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ABSTRACT
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Master of Science thesis

Tampere University

Science and Engineering

August 2021

Controlling the function and properties of materials, pharmaceuticals and catalysts after man-
ufacturing is essential for contemporary chemists. Such control can be achieved via use of mo-
lecular switches, which change their chemical and/or physical properties in response to external
stimuli. Light is a particularly attractive stimulus because of its high degree of controllability without
physical contact, and clean nature. Therefore, organic light-responsive molecules — pho-
toswitches — are studied for such purposes. The synthesis of new photoswitches with different
photochemical properties is needed for various applications. In the molecular design of such pho-
toswitches, compatibility with different matrices such as polymers or elastomers, is necessary to
be taken into account.

In this thesis, three different previously unreported indigo photoswitches were designed and
synthesized and their photochemical properties characterized in different environments. Pho-
toswitches with similar indigo-core had been previously syntheized and characterized in solution,
so the focus was to enable implementation to liquid crystalline and polymer matrices and study
the photochemical properties in these environments, with a particular aim of obtaining indigo pho-
toswitching in the solid state.

The photochemical properties of the indigo photoswitches were first studied in solution, after
which they were incorporated as dopants in liquid crystals and in polymer films. Photoisomeriza-
tion efficiency, molar absorption coefficient, thermal stability of the metastable Z-isomer and fa-
tigue resistance were determined. All studied molecules showed similar properties to reference
molecules in solution: reversible and efficient photoswitching with moderate thermal lifetimes and
high fatigue resistance. Photoswitching was less efficient in liquid crystals than in solutions, prob-
ably due to shorter Z-lifetimes dominating the photostationary states. All compounds showed fa-
tigue resistance of over 50 cycles in liquid crystals. In a polymer film the photoswitching efficiency
was higher than in liquid crystals but lower than in solution. Thermal lifetimes were multiple times
longer than in a solution, and all photoswitches could be switched to both direction with 660 nm
and 525 nm light.

Indigo photoswitches studied in this work were compatible with liquid crystals and polymer
films. Photoswitching was observed in all studied environments with moderate E to Z conversion
with low-energy irradiation. Regarding the synthetic routes, more studies for optimization of the
reactions is required. The synthesized indigo photoswitches are ready for further studying as
crosslinkers in liquid crystal elastomers or polymer networks.

Keywords: Photoswitching, Indigo, synthesis
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TIVISTELMA
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Elokuu 2021

Uuden sukupolven materiaalien, l|38keaineiden ja katalyyttien ominaisuuksien ja
toiminnallisuuden kontrollointi valmistuksen jalkeen on valttdmatontd nykykemisteille. Tama on
mahdollista molekyylikytkimien eli ulkopuolisiin arsykkeisiin reagoivien yhdisteiden avulla. Valo
on suotuisa arsyke, koska se on hyvin kontrolloitavissa ja luonteeltaan puhdas Siksi orgaanisia
valoon reagoivia molekyyleja — valokytkimid — tutkitaan Kkyseisiin tarkoituksiin. Uusien
valokytkimien, joilla on erilaiset valokemialliset ominaisuudet, synteesia tarvitaan erilaisiin
sovelluksiin. Tallaisten valokytkimien suunnittelussa soveltuvuus erilaisiin ymparistdihin, kuten
usein kaytettyihin nestekide-elastomeereihin, pitaa ottaa huomioon.

Tassa tydssa kolme ennen julkaisematonta indigovalokytkinta suunniteltiin ja syntetisoitiin, ja
niiden valokemiallisia ominaisuuksia tutkittiin eri ymparistdissa. Valokytkimia, joissa on vastaava
indigokeskus, on aiemmin syntetisoitu ja tutkittu liuoksessa, joten tarkoituksena oli mahdollistaa
valokytkimien kayttd nestekiteessad ja polymeerissad ja tutkia valokemiallisia ominaisuuksia
kiintedssa olomuodossa.

Indigovalokytkimen valokemiallisia ominaisuuksia tutkittiin liuoksessa ja lisdaineena seka
nestekiteessd ettd  polymeerikalvossa.  Valoisomerisaation = tehokkuus, = molaariset
absorptiokertoimet, epavakaamman isomeerin terminen stabiilisuus ja vasymiskestavyys
maaritettiin. Kaikilla tutkituilla molekyyleilla oli liuoksessa vastaavat ominaisuudet kuin aiemmin
julkaistuilla vastaavilla molekyyleilla: reversiibeli ja tehokas valoisomerisaatio seka keskipitkat
termiset elinajat. Valoisomerisaatio ei ollut aivan yhtad tehokasta nestekiteessa, johtuen
mahdollisesti lyhyiden elinaikojen hallitsemasta tasapainotilasta. Kaikki yhdisteet kestivat
isomerisaatiota yli 50 syklia. Polymeerikalvossa isomerisaatiotehokkuus oli nestekideymparistén
ja liuoksen valilta. Termiset elinajat olivat moninkertaisia liuokseen verrattuna, ja kaikkia
valokytkimia pystyttiin isomeroimaan kumpaankin suuntaan 660 nm ja 525 nm valon avulla.

Tassa tyossa tutkitut indigovalokytkimet olivat yhteensopivia nestekide- ja
polymeeriymparistdjen kanssa. Valoisomerisaatiota havaittiin kaikissa tutkituissa ymparistéissa
matalaenergiselld sateilytykselld. Lisatutkimusta tarvitaan synteesireittien reaktio-olosuhteiden
optimointiin. Syntetisoidut indigovalokytkimet ovat valmiita jatkotutkimuksiin ristisilloittimina
nestekide-elastomeereissa tai polymeeriverkostossa.

Avainsanat: Indigo, valokytkin, synteesi

Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck —ohjelmalla.
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1. INTRODUCTION

Conventional materials, catalysts and pharmaceuticals all share one property; they are
static in their nature. Once created, their functionalities cannot be controlled. During last
decades countless advances have been made in conventional materials, for example,
using nanotechnology in sensors [1] or nanomedicine [2], [3] and stem-cell-based
treatments. [4] But scientists have also focused on new types of materials that can be
considered “smart” and in which the properties could be controlled after manufacturing

with external stimuli.

Control over materials properties can be achieved with molecular switches — molecules
that respond to external stimuli such as electric field [5], magnetic field [6], pH [6] or light
[7]. Light is a highly interesting stimulus due to its nature, being non-invasive, clean, and
highly controllable with good spatial and temporal resolution. Photochromic molecular
switches (photoswitches) by definition undergo a reversible change in their absorption
spectrum upon isomerization from thermodynamically stable to more energetic, or met-
astable, form when irradiated with light. [7] The change between the two forms also alters
the chemical and physical properties of the photoswitch, such as geometry, dipole mo-

ment, conductivity and coordination [8].

The changes in molecular properties can be exploited in multiple fields. Photoinduced
changes can be used in catalysis to externally control chemical reactions. This generates
possibilities for one-pot multi-step reactions unattainable with conventional catalysts. [9],
[10] From biomaterials to photopharmacology, photoswitches can be used for a variety
of functions from controlling peptide chain folding and enzyme activity to light-controlled
antibacterials and targetable and controllable drugs. [11]-[15] Photoswitches can also
be integrated to different materials such as polymers [16] or liquid crystal elastomers
(LCEs) [17], or attached to their surface to control properties such as wettability [18]. This
enables a wide range of light-controlled applications from optical memories [19] and bi-

omimicking smart systems [20] to molecular motors [21] and self-healing materials [22].

There are multiple different families of photoswitches, azobenzenes, diarylethenes, spi-

ropyrans, fulgides, chromenes and indigoids to name a few. [7], [23] Different pho-



toswitch families have different properties, but properties inside a given photoswitch fam-
ily can also be tuned by functionalizing the molecules. Each photoswitch family has their
advantages and disadvantages, hence suiting for different kinds of applications. Azoben-
zenes undergo a large geometrical change with fast isomerization and are relatively fa-
tigue resistant. However, azobenzenes are often isomerized in the UV-region or short-
wavelength visible light. [24] Diarylethenes’ ring-closing isomerization induces only small
geometrical changes, but their optical and electronic properties change significantly.
They are often bistable and have superior fatigue resistance compared to other pho-
toswitches. [25] Spiropyran molecules exhibit a large change in the dipole moment as
well as geometry between open- and closed-ring isomers. The open-ring form can also

exist in a charge-bearing zwitterionic form. [26]

Indigo has been known and used as a dye for centuries. It is blue, which is a unique
feature for natural dyes. Indigo is known in the field of organic electronics because of its
remarkable stability and great charge transport properties. [27], [28] In the field of pho-
toswitches it is a new emerging molecule with little research done on it. [29] The absorp-
tion spectrum of indigo is naturally red-shifted compared to other conventional pho-
toswitches, which makes it potent for many applications especially in biology and photo-
pharmacy. In addition, the isomerization of indigo stimulates an even bigger geometrical
change than azobenzene molecules, yielding it potentially attractive for light-controllable

functional materials such as photoactuators. [30]-[32]

To give context for the indigo studies, the three most widespread photoswitches — azo-
benzenes, diarylethenes and spiropyrans — are introduced in the theoretical part of this
work. The basic chemical structures, common synthetic pathways and spectral proper-
ties are covered in Chapter 2. A short history of indigo, its synthetic preparation and
photochemical properties are presented in Chapter 3. In the experimental part of the
work (Chapter 4), three new indigo photoswitches with different lifetimes are synthetized
and studied in solution, as dopant in liquid crystals and in polymer films. To authors

knowledge properties of indigo photoswitches haven’t been studied before in solid state.



2. INTRODUCTION TO MOLECULAR PHO-
TOSWITCHES

Photochromic molecules (photoswitches) by definition undergo a reversible transfor-
mation between two forms, which have different absorption spectra, by absorption of
electromagnetic radiation. The thermodynamically stable form A is transformed into less
stable form B, which relaxes back to form A either thermally (T-type photochromism) or
photochemically (P-type photochromism). Many photochromic molecules have pale or
colourless form A and coloured form B, which is referred to as positive photochromism.

When Amax(A) > Amax(B), photochromism is negative. [7]

There are dozens of different photoswitch families. In this chapter three most widespread
ones, azobenzenes, diarylethenes and spiropyrans are introduced. [8], [33] Other pho-
toswitch families are for example chromenes, fulgides, spirooxazines, stillbenes and in-
digoids. Diarylethenes and spiropyrans have thermally stable closed-ring form which
opens during photoexcitation. Azobenzene undergoes E — Z isomerization during pho-
toexcitation and relaxes back to the more stable E isomer thermally or via photoexcitation
with different wavelength. These photoswitches have applications in multiple fields, such
as catalysis, photopharmacology and advanced materials, which are shortly described

below.

2.1 Azobenzenes

Azobenzenes are a vast family of photocontrollable molecules. Parent azobenzene mol-

ecule 1 constitutes of two benzene rings linked with an azo bond.

N=N
hv
N\\ _—
N
©/ hv, A

1¢ 12

Figure 1 Azobenzene 1 in its E and Z isomers.

It is possible to substitute hydrogens on the benzene rings of 1 in symmetric or asym-
metric way in ortho-, para- or meta-positions with different atoms or groups, creating an

almost infinite number of possible structures for chemists. Substitution has a huge impact



on the properties of azobenzene molecules, including absorption spectrum of both iso-
mers, thermal lifetime of the Z isomer, isomerization quantum yields and molecular

shape and size.

A vast library of different synthetic methods exists for the preparation of different azo-
benzenes. Oxidizing anilines, azo coupling and Mills reaction are some of the most com-
mon methods. Other methods include for example Wallach reaction, reduction of
azoxybenzenes, triazene rearrangement, thermolysis of azides and opening of benzotri-

azoles. [34]

R
NH»> KMnO,4 /©/
o™ o
R DCM, reflux 3
2 R

Scheme 1 Oxidizing aniline 2 (R = H) or substituted aniline yields symmetric azo-
benzene 3.
Oxidation of anilines is a simple way to create symmetrical azobenzenes. It uses oxidiz-
ing agents in non-polar solvents, for example KMnO4 supported on iron (Il) sulfate in
dichloromethane (DCM) (Scheme 1). Many other oxidizing agents and different non-po-
lar solvents can also be used. Reaction is not limited to only 4-substituted (R in Scheme
1) anilines, but also, e.g., 2,5-dihalogenated anilines can be used. A drawback of the
reaction is its low yield for highly functionalized molecules, ranging from 15% to 80% for

simple para-functionalized molecules. [34]-[36]

OH
OH
+. N 5
NHz  NaNO,, HCI N~ N
N
—_—
H,O / Acetone ©/4 NaOH, K,CO4 O/ 6

2 0°C

Scheme 2 Azo coupling reaction.

The azo coupling reaction is the oldest known method to synthetize azobenzenes. It
starts by reacting 2 (R = H) with sodium nitrite in acidic conditions to form a reactive
diazonium compound 4, which is then reacted with phenol 5 to form 4-hydroxyazoben-
zene 6. Acidic conditions for the first step serve to liberate nitrous acid in situ from sodium
nitrite. Diazonium compounds might be explosive, so the reaction temperature must be

kept low. [34] Unlike the oxidation of anilines, azo coupling reactions usually have very



good yields, but the reaction requires an electron-rich aromatic nucleophile for the sec-

ond step, so it is not suitable for all azobenzenes.

~NO o NH2 AcOH U Ns AN
|/ + | > | N
7 2

Scheme 3 Mills reaction.

Asymmetric azobenzenes 8 (R # R’) can also be made with Mills reaction (Scheme 3) by
reacting an aromatic nitroso derivative 7 with the aniline 2 in glacial acetic acid. Some
nitroso derivatives are available commercially, but they can also be prepared by oxidat-

ing the corresponding aniline.

Azobenzene has two major absorbance peaks, corresponding to the ™ — 1™ transition
(peak in the UV region for azobenzene, red-shifted for NHA and DR1 in Figure 2) and
the n — 1 transition (peak at > 400 nm for azobenzene). For unsubstituted azobenzene

these peaks are separated from each other (black line in Figure 2) but overlap for differ-

ent isomers.
Electron
-~ = acceptor - T T T
NO, ’\NOZ\, e | % F — Azobenzene
- T __ 30 } — NHA
% TE — DR1
8 6 25
Ney Ney Ney, § E 20
5= st
o
§ E 10
- -~ E
OH [,/ Nj X 5 5
\ r ) = . <"
NHA » OH/ Electron 0
S dorior 250 300 350 400 450 500 550 600 650
DR1 Wavelength (nm)

Figure 2 Absorption spectra of azobenzene, weak push-pull 4-nitro-4’-hydroxyazo-
benzene (NHA) and disperse red 1 (DR1) in THF solutions, reproduced from [37].
As seen in Figure 2, substituents have a huge impact on the location of these absorption
peaks. Including an electron donating group (EDG) like an amino group or an electron
withdrawing group (EWG) like a nitro- or hydroxy group in para-position redshifts the
— 11" transition absorption peak by ca. 50 nm. Push-pull type azobenzenes, which have
one EWG and one EDG in para-positions, are red-shifted even more (Figure 2), but have
very short, highly solvent-dependent Z-lifetimes down to 100 fs in protic solvents. [38]-
[41] Further red-shift can be achieved via protonation of the azo-bond to an azonium-ion.

The group of Woolley optimized the molecular structure of these and achieved near-IR



functioning (Amax= 597 nm, Airad =720 nm) molecules with a Z-lifetime in scale of seconds.
[42]
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Figure 3 Ortho-substitution can separate the n — m* and m — * transitions com-
pared to parent compound (middle) and enable two-way switching with different wave-
lengths (right), reproduced from [40].

Different ortho-substitution patterns can separate n — 1™ transition peak from m — 1*
transition (Figure 3, middle). Some ortho-substitutes also separate the n — 1™ transition
of E and Z isomers making it possible to address this band for the two isomers separately
and to efficiently switch in both directions E — Z and Z — E with visible-light irradiation
(Figure 3, right). [43] EWGs, such as chlorine, fluorine or methoxy-group, in ortho-posi-
tion also stabilizes the Z-isomer, resulting at best in over 20-fold lifetimes compared to
1. Combining these properties can lead to photoswitches with long thermal lifetime and

high visible light absorbance. [36]

Three different mechanisms have been proposed for E — Z isomerization: rotation, in-
version and rotation-assisted inversion. Many studies done on this field conclude that
depending on the structure of azobenzene and conditions such as solvent (if liquid
phase) and temperature, all of them are possible. [24] In the case of photoisomerization,
also the energy of excitation might affect the mechanism, n — 1 excitation (corresponds
to So — S1 electronic transition) isomerizing the azobenzene through inversion, while 1

— T* (So — S2) through rotation mechanism. [44]

Different substitutions have been vastly studied for various applications, to fine-tune the
wanted properties. For many applications, for example in biological use, red-shifting the
absorption spectra while maintaining long Z-lifetime (ultimately, targeting bistable com-
pounds), photostability and good quantum yields would be essential. For some other

applications, on-off switches with very short lifetimes are preferred. [36], [40], [43]-[49]



2.2 Diarylethenes

Compared to azobenzenes, diarylethenes are fairly new class of photoswitches; first ar-
ticles in the field were published in late 1980s by group of Irie [50], [51]. It was known
that in addition to E — Z isomerization between 9¢ and 9, Z-stilbene 9z can undergo a
reversible cyclization reaction to 9. under UV-irradiation (Figure 4). 9. can be dehydro-

genated to form phenanthrene, which can be prevented via methylation to 10..

Figure 4 Stillbene 9 in E and Z isomers and ring-closed form 9, ring closing also
worked for ortho-methylene substituted stilbene 10.
However, both E — Z isomerization and cyclization were thermally reversible and the
aim of the study was to create thermally stable molecules. From a previous study [52] it
was known that furyl- and thienylethenes have longer ring-closed lifetimes. Also substi-
tuting the ethylene part of the molecule not only red-shifts the absorption but also slows

down or even prohibits Z — E isomerization.

NC  CN 0= O\=0
| N1\ Y/
S S S S
1" 12
Figure 5 The first thermally stable diarylethene photoswitches [50].

Compounds 11 and 12 were thermally stable at high temperatures and had fatigue re-
sistance for multiple cycles. Soon after it was discovered that instead of ethylene moiety,
perfluorinated cyclopentene leads to the most stable molecules. These are arguably the
most common subtype of diarylethenes, bisthienylcyclopentenes 15. Many other alter-
natives for the ethylene bridge also exists, providing several routes for thermally stable

diarylethene derivatives with good fatigue resistance. [19], [25], [53]



There are many synthetic ways to produce diarylethenes. Substitution of octafluorocy-
clopentene 14 with thiophene derivatives 13, Suzuki-Miyaura coupling and intramolecu-

lar McMurry reaction being the most common ones. [53]

1) nBulLi
R2 R3 Et,O or THF
M\ -80 to -60 °C
RITNg7TRY 2y
>Fe
13 0,5eq \__
15
Fyq F

Scheme 4 General reaction conditions for substitution of 14, reproduced from [53].

In the substitution reaction a halogen in the thiophene unit 13 (usually, and in Scheme 4
R?) is first lithiated with nBuLi and then reacted with 14. A wide range of other substitu-
ents may be used in 13. R can be halogen, alkyl, aryl, S-alkyl or heteroaryl group and
15 can often be further functionalized through it. R2 can be H, halogens, alkyl or O-alkyl
and R* can be H, halogen, alkyl, aryl or heteroaryl. This reaction also supports asymmet-
ric substitution; when excess of 14 is used on step 2, only one fluorine will be substituted
and can be further reacted in similar fashion with differently substituted 13. The drawback
of this reaction is the low boiling point (bp.) of 14 (26-28°C) which might create some

practical difficulties. Depending on substituents, yields range from low to excellent.

0,5eq
B(OH)z E sz(dba3) ° CHC|3
/ 6 PCy3, CsF

/ \ + _

S Toluene/H ,O

I I
c 1 c Reflux, 16h
16 7

Scheme 5 Suzuki-Miyaura coupling with optimized conditions [54].

Suzuki-Miyaura coupling uses aryl boronic acids such as 2-methyl-3-thienylboronic acid
16 or a respective boronic ester to couple with less volatile (bp. 90 °C) 1,2-dichlorohex-

afluoropentene 17.

In optimized conditions the coupling reaction has an excellent yield, 86% in Scheme 5.
Boronic acid or ester compounds are storable unlike lithiated compounds and they do
not require cryogenic conditions. Also substituents like carbonyl- or cyano groups can be

included in the precursor 16, unlike in Scheme 4 type reaction. [54]



The open-ring form of diarylethene is pale and colourless and the closed-ring form col-
oured. Substituents affect the spectrum of closed ring form, reported Amax varying from

426 nm to near-IR region at 828 nm in Ref. [19].

0.5

Absorbance

0 1 1
300 400 500 600 700

Wavelength/ nm

Figure 6 Absorption spectra for 4,4’-dimethylbisthienylcyclopentene 17, reproduced
from [25].

Compared to other photoswitches, diarylethenes are superior in thermal stability of both

isomers and fatigue resistance. With good molecular design, thermal half-life is reported

to be over 400,000 years and fatigue resistance over 10,000 cycles. [19], [25] These are

necessary properties for applications such as optical memories. Other important proper-

ties are high, close-to-unity quantum yields of cyclization, fast cyclization reaction (pico-

second scale) and efficient photoswitching also in single crystal state.
¢
uv
, Vis. .
Al . @

Figure 7 Diarylethene photoswitching in single crystal state, reproduced from [55].
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2.3 Spiropyrans

Spiropyrans have been known since the beginning of 20" century [56]. Interest in them
started when their reversible thermochromic properties were discovered [57], [58] and
the interest was further increased when their photochromic properties were found. [59],
[60] In addition to temperature and light, spiropyrans are known to respond to multiple
other stimuli such as different solvents, redox potential, mechanical stress and metal
ions. [61] The spiropyran structure in its ring-closed (spiro) and open chain (merocya-
nine) form is presented in Figure 8.

O o
o Y

Vis, A
18sp

Figure 8 Spiropyran in its ring-closed- (18sp) and merocyanine (18uc) forms with
zwitterionic (top) and quinoidal (bottom) structure.
The general synthesis of spiropyrans was introduced by Wizinger in 1940, and it still
remains practically unchanged. In this procedure an indolino compound 19 and ortho-
hydroxy aldehyde 20 are boiled in solvent (usually alcohol) to condensate the desired
spiropyran 21 (Scheme 6). In the reaction multiple side products are formed as well. The
amount of these can be reduced by using an indolenylium salt of 19 and an equimolar

amount of organic base such as piperidine. [26]

RZ R3 OH R2 R3
CHO
@;% s N e
1// N & KN (0] 73
R \R R R \ \R4
R N
19 20 21

Scheme 6 General synthesis method for spiropyrans.

The spiro form is colourless and the merocyanine form is coloured. The absorption spec-
trum of the coloured form can be tuned, for example, via substitution in the chromene
part of the molecule. It has been established that r-accepting substituents red-shift the

merocyanine absorption spectrum. [26], [61]
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Figure 9 Absorption spectra of spiropyran in spiro (SP), merocyanine (MC) and pro-
tonated merocyanine (MCH®*) forms, reproduced from [61].

2.4 Applications for photoswitches

Photoswitchable molecules undergo structural or conformational changes upon irradia-
tion, changing their properties significantly. Azobenzenes, for instance, have a huge
change in molecular shape and therefore length of the molecule and geometrical position
of its substitutes. Diarylethenes do not change much in shape, but the molecule becomes
much more rigid in the closed-ring form. Also its electronic properties are markedly dif-
ferent in the open- and closed-ring forms. These properties are examples of what scien-
tists have used in development of light-controllable materials [10], [12], [14], [15], [46],
[62], [63]. When incorporated into materials, the molecular-level changes can be har-

nessed to induce changes in materials properties at the macroscopic level.

2.4.1 Catalysis and photopharmacology

Usual catalysts have their activity set when they are introduced to, for example, a reac-
tion mixture. Their catalytic activity cannot be controlled without removing or poisoning

the catalyst. Photoswitchable catalysts could be turned on and off with simple light irra-
diation (Figure 10).

Photoswitchable Catalysis:

A @ hv, .
Kq - ko k= ks
B ( Catalyst ) hv; B

Figure 10 Principle of photoswitchable catalysis, LAS = light absorbing species, ki
and kz are reaction rates, reproduced from [10].
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Efficiency of photoswitching in catalysis can be described with reaction rates. For a well-
controlled system, the reaction rate k; with an unactivated catalyst (white in Figure 10) is

small or negligible, and when the catalyst is activated, k> > k.

In the field of heterogenous catalysis, photoswitches are usually mounted on surface.
For example, Niazov et al. made a monolayer of spiropyran molecules on an indium tin
oxide (ITO) surface. In the spiro form the molecules are electrochemically passive, but
when switched to MC form with UV light they bear charge (see Figure 9) and become
active. In their active state they bind Pt-nanoparticles which catalyze H>O; reduction. By

irradiating with 460 nm light the spiro form is reformed and catalytic activity lost. [64]

As homogenous catalysts there are many examples of molecules with an azobenzene
core as photoswitching unit. Two main pathways for azobenzene-mediated control over
catalysis are blocking the catalyzing site of molecule as in Figure 11, or creating an active

site upon irradiation as in Figure 12.

A hv

Figure 11 Schematic picture of light activated catalyst with azobenzene core

With careful molecular design it is possible to create systems which can be activated and
blocked by light. Peters et al. [65] synthesized a molecule which had a piperidine lone
electron pair acting as a catalytic base, blocked by bulky tert-butyl (t-Bu) groups on the
other azobenzene ring. The best molecule described had ki/kz >35, a lifetime of over 450
h and E — Z conversion of over 90% to both directions, making it an efficiently control-

lable bistable system.

420nm @
Ph” T 0OH U £, Ph

Ph

Cooperative catalysis

Figure 12 Creating a catalytic site by irradiating 22, reproduced from [10].
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Imahori et al. synthesized an azobenzene-tethered bis(trityl alcohol) 22, which has two
hydroxy groups. When irradiated with UV light, hydroxy groups form intramolecular hy-
drogen bond which increases acidity, and catalyzes Morita-Baylis-Hillman reaction. This

increased the reaction rate by 25% compared to 22¢. [66]

uv

-

-

SN ‘) ! N\ _H visible
°N S S

H:;C = 23 o 0]
electronically ‘insulated' electronically ‘connected'
(inactive) (active)

Figure 13 Photoactivated catalysis based on different electronical properties of dia-
rylethene 23 isomers, reproduced from [67].

Also other photoinduced properties can be used in catalytic systems, for example, dia-
rylethenes’ electronical properties (Figure 13). This system by Wilson and Branda mim-
ics a biologically active form of Be-vitamin. Upon irradiation with UV-light, the diarylethene
ring closes and pyridinium and aldehyde groups are electronically connected. This fully
conjugated system stabilized the quinoid structure 24, formed upon condensation with
an amino acid and subsequent deprotonation of the aldamide a-hydrogen. Racemization
of the amino acid can be observed in closed form 23. but under visible light the ring

structure opens (23,) and racemization doesn’t happen. [67]

Pharmacotherapy means the curing of diseases by using drugs. Conventional drugs usu-
ally have several problems such as poor selectivity which can lead into side-effects, un-
controllable activity and dosage problems emerging from poor selectivity and toxicity.
Antibiotic-resistant bacteria are one of the major concerns, which emerges from uncon-

trollability of conventional drugs, as they are active also after exiting the body.

Light would offer a superior way to regulate biological systems. Excluding low-wave-
length UV region, it is harmless, non-toxic, non-invasive, easily regulated and extremely
precise compared to, for example, drug-activating chemicals. Photodynamic therapy is
sometimes used for cancer treatment. It relies on locally irreversibly photoactivated sin-
glet-oxygen-generating molecules. 'O, however, unselectively destroys cells on the tar-
geted area. Photopharmacology uses synthetic photoswitches incorporated to molecules
with biological effect in order to make reversibly activated/deactivated drugs with highly
selective activity. Photoswitches can be bound to, for example, enzymes, ion-channels,

transporters, pumps, proteins, metabotropic receptors and lipids. [11]-[15], [68]-[70]
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There are multiple key elements for photoswitches to fulfill in order to succeed in photo-
pharmacology. They must undergo a significant change in their properties upon irradia-
tion, so that one form is inactive and the other active. Isomerization must be efficient to
both directions; good quantum yields and PSSs containing mostly one isomer. For this
both T- and P-type photoswitches could work, depending on the design. Of course, they
have to work under physiological conditions, and be non-toxic. Also absorption in the
“biological window”, at 650—900 nm, would be beneficial because of lower energy (less
chance for side reactions) and superior tissue penetration. [69]-[73] Indigo would offer
an easy way for operating at optimal wavelength due to its naturally red-shifted absorp-

tion spectrum.

Photopharmacology is not yet at clinical state, but there are multiple working proofs of
concept on the field. Mostly the azobenzene core is used for superior change in molec-
ular length (~3 A) and shape, but because of very precise working shape of enzymes,
even the minor structural change (~0,1 A) of diarylethene has been utilized. [11] lon
channels have been blocked/deblocked efficiently with azobenzene units [15], [68], [74],
and incorporated to insulin release. [75] Azobenzene units have also been incorporated
to DNA and peptide chains to control folding. [76], [77] Efficiently photocontrolled anti-
bacterial molecules have been developed [14] and there’s even a recent patent on the
field. [78]

2.4.2 Materials

Materials that react to external stimuli are often denoted as smart materials. Common
for this kind of materials is the need for molecular switches that react to such stimuli. For
the scope of this work, focus is put on photoresponsive materials. Photoswitches un-
dergo a change in their physical (and/or chemical) properties which can be transferred

and amplified into macroscopic change in materials.

Photoswitchable molecules have been incorporated into multiple different materials such
as liquid crystals (LCs), liquid crystal elastomers (LCEs), amorphous polymer matrices,
gels, nanoparticles and metal-organic frameworks. [77] Liquid crystals are mostly or-
ganic molecules which combine the properties of fluids and the molecular order of crys-
tals in their liquid crystalline state, located between crystalline and isotropic phases on a
temperature scale. Depending on the orientation of molecules, there are multiple differ-
ent liquid crystalline phases such as nematic or smectic. Heating a liquid crystalline
phase leads to an isotropic liquid phase in which the molecular orientation is lost. Liquid

crystal elastomers are polymeric materials in which liquid crystalline molecules, often
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rod-like calamitic LCs, are used as monomers or crosslinks within the polymer network.
[79]-[81]

Photoswitches can be either covalently bonded to the material network, used as a dopant
inside the material or bound to the surface of the material. A number of ways can be
utilized for covalent bonding of photoswitches. The most common way is using a vinyl-
function containing group like acrylate or methacrylate in the end of the photoswitch,
enabling linkage via polymerization. Numerous applications of photoresponsive materi-
als have emerged, ranging from optical data storages to molecular motors and biomim-
icking systems. [10], [20], [82]-[85], [21], [26], [30], [31], [46], [47], [77], [81]

The photochemical characterization of photoswitches is typically carried out in solution.
However, a solid environment might interfere with the switches, changing the observed
properties. Azobenzenes’ photochemical and photomechanical properties have been
studied in amorphous polymers, and in a recent review [86] it is concluded that higher
rigidity and degree of crystallinity of the polymer matrix results in less photomechanical
bending of the polymer strips. Strips with covalently bonded photoswitches returned to

non-bent state faster than strips where azobenzene was used as a dopant.

In the field of photoactuators, azobenzenes are mostly used due to their superior change
in molecular length and shape, easily transferred into macroscopic motion of the mate-
rial. LCEs are often used for photoactuators because of the soft and highly ordered mo-
lecular network. [8], [31]-[33] An example from field of photoactuators is a completely

optically driven motor (Figure 14).

Belt Alignment
direction

Figure 14 Light-driven plastic motor, belt consists of azobenzene containing LCE
laminated on a PE film. Direction of rotation can be swapped easily by changing UV
and Vis irradiations with each other. Reproduced from [87].

In LCEs photoswitches can translate molecular changes to macroscopic scale via either
photothermal or photochemical effect. Photothermal effect is based on heat released by

the photoswitch, thus inducing an LC-to-isotropic phase transition, which then deforms
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the material provided that proper molecular orientation inside the material is found (Fig-
ure 15). This effect is present in LCEs containing photoswitches or just dyes and does
not require covalent linkage of the photoswitch to the material. The effect can be ex-
ploited in, for example, self-oscillating LCE strips. [88] The photothermal effect is usually
fast and the material returns to its original state shortly after the irradiation is ceased.
Photochemical effect, on the other hand, is based on photoswitching, and covalent bond-
ing to the material is required. Deformation of material is based on the shape change of
the photoswitch molecules, amplified into macroscopic change by the molecular align-
ment of the LC material. [89] Photochemical effect has also been used to pattern recon-

figurable LCE actuators, in synergy with photothermal effect to cause deforming. [90]
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Figure 15 Artificial flytrap mimicking venus flytrap -plant by Priimé&gis group. Re-
flected light from the target induces photothermal effect, which bends LCE film and
traps the target. Reproduced from [20].

Photoswitches can also be used in sensor applications. Different features of photoisom-
erization are dependent on environmental factors such as humidity or the presence of
ions. For some azobenzenes the thermal relaxation rate depends on relative humidity.
[91] Huber et.al., on the other hand, showed that some N-monoarylated indigo molecules
were sensitive for water present in the solvent. Thermal relaxation of these molecules
was accelerated by water, and theoretical sensitivity up to 1ppm water content was cal-
culated. [92] Zhuge et.al. presented a diarylethene molecule with selective sensitivity
towards cyanide ions. In their work no sensitivity towards a wide range of other ions was
seen, and when mounted on paper colorimetric recognition of CN- in water was realized.
[93]
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3. INDIGO PHOTOSWITCHES

Earliest uses of indigo as a dye date back to ancient times [94], [95], and it has been one
of the most used dyes in latest centuries. The absorption spectrum of indigo is the most
redshifted among common photochromic molecules, making it interesting for many ap-
plications, especially in photopharmacology. Indigo and its derivatives can be isomerized
around the central double bond with light, switching between the E and Z isomers. How-
ever, the photoswitching of indigo has been rarely studied [29]. Due to fast intramolecular
proton transfer in excited state, the parent indigo does not isomerize. [82] It is also poorly
soluble because of intramolecular hydrogen bonding, and there are only scattered re-
ports of N,N-disubstituted indigos [96]. A recent study showed synthetic pathways to
N,N™-disubstituted indigos with thermally stable Z isomers and red-light-induced switch-

ing from E to Z isomer. [29]

3.1 Introduction to indigo

Indigo, or indigotin, has been used for thousands of years in different cultures as a dye.
The blue colour of indigo is uncommon in nature. In fact, indigo (and tyrian purple, a
derivative of indigo found in some animals) was throughout history the only available dye
with blue colour for textile colouring. In ancient times this made indigo extremely valua-

ble, and indigo-coloured garments were symbols of wealth and power. [97], [98]

Indican, the precursor for indigo, has originally been extracted from Indigofera family
plants such as Indigofera tinctora which grows naturally mostly in India. An European
plant /satis tinctoria (a.k.a. Dyers’ Woad) contains indican as well — however, 30 times
less than the Indian one. Production of indigo from this percursor was done by fermenting

indican-containing plants.

Natural indigo was imported to Europe for centuries, mostly between 1600 and 1900.
Many historical events have hindered and re-started the woad-derived indigo production
in Europe. Imported indigo was produced in, for example, India and described as “better
quality”. To the death of natural indigo production, industrial scale production of synthetic
indigo grew in the beginning of the 20" century. Adolf von Baeyer showed the first syn-
thetical route to make “artificial indigo” in 1882. Later in 1905 he received the Nobel prize
in chemistry “in recognition of his services in the advancement of organic chemistry and
the chemical industry, through his work on organic dyes and hydroaromatic compounds”.

[99] His synthetic route was not yet economically viable because of its low yield, but the
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procedure of K. Heumann (and improved by J. Pfleger 1901) from 1897 was the start for
the industrial synthesis of indigo. [28], [94], [97]

Today, indigo is the most produced synthetic dye worldwide, industry producing 50,000
tons of synthetic indigo annually. These processes use many hazardous chemicals such
as inorganic catalysts, reducing agents and petrochemical derivatives. For example,
Heumann’s process uses a mercury-based catalyst, and the synthetic route from 1897
includes aniline, hydrogen cyanide, strong bases, excess of sodium azanide and formal-
dehyde. [100]-[102] Industrial-scale synthesis and textile dyeing are estimated to be
among the most polluting industries in the world, and research is carried out for cleaner
processes. [103], [104]

Indigo in its stable form is highly insoluble. Hence it will not penetrate fibres and cannot
be used for dyeing as such. When reduced to its leuco-form, indigo turns pale yellow and
is soluble in water. In alkaline solutions leuco-indigo further deprotonates, increasing
solubility. Now the anionic dye penetrates into fabric, and when fabric is removed from
the alkaline solution leuco-indigo rapidly oxidises back into blue indigo which remains
trapped inside the fabric. This vat dyeing process is most commonly used for blue denim,

which consumes around 95% of yearly produced indigo. [28], [97]

Na
O-._{ . OH . o H
N reduction O N ‘ alkali ‘ N ‘
O N O oxidation H hydrolysis H ~
H--.4 HO + O
Na
25 26 27

Figure 16 Keto (25) and leuco-forms (26) of indigo. Leuco-indigo is deprotonated
(27) in an alkaline solution and stabilized with cations, for example sodium.
Many properties such as insolubility, high stability, absorption spectra and high melting
point of indigo can be explained with double intramolecular hydrogen bonds (dashed
lines in Figure 16). Hydrogen bonding is also used to explain the absence of Z isomer of
plain indigo. Functionalizing N-atoms in an indigo molecule removes intramolecular

bonding and has a drastic effect on its properties [29], [81], [105]
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3.2 Synthesis

The different synthetic routes to produce indigo are presented here. Some methods, de-
spite being old, are still used because of their ease or suitable conditions such as solu-
bility of reagents and starting materials. Natural syntheses include an enzymatic cleav-
age of p-glucose from indican (28) to form indoxyl (29), which oxidizes in atmospheric
conditions into indigo. (Scheme 7) [28], [81], [97], [98], [106]

o-D-glucose

A\ enzyme O,
N N
H H

Scheme 7 Natural synthesis of indigo and indigo atom numbering for later refer-
ences.

First proofs for the synthesis of indigo were made by Baeyer in 1878 by first making
oxoindol (33) from phenylacetic acid (31), which was then converted into isatin (34). Isa-
tin was chlorinated with phosphorus trichloride and subsequently condensated, and then
reduced with phosphorus to form indigo.

0 HNO; 0] Zn
©/\(§4 N o?H HCI ”
32 33

31

o} e} H
several steps PCl3, P, AcCl N
Core T e S O
N N N
H H H a4

34

Scheme 8 Indigo synthesis by Baeyer in 1878, reproduced from [28], [107].

This method, with some modifications to reducing reagents, is still used in making some
derivatives of indigo, because it works even with substituents in the aromatic ring of isa-

tin. [81] Baeyer also published two synthetic routes for indigo in 1882 (Scheme 9).
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Scheme 9 Baeyer indigo synthesis from o-nitro cinnamic acid (35) (1) and Baeyer-
Drewsen one-pot synthesis from o-nitro benzaldehyde (37) (2), reproduced from [28],
[107], [108].

The Baeyer-Drewsen method (2 in Scheme 9) is still one of the easiest procedures of
producing indigo and its substituted derivatives. For example 6,6’-dibromo indigo can be
produced with this method from 2-nitro-4-bromobenzaldehyde. [97], [109] For industrial
production first Heumanns (1 in Scheme 10) and later Heumann-Pfleger (2 in Scheme

10) synthetic route are used.

O O
CICHZCOZH NaOH 0O,
OH E—— —— Indigo
300 °C H

40 o] 41
0
CICH2002H HO NaNH, 0,
(2) NH ©\ :/I/ - = — Indigo
2 180 °C N

2

Scheme 10 Industrial reactions to produce indigo.

From the many different routes to synthetize indigo, the Heumann-Pfleger route proved
most commercially successful and is still used. [110], [111] Recently, indigo and many
of its derivatives have been studied in organic electronics, but synthesis in these is based
on methods described herein or slightly modified ones [27], [28], [97], [109], [112]-[114]

As a photoswitch indigo has not been studied much. To undergo E — Z isomerization,
hydrogens on nitrogen atoms of indigo must be substituted. This removes the intramo-
lecular proton transfer on the excited state indigo, allowing excited state to relax via
isomerization. [82] Up to the last decade, procedures for substitution were few and usu-
ally contained harsh conditions and huge excesses of reagents. [81], [96] Two more re-

cent procedures have been established by Huang et al. [29] and Tanaka et al. [115].
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Scheme 11 Procedure for N-substitution and N,N’-disubstitution of indigo molecules
described by Huang et al. Reproduced from [29].

In their work Huang et.al. found that with weak bases and activated electrophiles, N,N*-
dialkylated indigos could be easily produced (method A in Scheme 11). To install elec-
tron-rich or -neutral aryl substituents, Chan-Lam coupling was found to be the most suit-
able (method B), while Cu-catalyzed cross-coupling reaction with aryliodonium salts
(method C) worked for electron-deficient aryl groups. Both of these were selective to-
wards double-N,N*-arylation. To gain access to asymmetric substitution Goldberg-
Uliman reaction (method D) proved to be useful for mono-N-arylated indigos. Yields for
all methods were moderate or low, mostly between 10% and 30%. [29] Method by
Tanaka et al. also used Goldberg-Ullman type reaction (Scheme 12) with aryl halides 43
(X=Brorl).

R
0] O
KZCO3 N O N
— + _
DCB N O N O
reflux H o o
44 45

R
Scheme 12 Goldberg-Ullman type coupling reaction for N(N’)-(di)arylindigos.

This method was also utilized by Huber et al. [92] with yields between 6% and 37% for
different R-groups. Choosing between mono-N-arylated indigo 44 and N,N*-diarylindigo
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45 product was easily controllable by using different (1.1 and 2.1, respectively) molar

equivalents of 43.

3.3 Photochemical properties

The absorption spectra of indigos are found to depend slightly on the solvent. [45], [105],
[116] Substitution on N, N-positions shifts the absorption maximum, but it still remains on

longer wavelengths of visible light.
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Figure 17 Absorption spectra of N,N’-di(tert-butyloxycarbonylmethyl) indigo 46, re-
produced from [29].
Attaching an electron-withdrawing alkyl group blue-shifts the absorption slightly (for 46
Amax 622nm) compared to methyl group (Amax 635nm). It, however, increases the thermal
lifetime of the Z isomer significantly, and separates the absorption of E and Z isomers
(Akmax 62nm) (Figure 17). In the asymmetric case with fixed aryl group, if tert-butyloxy-
carbonyl group is attached directly to indigo, a significant blue-shift is observed (Amax
584nm) with 50-fold increase in thermal lifetime compared to CH.CO.tBu as aryl chain.
[29]

In the case of N,N-diaryl indigos 45, absorption maxima for all molecules functionalized
with electron-withdrawing or electron-donating R-groups in the para-position remain
around 630 nm. However, thermal relaxation displays a 400-fold difference between the
molecules bearing an electron donating methoxy (58 s) and an electron withdrawing nitro
group (408 min). It was also found that all N,N-diaryl indigos exist as mixtures of E and
Zisomers, which implies that they exhibit rather comparable stabilities. Density functional
theory (DFT) -calculations showed < 1kcal/mol difference in ground state energies for E
and Z isomers, which is within the typical DFT error bar. This indicates nearly isoener-
getic structures and explains bidirectional thermal isomerization in both directions at

room temperature. [29]
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4. RESULTS

In the experimental part of this thesis, three different indigo photoswitches were synthe-
sized and characterized in different environments. The design of the synthesized mole-
cules was based on the work of Huang et al. [29] and is presented in Chapter 4.1. Prop-
erties of these molecules were studied in acetonitrile solution, as a dopant in an E7 liquid

crystal mixture and poly-4-vinylpyridine polymer films and are presented in Chapter 4.2.

4.1 Synthesis of indigo photoswitches

Initially, 3 different molecules (47—49) were designed to be synthesized (Figure 18). The
alkyl indigo (47) was expected to have a relative short Z-lifetime, but largest separation
of E- and Z absorption maxima (Akmax). The aryl indigo (48) was expected to have the
longest Z-lifetime and properties of the asymmetric indigo (49) would lie in between of
these two. Electron-withdrawing -CH2CO:R structure was chosen as alkyl group because
of longer lifetime (minute scale) than plain alkyl chain (seconds for -CHs) and still opera-
tional under wavelength of 660nm, unlike for directly attached -CO2R structure. For aryl
sidechain, an electron-withdrawing nitro group in the para position would have the long-
est Z lifetime but would leave no room for further modifications. Therefore, a -CO2R
structure was chosen, as it presumably has a long Z lifetime because of the electron-

withdrawing nature of carbonyl group and can be further functionalized from the R group.
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Figure 18 Designed N,N’-disubstituted indigo compounds.
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Bromine atoms in the end of the sidechains would provide an easy way for further func-
tionalization of the molecules, e.g., for the addition of polymerizable moieties. Ultimately,
the goal was to have acrylate groups in the ends, but they were not necessary for this
work, as the photochemical properties can be assumed to be same regardless of the

end groups.

4.1.1 Symmetric N,N’-dialkyl indigo

N-functionalization of indigo with similar sidechain with moderate yield had been de-
scribed before by Huang et al.; therefore, the same procedure was used. The side-chain
was prepared by reacting 3-bromopropan-1-ol (50) with bromoacetyl bromide (51) to
yield (52), which was coupled with indigo utilizing a synthetic route reported by Huang et
al. [29].
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Scheme 13 Synthetic route for symmetric N,N’-dialkylindigo.

The yield for the coupling reaction was quite low, so the reaction was studied with differ-
ent conditions by changing the molar amount of 52, the concentration of the reaction
mixture and reaction time (Error! Reference source not found.). Diluting the reaction
increased the yield. Increasing the molar concentration of 52 yielded less side products

and thus, a cleaner product.
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Table 1 Screening of N,N’-dialkyl coupling reaction.

Entry  sidechain (eq.) DMF (ml)  Yield (%)

A 4 1 12.7
B 4 3 26.1
C 8 1 11

However, NMR and TLC analyses of the product revealed that the formed 47 spontane-
ously decomposes, possibly due to ring formation between the indigo nitrogen and bro-
mine. To avoid this problem, 47 was further reacted with acrylic acid (53) in an Sn2 re-
action to yield 54 (Scheme 14).

o] o)
\)J\O/\/\O)H o
"a” T

N

47 '

O
KHCO4, DMF, RT 20h o K[(O\/\/Oj(\
50 °C 4h, 27% 0 0

Scheme 14 Acrylation of 47 into N,N’-dialkylacrylate (54).

The acrylation reaction had a decent yield, and the product was stable according to NMR
analysis. To have similar structures for later characterization, 48 and 49 were also acry-

lated as the last step.

4.1.2 Symmetric N,N’-diaryl indigo

An aryl sidechain was prepared via a simple acyl substitution reaction between 3-bro-
mopropan-1-ol (50) and 4-iodobenzyl chloride (55) with good yield. The sidechain (56)
was then coupled with indigo with in a copper catalyzed reaction described by Tanaka
et al. [115]. N,N-diaryl indigo 48 was then acrylated to yield final product 57 (Scheme
15).
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Scheme 15 Synthetic route for N,N’-diarylindigo acrylate.

The coupling reaction suffered from poor yield and a complex mixture of side products,
and further acrylation yielded too little product for later characterization. Second ap-
proach for N,N-diarylindigo was to eliminate the need for bromine in the side-chain by
using a hydroxy functionality as an end group. Preliminary studies had revealed that a
free hydroxy group hampers the coupling reaction, so the alcohol was first protected with
a tert-butyldimethylsilyl (TBS) group, after which the coupling followed via the same
method as before to afford 61 in a moderate yield as well as some mono-arylated indigo
62. (Scheme 16)
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Scheme 16 Second approach for N,N-diarylindigo.

The silyl protection was cleaved with tetrabutylammonium fluoride (TBAF). This required
multiple tries due to the fast decomposition of 63 even at lowered temperatures. An op-
timized yield for the reaction was only 31%, accomplished at -30°C. The acquired product

was then reacted with acryloyl chloride to yield the final target molecule 66.
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Scheme 17 Deprotection of alcohol group and acrylation of N,N’-diarylindigo.
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The deprotection step yielded a mixture of fully protected starting material, mono-depro-
tected indigo (64) and fully deprotected indigo (63). The starting material and 64 can be

further reacted with TBAF to increase the total the yield of the reaction.

4.1.3 Asymmetric indigo

The synthesis of the asymmetric N, N-disubstituted indigo was carried out in two steps
(Scheme 18). First, one nitrogen in the indigo core was functionalized with an aryl side-
chain. This N-substituted indigo 67 was further reacted with the alkyl side-chain with
almost quantitative yield. The N,N-disubstituted indigo 49 was then acrylated to yield the

target molecule 68 in a moderate yield.
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N — N
o H(O\/\/Br KHCO3, DMF, RT O \ O
5 20h, 46% Y

O\/\/O\[A

o} o}
Scheme 18 Synthetic route for asymmetric N,N’-disubstituted indigo.

The synthesis of all N,N’-disubstituted indigos suffered from poor to moderate yields.
Coupling reactions usually yielded a mixture of side products and purifying desired com-
pounds was difficult. In addition, most of the compounds decompose on silica during
column chromatography, so repeated purifications also lowered the total yield of reac-

tions.
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Figure 19 Final products of synthetic work.

The photochemical properties of the final products (Figure 19) were characterized in di-
lute MeCN solutions, as dopants in E7 liquid crystal mixtures and as dopants in poly-4-

vinylpyridine (P4VP) films.

4.2 Photochemical characterization

Relevant photochemical theory and experimental methods for determining the key prop-
erties of the studied indigo compounds are presented in this chapter together with the
results of the work. Representative figures are shown for each relevant experimental
method, the rest can be found in experimental section (Chapter 6). Properties were stud-
ied in three environments, in a dilute acetonitrile solution, as dopant in an E7 liquid crystal
mixture and as dopant in a poly-4-vinylpyridine (P4VP) film. Studied properties include
molar extinction coefficients, thermal lifetime of the Z isomer, photostationary state (PSS)

compositions and order parameter for the liquid crystal mixture.
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4.2.1 Photoswitching in solution

Spectrophotometer measures intensity of light before the sample /;; and after the sample
lout at different wavelengths, and calculates the absorbance of the sample at different

wavelengths as

Iin(A
A() = log1o (™5 (1)

Molar extinction coefficient £(A) can be calculated from Beer-Lambert law
A(2) = g(A)cl (2)

when concentration of absorbing species, ¢, and length of light path, /, are known. ¢ is
usually given in mol dm= and /in cm, giving [€] = | mol" cm™ = M"' cm™". After irradiating
the E isomer with certain wavelength A until the spectrum doesn’t change anymore, a
photostationary state (PSS,) is reached. In the case of the studied indigo photoswitches,
the Z isomer doesn’t absorb over 650nm and the absorbance beyond this wavelength is
attributed solely to the E isomer [29]. Thus, the PSS composition can be calculated when

plotting Apss/Ae against wavelength and looking for a horizontal part around 650nm.
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Figure 20 Calculating PSSsso composition for N,N’-dialkylindigo.

This Apss/Ae ratio represents the amount of E isomer in a given PSS. In Figure 20 the
PSSeso composition would be 11.5% E and 88.5% Z. As long as there is enough sepa-
ration between the absorption spectra of the E and Z isomers, the negative photochromic

nature of indigo allows us to calculate the pure Z spectrum from PSS and E spectra with

_ Apss—E%*Ag

Az =" — (3)

For N,N’-diarylindigo however, the dark spectrum is not pure E isomer. Absorbance in

dark can be written with absorbances of isomers and their ratios

Agark = XAg + (1 —x)Az (4')
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where x is the molar fraction of E. Respectively, absorbance at any photostationary state

can be written

Apss = yAp+ (1 —y)Az (5)

where y is ratio of E at this state. If the thermal isomerization of the indigo is slow enough,
as in the case of aryl indigos, the ratio of E and Z isomers can be estimated from NMR
data by comparing the integrals of the signals attributing to each isomer (Appendix 14),

giving us values for x and y. Now we can calculate the spectrum for pure E isomer

_ Adark(1-y)—Apss(1-x)
Ae =" yi-n ©

and use the PSS/E method to calculate Z spectra.
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Figure 21 PSSeeo-, E- (for 54 & 68), calculated E- (for 66) and calculated Z spectra
for dialkyl- (a), diaryl- (b) and asymmetric indigo (c).
The measured and calculated spectra are presented in Figure 21. From these, absorp-
tion maxima were picked and molar extinction coefficients for these peaks were calcu-

lated, see Error! Reference source not found..

Lifetime 1 for Z isomer is defined as the time in which the amount of the Z isomer is

reduced to 1/e of its initial amount (e = 2.72). In this work the lifetime is calculated for the
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thermal relaxation from PSSeso to the equilibrium in dark, even though this is not pure E

isomer in all cases. An exponential decay function

t

A=Ager (7)

was fitted to absorbance against time data in Origin 2019b and lifetimes (t1 in Figure 22)

were collected.

0.4+

Model ExpDecay1
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Figure 22 L ifetime fit for 54, absorbance measured at 620nm.

Lifetimes for all studied compounds, as well as other presented properties are listed in

Error! Reference source not found..

Table 2 Key properties of studied indigo compounds (E / Z isomers)

Side-chain Amax (NM) e (M'cm™) T (min) Z% at PSSeeo
Alkyl 620/ 562 9700 / 4620 2.1+0.02 88.5

Aryl 625/ 581 6880 /5230 70+£1.10 63.5

Asym 624 / 573 11400 / 6620 5.6 £ 0.11 69

As seen from Error! Reference source not found., all properties of the N,N-disubsti-
tuted indigos in a MeCN solution follow the expectations from Ref. [29]. Lifetime for N,N*-
dialkyl indigo is the shortest and the longest for N,N-diaryl indigo. N, N’-dialkyl indigo has
the most Z-isomer in PSSegs0, While N,N’-diaryl indigo has the least, which is a bit unex-

pected as quite similar structures in Ref. [29] had 77% and 80-82% Z-isomer in PSSeeo
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for alkyl- and aryl side-chains. When there is an electron-withdrawing ester group in the
alkyl chain attached to indigo nitrogens, the separation between E and Z absorption max-
ima is largest (AL=58 nm). Aryl group with electron-withdrawing group in para-position
increases the lifetime of the Z isomer significantly, while still having a good A\ of 44 nm.
For asymmetric substitution pattern the properties land between these two, being closer
to N,N-dialkyl indigo in lifetime. All compounds showed good fatigue resistance, only a

tiny decrease in absorbance (0.9-2.1%) was observed after 1 h continuous irradiation
with 660 nm LED at 520mW power.

4.2.2 Liquid crystal mixture

The synthesized indigo compounds were studied as dopants in an E7 liquid crystal. E7
and the studied compound (2 or 4 m-%) were mixed in DCM, and the solvent was evap-
orated under reduced pressure. 10 um planar cells were filled with mixture and spectra

were recorded with a spectrophotometer.
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Figure 23 Absorption spectra for dialkyl- (a), diaryl- (b) and asymmetric indigo (c) as
a dopant in E7 liquid crystal.
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From recorded data the photostationary state composition was estimated with equation
3 and lifetime for the Z isomer was calculated. The order parameter S for a liquid crystal

mixture can be calculated with

— A-A, (8)

T A+24,

[117] by measuring the spectra with 2 different polarizations of light. 4, is absorbance
with parallel polarization (0 in Figure 24) and A, perpendicular polarization (90 in Figure

24) of light with respect to the LC cell alignment.
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Figure 24 Absorption spectra of 54 with different polarizations, PSSesso with respec-
tive polarization with dashed line.

Now for 54,
o _AM—AL_ 033-071
F7 A +24; 7 033+2%071
Ay—A,  026-0.52
= —0.2

S = = =
PSSeso ™ A, + 24, ~ 0.26 +2 % 0.52
and change in molecular orientation during irradiation
AShv = SE _SPSS660 = —0.02

During measurements photobleaching, or by definition fatigue [7], of indigo compound
was observed. To estimate fatigue, 10 irradiation cycles (660 nm for 30 s, 30 s off) were

made (Figure 25) and degree of degradation x was calculated from
y=1-x" (9)

where n is the number of irradiation cycles and y is the non-degraded fraction after the

n cycles. For 54 (Figure 25), after reducing the baseline from data, we get
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o A=Ay ) 9 0.26048 — 0.23743 0.0102
N 0.26048 o

which would mean it takes approximately 56 cycles for half of the 54 to be degraded (Zso
value in definition of fatigue [7]).
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Figure 25 Irradiation cycles for 54.

Results of characterization as dopants in E7 LC for studied indigo photoswitches can be
found from following table

Table 3 Key properties for studied indigo compounds doped in E7 liquid crystal

T Amax (E/PSSes0) ZatPSSeso Sk / Spsseso AShy x 1 Zso
Alkyl 7.2s 628 / 627 27 % -0.22/-0.2 -0.02 0.01/56
Aryl 29 £ 3 min | 633* /611 > 48%* 0.11*/0.025 | 0.086 | 0.015/45*
Asym [42s 631 /629 35 % -0.04/-0.06 | 0.02 0.0095/76

* Aryl-indigo is not pure E in dark, PSSs00 was used as if it was E spectra for calculations
**Because of longer lifetime, cycles were made by cycling 660 nm and 500 nm LED

instead of 660 nm and off, probably resulting in a smaller cyclability number
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4.2.3 Polymer films

Indigo compounds were studied as dopants in poly (4-vinyl pyridine) (P4VP) thin films.
First studies were made with 60kDa P4VP, and only minor photoswitching (~12% Z in
PSS) was observed. After changing to 1.2kDa P4VP, which has lower glass transition
temperature (tg) of 61 °C [118] compared to 137-148 °C for 60kDa [119], [120], more
isomerization was observed. This polymer was used for studies, also a sample from
8kDa P4VP (t; = 132 °C from Ref. [121]) was made and similar photoswitching was ob-

served. From the made films absorption spectra was recorded, seen in Figure 26.
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Figure 26 Spectra dialkyl- (a), diaryl- (b) and asymmetric indigo (c) in 1,2kDa P4VP
films

The lifetime of the Z isomer was calculated the same way as before. It is notable that the

absorbance of the indigo-doped films does not return back to the initial value, but remains

lower, i.e, a part of the indigos remains in the Z state. Alkyl and asymmetric indigo relax

quite close to the initial state, while the aryl indigo is left with more Z-isomer (Figure 27).

However, it can be efficiently switched between PSSgs0 and PSSsys.
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Figure 27 Diaryl indigo spectra at different times after ceasing 660nm irradiation.

For dialkyl and asymmetric indigo films, the dark spectrum was estimated to be pure E
and the PSS composition was calculated the same way as in solution. For the aryl-com-
pound the spectrum is presented for different photostationary states and the composition

estimated as if PSSs25 was pure E.

Table 4 Key properties for indigo compounds as dopants in 1,2kDa P4VP films

Amax (E / PSSe60) T Z% at PSSeeo
Alkyl 630 /629 6.4 + 0.6 min 37
Aryl 635/615 8+0.5h 40*
Asym 635/628 30 £ 2.1 min 34

The thermal lifetime of different indigos follows same trend as in solution (Error! Refer-
ence source not found.), aryl substitution leads to longest lifetime and asymmetric sub-
stitution lies between alkyl and aryl. Estimations for Z% at PSSes0 might be inaccurate
because as seen from Error! Reference source not found., Amax for E and PSSgg are
almost the same for alkyl and asymmetric indigo. Judging by the shape of the spectra
(Figure 26) for studied compounds, the aryl indigo should have the highest Z% in PSSes0
by a decent margin.
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Photobleaching was observed when irradiating films for longer times (=1 min), which can
be seen from the moving of isosbestic point in absorption spectra and decrease of ab-
sorption peak around 630 nm without increasing of the shoulder around 600 nm. Be-
cause of light scattering on the thin film, the spectra had too much noise for continuous
precise measurements during irradiation. Upon longer storage (over weekend) films

started to crack, and for an 8 kDa P4VP polymer crystallized during solvent evaporation.

4.2.4 Summary of photochemical properties

Photochemical properties of the three studied indigo photoswitches were studied in dilute
MeCN solutions, as dopants in an E7 liquid crystal environment and as dopants in P4VP
polymer films. In all of the different environments the N,N’-dialkyl indigo had the shortest
thermal E lifetime, and the N, N’-diaryl indigo had the longest thermal lifetime. Asymmetric
indigo had lifetime between these two, being closer to the N,N-dialkyl indigo. Between
different environments, the lifetime was shortest in liquid crystal and longest in polymer.
E — Z isomerization was more efficient in solution than in solid environment. This could
stem from the rigidity of solid materials which might make rotation around the central
double bond in indigo molecule physically hindered. Surprisingly, all three indigo mole-
cules had similar E to Z conversion in polymer films, even though physical hindrance
should lead to the indigo with big aryl sidechain being able to rotate less than a molecule
with a smaller sidechain. The short lifetimes of the dialkyl and asymmetric indigos dom-
inate the PSS in liquid crystal, making diaryl indigo the most efficient in E to Z conversion

in this environment.

All studied componds had good fatigue resistance in solution, but photobleaching was

observed in both liquid crystal mixture and polymer films.
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5. CONCLUSIONS

In this work, carried out at Tampere University in Smart Photonic Materials group, three
new indigo photoswitches were designed and successfully synthesized. Molecules with
similar cores had been synthetized before and their photoswitching studied in solution.
Hence, the aim of this study was to (i) further modify molecular structures to enable co-
valent linkage to polymers and (ii) to study their photochemical properties and isomeri-

zation dynamics in solution as well as polymeric and liquid crystalline environments.

The synthetic methods used consisted of elementary reactions and previously published
routes. All synthetic steps had moderate yields, as reported in literature before. Some
reactions suffered from a vast amount of side products or decomposition of designed
product. Further studies are required for the optimization of the molecular designs and
synthetic pathways. Nevertheless, in this work desired products were successfully syn-
thetized, paving the way for characterizing the photochemical properties of indigo pho-
toswitches in the solid state, and in longer term, utilizing them in, e.g., light-to-mechanical

energy conversion.

Photochemical properties in dilute acetonitrile solution are similar to the previously re-
ported qualities of molecules with similar cores. The N,N-dialkyl indigo had an E lifetime
of 2 minutes and 87% Z-isomer in PSSeso, compared to 2.8 min and 77% with quite
similar alkyl chain in Ref. [29]. The N,N*-diaryl indigo had lifetime of 70 minutes and
63.5% Z-isomer in PSSeso, in comparison other quite similar N,N-diaryl indigos have
lifetime of 81—408 min and 80—83% Z-isomer in PSSeso in Ref. [29]. Asymmetric indigo
had lifetime of 5.6 minutes and 69% Z-isomer in PSSes0, compared to 3.5 min and 56%
with quite similar structures in Ref. [29]. Only minor photodegradation (0.9-2.1%) was
seen after 1h of continuous irradiation at 660 nm. In an LC environment the lifetimes for
studied molecules were surprisingly short, in the scale of seconds for the N,N’-dialkyl-
and asymmetric indigos, for which the E — Z conversion was estimated to be only 35—
27%. The N,N*-diarylindigo had a lifetime of 30 minutes and an estimated 50% conver-
sion upon irradiation, which is a promising result. All compounds showed cyclability for
over 50 cycles. Compared to solution measurements, lifetimes in polymer films were
longer, ranging from 6 minutes to 8 hours. The E — Z conversion for all compounds was
estimated to be around 40%, and the aryl-substituted indigo could be described as bi-

stable in a polymer film.
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In conclusion, all synthetized photoswitches were compatible with polymer films and
could be incorporated into LCs as dopants. All photoswitches isomerize from E to Z with
660nm irradiation and from Z to E with 500nm or 525nm irradiation in all studied envi-
ronments. In dilute MeCN solution only minor photodegradation was observed, and in
LC and polymer films the photoswitches had decent stability towards fatigue. N,N-dia-

rylindigo is nearly bistable in polymer films, which makes it attractive for applications.

This work consisted mostly of synthesis of the indigo photoswitches, which had some
problems due to molecular design and unoptimized reactions. For further studies molec-
ular design should use hydroxy-groups instead of bromines in ends of sidechains to re-
duce the amount of side-products in reactions. Comparing photoswitching in solution and
in polymer films, and between the few different polymers tried in this work, photoswitch-
ing might be more efficient in other polymers. From the three synthesized indigo pho-
toswitches, the diaryl indigo is the most promising for solid state applications. Next steps
in this line of research could be (i) the optimization of the synthetic routes, (ii) studying
photoswitching efficiency in different polymers to find optimal conditions, and (iii) poly-
merizing indigo photoswitches to be covalently bond to LCEs and studying the photo-

chemical effect in photoactuation.
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6. EXPERIMENTAL

All the experimental work was carried out in Tampere University. General synthetic meth-
ods are described in Chapter 6.1, followed by synthetic routes for studied indigo com-

pounds in Chapters 6.2—6.4. Photochemical studies are described in chapter 6.5.

6.1 General synthetic methods

All solvents and reagents used were commercial and purchased from Sigma Aldrich, TCI
Europe, VWR or FluoroChem and used as received without further purifications. When
used, dry solvents were acquired using Inert PureSolv solvent purification system. Re-
actions were monitored with thin-layer chromatography (TLC) and developed plates
were visualized in room light, with UV irradiation (256nm) or with potassium permanga-

nate and phosphomolybdic acid staining.

Nuclear magnetic resonance spectra (NMR) were measured with a 500 MHz JEOL
ECZR 500 (125 MHz for '*C) instrument. Chemical shifts are given in ppm and refer-
enced to solvent signal (CDCls: & = 7.26 ppm ('H), 77.16 ppm ('3C)). Multiplicities are
abbreviated as follows: singlet (s), doublet (d), doublet of doublets (dd), triplet of doublets
(td), triplet (t), doublet of triplets (dt), quartet (q), pentet (p), and multiplet (m). Coupling

constants (J) were analyzed with JEOL Delta v5.3.1. software and are given in Hz.

6.2 Symmetrical alkyl

6.2.1 3-bromopropyl 2-bromoacetate (52)

0]

Br\)J\O/\/\Br

3-bromopropan-1-ol (10 g, 72 mmol, 1.0 eq.) and potassium carbonate (20 g, 145 mmol,
2.0 eq.) were dissolved in 250 ml of dry DCM under argon. Bromoacetyl bromide (14.5
g, 72 mmol, 1.0 eq.) was added dropwise to mixture at 0 °C, and mixture was stirred at
room temperature overnight under argon. The reaction mixture was filtered, washed with
H-20, dried with magnesium sulfate and concentrated under reduced pressure to yield
7.59 g of desired product (yield 40.7%) as colourless oil. '"H-NMR (500 MHz, CDCl3) &
4.31 (t, J = 6.0 Hz, 2H), 3.83 (s, 2H), 3.47 (t, J = 6.6 Hz, 2H), 2.23-2.18 (p, 2H). "*C-NMR
(126 MHz, CDCl3) & 167.2, 63.9, 31.4, 29.1, 25.7. Appendix 1.
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6.2.2 bis(3-bromopropyl) 2,2'-(3,3'-dioxo-[2,2'-biindolinylidene]-
1,1'-diyl)(E)-diacetate (47)

O

PO
CL~1C
N
o K”/O\/\/Br

O

First attempt: Indigo (500 mg, 1.9 mmol, 1.0 eq.), 52 (2.0 g, 7.6 mmol, 4.0 eq.) and ce-
sium carbonate (1.25 g, 3.8 mmol, 2.0 eq.) were stirred in DMF (10 ml) under argon at
RT overnight. TLC showed disappearance of 52. The reaction mixture was filtered
through silica, washed with H2O, dried with magnesium sulfate and concentrated under
reduced pressure. The crude product was purified with column chromatography (Silica
60, 30% EtOAc / Hexane) to yield turquoise solid. The product showed characteristic
peaks in NMR but wasn’t pure. A new purification with column chromatography (Silica

60, 20% EtOAc / Hexane), same NMR. Combined with optimization reactions products.

Best attempt: Indigo (100 mg, 0.38 mmol, 1.0 eq.), 52 (400 mg, 1.54 mmol, 4.0 eq.) and
cesium carbonate (249 mg, 0.76 mmol, 2.0 eq.) were stirred in dry DMF (3 ml) under
argon at RT overnight. Diluted with EtOAc, filtered through a plug of silica, washed with
brine and H-0, dried with magnesium sulfate and concentrated under reduced pressure.
Purified with column chromatography (Silica 60, 20% EtOAc / Hexane) to yield 57 mg of
desired product (yield 24%) as turquoise solid. Product appears to spontaneously de-

compose, used as such on next reaction.

'H-NMR (500 MHz, CDCls) 5 7.72 (d, J = 8.6 Hz, 2H), 7.54 (t, J = 7.7 Hz, 2H), 7.08 (t, J
= 7.4 Hz, 2H), 7.02 (d, J = 8.6 Hz, 2H), 4.77 (s, 4H), 4.33 (t, J = 6.0 Hz, 4H), 3.40 (t, J =
6.3 Hz, 4H), 2.21-2.16 (p, 4H). Appendix 2, ®C was not measured because of

spontaneous decomposition.
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6.2.3 (E)-((2,2'-(3,3'-dioxo-[2,2'-biindolinylidene]-1,1'-
diyl)bis(acetyl))bis(oxy))bis(propane-3,1-diyl) diacrylate
(54)

0 0

\)J\O/\/\OJS o

N J—

L=~
0 H(o\/\/o\n/\
(0] (@)

47 (62 mg, 0.10 mmol, 1.0 eq.), acrylic acid (23.8 ul, 0.35 mmol, 3.5 eq.) and potassium
bicarbonate (25 mg, 0.25 mmol, 2.5 eq.) were stirred in DMF (1 ml) under argon at RT
overnight. TLC showed starting materials, stirred the reaction mixture at 50 °C for 4 h.
Diluted with EtOAc, washed with brine and H-O, dried with magnesium sulfate and con-
centrated under reduced pressure. The crude product was purified with column chroma-
tography (Silica 60, 20 — 40% EtOAC / Hexane) to yield 16,2 mg of product (yield 27%)
as blue solid. "H-NMR (500 MHz, CDCl3) & 7.71 (d, J = 6.9 Hz, 2H), 7.53 (t, J = 7.7 Hz,
2H), 7.07 (t, J = 7.4 Hz, 2H), 7.02 (d, J = 8.0 Hz, 2H), 6.38 (d, J = 18.9 Hz, 2H), 6.08 (dd,
J=17.2,10.3 Hz, 2H), 5.81 (d, J = 12.0 Hz, 2H), 4.76 (s, 4H), 4.29 (t, J = 6.3 Hz, 4H),
4.20 (t, J = 6.3 Hz, 4H), 2.05-2.01 (p, 4H). *C-NMR (126 MHz, CDCls) & 186.2, 169.1,
166.1, 153.6, 135.9, 131.1, 128.3, 126.9, 124.5, 122.2, 121.9, 111.1, 62.1, 61.0, 51.3,
28.0. Appendix 3.

6.3 Symmetrical aryl

6.3.1 3-bromopropyl 4-iodobenzoate (56)

O OB

4-lodobenzoyl chloride (4.21 g, 15.83 mmol, 1.1 eq.) and DMAP (0.175 g, 1.44 mmol,
0.1e q) and TEA (3.0 ml, 21.56 mmol, 1.5 eq.) were dissolved in dry DCM (100 ml).
Added 3-bromopropan-1-ol (1.3 ml, 14.39 mmol, 1.0 eq.) dropwise at 0 °C, stirred for 1,5
h at 0 °C and 30min at RT. Washed with H>O, dried with magnesium sulfate and con-
centrated under reduced pressure. The crude product was purified with column chroma-

tography (Silica 60, DCM), but separation was bad. Recrystallized the crude product
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from MeOH to yield 4,61 g (yield 86,9%) of product as white crystals. '"H-NMR (500 MHz,
CDCl3) 6 7.79 (d, J = 8.6 Hz, 2H), 7.72 (d, J = 8.6 Hz, 2H), 4.45 (t, J = 6.0 Hz, 2H), 3.52
(t, J = 6.6 Hz, 2H), 2.33-2.28 (p, 2H). "*C-NMR (126 MHz, CDCls) & 166.0, 137.9, 131.1,
129.5, 101.1, 63.0, 31.8, 29.5. Appendix 4.

6.3.2 bis(3-bromopropyl) 4,4'-(3,3'-dioxo-[2,2'-biindolinylidene]-
1,1'-diyl)(E)-dibenzoate (48)

Br\/\/o @)

o)

=12
N

o]

o O/\/\Br

Attempt 1: DCB (10 ml) was bubbled with argon for 15 min. Added indigo (200 mg, 0.77
mmol, 1.0 eq.), 56 (713 mg, 1.93 mmol, 2.5 eq.) and potassium carbonate (315 mg, 2.3
mmol, 3 eq.) under argon. Catalytic amount of Cu powder was added the reaction mix-
ture was refluxed for 5 h. The reaction mixture was filtered through a plug of silica and
concentrated under reduced pressure. The crude product was purified with column chro-
matography (Silica 60, 1t DCM, 2™ 5 — 20% EtOAc / DCM, 3™ 2 — 5% MeOH / DCM)
to yield 50 mg of turquoise solid. NMR showed still impurities, and product seems to

decompose on silica, used as such on next reaction.

Attempt 2: DCB (5 ml) was bubbled with argon for 15min. Added mono-arylated indigo
(100 mg, 0.2 mmol, 1.0 eq.), 56 (81 mg, 0.22 mmol, 1.1 eq.), potassium carbonate (41.4
mg, 0.3 mmol, 1.5 eq.) and Cu powder (catalytic amount) under argon. Refluxed for 10
h under argon, filtered through a plug of silica and concentrated under reduced pressure.
The crude product was purified twice with column chromatography (Silica 60, 30% EtOAc
/ Hexane) to yield 18,6 mg of product (yield 12.5%) as turquoise solid. Product decom-

poses on silica while in column.

H-NMR (500 MHz, CDCls) & 8.22 (d, J = 8.0 Hz, 3H), 7.62 (d, J = 8.6 Hz, 3H), 7.59-7.53
(m, 2H), 7.42 (t, J = 7.2 Hz, 1H), 7.09 (d, J = 8.6 Hz, 1H), 7.04 (t, J = 7.2 Hz, 1H), 4.49
(t, J = 6.0 Hz, 2H), 4.42 (t, J = 6.0 Hz, 2H), 3.57 (t, J = 6.6 Hz, 2H), 3.33 (t, J = 6.9 Hz,
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2H), 2.34-2.29 (m, 4H). *C-NMR (126 MHz, CDCls) 5 184.3, 165.6, 152.5, 146.2, 138.5,
135.5, 131.2, 128.3, 126.1, 125.4, 124.6, 122.8, 121.8, 111.2, 64.8, 62.9, 32.6, 31.9,
29.5, 1.6. Appendix 5.

6.3.3 bis(3-(acryloyloxy)propyl) 4,4'-(3,3'-dioxo-[2,2'-
biindolinylidene]-1,1'-diyl)(E)-dibenzoate (57)

/\WO\/\/O o)
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Attempt 1: 48 (impure from previous reaction, 50 mg, 0.067 mmol, 1.0 eq), acrylic acid
(16.2 ul, 0.24 mmol, 3.5 eq.) and potassium bicarbonate (17 mg, 0.165 mmol, 2.5 eq.)
were stirred in DMF (1 ml) overnight. Diluted with EtOAc, washed with brine and H2O,
dried with magnesium sulfate and concentrated under reduced pressure. The crude

product was mixture of mono- and diacrylated product, used as such on next attempt.

Attempt 2: Product from previous attempt, acrylic acid (16.2 pl, 0.24 mmol, 3.5 eq.) and
potassium bicarbonate (17 mg, 0.165 mmol, 2.5 eq.) were stirred in DMF (1 ml) over-
night. Diluted with EtOAc, washed with brine and H->O, dried with magnesium sulfate and
concentrated under reduced pressure. The crude product was purified with colum chro-
matography (Silica 60, 155 — 10% EtOAc / DCM, 2" 50% EtOAc / Hexane) to yield 2

mg of product as turquoise solid.

6.3.4 2-hydroxyethyl 4-iodobenzoate (59)

(@) O\/\OH

Ethylene glycol (21 ml, 376 mmol, 10 eq.), potassium carbonate (5.52 g, 40 mmol, 1.1
eq.) and DMAP (230 mg, 1.8 mmol, 0.05 eq.) were dissolved in dry DCM (200 ml) under
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argon. 4-lodobenzoyl chloride (10 g, 37.6 mmol, 1.0 eq.) was dissolved in dry DCM (40
ml) and added dropwise to reaction mixture at 0 °C. The reaction mixture was stirred for
10 min at 0 °C, washed with aqueous sodium bicarbonate solution, dried over magne-
sium sulfate and concentrated under reduced pressure. The crude product was purified
with column chromatography (Silica 60, DCM) to yield 4.48 g of product (yield 41%) as
white crystals. "H-NMR (500 MHz, CDCl3 & 7.79 (d, J = 8.6 Hz, 2H), 7.74 (d, J = 8.6 Hz,
2H), 4.45-4.43 (m, 2H), 3.94 (q, J = 5.0 Hz, 2H), 2.09 (t, J = 6.0 Hz, 1H). "*C-NMR (126
MHz, CDCls) 6 166.6, 137.9, 131.2, 129.4, 101.2, 67.0, 61.4. Appendix 6

6.3.5 2-((tert-butyldimethylsilyl)oxy)ethyl 4-iodobenzoate (60)

O O~"otBS

59 (4.48 g, 14.66 mmol, 1.0 eq.), TBS-chloride (5.5 g, 36.7 mmol, 2.5 eq.) and imidazole
(2.5 g, 36.7 mmol, 2.5 eq.) were stirred in dry DCM (75 ml) at RT for 30 min. The reaction
mixture was washed with ag. ammonium chloride, filtered through a plug of silica, dried
with magnesium sulfate and concentrated under reduced pressure to yield 8.07 g of
product as colourless oil. NMR showed unreacted TBS-chloride (6 0.095 and 0.068) but
used as such on next reaction. '"H-NMR (500 MHz, CDCl;) & 7.78 (dd, J = 24.6, 8.6 Hz,
4H), 4.38 (t, J = 4.9 Hz, 2H), 3.94-3.92 (m, 2H), 0.91 (s, 3H), 0.89 (s, 9H). Appendix 7.

6.3.6 bis(2-((tert-butyldimethylsilyl)oxy)ethyl) 4,4'-(3,3'-dioxo-
[2,2'-biindolinylidene]-1,1'-diyl)(E)-dibenzoate (61)

0._0O
880"
0
CrC

N
0]
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Indigo (1.45 g, 5.52 mmol, 1.0 eq.), 60 (7 g, 16.5 mmol, 3.0 eq) and potassium carbonate
(2,3 g, 16.5 mmol, 3.0 eq.) were dissolved in DCB under argon. Added Cu powder (300
mg) and refluxed under argon for 4 h. Filtered through a plug of silica (0 — 20% EtOAc
/ DCM) and concentrated under reduced pressure. The crude product contains mixture
of mono- and disubstituted indigo, on TLC monosubstituted product is between product-
trans and product-cis isomers. Purified with twice with column chromatography (Silica
60, 20% EtOAc / Hexane) to yield 1,5 g of product as blue crystals. '"H-NMR (500 MHz,
CDCl3) 6 8.25 (d, J = 8.6 Hz, 4H), 7.63 (d, J = 8.6 Hz, 4H), 7.58 (d, J = 7.4 Hz, 2H), 7.43
(t, J=7.7 Hz, 2H), 7.10 (d, J = 8.6 Hz, 2H), 7.05-7.03 (m, 2H), 4.41 (t, J = 5.4 Hz, 4H),
3.97-3.95 (m, 4H), 0.92 (s, 18H), 0.11 (s, 12H). C-NMR (126 MHz, CDCl;) d 184.3,
165.9, 165.6, 157.1, 152.6, 150.9, 146.0, 138.5, 137.0, 135.4, 131.4, 131.2,130.3, 130.3,
128.6, 126.1, 126.0, 125.5, 125.3, 124.8, 124.5, 122.7, 121.8, 117.7, 111.4, 111.3, 66.7,
66.5, 61.4, 61.3, 26.0, 25.9, 18.4, 18.4, -2.9, -5.1. Appendix 8.

6.3.7 bis(2-hydroxyethyl) 4,4'-(3,3'-dioxo-[2,2'-biindolinylidene]-
1,1'-diyl)(E)-dibenzoate (63)

0._0O
)
CL,
N
@)

o) O/\/OH

Failed attempt 1: 61 (426 mg, 0.52 mmol, 1.0 eq.) was dissolved to THF under argon.
Added TBAF (1 mol/l, 1.56 ml, 3.0 eq.) at 0 °C and stirred for 5 min. TLC showed de-

composition with very little product.

Failed attempt 2: 61 (366 mg, 0.45 mmol, 1.0 eq.) was dissolved to dry THF under argon.
Added 3 A molecular sieves, added TBAF (1 mol/l, 1.34 ml, 3.0 eq.) at 0 °C and stirred
for 5 min. TLC showed decomposition very little product.

Failed attempt 3: 61 (48.6 mg, 59 umol, 1.0e q.) was dissolved to dry THF under argon,

added 3A molecular sieves. TBAF (1 mol/l, 59 pl, 1.0 eq.) was added under argon at 0
°C. After 2 min and 5 min same TLC, 61 and little mono-deprotected product (64). Added
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TBAF (1 mol/l, 59 ul, 1.0 eq.) after 10 min, 2 min after adding TLC showed little product,
some 64. Added TBAF (1 mol/l, 59 ul, 1.0 eq.) after 10 more minutes, 2 min after last

addition decomposed with minor amount of product.

Failed attempt 4: 61 (51.6 mg, 63 umol, 1.0 eq.) was dissolved to dry THF under argon,

added 3 A molecular sieves. TBAF (1 mol/l, 190 ul, 3.0 eq.) was added under argon and
reaction was stirred 15 sec at 0 °C. Yielded mixture of 64, 65 and decomposition prod-

ucts.

Attempt 5: 61 (51.7 mg, 63 pmol, 1.0 eq.) was dissolved to dry THF (1 ml) under argon,
added 3 A molecular sieves. Cooled down to -89 °C and added TBAF (1 mol/l, 190 ul,
3.0 eq.) under argon. The reaction mixture was stirred for 30 mins at -89 °C, TLC showed
only 61, let warm up. The reaction mixture was stirred for 30 min between -20 °C and -
25 °C, quenched with ag. ammonium chloride, diluted with EtOAc, washed with brine
and H;0, dried with magnesium sulfate and concentrated under reduced pressure. The
crude product was purified with column chromatography (Silica 60, 0 — 1% MeOH /
EtOAC) to yield 6.3 mg (yield 17%) of product as turquoise solid. Recovered 6.5 mg of
61 (yield 12%) and 8.9 mg of 64 (yield 20%).

Attempt 6: 61 (210 mg, 256 pmol, 1.0 eq.) was dissolved to dry THF (4 ml) under argon,
added 3 A molecular sieves. TBAF (1 mol/l, 770 ul, 3.0 eq.) was added at -40 °C and the
reaction mixture was stirred between -35 °C and -40 °C for 50 min. The reaction was
quenched with ag. ammonium chloride, diluted with EtOAc, washed with brine and water,
dried with magnesium sulfate and concentrated under reduced pressure. The crude
product was purified with column chromatography (Silica 60, 0 — 2% MeOH / EtOAc) to
yield 46.8 mg (yield 31%) of product as turquoise solid. Recovered 21.2 mg of 61 (yield
10%) and 40.4 mg of 64 (yield 22%).

Attempt 7: 64 (78.1 mg, 111 pmol, 1.0 eq.) was dissolved to dry THF (2 ml) under argon,
added 3 A molecular sieves. The reaction mixture was cooled to -30 °C, added TBAF (1
mol/l, 122 ul, 1.1 eq.) and stirred for 30 min between -25 °C and -30 °C. The reaction
mixture was stirred 45 min further between -20 °C and -25 °C, quenched with aq. am-
monium chloride, diluted with EtOAc, washed with brine and H2O, dried over magnesium
sulfate and concentrated under reduced pressure. The crude product was purified with
column chromatography (Silica 60, 0 — 2% MeOH / EtOAc) to yield 26.6 mg (yield
40.6%) of product as turquoise solid. Recovered 38.3 mg 64 (yield 49.5%).

"H-NMR (500 MHz, CDCls) & 8.21 (d, J = 8.0 Hz, 3H), 7.57 (dd, J = 22.3, 8.0 Hz, 5H),
7.39 (t, J = 7.7 Hz, 2H), 7.12-7.00 (m, 4H), 4.47 (t, J = 4.6 Hz, 4H), 3.96 (t, J = 4.6 Hz,
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4H). BC-NMR (126 MHz, CDCl3) & 184.3, 182.8, 166.1, 152.5, 151.0, 146.2, 141.8,
138.6, 135.5,131.3,130.4,128.2,127.6, 127.4,126.1, 125.4, 124.6, 123.5,122.8, 121.7,
111.2, 67.0, 61.5. Appendix 9.

6.3.8 bis(2-(acryloyloxy)ethyl) 4,4'-(3,3'-dioxo-[2,2'-
biindolinylidene]-1,1'-diyl)(E)-dibenzoate (66)
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63 (46.8 mg, 84 umol, 1.0 eq.), DMAP (a grain) and potassium carbonate (116 mg, 840
pmol, 10 eq.) were dissolved in dry DCM (5 ml) under argon. Added acryloyl chloride (68
pl, 840 umol, 10 eq.) dropwise under argon. The reaction mixture was stirred at RT for
18 h, quenched with aq. sodium bicarbonate, diluted with DCM, washed with H2O, dried
with magnesium sulfate, filtered and concentrated under reduced pressure. The crude
product was purified with column chromatography (Silica 60, 50% EtOAc / Hexane) to
yield 26.2 mg (yield 44.6%) of product as turquoise solid.

1H-NMR (500 MHz, CHLOROFORM-D) & 8.24 (d, J = 8.6 Hz, 4H), 7.84 (dd, J = 41.8,
7.4 Hz, 1H), 7.61 (dd, J = 25.5, 7.7 Hz, 5H), 7.42 (t, J = 7.7 Hz, 2H), 7.15-7.03 (m, 4H),
6.47 (dd, J = 17.2, 1.1 Hz, 2H), 6.18 (dd, J = 17.2, 10.3 Hz, 2H), 5.88 (dd, J = 10.6, 1.4
Hz, 2H), 4.60-4.58 (t, 4H), 4.52 (t, J = 4.3 Hz, 4H). *C-NMR (126 MHz, CDCls) & 184.3,
166.1, 165.6, 152.5, 146.3, 142.1, 135.5, 131.7, 131.4, 130.4, 128.1, 128.1, 127.4, 126.1,
125.4, 124.6, 123.5, 122.8, 121.8, 111.2, 63.0, 62.4, 29.8. Appendix 9.

6.4 Asymmetric



50

6.4.1 3-bromopropyl (E)-4-(3,3'-dioxo-[2,2'-biindolinylidene]-1-
yl)benzoate (67)

Br\/\/o O

O ) O
N
H

o]

DCB (10 ml) was bubbled with argon for 20 min. Indigo (200 mg, 0.77 mmol, 1.0e q.), 56
(313 mg, 0.85 mmol, 1.1 eq.), potassium carbonate (159 mg, 1.15 mmol, 2.0 eq.) and
Cu powder (catalytic amount) were added and the reaction mixture was refluxed for 2 h.
The reaction mixture was filtered through a plug of silica and concentrated under reduced
pressure. The crude product was purified with column chromatography (Silica 60, DCM)
to yield 128 mg (yield 33%) as blue crystals. "H-NMR (500 MHz, CDCl3) & 10.49 (s, 1H),
8.18 (d, J = 8.0 Hz, 2H), 7.84 (d, J = 7.4 Hz, 1H), 7.50-7.43 (m, 5H), 7.11 (t, J = 7.4 Hz,
1H), 7.02 (t, J = 8.0 Hz, 2H), 6.91 (t, J = 7.4 Hz, 1H), 4.46 (dt, J = 34.0, 6.0 Hz, 2H), 3.58-
3.34 (dt, J = 6.6 Hz, 2H), 2.37-2.32 (p, 2H). *C-NMR (126 MHz, CDCl;) & 189.4, 185.9,
165.8, 153.0, 151.5, 145.0, 137.8, 136.2, 135.8, 130.9, 128.6, 126.1, 124.9,124.2, 122 1,
121.4,121.2,121.1, 120.0, 112.0, 111.6, 62.9, 31.9, 29.6. Appendix 11.

6.4.2 3-bromopropyl (E)-4-(1'-(2-(3-bromopropoxy)-2-oxoethyl)-
3,3'-dioxo-[2,2'-biindolinylidene]-1-yl)benzoate (49)

Br\/\/O O

=12
N
(0] H(O\/\/Br
(0]

67 (73m g, 0.145 mmol, 1.0 eq.), 52 (101 mg, 0.388 mmol, 2.7 eq.) and cesium carbonate
(71.7 mg, 0.22 mmol, 1.5 eq.) were dissolved to DMF (0.5 ml) under argon. The reaction
mixture was stirred at RT for 18 h, diluted with EtOAc, washed with H>O, dried with mag-
nesium sulfate and concentrated under reduced pressure. The crude product was puri-

fied with column chromatography (Silica 60, 40% EtOAc / Hexane) to yield 92,8 mg (yield
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94%) of product as turquoise solid. '"H-NMR (500 MHz, CDCls) 5 8.15 (d, J = 8.6 Hz, 2H),
7.80 (d, J = 6.9 Hz, 1H), 7.58 (d, J = 8.6 Hz, 2H), 7.52 (d, J = 8.6 Hz, 2H), 7.50-7.46 (m,
1H), 7.19 (d, J = 8.0 Hz, 1H), 7.12 (t, J = 7.4 Hz, 1H), 7.02 (t, J = 8.0 Hz, 2H), 5.17 (s,
2H), 4.47 (t, J = 6.0 Hz, 2H), 4.36 (t, J = 6.0 Hz, 2H), 3.56 (t, J = 6.6 Hz, 2H), 3.39 (t, J =
6.6 Hz, 2H), 2.34-2.29 (p, 2H), 2.22-2.17 (p, 2H). *C-NMR (126 MHz, CDCl;) & 186.0,
184.4,168.7,165.7, 153.1, 152.4, 146.4, 135.8, 135.5, 131.1, 129.1, 127.8, 125.1, 124 7,
124.5,124.1,122.6, 122.5,122.1, 121.8, 111.3, 110.6, 63.4, 62.8, 50.3, 31.9, 31.5, 29.6,
29.3. Appendix 12.

6.4.3 3-(acryloyloxy)propyl (E)-4-(1"-(2-(3-
(acryloyloxy)propoxy)-2-oxoethyl)-3,3'-dioxo-[2,2'-
biindolinylidene]-1-yl)benzoate (68)
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49 (69.8 mg, 0.102 mmol, 1.0 eq.), acrylic acid (23.8 ul, 0.35 mmol, 3.5 eq.) and potas-
sium bicarbonate (25 mg, 0.25 mmol, 2.5 eq.) were stirred in dry DMF (1 ml) overnight
at RT and 4 h at 50 °C. The reaction mixture was diluted with EtOAc, washed with brine
and H>O, dried with magnesium sulfate and concentrated under reduced pressure. The
crude product was purified with column chromatography (Silica 60, 10% EtOAc / DCM)
to yield 31.4 mg (yield 46%) as turquoise solid. '"H-NMR (500 MHz, CDCls) & 8.14 (d, J
= 8.6 Hz, 2H), 7.80 (d, J = 6.9 Hz, 1H), 7.58 (d, J = 8.6 Hz, 2H), 7.52-7.45 (m, 3H), 7.19
(d, J=8.0 Hz, 1H), 7.11 (t, J = 7.2 Hz, 1H), 7.02 (q, J = 8.2 Hz, 2H), 6.39 (id, J = 17.3,
1.3 Hz, 2H), 6.14-6.06 (dq, 2H), 5.84-5.80 (id, 2H), 5.17 (s, 2H), 4.42 (t, J = 6.3 Hz, 2H),
4.32 (dt, J = 16.6, 6.3 Hz, 4H), 4.22 (t, J = 6.3 Hz, 2H), 2.17-2.12 (p, 2H), 2.07-2.02 (p,
2H). 3C-NMR (126 MHz, CDCl;) & 185.9, 184.4, 168.8, 166.2, 166.1, 165.8, 153.1,
152.4,146.4,135.8,135.4,131.2,131.2,131.1, 129.2, 128.3, 128.2, 127.8, 125.1, 124.7
124.5,124.1,122.5,122.5,122.2,121.8, 111.3, 110.6, 62.3, 61.7, 61.3, 60.9, 50.2, 28.2,
28.0, 1.1. Appendix 13.
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6.5 Photochemical characterization

6.5.1 General methods

UV-Visible absorption spectra were recorded with an Agilent Cary 60 spectrophotometer
with self-built setup (Figure 28). Photoexcitation was conducted using a Prior Lumen
1600 light source containing multiple narrow-band LEDs at different wavelengths without

additional bandpass filters.

-

Figure 28 Spectrometer setup built by Dr. Matti Virkki, above for solution measure-
ments and below for solid samples. 1. spectrometer beam in to the setup, 2. holder for
polarizer, 3. cuvette holder, 4. LED beam collimator, 5. spectrometer beam back to spec-
trometer, 6. sample holder.

All measurements were carried out in dark so that room lights do not interfere.
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All solution measurements were done in 75uM acetonitrile solutions at 25°C. Quartz ab-

sorption cuvettes with an optical path of 1.0 cm in an Ocean Optics Qpod 2e Peltier-

thermostated cell holder with temperature accuracy is 0.1 °C were used. Photostationary

states (PSSs) were reached by using 520 mW power of Prior LED with corresponding

wavelengths.
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Figure 29 PSSs and thermal relaxation (left), and lifetime fit (right) for diaryl indigo
in 75uM MeCN solution.
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Figure 30 Thermal relaxation (left) and lifetime fit (right) for asymmetric indigo in
75uM MeCN solution

Thermal relaxation and lifetime fit for dialkyl indigo are already presented in results-sec-

tion. As seen from Figure 29 diaryl indigo relaxes towards initial dark state, with lifetime

of 70 minutes. Asymmetric indigo fully relaxes to initial dark state in 25 minutes, thermal

lifetime being 5.6 minutes (Figure 30).
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Figure 31 PSS composition for diaryl- (a) and asymmetric indigo (b).

To define PSSeeo for diaryl indigo (Figure 31a), calculated E spectrum was used. Fa-

tigue was estimated with 1h continuous irradiation with 660 nm LED at 520 mW power.
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Figure 32 Fatigue estimation in 75uM MeCN solution for dialkyl (a), diaryl (b) and
asymmetric (c) indigo.
Decrease in absorbance at PSSeso peak was calculated, for dialkyl indigo it decreased
2.1%, for diaryl 1.0% and for asymmetric indigo 0.9%. Also PSSsoo spectra for all com-
pounds in a 75 yM MeCN solution are found in Figure 32. PSSso0 compositions for dialkyl
indigo (91% E) and asymmetric indigo (95% E) show efficient two-way photoswitching
with 660nm and 500nm LED.
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6.5.3 Liquid crystals

Liquid crystal samples were made by mixing corresponding compound with E7 liquid
crystal mixture in DCM, and evaporating solvent under reduced pressure. 10um planar
cells were filled with mixture by placing a drop of the mixture on open edge of the cell,

and capillary force pulls the mixture in the cell. Absorbance measurements were done in

spectrophotometer.

| (b)

A(PSS) / A(E)
A(PSS) / A(E)

F-073

0.6

T T T )
550 660 séo 760 7&0 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

AE)

0.6 4

A(PSS)/

0.5+

0.4 T T T 1
550 600 650 700 750

Wavelength (nm)

Figure 33 PSS-compositions for dialkyl- (a), diaryl- (b) and asymmetric indigo as a
dopant in E7 liquid crystal mixture.
PSS-compositions were estimated the same way as in a solution. For diaryl indigo (Fig-
ure 33 b) PSSsoo was used as E spectra, resulting in bigger amount of E in this estimation.

Spectra were also measured with polarizer for order parameter calculations (Figure 34).
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Figure 34 Spectrum for diaryl (a) and asymmetric indigo (b) with polarizers for order
parameter calculations.
Baseline for each polarizer was reduced from the spectra before calculations. Fatigue

resistance was estimated with 10 isomerization cycles.
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Figure 35 Isomerization cycles for diaryl- (a) and asymmetric indigo (b).

Due to longer lifetime of diaryl indigo, isomerization cycles were carried out by irradiating
first with 660nm followed by 525nm instead of thermal relaxation as for dialkyl- and asym-
metric indigo. Estimated fatigue resistance is therefore worse, because possible side

reactions on both irradiations.

6.5.4 Polymer films

Indigo compounds were studied as dopants in P4VP thin films. Solution of P4VP with
known concentration was made, indigo compound was added from stock solutions and
mixed solution was filtered through 0,2 ym PTFE filter. Final films were made by drop-
casting, 1/3" of microscope slide was filled with 500-700 ul of 40 mg/ml P4VP solution
with 2 m-% corresponding indigo compound in chloroform, solvent was let to slowly evap-

orate under cover for approximately 2 hours, and after seemingly dry film was heated to
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60 °C for 10 minutes to remove any remaining solvent. Obtained films were not uniform
and of unoptimal optical quality, but they had good areas from which measurements
were done. Spincoating thin films on glass substrate with P4VP consentrations between
20 and 80 mg/ml and 1-3 m-% indigo compound was tried. Films were of good optical
quality, but had too little absorbance for reliable measurements. Different molar masses
of P4VP were tried, with Ma,q of 60 kDa P4VP only minor photoswitching was seen. With
P4VP with M of 1.2 kDa observed photoswitching was greater. 8 kDa P4VP was also
tried, but it started to crystallize during solvent evaporation, from a small measurable part

of the film, photoswitching close to a 1.2 kDa film was observed.
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Figure 36 PSSs and initial dark state for diaryl indigo 66 in a 8 kDa P4VP film, dark
and PSSeso Spectra are a bit flattened due to high absorbance.

Estimating PSSeso composition with equation 3 (using PSSs2s as E) leads to approxi-

mately 50% Z isomer. However spectra in Figure 36 are already smoothed and satura-

tion can be seen even from the smoothed spectra, so accuracy of the given estimation

is rather low.
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Figure 37 Thermal relaxation (left) and respective lifetime fit (right) for dialkyl indigo
as a dopant in a 1,2kDa P4VP film.
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Calculated lifetime for dialkyl indigo is 6.4 minutes, it relaxes almost back to initial dark
state in 30 minutes. Efficient two-way switching can be achieved with 660nm and 525nm

LED, PSSs2s and 30 min thermal relaxation are on top of each other in Figure 37.
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Figure 38 Lifetime fit for diaryl indigo.

As in Figure 27, diaryl indigo in a P4VP film does not return to original dark state, but
relaxes slowly towards it. Fitting exponential decay function for this relaxation (Figure 38)
gives time constant of 8h, which is used as a thermal lifetime even it does not return to
original state.
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Figure 39 Thermal relaxation (left) of asymmetric indigo in a P4VP film and respec-
tive lifetime fit (right).
Asymmetric indigo relaxes thermally back to almost initial state with lifetime of 30

minutes. Fatigue was observed when irradiated for longer times (dashed lines in Figure
39).
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Figure 40 Photostationary state estimations for dialkyl- (a), diaryl- (b) and asymmet-

ric indigo (c).
PSS compositions in the P4VP films were estimated with PSS/E method (Figure 40).
Because diaryl indigo exists in a mixture of E and Z isomers in dark, PSSs2s was used

as a pure E spectrum leading to a minimum value.
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APPENDIX 2: '"H NMR SPECTRUM OF
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3.96
3.96
4.02
3.99

1.0
I N

2.00

S
ket
—

abundance

R R L L B B L B R B B R B R R R R

120 11.0 100 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 -1.0 -2.0

e

7.727
7.710
7.558
7.543
7.527
7.096
7.082 %
7.066
7.033
7.016
4774~
4339
4327 >
4315
3.412
3.399 %
3.386
2213
2.200 &
2.187
2.175
2.162

X : parts per Million : Proton




75

'H AND °C NMR SPECTRA OF
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'H AND °C NMR SPECTRA OF
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APPENDIX 5: 'TH AND *C NMR SPECTRA OF
COMPOUND 48
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APPENDIX 7: '"H NMR SPECTRUM OF
COMPOUND 60
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APPENDIX 12: '"H AND *C NMR SPECTRA OF
COMPOUND 49
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APPENDIX 13: '"H AND *C NMR SPECTRA OF
COMPOUND 68
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APPENDIX 14: PSS COMPOSITION OF DIARYL
INDIGO FROM 'H NMR SPECTRA OF
COMPOUND 66
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