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Control over the properties and functionality of catalysts, pharmaceuticals, and materials
is an essential objective for contemporary chemists. Light is a particularly attractive re-
mote stimulus due to its clean and highly controllable nature. Thus, organic molecules
whose properties can be controlled with light — photoswitches — are widely studied for
such purposes. In the case of functional light-responsive materials, photoactuators in par-
ticular, liquid crystalline polymers with covalently bound or doped photoswitches are of-
ten exploited. The design of new photoswitches is imperative in order to acquire materials
with the desired properties. In addition to photochemical properties, it is important to
design the materials to be compatible with the liquid crystalline polymer matrix.

In this thesis, four previously unreported photoswitchable molecules were designed and
successfully synthesized: azobenzene, diarylethene and indigo crosslinkers, and a donor-
acceptor Stenhouse adduct (DASA) dopant. Regarding the azobenzene and diarylethene
crosslinkers, the design was derived from already published molecules, the main motiva-
tion stemming from the need for truly bistable photoswitches with excellent thermal sta-
bility in light-driven robotics applications. Indigo crosslinkers had not been reported pre-
viously, so acquiring the crosslinker and exploring its functionality was the main objec-
tive; similarly, DASAs have not been utilized in the context of liquid crystals earlier, so
the structure was primarily designed to have the best possible liquid crystal compatibility.

The photochemical properties of the photoswitches were studied in solution. Molar ab-
sorption coefficients, photoisomerization efficiency and quantum yield, and thermal sta-
bility of the more energetic isomer were determined. All molecules showed fast, reversi-
ble and efficient photoisomerization with quantum yields similar to published values of
related compounds in literature. The azobenzene and diarylethene crosslinkers were
found to be thermally stable at room temperature, whereas the indigo crosslinker and the
DASA dopant had thermal lifetimes of several minutes. In general, the measured proper-
ties matched the aims of the molecular design targeted for.

The azobenzene and diarylethene molecules synthesized in this thesis enable the fabrica-
tion of novel bistable photoactuators. The indigo crosslinker and DASA dopant are novel,
previously unexplored molecules whose incorporation into suitable liquid crystalline ma-
terials can now be studied. Regarding the indigo and DASA switches, the research should
be continued with more synthetic studies in order to optimize the reaction conditions. The
study on the indigo crosslinker should be further extended to other crosslinkers in order
to acquire information on the relationship between the molecular structure and the pho-
toresponsive behavior in an LC material.
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Katalyyttien, lddkeaineiden ja materiaalien ominaisuuksien ja toiminnallisuuden kontrol-
lointi on yksi nykykemistien olennaisista tavoitteista. Valo soveltuu kontrollointiin eri-
tyisen hyvin, koska se on helposti hallittavissa eikd tuota jdtettd. Tastd johtuen valokytki-
mid eli orgaanisia molekyylejd, joiden ominaisuuksia voidaan hallita valon avulla, tutki-
taan laajasti. Toiminnallisiin materiaaleihin ja erityisesti valoaktuaattoreihin kiytetdan
usein valokytkimid siséltdvid nestekidepolymeereji. Uusien valokytkinten luominen on
valttdmatontd haluttuja ominaisuuksia omaavien materiaalien valmistamiseksi. Valoke-
miallisten ominaisuuksien lisdksi kytkimet on suunniteltava niin, ettd ne ovat yhteenso-
pivia nestekiteisten materiaalien kanssa.

Téssd tyOssd suunniteltiin ja syntetisoitiin neljd aiemmin julkaisematonta valokytkinta:
atsobentseeni-, diaryylieteeni- ja indigosilloittimet sekd donori-akseptori-Stenhouse-
adduktiviriaine (DASA). Atsobentseeni- ja diaryylieteenisilloittimien rakenne suunnitel-
tiin aiemmin julkaistujen molekyylien pohjalta mahdollisimman hyvén termisen stabii-
liuden saavuttamiseksi. Ainuttakaan indigosilloitinta ei ole julkaistu, joten tavoitteena oli
valmistaa potentiaalisesti valoaktuaattoriin soveltuva silloitin. Myodskddan DASA-kytki-
mid ei ole kdytetty nestekiteissd, joten rakenne suunniteltiin yksinkertaisesti mahdolli-
simman hyvin nestekideyhteensopivaksi.

Molekyylien valokemiallisia ominaisuuksia tutkittiin liuoksessa, ja niille mééaritettiin mo-
laariset absorptiokertoimet, valoisomerisaation tehokkuus ja kvanttisaanto sekd terminen
stabiilius. Kaikki molekyylit isomeroituivat nopeasti ja tehokkaasti valon vaikutuksesta,
ja kvanttisaannot olivat samankaltaisia kuin kirjallisuudessa julkaistut arvot vertailuyh-
disteille. Atsobentseeni- ja diaryylieteenisilloittimet olivat termisesti stabiileja huoneen
lampdatilassa, kun taas indigosilloittimen ja DASA-viriaineen termiset elinajat olivat mi-
nuuttien aikaskaalassa. Kaikkiaan yhdisteiden ominaisuudet olivat hyvin ldhelld alkupe-
rdistd suunnitelmaa.

Tassd tyOssd syntetisoidut atsobentseeni- ja diaryylieteenimolekyylit mahdollistavat uu-
sien, bistabiilien valoaktuaattorien valmistamisen. Indigosilloitin ja DASA-viriaine ovat
ailemmin tutkimattomia kytkimid, joiden lisidmistd nestekidemateriaaleihin voidaan nyt
tutkia. Reaktioita on edelleen optimoitava indigo- ja DASA-molekyylien osalta parem-
pien saantojen saamiseksi. Indigotutkimuksen laajentaminen erilaisiin indigosilloittimiin
tuottaisi informaatiota silloittimen molekyylirakenteen ja sita sisédltdvin nestekidemateri-
aalin valoheritteisten ominaisuuksien vilisisté riippuvuussuhteista.
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1. INTRODUCTION

Advances in synthetic chemistry in recent decades have led to countless achievements in
medicinal chemistry, materials science, and nanotechnology. However, almost all con-
temporary catalysts, materials, and pharmaceuticals are static in their nature: their func-
tionality cannot be controlled after it is initially created. For the next generation of func-
tional chemicals and materials, control over their chemical and physical properties is es-
sential. This can be accomplished with molecular switches, molecules whose qualities
can be controlled reversibly with external stimuli such as light [1], electricity [2], or
chemical interactions [3]. Light is a particularly attractive stimulus due to its non-invasive
and clean nature, excellent spatial and temporal resolution, and high controllability.

By definition, photochromic molecular switches (photoswitches) exhibit a change in their
absorption spectrum when changing from the thermally stable to more energetic form,
which is visualized by coloration or decoloration for positive and negative photochromes,
respectively [1]. This is accompanied by changes in properties such as geometry, dipole
moment, refractive index, conductivity, magnetic properties, acidity, or coordination [4].
Reversibility of the isomerization reaction differentiates molecular switches from molec-
ular gates, the reverse reaction occurring thermally (T-type chromophore) or upon pho-
toexcitation (P-type chromophore) [1].

The light-induced changes in the chemical and physical properties of the molecule can be
exploited in catalysis, enabling external control over the reaction. Even simultaneous con-
trol of several processes is possible with orthogonal systems, i.e., catalysts that can be
activated independently using different wavelengths or by utilizing some other stimuli
together with light. This opens doors to novel one-pot reactions unobtainable with con-
ventional catalysts [5]. In pharmacy, the ability to activate or deactivate a pharmaceutical
molecule with a safe stimulus such as light enhances the selectivity of medicines, thus
reducing side effects, environmental harm and development of drug resistance, and al-
lowing the utilization of more efficient drugs [6]. The field of molecular machines also
relies heavily on photoswitches [7].

When a photoswitch is integrated into a solid material or onto its surface, control over the
properties of the material can be obtained. This way, photoswitches can be utilized in
materials applications such as memories [8, 9], organic electronics [10], biomaterials
[11], soft robotics [12], and optical-to-mechanical-energy conversion [13]. In many ap-
plications photoswitches are incorporated into polymer matrices either as dopants or co-
valently as crosslinks or side chains. The geometrical and other changes occurring in the
molecule upon light irradiation can then be translated into macroscopic changes of mate-
rials properties. For example, liquid crystal elastomers (LCEs) are often used, the liquid



crystalline structure amplifying the molecular-level changes of the photoresponsive units
into macroscopic [14, 15].

The preferences for the nature of the photoinduced physical changes vary depending on
the application, so the photoswitch family should be chosen accordingly. In addition, the
properties within a photoswitch family can be tuned with slight modifications in the mo-
lecular structure, providing the means to the optimization of absorption range and molar
extinction, photoconversion efficiency, thermal stability, isomerization quantum yields,
and fatigue resistance. Often, yet not exclusively, bistable P-type molecules — whose ther-
mal relaxation to the energetically more favorable form is very slow — are preferred over
faster-relaxing T-type molecules [16]. Absorption at visible or near-infrared wavelengths
is favored over ultraviolet due to the damaging nature and short material and tissue pen-
etration depth of the latter [17].

The most widespread photoswitch families are azobenzenes [18], diarylethenes [19], and
spiropyrans [20], all of which have been studied extensively since late 20" century. Other
conventional photoswitches include fulgides, chromenes, quinones, and hemithioindigos
[1]. In addition, some new families such as indigo derivatives [21], donor-acceptor Sten-
house adducts (DASAs) [22], and hydrazones [23, 24] show great prospects. Of these,
azobenzenes, diarylethenes, spiropyrans, indigos and DASAs are covered in this work,
each having different advantages in applications. Azobenzenes show very fast isomeriza-
tion with great geometrical changes and practically no photodegradation, and are easy to
synthesize; diarylethenes exhibit supreme bistability and good fatigue resistance; indigos
can be switched with visible light and the geometrical changes upon irradiation are even
greater than for azobenzenes; DASAs are negative photochromes that can be operated
with near-IR light. The properties and synthetic methods of these photoswitches are pre-
sented in Chapters 2 and 4, respectively. The spiropyran family is also introduced because
of its versatility in photochromic materials. Applications of photochromic compounds in
the fields of catalysis, medicine, and soft materials are reviewed in Chapter 3.

In the experimental part, four different types of new photochromic molecular switches
are synthesized and characterized: azobenzene and diarylethene crosslinkers with very
long thermal lifetimes; an indigo crosslinker; and a DASA dopant with good LC-compat-
ibility. The photochemical properties of the switches are then studied and compared with
reference compounds in literature. The results are given in Chapter 5 and summarized in
Chapter 6, while the experimental methods are described in Chapter 7.



2. PHOTOCHROMIC MOLECULAR SWITCHES

The four photoswitch families studied experimentally in this thesis (azobenzenes, dia-
rylethenes, indigos, and DASAs) as well as the widespread spiropyrans are introduced in
chapters 2.1-2.5. Other photochromic families are not addressed in this work. Special
attention is given to the properties of all families, especially relative to each other.

The most important qualities of photoswitches in terms of comparing different photo-
chromic compounds with similar photoinduced physical changes are (i) absorption re-
gion, molar extinction and spectral shape, (i1) efficiency of photoconversion, (iii) thermal
lifetime of the less stable form, (iv) fatigue resistance, and (v) quantum yield of pho-
toswitching [8, 21, 25]. As noted above, absorption at long wavelengths is a preferred
quality, and high molar absorption decreases the need for high-intensity irradiation for
efficient isomerization. Photoconversion efficiency follows from the spectral separation
of the two forms, which also allows for driving the equilibrium to either side with distinct
wavelengths.

Terms thermal /ifetime and thermal half-life are used concurrently. Half-life ¢, is the time
in which half of the photoinduced change in absorbance is canceled in dark [1] and life-
time 7 is the time in which the absorbance change decreases to e~1. Usually, compounds
with either very long or extremely short lifetimes are beneficial for applications as they
give rise to bistable and dynamic photoswitches, respectively. [26]

Although photoswitching is theoretically non-destructive, irradiation always causes a
small amount of side reactions, most notably oxidation, that with time reduce the photo-
chromic qualities of the compound. Most typically, this is seen as photobleaching. Re-
sistance to photodegradation, or fatigue, is measured either as the number of cycles a
system can undergo with the desired properties, or as cyclability, i.e., the number of cy-
cles needed for the absorption to drop by half. [1]

Quantum yield @, in photochemical context, is the amount of reactant consumed or prod-
uct formed divided by the amount of absorbed photons. For most reactions, the quantum
yield value is between 0 and 1, exceeding the upper limit only for certain chain reactions
[27]. High or moderate quantum yields are generally required in all applications utilizing
photochromic molecular switches [28].

2.1 Azobenzenes

Azobenzenes are a class of diazene molecules in which two benzene rings are bridged by
an azo linkage [18]. Because of their absorption in UV-Visible range due to the conju-
gated system, many compounds have been used as industrial dyes since the late 19" cen-
tury, but it is their use as photoswitches in recent decades that has lifted them back into



the frontier of science. The photoresponsivity is based on the efficient and reversible cis—
trans (E-Z) isomerization at the azo bond: with UV or near-UV irradiation, the thermally
stable trans-form is isomerized into cis, for which the reversed cis—trans relaxation can
occur thermally or by irradiation with visible light (Fig. 1). The compounds are extremely
robust, their fatigue resistance generally exceeding 10° isomerization cycles. Isomeriza-
tion changes the size and form of the molecule significantly, with the length of the mole-
cule decreasing from 1.0 to 0.59 nm and dipole moment increasing from 0 to 3.0 Debye
for unsubstituted azobenzene [18]. The absorption spectrum and dynamics of isomeriza-
tion depend on the substitution pattern in the phenyl rings, creating a way for chemists to
tune the properties of azobenzenes and materials in which they are incorporated. Another
interesting property of azobenzenes is that due to their rod-like structure, many azoben-
zenes exhibit liquid crystalline properties as such, as part of a supramolecular system, or
at least show good compatibility with liquid crystalline systems [29].
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Figure 1. The structure and trans—cis (E—Z) isomerization of azobenzene.

The classification of azobenzenes is based on their spectroscopic properties and particu-
larly the relative energies of the n—n* and n—n* absorption bands in relaxed state. Azo-
benzene-type molecules have a strong symmetry-allowed n—n* absorption band in the
ultraviolet region and a notably smaller symmetry-forbidden n—n* band at ca. 440 nm.
The n—n* band is red-shifted to approximately 400 nm for aminoazobenzene-type mole-
cules, and to 500 nm for pseudostilbene-type molecules, for which the n—n* transition has
the lowest energy, thus overshadowing the n—m* transition totally. This is attributed to the
push-pull character of these molecules, having electron-donating and electron-withdraw-
ing substituents in the opposite ends of the molecules and thus inducing a strong charge
separation into the system. Absorption spectra of azobenzene-, aminoazobenzene-, and
pseudostilbene-type molecules are shown in Fig. 2. It should be noted that the terms az-
obenzene, aminoazobenzene and pseudostilbene are based purely on spectral properties,
and thus, for example, aminoazobenzenes are not restricted to azobenzenes containing an
amino moiety, as seen in Fig. 2. Moreover, pseudostilbene is a somewhat misleading,
although established term, seeing that stilbenes have an ethylene bridge in the place of
the azo linkage in azobenzenes. [14, 18]
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Figure 2. a) Azobenzene-type (azobenzene, 1), aminoazobenzene-type (4-nitro-4’-hy-
droxyazobenzene, 2), and pseudostilbene-type (Disperse Red 1, 3) azobenzenes and b)
their absorption spectra in 20 uM THF solutions. Adapted from [29].

Azobenzene-type molecules have a tendency for longer lifetimes than aminoazobenzenes
and, especially, pseudostilbenes [14]. Thus, pseudostilbene-type azobenzenes show po-
tential in ultrafast on/off-type switches, while in the search of bistable azobenzene mate-
rials, azobenzene-type compounds are preferred. In particular, ortho-fluorination with re-
spect to the azo moiety increases the cis-lifetime significantly, being up to two years at
room temperature for tetra- and hexafluorinated species 4 and 5 (Fig. 3) as found out by
Blegér et al. [30, 31].

F COOEt
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Figure 3. The structures of four ortho-tetrafluorinated azobenzenes of which 4 and 5
have longest cis-lifetimes, and 6 shows the best combination of photoconversion effi-
ciency and thermal stability of the cis-isomer.

As a highly electronegative element, fluorine stabilizes the cis-isomer by more than 25 kJ
mol™!' compared to the trans isomer through a negative inductive effect that reduces the
electronic repulsion in HOMO. Simultaneously, the n—n* absorption bands of cis and
trans isomers are separated, enabling trans—cis and cis—trans isomerization with visible
light through a more efficient route than the m—n* transition. The separation is further
strengthened by the introduction of electron-withdrawing substituents such as ester moi-
eties in the para position. However, this also decreases the cis-lifetime due to positive
mesomeric effect that leads to stabilization of the transition state in the isomerization
reaction. Bléger ef al. found out that the best compromise was an ortho-tetrafluorinated
monoester 6 (Fig. 3), having a lifetime of more than half a year in room temperature
combined with over 95 % photoconversion in both directions [31]. The absorption spectra
of a corresponding diester 7 is portrayed in Fig. 4, showing the resolution between the n—
n* bands in cis and trans.
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Figure 4. Absorption spectra of pure cis- (Z) and trans-isomers (E) and the photosta-
tionary state mixtures (PSS) of ortho-tetrafluorinated azobenzene diester 7. Adapted
from [30].

Despite these excellent qualities, the drawback of the ortho-fluorinated azobenzene pho-
toswitches is the relatively low absorption of the n—n* band. With molar extinction coef-
ficients below 2000 M-' cm’!, high-intensity irradiation must be used for efficient isom-
erization. By substituting one of the fluorines with an amine such as the five-ring pyrrol-
idine, the absorption of the n—n* band may be increased while maintaining relatively long
cis-lifetimes, as recently reported by Ahmed et al. [26].

2.2 Diarylethenes

Diarylethenes are 1,2-aryldisubstituted ethene derivatives. The simplest example is stil-
bene or 1,2-diphenylethene, a UV-absorbing photoswitch 8 whose functionality arises
from cis—trans isomerization of 8 at the ethylenic double bond and the subsequent conro-
tatory 6w ring-closing reaction of 8,, producing a colorful dihydrophenanthrene molecule
8. (Fig. 5). Under air, the reaction will advance via hydrogen elimination to form phe-
nanthrene 9, but in deaerated conditions the isomerization is reversible [8]. Hydrogen
elimination may be avoided by methylation at ortho positions of the phenyl rings, alt-
hough the thermal lifetime of this switch (10) is only 1.5 minutes at room temperature
[32].
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Figure 5. The isomerization of stilbene (8 and 82/8,), ring-closing to form 8., and de-
hydrogenation to form phenanthrene 9, and the ring-closing reaction of ortho-methyl-
ated stilbene 10, to form 10..

To prolong the lifetime, the phenyl moieties must be substituted with heteroaromatic sub-
stituents. Kellogg et al. [33] studied the photocyclization of thiophene- and furan-disub-
stituted ethenes and found out that thiophene substitution prolonged the closed-cycle-
lifetimes. Encouraged by this, Irie and Mohri [32] built similar thiophene systems in
search for bistable P-type photoswitches and added electron-withdrawing groups to the
ethylene moiety in order to cause a red-shift in the absorption of the closed-ring isomer
of 11 and 12 (Fig. 6). In addition, enclosing the ethylene moiety in a cyclic structure of
11 prevents cis—trans isomerization of the open-ring isomer that might compete with the
cyclization reaction. These molecules were found to be truly bistable photoswitches be-
tween colorless (open-ring, abbreviated o) and colored (closed-ring, abbreviated c) forms,
thermal relaxation not occurring even after several months in elevated temperatures. In
addition to the coloration, photocyclization induces changes in the conformational flexi-
bility and electronic properties of the molecule.
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Figure 6. Structures of two bistable dithienylethene-based photoswitches.

Shortly afterwards, it was found that the best results in terms of closed-ring lifetimes are
acquired using a perfluorinated cyclopentene ring (e.g., 13 in Fig. 7) as the ethylene
equivalent [19] even though also the maleic anhydride [8] and maleimide [34] derivatives
are commonly used [35]. In studies made with other cycle sizes it was discovered that
both undesired twisting of the planarity and desired increase in the photocyclization quan-
tum yield take place with increasing ring size, making cyclopentene the best compromise
between four-, five- and six-ring systems [36]. In Fig. 7 the absorption spectra of a per-
fluorinated dithienylcyclopentenyl derivative 13 in open and closed forms are shown.
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Figure 7. UV-Vis absorption spectra of colorless 1,2-bis(2,5-dimethylthiophen-3-yl)-
3,4,5-hexafluorocyclopent-1-ene 13, (dark) and its colored closed-ring isomer 13,
(red). Adapted from [16].

The properties of some perfluorinated diarylethenes are superior for bistable P-type
switches: (i) the thermal lifetimes of both isomers may exceed 400,000 years in room
temperature, (i1) quantum yields may rise to practically 100 %, (iii) molecules are fatigue-
resistant up to at least 10,000 isomerization cycles, and (iv) both isomerization reactions
take place in a picosecond scale. In addition, the absorption band of the colored isomer
can easily be shifted, and the photoswitching is also effective in crystalline state as ex-
emplified in Fig. 8 [16].
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Figure 8. Switching between colorless and colored isomers of six perfluorinated dithi-
enylcyclopentene derivatives in crystalline state. Adapted from [16].



2.3 Indigo derivatives

Indigo is an aromatic, deeply conjugated molecule 14 with a characteristic blue color
(Fig. 9). It has been used for dyeing purposes for millennia, extracted from certain plant
species. In modern textile industry, synthetic indigo is the primary dyeing agent for denim
cloth. As such, it is an inexpensive chromophore whose absorption is extremely red-
shifted compared to, for example, typical azobenzenes, with absorption maximum above
600 nm [21]. This property makes the use of indigos in medical and biological applica-
tions advantageous as the tissue-penetration is strongest with red light [37] in addition to
avoiding the use of UV irradiation, which is hazardous in biological environments. Un-
substituted indigo does not undergo isomerization upon photoexcitation due to fast intra-
molecular proton exchange [38], but N,N-disubstituted derivatives can be switched from
thermally stable trans-isomer into cis, which relaxes thermally back to trans [21]. This
brings about changes to the properties of the molecule similar to those observed during
azobenzene isomerization.

O Ry 0O O
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Figure 9. Structure of indigo derivatives (for unsubstituted indigo, R = R’ = H) and
their photoisomerization between the E and Z isomers.

For such a well-known parent molecule, the studies regarding photoswitching abilities of
indigo derivatives are surprisingly scarce, with only methyl- [39], acyl- [40], Boc- [41],
and some aryldisubstituted [42] derivatives reported earlier. In a recent study Huang et
al. investigated the effects of N-substitution with a vast library of indigo derivatives [21].
Their main finding was that aryl substituents prolonged the thermal lifetime of the cis-
isomer, probably due to n—m interactions between the aryl moieties. Moreover, electron-
poor substituents such as para-nitrated or para-trifluoromethylated phenyls increased the
thermal stability the most, with the former (15) yielding a cis-lifetime of 408 min at room
temperature. It also showed the best photoconversion of all the compounds studied, from
12 % cis in dark to 82 % in photostationary state upon irradiation with 660 nm light,
owing to one of the largest differences between the absorption maxima of cis- and trans-
isomers, 43 nm. The structure and absorption spectra in dark and upon irradiation are
shown in Fig. 10.
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Figure 10. The structure of para-nitrophenyl-disubstituted indigo and its UV-Vis spec-
trum in dark (black line furthest from red) and upon irradiation with 660 nm light (red
line). Black arrows indicate the spectral changes upon trans—cis-isomerization. Adapted
from [21].

2.4 Donor-acceptor Stenhouse adducts

Donor-acceptor Stenhouse adducts (DASA), named after the similar Stenhouse salts dis-
covered by John Stenhouse in the mid-19" century [43], are a new photoswitch family,
introduced in 2014 by de Alaniz et al. [22] although the photoswitching ability of Sten-
house salts was known already 30 years earlier [44]. DASA photoswitches (e.g., 16 and
17) display many interesting qualities: negative photochromism, visible light absorption,
and formidable changes in the physical properties of the molecules, including geometry
[22]. The photohromic properties are based on the reversible cyclization reaction mecha-
nistically similar to Piancatelli rearrangement [45, 46], in which a deeply conjugated tri-
ene moiety in the thermally stable form is converted into an unconjugated five-membered
ring (Fig. 11).
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Figure 11. Triene and cyclopentenone isomers of 1*' and 2™ generation DASAs 16 and

11

17, respectively, derived from Meldrum’s and barbituric acid, respectively, and the ab-
sorption spectra of the former. Adapted from [28].

The topmost structures in Fig. 11 describe the general photochromic behavior of DASAs
synthesized from Meldrum’s acid and 1,3-dimethyl barbituric acid. The acid-derived part
is an electron acceptor, while the amine in the other end is an electron donor, creating a

push-pull effect [22]. In the caption, the notations 1% and 2"¢ generation refer to the orig-

inal DASA molecules and the new compounds published two years later [47], respec-
tively. In the 2" generation DASAs an aromatic amine has been used, extending the con-
jugation and, subsequently, red-shifting the n—n* absorption maximum. While the tuna-
bility of 1% generation compounds is limited to 570 nm for barbituric acid derivatives and
even less for Meldrum’s acid derivatives, 2" generation DASAs absorb at up to 750 nm

(Fig. 12).
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Figure 12. Relaxed state absorption of selected 2" generation DASA photoswitches.
Adapted from [47].

In addition to absorbing higher wavelengths, 2" generation DASAs are better applicable
in various solvents and polymer matrices than 1% generation switches whose solubility
and functionality as reversible switches suffer from their zwitterionic cyclic form (16 in
Fig. 11). Thus, in the development of polymerizable or polymer-doped DASA pho-
toswitches, 2" generation switches are preferential [47]. Extensive photodynamic studies
of the thermal lifetimes have not been carried out, but solvent effects on the kinetics are
greater for the 1% than for the 2" generation DASAs. For a single 2" generation molecule,
the para-methoxyindoline-substituted 17 in Fig. 11, thermal lifetime was in the range of
a few minutes. Fatigue was also measured by repeating photocyclization cycles for the
same compound. The absorbance maximum decreased by 20 % after 100 cycles and by
40 % after 200 cycles [47], so fatigue resistance of DASAs is not as formidable as in the
case of azobenzenes and diarylethenes [14, 16]. Also, it should be noted that photochem-
ical switching back to the triene form is not possible unless deep UV is used (Fig. 11).

2.5 Spiropyrans and analogues

Spiropyrans were first introduced to the chemical society by Decker and Fellenberg in
early 20" century [48] and their photochromism was discovered nearly 50 years later by
Fischer and Hirshberg, following the discovery of their thermochromism [49]. Nowadays,
spiropyrans are the most widespread photochromic family [20] due to the fact that they
can be activated not only by light but by half a dozen other stimuli such as acids and
bases, solvents, and metal ions [50]. The structure of a spiropyran molecule in its closed
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(spiro) and open (merocyanine) forms are presented in Fig. 13. Spiropyran constitutes of
indoline and chromene parts, left and right side of the spiro center in 18sp, respectively.

Figure 13. Structures of nitrated spiropyran 18sp and its merocyanine form 18uc, spi-
rooxazine 19, spirothiapyran 20, and spiroselenapyran 21.

In addition to the original spiropyran and its derivatives, similar heteroanalogues such as
spirooxazines 19, spirothiapyrans 20, and spiroselenapyrans 21 have been investigated.
The spirocyclic form of spiropyrans and related analogues is colorless and major changes
into the absorption spectrum cannot be induced with the derivatization of either aromatic
parts of the molecule. However, the spectrum of the colored merocyanine form can be
modified with substitutions. More precisely, it has been established that electron-with-
drawing 7 acceptors such as nitro groups introduced to the chromene part of the spiropy-
ran molecule (18) red-shift the spectrum. Also the substitution of oxygen for sulfur or
selenium brings about a bathochromic shift. [20]

Figure 14. The mechanism of photochemical and thermal isomerization between the
spiro and merocyanine forms [50].
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The isomerization of spiropyran is proposed to follow the routes presented in Fig. 14,
starting with either heterolytic cleavage of the Cspiro—O bond that is weakened and elon-
gated due to orbital interactions between the antibonding orbital of the bond and the free
electron pair of the indoline nitrogen, or a 6z electrocyclic ring opening [51]. In addition
to the obvious color change between transparent and blue (Fig. 15), physical properties
of spiropyrans and their analogues change drastically upon ring-opening and cyclization.
Most interestingly, the dipole moment increases from ca. 5 to 15 Debye upon ring-open-
ing. Also, the merocyanine form is considerably more basic and readily protonated to
form another species with a distinct spectral shape (Fig. 15), and also emits at 650 nm
while the spirocyclic form exhibits virtually no emission. A geometric change takes place
as well, although not as pronounced as for azobenzenes, indigos, and DASAs. [50]
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Figure 15. The absorption spectrum of spiropyran in its spirocyclic (SP), merocyanine
(MC), and protonated merocyanine (MCH") forms. Adapted from [50].
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3. PHOTOSWITCH APPLICATIONS

There is a general consensus among scientists that the next generation catalysts, medicinal
compounds, and materials need to be controllable by an external stimulus such as electric
or magnetic field, moisture, or light [4-6, 15]. Although practical use remains elusive, a
range of prospective designs for these photoswitchable systems have been designed.
Herein, the basics regarding photoswitch applications in catalysis, pharmacy, photome-
chanics, and memories are introduced, along with representative examples of each.

3.1 Catalysis and pharmacy

Three types of catalysts whose catalytic activity can be controlled with light exist: photo-
catalysts that are active in their photoexcited form; photoactivated “gated” catalysts
whose catalysis can be initiated with light; and photoswitchable catalysts whose activity
can reversibly be turned on and off [5, 52], as depicted in Fig. 16.

a) Photocatalysis: b) Photocaged Catalysis:

A
*
Catalyst C LAS . A
B C
¢Th v Catalyst B

c) Photoswitchable Catalysis:

A) ( ) e CA
k1 == ke  kyi=ky
B Catalyst hv, B

c D
Figure 16. Schematic pictures of different types of photoresponsive catalysts carrying
light-absorbing species (LAS). Red and black color refer to the active LAS and catalyst
species, respectively, while inactive LAS and catalyst are colored blue and white. 5]

Several examples of photoswitchable heterogeneous catalysts have been presented [5],
but organic chromophores are typically utilized in homogeneous catalysis. The activity
of a photoswitchable catalyst is determined as the ratio of the rate constants of the cata-
lytically active (on) and inactive (off) forms, as shown in Eq. (1). Good catalysts show
high k,..; values, i.e., high catalytic activity in the on-form and low activity in the off-
form [52]:

kyer = Lo (1)
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Applying P- and T-type photoswitches brings about two ways to control the catalytic
activity. With P-type photoswitches, switching between the active and inactive forms is
performed by irradiating with two wavelengths. With T-type, the thermal relaxation can
take place instantly (for very short 7) or over time, in which case the relaxation can be
controlled with the reaction temperature, adding another external stimulus with which to
control the catalysis [52]. Activation with visible light is preferential to ultraviolet, as
high-frequency irradiation may cause unwanted side reactions in the substrate.

There are two mechanisms through which the catalytic activity is controlled: steric effects
and preorganization. Steric effects are typically utilized with cis—trans-isomerization,
most often using azobenzene derivatives [5]. The catalytic site is open for reagents only
in one of the forms, usually the cis isomer, and sterically blocked in the other. Thus, the
catalyst is active only upon irradiation with proper wavelength. For instance, general-base
catalysts can be activated and deactivated by revealing or shielding a basic nitrogen atom
in the structure, respectively [53].

Some catalytic processes require two or more catalytic sites to be located in a specific
way with respect to one another in order for the reaction to proceed. This preorganization
is the driving force of many enzymatic processes and bifunctional catalysis, leading to a
high effective concentration of the reagents, the reaction thus resembling an intramolec-
ular process. In photoswitchable catalysts, the preorganization effect is induced via cis—
trans-isomerization, typically so that the catalytic sites are brought near one another in
cis form, thus initiating the catalysis. One of the first examples was introduced already in
1981 by Ueno et al. who attached an azobenzene unit to S-cyclodextrin and were able to
control the hydrolysis rate of an aromatic ester with light [54].

Also photoinduced changes in chelation and electronic properties have been taken ad-
vantage of in catalysis: by changing the geometry of the molecule, chelating properties
can be altered, and the degree of conjugation leads to changes in electronic properties.
These both effects have been investigated with diarylethenes. Branda et al. were able to
utilize the photocyclization in the catalysis of cyclopropanation, switching between en-
antioselective and non-selective catalysis in open and closed form, respectively, due to
diminished chelation in the latter because of reduced conformational flexibility [55]. The
same group also exploited the change in electronic effects of a dithienylhexafluorocyclo-
pentene switch upon photocyclization in mimicking the catalytic properties of vitamin Be
in the racemization of L-alanine. They found out that the catalyst was active only in the
closed form in which electronic connectivity exists between the two ends of the molecule
[56].

Pharmacological photoswitch applications are based on similar principles: the bioactive
functionality is incorporated into a photoswitchable unit, most typically azobenzene or
diarylethene, and the activity of the drug can be controlled with light, utilizing the same
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steric effects and preorganization as in photoswitchable catalysis [6]. Efficient photocon-
version, high k,,; values, and absorption in the visible or even near-infrared part of the
spectrum are essential for well-performing photoswitchable pharmaceuticals.

Photopharmacology was pioneered already in 1969 by Erlanger and Nachmansohn who
used azobenzenes to control acetylcholinesterase inhibition [57, 58]. However, only re-
cent advances in the field have brought photoswitchable pharmaceuticals near realization
in practical medicine. As maybe the most intriguing example of all, Velema et al. [59]
designed a photoswitchable antibiotic by introducing the functionalities of quinolones,
broad spectrum antibiotics, into an azobenzene core. The molecule was activated by
trans—cis-isomerization upon UV irradiation, leading to notably higher antibacterial ac-
tivity which decreased in time due to thermal cis—trans relaxation. They concluded that
the photodynamics of the antibiotic compound could be optimized so that the bioactivity
is lost before the drug leaves the body, thus preventing the emergence of resistant bacte-
rial populations.

3.2 Materials chemistry

The numerous potential materials applications of photoswitches range from an all-optical
computer [4] to biomimetic microrobotics [12]. Herein, due to the scope of the experi-
mental part of this work, the focus will be on materials whose mechanical properties and
motion can be controlled optically. In addition, photoswitchable systems that can be uti-
lized in organic electronics and memories are briefly introduced.

For efficient control over the mechanical properties of a material, the photoswitches need
to be incorporated into a bulk material. The “material” can be of different types, e.g.,
molecular crystal or glass, or gel-based, but photoresponsive polymer-based materials are
perhaps the most versatile and widely used. The photoswitches can be doped into the
polymer matrix or covalently attached to it. In both cases, only a relatively small amount
of the photoresponsive molecules is needed for efficient modification of macroscopic ma-
terials properties [60].

In the case of photomechanics (production of macroscopic mechanical movements trig-
gered by light) [14], liquid crystalline (LC) polymer networks are often utilized. Liquid
crystals combine the mobility of liquids with the orientational and/or positional order of
crystals [61]. Among different classes of liquid crystals, thermotropic liquid crystals ex-
hibit a liquid crystalline phase between the crystalline and isotropic phases upon warming
or cooling. Most commonly, these are calamitic molecules that have a rigid rod-like struc-
ture with polar and non-polar terminal groups, thus aligning unidirectionally due to su-
pramolecular interactions such as van der Waals forces and m-stacking. Due to their
unique combination of properties usually associated with crystalline and liquid states as
well as effective self-assembly, liquid crystals are utilized in various materials. When
doping LCs with photoswitchable molecules, one can use light to induce isothermal or-
der—disorder transitions (Fig. 17a) [62]. In the solid state, light-triggered control over the
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molecular order of liquid crystal elastomers (LCEs) and polymer networks (LCN5) is the
key for efficient photomechanical motions [63]. LCEs and LCNs differ by the degree of
crosslinking, LCEs being less crosslinked and thus softer than the glassy LCNs. The most
convenient fabrication technique for LCEs and LCNs is photopolymerization, incorpo-
rating the photoswitchable compounds as crosslinks into the network.
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Figure 17. a) Photoisomerization of azobenzene in an LC disrupts the order. Thus, phase
transition, molecular motion and molecular alignment can be controlled with light. Ex-
amples in the field of photomechanics include b) photoinduced bending of a material
containing azobenzene units due to photochemical effect, and c) photoinduced shape
change of an LCE containing crosslinked azobenzene units. Adapted from [62].

There are two phenomena through which the molecular changes in the photoswitch can
be translated into macroscopic scale: photothermal and photochemical effects. The for-
mer attributes to temperature increase in the material due to photothermal heat released
from the photoswitches upon light absorption. Due to heat-induced isotropization, the
order in the LCE/LCN decreases and — if the material is properly designed — the material
deforms. This effect requires no covalent crosslinking but is also efficient when doping
the photoactive compounds into the network [63]. Photochemical effect, on the other
hand, stems from the spatial changes in the molecular conformation upon photoisomeri-
zation, translated into macroscopic motion of the material. Photochemical effect is only
effective for covalently bound photoswitchable crosslinkers, and even in that case, pho-
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tothermal effect is always present and separating the two effects from one another is dif-
ficult. Photothermal effect typically leads to faster photomechanical motions than photo-
chemical effect(s), and lower concentration of the photoswitch is required for efficient
deformation. The working principle of photochemically triggered actuation in the case of
azobenzene-containing LCEs/LCNs is shown in Fig. 17b. [63]

A number of ways can be utilized to bind the actuator covalently into the polymer matrix.
The most used strategy is to add a vinyl-containing substituent such as acrylate 22, meth-
acrylate 23 or styrene 24 (Fig. 18) into one end (side-chain) or both ends (crosslinker) of
the photoswitch, after which it can be incorporated into the matrix via chain polymeriza-
tion. Acrylates and methacrylates are most commonly used and show similar behavior in
polymerization, only differing in their polymerization rates [64]. Thus, it is usually pre-
ferred that acrylates and methacrylates are not used concurrently in the bulk monomer
and actuator unless the difference in their reactivity is specifically exploited in building
phase-separated polymer networks [65].
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Figure 18. Acrylate, methacrylate, and styrene linkers.

Other reactions are also used in incorporating the photoswitches into the polymer mate-
rial. One method takes advantage of thiol-ene click reaction [66] between a terminal al-
kene 25 and a thiol 26 depicted in Fig. 19. The reaction is highly stereoselective and
proceeds without solvent or catalyst, giving the anti-Markovnikov product 27 in quanti-
tative yield. It is also possible to utilize esterification, amidification, and other substitution
reactions in step-growth polymerization.
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Figure 19. The reaction scheme of the thiol-ene reaction.

The photoswitch of choice in photomechanics has conventionally been azobenzene and
its derivatives due to its robustness and, most importantly, the large shape-change upon
isomerization [ 14]. However, recently, some studies have also been carried out with dia-
rylethene crosslinkers; while the shape-change related to the photocyclization reaction is
relatively small, the bistability of such crosslinkers is superior in comparison with azo-
benzenes [67]. Indigos and DASAs have not yet been incorporated into LCEs.

In addition to photoinduced mechanical motion, photoswitches incorporated into bulk
materials have potential applications in other branches of materials chemistry. Memories
are one of the most important field in current research. Photochromic optical memories
are based on photochemical recording that has several advantages over the traditional
thermal recording such as better resolution and faster recording speed [16]. While studies
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have been made with azobenzenes, most famously by Ikeda and Tsutsumi [9] and by
Rafal Klajn et al. [68] who controlled nanoparticle aggregation via azobenzene isomeri-
zation, diarylethenes are more commonly applied in memory systems due to their excel-
lent qualities in terms of thermal stability, fatigue resistance, and response time [8, 16].
Non-destructive readout of diarylethene-based memories can be achieved with, e.g., IR
[69] or Raman spectroscopy [70]. Also more novel modes of data recording and storage
have been pursued; examples include 3D memories, holographic memories, and multi-
wavelength recording [16]. Holographic memories are based on photoalignment, as ex-
tensively studied with azobenzenes during last decades [71].
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4. SYNTHESIS OF PHOTOSWITCHES

Due to the diversity of organic photoswitches, there are thousands of synthesis routes to
produce photochromic molecular switches. However, the syntheses of molecules inside a
given photoswitch family usually follow the same few routes. Herein, general synthesis
routes for azobenzenes, diarylethenes, photochromic indigo compounds, and DASA com-
pounds are presented. In addition, special attention is paid to the synthetic routes to pho-
tochromic crosslinkers similar to those produced in the experimental section of this work.

4.1 Azobenzenes

Due to the long-lasting interest in azobenzene derivatives both in academic and industrial
fields, numerous methods for synthesis of both symmetrical and unsymmetrical azoben-
zenes have been developed [72]. The three most conventional reactions, azo coupling,
Muills reaction, and Wallach reaction all date back to the 19 century [73-75]. Azo cou-
pling, a reaction between an aromatic primary amine and an electron-rich arene proceed-
ing via a diazonium intermediate, remains the first choice for the synthesis of unsymmet-
rical azobenzenes. Typically, the amine is first treated with sodium nitrite and concen-
trated hydrochloric acid in water or a mixture of water and a water-soluble organic solvent
at 0 °C or lower temperature, followed by the addition of the electron-rich arene in a cold
basic aqueous solution. The synthetic scheme for 4-hydroxyazobenzene from aniline 28
and phenol and the mechanism for it [76] are depicted in Fig. 20. The upper row in the
mechanism constitutes the diazotization reaction in which aniline first attacks the nitro-
sium ion generated in situ from nitrite and hydrochloric acid, followed by protonation and
elimination of water to create the diazonium compound. It is then attacked by the phenol
in an electronic aromatic substitution reaction, releasing hydrochloric acid that is neutral-
ized by the carbonate in the solution. The azo product is isolated as a yellow or red com-
pound 29.
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Figure 20. Reaction scheme and mechanism of the azo coupling reaction between ani-
line and phenol to produce 4-hydroxyazobenzene 29.

The one-pot, two-step reaction typically gives good yields, and some diazonium com-
pounds are available commercially as tetrafluoroborate salts. However, the reaction tem-
perature must be kept low to stabilize the potentially explosive diazonium compound, and
the reaction works tenuously for electron-poor arenes that lack the activating electron-
donating group needed to attack the weakly electrophilic diazonium compound. For the
synthesis of unsymmetrical azobenzenes 31 inaccessible with azo coupling, Mills reac-
tion is often the most reasonable choice. The reaction takes place between an aromatic
nitroso compound 30 and a primary aromatic amine, typically in glacial acetic acid (Fig.
21). The nitroso compound can be oxidized from the corresponding aniline, and the sim-
plest derivatives are also available commercially. In addition to the traditional method
shown below, modern adaptions with more complex reagents are numerous [72].

NH,
NO @ @R’
R’
N
o N
AcOH
R ™ 30 R 31

Figure 21. Reaction scheme and mechanism for a Mills reaction between a nitroso
compound and an aniline derivative.

Wallach reaction is an alternative method for building hydroxyazobenzenes. It proceeds
through an azoxybenzene intermediate, reduced from an aromatic nitro compound with,
e.g., alcoholic sodium hydroxide/acetaldehyde [77], or oxidized from an aromatic pri-
mary amine with, e.g., potassium permanganate [78]. In a strongly acidic medium a Wal-
lach rearrangement takes place, resulting in an isomeric mixture of 4- and 2-hydroxysub-
stituted products as shown in Fig. 22 for 4,4’-dinitroazoxyazobenzene 32 [79].



Figure 22. Reaction scheme for a Wallach rearrangement from 4,4 ’-dinitroazoxyben-
zene into 4-hydroxy-4’-nitroazobenzene and 2-hydroxy-4,4 ’-dinitroazobenzene.

Other, more novel procedures for making unsymmetrical azobenzenes have also been
introduced, for instance, palladium-catalyzed coupling between N-Boc-arylhydrazines
and aryl halides, yielding N-Boc-diarylhydrazines that are ultimately oxidized into the
corresponding azobenzene [80]. In addition, a number of one-step reactions based on ox-
idation of aromatic amines or reduction of aromatic nitro compounds have been devel-
oped for the synthesis of symmetrical azobenzenes [72]. Of these, the oxidation of ani-
lines with potassium permanganate and iron sulfate heptahydrate [31] has gained most
popularity among azobenzene synthesizers.

4.2 Diarylethenes

Three distinct synthetic routes to symmetric perfluorinated diarylethenes exist. Of these,
most common is the two-step reaction in which a thiophene halide 35 is first lithiated with
n-butyllithium in ether or tetrahydrofuran at low temperature and the intermediate 36 then
reacted with octafluoropentene (0.5 equivalents) in a nucleophilic addition—elimination
reaction [81], resulting in a perfluorinated dithienylcyclopentene 37 that can be further
functionalized if the thiophene derivatives have chloro-, bromo- or iodosubstituents that
can be used in organometal-catalyzed coupling or nucleophilic substitution [82]. As a
representative sample, the reaction scheme for the synthesis of 1,2-bis(5-chloro-2-me-
thylthiophen-3-yl)-hexafluorocyclopent-1-ene is presented in Fig. 23. The halogenated
thiophene derivative can be prepared via electrophilic substitution reactions or purchased

commercially.
Br . Li octafluorocyclo-
/ﬂ\ n-BuLi /ﬂ\ pentene (0.5 eq.)
—— L .
Cl s Et,O,-80°C (I s
35 36

Figure 23. Synthesis of a perfluorinated dithienylcyclopentene using lithiated thio-
phenyl species.

This synthesis is relatively easy and enables the production of many functional dithi-
enylethenes. However, yields are often relatively small, and the volatility of octafluoro-
pentene (bp 27 °C) causes practical problems. [82] Another method, presented by Shi-
nokubo et al. [83], takes advantage of Suzuki reaction in the coupling of the desired
thienylboronic acid 38 and 1,2-dichloro-hexafluorocyclopentene, to yield the correspond-
ing diarylethene product 39 (Fig. 24). During optimization of the reaction conditions,
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they found the best choices for catalyst, ligand, and base to be tris(dibenzylideneace-
tone)dipalladium(0), tricyclohexylphosphine, and cesium fluoride, respectively. This
route enables the direct synthesis of carbonyl- and cyanosubstituted dithienylethenes in-
accessible when using organolithium reagents. However, halogenated dithienylethenes
cannot be synthesized using Pd-mediated catalysis due to unwanted homocoupling reac-
tions.

Fo
F
2 F2 (0.5 eq.)
B(OH),
Cl Cl
g
s Pd,(dbag)]*CHCl3
PCys, CsF
38 toluene/H,0
reflux, 16 h

Figure 24. Synthesis of a perfluorinated dithienylcyclopentene via Suzuki coupling.

The third synthetic route utilizes an intramolecular McMurry reaction, a reductive cou-
pling of two carbonyl compounds catalyzed by titanium chloride [84]. The synthesis of
per- and non-fluorinated dithienylcyclopentenes by the routes depicted in Fig. 25 was
first introduced by Feringa ef al. [35] and has been commonly used since [85]. There are
two variations for the production of the diketone intermediate, first one utilizing Friedel-
Crafts acylation of 40 and the second one nucleophilic acyl substitution of a correspond-
ing diester with 35. The diketone 41 or 43 is then reduced with zinc or some other reduc-
ing agent in the presence of titanium (III) chloride, typically in THF, to yield the product
(42 or 37, respectively).

o] o)
C|WC| Zn, [TiCl,(thf),]
I\ > >
m/@\ AICl3, CS,, RT THF, 40 °C I\ I\
ClI—Ng g~ Cl

Fa
Br i e Zn, [TiCla(thf)g]
/<_§\ 1. nBulLi, Et,0, -78 °C o ] , 3(thf)s
1\ >
Cl— g 2. @ ¢ @ ]\ /\ THF, 40 °C
I N s~ ~cl
35 © H R 43

Figure 25. Synthesis of per- and nonfluorinated dithienylcyclopentenes using an intra-
molecular McMurry reaction.

Nonsymmetrical products may be synthesized with any of the methods presented above
[82], but the organolithium pathway is most commonly applied (Fig. 26). In the first step,
thienyl halide AX is lithiated and then treated with the cyclopentene fluoride, typically in
excess (1-3 eq.). Another thienyl halide BX is then lithiated and let to react with the A-
monosubstituted cyclopentene fluoride to yield the A,B-disubstituted product. Total
yields for the two-step route typically lie in the range of 60—70 % [86, 87].
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1) nBulLi, 1) nBulLi,
Etzfz or THF, Fe Et,0 or THF, .
80°C ¢ -80°C v 8
AX F - B ————>
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Figure 26. General synthesis of nonsymmetrical dithienylcyclopentenes. A and B are
thienyl bromides or iodides [82].

4.3 Indigos

The synthesis of unsubstituted indigo was first achieved by Adolf Baeyer in the late 19™
century [88]. However, it was Heumann, in 1890, and Pfleger, in 1901, who first devel-
oped practical methods for mass production of indigo starting from available aniline de-
rivatives (Fig. 27), Pfleger’s method being commercially viable and still used in industry
with some modifications [89]. Both methods use alkaline melts in high temperatures, for
which reason less toxic and more environmentally-friendly approaches have been tried
with, for example, the enzymatic oxidation of indole [90].

(6] 0o H
a @ oH NaOH @ﬁg_«o ©
(0] /
. —co N
N“«( 200 °C N  OH > N
45 14
0 o
. @L NaOH/NaNH, @E/g (0] N
0 — —
N 150 °C N O N O
OH H Ho 4
a7

46

Figure 27. a) Heumann’s and b) Pfleger’s method for the synthesis of indigo.

In the synthesis of indigo photoswitches the parent indigo molecule is typically purchased
from commercial sources. The fundamentals of indigo derivatization via N-alkylation,
acylation and arylation have been introduced by Huang ef al. [21] and are presented in
Fig. 28. N-alkylation and acylation (latter not shown below) of secondary amines such as
indigo are easily achieved via nucleophilic substitution reactions (Sn2 and Sn2Ac, respec-
tively) of alkyl and acyl halides (method A). The reaction proceeds in room temperature
with a mild base, cesium carbonate.



26

.?ulk

0
. method A O N O
N

Alk O

method B or C O N O
N

i method A: Alk- or Alk-Br, Cs,CO3, DMF, 23 °C

! method B: Ar-B(OH),, Cu(OAC),, EtsN, CH,Cly, 23 °C :
i method C: Ar,l(OTf), cat. CuCl, K3POy, CH,Cly, 23 °C or reflux ;
i method D: Ar-l, cat. Cul, Cs,CO3, toluene, 110 °C ;

Figure 28. Derivatization of indigo using four alkylation and arylation methods. [21]

Two methods have been introduced for symmetric double arylation. Method B, Chan-
Lam coupling [91], is applicable to electron-rich arenes. The reaction includes ligand ex-
change of one of the acetates in the copper catalyst with the indigo molecule, transmeta-
lation with the arylboronic acid, reductive elimination of the product with a new nitrogen-
carbon bond formed, and oxidation of copper. Triethylamine is used as a base for proton
transfer during ligand exchange, and atmospheric air oxidizes the copper catalyst [92].

Chan-Lam coupling does not proceed with electron-deficient aryls such as nitrobenzene.
For the synthesis of such indigo derivatives, copper-catalyzed coupling (method C) using
diaryliodonium triflates [93] and potassium phosphate as a base has been utilized. Chan-
Lam and diaryliodonium-mediated coupling are conducted in room temperature and mild
conditions [21]. Both methods also avoid the use of expensive palladium catalysis that is
applied in other aryl-amine couplings such as Buchwald-Hartwig amination [94].

Methods B and C provide the desired disubstituted products in good yields, with negligi-
ble amounts of monosubstituted byproducts. In the synthesis of unsymmetrical indigos,
however, controlled monosubstitution is needed. The fourth method (D) takes advantage
of Goldberg-Ullmann reaction [95] which requires harsher conditions in terms of temper-
ature (110 °C) compared to the others. Monosubstituted products are acquired, after
which the synthesis is completed by alkylating or arylating the remaining secondary
amine moiety with one of the other three methods [21]. In an older study, diarylation of
indigo was also accomplished with Goldberg-Ullmann coupling, although notable
amounts of monosubstituted products were also retrieved [42].
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4.4 Donor-acceptor Stenhouse adducts

Because DASAs were designed before first synthesized and were not found by accident,
their synthesis has a unique modularity and easiness compared to other photoswitches
[22]. In the standard method the switch is built of three modules: donor (the amine), ac-
ceptor (Meldrum’s or barbituric acid), and furfural that will form the skeleton of the mol-
ecule. A synthetic route to DASAs is exemplified by the scheme in Fig. 29. In the first
step, N,N-dimethylated barbituric acid undergoes a Knoevenagel condensation [96] with
furfural 48 to yield 49. Diethylamine then attacks the furfural ring, which, after several
rearrangements similar to Piancatelli rearrangement [45], produces the target molecule
50 [22].

hit e
SNTONT o N—/<N_ o
o O OMO o Et,NH IONTX XY N
WH H,O, RT W © THF, RT P OHO ngo
48 49 50 |

Figure 29. Formation of a DASA product from furfural, N,N-dimethylbarbituric acid,
and diethylamine.

It is worth mentioning that (i) the synthesis proceeds with excellent yields (>85 % overall)
without catalysts, and (ii) extremely mild conditions and easily available reagents are
used throughout the synthesis. However, the 2" generation DASAs [47] are not as trivial
to make, since the amines used in the second step are aromatic and thus less nucleophilic
than aliphatic amines used in the 1% generation switches. Also, purification on Silica may
result in a loss in yield due to degradation in acidic conditions. [28]
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5. RESULTS AND DISCUSSION

In the experimental part of this thesis, four types of photoswitches were synthesized for
materials applications, mainly photomechanics. The aim was to produce two thermally
stable switches (an azobenzene and a diarylethene) for the purpose of exploiting photo-
chemical effect in multifunctional photoactuators [97]; an indigo crosslinker for inducing
significant changes in the mechanical properties of an LCE material due to big confor-
mational changes upon isomerization; and a DASA dopant for efficient order-disorder
transitions in LC materials. In addition, the photochemical behavior of each photoswitch
was characterized. The design and synthesis are presented in Chapter 5.1 and the photo-
chemical properties in Chapter 5.2.

5.1 Molecular design and synthesis

5.1.1 ortho-Tetrafluorinated azobenzene crosslinker

The synthesis of an azobenzene crosslinker with four ortho-fluorines has been presented
twice in literature, with different approaches to the attachment of the azobenzene unit to
the acrylate or methacrylate chains (Fig. 30) by lamsaard ef al. [98] and Kumar et al.
[65]. In 51, the chains are attached via phenolic ether bonds, whereas in 52, a benzoic
ester linkage is used. Thus, the aliphatic chains function as electron donors and acceptors
in 51 and 52, respectively. According to Bleger et al., the separation of n—* bands of cis-
and frans-isomers is stronger for 52 due to its ester moiety, leading to better photocon-
version [25, 30]. Thus, 52 can be converted to both directions with visible light, which is
a particularly attractive feature in an azobenzene switch. Furthermore, the E—Z isomeri-
zation has a considerably larger quantum yield at the n—n* band, which increases the
amount of photochemical effect compared to thermal. For these reasons, an ester linkage
was chosen.

Figure 30. The structures of two azobenzene diacrylates with four ortho-fluorines.
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In this thesis, the synthetic route by Kumar et al. was repeated to produce the azobenzene
crosslinker 56, modified from 52 by using acrylation instead of methacrylation in the last
step (Fig. 31). The synthesis was started from the commercially available intermediate
53 to avoid unnecessary synthetic steps.

NH; F F COOEt
F F KMnO,, FeSO, * 7 H0 \ Q/
% o :N
3 DCM, reflux, 29 % /@: T s
COOEt EtOOC F
(0]
F /\/\/\/OH
1,6-hexanediol, K,CO43 F N o
DMSO, 60 °C, 50 mbar, 41 % N 55
F
(6] 0
F A0
acryloyl chloride F (0] \n/\
TEA, DMAP N (@]
DCM, 0 °C, 90 % Q N 56
o \)J\O/\/\/\/O F F

o

Figure 31. Synthesis of a tetrafluorinated azobenzene crosslinker.

In the first step, the aniline 53 was oxidized into the symmetrical azobenzene 54 with
potassium permanganate and ferrous sulfate. Base-catalyzed transesterification with 1,6-
hexanediol took place under reduced pressure, taking advantage of the evaporation of the
forming ethanol, and finally the acquired diol 55 was acrylated with acryloyl chloride to
yield the crosslinker 56.

5.1.2 Diarylethene crosslinker

Three factors affected the design of a diarylethene crosslinker: absorption region of the
closed form, LC compatibility of the molecular structure, and synthetic viability. These
criteria were met in the molecule 57 whose structure and retrosynthetic approach are
shown in Fig. 32. The chlorinated diarylethene core 58 can be accessed easily from com-
mercial starting materials (see Fig. 25 in Chapter 4.2) and is readily functionalized with
palladium-catalyzed coupling reactions between 59 and itself. The arylation of 58 extends
the m-system, thus red-shifting the absorption spectrum of the closed isomer. At the same
time, the enhanced rigidity helps to improve the compatibility with LC monomers, as
similar structures have successfully been utilized by Mamiya et al. [67]. Furthermore,
meta-substitution was chosen to restrict the absorption band of the closed isomer from
reaching above 600 nm in order to avoid overlapping with the absorption band of the dye
Disperse Red 1 in the context of orthogonal use of photochemical and photothermal ef-
fects in actuators continuing the research outlined in [97].
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Figure 32. The molecular structure and retrosynthesis of a diarylethene crosslinker.

The crosslinker was built from the precursor 58 [99] by first adding aryl spacers and then
acrylate moieties. The first approach included the formation of a boronic ester 61 from
the commercially available 59 by Miayura borylation and then the Suzuki-Miayura cou-
pling between 58 and 61 to produce 62 (Fig. 33). This reaction, however, did not proceed
with four different catalyst—solvent combinations, presumably due to the poor reactivity
of the thiophene chloride in the oxidative addition step of the coupling.

O O

MeO ! HBpin » MeO Bpin
Pd(PPhg),Cly, TEA
59 toluene, 110 °C, 14.1 % 61
61, K,CO3

I\ I\ Pd(PPh), or Pd(PPhg),Cl,
CI™ g s~ Cl toluene or dioxane/H,0

58

Figure 33. Borylation and attempted Suzuki-Miayura coupling.

Thus, an alternative route was adopted to obtain the desired product. By forming a boro-
nate of 58 with sequential additions of sec-butyllithium and triisopropyl boronate before
reacting it with §9, the reaction produced the bis-substituted diarylethene 62 in a 49 %
yield (Fig. 34). It should be noted that by using n-butyllithium, even in a four-fold molar
excess, the reaction yielded mainly the monosubstituted product 63.
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1. sec-BuLi, THF, -78 °C

58 >
2. B(Oi-Pr)3, THF, -78 — 0 °C
3. 59, Pd(PPh3)4, Na,CO3, THF, H,0, glycol, RT
49 %
1. n-BuLi, THF, -78 °C
58 -

2. B(OF-Pr)3, THF, -78 = 0 °C
3. 59, Pd(PPhs),, Na,COg, THF, H,0, glycol, RT
41 %

Figure 34. Suzuki-Miayura reactions to form the bis- and monosubstituted DAEs.

The bis-substituted compound 62 was then hydrolyzed to produce the diacid 64 which
was further esterified by converting it in situ into the corresponding acyl chloride with
oxalyl chloride and catalytic N,N-dimethylformamide, and then reacting with 60 in a nu-
cleophilic acyl substitution reaction, producing the desired crosslinker 57 in good yield
(Fig. 35).

KOH, THF/H,0/MeOH 1:1:0.1
62 -

45°C,2h, 94 %

1. (COCl),, DMF (cat), DCM, 1h

2. 60, TEA, DMAP, RT, 30 min, 65 % O

Figure 35. The transesterification of the bis-substituted DAE to produce the crosslinker.

5.1.3 Indigo crosslinker and side-chain

Indigo crosslinkers have not been published thus far. However, the synthetic routes es-
tablished by Huang et al. [21] are applicable to the N-functionalization of indigo required
in the synthesis of indigo crosslinkers and side-chains. In this thesis, a symmetrical cross-
linker and an unsymmetrical side-chain were designed, aiming for a crosslinker with a
relatively long Z-lifetime as well as a side-chain with a short Z-lifetime. The compounds
65 and 66 (Fig. 36) meet these criteria, as compounds of similar design were reported to
have Z-lifetimes of 2.9 min and < 5 s [21].
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OMe

Figure 36. Molecular structures of an indigo crosslinker and a side-chain.

The initial route for the synthesis of the crosslinker is described in Fig. 37. In the first
step, the nucleophilic acyl substitution reaction between hydroxyethyl acrylate 60 and 2-
bromoacetyl bromide produced the N-substituent 67 in quantitative yield. The treatment
of indigo with 67 did not yield the target molecule, perhaps due to unwanted reactivity or
supramolecular interactions between the indigo nitrogens and 60.

o]
(0]
)]\/Br
Ho Oy BT Bryj\o/\/o\ﬂA\
o) K,CO3, DCM, RT o
60 20 h, 99 % 67
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Figure 37. Original synthetic route to an indigo crosslinker.

In another approach, 3-bromopropanol 68 was reacted with bromoacetyl bromide to yield
69 which was further reacted with indigo to produce 70 in extremely low yield. Finally,
the acrylation with methacrylic acid produced the crosslinker 71, differing from the orig-
inal target molecule 65 by one extra methylene carbon (Fig. 38). The indigo alkylation
step should be studied more thoroughly to acquire the crosslinker in better overall yield.
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Figure 38. Synthesis of an indigo crosslinker 71.

The structure of the indigo side-chain is unsymmetrical, so N-substitution was carried out
in two parts (Fig. 39). First, indigo was monoarylated with copper-catalyzed Goldberg-
Ullman coupling. The alkylation of the remaining nucleophilic nitrogen in 72 was at-
tempted first with 1,2-diiodoethane, and then with 1,6-dibromohexane, to produce 73 and
74, respectively. However, the first reaction suffered from poor yield, and no product
could be isolated from either route. Finally, nucleophilic substitution of the bromide by
acrylate was designed to have yielded the target molecule 75 (dashed arrow), but the syn-
thesis was not accomplished.
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Figure 39. Synthesis of an indigo side-chain.
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The bottleneck of the synthesis was the Goldberg-Ullman coupling which afforded the
product in very low yields. It is possible that more detailed study of the step and optimi-
zation of the conditions would significantly increase the yield, making the next steps fea-
sible. However, as noted in the literature [21], the N-substitution of indigo is notoriously
difficult due to the poor nucleophilicity of the nitrogen atoms and the low solubility in
organic solvents of the parent indigo.

5.1.4 Donor-acceptor Stenhouse adduct dopant

DASA switches have not been utilized in LC materials thus far. The 2" generation gen-
eral structure was tailored with a terminal alkyl chain to have optimal LC compatibility.
Indolines are generally the best donor molecules for the synthesis of DASAs in terms of
absorption range and product yields [47], but as no indolines were commercially available
with alkyl tails, an alkylated aniline was chosen as the precursor instead.

The synthesis of the DASA photoswitch consisted of three reactions (Fig. 40). First of
these was the reductive amination between 4-hexylaniline 76 and butyraldehyde to pro-
duce the monoalkylated aniline 77; different conditions were screened, and zinc-chloride-
catalyzed reaction in methanol gave the best yield. Knoevenagel condensation between
furfural and N,N’-dimethyl barbituric acid yielded 49. In final step, the addition reaction
between 49 and 77 produced the desired DASA dopant 78 in extremely poor yield.

NaBH3CN
MeOH, ZnCl,
89 %

(@]
J\ N—/< CeHis
(0] N—
(0] o) M (0] / 77 DCM, RT N
E/)—/( |y O 5
H H20,RT, 85% 49 6 2% N

48 0

Figure 40. The synthesis of a DASA dopant.

The purification of the DASA switch proved to be difficult for three main reasons: 1) the
yield was very low, resulting in a large excess of starting materials; i1) attempts to isolate
the product by means of solubility failed to dispose of 77 even though 49 could be filtered
off; 1i1) the product was unstable on Silica; and iv) the product isomerized readily even in
a completely dark environment. These problems were encountered by earlier DASA re-
searchers, e.g., Hemmer ef al. [47] but no universal solutions have been proposed so far.
The reaction and purification conditions need to be further optimized to acquire the switch
in reasonable amounts for further studies.
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5.2 Photochemical properties

In this section, the photochemical theories and equations relevant for the determination
of the key characteristics of photoswitches are discussed; these include molar extinction
coefficients, isomerization efficiency and quantum yields, and thermal lifetime of the
more energetic form. These equations are then utilized in characterizing the synthesized
switches. The results are presented in this section, whereas the calculations are shown in
Chapter 7. In graphs and tables, the azobenzene crosslinker is referred to as Azo-F4 and
the diarylethene crosslinker as DAE.

5.2.1 Molar extinction coefficients and isomerization efficiency

The transmittance 7' of light with certain wavelength A inside an absorbing medium is
defined as the ratio of the light intensities after and before the medium:

lout(D)
T(1) =24 2
D =7"7 2
Transmittance can be measured with a spectrometer. Absorbance is calculated from trans-
mittance as the negative of its decadic logarithm,

=_ — g (LinD
A = -1g(T(1) =15 (277). 3)
and according to the Beer-Lambert law [100], it is proportional to the concentration of
the absorbing species, ¢, and to the length of the light path in the medium, /:

A =Dl 4)

Here, £(A) is the molar extinction coefficient at a given wavelength. Typically, ¢ is ex-
pressed in mol dm™ and / in cm, thus yielding (1) in dm?® mol! cm™ or M! cm!. The
molar extinction coefficient values of practical organic dyes range from 10* to more than
105> M!' ecm’!. For instance, the molar absorptivity of unsubstituted azobenzene is
2.387x10* M em™ at 319 nm [101].

The absorption spectra of the studied molecules are presented in Fig. 41. The compounds
were studied in ca. 50 uM acetonitrile solutions at 25 °C unless stated otherwise.
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Figure 41. Absorption spectra of azobenzene 56 (top left), DAE 57 (top right), indigo
71 (bottom left) and DASA 78 (bottom right) in 50 uM acetonitrile solutions.

The molar extinction coefficients for the synthesized switches were calculated using Eq.
(4). The extinction coefficients of absorption maxima are shown in Table 1 along with
the respective wavelengths. The absorption bands and molar absorptivities of the azoben-
zene crosslinker 56 were identical to those reported in literature for an F4-diester (later
referred to as reference molecule) [25]. Similarly, the DAE switch 57 showed results sim-
ilar to comparable diarylethenes: e.g., a simple phenyl-substituted version of 58 had an
open-form absorption maximum of 34 500 M-! cm! [102]. The indigo crosslinker 71 had
absorption maxima at similar wavelengths as the reference compound (—CH>COO¢#-Bu-
substituted molecule in [21]) with differences of just a few nanometers. However, molar
absorptivity was reported to be significantly higher (15 700 M~! cm™") than acquired here.

No extinction coefficient was reported for the DASA molecule 78 due to degradation and
isomerization in solution, rendering the absorbance values meaningless. In solution form,
it was estimated that the DASA dopant had the greatest molar absorptivity of all studied
molecules, so the visible range maximum shown in Fig. 41 is undoubtedly too low by at
least a factor of 10; moreover, in earlier studies, similar DASAs have been reported to
have molar extinction coefficients reaching 10°. The thermal isomerization into the col-
orless form has been reported earlier and can sometimes lead to an equilibrium strongly
favoring the cyclic form [28, 47]. However, it was surprising to note that the phenomenon
was so strong in acetonitrile, as earlier studies have found that it is a good solvent for
avoiding the thermal equilibration. To further test the phenomenon, another sample was
prepared in a non-polar solvent, n-hexane, for which the equilibrium was found to lie
completely on the cyclic side (no visible color). When the solvent was evaporated, the
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violet-blue color reappeared, stating that the cyclization is reversed upon increased con-
centration.

Table 1. Molar extinction coefficients and the respective absorption maxima of the four
studied molecules in 50 uM acetonitrile solutions.

eM1lem™?) 2,4 (nm)

Azo-F4 (E, n—1*) 19 000 310
Azo-F4 (Z, n—m*) 15900 258
Azo-F4 (E, n—1*) 1 000 470
Azo-F4 (Z, n—n*) 1700 418
DAE (open) 34 900 282
DAE (closed) 20 500 528
Indigo (E) 10 100 620
Indigo (2) 5200 565
DASA (triene) - 573

Photoisomerization efficiency upon irradiation at certain wavelength can easily be calcu-
lated from the spectra if the pure spectrum of either isomer is available and if the spectral
separation between the two forms is good enough. In the case of bistable switches, it is
possible to take advantage of NMR spectroscopy to calculate the PSS compositions. The
compositions upon irradiation with a given wavelength are shown in Table 2.

The azobenzene crosslinker showed very good conversion (97 %) to E-isomer upon irra-
diation with 405 nm, but the reverse isomerization could only be driven to 69 % Z-isomer
with 525 nm although an earlier study of the reference compound reported a 90 % con-
version [25]; this can perhaps be attributed to the broad irradiation spectra. For the DAE
57, irradiation with shorter wavelength would have been needed to acquire a PSS with
more closed form [102]; however, the c—o isomerization could be driven to completion,
similarly as the DASA 78 could be driven completely to the cyclic form. For the indigo
71, the PSS compositions are better than reported for the reference compound, although
in the earlier study, the chosen irradiation wavelength was not as optimal for good con-
version [21].

Table 2. [somer compositions at the photostationary state (PSS) upon irradiation with
certain wavelength, measured in 50 uM acetonitrile solutions at 25 °C.

Azo-F4 DAE Indigo DASA
PSS (% E or % o) 31,97 44, 100 13, 89 0
A (nm) 525,405 365,550 660, 500 550
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5.2.2 Isomerization quantum yields

Combination of Eq. (3) and (4) yields the intensity after the absorbing medium as a func-
tion of the concentration of the absorbing species:

Iout(/l) = Iin (2*) 10-sMWet (5)

In this work, the photochemical behavior of photoswitches stems from the isomerization
reaction A = B that is either E—Z isomerization (azobenzene and indigo) or cyclization
(DAE and DASA). Although the isomerization events differ to some extent and different
analysis methods are therefore used for each switch, the fundamental equations remain
the same for all. For the reaction A = B, the quantum yield ¢ 5 is defined as a dimen-
sionless value with the formula

da(t)

bap = - (6)

1 abs,A

in which a(?) is the concentration of 4 as a function of time and I, 4 is the amount of
light intensity absorbed by 4 with respect to time and solution volume (mol dm? s!). If
only one absorbing species is present at the wavelength in question, I 4 1s the difference
between [;,, and I,,;, and from equation (5) we get

Iabs,A = lin (1 - 10_8(/1)61) . (7)

The equation (7) only holds when only one of the isomers absorbs at the given wave-
length. When 4 and B are both absorbing at the irradiation wavelength, the amount of
light absorbed by 4 with regard to the total absorbance A;,; must be taken into account:

lapsa = lin (1- 1O_Atot) ea@a®l ®

Atot

Combining equations (7) and (8), a relationship between the absorbance and quantum
yield is acquired:

B0 =y (11— 1074e0r) U0 ©)
tot

Furthermore, the equation can be simplified by defining a photochemical factor

F(p) = oot (10)
Atot
Thus, Eq. (9) is reduced to
O = 1y F(©) ea(D) a(6) L pas - (11)

dt

Taking into account the reverse reaction B = A, Eq. (11) is further derived to the form
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da(t) _
dat

Iy F() 1 (_EA(/D ¢ap a(t) + eg(A) dpa b(t)) (12)

in which 5 (1), b(t) and ¢, are the molar extinction coefficient and concentration of B
and the quantum yield of the reaction B — A, respectively. Similarly, for B, Eq. (12) takes
the form

DO = 1y F(©) 1 (ea(2) $ap a(t) — £5(2) ga b(D)) . (13)
Equations (12) and (13) carry two major assumptions: (i) thermal relaxation is negligible
in the timeframe of the photoisomerization, and (i1) no side-reactions occur. The equa-
tions cannot be integrated since the photokinetic factor is time-dependent, unless the ab-
sorption bands of 4 and B are completely separated or some approximative methods are
utilized. This is possible in the case of the DAE crosslinker by using an approximative
initial slope method for the cyclization reaction; for the reverse reaction, ring-opening,
Eq. (12) can be integrated because the cyclized form has an absorption peak that does not
overlap with the absorption spectrum open form.

In order to use Eq. (13) and its derivatives, the irradiation intensity [;;,, inside the cuvette
must be determined. This is typically accomplished with actinometry, an experiment in
which a photochemical reaction with known reaction quantum yield is monitored to cal-
culate the irradiation intensity from the kinetic rate law. However, in this work, six dif-
ferent wavelengths were used for isomerization reactions, so the utilization of actinometry
would have required several actinometers. Instead, the light intensity was measured with
a power meter, keeping in mind its limitations in terms of accuracy.

Initial slope method

If only the beginning of the isomerization is considered, it can be approximated that the
consumption of 4 is small and, consequently, the concentration of B is negligible, leading
to the approximation that the absorbance at the irradiation wavelength stays the same (4):

Aor = Ay (14)

€g(A) ¢ppa b(t) =~ 0 (15)
This leads to the approximation

g (D) a(t)l = A, (16)

and Eq. (13) is thus reduced to

da(t -
S =~ I $ap (1= 10740) (17)

in which A, is the initial absorption at the irradiation wavelength.
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The monitoring wavelength is best chosen to be the absorption peak of B (4.s5) which is
well separated from the absorption region of 4. Combining Eq. (4) and (17), we acquire

s _ 1 (1= 10740) 5,05 L. (18)

This can now be integrated to yield the final equation:
Aobs(t) = Aobs,O + Iin ¢AB (1 - 10_A0) €B,obs Lt (19)
The case of only one absorbing species

If only one of the isomers (here, B) absorbs in the irradiation region, Eq. (13) is simplified
and can actually be integrated (here for the reaction B — A):

A(t)  dA t
on Tf,qtm = [, = Iin Legops(2) Ppa dt (20)
This integral yields
1g(104® — 1) —1g(1040 — 1) = — I;,, L e5(A) Ppa t . 21)

The determined quantum yields

The quantum yields for each isomerization reaction along with the used irradiation wave-
lengths are presented in Table 3. Each quantum yield was determined with one of the
abovementioned methods (see Chapter 7 for details).

Table 3. I[somerization quantum yields upon irradiation in 50 uM acetonitrile solutions.

Direction (1) Airr (Nm)

E-7Z 0.097 525
Azo-F4

Z-E 0.97 405

0—C 0.64 365

DAE

c—0 0.0034 550

E-7Z 0.37 660
Indigo

Z-E 0.65 500
DASA 0—C 0.0010 550

There are several major sources of error for the quantum yields. Firstly, the irradiation
intensity [, was determined with an estimated error of ca. 20 % (see Chapter 7). Sec-
ondly, the irradiation was performed with LEDs that, especially in the visible region, have
quite broad spectra (FWHM 9-28 nm) but were considered to be monochromatic. This
should not be a major problem since the irradiation wavelength was chosen near the ab-
sorbance maximum where possible; in addition, the use of a bandpass filter for 405 nm
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irradiation was not seen to make any difference to the results. Thirdly, the linear fit itself
can be approximated to have an intrinsic error of 10 % [21, 102].

The E—Z isomerization of the azobenzene crosslinker has a quantum yield close to 0.1,
and this is perfectly in line with the reported value of 0.11 for the reference compound
[25]. However, the Z—F isomerization exhibited a quantum yield of nearly 1, and attempts
to repeat the experiment with better defined irradiation parameters and lower intensity
(slower and thus more easily monitored reaction) afforded the same result. Although the
n—n* isomerization typically has quite high quantum yields, the reported values lie be-
tween 0.5 and 0.6. The reason for this anomaly is unknown and can only partly be ex-
plained by the large margin of error in the experiment.

The DAE showed quantum yield values very typical for similar switches; cyclization QY's
typically lie between 0.001 and 0.01, and cycloreversion QY's may even reach close to
unity [102]. For a compound otherwise identical to 62 but with esters in para-position,
the corresponding quantum yields were 0.65 and 0.0021 [103]. Similarly, the DASA
switch exhibited a cyclization quantum yield close to what was expected based on litera-
ture values [28]. The indigo crosslinker showed significantly higher £~Z QY as reported
for the reference compound even as the Z—F value was almost identical [21]. It is possible
that minor differences in, e.g., irradiation light source may lead to large variation in the
calculated quantum yields.

5.3 Thermal stability

The thermal relaxation reaction of the photoswitches, in the absence of catalysts, is uni-
molecular. Thus, the reaction B — A follows a first-order rate law:

2O = —kb(t) = ka(t) 22)
in which b(?) and a(t) are the concentrations of B and 4, respectively, and & is the rate
constant. This can be integrated to yield the integrated rate law:

b(t)db(t) _  t — —kt
fbo o Jykdt =b(t) =bye (23)
If B has an absorption band that is absent from A4, Eq. (23) can be combined with Eq. (4).
Hence, the thermal isomerization rate can be monitored by

Ap(t) = Apy e~k = Ago et/ (24)

where A(?) is the absorbance at a certain time #, Ay is the absorption at the time ¢ = 0, and
T = 1/k is the thermal lifetime. However, more typically, it is the increase in an absorp-
tion band of 4 that is easily monitored. Based on Eq. (24) and the fact that ay + by = Ao
(the concentration of 4 when the reaction is complete), the integrated rate law can be
modified to the form
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a(t) =ag+ by (1 —e*) =a, — (a, — ay) e . (25)
This can further be converted into absorbance values:
A(t) = Aoo - (Aoo - AO) e_kt = Aoo - (Aoo - AO) e—t/‘r. (26)

The equation can also be expressed in a logarithmic form for linear fitting as a function
of time:

A(t) — Ax
In (A(O)_—Aw) = —kt 27)
In this work, the only molecule whose thermal relaxation could be calculated using Eq.
(24) is the DAE. For all others, the lifetimes are most conveniently determined by using
Eq. (26) and, in this work, the logarithmic form (27). The results are collected in Table
4. Of the studied molecules, the diarylethene is stable even at 60 °C, showing no thermal
isomerization even upon prolonged heating. The azobenzene is also extremely long-lived,
38 hours at 60 °C, corresponding to weeks at 25 °C. The indigo and DASA are notably
shorter-lived but still in the range of minutes, making them somewhat bistable switches
in second-scale applications.

Table 4. Thermal lifetimes of the less stable isomers in 50 uM acetonitrile solutions.

Azo-F4 DAE Indigo DASA
T 38h(60°C) stable (60°C) 2.5min(25°C) 15.2 min (25 °C)

The azobenzene lifetime can be compared with that of a similar compound (tetrafluori-
nated azobenzene diester 7) studied by Knie et al. [25]. They reported a thermal half-life
of 15 h at 60 °C; the experimental result in this work is roughly double that value. This
can be partly explained with the difference between half-life and lifetime, but the rest of
the deviation must stem from small differences in experimental setup and solvent purity.
It is also possible, although difficult to rationalize, that the substitution of ethyl with
longer, terminally acrylated chain truly results in a longer lifetime even though the elec-
tronic structure in the azobenzene core should remain the same.

The diarylethene is thermally stable at 60 °C, as expected based on earlier studies per-
formed on similar compounds [16, 102]. For instance, a molecule identical to 62 except
lacking the ester functionalities was found to have a stable closed form even at 95 °C
(butyronitrile as solvent). The ester moieties might have a destabilizing effect, as the in-
troduction of electron-withdrawing units in para positions of the phenyl rings was found
to decrease the lifetime; however, the effect was small (thermal half-life of 41 h at 95 °C)
[102]. Thus, for any applications in room temperature, the diarylethene crosslinker may
be considered to be a truly bistable switch.

The indigo switch had a lifetime almost identical to the reference compound in literature
(2.8 min), as expected. The lifetime is short compared to the bistable systems of the azo
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and DAE crosslinkers, so there will probably be a significant photothermal component in
contrast to the other two crosslinkers. For this reason, another indigo crosslinker with a
longer thermal lifetime would enable an interesting comparison of the photothermal and
photochemical effects upon irradiation. Finally, the DASA switch showed a lifetime of
more than 15 minutes, which is a typical value for 2" generation DASAs [47]. It should
be noted that the lifetimes in solution can differ significantly from those in solid state,
which needs to be taken into consideration when incorporating the switches into LC ma-
terials.
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6. CONCLUSIONS

In this work, carried out in the Smart Photonics Materials group at Tampere University,
four new photoswitch molecules for the fabrication of photoresponsive materials were
designed and successfully synthesized: a tetrafluorinated azobenzene crosslinker, a dia-
rylethene (DAE) crosslinker, an indigo crosslinker, and a DASA dopant. Similar ex-
tremely bistable azobenzene and diarylethene crosslinkers had already been reported, and
the aim was to adjust the reported structures to best suit the demand of bistable pho-
toswitches for reconfigurable photoactuators. Indigo crosslinkers had not been reported
previously, so the main motivation was to explore the functionality of LCE/LCN materi-
als with such a crosslinker. The DASA dopant was designed to have good solubility to
the liquid crystal matrix while maintaining the attractive properties of the 2" generation
DASAs.

The synthetic pathways consisted mainly of previously known elementary reactions.
However, good and reproducible synthetic routes could only be found for the azobenzene
and diarylethene crosslinkers for which every synthetic step produced either good or mod-
erate yields. For the indigo crosslinker, one synthetic step reduced the total yield signifi-
cantly, as reported in literature for similar indigo functionalization reactions, and further
studies are needed to circumvent this problem. Likewise, the DASA adduct could only be
acquired in low yield, and the purification of the product proved to be extremely difficult,
again mirroring the contemporary research in the field. Further studies are needed to op-
timize the yields. Still, the synthetic results presented in this thesis pave the way for more
efficient routes to these two photoswitches as well.

The photochemical properties of the switches were studied in dilute acetonitrile solutions.
All four molecules were efficient photoswitches with distinct spectral differences be-
tween the isomers. Switching efficiencies from the less energetic to the more energetic
isomer ranged from 56 (DAE) to 100 % (DASA). The poor efficiency of the DAE cy-
clization can be attributed to the lack of far-UV light sources, whereas the excellent effi-
ciency of the DASA switch stems from the complete separation of the absorption bands.
The reverse light-induced reaction showed efficiencies from 89 (indigo) to 100 % (DAE);
for the DASA switch, the reverse reaction could not be driven with light. The efficiencies
were all similar to those reported in literature. The DASA dopant showed a general prob-
lem of thermal isomerization and decomposition, due to which the molar absorptivity
could not be determined accurately. For other switches, the molar extinction coefficients
were identical or close to reference molecules.

Photoisomerization kinetics were also studied and quantum yields determined for each
reaction. For all crosslinkers, the isomerization to one direction showed a high QY (> 0.5)
and the reverse QY was notably lower. The findings were consistent with the trends re-
ported for similar compounds in literature, and most values were extremely close to those
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of reference molecules. There were two exceptions: the QYs for the Z—F isomerization
of the azobenzene and the £—Z isomerization of the indigo were significantly higher than
the QY's of the reference molecules in literature. The anomalies can be explained with
possible errors in the concentrations, the inaccurate determination of the irradiation in-
tensities, or the broad spectra of the LEDs used as irradiation sources.

Finally, thermal lifetimes in solution were determined for the switches. The azobenzene
and diarylethene crosslinkers were found to be stable at room temperature and the latter
even at elevated temperatures, whereas the lifetimes of the indigo and the DASA lay in a
minute scale. The results were similar to expected based on literature values.

In conclusion, all the synthesized molecules are extremely attractive for incorporation
into photoswitchable materials, combining effective isomerization, fast isomerization ki-
netics and excellent or moderate thermal stability. The efforts made in this thesis enable
the utilization of new crosslinkers and dopants in photoresponsive liquid crystal elasto-
mers for the fabrication of new functional materials. The next steps in this line of research
should be: 1) the optimization of the synthetic routes of the indigo crosslinker and DASA
dopant; ii1) the polymerization of the azobenzene, DAE and indigo crosslinkers into LCE
matrices and the study of their isomerization in solid state; iii) the doping of the DASA
switch into an LC material and the study of the DASA-induced order—disorder transitions;
and iv) the synthesis of other indigo crosslinkers with different thermal half-lives and
their incorporation into LCEs for systematic studies of structure—property relationships.
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7. EXPERIMENTAL

General information on the experimental methods is given in Chapter 6.1. The synthetic
routes are shown in Chapters 6.2—-6.5, followed by the photochemical characterization
procedures in Chapter 6.6.

7.1 General synthetic methods

Synthetic work was carried out in Tampere University and Humboldt University of Ber-
lin. All reagents and solvents were commercial and purchased from Sigma Aldrich, TCI
Europe, VWR or FluoroChem except for 92 which was previously synthesized at Hum-
boldt University of Berlin [99]. When needed, dry solvents were acquired using Inert
PureSolv and Innovative Technologies solvent purification systems. Reactions were mon-
itored with either thin-layer chromatography (TLC) or ultra-performance liquid chroma-
togaphy coupled to mass spectrometry (UPLC-MS). TLC was performed on commercial
Merck Silica 60 F2s4 TLC plates, and the developed plates were visualized with UV irra-
diation (254 nm) or with potassium permanganate and cerium ammonium permanganate
stains. UPLC-MS was performed with a Waters Alliance system (a Waters Separations
Module 2695, a Waters Diode Array Detector 2996, a Waters LCT Premier XE Mass
Spectrometer, and a Waters Mass Detector ZQ 2000) equipped with Acquity UPLC col-
umns and a water—acetone eluent system with gradient from 5 to 95 % acetonitrile. High-
resolution mass spectra (HR-MS) were recorded either with the abovementioned system
or a Waters ESI-TOF MS spectrometer.

Nuclear magnetic resonance spectra (NMR) were measured with a 500 MHz JEOL ECZR
500 (125 MHz for '3C), a 500 MHz Bruker AVANCE II 500 (125 MHz for !*C), a 300
MHz Bruker DPX 300 (75 MHz for '*C), or a 300 MHz Varian Mercury (75 MHz for
13C) at 25 °C. Chemical shifts are given in ppm and are referenced to solvent signals
(CHCls: 6 = 7.26 ppm ('H), 77.16 ppm ('*C), DMSO: & = 2.50 ppm ('H), 39.52 ppm
(3C), MeOH: 6 = 3.31 ppm ('H), 49.00 ppm ('*C). Multiplicities are abbreviated as fol-
lows: singlet (s), doublet (d), triplet (t), quartet (q), pentet (p), and multiplet (m). Coupling
constants (J) are given in Hz.

7.2 ortho-Tetrafluorinated azobenzene crosslinker

7.2.1 Diethyl 4,4'-(diazene-1,2-diyl)(E)-bis(3,5-difluorobenzoate)

(54)
. F COOEt
/©:N ¢Nj©/
. F

EtOOC
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To a 100 ml round-bottom flask, 53 (1.2 g, 6.0 mmol, 1.0 eq.), potassium permanganate
(3.0 g, 19.0 mmol, 3.2 eq.) and iron sulfate heptahydrate (3.0 g, 10.8 mmol, 1.8 eq.) were
added and refluxed in dichloromethane for two days. The reaction mixture was filtered,
concentrated under reduced pressure, and purified by flash column chromatography (Sil-
ica 60, dichloromethane / hexane) to produce 350 mg (29 %) of the azobenzene product
as a vivid orange powder. 'H NMR (500 MHz, CDCls, E-isomer): § = 7.76 (d, J= 9.4 Hz,
4H), 4.42 (m, 4H), 1.43 (m, 4H). Appendix 1.

7.2.2 Bis(6-hydroxyhexyl) 4,4'-(diazene-1,2-diyl)(E)-bis(3,5-di-
fluorobenzoate) (55)

Failed attempt: To a 25 ml round-bottom flask, 54 (335 mg, 0.84 mmol, 1.0 eq.), 1,6-
hexanediol (2.0 g, 16.8 mmol, 20 eq.), and potassium carbonate (13 mg, 0.09 mmol, 0.1
eq.) were added, followed by 6.0 ml of dimethylsulfoxide. The reaction mixture was
stirred at 60 °C and 50 mbar for 20 hours, then extracted with ethyl acetate and water. It
was noticed that hydrolysis of the ester moieties had competed with the transesterification
reaction, as most of the product was insoluble in organic solvents and upon extraction
moved into the aqueous phase. The product was thrashed.

Failed attempt: To a 25 ml round-bottom flask, 54 (191 mg, 0.48 mmol, 1.0 eq.), 1,6-
hexanediol (1.2 g, 10 mmol, 20 eq.), and potassium carbonate (10 mg, 0.06 mmol, 0.1
eq.) were added, followed by 6.0 ml of dry dimethylsulfoxide. The reaction mixture was
stirred at 60 °C and 50 mbar for 20 hours, then extracted with ethyl acetate and water.
The same problem with hydrolysis was encountered, and the product was thrashed. A
mistake in the experimental procedure published in literature [65] was pointed out by the
authors; the amount of dry DMSO should actually be 10 % of the reported amount.

Successful attempt: To a 5 ml round-bottom flask, 54 (230 mg (0.58 mmol), 1,6-hex-
anediol (1.45 g, 12 mmol, 20 eq.), and potassium carbonate (12 mg, 0.09 mmol, 0.1 eq.)
of potassium carbonate were added, followed by 0.5 ml of dry dimethylsulfoxide. The
reaction mixture was stirred at 50 mbar for 9 hours of which the first 6 hours at 25 °C and
the last 3 hours at 60 °C, then extracted with ethyl acetate and water. The organic phase
was washed three times with water and once with brine, dried with magnesium sulfate,
and concentrated to yield 253 of crude. Purified by flash column chromatography (Silica
60, 0-2 % methanol in ethyl acetate) to yield 44 mg (19 %) of recovered 54 and 128 mg
(41 %) of the product 55. 'H NMR (500 MHz, CDCl3): § = 7.71 (d, J= 9.2 Hz, 4H), 4.34
(t,J=6.9 Hz, 4H), 3.64 (t, /= 6.3 Hz, 4H), 1.79 (q, 4H), 1.65-1.30 (m, 12H). Appendix
2.
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7.2.3 Bis(6-(acryloyloxy)hexyl) 4,4'-(diazene-1,2-diyl)(E)-bis(3,5-
difluorobenzoate) (56)

o
F Fj:j)ko/\/\/\/oj(\
o j‘/K:EN:N o)
- F
o}

\)J\o/\/\/\/o

Into a 25 ml round-bottom flask, 130 mg (0.24 mmol) of 57 and 0.6 mg (0.005 mmol) of
N,N-dimethylaminopyridine were added under argon. 15 ml of dry dichloromethane was
added, followed by 0.33 ml (2.4 mmol) of dry triethylamine and 0.040 ml (0.48 mmol)
of acryloyl chloride. The reaction mixture was stirred in room temperature under argon
for 20 hours, extracted with water, washed twice with sodium bicarbonate and once with
brine, dried with magnesium sulfate, and concentrated to yield 150 mg (90 %) of pure
product 58 that was further purified by flash column chromatography (Silica 60, 0—10 %
ethyl acetate in dichloromethane) to yield 100 mg of the product in high purity; the rest
was lost due to spontaneous polymerization. 'H NMR (500 MHz, CDCl3): 6 =7.72 (d, J
=9.2 Hz, 4H), 6.39 (m, 2H), 6.11 (m, 2H), 5.81 (m, 2H), 4.36 (t, /= 6.6 Hz, 4H), 4.16
(t,J= 6.6 Hz, 4H), 1.75 (m, 8H), 1.47 (m, 8H). *C NMR (125 MHz, CDCl;): & = 166.4,
156.1, 154.2, 136.5, 133.7, 130.8, 128.6, 114.1, 66.2, 64.5, 28.6, 25.8. '°F (470 Hz,
CDCl3): 6 =119.3 (d, J = 8.8 Hz, 4F). HR-MS (ESI+) m/z = 673.2149 (calcd. 673.2147
for [C32H34F4N2OgNa]"). Appendices 3, 4 and 5.

7.3 Diarylethene crosslinker

7.3.1 Methyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
benzoate (61)

O

Compound 59 (1.0 g, 3.8 mmol, 1 eq.) and palladium bis(triphenylphosphine) chloride
(187 mg, 0.27 mmol, 0.07 eq.) were dissolved in 50 ml of dry 1,4-dioxane. Anhydrous
triethylamine (3.2 ml, 22.8 mmol, 6.0 eq.) and pinacolborane (1.7 ml, 11.4 mmol, 3.0 eq.)
were added to the solution which was freeze-pump-thaw degassed twice, then heated un-
der argon to 101 °C and stirred for 17 hours. The reaction mixture was then cooled to
room temperature, filtered through Silica, diluted with ethyl acetate, washed twice with
water, dried with magnesium sulfate and concentrated under reduced pressure. The crude
product was purified by medium-pressure liquid chromatography (Silica 60, cyclohexane
/ ethyl acetate) to yield 141 mg (14.1 %) of 61 as a white solid. 465 mg of homocoupled
side-product were also acquired. HR-MS (ESI+) m/z = 262.140 (calcd. 262.140 for
[C14H2004BT").
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7.3.2 Dimethyl 3,3'-(cyclopent-1-ene-1,2-diylbis(5-methylthio-
phene-4,2-diyl))dibenzoate (62)

Failed attempt. Compound 61 (10 mg, 0.038 mmol, 2.0 eq.), 58 (6.3 mg, 0.019 mmol, 1.0
eq.), tetrakis(triphenylphosphine)palladium(0) (3.1 mg, 2.7 umol, 0.07 eq.), and potas-
sium carbonate (10.5 mg, 0.076 mmol, 4.0 eq.) were dissolved in 0.5 ml of toluene in a
small vial and bubble-degassed for 5 minutes with argon. The mixture was then heated at
110 °C for 4 hours under argon, diluted with ethyl acetate, washed with water, and ana-
lyzed with TLC and UPLC. No product was formed.

Failed attempt. Compound 61 (10 mg, 0.038 mmol, 2.0 eq.), 58 (6.3 mg, 0.019 mmol, 1.0
eq.), bis(triphenylphosphine)palladium(0) chloride (1.9 mg, 2.7 umol, 0.07 eq.), and po-
tassium carbonate (10.5 mg, 0.076 mmol, 4.0 eq.) were dissolved in 0.5 ml of toluene in
a small vial and bubble-degassed for 5 minutes with argon. The mixture was then heated
at 110 °C for 4 hours under argon, diluted with ethyl acetate, washed with water, and
analyzed with TLC and UPLC. No product was formed.

Failed attempt. Compound 61 (10 mg, 0.038 mmol, 2.0 eq.), 58 (6.3 mg, 0.019 mmol, 1.0
eq.), tetrakis(triphenylphosphine)palladium(0) (3.1 mg, 2.7 umol, 0.07 eq.), and potas-
sium carbonate (10.5 mg, 0.076 mmol, 4.0 eq.) were dissolved in 0.5 ml of 1:1 H20/di-
oxane mixture in a small vial and bubble-degassed for 5 minutes with argon. The mixture
was then heated at 110 °C for 4 hours under argon, diluted with ethyl acetate, washed
with water, and analyzed with TLC and UPLC. No product was formed.

Failed attempt. Compound 61 (10 mg, 0.038 mmol, 2.0 eq.), 58 (6.3 mg, 0.019 mmol, 1.0
eq.), bis(triphenylphosphine)palladium(II) chloride (1.9 mg, 2.7 umol, 0.07 eq.), and po-
tassium carbonate (10.5 mg, 0.076 mmol, 4.0 eq.) were dissolved in 0.5 ml of 1:1 H20O/di-
oxane mixture in a small vial and bubble-degassed for 5 minutes with argon. The mixture
was then heated at 110 °C for 4 hours under argon, diluted with ethyl acetate, washed
with water, and analyzed with TLC and UPLC. No product was formed.

Successful attempt. 30 ml of anhydrous tetrahydrofuran was freeze-pump-thaw degassed

and stored under argon. 15 ml of the degassed tetrahydrofuran was taken to another flask
under argon, and 58 (500 mg, 1.5 mmol, 1.0 eq.) was dissolved and the solution cooled
down to -78 °C. sec-Butyllithium (1.4 M in cyclohexane, 3.2 ml, 6.0 mmol, 3.0 eq.) was
added dropwise and the solution was stirred for 25 minutes, turning brownish yellow.
Triisopropylboronate (1.4 ml, 6.0 mmol, 4.0 eq.) was then added, and the resulting col-
orless suspension was stirred for 1 hour while gently warming to room temperature (so-
lution A). Meanwhile, 59 (945 mg, 3.6 mmol, 2.4 eq.) and tetrakis(tri-
phenylphosphine)palladium(0) (345 mg, 0.3 mmol, 0.2 eq.) were dissolved in the other
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portion of degassed THF under argon. Aqueous sodium carbonate (2 M, 3.1 ml, 6.2
mmol), five droplets of ethylene glycol and A were added sequentially, and the resulting
two-phase mixture was stirred at 65 °C for 3 hours, cooled down to room temperature,
diluted with water, and extracted three times with ethyl acetate. The combined organic
layers were washed with water, dried with magnesium sulfate, and concentrated under
reduced pressure. The crude product was purified by medium-pressure liquid chromatog-
raphy (Silica 60, ethyl acetate / cyclohexane) to afford 62 (388 mg, 49 %) as a white solid.
"H NMR (500 MHz): § = 8.17 (t,J = 1.6 Hz, 2H), 7.89 (dt, J= 7.8, 1.3 Hz, 2H), 7.66 (dt,
J=1.8, 1.5 Hz, 2H), 7.40 (t,J= 7.8 Hz, 2H), 7.12 (s, 2H), 3.92 (s, 6H), 2.86 (t, J=7.4
Hz, 4H), 2.10 (p, J = 7.4 Hz, 2H), 2.00 (s, 6H). '3C (125 Hz): § = 166.9, 138.6, 136.9,
135.3,134.8, 134.7, 130.7, 129.6, 128.9, 127.9, 126.3, 124.7, 58.3, 38.6, 26.9, 23.0, 14.5.
HR-MS (ESI+) m/z = 529.150 (calcd. 529.150 for [C31H2904S2]"). Appendices 6 and 7.

7.3.3 Methyl 3-(4-(2-(5-chloro-2-methylthiophen-3-yl)cyclopent-
1-en-1-yl)-5-methylthiophen-2-yl)benzoate (63)

60 ml of anhydrous tetrahydrofuran was freeze-pump-thaw degassed and stored under
argon. 30 ml of the tetrahydrofuran was taken to another flask under argon, and 58 (1.0
g, 3.0 mmol, 1.0 eq.) was dissolved and the solution cooled down to -78 °C. n-butyllith-
ium (2.3 M in cyclohexane, 4.6 ml, 10.6 mmol, 3.5 eq.) was added dropwise and the
solution was stirred for 25 minutes, turning red. Triisopropylboronate (2.8 ml, 12.0 mmol,
4.0 eq.) was then added, and the resulting colorless suspension was stirred for 1 hour
while gently warming to room temperature (solution A). Meanwhile, 59 (1.89 g, 7.2
mmol, 2.4 eq.) and tetrakis(triphenylphosphine)palladium(0) (690 mg, 0.6 mmol, 0.2 eq.)
were dissolved in the other portion of degassed THF under argon. Bubble-degassed aque-
ous sodium carbonate (2 M, 6.4 ml, 12.4 mmol), five droplets of ethylene glycol and A
were added sequentially, and the resulting two-phase mixture was stirred at 65 °C for 20
hours, cooled down to room temperature, diluted with water, and extracted three times
with ethyl acetate. The aqueous layer was noted to contain large amounts of hydrolyzed
product (verified by UPLC). The combined organic layers were washed with water and
brine, dried with magnesium sulfate, and concentrated under reduced pressure. The crude
was purified by medium-pressure liquid chromatography (Silica 60, ethyl acetate / cyclo-
hexane) to afford 63 in 532 mg (41.4 %) yield. "H NMR (500 MHz): & = 8.16 (s, 1H),
7.88 (d, J=8 Hz, 1H), 7.65 (d, /=8 Hz, 1H), 7.40 (t,J="7.7 Hz, 1H), 7.07 (s, 1H), 6.62
(s, 1H), 3.93 (s, 3H), 2.78 (m, 4H), 2.05 (p, J = 7.4 Hz, 2H), 1.98 (s, 3H), 1.87 (s, 3H).
13C (125 Hz): 6 = 167.0, 141.9, 138.7, 136.7, 135.3, 135.2, 134.8, 134.1, 133.3, 130.8,
129.7, 129.0, 128.0, 126.9, 126.3, 125.2, 124.6, 52.4, 38.6, 23.0, 14.6. HR-MS (ESI+)
m/z =428.07 (calcd. 428.07 for [C23H21C102S2]"). Appendices 8 and 9.



51

7.3.4 3,3'-(Cyclopent-1-ene-1,2-diylbis(5-methylthiophene-4,2-
diyl))dibenzoic acid (64)

Compound 62 (350 mg, 0.66 mmol, 1.0 eq.) and potassium hydroxide (146 mg, 2.64
mmol, 4.0 eq.) were dissolved in a 1:1:0.1 mixture of tetrahydrofuran, water and methanol
(12 ml) and stirred at 45 °C for 2 hours. The mixture was then heated to 65 °C and stirred
for 1 hour. After the conversion was complete, the organic solvents were evaporated un-
der reduced pressure and the aqueous phase was diluted with water and acidified with 1
M hydrochloric acid. The formed precipitate was extracted with ethyl acetate, washed
with water and dried under vacuum to produce 64 in 310 mg (94 %) yield. HR-MS (ESI+)
m/z =1501.121 (calcd. 501.119 for [C290H2504S2]").

7.3.5 Bis(2-(acryloyloxy)ethyl) 3,3'-(cyclopent-1-ene-1,2-diylbis-
(5-methylthiophene-4,2-diyl))dibenzoate (57)

Compound 64 (128 mg, 0.26 mmol, 1.0 eq.) was suspended in dry dichloromethane (2
ml), and two droplets of dry N,N-dimethylformamide were added. The solution was then
cooled down to +5 °C, and oxalyl chloride (0.070 ml, 103 mg, 0.78 mmol, 4.0 eq.) was
added. The reaction was warmed slowly to room temperature and stirred for 1 hour after
which no gas evolution was observed. The formed acyl chloride solution was then slowly
added into a solution of 2-hydroxyethyl acrylate (0.064 ml, 70 mg, 0.60 mmol, 2.3 eq.),
triethylamine (0.36 ml, 260 mg, 2.6 mmol, 10 eq.) and a grain of 4-dimethylamino-
pyridine in 2 ml of dry dichloromethane. Formation of hydrochloric acid and the subse-
quent precipitation of triethylammonium chloride was observed immediately. The reac-
tion mixture was stirred overnight. After 15 hours, the mixture was diluted with dichloro-
methane, washed with water and sodium bicarbonate, dried with magnesium sulfate and
concentrated under reduced pressure. The crude was further purified by medium-pressure
liquid chromatography (Silica 60, ethyl acetate / cyclohexane) to yield 116 mg (65 %) of
57 as a colorless solid. 'H NMR (300 MHz) § = 8.18 (t, J= 1.6 Hz, 2H), 7.89 (dt, J= 7.8,
1.3 Hz, 2H), 7.68 (dt,J=7.8, 1.5 Hz, 2H), 7.41 (t,J= 7.7 Hz, 2H), 7.14 (s, 2H), 6.46 (dd,
J=17.3, 1.5 Hz, 2H), 6.17 (dd, J = 17.3, 10.4 Hz, 2H), 5.87 (dd, /= 10.4, 1.5 Hz, 2H),
4.61-4.48 (m, 8H), 2.87 (t, J = 7.4 Hz, 4H), 2.10 (p, J = 7.4 Hz, 2H), 1.99 (s, 6H). 1*C
NMR (125 MHz, CDCl3): 6 = 166.12, 165.93, 138.46, 135.27, 131.46, 126.35, 124.68,
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62.77, 62.19, 38.57, 22.99, 14.49. HR-MS (ESI+): m/z = 697.202 (calcd. 697.192 for
[C39H3605S2]"). Appendices 10 and 11.

7.4 Indigo crosslinker and side-chain

7.4.1 2-(2-bromoacetoxy)ethyl acrylate (67)

(0]
Br\)J\O/\/O\n/\

(e}

300 mg (2.58 mmol) of 2-hydroxyethyl acrylate 60 was dissolved in dry dichloromethane
at room temperature under argon. 713 mg (5.16 mmol) of potassium carbonate was added,
and 0.23 ml (2.58 mmol) of bromoacetyl bromide was added dropwise. The reaction mix-
ture was stirred overnight under argon. After 16 hours TLC showed quantitative conver-
sion. The reaction mixture was filtered, washed with water, saturated sodium carbonate
and brine, dried with magnesium sulfate, and concentrated to yield 607 mg (99 %) of 67.
"H NMR (300 Hz) § = 6.43 (d, J = 15.8 Hz, 1H), 6.13 (m, 1H), 5.87 (m, 1H), 4.40 (m,
4H), 3.85 (s, 2H). Appendix 12.

7.4.2 (E)-((2,2'-(3,3'-dioxo-[2,2'-biindolinylidene]-1,1'-diyl)bis-
(acetyl))bis(oxy))bis(ethane-2,1-diyl) diacrylate (65)

0
<10
0 N
\)ko/\/o% 0
0

Failed attempt. Indigo (100 mg, 0.38 mmol, 1.0 eq.), 67 (325 mg, 1.53 mmol, 4.0 eq.),
and cesium carbonate (248 mg, 0.76 mmol, 2.0 eq.) were suspended in 2 ml of fresh DMF
under argon in room temperature and stirred for three days. No reaction occurred. The
attempt to raise temperature lead to the formation of undesired side products only.

7.4.3 3-Bromopropyl 2-bromoacetate (69)

(0]
Br/\/\O)J\/ Br

3-bromopropan-1-ol (1.0 g, 7.2 mmol, 1.0 eq.) and potassium carbonate (2.0 g, 14 mmol,
1.9 eq.) were dissolved in 50 ml of dry DCM under argon. Bromoacetyl bromide (0.63
ml, 7.2 mmol, 1.0 eq.) was added dropwise, and the reaction was stirred at room temper-
ature for 1 hour. The reaction mixture was filtered, washed with H»O and brine, dried
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with magnesium sulfate, and concentrated under reduced pressure to yield 1.31 g (70 %)
of product as a colorless oil. "H NMR (300 Hz) & = 4.33 (t, J = 6.0 Hz, 2H), 3.84 (s, 2H),
3.48 (t,J=6.5Hz, 2H), 2.22 (p, J= 6.5 Hz, 2H). Appendix 13.

7.4.4 Bis(3-bromopropyl) 2,2'-(3,3'-dioxo-[2,2'-biindolinylidene]-
1,1'-diyl)(E)-diacetate (70)

Br\/\/om) (0]

(0]

Indigo (200 mg, 0.76 mmol, 1.0 eq.), 69 (800 mg, 3.05 mmol, 4.0 eq.) and cesium car-
bonate (495 mg, 1.52 mmol, 2.0 eq.) were stirred in DMF (4 ml) at room temperature for
3 days. The reaction mixture was then diluted with ethyl acetate, washed twice with water
and brine, dried with MgSQs, and concentrated under reduced pressure. The crude prod-
uct was purified by flash column chromatography (Silica 60, DCM) to produce a tur-
quoise solid. The NMR spectrum was recorded, showing the following characteristic
peaks of the product. "H NMR (300 MHz, CDCl3): 6 = 7.71 (2H), 7.55 (m, 2H), 7.04 (m,
4H), 4.78 (s, 4H). However, there was still 69 in the fraction, told by the integrals of the
peaks at 4.32 (m, 14H), 3.48 (m, 16H) and 2.22 (m, 12H). A new purification by flash
column chromatography (Silica 60, 20 % ethyl acetate / hexane) yielded 70 (41 mg, 9 %)
as a pure product, confirmed by NMR data that was later lost. Appendix 14.

7.4.5 (E)-((2,2'-(3,3'-dioxo-[2,2'-biindolinylidene]-1,1'-diyl)bis-
(acetyl))bis(oxy))bis(propane-3,1-diyl) diacrylate (71)

0 o}
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N
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70 (41 mg, 0.066 mmol, 1.0 eq.), acrylic acid (18.0 mg, 0.25 mmol, 4.0 eq.) and potassium
bicarbonate (20 mg, 0.20 mmol, 3.0 eq.) were dissolved in DMF (1 ml) and stirred under
argon at room temperature for 20 hours. The reaction mixture was then diluted with ethyl
acetate, washed four times with brine, dried with MgSO4 and concentrated under reduced
pressure. The crude product was purified by flash column chromatography (10 % ethyl
acetate / dichloromethane) to yield the target molecule (45 mg, 99 %) as a turquoise solid.
"H NMR (300 MHz, CDCl3): = 7.73 (d, J = 7.6, 2H), 7.54 (m, 2H), 7.06 (m, 4H), 6.39
(m, 2H), 6.09 (m, 2H), 5.82 (m, 2H), 4.78 (s, 4H), 4.25 (m, 8H), 2.04 (p, J = 6.3, 4H). 1*C
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NMR (125 MHz, CDCl3): & = 186.2, 169.1, 166.1, 153.6, 135.8, 131.1, 128.3, 124.5,
122.2, 121.9, 111.1, 62.1, 61.0, 51.3, 29.8. HR-MS (ESI+) m/z = 625.1722 (calcd.
625.1798 for [C32H30N2010Na]"). Appendices 15 and 16.

7.4.6 (E)-1-(4-methoxyphenyl)-[2,2'-biindolinylidene]-3,3'-dione

(72)
Oy
N
L=
(0]
OMe

Toluene was bubble-degassed with argon for 30 minutes, after which indigo (500 mg, 1.9
mmol, 1.0 eq.), 4-iodoanisole (468 mg, 2.0 mmol, 1.1 eq.), copper (I) iodide (114 mg, 0.6
mmol, 0.32 eq.) and cesium carbonate (928 mg, 2.85 mmol, 1.5 eq.) were dissolved in it
and stirred at 110 °C for 20 hours. The reaction mixture was then cooled to room temper-
ature, diluted with dichloromethane, washed with ammonium chloride and brine, dried
over magnesium sulfate and concentrated under reduced pressure. The crude mixture was
filtered through Silica (ethyl acetate / dichloromethane) to yield 30.2 mg (4.3 %) of prod-
uct as a green solid to be used in the next step without further purification as suggested
in literature [21].

7.4.7 (E)-1-(2-iodoethyl)-1'-(4-methoxyphenyl)-[2,2'-biindolinyli-
dene]-3,3'-dione (73)

0 (\I
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N
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Failed attempt. 72 (30.2 mg, 0.082 mmol, 1.0 eq.), 1,2-diiodoethane (69.3 mg, 0.246
mmol, 3.0 eq.) and cesium carbonate (29.3 mg, 0.090 mmol, 1.1 eq.) were dissolved in
N,N-dimethylformamide (1 ml) and stirred in 35 °C for 20 hours. The reaction mixture
turned yellow-brown, and no indigo product was acquired.
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7.4.8 (E)-1-(6-bromohexyl)-1'-(4-methoxyphenyl)-[2,2'-
biindolinylidene]-3,3'-dione (74)

o ("B
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Failed attempt. 72 (16.7 mg, 0.045 mmol, 1.0 eq.), 1,6-dibromohexane (33.2 mg, 0.136
mmol, 3.0 eq.) and cesium carbonate (16.3 mg, 0.050 mmol, 1.1 eq.) were dissolved in 1
ml of DMF and stirred at room temperature overnight. After 20 hours, a color change
from blue to green was observed. The reaction mixture was diluted with DCM, washed
with brine, and solvent evaporated under reduced pressure. The precipitate was then dis-
solved in diethyl ether, washed three times with water, and concentrated under reduced
pressure. The crude mixture was purified by flash column chromatography (05 % EtOAc
/ DCM) to yield no product.

7.5 DASA photoswitch dopant

7.5.1 N-butyl-4-hexylaniline (77)

HNT N

4-hexylaniline (1.2 ml, 6.1 mmol, 1.2 eq.) and butyraldehyde (0.46 ml, 5.1 mmol, 1 eq.)
were dissolved in methanol (6 ml). Sodium cyanoborohydride (346 mg, 5.5 mmol, 1.1
eq.) and zinc chloride (400 mg, 2.9 mmol, 0.6 eq.) were dissolved in 6 ml of methanol in
a separate vial and added dropwise to the reaction mixture which was stirred for 2 hours.
Then aqueous Na;COs (2 M, 5 ml, 10 mmol) was added, leading to the formation of a
white precipitate. The aqueous phase was extracted twice with Et0 and the combined
organic phase was then washed with H>O and brine, dried with MgSOs, and concentrated
under reduced pressure. The crude was purified by flash column chromatography (Silica
60, 10 % ethyl acetate / hexane) to produce 1058 mg (89 %) of 77 as a pale yellow oil.
"H NMR (500 MHz, CDCls): 6 = 7.00 (d, J = 8.6 Hz, 2H), 6.57 (d, J = 4.6 Hz, 2H), 3.48
(br. s, 1H), 3.10 (t, J = 7.2 Hz, 2H), 2.51 (t, J = 8.0, 2H), 1.66—1.52 (m, 4H), 1.45 (m,
2H), 1.31 (m, 6H), 1.00-0.85 (m, 6H). Appendix 17.
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7.5.2 5-(furan-2-ylmethylene)-1,3-dimethylpyrimidine-
2,4,6(1H,3H,5H)-trione (48)

\ 0
N
(0] N—
(0]
|/ / 0

N,N'-dimethylbarbituric acid (1.56 g, 10 mmol, 1.0 eq.) and furfural (0.83 ml, 10 mmol,
1.0 eq.) were stirred in 40 ml of distilled water at room temperature for 2 hours. Vibrant
yellow precipitate started forming immediately. After 2 hours the solids were filtered and
dissolved in dichloromethane, washed with sodium bisulfite, sodium bicarbonate and
brine, dried over magnesium sulfate, and concentrated under reduced pressure to yield
1.992 g (85.1 %) of pure 49 as a yellow powder. 'H NMR (500 MHz, CDCls): § = 8.62
(s, 1H), 8.42 (s, 1H), 7.84 (s, 1H), 6.73 (s, 1H), 3.39 (s, 6H). Appendix 18.

7.5.3 5-((2Z,4E)-5-(butyl(4-hexylphenyl)amino)-2-hydroxypenta-
2,4-dien-1-ylidene)-1,3-dimethylpyrimidine-
2,4,6(1H,3H,5H)-trione (80)

77 (540 mg, 2.3 mmol, 1 eq.) and 49 (538 mg, 2.3 mmol, 1 eq.) were stirred with 1 ml of
dichloromethane at room temperature for 48 hours. Solvent was then evaporated under
reduced pressure, dissolved in diethyl ether, filtered away 430 mg of pale blue solid (un-
reacted 49) and concentrated under reduced pressure to yield the crude as an intense blue
oil. The crude was further purified by flash column chromatography (Silica 60 deactivated
with 2 % triethylamine / hexane, 50 % ethyl acetate / hexane) to yield the product as a
purplish-blue solid in 69 mg (6.2 %) yield. A pure NMR spectrum proved impossible to
acquire due to decomposition and thermal isomerization. Appendix 19.

7.6 Photochemical characterization

7.6.1 General methods

UV-Visible absorption spectra were recorded with an Agilent Cary 60 spectrophotometer
equipped with an Ocean Optics Qpod 2e Peltier-thermostated cell holder whose temper-
ature accuracy is 0.1 °C. Photoexcitation was conducted using a Prior Lumen 1600 light
source containing multiple narrow-band LEDs at different wavelengths. Quartz absorp-
tion cuvettes with an optical path of 1.0 cm were used for all measurements.
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Quantum yields were measured by irradiating the sample with an appropriate wavelength
and simultaneously monitoring the absorption at a wavelength at which the change in
absorbance upon isomerization is great. The irradiation was continued until a photosta-
tionary state had been reached.

Measured irradiation power inside the cuvette is shown in Table 5 for the irradiation
wavelengths. A Coherent LabMax thermal power meter and Thorlabs S170 optical power
meter were utilized. The power could not be measured directly inside the cuvette, so it
was measured before and after the cuvette holder and the power inside the cuvette was
estimated to be the arithmetic average of these two. For example, the power of the 525
nm irradiation was measured to be 56.7 mW before and 35.3 mW after the cuvette holder,
and thus the irradiation inside the cuvette was estimated to have a power of 45 £ 10 mW.

Table 5. Irradiation power with different wavelengths.

A (nm) 365 405 500 525 550 660
P (mW) 67 287 53 45 179 154

The irradiation intensity in mol dm™ s! was calculated with the formula

PA
lin = e (28)
in which 4 is Planck’s constant, ¢ is the speed of light, N, is Avogadro’s constant, and V'
is the volume of the solution inside the cuvette. The volume was fixed as 2.0 ml for all
samples.

7.6.2 Azobenzene crosslinker

The PSS composition of the azobenzene crosslinker was determined with the “PSS/E”
method. The Z isomer does not absorb at ca. 350 and above ca. 520 nm, making it possible
to deduce the E content in the PSS from the ratio of the PSS and E absorbances in those
regions. The E content was determined to be 28 % in the PSS (Fig. 42). Thus, the pure Z
spectrum was calculated using the equation

A —0.284
A, = fess020d 29)
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Figure 42. The ratio of the PSS and pure E absorbances as a function of wavelength.

Photoisomerization kinetics were studied by monitoring the absorbance at 330 nm and
driving E-Z and Z—F isomerization reactions with 525 and 405 nm irradiation, respec-
tively (Fig. 43 a and c¢). The quantum yields were then determined with the initial slope
method (Fig. 43 b and d for E-Z and Z—E, respectively).
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Figure 43. a) Absorbance at 330 nm for the E—Z isomerization upon irradiation with
525 nm light and b) the respective linear fit of the initial slope. c) Absorbance at 330
nm for the Z—E isomerization upon irradiation with 405 nm light and d) the respective
linear fit of the initial slope.

From the initial slopes -0.0073 and 1.3457, the quantum yields were calculated with Eq.
(18):
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_0.0073s7 1 x6.626x1073*]s71 x2.998 x 108 ms™! x 6.022 x 1023 M~ x 0.002 dm3

L, = = 0.097
E-z 0.045 W X 525 x 10~9 m X (1-10~9-022) x 15440 M~ cm~1 x 1 cm
1.3457 571 x 6.626xX10734Js71 x 2,998 x 108 m s~ x 6.022 x 1023 M~1 x 0.002 dm?3
¢Z—E = — — — — = 097
0.287 W X 405 X 1072 m X (1-1070090) x 15440 M~ 1 cm~1 X 1 cm

Thermal stability of the Z-isomer was studied at 60 °C. The solution was irradiated with
525 nm light and then let relax in dark. The spectrum was recorded every 30 min for 23
hours (Fig. 44a); longer measurement was not possible due to evaporation of the solvent.
The absorbance at 320 nm was treated according to Eq. (27) to yield a linear dependence
to time (Fig. 44b). From the slope, the thermal lifetime was calculated to be 137 988 s
(38.3 h). It should be noted that the measurement was shorter than ideally but that the
data fitted nevertheless very well to the linear model.
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Figure 44. Absorption spectra at 60 °C after relaxation times 0—23 h (left) and logarith-
mic representation of the thermal Z—E relaxation as a function of time and a linear fit
(black dots and red dotted line, respectively; right). The arrows in a) indicate the
changes upon thermal relaxation from Z to E.

7.6.3 DAE crosslinker

The PSS composition was determined with '"H NMR spectroscopy. A sample dissolved
in CDCI3 was irradiated in an NMR tube with 365 nm irradiation until the solution turned
visibly purple. A small portion of the solution was then diluted with chloroform, and UV-
Vis spectrum was measured for it. The NMR spectrum was recorded and from there the
composition in the PSS was calculated by comparing the integrals of the signals at 8.18
and 8.20 ppm for open and closed isomer, respectively. The integral ratio was found to
be 0.96:10 (see Appendix 20), meaning that 8.8 % of the compound was in closed and
91.2 % in open form. At the same time, the peak absorbance of the open form at 531 nm
was 20.2 % of the absorbance at the isosbestic point (337 nm). In the PSS the respective
absorbance value was 100.1 % of that in the isosbestic point. Thus, it can be calculated
that in PSS, 44 % of molecules were in open form. The pure closed form spectrum can
thus be derived from the measured pure open and PSS spectra with the equation

__ Apss —0.56 4,

A
¢ 0.44

(30)
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Kinetic studies were performed by monitoring the absorbance at 560 nm and driving the
isomerization with 365 and 550 nm (Fig. 45 a and ¢, cyclization and cycloreversion, re-
spectively). To calculate the isomerization quantum yield of cyclization, initial slope
method was used. From the first five data points, a linear fit yielded a slope of 0.0698 s™!
(Fig. 45b). Now, Eq. (18) can be applied to yield

0.0698 571 x 6.626x10734 )51 x 2998 x 108 ms~1 x 6.022 x 1023 M~1 x 0.002 dm?3
Po—c = - - — — = 0.64.
0.067 Wx365%x 109 m x (1-1079:01596) x 19647 M~1 cm~1 x 1 cm

For cycloreversion, it is possible to utilize Eq. (20) for the whole dataset. By plotting
1g(104® — 1) — 1g(1040 — 1) as a function of time, a linear fit is acquired with the slope

-0.0278 s'! (Fig. 45d). Eq. (20) yields
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Figure 45. a) Absorbance at 560 nm for the cyclization upon irradiation with 365 nm
light and b) the respective linear fit of the initial slope. c¢) Absorbance at 560 nm for the
cycloreversion upon irradiation with 550 nm light and d) the respective logarithmic
representation with a linear fit.

Thermal stability was monitored at 60 °C for 20 hours. No change in the absorption spec-
trum other than that resulting from the slow evaporation of the solvent was observed (Fig.
46).
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Figure 46. The absorption spectra of the DAE crosslinker at 60 °C after relaxation
times 0—16 h.

7.6.4 Indigo crosslinker

The PSS composition was determined from the PSS and pure E spectra of the same sam-
ple via the “PSS/E-method”. Because the Z isomer does not absorb above 650 nm whereas
the absorption band of the £ isomer extends to nearly 700 nm, the absorbance of the PSS
mixture above 650 nm is attributed purely to £. Thus, when the ratio of the absorbances
of PSSes0 and E and PSSso0 and E are plotted against wavelength (Fig. 47), the value of
this function at ca. 660 nm yields the PSS ratios Z/E = 87:13 and 11:89 for the PSS upon
irradiation with 660 and 500 nm light, respectively. Now, the pure Z spectrum can be
derived from the measured pure E and PSSeeo spectra with the equation

Ap —0.13 Ag
A, = 55,660 (31)
0.87

—PSS,660 / E
PSS,500 / E

1,2
[

Absorbance
o
[e)]
T

03 |

300 400 500 600 700
Wavelength (nm)

Figure 47. The ratio of the photostationary state absorbances and the pure E-isomer
absorbance as a function of wavelength.
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The quantum yields of £~Z and Z—F isomerization were calculated using the initial slope
method. The kinetic absorbance data for the isomerization reactions and the initial slope
fits are shown in Fig. 48 a and b for £~Z and ¢ and d for Z—E. From the slopes (-0.2398
and 0.125, respectively) the quantum yields can now be calculated with Eq. (18):
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Figure 48. a) Absorbance at 620 nm for the E—Z isomerization upon irradiation with
660 nm light and b) the respective linear fit of the initial slope. c) Absorbance at 620
nm for the Z—E isomerization upon irradiation with 500 nm light and d) the respective

linear fit of the initial slope.

Thermal stability of the Z-isomer was studied at 25 °C. By using the kinetic mode of the
spectrometer, the absorbance at 620 nm was monitored in dark and treated with Eq. (27)
to yield a linear representation as a function of time (Fig. 49). From the slope, the thermal

lifetime was calculated to be 153 s (2.5 min).
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Figure 49. Logarithmic representation of the thermal Z—F relaxation (black dots) as a
function of time and a linear fit (red dotted line).

7.6.5 DASA dopant

The quantum yield of the photocyclization reaction was determined by irradiating a
freshly prepared DASA solution in acetonitrile with 550 nm light and monitoring the
reaction by recording the spectrum with ca. 10 s intervals. As only the open triene form
absorbs in the region, Eq. (21) can be utilized (Fig. 50). From the slope (-0.00810 s'), the
quantum yield is determined as
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Figure 50. The linear representation of the absorbance at 580 nm for the irradiation
with 550 nm light and a linear fit.

The thermal lifetime was studied by irradiating the switch with 550 nm until completely
in the cyclic form, and then recording the spectra at 1-10 min intervals at 25 °C after
ceasing the irradiation. The absorbance at 580 nm was treated with Eq. (27) to yield the
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linear representation in Fig. 51. From the slope, the thermal lifetime was calculated to be
909 s (15.2 min).
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Figure 51. Logarithmic representation of the thermal cyclic—open relaxation (black
dots) as a function of time and a linear fit (red dotted line).
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APPENDIX 1.'H NMR SPECTRUM OF COMPOUND 54
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APPENDIX 2. '"H NMR SPECTRUM OF COMPOUND 55
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APPENDIX 3. '"H NMR SPECTRUM OF COMPOUND 56
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APPENDIX 4. *C NMR SPECTRUM OF COMPOUND 56
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APPENDIX 5. '"F NMR SPECTRUM OF COMPOUND 56
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APPENDIX 6. 'H NMR SPECTRUM OF COMPOUND 62
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APPENDIX 7. °*C NMR SPECTRUM OF COMPOUND 62
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APPENDIX 8. 'H NMR SPECTRUM OF COMPOUND 63
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APPENDIX 9. *C NMR SPECTRUM OF COMPOUND 63
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APPENDIX 10. 'TH NMR SPECTRUM OF COMPOUND 57

1.99

7.13

4.53

—6.17
2.86
N~ —2.11

4.56

A

—6.43
—5.89

1.90 1.98 2.05 2.091.95 1.88 1.57 1.88 8.00 4.07 2.145.98
Ny S g Sy S — — — | —

8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)



APPENDIX 11. 3C NMR SPECTRUM OF COMPOUND 57

©
~
-~ 0
™
2 e o
~N 8¢ o
o~ -3 % (o)
S N ~ <
R x 1 © o |
© o I H 3 o
© 5 -~ S
~ 9 <! )
© I N
-~ [\

B L B L B L L L L L L L B L B L B L BB LR L
220 200 180 160 140 120 100 80 60 40 20 0 -20

Chemical Shift (ppm)

84



APPENDIX 12. 'TH NMR SPECTRUM OF COMPOUND 67
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APPENDIX 13."TH NMR SPECTRUM OF COMPOUND 69
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APPENDIX 14."TH NMR SPECTRUM OF COMPOUND 70
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APPENDIX 15."TH NMR SPECTRUM OF COMPOUND 71
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APPENDIX 16.'3C NMR SPECTRUM OF COMPOUND 71
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APPENDIX 17."TH NMR SPECTRUM OF COMPOUND 77

0.97

—0.90

1.31

N~
©
o ¢ =4
N -
N~ ™
)
N o
©o ¥
'l
©
<
|~ - N -
LA A e
200 1.93 0.89 1.88 2.05 4.04 2.04 6.526.31
— [} — L I Iy oy | I
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0

Chemical Shift (ppm)

90



91

APPENDIX 18. 'TH NMR SPECTRUM OF COMPOUND 438
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APPENDIX 19. 'TH NMR SPECTRUM OF COMPOUND 78
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APPENDIX 20. DIARYLETHENE PSS COMPOSITION FROM 'H NMR
SPECTRUM OF COMPOUND 57
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