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Abstract
Photoswitches are molecules that undergo a reversible light-triggered conversion between two
states with different properties. The use of light as a stimulus is very attractive as it is highly
tunable, has a high spatio-temporal resolution, and can be applied remotely. In the past decade,
the incorporation of these photochromic molecules in smart stimuli-responsive materials has
gained increased attention as it offers the unique ability to reversibly amplify and change
macroscopic properties with an external optical stimulus. The increased interest resulted in the
development of novel switches to meet the desired properties in specific applications. The
limited performance of photoswitches in solid mediums, due to geometrical constraints and
optical density of the material, remains a challenge. In this context two important aspects are
studied in more detail in this thesis. First, the process of developing new photoswitches with
tailored properties and second, the implementation of photoswitches in solid materials and the
challenges associated with it.
In the first part of this thesis dynamic covalent chemistry (DCC) was used to accelerate the
discovery and development of a novel three-state photoswitch class. The dynamic nature of the
central double bond of α-cyanodiarylethenes was exploited to establish a thermodynamic
equilibrium with other arylacetonitriles. The developed DCC tool allows rapid exchange under
mild conditions to generate large combinatorial libraries, enabling the identification of switches
with specific photochemical properties. Irradiation of the library with UV light resulted in Z→E
photoisomerization of the in situ generated α-cyanodiarylethenes. The combination with two
phenyl thiophenes as building blocks was identified to exhibit three-state photochromism, i.e.,
the Z-isomer can undergo photocyclization to a closed third state. This method combines fast
and efficient diversification with screening for specific characteristics revealed by an external
stimulus, enabling the rapid and efficient study of the relationship between structure and the
associated properties.
The second part of this thesis summarizes the design and synthesis of a two-component coreshell MOF with an internal non-functionalized compartment covered by a thin photoswitchable
outer shell. This strategy allows efficient switching of the chromophore with very high
photoconversion rates, similar to the switches in solution. The general problem of limited light
penetration depth in materials and the resulting low isomerization rates can thus be avoided.
The shell linkers contain two tetra-ortho-fluorinated azobenzenes which allow the use of visible
light to switch both ways. The UiO-68 type MOFs are prepared initially in a solvothermal
synthesis with another non-functionalized linker, resulting in perfect octahedral single MOF
crystals. The shell is then introduced by solvent-assisted linker exchange and the bulky nature of
the shell linker results in an exchange mainly on the outer surface of the crystals, as evidenced by
EDX line scans. The resulting thin “smart” shell acts as a modular kinetic barrier for molecular
guest diffusion into the material that can be controlled by light. The high photoswitch density
per pore in the shell layer results in a significant uptake difference for the E- and Z-state.
iv

Kurzzusammenfassung
Photoschalter sind Moleküle, die eine reversible lichtgesteuerte Umwandlung zwischen zwei
Zuständen mit unterschiedlichen Eigenschaften durchlaufen. Die Verwendung von Licht als
Stimulus ist sehr attraktiv, da es sehr gut abstimmbar ist, eine hohe räumlich-zeitliche Auflösung
hat und ferngesteuert angewendet werden kann. In den letzten zehn Jahren hat der Einbau dieser
photochromen Moleküle in intelligente, auf Stimuli ansprechende Materialien zunehmende
Aufmerksamkeit erregt, da sie die einzigartige Fähigkeit bieten, makroskopische Eigenschaften
mit einem externen optischen Stimulus reversibel zu verstärken und zu verändern. Das
gestiegene Interesse führte zur Entwicklung neuartiger Schalter, um die gewünschten
Eigenschaften in bestimmten Anwendungen zu erfüllen. Die begrenzte Leistung von
Photoschaltern in festen Medien aufgrund der geometrischen Einschränkungen und der
optischen Dichte des Materials bleibt eine Herausforderung. In diesem Zusammenhang werden
in dieser Arbeit zwei wichtige Aspekte näher untersucht. Erstens der Prozess der Entwicklung
neuer Photoschalter mit maßgeschneiderten Eigenschaften und zweitens die Implementierung
von Photoschaltern in feste Materialien und die damit verbundenen Herausforderungen.
Im ersten Teil dieser Arbeit wurde dynamische kovalente Chemie (DCC) verwendet, um die
Entdeckung und Entwicklung einer neuartigen Klasse von Photoschaltern mit drei Zuständen
zu beschleunigen. Die dynamische Natur der zentralen Doppelbindung von αCyanodiarylethenen wurde genutzt, um ein thermodynamisches Gleichgewicht mit anderen
Arylacetonitrilen herzustellen. Das entwickelte DCC-Werkzeug ermöglicht einen schnellen
Austausch unter milden Bedingungen, um große kombinatorische Bibliotheken zu generieren,
die die Identifizierung von Schaltern mit spezifischen photochemischen Eigenschaften
ermöglichen. Die Bestrahlung der Bibliothek mit UV-Licht führte zur Z→EPhotoisomerisierung der in situ erzeugten α-Cyanodiarylethene. Die Kombination mit zwei
Phenylthiophenen als Bausteine wurde identifiziert, eine Drei-Zustands-Photochromie
aufzuweisen, d. h. das Z-Isomer kann in einen geschlossenen dritten Zustand photocyclisiert
werden. Diese Methode kombiniert eine schnelle und effiziente Diversifizierung mit einer
Rasterung auf spezifische Eigenschaften, die durch einen externen Stimulus aufgedeckt werden,
und ermöglicht eine schnelle und effiziente Untersuchung der Beziehung zwischen Struktur und
den zugehörigen Eigenschaften.
Der zweite Teil dieser Arbeit zeigt das Design und die Synthese eines Zweikomponenten-KernSchale-MOFs mit einem internen nicht-funktionalisierten Kompartiment, das von einer dünnen
photoschaltbaren Außenschale bedeckt ist. Diese Strategie ermöglicht ein effizientes Schalten
des Chromophors mit sehr hohen Photokonversionsraten, ähnlich wie bei den Schaltern in
Lösung. Das generelle Problem der begrenzten Lichteindringtiefe in Materialien und der daraus
resultierenden geringen Isomerisierungsraten kann somit vermieden werden. Die Schale-Linker
v

enthalten zwei tetra-ortho-fluorierte Azobenzole, die es ermöglichen, mit sichtbarem Licht in
beide Richtungen zu schalten. Die MOFs vom Typ UiO-68 werden zunächst in einer
Solvothermalsynthese mit einem anderen nicht funktionalisierten Linker hergestellt, was zu
perfekten oktaedrischen MOF-Einkristallen führt. Die Schale wird dann durch einen
lösungsmittelunterstützten Linkeraustausch eingeführt, und die sperrige Natur des
Schalenlinkers führt zu einem Austausch der hauptsächlich auf der äußeren Oberfläche der
Kristalle stattfindet, wie durch EDX-Linienscans nachgewiesen wird. Die resultierende dünne
„intelligente“ Schale fungiert als modulare kinetische Barriere für die molekulare Gastdiffusion
in das Material, die durch Licht gesteuert werden kann. Die hohe Photoschalterdichte pro Pore
in der Schale führt zu einem signifikanten Aufnahmeunterschied für den E- und Z-Zustand.
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Introduction
Photoswitches are photochromic molecules that are capable of undergoing a reversible
conversion between two states having different absorption spectra. This transformation is
triggered by light absorption and the color is only one of many properties that can reversibly
change. The ability to use an external stimulus to amplify and transform properties, such as
geometry, dipole moment and electronic properties has led to an ever-increasing interest in
photoswitches and to the development of various applications, especially in materials science
and biological systems. Novel photoswitch classes have been developed to meet the demand for
specific property changes triggered by light to be applied on a macroscopic level.
However, the development of photoswitches is tedious and the resulting properties are not
easily predicted, even with modern computational methods. To understand the relationship
between structure and the underlying properties, many different chromophores with varying
substituents must be individually synthesized, isolated, and analyzed This process is laborious
and requires a lot of time. The synthesized photoswitches often show low photoconversion rates
or degrade under irradiation and thus require further optimization in their chemical structure to
meet the required demands. Having developed a functional photoswitch with desired properties
for specific applications is only the first step. Implementation of a photoswitch into a material
changes its properties often in a detrimental way. The close proximity to other molecules and
switches results in excitation quenching or aggregation. Photoswitches undergoing large
geometrical changes (e.g., E/Z double bond isomerization) sometimes exhibit no
photoisomerization at all in a solid matrix. The high optical density in solid materials poses
another challenge and results in a low photoresponse.
In order to facilitate the design of photoswitches and their implementation into functional
materials, two projects were realized and studied in more detail in this thesis. In Chapter 2
a novel conceptual approach is explored to accelerate the discovery of new photoswitches.
Dynamic covalent chemistry is used as a key tool to generate a large and diverse pool of
molecular photoswitches with different functional groups, enabling the rapid and efficient study
of chemical structure and its associated photochemical properties, without the necessity to
synthesize the switches individually. In Chapter 3 the implementation of a photoswitch into a
porous functional material is explored. An azobenzene functionalized linker is introduced into a
Metal Organic Framework (MOF), designed as a two-component material with an internal nonfunctionalized storage compartment covered by a thin photoswitchable outer shell, acting as a
kinetic barrier for guest uptake. This strategy allows efficient switching of the chromophores
with very high photoconversion rates avoiding the general problem of limited light penetration
depth in materials.
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Theoretical Background
1.1. Photochromic Molecules
1.1.1. General Aspects
Photochromism is defined as “a reversible transformation of a chemical species induced in one
or both directions by absorption of electromagnetic radiation between two forms, A and B,
having different absorption spectra”.[1,2] This transformation is called a photoreaction and the
photochromic molecules are called photoswitches, as they are able to undergo multiple forward
and backward switching cycles.
Generally, the thermodynamic more stable form A is transformed by irradiation with light into
form B. Depending on the nature of the back reaction, there is a distinction in T- and P-type
photochromism. Molecules where the reverse transformation of B to A is induced by
illumination with light are referred to as P-type photochromes (both forms are thermally stable
under ambient conditions), whereas molecules where the B form is thermally unstable and
converts back to the more stable A form are called T-type photochromes. Another important
distinction of photochromic molecules is based on the change in the absorption spectrum. The
term “positive photochromism” describes a system where the thermodynamically stable form A
absorbs at shorter wavelengths (usually in the UV region) than the metastable form B (often in
the visible range and is thus colored). In contrast the opposite process, i.e., where metastable
form B absorbs at shorter wavelengths compared to A (thus a photoinduced decoloration is
observed), is called “negative photochromism”.
An important criterion for the performance of a photoswitch is the composition of its
photostationary state (PSS), which effectively describes the conversion rate of a photoactive
molecule A to its respective product B. The PSS is defined as the ratio of the two forms in a
photochemical equilibrium (at this state the rates for forward and backward reaction are
equal)[3,4], obtained after irradiation with light of a specific wavelength λ and is described as
follows for a slow and neglectable thermal back reaction:
𝑃𝑃𝑃𝑃𝑃𝑃 𝜆𝜆 =

[𝐵𝐵] 𝜀𝜀𝐴𝐴𝜆𝜆 𝜙𝜙𝐴𝐴𝜆𝜆→𝐵𝐵
=
[𝐴𝐴] 𝜀𝜀𝐵𝐵𝜆𝜆 𝜙𝜙𝐵𝐵𝜆𝜆→𝐴𝐴

The ratio at the PSS depends on the ratio of the extinction coefficients of both species and the
quantum yields for both, forward and backward reaction, at a specific wavelength. This means,
that a favorable PSS, i.e., a high photoconversion of A to B, requires a large difference in the
extinction coefficients for both forms at the specific wavelength. Thus, a large absorption band
separation is necessary to allow selective excitation of each species. The quantum yield is defined
3
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as the number of specific events (i.e., the transformation of one species to another) per photon
absorbed by the system.[4] It describes the efficiency of a photoreaction and the ratio of the
quantum yields for forward and backward reaction directly influences the PSS composition.
Another important property for photoswitches is “fatigue resistance”, which refers to undesired
formation of side products during irradiation with light. Ideally, a photoswitch can be
transformed multiple times back and forth with light without any noticeable photodegradation.
This is especially important for applications involving changes of material properties triggered
by light over multiple cycles.
The photoisomerization affects not only the color of the switch (i.e., its absorption spectrum),
but instead various physico-chemical properties are reversibly changed, such as geometry,
rigidity, dielectric constant, oxidation and reduction potential or the refractive index.[5] The
ability to change these properties with an external stimulus, such as light, has been facilitated in
applications in various fields, such as optical data storage,[6] photoactuators,[7-9] catalysis,[10-13]
biological systems,[14-17] photopharmacology[18,19] and light-controlled electronic devices,[20-23] to
name a few. The interest in photoswitches is furthermore demonstrated by an increasing

Figure 1.1. Examples for the two major classes of photoswitches, based on either E/Z double bond isomerization
or pericyclic reactions. While spiropyrans are usually assigned to the class of pericyclic photoswitches, the open
merocyanine form is also able to undergo E/Z double bond isomerization.

4
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number of publications in this field[24] and has led to the development and study of several
families of molecular photoswitches, which can be distinguished by the reaction type of the
isomerization. The largest families are based on switches that either undergo E/Z isomerization
around a double bond (e.g., stilbenes,[25-27] azobenzenes,[14,28,29] indigos,[30,31] acylhydrazones[32])
or perform a pericyclic reaction (e.g., diarylethenes,[33] dihydropyrenes,[34,35] spiropyrans,[36,37]
fulgides,[38,39] spirooxazines[37]). Figure 1.1 shows some prominent examples for both classes.

1.1.2. Stilbenes and Diarylethenes
Stilbenes represent one of the oldest and best studied artificial class of photoswitches that
undergo E/Z photoisomerization around a C=C double bond.[40] The twisted Z-isomer is
formed by irradiation with UV light of the thermodynamically more stable and planar E-isomer.
The Z-isomer performs a light-induced 6π electrocyclization to form a dihydrophenanthrene
(Figure 1.2). This transformation is thermally reversible, whereas the thermal back reaction
from the Z- to the E-isomer is extremely slow and practically not feasible under ambient
temperature. The presence of oxygen results in the irreversible oxidation of the
dihydrophenanthrene to form phenanthrene, thus removing it permanently from the
photochemical equilibrium. This poses another problem for applications based on reversible
photoswitching. Substitution of the 2- and 6-positions (internal H-atoms of the aryl units) with
methyl groups for example, suppresses the oxidative aromatization and enables reversible ringopening even in the presence of oxygen.[41,42]

Figure 1.2. Photochromism of stilbene. The E-isomer converts to the Z-isomer upon irradiation with UV light,
which subsequently undergoes photocyclization to form dihydrophenanthrene. The cyclization is thermally
reversible and the dihydrophenanthrene can be irreversibly oxidized to form phenanthrene.

Apart from stabilization against oxidation other strategies have been employed to focus the
photochemistry of stilbene to the pericyclic ring-closure/opening. The fixation of the double
bond in a Z-geometry was employed by introduction of a cyclic bridge (e.g., a cyclopentene),
thus suppressing Z→E isomerization entirely.[43-46] However, the low thermal stability of such
systems still persisted, resulting from the driving force to regain aromaticity. For this reason, less
aromatic units where introduced, i.e., heteroaromatic compounds such as thiophenes, thiazoles
and furanes. This led to the development of the modern diarylethene (DAE) photoswitch class
in the late 1980’s by Irie and co-workers.[41,47] These modifications applied to stilbene scaffolds
led to the development of P-type photochromic systems that are resistant to
photodegradation.[48]
5
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In a typical DAE the open isomer is twisted out-of-plane and colorless. UV light irradiation leads
to a 6π electrocyclic ring-closure to form the closed-isomer, where both aryl units are connected
in an extended π-system. This results in a lower HOMO-LUMO gap and thus a red-shifted
absorption in the visible region, i.e., the closed-isomer is colored. In contrast to most other
photoswitch classes, photoisomerization of DAEs results only in very minor geometrical
changes, thus enabling applications in a solid matrix. This and the light-induced reversible
disruption of the π-conjugation makes them ideal candidates for applications in
optoelectronics.[49,50] Even though stilbene and its derivatives belong undoubtedly to the class of
diarylethenes, the term is used to describe switches designed to operate solely by cyclization and
cycloreversion.
Another interesting class of photoswitches based on stilbenes are α-cyanostilbenes. These
fluorescent molecules feature remarkable luminescence properties in solid and liquid-crystalline
states.[51-56] They can show aggregation-induced or aggregation-induced enhanced emission,
thus avoiding the unfavorable aggregation-caused quenching (ACQ) usually observed for
planar π-conjugated luminophores in the solid state.[57-59] The simple preparation of αcyanostilbenes is based on a Knoevenagel condensation of a benzaldehyde and a
phenylacetonitrile. Both precursors are readily accessible with a broad variety of different
functionalities and thus allow easy tunability of the photophysical properties of the synthesized
switches. Another interesting feature is the distinct fluorescence switching and is highly
promising for novel photonic devices.[60,61]

1.1.3. Azobenzenes
Azobenzene was first described in 1834 by E. Mitscherlich and the influence of light on the
configuration of the N=N double bond was described by G. S. Hartley one century later in 1937,
when a solution of azobenzene in acetone was exposed to sunlight and the Z-isomer was
discovered.[62,63] This discovery marks the starting point of research into one of the most studied
molecular photoswitches so far discovered. Azobenzene is a diazene derivative where both
hydrogens are replaced by phenyl groups. Upon mechanical stress[64,65] or irradiation with UV
light[28] E→Z isomerization occurs. Backward Z→E isomerization can be induced by irradiation
with visible light or electronic excitation.[66-68] Due to a relatively low barrier, the meta stable Zisomer undergoes thermal Z→E isomerization in the dark to the ∼12 kcal/mol more stable Eisomer.[69] The photochromic properties and the relatively simple synthesis of azobenzene and
its derivatives have led to the development of several applications, such as switchable
sensors,[70,71] ion channels,[72] foldamers,[73] molecular machines,[74-76] surface-modified
materials,[77,78] metal ion chelators,[79] catalysts,[80] holographic recording devices,[81,82] pH and
metal ion indicators[83], as well as the development of several thousand industrial dyes mainly
used for textile and food coloring.
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E-azobenzene has a planar structure with a C2h symmetry, while the Z-isomer adopts a nonplanar configuration with C2 symmetry.[84,85] One of the two benzene rings rotates along the CN-bond due to steric repulsion caused by the π-clouds of the two rings facing each other. Due to
this geometrical arrangement the Z-isomer of an unsubstituted azobenzene has a dipole moment
of 3.0 D, while the planar E-isomer has no dipole moment, thus a large dipole moment change
is observed upon photoswitching.[86] Additionally, the conversion from the E- to the Z-isomer
reduces the distance between the ends of the molecule (between the carbon atoms in paraposition) from 1.0 nm to 0.6 nm (Figure 1.3)[87] and causes a large geometrical change which
has been for example utilized in photopharmacology[18,88] and photoactuation,[89] as well as in
applications based on mechanical motion.[90,91ä]

Figure 1.3. Demonstration of the change in size of azobenzene upon photoisomerization (the change in distance
is measured at the para-positions of both benzene rings.

The E-isomer has a strong absorption band in the UV region corresponding to the π→π*
transition (excitation to the S2 state), which is typical for olefins, such as stilbene.[87] The very
weak band in the visible region corresponds to the symmetry forbidden n→π* transition
(excitation to the S1 state).[92] E→Z photoisomerization is usually best induced by irradiation
with UV light. The Z-isomer shows a much stronger n→π* transition, resulting from the nonplanar structure, making Z→E isomerization possible by irradiation with visible light (Figure
1.4).

Figure 1.4. Exemplary UV/vis absorption spectra for the two photoisomers of a para-disubstituted acetamide
azobenzene in acetonitrile.
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The necessity to use UV light to induce the E→Z photoisomerization is a major drawback for
applications in biological systems and materials. The high energy photons can lead to
destruction of the surrounding environment and the lower penetration depth of UV light results
in lower photoconversion rates when used in tissues and materials. Another drawback of
azobenzenes is the typically incomplete Z→E photoisomerization that is induced by visible light
irradiation of the n→π* band of the Z-isomer. The overlap of the n→π* bands of both isomers
prevents E-rich PSSs upon back isomerization, therefore azobenzene switches have been
designed to be operated solely by visible light irradiation, thus triggering the photoisomerization
in both ways by addressing the n→π* bands of both isomers. To achieve this, a better separation
of the n→π* bands is necessary[93-95] and was best accomplished by Bléger and co-workers by
adding four fluorine substituents in the ortho-positions of both phenyl rings. The separation can
be further increased by adding electron-withdrawing groups, such as esters, to the parapositions, allowing photoisomerization with visible light in both ways with very high
photoconversions.[96] Additionally, the Z-isomer is stabilized and results in an exceptionally high
thermal half-life of 700 days at 25 °C.[97]

1.2. Dynamic Covalent Chemistry
1.2.1. General Aspects
Throughout natural and man-made materials, the reversibility of chemical interactions and
reactions plays a crucial role. In this context, supramolecular chemistry and dynamic covalent
chemistry, both induce dynamic processes that allow the reversible exchange of supramolecular
or molecular components under thermodynamic control.[98-101] In contrast to irreversible
covalent bond formations, which are typically kinetically controlled (selectivity of product
formation is determined by the relative energies of the transition states, i.e., the lowest activation
barrier ΔG‡ is favored), in dynamic reaction mixtures multiple products exist in a
thermodynamic equilibrium (Figure 1.5). The composition of the mixture is determined by the
Gibbs free energy ΔGѲ of each individual species and is described by the Boltzmann distribution
at a given temperature.
Supramolecular chemistry, described as “the chemistry beyond the molecule” by Lehn,[102] is
based on weaker non-covalent intermolecular interactions, such as van der Waals forces, π-πstacking, hydrogen bonding, dipole-dipole interactions, ion pairing or coordinative metal
complexations.[102-107] The lability of non-covalent interactions in a supramolecular system
enables the reversible association, dissociation and rearrangement of their molecular
components, thus providing the ability for molecular recognition and self-assembly. The selforganization of different components into larger architectures, based both on spatial (structural)
and temporal (dynamical) features, results in increased complexity.[108-114] The low kinetic
stabilities of such systems, especially in solution, however, limit their practicability in
8
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Figure 1.5. Free-energy diagram illustrating the difference between thermodynamically and kinetically controlled
reactions. In reactions under kinetic control the product distribution is based on the relative energies of the
transition states ΔG‡ (i.e., the products with the lowest activation barrier are favored), whereas the product
distribution in thermodynamically controlled reactions is based on the Gibbs free energy ΔGѲ of the products.

applications and make their characterization and isolation extremely difficult. Dynamic covalent
chemistry (DCC) implements the dynamic nature of supramolecular chemistry into the
molecular level, merging the advantages of robust covalent bonds and the reversibility of
thermodynamically controlled systems.[115-117] The recent advances in this field introduced a new
dimension of possible interactions to supramolecular systems. The combination of both,
covalent molecular and non-covalent supramolecular chemistry under thermodynamic control,
led to the development of constitutional dynamic chemistry (CDC, also described as dynamic
combinatorial chemistry[115]).[98,118]

1.2.2. Dynamic Combinatorial Libraries
Equilibration of a mixture of reversibly interconverting complementary building blocks through
covalent (and non-covalent) interactions results in a dynamic combinatorial (constitutional)
library (DCL).[119-121] The continuous exchange of library members through reversible bond
formation and cleavage results in the formation of the most stable compound, and thus the
system reaches its thermodynamic minimum. DCLs are responsive to the experimental
conditions, and an alteration of the reaction environment results in a re-equilibration and change
of the library composition, which depends on the relative thermodynamic stabilities of all
members. This means, that DCLs are adaptive systems that respond to physical factors (e.g.,
temperature,[122-124] light,[125-127] electric[128-129] and mechanical stress[130]), solvent polarity,[131-133]
concentration[134,135] and addition of stabilization sources (e.g., metal ions,[136-138]
9
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protons,[122,139,140] templates[141]), strictly following Le Chatelier’s principle. One of the first
examples illustrating the responsiveness of dynamic libraries to external stimuli, rather than
molecular recognition, was published by Lehn and Giuseppone in 2006 and demonstrates the
adaptive behavior of an imine library to changes in pH and temperature.[122] Another interesting
example from Lehn and Vantomme uses a dynamic covalent library consisting of a set of
hydrazones and acylhydrazones.[142] The library can remotely be adapted by using light as an
external stimulus, thus accumulating the acylhydrazones selectively, whereas addition of zinc
cations results in metalloselection and amplification of the hydrazones.
The most explored approach of adaptive DCLs is template-directed, i.e., the external
introduction of templates that cannot take part in the dynamic chemistry of the library members.
The molecular recognition between certain library members and the template results in a reequilibration and thus an adaptation of the product distribution. The compounds interacting
with the template are amplified. This can be used to generate large libraries to be screened for
biological activity, e.g., synthetic receptors, ligands for biomacromolecules or a potential binder
for a given receptor.[117, 143-145] In this context, DCC is highly attractive, since the target reacts
with all members of the library and self-selects the best component. This is achieved without the
necessity to synthesize and isolate all members of the library individually. Other applications
involve drug discovery,[146,147] DNA-templated synthesis,[148] controlled release of bioactive
compounds,[149,150] sensing[144,149,151] and catalysis.[152] Dynamic covalent chemistry also led to
advancements in materials science,[153-158] allowing the synthesis of complex two- and threedimensional molecular architectures, e.g., self-assembled cages, catenanes and rotaxanes, selfhealing polymers and most notably covalent organic frameworks (COFs).[159]

1.2.3. Dynamic Covalent Bonds
In contrast to supramolecular chemistry that is based on weak non-covalent interactions,
dynamic covalent chemistry deals with strong covalent bonds with inherently slower kinetics. In
theory, all chemical reactions are reversible. Most of these reactions, however, are in practice
irreversible, due to an enormous energetic barrier for the backreaction or due to the removal of
a product from the system (e.g., evaporation or precipitation). In order to use a certain reaction
type in applications involving DCC, certain specific criteria need to be met, especially from a
practical point of view. First, the reaction needs to be reversible on a reasonable timescale. The
lifetime of the reversible bond should be in the range of milliseconds to minutes to ensure a
decent stability, to allow detection and isolation, while simultaneously establishing an
equilibrium as fast as possible. Typically, this requires the addition of a catalyst or specific
conditions (e.g., solvent, temperature, pH) to accelerate the equilibration. Second, mild reaction
conditions are usually preferred and often essential for the reaction to be compatible with a
broad variety of functional groups. This is especially important for bio-compatible applications
and dynamic systems that also require non-covalent interactions for molecular recognition (e.g.,
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development of catalysts, receptors, etc.). And third, the exchange reaction should easily be
turned off at any time, for example to prevent re-equilibration, or for isolation of selected library
members. In this regard, the use of a dynamic system with a catalyst is highly convenient since it
can usually be quickly deactivated and thus stops the exchange equilibrium. Other methods
include pH or temperature control, or for example kinetic trapping through oxidation or
reduction. Additionally, when combinatorial libraries are formed, the solubility of all members
needs to be guaranteed at equilibrium, to avoid thermodynamical or kinetic traps and all
compounds should be ideally isoenergetic, to prevent strong bias towards certain products. This
can for example be achieved in one-dimensional libraries, where one single compound reacts
with multiple different complementary building blocks.[160] The reaction should also be
chemoselective to avoid competing reactions with other functional groups that might be present
in the library.[161-164]
To date, reported bonds meeting these criteria, include C-C, C-N, C-O, C-S, S-S and B-O bonds.
(Figure 1.6) Some of these are symmetrical (e.g., S-S or C=C bonds), allowing self-exchange of
one class of compounds. Whereas others (e.g., C=N, C=O or B-O bonds) are unsymmetrical
and nondirectional and require the combination of two different components. The most
prominent example is imine formation by condensation of aldehydes or ketones with amines.[165]
The reaction is pH-dependent and acid-catalyzed and the thermodynamic equilibrium is
established reasonably fast. However, at lower pH values the amine is protonated, thus stopping
the exchange effectively. Additionally, the low thermodynamic stability in water makes
applications in this medium difficult. Other C=N based dynamic covalent reactions, such as
hydrazones and oximes, have a much higher stability in water, even under physiological
conditions, but the exchange is significantly slower. Another frequently used bond in DCC are
disulfides. The high compatibility with different functional groups and physiological conditions
makes this bond type very attractive. Otto and co-workers for example used a peptide-containing
dithiol building block to generate a mixture of macrocycles of different sizes. Upon shaking the
mixture, the hexameric macrocycle is stabilized by self-aggregation and stacking to form a fiber,
thus shifting the equilibrium of the mixture towards the hexamer. The photolability of the
disulfide bond was used here to freeze the dynamic mixture. Irradiation with UV light resulted
in homolytic cleavage of disulfides and thus in the lateral cross-linking of the fibers and the
formation of a gel.[166] The most common examples for dynamic covalent C-C bond formations
include aldol reaction, Diels-Alder reaction as well as alkene and alkyne metathesis.
Even though not as common as the above mentioned examples, Knoevenagel products are
interesting entities for the application in DCC. The reaction involves the nucleophilic attack of
a CH-acidic compound (e.g., malononitrile, malonic acid or phenylacetonitriles) to a carbonyl
group (aldehydes and ketones) to form an Aldol intermediate, followed by elimination of water.
The condensation is reversible under acidic and basic conditions, provides a broad structural
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Figure 1.6. Most common reaction types used in applications depending on dynamic covalent chemistry. The
reactions are separated in classes, based on the type of bond that is reversibly formed.

variety and stability, and has been facilitated in the formation of covalent organic
frameworks.[167-170] The dynamic nature of the Knoevenagel bond was studied in detail by Lehn
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Theoretical Background
and co-workers and the exchange of benzylidene barbiturates and malononitriles with different
para-substituted benzaldehydes catalyzed by L-proline was demonstrated at elevated
temperatures (Figure 1.7, top and middle). Additionally, cross-exchange between benzylidene
barbiturates and malononitriles was possible.[171,172] More recently, another work showed that
fast exchange between 1,3-dimethylbarbiturates and imines is feasible even at room temperature
when adding catalytic amounts of imines, involving the formation of an azetidine intermediate
(Figure 1.7, bottom).[173]

Figure 1.7. Dynamic nature of the Knoevenagel bond as demonstrated by Lehn and co-workers. Barbiturates
undergo dynamic base-catalyzed cross-exchange at elevated temperatures with different benzaldehydes (top) or
malononitriles (middle) and non catalyzed with different imines at room temperature (bottom).[171-173]

1.3. Metal-Organic Frameworks
1.3.1. General Aspects
Metal–organic frameworks (MOFs, also known as porous coordination polymers or PCPs) are
an emerging class of extremely porous materials with exceptionally high accessible internal
surface areas, sometimes extending up to 7000 m2/g.[174,175] The record holder is DUT-60,
developed at the university of Dresden, with an incredibly large surface area of 7800 m2/g (the
surface area of a football field for example amounts to 7140 m2).[176] Since the 1990s the area of
MOFs has become one of the fastest growing research fields in chemistry and has risen to be one
of the most important fields in solid-state chemistry. This is not only displayed by the sheer
number of reported structures, research papers published and emerging citations, but also by the
constant expansion of research scope and applications. The first publication introducing the
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term MOF was published in 1995 by Omar Yaghi.[177] MOFs are generally constructed from
metals or metal containing nodes or clusters, known as secondary building units (SBUs), and
organic molecules, called "struts" or "linkers" (Figure 1.8).[178-182]

Figure 1.8. Structure of MOF-5, synthesized by Yaghi and co-workers, given as an example for a typical MOF
structure and topology. The Zn4O tetrahedra (blue polyhedra) are joined by benzene dicarboxylate linkers (O: red
and C: black) to give an extended 3D cubic framework with interconnected pores (the yellow sphere represents the
volume that can occupy the pores without interfering with the van der Waals size of the farmework). Reprinted with
permission from Kaye et al.[183] Copyright 2007 American Chemical Society.

The large variety of different suitable metals (e.g., Cu, Al, Mg, Zr, Co and many more) in
combination with a continuously expanding library of multi-functional organic ligands make
them highly modular and versatile. In principle, any organic molecule with a rigid structure and
two or more carboxylic acid groups can be used as a linker (Figure 1.9). Although the vast
majority of MOFs are made from carboxylate and pyridine based linkers, azolate- and
phosphonate-based frameworks have been reported as well.[184,185]
Inorganic porous frameworks usually possess highly ordered structures, but often require a
template during synthesis. Template removal after synthesis can result in the collapse of the
whole framework. On the other hand, organic porous frameworks have high surface areas and
high adsorption capacities but lack ordered structures. Some of the first discovered MOFs were
based on single-metal-ion nodes. The possible synergy between inorganic and organic
compounds and the resulting physical properties provide interesting and promising applications
for MOFs, such as gas storage and separation,[186-190] chemical sensing,[191] catalysis,[192-197] drug
delivery,[198,199] optical luminescensce,[200,201] ionic conductivity[202-205] and light harvesting.[206-209]
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Figure 1.9. Examples for common rigid linkers often used in MOF synthesis.

The extraordinary combination of chemical tunability and high internal surface areas made
MOFs potentially superior to other conventional porous materials, such as zeolites or activated
carbons. The initial boost in MOF research was based on the interest to find inorganic–organic
hybrid porous materials analogous to zeolites. The use of metal clusters led to an improvement
in porosity and stability. Generally, MOFs are made in a one-pot procedure, where the metal
containing nodes are formed in situ. The metal organic ligands and the metal salts are combined
in a solvothermal reaction in high-boiling polar solvents, such as water, DMF or DMSO. While
the characteristics of the linker SBUs, such as bond angles, linker length, chirality and bulkiness,
dictate the resulting framework (e.g., the pore window size), the metal-cluster containing SBUs
determine the physical properties of the MOFs and the window shape.[210] Other methods to
synthesize MOFs have been developed as well,[211] and include electrochemical,[212]
mechanochemical[213] and microwave-assisted synthesis.[214] The linkers are predesigned, then
synthesized and usually keep their integrity during MOF formation. The isoreticular principle,
whereby the organic linkers can be changed, yet analogous structural framework types can be
synthesized, allows the introduction of functional groups to the linkers or the increase in pore
size, while keeping the framework structure.[215,216]
Functional groups in the linker are usually introduced synthetically before MOF formation, but
there are some chemical functionalities, that are incompatible with the conditions of MOF
assembly. MOFs with linkers containing free carboxylic acids or pyridyls are extremely rare,
since they are usually the ligating functionality for the construction of the framework. One way
to avoid these problems is the post-synthetic functionalization of the MOFs.[217,218] This method
has seen some improvement in the last years and allows introduction of functionalities, that are
either not compatible with MOF synthesis or not soluble as linkers. Nguyen and workers have
recently developed a method to successfully introduce carboxylic acid groups covalently and
quantitatively to the linkers of a Zn-based MOF.[219] The free hydroxyl-groups readily react with
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succinic anhydride and form free carboxylic functions, that were tethered to the MOF. Other
methods to functionalize MOFs are for example solvent-assisted linker exchange (SALE),[220-223]
non-bridging ligand replacement,[224] transmetalation and post-synthetic metalation of MOFs
on the linkers.[225] SALE occurs at the solid-solution interface. A parent MOF in a solution
containing a second linker is transformed to a daughter MOF, by linker exchange, while
retaining the parent MOF topology. This allows the exchange of linkers to introduce new
functionalities or to increase the pore size, while keeping the same MOF topology.[226]
One of the most frequently studied applications for MOFs is the storage and release of gas
molecules, such as hydrogen or methane. Hydrogen has become one of the most promising
alternative fuels to gasoline due to its much higher combustion heat and the fact, that its main
byproduct after energy release is water. However, one of the major obstacles for the
implementation of a hydrogen-based fuel economy is its incredibly low melting point. At normal
pressure of one atmosphere hydrogen does not liquefy before 20 K, due to its very weak
intermolecular interactions.[227] Current techniques use high-pressure tanks to store liquid
hydrogen but face severe drawbacks in energy efficiency and safety issues.[228] Compared to
other porous materials MOFs have a higher surface area and therefore a higher hydrogen uptake
capacity. The interaction of the hydrogen molecules with the MOF is also based on
physisorption and allows for storage at moderate conditions. This process is completely
reversible and gives the ability to release the hydrogen easily. To push the limit of gas storage
technologies, MOFs with ultrahigh (Brunauer-Emmett-Teller, BET > 6000 m2/g) specific areas
are necessary. The synthesis of these MOFs has been advanced mostly by using the concept of
"isoreticular expansion", meaning the expansion of linker length in a constant MOF topology. A
good example for this, is the recently reported isoreticular series of zirconium-based MOFs,
called UiO-66, UiO-67 and UiO-68.[229] The UiO-66 MOF is based on benzene-1,4-dicarboxylic
acid, the linker in UiO-67 is extended by one phenyl ring (biphenyl-dicarboxylic acid) and in
UiO-68 by another one (terphenyl-dicarboxylic acid) (Figure 1.10).

Figure 1.10. Isoreticular series of Zirconium based UiO MOFs. UiO-66 with benzene dicarboxylate linker (left),
UiO-67 with 4,4’-biphenyl dicarboxylate linker (middle) and UiO-68 with 1,1’:4’,1’’-terphenyl dicarboxylate linker
(right) (Zr: red, O: blue, C: gray and H: white). Reprinted with permission from Cavka et al.[229] Copyright 2008
American Chemical Society.
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The advantage of Zr-MOFs over other MOFs, is their extremely high surface area, while also
being very stable towards heat, water and acids. Thermogravimetric analysis shows that UiO-66
and UiO-67 are stable in air up to 450 °C and under vacuum up to 540 °C.[229] The UiOframeworks all contain a highly stable SBU, which consists of six zirconium atoms forming an
octahedron. Each zirconium atom is coordinated in a square-antiprismatic geometry by bridging
μ3-O, μ3-OH, and carboxylate groups of the linkers. Each SBU is in theory connected to 12 other
SBUs by the dicarboxylate linkers. The topology of these isoreticular MOFs can be described as
an expanded cubic close-packed (ccp) structure. The high chemical and thermal stability can be
explained with the high affinity of zirconium towards oxygen and the compact structure of these
SBUs. While the smaller UiO-66 and UiO-67 frameworks are easily synthesized, the synthesis
of the UiO-68 MOF can be problematic and results in amorphous structures. Recently however,
Schaate and co-workers were able to synthesize a single-crystal UiO-68 MOF by using benzoic
or acetic acid as modulator during synthesis.[230]
Another important field for MOF application is the selective gas adsorption and separation.
MOFs are very promising due to their ability to function as molecular sieves. The selective
adsorption is achieved by adsorbate-surface interactions and size-exclusion (molecular sieving
effect). A new type of MOF, mesh-adjustable molecular sieve (MAMS), shows remarkable
selectivity, while having easily tunable properties at the same time.[231] For industrial applications
the separation of alkane isomers from natural gas is very important. MOF-508, synthesized in
2006, was the first MOF that showed high selectivity in the gas-chromatographic separation of
alkanes.[232] Recently a copper-based MOF was incorporated in thin-film materials for gas
separation. It was possible to successfully separate H2 from H2/N2, H2/CO2 and H2/CH4
mixtures.[233]
Catalysis in MOFs is another important field and could become one of the most promising
applications. The pores of MOFs can theoretically be adjusted systematically to optimize the
structure towards specific catalytic applications. Due to the high crystalline nature of MOFs the
active sites are rarely different. MOFs, by design, naturally have a high metal content, making
them ideal heterogeneous catalysts. There are three conceptually different approaches for
catalysis in MOFs: (1) using catalytic metal salts for MOF formation (catalytic center is in the
SBU), (2) using linkers with active catalysts, e.g., organocatalysts or transition metals, and (3)
incorporating an active species into the framework (e.g., nano-particles with catalytic
sites).[234,235]
Hupp and co-workers for example developed a Zn-MOF with a porphyrin-based ligand that can
be doped with different metals, such as Al3+, Zn2+, Pd2+, Fe3+ and Mn3+. The resulting MOFs are
effective catalysts for the epoxidation of styrene and hydroxylation of cyclohexane.[236] MOFs
also offer the ability for selective catalysis. The pore size can be adjusted in a way that only a
substrate with a specific size or polarity can enter the pores and reach the catalytic site. Kitagawa
and co-workers managed to develop a MOF, that was able to catalyze Knoevenagel
17

Chapter 1
condensation reactions of benzaldehyde with active methylene compounds.[237] While
malononitrile reacted almost quantitatively, larger substrates, such as ethyl cyanoacetate and
tert-butyl cyanoacetate showed only negligible conversion rates, implicating a relationship
between substrate size and pore window.

1.3.2. Azobenzene-functionalized MOFs
Functional materials structurally adaptable by external stimuli like temperature, pH, mechanical
stress, redox potential or light have recently gained attention in applications as stimuliresponsive "smart" materials.[238-240] Light is arguably the most attractive among these stimuli, as
it is easily tunable, can be applied in a remote and non-invasive fashion and provides a high
spatio-temporal resolution. Although many different MOFs have been synthesized to date, the
release and capture of guest molecules is always based on uncontrolled diffusion. The use of
azobenzene functionalized MOFs allows the light-triggered control of its characteristics, such as
geometry, pore size and polarity, and thus enables applications based on cargo transport, guest
storage or separation in a more controlled manner.[241]
While examples of MOFs with linkers containing azobenzene moieties were reported
previously, the azobenzene was always part of the rigid framework and switching was strongly
hindered.[242-244] Stock and co-workers realized this problem in 2011 and used a linker, where the
azobenzene moiety is covalently attached to its backbone, dangling of the MOF pore walls,
thereby retaining its flexibility and photoisomerization ability.[245] The thus synthesized MOF
CAU-5 was the first porous MOF with actually photoswitchable linker molecules. One year later
Stock and co-workers were the first to introduce an azobenzene functionality post-synthetically
to an existing MOF.[246] Using 2-aminobenzene-1,4-dicarboxylic acid as linker, they were able to
covalently link an azobenzene moiety either as an amide or an urea to the existing framework.
One of the first examples to reversibly control the gas uptake capacity of a MOF by
photoisomerization was demonstrated by Park and co-workers. The CO2 uptake into a
PCN-123 MOF was reversibly controlled by photochemical and thermal treatment.[247] E→Zisomerization induced by UV light led to a decrease of gas uptake, while the thermally induced
Z→E-isomerization led to an increase. The structure envelope (differentiation of the unit cell in
regions of high and low electron density) developed from pXRD-data shows that the electron
density of the UV-irradiated PCN-123 (Z-isomer) is increased around the Zn4O cluster
compared to the thermally treated one (E-isomer). This indicated that the CO2 molecules face
an increased difficulty in approaching the metal clusters, which are the main sites for CO2
adsorption (Figure 1.11).
Other strategies for successful reversible alteration of gas uptake in porous frameworks exist as
well. Kitagawa and co-workers for example were able to isomerize azobenzene molecules,
encapsulated as guests inside a MOF.[248] The flexible framework changed its structure upon
isomerization of the azobenzene guests. In the E-state no N2 adsorption was observed, due to
18

Theoretical Background
pore blockage by the close contact between azobenzene guests and framework. Upon
photoisomerization to the Z-state, the framework expanded and N2 adsorption was significantly
enhanced.

Figure 1.11. Reversible light- and thermal-induced alteration of CO2 uptake in an azobenzene functionalized PCN123 MOF synthesized by Park and co-workers. Reprinted with permission from Park et al.[247] Copyright 2012
American Chemical Society.

In 2013 Yaghi, Stoddart, and co-workers developed and synthesized a MOF, that was able to
release guest molecules on-command, initiated by an external stimulus.[249] The azobenzene
photoswitch was incorporated into a magnesium-based MOF-74 structure, where the inorganic
clusters and organic struts form linear stacks producing large, non-interpenetrated 1-D
hexagonal pores. This architecture forced the azobenzene units to face directly into the 1-D
channels, allowing the change of the channel size upon photoisomerization. The MOF-74
structure combats the issue of other azobenzene-functionalized MOFs, where interpenetration
would lead to high steric demand and hinder photoisomerization of the photoswitch.
Encapsulation and release experiments with a luminescent dye revealed, that release of the dye
from the pores was initiated by irradiation with a laser at the isosbestic point, which would cause
a wagging motion of the azobenzene moiety. Another interesting example by Meng and coworkers utilizes the geometric change of azobenzenes upon photoisomerization to release a
larger guest molecule (rhodamine B) on command.[250] The azobenzene functionalized UiO-68
MOFs are capped with β-cyclodextrin which forms a complex with the E-isomers. Upon
photoisomerization to the Z-azobenzene, the cyclodextrin complexes are dissociated and the
guest molecules can diffuse out of the open pores.
In order to develop devices out of these functional materials for advanced applications, control
of stimuli-responsive behavior at the mesoscopic level is necessary. A remarkable recent example
is the stimuli-responsive Surface-Mounted Metal-Organic Framework (SURMOF) synthesized
by epitaxial growth on a surface by Heinke and co-workers in 2014 (Figure 1.12).[251] Other
azobenzene-functionalized MOFs face the issue of limited light penetration depth into the
material and thus low photoconversions, i.e., the photons reach only switches in the outer layers
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of the framework, while those deep inside the framework are not isomerized. This means that a
large part of the framework is not accessible for photoresponsive storage of guest molecules. The
SURMOF synthesized by Heinke et al. presents a clever approach, as it consists of a twocomponent system with a separate storage region, where the guest molecules are stored, and a
switching layer functioning as a valve, that can be opened or closed by photoisomerization. The
photoresponsive layer was grown over the non-functionalized SURMOF via liquid phase
epitaxy. Another possible way to construct photoswitchable MOFs with high photoconversion
would be to use core-shell-MOFs, where the functionalized part of the MOF is synthesized upon
an existing nonfunctionalized MOF-framework, either by epitaxial growth or by solvent-assisted
linker exchange.[252]

Figure 1.12. Schematic representation of a photoswitchable two-component SURMOF, synthesized by Heinke
and co-workers. Reprinted and adapted with permission from Heinke et al.[252] Copyright 2014 American Chemical
Society.
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Abstract: Cyanodiarylethene chromophores are able to undergo constitutional exchange via
dynamic covalent chemistry (DCC). During this process, the central ethylene bridge of the molecular
scaffold is broken and enables the assembly of a new combination of aryl moieties around the reformed
ethylene bridge. The reversible C=C double bond exchange has exemplarily been investigated using
α-cyanostilbenes. Establishing a dynamic equilibrium reaction from α-cyanodiarylethene with
arylacetonitriles under mild conditions has been the basis to access constitutional libraries of new
photoswitches with potentially improved properties. When subject to irradiation with light of adequate
wavelength, α-cyanodiarylethenes undergo Z→E isomerization followed by ring-closure. By screening
the accessible dynamic chromophore libraries using a desired detection wavelength, specific dithienyl
analogues that exhibit three-state photochromism could be identified. The combination of dynamic
constitutional libraries of functional chromophores in combination with the light-guided screening and
selection should lead to more rapid exploration of structural diversity in dye chemistry.

2.1. Introduction and Motivation
The reversibility of chemical reactions is a fascinating principle of nature that – even though
macroscopically often not tangible – enables chemical processes, catalytic cycles, and reaction
networks. By minimizing activation barriers, chemical equilibria can rapidly be established to
enable dynamic constitutional systems and study their adaptive behavior.[1] In this context,
dynamic covalent chemistry (DCC) examines high-energy conversions: the making and
breaking of covalent bonds.[2] Systems with dynamic C-C, C-N, C-O, C-S, B-O, and S-S bonds
provide access to dynamic constitutional libraries that allow for the screening and selection of
molecules with desired properties[3-4] and moreover enable the design of responsive functional
materials[5].
Knoevenagel products[6] are particularly interesting entities for DCC. Formed by nucleophilic
addition of a CH-acidic compound to a carbonyl group followed by elimination of water from
the formed Aldol intermediate, they provide broad structural variety and easy accessibility.
Importantly, the condensation is reversible under basic and acidic conditions,[7] which can be
employed for syntheses that demand a high level of thermodynamic control, e.g., to access
covalent organic frameworks.[8-11] Knoevenagel exchange, beyond that, allows for double bond
metathesis in water-free systems using amines as catalysts.[12] Lehn and co-workers studied in
detail the Knoevenagel cross-exchange of benzylidene barbiturates and respective malonates
catalyzed by L-proline at elevated temperatures.[13-14] Fast exchange of benzylidene 1,3dimethylbarbiturates is feasible even at room temperature in the presence of catalytic amounts
of imines forming azetidine intermediates (see Figure 1.7, page 13).[15]
α-Cyanodiarylethenes are photochromic Knoevenagel products obtained from aromatic
aldehydes and benzylic nitriles and they have mostly been studied for their aggregation-induced
(enhanced) emission.[16] Their exchange capabilities have not yet been exploited, although they
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are an emerging class of “non-azo” E/Z photoswitches and are used as soft smart materials in a
variety of applications.[16-17] Respective 1,2-dicyanodithienylethenes undergo isomerization to a
thermally stable third state via a reversible photocyclization as first reported by Irie and Mohri
in their landmark paper in 1988.[18] A similar switching behavior has more recently been found
for an extended inverse 1,2-dicyano-substituted di(bithienyl)ethene.[19]
A growing number of studies uses other photochromic molecules in DCC as a means to control
and drive chemical equilibria with light.[20-28] Motivated by both, the unrivaled spatio-temporal
resolution of electromagnetic radiation and its orthogonality to chemical stimuli, these studies
aim to control chemical systems and processes and to develop new functional materials.[29]
Surprisingly, investigations on the dynamic covalent assembly of photoswitches themselves are
scarce. Exchanges of (acyl)hydrazones based on hydrolysis/condensation have been
reported[30-31] but the potential of dynamic constitutional libraries as a tool to screen for
photochromic molecules with desired properties has thus far not been unfolded.
In this work, a novel dynamic covalent exchange of Knoevenagel products, namely
α-cyanostilbenes and the respective thiophene analogues is investigated. It is demonstrated how
DCC can be used to generate large constitutional libraries of these chromophores and how
candidates with desired photochromic properties can readily be selected. Analysis of the
irradiated libraries with UPLC-MS reveals the UV/vis absorption spectra for each member and
its corresponding isomers. This important information on the structure-property relationship is
gathered in quick and efficient experiments without the need to synthesize and isolate each
chromophore individually, thus accelerating this process significantly. The discovery of a novel
family of three-state switches, demonstrates the general potential of this strategy to facilitate the
development of molecular photochromic systems.

2.2. Results and Discussion
2.2.1. Establishing a Dynamic Covalent Knoevenagel Reaction
The chromophores were prepared by a Knoevenagel condensation of various aromatic
aldehydes with nitriles (Figure 2.1). The latter are readily accessible from the corresponding
aldehydes via a Van Leusen reaction.[32] The synthetic conäditions for the Knoevenagel products

Figure 2.1. Conditions used for Knoevenagel condensation to form α-cyanostilbenes using an aldehyde and a CHacidic benzyl nitrile.
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were optimized and a combination of cesium hydroxide and piperidine as catalysts showed the
best results and the broadest reagent scope (see section 2.4.3.1 General Procedures, pages
52ff.).
The dynamic covalent exchange of an α-cyanostilbene with an acetonitrile is base-catalyzed
(Figure 2.2). The exchange is initiated by deprotonation of the benzylic nitrile, providing the
active nucleophile. The latter attacks the electrophilic double bond of the α-cyanostilbene,
forming a Michael-type anionic adduct. This negatively charged intermediate can undergo
proton transfer[14,33] and subsequently dissociate again into a new α-cyanostilbene derivative and
a new deprotonated nitrile. The latter is still active and can either attack another chromophore
or deprotonate another nitrile. Overall, the dynamic covalent exchange results in a
thermodynamic equilibrium of two α-cyanostilbenes (both in their thermally more stable Zconfiguration[34]) and two (deprotonated) nitriles.

Figure 2.2. Base-catalyzed dynamic covalent exchange of an α-cyanostilbene with a phenylacetonitrile and the
proposed mechanism.

Among the tested catalysts, only bases, such as sodium bis(trimethylsilyl)amide (NaHMDS)
and phosphazene bases (e.g., P4-t-Bu) were sufficiently strong to deprotonate the acetonitriles
and thus enabled an exchange of arylacetonitrile moieties. Tests with bases such as DBU, sodium
methoxide, piperidine and L-proline did either not induce exchange, required prolonged
reaction times and elevated temperatures, or were limited to highly acidic phenylacetonitriles.
NaHMDS was the base providing the widest substrate scope and was therefore used to establish
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a reliable and reproducible DCC protocol for a broad range of α-cyanodiarylethenes with
different substituents.
As a model system, the exchange of α-cyanostilbene 3c with (4-methoxyphenyl)acetontrile b
was investigated (Figure 2.3a; see Figures 2.15-2.17 for details on the nomenclature, pages
45ff.). The successful establishment of an equilibrium between chromophores 3b und 3c was
verified by ultra-performance liquid chromatography coupled to mass spectrometry (UPLCMS) and the observed ratio was reproduced when starting the equilibration from the ‘product
side’ with 3b and c as entries (Figure 2.3b). Upon reaching an equilibrium, simultaneous
backward and forward reactions are constantly induced by ‘active’ deprotonated
phenylacetonitriles.

Figure 2.3. a) Dynamic covalent exchange of 3c with b and corresponding UPLC trace. b) Dynamic covalent
exchange of 3b with c and corresponding UPLC trace (reverse case) (for experimental details and investigation of
composition see section 2.4.4.4, page 64).

Further investigations were performed to prove that the system was still dynamic after the initial
exchange. Indeed, upon addition of another nitrile a, the new equilibrium including 3a quickly
formed, strictly following Le Chatelier’s principle (Figure 2.4). In a similar experiment
4.0 equivalents of nitrile b were added after equilibration and the new equilibrium investigated
after another 15 minutes, shows the shift in the composition towards product 3b (Figure 2.5).
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Figure 2.4. Addition of a new nitrile a to the thermodynamic equilibrium of dynamic covalent exchange of 3c with
b after 15 min and new equilibration after an additional 15 min (t = 30 ämin) and corresponding UPLC trace
showing the formation of 3a.

Figure 2.5. Addition of additional 4.0 eq. of nitrile b to the thermodynamic equilibrium of dynamic covalent
exchange of 3c with b after 15 min and new equilibration after an additional 15 min (t = 30 min) and corresponding
UPLC trace showing the composition change.

Further extending the concept, a cross-exchange setup was investigated (Figure 2.6). Here, two
different α-cyanostilbenes 3c and 4b in a 1:1 ratio were used and only a catalytic amount of
deprotonated nitrile c was added to trigger the exchange. Nitrile c equilibrates with 4b to form
4c and nitrile b, which then reacts with 3c to form 3b, resulting in a total of four different
chromophores in this dynamic equilibrium. Note that for all derivatives of α-cyanostilbene
under the reported equilibration conditions, only Z-isomers were detected, where the less
sterically demanding cyano group is in Z-configuration to the benzene ring. In agreement with
the related Knoevenagel condensation mechanism, E-isomers were identified as minor products
when less bulky and less aromatic substituents were employed.[35]
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Figure 2.6. Dynamic covalent cross-exchange of 3c and 4b with c in catalytic amounts and corresponding UPLC
trace (for experimental details and investigation of composition see section 2.4.4.1, page 63).

The exchange is in general very fast and from a practical point of view easy to achieve. At room
temperature an exchange equilibrium can be reached within seconds to minutes, depending on
the base equivalents, the nucleophilicity of the nitriles and the electrophilicity of the double
bond. To further demonstrate this, additional experiments were performed to determine the
influence of the mentioned parameters on the exchange rate. The reaction rate increases as
expected with higher base concentration (Figure 2.7). In this exchange setup 0.1 equivalents of

Figure 2.7. Reaction rate dependency on the base concentration (NaHMDS). a) scheme for the exchange reaction
between 1c and 1b using equimolar amounts of 1c and b (6.67 mM) as entries in DMSO; b) formation of switch
1b at 0.67 mM (black, filled circles), 0.33 mM (dark grey, half-filled circles) and 0.17 mM (light grey, empty circles)
base concentration vs. time (determined by UPLC-MS).
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base resulted in a thermodynamic equilibrated mixture after approximately two minutes at room
temperature. In a similar experiment the influence of the nucleophilicity of the nitrile was
investigated (Figure 2.8). It was found that the most nucleophilic entry a with a strong electrondonating dimethylamino substituent leads to an equilibrated system within 20 seconds, whereas
the least nucleophilic entry l with a strong electron-withdrawing trifluoromethyl substituent
results in a much slower equilibration and the thermodynamic equilibrium was still not reached
after 2 hours.

Figure 2.8. Reaction rate dependency on the nature of the phenylacetonitrile. a) scheme for the exchange reactions
between 1c and 1a, 1b and 1l, respectively using equimolar amounts of 1c and a, b, or l (6.7 mM) as entries in
DMSO; b) formation of switch 1a (black, filled circles), 1b (dark grey, half-filled circles) and 1l (light grey, empty
circles), respectively, vs. time (determined by UPLC-MS).

A reverse pattern was observed for the influence of the electrophilicity of the double bond
(Figure 2.9). The reaction rate increases with increasing electrophilicity of the carbon atom in
the double bond neighboring the CN-substituted carbon atom. Thus, electron-withdrawing
groups on the benzene ring on this side of α-cyanostilbenes increase the elctrophilicity.
Consequently, entry 4c (para-cyano substituent) allows the fastest equilibration within 5
minutes, whereas entry 1c (para-dimethylamino substituent) does not fully equilibrate even
after 30 minutes.

38

DCC as a Tool for Accelerated Photoswitch Discovery

Figure 2.9. Reaction rate dependency on the nature of the electrophile. a) scheme for the exchange reactions
between 1c, 3c and 4c, respectively, and l using equimolar amounts of 1c, 3c or 4c, and l (6.7 mM) as entries in
DMSO; b) formation of switch 4l (black, filled circles), 3l (dark grey, half-filled circles) and 1l (light grey, empty
circles), respectively, vs. time (determined by UPLC-MS).

2.2.2. Accelerated Discovery and Analysis of Novel Three-State Switches
Apart from E/Z isomerization, stilbenes can undergo a photoinduced conrotatory ring-closure
from their Z-configuration to yield dihydrophenanthrenes. The latter are usually unstable but
can be trapped, e.g., when ortho-substituents are used to prevent irreversible oxidation[36] or an
enol-to-ketone tautomerism stabilizes the structure against thermal ring-opening.[37] An
alternative is the use of less aromatic moieties, e.g., thiophenes, to attain thermally stable closedisomers that characteristically absorb in the visible region of the spectrum. The goal was to
confirm that these trends in stability known from stilbenes and DAEs are also valid for the
presented α-cyanodiarylethenes. Without the need to tediously synthesize a broad variety of
switches for such a study, the here presented DCC cross-exchange tool was used.
Consequently, only four generic entries 1c, 2c, 3c, and 5c in equimolar amounts and three
arylacetonitriles a, b, and f (see Figure 2.10a and 2.10b, structures in black) were submitted to
access a 4 ✕ 4 matrix of α-cyanodiarylethenes. Fragment 5 in 5c and nitrile f are
phenylthiophenes to mimic the structure of commonly studied DAEs. The resulting library of
16 photoswitches (Figure 2.10c) was irradiated for four minutes with UV light (334 nm). The
chromatogram obtained by UPLC-MS (Figure 2.10d) shows a complex mixture of more than
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Figure 2.10. Screening for photocyclizing three-state photoswitch. a) DCC setup: Four stilbenes (1.0 eq. each)
and three nitriles (1.0 eq. with respect to the sum of the four stilbenes) are entries (all black); DCC results in a
4 ✕ 4 = 16-membered library of Z-chromophores (blue); irradiation adds 16 E-isomers (green) and one closedisomer (orange) to the 33-membered library. UPLC chromatograms of b) library entries before DCC (abs.
265 – 600 nm), c) of the equilibrated exchange mixture (abs. 265 – 600 nm), d) of the irradiated mixture (abs.
265 – 600 nm) and e) of the irradiated exchange mixture (abs. 550 – 600 nm). *Note: All isomers were identified
by a combination of their mass signal, retention time and UV/vis absorption spectra obtained from individual
exchange experiments (see section 2.4.6 Annex, pages 70ff.).
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32 (2 ✕ 16) different α-cyanodiarylethene isomers. In addition to Z- and E-isomers (Figure
2.10a, blue and green, respectively), formation of thermally stable closed-isomers was detected
by limiting the UPLC UV/vis detector to the visible region of 550-600 nm (Figure 2.10e). Only
one peak was observed that can undoubtedly be attributed to isomer 5f by its corresponding
mass signal. It is the only photochrome in our mixture consisting of two thiophene motifs – one
on each side of the cyanoethylene bridge. Interestingly, the other combinations having only one
thiophene moiety 1f, 2f, 3f, 5a, 5b, and 5c did not yield a thermally stable closed-isomer.
Following the identification of the first DCC-assembled three-state photoswitch, these
α-cyanodithienylethenes were further examined. The impact of different substitution patterns
on the photocyclization and the corresponding absorption spectra was investigated. For this
reason, additional phenylthiophene aldehydes 6 – 12 (see Figure 2.16, page 45), their
corresponding acetonitriles d - k (Figure 2.12a) as well as two additional cyclization-mute
precursor chromophores 7c and 9c (Figure 2.11) were synthesized. This approach proved to
be especially elegant, as the synthesis and purification of different α-cyanodithienylethene
switches proved problematic and had to be individually optimized. In contrast, the Knoevenagel
products from c could be obtained by a standardized protocol. The precursor chromophores 5c,
7c, and 9c were each subjected to a cross-exchange with phenylthiophene acetonitriles d – k to
generate three 1 ✕ 9-matrices of switches. Figure 2.12 shows this screening approach for
precursor molecule 5c (see Figures 2.19 and 2.20, pages 66 and 67 for 7c and 9c, respectively).
The 1 ✕ 9 matrix consists of nine photochromes 5c – 5k (Figure 2.12b). Detailed analysis
shows that the corresponding E-isomers are also formed to a minor extent during the exchange
(Figure 2.12b, green asterisks), in contrast to the stilbene derivatives. The equilibrated mixture

Figure 2.11. Chemical structure of the three cyclization-mute precursors used to generate libraries for the analysis
of the novel α-cyanodithienylethene three-state switches.

was further irradiated with 334 nm for four minutes and analyzed by UPLC-MS (Figure 2.12c).
The formation of thermally stable closed-isomers was again visualized by limiting the UPLC
UV/vis- detector to the visible region (Figure 2.12d). Eight peaks were observed
corresponding to the closed-isomers 5d-5k, confirming that α-cyanodithienylethenes are threestate switches with Z-, E- and a closed-state (Figure 2.13).
In a very fast and efficient way, three 1 ✕ 9 matrices were used to identify 24 new three -state
photoswitches and to obtain the absorption spectra of a total of 72 isomers (photophysical data
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Figure 2.12. Targeted screening for three-state switches. a) Exchange setup of 5c with eight different
thiophenephenyl acetonitriles (library entries: d - k). b) Exchange mixture after DCC and its corresponding UPLC
chromatogram (abs. 265 – 600 nm; minor E-isomers formed during exchange are depicted with green asterisks).
c) Irradiated exchange mixture and its corresponding UPLC chromatogram (abs. 265 – 600 nm). d) Selected
irradiated exchange mixture by limitation of the detector wavelength (abs. 550 – 600 nm).
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Figure 2.13. Photoinduced two-step isomerization of novel three-state α-cyanodithienylethenes and its
corresponding three isomers Z, E and closed, respectively.

is detailed in Tables 2.1 and 2.2, pages 47 and 48). Detailed analysis of their closed-isomers’
visible absorption band maxima exposes insightful trends: Compared with the ‘unsubstituted’
version 7f with an absorption maximum at 542 nm in the visible region, closed-5d (λmax =
590 nm), 7d (λmax = 572 nm), and 9d (λmax = 582 nm) show a significant red-shift of 30 nm to
48 nm in the visible absorption that can be attributed to the push-pull effect between the
conjugated cyano (bridge) and the dimethylamino (phenyl) substituents. Another trend in redshifts can be explained by the extended π-conjugation along the entire molecule including both
phenyl moieties. Combinations of strong electron-donating and withdrawing groups lead to
larger red-shifts. Accordingly, 5j with the strongest push-pull substitution pattern (NMe2 and
CN) shows the largest effect with a maximum visible absorption at 620 nm (shift of 78 nm
compared to 7f).
To further analyze their photochemical properties two three-state switches, 5d and 5j, were
synthesized and isolated (see Synthesis in section 2.4.3 Synthesis, pages 50ff.). It was found that
UV light irradiation of α-cyanodithienylethenes quickly establishes a Z/E pseudophotostationary state (PSS) within four seconds. Whilst the Z/E ratio is staying constant, the Eisomer is also in photodynamic equilibrium with the closed-isomer and a decrease of Z- and Eisomer concentration can be observed until the global PSSUV of three isomers is reached after
two minutes. The so-attained closed-isomer can then selectively be addressed with red light,
transforming it solely to the respective E-isomer within three minutes. As mentioned before, the
conditioned library experiment (depicted for switches 5c – 5k in Figure 2.12; for 7c – 7k and
9c – 9k in Figures 2.19 and 2.20, pages 66 and 67) yielded valuable information concerning
the molecular design of three-state switches with desired properties (see Table 2.2, page 48).
When just comparing the UV/vis spectra of the Z-, E-, and closed-isomers of one switch
qualitatively, excitation wavelengths can be selected that lead to PSSs with lower or higher
concentration of a chosen isomer. Closed-5d, for example, shows a red-shifted absorption band
in the UV region at 390 nm while the Z- and E-isomers show absorption maxima at 331 nm and
321 nm, respectively. This band separation, i.e., the relatively low absorption of closed-5d at
334 nm, can be used to specifically accumulate the closed-isomer at the PSS334nm (Figure 2.14a
and Figure 2.21, page 68 for more details). Indeed, when comparing 5d with 5j – the latter
having overlapping UV absorption bands with λUVmax at 329 nm, 317 nm, and 293 nm for Z-, E-,
and closed-isomers, respectively – the effect is striking. Whilst the PSS334nm composition for 5j
43

Chapter 2
shows only 25% closed-isomer (Figure 2.14b and Figure 2.22, page 69 for more details), the
PSS334nm of 5d reaches a significantly higher amount of 69% closed-isomer. Further investigation
of α-cyanodithienylethenes revealed that they are to be categorized as P-type photoswitches as
the thermal ring-opening of closed-5d was determined to be less than 10% after twelve days at
80 °C in acetonitrile (see Figure 2.23, page 69).

Figure 2.14. Chemical structure (Z-isomer shown) of a) 5d and b) 5j and corresponding UV/vis absorption
spectra of the PSS mixtures upon irradiation with UV (λirr = 334 nm for 2 min) and red light (λirr = 617 nm for
3 min) in acetonitrile at 298 K (17 µM for 5d and 14 µM for 5j). PSS composition according to UPLC-MS analysis
(see section 2.4.5 UV/vis Spectroscopy, pages 68ff.).

2.3. Conclusion
This work demonstrates that α-cyanodiarylethenes can be assembled using a novel DCC tool at
room temperature that makes use of the dynamic character of the switches’ central C=C bond.
Efficiently synthesized by a Knoevenagel condensation, α-cyanodiarylethenes are easily
accessible. Using the combination of this DCC tool and UPLC-MS for analysis, identification
of α-cyanodithienylethenes as a novel class of three-state photoswitches with three thermally
stable isomers was possible. Additionally, a broad variety of these chromophores with different
substitution patterns and the influence on the photochemistry of ring-closure was investigated.
All this information was gathered in rapid and efficient experiments using the presented
screening tool. Therefore, the laborious individual synthesis of a large quantity of potentially
photochromic dyes was avoided. As α-cyanodiarylethenes have proven valuable in the
manufacturing of functional materials,[5] this work is expected to aid future molecular design in
this particular field of research. Compared to the rich architectures that are known from DAEs,
only a small fraction of the possible chemical space with α-cyanostilbenes and their mono- and
dithienyl analogues was covered in this work. Based on the initial work presented herein, future
work could extend the here presented method with other exchange reactions to reshuffle
functional constituents and to combine it with computational algorithms to access more
complex chromophore systems with desired properties.
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Contributions
N.F.K., D.M. and S.H. designed and developed the study. D.M. and N.F.K. carried out all
experimental work. All authors discussed the results and edited the resulting manuscript (J. Am.
Chem. Soc. 2021, 143, 9162-9168).

2.4. Experimental Part
2.4.1. Overview of synthesized Photoswitches and their Precursors
The investigated class of photoswitches is derived from model compound α-cyanostilbene 3c.
Figure 2.15 illustrates their nomenclature based on structural motifs: They are built up by two
precursors, an aldehyde from the list of compounds given in Figure 2.16 for the moiety on the
unsubstituted side of the central double bond and a nitrile from the list of compounds given in
Figure 2.17 for the moiety on the cyano-substituted side, respectively.

Figure 2.15. Retrosynthesis of photoswitches and logic of their nomenclature.

Aldehydes 1 - 12 were employed for the synthesis of photoswitches and are precursors for
nitriles a - k. The latter were used for the direct synthesis of photoswitches as well as they are
reagents for dynamic covalent chemistry (DCC) and respective library approaches.

Figure 2.16. Overview of aldehydes 1 - 12 employed.
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Figure 2.17. Overview of nitriles a - k employed.

Key parameters for all isomers of substituted α-cyanostilbenes and their thiophene analogues
are summarized in Table 2.1 and Table 2.2, respectively. Their synthesis is either detailed in
section 2.4.3 Synthesis (pages 50ff.) or their formation via DCC is described in section 2.4.4
Dynamic Covalent Chemistry (pages 63ff.).
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Table 2.1. Key parameters for all substituted α-cyanostilbenes used and generated in exchange experiments. For
clarity, thiophene analogue 5f is also given here. Isolated photoswitches’ nomenclature is given in black, whilst grey
characterizes photoswitches obtained via DCC. Indices 1), 2) and 3) flag values for the Z-, E- and closed-isomers,
respectively;
Absorption maxima λmax (nm): obtained from UPLC. For closed-isomers both the maximum in the UV and the
visible region is given. *Note that the eluent mixture varies here depending on the corresponding retention time
and/or gradient method;
UPLC retention time tret (min): a) gradient method A, b) gradient method B, c) gradient method C;
Detected mass signal MS (m/z): from UPLC-MS (ESI+) for [M+H]+ ion, corresponding calculated values are
given in brackets.
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Table 2.2. Key parameters for all thiophene analogues of α-cyanostilbenes used and generated in exchange
experiments. For clarity, phenyl analogues 5c, 7c, and 9c are also given here. Isolated photoswitches’ nomenclature
is given in black, whilst grey characterizes photoswitches obtained via DCC. Indices 1), 2) and 3) flag values for the
Z, E and closed-isomers, respectively;
Absorption maxima λmax (nm): obtained from UPLC. For closed-isomers both the maximum in the UV and the
visible region is given. *Note that the eluent mixture varies here depending on the corresponding retention time
and/or gradient method;
UPLC retention time tret (min): a) gradient method A, b) gradient method B, c) gradient method C;
Detected mass signal MS (m/z): from UPLC-MS (ESI+) for [M+H]+ ion, corresponding calculated values are
given in brackets.
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2.4.2. Materials and Methods
2.4.2.1. Materials
Chemicals and solvents were purchased from ABCR, Alfa-Aesar, Sigma-Aldrich, and VWR and
used as received. Solvents for synthesis were dried using a Pure Solv Micro Solvent Purification
System from Innovative Technology if necessary. TLC plates are coated with SiO2-60 UV254
and were purchased from Merck.
Anhydrous DMSO (max. 0.005% H2O) and acetonitrile (99.9%, extra dry) for exchange
experiments were purchased from VWR and ACROS Organics, respectively.
3,5-Dibromo-2-methylthiophene 13,[38] 2-Methyl-3-bromo-5-phenylthiophene 14[39] 3Bromo-2-methyl-5-[4-(trifluoromethyl)phenyl]thiophene 15[40] have already been reported by
the same group and stock compounds were used.
2.4.2.2. Instruments and Methods
NMR Spectroscopy. NMR spectra were recorded on a Bruker Avance II 400 (400 MHz for 1H
and 100 MHz for 13C) at room temperature. Spectra were referenced to the residual solvent
signal. Deuterated solvents were purchased from EurisoTOP. Multiplicities are abbreviated as
follows: singlet (s), doublet (d), triplet (t), quadruplet (q), septet (sept), and multiplet (m).
Coupling constants (J) are given in Hz. Chemical shifts (δ) are given in ppm.
UV/vis Spectroscopy. UV/vis spectroscopy was performed in capped quartz cuvettes (l =
1.00 cm) on an Agilent Cary 50 spectrophotometer equipped with a Peltier thermostated cell
holder and a Cary 60 spectrophotometer equipped with a Unisoku CoolSpek Cryostat cell
holder (temperature accuracy ± 0.1 K).
Glove Box. All exchange experiments were prepared and carried out in a MBRAUN labMaster
130 glove box system equipped with a MB20 gas purifier system using Argon as inert gas
(<0.1 ppm O2, <0.1 ppm H2O).
Irradiation Sources. For irradiation with UV light a LOT-ORIEL high-pressure Mercury lamp
(500 W) equipped with a water filter and Asahi Spectra Co optical bandpass filter MC330 (for
334 nm) or MC365 (for 365 nm) was used. For irradiation at 617 nm a Thorlabs M617L3
mounted LED (600 mW, 1000 mA) was used.
UPLC-MS. Ultra-performance liquid chromatography coupled to mass spectrometry detection
was performed with a Waters Alliance system (gradient mixture of acetonitrile/water) equipped
with Acquity UPLC columns. The Waters system consisted of a Waters Separations Module
2695, a Waters Diode Array Detector 996, a LCT Premier XE mass spectrometer, and a Waters
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Mass Detector ZQ 2000. All runs were performed on a Hexyl/Phenyl functionalized column.
The y axis of all UPLC chromatograms represents the cumulative absorbance over a specified
wavelength range in arbitrary units. The wavelength range is always provided in the respective
figure caption.

Figure 2.18. UPLC gradient methods with solvent combinations A and B for acidic runs or C and D for basic runs
(solvent A: acetonitrile + 0.1% formic acid, solvent B: water + 0.1% formic acid, solvent C: acetonitrile, solvent D:
water + 0.01 mol·L-1 NH4HCO3) with a flow rate of 0.6 mL·min-1. a) Gradient method A with solvent mixture A/B;
b) Gradient method B with solvent mixture A/B; c) Gradient method C with solvent mixture C/D; d) Gradient
method D with solvent mixture A/B.

2.4.3. Synthesis
Bromides 14 and 15 were in stock from foregoing projects in the research group. They can be
synthesized from 13 in a Suzuki coupling. Aldehydes 7 and 9 were thus obtained straight forward
by lithiation using n-butyllithium followed by nucleophilic attack on dimethylformamide and
hydrolysis as shown in Scheme 2.1 below. Aldehydes 10 and 11 could not be synthesized via
metalation due to the high reactivity on the phenyl 4-position and the nitrile, respectively.
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Scheme 2.1. Synthesis of aldehydes according to route A.

Route B depicted below in Scheme 2.2 allows a more universal access to the desired aldehydes
5 - 11. The number of reaction steps was moreover reduced by postponing the substituent
diversification step. Aldehyde 17 was synthesized from 16 in a Rieche formylation and allowed
diverse aryl boronic acids to substitute the thiophene in a Suzuki coupling.

Scheme 2.2. Synthesis of aldehydes according to route B.

The Van Leusen reaction was used to convert aldehydes 5 – 11 to their corresponding nitriles
d – j (see Scheme 2.3).[32]

Scheme 2.3. Synthesis of nitriles.

To build the central double bond of the switches investigated here, the Knoevenagel reaction
between aldehydes 1 - 12 and nitriles a - k as the CH-acidic compound was employed (see
Scheme 2.4). From most mixtures containing 20 mol% cesium hydroxide, the condensation
products precipitated in ethanol when elevated temperatures were applied overnight
(Procedure 3)[41]. In the case of low electrophilicity or nucleophilicity of the aldehyde or nitrile
compound, respectively, a methanolic cesium hydroxide solution containing piperidine was
used to further activate the electrophile.
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Scheme 2.4. Synthesis of switches.

2.4.3.1. General Procedures
Procedure 1. A Schlenk flask was charged with 5-Bromo-3-formyl-2-methylthiophene 17
(1.0 eq.), the respective boronic acid (1.05 eq.), Pd(dppf)Cl2.CH2Cl2 (0.05 eq.), cesium
carbonate (3.0 eq.) and a mixture of 1,4-dioxane and water (2/1, 0.15 M based on 17). The
resulting mixture was degassed with argon and allowed to react for 12 hours at 80 °C under argon
atmosphere. The reaction mixture was extracted with ethyl acetate and washed with water and
brine. The combined organic phases were dried over anhydrous magnesium and the solvent was
evaporated under reduced pressure. The products were isolated after column chromatography
(SiO2; 10% → 80% EtOAc in cyclohexane).

Procedure 2. A Schlenk flask was charged with potassium tert-butoxide (2.2 eq.) in anhydrous
THF (1 M based on potassium tert-butoxide) and cooled to -20 °C. Toluenesulfonylmethyl
isocyanide (1.1 eq.) in anhydrous THF (0.5 M based on the isocyanide) was added dropwise
and the resulting mixture was stirred for 30 min, while the temperature was kept at -20 °C.
Afterwards a solution of the respective aldehyde in anhydrous THF (0.3 M based on the
aldehyde) was added dropwise and the mixture was stirred again for 30 min at -20 °C. Then
anhydrous methanol (1/2 to total THF volume) was added, and the reaction mixture was
refluxed for 15 min. The solvent was removed under reduced pressure and the residue was
redissolved in water and acetic acid (20/1, 0.3 M based on the aldehyde) and extracted multiple
times with DCM. The combined organic phases were dried over anhydrous magnesium sulfate
and the solvent was evaporated under reduced pressure. The products were isolated after
column chromatography (SiO2; 0% → 25% EtOAc in cyclohexane).

Procedure 3. A glass vial was charged with the respective aldehyde (1.0 eq.) and nitrile (1.0 eq.)
and a solution of ethanol (0.2 M based on aldehyde) containing cesium hydroxide (0.2 eq.) was
added. The vial was capped tightly and stirred overnight at 80 °C. The reaction mixture was left
to cool slowly to room temperature and the precipitated crystals/solids were filtered and washed
with cold ethanol. For further purification the products were recrystallized from methanol.
Note: Piperidine (0.2 eq.) was added for less reactive aldehydes.
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2.4.3.2. Experimental Procedure for Precursor

5-Bromo-3-formyl-2-methylthiophene 17: Under an argon atmosphere a 250 mL Schlenk flask
was charged with TiCl4 (17.13 mL, 156.3 mmol, 2.5 eq.) in 40 mL of anhydrous DCM and a
mixture of 2-bromo-5-methylthiophene 16 (11.07 g, 62.5 mmol, 1.0 eq.) and dichloromethyl
methyl ether (6.96 mL, 78.13 mmol, 1.25 eq.) in 30 mL of anhydrous DCM was added dropwise
at 0 °C. The resulting mixture was stirred for another 60 min at 0 °C and was then poured on ice
acidified with concentrated HCl. This mixture was stirred for another hour at room temperature.
The phases were separated. The aqueous phase was extracted twice with DCM and the
combined organic phase was dried over MgSO4 and the solvent was evaporated. The product
was isolated after flash column chromatography (SiO2; 5% → 30% EtOAc in cyclohexane) as a
yellow oil (3.82 g, 18.6 mmol, 30%).
H NMR (500 MHz, DMSO-d6) δ = 9.88 (s, 1H), 7.40 (s, 1H), 2.72 (s, 3H) ppm. 13C{1H}
NMR (125 MHz, DMSO-d6) δ = 184.5, 153.8, 137.7, 128.9, 109.0, 13.0 ppm.
1

2.4.3.3. Experimental Procedures for Aldehydes

For the synthesis of 3-formyl-5-[4-(dimethylamino)phenyl]-2-methylthiophene 5 Procedure 1
(see 2.4.3.1 General Procedures, page 52) was followed to obtain 1.76 g (7.16 mmol, 89%) of
the compound as a bright yellow solid.
H NMR (500 MHz, CDCl3) δ = 10.00 (s, 1H), 7.43 (d, 3J(H,H) = 8.9 Hz, 2H), 7.38 (s, 1H),
6.71 (d, 3J(H,H) = 8.9 Hz, 2H), 2.99 (s, 6H), 2.77 (s, 3H) ppm. 13C{1H} NMR (125 MHz,
CDCl3) δ = 184.7, 150.4, 149.9, 142.3, 138.1, 126.8, 121.5, 119.4, 112.6, 40.5, 13.6 ppm. MS
(ESI+) m/z: [M+H]+ calculated for C14H16NOS, 246.1; found, 246.1.

1
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For the synthesis of 3-formyl-5-[4-(methoxy)phenyl]-2-methylthiophene 6 Procedure 1 (see
2.4.3.1 General Procedures, page 52) was followed and was additionally recrystallized from a
mixture of cyclohexane and DCM to obtain 1.30 g (5.64 mmol, 84%) of the compound as a
colorless solid.
H NMR (500 MHz, CDCl3) δ = 10.02 (s, 1H), 7.48 (d, 3J(H,H) = 8.8 Hz, 2H), 7.44 (s, 1H),
6.92 (d, 3J(H,H) = 8.8 Hz, 2H), 3.84 (3H), 2.79 (s, 3H) ppm. 13C{1H} NMR (125 MHz,
CDCl3) δ = 184.7, 159.7, 150.7, 141.3, 138.1, 127.2, 126.1, 121.0, 114.6, 55.5, 13.7 ppm. MS
(ESI+) m/z: [M+H]+ calculated for C13H13O2S, 233.1; found, 233.1.

1

For the synthesis of 3-formyl-5-phenyl-2-methylthiophene 7 Procedure 1 (see 2.4.3.1 General
Procedures, page 52) was followed to obtain 0.85 g (4.2 mmol, 68%) of the compound as a
colorless solid.
H NMR (500 MHz, CDCl3) δ = 10.03 (s, 1H), 7.56 (d, 3J(H,H) = 8.3 Hz, 2H), 7.39 (dd,
3
J(H,H) = 8.2 Hz, 7.2 Hz, 2H), 7.31 (dd, 3J(H,H) = 7.4 Hz, 7.4 Hz, 1H), 2.80 (s, 3H) ppm.
13
C{1H} NMR (125 MHz, CDCl3) δ = 184.6, 151.4, 141.4, 138.1, 133.3, 129.2, 128.2, 125.9,
122.2, 13.7 ppm.
1

The analysis data harmonizes with the values reported in the literature.[42]

For the synthesis of 3-formyl-5-(4-pyridyl)phenyl-2-methylthiophene 8 Procedure 1 (see
2.4.3.1 General Procedures, page 52) was followed to obtain 1.85 g (9.08 mmol, 86%) of the
compound as a pale yellow solid.
H NMR (500 MHz, DMSO-d6) δ = 10.01 (s, 1H), 8.58 (d, 3J(H,H) = 6.1 Hz, 2H), 8.00 (s,
1H) 7.65 (d, 3J(H,H) = 6.2 Hz, 2H), 2.81 (s, 3H) ppm. 13C{1H} NMR (125 MHz, DMSO-d6)
δ = 185.5, 153.5, 150.4, 139.5, 138.2, 137.2, 125.1, 119.4, 13.3 ppm. MS (ESI+) m/z: [M+H]+
calculated for C11H10NOS, 204.1; found, 204.1.
1
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For the synthesis of 3-formyl-5-(4-trifluoromethyl)phenyl-2-methylthiophene 9 Procedure 1
(see 2.4.3.1 General Procedures, page 52) was followed to obtain 1.18 g (4.4 mmol, 62%) of the
compound as a pale yellow solid.
H NMR (500 MHz, CDCl3) δ = 10.04 (s, 1H), 7.66-7.62 (m, 5H), 2.82 (s, 3H) ppm. 13C{1H}
NMR (125 MHz, CDCl3) δ = 184.5, 152.4, 139.5, 138.3, 136.7, 130.0 (q, 2J(C,F) = 32.7 Hz),
126.2 (q, 3J(C,F) = 3.8 Hz), 125.9, 124.1 (q, 1J(C,F) = 272 Hz), 123.8, 13.8 ppm.
1

The analysis data harmonizes with the values reported in the literature.[43]

For the synthesis of 3-formyl-5-(3,5-bis-trifluoromethyl)phenyl-2-methylthiophene 10
Procedure 1 (see 2.4.3.1 General Procedures, page 52) was followed to obtain 1.37 g
(4.05 mmol, 49%) of the compound as a colorless solid.
H NMR (500 MHz, CDCl3) δ = 10.05 (s, 1H), 7.95 (s, 2H), 7.79 (s, 1H), 7.71 (s, 1H), 2.84 (s,
3H) ppm. 13C{1H} NMR (125 MHz, CDCl3) δ = 184.3, 153.0, 138.4, 137.8, 135.4, 132.7 (q,
2
J(C,F) = 33.5 Hz), 125.6 (q, 3J(C,F) = 3.1 Hz), 124.7, 123.2 (q, 1J(C,F) = 273 Hz),
121.5 (sept, 3J(C,F) = 3.8 Hz), 13.9 ppm.
1

For the synthesis of 3-formyl-5-(4-cyano)phenyl-2-methylthiophene 11 Procedure 1 (see
2.4.3.1 General Procedures, page 52) was followed to obtain 1.13 g (4.99 mmol, 60%) of the
compound as a colorless solid.
H NMR (500 MHz, CDCl3) δ = 10.04 (s, 1H), 7.68-7.63 (d, 4H), 7.67 (s, 1H), 2.82 (s, 3H)
ppm. 13C{1H} NMR (125 MHz, CDCl3) δ = 184.3, 153.0, 139.0, 138.4, 137.5, 133.0, 126.1,
124.5, 118.7, 111.4, 13.9 ppm.

1
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3-Formyl-5-(4-trimethylammonium)phenyl-2-methylthiophene 12: Under an argon
atmosphere a Schlenk flask was charged with 3-formyl-5-[4-(dimethylamino)phenyl]-2methylthiophene (5) (0.25 g, 1.02 mmol, 1.0 eq.) and methyl iodide (0.64 mL, 10.20 mmol,
10.0 eq.) in 5 mL of anhydrous MeCN and the resulting mixture was heated at 75 °C for 20 h.
All volatile materials were removed under reduced pressure to obtain 0.39 g (1.01 mmol, 99%)
of the compound as a yellow iodide salt.
H NMR (500 MHz, DMSO-d6) δ = 10.02 (s, 1H), 8.01 (d, 3J(H,H) = 9.2 Hz, 2H), 7.92 (d,
3
J(H,H) = 9.2 Hz, 2H), 7.90 (s, 1H) 3.63 (s, 9H), 2.82 (s, 3H) ppm. 13C{1H} NMR (125 MHz,
DMSO-d6) δ = 185.5, 152.9, 146.4, 138.3, 137.8, 134.1, 126.5, 124.0, 121.5, 56.4, 13.2 ppm. MS
(ESI+) m/z: [M]+ calculated for C15H18NOS+, 260.1; found, 260.1.
1

2.4.3.4. Experimental Procedures for Nitriles

For the synthesis of 2-(4-dimethylaminophenyl)acetonitrile a Procedure 2 (see 2.4.3.1 General
Procedures, page 52) was followed to obtain 1.91 g (11.9 mmol, 79%) of the compound as a
pale yellow solid.
H NMR (500 MHz, CDCl3) δ = 7.17 (d, 3J(H,H) = 8.8 Hz, 2H), 6.71 (d, 3J(H,H) = 8.8 Hz,
2H), 3.64 (s, 2H), 2.95 (s, 6H) ppm. 13C{1H} NMR (125 MHz, CDCl3) δ = 150.4, 128.8, 118.8,
117.2, 112.9, 40.6, 22.8 ppm. MS (ESI+) m/z: [M+H]+ calculated for C10H13N2, 161.1; found,
161.1.
1

For the synthesis of [5-(4-dimethylaminophenyl)-2-methylthiophen-3-yl]acetonitrile d
Procedure 2 (see 2.4.3.1 General Procedures, page 52) was followed to obtain 0.46 g
(1.80 mmol, 50%) of the compound as a pale green solid.
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H NMR (500 MHz, CDCl3) δ = 7.41 (d, 3J(H,H) = 8.9 Hz, 2H), 6.98 (s, 1H), 6.71 (d, 3J(H,H)
= 8.9 Hz, 2H), 3.57 (s, 2H), 2.98 (s, 6H), 2.40 (s, 3H) ppm. 13C{1H} NMR (125 MHz, CDCl3)
δ = 150.2, 142.3, 133.2, 126.6, 125.5, 122.3, 121.5, 117.8, 112.6, 40.6, 17.1, 13.2 ppm. MS
(ESI+) m/z: [M+H]+ calculated for C15H17N2S, 257.1; found, 257.1.
1

For the synthesis of [5-(4-methoxyphenyl)-2-methylthiophen-3-yl]acetonitrile e Procedure 2
(see 2.4.3.1 General Procedures, page 52) was followed to obtain 0.31 g (1.3 mmol, 45%) of the
compound as a colorless solid.
H NMR (500 MHz, CDCl3) δ = 7.45 (d, 3J(H,H) = 8.8 Hz, 2H), 7.03 (s, 1H), 6.90 (d, 3J(H,H)
= 8.8 Hz, 2H), 3.83 (s, 3H), 3.58 (s, 2H), 2.41 (s, 3H) ppm. 13C{1H} NMR (125 MHz, CDCl3)
δ = 159.4, 141.3, 134.5, 126.9, 126.8, 125.7, 122.8, 117.6, 114.5, 55.5, 17.1, 13.2 ppm.
1

For the synthesis of (5-phenyl-2-methylthiophen-3-yl)acetonitrile f Procedure 2 (see 2.4.3.1
General Procedures, page 52) was followed to obtain 0.41 g (1.93 mmol, 52%) of the compound
as a beige solid.
H NMR (500 MHz, CDCl3) δ = 7.53 (d, 2H), 7.37 (dd, 2H), 7.28 (dd, 1H), 7.15 (s, 3H),
3.60 (s, 2H), 2.43 (s, 3H) ppm. 13C{1H} NMR (125 MHz, CDCl3) δ = 141.4, 135.6, 133.9,
129.1, 127.7, 125.9, 125.6, 123.8, 117.6, 17.1, 13.3 ppm.
1

For the synthesis of [5-(4-pyridyl)-2-methylthiophen-3-yl]acetonitrile g Procedure 2 (see
2.4.3.1 General Procedures, page 52) was followed to obtain 0.81 g (3.77 mmol, 88%) of the
compound as a pale yellow solid.
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H NMR (500 MHz, CDCl3) δ = 8.55 (d, 3J(H,H) = 6.2 Hz, 2H), 7.37 (d, 3J(H,H) = 6.2 Hz,
2H), 7.35 (s, 1H), 3.61 (s, 2H), 2.45 (s, 3H) ppm. 13C{1H} NMR (125 MHz, CDCl3) δ = 150.5,
140.8, 138.3, 138.0, 126.6, 126.1, 119.5, 117.2, 17.1, 13.5 ppm. MS (ESI+) m/z: [M+H]+
calculated for C12H11N2S, 215.1; found, 215.1.
1

For the synthesis of [5-(4-trifluoromethylphenyl)-2-methylthiophen-3-yl]acetonitrile h
Procedure 2 (see 2.4.3.1 General Procedures, page 52) was followed to obtain 0.34 g
(1.21 mmol, 50%) of the compound as a yellow solid.
H NMR (500 MHz, CDCl3) δ = 7.61 (s, 4H), 7.24 (s, 1H), 3.61 (s, 2H), 2.45 (s, 3H) ppm.
C{1H} NMR (125 MHz, CDCl3) δ = 139.5, 137.2, 129.4 (q, 2J(C,F) = 32.6 Hz), 126.4,
126.1 (q, 3J(C,F) = 3.8 Hz), 125.6, 125.2, 124.2 (q, 1J(C,F) = 272 Hz), 117.4, 17.1, 13.3 ppm.

1

13

For the synthesis of [5-(3,5-bis-trifluoromethylphenyl)-2-methylthiophen-3-yl]acetonitrile i
Procedure 2 (see 2.4.3.1 General Procedures, page 52) followed to obtain 0.49 g (1.40 mmol,
47%) of the compound as a green-yellow solid.
H NMR (500 MHz, CDCl3) δ = 7.92 (s, 2H), 7.76 (s, 1H), 7.31 (s, 1H), 3.64 (s, 2H), 2.48 (s,
3H) ppm. 13C{1H} NMR (125 MHz, CDCl3) δ = 138.2, 137.8, 135,9, 132.6 (q, 2J(C,F) =
33.4 Hz), 126.8, 126.0, 125.3, 123.3 (q, 1J(C,F) = 272.9 Hz), 121.0 (sept, 3J(C,F) = 3.7 Hz),
117.2, 17.1, 13.4 ppm.
1

For the synthesis of [5-(4-cyanophenyl)-2-methylthiophen-3-yl]acetonitrile j Procedure 2 (see
2.4.3.1 General Procedures, page 52) was followed to obtain 1.13 g (4.99 mmol, 60%) of the
compound as a white solid.
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H NMR (500 MHz, CDCl3) δ = 7.64-7.58 (m, 4H), 7.27 (s, 1H), 3.62 (s, 2H), 2.45 (s, 3H)
ppm. 13C{1H} NMR (125 MHz, CDCl3) δ = 138.9, 138.1, 138.0, 132.9, 126.7, 125.9, 125.7,
118.9,117.3, 110.8, 17.1, 13.4 ppm.
1

[5-(4-trimethylammoniumphenyl)-2-methylthiophen-3-yl]acetonitrile k: Under an argon
atmosphere a Schlenk flask was charged with [5-(4-dimethylaminophenyl)-2-methylthiophen3-yl]acetonitrile (d) (0.26 g, 1.0 mmol, 1.0 eq.) and methyl iodide (0.63 mL, 10.00 mmol,
10.0 eq.) in 5 mL of anhydrous MeCN and the resulting mixture was heated at 75 °C for 20 h.
All volatile materials were removed under reduced pressure to obtain 0.39 g (0.99 mmol, 99%)
of the compound as a yellow iodide salt.
H NMR (500 MHz, DMSO-d6) δ = 8.00 (d, 3J(H,H) = 9.1 Hz, 2H), 7.80 (d, 3J(H,H) = 9.1 Hz,
2H), 7.55 (s, 1H), 3.96 (s, 2H), 3.64 (s, 9H), 2.44 (s, 3H) ppm. 13C{1H} NMR (125 MHz,
DMSO-d6) δ = 145.9, 137.2, 137.1, 134.7, 128.0, 126.4, 125.9, 121.4, 118.5, 56.4, 16.0, 12.8
ppm. MS (ESI+) m/z: [M]+ calculated for C16H19N2S, 271.1; found, 271.1.
1

2.4.3.5. Experimental Procedures for Switches
Additional photophysical as well as chromatographic properties for the synthesized switches are
detailed in Table 2.1 and Table 2.2 (see section 2.4.1 Overview of synthesized Photoswitches
and their Precursors, pages 45ff.).

For the synthesis of photoswitch 1c Procedure 3 (see 2.4.3.1 General Procedures, page 52) was
followed to obtain 0.97 g (3.90 mmol, 78%) of the compound as bright yellow crystals.
H NMR (500 MHz, CDCl3) δ = 7.86 (d, 3J(H,H) = 8.9 Hz, 2H), 7.64 (d, 3J(H,H) = 7.4 Hz,
2H), 7.43-7.39 (m, 3H), 7.32 (pseudo-t, 3J(H,H) = 7.4 Hz, 1H), 6.73 (d, 3J(H,H) = 9.0 Hz,
2H), 3.06 (s, 6H) ppm. 13C{1H} NMR (125 MHz, CDCl3) δ = 151.8, 142.7, 135.7, 131.4, 129.0,
128.1, 125.6, 121.8, 119.6, 111.8, 104.7, 40.2 ppm. MS (ESI+) m/z: [M+H]+ calculated for
C17H17N2, 249.1; found, 249.1.
1

The analysis data harmonizes with the values reported in the literature.[44]
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For the synthesis of photoswitch 2c Procedure 3 (see 2.4.3.1 General Procedures, page 52) was
followed to obtain 0.62 g (2.65 mmol, 53%) of the compound as a white crystalline solid.
H NMR (500 MHz, CDCl3) δ = 7.89 (d, 3J(H,H) = 8.6 Hz, 2H), 7.65 (dd, 3J(H,H) = 8.4 Hz,
4
J(H,H) = 1.2 Hz, 2H), 7.47 (s, 1H), 7.45-7.42 (m, 2H), 7.38-7.35 (m, 1H), 6.98 (d,
3
J(H,H) = 8.9 Hz, 2H), 3.87 (s, 3H) ppm. 13C{1H} NMR (125 MHz, CDCl3) δ = 161.6, 142.0,
135.0, 131.3, 129.1, 128.9, 126.7, 125.9, 118.7, 114.5, 108.8, 55.6 ppm.
1

The analysis data harmonizes with the values reported in the literature.[45]

For the synthesis of photoswitch 3b Procedure 3 (see 2.4.3.1 General Procedures, page 52) was
followed to obtain 0.32 g (1.36 mmol, 68%) of the compound as a white solid.
H NMR (500 MHz, CDCl3) δ = 7.88 (m, 2H), 7.62 (d, 3J(H,H) = 8.9 Hz, 2H), 7.48-7.40 (m,
4H), 6.97 (d, 3J(H,H) = 8.9 Hz, 2H), 3.86 (s, 3H) ppm. 13C{1H} NMR (125 MHz, CDCl3) δ =
160.6, 140.3, 134.1, 130.3, 129.2, 129.0, 127.5, 127.1, 118.3, 114.6, 111.4, 55.6 ppm.

1

For the synthesis of photoswitch 3c Procedure 3 (see 2.4.3.1 General Procedures, page 52) was
followed to obtain 0.27 g (1.32 mmol, 26%) of the compound as a white solid.
H NMR (500 MHz, CDCl3) δ = 7.90 (d, 3J(H,H) = 8.4 Hz, 2H), 7.69 (d, 3J(H,H) = 8.4 Hz,
2H), 7.55 (s, 1H), 7.50-7.39 (m, 6H) ppm. 13C{1H} NMR (125 MHz, CDCl3) δ = 142.4, 134.6,
133.9, 130.7, 129.4, 129.4, 129.2, 129.1, 126.2, 118.1, 111.9 ppm.
1

The analysis data harmonizes with the values reported in the literature.[41]
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For the synthesis of photoswitch 4b Procedure 3 (see 2.4.3.1 General Procedures, page 52) was
followed to obtain 0.63 g (2.42 mmol, 48%) of the compound as a yellow solid.
H NMR (500 MHz, CDCl3) δ = 7.93 (d, 3J(H,H) = 8.2 Hz, 2H), 7.73 (d, 3J(H,H) = 8.5 Hz,
2H), 7.63 (d, 3J(H,H) = 8.9 Hz, 2H), 7.41 (s, 1H), 6.98 (d, 3J(H,H) = 8.9 Hz, 2H), 3.87 (s, 3H)
ppm. 13C{1H} NMR (125 MHz, CDCl3) δ = 161.3, 138.3, 137.2, 132.7, 129.5, 127.8, 126.2,
118.5, 117.5, 115.0, 114.8, 113.2, 55.6 ppm.
1

For the synthesis of photoswitch 5c Procedure 3 (see 2.4.3.1 General Procedures, page 52) was
followed to obtain 0.26 g (0.74 mmol, 74%) of the compound as an orange crystalline solid.
H NMR (500 MHz, CDCl3) δ = 8.06 (s, 1H), 7.67 (d, 3J(H,H) = 8.4 Hz, 2H), 7.50 (d, 3J(H,H)
= 8.9 Hz, 2H), 7.47-7.43 (m, 3H), 7.38 (pseudo-t, 3J(H,H) = 7.3 Hz, 1H), 6.73 (d, 3J(H,H) =
8.9 Hz, 2H), 2.99 (s, 6H), 2.57 (s, 3H) ppm. 13C{1H} NMR (125 MHz, CDCl3) δ = 150.3,
142.5, 142.2, 135.2, 134.0, 133.0, 129.2, 128.8, 126.9, 126.0, 122.1, 118.9, 118.8, 112.6, 108.6,
40.6, 13.8 ppm. MS (ESI+) m/z: [M+H]+ calculated for C22H21N2S, 345.1; found, 345.1.
1

For the synthesis of photoswitch 5d Procedure 3 (see 2.4.3.1 General Procedures, page 52) was
followed and the raw product was purified by column chromatography (SiO2; 0% → 33% EtOAc
in cyclohexane) and recrystallized additionally from THF to obtain 23 mg (0.05 mmol, 58%) of
the compound as an orange solid.
H NMR (500 MHz, CDCl3) δ = 8.03 (s, 1H), 7.50 (d, 3J(H,H) = 8.8 Hz, 2H), 7.45 (d, 3J(H,H)
= 8.8 Hz, 2H), 7.16 (s, 1H), 7.09 (s, 1H), 6.73 (2*d, 3J(H,H) = 8.8 Hz, 2*2H), 2.99 (2*s, 2*6H),
2.60 (s, 3H), 2.53 (s, 3H) ppm. 13C{1H} NMR (125 MHz, CDCl3) δ = 150.4, 150.3, 142.2,
1
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141.8, 136.5, 134.2, 133.0, 127.0, 126.7, 122.3, 122.2, 121.5, 118.9, 118.8, 112.7, 103.5, 40.6,
14.6, 13.8 ppm. MS (ESI+) m/z: [M+H]+ calculated for C29H30N3S2, 484.2; found, 484.2

For the synthesis of photoswitch 5j Procedure 3 (see 2.4.3.1 General Procedures, page 52) was
followed to obtain 46 mg (0.10 mmol, 49%) of the compound as an orange solid.
H NMR (500 MHz, CDCl3) δ = 8.03 (s, 1H), 7.65 (s, 4H), 7.49 (d, 3J(H,H) = 8.9 Hz, 2H),
7.37 (s, 1H), 7.16 (s, 1H), 6.73 (d, 3J(H,H) = 8.9 Hz, 2H), 2.99 (s, 6H), 2.64 (s, 3H), 2.54 (s,
3H) ppm. 13C{1H} NMR (125 MHz, CDCl3) δ = 150.4, 142.6, 142.4, 138.6, 138.4, 138.0, 137.2,
134.0, 132.9, 132.7, 126.9, 125.9, 125.8, 121.9, 118.9, 118.5, 118.5, 112.6, 110.9, 102.4, 40.6,
14.8, 13.8 ppm. MS (ESI+) m/z: [M+H]+ calculated for C28H24N3S2, 466.1; found, 466.1.
1

For the synthesis of photoswitch 7c Procedure 3 (see 2.4.3.1 General Procedures, page 52) was
followed to obtain 0.17 g (0.57 mmol, 57%) of the compound as a yellow solid.
H NMR (500 MHz, CDCl3) δ = 8.23 (s, 1H), 7.67 (d, 3J(H,H) = 8.3 Hz, 2H), 7.63 (d, 3J(H,H)
= 8.3 Hz, 2H), 7.48-7.44 (m, 3H), 7.41-7.38 (m, 3H), 7.31 (pseudo-t, 3J(H,H) = 7.4 Hz, 1H),
2.60 (s, 3H) ppm. 13C{1H} NMR (125 MHz, CDCl3) δ = 144.1, 141.3, 134.9, 133.8, 133.7,
133.1, 129.2, 129.1, 129.0, 128.0, 126.0, 126.0, 121.5, 118.6, 109.3, 13.9 ppm.
1

For the synthesis of photoswitch 9c Procedure 3 (see 2.4.3.1 General Procedures, page 52) was
followed to obtain 26 mg (0.07 mmol, 47%) of the compound as a yellow solid.
H NMR (500 MHz, CDCl3) δ = 8.30 (s, 1H), 7.71 (d, 3J(H,H) = 8.2 Hz, 2H), 7.67 (dd,
3
J(H,H) = 8.3 Hz, 4J(H,H) = 1.2 Hz, 2H), 7.64 (d, 3J(H,H) = 8.2 Hz, 2H), 7.47-7.45 (m, 3H),
7.40 (pseudo-t, 3J(H,H) = 7.3 Hz, 1H), 2.62 (s, 3H) ppm. 13C{1H} NMR (125 MHz, CDCl3)
1
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δ = 145.1, 139.4, 137.1, 134.7, 133.4, 133.4, 129.7 (q, 2J(C,F) = 32.7 Hz), 129.3, 129.2, 126.1 (q,
3
J(C,F) = 3.8 Hz), 126.1, 126.0, 124.2 (q, 1J(C,F) = 272 Hz), 123.0, 118.5, 110.0, 14.0 ppm.

2.4.4. Dynamic Covalent Chemistry
All DCC exchange experiments were carried out in a glove box under argon atmosphere
(<0.1 ppm H2O, <0.1 ppm O2). All synthesized materials (nitriles and switches) were dried
under reduced pressure to remove any residual water and oxygen and were then transferred into
the box. All commercially obtained materials (e. g. solvents, bases and nitriles) were directly
transferred into the box. Anhydrous DMSO was used to prepare 2*10-2 M stock solutions of all
used materials. Eppendorf pipettes of various sizes were used in the experiments for precise and
consistent conditions. All experiments were carried out at room temperature in clear glass UPLC
vials and the used nitrile was mixed with the base (NaHMDS) and left to react for around
30 seconds prior to switch addition.
Annotation: This order of addition is crucial, since the switches undergo degradation if treated with
NaHMDS directly. We believe that the pKa of nitriles and the base differs by several orders of
magnitude. The underlying equilibrium is consequently fully on the side of the deprotonated nitrile,
thus the base gets fully protonated and does not participate in the following reaction with the switch,
avoiding decomposition.
After equilibration, the mixtures were quenched with benzoic acid, diluted with UPLC grade
acetonitrile (10-4 M based on the used switches) and analyzed by UPLC-MS (injection of 2 µL).
Samples for irradiation (10-4 M) were prepared from the same quenched mixture using dry and
degassed acetonitrile. The irradiation experiments were also carried out in clear glass UPLC vials
equipped with a small stir bar. The vials were sealed with a cap and irradiated outside the glove
box with a mercury high pressure lamp equipped with different bandpass filters (for details see
section 2.4.2 Materials and Methods, pages 49ff).

2.4.4.1. Conditions for Cross-Exchange (Figure 2.6, page 37)
A substoichiometric amount of nitrile b (5 µL, 0.1 µmol, 0.1 eq.) and NaHMDS (25 µL,
0.05 µmol, 0.05 eq., 2*10-3 M in DMSO) were added to an UPLC vial and left for 30 seconds
before adding 4b (50 µL, 1.0 µmol, 1.0 eq.) and 3c (50 µL, 1.0 µmol, 1.0 eq.). The reaction
mixture was left for 15 minutes and was then quenched with benzoic acid (25 µL, 0.05 µmol,
0.05 eq., 2*10-3 M in DMSO). The mixture was diluted with MeCN (10-4 M based on the
concentration of the used switches) to generate samples for irradiation and identification by
UPLC-MS.
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The ratio between switches 3b, 3c, 4b, and 4c were determined as 23:27:25:25 (quantification
see section 2.4.4.5, pages 65ff.).
2.4.4.2. Conditions for Screening Experiment (Figure 2.10, page 40)
Nitriles a (160 µL, 3.2 µmol, 8.0 eq.), b (80 µL, 1.6 µmol, 4.0 eq.) and f (80 µL, 1.6 µmol,
4.0 eq.) and NaHMDS (16 µL, 0.32 µmol, 0.8 eq.) were added to an UPLC vial and left for
30 seconds before adding 80 µL of a mixture containing the switches 1c, 2c, 3c and 5c (1/1/1/1;
each 20 µL, 0.4 µmol, 1.0 eq.). The reaction mixture was left for 30 minutes and was then
quenched with benzoic acid (16 µL, 0.32 µmol, 0.8 eq.). The mixture was diluted with MeCN
(10-4 M based on the concentration of the used switches) to generate samples for irradiation and
identification by UPLC-MS.
2.4.4.3. Conditions for Targeted Screening for Three-State Switches (Figure 2.12, page 42
and Figures 2.19 and 2.20, pages 66 and 67)
Nitriles d - k (each 20 µL, 0.4 µmol, 1.0 eq.) and NaHMDS (40 µL, 0.08 µmol, 0.2 eq., 2*10-3 M
in DMSO) were added to an UPLC vial and left for 30 seconds before adding 40 µL of either 5c
(for Figure 2.12, page 42), 7c (Figure 2.19, page 66) or 9c (Figure 2.20, page 6766) (40 µL,
0.8 µmol, 2.0 eq.). The reaction mixture was left for 15 minutes and was then quenched with
benzoic acid (40 µL, 0.08 µmol, 0.2 eq., 2*10-3 M in DMSO). The mixture was diluted with
MeCN (10-4 M based on the concentration of the used switches) to generate samples for
irradiation and identification by UPLC-MS.
2.4.4.4. Conditions for individual experiments (Figure 2.3, page 35; and section 2.4.6 Annex,
pages 70ff.)
The nitrile of choice (20 µL, 0.4 µmol, 1.0 eq.) and NaHMDS (20 µL, 0.04 µmol, 0.1 eq.,
2*10-3 M in DMSO) were added to an UPLC vial and left for 30 seconds prior to adding the
switch (20 µL, 0.4 µmol, 1.0 eq.). The reaction mixture was left for 15 minutes and was then
quenched with benzoic acid (20 µL, 0.04 µmol, 0.1 eq., 2*10-3 M in DMSO). The mixture was
diluted with MeCN (10-4 M based on the concentration of the used switches) to generate
samples for irradiation and identification by UPLC-MS.
The ratio between switches 3b and 3c for the experiment depicted in Figure 2.3a, was
determined as 34:66, for the experiment depicted in Figure 2.3b, it was determined as 35:65
(quantification see section 2.4.4.5, pages 65ff.).
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2.4.4.5. Kinetic Investigation of Dynamic Covalent Phenylacetonitrile Exchange Chemistry
The influence of base concentration, nucleophilicity of the phenylacetonitrile and
electrophilicity of α-cyanostilbenes on the time to reach a thermodynamic equilibrium of the
exchange reaction was investigated. In order to follow trends, sets of three experiments were
designed where only one factor was changed while the other parameters remained constant.
For the investigation of the influence of base concentration, the equilibrium reaction between
formation of 1c and 1b was monitored over time using 0.1, 0.05 and 0.025 base equivalents,
respectively (see Figure 2.7a, page 37).
For the investigation of the influence of nucleophilicity of the phenylacetonitrile, the
equilibrium reaction between formation of 1c and 1a, 1b, and 1l, respectively, (see Figure 2.8a,
page 38) was monitored. The entries a, b, and l represent phenylacetonitriles given in the order
of decreasing nucleophilicities.
For the investigation of the influence of electrophilicity of the α-cyanostilbenes, the equilibrium
reaction between formation of 1c and 1l, 3c and 3l, and 4c and 4l, respectively, (see Figure 2.9a,
page 39) was monitored. The entries 1c, 3c, and 4c represent α-cyanostilbenes given in the order
of increasing electrophilicities.
The experiments were performed as follows:
The nitrile of choice (100 µL of 20 mM stock solution in DMSO, 2.0 µmol, 1.0 eq.) and
NaHMDS (100 µL of 2 mM stock solution in DMSO, 0.2 µmol, 0.1 eq; Note: reduced amount
of base used when lower base concentrations were investigated) were added to an UPLC vial
and left for 30 seconds prior to adding the switch (100 µL of 20 mM stock solution in DMSO,
2.0 µmol, 1.0 eq.). The equilibration mixture contained switch and nitrile in 6.67 mM
concentration. Fractions (30 µL) of the reaction mixture were transferred into a vial with 40 µL
(20 mM in DMSO) benzoic acid for quenching after specific time intervals. The mixture was
diluted with 730 µL acetonitrile (sum of concentrations of both switches was 0.25 mM) to
generate samples for identification by UPLC-MS. In order to quantitatively analyze the
composition of the mixture at a given time, samples containing the relevant switches at 0.25 mM
concentration were taken as absolute references (1.0 equivalent). The comparison of the
integrals in the respective UPLC chromatograms thereby defines the fraction of the given switch
in the mixture.
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2.4.4.6. UPLC-Chromatograms for Targeted Screening for Three-State Switches with 7c

Figure 2.19. Targeted screening for three-state switches. a) Exchange setup of 7c with eight different
thiophenephenyl acetonitriles (library entries: d - k). b) Exchange mixture after DCC and its corresponding UPLC
chromatogram (abs. 265 – 600 nm; minor E-isomers formed during exchange are depicted with green asterisks).
c) Irradiated exchange mixture and its corresponding UPLC chromatogram (abs. 265 – 600 nm). d) Selected
irradiated exchange mixture by limitation of the detector wavelength (abs. 550 – 600 nm).
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2.4.4.7. UPLC-Chromatograms for Targeted Screening for Three-State Switches with 9c

Figure 2.20. Targeted screening for three-state switches. a) Exchange setup of 9c with eight different
thiophenephenyl acetonitriles (library entries: d - k). b) Exchange mixture after DCC and its corresponding UPLC
chromatogram (abs. 265 – 600 nm; minor E-isomers formed during exchange are depicted with green asterisks).
c) Irradiated exchange mixture and its corresponding UPLC chromatogram (abs. 265 – 600 nm). d) Selected
irradiated exchange mixture by limitation of the detector wavelength (abs. 550 – 600 nm).
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2.4.5. UV/vis Spectroscopy

Figure 2.21. Photophysical properties of 5d. a) Evolution of the UV/vis spectrum upon irradiation with UV light
(λirr = 334 nm, 17 µM in dry and degassed acetonitrile at 298 K) for 2 min. b) Evolution of the UV/vis spectrum
upon irradiation with red light (λirr = 617 nm, 17 µM in dry and degassed acetonitrile at 298 K) for 2 min. c)
Corresponding UPLC trace of the PSS reached after irradiation with UV light for 2 minutes (abs. 265 - 600 nm).
d) Corresponding UPLC trace of the PSS reached after irradiation with red light for 2 min (abs. 265-600 nm).
*Note: For calculation of the isomer ratios at the PSSs the isosbestic points between E- and closed-isomer (a clean
isosbestic point can be obtained when irradiating the closed-isomer with red light) and between E- and Z-isomer
(was determined by irradiation with 365 nm for a few seconds; under these conditions the ring-closure of the Eisomer is negligible) were determined spectroscopically in the same solvent mixture (75% acetonitrile, 25% UPLC
solvent D: water + 0.01 mol·L-1 NH4HCO3) as used in the UPLC to separate the isomers. During irradiation with
UV light a side product is generated and denoted as 5d* in the UPLC chromatograms and accounts to less than 2%.
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Figure 2.22. Photophysical properties of 5j. a) Evolution of the UV/vis spectrum upon irradiation with UV light
(λirr = 334 nm, 17 µM in dry and degassed acetonitrile at 298 K) for 2 min. b) Evolution of the UV/vis spectrum
upon irradiation with red light (λirr = 617 nm, 17 µM in dry and degassed acetonitrile at 298 K) for 2 min. c)
Corresponding UPLC trace of the PSS reached after irradiation with UV light for 2 minutes (abs. 265 - 600 nm).
d) Corresponding UPLC trace of the PSS reached after irradiation with red light for 2 min (abs. 265-600 nm).
*Note: For calculation of the isomer ratios at the PSSs the isosbestic points between E- and closed- isomer (a clean
isosbestic point can be obtained when irradiating the closed-isomer with red light) and between E- and Z-isomer
(was determined by irradiation with 365 nm for a few seconds; under these conditions the ring-closure of the Eisomer is negligible) were determined spectroscopically in the same solvent mixture (75% acetonitrile, 25% UPLC
solvent D: water + 0.01 mol·L-1 NH4HCO3) as used in the UPLC to separate the isomers. During irradiation with
UV light a side product is generated and denoted as 5j* in the UPLC chromatograms and accounts to less than 2%.

Figure 2.23. Corresponding UPLC trace of 5d after irradiation with UV light for 2 min followed by heating to
80 °C for 12 days in acetonitrile under exclusion of oxygen (abs. 265 - 600 nm).
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2.4.6. Annex-UPLC Traces for individual Experiments
2.4.6.1. Individual Experiments for the Screening Experiment (Figure 2.10, page 40)
Gradient method A was used (see UPLC-MS, pages 49ff.).

Figure 2.24. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of all 1a isomers,
generated by DCC of 1c with nitrile a, followed by
irradiation with 365 nm for 2 min. a) after DCC; b)
after DCC and irradiation.

Figure 2.26. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of all 1f isomers,
generated by DCC of 1c with nitrile f, followed by
irradiation with 365 nm for 2 min. a) after DCC; b)
after DCC and irradiation.

Figure 2.25. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of all 1b isomers,
generated by DCC of 1c with nitrile b, followed by
irradiation with 365 nm for 2 min. a) after DCC; b)
after DCC and irradiation.

Figure 2.27. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of all 2a isomers,
generated by DCC of 2c with nitrile a, followed by
irradiation. a) after DCC; b) after DCC and irradiation
with 365 nm for 2 min
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Figure 2.28. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of all 2b isomers,
generated by DCC of 2c with nitrile b, followed by
irradiation with 365 nm for 2 min. a) after DCC; b)
after DCC and irradiation.

Figure 2.30. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of all 3a isomers,
generated by DCC of 3c with nitrile a, followed by
irradiation with 365 nm for 2 min. a) after DCC; b)
after DCC and irradiation.

Figure 2.29. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of all 2f isomers,
generated by DCC of 2c with nitrile f, followed by
irradiation with 365 nm for 2 min. a) after DCC; b)
after DCC and irradiation. *Note that 2f undergoes
partial photodegradation under these irradiation
conditions. The generated side product has the same
mass and it is possible to photoisomerize (Z)-2f to its
E-isomer with less degradation by reducing the
irradiation time to a few seconds. Irradiation at 334 nm
leads to a higher degree of side-product formation.

Figure 2.31. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of all 3b isomers,
generated by DCC of 3c with nitrile b, followed by
irradiation. a) after DCC; b) after DCC and irradiation
with 365 nm for 2 min.
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Figure 2.32. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of all 3f isomers,
generated by DCC of 3c with nitrile f, followed by
irradiation with 365 nm for 2 min. a) after DCC; b)
after DCC and irradiation. *Note that 3f undergoes
complete photodegradation under these irradiation
conditions. The generated side product has the same
mass and it is possible to photoisomerize (Z)-3f to its
E-isomer with less degradation by reducing the
irradiation time to a few seconds.

Figure 2.34. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of all 5b isomers,
generated by DCC of 5c with nitrile b, followed by
irradiation with 365 nm for 2 min. a) after DCC; b)
after DCC and irradiation. Place holder, place holder,

Figure 2.33. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of all 5a isomers,
generated by DCC of 5c with nitrile a, followed by
irradiation with 365 nm for 2 min. a) after DCC; b)
after DCC and irradiation. *Note that 5a undergoes
partial photodegradation under these irradiation
conditions. The generated side product has the same
mass.

Figure 2.35. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of all 5f isomers,
generated by DCC of 5c with nitrile f, followed by
irradiation. a) after DCC; b) after DCC and irradiation
with 330 nm for 2 min.
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2.4.6.2. Individual Experiments for Thiophene Switches generated by DCC of 5c with
nitriles d - k (Figure 2.12, page 42)
Gradient method C was used (see UPLC-MS, pages 49ff.).

Figure 2.36. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of 5d and its isomers,
generated by DCC of 5c with nitrile d, followed by
irradiation. a) after DCC; b) after DCC and irradiation
with 334 nm for 2 min; c) same as b) in the visible
region (abs. 550 - 600 nm).

Figure 2.1. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of 5e and its isomers,
generated by DCC of 5c with nitrile e, followed by
irradiation. a) after DCC; b) after DCC and irradiation
with 334 nm for 2 min; c) same as b) in the visible
region (abs. 550 - 600 nm).
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Figure 2.37. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of 5f and its isomers,
generated by DCC of 5c with nitrile f, followed by
irradiation. a) after DCC; b) after DCC and irradiation
with 334 nm for 2 min; c) same as b) in the visible
region (abs. 550 - 600 nm).
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Figure 2.38. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of 5g and its isomers,
generated by DCC of 5c with nitrile g, followed by
irradiation. a) after DCC; b) after DCC and irradiation
with 334 nm for 2 min; c) same as b) in the visible
region (abs. 550 - 600 nm).

DCC as a Tool for Accelerated Photoswitch Discovery

Figure 2.39. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of 5h and its isomers,
generated by DCC of 5c with nitrile h, followed by
irradiation. a) after DCC; b) after DCC and irradiation
with 334 nm for 2 min; c) same as b) in the visible
region (abs. 550 - 600 nm).

Figure 2.40. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of 5i and its isomers,
generated by DCC of 5c with nitrile i, followed by
irradiation. a) after DCC; b) after DCC and irradiation
with 334 nm for 2 min; c) same as b) in the visible
region (abs. 550 - 600 nm).
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Figure 2.41. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of 5j and its isomers,
generated by DCC of 5c with nitrile j, followed by
irradiation. a) after DCC; b) after DCC and irradiation
with 334 nm for 2 min; c) same as b) in the visible
region (abs. 550 - 600 nm).
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Figure 2.42. UPLC chromatograms (abs. 265 - 600
nm) for the characterization of 5k and its isomers,
generated by DCC of 5c with nitrile k, followed by
irradiation. a) after DCC; b) after DCC and irradiation
with 334 nm for 2 min; c) same as b) in the visible
region (abs. 550 - 600 nm).

DCC as a Tool for Accelerated Photoswitch Discovery

2.4.7. Annex-Selected NMR Spectra

Figure 2.43. 1H-NMR spectrum of 5d measured in CDCl3 at 298 K.

Figure 2.44. 13C-NMR spectrum of 5d measured in CDCl3 at 298 K.
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Figure 2.45. 1H-NMR spectrum of 5j measured in CDCl3 at 298 K.

Figure 2.46. 13C-NMR spectrum of 5j measured in CDCl3 at 298 K.
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Abstract: A two-component core-shell UiO-68 type MOF with a non-functionalized interior for
efficient guest uptake and storage and a thin light-responsive outer shell was prepared by initial
solvothermal MOF synthesis followed by solvent assisted linker exchange. The bulky shell linker
features two tetra-ortho-fluorinated azobenzene moieties to exploit their advantageous
photoisomerization properties. The obtained perfect octahedral single MOF crystals can be switched
repeatedly and with an unprecedented efficiency between E- and Z-rich states using visible light only.
Due to the high photoswitch density per pore of the shell layer, its steric demand and thus molecular
uptake (and release) can be conveniently modulated upon green and blue light irradiation. Therefore,
the “smart” shell acts as a light-controlled kinetic barrier or “gate” for the diffusion of cargo molecules
in and out of the MOF crystals.

3.1. Introduction and Motivation
Materials that are able to adapt their structure in response to external stimuli, such as
temperature, pH, light, mechanical stress as well as electric, magnetic and electromagnetic fields,
enjoy increasing attention for various applications.[1-5] Light is arguably the most attractive
among these stimuli as it is tunable in wavelength and intensity, provides unparalleled spatiotemporal resolution, and it can be applied in a remote and non-invasive fashion. Metal-organic
frameworks (MOFs) are a promising class of crystalline, porous solids with exceptionally high
accessible internal surface areas, consisting of metal nodes or clusters connected with organic
linker molecules.[6-10] Recent examples have shown that incorporating molecular switches is a
viable strategy to obtain light-responsive MOFs.[11-14] The thus required light-induced reversible
changes of the pore size or polarity render azobenzenes[15,16] an optimal photoswitch class to be
used.
Most of these photoswitchable MOFs involve the modulation of uptake and separation of gases,
using the polarity change upon photoisomerization.[17-20] There are only few examples for the
release of larger guest molecules into solution, however, exploiting the light-induced mechanical
motion of azobenzenes rather than a change in the pore size.[21,22] One of the severe drawbacks
of these systems is the necessity to use UV light to operate the azobenzene photoswitches. On
the one hand, high energy UV light can induce photodegradation of the material, and on the
other hand, its penetration into the material is limited, resulting in rather low isomerization
efficiencies in the MOF crystals and thus limited photomodulation of their properties. One
solution to this problem is the use of ortho-fluorinated azobenzenes, which can be switched in
both directions using visible light only.[23,24] Although there are a few examples that involve the
use of bis-ortho-fluorinated azobenzenes where the diazene is directly attached to the linker
backbone,[25,26] the full potential of tetra-ortho-fluoroazobenzenes[23,24] in terms of
photoconversion rates and efficiency was not exploited. Another approach makes use of thinfilm surface-mounted metal-organic framework (SURMOF) structures, in which the
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photoswitchable azobenzene component is only present in the outer layers.[27] The latter serve
as a light-controlled valve to gate the access to the underlying non-functionalized storage
compartment. Although these photoswitchable SURMOFs can be used as membranes for the
light-controlled modulation of uptake and separation of gas mixtures, they are limited in scope
as the MOFs are immobilized on a macroscopic two-dimensional surface.
In this work the goal was the synthesis and characterization of a two-component core-shell MOF
with a large and porous interior for guest storage covered by a thin photoswitchable outer shell,
which functions as a light-controlled barrier for uptake and release of guest molecules
(Figure 3.1). The realized system is based on well-defined octahedral UiO-68[28] type MOF
crystals with a photoresponsive outer shell based on tetra-ortho-fluoroazobenzenes, introduced
by solvent assisted linker exchange (SALE).[29] The implementation of the chromophores in a
thin compartment located on the outer surface of the crystals should in theory result in much
higher photoconversion rates, thus avoiding the problem of light penetration depth which is
usually a problem in photoswitchable materials. Additionally, since Heinke and co-workers
could show that the photomodulation of guest uptake depends mostly on the number of
azobenzenes per pore volume, the chromophore density was intentionally doubled by using two
azobenzenes per linker.[30] This should theoretically result in a much larger geometrical and
steric change in the pore windows of the MOF upon photoisomerization.

Figure 3.1. Schematic representation of the concept of this work. The two-component core-shell MOFs consist of
a non-functionalized interior core (grey area in the octahedrons) and a photoswitchable shell (orange or yellow
areas in octahedrons) acting as a kinetic barrier for guest uptake and release. The shell, containing azobenzene
photoswitches, can reversibly be switched with either green or blue light into its “open” (yellow) or “closed”
(orange) state, respectively.
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3.2. Results and Discussion
3.2.1. Design, Synthesis, and Analysis of Azobenzene Linker Lazo
The linker design was motivated by the concept of a light-responsive MOF with large pores
gated by large photoswitchable “doors” to allow control over molecular uptake and release of
larger guests. This resulted in a p-terphenyl-dicarboxylic acid backbone suitable for a UiO-68
type MOF. The large backbone allowed the implementation of two tetra-ortho-fluorinated
azobenzenes (Lazo, Figure 3.2a), known to be among the best performing azobenzene switches,
regarding thermal half-lifes for the Z-isomer, isomer ratios at the PSSs and the possibility to
switch exclusively with visible light.[23,24] The linker was prepared using a 13-step convergent
synthesis with an overall yield of 4% (see Section 3.4.2 Synthesis, pages 102ff.; see Figure 3.23,
page 126, for a detailed NMR analysis of the aromatic region for the different isomerization
states).

Figure 3.2. a) Chemical structure of bisazobenzene-terphenyl linker Lazo. b) UV/vis spectra of the photostationary
state (PSS) mixtures upon irradiation with green (λirr = 565 nm) and blue (λirr = 420 nm) light (21 µM in DMSO
at 25 °C). PSS composition according to UPLC-MS analysis (see Figure 3.4c).

The linker is C2 symmetric and the azobenzenes are connected to the outer phenyl rings in the
terphenyl backbone in meta-position with regards to the carboxylic acid groups, decoupling
them effectively from the metal nodes in the MOF, limiting unwanted energy transfers upon
irradiation, thus avoiding potential demetallation and damage to the framework. The two
methyl groups on the center phenyl ring in the terphenyl backbone twist it out of plane and
decouple the two azobenzene units electronically from each other, as well as reducing their
rotational freedom. Cyclic voltammetry (Figure 3.3a) and differential pulse polarography
(Figure 3.3b) of the azobenzene linker 12 (methyl ester of Lazo) were performed and a single
anodic and a single cathodic peak can be observed. Coulometry analysis reveals that 2.5 mol of
electrons per molecule are transferred at the reduction potential, this in turn implies that two
one-electron processes are happening independently from each other at the same potential.
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Importantly, these findings strongly suggest that the azobenzene chromophores are
electronically decoupled and that photoswitching of one azobenzene subunit is independent of
the other azobenzene’s configuration. This is also reflected by the UV/vis absorption spectra
showing clean isosbestic points upon photoisomerization.[31]

Figure 3.3. a) Cyclic voltammogram of azobenzene methyl ester linker 12 (saturated solution of 12 in 0.1 M
Bu4NPF6 in acetonitrile, scan rate 100 mV/s). One cathodic peak (E = -1.618 V) and one anodic peak
(E = -1.552 V) can be observed, and the process is completely reversible. b) Differential pulse polarography of
linker 12 (0.5 mM in 0.1 M Bu4NPF6 in dimethylformamide). Only one peak is visible. The small shoulder results
from traces of oxygen in the solution.

The photoisomerization behavior of the linker was investigated in DMSO (Figures 3.2b, 3.4a
and 3.4b) and the photostationary states (PSSs) were determined by ultra-performance liquid
chromatography coupled to mass spectrometry (UPLC-MS). The absorption band maxima of
the n→π* transition of both isomers are well separated by approximately 31 nm, allowing solely
the use of visible light for photoisomerization in both directions. Irradiation with green light
(λirr = 565 nm) for 20 min results in nearly quantitative E→Z photoisomerization. According to
chromatographic analysis (Figure 3.4c) the three isomers, i.e. Z,Z, Z,E, and E,E, are present in a
90.4 : 9.2 : 0.4 ratio, giving rise to the formation of an overall 95% Z-configured azobenzene
moieties at the PSS. Backward Z→E photoisomerization is induced upon irradiation with blue
light (λirr = 420 nm) and after 10 min a PSS with 80% E-configured azobenzene content is
reached (E,E : Z,E : Z,Z = 63.5 : 33.0 : 3.5). Importantly, alternating irradiation with green and
blue light to the PSSs does not lead to any noticeable fatigue after eight switching cycles
(Figure 3.4d).
To determine the thermal half-life of the Z-isomer, kinetic experiments were performed,
monitoring the thermal Z→E isomerization of Lazo at five different temperatures (see Figures
3.21 and 3.22, pages 125 and 126). With a thermal half-life of 46 days, the Z-isomer of Lazo can
be considered thermally stable, allowing experiments in the time scale of days without any
noticeable thermal back isomerization.
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Figure 3.4. Photochemical properties of azobenzene linker Lazo. a) Evolution of the UV/vis spectrum of Lazo upon
irradiation with green light (λirr = 565 nm with a long-pass edge filter with the cut-off wavelength of λ = 550 nm,
21 µM in DMSO at 25 °C). The PSS is reached after 20 minutes of irradiation. b) Evolution of the UV/vis spectrum
of Lazo upon irradiation with blue light (λirr = 420 nm with a long-pass edge filter with the cut-off wavelength of
λ = 435 nm, 21 µM in DMSO at 25 °C). The PSS is reached after 10 minutes of irradiation. c) UPLC traces
(absorption at isosbestic point λirr = 275 nm) of the PSS of Lazo after irradiation at λirr = 420 nm and λirr = 565 nm,
respectively. Three isomers are visible relating to the fact that two azobenzene chromophores are independently
switching in the molecule (taking into account that the Z,E-isomer contains 50% E- and Z-isomer equally, the PSS
at λirr = 420 nm has a ratio of 80/20 E/Z and the PSS at λirr = 565 nm has a ratio of 5/95 E/Z). d) Relative
absorbance at 422 nm (n→π* band of the Z-isomer) upon alternating irradiation to the PSSs with green and blue
light shows no fatigue after eight cycles.

3.2.2. Solvothermal MOF Synthesis
Initially, Lazo was also used to synthesize the corresponding UiO-68 MOFs in a standard
solvothermal procedure. The zirconium based UiO-68 type MOF was chosen for its known
robustness and stability towards water, acids, and heat and its exceptionally high internal surface
area[28], allowing an effective storage of larger guest molecules. The MOFs were synthesized
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using equivalent amounts of linker and ZrCl4. All materials were dispersed in DMF in a tightcapped glass vial and heated under static conditions in an oven at 120 °C for 16 hours. Schaate
and co-workers could show that the addition of a modulator, such as benzoic acid, is necessary
to achieve crystalline materials and influences the size of the MOF crystals, by controlling the
nucleation rate.[32] However, this method proved to be very problematic, since the high
temperatures necessary to generate a crystalline framework, resulted in the decomposition of
the azobenzene linker. UPLC-MS analysis of the reaction mixture and the digested MOFs
indicated that one of the byproducts is generated by homolytic cleavage of the azobenzene bond,
resulting in anilines, which then react with formic acid to formamides. This direct formation of
the amide is probably metal catalyzed.[33-34] The formic acid is generated in situ, due to the acidcatalyzed decomposition of the used solvent DMF at elevated temperatures.[35,36] Reducing the
reaction temperature, however, resulted in amorphous materials. For this reason, other possible
solvents were investigated. The use of DMSO failed since no nucleation was observed even after
prolonged reaction times. Other solvents failed due to the insolubility of the linker.
Dimethylacetamide proved to be a good alternative regarding linker stability and formation of
MOFs, however, the resulting materials were mostly amorphous. This illustrates the crucial role
of DMF as a self-modulating solvent, due to the decomposition and in situ generation of formic
acid.
Another strategy involved the reduction of the reaction time to limit the extent of linker
degradation. In the initial first phase of the reaction the secondary building units (SBUs), which
correspond to the metal center clusters, are formed. The general structure of UiO MOFs can be
described as [Zr6O4(OH)4]2(linker)12, which means that every SBU is theoretically surrounded
by 12 linkers and every linker is ideally shared by two SBUs. The SBUs contain six zirconium
atoms, that form an octahedron and each zirconium atom is coordinated in a squareantiprismatic geometry by bridging µ3-O, µ3-OH and carboxylate groups of linkers. When using
a large excess of a modulator, which is a monodentate ligand, in the initial phase of the reaction
the SBUs are formed and the modulators are then slowly exchanged by the bidentate linker,
forming the crystallites. Preforming the SBUs with acetic acid (30 eq.) and adding Lazo
afterwards, reduced the necessary reaction time with the linker to a few hours. TEM analysis of
the so generated MOF particles showed single crystal octahedrons with an average edge length
of around 500 nm (Figure 3.5a) and pXRD analysis confirmed the crystallinity and shows the
distinct pattern for UiO-68 MOFs (Figure 3.5b). UPLC-MS analysis of the digested crystals
revealed a significant improvement with regards to linker decomposition. However, around 20%
of the linkers still decomposed and it was not possible to adapt the synthetic conditions to avoid
decomposition entirely.

88

Photoswitchable Two-Component Core-Shell MOFs

Figure 3.5. Analysis of UiO-68 MOFs synthesized with Lazo. a) TEM image of the synthesized MOF sample
showing single crystal octahedrons. b) Powder X-ray diffraction pattern. *Note: In this case Mo Kα radiation
(λ = 0.0709 nm) was used, and the measured diffraction pattern was converted to match the radiation wavelength
of Cu Kα (λ = 0.1541 nm) for better comparison.

Since the goal of this project was to create a two-component core-shell MOF with a large and
porous interior for guest storage, the synthesis of a suitable core material was investigated.
However, synthesis of MOFs with a wide variety of linkers containing different functionalities
(Figure 3.6) did not result in satisfying results, either because only amorphous powders could
be attained or because the synthetic conditions, required to generate a crystalline material,

Figure 3.6. Chemical structure of different terphenyl dicarboxylic acid based linker used for the synthesis of
potential UiO-68 core MOFs.
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resulted in decomposition of the linkers (in the case of amino- (LNH2), aldehyde- (LCHO) and
methoxy- (LOMe) functionalized linkers). Varying reaction temperature, time, solvent and the
used modulators (benzoic acid, formic acid, acetic acid, trifluoroacetic acid) did not improve the
quality of the MOF materials, regarding linker stability and crystallinity. This is quite astonishing
in the case of the amino-functionalized linker LNH2, since it was used for the synthesis of the first
UiO-68 single crystals.[32] Applying the same conditions with the same linker in an attempt to
reproduce the aforementioned results yielded moderately crystalline powders, as evidenced by
pXRD, but UPLC-MS analysis of the reaction solution and the digested MOF crystals, showed
that the amino group partially reacted with formic acid to formamide. Using L-proline as
modulator in the case of nitro-functionalized linkers (L2NO2) yielded crystalline powders,
showing the distinct X-ray diffraction pattern for UiO-68 MOFs (pXRD, Figure 3.24a, page
127). TEM imaging, however, revealed a random shape and size for the crystals (Figure 3.24b).
In the case of methoxy functionalized linkers, crystalline powders could be isolated, but the
linkers also decomposed partially during synthesis, cleaving the methyl ether to form the free
hydroxyl group. For this reason, two linkers containing hydroxyl functionalities were
synthesized and investigated (Figure 3.7). Both linkers have terminal salicylic acid
functionalities and are C2 symmetrical. Additionally, Lcore has two methyl groups on the inner
phenyl ring in the backbone, mimicking the twisted structure of Lazo, thus also increasing its
solubility. Using standard UiO-68 synthetic conditions with benzoic acid (50 eq.) as a
modulator resulted for both linkers in highly crystalline MOF particles of perfect octahedral

Figure 3.7. a) Chemical structure of LOH and the TEM image of the corresponding synthesized MOF crystals. b)
Chemical structure of Lcore and the TEM image of the corresponding synthesized MOF crystals.
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shape (see Figures 3.7b and 3.25, page 127). In the case of Lcore the MOF crystals show a single
perfect crystal in the TEM images, whereas in the case of the other linker, the octahedrons seem
to be consisting of multiple smaller crystallites intergrown to one octahedron (Figure 3.7a).
This might be related to the solubility difference of both linkers and is quite remarkable. Having
identified Lcore to form an ideal precursor MOF suitable for the two-component core-shell
material, further analysis was carried out. Brunauer-Emmett-Teller analysis (BET) of the
activated sample shows a high BET surface area of 2500 m2/g (see Figure 3.26a, page 128)
demonstrating the potential application as a storage container. A rather narrow single peak at
around 1.05 nm can be observed in the pore size distribution (see Figure 3.26b, page 128). This
MOF material was the ideal core MOF for the desired core-shell storage container.

3.2.3. Core-Shell MOF Synthesis and Characterization
To generate two-component core-shell MOFs a method called solvent-assisted linker exchange
(SALE) was used. This allows the post-synthetic exchange of a linker in a solvothermally
presynthesized MOF. Using a linker, that has the same backbone structure and adopts the same
topology as the one being exchanged, in this case a p-dicarboxylate terphenyl, the linker in the
framework can be gradually exchanged completely with the new linker, while retaining the
crystal structure and morphology. This makes this method extremely powerful and allows the
implementation of linkers that can otherwise not be implemented into a MOF by classical
solvothermal synthesis (either due to decomposition or due to undesired properties of the
resulting MOF), such as in the case of Lazo. The MOFs synthesized with Lcore (Core-MOF I)
were the ideal precursor material and the shell was introduced through SALE (Figure 3.8) by
stirring Core-MOF I in a solution of linker Lazo in 1,4-dioxane at 80 °C for several days.

Figure 3.8. Schematic representation of the synthesis of Core-Shell-MOF II with SALE. Core-MOF I was used as
a precursor material, allowing Lcore to be gradually exchanged by the shell linker Lazo (represented by grey and
orange building bricks, respectively).

Depending on the reaction time, the shell thickness as determined by digestion and
chromatographic analysis (see section 3.4.3 MOF synthesis and other techniques, page 122ff.
for details) could be tuned (Figure 3.9). However, the extreme bulkiness of linker Lazo led to a
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Figure 3.9. Diagram showing the amount of shell building up during the solvent-assisted linker exchange of the
core MOF I with the azobenzene linker Lazo at different temperatures in 1,4-dioxane (0.025 M) based on the
reaction time. The amount of shell refers to the molar ratio of azobenzene linker Lazo to the total amount of linker
molecules and was determined by UPLC and UV/vis absorption of the digested MOF samples.

very slow exchange and a shell of only 8.9% (referring to the molar ratio of Lazo to the total
amount of linkers, i.e. Lazo + Lcore) could be built up after 21 days, most likely due to hindered
diffusion into the MOF pores. Since the goal was to produce a two-component core-shell MOF
with a large storage compartment and a light-responsive “gate”, a thin shell was highly
advantageous. The thus prepared Core-Shell-MOF II was washed excessively until no linker
molecules were detected in solution. To make sure that no unreacted linker molecules were still
trapped as guests inside the porous MOF, the FT-IR spectra of shell linker Lazo, Core-MOF I,
and Core-Shell-MOF II (see Figure 3.27, page 128) were compared. The strong C=O
stretching mode at 1680 cm-1 of the carboxylic acid was missing in both, the core and the coreshell MOF, originating from the fact that all linkers are coordinated to the metal clusters as
carboxylates. Thermal gravimetric analyses (TGA) of activated samples of I and II show a
similar thermal stability until about 370 °C, above which major decomposition occurs (see
Figure 3.28, page 129). Despite the rather thin shell, the higher molecular mass of its linker is
reflected in the analysis of the relative masses of the ZrO2 residues remaining after heating to
800 °C, which are larger for I as compared to II. The powder X-ray diffraction (pXRD) patterns
show no change after SALE, meaning that the crystal lattice of the core MOF is fully retained
(Figure 3.10). SEM and TEM images of Core-Shell-MOF II confirm this as well (Figure 3.11)
and the perfect single crystal octahedra remain unchanged after SALE and retain their
morphology. Characterization of the MOF crystals by either TEM or SEM demanded careful
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Figure 3.10. pXRD patterns of Core-MOF I and Core-Shell-MOF II as well as the simulated diffraction pattern
for UiO-68 based on its known crystal lattice.[32] In all diffraction patterns, insets show the magnified range from
15 ° to 40 °.

preparation of the MOF dispersion. The MOF crystals were strongly aggregating due to
electrostatic charging, however, adding LiBr to the dispersion resulted in partial break-down of
these aggregates and allowed for successful imaging and analysis of single crystals
(Figure 3.11b).

Figure 3.11. a) TEM and b) SEM images of Core-Shell-MOF II showing perfect octahedral crystals.

Dynamic light scattering (DLS) analysis at different angles shows an average hydrodynamic
radius of 376 nm and a polydispersity index (PDI) of 0.24, indicating a moderate size
distribution of II (see Figure 3.29, page 129).
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Even though the extremely slow exchange and build-up of the shell, due to the bulkiness and
hindered diffusion of the shell linker Lazo, was already a strong hint for the core-shell structure, a
direct proof was missing. To confirm that the shell in II is truly a shell and not distributed
randomly throughout the entire crystal, the MOF samples were investigated with energydispersive X-ray spectroscopy (EDX). EDX line scans from the center of an octahedral crystal
to its apex were performed and the signals for fluorine and zirconium were plotted along this line
(Figure 3.12).

Figure 3.12. a) SEM image of Core-Shell-MOF II sample with direction and location of the EDX line scan
performed on a single crystal (1000 nm edge length) and b) thus obtained EDX plot showing the elemental
distribution of zirconium and fluorine.

The fact that the azobenzene linker contains fluorine, and the core linker does not, allowed to
compare the distribution of the shell to the entire MOF crystal as judged by the zirconium signal.
While the latter shows the expected bell-type curve from the center of the crystal to the apex due
to the constantly decreasing thickness, the fluorine signal plateaus along the whole range and
decreases only at the edge of the crystal. This provides very strong evidence for an outer shell of
reasonably uniform thickness and is supported further by corresponding elemental mapping in
SEM images (Figure 3.13). The signals for zirconium and carbon show a uniform intensity
along the whole crystal, whereas the signal for fluorine shows a higher intensity around the edges
and a lower intensity in the center face of the crystal. Additional EDX line scans on crystals of
different sizes (650 and 1275 nm edge length) were performed and exhibit the same behavior,
showing that the core-shell structure is independent of the size of the particles (see Figures 3.30
and 3.31, page 130). This finding was extremely important for the use as a container with a lightresponsive “gate”, since a random distribution of Lazo around the whole crystal would result in a
lower chromophore density in the outer surface, thus in a less pronounced steric change upon
switching and potentially a worse photoisomerization performance.

94

Photoswitchable Two-Component Core-Shell MOFs

Figure 3.13. a) SEM image of isolated octahedral Core-Shell-MOF II crystal. b)-d) EDX mapping of the same
MOF crystal at 30 kV showing the intensity for different elements. The signal intensity for carbon and zirconium is
equally intense along the entire crystal, whereas the fluorine signal shows an increased intensity around the edges
of the crystal and a lower intensity in its center face.

The photoisomerization behavior of Core-Shell-MOF II samples with an 8.9% shell was
analyzed in the solid state by diffuse reflectance spectroscopy and the resulting data (see Figure
3.32, page 131) was converted to the respective absorption spectra by using the Kubelka-Munk
function (Figure 3.14a). Irradiation with either green (λirr = 565 nm) or blue light

Figure 3.14. a) Absorption spectra of solid Core-Shell-MOF II samples upon irradiation with green
(λirr = 565 nm) or blue (λirr = 420 nm) light as recorded by diffuse reflectance spectroscopy and converted using
the Kubelka-Munk function. b) Relative absorbance at 422 nm (n→π* band of the Z-isomer) over several switching
cycles.
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(λirr = 420 nm) resulted in a characteristic shift of the n→π* absorption band known for orthofluorinated azobenzenes.[23,24] Even after multiple cycles of alternating irradiation no fatigue was
observed (Figure 3.14b).
To determine the composition at the PSS, samples of II were dispersed in acetonitrile and after
irradiation, the MOF particles were digested and analyzed by UPLC (Figure 3.15b). According
to this digestion analysis, irradiation with green light leads to a PSS after approximately 20 min
containing 93% Z-isomer, whereas irradiation with blue light gives a PSS after only 8 min
composed of 78% E-isomer (Figure 3.15a).

Figure 3.15. a) Determination of photoconversion by digestion analysis of a Core-Shell-MOF II sample after
irradiation with green (λirr = 565 nm) or blue (λirr = 420 nm) light in solution (∼1.0 mg MOF in 2 mL of
acetonitrile). b) Corresponding UPLC traces.

This result is quite remarkable since the isomer ratios at the PSSs in the solid MOF samples are
practically as high as for the free azobenzene linker Lazo in solution. Importantly, pXRD patterns
after green and blue light exposure show that the MOF particles retain their crystallinity (see
Figure 3.33, page 131), proving the structural integrity of the materials during irradiation cycles.

3.2.4. Guest Uptake and Release Experiments
As a first demonstration of the potential application as a container with a light-responsive shell,
molecular uptake and release experiments were performed with Core-Shell-MOF II (8.9%
shell). MOF crystals were irradiated with green light to facilitate the loading with 1pyrenecarboxylic acid (initial screenings with different guests showed that 1-pyrenecarboxylic
acid was a suitable candidate in terms of polarity and size), then irradiated back to the E-rich
sample using blue light, and excessively washed after loading to assure that no guest molecules
were adsorbed to the outer surface of the crystals (see section 3.4.3 MOF synthesis and other
techniques, page 122ff. for details). Subsequent release experiments were performed in a static
setup with the loaded MOF particles located at the bottom of a cuvette, in which the
fluorescence signal of the released guest in the overlying ethanol layer was monitored. Indeed,
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after 5 h the release of the Z-rich loaded sample, obtained after green light irradiation of the solid,
was 37% higher as compared to the E-rich loaded sample (see Figure 3.34, page 132). The
observed modest difference in release kinetics is due to the initial infinite concentration gradient
leading to rapid diffusion of the guest molecules out of the MOF into the solvent, in both shell
configurations. Thus, inherently slower uptake experiments were explored to demonstrate a
more pronounced effect of the light-responsive azobenzene shell. In this case, the uptake of the
guest was tracked by UV/vis spectroscopy and shows a significant increase of 86% for the Z-rich
MOF sample after 78 h (Figure 3.16b). The difference between the E-rich Core-Shell-MOF II
and the Core-MOF I is even higher and amounts to 200% after 60 h (Figure 3.16a).

Figure 3.16. a) Chemical structure and uptake experiments of 1-pyrenecarboxylic acid by Core-MOF I and CoreShell-MOF II for the different photoisomerization states of the shell (E-rich: 78% E-isomer content, Z-rich: 91%
Z-isomer content) as monitored by UV/vis spectroscopy. MOF particles were irradiated prior to the measurement
(see section 3.4.3 MOF synthesis and other techniques, page 122ff. for details). b) Uptake comparison for E-rich
and Z-rich Core-Shell-MOF II only, showing the final difference after 78 hours.

Looking at the early stages of the experiment, an immediate uptake into the Core-MOF I was
observed, whereas the uptake in the Core-Shell-MOF II only begins after several hours and is
slower for the E-rich as compared to the Z-rich shell, demonstrating that the shell is functioning
as a kinetic barrier for the diffusion of guests into the pores. A similar, yet less pronounced initial
difference was also observed in the release experiments. Uptake experiments with two other
guests, methylene blue (Figure 3.17a) and 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium
salt (HPTS, Figure 3.17b), were also performed and show a similar uptake behavior for the
different setups. The uptake of methylene blue is much faster, presumably due to its smaller size
as compared to the pyrene derivatives, yet the modulation upon photoisomerizing the shell is
less pronounced. The opposite can be observed for the larger HPTS guest. Even though the Erich state does not function as a completely closed “gate”, a large difference can be observed
between the Z- and E-rich states. One explanation for this could be the presence of defect sites
in the UiO-68 MOFs, where coordination sites on the metal cluster are devoid of linkers and
instead are being coordinated by solvent molecules. This is a known phenomenon for UiO-type
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Figure 3.17. Uptake experiments with a) methylene blue and b) 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium
salt (HPTS) into Core-MOF I and Core-Shell-MOF II. The uptake was tracked by UV/vis spectroscopy of the
guest. The MOF particles were kept under static conditions at the bottom of the cuvette, while scans were taken
every minute. For the different photoisomerization states of the shell (E – 78% E-azobenzene, Z – 91% Zazobenzene), the MOF particles were irradiated before the measurement.

MOFs.[37] Considering the bulky nature of Lazo, and the extremely low exchange rate during the
SALE procedure, it is very likely, that the outer surface contains not only defect sites with missing
linkers, but also partial areas where Lcore might not have been exchanged, resulting in
permanently “open” pores that cannot be addressed by light. Another interesting finding is the
apparently similarly fast initial uptake of 1-pyrenecarboxylic acid in both E- and Z-rich states.
After approximately 20 hours in the case of E-rich MOFs the uptake significantly becomes
slower in contrast to the Z-rich samples. When using HPTS as a guest, this was not observed.
This might be related to the carboxylic acid functionality of the 1-pyrenecarboxylic acid, which
slowly coordinates to the defects in the metal clusters on the outer surface, thus resulting in
filling up these voids and increasing the steric impact of the photoswitchable layer on the guest
uptake.

3.3. Conclusion
A UiO-68 based two-component core-shell MOF composed of a non-functionalized interior for
storage of guest molecules and a light-responsive outer shell acting as a gate for their uptake and
release in solution was developed. The MOF crystals obtained by a two-step growth and ligand
exchange procedure show a perfectly defined octahedral shape. The shell’s bis(tetra-orthofluoro-azobenzene) terphenyl linker was designed to increase both the azobenzene density and
the degree of photoconversion under visible light only. Indeed, the resulting core-shell MOFs
possess remarkable photoisomerization properties, reaching PSS compositions nearly as high as
for the free linker in solution, highlighting the importance of photoswitch design for crystalline
materials. Uptake experiments show a significant difference between both switching, i.e., E-rich,
and Z-rich, states, confirming the large steric modulation upon photoisomerization. These
findings demonstrate that the azobenzene-ligand shell is acting as a photoresponsive kinetic
barrier for the diffusion in (and out) of the MOF interior. One potential application could be
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the use of catalytically active cores to exploit this light-responsive shell as a “selectivity filter” to
modulate the access of substrates and thus influence the outcome of the reaction.
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D.M., A.G.-H. and S.H. conceived the idea and designed the study. D.M. carried out synthesis
of the linkers and the different MOF samples, performed NMR analysis, UV/vis spectroscopic
measurements in solution and solid state and the release and uptake studies. S.W. and D.M.
performed TEM imaging. S.F. together with D.M. performed SEM imaging and EDX analysis.
A.Z. carried out the BET measurements and C.K. did the DLS analysis. All authors discussed
the results and edited the resulting manuscript (Angew. Chem. Int. Ed. 2019, 58, 12862-12867).

3.4. Experimental Part
3.4.1. Materials and Methods
Materials. Chemicals and solvents were purchased from ABCR, Alfa-Aesar, Sigma-Aldrich, and
VWR and used as received. Solvents for synthesis were dried using a Pure Solv Micro Solvent
Purification System from Innovative Technology if necessary. TLC plates are coated with SiO260 UV254 and were purchased from Merck.
NMR Spectroscopy. NMR spectra were recorded on a Bruker Avance II 400 (400 MHz for 1H
and 100 MHz for 13C) at room temperature. Spectra were referenced to the residual solvent
signal. Deuterated solvents were purchased from EurisoTOP. Multiplicities are abbreviated as
follows: singlet (s), doublet (d), triplet (t), quartet (q), pentet (p), heptet (hept), and multiplet
(m). Coupling constants (J) are given in Hz. Chemical shifts (δ) are given in ppm.
UPLC-MS. Ultra-performance liquid chromatography coupled to mass spectrometry detection
was performed with a Waters Alliance system (gradient mixture of acetonitrile/water) equipped
with Acquity UPLC columns. The Waters system consisted of a Waters Separations Module
2695, a Waters Diode Array Detector 996, a LCT Premier XE mass spectrometer, and a Waters
Mass Detector ZQ 2000.
GPC. Preparative recycling gel permeation chromatography (GPC) was performed on a LC9210NEXT (Japan Analytical Industry).
UV/vis Spectroscopy. UV/vis spectroscopy was performed in quartz cuvettes (l = 1.00 cm and
l = 0.10 cm) on an Agilent Cary 50 spectrophotometer equipped with a Peltier thermostated cell
holder and a Cary 60 spectrophotometer equipped with a Unisoku CoolSpek Cryostat cell
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holder (temperature accuracy ± 0.1 K). Long-pass edge filters with the cut-off wavelengths of
λ = 435 nm and λ = 550 nm were purchased from Thorlabs. Irradiation experiments were
performed with Thorlabs LEDs (420, 450 and 565 nm). Experiments with photochromic
molecules were carried out in the dark or under red light.
Fluorescence spectroscopy. Fluorescence spectroscopy was performed in quartz cuvettes
(l = 1.00 cm) on an Agilent Cary Eclipse Fluorescence spectrophotometer equipped with a
Varian Cary Single cell peltier accessory (temperature accuracy ± 0.1 K).
CV. Cyclic voltammetry was performed using a PG310 USB (HEKA Elektronik) potentiostat
interfaced to a PC with PotMaster v2x43 (HEKA Elektronik) software for data evaluation,
respectively for CV and differential pulse polarography (DPP) was performed using a Autolab
PGSTAT 128N potentiostat (Deutsche METROHM GmbH & Co. KG, Germany) with
software NOVA 2.1. A three-electrode configuration contained in a non-divided cell consisting
of a platinum disc (d = 1 mm) as working electrode, a platinum plate as counter-electrode, and
a saturated calomel electrode (SCE) with an agar-agar-plug in a Luggin capillary with a
diaphragm as reference electrode was used (HMDE: 663 VA Stand, Metrohm, Swiss made).
Measurements were carried out in solutions in acetonitrile (HPLC-grade, dried over calcium
hydride and distilled) or N,N-dimethylformamide (anhydrous, SIGMA-ALDRICH) containing
0.1 M Bu4NPF6 using a scan rate of dE/dt = 100 mV s-1. The data is given in reference to the
ferrocene redox couple (Fc/Fc+), which was used as external standard.
Coulometry. Coulometry experiments, performed under potentiostatic conditions, were
conducted in a double-H cell. The electrolyte solution for the work, counter and reference
electrodes is separated by a ceramic membrane. The counterelectrode is a platinum wire and a
standard calomel electrode was employed as the reference electrode. The main cell contains a
platinum net electrode which performs the electrolysis and has a volume of approximately
50 mL electrolyte solution, which is stirred by a magnetic stir bar while the solution is degassed
with a stream of argon gas. The potential is set through a double potentiostat (HEKA,
Ludwigshafen, Germany) equipped with an integrator unit allowing for well-defined and
controlled electron transfer.
pXRD. Powder X-ray diffraction patterns were recorded with a STOE MP diffractometer
(STOE, Darmstadt, Germany) in transmission configuration using Cu Kα radiation
(λ = 0.1541 nm). The measurements were performed in the 2θ range from 2 ° to 40 ° with a step
size of 0.5 °.
TEM. Transmission electron microscopy images were acquired on a Philips CM 200
microscope (FEI, Hillsboro, OR, USA) at 200 kV. The MOF particles were dispersed in
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methanol and dropped on a carbon coated copper grid. The sample was dried for 7 days in air
before being analyzed.
SEM. Scanning electron microscopy images were acquired on a ZEISS GEMINI 500
microscope at an acceleration voltage of 15 kV. The MOF particles were dispersed in methanol
and dropped on a copper grid coated with holey carbon. The sample was dried for 7 days in air
before being analyzed.
EDX. Energy dispersive X-ray spectroscopy analysis was performed at 30 kV using an EDX
Bruker detector coupled to the SEM.
DRS. Diffuse reflectance ultraviolet-visible spectra were collected with a Perkin Elmer
LAMBDA 950 Ultraviolet-visible (UV/vis) spectrophotometer (Perkin Elmer, Waltham, MA,
USA) equipped with a 150 mm integration sphere using BaSO4 as a reference in the wavelength
range of 320 to 650 nm.
TGA. Thermogravimetric analysis was carried out using a PerkinElmer Thermogravimetric
Analyzer Pyris 1 TGA in a temperature range from 30 °C to 800 °C at a step rate of 5 °C/min
and holding a constant temperature at 800 °C for 10 minutes.
FT-IR. Fourier-transform infrared spectroscopy was carried out on a Bruker Vertex 70v
equipped with a Specac Golden Gate single reflection diamond ATR sample holder, a KBr beam
splitter and a RT-DLaTGS detector. Scans (number of scans: 128) were collected with a
resolution of 4 cm-1 from 4000 to 400 cm-1.
BET. Brunauer-Emmett-Teller analysis was carried out using a Micromeritics ASAP 2010. The
N2 adsorption and desorption isotherms were taken at 77.43 K. Prior to the measurement the
MOF particles were thoroughly activated at 100 °C under high vacuum for 3 days.
DLS. The MOF particles (∼0.1 mg) were dispersed in 2 mL of a 2*10-3 M solution of LiBr in
methanol (1:20, molar ratio of linker to salt) by stirring for 3 days.

101

Chapter 3

3.4.2. Synthesis

Figure 3.18. Synthetic overview: Part 1.
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Figure 3.19. Synthetic overview: Part 2.
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Figure 3.20. Synthetic overview: Part 3.
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Synthesis of 4-bromo-2,6-difluoroaniline (1)

Scheme 3.1: Synthesis of compound 1.

2,6-Difluoroaniline (10.5 mL, 97.4 mmol, 1.0 eq.) was dissolved in 200 mL acetonitrile and Nbromo-succinimide (17.35 g, 97.4 mmol, 1.0 eq.) was added carefully. The resulting mixture
was stirred at room temperature for 16 hours and was then washed with water and extracted
several times with ethyl acetate. The combined organic layers were dried over MgSO4 and the
solvent was removed under reduced pressure. The brown residue was re-dissolved in petroleum
ether and cooled to -80 °C. The precipitate was filtered and washed with cold petroleum ether
to provide the product as purple crystals (16.02 g, 77.0 mmol, 79%).
H NMR (400 MHz, DMSO-d6): δ = 7.24-7.15 (m, 2H), 5.41 (s, 2H) ppm. 13C{1H} NMR

1

(100 MHz, DMSO-d6): δ = 152.2-149.6 (pseudo-dd, 1,3J(C,F) = 242.6 Hz, 10.2 Hz), 125.5 (t,
2
J(C,F) = 16.5 Hz), 114.7-114.3 (m), 103.2 (t, 3J(C,F) = 11.9 Hz) ppm. MS (ESI+): m/z
calculated for C6H5BrF2N+ [M+H]+: 207.958, found: 207.959.

Synthesis of 4-bromo-2,6-difluoro-1-nitrosobenzene (2)

Scheme 3.2: Synthesis of compound 2.

4-Bromo-2,6-difluoroaniline (1) (15.25 g, 73.3 mmol, 1.0 eq.) and oxone (90.12 g, 293.2 mmol,
4.0 eq.) were dissolved in 1000 mL of water and 250 mL of dichloromethane (4:1) and stirred
at room temperature for 16 hours. The organic phase was washed with a 1 M HCl solution and
water and dried over MgSO4. The solvent was removed under reduced pressure to provide the
product as a brown solid (13.00 g, 58.6 mmol, 80%). Since the product is not stable, it was used
immediately in the next step without further analysis.
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Synthesis of 4-bromo-2,2’,6,6’-tetrafluoroazobenzene (3)

Scheme 3.3: Synthesis of compound 3.

4-Bromo-2,6-difluoro-1-nitrosobenzene (2) (13.00 g, 58.6 mmol, 1.2 eq.) and 2,6difluoroaniline (5.25 mL, 48.8 mmol, 1.0 eq.) were dissolved in a mixture of 150 mL toluene,
150 mL acetic acid and 25 mL TFA (6:6:1) and the solution was stirred at 60 °C for 16 hours.
The reaction mixture was extracted with ethyl acetate and washed several times with water. The
combined organic layers were dried over MgSO4 and the solvent was removed under reduced
pressure. The black residue was purified by flash column chromatography (SiO2;
cyclohexane/dichloromethane 8:1) to provide the product as a red powder (10.50 g,
31.5 mmol, 65%).
H NMR (400 MHz, DMSO-d6): δ = 7.77 (m, 2H), 7.68-7.61 (m, 1H), 7.36 (m, 2H) ppm.

1

C{1H} NMR (100 MHz, DMSO-d6): δ = 156.0-153.3 (m, CF) *two signals overlapping,
133.6 (t, 2J(C,F) = 10.6 Hz), 130.6 (t, 3J(C,F) = 9.8 Hz), 129.9 (t, 3J(C,F) = 9.6 Hz), 124.6 (t,
2
J(C,F) = 12.5 Hz), 117.3-117.0 (pseudo-dd, 2,4J(C,F) = 23.7 Hz, 3.5 Hz), 113.4-113.2 (pseudodd, 2,4J(C,F) = 20.0 Hz, 3.4 Hz) ppm. MS (ESI+): m/z calculated for C12H6BrF4N2+ [M+H]+:
332.965, found: 332.965.
13

Synthesis of 4-boron-pinacolate-2,2’,6,6’-tetrafluoroazobenzene (4)

Scheme 3.4: Synthesis of compound 4.

Under an argon atmosphere, a Schlenk flask was charged with 4-bromo-2,2’,6,6’tetrafluorobenzene (4) (4.81 g, 14.4 mmol, 1.0 eq.), potassium acetate (4.25 g, 43.3 mmol,
3.0 eq.), bis(pinacolato)diboron (4.03 g, 15.9 mmol, 1.1 eq.), [PdCl2(dppf)] (0.53 g,
0.72 mmol, 0.05 eq.) and 120 mL of dry and degassed 1,4-dioxane. After stirring for 16 hours at
110 °C, the reaction mixture was filtered over a pad of silica gel and washed with ethyl acetate.
The solvent was removed under reduced pressure and the black residue was purified by flash
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column chromatography (SiO2; cyclohexane/dichloromethane 5:1) to provide the product as a
red sticky oil (4.65 g, 12.2 mmol, 85%).
H NMR (400 MHz, DMSO-d6): δ = 7.69-7.62 (m, 1H), 7.46-7.35 (m, 4H), 1.32 (s, 12H) ppm.

1

C{1H} NMR (100 MHz, DMSO-d6): δ = 156.1-152.7 (m, CF), 133.7 (t, 2J(C,F) = 10.8 Hz),
132.4 (t, 3J(C,F) = 9.9 Hz), 130.6 (t, 3J(C,F) = 9.8 Hz), 118.0-117.8 (pseudo-dd, 2,4J(C,F) =
17.8 Hz, 3.6 Hz), 113.4-113.2 (pseudo-dd, 2,4J(C,F) = 19.9 Hz, 3.3 Hz), 84.8, 24.6 ppm. MS
(ESI+): m/z calculated for C18H18BF4N2O2+ [M+H]+: 381.140, found: 381.141.
13

Synthesis of 4-potassium-trifluoroborate-2,2’,6,6’-tetrafluoroazobenzene (5)

Scheme 3.5: Synthesis of compound 5.

4-Boron-pinacolate-2,2’,6,6’-tetrafluoroazobenzene (4) (4.00 g, 10.5 mmol, 1.0 eq.) was
dissolved in 35 mL of methanol and 10 mL of a 4.5 M aqueous solution of potassium hydrogen
fluoride (3.70 g, 47.4 mmol, 4.5 eq.) was added dropwise over the course of 15 minutes. The
resulting mixture was stirred at room temperature for 2 hours and then all the volatile materials
were removed carefully under reduced pressure on a rotary evaporator. The orange residue was
redissolved in 50% aqueous MeOH (30 mL) and all volatile materials were removed again as
previously described. These evaporation-dissolution cycles were repeated a total of six times to
remove any remaining pinacol. The residue was then redissolved in acetone, filtered and washed
with acetone until the filtered solid was colorless. The solvent was then removed under reduced
pressure to provide the product as an orange powder (3.68 g, 10.2 mmol, 97%).
H NMR (400 MHz, DMSO-d6): δ = 7.61-7.54 (m, 1H), 7.36-7.31 (m, 2H), 7.09-7.07 (m,

1

2H) ppm. 13C{1H} NMR (100 MHz, DMSO-d6): δ = 155.8-152.9 (m, CF), 132.1 (t, 2J(C,F) =
10.5 Hz), 131.1 (t, 3J(C,F) = 10.3 Hz), 128.4 (t, 3J(C,F) = 9.5 Hz), 114.3-114.2 (pseudo-d,
2
J(C,F) = 15.7 Hz), 113.2-113.0 (pseudo-dd, 2,4J(C,F) = 21.2 Hz, 2.1 Hz) ppm. MS (ESI-): m/z
calculated for C12H5BF7N2- [M-K]-: 321.043, found: 321.043.
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Synthesis of 4-iodo-3-nitrobenzoic acid (6)

Scheme 3.6: Synthesis of compound 6.

4-Iodobenzoic acid (10.00 g, 40.3 mmol, 1.0 eq.) was dissolved in 35 mL of concentrated
sulfuric acid and cooled in an ice bath. 120 mL of a 1:1 (v:v) mixture of concentrated sulfuric
acid and concentrated nitric acid was carefully added dropwise. The solution was stirred at room
temperature for 4 hours and the resulting mixture was poured on ice and filtered through a glass
frit. The yellow solid was washed excessively with water and air-dried overnight to provide the
product as a yellow solid (11.53 g, 39.3 mmol, 98%).
H NMR (400 MHz, DMSO-d6): δ = 13.73 (brs, 1H), 8.33 (d, 4J(H,H) = 1.8 Hz, 1H), 8.25 (d,
3
J(H,H) = 8.2 Hz, 1H), 7.87-7.84 (dd, 3,4J(H,H) = 8.2 Hz, 1.9 Hz, 1H) ppm. 13C{1H} NMR
1

(100 MHz, DMSO-d6): δ = 165.3, 153.4, 142.0, 133.6, 132.2, 125.2, 94.2 ppm. MS (ESI-): m/z
calculated for C7H3INO4- [M-H]-: 291.911, found: 291.911.

Synthesis of methyl 4-iodo-3-nitrobenzoate (7)

Scheme 3.7: Synthesis of compound 7.

4-Iodo-3-nitrobenzoic acid (11.53 g, 39.3 mmol, 1.0 eq.) and concentrated HCl (3.0 mL,
98.0 mmol, 2.2 eq.) were dissolved in 90 mL methanol and stirred under reflux for 16 hours. All
volatile materials were removed under reduced pressure and the residue was extracted with ethyl
acetate and washed with water and a saturated aqueous NaHCO3 solution. The combined
organic layers were dried over MgSO4 and the solvent was removed under reduced pressure to
provide the product as a yellow solid (11.52 g, 37.5 mmol, 95%).
H NMR (400 MHz, DMSO-d6): δ = 8.36 (d, 4J(H,H) = 1.9 Hz, 1H), 8.29 (d, 3J(H,H) = 8.2 Hz,
1H), 7.89-7.86 (dd, 3,4J(H,H) = 8.2 Hz, 2.0 Hz, 1H), 3.89 (s, 3H) ppm. 13C{1H} NMR

1

(100 MHz, DMSO-d6): δ = 164.3, 153.5, 142.2, 133.2, 130.8, 125.0, 94.9, 52.9 ppm. MS
(ESI+): m/z calculated for C8H7INO4+ [M+H]+: 307.942, found: 307.943.
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Synthesis of benzene-2,5-dimethyl-1,4-diboronic acid (8)

Scheme 3.8: Synthesis of compound 8.

2,5-Dimethyl-1,4-dibromobenzene (13.20 g, 50.0 mmol, 1.0 eq.), magnesium shavings (3.04 g,
125.0 mmol, 2.5 eq.) and few iodine crystals were dissolved in 100 mL dry THF under an inert
argon atmosphere and the suspension was stirred under reflux for 20 hours. The mixture was
cooled to -78 °C and triisopropyl borate (27.7 mL, 120.0 mmol, 2.4 eq.) was added dropwise
and stirred one hour and then for another hour at room temperature. The white gel was poured
into aqueous HCl (2 M, 200 mL) and stirred for two hours at room temperature. The clear
solution was extracted four times with diethyl ether and the combined organic phases were dried
over MgSO4. The solvent was removed under reduced pressure and the residue was precipitated
in petroleum ether, filtered and dried to provide the product as a white solid (6.41 g, 33.1 mmol,
66%).
H NMR (400 MHz, DMSO-d6): δ = 7.89 (s, 4H), 7.16 (s, 2H), 2.32 (s, 6H) ppm. 13C{1H}

1

NMR (100 MHz, DMSO-d6): δ = 136.6, 134.3, 21.7 ppm.

Synthesis
of
dicarboxylate (9)

dimethyl

2',5'-dimethyl-2,2''-dinitro-[1,1':4',1''-terphenyl]-4,4''-

Scheme 3.9: Synthesis of compound 9.

Under an argon atmosphere, a Schlenk flask was charged with methyl 4-iodo-3-nitrobenzoate
(7) (4.32 g, 14.1 mmol, 2.0 eq.), benzene-2,5-dimethyl-1,4-diboronic acid (8) (1.50 g,
7.7 mmol, 1.1 eq.), Cs2CO3 (13.78 g, 42.3 mmol, 6.0 eq.) and [PdCl2(dppf)].CH2Cl2 (0.57 g,
0.7 mmol, 0.1 eq.) and 150 mL of dry and degassed methanol and the resulting suspension was
stirred at room temperature for four hours. The yellow precipitate was filtered and washed with
water, afterwards redissolved in ethyl acetate, precipitated at -78 °C and filtered again to provide
the product as a yellow powder (2.00 g, 4.3 mmol, 61%).
H NMR (400 MHz, CDCl3): δ = 8.64 (d, 4J(H,H) = 1.4 Hz, 2H), 8.31 (dd, 3,4J(H,H) = 7.9 Hz,
1.6 Hz, 2H), 7.53 (d, 3J(H,H) = 8.0 Hz, 2H), 6.99 (s, 2H), 4.01 (s, 6H), 2.06 (s, 6H) ppm.
*Another set of signals with a lower intensity is visible and corresponds to the other rotamer (the
1
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rotation around the middle phenyl ring is hindered and results in two rotamers). The signals
given here correspond to the main rotamer. The UPLC chromatogram shows that the substance
is pure. The two rotamers cannot be separated. 13C{1H} NMR (100 MHz, CDCl3): δ = 165.0,
149.2, 140.4, 137.0, 133.3, 133.1, 132.9, 130.9, 129.8, 125.3, 53.0, 19.4 ppm. MS (ESI+): m/z
calculated for C24H21N2O8+ [M+H]+: 465.130, found: 465.129.

Synthesis of dimethyl
dicarboxylate (10)

2’,5’-dimethyl-2,2’’-diamino-[1,1’:4’,1’’-terphenyl]-4,4’’-

Scheme 3.10: Synthesis of compound 10.

Terphenyl 9 (1.08 g, 2.33 mmol, 1.0 eq.), palladium on charcoal (10%-w) (494 mg, 0.47 mmol,
0.2 eq.) and 40 mL of ethyl acetate were added to an autoclave and stirred with 20 bars of
hydrogen gas at 40 °C for 16 hours. The reaction mixture was filtered through celite and washed
with lots of ethyl acetate. The solvent was removed under reduced pressure to provide the
product as a white powder (0.88 g, 2.18 mmol, 94%).
H NMR (400 MHz, DMSO-d6): δ = 7.38 (d, 4J(H,H) = 1.6 Hz, 2H), 7.19 (dd, 3,4J(H,H) =
7.8 Hz, 1.6 Hz, 2H), 7.04 (d, 3J(H,H) = 7.8 Hz, 2H), 7.01 (s, 2H), 5.01 (s, 4H), 3.83 (s, 6H),
2.04 (s, 6H) ppm. *Another set of signals with a lower intensity is visible and corresponds to the
other rotamer (the rotation around the middle phenyl ring is hindered and results in two
rotamers). The signals given here correspond to the main rotamer. The UPLC chromatogram
shows that the substance is pure. The two rotamers cannot be separated. 13C{1H} NMR
1

(100 MHz, DMSO-d6): δ = 166.7, 146.0, 137.3, 133.4, 131.2, 130.2, 129.6, 129.3, 116.3, 114.5,
51.9, 18.8 ppm. MS (ESI+): m/z calculated for C24H25N2O4+ [M+H]+: 405.182, found: 405.182.
Synthesis
of
dimethyl
dicarboxylate (11)

2’,5’-dimethyl-2,2’’-diiodo-[1,1’:4’,1’’-terphenyl]-4,4’’-

Scheme 3.11: Synthesis of compound 11.

To a stirred solution of terphenyl 10 (0.70 g, 1.73 mmol, 1.0 eq.) in 15 mL of THF, cooled in an
ice water bath, was added 8.6 mL of a 4 M aqueous HCl. A solution of NaNO2 (287 mg,
4.16 mmol, 2.4 eq.) in water (9.2 mL) was added dropwise over the course of 15 minutes. A
solution of KI (1.44 g, 8.67 mmol, 5.0 eq.) in water (15.3 mL) was added, and stirred for one
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hour in the ice water bath. Then the solution was stirred at room temperature for another
15 hours. The reaction mixture was extracted with ethyl acetate and washed with a 1 M aqueous
Na2S2O3 solution until the color of the solution did not change. The phases were separated, and
the aqueous phase extracted three times with ethyl acetate. The combined organic phases were
washed with water, dried over MgSO4 and the solvent was removed under reduced pressure.
The residue was purified by flash column chromatography (SiO2; cyclohexane/ethyl acetate
10:1) to provide the product as a colorless oil (0.77 g, 1.23 mmol, 71%). NMR and UPLC show
that a side product where one iodine is exchanged with one hydrogen, was formed as well (20%).
Separation was not possible, due to coelution, and the product was used as is for the next step.
H NMR (400 MHz, CDCl3): δ = 8.61 (m, 2H), 8.07 (m, 2H), 7.39-7.33 (m, 2H), 6.96 (m,
2H), 3.96 (s, 6H), 2.05 (s, 6H) ppm. *Signals are only given for the main product. Signals of the
rotamers are almost identical and overlap with each other in contrast to the previous products

1

(9 and 10). 13C{1H} NMR (100 MHz, DMSO-d6): δ = 165.7, 151.4, 143.5 (m), 140.2 (m),
132.7-132.6 (m), 130.6, 130.4-130.3 (m), 130.0, 129.4-129.3 (m), 99.9-99.7 (m), 52.6,
19.6 (m) ppm. MS (ESI+): m/z calculated for C24H21I2O4+ [M+H]+: 626.953, found: 626.954.

Synthesis of dimethyl 2’,5’-dimethyl-2,2’’-bis[4-(2,2’,6,6’-tetrafluoroazobenzene)] [1,1’:4’,1’’-terphenyl]-4,4’’-dicarboxylate (12)

Scheme 3.12: Synthesis of compound 12.

Under an argon atmosphere, a Schlenk flask was charged with 4-potassium-trifluoroborate2,2’,6,6’-tetrafluoroazobenzene (5) (1.11 g, 3.08 mmol, 2.5 eq.), terphenyl (11) (0.77 g,
1.23 mmol, 1.0 eq.), CsF (1.12 g, 7.38 mmol, 6.0 eq.) and [PdCl2(dppf)].CH2Cl2 (0.23 g,
0.28 mmol, 0.1 eq.) and 10 mL of a degassed 1,4-dioxane/water mixture (2:1) and the resulting
suspension was stirred under reflux for 48 hours. The reaction mixture was filtered over a pad of
silica gel and washed with dichloromethane. The solvent was removed under reduced pressure
and the residue was purified by flash column chromatography (SiO2; cyclohexane/ethyl acetate
5:1) and preparative recycling gel permeation chromatography (GPC) to provide the product
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as a red powder (421 mg, 0.48 mmol, 39%). *The actual yield is 49% if the fact, that the starting
material 11 contains 20% side product, is taken into consideration.
H NMR (400 MHz, CD2Cl2, E,E-isomer): δ = 8.16 (d, 4J(H,H) = 1.6 Hz, 2H), 8.13-8.09 (dd,
3,4
J(H,H) = 8.0 Hz, 1.7 Hz, 2H), 7.45 (d, 3J(H,H) = 8.0 Hz, 2H), 7.45-7.29 (m, 2H), 7.13-7.07
(m, 4H), 6.98 (s, 2H), 6.94-6.90 (m, 4H), 3.95 (s, 6H), 1.90 (s, 6H) ppm. 13C{1H} NMR
1

(100 MHz, CD2Cl2, E,E-isomer): δ = 166.9, 157.9-153.9 (m, CF) *two signals overlapping,
145.6, 145.1, 139.9, 138.5, 133.6, 132.5, 132.4, 132.4, 132.2, 131.2, 130.6, 130.0, 129.9, 114.4114.1 (pseudo-dd, 2,4J(C,F) = 21.4 Hz, 2.8 Hz), 113.4-113.1 (pseudo-dd, 2,4J(C,F) = 20.7 Hz,
3.0 Hz), 52.8, 19.8 ppm. 1H NMR (400 MHz, CD2Cl2, Z,Z-isomer): δ = 8.13-8.11 (dd,
3,4
J(H,H) = 8.0 Hz, 1.6 Hz, 2H), 8.10 (m, 2H), 7.29 (d, 3J(H,H) = 7.9 Hz, 2H), 7.19-7.11 (m,
2H), 6.87-6.83 (m, 4H), 6.77 (s, 2H), 6.68-6.62 (m, 4H), 3.95 (s, 6H), 1.69 (s, 6H) ppm. *The
spectrum shows that the Z,Z-isomer has two rotamers. This was not observed for the E,E-isomer.
The signals given here correspond to the main rotamer. 13C{1H} NMR (100 MHz, CD2Cl2, Z,Zisomer): δ = 166.9, 153.6-150.4 (m, CF) *two signals overlapping, 145.0, 143.5, 139.7, 138.4,
133.4, 132.8, 132.2, 132.0, 131.0, 130.7, 130.7, 130.0, 129.9, 113.8-113.5 (pseudo-dd, 2,4J(C,F)
= 21.0 Hz, 3.2 Hz), 112.7-112.5 (pseudo-dd, 2,4J(C,F) = 20.7 Hz, 2.6 Hz), 52.8, 19.5 ppm. MS
(ESI+): m/z calculated for C48H31F8N4O4+ [M+H]+: 879.222, found: 879.223.
Synthesis of 2’,5’-dimethyl-2,2’’-bis[4-(2,2’,6,6’-tetrafluoroazobenzene)]-[1,1’:4’,1’’terphenyl]-4,4’’-dicarboxylic acid (Lazo)

Scheme 3.13: Synthesis of compound Lazo.

Compound 12 (400 mg, 0.46 mmol, 1.0 eq.) and LiOH (218 mg, 9.1 mmol, 20.0 eq.) were
dissolved in 10 mL of a THF/water mixture (2:1) and stirred at 40 °C for 18 hours. The reaction
mixture was neutralized with 1 M aqueous HCl and extracted several times with ethyl acetate.
The combined organic layers were washed with water, dried over MgSO4 and the solvent was
removed under reduced pressure to provide the product as an orange powder (387 mg,
0.45 mmol, 99%).
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H NMR (400 MHz, DMSO-d6): δ = 13.20 (s, 2H), 8.10-8.02 (m, 4H), 7.65-7.34 (m, 6H),
7.21-7.06 (m, 8H), 1.90 (s, 6H) ppm. *The spectrum shows signals for the E,Z- and Z,Z-isomer
and their rotamers as well. The signals here are only given for the E,E-isomer. 13C-NMR analysis
was not possible, due to the extremely low solubility of this molecule. UPLC analysis however
shows that it is pure. MS (ESI+): m/z calculated for C46H27F8N4O4+ [M+H]+: 851.191, found:
851.191.
1

Synthesis of methyl 4-iodo-2-(methoxymethoxy)benzoate (13)

Scheme 3.14: Synthesis of compound 13.

Methyl 2-hydroxy-4-iodobenzoate (5.00 g, 18.0 mmol, 1.0 eq.) and diisopropylethylamine
(8.46 mL, 48.5 mmol, 2.7 eq.) were dissolved in 50 mL dichloromethane. Chloromethyl methyl
ether (3.4 mL, 45.0 mmol, 2.5 eq.) was added dropwise at 0 °C and stirred for 1 hour at 0 °C and
then for 18 hours at room temperature. The reaction mixture was washed with 1 M aqueous HCl
and extracted several times with dichloromethane. The combined organic layers were washed
with water, dried over MgSO4 and the solvent was removed under reduced pressure. The residue
was purified by flash column chromatography (SiO2; cyclohexane/ethyl acetate 6:1) to provide
the product as a yellow solid (5.75 g, 17.9 mmol, 99%).
H NMR (400 MHz, DMSO-d6): δ = 7.59 (d, 4J(H,H) = 1.4 Hz, 1H), 7.47 (dd,
3,4
J(H,H) = 8.1 Hz, 1.5 Hz, 1H), 7.41 (d, 3J(H,H) = 8.1 Hz, 1H), 5.27 (s, 2H), 3.79 (s, 3H), 3.39
1

(s, 3H) ppm. 13C{1H} NMR (100 MHz, DMSO-d6): δ = 165.7, 155.8, 132.1, 130.4, 124.8,
120.9, 100.2, 94.6, 56.0, 52.1 ppm. MS (ESI+): m/z calculated for C10H12IO4+ [M+H]+: 322.978,
found: 322.979.
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Synthesis of dimethyl 3,3''-bis(methoxymethoxy)-2',5'-dimethyl-[1,1':4',1''-terphenyl]4,4''-dicarboxylate (14)

Scheme 3.15: Synthesis of compound 14.

Under an argon atmosphere, a Schlenk flask was charged with methyl 4-iodo-2(methoxymethoxy)benzoate (13) (2.66 g, 8.26 mmol, 2.0 eq.), benzene-2,5-dimethyl-1,4diboronic acid (8) (0.80 g, 4.13 mmol, 1.0 eq.), CsF (3.76 g, 24.8 mmol, 6.0 eq.) and
[PdCl2(dppf)].CH2Cl2 (0.34 g, 0.41 mmol, 0.1 eq.) and 35 mL of a degassed 1,4-dioxane/water
mixture (2:1) and the resulting suspension was stirred at 80 °C for 18 hours. The reaction
mixture was filtered over a pad of silica gel and washed with dichloromethane. The solvent was
removed under reduced pressure and the residue was purified by flash column chromatography
(SiO2; petroleum ether/ethyl acetate 3:1) to provide the product as a white solid (1.58 g,
3.19 mmol, 77%).
H NMR (400 MHz, CDCl3): δ = 7.85 (d, 3J(H,H) = 7.9 Hz, 2H), 7.21 (d, 4J(H,H) = 1.4 Hz,
2H), 7.15 (s, 2H), 7.04 (dd, 3,4J(H,H) = 7.9 Hz, 1.5 Hz, 2H), 5.28 (s, 4H), 3.92 (s, 6H), 3.53 (s,
6H), 2.27 (s, 6H) ppm. *Contains solvent impurities of petroleum ether and ethyl acetate.
1

C{1H} NMR (100 MHz, CDCl3): δ = 166.5, 156.6, 147.0, 140.3, 132.7, 131.6, 131.3, 122.5,
119.8, 117.6, 95.3, 56.4, 52.1, 19.9 ppm. MS (ESI+): m/z calculated for C28H31O8+ [M+H]+:
495.202, found: 495.203.
13

Synthesis of dimethyl
dicarboxylate (15)

3,3''-dihydroxy-2',5'-dimethyl-[1,1':4',1''-terphenyl]-4,4''-

Scheme 3.16: Synthesis of compound 15.

Terphenyl 14 (1.58 g, 3.19 mmol, 1.0 eq.) was dissolved in 30 mL of dichlormethane and 30 mL
of methanol and 2 mL of HCl were added. The resulting mixture was stirred at 50 °C for 40
hours and the precipitated solid was filtered, washed with water and dried to provide the product
as a white solid (1.15 g, 2.84 mmol, 89%).
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H NMR (400 MHz, CDCl3): δ = 10.83 (s, 2H), 7.88 (d, 3J(H,H) = 8.2 Hz, 2H), 7.14 (s, 2H),
6.99 (d, 4J(H,H) = 1.6 Hz, 2H), 6.89 (dd, 3,4J(H,H) = 8.2 Hz, 1.6 Hz, 2H), 3.98 (s, 6H), 2.28 (s,
1

6H) ppm. 13C{1H} NMR (100 MHz, CDCl3): δ = 170.7, 161.5, 149.5, 140.3, 132.7, 131.6,
129.8, 120.7, 118.3, 111.1, 52.5, 20.0 ppm. MS (ESI+): m/z calculated for C24H23O6+ [M+H]+:
407.150, found: 407.148.

Synthesis of 3,3''-dihydroxy-2',5'-dimethyl-[1,1':4',1''-terphenyl]-4,4''-dicarboxylic acid
(Lcore)

Scheme 3.17: Synthesis of compound Lcore.

Terphenyl 15 (1.13 g, 2.79 mmol, 1.0 eq.) and LiOH (1.33 g, 55.8 mmol, 20.0 eq.) were
suspended in 65 mL of a THF/water mixture (2:1) and stirred at 40 °C for 40 hours. The
reaction mixture was neutralized with 1 M aqueous HCl and the precipitated solid was filtered,
washed with water and dried to provide the product as a white solid (1.04 g, 2.76 mmol, 99%).
H NMR (400 MHz, DMSO-d6): δ = 13.92 (brs, 2H), 11.45 (brs, 2H), 7.85 (d,
J(H,H) = 8.5 Hz, 2H), 7.18 (s, 2H), 6.95-6.93 (m, 4H), 2.24 (s, 6H) ppm. 13C{1H} NMR

1
3

(100 MHz, DMSO-d6): δ = 171.8, 160.9, 148.3, 139.7, 132.2, 131.3, 130.1, 120.3, 117.4, 111.7,
19.5 ppm. MS (ESI+): m/z calculated for C22H19O6+ [M+H]+: 379.118, found: 379.118.

Synthesis of 2',5'-dimethyl-2,2''-dinitro-[1,1':4',1''-terphenyl]-4,4''-dicarboxylic acid
(L2NO2)

Scheme 3.18: Synthesis of compound L2NO2.

Terphenyl 9 (0.50 g, 1.08 mmol, 1.0 eq.) and LiOH (0.51 g, 21.6 mmol, 20.0 eq.) were
suspended in 25 mL of a THF/water mixture (2:1) and stirred at 40 °C for 40 hours. The
reaction mixture was neutralized with 1 M aqueous HCl and the precipitated solid was filtered,
washed with water and dried to provide the product as a yellow powder (0.46 g, 1.05 mmol,
97%).
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H NMR (400 MHz, DMSO-d6): δ = 13.73 (brs, 2H), 8.52 (s, 2H), 8.28 (d, 3J(H,H) = 7.9 Hz,
2H), 7.66 (d, 3J(H,H) = 7.9 Hz, 2H), 7.11 (s, 2H), 2.03 (s, 6H) ppm. *Another set of signals
with a similar intensity is visible and corresponds to the other rotamer (the rotation around the
middle phenyl ring is hindered and results in two rotamers). The signals given here correspond
to the main rotamer. The UPLC chromatogram shows that the substance is pure. The two

1

rotamers cannot be separated. 13C{1H} NMR (100 MHz, DMSO-d6): δ = 165.4, 148.7, 138.7,
136.6, 133.3, 133.0, 132.6, 131.7, 129.5, 124.7, 18.8 ppm. MS (ESI+): m/z calculated for
C24H17N2O8+ [M+H]+: 437.092, found: 437.091.

Synthesis of dimethyl 2'-nitro-[1,1':4',1''-terphenyl]-4,4''-dicarboxylate (16)

Scheme 3.19: Synthesis of compound 16.

Under an argon atmosphere, a Schlenk flask was charged with methyl (4(methoxycarbonyl)phenyl)boronic acid (4.0 g, 15.25 mmol, 2.1 eq.), 1,4-dibromo-2nitrobenzene (2.04 g, 7.26 mmol, 1.0 eq.), CsF (6.63 g, 43.6 mmol, 6.0 eq.) and
[PdCl2(dppf)].CH2Cl2 (0.57 g, 0.73 mmol, 0.1 eq.) and 60 mL of a degassed 1,4-dioxane/water
mixture (2:1) and the resulting suspension was stirred at 80 °C for 18 hours. The reaction
mixture was filtered over a pad of silica gel and washed with dichloromethane. The solvent was
removed under reduced pressure and the residue was purified by flash column chromatography
(SiO2; petroleum ether/ethyl acetate 4:1) to provide the product as a pale-yellow solid (2.69 g,
6.87 mmol, 94%).
H NMR (400 MHz, CDCl3): δ = 8.18 (d, 3J(H,H) = 8.5 Hz, 2H), 8.17 (d, 3J(H,H) = 1.9 Hz,
1H), 8.13 (d, 3J(H,H) = 8.5 Hz, 2H), 7.90 (dd, 3,4J(H,H) = 8.0 Hz, 1.9 Hz, 1H), 7.73 (d, 3J(H,H)
= 8.6 Hz, 2H), 7.55 (d, 3J(H,H) = 8.0 Hz, 1H), 7.43 (d, 3J(H,H) = 8.5 Hz, 2H), 3.97 (s, 3H),
1

3.95 (s, 3H) ppm. 13C{1H} NMR (100 MHz, CDCl3): δ = 166.7, 166.7, 149.6, 142.5, 141.8,
141.2, 135.1, 132.6, 131.1, 130.7, 130.5, 130.3, 130.2, 128.2, 127.2, 123.1, 52.5, 52.4 ppm. MS
(ESI+): m/z calculated for C22H18NO6+ [M+H]+: 392.114, found: 392.115.
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Synthesis of 2'-nitro-[1,1':4',1''-terphenyl]-4,4''-dicarboxylic acid (LNO2)

Scheme 3.20: Synthesis of compound LNO2.

Terphenyl 16 (0.50 g, 1.28 mmol, 1.0 eq.) and LiOH (0.61 g, 25.6 mmol, 20.0 eq.) were
suspended in 30 mL of a THF/water mixture (2:1) and stirred at 40 °C for 40 hours. The
reaction mixture was neutralized with 1 M aqueous HCl and the precipitated solid was filtered,
washed with water and dried to provide the product as a pale-yellow powder (0.46 g, 1.25 mmol,
98%).
H NMR (400 MHz, DMSO-d6): δ = 13.14 (brs, 2H), 8.40 (d, 4J(H,H) = 1.9 Hz, 1H), 8.18 (dd,
3,4
J(H,H) = 8.1 Hz, 1.9 Hz, 1H), 8.08 (d, 3J(H,H) = 8.5 Hz, 2H), 8.03 (d, 3J(H,H) = 8.5 Hz, 2H),
7.97 (d, 3J(H,H) = 8.6 Hz, 2H), 7.72 (d, 3J(H,H) = 8.0 Hz, 1H), 7.53 (d, 3J(H,H) = 8.5 Hz, 2H)
1

ppm. 13C{1H} NMR (100 MHz, DMSO-d6): δ = 166.9, 166.9, 149.3, 141.2, 140.9, 140.0, 133.7,
132.5, 131.1, 130.9, 130.7, 130.1, 129.7, 128.1, 127.2, 122.5 ppm. MS (ESI+): m/z calculated
for C20H14NO6+ [M+H]+: 364.082, found: 364.083.

Synthesis of dimethyl 2’-amino-[1,1’:4’,1’’-terphenyl]-4,4’’-dicarboxylate (17)

Scheme 3.21: Synthesis of compound 17.

Terphenyl 16 (2.19 g, 5.60 mmol, 1.0 eq.), palladium on charcoal (10%-w) (596 mg,
0.56 mmol, 0.1 eq.) and 100 mL of ethyl acetate were added to an autoclave and stirred with
20 bars of hydrogen gas at 40 °C for 16 hours. The reaction mixture was filtered through celite
and washed with lots of ethyl acetate. The solvent was removed under reduced pressure to
provide the product as a yellow powder (2.00 g, 5.54 mmol, 99%).
H NMR (400 MHz, CDCl3): δ = 8.04 (d, 3J(H,H) = 8.5 Hz, 2H), 8.04 (d, 3J(H,H) = 8.4 Hz,
2H), 7.77 (d, 3J(H,H) = 8.5 Hz, 2H), 7.64 (d, 3J(H,H) = 8.4 Hz, 2H), 7.16 (d, 3J(H,H) = 7.8 Hz,
1H), 7.16 (d, 4J(H,H) = 1.8 Hz, 1H), 7.02 (dd, 3,4J(H,H) = 7.9 Hz, 1.8 Hz, 1H), 5.13 (s, 2H),
1

3.88 (s, 3H), 3.88 (s, 3H) ppm. 13C{1H} NMR (100 MHz, CDCl3): δ = 166.1, 166.1, 145.8,
144.9, 144.2, 139.4, 130.9, 129.8, 129.6, 128.9, 128.4, 126.6, 115.5, 113.8, 52.1 ppm. MS (ESI+):
m/z calculated for C22H20NO4+ [M+H]+: 362.139, found: 362.138.
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Synthesis of 2'-amino-[1,1':4',1''-terphenyl]-4,4''-dicarboxylic acid (LNH2)

Scheme 3.22: Synthesis of compound LNH2.

Terphenyl 17 (1.00 g, 2.77 mmol, 1.0 eq.) and LiOH (1.32 g, 55.4 mmol, 20.0 eq.) were
suspended in 60 mL of a THF/water mixture (2:1) and stirred at 40 °C for 40 hours. The
reaction mixture was neutralized with 1 M aqueous HCl and the precipitated solid was filtered,
washed with water and dried to provide the product as a beige powder (0.91 g, 2.74 mmol, 99%).
H NMR (400 MHz, DMSO-d6): δ = 8.07-8.04 (m, 4H), 7.80 (d, 3J(H,H) = 8.5 Hz, 2H), 7.71
(m, 3H), 7.56 (m, 1H), 7.43 (d, 3J(H,H) = 8.0 Hz, 1H) ppm. 13C{1H} NMR (100 MHz,

1

DMSO-d6): δ = 167.1, 167.0, 143.2, 141.7, 139.7, 131.7, 130.1, 130.0, 129.8, 129.2, 126.7 ppm.
MS (ESI+): m/z calculated for C20H16NO4+ [M+H]+: 334.108, found: 334.108.

Synthesis of dimethyl 2'-formyl-[1,1':4',1''-terphenyl]-4,4''-dicarboxylate (18)

Scheme 3.23: Synthesis of compound 18.

Under an argon atmosphere, a Schlenk flask was charged with methyl (4(methoxycarbonyl)phenyl)boronic acid (2.0 g, 7.63 mmol, 2.1 eq.), 2,5-dibromobenzaldehyde (0.95 g, 3.63 mmol, 1.0 eq.), CsF (3.32 g, 21.8 mmol, 6.0 eq.) and
[PdCl2(dppf)].CH2Cl2 (0.29 g, 0.36 mmol, 0.1 eq.) and 30 mL of a degassed 1,4-dioxane/water
mixture (2:1) and the resulting suspension was stirred at 80 °C for 18 hours. The reaction
mixture was filtered over a pad of silica gel and washed with dichloromethane. The solvent was
removed under reduced pressure and the residue was purified by flash column chromatography
(SiO2; petroleum ether/ethyl acetate 3:1) to provide the product as a yellow powder (1.03 g,
2.76 mmol, 76%).
H NMR (400 MHz, CDCl3): δ = 10.02 (s, 1H), 8.31 (d, 4J(H,H) = 1.9 Hz, 1H), 8.17 (m, 4H),
7.93 (dd, 3,4J(H,H) = 8.0 Hz, 2.1 Hz, 1H), 7.75 (d, 3J(H,H) = 8.6 Hz, 2H), 7.57 (d,
3
J(H,H) = 8.0 Hz, 1H), 7.51 (d, 3J(H,H) = 8.4 Hz, 2H), 3.97 (s, 3H), 3.96 (s, 3H) ppm. 13C{1H}
1

NMR (100 MHz, CDCl3): δ = 191.6, 166.9, 166.7, 144.3, 143.7, 142.0, 140.3, 134.2, 132.3,
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131.5, 130.5, 130.3, 130.2, 129.9, 129.9, 127.2, 126.7, 52.5, 52.4 ppm. MS (ESI+): m/z
calculated for C23H19O5+ [M+H]+: 375.123, found: 375.122.

Synthesis of 2'-formyl-[1,1':4',1''-terphenyl]-4,4''-dicarboxylic acid (LCHO)

Scheme 3.24: Synthesis of compound LCHO.

Terphenyl 18 (1.00 g, 2.67 mmol, 1.0 eq.) and LiOH (1.27 g, 53.4 mmol, 20.0 eq.) were
suspended in 60 mL of a THF/water mixture (2:1) and stirred at 40 °C for 40 hours. The
reaction mixture was neutralized with 1 M aqueous HCl and the precipitated solid was filtered,
washed with water and dried to provide the product as a yellow powder (0.92 g, 2.64 mmol,
99%).
H NMR (400 MHz, DMSO-d6): δ = 13.11 (brs, 2H), 9.96 (s, 1H), 8.25 (d, 4J(H,H) = 2.1 Hz,
1H), 8.14 (d, 3,4J(H,H) = 8.1 Hz, 2.1 Hz, 2H), 8.08-8.06 (m, 4H), 7.92 (d, 3J(H,H) = 8.5 Hz,
2H), 7.67 (d, 3J(H,H) = 8.0 Hz, 1H), 7.63 (d, 3J(H,H) = 8.3 Hz, 2H) ppm. 13C{1H} NMR
1

(100 MHz, DMSO-d6): δ = 191.5, 167.0, 143.3, 142.5, 141.4, 139.0, 133.8, 132.1, 131.9, 130.5,
130.4, 130.2, 130.2, 129.4, 127.0, 126.3 ppm. MS (ESI+): m/z calculated for C21H15O5+
[M+H]+: 347.092, found: 347.092.

Synthesis of dimethyl 3,3''-dimethoxy-[1,1':4',1''-terphenyl]-4,4''-dicarboxylate (19)

Scheme 3.25: Synthesis of compound 19.

Under an argon atmosphere, a Schlenk flask was charged with methyl 4-bromo-2methoxybenzoate (1.0 g, 4.08 mmol, 2.0 eq.), 1,4-phenyldiboronic acid (0.34 g, 2.04 mmol,
1.0 eq.), CsF (1.86 g, 12.24 mmol, 6.0 eq.) and [PdCl2(dppf)].CH2Cl2 (0.16 g, 0.20 mmol,
0.1 eq.) and 18 mL of a degassed 1,4-dioxane/water mixture (2:1) and the resulting suspension
was stirred at 80 °C for 18 hours. The reaction mixture was filtered over a pad of silica gel and
washed with dichloromethane. The solvent was removed under reduced pressure and the
residue was purified by flash column chromatography (SiO2; dichloromethane/methanol
100:3) to provide the product as a white powder (0.59 g, 1.44 mmol, 70%).
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H NMR (400 MHz, CDCl3): δ = 7.91 (d, 3J(H,H) = 8.0 Hz, 2H), 7.71 (s, 4H), 7.24 (dd,
3,4
J(H,H) = 8.0 Hz, 1.6 Hz, 2H), 7.20 (d, 4J(H,H) = 1.5 Hz, 2H), 4.00 (s, 6H), 3.92 (s, 6H) ppm.
1

C{1H} NMR (100 MHz, CDCl3): δ = 166.6, 159.8, 146.0, 140.2, 132.5, 127.9, 119.1, 119.0,
110.9, 56.3, 52.2 ppm. MS (ESI+): m/z calculated for C24H23O6+ [M+H]+: 407.150, found:
407.151.
13

Synthesis of 3,3''-dimethoxy-[1,1':4',1''-terphenyl]-4,4''-dicarboxylic acid (LOMe)

Scheme 3.26: Synthesis of compound LOMe.

Terphenyl 18 (0.56 g, 1.39 mmol, 1.0 eq.) and LiOH (0.66 g, 27.8 mmol, 20.0 eq.) were
suspended in 30 mL of a THF/water mixture (2:1) and stirred at 40 °C for 40 hours. The
reaction mixture was neutralized with 1 M aqueous HCl and the precipitated solid was filtered,
washed with water and dried to provide the product as a white solid (0.51 g, 1.35 mmol, 97%).
H NMR (400 MHz, DMSO-d6): δ = 12.63 (brs, 2H), 7.88 (s, 4H), 7.77 (d, 3J(H,H) = 8.0 Hz,
2H), 7.40 (d, 4J(H,H) = 1.5 Hz, 2H), 7.36 (dd, 3,4J(H,H) = 8.0 Hz, 1.6 Hz, 2H), 3.94 (s, 6H)

1

ppm. 13C{1H} NMR (100 MHz, DMSO-d6): δ = 167.0, 158.8, 144.3, 139.1, 131.6, 127.6, 120.1,
118.3, 110.7, 55.9 ppm. MS (ESI+): m/z calculated for C22H19O6+ [M+H]+: 379.118, found:
379.118.
Synthesis
of
dimethyl
dicarboxylate (20)

3,3''-bis(methoxymethoxy)-[1,1':4',1''-terphenyl]-4,4''-

Scheme 3.27: Synthesis of compound 20.

Under an argon atmosphere, a Schlenk flask was charged with methyl 4-iodo-2(methoxymethoxy)benzoate (13) (3.00 g, 9.31 mmol, 2.0 eq.), 1,4-phenyldiboronic acid
(0.77 g, 4.66 mmol, 1.0 eq.), CsF (4.24 g, 27.96 mmol, 6.0 eq.) and [PdCl2(dppf)].CH2Cl2
(0.38 g, 0.47 mmol, 0.1 eq.) and 40 mL of a degassed 1,4-dioxane/water mixture (2:1) and the
resulting suspension was stirred at 80 °C for 18 hours. The reaction mixture was filtered over a
pad of silica gel and washed with dichloromethane. The solvent was removed under reduced
pressure and the residue was purified by flash column chromatography (SiO2;
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dichloromethane/methanol 100:3) to provide the product as a white solid (1.94 g, 4.16 mmol,
89%).
H NMR (400 MHz, CD2Cl2): δ = 7.85 (d, 3J(H,H) = 8.1 Hz, 2H), 7.72 (s, 4H), 7.45 (d,
4
J(H,H) = 1.6 Hz, 2H), 7.34 (dd, 3,4J(H,H) = 8.1 Hz, 1.7 Hz, 2H), 5.30 (s, 4H), 3.87 (s, 6H),
1

3.53 (s, 6H) ppm. 13C{1H} NMR (100 MHz, CD2Cl2): δ = 166.7, 157.7, 145.9, 140.2, 132.5,
128.2, 121.1, 120.7, 115.8, 96.1, 56.8, 52.5 ppm. MS (ESI+): m/z calculated for C26H27O8+
[M+H]+: 467.171, found: 467.170.

Synthesis of dimethyl 3,3''-dihydroxy-[1,1':4',1''-terphenyl]-4,4''-dicarboxylate (21)

Scheme 3.28: Synthesis of compound 21.

Terphenyl 20 (1.94 g, 4.16 mmol, 1.0 eq.) was dissolved in 30 mL of dichlormethane and 60 mL
of methanol and 2 mL of HCl were added. The resulting mixture was stirred at 30 °C for 40
hours and the precipitated solid was filtered, washed with water and dried to provide the product
as a white solid (1.36 g, 3.60 mmol, 87%).
H NMR (400 MHz, CDCl3): δ = 10.84 (s, 2H), 7.91 (d, 3J(H,H) = 8.3 Hz, 2H), 7.71 (s, 4H),
7.26 (d, 4J(H,H) = 1.8 Hz, 2H), 7.18 (dd, 3,4J(H,H) = 8.3 Hz, 1.8 Hz, 2H), 3.98 (s, 6H) ppm.
1

C{1H} NMR (100 MHz, CDCl3): δ = 170.6, 162.0, 147.8, 139.8, 130.6, 127.9, 118.2, 115.8,
111.6, 52.5 ppm. MS (ESI+): m/z calculated for C22H19O6+ [M+H]+: 379.118, found: 379.116.
13

Synthesis of 3,3''-dihydroxy-[1,1':4',1''-terphenyl]-4,4''-dicarboxylic acid (LOH)

Scheme 3.29: Synthesis of compound LOH.

Terphenyl 21 (1.00 g, 2.64 mmol, 1.0 eq.) and LiOH (1.25 g, 52.8 mmol, 20.0 eq.) were
suspended in 60 mL of a THF/water mixture (2:1) and stirred at 40 °C for 40 hours. The
reaction mixture was neutralized with 1 M aqueous HCl and the precipitated solid was filtered,
washed with water and dried to provide the product as a white solid (0.91 g, 2.59 mmol, 98%).
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H NMR (400 MHz, DMSO-d6): δ = 7.81 (d, 3J(H,H) = 8.6 Hz, 2H), 7.76 (s, 4H), 7.12-7.10
(m, 4H) ppm. MS (ESI+): m/z calculated for C20H15O6+ [M+H]+: 351.087, found: 351.088.
1

3.4.3. MOF Synthesis and other Techniques

Synthesis of the UiO-68 based Core-MOF (I)
The hydroxy-terphenyl-linker Lcore (97.5 mg, 0.26 mmol, 1.0 eq.), ZrCl4 (60.0 mg, 0.26 mmol,
1.0 eq.), benzoic acid (1.57 g, 12.9 mmol, 50.0 eq.) and water (22.1 µL, 1.29 mmol, 5.0 eq.)
were dissolved in DMF (10.0 mL, 129 mmol, 500 eq.) by using ultrasound for 5 minutes. The
tightly capped vial was kept in an oven at 120 °C for 20 hours under static conditions. The
reaction mixture was cooled to room temperature and the MOF crystals were isolated by
centrifugation. The solids were suspended in DMF (10 mL). After standing at room
temperature for one hour, the suspension was centrifuged, and the solvent was decanted off.
This process was repeated a total of 10 times with DMF, another 10 times with methanol and
another 5 times with freshly distilled dichloromethane. The obtained particles were air-dried at
60 °C for 24 hours before being activated under reduced pressure (1 bar → 10 mbar over
16 hours) at 100 °C to provide the Core-MOF I as a white powder (77.7 mg, 0.16 mmol, 61%).
Synthesis of Core-Shell-MOF II
Core-MOF I (10.0 mg, 0.021 mmol, 1.0 eq.) was suspended in a 0.025 M solution of
azobenzene linker Lazo (53.6 mg, 0.063 mmol, 3.0 eq.) in 1,4-dioxane (2.5 mL) and was stirred
for several days at 80 °C. The reaction mixture was cooled to room temperature and the MOF
crystals were isolated by centrifugation. The solids were suspended in DMF (10 mL). After
standing at room temperature for one hour, the suspension was centrifuged and the solvent was
decanted off. This process was repeated a total of 10 times with DMF, another 10 times with
methanol and another 5 times with freshly distilled dichloromethane. The obtained particles
were air-dried at 60 °C for 24 hours before being activated under reduced pressure
(1 bar → 1 mbar over 16 hours) at 100 °C to provide the Core-Shell-MOF II as an orange
powder.
Loading of Core-Shell MOF II with 1-pyrenecarboxylic acid (IIload)
10.0 mg of Core-Shell-MOF II were suspended in 2 mL of ethanol and stirred. The suspension
was irradiated with green light (λirr = 565 nm with a long-pass edge filter with the cut-off
wavelength of λ = 550 nm) for 60 minutes to switch the azobenzenes to the Z-isomer. After the
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irradiation the suspension was centrifuged and the solvent was decanted off. The solid MOF
particles were dispersed in a 10-3 M solution of 1-pyrenecarboxylic acid in ethanol (2 mL) and
left on a vortex shaker for 40 hours. The suspension was centrifuged and the solution was
decanted off. Diethyl ether was added and the suspension was irradiated with blue light
(λirr = 420 nm with a long-pass edge filter with the cut-off wavelength of λ = 435 nm) while
stirring for 30 minutes to switch the azobenzenes back to the E-isomer. The suspension was
again centrifuged and the solution was decanted off. The solid particles were redispersed in fresh
ethanol and centrifuged right away and the solvent was decanted off again to remove any guest
molecules that were not encapsulated in the MOF interior. This washing procedure was
repeated a total of two times with ethanol and another three times with diethyl ether. The
obtained particles were dried in an oven at 60 °C for 72 hours to provide the loaded Core-Shell
MOF IIload as an orange powder.

Release Experiments
Release experiments were performed using fluorescence spectroscopy. The loaded MOF
samples IIload (~0.3 mg) were added to a quartz cuvette (l = 1.0 cm) and 3.0 mL of spectroscopy
grade ethanol was very carefully added to avoid turbulence and the measurement was started
right away at 20.0 °C. For the “Z” setup, the loaded MOF particles were irradiated with green
light in the solid state for 2 hours prior to adding the solvent. Washing the loaded MOF samples
multiple times with fresh ethanol shows that the guest can be completely released (determined
by digestion of the MOF particles and UPLC-MS analysis).
Uptake Experiments
Uptake experiments were performed using UV/vis spectroscopy under static conditions at
20.0 °C. The different MOF samples (0.6 mg) were added to a quartz cuvette (l = 0.1 cm) and
300 µL of a guest solution in ethanol (c = 2.07*10-4 M for 1-pyrenecarboxylic acid,
c = 2.11*10-4 M for methylene blue and c = 3.19*10-4 M for HPTS) were added very carefully to
avoid any turbulence. The UV/vis absorption of the guest solution was measured in the center
of the cuvette above the MOF particles. For the “Z” setup, the core-shell MOF particles were
irradiated with green light (λirr = 565 nm with a long-pass edge filter with the cut-off wavelength
of λ = 550 nm, 10 mg MOF in 2 mL ethanol at 25 °C, stirring) for one hour. The suspension was
centrifuged, and the solvent was decanted off. The irradiated MOF particles were washed three
times with freshly distilled DCM and air-dried in the dark for 48 hours. For the “E” setup, the
core-shell MOF particles were irradiated with blue light (λirr = 420 nm with a long-pass edge
filter with the cut-off wavelength of λ = 435 nm, 10 mg MOF in 2 mL ethanol at 25 °C, stirring)
and washed and dried as described before. UPLC-MS analysis of the solution after the uptake
experiment shows no release of Lcore or Lazo.
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Digestion of MOFs
Digestion of MOF particles was done in small glass vials (2 mL) with a cap. The MOF powder
(~0.5 mg) was dissolved in 0.5 mL of a 4:1, v:v mixture of DMSO and H2SO4 and sonicated for
30 minutes. One drop of this solution was analyzed by UPLC-MS.
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3.4.4. Analysis Data
3.4.4.1. Kinetic studies of shell linker Lazo

Figure 3.21. a) to e) Thermal Z→E isomerization of azobenzene linker Lazo monitored at 333 nm at five different
temperatures with the corresponding exponential growth fitting curves and its fitting parameters. f) Exponential
growth fitting curves at all measured temperatures.
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Figure 3.22. a) Arrhenius plot derived from the thermal Z→E isomerization of azobenzene linker Lazo at five
different temperatures (Figure 3.19). b) Van’t Hoff plot. With the Arrhenius and the Eyring equations and their
linear forms several thermodynamic and kinetic parameters can be calculated. The calculated thermal half-life of
azobenzene linker Lazo at 298.15 K (room temperature) is 46 days.

3.4.4.2. Detailed NMR analysis of methyl ester of shell linker Lazo (12)

Figure 3.23. Comparison of the aromatic region of 1H NMR spectra in CD2Cl2 of the pure E,E-isomer (obtained
by stirring a solution of linker 12 (methyl ester of Lazo) in 1,4-dioxane for 72 hours) and the Z,Z-isomer (90.4%,
obtained by irradiation with green light in the NMR tube in CD2Cl2 while stirring for 8 hours). The complicated
spectra with overlapping peaks result from corresponding rotamers and in the case of the Z,Z-isomer from the other
two other isomers (as it is not isolated).
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3.4.4.3. Analysis of UiO-68 MOFs synthesized with L2NO2

Figure 3.24. Analysis of UiO-68 MOFs synthesized with L2NO2. a) Powder X-ray diffraction pattern. *Note: In this
case Mo Kα radiation (λ = 0.0709 nm) was used, and the measured diffraction pattern was converted to match the
radiation wavelength of Cu Kα (λ = 0.1541 nm) for better comparison. b) TEM image of the synthesized MOF
sample showing crystals with a random morphology.

3.4.4.4. TEM and SEM images of Core-MOF I synthesized with Lcore

Figure 3.25. a,b) TEM image of Core-MOF I showing perfect octahedral crystals. c,d) SEM images of Core-MOF
I confirming the octahedral shape of the MOF crystals.
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3.4.4.5. BET analysis of Core-MOF I

Figure 3.26. a) N2 adsorption and desorption isotherms of activated Core-MOF I. b) Pore size distribution of
activated Core-MOF I calculated from the fitted N2 adsorption isotherms to DFT using a kernel for slit-cylindrical
pores, equilibrium branch.

3.4.4.6. FT-IR analysis

Figure 3.27. FT-IR spectra of the free azobenzene linker Lazo, the Core-MOF I and Core-Shell-MOF II.
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3.4.4.7. TGA of Core-MOF I and Core-Shell-MOF II

Figure 3.28. Thermogravimetric analysis (TGA) of activated Core-MOF I and Core-Shell-MOF II. The residue
at the end of the measurement corresponds to the remaining ZrO2 and the weight loss at this point corresponds to
all the organic materials in the MOF sample. The mass loss for II is slightly higher than for I and results from the
fact, that the azobenzene linker Lazo is more than twice as heavy as Lcore.

3.4.4.8. DLS analysis of Core-Shell-MOF II

Figure 3.29. a) Dynamic light scattering correlation functions for Core-Shell-MOF II at different scattering angles.
Using the cumulants analysis the plots were fitted with a third order series expansion of the amplitude correlation
1

1

function for polydisperse samples, 𝑓𝑓(𝑥𝑥) = 𝐴𝐴 ∗ exp[2(−𝐵𝐵1 𝑥𝑥 + 𝐵𝐵2 𝑥𝑥 2 − 𝐵𝐵3 𝑥𝑥 3 )], where B1 is the decay rate.
2!
3!
b) Plotting (B1/q2) vs. q2 (wave vector) with a linear function, gives the z-average translational diffusion coefficient
Dt as the intercept. The hydrodynamic radius can be calculated using the Stokes-Einstein equation. The
polydispersity can be calculated as PDI = B2/B12, and is in the range of 0 to 1, where 1 is polydisperse and 0
monodisperse.
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3.4.4.9. EDX line scans of isolated Core-Shell-MOF II crystals

Figure 3.30. a) SEM image of Core-Shell-MOF II sample (650 nm edge length) with direction and location of the
EDX line scan performed on a single crystal and b) thus obtained EDX plot showing the distribution of zirconium
and fluorine.

Figure 3.31. a) SEM image of Core-Shell-MOF II sample (1275 nm edge length) with direction and location of
the EDX line scan performed on a single crystal and b) thus obtained EDX plot showing the distribution of
zirconium and fluorine.
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3.4.4.10. DRS absorption studies of Core-Shell-MOF II

Figure 3.32. a) Evolution of diffuse reflectance spectra of Core-Shell MOF II upon irradiation with green light
(λirr = 565 nm with a long-pass edge filter with the cut-off wavelength of λ = 550 nm with BaSO4 as background at
25 °C). b) Evolution of diffuse reflectance spectra of II upon irradiation with blue light (λirr = 420 nm with a longpass edge filter with the cut-off wavelength of λ = 435 nm with BaSO4 as background at 25 °C).

3.4.4.11. DRS absorption studies of Core-Shell-MOF II

Figure 3.33. Powder X-ray diffraction (pXRD) patterns for a) non-irradiated Core-Shell-MOF II, b) irradiated
Core-Shell-MOF II with green light (λirr = 565 nm with a long-pass edge filter with the cut-off wavelength of
λ = 550 nm, dry at 25 °C), c) irradiated Core-Shell-MOF II with blue light (λirr = 420 nm with a long-pass edge
filter with the cut-off wavelength of λ = 435 nm, dry at 25 °C), d) Core-Shell-MOF II loaded with guest 1pyrenecarboxylic acid (IIload).
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3.4.4.12. Release experiments

Figure 3.34. Release experiments with loaded Core-Shell-MOF IIload. The release of the guest (1-pyrenecarboxylic
acid) was tracked by fluorescence spectroscopy. The MOF particles were kept under static conditions at the bottom
of the cuvette, while scans were taken every minute (λex = 382 nm, λem = 427 nm). For the different
photoisomerization states of the shell (E – 78% E-azobenzene, Z – 75% Z-azobenzene), the MOF particles were
irradiated before the measurement in the solid state.

Figure 3.35. Fluorescence emission spectrum (λex = 310 nm) of highest measured concentration of released guest
(1-pyrenecarboxylic acid) in the release experiments (red, c = 0.8*10-5 M) and a guest solution with a roughly three
times as large concentration (black, c = 2.44*10-5 M). The spectra are normalized. No excimer emission can be
observed at these concentrations.
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3.4.4.13. Uptake experiments – UV/vis Spectroscopy Data

Figure 3.36. Uptake experiments with 1-pyrenecarboxylic acid into Core-MOF I. The uptake of the guest was
tracked by UV/vis spectroscopy every minute at 350 nm for 60 hours.

Figure 3.37. Uptake experiments with 1-pyrenecarboxylic acid into Core-Shell-MOF II (E – 78% E-azobenzene).
The uptake of the guest was tracked by UV/vis spectroscopy every minute at 350 nm for 80 hours.
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Figure 3.38. Uptake experiments with 1-pyrenecarboxylic acid into Core-Shell-MOF II (Z – 91% Z-azobenzene).
The uptake of the guest was tracked by UV/vis spectroscopy every minute at 350 nm for 80 hours.

Figure 3.39. Uptake experiments with methylene blue into Core-MOF I. The uptake of the guest was tracked by
UV/vis spectroscopy every minute at 656 nm for 40 hours.
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Figure 3.40. Uptake experiments with methylene blue into Core-Shell-MOF II (E – 78% E-azobenzene). The
uptake of the guest was tracked by UV/vis spectroscopy every minute at 656 nm for 40 hours.

Figure 3.41. Uptake experiments with methylene blue into Core-Shell-MOF II (Z – 91% Z-azobenzene). The
uptake of the guest was tracked by UV/vis spectroscopy every minute at 656 nm for 40 hours.
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Figure 3.42. Uptake experiments with HPTS into Core-MOF I. The uptake of the guest was tracked by UV/vis
spectroscopy every minute at 404 nm for 45 hours.

Figure 3.43. Uptake experiments with HPTS into Core-Shell-MOF II (E – 78% E-azobenzene). The uptake of the
guest was tracked by UV/vis spectroscopy every minute at 404 nm for 45 hours.

136

Photoswitchable Two-Component Core-Shell MOFs

Figure 3.44. Uptake experiments with HPTS into Core-Shell-MOF II (Z – 91% Z-azobenzene). The uptake of the
guest was tracked by UV/vis spectroscopy every minute at 404 nm for 45 hours.
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Conclusion and Outlook
In conclusion this thesis explored two conceptually different studies involving molecular
photoswitches.
The use of dynamic covalent chemistry to accelerate the discovery and the investigation of a
novel photoswitch class was successfully demonstrated in Chapter 2. A new DCC tool was
developed to reversibly alter the building blocks of α-cyanostilbenes, an emerging class of
molecular E/Z photoswitches. Easily synthesized in a Knoevenagel condensation of an aldehyde
and a phenylacetonitrile, the dynamic character of the electrophilic central double bond can be
exploited to quickly generate a large constitutional library of different α-cyanostilbenes.
Irradiation of this mixture with UV light resulted in 33 different isomers and identification with
UPLC-MS revealed that only the combination of two phenylthiophenes enables
photocyclization to a stable closed-isomer. This novel photoswitch class was further analyzed
using the developed DCC tool. This method revealed crucial information about the relationship
between different substitution patterns and the thus resulting photochemical properties,
without the need to tediously synthesize and isolate each molecule individually.
With phenylthiophene building blocks only a small part of the versatile DAE architecture has
been explored in this project and other motifs, such as benzothiophenes or thiazoles could
potentially yield photoswitches with improved properties. The here presented general approach
to facilitate and accelerate the development and analysis of photoswitches could also be applied
in a broader sense to other photochrome classes using different dynamic covalent bonds, such
as in the case of iminium switches or acylhydrazones to accelerate the development of switches
with tailored photochemical properties.
In this work the DCC and the photochemistry have been applied separately in a sequential order.
However, one could envision the combination of both simultaneously to shift a dynamic mixture
out of its thermodynamic equilibrium with light irradiation. One way could involve the selective
accumulation of one switch in its closed state, thus reducing the concentration of dynamic active
molecules for this particular combination and would effectively result in a shift of the
equilibrium and a new composition for the mixture. Another possible way could exploit the
kinetic difference of the nucleophilic attack of a deprotonated nitrile on an α-cyanostilbene for
the E and Z-isomers. In theory the E-isomer should react faster, as the active site is sterically less
crowded as in the Z-isomer. Having a dynamic mixture of two α-cyanostilbenes sharing the same
aldehyde moiety but having different nitrile parts and an excess of the two different nitriles
would in theory allow the accumulation of one of those combinations by light irradiation. This
would require a large enough band separation for both switches to selectively photoisomerize
only one to the E-isomer.
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The successful design and implementation of an azobenzene functionalized linker into a
zirconium based UiO-68 MOF was demonstrated in Chapter 3. The two-component core-shell
MOF features a non-functionalized porous interior suitable for guest storage, covered by a thin
photoswitchable layer. This design allows the efficient photoisomerization of the outer shell,
reaching photostationary states as high as for the free linkers in solution. This design avoids the
general problem of limited light penetration depth and low conversion rates for photoswitches
in bulk materials. In guest uptake experiments a significant difference for the E-and Z-rich states
of the material could be observed, demonstrating that the outer shell is indeed acting as a
photoswitchable kinetic barrier for guest diffusion. The use of ortho-fluorinated azobenzenes
allows the reversible photoisomerization in both directions with visible light only, thus avoiding
unwanted side reactions and photodegradation of the surrounding material.
The here presented concept of a two-component functional material could in theory be further
developed by introducing a functional interior linker, carrying catalytic sites. This could be
exploited to selectively address a particular molecular species out of a mixture for a reaction
catalyzed in the interior of the MOF. The photoswitchable outer shell would be used to
reversibly select based on size exclusion, which reagent can diffuse to the catalytic sites inside
the framework and thus perform the desired reaction.
Another potentially interesting concept would involve the combination of both topics presented
in this thesis. Using for example aldehyde-tagged linkers to generate MOFs would allow the
post-synthetic functionalization to introduce potentially photoswitching units. The great
advantage here is the dynamic nature and the reversibility of this reaction. The nitrile part in the
α-cyanostilbenes could be exchanged multiple times with any other nitrile, thus adapting the
photophysical properties of the MOF material to match the requirements of the application.
Reversible introduction of catalytic active moieties would also be possible and would enable the
reuse of the MOF material multiple times for different reactions for example.
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Abbreviations
3D

three dimensional

ACQ

aggregation-caused quenching

BET

Brunauer-Emmett-Teller

CDC

constitutional dynamic chemistry

COF

covalent organic frameworks

DAE

diarylethene

DBU

1,8-diazabicyclo(5.4.0)undec-7-ene

DCC

dynamic covalent chemistry

DCL

dynamic combinatorial library

DCM

dichloromethane

DFT

density functional theory

DLS

dynamic light scattering

DMF

dimethylformamide

DMSO

dimethyl sulfoxide

dppf

1,1′-bis(diphenylphosphino)ferrocene

DRS

diffuse reflectance spectroscopy

EDX

energy-dispersive X-ray spectroscopy

e.g.

exempli gratia

eq.

equivalent

ESI

electrospray ionization

FT-IR

fourier-transform infrared spectroscopy

GPC

gel-permeation chromatography

HOMO

highest occupied molecular orbital

HPTS

8-Hydroxypyrene-1,3,6-trisulfonic acid trisodium salt

i.e.

id est

LUMO

lowest unoccupied molecular orbital

MAMS

mesh-adjustable molecular sieve

MOF

metal organic framework

MS

mass spectrometry

NaHMDS

sodium bis(trimethylsilyl)amide

NMR

nuclear magnetic resonance

PCP

porous-coordination polymer

PDI

polydispersity index

PSS

photostationary state

pXRD

powder X-ray diffraction

rt

room temperature

SALE

solvent-assisted linker exchange

SBU

secondary building unit
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SEM

scanning electron microscopy

SURMOF

surface-mounted metal organic framework

TEM

transmission electron microscopy

TFA

trifluoroacetic acid

TGA

thermogravimetric analysis

THF

tetrahydrofuran

UPLC

ultra(-high) performance liquid chromatography

UV

ultraviolet

vs.

versus

vis

visible
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