical to parent 
MOF. The parameters for Pawley refinement are summarized in Table 1. 

Table 5. Parameters for Pawley refinement of DPG-PdTCPP MOF and motorized 1-PdTCPP MOF 

 Parent MOF Motorized MOF 
Symmetry, space group Tetragonal, P4/mmm Tetragonal, P4/mmm 
Unit cell parameter, (Å) a=b=16.97084(8) Å, c= 16.1146(15) Å a = b = 16.76049(8) Å, c = 22.50124(1) Å 
Unit cell volume, (Å3) 4641.15(4) 6320.91(5) 

Wave length (Å) 1.5406 
2θ range (°) 3 - 70 

Instrument geometry Debye-Scherrer 
Profile function Pseudo-Voigt 

U 1.10545 0.38304 
V -0.20962  -0.09926 
W 0.02488 0.03223 
NA 0.93327 0.57046 
NB 0.00095 0.00363 

Line shift Debye-Scherrer 
Shift #1 -0.07229 -0.10382 
Shift #2 0.43367 0.41353 
Final Rwp 0.0409 0.071 
Final Rp 0.03 0.0414 

Rwp (without background) 0.0542 0.162 
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Chapter	4	
Modulation	of	porosity	in	a	solid	
switchable	aromatic	framework	
enabled	by	bulk	photo‐isomerization	
of	an	overcrowded	alkene.	

 

 

 

 

 

 

 

 

 

 

Incorporation of photoswitchable molecules in solid state materials continues to hold promise for 
fabrication of the responsive materials the properties of which can be controlled on-demand. 
However, the possible applications of these materials are limited, due to the restrictions imposed by 
the solid-state environment on the incorporated photoswitches, which render the photo-isomerization 
inefficient. Here, we present porous switchable framework materials based on a bistable chiroptical 
overcrowded alkene incorporated in the backbone of the rigid aromatic framework. Due to the high 
intrinsic porosity, the resulting framework readily responds to the light stimulant as demonstrated by 
solid-state Raman and diffuse-reflectance electronic spectroscopies. Solid state 13C NMR 
spectroscopy confirmed efficient and quantitative bulk photoisomerization of the incorporated light-
responsive overcrowded olefins in the solid material. Taking advantage of the quantitative photo-
isomerization, the porosity of the frameworks can be reversibly modulated in response to light and 
heat. 

This work will be submitted for publication. Manuscript in preparation. 
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4.1 Introduction	

Inspired by biological systems, a vast number of artificial molecular machines and 
switches capable of elaborate structural dynamics have been developed.1–4 
However, while in solution, this stimuli-controlled nanoscale motion is inevitably 
overwhelmed by the random thermal motion, thereby precluding any collective 
action.5–7 The challenging endeavor is to harness controlled molecular motion and 
to transform it into a practical output, which requires reliable strategies that allow 
to restrict random motion without impairment of the switching function.8–10  

One way to achieve this goal is by immobilization, for example in solid porous 
materials, among which metal-organic (MOFs) and covalent organic frameworks 
(COFs) are highly suitable.11 Being inherently porous, these frameworks can 
provide the free volume essential for the unhindered dynamics of the incorporated 
molecules, thereby serving as a rigid scaffold for flexible components.12–16 Indeed, 
recently, it was demonstrated that molecular rotors,17–23 shuttles24,25 and motors26 
can display their dynamic motion while incorporated in MOFs or COFs. The 
incorporation of photoresponsive molecular switches in solid materials, on the 
other hand, opens new opportunities to alter the properties of these materials with 
high spatiotemporal precision.27,28 This concept was illustrated in pioneering 
studies on photoresponsive porous solids functionalized with azobenzenes,29–38 
dithienylethenes39–48 or spiropyrans,46,49 showing photomodulation of gas uptake, 
diffusion, or guest release. However, apart from geometrical constraints, the 
photoisomerization in solids is hampered by the light penetration depth, and 
therefore limited to the near-surface region, while the bulk of the material remains 
unaffected, limiting the development and future applications of these photo-
responsive materials. As a consequence bulk photoswitching in solid materials has 
only been reported for few flexible MOFs bearing struts derived from 
dithienylethenes,41,44 which due to the small excluded volume change during the 
photoisomerization are known to undergo very efficient light-induced 
electrocyclization reactiona even in densely packed molecular crystals,50 Hence, 
attaining bulk photoresponsivity in solid materials remains a fundamental 
challenge. 

Chiral overcrowded alkenes constitute a unique class of molecular photoswitches 
owing to the presence of a stereogenic centre in the vicinity of the olefinic bond. 
The steric congestion present in the system forces the molecule to adopt helical 
chirality, which is inverted in the photochemically generated metastable isomer 
(Figure 4.1a).51,52 With appropriate structural modification the thermal stability of 
the metastable isomer can be increased by many orders of magnitude up to the 
point that unidirectional rotation is inhibited and the molecule can be operated as 
a chiral bistable switch.53 Previously, incorporation of these compounds in soft 
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matter matrices,54–59 or their anchoring to a surface60 allowed for fabrication of 
materials showing unique, dynamic properties. Here we report incorporation of an 
overcrowded alkene bistable chiroptical switch in a robust porous covalent organic 
framework, herein referred to as porous switchable aromatic frameworks (PSAFs), 
allowing for the switching of porosity and hence gas uptake. The overcrowded 
alkene was integrated into the framework backbone via its fluorene (stator) moiety, 
leaving the naphthalene moiety (rotor) as pendant (Figure 4.1b). In the resulting 
architecture, the PAF backbone serves as a rigid scaffold for the switchable unit, 
thereby separating rigidity of the framework from the light-controlled large 
amplitude motion of the naphthalene moiety of the photoswitch. In combination 
with the high intrinsic porosity of the PAF type materials, it alleviates the 
constraints imposed by the solid environment on the molecular motion and allows 
for bulk photoisomerization in the solid state and photomodulation of the materials 
porosity. 

 

Figure 4.1 (a) Schematic representation of the structural changes upon 
photochemical E/Z isomerization of bistable overcrowded alkene 1 and top view on 
the DFT (B3LYP/631-G(d,p)) optimized structures of stable (1st, left) and 
metastable (1mst, right) isomers. (b) Schematic representation of photoswitching of 
overcrowded alkene 1 in pores of the PSAF frameworks. 

4.2 Synthesis	of	Porous	Switchable	Frameworks.	

The bistable overcrowded-olefin based photoswitch switch 1 was synthesized via 
a Barton-Kellogg olefination from corresponding diazo compound 2 and 
thioketone 4 (Scheme 4.1). Initial attempts to synthesize thioketone from the 
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tetralone derived “upper-half” failed as only a complex mixture of decomposition 
products was observed possibly originating from the formation of the 
corresponding thioenol during the reaction. Therefore, the thioketone was 
synthesized from the fluorenone 3 “lower-half” in a low yield (38 %) and used 
immediately after the isolation in the subsequent reaction due to its low stability. 
Consequently, the diazo 2 coupling partner was synthesized by the in situ oxidation 
of the corresponding hydrazone 2 at -40 °C. Barton-Kellog coupling afforded 
a mixture of overcrowded olefin 1 and corresponding thiiraene, which was directly 
desulfurized with HMPT to give 1 in a good (68 %) yield. It should be noted that 
the attempts to scale up the olefination reaction from 1 milimol to 5 milimol scale 
were largely unsuccessful leading to the erosion of the yield of 1 (Scheme 4.1).  

 

Scheme 4.1 Synthesis of the bistable switch 1-Br2. 

The fabrication of robust porous materials with overcrowded alkene-based 
chiroptical switch 1st directly inserted into the framework through covalent bonds 
was realized by Ulmann-type Yamamoto cross-coupling. The reaction between 
a network-forming tridimensional building block,61 tetraphenylmethane (TPM-
Br4), and an overcrowded alkene-based chiroptical switch 1st-Br2 bearing two 
bromide substituents afforded the desired frameworks (Figure 4.2). The choice of 
the tetraphenyl methane (TPM) building block was motivated by the very high 
surface area and pore capacity of the TPM-based frameworks up to ~5000 m2/g 
(BET value),23 which was envisioned to provide a sufficient free volume for the 
isomerization of overcrowded alkene 1 embedded in the solid material. Two porous 
switchable frameworks (PSAFs) were synthesized by varying the molar fractions 
of building blocks (TPM and 1) used during the synthesis of the materials denoted 
as PSAF-1 and PSAF-2 (10:1 and 4:1 ratio of TPM-Br4 to 1st-Br2 for PSAF-1 and 
PSAF-2, respectively).  
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Figure 4.2 Schematic representation of synthesis of the PSAF-1 and PSAF-2 
materials from tetraphenyl methane (TPM-Br4) and photoswitch 1st-Br2 via 
Yamamoto coupling. 

The resulting PSAFs were stable up to 300 °C, as determined by thermogravimetric 
(Figure 4.3b) and differential scanning calorimetry analyses (see experimental 
section). The Langmuir and BET surface areas were 4545 and 3947 m2 g-1 for 
PSAF-1 and 1177 and 1330 m2 g-1 for PSAF-2 with pore capacity of 2.39 and 0.66 
cm3 g-1, respectively, while the pore size distribution was centred at about 1.4 nm 
for PSAF-1 and 1.2 nm for PSAF-2, as calculated by Non-Local Density 
Functional Theory (NLDFT) (Figure 4.3c,d) and the results are summarized in 
Table 1. 

 

Figure 4.3 (a) Representation of PSAF framework. (b) TGA profiles of PSAF-1 
(black line) and PSAF-2 (red line). (c) N2 gas adsorption isotherms (77 K) of 
activated PSAF-1 (red isotherm) and PSAF-2 (green isotherm). Filled and empty 
symbols denote adsorption and desorption respectively. (d) Pore size distribution 
curves of PSAF-1 (black line), PSAF-2 (red line); N2@77 carbon slit pores 
NLDFT model was used. 



 

 
106 
 
 
 
 

Chapter 4  

Table 1. Textural parameters of PSAF-1 and PSAF-2 as derived from N2 
adsorption isotherms at 77 K. 
 SBET 

(m2 g-1) 
SLangmuir 
(m2 g-1) 

Vtotal
a 

(cm3 g-1) 
Vmicro

b 
(cm3 g-1) 

Vmicro/Vtotal 
(%) 

PSAF-1 3947 4545 2.39 1.24 52 
PSAF-2 1615 1841 0.66 0.42 64 

a Calculated applying NLDFT adopting N2@77K Carbon slit pore model 
b Calculated considering pores up to 20 Å wide 

The homogeneity of the samples and the molecular composition of the frameworks 
were established by quantitative 13C MAS NMR and the results corresponded to the 
fractions of the building blocks used in the synthesis of the frameworks (Figure 
4.4). Thus, the fraction of the switch unit in the PSAFs can be modulated at will, 
and PSAF-1 and PSAF-2 were used for further experiments. 

 

Figure 4.4 (a) Comparison of solid state 13C{1H} CP MAS NMR (12.5 kHz 
spinning speed, 2 ms ct) spectra of PSAF-0 (containing only TPM building block) 
and PSAF-1 and PSAF-2 materials. (b) Deconvoluted 13C{1H} CP NMR spectrum 
of PSAF-2 material. Inset shows magnification of aliphatic region. 
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4.3 Photochemical	and	thermal	isomerization	in	solution	

The photochemical isomerization behaviour of 1st-Br2 in solution was studied with 
1H and 13C NMR, UV/Vis absorption and Raman spectroscopies. In the 1H NMR 
spectrum, irradiation of 1st-Br2 at 365 nm in CD2Cl2 solution resulted in 
appearance of a new set of 1H downfield shifted resonances, indicating the 
formation of the metastable isomer (1mst-Br2) with almost quantitative yield 
(PSS365 94:6 of 1mst-Br2:1st-Br2) (Figure 4.5, red spectrum).  

 

Figure 4.5 1H-NMR solution spectra (CD2Cl2, 400 MHz, RT, see left panel for 
labeling of protons) of 1-Br2 (black spectrum), 1-Br2 PSS365 (red spectrum) 
obtained upon irradiation of a 3 mM solution of 1-Br2 at 365 nm for 30 min and 
1-Br2 PSS470 (blue spectrum) obtained upon irradiation of 1-Br2 PSS365 mixture at 
470 nm for 1 h. 

Likewise, in the 13C NMR spectrum, a new set of upfield shifted resonances for 
carbons Ca (35.6 → 34.6 ppm), and Cc (30.0 → 28.5 ppm) was observed, in line 
with the formation of 1mst-Br2 (Figure 4.6a, black and red spectra). In the UV/Vis 
absorption spectrum, irradiation at 365 nm led to a gradual bathochromic shift of 
the absorption band centred at 366 nm. This shift of absorption is consistent with 
the formation of the metastable twisted isomer of the overcrowded alkene-based 
photoswitch. During the photo-isomerization, the isosbestic point was maintained 
at 385 nm, indicating a unimolecular process (Figure 4.6b, solid red line). In the 
Raman spectrum of 1st-Br2, a band at 1582 cm-1 is present, characteristic of the 
stretching of the olefinic bond of the photoswitch 1st-Br2 (Figure 4.6c, solid black 
line). Upon irradiation of the sample at 365 nm, this band disappeared, while a new 
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broad band centred at 1542 cm-1, characteristic of the stretching of the olefinic 
bond of the metastable overcrowded alkene - 1mst-Br2 appeared.62 The reversed 
1mst-Br2 → 1st-Br2 isomerization in solution could be achieved by irradiation of the 
1mst at 470 nm upon which the 1H NMR resonances of 1st-Br2 reappeared (PSS470 
97:3 1st-Br2 to 1mst-Br2) (Figure 4.5, blue spectrum) and the original UV/Vis 
absorption and Raman spectra were recovered (Figure 4.6c,d). 

 

Figure 4.6 (a) Comparison of the aliphatic part of 13C NMR (CD2Cl2, 400 MHZ, 
see left panel for labeling of carbons) spectra of 1st (black spectrum, bottom) and 
1mst (red spectrum, top, photostationary state mixture). (b) Changes in UV/Vis 
absorption spectra of 1st (8 µM, DCM, black line) upon irradiation at 365 nm 
(photostationary state mixture, PSS365, solid red line) and subsequent irradiation at 
470 nm (photostationary state mixture, PSS470, dashed red line). (c) Comparison of 
Raman spectra (785 nm, 50 mW) of 1st (solid black line), 1mst as a photostationary 
state mixture obtained by irradiation of 1st solution at 365 nm (solid red line, 
PSS365) mixture, and PSS365 irradiated at 470 nm to recover 1st (dashed red line, 
PSS470) mixture drop-casted on quartz substrate. 
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4.4 Photochemical	isomerization	in	the	solid	state.	

The photochemical isomerization behavior of the switch 1 embedded in the solid 
PSAF-1 and PSAF-2 frameworks was studied with Diffuse-Reflectance UV/Vis 
(DR UV/Vis) and Raman spectroscopies. Upon exposure to light irradiation, 
spectral changes almost identical to those found in solution were detected for both 
porous materials (PSAF-1 and PSAF-2) indicating facile photoisomerization of the 
overcrowded alkene embedded in the PSAFs. In the DR UV/Vis spectra of PSAF-
1 and PSAF-2, bathochromic shifts were observed upon irradiation at 365 nm and 
hypsochromic shifts upon irradiation at 470 nm in line with the light reversible  
1mst ↔ 1st photoisomerization (Figure 4.7c,d respectively).  

 

Figure 4.7 (a) Schematic representation of light-induced structural changes in the 
PSAFs upon isomerization of 1 from stable to metastable isomer. (b) Pictures of 
the PSAF-2 material before (left panel) and after (right panel) irradiation at 365 
nm (note that the colour change was enhanced by the camera lens). (c,d) Changes 
in the diffuse-reflectance UV/Vis spectra of the PSAFs (PSAF-1 - panel c, PSAF-2 
- panel d) materials upon consecutive irradiation at 365 nm followed by irradiation 
at 470 nm. Pristine materials (solid black lines, pristine), photostationary state 
reached upon irradiation at 365 nm (solid red line, PSS365), and photostationary 
state reached upon subsequent irradiation of the material at 470 nm (dashed red 
lines, PSS470). The insets show changes in the Kubelka-Munk function at 470 nm 
over alternative irradiation cycles. 
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Additionally, the evident color change from white to yellow of the material 
exposed to 365 nm light was readily visible, which is consistent with the 
bathochromic shift of the absorption spectra of the material (Figure 4.7b). For both 
materials, the alternating cycles of the UV and visible light irradiations could be 
repeated for several cycles without any noticeable sign of fatigue indicating high 
stability of the material (Figure 4.7c,d insets for PSAF-1 and PSAF-2, 
respectively). 

The Raman spectra of both solid PSAFs were dominated by the intense broad band 
centered at 1610 cm-1 characteristic of the C=C stretching in the aromatic rings, 
associated with the relatively large fraction of TPM building blocks in both 
frameworks. Nevertheless, irradiation of the porous materials at 365 nm resulted in 
the expected decrease in Raman intensity at 1582 cm-1 and the appearance of a new 
band at 1542 cm-1. Irradiation at 470 nm fully reverted these changes for the 
PSAF-1 framework as the band characteristic of the 1mst isomer could not be 
detected anymore in the Raman spectrum, clearly demonstrating the reversible 
photoisomerization of 1 incorporated in the solid material (Figure 4.8a). 
Conversely, 1 incorporated in the PSAF-2 framework showed only a partial back-
isomerization to 1st upon irradiation at 470 nm, as indicated by the incomplete 
disappearance of the band at 1542 cm-1 (Figure 4.8b). 

 

Figure 4.8 (a,b) Changes in the Raman spectra (785 nm, 50 mW) of PSAFs 
(PSAF-1 - panel a, PSAF-2 - panel b) materials consecutive irradiation at 365 nm 
followed by irradiation at 470 nm. Pristine materials (solid black lines, pristine), 
photostationary state reached upon irradiation at 365 nm (solid red lines, PSS365), 
and photostationary state reached upon subsequent irradiation of the material at 
470 nm (dashed red lines, PSS470). The insets show changes in the area of the band 
centered at 1547 cm-1 over alternative irradiation cycles and expansion of the 
spectral region around 1547 cm-1 as indicated by the dashed box. 
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Solid state 13C MAS NMR proved to be a technique sensitive to the structural 
changes occurring to the individual components of the framework on a molecular 
level, providing a precise tool to quantify the extent of photoisomerization in the 
bulk of the material. For the solid state NMR studies the PSAF-2 framework was 
chosen owing to the higher content of the photoswitch 1, which facilitated 
quantitative analysis of the spectra, To this end, the PSAF-2 material was 
irradiated at 365 nm with low power density (30 mW cm-2 for 54h) and 13C MAS 
NMR spectra were recorded. Upon irradiation of PSAF-2 material at 365 nm 
similar changes to those observed in solution were recorded, that is, the upfield 
shift of the resonances of the carbons Ca (35.0 → 34.1 ppm), and Cc (29.2 → 28.0 
ppm) (Figure 4.9, left and middle panels). In combination with DR UV/Vis and 
Raman (Figure 4.7, Figure 4.8) spectral data, it allowed us to unequivocally ascribe 
these changes to photochemical formation of the metastable isomer (1mst) in the 
framework. Deconvolution of the spectrum and integration of the resonances 
originating from the respective diastereoisomers showed that the photostationary 
state achieved upon irradiation of the bulk material (93:7 of 1mst:1st) is almost the 
same as in solution (94:6 1mst:1st). This observation is remarkable as the bulk 
photoswitching of solid materials have been previously reported only for flexible 
MOFs containing dithienylethenes derived struts.41,44  

 

Figure 4.9 Schematic representation of the structural changes of 1 (1st) 
incorporated in the PSAF-2 framework upon irradiation at 365 nm (1mst) and 
subsequent heating (1st) (top panel). Changes in the 13C{1H} CP-MAS NMR spectra 
of the PSAF-2 framework at each stage of the structural transformations, pristine 
(left), after photoisomerization (middle) and thermal annealing (right) (bottom 
panel). 
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Upon irradiation at 470 nm, these changes could be only partially reverted in 
accordance with Raman spectroscopy results (Figure 4.8b), leading to 
approximately 50:50 ratio of 1mst:1st isomers as determined by solid state NMR 
(see experimental section). However, upon thermal treatment, the metastable 
isomer could be quantitatively converted into the 1st, which was accompanied by 
the recovery of the original 13C MAS NMR spectrum (Figure 4.9, right panel). 

4.5 Photomodulation	of	porosity	and	gas	adsorption	of	the	
material.	

We anticipated that the accessible volume of the framework would be reversibly 
changed during the overall stable-metastable-stable isomerization sequence and 
therefore, gas adsorption experiments were performed. Indeed, N2 adsorption 
isotherms at 77 K revealed a striking reduction of the pore volume between pristine 
and irradiated PSAF-2 material, which accounts for 20% at p/p° = 0.6 (Figure 
4.10). This value was confirmed by CO2 adsorption isotherms at 195 K (from 500.2 
to 402 cm3 g-1 at standard temperature pressure, see experimental section). 
Furthermore, this phenomenon was reversible after heating of the irradiated 
material (Figure 4.10). The differences in the observed porosity of the material 
upon isomerization of 1 can be rationalized by the changes in volume that the 
switch occupies in the framework upon photoisomerization. The structures and 
geometries of both stable and metastable isomers were optimized by DFT on 
B3LYP 631-G(d,p) level of theory. While the stable isomer adopts a folded 
conformation in which both methyl and naphthyl substituents are located on the 
same side of the central olefinic bond, the steric congestion in the metastable 
isomer forces the molecule to adopt a twisted conformation. As a result, the 
dihedral angles between substituents at the central double bond increase from 13.4° 
and 14.4° in 1st to 25.2° and 27.3° for 1mst. Based on these results, we hypothesized 
that the photogenerated 1mst occupies larger volume in comparison to 1st due to the 
mismatch of the twisted conformation with the surrounding framework, thus 
partially reducing the accessible volume of the pores and the gas uptake. 
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Figure 4.10 N2 adsorption isotherms of the PSAF-2 framework at 77 K of the 
pristine material (a, blue isotherm), after irradiation at 365 nm for 54 h (b, red 
isotherm) and heating (c, blue isotherm). The filled and open circles denote 
adsorption and desorption, respectively. 

Table 2. N2 adsorption parameters derived from adsorption/desorption isotherms 
collected at 77 K for PSAF-2, PSAF-2 after irradiation with 365 nm light  
(PSAF-2 PSS365) and PSAF-2 after thermal treatment (PSAF-2 backswitched). 

 
SBET 

(m2 g-1) 
Vtotal

a 
(cm3 g-1) 

Qads 

(p/po = 0.6) 
(mmol g-1) 

Qads(p/po = 0.6)/ 
QPSAF-2(p/po = 0.6) 

PSAF-2 1177 0.663 15.7 1 
PSAF-2 PSS365 963 0.585 13.3 0.844 
PSAF-2 backswitched 1056 0.659 15.0 0.972 

a Calculated applying NLDFT adopting N2@77K Carbon slit pore model 

4.6 Conclusions	

In conclusion, we have developed a convenient immoblization strategy for 
overcrowded alkene based phostoswitches in solid porous materials. Two porous 
switchable frameworks consisting of a tetraphenylmethane moiety (TPM) and 
different amounts of the photoswitch were synthesized via Yamamoto coupling. 
The light-responsive frameworks were proven to be thermally stable and retain the 
high porosity characteristic of TPM based porous materials, which is crucial for 
unhindered photoisomerization in the solid state. By using a combination of the 
Diffuse-Reflectance UV/Vis and Raman spectroscopies, it was demonstrated that 
the chiroptical switch embedded in the porous frameworks maintains its function 
and can undergo reversible isomerization upon exposure to light. Furthermore, 
solid-state NMR studies performed on the framework, with higher photoswitch 
content, showed that the photostationary state ratio of the chiroptical switch 1 
embedded in the framework established in the bulk sample upon exposure to UV 
irradiation is essentially the same as the one reached in the solution. These findings 
are remarkable as it was previously shown that the photostationary state that can be 
reached in a bulk solid material is significantly reduced in comparison to the 
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solution. Furthermore, the porosity and gas uptake of the PSAF-2 material can be 
reversibly modulated with light and heat. Our findings open up opportunities to 
apply these novel materials, among others, in controlled gas uptake and release or 
switchable size-based or enantiomer-based separations.63 
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4.8 Experimental	Data	

General Considerations For general comments on synthesis, see Chapter 2. 
Compounds 253 and TPM-Br4

64 were synthesized according to the literature 
procedures, 4 and tetraphenyl methane purchased from commercial source. 

UV/Vis absorption and reflectance spectroscopy. Solution UV/Vis absorption 
spectra were collected on Hewlett-Packard 8453 diode array spectrometer in a 1 cm 
quartz cuvette. A 1-Br2 solution (8 μM, DCM) was irradiated at 365 nm for 10 min 
until no further changes were observed (i.e. PSS365 was reached). Next, the PSS365 
nm mixture was irradiated at 470 nm for 20 min until no further changes were 
observed in the UV/Vis spectrum. Throughout the irradiation experiments an 
isosbestic point was maintained at 385 nm.  

Solid state DR UV/Vis spectra were collected on Jasco V-570 UV/Vis NIR 
spectrophotometer equipped with Jasco ISN-470 integrating sphere. Prior to the 
measurement the samples of either PSAF-1 or PSAF-2 (2 mg) were ground with 
pestle in a mortar with BaSO4 (100 mg). The resulting samples were put on the 
sample holder and pressed with quartz window and spectra were collected. 
Samples were irradiated at either 365 nm or 470 nm for 30 and 45 min, 
respectively with LEDs placed 10 cm from the sample holder window. 

Raman spectroscopy. Raman spectra were collected on Perkin Elmer Raman 
Station connected to the Olympus BX51M microscope equipped with a 785 nm  
50 mW laser. For solution studies, samples of either 1-Br2 or 1-Br2-PSS365 were  
drop-casted from a DCM solution (10-3 M) on a quartz slide and Raman spectra 
were recorded. For PSAF-1 or PSAF-2, samples were placed on a quartz substrate 
and irradiated at 365 nm and subsequently 470 nm and Raman spectra were 
recorded. 



 

 
115 

 
 
 
 

Modulation of porosity in a solid material enabled by bulk isomerization of an 
overcrowded alkene  

NMR Spectroscopy. For 13C and 1H NMR spectra of both PSS365 and PSS470 
mixtures sample of 1-Br2 (3 mM, d2-DCM) was irradiated at 365 nm for 30 min. at 
RT and spectra were recorded. Subsequently, the same sample was irradiated at 
470 nm for 1 h to reach PSS470. 

Differential Scanning Calorimetry analysis. Differential Scanning Calorimetry 
(DSC) analyses were performed on a Mettler-Toledo StarE instrument from 25 to 
300 °C with a heating rate of 10 °C min-1 under an 80 ml min-1 flux of nitrogen. 

Thermogravimetric Analysis. Thermogravimetric Analyses (TGA) were 
performed on a Mettler-Toledo DSC/TGA 1 StarE System from 0 to 800 °C at 
a 10°C min-1 heating rate under a 50 ml min-1 flux of air. 

Solid State NMR 13C solid-state NMR experiments were carried out at 75.5 MHz 
with a Bruker Avance 300 instrument operating at a static field of 7.04 T equipped 
with high-power amplifiers (1 kW) and a 4 mm double resonance MAS probe. 
13C{1H} ramped-amplitude Cross Polarization (CP) experiments were performed at 
a spinning speed of 12.5 kHz using a contact time of 2 ms, a 90° pulse for proton 

of 2.9 s and a recycle delay of 5 s. Spectral profiles, recorded with 30840 scans, 
were simulated by mixed Gaussian/Lorentzian line shapes in the ratio of 1:1. 
Quantitative 13C Single-Pulse Exctations (SPE) MAS NMR experiments were 
performed at a spinning speed of 12.5 kHz with a recycle delay of 100 s and a 90° 
pulse of 3.6 μs length. The simulation analysis could provide the quantification of 
TPM (78%) and switch (22%) units in PSAF-2 architecture, in agreement with the 
synthetic procedure. Crystalline polyethylene was taken as an external reference at 
32.8 ppm from TMS. 

Gas Adsorption Experiments N2 and CO2 adsorption/desorption isotherms were 
collected at liquid nitrogen temperature (77 K) and solid carbon dioxide 
temperature (195K), respectively, and up to 1 bar of pressure on a Micromeritics 
ASAP 2020 HD analyzer. All samples were degassed by heating at 130°C for 5 h 
under vacuum (approx. 10-3 mmHg) before carrying out the analysis. Specific 
surface area values were calculated from the N2 isotherms using the Brunauer, 
Emmett, and Teller (BET) model and the Langmuir model. Pore size distributions 
were calculated from nitrogen adsorption curves considering a slit pore geometry 
and the Non-Local Density Functional Theory (NLDFT). 
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4-(2,7-dibromo-9H-fluoren-9-ylidene)-3-methyl-1,2,3,4-tetrahydrophenan-
threne (1) 

A two-neck round bottom flask equipped with reflux 
condenser was charged with 2,7-dibromofluorenone 3, (1.0 
equiv., 340 mg, 1.0 mmol), Lawessons reagent (2.0 equiv., 
814 mg, 2.0 mmol) and dry toluene (20 mL) was added and 
the reaction mixture was heated at 100 °C for 2 h. Next, the 
reaction mixture was cooled to room temperature, filtrated over a plug of cotton, 
concentrated in vacuo and the residue was purified by column chromatography 
(SiO2, pentane/DCM 5:1) and concentrated in vacuo to afford thioketone 4 as 
a browne oil (135 mg, 0.38 mmol, 38%), which was used immediately in the next 
step. A separate flask was charged with hydrazone 2 (1.0 equiv., 85 mg, 0.38 
mmol) and DMF (5 mL) was added. Next, the reaction mixture was cooled to  
-40 °C, and a solution of PIFA ([Bis(trifluoroacetoxy)iodo]benzene) (1.05 equiv., 
172 mg, 0.40 mmol) in DMF (2 mL) was added dropwise. The reaction mixture 
was stirred at -40 °C for 5 min during which the colour of the reaction mixture 
changed to pink. Next, the solution of previously prepared thioketone 4 in DCM 
(10 mL) was added dropwise. The reaction mixture was allowed to warm up to 
room temperature overnight, and HMPT (Tris(dimethylamino)phosphine) (186 mg, 
1.14 mmol, 207 μL, 3.00 eq.) was added and stirring was continued at room 
temperature for 24 h. Next the reaction mixture was diluted with EtOAc (60 mL), 
washed two times with water (2 x 30mL), brine (30 mL), dried over MgSO4, 
filtrated and concentrated in vacuo. The crude product was purified by flash 
column chromatography (SiO2, pentane/DCM) to afford 1 as yellow solid (133 mg, 
0.26 mmol, 68%). 1H NMR (400 MHz, CDCl3) δ 8.19 (d, J = 1.6 Hz, 1H), 7.92 
(dd, J = 12.3, 8.2 Hz, 2H), 7.79 (d, J = 8.5 Hz, 1H), 7.63 (d, J = 8.1 Hz, 1H), 7.54 
(dd, J = 8.1, 1.7 Hz, 1H), 7.52 – 7.36 (m, 3H), 7.26 – 7.21 (m, 1H), 7.17 (dd, J = 
8.1, 1.8 Hz, 1H), 5.96 (d, J = 1.7 Hz, 1H), 4.20 (p, J = 7.0 Hz, 1H), 2.87 – 2.74 (m, 
1H), 2.66 – 2.40 (m, 2H), 1.36 – 1.12 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 
147.7, 140.0, 139.4, 139.1, 138.4, 137.0, 132.2, 132.1, 131.6, 131.2, 130.0, 129.5, 
129.2, 128.3, 128.1, 127.9, 127.0, 125.7, 125.0, 124.2, 120.9, 120.7, 120.4, 119.8, 
34.8, 30.4, 29.4, 20.5. HRMS (ESI pos.) calcd C28H20Br2 [M+] 516.9926 found 
519.9921. 

Synthesis of PSAF-1 and PSAF-2. 

Synthesis of PSAF-1. 1 (1.0 equiv., 32.4 mg, 0.063 mmol) and 5 (10.0 equiv., 400 
mg, 0.63 mmol) were transferred in an oven-dried 50 ml two-neck round-bottom 
flask. The flask was closed with a silicon septum and three vacuum-nitrogen cycles 
were performed. Then, dry THF (30 ml) was transferred by means of a syringe and 
the mixture was stirred at RT under N2 until complete dissolution of the solids. 
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Meanwhile, inside a glovebox, Ni(COD)2 (1 g, 3.64 mmol) and 2,2’-bipyridyl (570 
mg, 3.65 mmol) were transferred to an oven-dried 250 ml three neck flask 
equipped with a nitrogen inlet. One of the necks was sealed with a silicon septum. 
The closed flask was brought outside the glovebox, covered with aluminum foil 
and quickly put under N2 atmosphere. Then, dry DMF (90 mL), dry THF (20 mL) 
and cyclooctadiene (COD) (0.5 ml, 4.08 mmol) were added by means of a syringe. 
The violet mixture was stirred at RT for a few seconds, before cooling it to 0 °C 
with an ice bath. As the mixture was cooling down, an oven-dried 50 ml pressure-
equilibrating dropping funnel was mounted on the last neck of the flask, flushed 
with N2 and finally sealed with a rubber septum. The solution of 1 and 5 previously 
prepared was transferred to the dropping funnel by means of a syringe and added to 
the violet mixture over 15–20 min. At the end of the addition, the resulting mixture 
was stirred at 0 °C for additional 15 minutes, then it was allowed to cool at RT and 
left to react under N2 for 48 h. After that, the flask was opened to air and diluted 
aqueous HCl was added (10 mL, 2.5% wt); the mixture was stirred at RT until it 
turned to a bright blue color. At this point, the suspended white solid was recovered 
by filtration and washed with THF (2 x 30 mL), water (3 x 30 mL), chloroform (2 
x 30 mL) and acetone (2 x 30 mL). PSAF-1 was obtained as pale-yellow powder 
(156 mg, 70 % yield). 

Synthesis of PSAF-2. PSAF-2 was synthesized following the same procedure 
described for PSAF-1. The following quantities were used: 1 (75 mg, 0.145 mmol), 
5 (370 mg, 0.581 mmol), Ni(COD)2 (1g, 3.64 mmol), COD (0.5 mL, 4.08 mmol), 
2,2’-bipyridyl (570 mg, 3.65 mmol), DMF (90 mL), THF (20+30 mL). PSAF-2 
was obtained as deep yellow powder (183.6 mg, 78%).  

 

Figure 4.11 X-ray Powder Diffraction patterns of PSAF-1 (black trace) and 
PSAF-2 (red trace). Both patterns show no Bragg reflections which indicates that 
both materials are amorphous. 
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Figure 4.12 Differential Scanning Calorimetry analysis of PSAF-1 (black trace) 
and PSAF-2 (red trace) collected from 25 to 300 °C with a heating rate of 10 °C 
under 80 ml min-1 flux of nitrogen. Both materials are stable up to 300 °C. 

 

Figure 4.13 13C-NMR solution spectra (CD2Cl2, 400 MHz, RT) of 1-Br2 (black 
trace) and 1-Br2 PSS365 (red trace) obtained upon irradiation of a 3 mM solution of 
1-Br2 at 365 nm for 30 min. Part of the spectrum (110–40 ppm) has been removed 
for clarity. 
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Figure 4.14 Comparison between aliphatic part of 13C CP MAS NMR of PSAF-2 
(black line) and PSAF-2 PSS365 (red line) (irradiation time 54 h). These spectra 
have been used to produce the results shown in Figure 4.9. 

 

Figure 4.15 Selected part of 13C CP MAS NMR spectrum of PSAF-2 PSS470 (after 
irradiation at 470 nm for 100 h, solid black line). Coloured peaks represent the 
deconvoluted spectrum. Red peaks indicate resonances coming from 1mst, blue 
peaks denote resonances coming from 1st. The ratio between the total area of the 
blue and red peaks was used to determine the stable to metastable isomers ratio of 
51 to 49.  
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Figure 4.16 CO2 adsorption/desorption isotherms collected at 195 K up to 1 bar. 
As synthesized PSAF-2 (red trace) and PSAF-2 irradiated with 365 nm light 
(yellow trace). 

Table 4. 13C chemical shifts of PSAF-2 before and upon irradiation at 365 nm. 
Assignment in agreement with Figure 4.4. 

PSAF-2 Assignment Chemical Shift (ppm) 

before irradiation 

a 34.9 
b 31.1 
c 29.2 

CH3 19.5 
d 119.1 
C1 64.7 
C2 146.0 
C3 139.6 
C4 131.4 
C5 126.0 

upon irradiation at 365 nm for 54 h 

a 34.1 
b 30.8 
c 28.1 

CH3 19.5 
d 119.1 
C1 64.7 
C2 145.9 
C3 139.8 
C4 131.3 
C5 126.1 
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Table 4. 13C chemical shifts, assignments and quantitative results of  
PSAF-2 PSS365 and PSAF-2 PSS470. Assignment in agreement with Figure 4.4, 
resonances corresponding to metastable isomer were denoted to asterisk. 

PSAF-2 δ (ppm) Assignment % Area % Stable  % Metastable  

PSAF-2  
PSS365 

 

34.9 a 1.6 

6.8% 93.2% 

31.1 b 1.7 
29.2 c 1.7 
19.5 CH3 25.0 
34.1 a* 23.4 
30.8 a* 23.3 
28.1 c* 23.3 

PSAF-2  
PSS470 

 

35.0 a 12.8 

51.2% 48.8% 

31.2 b 12.8 
29.0 c 12.9 
19.6 CH3 25.0 
33.9 a* 12.2 
30.7 b* 12.1 
27.6 c* 12.2 
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Chapter	5	
Control	over	Surface	Wettability	by	
Surface‐Immobilised	1st	Generation	
Molecular	Motors	

 

 

 

 

 

 

 

 

 

 

To harness work from nanoscale molecular systems, it is essential to overcome thermal motion that 
the molecules experience in solution by means of immobilization without impartment of the 
molecular function. One of the strategies to achieve such immobilization is attachment to a surface. 
Here, we present surface bound first-generation overcrowded-alkene based molecular motors 
displaying a degree of light-controlled wetting properties. Two functionalised motors were 
successfully synthesized and their photochemical and thermal isomerization steps characterised by 
using 1H-NMR and UV/Vis absorption spectroscopy. Mixed self-assembled monolayers of 
alkanethiols and motors equipped with a functional group, either a hydrophobic fluoroalkyl moiety or 
an alkyl chain bearing a hydrophilic carboxylic acid functionality, were prepared. Water contact angle 
(WCA) measurements of the functionalised surfaces were used to assess their wettability. Except for 
a system employing a surface-immobilized carboxylate motor, no significant changes in WCA upon 
expected formation of the mixed monolayers. The reversible variations in wetting properties upon 
alternating irradiation observed for the carboxylate motor immobilized in mixed monolayer may 
indicate an isomerization of molecular motor mounted on the surface. Nonetheless, more experiments 
are required to establish a more pronounced photo-control over the surface wettability. 
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5.1 Introduction	

Development of synthetic molecular machines and switches allow to achieve 
control over nanoscale molecular motion in man-made systems with a precision 
approaching that shown by their biological counterparts.1–3 Inspired by the wealth 
and abundance of molecular machines found in nature,4,5 synthetic analogues 
responsive to pH,6–9 chemicals,10–12 electrical fields13,14 or light,15–18 have been 
constructed. While Brownian motion is dominant over any directional motion in 
liquids proper surface attachment would allow for harnessing work from such 
systems.19–22 Thus surfaces, functionalized with responsive molecules that can 
undergo defined changes as a consequence of various types of external stimuli, are 
of great interest due to their potential applications as sensors,23–26 lubricants27–29 
coatings30–32 or electronic devices.33–36 Among different stimuli, light is non-
invasive, waste-free and offers highest degree of spatiotemporal control in addition 
to fast response times.37–39 For this reason, organization of the photoresponsive 
molecules on surfaces in form of self-assembled monolayers (SAMs) is one of the 
most promising strategies to fabricate functional interfaces which is illustrated by 
numerous examples of dynamic and responsive systems with features ranging from 
tuneable wettability40,41 to modified conductance42,43 and optical properties.44,45 
Furthermore, this strategy has enabled fabrication of functional surfaces that are 
able to convert light energy into macroscopic work manifested by directional 
motion of the organic liquids.46,47 Despite this remarkable progress, light-induced 
water contact angle (WCA) changes on flat non-patterned surfaces functionalized 
with azobenzenes,48–50 spiropyrans,51–53 dithienylethenes,54 rotaxanes,47 catenanes55 
or fulgides44,56 are moderate, amounting up to ΔWCA ~ 15° difference between 
irradiated and non-irradiated surfaces. Therefore, the development of new 
molecular systems that would display higher photomodulation of WCA and thus 
better photocontrol over surface wettability represents a key challenge of 
fundamental implications. 

Overcrowded-alkene based molecular motors comprise a distinctive class of 
molecular machines owing to their stereochemically controlled unidirectional 
rotary motion.15,57 The full rotary cycle of these molecules comprises of two 
successive sequences of photochemical E/Z isomerization, in which a metastable 
form is generated, followed by a thermal isomerization in which the build-up strain 
is released and the stable isomer is generated.58 Compared to other photoswitches 
these molecules show a large structural change associated with photochemical E/Z 
isomerization, which can be explored for fine-tuning of surface properties such as 
wettability or surface energy by exerting a large amplitude motion of functional 
groups connected to the surface-bound photoresponsive core of the molecule.54,59 
Thus, despite usually showing only minor changes in the polarity during the 
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photochemical isomerization these compounds are expected to constitute an 
attractive alternative molecular system to other commonly used photoswitches for 
surface functionalization.60 Initial studies on overcrowded alkenes oriented in 
altitudinal and azimuthal fashion relative to the surface, showed a significant 
impairment of the photochemical and thermal isomerizations due to the 
intermolecular interactions in the densely packed monolayers resulting in 
negligible changes in wettability upon irradiation.61–65 To overcome this limitation, 
a bulky tripodal surface-anchoring group was developed which facilitated 
unhindered molecular motion and consequently led to a large variations in the 
surface wettability ΔWCA = 16° achieved upon photochemical E/Z isomerization 
of the tripodal molecular motors confined in the monolayer. However, a major 
drawback of this system was poor reversibility, originating from low thermal 
stability of the metastable isomer, which led to equal population of both E/Z 
diastereoisomers over two irradiations cycles.54  

In contrast to second-generation molecular motors, previously used for surface 
modification, their first-generation counterparts show superior photostationary state 
ratios and quantum yields of photoisomerization.58 Besides advantageous 
photochemical properties, high thermal stability of the metastable isomer at room 
offers opportunities to exploit these molecules as multistate switches.66,67 Herein 
we demonstrate a photomodulation of surface wettability with first-generation 
molecular motor based on minimalistic design. Key points in this design are the 
first-generation p-xylene based motor scaffold with a hydrophilic or hydrophobic 
substituent and a sufficiently long linker separating motor core from surface 
anchoring group. Two different substituents with contrasting polarity, either 
a hydrophobic fluoroalkyl moiety or an alkyl chain bearing hydrophilic carboxylic 
acid functionality were attached to the photoswitchable unit via ether linkage 
(Figure 5.1). For gold surface functionalization, mixed monolayers with aliphatic 
alkylthiols, bearing various chain lengths, were used to achieve sufficient spatial 
separation of the surface-bound motors. However, only the carboxylate system 
seemed to show a photomodulation the surface wettability in a reversible manner 
upon sequential photoisomerizations. Nevertheless, further experiments are needed 
to ascertain the reproducibility of this system. 
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Figure 5.1 Molecular structures of fluorinated motors E/Z-1 and carboxylic acid 
motors E/Z-2.  

5.2 Synthesis	

The functionalised motors E/Z-1 and E/Z-2 were based on the same  
p-xylene based first-generation molecular motor motif (Figure 5.1). The p-xylene 
derived motor core was chosen for its synthetic accessibility, ease of 
functionalization, and the suitable stability of the photogenerated metastable 
isomers which, in practice, allows to use this scaffold as a multi-state photoswitch. 
The corresponding diol overcrowded alkenes (E/Z-5) were synthesized according 
to the established literature procedure: indanone synthesis, followed by McMurry 
coupling and finally deprotection in neat MeMgI at 160 °C.68  

A series of substitution reactions were used to introduce the designed functional 
groups to this functional overcrowded alkene (Scheme 5.1, Scheme 5.2). First, the 
diol motor E/Z-5 was coupled with ethyl 4-bromobutryrate in the presence of base 
to prepare monosubstituted Z-6a in a good yield (44%) easily separable from other 
side product and starting material by column chromatography. Conversely, E-6a 
could not be separated from the starting diol motor, therefore, the resulting mixture 
was directly used in the subsequent synthesis steps. Attachment of the second 
substituent, for both E/Z diastereoisomers, was performed under similar conditions, 
however, an excess of dibromododecane was required to achieve desirable 
conversion. Both products were isolated as an inseparable mixture of terminal 
bromide/iodide and used as mixtures in the subsequent step. The terminal primary 
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halogen was then converted to the corresponding thioacetate, yielding E/Z-7a, 
which were used for the further photochemical studies in solution. For surface 
functionalization both ester and thioacetate moieties were deprotected under basic 
conditions, affording E/Z-2 in moderate yields (Scheme 5.1). The respective E/Z 
diastereoisomers were identified based on the literature data on the characteristic 
chemical shift of the 1H NMR resonances characteristic of the methyl groups 
connected to the hydroxyphenyl rings and adjacent to the olefinic bond, which for 
Z-isomer are shielded by the aromatic ring.68 For surface functionalization, the 
targeted molecular motors E/Z-2 were stored under N2 in glove box.  

 

Scheme 5.1 Synthesis of carboxylate molecular motors E-2 and Z-2 

Starting from diol motors E/Z-5 a similar approach was used to generate the 
fluorinated motors, that is first attachment of the fluorinated alkane (head group), 
followed by introduction of the alkyl linker and finally converted to the 
corresponding thioacetates (E/Z-1). Similar yields to those obtained for the 
corresponding steps in the synthesis of the ester analogue were achieved (Scheme 
5.2). The target thioacetate motors E/Z-1 were used for the photochemical studies 
in solution and for surface functionalization as the thiol moiety can be liberated in 
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situ during the attachment to the surface.54 The respective E/Z diastereoisomers 
were identified based on the literature data on the characteristic chemical shift of 
the 1H NMR resonances characteristic of the methyl groups connected to the 
hydroxyphenyl rings and adjacent to the olefinic bond, which for Z-isomer are 
shielded by the aromatic ring.68 

 

Scheme 5.2 Synthesis of fluorinated molecular motors E-1 and Z-1 

5.3 Photochemical	and	thermal	isomerization	in	solution	

With the desired compounds in hand, the photoswitching behaviour of the motors 
E/Z-1 and E/Z-7a in solution was investigated with UV/Vis absorption and 1H 
NMR spectroscopies. First generation overcrowded-alkenes based molecular 
motors have four different diastereoisomers that can be accessed using light and 
heat stimuli. However, in case of the p-xylene based motor core, at room 
temperature only three states are accessible as the rate of the thermal helix 
inversion of the metastable-E isomer is expected to be high (t1/2 ~4.6 s for the 
structurally related diol motor at 20 ºC, Figure 5.2a).68 Therefore, starting from 
either the stable-E or stable-Z isomers, upon irradiation at 300 nm the same 
photostationary states (PSS) mixtures can be generated consisting of metastable-E 
and stable-Z isomers. The metastable-E isomer can be subsequently converted 
either photochemically into stable-Z isomer or thermally into stable-Z. To 
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summarise, the three main processes are: (i) reaching the PSS and (ii) subsequent 
THI to the stable-Z isomer or (iii) switching back to the stable-E isomer upon 
irradiation at higher wavelength. Hence, under ambient conditions these molecular 
motors can be used as multi state and multi stimuli responsive switches (Figure 
5.2b). 

 

Figure 5.2 (a) Representation of light and heat driven unidirectional rotary cycle 
of molecular motors E/Z-7a and E/Z-1. (b) Representation of isomerization 
pathways and accessible isomers of molecular motors E/Z-7a and E/Z-1 at room 
temperature used as multi-stimuli responsive multi-state switches. 

UV/Vis absorption spectroscopy was used to analyse the different photochemical 
and thermal isomerization steps. Upon irradiation at 300 nm of either Z-7a or E-7a 
THF solution a bathochromic shift in the absorption maximum was observed, 
leading to spectra with features characteristic of the twisted metastable-Z isomer 
(Figure 5.3a,b, respectively red spectra).69 Starting from the E-7a isomer a clear 
isosbestic point at 331 nm was maintained throughout the photochemical 
isomerization indicating unimolecular isomerization (Figure 5.3b, top inset). 
Conversely, for Z-7a no isosbestic point was observed in line with the stepwise 
formation of metastable Z-7a proceeding via intermediate metastable Z-7a and 
stable Z-7a (Figure 5.3a, top inset, see Figure 5.2a). Subsequent irradiation at 
longer wavelengths (λmax = 395 nm) led to the formation of the stable E-7a isomer 
accompanied by a characteristic hypsochromic shift of the absorption maxima 
(Figure 5.3a,b, blue spectra). In both cases, clear isosbestic points were maintained 
at 331 nm indicating unimolecular process (Figure 5.3a,b, bottom insets).  
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Figure 5.3 (a) Changes in the UV/Vis absorption spectrum of Z-7a (black 
spectrum), upon irradiation at 300 nm (PSS300, red spectrum) followed by 
irradiation at 395 nm (PSS395, black spectrum). (b) Changes in the UV/Vis 
absorption spectrum of E-7a (black spectrum), upon irradiation at 300 nm (PSS300, 
red spectrum) followed by irradiation at 395 nm (PSS395, black spectrum). Insets 
show expansion of the spectra around 331 nm with grey lines representing 
intermediate spectra.  

In the 1H NMR spectroscopy, irradiation of E-7a (Figure 5.4a, black spectrum) at 
300 nm in d8-THF led to a formation of the metastable Z-7a isomer with 
a photostationary state ratio of 70:30 of metastable Z-7a: stable E-7a. Large upfield 
shifts of resonances ascribed to protons of the methyl groups attached to the 
aromatic rings (Me3, Figure 5.4a, red spectrum) were observed due to the shielding 
by aromatic rings in Z isomer.68 Simultaneously, a downfield shift of the 
resonances ascribed to methyl protons connected to the stereogenic centres (Me1, 
Figure 5.4a, red spectrum) was observed, characteristic of the formation of the 
metastable Z-7a, in which Me1 adopts pseudoequatorial conformation (Figure 5.4a, 
red spectrum).69 The photogenerated metastable Z-7a isomer was quantitatively 
converted to the corresponding stable Z-7a isomer by heating at 40 °C for 15 h 
(Figure 5.4a, blue spectrum). Irradiation of Z-7a (Figure 5.4b, black spectrum) at 
300 nm in d8-THF at room temperature led to the formation of stable E-7a and 
metastable Z-7a giving rise to the same photostationary state mixture (70:30 of 
metastable Z-7a: stable E-7a) as for E-7a (Figure 5.4b, red spectrum, dashed lines 
lead to resonances corresponding to both isomers and resonances characteristic of 
stable E-7a are additionally labelled). Irradiation of this mixture at 395 nm led to 
quantitative isomerization of metastable Z-7a to stable E-7a, evident from large 
downfield shifts of the resonances ascribed to protons Me3 and upfield shift of 
resonances associated with protons Me1 (Figure 5.4b, blue spectrum).68 Hence, in 
solution, molecular motors E/Z-7a can be used as multistate switches undergoing 
large geometrical changes in response to two different stimuli (Figure 5.3b) 
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Figure 5.4 (a) 1H-NMR spectra (400 MHz, d8-THF, 20 C) of stable E-7a (black 
spectrum), photostationary state mixture of metastable Z-7a and stable E-7a 
generated upon irradiation of E-7a at 300 nm at room temperature (red spectrum), 

and after subsequent heating (40 C, 15 h) to induce thermal helix inversion of 
metastable Z-7a to stable Z-7a (blue spectrum). (b) 1H-NMR spectra (400 MHz,  

d8-THF, 20 C) of stable Z-7a (black spectrum), photostationary state mixture of 
metastable Z-7a and stable E-7a (red spectrum) generated upon irradiation of Z-
7a at 300 nm at room temperature, and E-7a generated upon subsequent 
irradiation at 395 nm (blue spectrum). The composition of the photostationary 
state mixtures 70:30 of metastable Z-7a to stable E-7a was determined by 
integration of the resonances corresponding to the respective isomers.  
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Analogous switching sequence for perfluorinated motors E/Z-1 was followed with 
UV/Vis absorption and 1H NMR spectroscopies. Similar to motors E/Z-7a, 
irradiation of either E-1 or Z-1 (Figure 5.5a,b, respectively, black spectra) at  
300 nm in THF led to a bathochromic shift of the absorption maximum, and 
absorption spectra at the photostationary state consistent with the formation of the 
metastable-Z isomer (Figure 5.5a,b for E-1 and Z-1 respectively, red spectra).69 
Accordingly, subsequent irradiation at 395 nm resulted in hypsochromic shift 
absorption maxima, leading to an absorption spectra indicative for the formation of 
the stable E-1 isomer (Figure 5.5a,b red spectra). The isosbestic point at 331 nm 
was maintained throughout all the photoisomerizations except stable  
Z-1→metastable Z-1 process, proceeding through intermediate, that is metastable 
E-1 and stable E-1 (Figure 5.5a,b insets).  

 

Figure 5.5 (a) Changes in the UV/Vis absorption spectrum of Z-1 (black 
spectrum), upon irradiation at 300 nm (PSS300, red spectrum) followed by 
irradiation at 395 nm (PSS395, black spectrum). (b) Changes in the UV/Vis 
absorption spectrum of E-1 (black spectrum), upon irradiation at 300 nm (PSS300, 
red spectrum) followed by irradiation at 395 nm (PSS395, black spectrum). Insets 
show expansion of the spectra around 331 nm with grey lines representing 
intermediate spectra. 

In the 1H NMR spectroscopy the respective stable and metastable isomers were 
identified based on the characteristic shifts of the resonances ascribed to Me3 and 
Me1 methyl protons (Figure 5.6a,b). Irradiation at 312 nm of both E-1 and Z-1 led 
to the same photostationary state mixture comprising of 76% of metastable Z-1 and 
26% of stable E-1 isomers, as determined by integration of the signals 
corresponding to the individual isomers (Figure 5.6a,b, red spectra). The 
photogenerated metastable Z-1 could be quantitatively converted thermally into 
stable Z-1 by heating at 40 °C for 15 h (Figure 5.6a, blue spectrum) or 
photochemically into stable E-1 by irradiation at 395 nm (Figure 5.6b, blue 
spectrum). Thus, both functional motors showed the same isomerization behaviour. 
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Figure 5.6 (a) 1H-NMR spectra (400 MHz, d8-THF, 20 C) of stable E-1 (black 
spectrum), photostationary state mixture of metastable Z-1 and stable E-1 
generated upon irradiation of E-1 at 300 nm at room temperature (red spectrum), 

and after subsequent heating (40 C, 15 h) to induce thermal helix inversion of 
metastable Z-1 to stable Z-1 (blue spectrum). (b) 1H-NMR spectra (400 MHz,  

d8-THF, 20 C) of stable Z-1 (black spectrum), photostationary state mixture of 
metastable Z-1 and stable E-1 (red spectrum) generated upon irradiation of Z-1 at 
300 nm at room temperature, and E-1 generated upon subsequent irradiation at 
395 nm (blue spectrum). The composition of the photostationary state mixtures 
76:24 of metastable Z-1 to stable E-1 was determined by integration of the 
resonances corresponding to the respective isomers. 



 

 
136 
 
 
 
 

Chapter 5  

The kinetics and the barrier of the thermal helix inversion of the isomerization of 
metastable-Z to stable-Z isomers was determined by Eyring plot analysis. The 
changes in absorption at 355 nm were followed over time in range of temperatures 

(50.0–60.0 C, every 2.5 C) and the determined temperature dependence of the 
rate constant for these processes was used to extrapolate the Gibbs free energy of 
activation (Δ‡G) to room temperature. In the case of the “ester” motor 7a a value of 

Δ‡G(20 C) = 101.6±1.9 kJ·mol-1 (t1/2 ~41 h) was found, while the “fluorinated” 
motor 7b showed a comparable barrier of 100.4±0.4 kJ mol-1 (t1/2 ~24 h) for this 
thermal isomerization, thus illustrating high thermal stability of the metastable-Z 
isomers of both 7a and 1 at room temperature (see experimental section). These 
values are similar to that obtained for the structurally related diol motor 5  

(Δ‡G(20 C) = 100±0.4 kJ mol-1),68 thus demonstrating that functionalization used 
in this study have minor influence on the thermal isomerization of this 
overcrowded alkene scaffold. In conclusion, the determined barriers for the thermal 
helix inversion are sufficiently high to allow for three-state switching at room 
temperature.  

5.4 Surface	functionalization	

Mixed monolayers containing motor were created by immersing a gold substrate in 
a solution of either 1-hexanethiol or 1-decanethiol in THF, followed by exchange 
of the self-assembled system with a solution containing either stable-Z/E-1 or  
Z/E-2. This way, in principle first a densely packed self-assembled (SAM) of 
alkanethiols is formed after which incorporation of the bulky functionalised motors 
takes place. Besides providing spatial separation between the motor units on the 
surface, we envisioned that this approach would favour the desired altitudinal 
orientation and formation of the ”standing-up” phase.33,70  

For the surface-immobilisation of molecular motors E/Z-1, no deprotecting reagent 
such as hydrazine was used, as in situ deprotection should occur by thiol-
thioacetate metathesis during monolayer formation.71 First, mixed monolayers of 
hexanethiol and E-1 were prepared. Upon thiol exchange in 6-SAM with the E-1 
no significant changes in the WCA were observed (Table 1) whereas an increase in 
WCA, that is a more hydrophobic interface, was expected. Similarly, upon thiol 
exchange in 6-SAM with the molecular motor Z-1 or thiol exchange in SAMs of 1-
dodecanethiol (10-SAM) with E-1 no significant changes in wettability of the 
surface were observed (Table 1). These observations might be due to the following 
reasons: (i) first, little or no E-1 molecular motors were incorporated in the 6-SAM 
with the employed fabrication procedure; (ii) secondly, the flexibility of the alkyl 
chains at the motor core may lie on top of the 6-SAM with the functional group 
pointing in a random direction, instead of adopting the desired “standing-up” 



 

 
137 

 
 
 
 

Control over Surface Wettability by Surface-Immobilised 1st 
Generation Molecular Motors 

phase; (iii) finally, the underlying gold substrate may have very poor quality and 
large variation of the WCA originating from the substrate defects diminish subtle 
changes of the WCA upon inclusion of the molecular motor. Furthermore, for all 
SAMs irradiation of the surfaces at 300 nm resulted in a significant decrease of 
WCA. This observation can be attributed to the decomposition of SAMs upon 
exposure to hard UV light.  

Table 1 Water Contact Angle for Mixed SAMs containing stable-E or stable-Z 7b 
before and after irradiation with UV and visible light. 

  contact angle (deg) 

mixed before irradiation after irradiation (300 nm) 

6-SAM 

- 99.4 ± 2.5 

E-7b 96.9 ± 2.3 90.4 ± 3.3 

Z-7b 97.3 ± 5.1 94.2 ± 3.6 

10-SAM 

- 103.8 ± 1.2 

E-7b 
105.4 ± 2.7 99.6 ± 3.3 

101.6 ± 1.5a 98.0 ± 2.1a 

The average WCA and error margins are set as a variance over at least three 
samples and five measurements per sample, adifferent sample preparation: 
exchange in new solution of E-7b (0.5 mM) in THF instead of a mixture of  
1-decanethiol (0.25 mM) and E-7b (0.25 mM) in THF. Results of one sample only.  

For the “carboxylic” acid motor, first the functionalisation of the 10-SAM surface 
with the E-2 isomer was studied. As the functional group of carboxylic acid motor 
1 is considerably smaller than that of the perfluorinated analogue 7b, in this case 
mixed monolayers with the longer 1-decanethiols were expected to provide the 
motor with more space to rotate. In principle such a system would combine the 
advantages of the more ordered 1-decanethiol SAM72 while at the same time offer 
the possibility to switch the surface-bound motors. The large experimental error 
margins associated with the WCAs of the 10-SAM with E-2 complicated the 
interpretation of the data. Nevertheless, upon an exchange of the thiols in 10-SAM 
with E-2 a small but significant decrease in WCA was observed, in line with the 
expected change in the wettability of the surface (Table 2). Upon irradiation of the 
sample at 300 nm light, no significant change in wettability of the surface was 
observed (Table 2). Therefore, to induce a larger change in surface wettability, the 
corresponding carboxylate functionalised surface was created using droplets of an 
aqueous saturated K2CO3 solution. However, changing the water to basic pH not 
only deprotonates the motors but also introduces more variables to the system as 
a whole, for example additional impurities. Moreover, in the case of the motor 
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lying on top of the surface, the favourable interaction could orient them in a more 
upward fashion, which would have a significant impact on the system and should 
therefore be carefully taken into account in future studies. Nevertheless, upon 
irradiation of the E-2 functionalised 10-SAM surface at 300 nm an expected 
increase in the aqueous K2CO3 solution droplet contact angle was observed  
(82.2° → 92.5°) and a decrease (92.5° → 83.6°) after subsequent irradiation at 395 
nm (Table 2, Figure 5.7).  

Table 2 Water Contact Angle for Mixed SAMs containing protonated or 
deprotonated stable-E 1 before and after irradiation with UV and visible light. 

   contact angle (deg) 

 
pH of 
water 

mixed 
before 

irradiation 
after irradiation 

(300 nm) 
after irradiation 

(395 nm) 

10-
SAM 

7 
- 103.8±1.2  

E-2 95.1±4.8 91.8±3.8  

10-
SAM 

12 
- 99.9±4.4 98.6±2.3  

E-2a 82.2±5.6 91.5±3.5 83.6±2.6 

The average WCA and error margins are set as a variance of multiple 
measurements, aresults based on one sample 

This is consistent with the motor first burying the hydrophilic functional group in 
the SAM and then exposing it towards the interface. While the second change 
could again be due to degradation of the sample, the initial increase in WCA 
clearly indicated the involvement of some other process consistent with the 
anticipated sequence of photochemical E/Z isomerisations. In a control experiment, 
no change in WCA was achieved after irradiation of the pure alkanethiol 10-SAM 
(Table 2). Nevertheless, further studies are required to confirm and quantify the 
functionalization of the gold surface with E-2, and further optimization of the 
fabrication procedure is required to possibly improve the photocontrol over the 
surface wettability. Additionally, in the future a higher quality gold substrates e.g. 
ultra-smooth template-stripped gold73 should be used to minimize the influence of 
underlying defects on the WCA. Alternatively, patterned or microstructured 
substrates may be used to maximize the observed, modest changes in wettability.74  

 

 



 

 
139 

 
 
 
 

Control over Surface Wettability by Surface-Immobilised 1st 
Generation Molecular Motors 

 

Figure 5.7 Water (pH = 12) droplet on E-2 10-SAM upon irradiation of the 
surface. 

5.5 Conclusions	

To conclude, first-generation motors bearing a hydrophobic perfluorinated or 
hydrophilic carboxylic acid functional group and a flexible linker were designed. 
The two types of functionalised motors were successfully synthesized in both  
E- and Z- isomers. The photochemical isomerizaitons steps and thermal helix 
inversion of these motors were studied in solution with UV/Vis absorption and  
1H-NMR spectroscopy. Upon irradiation with UV light (λmax = 300 nm) comparable 
photostationary state ratios (comprising of ca. 70% of metastable-Z and 30% of 
stable-E isomers) were achieved for both motors in solution. Furthermore, 
switching back to the stable-E isomers upon irradiation at 395 nm and thermal 
helix inversion to the stable-Z isomers were demonstrated. The barriers of this 
thermal process were determined by Eyring analysis and found to be similar (< 100 
kJ mol-1) and comparable to those of the structurally related diol motor. For 
molecular motors bearing fluorinated alkyl chain head group no significant change 
in water contact angle was observed upon anticipated incorporation of the motor in 
the monolayer and most probably degradation upon exposure to 300 nm UV light. 
In the case of molecular motor bearing carboxylic acid head group, small but 
significant changes were observed in WCA of the saturated aqueous K2CO3 droplet 
upon sequence of the consecutive irradiation of the substrate. Nevertheless, further 
experiments, especially XPS spectroscopy data, are needed to establish the 
reproducibility of the system, and to confirm and quantify functionalization of the 
surface. Furthermore, in the future high-quality gold substrates should be used to 
minimize the variance of the WCA of one substrate and between the samples. 
Although, the performance of the designed molecular machines was rather modest, 
the molecular motor bearing carboxylic acid head group showed potential and 
hence can function as the basis for further development of this approach to control 
surface wettability. 
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5.7 Experimental	Data	

General Considerations For general comments on synthesis, see Chapter 2. 
Compound 568 was synthesized according to the literature procedure. 

Preparation of gold substrate and the formation of SAMs. The gold on mica 
samples were prepared by vacuum deposition of a 400 nm thick layer of Au in 
a custom-built high-vacuum evaporator (base pressure 10-8 to 10-7 mbar). To 
remove impurities the mica sheets were freshly cleaved and annealed at 375 °C for 
16 h before vapour deposition. These gold substrates were prepared by G. H. 
Heideman. The substrates were stored under a vacuum atmosphere and all SAMs 
were prepared in a glovebox. Step 1 - SAM of alkanethiols: The substrate was 
immersed in a 7 mL solution of 1 mM of 1-hexanethiol or 1-decanethiol in dry 
THF for 5 h. Subsequently, either the substrate preparation was continued with step 
2 or the substrate was removed from the solution, washed with THF three times 
and dried under a stream of argon. Step 2 - Exchange with motor: In case of 
preparing mixed monolayer, two different motor concentrations were used for the 
exchange process. Solution A: First 5.25 mL of the 1 mM alkanethiol solution was 
removed after which 1.75 mL of 1 mM of motor E-1, E-7b or Z-7b and 3.5 mL of 
dry THF were added. Solution B: The substrate was placed in a new solution of 
motor E-7b (0.5 mM). In either case the substrates were immersed for 16 h before 
being taken out of the solution. Then the substrates were washed with THF three 
times and dried under a stream of argon. 

Contact Angle Measurements. Contact Angles (CA) were measured under 
ambient conditions and analysed with Angle analyse software (version 1.0-USB2). 
Equilibrium contact angles were obtained by manually depositing 1 µL water 
droplets using a micro syringe. At least five measurements on different locations 
on each surface were taken and unless mentioned otherwise three distinct samples 
were used. The resulting contact angles were averaged. The irradiation experiments 
were performed in two ways: Method 1 - Under ambient conditions the sample 
was irradiated along the edges with 300 nm light using an Ø200 μm core 
multimode fiber patch cable connected to a Thorlabs LED M300F2 (I = 0.35 A) for 
30 min. unless stated differently. Method 2 - Under an argon atmosphere the 
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substrates were irradiated with UV light (Thorlabs LED M300F2) at a distance of 
2.5 cm for 45 min. After irradiating the substrate, the CA was directly measured. 
Several samples were subsequently also irradiated with visible light (Thorlabs LED 
M395F3) in a similar manner. Again, CA measurements were performed 
immediately after irradiation of the sample. For the measurements with water of 
basic pH, first a saturated solution of K2CO3 in double distilled water was prepared, 
filtered and subsequently used for CA measurements.  

Ethyl (Z)-4-((6'-hydroxy-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-
biindenylidene]-6yl)oxy)butanoate (Z-6a) 

A mixture of Z-5 (1.0 equiv., 1.00 g, 2.87 mmol), ethyl-4-
bromobutyrate (1.0 equiv., 561 mg, 2.87 mmol), K2CO3 
(3.0 equiv., 1.19 g, 8.61 mmol), tetrabutylammonium iodide 
(4.0 equiv., 4.25 g, 11.5 mmol) and acetonitrile (60 mL) 
was stirred for 20 h at 70 °C. The reaction mixture was 
quenched with 10% aqueous HCl solution. After extraction 
with EtOAc (3 x 100 mL), the organic layer was washed 
with a saturated aqueous NaHCO3 solution (2 x 25 mL), and 
brine (2 x 75 mL) and dried over anhydrous MgSO4. The crude product was 
concentrated in vacuo and purified by column chromatography (SiO2, 
pentane:Et2O, 100:0 to 85:15) to yield Z-6a as a yellow solid (520 mg, 1.12 mmol, 
39%). Z-6a: 1H NMR (400 MHz, CDCl3) δ 6.54 (s, 1H), 6.53 (s, 1H), 4.78 (s, OH), 
4.12 (q, J = 7.1 Hz, 2H), 3.99-4.04 (m, 1H), 3.90-3.95 (m, 1H), 3.33 (p, J = 6.5 Hz, 
2H), 3.03 (dd, J = 14.5, 6.2, 2H), 2.41-2.57 (m, 2H), 2.37 (dd, J = 14.5, 2.5 Hz, 
2H), 2.24 (s, 3H), 2.21 (s, 3H), 2.07 (p, J = 6.8, 6.2 Hz, 2H), 1.40 (s, 3H), 1.39 (s, 
3H), 1.24 (t, J = 7.1 Hz, 3H), 1.06-1.09 (m, 6H); 13C NMR (100 MHz, CDCl3) δ 
176.2, 158.2, 155.0, 144.8, 144.7, 143.6, 143.4, 139.1, 138.9, 134.0, 133.3, 125.1, 
121.5, 117.5, 114.7, 70.2, 63.1, 44.4, 44.3, 40.8, 40.7, 33.8, 27.6, 23.1, 23.1, 21.4, 
21.1, 17.0, 16.9, 16.5. HMRS (ESI-) calcd for C40H37O4 [M-H]- 462.2686, found 
462.2691. 

Ethyl (Z)-4-((2,2',4,4',7,7'-hexamethyl-6'-((12-(methylsulfinyl)dodecyl)oxy)-
2,2',3,3'-tetrahydro -[1,1'-biindenylidene]-6-yl)oxy)butanoate (Z-7a) 

A solution of Z-6a (1.0 equiv., 450 mg, 0.97 mmol),  
1,2-dibromododecane (2.5 equiv., 798 mg, 2.34 mmol), 
tetrabutylammonium iodide (3.0 equiv., 1.08 g,  
2.92 mmol) and K2CO3 (2.0 equiv., 269 mg, 1.95 mmol) 
in 20 mL acetonitrile was heated at 70 °C for 19 h. The 
reaction mixture was quenched with an 10% aqueous HCl 
solution (20 mL) and extracted with EtOAc (3 x 75 mL). 
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The organic layer was washed with a saturated aqueous NaHCO3 solution (2 x 50 
mL) and brine (2 x 75 mL). After drying over anhydrous MgSO4 and evaporation 
of the solvent under reduced pressure, the crude product was purified by column 
chromatography (SiO2, pentane:Et2O, 100:0 to 50:50). The alkylated intermediate 
was obtained as a yellow oil (489 mg) and directly used in the next step. A solution 
of the alkylated intermediate product (489 mg, 0.69 mmol, 1.0 equiv.), potassium 
thioacetate (157 mg, 1.38 mmol, 2.0 equiv.) and tetrabutylammonium iodide (51 
mg, 0.14 mmol, 0.2 equiv.) in acetone (20 mL) was stirred for 20 h at room 
temperature under an argon atmosphere. Subsequently EtOAc (75 mL) was added 
to the reaction mixture. The organic layer was washed with brine (3 x 70 mL) and 
dried over anhydrous MgSO4. The reaction mixture was concentrated in vacuo and 
purified by column chromatography (SiO2, pentane:Et2O, 100:0 to 80:20) yielding 
Z-7a as a yellow solid (398 mg, 0.564 mmol, 48% over two steps). Z-7a: 1H NMR 
(400 MHz, CDCl3) δ 6.53 (s, 1H), 6.51 (s, 1H), 4.12 (q, J = 7.1 Hz, 2H), 3.95-4.05 
(m, 2H), 3.80-3.91 (m, 2H), 3.32 (p, J = 6.5 Hz, 2H), 3.03 (dd, J = 14.6, 6.3, 2H) 
2.87 (t, J = 7.3 Hz, 2H), 2.49 (t, J = 7.8 Hz, 2H), 2.37 (d, J = 14.4 Hz, 2H), 2.32 (s, 
3H), 2.24 (br, 6H), 2.07 (p, J = 7.6, 7.1 Hz, 2H), 1.69-1.80 (m, 2H), 1.51-1.58 (m, 
3H), 1.21-1.46 (m, 24H), 1.06 (d, J = 6.7, 6H); 13C NMR (100 MHz, CDCl3) δ 
198.9, 176.1, 158.5, 158.2, 144.8, 144.7, 143.7, 143.4, 138.8, 138.5, 133.0, 133.0, 
125.1, 125.1, 114.4, 114.2, 71.4, 70.0, 67.3, 63.0, 44.3, 40.7, 33.7, 32.3, 32.2, 32.2, 
32.2, 32.2, 32.1, 32.1, 32.1, 32.1, 31.9, 31.8, 31.5, 31.3, 28.8, 28.6, 27.7, 23.1, 21.5, 
21.4, 16.9, 16.9; HMRS (ESI+) calcd for C44H65O5S1 [M+H]+ 705.4547, found 
705.4485.  

Ethyl (E)-4-((2,2',4,4',7,7'-hexamethyl-6'-((12-(methylsulfinyl)dodecyl)oxy)-
2,2',3,3'-tetrahydro -[1,1'-biindenylidene]-6-yl)oxy)butanoate (E-7a) 

 

A mixture of E-5 (1.0 equiv., 450 mg, 1.29 mmol), ethyl-4-bromobutyrate (1.0 
equiv., 252 mg, 1.29 mmol), K2CO3 (3.0 equiv., 1.19 g, 5.35 mmol), 
tetrabutylammonium iodide (4.0 equiv., 1.91 g, 5.17 mmol) and acetonitrile (30 
mL) was stirred for 20 h at 70 °C. The reaction mixture was quenched with 10% 
aqueous HCl solution and extracted with EtOAc (3 x 50 mL). The organic layer 
was washed with a saturated aqueous NaHCO3 solution (2 x 20 mL) and brine (2 x 
50 mL), dried over anhydrous MgSO4 and concentrated in vacuo. The crude 
intermediate was purified by column chromatography (SiO2, pentane:EtOAc, 100:0 
to 70:30). The desired product E-6a could not be isolated from E-5 and therefore 
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the obtained brown oil (352 mg) was used in the next step without further 
purification. A solution of this oil (1.0 equiv., 350 mg, 0.76 mmol), 1,2-
dibromododecane (5.0 equiv., 1.24 mg, 3.78 mmol), tetrabutylammonium iodide 
(3.0 equiv., 838 mg, 2.27 mmol) and K2CO3 (2.0 equiv., 209 mg, 1.51 mmol) in 15 
mL acetonitrile was heated at 70 °C for 26 h. The reaction mixture was cooled 
down to room temperature, quenched with an 10% aqueous HCl solution (10 mL) 
and extracted with EtOAc (3 x 75 mL). The organic layer was washed with 
a saturated aqueous NaHCO3 solution (2 x 50 mL) and brine (2 x 75 mL). After 
drying over anhydrous MgSO4 and evaporation of the solvent under reduced 
pressure, purification by column chromatography (SiO2, pentane: Et2O, 100:0 to 
50:50) resulted in a yellow solid (247 mg). This second intermediate product was 
directly used in the next step. A solution of the alkylated intermediate product (1.0 
equiv., 247 mg, 0.35 mmol), potassium thioacetate (2.0 equiv., 80 mg, 70 μmol) 
and tetrabutylammonium iodide (0.2 equiv., 26 mg, 0.07 mmol) in acetone (15 mL) 
was stirred for 6 h at room temperature under an argon atmosphere. EtOAc (75 
mL) was added to the reaction mixture and the organic layer was washed with 
brine (3 x 50 mL), dried over anhydrous MgSO4 and concentrated in vacuo. 
Purification by column chromatography (SiO2, pentane:Et2O, 100:0 to 80:20) 
afforded E-7a as a yellow oil (174 mg, 0.247 mmol, 17% over three steps). E-7a: 
1H NMR (400 MHz, CDCl3) δ 6.54 (s, 1H), 6.53 (s, 1H), 4.17 (q, J = 7.1 Hz, 2H), 
3.90-4.07 (m, 4H), 2.85-2.93 (m, 4H), 2.61-2.57 (m, 4H), 2.32 (s, 3H), 2.30 (s, 
3H), 2.29 (s, 3H), 2.20-2.12 (m, 10H), 1.79-1.86 (m, 2H), 1.48-1.60 (m, 4H), 1.24-
1.46 (m, 17H), 1.09 (d,  J = 6.4 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 198.7, 
176.1, 171.5, 159.0, 158.6, 145.1, 145.0, 144.4, 144.2, 136.7, 136.4, 133.9, 133.8, 
123.1, 123.1, 113.5, 113.4, 71.1, 69.7, 63.1, 44.8, 41.0, 33.7, 33.3, 32.3, 32.3, 32.3, 
32.2, 32.2, 32.2, 32.1, 32.1, 31.8, 31.8, 31.5, 28.9, 27.7, 21.9, 21.9, 21.3, 21.3, 18.9, 
18.8, 16.9; HMRS (ESI+) calcd for C44H65O5S1 [M+H]+ 705.4547, found 705.4545.  

(E/Z)-4-((6'-((12-mercaptododecyl)oxy)-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-
tetrahydro-[1,1'-biindenylidene]-6-yl)oxy)butanoic acid (1-E/Z) 

An aqueous solution of LiOH (1.0 M, 1.2 mL) was added to 
mixture of Z-7a (1.0 equiv., 100 mg, 0.142 mmol) in THF 
(3.3 mL) and MeOH (3.3 mL). After degassing by purging 

with Ar for 10 min, the reaction mixture was heated at 40 C 
for 1 h under an argon atmosphere. Subsequently the 
mixture was concentrated in vacuo, dissolved in water and 
quenched with aqueous HCl (1 M, 1.2 mL). Rapidly the 
solution was extracted with EtOAc (2 x 10 mL) and the 
organic layer was washed with water (5 x 15 mL) and brine (3 x 15 mL), dried over 
MgSO4 and subsequently the solvent was removed under reduced pressure. The 
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crude product was purified by column chromatography (SiO2, pentane:EtOAc, 
100:0 to 80:20) to afford Z-1 as a yellow oil (49 mg, 0.77 mmol, 42%). Repeating 
the same procedure with E-7a (174 mg, 0.247 mmol) with a shorter reaction time 
of 30 min. yielded E-1 as a yellow oil (110 mg, 0.27 mmol, 64%).Z-1: 1H NMR 
(400 MHz, CDCl3) δ 6.55 (s, 1H), 6.51 (s, 1H), 3.93-4.05 (m, 3H), 3.80-3.86 (m, 
1H), 3.32 (p, J = 6.6 Hz, 2H), 3.04 (dd, J = 14.6, 6.3, 2H), 2.47-2.62 (m, 4H), 2.37 
(d, J = 14.5 Hz, 2H), 2.24 (br, 6H), 2.06-2.14 (m, 2H), 1.72-1.80 (m, 2H), 1.39-
1.47 (m, 3H), 1.36 (s, 6H), 1.25-1.35 (m, 16H), 1.07 (d,  J = 6.7 Hz, 6H); 13C NMR 
(100 MHz, CDCl3) δ 178.9, 158.5, 158.2, 144.8, 144.8, 143.6, 143.5, 138.8, 138.8, 
133.1, 133.1, 125.1, 125.1, 114.8, 114.4, 105.0, 71.7, 70.0, 44.3, 40.7, 36.7, 33.1, 
32.2, 32.2, 32.2, 32.1, 32.0, 31.7, 31.0, 31.3, 28.8, 27.4,, 27.3, 23.1, 21.4, 21.4, 
17.0, 16.9; HMRS (ESI-) calcd for C40H57O4S [M-H]- 633.3972, found 633.3974. 
E-1: 1H NMR (400 MHz, CDCl3) δ 6.54 (s, 1H), 6.53 (s, 1H), 3.90-4.10 (m, 4H), 
2.89 (sext, J = 6.4 Hz, 2H), 2.67 (t, J = 7.3 Hz, 2H), 2.59 (dd, J = 14.1, 5.6 Hz, 
2H), 2.52 (q, J = 7.5 Hz, 2H), 2.30 (s, 3H), 2.29 (s, 3H), 2.12-2.20 (m, 10H), 1.79-
1.86 (m, 3H), 1.57-1.65 (m, 3H), 1.48-1.55 (m, 2H), 1.24-1.43 (m, 17H), 1.09 (d,  J 
= 6.4 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 197.1, 177.9, 177.1, 159.0, 158.5, 
145.2, 145.0, 144.5, 144.1, 136.8, 136.4, 133.9, 133.8, 123.2, 123.1, 113.5, 105.0, 
71.1, 69.5, 44.8, 41.0, 36.7, 33.0, 32.3, 32.2, 32.2, 32.1, 31.7, 31.0, 28.9, 27.4, 21.9, 
21.9, 21.3, 21.3, 18.9, 18.8; HMRS (ESI-) calcd for C40H57O4S [M-H]- 633.3972, 
found 633.3972.  

4,4,5,5,6,6,7,7,7-nonafluoroheptyl 4-methylbenzenesulfonate (8) 

A solution of p-toluene sulfonyl chloride (3.0 equiv., 
6.20 g, 32.4 mmol) in dichloromethane (10 mL) was 
added dropwise to a mixture of 4,4,5,5,6,6,7,7,7-
nonafluoroheptan-1-ol (1.0 equiv., 3.00 g, 10.8 mmol), pyridine (3.6 equiv., 3.07 g, 
3.1 mL, 38.8 mmol) and dichloromethane (12 mL) at 0 ºC. The ice bath was 
removed after mixing for 30 min. and the clear reaction mixture was stirred for 3.5 
h. The reaction mixture was washed with water (2 x 50 mL) and brine (2 x 75 mL), 
dried over anhydrous MgSO4 and concentrated in vacuo. Purification by column 
chromatography (SiO2, pentane:CH2Cl2 100:0 to 60:40) yielded the product as 
a colourless oil (3.06 g, 7.07 mmol, 66%). 1H NMR (400 MHz, CDCl3) δ 7.79 (d, J 
= 8.3 Hz, 2H), 7.36 (d, J = 8.1 Hz, 2H), 4.11 (t, J = 6.0 Hz, 2H), 2.46 (s, 3H), 2.06-
2.19 (m, 2H), 1.93-2.00 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 147.8, 135.4, 
132.6, 130.5, 71.3, 29.9, 24.3, 23.0; 19F NMR (377 MHz, CDCl3) δ -81.1 (3F), -
114.7 (2F), -124.5 (2F), -126.1 (2F); HMRS (ESI+) calcd for C14H14F9O3S [M+H]+ 
433.05145, found 433.05155.  
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(E/Z)-2,2',4,4',7,7'-hexamethyl-6'-((4,4,5,5,6,6,7,7,7-nonafluoroheptyl)oxy)-
2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-6-ol (E/Z-6b). 

Z-5 (1.0 equiv., 700 mg, 2.01 mmol), 7 (1.0 equiv., 869 
mg, 2.01 mmol), K2CO3 (3.0 equiv., 834 mg, 6.03 
mmol), tetrabutylammonium iodide (4.0 equiv., 2.97 g, 
8.04 mmol) and acetonitrile (45 mL) were added to 
a three-necked 100 mL round bottom flask. The 
reaction mixture was heated at 70 °C for 19 h. The 
reaction was quenched with an aqueous solution of 
HCl (10%, 20 mL) and the reaction mixture was 
extracted with EtOAc (3 x 50 mL). The combined organic layers were washed with 
a saturated NaHCO3 solution (2 x 25 mL) and brine (2 x 75 mL), dried over 
anhydrous MgSO4, concentrated in vacuo. The crude product was purified by 
column chromatography (SiO2, pentane:EtOAc, 100:0 to 85:15) yielding the 
product as a brown oil (407 mg, 0.669 mmol, 33%). The same procedure with E-5 
(1.0 equiv., 199 mg, 0.57 mmol) resulted in a light brown solid (115 mg, 0.189 
mmol 33%). Z-6b 1H NMR (400 MHz, CDCl3) δ 6.52 (s, 1H), 6.51 (s, 1H), 4.43 (s, 
OH), 4.06-4.11 (m, 1H), 3.88-3.93 (m, 1H), 3.33 (p, J = 6.6 Hz, 2H), 3.00-3.07 (m, 
2H), 2.38 (dd, J = 14.6, 4.4 Hz, 2H), 2.27-2.35 (m, 2H), 2.25 (s, 3H), 2.21 (s, 3H), 
2.01-2.15 (m, 2H), 1.40 (d, J = 3.2 Hz, 6H), 1.05-1.09 (m, 6H); 13C NMR (100 
MHz, CDCl3) δ 158.0, 154.8, 144.9, 144.8, 143.7, 143.4, 139.1, 139.1, 134.1, 
133.3, 124.8, 121.2, 117.2, 114.1, 69.5, 44.5, 44.4, 40.8, 40.7, 30.6, 23.5, 23.1, 
23.0, 21.4, 21.1, 16.8, 16.3; 19F NMR (400 MHz, CDCl3) δ -81.1 (3F), -114.6 (2F), 
-124.5 (2F), -126.1 (2F). HMRS (ESI-) calcd for C31H32F9O2 [M-H]- 607.2253, 
found 607.2252. E-6b 1H NMR (400 MHz, CDCl3) δ 6.53 (s, 2H),  4.55 (s, OH), 
4.07-4.14 (m, 1H), 4.00-4.05 (m, 1H), 2.85-2.92 (m, 2H), 2.56-2.63 (m, 2H), 2.36-
2.46 (m, 2H), 2.33 (s, 3H), 2.29 (s, 3H), 2.19 (s, 3H), 2.13-2.17 (m, 2H), 2.14 (s, 
3H), 1.09-1.11 (m, 6H); 13C NMR (100 MHz, CDCl3) δ 158.4, 155.3, 145.3, 145.2, 
144.4, 144.1, 137.1, 137.0, 134.0, 134.0, 123.1, 120.0, 117.0, 113.5, 69.3, 44.9, 
44.8, 41.0, 41.0 30.7, 23.6, 21.9, 21.8, 21.3, 20.9, 18.7, 18.2; 19F NMR (377 MHz, 
CDCl3) δ -81.0 (3F), -114.5 (2F), -124.4 (2F), -126.0 (2F). HMRS (ESI-) calcd for 
C31H32F9O2 [M-H]- 607.2253, found 607.2255. 
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(E/Z)-S-(12-((2,2',4,4',7,7'-hexamethyl-6'-((4,4,5,5,6,6,7,7,7-nonafluoroheptyl)-
oxy)-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-6-yl)oxy)dodecyl)ethanethioate 
(E/Z-7b).  

A solution of Z-6b (1.0 equiv., 373 mg, 0.54 mmol), 
1,2-dibromododecane (2.5 equiv., 441 mg, 1.35 
mmol), tetrabutylammonium iodide (3.0 equiv., 597 
mg, 1.62 mmol) and K2CO3 (2.0 equiv., 149 mg, 1.08 

mmol) in 15 mL acetonitrile was heated at 70 C for 
21 h. The reaction mixture was quenched by adding an 
10% aqueous HCl solution (20 mL) and extracted with 
EtOAc (3 x 50 mL). The organic layer was washed 
with a saturated aqueous NaHCO3 solution (2 x 25 
mL) and brine (2 x 75 mL). After drying over anhydrous MgSO4 and evaporation 
of the solvent under reduced pressure, column chromatography (SiO2, 
pentane:CH2Cl2, 100:0 to 95:5) was used to purify the crude product. The alkylated 
intermediate was obtained as a colourless liquid (262 mg). Repeating the same 
procedure with E-6b (1.0 equiv., 278 mg, 0.46 mmol) yielded a colourless liquid 
(236 mg). A solution of the alkylated intermediate (1.0 equiv., 262 mg, 0.31 
mmol), potassium thioacetate (2.0 equiv., 87 mg, 0.76 mmol) and 
tetrabutylammonium iodide (0.2 equiv., 28 mg, 0.08 mmol) in acetone (20 mL) 
was stirred for 20 h at room temperature under a nitrogen atmosphere. 
Subsequently EtOAc (200 mL) was added to the reaction mixture. The organic 
layer was washed with brine (3 x 75 mL and 2 x 50 mL) and dried over anhydrous 
MgSO4. The reaction mixture was concentrated in vacuo and purified by column 
chromatography (SiO2, pentane:CH2Cl2, 100:0 to 85:15). Z-7b was obtained as 
a yellow solid (182 mg, 0.214 mmol, 40%). Repeating the same procedure with E-
6b (1.0 equiv., 236 mg, 0.28 mmol), potassium thioacetate (6.0 equiv., 188 mg, 
1.64 mmol) and tetrabutylammonium iodide (0.2 equiv., 28 mg, 80 μmol) in 
acetone (20 mL) yielded E-7b as a yellow liquid (186 mg, 0.218 mmol, 48%). Z-
7b: 1H NMR (400 MHz, CDCl3) δ 6.54 (s, 1H), 6.50 (s, 1H), 4.04-4.09 (m, 1H), 
3.88-4.00 (m, 2H), 3.80-3.86 (m, 1H), 3.29-3.36 (m, 2H), 3.04 (dd, J = 14.5, 6.3 
Hz, 2H), 2.86 (t, J = 7.4 Hz, 3H), 2.38 (d, J = 14.5 Hz, 2H), 2.32 (s, 3H), 2.25 (s, 
3H), 2.00-2.13 (m, 2H), 1.66-1.80 (m, 2H), 1.51-1.59 (m, 3H), 1.38 (s, 6H), 1.21-
1.46 (m, 15H), 1.07 (d, J = 6.7 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 198.7, 
158.6, 157.9, 145.0, 144.6, 143.9, 143.3, 139.1, 138.6, 133.1, 133.1, 125.1, 125.0, 
114.5, 114.2, 71.4, 69.6, 44.5, 44.5, 40.7, 33.3, 32.2, 32.2, 32.2, 32.1, 32.1, 32.0, 
31.8, 31.8, 31.5, 30.6, 28.8, 23.5, 23.1, 23.1, 21.5, 21.4, 16.9, 16.8; 19F NMR (377 
MHz, CDCl3) δ -81.0 (3F), -114.5 (2F), -124.4 (2F), -126.0 (2F); HMRS (ESI+) 
calcd for C45H60F9O3S [M+H]+ 851.41140, found 851.41045. E-7b: 1H NMR (400 
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MHz, CDCl3) δ 6.54 (s, 1H), 6.52 (s, 1H), 4.07-4.12 (m, 1H), 3.97-4.05 (m, 2H), 
3.90-3.96 (m, 1H), 2.85-2.94  (m, 4H), 2.59 (dd, J = 14.1, 5.5 Hz, 2H), 2.35-2.2.48 
(m, 2H), 2.32 (s, 3H), 2.30 (s, 3H), 2.29 (s, 3H), 2.18 (s, 6H), 2.11-2.17 (m, 3H), 
1.79-1.86 (m, 2H), 1.48-1.60 (m, 4H), 1.27-1.42 (m, 15H), 1.09 (m, 6H); 13C NMR 
(100 MHz, CDCl3) δ 198.7, 159.0, 158.3, 145.3, 144.9, 144.6, 144.0, 137.1, 136.4, 
134.0, 133.8, 123.2, 123.1, 113.6, 71.1, 69.3, 44.8, 44.8, 41.0, 41.0, 32.3, 32.3, 
32.2, 32.2, 32.2, 32.1, 32.1, 31.8, 31.8, 31.5, 28.9, 23.6, 21.9, 21.8, 21.3, 21.3, 18.9, 
18.7; 19F NMR (377 MHz, CDCl3) δ -81.0 (3F), -114.5 (2F), -124.4 (2F), -126.0 
(2F); HMRS (ESI+) calcd for C45H60F9O3S [M+H]+ 851.41140, found 851.41084. 

 

Figure 5.8 (a) Eyring plot for metastable Z-1 to stable Z-1 thermal isomerization. 
(b) Eyring plot for metastable Z-7a to stable Z-7a thermal isomerization 
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In this chapter, attempts towards fabrication of a photo-switchable molecular rectifier based on 
tunnelling junctions comprising of photoswitches adsorbed on metallic surfaces (Ag, Au) are 
described. The proposed design of the compound was based on a dithienylethene photochromic unit 
connected to a ferrocene moiety with a short alkyl chain linker. The photochemical isomerization of 
the synthesized compounds was studied in solution, showing that the ferrocenyl moiety does not 
influence the photochromism of the photoswitch. Unfortunately, all attempts to form high-quality 
monolayers from the synthesized dithienylethenes on the metallic substrate failed and the obtained 
surfaces were not suitable for fabricating tunnelling junctions.  
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6.1 Introduction 
The field of molecular electronics has recently emerged as a response to the 
increasing demand for the miniaturization of electronic devices.1 Shrinking the 
electronic components to the size of a molecule offers new prospects for further 
downscaling the electric circuit components beyond the limitations of the current 
semiconductors-based technology. This idea is yet far from being realized, 
nevertheless molecular counterparts of a vast selection of electronic components, 
such as wires,2 transistors3 and rectifiers,4 have been developed and studied so far. 
The molecular rectification - a diode-like behaviour of a single molecule (that is, 
the rectification of an electric current in one direction of applied bias), was first 
theoretically predicted by Aviram and Ranter,5 and since then this idea was 
successfully realized in various experimental systems including single molecule 
junctions6 and large area junctions featuring soft4,7–9 (eutectic Indium-Galium alloy 
(EGaIn) and Hg drop) and hard10 top-contact electrodes. Despite the recent 
progress in the field, the fabrication of molecular rectifiers with high rectification 
ratios (>10) remains a challenge and only a few reported examples show 
substantial values for the rectification ratio (102~103).4,6,11,12 Among these, rectifiers 
based on alkanethiols bearing a ferrocene head group organized in self-assembled 
monolayers (SAMs), pioneered by Whitesides, has been most extensively studied 
and proved to reproducibly show high rectification ratios in the tunnelling 
junctions.13,14 More recently, Nijhuis et al. reported ferrocene dyads organized in 
SAMs showing unprecedently high rectification ratios of >105, comparable to the 
commercially available p-n junction based devices.15 

Apart from miniaturization, molecular electronics offers opportunities for 
integrating responsive molecules, that is molecular switches, in the electronic 
circuit, thus providing a possibility to tailor the electronic properties of the junction 
components with high spatial-temporal resolution.16–19 Among different types of 
molecular switches, most of the attention was dedicated to rotaxanes,20 
spiropyrans,19 azobenzenes,21 and dithienylethenes (DTE)16–18,22–24. As opposed to 
azobenzenes or spiropyrans, photoisomerization of dithienylethenes is associated 
with only marginal geometrical and dipole moment changes.25 Hence, for both 
ring-opening and ring-closing isomerization excessive free volume is not required 
and these photochromic compounds can undergo efficient photochemical 
cyclization in densely packed molecular crystals, thin layers or SAMs.26–32 This 
unique feature of DTE photoswitches, in addition to the high thermal stability of 
the ring-closed form and the large spectral separation between closed and open-
form, makes them ideal candidates for the fabrication of functional materials with 
tuneable properties.25 In particular, the DTE photoswitches found their most 
prominent application in the field of molecular optoelectronics. While the cross-
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conjugated ring-opened isomer is effectively an insulator, the planar and 
conjugated ring-closed isomer shows high level of conductance.16,17,22–24,31 The 
conductivity of SAMs composed of DTE photoswitches immobilized between two 
electrodes can be reversibly modulated with an external light source.17 This idea 
was also realized in other surface-confined systems, including single molecule 
junctions,18,22–24 conducting polymers coatings33 and composite materials.16 

In this chapter the attempts towards the fabrication of a DTE - ferrocene hybrid that 
could potentially work as a photoswitchable molecular rectifier are described. 
Although few humidity-responsive molecular rectifiers have been already 
described, light as a stimulus offers opportunities for fine-tuning of the rectification 
ratio with much higher spatial-temporal precision.34,35 The switchable DTE 2 (see 
Figure 6.1 for molecular structure) was designed based on an alkyl ferrocene and 
dithienylethene photoswitch hybrid connected to the surface anchoring group – 
thiol moiety - via an insulating linker. The photochemical isomerization of the 
synthesized target and control compounds was studied in solution with 1H NMR 
and UV/Vis absorption spectroscopies. The attachment of both photoswitches to 
a silver surface is also described.  

6.2 Design of the rectifier 

 

Figure 6.1 Structure of the archetypical ferrocenealkanethiol (FcC11) molecular 
rectifier (left panel). The proposed design of the photoswitchable molecular 
rectifier, both ring-opened (2o) and ring-closed (2c) isomers are shown (right 
panel). 
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The design of photoswitchable DTE 2o (Figure 6.1, right panel) that could 
potentially serve as a molecular rectifier was based on a well-established 
ferrocenealkylthiol rectifier FcC11 (Figure 6.1, left panel).4,9,13 The proposed design 
features the ferrocene moiety (Fc), dithienylethene photoswitch and thiol moiety 
linked by aliphatic chains (Figure 6.1). The DTE moiety was connected to the 
surface anchoring group via a hexyl linker, which should be sufficiently long to 
electrically decouple the DTE moiety from the bottom electrode. On the other side 
the DTE switch was connected to the ferrocene head group via a shorter propyl 
linker to isolate both chromophores and facilitate the vertical alignment of the 
molecules in the SAM. 

The preliminary computational study was undertaken to verify the design of the 
potential photoswitchable molecular rectifier. To this end, the gas phase geometries 
of both ring-opened and ring-closed isomers were optimized using density 
functional theory (DFT; B3LYP/6-31G(d,p)) and their electronic structures were 
analysed. The theoretical study revealed that the HOMO orbital of 2o is located on 
the Fc moiety at an energy -5.21 eV (Figure 6.2), in close agreement with the 
experimentally determined values of the HOMO levels of surface confined 
ferrocenylalkylthiols.36 On the other hand, the HOMO orbital of 2c is located on 
the DTE moiety at -5.03 eV, while HOMO-1 is located on the Fc group at slightly 
lower energy -5.25 eV (Figure 6.2). Additionally, the visual inspection of the MO 
diagrams suggested that the propyl linker is sufficiently long to electrically 
decouple both ferrocene and DTE chromophores. The calculated molecular energy 
levels were used to construct the energy diagram depicted on Figure 6.5. 

 

Figure 6.2 Gas phase optimized structures and contours of relevant MO’s of 2o 
and 2c photoswitchable DTEs. The geometries were optimized using DFT 
B3LYP/6-31G(d,p). 
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There is broad consensus that the SAMs of FcC11 rectifiers (Figure 6.1, left panel) 
operates in EGaIn tunnelling junctions according to the mechanism proposed by 
Whitesides and co-workers depicted in Figure 6.3.13 Due to the strong van der 
Waals contact between Fc moiety and top electrode (EGaIn) the HOMO of FcC11 
(localized at the ferrocene moiety) is electrically coupled to the top electrode and 
its energy follows the Fermi level of the EGaIn electrode. At 0 V bias, in the closed 
circuit, Fermi levels of both electrodes are equal and the HOMO level of the 
rectifier (-5.0 eV) is located slightly below the Fermi level of EGaIn (-4.5 eV) 
(Figure 6.3, middle panel). Similarly, at negative bias (1 V), the HOMO level is 
located below the Fermi level of both electrodes. As a result, the mechanism of 
electron transport in the negatively biased junction is dominated by electron 
tunnelling (temperature independent) leading to low values of the tunnelling 
current (Figure 6.3, left panel). At positive bias (+1 V) of the top electrode, the 
HOMO level is elevated above the Fermi level of the bottom electrode. 
Consequently, in positively biased junctions, the HOMO of FcC11 can participate 
in charge transport via a hopping (temperature dependent) mechanism, which 
results in much higher tunnelling current values (Figure 6.3, right panel).  

 

Figure 6.3 Schematic representation of the energy level diagram of the FcC11 
SAMs based tunnelling junction at the negative (left panel), 0 (middle panel) and 
positive bias (right panel) 

Taking into the consideration the results of the computational studies as well as the 
rectification mechanism of FcC11 SAMs tunnelling junctions, we envisioned that 
SAMs of DTE 2 could potentially work as a photoswitchable molecular rectifier 
according to the similar principle schematically depicted in Figure 6.4. For 2o, only 
the HOMO orbital, of the ferrocene moiety (Figure 6.2), would be energetically 
accessible, and could enter the conduction window and participate in electron 
tunnelling only at positive bias (Figure 6.4, top panel, denoted as blue orbital). 
Hence, SAMs of 2o (Figure 6.4, top panel) should work as a rectifier, according to 
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essentially the same mechanism as SAMs of FcC11 (Figure 6.3). In stark contrast, 
2c has an additional energetically accessible orbital located at the DTE 
chromophore (Figure 6.4, bottom panel, red). This orbital can enter the conductive 
window in the negatively biased junction (Figure 6.4, bottom panel, -1 V) and thus 
can participate in charge transport.36 Hence, the tunnelling current in the SAMs of 
2c should be similar in both negatively and positively biased junctions, due to the 
additional density of states facilitating tunnelling of electrons in both polarities of 
the junction. Ultimately, the DTE 2o SAMs should operate as a rectifier, that is, 
show non-symmetrical I(V) response (p-n junction type material). Upon 
illumination with light, and photoisomerization of 2o to 2c the SAM should display 
a symmetrical I(V) response (semiconductor type material). It should be noted here 
however, that the considerations outlined above are purely theoretical and there are 
additional factors having profound impact on the performance of the 
ferrocenealkanethiols SAMs based electrical devices. In particular, the 
supramolecular structure of the molecules in SAMs is of critical importance, as it 
was shown that poorly ordered or impure FcC11 based SAMs show small or no 
rectification values.37 Nevertheless, encouraged by the positive results of DFT 
calculations we proceeded to synthesize the target DTEs, and test them 
experimentally. 

 

Figure 6.4 Schematic picture of the energy level diagram (with respect to vacuum) 
for the molecular junctions based on 2o (top) and 2c (bottom) and Ag bottom and 
EGaIn top electrodes based on the data obtained from preliminary DFT 
calculations at -1 V (left), 0 V (middle), and +1 V (right).  



 

 
157 

 
 
 
 

Towards a photo-switchable molecular rectifier 

6.3 Synthesis 
The design of the compounds was based on a dithienylethene bearing 
perfluorinated cyclopentene ring, as these DTEs derivatives in comparison to their 
nonperfluorinated counterparts show much higher photostability and quantum yield 
of photoisomerization.25 Furthermore, the nonperfluorinated analogues of the 
photoswitches discussed below were synthesized during the course of this study 
and showed very low photoconversions to the ring-closed isomers and fast 
decomposition upon exposure to 312 nm UV light. For these reasons, in this 
chapter, only synthesis and photoisomerization studies of the perfluorinated 
photoswitches will be discussed. The key step in the synthesis of the asymmetric 
DTE photoswitch 1 was the Suzuki reaction between DTE 6, and aryl boronate 4. 
The DTE 6 was synthesized from parent DTE 5 via lithium-halogen exchange with 
n-BuLi, followed by quenching with elemental iodine. The cross-coupling partner 
4 was synthesized from aryl bromide 3 via lithium-halogen exchange, followed by 
quenching with trimethyl borate. The Suzuki reaction between 4 and 6 proceeded 
smoothly with Pd(dppf)Cl2 as catalyst to give the intermediate 7. 
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Scheme 6.1 Synthesis of asymmetric DTE Switch 1 
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Noteworthy, the cross-coupling reaction with cheaper Pd(PPh3)4 as catalyst led to 
decomposition of the starting materials. Moreover, the inverted strategy, namely 
Suzuki cross-coupling with boronate derived from DTE 5 and aryl bromide 3 gave 
an inseparable mixture of product and starting materials. Next, the tetrahydropyran 
(THP) protecting group was removed with pyridinium p-toluenesulfonate (PPTS) 
in a refluxing MeOH/DCM mixture to give 8. Finally, alcohol 8 was converted into 
thioacetate 1 via a Mitsunobu reaction. 

The preparation of the ferrocene part of DTE 2 started with alkylation of 
acetylferrocene 9 with 1-bromo-4-(iodomethyl)benzene. The resulting, inseparable 
mixture of O- and C- alkylation products was used in the subsequent reduction 
step. The reduction of carbonyl to methylene group was carried out with a mixture 
of NaBH4 and AlCl3,4 upon which the reduced product 11 could be readily isolated 
by column chromatography. Next, aryl bromide 11 was used in the Suzuki cross-
coupling in the synthesis of photoswitch 2o.  

Fe

O

1) LDA, THF, -78 °C, 1 h
2) 1-bromo-4-(iodomethyl)benzene, 
THF, -78 °C to RT, 16 h

Fe

O

Br

9 10

AlCl3, NaBH4, 
THF, 0 °C to RT, 3h

53 % over two steps

Fe

Br

11  

Scheme 6.2 Synthesis of functionalized ferrocene 11 

In the synthesis of photoswitch 2, the previously synthesized intermediate 7 was 
used. First, DTE 7 was converted into a boronic ester via lithium-halogen 
exchange, followed by quenching with B(OMe)3. The resulting boronate was 
directly used in the Suzuki cross-coupling reaction with aryl bromide 11 using 
Pd(dppf)Cl2 as a catalyst to give 12 in a 71% yield. The deprotection of THP ether 
12 with PPTS in refluxing MeOH/DCM furnished alcohol 13 in almost quantitative 
yield. Alcohol 13 was subsequently converted into thioacetate derivative via 
Mitsunobu reaction to give the photoswitch 2 in an 86% yield and its structure was 
confirmed with 1H, 13C, 19F NMR and MS spectroscopies.  
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Scheme 6.3 Synthesis of switchable DTE 2 

6.4 UV/Vis and 1H NMR analysis 
The photochemical isomerization of DTE 1 in CD2Cl2 was studied with UV/Vis 
absorption and 1H NMR spectroscopies (Figure 6.5). In the UV/Vis absorption 
spectrum, 1o shows an absorption maximum at 290 nm (Figure 6.5b, black line). 
Irradiation at 312 nm resulted in the appearance of a new broad absorption band 
centred at 560 nm, characteristic of the extended aromatic system of the ring-
closed isomer 1c (Figure 6.5b, red line).38 During the photochemical isomerization, 
an isosbestic point was observed at 309 nm, indicating a unimolecular process 
(Figure 6.5b). The complementary (1c→1o) photoisomerization was achieved by 
irradiation of 1c at 530 nm, which afforded the initial UV/Vis absorption spectrum 
(Figure 6.5b, blue line). lines), characteristic of the open form of the DTE switch 
(Figure 6.5c, black spectrum).38  
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Figure 6.5 (a) Structure of DTEs 1o and 1c. (b) Changes in UV/Vis spectrum of 1o  
(1 μM solution in heptane, black line) upon irradiation at 312 nm (PSS312, red line) 
and subsequent irradiation at 530 nm (PSS530, blue line), inset shows changes in 
absorbance at 530 nm upon multiple UV/Vis irradiation cycles. (c) Changes in 1H 
NMR (400 MHz, CD2Cl2) spectrum of 1o (black, bottom spectrum) upon 
irradiation at 312 nm (PSS312, middle, red spectrum) and subsequent irradiation at 
530 nm (PSS530, blue, top spectrum).  

The 1H NMR spectrum of 1o shows the resonances of the methyl groups attached 
to the thiophene moieties at 1.95 and 2.05 ppm (red dashed upon irradiation of 1o 
at 312 nm, a new set of resonances appeared, indicating the formation of 1c (Figure 
6.5c, red spectrum). The 1c isomer was identified based on a characteristic upfield 
shift of the resonances ascribed to the aromatic thiophene protons (Figure 6.5c, 
blue and violet dashed lines), as well as downfield shift of the resonances 
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associated with the methyl groups connected to thiophene moieties (Figure 6.5c, 
red dashed line).38 Further irradiation of the sample gave rise to the photostationary 
state PSS312 consisting of 84% ring-closed isomer 1c and 16% remaining 1o. 
Accordingly, irradiation of 1c at 530 nm led to the complementary 1c→1o 
photoisomerization and 1o (PSS530 >95% of 1o) was generated almost 
quantitatively (Figure 6.5c, blue spectrum). Moreover, 1 shows only minor signs of 
fatigue over multiple opening/closing cycles Figure 6.5b inset). 

Due to the presence of the ferrocene moiety, 2 undergoes rapid decomposition 
upon exposure to UV-light in chlorinated solvents (DCM, CHCl3) and alcohols 
(MeOH, EtOH), while it shows no signs of decomposition in ethereal solvents. 
Hence, the photochemical isomerization of DTE 2 was studied with UV/Vis 
absorption and 1H NMR spectroscopies (Figure 6.6) in THF solution. In the 
UV/Vis absorption spectrum, 1o shows an absorption maximum at 290 nm (Figure 
6.6b, black line). Irradiation at 312 nm resulted in the appearance of a new broad 
absorption band centred at 590 nm, characteristic of ring-closed isomer 2c.38 
Noteworthy, this band is batochromically shifted in comparison to 1c as a result of 
more extended aromatic system (Figure 6.6b, red line). During the photochemical 
isomerization, an isosbestic point was maintained at 310 nm, indicating  
a unimolecular process (Figure 6.6b). The complementary (2c→2o) 
photoisomerization was achieved by irradiation of 2c at 530 nm, which afforded 
the initial UV/Vis absorption spectrum (Figure 6.6b, blue line). The 1H NMR 
spectrum of 2o shows the resonance of the methyl groups attached to the thiophene 
moieties at 2.05 ppm, characteristic of the open form of the DTE switch (Figure 
6.6c, black spectrum).38 Upon irradiation of 2o at 312 nm, a new set of resonances 
appeared, indicating the formation of 2c (Figure 6.6c, red spectrum). The 2c isomer 
was identified based on a characteristic upfield shift of the resonances ascribed to 
the aromatic thiophene protons (Figure 6.6c, blue and violet dashed lines) as well 
as downfield shift of the resonances associated with the methyl groups connected 
to the thiophene moieties (Figure 6.6c, red dashed line). Further irradiation of the 
sample gave rise to the photostationary state PSS312 consisting of 95% closed-
isomer 2c and 5% remaining 2o. Accordingly, irradiation of 2c at 530 nm led to the 
complementary 2c→2o photoisomerization and 2o (PSS530 > 95% of 2o) was 
regenerated almost quantitatively (Figure 6.6b, blue spectrum). Moreover, 2 
showed no signs of fatigue over multiple alternating UV/Vis light exposure cycles 
(Figure 6.6b inset). 
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Figure 6.6 (a) Structure of DTEs 2o and 2c. (b) Changes in UV/Vis spectrum of 2o 
(1 μM solution in THF, black line) upon irradiation at 312 nm (PSS312, red line) 
and subsequent irradiation at 530 nm (PSS530, blue line), inset shows changes in 
absorbance at 590 nm upon multiple UV/Vis irradiation cycles. (c) Changes in 1H 
NMR spectrum of 1o (black, bottom spectrum, d8-THF) upon irradiation at 312 nm 
(PSS312, middle, red spectrum) and subsequent irradiation at 530 nm (PSS530, blue, 
top spectrum).  
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6.5 Studies on Surface 
After establishing that the synthesized DTEs 1 and 2 show the anticipated 
photochemical behaviour in solution attempts to graft these molecules on the 
metallic substrates were undertaken. Interestingly, it was found that both 1 and 2 
undergo decomposition on gold substrate as no peaks characteristic of F1s 
photoelectrons could be found in the X-ray photoemission spectroscopy (XPS) 
spectra. Conversely, 1 and 2 could be grafted on silver substrate.  

Figure 6.7 (a) Schematic representation of DTE 1o chemisorbed on the AgTS 
substrate. (b) Broad range XPS spectrum of the AgTS substrate functionalized with 
1o. (c) Schematic representation of DTE 2o chemisorbed on the AgTS substrate. (d) 
Broad range XPS spectrum of the AgTS substrate functionalized with 2o. 
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Functionalization of the Ag surface with DTEs 1o and 2o was achieved be 
immersing a template-stripped39 silver (AgTS) substrate in ethanolic solution of 
either 1o or 2o with DBU as deprotecting agent. The successful functionalization 
of the AgTS substrate was proven with XPS spectroscopy. In the XPS spectra of the 
substrate functionalized with 1o peaks characteristic of Cl2p, F1s, S2s, 2p and C1s 
as well as C1s of perfluorinated carbons photoelectrons were observed indicating 
the integrity of the 1o chemisorbed on the surface (Figure 6.7a,b). Similarly, in the 
XPS spectra of 2o peaks characteristic of F1s and S2p and Fe2p photoemission 
could be observed, corroborating stability of the molecule on the Ag substrate 
(Figure 6.7c,d). Unfortunately, it was found that both DTE photoswitches most 
probably form a low density lying-down phase on surface, as the stable tunnelling 
junctions with both SAMs could not be formed, which precluded further studies on 
the electron tunnelling properties of the synthesized DTEs.  

6.6 Conclusions 
In summary, two dithienylethenes 1 and 2 were synthesized and studied in solution. 
It was found that DTE 1 readily undergoes reversible photoisomerization in 
a number of solvents with very high photostationary states for both ring-closing 
and opening isomerizations. Moreover, it was shown that 1 shows only minor 
fatigue over several alternating ring-opening and ring-closing isomerizations. 
Conversely, DTE 2 was proven to show superior photostability and to undergo 
both ring-closing and ring-opening photoisomerizations almost quantitatively only 
in THF. In chlorinated (DCM, CHCl3) or alcoholic (EtOH, MeOH) solvents rapid 
degradation was observed, instead. Although the chemical integrity of both 
photoswitches grafted on the AgTS substrate was proven with XPS spectroscopy, no 
stable tunnelling junction could be formed with the prepared substrates. Most 
probably the adsorbate formed poorly ordered layers, with molecules forming 
lying-down phases. In future, DTEs with longer alkyl chain linkers should be 
synthesized and studied. Such structural modification should increase the van der 
Waals interactions between adjacent molecules, thus facilitating the formation of 
densely packed adsorbate layer and formation of the standing-up phase on the 
surface.  
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6.8 Experimental Section 
General Considerations For general comments see Chapter 2. Compounds 340, 
and 538 were synthesized according to literature procedures.  

5-chloro-3-(3,3,4,4,5,5-hexafluoro-2-(5-iodo-2-methylthiophen-3-yl)cyclopent-
1-en-1-yl)-2-methylthiophene (6)  

Under N2 atmosphere, dithienylethene 5 (1.0 equiv., 1.00 g, 
2.29 mmol) was dissolved in dry Et2O (20 mL) and the 
mixture was cooled to 0 °C. Next, n-butyl lithium (1.05 
equiv.,1.6 M in hexane, 1.5 mL, 2.40 mmol) was slowly 
added and the mixture was stirred for 30 min at this 
temperature. Then, iodine (1.5 equiv., 0.87 g, 3.43 mmol) was added and the 
mixture was allowed to warm to room temperature and stirred for 2 h. The mixture 
was diluted with CH2Cl2 and the organic layer was washed with water, saturated 
aqueous Na2S2O3 and brine. The organic phase was dried with MgSO4 and 
concentrated in vacuo. The crude product was purified using column 
chromatography (SiO2, pentane) to afford 6 as white solid (0.98 g, 1.85 mmol, 
81%, m.p. 91-98 °C). 1H NMR (400 MHz, CDCl3) δ 7.19 (s, 1H), 6.88 (s, 1H), 
1.93 (s, 3H), 1.86 (s, 3H). 13CNMR (101 MHz, CDCl3) δ 147.5, 140.3, 135.8, 
127.8, 126.4, 125.3, 123.9, 70.6, 14.2, 14.2. Not all carbon resonances were 
observed due to coupling with fluorine. 19F NMR (376 MHz, CDCl3) δ -110.32 (q, 
J = 8.7, 7.2 Hz), -131.94 (h, J = 5.1 Hz). Compound did not ionize with any 
common ionization method. 

2-((6-(4-(4-(2-(5-chloro-2-methylthiophen-3-yl)-3,3,4,4,5,5-hexafluorocyclopent
1-en-1-yl)-5-methylthiophen-2-yl)phenyl)hexyl)oxy)tetrahydro-2H-pyran (7)  

Under a N2 atmosphere, aryl bromide 4 
(1.0 equiv., 0.45 g, 1.32 mmol) was 
dissolved in anhydrous THF and the 
mixture was cooled to -78 °C. Next,  
n-butyl lithium (1.2 equiv., 1.6 M in 
hexane, 0.99 mL, 1.58 mmol) was slowly 
added and the mixture was stirred at  
-78 °C for 1 h. Next, trimethyl borate (3.0 equiv., 0.41 g, 0.44 mL, 3.96 mmol) was 
added in one portion, and the mixture was allowed to warm to room temperature 
and stirred at this temperature for 30 min. The resulting solution of boronic ester 
was used in the next step without further manipulations. A separate, two-neck 
round-bottom flask equipped with a reflux condenser was charged with 
dithienylethene 6 (0.7 equiv., 0.50 g, 0.94 mmol) and Pd(dppf)Cl2•CH2Cl2 (0.035 
equiv., 38 mg, 0.046 mmol). Next, the previously prepared solution of boronic acid 
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ester and a degassed aqueous solution of K2CO3 (7.1 equiv., 1 M, 9.4 mL, 9.40 
mmol) were added. The reaction mixture was diluted with THF (10 mL) and stirred 
at reflux for 16 h. Subsequently, the reaction mixture was cooled to room 
temperature, diluted with EtOAc and the phases were separated. The aqueous 
phase was extracted twice with EtOAc and the combined organic layers were 
washed with brine, dried over MgSO4 and concentrated in vacuo. Purification by 
column chromatography (SiO2, pentane/EtOAc) afforded 7 as an off-blue oil (0.58 
g, 0.87 mmol, 93%). 1H NMR (400 MHz, CDCl3) δ 7.44 (d, J = 8.0 Hz, 2H), 7.21 – 
7.16 (m, 3H), 6.92 (s, 1H), 4.57 (dd, J = 4.5, 2.8 Hz, 1H), 3.86 (ddd, J = 11.0, 7.5, 
3.2 Hz, 1H), 3.73 (dt, J = 9.7, 6.9 Hz, 1H), 3.49 (dt, J = 10.7, 5.0 Hz, 1H), 3.38 (dt, 
J = 9.6, 6.6 Hz, 1H), 2.62 (t, J = 7.7 Hz, 2H), 1.96 (s, 3H), 1.87 (s, 3H), 1.86 – 1.78 
(m, 1H), 1.72 (ddd, J = 12.4, 7.8, 4.4 Hz, 1H), 1.68 – 1.46 (m, 8H), 1.46 – 1.33 (m, 
4H). 13C NMR (101 MHz, CDCl3) δ 145.6, 145.3, 143.4, 143.1, 133.3, 131.7, 
130.3, 128.3, 128.2, 128.1, 127.0, 124.3, 101.5, 70.2, 65.0, 38.2, 33.9, 33.4, 32.3, 
31.7, 28.8, 28.2, 22.4, 17.2, 17.0. Not all carbon resonances were observed due to 
coupling with fluorine. 19F NMR (376 MHz, CDCl3) δ -110.20 (q, J = 5.3 Hz), -
131.14 – -133.09 (m). HRMS (ESI) calcd C32H33ClF6O2S2NH4 [M+NH4]+ 
680.1853, found 680.1865 

6-(4-(4-(2-(5-chloro-2-methylthiophen-3-yl)-3,3,4,4,5,5-hexafluorocyclopent-1-
en-1-yl)-5-methylthiophen-2-yl)phenyl)hexan-1-ol (8)  

A round-bottom flask equipped with 
a reflux condenser was charged with 7 (1.0 
equiv., 0.50 g, 0.75 mmol), pyridinium p-
toluenesulfonate (PPTS) (5.0 equiv., 0.95 g, 
3.75 mmol) and MeOH (20 mL) and DCM 
(10 mL) were added. The resulting reaction 
mixture was heated at reflux for 3 h. Subsequently, the reaction mixture was cooled 
to room temperature, diluted with EtOAc and the phases were separated. The 
organic phase was washed with HClaq (1 M), twice with water, brine, dried over 
MgSO4 and concentrated in vacuo. Purification by column chromatography (SiO2, 
pentane/EtOAc) afforded 8 as an off-blue oil (0.39 g, 0.67 mmol, 89%). 1H NMR 
(400 MHz, CDCl3) δ 7.50 – 7.40 (m, 2H), 7.22 – 7.15 (m, 3H), 3.64 (t, J = 6.6 Hz, 
2H), 2.63 (t, J = 7.7 Hz, 2H), 1.97 (s, 3H), 1.88 (s, 3H), 1.61 (dt, J = 25.9, 7.2 Hz, 
4H), 1.45 – 1.30 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 142.69, 142.43, 140.59, 
140.30, 130.53, 128.86, 127.53, 125.49, 125.37, 125.26, 124.21, 121.49, 62.79, 
35.36, 32.51, 31.14, 28.82, 25.43, 14.34, 14.18. Not all carbon resonances were 
observed due to coupling with fluorine. 19F NMR (376 MHz, CDCl3) δ -110.19 (q, 
J = 5.3 Hz), -131.91 (p, J = 5.3 Hz). HRMS (ESI) calcd C27H26ClF6OS2 [M+H]+ 
579.1012, found 579.1004 
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S-(6-(4-(4-(2-(5-chloro-2-methylthiophen-3-yl)-3,3,4,4,5,5-hexafluorocyclopent
-1-en-1-yl)-5-methylthiophen-2-yl)phenyl)hexyl) ethanethioate (1)  

Under N2 atmosphere, a solution of di-2-
methoxyethyl azodicarboxylate (DMEAD) 
(3.0 equiv., 0.45 g, 1.92 mmol) in THF (5.0 
ml) was cooled to 0 °C. Next, to this 
solution a solution of PPh3 (3.0 equiv., 0.50 
g, 1.92 mmol) in THF (5 mL) was added 
dropwise and stirred at 0 °C for 10 min. 
The resulting mixture was added dropwise to a flask containing a solution of 8 (1.0 
equiv., 0.37 g, 0.64 mmol) in THF (5 mL) cooled to 0 °C. Subsequently, thioacetic 
acid (3.0 equiv., 146 mg, 137 μL, 1.92 mmol) was added in one portion and the 
reaction mixture was allowed to warm up to room temperature and stirred at this 
temperature for 16 h. Next, the reaction mixture was diluted with DCM, washed 
twice with water, saturated aqueous solution of sodium bicarbonate, brine, dried 
with MgSO4 and concentrated in vacuo. Purification by column chromatography 
(SiO2, pentane/EtOAc) afforded 1 as an off-blue oil (0.29 g, 0.45 mmol, 71%) 1H 
NMR (400 MHz, CDCl3) δ 7.49 – 7.41 (m, 2H), 7.18 (m, J = 6.4 Hz, 3H), 6.92 (s, J 
= 1.3 Hz, 1H), 2.86 (t, J = 7.3 Hz, 2H), 2.61 (t, J = 7.7 Hz, 2H), 2.32 (s, 3H), 1.97 
(s, 3H), 1.88 (s, 3H), 1.68 – 1.51 (m, 4H), 1.46 – 1.29 (m, 4H). 13C NMR (101 
MHz, CDCl3) δ 195.8, 142.6, 142.4, 140.6, 140.3, 130.5, 128.9, 127.5, 125.5, 
125.4, 125.3, 124.2, 121.5, 35.3, 31.0, 30.5, 29.3, 28.9, 28.5, 28.5, 14.3, 14.2. Not 
all carbon resonances were observed due to coupling with fluorine. 19F NMR (376 
MHz, CDCl3) δ -110.19 (q, J = 5.2 Hz), -131.91 (p, J = 5.4 Hz). HRMS (ESI) calcd 
C29H28ClF6OS3 [M+H]+ 637.0889, found 637.0883 

1-bromo-4-(3-Ferrocenylpropyl)benzene (11)  

Under N2 atmosphere, a solution of acetylferrocene 9 (1.0 
equiv., 2.00 g, 8.77 mmol) in THF (15.0 mL) was added to 
a freshly prepared solution of LDA (1.2 equiv., 10.6 mmol) in 
THF (15 mL) at -78 °C and stirred at this temperature for 30 
min. Next, a solution of 1-bromo-4-(iodomethyl)benzene (1.3 
equiv., 3.40 g, 11.5 mmol) was added in one portion. The 
reaction mixture was allowed to warm to room temperature and stirred for 16 h. 
Next, the reaction mixture was diluted with EtOAc, the organic layer was washed 
twice with water, brine and dried over MgSO4. The solvents were evaporated in 
vacuo and the solid residue, composed of an inseparable mixture of C- and O- 
alkylation products was used in the next step without any further purification. Next, 
to a mixture of NaBH4 (1.40 g, 37.0 mmol) and AlCl3 (2.40 g, 18.0 mmol) in THF 
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(40 mL) was added a solution of residue from the previous step (2.93 g) in THF 
(10 mL) dropwise at 0 °C. Next, the reaction mixture was allowed to warm to room 
temperature and stirred for 3 h. Subsequently, the reaction was quenched by 
dropwise addition of ice-cold water (20 mL), diluted with EtOAc, washed twice 
with water, saturated aqueous NaHCO3, brine and dried over MgSO4 and 
concentrated in vacuo. Purification by column chromatography (SiO2, 
pentane/DCM) afforded 11 as an orange solid (1.78 g, 4.65 mmol, 53%, over two 
steps). 1H NMR (400 MHz, CDCl3) δ 7.45 – 7.38 (m, 2H), 7.07 (d, J = 8.1 Hz, 2H), 
4.09 (d, J = 10.8 Hz, 9H), 2.60 (t, J = 7.7 Hz, 2H), 2.40 – 2.31 (m, 2H), 1.81 (q, J = 
7.6 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 141.1, 131.2, 130.0, 119.2, 88.6, 68.4, 
67.9, 67.0, 34.9, 32.3, 28.8. HRMS (ESI) calcd C19H19BrFe [M]+ 382.0020 found 
382.0825 

2-((6-(4-(4-(2-(5-(4-(3-Ferrocenylpropyl)phenyl)-2-methylthiophen-3-yl)-3,3,4,
4,5,5-hexafluorocyclopent-1-en-1-yl)-5-methylthiophen-2-yl)phenyl)hexyl)oxy)
tetrah-ydro-2H-pyran (12) 
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Under a N2 atmosphere, DTE 7 (1.0 equiv., 1.00 g, 1.61 mmol) was dissolved in 
anhydrous Et2O (10 ml) and the mixture was cooled to -78 °C. Next, n-butyl 
lithium (1.2 equiv., 1.6 M in hexane, 1.2 mL, 1.93 mmol) was slowly added and 
the mixture was stirred at -78 °C for 20 min. Trimethyl borate (3.0 equiv., 0.50 g, 
0.54 mL, 4.83 mmol) was added in one portion, and the mixture was allowed to 
warm to room temperature and stirred at this temperature for 30 min. The resulting 
solution of boronic acid ester was used in the next step without further 
manipulations. A separate, two-neck round-bottom flask equipped with a reflux 
condenser was charged with 11 (1.5 equiv., 0.93 g, 2.41 mmol) and 
Pd(dppf)Cl2•CH2Cl2 (0.05 equiv., 61 mg, 0.081 mmol). Next, the previously 
prepared solution of boronic ester and a degassed aqueous solution of K2CO3 (15.0 
equiv., 1 M, 24.1 mmol) were added. The reaction mixture was diluted with THF 
(40 mL) and stirred at reflux for 16 h. Subsequently, the reaction mixture was 
cooled to room temperature, diluted with EtOAc and the phases were separated. 
The aqueous phase was extracted twice with EtOAc and the combined organic 
layers were washed with brine, dried over MgSO4 and concentrated in vacuo. 
Purification by column chromatography (SiO2, pentane/EtOAc) afforded 12 as an 
orange oil (1.06 g, 1.14 mmol, 71%). 1H NMR (400 MHz, CDCl3) δ 7.46 (m, 4H), 
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7.24 (s, 2H), 7.20 (m, 4H), 4.57 (m, 1H), 4.10 (m, 9H), 3.87 (td, J = 8.2, 7.7, 4.1 
Hz, 1H), 3.74 (dt, J = 9.9, 6.9 Hz, 1H), 3.50 (dt, J = 10.9, 4.7 Hz, 1H), 3.39 (dt, J = 
9.7, 6.6 Hz, 1H), 2.64 (dt, J = 15.0, 7.6 Hz, 4H), 2.37 (t, J = 7.7 Hz, 2H), 1.95 (s, 
6H), 1.90 – 1.79 (m, 3H), 1.74 – 1.28 (m, 13H). 13C NMR (101 MHz, CDCl3) δ 
142.6, 142.2, 142.2, 142.1, 140.6, 140.6, 130.8, 130.6, 128.9, 128.8, 125.6, 125.6, 
125.3, 121.7, 121.7, 98.7, 88.9, 68.6, 68.1, 67.4, 67.2, 62.2, 35.4, 35.2, 32.3, 31.1, 
30.6, 29.5, 28.9, 28.9, 26.0, 25.3, 19.6, 14.4. Not all carbon resonances were 
observed due to coupling with fluorine. 19F NMR (376 MHz, CDCl3) δ -110.04 
(br), -131.85 (m). HRMS (ESI) calcd C51H52F6FeO2S2 [M]+ 930.2657, found 
930.2666 

6-(4-(4-(2-(5-(4-(3-Ferrocenylpropyl)phenyl)-2-methylthiophen-3-yl)-3,3,4,4,5,
5-hexafluorocyclopent-1-en-1-yl)-5-methylthiophen-2-yl)phenyl)hexan-1-ol 
(13) 
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A round-bottom flask equipped with a reflux condenser was charged with 12 (1.0 
equiv., 1.00 g, 1.07 mmol), pyridinium p-toluenesulfonate (PPTS) (5.0 equiv., 1.35 
g, 5.37 mmol) and MeOH (20 mL) and DCM (15 mL) were added. The resulting 
reaction mixture was heated at reflux for 3 h. Subsequently, the reaction mixture 
was cooled to room temperature, diluted with EtOAc and the phases were 
separated. The organic phase was washed with HClaq (1 M), twice with water, 
brine, dried over MgSO4 and concentrated in vacuo. Purification by column 
chromatography (SiO2, pentane/EtOAc) afforded 8 as an orange oil (0.84 g, 0.99 
mmol, 93%). 1H NMR (400 MHz, CDCl3) δ 7.47 (m, 4H), 7.25 (s, 2H), 7.20 (m, 
4H), 4.13 (m, 9H), 3.65 (t, J = 6.6 Hz, 2H), 2.64 (dt, J = 12.5, 7.6 Hz, 4H), 2.35 (t, 
J = 7.6 Hz, 2H), 1.96 (s, 6H), 1.85 (t, J = 7.6 Hz, 2H), 1.61 (dq, J = 32.5, 7.2, 6.8 
Hz, 4H), 1.41 (d, J = 4.5 Hz, 4H). 13C NMR (101 MHz, CDCl3) δ 142.5, 142.2, 
142.1, 142.1, 140.6, 140.6, 130.8, 130.7, 125.6, 125.4, 125.4, 121.7, 121.7, 89.2, 
68.8, 68.3, 67.4, 62.8, 35.4, 35.2, 32.5, 32.3, 31.1, 28.9, 28.8, 25.4, 14.4. Not all 
carbon resonances were observed due to coupling with fluorine. 19F NMR (376 
MHz, CDCl3) δ -110.01 (t, J = 5.4 Hz), -131.87 (p, J = 5.5 Hz). HRMS (ESI) calcd 
C46H44F6FeOS2 [M]+ 846.2082, found 579.2088 
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S-(6-(4-(4-(2-(5-(4-(3-Ferrocenylpropyl)phenyl)-2-methylthiophen-3-yl)-3,3,4,4
,5,5-hexafluorocyclopent-1-en-1-yl)-5-methylthiophen-2-
yl)phenyl)hexyl)ethanethioate (2) 
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Under N2, a solution of di-2-methoxyethyl azodicarboxylate (DMEAD) (3.0 equiv., 
0.62 g, 2.65 mmol) in THF (10.0 mL) was cooled to 0 °C. Next, to this solution 
a solution of PPh3 (3.0 equiv., 0.69 g, 2.65 mmol) in THF (10.0 mL) was added 
dropwise and stirred at 0 °C for 10 min. The resulting mixture was added dropwise 
to a flask containing a solution of 8 (1.0 equiv., 0.8 g, 0.84 mmol) in THF (5 mL) 
cooled to 0 °C. Next, thioacetic acid (3.0 equiv., 0.20 mg, 189 μL, 1.92 mmol) was 
added in one portion and the reaction mixture was allowed to warm up to room 
temperature and stirred for 16 h. The reaction mixture was diluted with DCM, 
washed twice with water, saturated aqueous solution of sodium bicarbonate, brine, 
dried over MgSO4 and concentrated in vacuo. Purification by column 
chromatography (SiO2, pentane/EtOAc) afforded 2 as an orange oil (0.29 g, 0.45 
mmol, 86%) 1H NMR (400 MHz, CDCl3) δ 7.47 (dd, J = 8.1, 6.8 Hz, 4H), 7.25 (s, 
2H), 7.20 (t, J = 8.6 Hz, 4H), 4.11 (m, 9H), 2.87 (t, J = 7.3 Hz, 2H), 2.64 (dt, J = 
17.8, 7.6 Hz, 4H), 2.37 (t, J = 7.6 Hz, 2H), 2.33 (s, 3H), 1.96 (s, 6H), 1.86 (p, J = 
7.7 Hz, 2H), 1.60 (dq, J = 22.3, 7.3 Hz, 4H), 1.38 (tq, J = 9.1, 5.5, 2.9 Hz, 4H). 13C 
NMR (101 MHz, CDCl3) δ 195.8, 142.5, 142.2, 142.1, 142.1, 140.6, 140.6, 130.7, 
130.7, 128.9, 128.8, 125.6, 125.4, 125.4, 121.7, 121.7, 88.9, 68.6, 68.1, 67.2, 35.3, 
35.2, 32.3, 31.0, 30.5, 29.2, 28.9, 28.5, 28.4, 14.3. Not all carbon resonances were 
observed due to coupling with fluorine. 19F NMR (376 MHz, CDCl3) δ -109.99 (t, J 
= 5.5 Hz), -131.85 (p, J = 5.7 Hz). HRMS (ESI) calcd C48H46F6FeOS3 [M+H]+ 
904.1959, found 904.1972 

Surface Functionalization. Functionalization of the Ag surface with DTE 
photoswitches was achieved be incubating the freshly prepared template-stripped 
silver39 (AgTS) substrate in solution of DTE 1 or 2 in EtOH/THF (99/1 v/v) with 
triethyl amine for 12 h. The substrates were rinsed with ethanol and dried in 
a stream of argon. 
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Chapter	7	
Maximized	change	in	water	contact	
angle	for	photoswitchable	
cucurbit[8]uril‐mediated	
supramolecular	monolayers	on	gold	

 

 

 

 

 

 

 

 

 

 

 

 

The synthesis and surface immobilization of a supramolecular cucubit[8]uril (CB[8]) complex with 
a light-responsive thread, bearing paraquat and azobenzene moieties, connected to surface anchoring 
group via tetraethylene glycol linker is reported. The photoswitching in solution was studied by 1H 
NMR and UV/Vis absorption spectroscopies. The two-component CB[8] complexes were grafted on 
a Au(111) surface in a simple two-step process, that is, immobilization of the thread followed by 
complexation of the thread by the cavitand. Upon exposure of the surface-confined complex to UV 
light, the paraquat moiety is expelled from the cavitand. Due to the large free volume provided by the 
CB[8] macrocycle, molecular films show dynamic behavior leading to a reversible change in water 
contact angle (20°) and substantial change in the film thickness (4 Å).  

This work will be submitted for publication. Manuscript in preparation. 
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7.1 Introduction	

Responsive functional surfaces, whose properties and function can be altered by an 
external stimulus, continue to attract significant attention for their application as 
sensors,1–4 biochips,5 lubricants,6–8 coatings,9–11 or electronic devices.12–15 
Photoresponsive molecular switches are among the most promising candidates for 
the fabrication of responsive functional surfaces as light, in comparison to other 
stimuli, offers the highest level of spatiotemporal control over the surface 
properties. In addition, the light-induced structural change of these molecules on 
surfaces can be exploited for switching wettability16–22 or for opto-mechanical 
applications.15,23 Fabrication of photo-responsive self-assembled monolayers 
(SAMs) requires a good understanding of chemical and optical properties of the 
substrate. For the efficient switching of the photoactive SAM, a sufficient free 
volume around each switch is required, which can be achieved either by using 
a mixed monolayer strategy or a bulky anchoring group.12,20,24 In addition, the 
lateral separation of the chromophores in the SAM prevents intermolecular exciton 
coupling between the adjacent photoswitches.25,26 Up to now, the light-induced 
water contact angle (WCA) changes achieved with photoactive SAMs, are modest, 
amounting to 2−14° for azobenzene monolayers,16,17,27 6-10° for spiropyrans,18,21,28 
and to 5-7° for diarylethylenes.20 Different approaches have been followed to 
amplify these changes, for example, by increasing the surface roughness,17,27–29 
through grafting of polymer brushes to the surface,30–33 or fabrication of patterned 
surfaces.22 Nevertheless, the control of the WCA on flat, non-patterned surfaces by 
light remains a fundamental challenge. 

Recently attention is focused on the assembly of SAMs of photoresponsive host-
guest complexes.34 In these systems the isomerization of the photoswitch usually 
promotes the dissociation/association of the supramolecular complex and therefore, 
the structural change associated with isomerization of the photoswitch is further 
amplified, which should result in larger variation in WCA between the pristine and 
the irradiated surface.29,35 For this purpose, responsive surfaces functionalized with 
macrocyclic hosts including cyclodextrins29,35 and calixarenes36,37 have been 
fabricated and proven to exhibit large WCA changes modulated in response to light 
on rough or patterned surfaces. As one of the largest, known macrocyclic hosts, 
cucubit[8]uril (CB[8]) can simultaneously accommodate, within its hydrophobic 
cavity, up to two guest molecules, for example, an electron poor paraquat (MV2+) 
and an electron rich E-azobenzene, forming a heteroternary photoswitchable 
complex.38,39 A practical translation of this rich CB[8] host-guest chemistry to the 
surface confined systems, yielded functional, photoresponsive interfaces for the 
immobilization of micelles,40 colloids,41 polymer brushes,30 memory devices42 or 
light-modulation of adhesive properties.43,44 Scherman et. al. showed that 
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irradiation of the binary complex of azobenzenes, bearing an adjacent cation, and 
MV2+ CB[8] leads to expulsion of MV2+ from the CB[8] cavity due to steric 
congestion and much higher binding affinity of cationic Z-azobenzenes to CB[8] 
than that of MV2+ to CB[8].45  

Inspired by this pioneering work, we considered this type of switchable inclusion 
complexes suitable candidates for fabrication of photoresponsive SAMs. Here, we 
present, a simple design of a novel CB[8] guest comprising a cationic azobenzene 
photoswitch and a paraquat moiety connected with tetraethylene glycol to a thiol 
anchoring group for surface modification. We envisioned that the hydrophilic 
tetraethylene glycol chain would orient the thread vertically to the relatively 
hydrophobic gold surface, while the bulky CB[8] would provide the free volume 
essential for effective switching in the surface confined system (Figure 7.1). Using 
XPS spectroscopy, we confirmed binding of both E-azobenzene and paraquat 
moieties to CB[8] on the surface, and expulsion of the paraquat moiety from the 
cavity upon UV irradiation. This expulsion leads to a substantial change in film 
thickness (4 Å) and moreover, a change of the WCA of 20°. Due to the inherent 
dual-wavelength responsivity of the azobenzene photoswitches, the WCA could be 
reversibly modulated using UV and visible light. 

 

Figure 7.1 Schematic representation of the structure of cucubit[8]uril and design 
of the photoswitchable thread E-1 (left panel). Schematic representation of the 
light-induced structural changes of the E-1⊂CB 8 	complex	adsorbed on Au/Mica 
substrate.  
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7.2 Synthesis		

The photoswitchable thread E-1 was synthesized in a convergent synthesis by N-
alkylation of imidazole terminated azobenzene 9 with iodohexyl substituted 
unsymmetrical methyl viologen 4 (Scheme 7.2). The non-symmetrical viologen 4 
could be conveniently accessed by N-alkylation of N-methyl 4,4’-bispyridinium 
cation 3 with 1,6-diiodohexane. Subsequently, the iodide counterions were 
exchanged to more hydrophobic hexafluorophosphate counterions in order to 
increase the solubility of 4 in organic solvents (Scheme 7.1).  

 

Scheme 7.1 Synthesis of 4  

Next, the alcohol 7 was converted into corresponding bromide 8 using Apple 
reaction in 80% isolated yield. The benzylic bromide was then substituted with 
imidazole furnishing 9 in a very good yield, and both parts of the target molecule, 
were connected by heating in acetonitrile at 80 ºC. In order to avoid tedious 
purification from charged species, azobenzene 9 was used in excess and the 
reaction was carried until complete conversion of viologen 4. The protected, 
photoswitchable thread 2 was isolated as a chloride 2Cl, by precipitation with 
TBACl and purified from the remaining 9 by trituration from MeCN/PhMe. The 
2Cl was then used in photochemical and complexation with CB[8] studies in 
solution, owning to its high solubility in water. Prior to the deprotection of the trityl 
group, chloride counterions were exchanged to hexafluorophosphate by 
precipitation of 2PF6 from aqueous solution of 2Cl with NH4PF6. Finally, free thiol 
group was liberated with TFA and Et3SiH as carbocation scavenger, and the 
deprotected thread 1, with iodide counterions, was isolated by precipitation with 
TBAI from MeCN/PhMe solution as deep orange solid. The final product could be 
stored in a glovebox at -20 ºC for several months without any noticeable sign of 
oxidation (Scheme 7.2). 



 

 
177 

 
 
 
 

Maximized change in water contact angle for photoswitchable cucurbit[8]uril-
mediated supramolecular monolayers on gold 

 

Scheme 7.2 Synthesis of photoswitchable thread E-1 

7.3 Photochemical	isomerization	studies	in	solution	

Prior to the studies on Au surface, the photochemical E⟶Z isomerization of the 
trityl-protected thread 2 as well as of the 2⊂CB[8] complex were studied in 
solution by UV/Vis absorption and 1H NMR spectroscopies. As expected, in the 
absence of CB[8], the bare thread shows the typical isomerization behaviour of 
azobenzene photoswitches (Figure 7.2b,c). In the UV/Vis absorption spectra, 
irradiation of the aqueous solution of E-2 at 365 nm led to a gradual decrease in the 
absorbance at 355 nm with a concomitant increase in the absorbance at 445 nm, in 
line with the E⟶Z isomerization of the azobenzene moiety (Figure 7.2b, red 
spectrum). Likewise, in 1H NMR spectroscopy, exposure to 365 nm light of E-2 in 
aqueous solution resulted in large upfield shifts of the resonances of the aromatic 
protons of the azobenzene, further corroborating the E⟶Z isomerization of the 
photoswitch (Figure 7.2c, blue dashed lines). The photogenerated Z-2 was proven 
to be thermally stable in the timeframe of the experiments with a half-life of ca. 4 
days at room temperature as determined by Eyring analysis (see experimental 
section). The backward Z⟶E isomerization could be induced upon irradiation of 
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Z-2 at 455 nm, which led to a gradual recovery of the original UV/Vis absorption 
(Figure 7.2b, blue spectrum) and 1H NMR spectra (Figure 7.2c). Throughout both 
E-2→Z-2 and Z-2→E-2 isomerizations isosbestic points were maintained at  
421 nm indicating a unimolecular process (see experimental section). Furthermore, 
the reversible E-Z photoswitching of the bear thread could be performed for at least 
five cycles by alternating UV and Vis irradiations without any appreciable amount 
of fatigue (Figure 7.2b, inset). 

 

Figure 7.2 (a) Schematic representation of the structural changes of trityl-
protected thread E-2 upon irradiation at 365 and 455 nm. (b) Changes in UV/Vis 
absorption spectrum E-2 (black spectrum), after irradiation at 365 nm (PSS365, red 
spectrum) and after consecutive irradiation at 455 nm (PSS455, blue spectrum). 
Inset shows changes in absorbance at 350 nm (A350) upon consecutive 
irradiations with UV and Vis light. (c) Changes in 1H NMR (400 MHz, 
D2O/CD3OD, 1.5 mM) spectrum of E-2 (Black spectrum) upon irradiation with 365 
nm (photostationary state was reached after 2 h of irradiation, red spectrum) and 
subsequent irradiation with 455 nm ((photostationary state was reached after 3 h 
of irradiation, blue spectrum).  
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The composition of the photostationary state (PSS) mixtures, formed upon 
sufficient irradiation at both wavelengths, was determined from the 1H NMR 
spectra. It was found that the E⟶Z photoisomerization of the bare thread proceeds 
almost quantitatively (PSS365 95:5 of Z-2:E-2), while the irradiation at 455 nm 
gives rise to a lower ratio of the isomers (PSS455 28:72 of Z-2:E-2).  

 

Figure 7.3 HRMS spectrum of E-2⊂CB[8] complex 

In aqueous solution, the inclusion complex E-2⊂CB[8] was found to form almost 
immediately upon mixing of the E-2 thread with CB[8] as was confirmed by 1H 
NMR spectroscopy, which revealed a significant upfield shift of the resonances 
ascribed to the aromatic protons of the paraquat and azobenzene moieties of the 
thread, in accordance with the literature data on comparable heteroternary CB[8] 
complexes (Figure 7.4c, red spectrum, red and blue dashed lines, 
respectively).39,42,45 Additional proof for the successful formation of the complex 
came from electrospray ionization mass spectroscopy (ESI-MS), where the masses 
of triply charged E-2⊂CB[8]3+ and double charged [E-2⊂CB[8]-H+]3+ were 
detected (Figure 7.3).  

When irradiated at 365 nm, the E-2⊂CB[8] host-guest complex showed a similar 
signature of the photoswitching behaviour in the UV/Vis absorption spectrum as 
the free E-2, namely a gradual decrease in the absorbance at 355 nm accompanied 
by small increase in the absorbance at 455 nm, pointing to the E⟶Z isomerization 
of the azobenzene moiety (Figure 7.4b). In the 1H NMR spectrum, irradiation at 
365 nm of the aqueous solution of E-2⊂CB[8] (Figure 7.4c, blue spectrum) 
resulted in a downfield shift of the resonances of the protons ascribed to the 
paraquat moiety towards the positions observed for the bare thread (Figure 7.4c, 
black spectrum, red dashed lines). In the Z-2⊂CB[8] complex, the paraquat moiety 
is thus expelled from the cavitand. This observation, was further supported by 
calculations using Grimme’s CREST algorithm46 using a simplified model 
compound. It was found that, for two populations of binary complexes, featuring 
either both fragments of the thread (paraquat and Z-azobenzene) or only Z-
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azobenzene encapsulated in the cavitand, the latter was more energetically 
favoured in terms of the deformation energy of the thread (Figure 7.5, see 
experimental section).  

 

Figure 7.4 (a) Schematic representation of the structural changes of  
trityl-protected thread E-2 upon irradiation at 365 and 455 nm. (b) Changes in 
UV/Vis absorption spectrum E-2 (black spectrum), after irradiation at 365 nm 
(PSS365, red spectrum) and after consecutive irradiation at 455 nm (PSS455, blue 
spectrum). Inset shows changes in absorbance at 350 nm (A350) upon consecutive 
irradiations with UV and Vis light. (c) Comparison of the 1H NMR spectra  
(400 MHz, D2O, 0.7 mM) of bare thread E-2 (black spectrum), complex E-
2⊂CB[8] (red spectrum), photostationary state mixture obtained by sufficient 
irradiation at 365 nm of E-2⊂CB[8] (PSS365, blue spectrum), and photostationary 
state mixture obtained by sufficient irradiation at 365 nm of E-2⊂CB[8] (PSS455, 
green spectrum). 
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Backward Z⟶E isomerization could be achieved through irradiation at 455 nm, 
which led to a gradual recovery of the E-2⊂CB[8] complex, as proven by UV/Vis 
absorption and 1H NMR spectra (Figure 7.4b,c, green spectra). The reversible 
E⟶Z photoswitching of the inclusion complex could be performed for at least five 
without any appreciable sign of fatigue, as demonstrated by the change in 
absorbance at 355 nm during alternate illumination with 365 nm and 455 nm light 
(Figure 7.4b, inset). Throughout E-2⊂CB[8]⟶Z-2⊂CB[8] no isosbestic point was 
observed which may probably indicate a sequential process. Conversely, during  
Z-2⊂CB[8]⟶E-2⊂CB[8] an isosbestic point was maintained at 408 nm thus 
indicating unimolecular process (see experimental section). The composition of the 
PSS mixtures formed upon sufficient irradiation at both wavelengths was 
determined with 1H NMR spectroscopy. In comparison to the bear thread the E⟶Z 
isomerization of the encapsulated azobenzene thread was found to give a lower 
PSS365 ratio (74:26 of Z-2⊂CB[8]: E-2⊂CB[8]), while the complementary Z⟶E 
photoisomerization gave rise to a much higher PSS455 ratio (10:90 of Z-2⊂CB[8]: 
E-2⊂CB[8]). Having established that in solution the photoisomerization of both 
bare and encapsulated threads proceeds in similar fashion and that paraquat 
association and dissociation can be induced by light, we proceeded to the 
fabrication of the photoresponsive surface. 

 

Figure 7.5 DFT optimized structures (M06-2X def2-TZVP with SDM solvation 
model for water) of model inclusion complexes featuring both E-azobenzene and 
paraquat moiety encapsulated by CB[8] (left panel) and Z-azobenzene 
encapsulated by CB[8] with paraquat moiety expelled from cavitand (right panel). 

7.4 Surface	functionalization	

The gold surface was functionalized with a monolayer of E-2 in methanolic 
solution in the glove box (Figure 7.6, Sample 1). Freshly prepared E-2 at Au 
samples were used to form complexes with CB[8] by dipping the substrate 
functionalized with E-2 in a suspension of CB[8] in DI-water. These samples were 
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either irradiated by white light (Figure 7.6, Sample 2) or UV light (Figure 7.6, 
Sample 3). We used X-ray photoelectron spectroscopy (XPS) to check the integrity 
of the molecules on the gold surfaces and to follow the light induced changes in the 
structure of the sample.  

 

Figure 7.6 Representation of the E-1 thin film on Au/Mica substrate (Sample 1) 
and changes in the structure of the film upon complexation with CB[8] (Sample 2) 
and irradiation with UV (Sample 3) or Vis light (Sample 2). The thickness of the 
films was determined from the attenuation of the Au4f XPS signal (see 
experimental section for details). Dashed arrows and numbers denote thickness of 
the respective adsorbate layers determined from attenuation of the Au4f signal in 
the XPS spectra (see experimental section for details). 

Nitrogen is present in both guest (E-2 thread) and host (CB[8]) molecules. Figure 
7.7a,b present the N1s core level spectra of samples 1 and 2. The spectrum of 
Sample 1, where the bare thread is grafted onto Au(111), comprises three 
distinguishable components. The first one at a binding energy of 399.8 eV,47 
corresponds to nitrogen in the azobenzene moiety (Nazo), whereas the lower charge 
density on N+ in the pyridinium moieties (Npqt), gives rise to the component at 
401.0 eV12,48. The third component at 402.3 eV can be attributed to N+ in the 
imidazolium moiety (Nimz), where the charge density around the photoemitting 
nitrogen is lowest. These components contribute with 40±2% (Nazo), 22±3% (Npqt) 
and 37±3% (Nimz,) to the total N1s spectral intensity (Figure 7.7a). The additional 
component at a binding energy of 400.2 eV49, detected in the XPS spectra of 
Sample 2, corresponds to N in an carbamide group and confirms the presence of 
CB[8] moieties on this surface (Figure 7.7b). Furthermore in Sample 2, Nazo peak 
sifted to 0.8 eV towards lower binding energy as a consequence of the interactions 
with the CB[8] core, thus indicating formation of the complex on Au surface. The 
C1s spectrum of Sample 1 consists of three distinct components, one at a binding 
energy of 285.1 eV,50 originating from carbons remote to heteroatoms, a second 
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one at 287.4 eV,51,52 corresponding to carbons in TEG chain and a relatively broad 
one (with a full width at half maximum of 1.6 eV) at 286.4  eV,50 which stems from 
carbons adjacent to nitrogens in pyridinium and imidazolium moieties (Figure 
7.7c). After complexation of the immobilized thread with CB[8] the additional 
components at 287.9 eV53 and 289.4 eV49 appeared in the C1s spectrum, testifying 
to the presence of N-(C=O)-N, and C-N-C species (Figure 7.7d). The S2p core 
level spectra of both Sample 1 and 2 consist of two doublets at 161.8 eV54 and 
163.6 eV,12 which correspond to chemisorbed sulfur and disulphide bonds, 
respectively (Figure 7.7e,f). The relative S2p photoemission intensity of sulfur in 
disulfide bonds changed from 20±2% to 48±3% after formation of the complex 
with CB[8] in water (Figure 7.7e,f). The I3d5/2 core level spectra confirmed the 
presence of the iodide anion on the azobenzene functionalized thread after grafting 
to the gold surface and after further functionalization with CB[8] and testify to the 
thread’s integrity (see experimental section). From the XPS spectra we can 
therefore conclude that the surface functionalization protocol was successful, 
resulting the in adsorption of the E-2 switches on the Au(111) surface and the 
successive binding of CB[8].  

 

Figure 7.7 XPS spectra of the N1s (a, b), C1s (c, d) and S2p (e, f) core level region 
collected from a gold surface functionalized, with the bare azobenzene thread E-1 
Sample 1 (bottom panels), and the same surface after further modification with 
CB[8] and irradiation with visible light Sample 2 (top panels).  

7.5 Photochemical	isomerization	studies	on	surface		

The theoretical length of the bare thread is 42 Å, whereas the length deduced from 
the attenuation of the Au4f signal in the XPS spectrum of the E-2 molecules on the 
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surface was 8.0±0.2 Å (see experimental section). This thickness of the molecular 
film on top of the gold surface in Sample 1 clearly indicates that the molecules are 
not tightly packed. The presence of the PEG chains may lead to a glassy phase 
structured like polymer brushes.55 The molecular structure of CB[8] translates into 
a height of 9 Å38 for the host molecules, whereas the thickness of the surface-
anchored host-guest complex as deduced from the attenuation the Au4f signal in 
the XPS spectrum was 18.0±0.6Å (details of the calculation are reported in the 
experimental section).  

 

Figure 7.8 (a) The XPS spectra of the N1s core level region collected from a gold 
surface functionalized, with the E-1⊂CB[8] complex (Sample 2) and irradiation 
with visible light (bottom) and same surface after irradiation with 365 nm light 
(Sample 3). (b) Water contact angles micrographs for Au surface modified with 
bare thread E-1 (bottom), after complexation with CB[8] (E-1⊂CB[8], middle) 
and irradiation with visible ligh, and after irradiation of the surface at 365 nm (Z-
1⊂CB[8], top). 

In other words, the modification of Sample 1 with the guest molecule and 
irradiation with visible light gave an around 9 Å thicker adsorbate layer than that of 
the pure thread, which is more than the height of the CB[8] molecules. To 
understand this conformational change we resorted to contact angle measurements, 
keeping in mind, as already mentioned earlier, that the CB[8] molecules have 
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a hydrophobic interior and a hydrophilic top exterior. The images of water droplets 
on the various surfaces are shown in the right panel of Figure 7.8b, where also the 
measured contact angle are reported; the measured contact angles are also 
summarized in Table 1. The water contact angle of Sample 1 was 59±2° at room 
temperature (Figure 7.8b, bottom), which agrees with a conformation like the one 
sketched in Figure 7.6 (Sample 1), where the hydrophobic paraquat moieties are 
partially folded back. When Sample 1 is exposed to the host molecules, these 
hydrophobic moieties can bind to the hydrophobic cavity of CB[8], as observed by 
NMR for the molecules in solution (Figure 7.4c). The water contact angle of 
Sample 2 was measured to be 41±3° (Figure 7.8b, middle), which indicates that the 
surface modified with complexed azobenzene thread is more hydrophilic than that 
modified with bare thread and supports the conformation drawn in Figure 7.6 
(Sample 2), where the CB[8] molecules arrange such that the hydrophilic top outer 
rim is exposed away from the gold substrate and both azobenzene and paraquat 
moieties are inserted inside the cavitand. As sketched in Figure 7.6 (Sample 2) 
these results also suggest that the molecular thread orients more upwards with 
respect to the Au surface when CB[8] is present (note the changes between 
Samples 1-2 thickness ~9 Å, Figure 7.6). After irradiation with 365 nm UV light to 
produce, the water contact angle changes to 61±2° (Figure 7.8b, top), and the 
adsorbate layer thickness increased to 21.5±03 Å (see experimental section), in 
agreement with a conformation change as shown in Figure 7.6 (Sample 3), where 
the azobenzene moiety underwent a E to Z isomerization and the paraquat moiety 
were expelled from the cavity and are exposed on the surface. The dynamic 
changes in the film thickness between Sample 2 and 3 are only possible because 
the hydrophobic gold surface forces the lower hydrophilic PEG part of the thread 
to extend out from the surface, thereby also causing the hydrophobic part of the 
molecule to be available for threading by the cavitand as shown in Figure 7.6.  

Table 1 The water contact angle measurement after Vis (>455 nm) and UV (365 
nm) irradiation of different samples prepared on Au(111). 

Sample name 
Droplet size 0.5 

μl 
Droplet size 1.0 

μl 

Sample 1 after 
irradiation with 
>455 nm light 

61±3° 59±3° 

Sample 1 after 
irradiation with 
365 nm light 

58±2° 59±2° 

Sample 2 45±2° 41±3° 

Sample 3 60±3° 58±2° 
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In fact, the overall design of CB[8] molecules with their hydrophobic interior and 
hydrophilic exterior rim is such that various hydrophobic-hydrophilic interactions 
are possible giving rise to the conformational change, which results in the ≈20° 
(Sample 2/Sample 3, Figure 7.6) water contact angle change in response to 
irradiation with UV light. The summary of the contact angles of the different 
surfaces measured with different volume of the water droplet, reported Table 1, 
shows that the ≈20° water contact angle change was reproducible for different 
samples. We also studied the reversibility of the switching by measuring the water 
contact angle; the results during various switching cycles are shown in Figure 7.9. 
Sample 2 with a contact angle of 45±2° was first irradiated with 365 nm UV light 
to generate sample 3 with a contact angle of 62±3°. Irradiation with visible light 
reverses the surface back to the initial conformation as seen from the contact angle 
of 46±3°, but if the alternate irradiations are continued, fatigue sets56 in after the 
second cycle and the contact angle change becomes much less (Figure 7.9). 

 

Figure 7.9 Switching cycles of E-2⊂CB[8] anchored on the Au(111) surface, 
monitored via the contact angle of a 1μl water droplet, measured after each 
alternate irradiation with 365 nm (UV) and >455 nm (Vis) light. 

7.6 Conclusions	

In summary, we synthesized a new supramolecular switch and demonstrated that it 
changes its conformation when stimulated by light both in solution when anchored 
to a surface. The switching behaviour of the host–guest complex was carefully 
analysed by 1HNMR and UV/vis absorption spectroscopy in solution as well as by 
XPS and contact angle measurements on the surface. In solution complex 
formation and multiple switching without any fatigue could be demonstrated. On 
the gold surface the E-2 switch adsorbs forming a glassy disordered phase, rather 
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than a densely packed self-assembled monolayer. However, surface switching 
could be proven by the water contact angle change. The E-2 switch on the surface 
can be efficiently functionalized with CB[8], and the complex shows a clear 
switching behaviour under UV irradiation, which results in a water contact angle 

change of 20. Most interestingly, the switch is fully reversible under irradiation 
with visible light during the first cycle and the initial hydrophobicity of the surface 
is recovered. Moreover, the observed by XPS spectroscopy changes in the 
thickness of the adsorbate layer upon illumination demonstrate that this surface 
mounted supramolecular system shows unprecedented dynamical behaviour. At the 
molecular level, the paraquat fragment moves out of the CB[8] macrocycle and 
threads back into it under alternate irradiation with UV and visible light, 
respectively. 
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7.8 Experimental	Section	

General Considerations For general comments see Chapter 2. Compounds 357, 
458, 559, were synthesized according to literature procedures. 

Monolayer E-2 on Au surface. The gold surface functionalization with E-2 
molecules was performed in a glove box. The solution of E-2 molecules was 
prepared in anhydrous methanol (98%, Sigma Aldrich) with few drops of 
anhydrous tetrahydrofuran (anhydrous, ≥99.9%, sigma Aldrich), and stirred for 20 
min. All glass vails were degassed to remove water and O2 molecules before 
preparation of the E-2 solution. The Au/mica substrate was immersed in the 
methanol solution for 8 h in the dark. Then the samples were washed three times 
with methanol, dried in an Ar-atmosphere and sealed in a glass vail. 

Preparation of E-2⊂CB[8] monolayer. Formation of the inclusion complex on 
a gold surface was performed in the glove box. The over-saturated aqueous 
solution of CB[8] was prepared with degassed deionized (DI) water (resistivity >18 
MΩ cm) by 20 min of sonication. The Au/mica substrate functionalized with a E-2 
monolayer was immersed in the aqueous solution of CB[8] and the vial was 
subjected to rotatory motion at 100 rmp for 5 min. Subsequently, samples were 
washed with DI water, dried in an Ar-atmosphere and stored in an inert 
atmosphere. 
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X-ray photoemission spectroscopy (XPS) X-ray Photoelectron Spectroscopy was 
performed with a Surface Science SSX-100 ESCA instrument, equipped with 
a monochromatic Al Kα X-ray source (hν = 1486.6 eV). The pressure in the 
measurement chamber was below 1×10-10 mbar during data acquisition. The 
electron take-off angle with respect to the surface normal was 37º. The diameter of 
the analyzed area was 1 mm yielding a total experimental energy resolution of 1.1 
eV. The XPS spectra were analyzed using the least-squares curve fitting program 
Winspec. Deconvolution of the spectra included a Shirley baseline subtraction and 
fitting with a minimum number of peaks consistent with the structure of the 
molecules on a surface, taking into account the experimental resolution. The peak 
profile was taken as a convolution of Gaussian and Lorentzian functions. Binding 
energies are reported ±0.1 eV and referenced to the Au 4f7/2 photoemission peak 
originating from the substrate, centered at a binding energy of 84 eV. All 
measurements were carried out on freshly prepared samples; on each surface 5 
points were measured to check for reproducibility. 

Thickness calculation of the organic thin films from the XPS spectral intensity 
The thickness of the organic monolayers on the gold surface were calculated from 
the attenuation of the Au4f XPS signal. The intensity of the gold photoelectrons is 
attenuated by adsorbed molecules and this attenuation depends mainly on the 
thickness of the adsorbate layer: if the clean substrate has an integrated intensity 
IAu0, the integrated intensity (IAu) when the substrate is covered by adsorbates 
decreases exponentially according to Equation (1), where θ is the angle of the 
detector with respect to the normal to the surface (37°) and λ is the attenuation 
length of photoelectrons in the PEG film on gold surface (≈39 Å60,61) and d is the 
thickness of the adsorbate layer.  

IAu = IAu0 exp(-d / λ sinθ)  (1) 

We estimate the thickness of the film from the average value of the signal collected 
at 5 different spots on each sample; the error in the calculation estimated as 
standard deviation of the arithmetic mean. The thickness of Sample 1 was found to 
amount to were 8.0±0.2 Å, that of Sample 2 that 18.0±0.6 Å, and the thickness of 
Sample 3, to 21.5±0.4Å. 

Computational Details Conformational space was explored using Grimme’s 
Conformer-Rotamer Ensemble Sampling Tool (CREST)46 based on the GFN2-xTB 
method as implemented in the xTB code (version 6.1 beta).62,63 In these 
calculations, solvation effects were mimicked using the Generalized Born with 
Solvent Accessible Surface Area model (GBSA),64 modelling water. Geometries 
were then further optimized using Grimme’s GFN2-xTB method62,63 (very tight 
convergence criteria) and frequency calculations were performed to obtain 
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thermodynamic corrections. Single energy point calculations were recomputed at 
these geometries using TPSS,65 PW6B9566 in combination with the D3-BJ 
dispersion correction,67,68 and M06-2X69 density functionals with the def2-TZVP70 

basis set. In addition, the HF-3c71 and PBEh-3c72 methods were also tested. The 
SMD solvation model was used for the single point energy calculations.73 Results 
are presented in Table 2. RIJCOSX was used to accelerate the calculations with 
hybrid functionals.74 These calculations were carried out using the electronic 
structure code ORCA Version 4.1.1.75,76 For the trans configuration, we found that 
the ensemble of identified low-energy conformers placed the paraquat inside the 
CB[8] unit. For the cis configuration, an ensemble of structures was obtained 
where some of the structures featured the paraquat fragment inside and some 
outside of the CB[8] unit. From the computed electronic energies we find that the 
structure with the azobenzene unit in the trans form and the paraquat fragment 
inside the CB[8] unit is energetically most favourable. The cis forms are 
energetically less favourable by 14.2 kcal mol-1 and 14.0 kcal mol-1 for cis-in and 
cis-out, respectively. The energetic difference between the trans and cis forms 
reflects for the most part the energetic difference that is found for the simple 
isomerisation for simple azobenzene itself. We next addressed the question how the 
interaction between the CB[8] unit and the azobenzene/paraquat unit(s) change 
upon transitioning from trans to cis, which ultimately leads to ejection of the 
paraquat fragment. For this purpose we computed the deformation energies of the 
CB[8] macrocycle for the cis conformers with respect to the trans conformation. 
These energy differences are small, 0.5 and 1.1 kcal mol-1 for cis-in and cis-out, 
respectively. We can conclude that the change from a trans to a cis conformation(s) 
and the ejection of the paraquat fragment are not induced by an increase in strain of 
the CB[8] unit. The deformation energies for the bare threads are 11.0 and 8.8 kcal 
mol-1 for cis-in and cis-out when referenced to the trans conformation, thus making 
it favourable to release the paraquat unit. Notably, this energy difference is not 
fully translated to the difference found for the full isomers. When we compute the 
interaction energy between the inner fragment and CB[8] we find that this 
difference is in part compensated by more favourable noncovalent interactions 
which lead to interaction energies of -11.5 and -7.7 kcal mol-1 for cis-in and cis-out, 
respectively. We can therefore expect that especially solvation, which we modelled 
here only crudely with an implicit solvation model, can be used to control the 
position of the paraquat unit upon switching between trans and cis conformations 
of the azobenzene unit. 
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Table 2. Energetic evaluation (ΔG298.15 in kcal mol-1) at different levels of theory 
for the obtained structures. 

 
HF-
3c/SMD 

TPSS-
D3BJ/def2-
TZVP/SMD 

PBEh-
3c/SMD 

PW6B95-
D3BJ/def2-
TZVP/SMD 

M06-2X/def2-
TZVP/SMD 

TRANS 0.0 0.0 0.0 0.0 0.0 

CIS-IN 8.1 11.9 15.2 14.2 14.2 

CIS-OUT 7.2 16.2 13.4 14.9 14.0 

 

Figure 7.10 DFT optimized structures (M06-2X def2-TZVP with SDM solvation 
model for water) of model inclusion complexes in cis-in conformation 

1-(6-iodohexyl)-1'-methyl-[4,4'-bipyridinium] hexafluorophosphate (4) 

A two-neck round-bottom flask equipped with 
reflux condenser was charged with 3 (1.0 
equiv., 1.50 g, 5.03 mmol), a 1,6-diiodohexane 
(3.0 equiv., 5.10 g, 15.1 mmol, 2.5 mL) after 
which MeCN (30 mL) was added. The reaction mixture was heated at reflux for 16 
h. Next, the mixture was cooled to room temperature, the solvent was removed in 
vacuo, and the resulting solid was suspended in toluene, filtered, washed with 
toluene and dried to give 4 (with iodide counterions) as a red solid. For counterion 
exchange, 4 (with I- counterions) was dissolved in Milli-Q water (20 mL), and 
a solution of NH4PF6 (4.92 g, 30.2 mmol, 6 eq.) in Milli-Q water (5.0 mL) was 
added. The resulting solid was filtered, the residue washed with Milli-Q water and 
dried to give 4PF6 as a white solid (3.21 g, 4.78 mmol, 95%). 1H NMR (400 MHz, 
d6-DMSO) δ 9.43 – 9.35 (m, 2H), 9.33 – 9.25 (m, 2H), 8.83 – 8.73 (m, 4H), 4.69 (t, 
J = 7.4 Hz, 2H), 4.44 (s, 3H), 3.28 (t, J = 6.8 Hz, 2H), 1.99 (p, J = 7.4 Hz, 2H), 
1.77 (p, J = 6.9 Hz, 2H), 1.52 – 1.26 (m, 4H). 13C NMR (100 MHz, d6-DMSO) δ 



 

 
191 

 
 
 
 

Maximized change in water contact angle for photoswitchable cucurbit[8]uril-
mediated supramolecular monolayers on gold 

148.5, 148.1, 146.6, 145.7, 126.5, 126.1, 60.8, 48.1, 32.5, 30.5, 29.2, 24.3, 8.8. 
HRMS (ESI) calc.d C17H23IN2 [M]2+ 191.0447, found 191.0445. 

(E)-(4-((4-((1,1,1-triphenyl-5,8,11-trioxa-2-thiatridecan-13-yl)oxy)phenyl)diaze
nyl)phenyl)methanol (7) 

A two-neck round-bottom flask 
equipped with reflux condenser was 
charged with 5 (1.0 equiv., 1.50 g, 
6.57 mmol), 6 (1.2 equiv., 4.79 g, 7.89 
mmol), K2CO3 (3.0 equiv., 2.72 g, 19.7 mmol) and subsequently acetone (45 mL) 
was added. The reaction mixture was heated at reflux for 16 h. Next, the reaction 
mixture was cooled, EtOAc (30 mL) was added, the layers were separated, and the 
aqueous phase was extracted with EtOAc (2 x 10 mL). The combined organic 
layers were washed with brine (20 mL), dried over MgSO4 and concentrated in 
vacuo. Purification by column chromatography (SiO2, pentane/EtOAc) afforded 7 
as orange oil (3.57 g, 5.39 mmol, 82%). 1H NMR (400 MHz, CDCl3) δ 7.88 (dd, J 
= 9.2, 7.4 Hz, 4H), 7.48 (d, J = 8.3 Hz, 2H), 7.44 – 7.36 (m, 6H), 7.30 – 7.22 (m, 
6H), 7.22 – 7.15 (m, 3H), 7.05 – 6.95 (m, 2H), 4.77 (s, 2H), 4.23 – 4.13 (m, 2H), 
3.87 (dd, J = 5.7, 4.0 Hz, 2H), 3.75 – 3.68 (m, 2H), 3.68 – 3.61 (m, 2H), 3.61 – 
3.53 (m, 2H), 3.45 (dd, J = 5.8, 3.8 Hz, 2H), 3.30 (t, J = 6.9 Hz, 2H), 2.42 (t, J = 
6.9 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 161.1, 152.0, 146.9, 144.6, 143.0, 
129.4, 127.7, 127.3, 126.5, 124.6, 122.6, 114.7, 70.7, 70.5, 70.4, 70.0, 69.4, 67.6, 
66.4, 64.8, 31.5 (Two resonances of the ethylene glycol chains overlap). HRMS 
(ESI neg.) calc.d C40H41N2O5S [M-H]- 661.2743, found 661.2731. 

(E)-1-(4-(bromomethyl)phenyl)-2-(4-((1,1,1-triphenyl-5,8,11-trioxa-2-thiatride
can-13-yl)oxy)phenyl)diazene (8) 

A round-bottom flask was charged 
with 7 (1.0 equiv., 3.05 g, 4.60 mmol), 
CBr4 (1.2 equiv., 1.83 g, 5.52 mmol) 
and dry DCM (25 mL). Subsequently, 
a solution of PPh3 (1.5 equiv., 1.81 mg, 6.90 mmol) in DCM (10 mL) was added. 
The reaction mixture was stirred at room temperature for 4 h. Next, the reaction 
mixture was concentrated in vacuo, and purified by column chromatography (SiO2, 
pentane/EtOAc) to afford 8 as an orange oil (4.17 g, 5.75 mmol, 80%). 1H NMR 
(400 MHz, CDCl3) δ 7.95 – 7.80 (m, 4H), 7.51 (d, J = 8.4 Hz, 2H), 7.44 – 7.37 (m, 
6H), 7.30 – 7.25 (m, 6H), 7.22 – 7.15 (m, 3H), 7.05 – 6.95 (m, 2H), 4.54 (s, 2H), 
4.18 (dd, J = 5.7, 4.0 Hz, 2H), 3.87 (dd, J = 5.7, 4.0 Hz, 2H), 3.74 – 3.69 (m, 2H), 
3.67 – 3.62 (m, 2H), 3.57 (dd, J = 5.8, 3.8 Hz, 2H), 3.45 (dd, J = 5.8, 3.8 Hz, 2H), 
3.30 (t, J = 6.9 Hz, 2H), 2.42 (t, J = 6.9 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 
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161.4, 152.2, 146.8, 144.6, 139.7, 129.7, 129.4, 127.7, 126.5, 124.7, 122.8, 114.7, 
70.7, 70.5, 70.4, 70.0, 69.4, 69.4, 67.6, 66.4, 32.7, 31.5. HRMS (ESI) calc.d 
C40H41N2SO4BrNa [M+Na]+ 747.1863, found 747.1863. 

(E)-1-(4-((4-((1,1,1-triphenyl-5,8,11-trioxa-2-thiatridecan-13-yl)oxy)phenyl)dia
zenyl)benzyl)-1H-imidazole (9) 

A two-neck round-bottom flask 
equipped with reflux condenser was 
charged with 8 (1.0 equiv., 2.35 g, 
3.24 mmol), 1H-Imidazole (10 equiv., 
2.21 g, 32.4 mmol), K2CO3 (10 equiv., 
4.48 g, 32.4 mmol) and acetone (25 mL). The reaction mixture was heated at reflux 
for 16 h. Next, the reaction mixture was cooled, EtOAc (30 mL) was added, and 
the layers were separated. The aqueous phase was extracted with EtOAc (2 x 10 
mL). The combined organic layers were washed with brine (20 mL), dried over 
MgSO4, concentrated in vacuo, and purified by column chromatography (SiO2, 
DCM/MeOH) to afford 9 as an orange oil (2.05 g, 2.88 mmol, 89%). 1H NMR 
(400 MHz, CDCl3) δ 7.93 – 7.82 (m, 4H), 7.62 (s, 1H), 7.45 – 7.37 (m, 6H), 7.31 – 
7.10 (m, 8H), 7.04 – 6.97 (m, 3H), 7.13 (s, 1H), 7.03-6.99 (m, 2H), 6.94 (s, 1H) 
5.19 (s, 2H), 4.22 – 4.15 (m, 2H), 3.87 (dd, J = 5.6, 4.0 Hz, 2H), 3.77 – 3.62 (m, 
4H), 3.58 (dd, J = 5.8, 3.8 Hz, 2H), 3.46 (dd, J = 5.8, 3.8 Hz, 2H), 3.31 (t, J = 6.9 
Hz, 2H), 2.43 (t, J = 6.9 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 161.3, 152.4, 
146.8, 144.6, 137.9, 137.3, 129.7, 129.4, 127.7, 127.7, 126.5, 124.7, 122.9, 119.1, 
114.7, 70.7, 70.5, 70.3, 70.0, 69.4, 67.6, 66.4, 50.4, 31.5 (Two peaks of the 
ethylene glycol chains overlap). HRMS (ESI neg.) calcd C43H43N4SO4 [M-H]- 
711.3011, found 711.3000. 

(E)-1-methyl-1'-(6-(1-(4-((4-((1,1,1-triphenyl-5,8,11-trioxa-2-thiatridecan-13-
yl)oxy)phenyl)diazenyl)benzyl)-1H-imidazol-3-ium-3-yl)hexyl)-[4,4'-
bipyridium] trihexafluorophosphate/trichloride (2) 

 

A pressure tube was charged with 4 (1.0 equiv., 1.26 g, 1.87 mmol), 9 (1.5 equiv., 
2.00 g, 2.81 mmol) and MeCN (20 mL) was added. The reaction mixture was 
heated at 80 °C for 16 h. Next, the reaction mixture was cooled, and Bu4NCl (3.11 
g, 11.2 mmol, 6.0 eq.) in MeCN (5 mL) was added to precipitate the product. The 
resulting suspension was filtered, and the residue was from MeCN/PhMe (1/1 v/v) 
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mixture and dried to give 2Cl as an orange solid (1.50 g, 1.40 mmol, 75%), which 
was used for further UV/Vis and NMR studies. For the deprotection step, the 
counter ion was exchanged for PF6

-. 2Cl (1.00 g, 0.93 mmol, 1.0 eq.) was dissolved 
in Milli-Q water (10 mL) and a solution of NH4PF6 (0.91 g, 5.58 mmol, 6.0 eq.) in 
Milli-Q water (5 mL) was added. The precipitate was filtered off, washed with 
Milli-Q water and dried to afford 2PF6 as orange solid (1.24 g, 0.88 mmol, 95%). 
1H NMR (400 MHz, d6-DMSO) δ 9.48 (m, 3H), 9.35 – 9.29 (m, 2H), 8.87 – 8.77 
(m, 4H), 7.94 – 7.80 (m, 6H), 7.66 – 7.59 (m, 2H), 7.35-7.29 (m, 12H), 7.26 – 7.20 
(m, 3H), 7.18 – 7.06 (m, 2H), 5.57 (s, 2H), 4.72 (t, J = 7.5 Hz, 2H), 4.46 (s, 3H), 
4.27 – 4.15 (m, 4H), 3.80 – 3.73 (m, 2H), 3.64 – 3.41 (m, 6H), 3.34 (dd, J = 5.8, 
3.6 Hz, 2H), 3.22 (t, J = 6.6 Hz, 2H), 2.27 (t, J = 6.6 Hz, 2H), 1.98 (p, J = 7.5 Hz, 
2H), 1.84 (p, J = 7.4 Hz, 2H), 1.35 (m, 4H). 13C NMR (100 MHz, d6-DMSO) δ 
161.5, 152.0, 148.4, 148.0, 146.6, 146.0, 145.8, 144.4, 137.2, 136.3, 129.4, 129.1, 
128.0, 126.7, 126.5, 126.1, 124.7, 122.9, 122.7, 122.6, 115.1, 69.9, 69.8, 69.6, 69.5, 
68.8, 68.5, 67.7, 66.0, 60.5, 51.5, 48.8, 48.0, 31.4, 30.5, 28.9, 24.9, 24.7. HRMS 
(ESI) calc.d C60H66N6O4S2+ [M-3Cl-,-H+]2+ 483.2428, found 483.2425. 

(E)-1-(6-(1-(4-((4-(2-(2-(2-(2-mercaptoethoxy)ethoxy)ethoxy)ethoxy)phenyl)dia
zenyl)benzyl)-1H-imidazol-3-ium-3-yl)hexyl)-1'-methyl-[4,4'-bipyridinium] 
triiodide (1) 

 

A round-bottom flask was charged with 2PF6 (1.0 equiv., 300 mg, 0.21 mmol), and 
the dry DCM (10 mL) was added. Subsequently, Et3SiH (20 equiv., 498 mg, 4.28 
mmol, 0.73 mL) and TFA (10 equiv., 244 mg, 2.14 mmol, 0.16 mL) were added. 
The reaction mixture was stirred at rt for 2 h and concentrated in vacuo. The 
resulting solid was dissolved in MeCN/Toluene (1/1 v/v, 5 mL) and Bu4NI (6.0 
equiv., 508 mg, 1.28 mmol) in MeCN (3 mL) was added to precipitate the iodide 
salt. The resulting suspension was filtered, washed with MaCN/PhMe mixture and 
dried in vacuo to afford 1I as an orange solid (199 mg, 0.18 mmol 82%). The pure 
product was stored at 17 °C in a glove box. 1H NMR (600 MHz, DMSO-d6) δ 9.43 
– 9.35 (m, 3H), 9.29 (d, J = 6.5 Hz, 2H), 8.84 – 8.73 (m, 4H), 7.93 – 7.84 (m, 6H), 
7.65 – 7.56 (m, 2H), 7.21 – 7.11 (m, 2H), 5.54 (s, 2H), 4.68 (t, J = 7.4 Hz, 2H), 
4.45 (s, 3H), 4.27 – 4.12 (m, 4H), 3.78 (tq, J = 7.1, 3.9, 3.4 Hz, 2H), 3.69 – 3.44 
(m, 10H), 2.66 – 2.57 (m, 2H), 2.28 (t, J = 8.1 Hz, 1H) 1.98 (p, J = 7.3 Hz, 2H), 
1.83 (p, J = 7.4 Hz, 2H), 1.49 – 1.26 (m, 4H). 13C NMR (151 MHz, DMSO-d6) δ 
162.0, 152.5, 149.0, 148.5, 147.1, 146.5, 146.2, 137.6, 136.7, 129.9, 127.0, 126.5, 
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125.2, 123.4, 123.2, 115.6, 72.6, 70.4, 70.3, 70.2, 70.0, 69.9, 69.3, 69.1, 68.2, 61.2, 
52.0, 49.4, 48.6, 31.0, 29.5, 25.4, 25.3, 23.9. HRMS (ESI) calc.d C41H53N6O4S3+ 
[M-3I-]3+ 241.7942, found 241.7944.  
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Figure 7.11 Eyring plot analysis of thermal E/Z isomerization of Z-2 in water. The 
solution of E-2 (c = 1·10-5 M) was irradiated at 365 nm until no further changes 
were observed in the UV/Vis absorption spectrum. After the irradiation was 
stopped, the recovery of the band at 354 nm was followed in time. The rate 
constants (k) of the first order decay at five temperatures (60 °C, 65 °C, 70 °C, 75 
°C and 80 °C) were obtained by fitting to the equation Y = Ae(-t/k)+Y0 using Origin 
software. The obtained rates were used to perform a least-squares analysis with 
the linearized form of the Eyring equation to obtain the following activation 
parameter: Δ‡G(20 °C) = 103.7±1.6 kJ mol‒1. The dashed line indicates the 95 % 
confidence interval. 

Critical Aggregation Concentration of E-2. The critical aggregation 
concentration of E-2 was determined by incorporation of the hydrophobic 
solvatochromic probe – Nile Red (NR). Nile Red is a hydrophobic dye, poorly 
soluble and weekly emissive in water. Upon inclusion in hydrophobic aggregates, 
like micelles or bilayers, it shows blue shift of the emission maxima and 
enhancement of fluorescence. A stock solution (1 mM, EtOH) of Nile red was 
diluted in the investigated aqueous solutions of E-2 (concentration range 25.0 to 
177.5 μM), so that the final concentration of NR was 250 nM. As a result, the 
samples contained 0.25 % (v/v) of EtOH, which was expected not to influence the 
aggregation concentration. The samples were excited with λexc = 550 nm, and 
emission maxima of NR was plotted against concentration of E-2 on logarithmical 
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scale, as a result a sigmoidal shaped curve was obtained. The critical aggregation 
concertation was determined as a inflection point of the curve.  
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Figure 7.12 Dependence of the emission maximum of Nile Red (λexc = 550 nm) on 
the conctentration of the E-2. Critical aggregation concentration was determined 
based on the inflection point of the sigmoidal curve cCAC = 0.30 mM. 

Determination of the Quantum Yield of the photoisomerization of E-2 to Z-2 
and E-2⊂CB[8] to Z-2⊂CB[8] The photon flux of the Thorlabs M395F1 LED was 
estimated by measuring the production of ferrous ions from potassium ferrioxalate. 
All the manipulations with actinometer solution were performed under safe red 

light. A solution of K3[Fe(C2O4)3] (1.2  10-4 M) in M H2SO4aq (5.0  10-2 M) was 

irradiated at 20 °C for 10, 20, 30, 40, 50 and 60 s with max = 365 nm. At every 
time interval, a volume of 10 μL was taken and diluted to 2.0 mL with an aqueous 
0.5 M H2SO4 solution containing phenanthroline (1.0 g/L) and NaOAc (122.5 g/L). 

The absorption at  = 517 nm was measured and compared and the concentration 

of [Fe(phenanthroline)3]2+ complex was calculated using its molar absorptivity ( = 
11100 M cm-1). The concentration of Fe2+ ion was plotted versus time and the 
slope, corresponding to the rate of formation of Fe2+ ions was obtained by linear 
fitting to the equation y = ax + b using Origin software. The photon flux was 

calculated by dividing the rate of formation by the quantum yield (365 = 1.20) of 

the formation of the Fe2+ ion, to give a flux of 8.32  10-5 mol dm-3 s-1). 
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Figure 7.13 Formation of ferrous ions over time upon irradiation with 365 nm. 

A sample of E-1 (1.22  10-4 M, H2O) or E-1⊂CB[8] (1.83  10-4 M, H2O) was 
irradiated with 365 nm under identical conditions as the solution of the 

actinometer. The formation of Z-2 was followed at  = 480 nm. Molar absorptivity 

of E-2 and Z-2 at  = 480 nm (εE-1 = 949 M-1 cm-1 and εZ-1 = 1486 M-1 cm-1) and  

E-1⊂CB[8] and Z-1⊂CB[8] at  = 490 nm, εE-1⊂CB[8]  = 617 M-1 cm-1 and εZ-1⊂CB[8] 
= 881 M-1 cm-1)were used to determine concentration of the photoproducts. The 
concentration of Z-1 or Z-1⊂CB[8] formed upon irradiation was plotted against 
time and the rate of formation of Z-1 or Z-1⊂CB[8] was obtained by linear fitting 
to the equation y = ax + b using Origin software. The quantum yield of the (E-Z) 
photoisomerization was calculated by dividing the rate of formation by photon flux 
determined at identical conditions using actinometer, to give ϕE-Z = 17%. The 
quantum yield of the Z-E isomerization was derived from the composition of the 
PSS mixture ϕZ-E = 12%. Accordingly for ternary complexes values ϕE-Z⊂CB[8] = 
0.9% and ϕZ-E⊂CB[8] = 1.4% 
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Figure 7.14 Linear fit of photochemical E-2 to Z-2 isomerization upon irradiation 
with 365 nm. 
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Figure 7.15 Linear fit of photochemical E-2CB[8] to Z-2CB[8] isomerization 
upon irradiation with 365 nm. 
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Figure 7.16 Collection of changes in UV/Vis absorption spectra observed during 
photochemical isomerization (a) E-2→Z-2 induced by irradiation at 365 nm,  
(b) Z-2→E-2 induced by irradiation at 455 nm, (c) E-2⊂CB[8]→Z-2⊂CB[8] 
induced by irradiation at 365 nm and (d) Z-2⊂CB[8]→E-2⊂CB[8] induced by 
irradiation at 455 nm. In all panels black lines indicate initial state, red line final 
state reached during the isomerization and grey lines intermediate states. Insets 
show expansion of the spectra around ~ 410 nm. During E-2↔Z-2 isomerizations 
the isosbestic points were maintained at 421 nm. For E-2⊂CB[8]→Z-2⊂CB[8] 
isomerization no isosbestic point was observed and for Z-2⊂CB[8]→E-2⊂CB[8] 
isomerization the isosbestic point was observed at 408 nm. 
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8.1 English	Summary	

This dissertation is focussed on the development of light-responsive, smart 
materials based on artificial molecular machines and switches. These compounds 
comprise a class of synthetic small molecules that can produce a mechanical 
output, or in other words, undergo a controlled structural motion in response to 
external stimuli. Owning to its high spatio-temporal resolution, orthogonality, 
tunability of wavelengths, non-invasive and waste-free nature, light is arguably the 
most suitable stimulus to realize the idea of the adaptable materials with remotely 
addressable properties. Over the years multiple types of photoresponsive molecules 
have been developed, each showing a unique change in properties upon light-
induced isomerization (Scheme 8.1a). Therefore different photoswitches may be 
suitable for a desired specific application. Overcrowded-alkene based rotary 
molecular motors constitute a distinct class of photoresponsive compounds owning 
to their unique stereochemically-controlled unidirectional rotary motion powered 
by light and heat. The full rotary cycle comprises of two consecutive sequences of 
reversible photochemical E/Z isomerization each followed by irreversible thermal 
helix inversion step (Scheme 8.1b).  

As outlined above, thus far numerous examples of distinct molecular machine type 
designs capable of complex dynamic behaviour have been developed and studied 
in solution. However, the ultimate goal of the studies focused on the molecular 
switches and machines is to harness the nanoscale motion of these molecules and 
use it to power macroscopic tasks in adaptable materials. Towards this end it is 
crucial to organize these responsive units and amplify their motion through 
cooperative effects. This can be achieved by incorporating them in various 
materials or environments in particular liquid crystals, gels, polymers, solids or by 
confinement at interfaces. However, confinement of the photoswitches in a 
crowded environment, for instance in a solid or at a surface, often influences the 
rate or mechanism of switching or even completely blocks their stimuli-induced 
motion. Therefore further progress in this field requires development of practical 
material architectures and convenient fabrication strategies ensuring sufficient free 
volume for unhindered molecular motion of the embedded molecules. This thesis 
addresses a few of these challenges and focuses predominantly on the free volume 
availability in confined two- and three-dimensional systems – functional interfaces 
and responsive solids.  
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Scheme 8.1 (a) Switching process and response of commonly used photoswitches. 
(b) Light and heat powered rotary cycles of archetypical first generation (left 
panel) and second generation (right panel) overcrowded alkene molecular motors.  

Chapter 1 provides a summary of efforts devoted to integrate light-responsive 
molecular switches in the scaffolds of various porous materials – metal organic 
frameworks (MOFs), covalent organic frameworks (COFs), extrinsically porous 
molecular crystals and porous organic polymers. Arguably the most characteristic 
feature of these materials is their high surface area, reaching experimental values 
up to 7800 m2·g-1 for the record-breaking DUT-60 MOF. These novel porous 
structures are expected to play a pivotal role in applications related to gas capture, 
storage and separation. Therefore, integration of the light responsive function in 
MOFs or COFs would allow for additional control over gas adsorption, desorption 
and selectivity of these processes. Molecular photoswitches can be incorporated in 
these scaffolds either as pendants or in the backbone of the linkers or linkages. 
While most of the reports are focused on the first strategy, the latter approach, 
although being much more challenging to accomplish, was proven to lead to the 
frameworks showing much more dramatic light-induced changes in the material 
properties. 
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Chapter 2 focuses on the three-dimensional organization of the light-driven 
unidirectional rotary molecular motor in the MOF material. The MOF scaffold was 
designed based on the pillared paddlewheel DO-MOF framework to ensure 
sufficient free volume for the unobstructed molecular motion. The molecular motor 
struts were incorporated in the material with a post-synthetic functionalization 
method by means of the solvent assisted linker exchange (SALE). Owning to the 
high available free volume in the resulting architecture, the confined molecular 
motors were able to perform their unidirectional, large-amplitude rotation 
uncompromised, with similar rotary speed to that observed in solution.  

Chapter 3 provides the extension of the system presented in the Chapter 2 by 
shifting of the excitation wavelength of the confined molecular motors to the 
visible region. The visible-light driven rotation of the molecular motors was 
achieved in a dual-function MOF made from Zn-paddlewheel nodes linked by 
palladium-porphyrin tetracarboxylate in a two-dimensional layers pillared by a 
bispyridyl molecular motor. In the resulting architecture the porphyrin-layers serve 
as a green-light harvesting antenna, while the molecular motor pillars operate as 
dynamic, rotating units. The targeted structure was synthesized from an analogous 
parent porphyrin MOF by a post-synthetic linker exchange (SALE) method. Time-
resolved emission spectroscopy revealed an efficient energy transfer between 
palladium-porphyrin and molecular motor owing to the spatial proximity of both 
linkers. Green-light driven rotation of the confined molecular motors was 
confirmed with NIR-Raman spectroscopy and was proven to proceed with similar 
rotary speed to that found in the solution indicating sufficient free volume for the 
molecular motion in the motorized framework.  

Chapter 4 describes the photo-control of the bulk properties of the solid porous 
material induced by the isomerization of a bistable overcrowded-alkene embedded 
in the porous organic polymer. Two porous switchable aromatic frameworks 
(PSAFS) consisting of a tetraphenylmethane moiety (TPM) and varying amounts 
of the photoswitch were synthesized via Yamamoto coupling from easily 
accessible precursors. Owing to the high intrinsic porosity, both frameworks 
readily responded to the light stimulant and solid state 13C NMR spectroscopy 
confirmed quantitative bulk photoisomerization of the incorporated light-
responsive overcrowded olefins in the solid material. Taking advantage of the bulk 
photoisomerization the porosity and gas uptake of the material could be reversibly 
modulated with light and heat.  

Chapter 5 aims towards photo-control over surface wetting properties with 
first-generation rotary molecular motor used as a multi-state switches. 
Overcrowded-alkenes with hydrophobic and hydrophilic head groups were 
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synthesized and their photochemical and thermal isomerization behaviour was 
studied in solution. Both hydrophilic and hydrophobic systems were confined in a 
mixed monolayer on a gold substrates in an attempt to achieve a sufficient spatial 
separation of the light-responsive units and to facilitate the light-induced 
isomerization of the olefin core. Unfortunately, it was found that only the surface-
mounted hydrophilic system showed a small, yet significant, change in CA 
(aqueous K2CO3) upon irradiation with light.  

Chapter 6 explores the photocontrol over the electron tunnelling through the 
surface mounted monolayers by appended dithienylethene photoswitches. A 
ferrocene dithienylethene hybrid was synthesized and its photochemical 
isomerization behaviour was studied in solution. The successful surface 
functionalization and the chemical integrity of the hybrid grafted on the AgTS 
substrate was proven with XPS spectroscopy. Unfortunately, no stable tunnelling 
junction could be formed with the targeted photoswitch.   

Chapter 7 demonstrates a supramolecular chemistry approach to increase the light-
induced changes in the wetting-properties of the monolayers of the azobenzene 
photoswitches. Cucubit[8]uril (CB[8]) host-guest chemistry was used to maximize 
the structural changes of a surface mounted azobenzenes upon light-induced 
isomerization. Towards this goal the photoresponsive thread bearing paraquat and 
azobenzene moieties, connected to surface anchoring group via a tetraethylene 
glycol linker was synthesized. In the resulting molecular architecture, a CB[8] 
macrocycle binds both E-azobenzene and paraquat moieties, while light-induced 
E→Z isomerization of azobenzene leads to the expulsion of the paraquat fragments 
from the cavitand. In solution, formation and multiple switching cycles of the 
binary complex were demonstrated to proceed without any fatigue. Based on this 
system, functional Au(111) surfaces were prepared in a simple two-step process 
,that is, immobilization of the thread followed by complexation of the thread by the 
cavitand. Due to the large free volume provided by the CB[8] macrocycle, 
molecular films show similar dynamic behavior to that observed in a solution, 
leading to a reversible change in water contact angle (20°) and substantial change 
in the film thickness (4 Å).  

The stimuli-responsive systems developed in this dissertation can serve as basis for 
a number of future investigations. First, the motorized porous materials may be 
explored as directional mass transport platforms. Towards this goal, the enatiopure 
unidirectional rotary motors with high rotary frequency (low barrier of thermal-
helix inversion) should be incorporated in the MOF scaffold, as molecular motors 
with low rotary frequency are not envisaged to influence the diffusion of guest 
through the porous structure. Furthermore, other framework topologies and 
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architectures should be considered. Presumably, the most convenient systems to 
study the enhanced diffusion phenomenon would feature one-dimensional 
channels, for example MOF-74 type structures. Another feasible direction would 
be the incorporation of motors in catalytically active MOFs (for example with open 
metal sites) to increase influx of substrates and outflow of product. Furthermore, 
the inversion of the helicity of overcrowded alkenes may be used for the 
fabrication of responsive stationary phases for light-switchable separation of 
enantiomers. Finally the light-responsive systems for surface functionalization 
which were described in this thesis may be used to control the flow and transport of 
mass through the micro- or nanoporous membranes or structures.  

8.2 Samenvatting	

Het onderzoek in dit proefschrift richt zich op de ontwikkeling van slimme 
materialen op basis van moleculaire machines en schakelaar, materialen die 
veranderen als ze worden blootgesteld aan licht. De verbindingen zijn 
gesynthetiseerd op basis van van kleine synthetische moleculen, die een structurele 
verandering ondergaan als reactie op externe stimuli. Licht heeft een hoge plaats- 
en tijdopgeloste resolutie, orthogonaliteit en de golflengte van het licht kan 
gevarieerd worden. Bovendien is licht niet destructief en produceert het geen afval. 
Licht is derhalve de meest geschikte stimulus voor slimme materialen met op 
afstand controleerbare eigenschappen. In de loop der jaren zijn er verschillende 
soorten licht-gevoelige moleculen ontwikkeld, die elk een unieke verandering in 
eigenschappen vertoont als gevolg van een licht-geïnduceerde isomerisatiereactie 
(Schema 8.1a). Verschillende lichtgevoelige schakelaars, zogenaamde foto-
schakelaars, kunnen dus geschikt zijn voor een vergelijkbare specifieke toepassing. 
Roterende moleculaire motoren op basis van sterisch gehinderde alkenen vormen 
een aparte klasse van licht-gevoelige verbindingen. De motoren bezitten een unieke 
stereochemisch bepaalde rotatiebeweging in slechts één richting (zogenaamd uni-
directioneel),  aangedreven door licht en warmte. De volledige rotatiecyclus bestaat 
uit twee opeenvolgende sequenties van omkeerbare fotochemische E/Z-
isomerisatiereacties, elk gevolgd door een onomkeerbare thermische helix-
inversiestap (Schema 8.1b).  

Zoals hierboven reeds aangegeven, zijn er reeds talloze voorbeelden van 
moleculaire ontwerpen, die in complexe bewegingen kunnen uitvoeren, de meeste 
daarvan bestudeerd in oplossing. Het uiteindelijke doel van de studies gericht op 
moleculaire schakelaars en machines is om de nanoschaalbeweging van deze 
moleculen te benutten om macroscopische taken in materialen te bewerkstelligen. 
Het is daarom cruciaal om deze bewegende eenheden te organiseren, i.e. slim 
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verbinden, om zo hun beweging te versterken door middel van coöperatieve 
effecten. Dit kan worden bereikt door ze op te nemen of in te bouwen in materialen 
of omgevingen zoals bijvoorbeeld vloeibare kristallen, gels, polymeren, vaste 
stoffen en/of door hechting aan oppervlakten. Het opsluiten van fotoschakelaars in 
een beperkte ruimte beïnvloedt echter vaak de snelheid of het mechanisme van 
schakelen, of blokkeert zelfs hun stimuli-geïnduceerde beweging volledig. Daarom 
vereist verdere vooruitgang op dit gebied de ontwikkeling van praktische 
materiaalarchitecturen en handige synthese-strategieën, die zorgen voor voldoende 
beschikbare ruimte voor ongehinderde moleculaire bewegingen van deze 
ingebouwde moleculen. Dit proefschrift behandelt nkele van deze uitdagingen en 
concentreert zich voornamelijk op de beschikbaarheid van voldoende vrije ruimte 
in de twee- en driedimensionale systemen - functionele grensvlakken en 
lichtgevoelige vaste stoffen.  

Hoofdstuk 1 geeft een samenvatting van de ontwikkelingen om lichtgevoelige 
moleculaire schakelaars in verschillende poreuze materialen te integreren - 
metaalorganische raamwerken (MOF's), covalente organische raamwerken 
(COF's), intrinsiek poreuze moleculaire kristallen en poreuze organische 
polymeren. Het meest karakteristieke kenmerk van deze materialen is hun hoge 
oppervlakte per massa. Het record is momenteel gevestigd door DUT-60 MOF met 
een gemeten oppervlakte van 7800 m2 per gram. Het is de verwachting dat deze 
nieuwe poreuze structuren een cruciale rol zullen spelen in toepassingen 
gerelateerd aan gasadsorptie, opslag en scheiding. Integratie van een 
reguleringsfunctie in MOF's of COF’s zou een hogere mate van controle en 
selectiviteit mogelijk maken over deze processen. Moleculaire foto-schakelaars 
kunnen in deze materialen aan het raamwerk van de structuur worden opgehangen 
of daadwerkelijk ingebouwd worden in de ruggengraat ervan. Hoewel de meeste 
onderzoeken gericht zijn op de eerste strategie, blijkt de laatste, hoewel veel 
uitdagender om uit te voeren, te leiden tot grotere licht-geïnduceerde veranderingen 
in de materiaaleigenschappen. 
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Schema 8.1 (a) Het schakelproces en eigenschappen van veelgebruikte 
fotoschakelaars. (b) Met licht en warmte aangedreven rotatiecycli van 
archetypische eerste generatie (linker paneel) en tweede generatie (rechter paneel) 
sterisch gehinderde alkeen moleculaire motoren. 

Hoofdstuk 2 richt zich op de driedimensionale organisatie van licht-aangedreven 
unidirectionele rotatiemotoren in een MOF-materiaal. De MOF-structuur werd 
ontworpen op basis van het DO-MOF-raamwerk om voldoende vrije ruimte te 
garanderen voor ongehinderde moleculaire bewegingen. De moleculaire motors 
werden ingebouwd in het materiaal met een post-synthetische 
functionaliseringsstap door middel van een oplosmiddel-geassisteerde 
linkeruitwisseling (SALE). De ingesloten moleculaire motoren hadden voldoende 
vrije volume beschikbaar en konden hun unidirectionele rotatie met grote 
amplitude ongehinderd uitvoeren, resulterend in een vergelijkbare rotatiesnelheid 
als die wordt waargenomen in oplossing. 

Hoofdstuk 3 beschrijft een uitbreiding van het systeem gepresenteerd in 
Hoofdstuk 2. In het nieuwe materiaal is de benodigde excitatiegolflengte van de 
ingesloten moleculaire motoren verschoven naar het zichtbare-licht-gebied. Hiertoe 
werd een bifunctionele MOF gemaakt op basis van Zn-centra verbonden door 
palladium-porfyrinetetracarboxylaat verbindingen in tweedimensionale lagen, 
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verbonden met bispyridyl moleculaire motors in de derde dimensie. In de 
resulterende architectuur dienen de porfyrinelagen als een groen-licht-antenne, 
terwijl de moleculaire motoren functioneren als dynamische, roterende eenheden. 
De beoogde structuur werd gesynthetiseerd uit een analoge porphyrine MOF door 
middel van een post-synthetische linkeruitwisseling (SALE). Tijdsopgeloste 
emissiespectroscopie onthulde een efficiënte energieoverdracht tussen de 
palladium-porfyrine en moleculaire motor als gevolg van de nabijheid van beide 
linkers. De door groen licht aangedreven rotatie van de moleculaire motor werd 
aangetoond met NIR-Raman-spectroscopie en een vergelijkbare rotatiesnelheid als 
in oplossing werd waargenomen, hetgeen aangeeft dat er voldoende vrij volume 
voor de moleculaire beweging in het gemotoriseerde raamwerk is. 

Hoofdstuk 4 beschrijft de controle van de bulkeigenschappen van een vast poreus 
materiaal door de isomerisatie van een bistabiel, sterisch gehinderd, alkeen ingebed 
in een poreus organisch polymeer. Twee poreuze aromatische raamwerken 
(PSAFS) bestaande uit een tetrafenylmethaangroep (TPM) en een variërende 
hoeveelheid van de foto-schakelaar werden gesynthetiseerd via een Yamamoto-
koppeling van makkelijk toegankelijke precursors. Door de hoge intrinsieke 
porositeit reageerden beide raamwerken vlug op de lichtstimulus en de 
kwantitatieve bulkfoto-isomerisatie van de opgenomen alkenen in het vaste 
materiaal werd bevestigd door vaste stof 13C NMR-spectroscopie. Deze bulkfoto-
isomerisatie biedt mogelijkheden om de porositeit en gasopname van het materiaal 
reversibel te variëren en controleren met licht en warmte. 

Hoofdstuk 5 richt zich op de controle van de oppervlakte-
bevochtigingseigenschappen door middel van een eerste generatie lichtgevoelige 
motors. die kunnen fungeren als schakelaars voor verschillende toestanden. 
Sterisch-gehinderde alkenen met hydrofobe en hydrofiele hoofdgroepen werden 
gesynthetiseerd en hun fotochemische en thermische isomerisatiegedrag bestudeerd 
in oplossing. Zowel hydrofiele als hydrofobe systemen werden in een gemengde 
monolaag op een goud-substraat ingebouwd om zo voldoende ruimtelijke afstand 
te creeëren om de isomerisatie van de alkeenkern te vergemakkelijken. Alleen het 
inbouwen van hydrofiele systemen lijkt, na bestraling met licht, een significante 
verandering in de contacthoek van een waterige K2CO3-oplossing teweeg te 
brengen. 

In Hoofdstuk 6 wordt de foto-controle over elektronentunneling door aan een 
oppervlak bevestigde monolagen van dithienyletheen-fotoschakelaars onderzocht. 
Hiervoor werd een ferroceendithienyletheenhybride gesynthetiseerd. Het 
fotochemische isomerisatiegedrag hiervan werd in oplossing bestudeerd. De 
succesvolle oppervlaktefunctionalisatie en de chemische integriteit van de hybride 
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gebonden aan het AgTS-substraat werd bewezen met XPS-spectroscopie. Helaas 
kon er met de beoogde fotoschakelaar geen stabiel tunnelingssysteem worden 
gevormd. 

Hoofdstuk 7 beschrijft een supramoleculaire strategie om de door licht 
geïnduceerde veranderingen in de bevochtigingseigenschappen van de monolagen 
van azobenzeen-fotoschakelaars te verhogen. Cucubit[8]uril (CB [8]) gastheer-
gast-chemie werd gebruikt om de structurele veranderingen van de op het 
oppervlak gemonteerde azobenzenen te maximaliseren. Hiertoe werd een 
fotogevoelige draad gesynthetiseerd bestaande uit paraquat- en 
azobenzeengroepen, verbonden met een oppervlakte-verankerende groep via een 
tetraethyleenglycol-linker. In de resulterende moleculaire architectuur bindt de CB 
[8] macrocyclische verbinding zowel E-azobenzeen als de paraquat-groepen, 
terwijl de fotoisomerizatie van azobenzeen leidt tot het loslaten van de paraquat-
fragmenten uit de holte van de macrocyclus. In oplossing werd aangetoond dat 
formatie- en meervoudige schakelcycli van het binaire complex verlopen zonder 
enige degradatie. De functionele Au (111) oppervlakken werden bereid in een 
eenvoudig proces bestaande uit twee stappen; immobilisatie van de draad gevolgd 
door complexvorming van de draad door de holte. Vanwege het grote vrije volume 
van de CB[8] macrocycli, vertonen de moleculaire films een vergelijkbaar 
dynamisch gedrag als wordt waargenomen in oplossing, wat leidt tot een 
reversibele verandering in de watercontacthoek (20 °) en een aanzienlijke 
verandering in de filmdikte (4 Å). 
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