Max-Planck-Institut
fiir Polymerforschung

Max Planck Institute
for Polymer Research

Conjugated Porous Polymers

for Visible-Light Photocatalysis

Dissertation
zur Erlangung des Grades
"Doktor der Naturwissenschaften”
im Promotionsfach Chemie
am Fachbereich Chemie, Pharmazie und Geowissenschaften

der Johannes Gutenberg-Universitat Mainz

Saman Ghasimi

geboren in Mahabad/Iran

Mainz, 2016




Erkléarung:

Ich versichere, dass ich die vorliegende Arbeit selbstédndig verfasst und keine anderen als die

angegebenen Quellen und Hilfsmittel benutzt habe.

Mainz, 25.10.2016

Dekan:

1. Gutachter:

2. Gutachter:

Tag der mindlichen Prifung:



Table of Contents

EINTUNTUNG ..o et e e e re e te e e re e e e
AADSTFACT ...
L INEFOAUCTION ..ottt e e
2. AIM OF TNE WOTK ...
3. Theoretical BaCKgrOUNG ............coioiiiiciice ettt ae e nneas
K T0 O = ]SSR
311 PROTOCALAIYSIS ...

3.1.2 Design strategies for enhanced photoredox processes via energy band position

alignment of conjugated organic SEMICONAUCTONS. ..........coiriririeiieie e 13
3.2 Classification 0f pOrous MaterialS ...........coceriiiiirieiiiese e 17
3.3 Synthesis of conjugated microporous polymers (CMPS) ........cccooevereninenieniseeeeenen 18
3.4 Applications of Conjugated Microporous Polymers (CMPS) .........cccocveveiieveeiiesienen, 20

3.4.1 Gas adsorption, storage, SEParatioN...........ccceivveieerreeiiesieeie e seese e se e 20

3.4.2 Heterogeneous CatalySIS .......ccviviiierieiieiiee ettt sre e ae e sne s 20

3.4.3 Heterogeneous PhotOCatalYSIS. .........ccviveiieieiie e 21

3.4.4 Pollutant absorption and removal ..............ccccooveiieiicic i 21
3.5 Strategies to water-compatible conjugated porous polymers (WCPP) .........cccccevvvenee. 22
3.6 Conjugated PolyeleCtrolytes (CPES) .......c.coiiiiiiiieieie sttt 24

3.6.1 Cross-linked conjugated Polyelectrolytes (CPES) .......cccovveieieieniiesiiicieeeene, 26
3.7 Applications of Conjugated Polyelectrolytes (CPES) ........ccccvovriiieienineieniseeeee 28

371 Cell IMAGING. ..ttt bbbttt e bbbt 28

3.7.2 Analysis of Cellular Processes and FIUOrescence ASSays.........ccoceverererernneeinennn, 28

3.7.3 Cell DAMAGE......ce ittt bttt bbbt 29
3.8 Green ChEMISIIY ...cueiiiiiiei ettt bbbt 29

4. Characterization TECNNIQUES ........voiuiiiiieie ettt 30

4.1.1 UV-VIis SPECIrOSCOPY (UV-VIS) ..uiiiiiiiiiiie ettt sttt 30



4.1.2 UV-Vis Diffuse Reflectance Spectroscopy (UV-Vis DRS) ......cccccovvvieiveininnnnn, 31

4.2 Fast Fourier Infrared Spectroscopy (FT-IR) .....cooiiiiiiiiiiiieeeee e 32
4.3.1 Nuclear Magnetic Resonance Spectroscopy (NMR) ......c.coeveiiiiniiininiiieeen, 33
4.3.2 Solid State Nuclear Magnetic Resonance (Solid State NMR)..........cccoceveiivinnnnn. 34

4.4 Electron Paramagnetic Resonance Spectroscopy (EPR).......cccccevvierininineniiiecene 35

4.5 Cyclic VOIAMMELIY (CV) ..ot 36

4.6 Brunnauer-Emmet-Teller Isotherm Method (BET) ......ccoovviiiiiiiiin e 37

4.7 Scanning Electron MicroSCOPY (SEM) .....ooiiiiiiiiiiiiie e 38

4.8 Transmission Electron Microscopy (TEM).......ccovoiiiieiiiii i 38

. RESUITS AN DISCUSSION ...ttt ettt e e et e e e ettt ee e e e e e e e e eeeeeeeananees 39

5.1 Water compatible conjugated microporous poly-azulene networks as visible light

photocatalysts in aqUEOUS MEAIUM ..........coiiiiiieiiee et 39
T8 00 [ oo [0 Tod o o SRRSO 40
5.1.2 Synthesis and CharaCterization .............covueieiererese e 40
5.1.3 Photoreduction and photoredox cascade-reactions of metals in water .................... 53
T 0 3 Tod 1115 o] OSSP 57

5.2 Heterophase photocatalyst from water-soluble conjugated polyelectrolytes: a self-

initiation example under Visible light.............ccooi i 58
5.2.1 INEFOGUCTION ...ttt ettt 58
5.2.2 Synthesis and CharaCterization ............c.ccvevieiieieeie e, 59
5.2.3 Photocatalytic activity for self-initiated cross-linking and Characterization........... 62

5.2.4 Photocatalytic Dye Degradation, Photoreduction of Cr(V1), Photopolymerization of
Methyl Methacrylate (MIMA) ......ccoiiiie s 70

B, 2.5 CONCIUSION ..ottt e et e e e e e e ereeeeeeeeeeeeeeeereeeneeees 74

5.3 Photocatalytic Stille-type coupling reactions using conjugated organic catalysts with
(V4511 01 (SN 1T L PRSP 75

B 3. L INTrOTUCTION .ttt e et eeeeeeeeeens 75

5.3.2 Synthesis and CharaCterization ............ccccuvivieiieiiieesie e 77



5.3.3 Photocatalytic Applications and Investigation of Reaction Mechanism ................. 84

5.3 CONCIUSTON ..o 95
6. EXPEriMENTal Part..........ooo i 96
6.1 Materials and INSIIUMEBNTS ....cooeeeeeeeeeeeeeeeeeee ettt e e et e e eeeeeeeeeeeeeeeeeeeeeeeeeeeees 96

6.2 Water compatible conjugated microporous poly-azulene networks as visible light

photocatalysts in aQUEOUS MEATUM ..........ccuiiieieiiesiese e ste et ae e sreas 100
6.2.1 Synthesis of azulene CIMP: P-AzZ-1........cccoiv it 100
6.2.2 Synthesis Of azulene CIMP: P-AZ-2.........ccco vt 100
6.2.3 Protonation of the poly-azulene NEtWOIKS ..........ccccoveviivieiieie e 101
6.2.4 Synthesis of 1,3-dibromoazulene.............ccccoveieiieieeie e 101
6.2.5 Synthesis of 1,3-Bis(phenylethynyl)azulene (Az-Phy) ......c.ccovevviieiviiiiieceee 103
6.2.6 Photocatalytic reduction of Cr(\V1) to Cr(111) using poly-azulene networks.......... 105
6.2.7 Photocatalytic reduction of Cr(V1) to Cr(l1l) using protonated Az-Ph,................ 106

6.2.8 Photoreduction of Cr(VI) to Cr(l11) using poly-azulene networks and additional
metal cations as co-catalysts in @ Cascade CYCIE .........cooeviririiiiieic s 107

6.2.9 Photoreduction of Cr(V1) to Cr(l11) using poly-azulene networks and formic acid as

EXEra EIECIION ONOK ...t 108
6.2.10 Determination of Fe(ll) in the cascade catalytic cycle ...........cccoovevviveiieieenenne 108
6.2.11 Repeating eXPErimMENTS.........c.ciuiiieieeie et re e sre s 108
6.2.12 Apparent Quantum Yield Measurements..........ccccovevveieeiiereciieseece e 109

6.3 Heterophase photocatalyst from water-soluble conjugated polyelectrolytes: a self-

initiation example under Visible HgNt...........cooiiii e 110
6.3.1 SYNLeSIS OF P-FL-BT-1.....ccoiiiiiiiiieiiieeeee e 110
6.3.2 SYNENESIS OF P-FL-BT-2 ...t 111
6.3.3 Synthesis of P-FL-BT-3 as NAN0PArtiCleS ..........ccooeveiiiininicieniese e 112
6.3.4 Synthesis of P-FL-BT-3 as porous monolith ...........ccccccceviiiiiiiciece e 112
6.3.5 Synthesis of poly(9,9-bis(6-bromohexyl)-fluorene) PL........cccoovvviiiiiiiiiiiiieinn, 113

6.3.6 SYNLNESIS OF P2BI......iiiiiiii e 114



6.3.7 SYNLNESIS OF P3BI ... .cciiiiiiie et nae s 115

6.3.8 Synthesis of P3X (X = BF4, PFg OF TESI) ...voioiiiiiiieee s 115
6.3.9 Synthesis of PMMA using P-FL-BT-1 as photoinitiator..............c.ccoovvvriniecienen, 115
6.3.10 Photodegradation of rhodamine B and methylene blue..............cccooiiiiiinne, 115
6.3.11 Photoreduction of Cr(M1) t0 Cr{I1) .....ccceiieiiiieieee s 117

6.3.12 Scavenger study of rhodamine B degradation using P-FL-BT-3 as photocatalyst

6.4 Photocatalytic Stille-type coupling reactions using conjugated organic catalysts with

LYY Lo [= T | | SRS 118
6.4.1 SYNLNESIS OF P-AZ-Bh......ciiiieie et 118
6.4.2 SYNNeSIS OF L-AZ-B ..o 119
6.4.3 Synthesis of 1,3-bis(phenyl)azulene (AZ-Phy) ..o, 120
6.4.4 Bromination OF QZUIENE .........coveiiiiii e 121

6.4.5 Photocatalytic destannylation reaction of aryl stannanes using P-Az-B as

PROTOCALAIYSE ... ettt este et e e re e s teetesneenneas 121
6.4.6 Radical trapping experiment with N-tert-butyl-a-phenylnitrone (PBN) ............... 121

6.4.7 General procedure for the photocatalytic Stille-type coupling of aromatic iodides

WD SEAMNANES ...ttt e ettt e e e e e e e et e e e e e e e e e e eeeaeaeeaans 122

6.4.8 Repeating experiments of the photocatalytic Still-type coupling of 4-

iodonitrobenzene with 2-(tributylstanny)furan ..o, 122
6.4.9 Apparent Quantum Yield MeasuremMents..........cccooererirenineeienese e 122
6.4.10 "H-NMR spectra of coupling ProduCts ............c..coeeereerereeeereenneissesssesseessssenneenes 123
6.4.11 > C-NMR spectra of COUpliNg ProdUCES ...........co.ovveverreeeeerisneeseeseseeseessesseseeene 129
7. Overall Conclusion and OULIOOK ..o 135
8. LiSt Of ADDIEVIALIONS. .....c..iiiiiiiii e 137
0. LITEIATUIE ... bbbt b et 140

10. Scientific CoNtriDULIONS .. ..oooieeeeee e 150



EinfGhrung

Diese Arbeit befasst sich mit neuen Konzepten fur die Entwicklung von konjugierten
polymerbasierten heterogenen Photokatalysatoren sowohl fur die Anwendung im waéssrigen
als auch in nicht-wassrigen Losungsmitteln. Es werden unterschiedliche Designstrategien fir
die Herstellung wasserkompatibler pordser Polymere vorgestellt. Dariiber hinaus werden die
unterschiedlichen mechanistischen Aspekte von photokatalytischen Reaktionen an Hand einer
C-C Knupfungsreaktion beschrieben. Die hier vorgestellten Designstrategien lassen sich als
allgemeine Konzepte ansehen und sind auf andere vernetztbare Polymersysteme tbertragbar.

Zunachst wurden hydrophobe Polymere durch eine gezielte Funktionalisierung fur die
Photokatalyse in Wasser modifiziert. Zwei unterschiedliche molekulare Designstrategien fir
die Realisierung von hydrophilen heterogenen Photokatalysatoren auf Basis von vernetzten
konjugierten  Polymeren wurden umgesetzt. Das photoaktive Element dieser
Photokatalysatoren besteht aus konjugierten Donor-Akzeptor Polymerketten, welche durch
kovalente Vernetzung und Porenbildung neben einer signifikanten Stabilitatszunahme auch
einen mehrfach synergetischen Effekt mit sich bringen. Anschlielend wurde an Hand von
vernetzten konjugierten Polymeren die effiziente metallfreie Photokatalyse von organischen
Reaktionen demonstriert, und der photokatalytische Reaktionsmechanismus wurde aufgeklért.

Das erste Beispiel handelt von Azulen basierten konjugierten mikropordse Polymere (CMPs).
Die Azulen-CMPs zeichnen sich dadurch aus, dass durch einen einfachen Protonierungsschritt
die Tropylium-Kationen der Azulen-Einheiten entstehen und dauerhaft stabilisiert werden.
Durch dieses Konzept des kontrollierten Wechsels von hydrophoben zu hydrophilen
Netzwerken konnte gezeigt werden, dass hochfunktionelle CMPs fir eine Vielfalt von
Losungsmitteln einsetzbar sind. Die Auswirkungen der Postmodifikation auf die Porositéat, die
Morphologie und die optoelektronischen Eigenschaften wurden analysiert. Die
photokatalytische Effizienz in Wasser wurde durch die Reduktion von Chrom (VI) zu
Chrom(l11)-lonen demonstriert, wobei die Effizienz mit der der bisherigen anorganischen
heterogenen Photokatalysatoren vergleichbar war.

Im zweiten Beispiel werden photoaktive konjugierte Donor-Akzeptor-Polymere mit
vernetzbaren ionischen Seitengruppen zu einem konjugierten Polyelektrolyten (CPE)
kombiniert. Dieses Konzept vereint mehrere Materialeigenschaften. 1.) Die Bestrahlung mit
sichtbarem Licht fuhrt zu einer Selbstinitiierung und Vernetzung. 2.) Die amphiphile
Eigenschaft ermdglicht es, dass das Polymer als Stabilisator fir Kolloide und Emulsionen
auftritt. 3.) Die stabilen Polymeraggregate lassen sich durch die Bestrahlung mit sichtbarem
Licht dauerhaft vernetzen. Damit lassen sich stabile heterogene Photokatalysatoren mit
definierter Makrostruktur herstellen. Die Materialeigenschaften vor der Vernetzung, die
Morphologie und die optoelektronischen Eigenschaften wurden analysiert. Schlief3lich wurde
die photokatalytische Leistungsfahigkeit an Hand bekannter Reaktionen wie Photoabbau von
organischen Farbstoffen oder die Photoreduktion von Metallionen demonstriert.



Im dritten Beispiel werden hydrophobe Azulen-basierte konjugierte Polymere als
wiederverwendbare ~ Photokatalysatoren  in  einer  Ubergangsmetallfreien  Stille
Kupplungsreaktion eingesetzt. Das Anwendungsspektrum der Photokatalysatoren auf die
C-C-Kupplungsreaktion wurde mit verschieden substituierten aromatischen Halogeniden und
aromatischen Stannanen demonstriert. Die zugrundeliegenden Reaktionsmechanismen der
photokatalytischen Stille-Reaktion wurden durch spezifische Modellreaktionen untersucht.

Die Aufklarung der Mechanismen erfolgte sowohl mit elektrochemischen Methoden, als auch
indirekt mit chemischen Methoden sowie durch Abfangen und Detektieren reaktiver Spezies.



Abstract

In this thesis, two different aspects of porous conjugated polymers as visible-light-active and
heterogenous photocatalysts have been discussed: 1.) Synthesis strategies for control of
hydrophilicity 2.) Metal-free photoredox mediated reaction design as replacement for
traditional transition metal-catalyzed carbon-carbon bond formation reactions.

The pristine hydrophobic polymers were modified by a specific functionalization in order to
conduct photocatalysis in water. Two different molecular design strategies for modification of
cross-linked conjugated polymers are presented. Moreover, the photocatalysts were applied to
aqueous and non-aqueous reactions. The photocatalytic reaction mechanisms were elucidated
by various methods.

The first design strategy of the hydrophilicity control was demonstrated via a simple
protonation step of a series of azulene-based conjugated microporous polymers (CMPs). Here,
the protonation of the azulene units led to the formation and permanently stabilization of
tropylium cations. This concept of the controlled change from hydrophobic to hydrophilic
networks showed that highly functional CMPs can be used in both organic and aqueous
solvent systems. After post-modification, the change on porosity, morphology, and optical-
electronical properties were analyzed. The photocatalytic efficiency of the modified polymers
in water were demonstrated by the reduction of chromium(V1) to chromium(l1l), whereas the
efficiency was comparable to established inorganic heterogeneous photocatalysts.

The second example of hydrophilicity control was demonstrated by the combination of
photoactive conjugated donor-acceptor polymers with cross-linkable ionic side groups, which
led to the formation of a series of highly porous conjugated polyelectrolytes (CPEs). This
concept merged multiple material properties: 1.) The irradiation with visible light led to a self-
initiation and cross-linkage process of the polymers; 2.) The amphiphilic properties allowed
one to use the polymer as stabilization agent for colloids and emulsions; 3.) The irradiation
with visible light of those aggregates leads to permanent cross-linkage, and therefore the
formation of stable heterogeneous photocatalysts with defined macrostructure inside the
materials. The material properties, the morphology, and the optical-electronical properties of
the materials were analyzed. Finally, the photocatalytic performance by means of known
reactions such as photodegradation of organic dyes or the photoreduction of metal-ions were
demonstrated.

The third example deals with the photocatalytic Stille-type C-C coupling reaction, which was
demonstrated by the employment of azulene based conjugated polymers. In order to
determine the range of C-C coupling reactions, a series of aromatic halides and aromatic
stannanes were tested. The photoredox mediated reaction mechanism was investigated and the
key steps have been identified.

In addition, the elucidation of the photocatalytic reaction mechanism was conducted via
electrochemical methods as well as indirect chemical methods or trapping and detection of
reactive species.



1. Introduction

The main challenge of the 21st century is to establish a global solution for the increasing
demand for energy and the production of pollution. Since the industrial revolution the
economy has become increasingly dependent on exhaustible energy resources such fossil
fuels with constantly growing population.™® However, the tremendous consume of
traditional fossil energy leads to large risks in the environmental and health issue, caused by
uncontrolled emission.”! The other important issue is the limitation of the current traditional
energy carriers on earth. Therefore a long-term solution of environmentally friendly and
renewable energy sources is highly needed.”! Moreover, a paradigm shift in setting goals
from high yield productions to waste elimination at source is required. Catalysis, in
particular, was recognized as a central tool for efficient industrial processes by reducing
waste, reaction energy and facilitating purification procedures.’! Among other catalysis
procedures, photocatalysis provides the combination of energy efficiency with sustainability
in an outstanding way.

In this view, the utilization of sunlight as a clean and inexhaustible source of renewable
energy inspired materials scientist to harvest, convert, store and utilize solar energy.[”

More than 100 years ago, Giacomo Ciamician presented his revolutionary idea on using solar
energy to drive chemical processes: “Man had to understand nature’s ability to make
chemistry only with solar energy. To utilize the photosynthesis in plants not only for storing
solar energy into chemical bonds as in starch, but also to build up secondary materials and
other chemicals .

In the past years, a vast number of different photocatalyst classes have been developed.
Among them, metal oxides, which usually absorb in the high energetic UV range, transition
metal complexes such as ruthenium or iridium based materials, which can be activated in the
visible range, have been intensely studied in the last two decades.'®*? Organic dyes, as
metal-free alternative, have also shown applications in organic synthesis.'” Nevertheless,
there are still drawbacks associated with those molecular catalytic systems such as high costs,
limited availability and toxicity or stability problems such as photobleaching effect or
photocorrosion, which largely affect the catalyst recovery and long-term usage. There is
therefore a strong need to develop a more sustainable, pure organic, stable and metal-free
class of new photocatalysts. Recently, graphitic carbon nitrides showed excellent properties as
stable, metal-free and heterogeneous photocatalysts, and have been used for a number of
photocatalytic reactions under visible light irradiation such as hydrogen evolution.!***4

Conjugated porous polymers have been emerged recently as stable and highly reusable
photocatalysts with activity in the visible light range.l’** The main advantages of
conjugated polymer systems are that their optical and electronic properties can be controlled
via a rational structural design on the molecular level. ®! In addition, the solubility and
hydrophilicity can be controlled by side chain modifications in order to adjust intermolecular
interactions.*?



Beside the material design aspect for novel catalytic systems, one of the main objectives still
remains the catalysis media. Organic solvents, in which most of the chemical processes are
conducted, are mostly inflammable, toxic, hazardous and volatile. Therefore, a more
sustainable and environmentally friendly alternative for the common organic solvents is
indeed strongly needed. Water, in particular, is considered as non-toxic, non-hazardous, non-
inflammable, cheap and most readily available green solvent.™!

It is therefore an urgent need for organic and materials chemist to further develop a new class
of new visible light active, heterogeneous and stable photocatalyst, combined with a
promising water-compatibility.

The main target of this thesis is set on the molecular design strategy and hydrophilicity
control of the polymer-based photocatalytic systems. For this purpose, two different methods
have proved to be successful by modification and functionalization of highly cross-linked
conjugated polymers as the active materials. (1) Hydrophilicity control via simple protonation
on pristine conjugated microporous polymers, and (2) construction of highly porous
conjugated polyelectrolytes.

The material properties of the designed polymers such as porosity, morphology and electronic
band structures, and their influence on the photocatalytic activity were investigated. A series
of photocatalytic reactions in aqueous medium were conducted to demonstrate the feasibility
of the design strategy.

Furthermore, the underlying photoredox processes as the driving force in photocatalytic
reaction mechanisms were investigated in detail for reactions in aqueous and organic medium.



2. Aim of the Work

The main objective of this work was to develop highly porous and heterogeneous
photocatalysts based on conjugated donor-acceptor-containing polymers for aqueous and non-
aqueous applications. Different molecular design strategies for water-compatible polymers
(Figure 2.1) as well as the development of reaction strategies for photoredox mediated
reactions have been pursued. 1.) The formation of water-compatible conjugated microporous
polymers (CMPs) via a post-protonation strategy of hydrophobic azulene-based polymer
networks.

1)

2N 0

hydrophobic hydrophilic
heterogeneous heterogeneous

visible light
—

water-soluble water-insoluble
homogeneous heterogeneous

Figure 2.1: Project drafts in this work.

2.) The introduction of hydrophilic 1-vinyl-imidazolium side groups into the photoactive and
conjugated polymer backbone, leading to the formation of amphiphilic conjugated
polyelectrolytes (CPE) with cross-linkable sidechains.

This new molecular design strategy offers the formation of a multifunctional polymer with
interesting properties such as an amphiphilic nature and therefore the surfactant-like ability,
combined with its high photocatalytic activity under visible light.

In order to demonstrate the photocatalytic performance, different photocatalytic reactions
such as degradation of organic dyes, reduction of chromium (V1) to chromium (111), and free
radical polymerization of methyl methacrylate (MMA) have been conducted under visible
light irradiation as model reactions.

3.) The utilization of photoredox processes as the driving force for the Stille-type C-C
coupling reaction of a series of aromatic halides with aromatic stannanes. The visible light
mediated photocatalytic reaction mechanism comprises other reaction steps than in the
traditional transition metal mediated Stille coupling reaction.

Beside the structural design, important parameters such as surface morphology of the porous
conjugated polymers has also been studied with various analytical methods, in order to
enhance the catalytic performance of the materials. Moreover, to understand the new
photocatalytic reaction mechanism, photophysical and electrochemical methods have been
also applied.
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3. Theoretical Background

3.1 Catalysis

Since the beginning of the 19" century, the systematic exploration of new catalysts for
industrial production started to be an ongoing process. Today, catalysis is the driving power in
industrial productions and almost 85 to 90% of all processes are based on catalytic
procedures.?”

The term catalysis was introduced for the first time in 1836 by the Swedish chemist J.J.
Berzelius. It means to untie or loosen up (derived from Greek). A more modern and practical
definition is that, catalysts are involved in reactions, but they are not consumed.!*”! Catalysis
offers an alternative reaction path, which is energetically favored compared to non-catalyzed
pathways. The activation barrier is much lower than for conventional non catalyzed reactions.
Catalysis speeds up reactions via changing the kinetics of a reaction, but it has no effect on
the thermodynamic equilibrium position of the reaction.?*?!

Figure 3.1 shows, from the kinetic perspective, the distinct difference between homogeneous
and heterogeneous reaction. The required activation energy Enom for a certain homogeneous
reaction is much higher than Eye for a heterogeneous reaction. The reduced energy barrier for
heterogeneous reactions is derived from adsorbed molecules at the surfaces and the
interaction between those molecules and surface atoms. Additionally, the selective adsorption
strength of molecules has to be considered in terms of reaction rates. However, prior to
reaction the energy barrier for adsorption has to be provided as well as the energy for
overcoming the desorption after product formation. Nevertheless, the potential energy for the
reaction partners and products remains unchanged if either it is homogeneous or
heterogeneous reaction.”® Many reactions are known for their harsh reaction conditions.
Without catalysis, the technical feasibility of these reactions is impossible.
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transition
state
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Figure 3.1: Potential energy diagram of homogeneous and heterogeneous reactions (p. 125,
Surface Chemistry, E. M. McCash, By Permission of Oxford University Press).[?%]

3.1.1 Photocatalysis

The development of photocatalysis emerged for the first time at the beginning of the 20"
century.?” In recent years, homogeneous and heterogeneous photocatalysts have been applied
to a large number of chemical transformations. In comparison to conventional catalysts driven
by heat, photocatalytic processes are activated by light.

The sun light emission (1353 W/m?) provides much more energy than the total energy
consumed and needed by mankind.?®! Considering the energy perspective, the distribution of
sun light can be divided in about 3% in high energetic UV range, 44 % in visible light range,
and 53% in low energetic infrared irradiation (Figure 3.2)."YJ Compared to the highly
energetic UV light, which often leads to bond fission of molecules, the visible light range
shows a lot of advantages such as broad irradiation area and sufficient energetic level for
photocatalytic reactions. It is worth to note that in the nature photosynthesis process, the
plants mainly absorb light in the visible range.
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Figure 3.2: Solar spectral irradiance and wavelength distribution.!?®!

In the photocatalytic process, the absorption of light leads to the excitation of an electron from
the ground state to an energetic higher state of the photocatalyst, which will be left by usually
two different pathways: 1.) Interaction with the substrates via electron transfer, which results
in chemical reactions; or, 2.) Energy transfer processes directly from the photocatalyst into its
environment such as radiative recombination of the excited state (luminescence) or non-
radiative departure (heat and molecular vibrations). The first case involving electron transfer
onto the substrate can be called as “quenching process” (Figure 3.3). Depending on the
electron transfer direction, either from the photocatalyst to the substrate, or the opposite
direction, the quenching process can be described as oxidative or reductive quenching.

energy/electron

transfer
Photocatalyst ) + hy == (Photocatalyst + - (_ Photocatalyst) +

emission

Photocatalyst) + hv

Figure 3.3: The possible reactions of excited photocatalyst.



The equation below describes the Gibbs energy of the photoinduced electron transfer between
an electron-donor and acceptor.?

AprG = (ng - E;’)ed) - EO,O — AEco10umbic

Here, E°x refers to the standard electrode potential at which the oxidation occurs, E%.q to the
standard electrode potential at which the reduction occurs, Eg is the excitation energy for the
So-S; transition. Negative Gibbs values indicate a favored photoinduced electron transfer from
a donor to an acceptor.

Figure 3.4 shows a popular transition metal organic complex ruthenium polypyridine, which
has been widely used for photocatalytic redox reactions under light irradiation. By absorbing
one photon, one electron from the metal center is delocalized on the pyridine ligand. This
process is known as metal-to-ligand charge-transfer (MLCT) process. On this basis, the
location of excess electrons on the ligand leads to the formation of both oxidation or reduction
centers in the metal complex molecule. The modification of redox levels and redox strength
can be adjusted via metal center or ligand variations.

o) P
A N . = . | P S
A N visible light . SN
- - N I.Il | -~ e N | | - -
“ . fllj. I+ N “‘“'//{) )'"max =452 nm | [1] I”+‘ ““N “‘x,’;{) OXIdatlve
T RIQ > 7 ruE—— center
] . S \ NS MLCT P J \.N
ﬂ P ,N:Hr’/ﬂhh&// | _ ,'I\l:w/};x%/ .
~F (O ~F (] reductive

W
| S

N 4 canter

Figure 3.4: Ru(bpy)sCl, metal complex upon visible-light irradiation.!*"!

Figure 3.5 shows an simplified overview of involved photooxidation and reduction steps
employing Ru(bpy)sCl, in photocatalysis. In general, the feasibility of a reaction step depends
on both the redox levels of the metal complex and the reaction partner. According to the
equation for the Gibbs energy of a photoinduced electron transfer, the evaluation of the
probability for the single reaction steps is possible.

10



e AN
//, \\
/ \‘
RU(bpy)32+ *RU(bPY):;z
4 P
B. — '\.\-\\ //../ —. A
reductive N w < oxidative
cycle / Ru(bpy)s \ cycle
B e

Figure 3.5: Photoredox cycles of Ru(bpy)sCl, complex.

A different reaction mechanism is presented by using semiconductors as photocatalysts. The
electronic properties of semiconductors are determined by the underlying band structure.
Basically with increasing number of atoms their energetic coupling and interaction increases
and leads to the formation of band structures. Bonding (highest occupied molecular orbitals,
HOMO) and antibonding (lowest unoccupied molecular orbital, LUMQ) atomic energy levels
overlap and merge to continuous bands where electrons are shared between atoms, as shown
in Figure 3.6.
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Figure 3.6: The band formation of N molecular orbitals via merging different energetic
levels.
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In conjugated polymers, the band structure formation occurs by overlapping of n-orbitals and
delocalization of electrons. This effect correlates with the conjugation chain length, increasing
chain length leading to band growth and gap narrowing, whereas the band position is
influenced by combining various electron withdrawing (acceptor) or electron pushing (donor)
groups (-/+inductive, -/+mesomerism effects) attached to the conjugated system. Therefor
electronic properties of conjugated polymers are mainly affected by the choice of an
appropriate donor-acceptor systems, as displayed in Figure 3.7.

®
RzNM‘\\o -~ szMg

Figure 3.7: Electron resonance structure of a conjugated polymer bearing donor-acceptor
groups.

Photophysical properties such as absorption wavelength are directly coupled with the band
gap energy, as well as the strength of the oxidation center and reduction center mentioned
earlier.

As displayed in Figure 3.8, the mechanism using semiconductor as photocatalyst is described.
The absorption of light leads to the separation of an electron located on the conduction band,
and a hole on valence band. Both species are highly active. Indeed, they are the driving force
for photocatalytic reactions. In general, the valence band acts in photooxidations of substrates
as the oxidation center. The conduction band acts in photoreductions of substrates as the
reduction center. Both type of reactions are coupled in photoredox cycles, mostly one
substrate is utilized as sacrificial agent in order to complete a cycle.!*]

a .
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(LUMO)
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T
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(HOMO) +o
valence substrate1
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Figure 3.8: Mechanistic overview of semiconductive photoredox reaction steps.

12



3.1.2 Design strategies for enhanced photoredox processes via energy band
position alignment of conjugated organic semiconductors

The reaction design of feasible photocatalytic transformation depends largely on the
understanding and adjustment of photoredox processes. Basically, the oxidation and reduction
potentials of the photocatalyst are fundamental parameters which determine the successful
activation and therefore consecutive reaction steps of certain substrate molecules. As depicted
in Figure 3.9, photooxidation of substrate is achieved only if the oxidation potential of
photocatalyst is more positive. On the other hand, photoreduction of substrate is achieved if
the reduction potential of photocatalyst is more negative.*"

El *) E | >
- —/\T + |-+ 4+
H + - i mn /}+ +
m H mn m - m

acceptor + donor == acceptor + donor* = accep(or-.+ donor+. acceptor + donor == acceptor+ donor = acceptcr-.+ dgnor+.

Figure 3.9: Photoinduced electron transfer (PET) from excited donor to acceptor (a —
photoreductive-) and from excited acceptor to donor (b —photooxidative-).

From the perspective of conjugated organic photocatalyst the tuning of donor-acceptor
properties is directly coupled to the photoredox parameters and position of HOMO/LUMO
levels. The introduction of chromophores with either electron withdrawing or releasing
groups (positive or negative inductive/mesomeric effects) into the conjugated system is the
main tool to control the photoredox properties and reaction patterns of the photocatalyst.
Figure 3.10 lists typical donor-acceptor chromophores in conjugated polymers.2!
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Figure 3.10: The incorporation of different acceptor monomers in conjugated polymers and
the changes on oxidation potentials.

In order to modify the chemical selectivity of photocatalytic dehalogenation of multiple
halogenated aromatic compounds, the photoreduction potential of 10-phenylphenothiazine
(PHT) was shifted from -2.1 to -1.5 V via incorporation of electron withdrawing groups
(Figure 3.11). According to the lower photoreduction potential a more selective
dehalogenetaion was achieved.*?
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Figure 3.11: Structure modification of reduction potentials of PHT and changes on selective
dehalogenation.

As mentioned above, redox potentials of substrate molecules must fit the redox potentials of
photocatalyst in order to form active intermediates. In general electron withdrawing or
releasing groups lead to structural stabilization of charged active intermediates which highly
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determines successful product formation. Figure 3.12 shows the reaction of an electron poor
A with an electron rich B reactant to the coupling product C. Both reactants are capable of
stabilizing the charged intermediate state via structural configuration. Here, the radical anion
intermediate A is stabilized by an electron withdrawal group (EWG), the radical cation
intermediate B is stabilized by an electron donating groups. %

G reductive
= c] cycle

1 1
@ e EWG
" O
NaOAc
—————= NC R T R C

LUMO

w

HOMO| @&~ v oxidative
cycle

Figure 3.12: Stabilizing ability of substrate molecules in photoredox processes.

Moreover, resonance structures as present in quinoid or conjugated structures are capable of
driving the reactions towards certain product structures. The effects of molecular orbitals on
transition states play an important role in stabilization of reaction pathways. As shown in
Figure 3.13, the dehalogenation of 1,2-dibromo-1,2-diphenylethane leading to fully
conjugated molecule stilbene. The reduction is favored and leads to the formation of the
extended conjugated chain length. %!
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Figure 3.13: Photoreductive dehalogenation of 1,2-dibromo-1,2-diphenylethane.

These examples reveal that photoredox processes depend on structure modifications. It is
known that electron donating or accepting orbitals stabilize transition states. Therefore, orbital
interaction plays crucial role in the reactivity of substrate molecules. Figure 3.14 shows the
stabilizing effect of electron donor alkoxy groups adjacent to photooxidized center.*®!

R Photooxidation R
0" x e - Ne)

Alkoxymethyl
Radical

Figure 3.14: Alkoxy acting as electron donor and stabilizers for electron deficient transition
processes.

Apart of the structural properties, general strategies such as side product trapping, or using
sacrificial agents are decisive for high yields and successful outcome. According to the type
of intermediate which have been formed, the solvent polarity can either enhance or quench
reaction processes.*®!
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3.2 Classification of porous materials

The classification of porous materials can be undertaken by describing the structural
properties which cause continuous pore formation in the material. Basically, two different
types of structures are distinguished. Textured porous materials describe randomly distributed
and packed particles leading to remaining cavities with low mechanical stability. Structured
porous materials describe the porosity of highly ordered crystalline structures such as zeolites
or disordered amorphous structures such as interconnected polymer gels. This work deals
primarily with structured porous materials. According to the International Union of Pure and
Applied Chemistry (IUPAC), structured porous materials are classified in three categories as
described in Table 3.1: (1) microporous materials with a pore diameter smaller than 2 nm, (2)
mesoporous with a pore diameter between 2 and 50 nm, and (3) macroporous materials with a
pore diameter larger than 50 nm.%"]

Table 3.1: Classification of porous materials according to IUPAC.

Microporous Mesoporous Macroporous
Pore diameter <2nm 2-50nm >50 nm
. . Templated materials, Templated materials,
Crystalline examples Zeol_lte, MOF, COF, Carbon materials, Colloidal structured
activated charcoal . .
ceramics monolith

Foam, polyHIPE, gel,
CMP, HCP Aerogel, Xerogel cross-linked
polyelectrolytes

Amorphous examples

The pore size is substantial for various applications and determines the surface area as well as
the adsorption capacity. Small pore sizes limit the mass transport and allow only certain
molecules with defined shapes and sizes to pass the pores. On the contrary, the efficient
catalytic processes depend on unrestricted mass transport processes in the pores. Microporous
materials are known for high surface areas and mostly contribute to high adsorption
capacities. Well known examples of microporous materials such as activated charcoal,
zeolites, or recently intensely studied metal organic frameworks (MOFs) showed extremely
high surface areas up to 7140 m?/g.*® Especially, microporous materials with narrow pore
size distribution are also used for the shape selective pores and molecular sieve applications.
Mesoporous materials have the advantage for hosting guest molecules within the cavities.
This special property leads to enhanced mass transfer on microscopic scales. The large pore
size of macroporous materials contributes also to better mass transport of macromolecular
materials.
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In this view, considering chemical reactions at the surface of porous catalytic materials, the
performance of heterogeneous catalysis depends on efficient diffusion and adsorption
processes. Therefore, high surface areas and open pore structures contribute to high reaction
rates.*]

3.3 Synthesis of conjugated microporous polymers (CMPs)

In general, conjugated microporous polymers (CMPs) are synthesized via the connection of a
bifunctional (bridge) to a multifunctional monomeric unit (cross-linker), as displayed in
Figure 3.15. The main feature of CMPs is that they combine permanent microporosity and
fully conjugated polymer backbones. In this sense, CMPs merge all advantages of linear
conjugated polymers combined with high mechanical and chemical stability.
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Figure 3.15: Simplified cross-linking procedure between bridging unit and trifunctional
cross-linker.

The first examples of CMPs were reported in 2007 by Cooper et al. via the Sonogashira—
Hagihara cross-coupling of 1,3,5-triethynylbenzene type cross-linkers with 1,4-iodobenzene
type monomers, shown in Figure 3.16.1*°]
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Figure 3.16: The first reported CMP synthesized via Sonogashira—Hagihara cross-coupling
reaction.™™
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In the following years a vast number of cross-linking reactions for the synthesis of CMPs
were reported, for example via the metal-catalyzed Suzuki coupling™®, Heck coupling!*,
Yamamoto coupling®*?, Buchwald-Hartwig coupling®*®!, and alkyne-alkyne homocoupling®?
etc.. Other approaches such as “azide-alkyne-click” chemistry!*d, Knoevenagel
condensationt**, FeCl; oxidation*! and electrochemical polymerization!*®! have been also

conducted.

In general the cross-linking reaction step is governed by Kkinetic processes. Taking the
example above, Sonogashira—Hagihara cross-coupling leads to random cross-linking of
trifunctional cross-linkers with bifunctional bridge units by continuous non-reversible
bonding steps which overweighs the thermodynamic driving forces leading usually to
structure formation. The kinetic forces drive the reaction towards amorphous structures by
random structure organization.™> *! A similar modular structuring known from highly
crystalline metal organic frameworks (MOFs) cannot easily be adapted to CMPs and high
crystallinity usually cannot be achieved inside the CMPs.[™

It was shown that different lengths of the bifunctional bridging agents could affect the pore
size as well as surface area of the CMPs. For instance, an increasing length of bridging units
led to higher pore sizes but lower surface areas.*’? Additionally, it was found that the
functionality of the cross-linker such as fourfold functional tetrahedral monomer could
enhance the surface area by decreasing pore size. A similar effect was observed while
employing the trifunctional cross-linker in stoichiometric excess.*”*® Moreover, it was
shown that the choice of solvent is crucial for the polymerization reaction rate and improves
the porosity towards higher surface areas in the following order: DMF > dioxan > THF >
toluene.*!

The main feature of CMPs is the combination of the photophysical properties of a
semiconductive conjugated polymer backbone and a highly stable microporous solid
structure. It was shown that the Suzuki-Miyaura polycondensation of bifunctional benzene
and tetrafunctional pyrene monomers allow the emission wavelength adjustment of CMPs
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from blue to red via simple stoichiometric variations of comonomers. Furthermore, by using
this method it was possible to control the optical band gap in the range 1.94 to 2.95 eV.*% A
similar approach was developed by the introduction of small amount of acceptor-type co-
monomer as dopants into a polyphenylene network. This method allows to fine tune the
optical band gap and emission wavelength.® Another structural design strategy is the core-
shell synthesis of CMPs. Here, the electronical properties of the core are different from the
shell, the results are similar to those of donor-acceptor variations of linear conjugated
polymers. The core unit is extended via a second cross-linking step in order to build up the
shell unit. The successful continuous conjugated architecture of these core-shell CMPs allows
one to adjust the emission of the CMPs in the full visible-range.?

3.4 Applications of Conjugated Microporous Polymers (CMPs)

3.4.1 Gas adsorption, storage, separation

Owing to the high surface area of conjugated microporous polymers, gas adsorption and gas
storage are among the first known applications of these materials. Especially, hydrogen
storage is challenging due to its low boiling point (20 K). A low density (0.08988 kg m ) and
very high pressures around 450 bar are required in order to achieve high storage capacities.
Therefore, chemical storage strategies in solids are attractive ways to reduce costly
procedures. A non-functionalized CMP with a surface area about 842 m?/g show reversible H,
adsorption around 131 ml/g (at 77K and 1.13 bar).® Moreover, it was found that the
adsorption of H, is more sensitive to the monomer structure than to the pore size in CMPs."®
Additionally, it was shown that doping with metal-ions enhances the gas storage selectivity
and capacity of CMPs to 6.1 wt% (US Department of Energy aims 5.5 wt% for 2017 for
mobile fuel devices).®® However, selective gas adsorption and storage abilities of conjugated
microporous polymers have been employed to separate gas mixtures. The selective gas uptake
of CO, in CO,/CH, and CO,/N, at room temperature were successfully demonstrated.®”
Among other porous systems such as MOF, activated carbon, porous organic polymers, and
microporous polycarbazole has a one of the highest CO, uptake values about 21.2 wt% (1.0
bar and 273 K) as required for successful gas separation application.™®

3.4.2 Heterogeneous Catalysis

According to the application needed, various functionalities can be integrated into the stable
network scaffolds. The first known example of a heterogeneously catalyzed Knoevenagel
condensation via the application of conjugated porous polymers is dated back to 2008. The
cross-linked poly(benzimidazole) acted as a heterogeneous base for the reaction between

various aldehydes and malonic derivatives. The reactions were conducted at room or elevated
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temperatures with quantitative yields. The catalyst was reused for several reactions prior to
the recovery of basicity.® Conjugated porous polymers based on permanent
functionalization with incorporated iridium complex units proved to be a successful design for
the heterogeneous catalysis of the reductive amination between various ketones and amines.
The reaction was conducted with high yields (>90%).° The incorporation of
metalloporphyrin into conjugated porous polymers led to a highly selective heterogeneous
catalyst for the ambient oxidation of sulfides to sulfoxides in quantitative yields.!!

3.4.3 Heterogeneous Photocatalysis

Conjugated microporous polymers (CMPs) combine photoactive conjugated polymers
backbone with 3-dimensional geometry. Owing to the high stability and the large surface
areas, CMPs have been successfully introduced as reusable heterogeneous photocatalysts,
enabling sustainable applications under light irradiation of the range of visible light. The first
known photocatalytic reaction with a conjugated porous polymer was the photosensitized
oxygen addition to alpha-terpinene. The reaction was conducted in a continuous flow fashion
with almost quantitative yields.’®™ The incorporation of Rose Bengal into CMP scaffolds led
to quantitative yields in the aza-Henry rections. The reaction was repeated ten times while the
conversion dropped to less than 10%.1%% Later, it was shown that by incorporating Ru(bpy)s
chromophores into the CMP backbone, the life time of the Ru-based catalysts strongly
depended on the CMP backbone scaffold variations. It was found that the lifetime increases
with widely spaced chromophores due to low interactions of the adjacent chromophores.[*”
Based on an iron(lll)porphyrin CMP, the selective visible light mediated dye degradation of
Congo Red was achieved within 120 5. Moreover, the photocatalytic hydrogen evolution
from aqueous solution have been achieved via visible light irradiation of conjugated porous
polymers in several examples.® ® The manifold photocatalytic applications of CMPs was
shown by carbazole based conjugated porous polymers. The carbazole CMPs were applied
with a 14 W fluorescent light bulb to the quantitative reductive dehalogenation of phenacyl
bromide, the oxidative hydroxylation of arylboronic acis with yields ranging from 65 — 94%,
and the o-alkylation of aldehydes with yields ranging from 68 to 92%.°7  Other
photocatalytic reactions using conjugated porous polymers are the photocatalytic oxidative
conversion of amines into imines®, photoinitiated free radical and cationic polymerizations
of vinyl monomers!®!, the photocatalytic degradation of dyes!’®, and the photocatalytic
oxidation of thioanisole to methylphenyl sulfoxide!™.

3.4.4 Pollutant absorption and removal

Hydrophobic conjugated porous polymers could act as efficient absorbers and are promising
candidates for the removal of organic pollutants and heavy metals. The open pore structures
with hydrophobic surfaces enable selective absorption of toxic organic pollutants from
aqueous solutions. For instance, only 7 mg (1 cm® of porous sponge were capable of
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removing 3300 wt% of nitrobenzene.l” Perfluoro-conjugated microporous polymers showed
the highest absorption capability of porous materials for organic dyes, here Congo Red
(1376.7 mg/g) and Methylene Blue (629.1 mg/g) have been completely absorbed within 3 h.
The same CMP was applied to an aqueous solution with Pb(ll) and As(V) cations. The
capture capacity for these metal ions was 826.1 mg/g Pb(l11) and 303.2 mg/g As(V). Moreover,
the absorption of organic oils (~3000 wt%) and solvents (~2000 wt%) by this CMP surpassed
the absorption capabilities of an active carbon up to 4 times. Interestingly, the simultaneous
removal of dyes, metal-ions, and solvents/oils from aqueous mixtures was easily achieved
with perfluoro-conjugated microporous polymers.!®!

3.5 Strategies to water-compatible conjugated porous polymers
(WCPP)

The majority of conjugated porous polymers are highly hydrophobic due to their fully
conjugated polymer backbones. In order to obtain water-compatibility, different strategies
were reported previously by our group and other researchers (Figure 3.17).
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Figure 3.17: Overview for possible strategies to develop water-compatible CMPs.

The formation of nano particulate conjugated porous polymers, led to high water
dispersibility, while the electronic properties remain unchanged as that in the bulk material.["
I As shown in Figure 3.18 the highly dispersible conjugated nanoporous polymer colloids
(CNPCs) were synthesized via surfactant assisted Sonogashira-Hagihara coupling reaction.
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The highly confined reaction environment led to spherical, fully cross-linked, and porous
nanoparticles with a narrow size distribution. However, the CNPCs were dispersible in water
as well in common organic solvents.
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Figure 3.18: Miniemulsion templated synthesis of conjugated nanoporous polymer colloids
(CNPCs).

The introduction of monomers with side groups bearing hydrophilic functionalities such as
carboxylic acid, hydroxyl, amine, acetate, or alkoxide groups during the polymer synthesis
lead to water-compatible CMPs (WCMPs)."® The post-modification of conjugated porous
polymers via thiol-yne addition reaction lead to water-compatible CMPs. In Figure 3.19 the
insoluble conjugated microporous benzothiadiazole polymer was modified by a treatment
with 3-mercaptopropionic acid. The water-compatibility was achieved after the incorporation
of 0.1 equivalents of 3-mercaptopropionic acid.
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Figure 3.19: Thiol-yne modification of CMPs.

However, the modified WCMPs showed excellent water-compatibility but less stability
during photocatalytic application.”? In both examples of WCMPs, the presence of
hydrophilic groups was a necessary condition for effective applications in aqueous media.
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3.6 Conjugated Polyelectrolytes (CPEs)

Conjugated polyelectrolytes (CPEs) consist usually of a conjugated polymer main chain and
ionic side groups. In recent years, they have been used in the fields of optoelectronic devices,
bioassays, photodynamic therapy, and reactive oxygen generation for cell damage.l”® The
combination of unique properties such as n-delocalized semiconductive backbones and ionic
side chains enable applications in an aqueous environment.l”®!

The linear conjugated main chain of the CPEs is usually synthesized by means of a transition
metal catalyzed coupling reaction, a Knoevenagel condensation, a Wittig-Horner reaction,®!
or oxidation polymerizationst®"! of suitable conjugated monomers with at least one monomer
bearing periphery functionalities. A subsequent modification enables the introduction of ionic
groups onto the hydrophobic polymer main chain.

According to the type of the attached ionic side chain, CPEs are classified in cationic or
anionic polyelectrolytes. Typical anionic side groups are sulfonate, carboxylate, and
phosphonate. Cationic CPEs are attached with quaternary ammonium, imidazolium, and
pyridium groups. Figure 3.20 shows a few examples of different possible anionic and cationic
CPEs.
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Figure 3.20: Examples of conjugated polyelectrolytes attached with anionic and cationic side

groups. 8]
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Owing to the hydrophobic backbone with ionic side groups, CPEs are amphiphilic, which lead
to distinct self-assembly behaviors as depicted by examples in Figure 3.21.5"!
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Figure 3.21: Schematic description of self-assembly and possible alignments of cationic
conjugated polyelectrolyte.

However, the solvent interaction and self-assembly behavior depends not solely on the ionic
side group functionality. In fact, the type of the counter ion also plays a substantial role. It
was shown that for anionic PTPANa (Figure 3.20), the size of the counter ions affects the
superstructure formation and absorption range in a tremendous way. Small counter ions lead
to efficient self-assembly and therefore larger wavelength absorption, while bulky counter
ions disrupt the self-assembled structure and the absorption wavelength was shifted about 100
nm towards shorter wavelengths. 4

Apart from the self-assembly, the full planarization of conjugated backbones of the CPEs
depends indirectly on the solvent polarity and the efficient solvation of side chains. It was
shown that photophysical properties such as fluorescence, quantum vyield but also process
ability of anionic PBS-PFP depends on solvent polarity effects, as displayed in Figure 3.22 for
different ratios of dioxane-water mixtures. !
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Figure 3.22: Fluorescence intensity as a function of dioxane-water ratio.

In general, the control of solubility of CPEs in different solvents is achieved via counter ion
exchange. It was shown that for cationic CPEs, a complete reversal of the solubility is
possible by moving from smaller to bulkier counter anions, as displayed in Figure 3.23.18%0
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Figure 3.23: Control of hydrophilicity via counter anion exchange of conjugated
polyelectrolytes.

3.6.1 Cross-linked conjugated Polyelectrolytes (CPEs)

Since the discovery of synthetic polyelectrolytes within the 1950s, several reports on structure
modifications such as methods for cross-linked polyelectrolytes emerged.® However, due to
the young field of CPEs, cross-linked conjugated polyelectrolytes have not been investigated
so far, in comparison to the non-conjugated cross-linked polyelectrolytes (PES). Therefore,
the objective of this work is to present the first example on cross-linked CPEs for applications
in water. Most properties of cross-linked PE primarily correlate with the ionic functionalities
and the behavior of network superstructures. In this view, apart from z-conjugated donor-
acceptor polymer chains, the structure patterns of cross-linked CPEs are similar.
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In Table 3.2 a general overview of non-cross-linked PEs and cross-linked PEs is given.

Table 3.2: Properties of non-cross-linked PE and cross-linked PE.

Polyelectrolyte Cross-linked Polyelectrolyte
Solubility soluble insoluble
Tvoe of Superstructure Self-assembled structures; Random covalently
yp P micelles, layers interconnected chains (network)
Control of solubility, Control of swelling and
Effects of lon Exchange complexation with oppositely shrinking, control of
charged molecules dispersibility

In principle, any functional side group capable of a covalent bond formation fulfills the
requirements for synthesis of cross-linked PEs. Basically, the cross-linking of soluble PEs
leads to phase separation and increased glass transition temperature Ty, While the oxidative,
chemical, mechanical, and the overall long-term stability improve.[%2%4

So far known, different cross-linking protocols for non-conjugated PEs have been reported in
the past: cross-linking via benzophenone or other photoinitiators®®", sulfonated cross-
linkers!®, cross-linking via formation of amide bonds®®®, cross-linking via the reaction
between amine and acetoacetate groups’®™, cross-linking via nucleophilic substitution
between amine and bromide®. Moreover, it was demonstrated that anion exchange led to
increased hydrophobicity and reversible pore formation in cross-linked PE gels. After the
porous polymer was immersed in organic solvents, the pores closed and the gel could be
recovered.’”> *! The shrinkage and swelling of colloidal silica crystal templated cross-linked
PEs was used in another example for the naked-eye anion detection via photonic crystals.!*%!

In general, the solvent polarity reversibly affects the network structure. The stimuli
responsiveness such as shrinking and swelling of cross-linked PEs could be tuned by counter
ion exchange. It depends on the balance of electrostatic forces and translational entropy
leading to the formation of ion pairs (ionomer regime) and free ion movements
(polyelectrolyte regime) as displayed in Figure 3.24. Free ion movements maintain high
osmotic pressures and swelling, whereas a lowered osmotic pressure lead to shrinking of
pores_[lol-loz]
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Figure 3.24: Polyelectrolyte type structure adjustment with free ion movements(left), ionomer
type structure adjustment with ion pairs and multiplet formation (right).[**!

3.7 Applications of Conjugated Polyelectrolytes (CPEs)

A vast number of biological applications of linear CPEs were reported in recent years. In the
following, a few examples are listed.

3.7.1 Cell Imaging

CPEs containing thiophene derivatives were reported as labeling agents for monoclonal
antibodies or immunostaining of cells.['*®) Different poly(p-phenyleneethynylene) derivatives
(PPEs) with red and green emission colors have been coupled to different antibodies. This
procedure did not impair the selectivity and was utilized for cross-selective quantitative cell
imaging of B- and T-cells.[*¥

3.7.2 Analysis of Cellular Processes and Fluorescence Assays

The change of emission behavior of CPEs could illustrate their interaction with products of
cellular processes. In this view, it is important for the system being able to discriminate and
display the different interaction partners. It was shown that the blend of two different cationic
CPEs enable rapid and label free detection of pathogens. Based on the fluorescence resonance
energy transfer (FRET) principle and different adsorption behaviors to the cell membranes, it
was possible to achieve different FRET results and visually discriminate bacteria and
fungi.’® Moreover, a cationic CPE based on a poly(p-phenylenevinylene) derivative
selectively binds to cells. The discrimination of apoptosis cells from normal cells was
achieved by exploiting released anionic phosphatidylserine on apoptotic cell membranes.™*®
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The polyfluoren-benzothiadiazole backbone was used as cationic and anionic CPE derivatives
for binding oppositely charged substrates such as adenosine triphosphate (anionic) and
polyarginine peptide (cationic). The charge interaction caused a fluorescence shift from blue
to green. After exposure and cleavage of substrates by enzymes the resulting weak interaction
of fragments with the CPE was the main reason for recovering blue emission.[**”!

3.7.3 Cell Damage

It was shown that cationic amine quaternized chitosan CPEs interact with the negative
membrane of gram positive and negative bacteria, and fungi. The chitosan CPE act as an
anion sponge and inhibited by > 99% the activity by disrupting the membrane structure.
Furthermore, the chitosan based systems proved to be in vitro and in vivo compatible.l*%¢!
Moreover, it was shown that cell surfaces of bacteria and spores which were coated by
poly(p-phenyleneethynylene) CPEs lead to cell damage upon visible light irradiation. The
light mediated interfacial generation of reactive singlet oxygen destroyed the cell
structure.'*!

3.8 Green Chemistry

There are a few aspects towards the reaction condition optimization, for example the use and
further development of catalysts to enhance the reaction efficiency, or the employment of so-
called clean and sustainable energy resources such as light instead of heat for a more
environmentally friendly reaction condition as the aim of this thesis.

Another important aspect beside the materials design for the before-mentioned purpose lies on
the reaction media. Traditionally, mainly organic solvents are used in the chemical processes,
which lead to the production of a tremendously huge amount of organic waste in the chemical
industries. In Table 3.3, an overview of the annual waste production in the world is given.

Table 3.3: Typical amounts of produced waste/kg product and annual production sums.®!

Industry segment Product tonnage Waste kg/kg product
Oil refining 10°-10° <0.1
Bulk chemicals 10*-10° <1-5
Fine chemicals 10%-10* 5-50
Pharmaceuticals 10-10° 25-100
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Therefore, the use of the so-called “green solvents” has been introduced lately in order to
eliminate organic waste and avoid toxic and hazardous reagents or solvents from chemical
manufactories by means of energy efficient and highly atom efficient procedures.®

Water can be seen as a cleaner and sustainable solvent compared to organic solvent, and
fulfills the criteria as being “green”. The advantages of using water as reaction medium in
chemical processes are apparently the low costs, high availability, safety, non-volatility, non-
toxicity and non-carcinogenicity.

The objective of this thesis is to develop new heterogeneous photocatalysts which offer
environment friendly solutions such as: 1.) reduction of energy by exploitation of visible light
instead of heat; 2.) reduction of waste by recovery of the photocatalyst and facilitation of
work-up processes; 3.) employment of green solvents such as water.

4. Characterization Techniques

4.1.1 UV-Vis spectroscopy (UV-Vis)

UV-Vis spectroscopy allows fast and easy optical analysis of liquid samples in the ultraviolet
and visible range. In principle any sample which consists of a chromophoric system such as z-
conjugated systems in combination with auxochrome systems such as donor/acceptor
functionalities is suited for analysis. The measurement process is conducted by placing a
quartz cuvette filled with the diluted sample into the measurement chamber. The absorption of
distinct wavelengths by the chromophore is displayed as a function of transmission. The
absorption process is based on the excitation of valence electrons (highest occupied molecular
orbital, HOMO) to higher energy level (lowest unoccupied molecular orbital, LUMO) by the
interaction with light. The required energy for the HOMO-LUMO gap transition is located at
the onset of the absorption spectra and the band gap energy is calculated by the equation
which describes the relation between energy and wavelength:

h-c 1240 (eV -nm)

b= = Zmm

The electron transitions are measured in absorption intensity as a function of wavelength.
Furthermore, absorption intensities are described by the Lambert-Beer Law, an empirical law:
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A=log—=¢-c-d

It describes the intensities of the incident light before Iy and after | passing the measurement
cell. The relation takes the extinction coefficient ¢, a specific material constant, the
concentration ¢ (mol/L), as well as the measurement cell thickness d into consideration.™*”!

In this work UV-Vis spectroscopy have been used to detect reaction progress by colorimetric
methods, and to determine the optical band gap energy.

4.1.2 UV-Vis Diffuse Reflectance Spectroscopy (UV-Vis DRS)

For insoluble solid samples, standard liquid UV-Vis spectroscopy is not sufficient. An
indirect measurement method to determine the absorption properties of insoluble solid
samples is UV-Vis diffuse reflectance spectroscopy (DRS). Here, the absorption is measured
by reflectance. A typical measurement setup consists of a thin film of the solid sample within
an integrating sphere. The possible physical light-matter interactions beside absorption are (a)
specular reflection, which is comparable to the reflection of an incident light beam in the
mirror; (b) internal reflection, which describes the mirror-reflection at all non-oriented
reflecting surfaces within the sample; (c) diffuse reflection. All types of reflections are
observed to occur and exist beside each other, as well as multiple scattering effects.™ In
order to collect the diffuse light during a measurement process, the integration sphere is
employed as a light collector/reflector setup for common UV-Vis spectrometers or as stand-
alone devices (Figure 4.1). Its main feature is based on the efficient reflection of light by a
non-absorptive background, usually white BaSO, coating.
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Figure 4.1: Function and design of an integration sphere.

The reflection spectrum is influenced factors such as particle size of the solid materials,
packing density, shape, refractive power. For instance decreasing particle size is indicated by
lower light penetration depth and higher scattering effects. Increasing particle size increases
light penetration depth and reduces scattering.!**!

In this work, UV-Vis DRS measurements have been conducted to characterize the optical
properties of cross-linked polymers.

4.2 Fast Fourier Infrared Spectroscopy (FT-IR)

FT-IR spectroscopy is based on the interaction of a molecule with electromagnetic irradiation
in the wavenumber range 4000 to 200 cm™. The provided wavenumber range is derived from
an interferometric setup. An IR measurement is conducted by placing the sample (solid or
liquid) into the IR beam chamber or a sample holder equipped with a ATR-crystal (attenuated
total reflectance). In general, transmission spectra as a function of absorption are displayed.
The absorption of infrared irradiation causes oscillation of molecular bonds, which is based
on a time dependent change of the dipole moment. Among the possible vibrations,
asymmetric and symmetric valence vibrations, as well as the so-called in- plane and out-of-
plane deformation vibrations can be determined. The valence vibrations occur above 1400 cm’
! whereas deformation vibrations are detected in the finger print range between 1400 and 400
cm™. Mostly the sum of absorption bands in the finger print range are used for analysis, in
order to avoid ambiguous assignments caused by overlap with molecule fragment vibrations.
In Table 4.1 according to the absorption ranges, different functional molecule groups are
listed.l**¥1  In this work FT-IR spectroscopy has been employed for characterizing of porous
polymers and modifications of those.
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Table 4.1: Range of absorption of different functional molecule groups.!***!

Wavgrrw#lmber 3500-2500 2500-1800 1800-1400 fingerprint
c=—cC c—cC Other valence,
. - - deformation, and
Absorbing group | O-H, N-H, C-H C=—N Cc=0 combination
=y —7 C=—=N vibrations

4.3.1 Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectroscopy is used for analysis and determination of molecular structures and
molecular dynamics. Basically NMR measurements can be conducted with all kind of
isotopes, nuclei that possess a nucleus spin (1), caused by uneven nucleus protons and neutron
numbers. Within organic chemistry, the most vital nuclei are *H and *C, whereas the natural
occurrence (*H 99.9% and **C 1.08%) determines the signal intensities. *H and *3C have spin
qguantum numbers 1=1/2 and will align in 2I+1 different orientations. A NMR spectroscope
consists of an external magnet, a radio frequency transmitter, a receiver, and a processing
unit. By the introduction of an external magnetic field the nucleus magnets align in an
energetically low (a) and high spin (P) state. The energy difference between a and [ state is
described by:

_ hyB,

AE
2T

Bo refers to the external magnet field, h is the Planck constant, y is the gyromagnetic constant
of proportionality of a specific core. The spin distributions are governed by the Boltzmann
law of distribution. Radio frequencies in the range of the nucleus resonance frequency w, the
nucleus spin flips from low to high energy state, where the number of nucleus in a higher state
is accumulated:
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The nucleus resonance frequency w is determined by the external magnet field strength. NMR
spectrometers operate between 60 to 1000 MHz. By applying radio frequencies in the range of
the resonance frequency, an oscillating magnet field B; rectangular to By is created. This acts
like a disturbance field on the nucleus spin ensemble. Finally, after removal of the additional
disturbance field, the emitted relaxation frequencies are received and processed. In general,
deuterated solvents are used in liguid NMR measurments. Furthermore, the signals are
referred to an internal standard signal, mostly trimethylsilane (TMS). In this work, NMR was
used for the structure elucidation of compounds dissolved in deuterated solvents.

4.3.2 Solid State Nuclear Magnetic Resonance (Solid State NMR)

The NMR spectrum of solid samples is different from solution NMR spectre, due to several
effects causing anisotropic behavior of the powder sample. The effects of nuclear spin
interaction which depend on the crystallite orientation are chemical shielding, dipole-dipole
coupling, and quadrupole coupling. However, the average field of these effects is achieved by
the magic angle spinning (MAS) technique (Figure 4.2).

>

axis of
shielding tensor

spinning axis
of the sample

shielding tensor

Figure 4.2: Principle of Magic Angle Spinning (MAS) sample alignment.
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However, the orientation dependence of nuclear spin interaction leads to the formation of a
shielding tensor aligned with the angle 6 to the applied magnetic field By and with g to the
spinning axis of the sample. The average of orientation dependence interactions can be
described as following and equals zero if Oy 45 = 54.74°:

1
(3cos?0 — 1) = > (3c0s20)45 — 1)(3cos?B — 1)

The anisotropic and asymmetric nuclear interactions cause sidebands which depend on the
spinning frequency. Only at high spinning rates the anisotropy is averaged and can be
removed. In order to remove all sidebands and to obtain the unchanged isotropic line of the
chemical shift, the spinning has to be conducted at very high frequencies, usually kHz
frequencies up to 50 kHz are applied. The high spinning frequencies are also needed to reduce
fast effects of homonuclear dipolar couplings leading to line broadening. Basically low
abundant nuclei lead to a poor signal to noise ratio, but show long relaxation times. In order to
enhance the magnetization of these diluted nuclei, abundant nuclei of the same spin are
exploited. After coupling both nuclei by sending a short contact pulse, the abundant nucleus is
decoupled while the relaxation of low abundant nucleus is recorded.™* In this work, solid-
state NMR was used for the structure elucidation of solid samples.

4.4 Electron Paramagnetic Resonance Spectroscopy (EPR)

The EPR spectroscopy enables the analysis of unpaired electrons and allows structural
insights into their interactions with adjacent atoms. It is usually used for the analysis of
radicals. In combination with spin-trapping agents, EPR allows one to reveal the formation
and mechanism of highly reactive intermediates of reaction processes. Similar to NMR
spectroscopy, the electron spin levels are divided by the Zeeman effect into low and high
energy states. Most electrons populate in the low state according to the Boltzmann
distribution. An EPR spectroscope consists of an external magnet, a microwave generator, a
detector, and a resonator with sample holder. The absorption of microwave usually in the
frequency range of 9 GHz lifts the unpaired electron to a high energy state. EPR spectra are
converted to the first derivative of absorbance. The energy difference of both spin states is
described by:

AE=g-p"'B
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where g is a constant of proportionality, A is the Bohr magneton, and B the magnetic field.[*'®!
In this work, the EPR spectroscopy was used for the characterization of radicals and reactive
species such as intermediates. Moreover, by means of trapping agents further information
about the type of reactive species was obtained.

4.5 Cyclic Voltammetry (CV)

Cyclic voltammetry is a potential-controlled electrochemical method with current response.
The current is a function of the cyclic potential change by predetermined sweep times (Figure
4.3). CV enables insights into electrochemical reduction/oxidation steps as well as changes in
the structure upon electron transfer processes. The typical CV experimental configuration
consists of a measurement cell with three electrodes (working electrode, counter electrode,
reference electrode) and a certain electrolyte in organic solvents or aqueous solution. The
electrolytes are employed in order to reduce the charge migration and to enhance
conductivity. For instance, a frequently used electrolyte is tetrabutylammonium
tetrafluoroborate in acetonitrile solution, which allows measurements in the potential range
+3.4 10 -2.9 V (vs. SCE) without influencing the electrochemical process.

Current (puAmps)

0.0 -0.1 —-0.2 -0.3 ~0.4 -0.5

Potential {V)

Figure 4.3: Typical cyclic voltammogram showing the oxidation and reduction cycle.

Commonly used electrodes are glassy carbon or gold electrodes as working electrode,
platinum wires as counter electrode, and standard calomel electrode (SCE) or Ag/AgCl as
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reference electrode. From the obtained redox potentials of the samples, their HOMO and
LUMO levels can be derived.™!

In this work, CV was used to determine the electrochemical HOMO/LUMO levels.

4.6 Brunnauer-Emmet-Teller Isotherm Method (BET)

In this work, the gas sorption measurement is the main analysis tool to obtain insights into the
porous structure of conjugated porous polymers. The obtained information is based on the
adsorption and desorption behavior of an adsorbate, mostly nitrogen gas molecules on the
surface of an adsorbent. Among the different theories in the literature, the Brunauer-Emmet
Teller (BET) theory suggests a multilayer adsorption process, whereas the Langmuir theory is
only based on a monolayer adsorption. The BET method is based on three pre-assumptions: 1)
each layer coverage (Langmuir monolayer) must be completed before the next layer can
begin; 2) the heat of adsorption of the first step is governed by adsorbate-adsorbent
interaction, and; 3) the heat of adsorption of next following layers is governed by adsorbent-
adsorbent interactions and leads to heat of condensation. However, according to the IUPAC
definition, the gas sorption isotherms are classified in 6 types (Figure 4.4):[*'7]
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Figure 4.4: Different BET isotherms.

37



Type | isotherm reflects micro-pore filling at low pressures and surface coverage via
adsorbate monolayer. After reaching higher pressures and surpassing the monolayer level,
additional layers start to build as in type Il. Low adsorbate-adsorbent interactions as described
by the onset of type Il isotherms, show multilayer formation. In general, hysteresis formation
as in type 1V and V isotherms occurs with large pores, whereas the desorption shifts to lower
pressure values are caused by a condensation phenomenon. The shape of the curve can
display additional information about the pore size and pores hape. In this work, the BET
method was used to determine important porosity parameters such as surface area, pore size,
and pore size distribution.

4.7 Scanning Electron Microscopy (SEM)

SEM is an efficient method for the imaging of surface structures with an up to 100 000 fold
magnification. In this work the porous surface structures of highly porous polymers were
analyzed via scanning electron microscope. Usually, the electron microscope operates with a
tungsten wire or lanthanum hexaboride electron beam source, the so-called Wehnelt cylinder.
The electron beam is pulled by the opposite charged anode. The acceleration voltage is
defined by the potential difference between the electron gun and the anode, and determines
the interaction with the sample and the final image resolution. The condenser lens
concentrates the electron beam towards the sample. Moreover, the magnet controller within
the objective lens is responsible for the scanning ability of the electron beam. The impact of
the electrons on the sample surface causes secondary electrons which are collected and
detected by a positively charged detector. Different surface locations scatter different
secondary electron numbers, which indicate raised or dropped positions. Furthermore, among
the collected electrons, the inelastic scattered electrons are the surface information bearing
electrons in SEM.M® In this work, SEM was used for displaying the surface morphology of
the photocatalysts.

4.8 Transmission Electron Microscopy (TEM)

TEM enables the imaging of internal structures of samples. The device setup of the
transmission electron microscope is similar to scanning electrode microscope, with the
difference that the electrons pass through the sample. The mean magnification of TEM is 500
000 fold with a maximum resolution of 0.2 nm. According to the de Broglie equation the
wavelength decreases with increasing velocity:
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Here, h is the Planck constant, m is the electron mass, and v is the velocity. In general
acceleration voltages between 20 to 1000 kV are possible.

The passing of electrons through the sample allows the imaging of internal structures by
interaction of electrons with the sample. The electron beam is produced by the electron gun,
which will be controlled and focused at the condenser lens. The apertures help to avoid
aberrations and enable round homogenous spots. Apertures ensure a contrast enhancement
and removal of scattering electrons. The complex objective lens setup bears at the same time
the sample holder. Here, the electron beam passes the sample. In order to improve the
magnification on the fluorescence screen or the camera, the beam passes the diffraction lens,
the auxiliary lens, and the projection lens.™®l In this work, the transmission electron
microscope was used for displaying internal structures of the conjugated microporous
polymers and nanostructures.

5. Results and Discussion

The following chapter is divided in three main sections, which are based on three previously
published articles and one unpublished article about 1.) water-compatible conjugated
microporous polymers and 2.) porous, cross-linked conjugated polyelectrolytes and 3.)
conjugated microporous polymers employed in photocatalytic Stille-type coupling reactions.
The main purpose of this chapter is to demonstrate the synthesis and characterization of
highly porous conjugated polymer-based materials as visible-light photocatalysts for any kind
of solvents. Additionally, the photocatalytic reaction mechanisms will be discussed in detail.

5.1 Water compatible conjugated microporous poly-azulene
networks as visible light photocatalysts in aqueous medium

This section is based on the publication “Water compatible conjugated microporous poly-
azulene networks as visible light photocatalysts in aqueous medium”, ChemCatChem, 2016,
8, 694 — 698 (DOI: 10.1002/cctc.201501102) with copyright (2016) from Wiley VCH
(Weinheim).

39



5.1.1 Introduction

This section deals with the hydrophilicity control of hydrophobic Azulen-CMPs by a simple
modification strategy via protonation of azulene units within the network. Additionally, the
morphology and electronic properties were investigated before and after modifications. To
evaluate the photocatalytic performance of the modified azulene-CMPs, the photoreduction
reaction of heavy metal ions was chosen as the model reaction.

5.1.2 Synthesis and Characterization

In Scheme 5.1, the structures and the modification method to obtain water-compatible
polymer networks based on poly-azulene are illustrated. Two conjugated microporous
polymers P-Az-1 and P-Az-2 were synthesized via Sonogashira cross-coupling of 1,3-
dibromoazulene, 1,4-dibromobenzene and 1,3,5-triethynylbenzene as cross-linker.

Br—@—ﬁr

Si hi
o1 szzgﬁi; ira Protonation
y with TFA
”}/é\%
52 P-Az-2h

hydrophilic

H
, resonance . '
hydrophobic structure hydrophilic

Scheme 5.1: Synthetic pathway and modification method for hydrophilic, conjugated
microporous poly-azulene networks.
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In order to elucidate the influence of the azulene content on the material properties, different
azulene moieties were incorporated into the networks. In particular, the stoichiometric ratios
of the 1,3-dibromoazulene moiety and the comonomer 1,4-dibromobenzene with respect to
the cross-linker 1,3,5-triethynylbenzene in P-Az-1 was 0.5/0.5/1.5, while the ratios in P-Az-2
was 0.5/0/1.5, where no comonomer was used. It has been reported that exposure of azulene-
containing materials to an acidic environment leads to protonation of the electron-rich
cyclopentadiene ring of azulene, forming a stable aromatic six-n-electron tropylium
cation.™91?2 Taking advantage of the ease of the resonance structure formation as illustrated
in Scheme 5.1, the two as-synthesized, hydrophobic polymers P-Az-1 and P-Az-2 were
subsequently protonated by adding trifluoroacidic acid (TFA) and thus forming the
hydrophilic polymers P-Az-1h and P-Az-2h, which were well dispersible in water. In
comparison, the pristine polymers P-Az-1 and P-Az-2 were highly hydrophobic and could not
be dispersed in water. The experimental details and polymer characterization data are
described in the following section. The solid-state **C CP MAS NMR spectra of P-Az-1 and
P-Az-2 showed characteristic signals between 110 and 155 ppm. The peak at ca. 90 ppm was
typical for alkyne groups (Figure 5.1 and 5.2).
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290 280 270 260 250 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -20 -30
f1 (ppm)

Figure 5.1: **C-NMR CP-MAS solid-state NMR spectrum of P-Az-1 (* sidebands).

After protonation, a slight change of the signals was observed. Especially the peak at ca. 45
ppm could be assigned to the protonated 5-membered ring of the azulene units (Figure 5.2).
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Figure 5.2: *C-NMR CP-MAS solid-state NMR spectrum of P-Az-2 and P-Az-2h (before and
after protonation).

The Brunauer-Emmett-Teller (BET) surface areas of P-Az-1 and P-Az-2 were determined to
be 514 m?/g and 418 m?/g, with pore volumes of 0.660 cm®/g and 0.744 cm®/g, respectively.
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Figure 5.4: Gas sorption isotherms of P-Az-1.
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Figure 5.5: Gas sorption isotherms of P-Az-2.
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Figure 5.6: Gas sorption isotherms of P-Az-1h.
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Figure 5.7: Gas sorption isotherms of P-Az-2h.

After protonation, the obtained hydrophilic polymers P-Az-1h and P-Az-2h showed decreased
BET surface areas of 364 m?/g and 303 m%/g and as well as reduced pore volumes of 0.556
cm®/g and 0.686 cm®/g, respectively.
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Figure 5.8: Pore size distributions of P-Az-1.
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Figure 5.10: Pore size distributions of P-Az-1h.
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Figure 5.11: Pore size distributions of P-Az-2h.

The reason of the decreased porosity after protonation could be caused by the fact that the
trifluroacetic acid as counter ions were largely incorporated within the network for the
balance of the tropylium cations. This might result in the filling of the micropore channels to
some extent, leading to a decreased pore volume and BET surface area. For all four polymers,
similar pore diameters of round 1.5 nm were determined (Table 5.1, Figure 5.4-5.11).

Table 5.1: Porosity data of the polymers.

Polymer Sger (Mm?/g) Pore Volume (cm®g)  Pore Size (nm)

P-Az-1 514 0.660 1.5
P-Az-2 418 0.744 1.5
P-Az-1h 364 0.556 1.5
P-Az-2h 303 0.686 1.5

Thermal gravimetric analysis (TGA) measurements showed that the polymers P-Az-1 and P-
Az-2 remained intact up to 300 °C under nitrogen, while the protonated polymers P-Az-1h
and P-Az-2h became less thermally stable (up to 120 °C) (Figure 5.12).
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Figure 5.12: TGA analysis of P-Az-1 and P-Az-2 before and after protonation.

The reason of the lower stability of the protonated polymer networks could be due to the
decreased stabilizing effect of the trifluroacetic acid anions on the tropylium cations inside the
polymer network. By increasing temperature, the higher mobility of the trifluroacetic acid

anions could lead to their less efficient stabilizing effect and therefore the low stability of the
polymer networks.

The SEM images of the polymer are displayed in Figure 5.13. After protonation, the polymers
P-Az-1h and P-Az-2h showed a rougher morphology than P-Az-1 and P-Az-2, indicating the
more polymeric salt-like nature of both protonated polymers.
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Figure 5.13: SEM images of (a) P-Az-1 and (b) P-Az-2, and their protonated forms (c) P-Az-
1h and (d) P-Az-2h.
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Figure 5.14: TEM image of a.)P-Az-1, b.) P-Az-2, c.) P-Az-1h, d.) P-Az-2h.

Nevertheless, the TEM images did not show a clear morphology change after protonation of
the polymers (Figure 5.14). The FT-IR spectra of the polymers showed a significant signal
change after protonation (Figure 5.15).

New stretching modes appeared between at about 1170 and 1690 cm™ can be assigned to the
asymmetric and symmetric valence stretching of the trifluoroacetic anion. The enhanced
signal at ca. 1570 cm™ can be assigned to the —C=C- stretching mode of the protonated
azulene unit after protonation.
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Figure 5.15: FT-IR of the poly-azulenes and their protonated forms.

The UV/Vis diffuse reflectance spectra (DRS) of the polymer are displayed in Figure 5.16. P-
Az-1 and P-Az-2 showed both a broad absorption range with shoulders until over 800 nm.
After protonation, the absorption spectra of both polymers became even broader ranging up to
the infrared region (>1000 nm).
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Figure 5.16: UV/vis DR spectra of the poly-azulenes and their protonated forms.
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This explains the more intense colors of both protonated polymers P-Az-1h (dark green) and
P-Az-2h (black) compared to P-Az-1 (green) and P-Az-2 (dark green) as displayed in Figure
5.17.

Figure 5.17: Different poly-azulene modifications before (P-Az-1, P-Az-2) and after (P-Az-2,
P-Az-2h) protonation.

The electron paramagnetic resonance (EPR) spectra showed a clear increase in signal
intensity for the protonated polymers P-Az-1h and P-Az-2h compared to P-Az-1 and P-Az-2.
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Figure 5.18: EPR spectra of P-Az-1h and P-Az-2h under light irradiation.
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This is likely due to the protonated form of the polymers, where the positively charged 7-
membered ring of the azulene unit acts as an artificial “hole”. This could be reason of the
large signal increase. Under light irradiation, P-Az-1h exhibited a more enhanced signal
compared to P-Az-2h, indicating that longer living electron-hole pairs could be generated in
P-Az-1h under light irradiation than in P-Az-2h (Figure 5.18).

For photocatalytic systems, the valence band (VB) and conduction band (CB) positions
represent their light-promoted redox potentials and therefore influence the catalytic efficiency.
Cyclic voltammetry (CV) measurements revealed different oxidation and reduction onset
potentials of the polymers, implying various VB and CB positions for the polymers. The VB
and CB of P-Az-1 lay at 1.14 and -0.81 V vs SCE. P-Az-2 possessed a narrower band gap
with VB and CB lying at 0.79 and -0.73 V vs SCE. After protonation, the band positions of
both polymer slightly changed, with the VB and CB of P-Az-1h and P-Az-2h being 1.22 and -
0.84 V, and 0.92 and -0.54 V vs SCE, respectively (Figure 5.19).

15+
104 -081V 073V -084V
LLI ) 054V
QO 051 — CB
U) ]
. 0.0
(:g ]
051
— 079V
> _— 092V
I 104 114V 122v. — VB
15

P-Az-1 pP-Az-2 P-Az-1h P-Az-2h

Figure 5.19: Valence band (VB) and conduction band (CB) positions of the polymers.

It is worth to note that the VB and CB positions of P-Az-1 and P-Az-1h are comparable to the
redox potentials of well-established organometallic photocatalysts such as [Ru(bpy)s]**
(+1.29 V vs SCE) and [Ru(bpy)s]** (-0.81 V vs SCE), or organic molecular photocatalyts such
as Eosin (+0.83 and -1.06 V vs SCE).'**!
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5.1.3 Photoreduction and photoredox cascade-reactions of metals in water

The feasibility of the water-compatible polymers P-Az-1h and P-Az-2h as promising
heterogeneous photocatalysts in agueous medium was investigated. The photocatalytic
reduction of aqueous Cr(VI) was carried out under visible light irradiation as a real-life-
relevant model reaction due to the fact that heavy metals, especially the highly toxic and
carcinogenic chromium compounds are well-known pollutants in industrial waste water.™* |t
is worth to point out that a 23 W household energy saving light bulb was used as light source,
which demonstrated a clean and cost-effective solution of the application.

As displayed in Figure 5.20, both polymers, P-Az-1h and P-Az-2h, were able to catalyze the
reduction of the highly toxic Cr(VI) to much less toxic Cr(I111)*?*! quantitatively after 60 min,
with P-Az-2h being slightly more efficient than P-Az-1h. The apparent quantum yield was
determined for a monochromatic light source at 460+/-30 nm to be 0.0012%.
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Figure 5.20: Photocatalytic reduction of Cr(VI) to Cr(I1l) using P-Az-1h and P-Az-2h, Fe(lll)
or Cu(ll) as co-catalyst in a cascade catalytic cycle, and formic acid (HCOOH) as extra
electron donor in water under irradiation of a 23 W household energy saving light bulb.

The potential required for the reduction reaction from Cr(VI) to Cr(lll) is 1.57 V (vs.
SCE).1*?% p-Az-1h has a band gap of 2.06 eV and the conduction band lies at -0.84 V (vs.
SCE, Table 5.2) in the excited state, which is sufficient enough for the reduction of Cr(VI) to
Cr(I11). In comparison, the CB of P-Az-2h lays at -0.54 V, which explains its slightly lower
photocatalytic activity during the reduction reaction of Cr(\V1).
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Table 5.2. Electrochemical properties of the polymers. (The HOMO/LUMO levels are
calculated according to the equations: Epomo = - (4.4 + Eox-onset) €V and E umo = - (4.4 +
Ered-onset) eVv [127])-

Eox-onset [V Ered-onset [V Band gap
HOMO [eV] LUMO [eV]
vs. SCE] vs. SCE] [eV]
P-Az-1 1.14 -0.81 -5.54 -3.59 1.95
P-Az-1h 1.22 -0.84 -5.62 -3.56 2.06
P-Az-2 0.79 -0.73 -5.19 -3.67 1.52
P-Az-2h 0.92 -0.54 -5.32 -3.86 1.46

To understand the electron transfer from the polymer P-Az-1h to Cr(VI) during the
photoreduction process, we then conducted a control experiment using formic acid as extra
electron donor. An enhanced reduction rate of Cr(VI) to Cr(l1l) could be observed (Figure
5.20). Additional metal cations with lower reduction potentials than Cr(VI) were introduced
to facilitate the electron transfer process in a cascade catalytic cycle.*?®! It could be shown
that by using Fe(lll) with a reduction potential of ca. +1.01 V (vs. SCE) or Cu(ll) with a
reduction potential of +0.40 V (vs. SCE), the reduction rate of Cr(VI) increased significantly
(Figure 5.20). Based on the observations of the control experiments, we propose a possible
reaction mechanism as displayed in Figure 5.21.

(a) 0.73 V vs, S(Zé) Cr(Vl)
hv . + @ +1.57Vvs. SCE
Cr(lm
&)
®
(b) -0.73 V vs. SCE
Fe(lll)

+ €& 4+1.57Vvs. SCE

cr(n)

Figure 5.21: (a) Proposed mechanism of the photocatalytic reduction of Cr(VI) to Cr(lll)
only using the water-compatible polymers P-Az-1h. (b) Photoreductionof Cr(VI) to Cr(lll)
using P-Az-1h and Fe(lll) as co-catalyst in a cascade cycle.
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By only using the water-compatible polymer P-Az-1h, the photogenerated electrons from the
CB could directly reduce Cr(\V1) to Cr(I11) under visible light irradiation. By using additional
metal cations, a cascade catalytic cycle was obtained. The photogenerated electrons from the
CB of P-Az-1h could first reduced either Fe(lll) or Cu(ll) to Fe(ll) or Cu(l), respectively,
followed by the further reduction of Cr(VI) by the reduced metal cations, forming Cr(l11) and
the pristine Fe(lll) and Cu(ll) cations (Figure 5.21).This cascade-type step could be
determined by visualizing of the color change of the yellowish Fe(lll) complex potassium
ferricyanide (Ks[Fe(CN)g]) via reduction to the bluish complex containing Fe(ll) catalyzed by
P-Az-1h (Figure 7.22).

photoreduction

-

F:e'(mﬁ) Fe(ll)

Figure 5.22: Determination of the cascade species Fe(ll) generated by photoreduction of
Fe(I19 using P-Az-1h. The Fe(lll) cation in the yellowish potassium ferricyanide
(K3[Fe(CN)g]) was reduced to Fe(ll), followed by the color change of the complex to blue.

To demonstrate the stability and reusability of P-Az-1h as heterogeneous photocatalyst, we
then conducted the same reduction reaction of Cr(VI) for 5 extra repeating cycles (Figure
5.23).
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Figure 5.23: Repeating cycles of the photocatalytic reduction of Cr(VI) using P-Az-1h as
catalyst. C is the initial concentration of Cr(VI), and Cy is the initial concentration after
research reaching adsorption/desorption equilibrium in dark.

Cr(VI) was reduced almost quantitatively in each run. The FTIR spectrum of the reused P-Az-
1h showed slightly enhanced signal intensity of the TFA mode at 1690 cm™ and 1170 cm™,
and the -C=C- stretching mode at 1570 cm™ and 1420 cm™ compared to the unused one
(Figure 5.24).
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Figure 5.24: FT-IR spectra of P-Az-1h before and after 5 photoreduction cycles of Cr(VI) to
Cr(111) in water.
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A similar morphology of P-Az-1h was observed by the SEM image (Figure 5.25).

Figure 5.25: SEM image of P-Az-1h after 5 photoreduction cycles of Cr(VI) to Cr(lll) in
water.

The result demonstrates that the polymer can be used as highly effective and stable water-
compatible photocatalyst. And in the absence of P-Az-1h, the photoreduction reaction did not
occur under the same reaction conditions.

5.1.4 Conclusion

In conclusion, the incorporation of post-modifiable monomers into conjugated microporous
polymers enabled highly functional materials allowing efficient control of hydrophilicity. This
strategy holds the potential to transform any hydrophobic cross-linked polymer into water-
compatible systems. We demonstrated a synthetic and modification method to obtain water-
compatible, stable, visible light-active and heterogeneous photocatalysts via simple
protonation of the pristine, highly hydrophobic conjugated microporous polymer networks.
The obtained water-compatible polymers can serve as efficient and recyclable photocatalyst
under visible light in water, i.e. real daily life conditions to reduce heavy metal ions such as
Cr(VI) to Cr(II) under irradiation of a 23 W household energy saving light bulb. A cascade
catalytic cycle could also be created by using additional metal cations as co-catalysts.
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5.2 Heterophase photocatalyst from water-soluble conjugated
polyelectrolytes: a self-initiation example under visible light

This chapter is based on the publication “Heterophase photocatalyst from water-soluble
conjugated polyelectrolytes: a self-initiation example under visible light”, Angew. Chem. Int.
Ed., 2015, 54, 14549-14553 (DOI: 10.1002/anie.201505325) and “Polyfluorene
polyelectrolyte nanoparticles: synthesis of innovative stabilizers for heterophase
polymerization”, Macromol. Rapid Commun., 2014, 35, 1925-1930 (DOL:
10.1002/marc.201400440) with copyright (2016) from Wiley VCH (Weinheim). In the
previous chapter 5.1 the post modification method of hydrophobic porous polymers led to
water-compatible photocatalysts. The control of hydrophilicity was achieved via a simple
protonation step. In this chapter, the water-compatible porous polymers are obtained via
cross-linking of hydrophilic conjugated polyelectrolyte chains.

5.2.1 Introduction

From the view of heterogeneous catalyst design, two heterophase models are of high
importance, the nanoparticulate system and the porous polymer. Nanoparticles are
characterized by a high surface-to-volume ratio and porous materials by a large surface area.

In this section, the design and synthesis of water-compatible conjugated nanoparticulate and
porous polymer bearing imidazolium-based ionic liquid units!®® " 129131 a5 highly efficient
metal-free visible light photocatalyst in an aqueous environment is reported. Via
incorporation of cross-linkable vinylimidazolium side chains onto the conjugated
poly(benzothiadiazole/flurorene) backbone, both nanoparticles and porous monoliths,
depending on the polymer concentration, were produced via a unique self-initiated
intramolecularly radical cross-linking process under visible light irradiation. High
photocatalytic activity of the as-synthesized polymer in aqueous medium was demonstrated in
the degradation of rhodamine B and methylene blue dyes and photoreduction of Cr(VI) into
Cr(111) under white light irradiation.
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5.2.2 Synthesis and Characterization

The synthetic principle of targeted conjugated polymers is illustrated in Scheme 5.2. The
water-soluble conjugated polymer P-FL-BT-2 bearing cross-linkable vinylimidazolium side
groups was obtained by functionalization of the hydrophobic conjugated polymer P-FL-BT-1
bearing bis(6-bromohexyl)-fluorene units with N-vinylimidazole as shown in Figure 5.26.
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Scheme 5.2: Illustration of the side product-free synthesis via visible light-promoted self-
initiated cross-linking of a photoactive conjugated polymer bearing cross-linkable
imidazolium-based ionic liquid units.

To note, a stepwise heating program from 60 to 100 °C is important to achieve a high
quaternization degree without occurrence of dehydrobromination side reactions. Nuclear
magnetic resonance (NMR) spectroscopy indicated a conversion of 92% from the bromohexyl
groups in P-FL-BT-1 to vinylimidazolium bromide in P-FL-BT-2 (Figure 5.27).
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Figure 5.26: Synthetic route toward cross-linkable polyfluorenebenzothiadiazole (P-FI-BT2).
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Figure 5.27: 'H-NMR spectrum of P-FL-BT2.
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Thermogravimetry analysis (TGA) showed comparable thermal behavior of P-FL-BT-1 and

P-FL-BT-2 until about 230 °C (Figure 5.28).
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Figure 5.28: TGA analysis of the different polymers.
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UV/vis absorption and fluorescence emission spectra showed a bathochromic shift of P-FL-

BT-2 compared to P-FL-BT-1 (Figure 5.29).
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Figure 5.29: UV/vis absorption and emission spectra of P-FL-BT-1 and P-FL-BT-2.
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A slightly increase of the band gap from 2.49 eV for P-FL-BT-1 to 2.37 eV for P-FL-BT-2
can be derived from the absorption edges (Table 5.3).

Table 5.3. Optical properties of P-FL-BT-1, P-FL-BT-2 and P-FL-BT-3.

Polymer UV/ViS Amax (NM) Fluorescence Amax Optical band gap
(nm) (EV)
P-FL-BT-1 450 543 2.49
P-FL-BT-2 475 586 2.37
P-FL-BT-3 broad 600 2.11

5.2.3 Photocatalytic activity for self-initiated cross-linking and
Characterization

It was previously shown that conjugated macromolecular systems could mediate the electron
transfer under visible light irradiation and thus act as photosensitizer.**4°1 Therefore, the
conjugated structure of P-FL-BT-2 to our opinion should fulfill the requirement as a visible
light-active photoinitiator. Additionally, given the fact that P-FL-BT-2 consists of hydrophilic
imidazolium side chain and a hydrophobic polymer main chain, which creates an amphiphilic
pattern, it could simultaneously act as a stabilizer for colloidal systems, a concept that has
been proven previously for such IL-based polyelectrolytes.'*%2 The critical micelle
concentration (CMC) of P-FL-BT-2 was measured to be 0.90 mM (Figure 5.30).
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Figure 5.30: Critical micelle concentration measurement of P-FL-BT-2.
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This value is similar to that of hexacetyltrimethylammonium bromide (CTAB, 0.92 mM), a
widely used cationic surfactant in aqueous media.To investigate the double role of P-FL-BT-2
as visible light photoinitiator and stabilizer for colloidal systems, the following two
experiments were performed. First, a dilute solution of P-FL-BT-2 in water (0.1 mg/ml) was
irradiated under a white LED lamp without using any additional radical initiator, yielding a
stable dispersion (Figure 5.31).

nanoparticle porous
in dispersion monolith

Figure 5.31: (a) Photographs of P-FL-BT-3 as nanoparticles in aqueous dispersion (0.10
mg/ml) and porous monolith (0.67 mg/ml).

Transmission electron microscopy (TEM) analysis showed particles of a diameter of 85+10
nm, indicative of formation of nanoparticles of the cross-linked polymer P-FL-BT-3 (Figure
5.32).

Figure 5.32: TEM image of P-FL-BT-3 as nanoparticles.
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The dynamic light scattering (DLS) characterization gave a larger number average apparent
diameter of ca. 141 nm (Figure 5.33).
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Figure 5.33: Dynamic light scattering measurement of P-FL-BT-3 as nanoparticles in water
dispersion.

This can be explained by the fact that the nanoparticles in solution are in a swollen state with
a hydration shell, which leads to a size expansion. The zeta-potential of the nanoparticle
dispersion of +34.7 mV confirmed a stable colloidal system.

Further experimental details have been elucidated within a joint project with our collaboration
partners Dr. Jiayin Yuan and Dr. Simon Prescher at the Max Planck Institute of Colloids and
Interfaces in Golm, Germany. The following results in this work about the effects of anion
exchange on dispersions have been taken from “Polyfluorene Polyelectrolyte Nanoparticles:
Synthesis of Innovative Stabilizers for Heterophase Polymerization” published in Macromol.
Rapid Commun. 2014, 35, 1925-1930 with copyright (2016) from Wiley VCH (Weinheim).
The anion exchange experiments were conducted by Dr. Simon Prescher.

In order to investigate the colloidal stability and colloidal behavior of CPE nanoparticles after
anion exchange, nanoparticles based on P3Br have been synthesized. The cross-linkage to
P3Br have have been achieved via radical polymerization of P2Br precursor (Figure 5.34).

64



H,0 = DMSO
i
F. d-h
l A
| N/
| "\U".j \
- ALl Wi M —
L = ¥ T i B T T
9.5 8.5 7.5 6.5 5.5 45 35 2.5 1.5 0.5

ppm

Figure 5.34: Proton NMR of P2Br.[***]

In order to elucidate the effects of anion exchange on nanoparticles, P3Br nanoparticles were
suspended in aqueous solution with BF4", PFs’, and TFSI™ (Figure 5.35).1!
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Figure 5.35: Anion exchange route of P3Br nanoparticles.

In Table 5.4 the dispersibility of charged P3Br nanoparticles in different media is described.
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Table 5.4: Solubility of pristine P1, P3Br, and P3BF4/PFe/TFSI in different solvents; + =
good, + = medium, - = poor solubility.%¢ 4]

Reichardt polarity scale (E4(30) [kcalfmoln'

£ | | Specimen H,0 THF EtOAc  Acetone DMF
o

E P3Br + - + + +
£

g P3BF, = 4 : g 4
2 | | p3pF, - - ; + ¢
3

% | | P3TFSI - + - + +

2

E \ J Pl ) * B B *

According to the type of the counter anion, the hydrophilicity is increased with Br" and
decreased with PFg’, BF, and TFSI". With these hydrophobic anions the dispersability in
acetone and DMF is significantly enhanced, while the formation of dispersions in water and
ethylacetate are not possible. Due to amphiphilic properties of P3Br, stable dispersions are not
only formed in water, but also in ethylacetate, acetone, and DMF. However, after the anion
exchange with BF, and TFSI" the NPs become dispersible in THF, which was similar to the
hydrophobic P1 polymer before the introduction of polar side groups. The tunable solution
behavior makes it possible to process these NPs in different organic solvents. The variable
dispersability indicates the property alternation of the nanoparticle surface, which can change
the wetting behavior when applying these NPs as surface coatings. For example, P3Br
dispersion formed a homogeneous film upon slow evaporation. By anion exchange, the
contact angles measured from these films followed the hydrophobicity sequence Br™ (70°) <
BF4 (89°) < PFg (91°) < TFSI™ (94°).124

Furthermore, the high interfacial activity of P-FL-BT-2 for a two phase emulsion system was
demonstrated by the build-up of a porous polymer monolith by using the high internal phase
emulsion polymerization technique (polyHIPE).[M4481 wjithout any externally added
surfactant, a stable water-in-oil emulsion formed by using a small amount of P-FL-BT-2 (4
mg in 5 ml H,O/hexadecane (volume ratio 1:4)). Under white light irradiation, self-initiation
and cross-linking took place and eventually resulted in a porous monolith (Figure 5.31),
which is insoluble in common organic or aqueous solvents tested. The SEM images in a
freeze-dried state showed a porous structure with interconnected pores inside the monolith
(Figure 5.36).
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Figure 5.36: SEM image of a freeze-dried P-FL-BT-3 monolith.

In the confocal microscopy, water droplets of about 50 um were observed inside the monolith
in a wet state, indicating a large pore structure inside the polymer monolith (Figure 5.37).

Figure 5.37: Confocal microscope image of P-FL-BT-3 monolith with its own fluorescence.
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Solid-state **C CP-MAS NMR measurements showed the characteristic signals at ca. 113 and
120 ppm, which can be assigned to the carbons of the vinyl groups of P-FL-BT-2, disappeared
after the light-induced cross-linking process and merged into the main aliphatic carbon signals
between 20 and 60 ppm (Figure 5.38).
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Figure 5.38: Solid-state **C CP MAS NMR spectra of P-FL-BT-2 before, during and after the
light-induced cross-linking process. To note: the signals at ca. 113 and 120 ppm can be
assigned to the carbons of the vinyl groups, which disappeared after the cross-linking and
merged into the main aliphatic carbon signals between 20 and 60 ppm.

The UV/Vis diffuse reflectance spectrum (DRS) (Figure 5.39) of P-FL-BT-3 showed a
slightly broader absorption band than P-FL-BT-1 and P-FL-BT-2 (Figure 5.40).
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Figure 5.39: UV/Vis DRS and fluorescence emission spectra of monolithic P-FL-BT-3.
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Figure 5.40: UV/vis absorption and emission spectra of P-FL-BT-1 and P-FL-BT-2.

A similar emission range with a maximum at 600 nm can be seen in comparison, i.e. in the
visible light range. A band gap of ca. 2.11 eV can be derived from the absorption edge. This
corresponds to the observed band gap of 2.07 eV measured by cyclic voltammetry (CV)
(Figure 5.41).
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Figure 5.41: Cyclic voltammetry of P-FL-BT-3 monolith.

5.2.4 Photocatalytic Dye Degradation, Photoreduction of Cr(VI),
Photopolymerization of Methyl Methacrylate (MMA)

Both aforementioned experiments demonstrated the ability of P-FL-BT-2 serving as visible
light initiator for radical polymerization and simultaneously as stabilizer for emulsions. We
suggest a modified initiation mechanism similar to the literature.?*”! Under visible light
irradiation, the P-FL-BT-2 undergoes a transition to a long living triplet state, which
subsequently reacts with the vinyl group of the imidazolium unit, forming an alkyl radical and
a radical cation of P-FL-BT-2. The alkyl radical further attacks other vinyl groups and
initiates the cross-linking process. The radical cation of P-FL-BT-2 likely catches a proton
from the adjacent environment, most likely water, followed by a return to the ground state and
completing of the catalytic cycle. To demonstrate the ability of the conjugated polymer
backbone as visible light photoinitiator, a control experiment, i.e. the free radical
polymerization of methyl methacrylate (MMA) using the hydrophobic polymer P-FL-BT-1 as
photoinitiator was carried out. As expected, PMMA was obtained under the same light
irradiation conditions without other initiators (Figure 5.42), proving the photoactivity of the
conjugated backbone of the polymer.
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Figure 5.42: Visible light initiated free radical polymerization of MMA using P-FL-BT-1 as
photoinitiator.

The feasibility of the monolithic P-FL-BT-3 as a promising heterogeneous photocatalyst in
aqueous medium was tested. As organic dyes and heavy metals are well-known pollutants in
industrial waste water, the photocatalytic degradation of rhodamine B and methylene blue as
two model dyes, and photoreduction of aqueous Cr(V1) were carried out under visible light
irradiation using the same white lamp. As displayed in Figure 5.43, the two organic dyes
showed degradation rates of over 90% after irradiation of ca. 70 min. This is comparable to
porous carbon nitride (C3N,), a state-of-art non-metal-based visible light photocatalyst, given
the fact that the concentration of P-FL-BT-3 used here was about 10 times lower (0.1
mg/ml).24%
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Figure 5.43: Photocatalytic degradation of rhodamine B and methylene blue.
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Figure 5.44 displays the photocatalytic reduction of Cr(VI), with an almost quantitative
conversion from the highly toxic Cr(VI) to much mild Cr(111)*?! after 120 min. The
efficiency of P-FL-BT-3 for Cr(VI) reduction was found to be also comparable to recently
reported metal-based photocatalysts such as BiVO4/BizSs™ or SnS,/Sn0,*%% under similar
reaction conditions.
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Figure 5.44: Photocatalytic reduction of Cr(VI) using P-FL-BT-3 in water under white light
irradiation. C is the concentration of the organic dyes or Cr(VI), and Cq is the initial
concentration after reaching adsorption/desorption equilibrium in dark.

The photodegradation of the organic dyes in water is likely mediated by photochemically
generated singlet oxygen, similar to a previous study.**Y By absorption of light, P-FL-BT-3
as photosensitizer is excited to its singlet state (S) followed through subsequent intersystem
crossing by population of a triplet state (T). The excited P-FL-BT-3 can transfer energy and
spin to the ground state triplet oxygen, thus forming the excited singlet oxygen to attack the
organic dyes.™®2™%% The potential required for the redox reaction from Cr(VI1) to Cr(I1) is
1.33V (vs. NHE)."®! p_F|_-BT-3 has a band gap of 2.07 eV and the conduction band lies at -
1.13 V (vs. NHE, Table 5.5) in the excited state, which is sufficient for the reduction of
Cr(V1) to Cr(II).

Table 5.5: Electrochemical properties of P-FL-BT-3 monolith. (The HOMO/LUMO levels are
calculated according to the equations: Exomo = - (4.8 - Eoxi-onset) €V and E umo = - (4.8 — Ereq-
onset) VI ferrocene/ferrocenium redox-couple is used as reference).

EOx-Onset [V] Ered-Onset [V] HOMO [eV] LUMO [eV] Band gap [EV]
0.30 -1.77 -5.10 -3.03 2.07
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We then studied the stability and reusability of the monolithic P-FL-BT-3 as heterogeneous

photocatalyst by conducting the same photodegradation reaction of rhodamine B for 10
repeating cycles (Figure 5.45).
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Figure 5.45: Repeating experiments of the photocatalytic degradation of Rhodamine B using
P-FL-BT-3 in water under white light irradiation.

Rhodamine B was degraded almost quantitatively in each run, demonstrating that P-FL-BT-3
can be used as highly effective and stable water-compatible photocatalyst. It is worth to note
that in the absence of P-FL-BT-3, these photoreactions did not occur at all under the same
reaction conditions. A study with different scavengersi*®****”1 showed that reactive species
such as superoxide (‘O;") played a crucial role during the photodegradation process of the
organic dye. Other active species such as the photogenerated hole (h*) or H,O, only took a
minor part to the catalytic process, while the effect of singlet oxygen (*O,) and hydroxy
radical ("OH) was minimal existent (Figure 5.46).
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Figure 5.46: Effect of different scavengers, benzoquinone (BQ), potassium iodide (KI),
catalase (CAT), sodium azide (NaNs), isopropanol (IP) and the absence of oxygen (under
argon (Ar)) on the degradation of rhodamine B over P-FL-BT-3 in water under 1 h of white
light irradiation.

Note that the study on possible reactive species during the photodegradation of rhodamine B
was conducted using different scavengers such as sodium azide (NaNs) as 'O, scavenger,
benzoquinone (BQ) as "O," scavenger, isopropanol (IP) as "OH scavenger, catalase (CAT) as
H,0, scavenger and potassium iodide (K1) as h* scavenger. **°157]

5.2.5 Conclusion

In summary, the presented design strategy enables the formation of hydrophilic cross-linked
polymers from linear polyelectrolytes. The preceded hydrophilic modification of linear
polymers and the incorporation into polymer networks enables materials with multiple
properties. The formation of water-compatible heterogeneous polymers from linear polymers
as multifunctional materials was investigated. The successful synthesis and application of a
conjugated polyelectrolyte photocatalyst working under heterophase aqueous environment
was demonstrated. The incorporation of the 1-alkyl-3-vinylimidazolium bromide ionic liquid
species into the linear conjugated polymer backbone, a synthetically simple step, causes a
multiple synergistic effects, here the water-solubility, self-photoinitiation ability, and
interfacial activity. The obtained monolithic polymer can serve as efficient, recyclable, cost-
effective heterogeneous photocatalyst under visible light in water, i.e. real daily life
conditions to degrade organic dyes and reduce heavy metal ions such as Cr(V1) to Cr(lI1l). We
believe the design strategy and principle reported here can offer a very clean and side product-
free, especially the surfactant-free synthetic pathway to obtain water-compatible photoactive
polymers with desired morphology and a broader potential for other applications in aqueous
medium under sustainable and environmentally friendly conditions.
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5.3 Photocatalytic Stille-type coupling reactions using conjugated
organic catalysts with visible light

This section is based on results from the unpublished article “Photocatalytic Stille-type
coupling reactions using conjugated organic catalysts with visible light”. The previous
chapters dealt with the design of polymer-based heterogeneous photocatalysts and the
aqueous applications. In this chapter, conjugated microporous polymers are applied to metal-
free photocatalytic C-C coupling reactions. The main objective is to elucidate the
photocatalytic reaction mechanism.

5.3.1 Introduction

This section deals with the palladium-free photocatalytic Stille-type carbon-carbon coupling
reaction of aryl-stannanes and aryl-iodides. Conjugated azulene-containing polymers were
chosen as the visible light-active and pure organic photocatalyst. A broad range of different
substrates were tested. The underlying photocatalytic reaction mechanisms were investigated
in detail.

The Stille cross-coupling reaction is a highly versatile tool for carbon-carbon bond formations
from aryl halides and aryl stannanes.’*®**%! The major requirement for the Stille coupling,
however, is the necessary use of palladium complexes as catalysts (eg. 1). The search for a
metal-free and pure organic alternative for the Pd-based catalyst still remains a challenge for
the organic and materials chemists.

Traditional Stille Coupling
Pd(0)
Ar'=X * R3Sn—Ar? ~ Ar'—Ar2  eq. (1)

elevated temperature

This work
organic catalyst

withe light, RT

A=A ed. (2)

Ar'=X + R3Sn—Ar?

Ar: aryl; X: halide; R: alkyl

The reaction mechanism of the Stille coupling (Scheme 5.3) is characterized by distinct
reaction steps. The oxidative addition of the aromatic halide to the Pd(ll) complex, the rate
determinant transmetalation between Pd(11) complex and the organotin compound and finally
the reductive elimination where the coupling product is released and the Pd(0) is recovered
for the next catalytic cycle.'®% However, within the mechanistic key steps of the Stille
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coupling, the oxidative addition of the aromatic halide to the palladium complex requires
usually elevated temperatures in order to provide the activation enthalpy.®*! [164

X

R PdCL, @

oxidative addition

reductive elimination

L
Ot
L

L
Ortom
L

R=-Sn(nBu);

X-Sn(nBu);

transmetalation

Scheme 5.3: The palladium based catalytic cycle of the Stille coupling reaction.

Here, in this project a new photocatalytic Stille-type aromatic C-C bond formation pathway is
presented (eq. 2) without the need of using palladium based catalysts or elevated
temperatures. The reaction mechanism is driven by the coupling reaction of the
photogenerated aryl radical, which was obtained via oxidative destannylation by the
photogenerated hole of the organic photocatalyst, with the aryl halide, which was activated by
the photogenerated electron. The proposed reaction mechanism is illustrated in Scheme 5.4. It
was found that the reductive activation of the aryl halide by the photogenerated electron was
mandatory for the successful C-C bond formation reaction. And both oxidation and reduction
potentials of the corresponding aryl stannanes and iodies were crucial for the activation of the
coupling reaction. Further studies using radical trapping agent and scavengers were conducted
to reveal the mechanistic insight of the photocatalytic Stille-type coupling reaction.
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Scheme 5.4: Proposed reaction mechanism of the palladium-free photocatalytic Stille-type
coupling reaction using conjugated organic catalysts as photocatalyst (OPC: organic
photocatalyst; interm.: intermediate; EWG: electron withdrawing group).

5.3.2 Synthesis and Characterization

In this study, conjugated azulene-containing polymers were chosen as the visible light-active
and pure organic photocatalyst. The conjugated microporous polymer network P-Az-B was
obtained via Suzuki cross-coupling reaction of 1,3-dibromoazulene with 1,3,5-
phenyltriboronic acid tris(pinacol) ester with 1,3-dibromoazulene (Figure 5.47).
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Suzuki
OO + Coupling

Figure 5.47: Synthesis of P-Az-B via Suzuki cross-coupling reaction.

To note, a modified synthetic route was employed. Here, the comonomer 1,3-dibromoazulene
was added stepwise over three days into the reaction mixture, in order to obtain high porosity
of the polymer. P-Az-B was insoluble in all common organic solvents tested and according to
the thermogravimetric analysis highly stable (Figure 5.48).
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Figure 5.48: Thermogravimetric analysis of P-Az-B from 25 to 1000°C under nitrogen.
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The SEM and TEM of P-Az-B showed a fused porous particle-like morphology (Figure
5.49).

- & o)
e
e ja.{‘- 0

U

Figure 5.49: SEM (a) and TEM (b) images of P-Az-B.

The Brunuar-Emmet-Teller (BET) surface area of P-Az-B obtained via the modified stepwise-
addition synthetic route was found to be 292 m?/g, achieving an significant increase of ca. 17-
fold compared to the same polymer via bulk synthesis (Sger = 17 m%/g, Table 5.6 and Figure
5.50a+c).

Table 5.6: Porosity data of P-Az-Bs which were obtained in different solvents and in
comparison with the successive addition method of the monomer in DMF.

Solvent Sget (M?/g) Pore Size (nm) Pore Volume (cm®/g)
THF 6 3.3 0.009

Dioxane 8 2.9 0.014

DMF 17 1.5 0.024

DMF 292 15 0.28
(stepwise-addition of

monomers)

According to increased surface areas, the averaged pore size analysis shows decreased values.
Moreover, the overall pore size distribution shifted to lower pore widths when the stepwise-
addition method was used (Figure 5.50b+d).
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Figure 5.50: Gas sorption isotherms of the P-Az-B synthesized in (a) different solvents, (b)
via stepwise addition of monomers during the polymerization, and (c) pore size distributions
of P-Az-B synthesized in different solvents, and (d) via stepwise addition of monomers.

3¢ CP/MAS NMR spectroscopy (Figure 5.51) showed characteristic peaks at 123, 130, 136
and 137 ppm, which can be assigned to the 5- and 7-membered rings of the azulene unit. The
peaks at 123 and 130 ppm were assigned to aromatic carbons of the phenyl units in the
polymer backbone.
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Figure 5.51: Solid state CP-MAS *C-NMR spectrum of P-Az-B at rotation frequency of 10
kHz (side bands*).

The FTIR spectrum of P-Az-B showed typical —C=C- stretching mode at ca. 1570 cm™ of the
azulene unit (Figure 5.52)."® The signals at around 1420 cm™ indicate the skeleton vibration
of the aromatic rings in the polymer, accompanied with the typical C-H stretching mode at
740 and 1090 cm™.

Transmission [%]

60
20 1 -CH
\ ».\ 1090 cm™

1380 cm™

40 4 / 1420 cm”
1570 cm -G=C-
-C=C-
30 T T T T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber [cm™]

Figure 5.52: FT-IR spectrum of P-Az-B.
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The UV-vis diffuse reflectance spectrum (DRS) revealed a broad absorption band of P-Az-B
ranging from the visible into near-infrared region (<1200 nm), as displayed in Figure 5.53a.
The corresponding Tauc-Plot of the UV-Vis DRS spectrum in Figure 5.53b revealed the
optical band gap to be 2.03 eV, which is in good agreement with the electrochemical band gap
2.24 eV shown in Figure 5.54.

(a) ——P-AZB 35'_(b) —PAzB
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Figure 5.53: UV-Vis DRS spectrum (a) and additional Tauc-Plot (b) of P-Az-B.

2 -
——P-Az-B
-1.10V
1 i L] CB
% 0,00000 -
2 g
% 01 224 eV =
>
< 3
~ 14
114V -0,00005
2

=

0
Potential (V)

[

Figure 5.54: HOMO and LUMO band position (left) and the corresponding cyclic
voltammogramm (right) of P-Az-B.

For photocatalytic systems, the energy band positions represent their photo-generated redox
potentials and are therefore the crucial parameters for the catalytic efficiency. To reveal the
band structure of the polymer, cyclic voltammetry analysis was conducted (Figure 5.7).
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Table 5.7: Electrochemical properties of P-Az-B and L-Az-B.

HOMO [V vs. LUMO [V vs. Band gap

SCE] SCE] [eV]
P-Az-B 1.14 1.10 2.24
L-Az-B 1.52 -1.08 2.60

The highest unoccupied molecular orbital (HOMO) and the lowest occupied molecular orbital
(LUMO) of P-Az-B were determined to be +1.14 V and -1.10 V vs. saturated calomel
electrode (SCE), respectively (Figure 5.54). These values are comparable with the redox
potentials of well-established transition metal complex photocatalysts such as [Ru(bpy)s]**
(+1.29 V versus SCE) and [Ru(bpy)s]** (-0.81 V vs. SCE).?® This might indicate a possible
catalytic capability of P-Az-B for photoredox reactions.

Moreover, an efficient charge separation is a prerequisite for efficient photocatalytic
reactions, which depends largely on molecular orbital distributions of HOMO and LUMO
levels. Quantum mechanical calculations via density functional theory (DFT) of P-Az-B
fragments (PhAz3; and Ph;sAzo) as shown in Figure 5.55, revealed significant spatial separation
of ground state HOMO and excited state LUMO, whereas the azulene moieties acted as
acceptors with increased probability for electron localizations in LUMO state.

9

HOMO LUMO

Figure 5.55: Molecular Orbital distribution of repeating fragments of P-Az-B (DFT,
RB3LYP, 631G(d)).
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In Table 5.8 the calculated HOMO/LUMO levels of PhAz; and PhyAzg are listed. It turned out
that with increasing conjugated chain length the band gap was reduced.

Table 5.8: Molecular Orbital levels and the corresponding bandgaps of pre-optimized
structures (DFT, RB3LYP, 631G(d)) ** of fragments of P-Az-B.

HOMO (Vvs SCE) LUMO (VvsSCE) Bandgap (eV)

PhAz; +0.76 -2.29 3.05
PhsAzg +0.62 -2.27 2.89

5.3.3 Photocatalytic Applications and Investigation of Reaction Mechanism

As proposed in Scheme 5.3, the formation of the aryl radical via the oxidative electron
transfer from the aryl stannane to the photogenerated hole of the organic photocatalyst is
mandatory. We first examined the visible light-promoted destannylation reaction of various
aryl tributylstannanes using P-Az-B as photocatalyst under the irradiation of a white LED
lamp (0.25 W/m?). The results are listed in Table 5.9.

Table 5.9: Photocatalytic destannylation reaction of various aryl stannanes using P-Az-B as
photocatalyst.?

P-Az-B, white light

Ar-SnBus - Ar-H + Ar-Ar
THF, RT, 12h
b C
O, S O.
Substrates: Y\ /) ~7 7
N
®1a: 26% 2a: 12% 3a: trace
1b: N.D., 24h 2pb: 13%, 45h 3b: N.D., 24h
\
N S
4a: 18% 5a: 10% 6a: 16%
4b: 75%, 40h 5b: 83%, 40h 6b: 69%, 45h
N
5 -0
7a: trace 8a: trace
7b: N.D., 24h 8b: N.D., 24h

®Reaction conditions: aryl tributylstannane (0.2 mmol), 5 mg P-Az-B, 5 ml THF, white LED
(0.25 W/cm2), room temperature, 24 to 45 h. ®Yield determined via GCMS. "Yield
determined via HPLC.
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It could be clearly determined that the aryl stannanes (e, f, and g) with oxidation potentials
higher than the HOMO of P-Az-B (+1.14 V vs. SCE) could not be destannylated

(Figure 5.56).
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P-Az-B, determined by cyclic voltammetry (vs. SCE).

Oxidation potentials of the aryl stannanes compared to the HOMO level of

Interestingly, the photo-destannylation of other aryl stannanes led not only to the protonated
aromates, but also to their dimer, except furanyl (1a). It could be explained that thionyl (2a),
indolyl (4a), benzothionyl (5a) and benzoethynyl (6a) could stabilize the radical aryl
intermediate more efficiently and rather enhance the dimer formation (Figure 5.57).
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Figure 5.57: Photooxidation analysis of tributyl(phenylethynyl)tin by GC-MS after 45 h light
irradiation.

The solvent (THF) could also act as a weak proton source during the photo-destannylation
reaction. An additional radical trapping experiment via electron spin (EPR) resonance
spectroscopy was conducted using furanyl stannane as model substrate (Figure 5.58). By
adding N-tert-Butyl-a-phenylnitrone (PBN) as radical trapping agent,™®” a characteristic
signal pattern of the stabilized radical could be clearly determined, demonstrating an aryl
radical formation under the photocatalytic condition.
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Figure 5.58: Photooxidation of 2-(tributylstannyl)furan and trapping of the resulting radical
by N-tert-Butyl-a-phenylnitrone (PBN).

Similar to the first half destannylation reaction as discussed before, we than conducted photo-
dehalogenation of different aryl iodides. Significantly, none of the reactions led to the
dehalogenated product (Table 5.10).

Table 5.10: Dehalogenantion of aryl iodides using P-Az-B as photocatalyst.

P-Az-B,
7N sacrificial donor
white LED \—/

THF

Substituent X  Sacrificial donor ~ amount (mmol)  Conversion (%)

NO; triethylamine 0.4 0
NO: esterﬁzgttﬁi/(l:;]mine 02704 0
NO, diisopropylamine 0.4 0
CN triethylamine 0.4 0
Carbonyl triethylamine 0.4 0
Methoxy triethylamine 0.4 0
H triethylamine 0.4 0
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This indicates that the photo-generated electrons from the LUMO level of P-Az-B (-1.18 V
vs. SCE) was not sufficient enough for the complete dissociation of the C-1 bond of the aryl
iodides. An interesting observation could be made by determination of the reduction potential
of aryl iodides via cyclic voltammetry (Figure 5.59).

X
o
- | -
-2,0 - Dehalogenated
-
LIJ O L L]
@)
p) —
0 -154
> o NO NO CN 0.0 o °
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Figure 5.59: Reduction potential of aromatic halides compared to the LUMO of P-Az-B,
determined by cyclic voltammetry (vs. SCE).

As illustrated in Figure 5.60, most aryl iodides exhibited two reduction potentials, as
corresponding to the literature.*® 6% The second reduction potential rather corresponded to
the dissociated state after a complete dehalogenation, which lay mostly higher than -1.6 V vs
SCE. The first reduction potential represented the so-called activated state by forming an
anionic radical. Especially the aryl iodides containing electron-withdrawing groups as such
NO2, CN, carbonyl or acetyl showed a lower first reduction potential that the LUMO of P-
Az-B, indicating a possible formation of their anionic radical by receiving one photo-
generated electron.
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Figure 5.60: Cyclic voltammogram of 4-iodobenzonitril and the involved two electron
reduction processes.

To complete the Stille-type reaction cycle, we then further examined the coupling reaction of
various aryl iodides and stannanes. The substrates and products are listed in Table 5.11. It
could be observed that only the Stille-type coupling of electron withdrawing group-substituted
aryl iodides with activated energy lower than the LUMO of P-Az-B (-1.18 V vs. SCE) with
aryl stannanes was successful (entries 1-12). Electron-donating group- or unsubstituted phenyl
iodides did not lead to the formation of products (entries 13, 14). As expected, the
employment of unreactive aryl stannanes with higher oxidation potentials, as shown in the
aforementioned destannylation study, led to no desired coupling product (entries 15-17). A
steric effect could be seen using 1-iodo-2-nitrobenzene, which could not be coupled with the
aryl stannane (entry 18). The reaction of aryl bromide and chloride with aryl stannane did not
lead to any product. This could be explained by the high stability of the carbon halogen bond
of the anionic radical. A potential solution to lower the reduction energy of the aryl bromides
or chlorides might be the introduction of more electron withdrawing substitutions on the
aromatic ring.
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Table 5.11: Scope of the photocatalytic Stille-type coupling reaction with various substrates
using P-Az-B as photocatalyst.?

Entry Aryl halide Stannane Product Yield® (%)
1 o~ susn—C) o <1 80
2 o Busn—) o 60
3 as s 86
4 o sussn—Q 1) o) 90
5 o D Bussn—=—_)) o~ =~ 93
6 N ) e ey 87
7 v =) v =) 67
8 _Zy_@_| sussn—C) _Zy_Q_{\j 56
9 30~ o1 Blvse 60
10 ) Bussn—J O 49
1 5O — <3 7
12 o _d su3sﬂ—@ Ozh@_@j 83
13 [ A Busn—C) o~ 0
14 as Bussn—CJ =< trace®
15 o I ussn—) o D trace®
16 s Bussr< ) o I 0
17 o ) ussrC) on <) 0
18 Al o . 0
19 eas Bussn—CJ) o <1 0
20 o H-c Busn—C) oN ol 0

®Reaction conditions: halide (0.2 mmol), stannane (0.2 mmol), 5 mg P-Az-B, 4 ml THF, white
LED (0.25 W/cm2), room temperature, 24 h. ®Isolated yield via chromatography. “Determined
by GCMS.

The organic photocatalyst P-Az-B still contained a minimal palladium residue of ca. 7 ppm
according to inductively coupled plasma atomic emission spectroscopy (ICP-AES). To
eliminate the effect of the palladium residue inside the organic photocatalyst P-Az-B (7 ppm,
ICP) during the Stille-type coupling reaction, we synthesized a linear oligomer (L-Az-B)
based on azulene and phenyl units a soluble version of P-Az-B (< 1ppm). The synthesis of
L-Az-B is shown in Figure 5.61.
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Figure 5.61: Synthesis of L-Az-B via Suzuki cross-coupling reaction.

In a homogeneous manner, the same photocatalytic coupling reactions using different
substrates achieved similar conversion of the desired products (Table 5.12).

Table 5.12: Photocatalytic Stille-type coupling reaction with Examples using L-Az-B as
photocatalyst.?

Entry Aryl halide Stannane Product Yield® (%)
0. o)
1 OZN—O—I Buzsnﬁ om—@—@ 80
S s
2 OzN—©—I Buasn-@ ozN—O—@ 78

\

\
3 OzN_Q_I Bu;ﬁn—{t@ 02N 85

®Reaction conditions: halide (0.2 mmol), stannane (0.2 mmol), 3 mg L-Az-B, 4 ml THF, white
LED (0.25 W/cm2), room temperature, 24 h. ®Isolated yield via chromatography.

This demonstrated that the photocatalytic activity was derived from the conjugated polymer
backbone structure rather than the minimal Pd residue.

To demonstrate the stability and reusability of the polymer-based heterogeneous photocatalyst
P-Az-B, repeating experiments were conducted. P-Az-B could be used for five repeating
cycles without significant change in its catalytic efficiency (Figure 5.61).
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Figure 5.61: Repeating experiment of the photocatalytic Stille coupling of 4-iodonitrobenzene
with 2-tri-n-butylstannylfuran by filtration and reusing the same P-Az-B photocatalyst after
each repetition (isolated yields).

No clear change of the FTIR spectra of P-Az-B before and after the catalytic reaction was
observed (Figure 5.62). The SEM images of P-Az-B in Figure 5.63 before (a) and after 5
cycles (b) of photocatalysis showed consistent unchanged surface morphologies.
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Figure 5.62: FT-IR spectra of P-Az-B before and after 5 cycles of photocatalysis.
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Figure 5.63: SEM image of porous P-Az-B before (a) photocatalytic cycles and after 5
subsequent cycles (b) (scale bar 200 nm).

Using a single wavelength blue LED lamp (460 nm, 0.26 W/cm2), the apparent quantum yield
of P-Az-B could be calculated as 0.09%.

To further study the mechanistic insight of the photocatalytic Stille-type coupling reaction, we
then preformed time-resolved photoluminescence spectroscopy using L-Az-B as photocatalyst
and furanyl stannane and iodobenzene as substrates to mimic the catalytic system. As shown
in Figure 5.64, L-Az-B exhibited a fluorescence life time of ca. 1.94 ns. By adding furanyl
stananne, the lifetime was quenched to 1.45 ns. Adding iodobenzene could decay the
fluorescence lifetime of L-Az-B to ca. 0.96 nm. By adding both coupling partners, the
fluorescence lifetime remained at 0.95 nm.

L-Az-B ]
L-Az-B + stannane

L-Az-B + iodobenzene ]
L-Az-B + stannane + iodobenzene
0.1
:
0.01 4
1E-3

Time (ns)
Figure 5.64: Photoluminescence lifetime quenching experiments with L-Az-B by aryl
stannane and iodide.

93



This demonstrated a photo-induced electron transfer process from the photocatalyst onto the
substrates and vice versa during the catalytic cycle. In order to understand the reductive
quenching of iodonitrobenzene and the dehalogenation, a series of semi empiric
thermodynamic calculations of favoured pathways were conducted. Figure 5.65 shows the
relative Gibbs energies of different reduced intermediates. The results were consistent with
the previously mentioned two step reductive dehalogenations of aromatic halides. Starting
from iodonitrobenzene (407 kJ/mol), the first one electron transfer led to either the more
favored iodonitrobenzene radical anion (156 kJ/mol) or to nitrobenzene radical (550 kJ/mol).
After the second electron transfer step, full dehalogenation and the formation of nitrobenzene
anion (368 kJ/mol) was simulated. However, the formation of cationic nitrobenzene
intermediate was less probable. These results clearly indicated that the iodonitrobenzene
radical anion pathway is the most favoured. The comparison of C-1 bond length from 211 pm
(experimental 214 pm) in neutral iodonitrobenzene to 220 pm in iodonitrobenzene radical
anion led to conclusions about facilitated elimination of iodide.
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Figure 5.65: Semi-empiric calculation of relative thermodynamic Gibbs energies of aromatic
dehalogenation, Method: Geometry optimization, Frequency Calculation, UPM®6, Conditions:
1 atm, 298.15 K.

Based on the cyclic voltammetric redox potentials and excited state transition energy of
L-Az-B and stannanes, free energies of photo-induced electron transfer processes in
homogeneous solution were calculated. Table 5.13 shows the calculated Gibbs energies. It
was found that most of the photooxidation processes of stannanes were favoured electron
transfer steps (negative values). Owing to the higher HOMO level of L-Az-B, the
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probabilities of the photooxidations of tributyl(phenyl)stannane and
2-(tributylstannyl)pyridine was slightly negative.

Table 5.13: Calculated free energies of photo-induced electron transfer processes from the
aryl stannanes to L-Az-B according to the Gibbs equation:
AG= on(D/D+)'Ered(A/A-)'AEOO +4Ecoloumb.

- + Free
(EQS(;&/A#Q& (kcinEI(/)-r%ol) Stannanes (Ilzga(lll?r/rli)l)) (kigf/:ggl)

L Qz 351 69 1-methyl 12H(_tirrlll;;t;tl)(;IstannyI) 14 20
tributyl(phenylethynyl)stannane 22 -12

benzo[b]thiophen-2- 25 9

yltributylstannane

tributyl(furan-2-yl)stannane 12 -22

2-(tributylstannyl)oxazole 34 0

tributyl(phenyl)stannane 27 -7

2-(tributylstannyl)pyridine 31 -3
tributyl(thiophen-2-yl)stannane 10 -24

D: donor species; A: acceptor species, Eo(D/D"): oxidation energy of the donor, Ee(A/A):
reduction energy of the acceptor, AEq: excited singlet state energy, AEcooump: Coulombic
potential energy, Negative values of the Gibbs energy indicate favored processes.l"”

5.3.4 Conclusion

In summary, metal-free and reusable conjugated microporous polymers were successfully
employed in organic bond formation reactions. The underlying photoredox processes gave
new insights for understanding of photocatalytic reactions. A novel photocatalytic Stille-Type
coupling reaction pathway for aromatic C-C bond formations using conjugated organic
photocatalysts instead of palladium complexes was demonstrated. The reaction mechanism is
driven between the coupling reaction of the aryl radical by oxidative destannylation of the
aryl stannane, and the electron-activated aryl iodide. The driving force was the
photogenerated electron/hole pair of the conjugated organic photocatalysts. Theoretical
calculations confirmed that feasibility of the coupling reactions with specific substrates. The
visible light-promoted Stille coupling reaction using pure organic photocatalysts offers a
simple, sustainable and more economic synthetic pathway towards metal-free C-C bond
formation, and can be applied for a broader range of coupling reactions. As a further
perspective, we believe that non-toxic pseudohalides other than stannanes, if the oxidation
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potential matches well with the photocatalysts, could also be chosen as a suitable coupling
partner during the catalytic cycle.

6. Experimental Part

6.1 Materials and Instruments

Materials

All chemicals were purchased from commercial sources and were used without prior
purification unless stated otherwise. Solvents were used in HPLC quality or extra dry. Water
was used in Millipore quality (18.2 MQecm at 25 °C).

Azulen (99%, Alfa Aesar), 2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol ester) (98%,
Combi Blocks), 1-bromo-4-nitrobenzene (99%, Sigma Aldrich), catalase from bovine liver
(Aldrich), 1-chloro-4-nitrobenzene (99%, Aldrich), copper(ll) chloride (99%, Sigma Aldrich),
2-dicyclohexylphosphino-2',4’,6'-triisopropylbiphenyl (97%, Aldrich), 2,7-dibromo-9,9-bis(6-
bromohexyl)fluorine  (>98%, TCI), 1,5-diphenylcarbazide (DPC) (Aldrich), 4-
iodoacetophenone (98%, Aldrich),4-iodoanisole (98%, Aldrich), 4-iodobenzaldehyde (96%,
Aldrich), iodobenzene (98%, Aldrich),4-iodobenzontrile (97%, Aldrich), 1-iodo-4-
nitrobenzene (98%, Sigma Aldrich), 2-iodo-1-nitrobenzene (97%, Aldrich), 3-iodo-1-
nitrobenzene (99%, Aldrich), iron(lll) chloride hexahydrate (97%, Sigma Aldrich), 1-
methylimidazole (99%, Alfa Aesar), N-bromosuccinimide (99%, Sigma Aldrich), N-tert-
Butyl-a-phenylnitrone (98%, Aldrich), methylene blue (high purity, Alfa Aesar), methyl-4-
iodobenzoate (97%, Aldrich), methyl methacrylate (99%, Aldrich), N-methyl-2-
(tributylstannyl)indole (97%, Aldrich), phenylacetylene (98%, Sigma Aldrich), potassium
hexacyanoferrate(l11) (99%, Sigma Aldrich), potassium iodide (99%, Sigma Aldrich),
potassium chromate (> 99%, Sigma Aldrich), rhodamine B (97%, sigma Aldrich), sulfuric
acid (95 %, analytical chemical grade, Fisher Chemical),
tetrakis(triphenylphosphine)palladium(0) (99%, Aldrich), tributyl(phenylethynyl)tin (95%,
Aldrich), 2-tributylstannylfuran (97%, Aldrich), 2-tributylstannylbenzo[b]thiophene (95%,
Aldrich), 1,3,5-triethynylbenzene (98%, Alfa Aesar), tributylphenylstannane (97%, Aldrich),
2-(tributylstannyl)pyridine (85%, Aldrich), 2-(tri-n-butylstannyl)oxazole (97%, Aldrich),
trifluoroacetic acid (99%, Acros Organics), 1-vinylimidazole (99%, Alfa Aesar),
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Instruments
Gel permeation chromatography (GPC)

The measurements were performed on a PSS-SECcurity GPC/SEC system (Agilent
Technologies 1260 Infinity). Equipped with a SDV (PSS) column (particle size 10 um) and a
UV (PSS 1260 VWD) and refractory index (PSS 1260 RID) detector. The average flow rate
was 1 ml/min at 30 °C. The polystyrene standard was applied prior to analysis.

UV-Vis Diffuse Reflectance Spectroscopy (UV-Vis DRS)

The solid state UV-Vis remission spectra were performed on Perkin Elmer Lambda 900 UV-
Vis/NIR spectrometer equipped the integration sphere. The device was equipped with the
PMT UV-Vis photomultiplier and the PbS NIR detector. The grinded solid samples were
attached to transparent scotch tape and finally applied to the BaSO, coated holder of the
sphere remission chamber.

UV-Vis Spectroscopy (UV-Vis)

The UV-Vis absorption spectra in solution were performed on a Perkin Elmer Lambda 25
spectrometer. In order to measure background spectra the 2 beam absorption arrangement
was selected. Suprasil quartz cuvettes with 1 cm optical paths were used.

Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR measurements were performed with the Perkin Elmer Spectrum BX System. The
samples were prepared by the KBr pellet method.

Fluorescence Spectroscopy

Solid state fluorescence measurements were performed on a J&M TIDAS fluorescence
Spectrometer. Fluorescence measurements in liquid phase were taken from a TECAN Plate
Reader Infinite M100.

Thermogravimetric Analysis (TGA)

The thermogravimetric measurements were performed on a Mettler-Toledo TGA851 by
monitoring the temperature-dependent weight loss in the range from 25 to 1000 °C with 10
°C/min heating rate.
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Electron Paramagnetic Resonance Spectroscopy (EPR)

The EPR measurements were performed on a Magnettech Miniscope MS200, equipped with a
temperature controller TC HO2 and a microwave generator Model 3200 (XL Microwave).
The measurements were conducted at a By of 3350 Gauss and a sweep of maximum 150 G
with a sweep time of 60 s. The adjusted X-band microwave frequency was 9.39 GHz. For the
preparation of solid or liquid samples Hirschmann ringcaps® Duran® glass capillaries with
sealing rubber were taken. For light induced radicals the samples were stored in the dark for
several days prior to measurement.

Cyclic Voltammetry (CV)

The cyclic voltagramms were performed on a Metronm Autolab PGSTAT204
potentiostat/galvanostat using tetrabutylammonium hexafluorophosphate (0.1 M) as
electrolyte in anhydrous dichlormethane. The 3 electrode setup was used with platinum wire
as counter electrode, glassy carbon as working electrode and Standard Calomel Electrode
(SEC) as reference electrode. The measurments were conducted at a scan rate of 100 mV/s.
The HOMO/LUMO levels were calculated according to the equations: Exomo = - (4.4 + Eox.
onset) €V and Epumo = - (4.4 + Ereg-onset) €V. For conversion from Standard Calomel Electrode
(SCE) to the Normal Hydrogen Electrode (NHE) potential, the equation: Enpe = Esce - 0.24 V
was used.!*?"]

Surface Tension Measurement (Tensiometry)

The surface tensions and critical micelle formation concentration were measured with a
dynamic contact angle measuring instrument and tensiometer DCAT 21 system (dataphysics)
at room temperature in water.

Scanning Electron Microscopy (SEM)

Scanning electron microscopy images were recorded with a low voltage high resolution
scanning electron microscope LEO Gemini 1530 from Zeiss equipped with a wolfram emitter.
The acceleration voltage was kept according to the sample stability below 3 kV. The samples
were attached to carbon tapes and sputtered with platinum (2.5 nm layer thickness).

Transmission electron microscopy (TEM)

Transmission electron microscopy images were recorded on a JEOL JEM 1400 with LaBg
emitter at an acceleration voltage of 120 kV. For sample preparation the diluted sample
dispersions were applied by dropping on carbon coated copper grids.
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Quantum mechanical calculations

The quantum mechanical simulations of molecular properties were calculated by the Gaussian
09 program suite. Geometry optimizations of the molecule structures were calculated on the
density functional theory level with the Becke, three-parameter, Lee-Yang-Parr (B3LYP)
hybrid functional and the valence split basis 631G(d).l**®! The HOMO-LUMO levels were
derived from these calculations. Thermodynamic data were calculated on the semi-empirical
level PM6 by geometry optimization and subsequent vibrational analysis.

Nuclear Magnetic Resonance Spectroscopy (NMR)

The NMR spectra were measured with a Bruker Avance 300. The following resonance
frequencies were used: *H (300 MHz) and **C (75 MHz). All chemical shifts were related
trimethylsilan (TMS). The *H values were given according the following notation: s = singlet,
d = doublet, t = triplet, q = quartet, m = multiplet. The **C measurments were performed by
applying either the attached proton testing (ATP) or the composite pulse decoupling (CPD)
methods. The *3C spectra were assigned according the following description: quat =
quaternary, tert = tertiary, sec = secondary, prim = primary. Solid-state NMR *C
measurements were performed on a Bruker Avance 300. The magic angle spinning (MAS)
setup with a spinning frequency of 10 kHz was applied. Cross polarization techniques with
different polarization transfer durations between 1 and 3 ms were chosen. Adamantan and L-
Alanin as external standards were used prior to measurement.

Surface Area and Porosity Measurements via Gas Sorption

The surface areas and pore size distributions of the porous polymers were measured by
Quantachrome Autosorb 1. The samples were degassed for 24 h in vacuum at temperatures
ranging from 80 to 120 °C. Pore size distributions and pore volumes were calculated by the
quenched solid density functional theory (QSDFT, based on N,-carbon adsorption isotherms
at 77K, and the slit-pore model) for disordered micro/mesoporous carbon materials with
rough surfaces. The BET surface areas were based on P/P° data points from 0 to 0.25 and the
non-local density functional theory (NLDFT) was applied as BET fitting model.
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6.2 Water compatible conjugated microporous poly-azulene
networks as visible light photocatalysts in aqueous medium

6.2.1 Synthesis of azulene CMP: P-Az-1

A 50 ml Schlenck tube was charged with a solution of 142 mg (0.5 mmol) 1,3-
dibromoazulene, 117 mg 1,4-dibromobenzene (0.5), and 150 mg (1 mmol) 1,3,5-
triethynylbenzene in 4 ml DMF/trientylamine (1:1) under inert gas atmosphere. 58 mg (0.05
mmol, 5 mol%) tetrakis(triphenylphosphine) palladium(0) and 30 mg Cul (0.05 mmol, 5
mol%) were added and the mixture was heated up to 80 °C for 24 h. The crude material was
washed with water several times and extracted with MeOH and DCM in a Soxhlet apparatus.
The obtained products were green solids with a yield of 76%.

6.2.2 Synthesis of azulene CMP: P-Az-2

A 50 ml Schlenck tube was charged with a solution of 284 mg (1 mmol) 1,3-dibromoazulene
and 150 mg (1 mmol) 1,3,5-triethynylbenzene in 4 ml DMF/trientylamine (1:1) under inert
gas atmosphere. 58 mg (0.05 mmol, 5 mol%) tetrakis(triphenylphosphine) palladium(0) and
30 mg Cul (0.05 mmol, 5 mol%) were added and the mixture was heated up to 80 °C for 24 h.
The crude material was washed with water several times and extracted with MeOH and DCM
in a soxhlet apparatus. The obtained products were green solids with a yield of 90%.

* *
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Figure 6.1: **C-NMR CP-MAS solid state NMR spectrum of P-Az-2 (* sidebands).
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6.2.3 Protonation of the poly-azulene networks

A sample of Az-CMP was mixed and covered with trifluoricacetic acid (TFA). The slurry was
first dried at room temperature by a stream of air. Afterwards it was dried at 50 °C in a
vacuum heating chamber for several hours. The remaining material was dark and brittle
compared to the non-protonated material.

6.2.4 Synthesis of 1,3-dibromoazulene

BrBr

According to the literature,'*™ 500 mg (3.9 mmol, 1 eq.) azulene was solved in 50 ml THF
and cooled to 0 °C. 1.53 g (8.6 mmol, 2.2 eq.) of N-bromosuccinimide were solved in 30 ml
THF and cooled to 0 °C. The cold NBS solution was added dropwise under exclusion of light
over a time period of one hour. The mixture was allowed to warm up to room temperature and
stirred for 24 h. The crude mixture was extracted by dichloromethane and washed several
times with water. The combined organic phases were dried and concentrated. The final
purification was accomplished by column chromatography (hexane). Dark green crystals were
obtained. Yield: 963 mg (87%)

'H NMR 8.32 (d, 2H), 7.81 (s, 1H), 7.68 (m, 1H), 7.28 (t, 2H) ppm.

13C NMR: (300 MHz, CDCI3, 25 °C): = 140, 138.2, 136.7, 135.7, 124 ppm.
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Figure 6.2: 'H-NMR NMR spectrum of 1,3-dibromoazulene.
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Figure 6.3: **C-NMR APT spectrum of 1,3-dibromoazulene.
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6.2.5 Synthesis of 1,3-Bis(phenylethynyl)azulene (Az-Ph,)

=0

A 50 ml Schlenck tube was charged with a solution of 142 mg (0.5 mmol) 1,3-
dibromoazulene, 112 mg Phenylacetylene (1.1 mmol) in 5 ml DMF/trientylamine (1:1) under
inert gas atmosphere. 29 mg (0.025 mmol, 5 mol%) tetrakis(triphenylphosphine) palladium(0)
and 20 mg Cul (0.10 mmol, 20 mol%) were added and the mixture was heated up to 80 °C for
48 h. The crude mixture was extracted by dichloromethane and washed several times with

water. The combined organic phases were dried and concentrated. The final purification was
accomplished by column chromatography (hexane). Dark green crystals were obtained.

Yield: 64 mg (40%)

'H NMR (300 MHz, CDCI3, 25 °C): 8.61 (d, 2H), 8.14 (s, 1H), 7.71 (m, 1H), 7.63 (m, 4H),
7.36 (m, 6H), 7.32 (m, 2H) ppm.

3C NMR: (75 MHz, CDCI3, 25 °C): & = 141.9, 141.5, 140.0, 137.1, 131.4, 128.4, 127.9,
125.6, 123.9, 110.6, 94.1, 84.9 ppm.
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Figure 6.4: "H-NMR NMR spectrum of 1,3-bis(phenylethynyl)azulene (Az-Phy).
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Figure 6.5: "*C-NMR CPD spectrum of 1,3-bis(phenylethynyl)azulene (Az-Phy).
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Figure 6.6: 'H-NMR NMR spectrum of 1,3-bis(phenylethynyl)azulene (Az-Ph,) after
protonation with TFA.
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6.2.6 Photocatalytic reduction of Cr(VI) to Cr(l11) using poly-azulene
networks

In a 25 ml vial, 3 mg protonated poly-azulene were added into 5 ml of Cr(VI) solution
(K2CrO7 in H,0, 25 mg/l). Under inert atmosphere, the mixture was stirred for 1 h in order to
adjust an adsorption/desorption equilibrium. Light irradiation was conducted with a 23 W
fluorescence energy saving light bulb (OSRAM). The Cr(l11) concentration was determined at
540 nm by titration with a diphenylcarbazide (DPC) solution determined using the UV-vis
spectroscopy.'” In detail, 100 pl of solution after photocatalytic reduction of Cr(VI)
was mixed with 0.9 ml of 0.2 M H,SOq,, followed by addition of 20 pl of freshly prepared
0.25% (w/v) DPC in acetone. After stirring for about 1 min, it was allowed to stand for 15
min so as to ensure full color development. The developed purple color formed was then
measured at 540 nm.
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Figure 6.7: UV/vis absorption of DPC for determination of the photocatalytic reduction Cr"'
to Cr'" using P-Az-1 as photocatalyst in water under white light irradiation.
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Figure 6.8: UV/vis absorption of DPC for determination of the photocatalytic reduction Cr"'
to Cr'" using P-Az-2 as photocatalyst in water under white light irradiation.
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6.2.7 Photocatalytic reduction of Cr(VI) to Cr(l11) using protonated Az-Ph,

Similar to the procedure using the polymer, 3 mg protonated Az-Ph, were added into 5 ml of
Cr(VI) solution (K,CrO7 in H,0O, 25 mg/l). Under inert atmosphere, the mixture was stirred
for 1 h in order to adjust an adsorption/desorption equilibrium. Light irradiation was
conducted with a 23 W fluorescence energy saving light bulb (OSRAM). The Cr(lll)
concentration was determined at 540 nm by titration with a diphenylcarbazide (DPC) solution
determined using the UV-vis spectroscopy as described in the experimental part.

—— 0 min
—— 15 min
0,04 -
C
.
3 0,02
o
(2]
o)
©
0,00
T T T T
400 500 600

wavelength (nm)

Figure 6.9: UV/vis absorption of DPC for determination of the photocatalytic reduction
Cr(VI) to Cr(lll) using Az-Ph, as homogeneous photocatalyst in water under white light
irradiation.

106



6.2.8 Photoreduction of Cr(VI) to Cr(l11) using poly-azulene networks and
additional metal cations as co-catalysts in a cascade cycle

The co-catalysts FeCl;s or CuCl, (1 equivalent with regard to Cr(V1)) were added to the
reaction solution. The samples have been taken every 10 min in order to detect the amount of
Cr(VI) in the solution. The photoreduction of Cr(V1) was conducted as mentioned above and
by monitoring with the DPC method.
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Figure 6.10: UV/vis absorption of DPC for determination of the photocatalytic reduction

Cr(VI) to Cr(l1) using P-Az-1 photocatalyst and Fe(ll1)Cl, as cascade co-catalyst in water
under white light irradiation.
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Figure 6.11: UV/vis absorption of DPC for determination of the photocatalytic reduction
Cr(VI) to Cr(l1l) using P-Az-1 photocatalyst and Cu(Il)Cl, as cascade co-catalyst in water
under white light irradiation.
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6.2.9 Photoreduction of Cr(VI) to Cr(l1l) using poly-azulene networks and
formic acid as extra electron donor

The reaction conditions were similar to that of only using P-Az-1h. Formic acid (0.36
mmol/ml) was added in excess. The samples have been taken every 10 min in order to detect
the amount of Cr(VI) in the solution. And the photoreduction rate of Cr(VI) were conducted
as mentioned above and by monitoring with the DPC method.
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Figure 6.12: UV/vis absorption of DPC for determination of the photocatalytic reduction
Cr(VI) to Cr(l1l) using P-Az-1 photocatalyst and formic acid as electron donor in water
under white light irradiation.

6.2.10 Determination of Fe(ll) in the cascade catalytic cycle
In a 10 ml Vial 2 mg Potassium ferricyanide (K3[Fe(CN)e]) was dissolved in 5 ml deionized
water. After dispersing 5 mg of P-Az-1h the mixture was degassed and irradiation using the

23 W energy saving light bulb for 40 min. The presence of Fe(ll) could be visualized by the
change of color from yellow to blue (see Figure 5.22).

6.2.11 Repeating experiments

The repetition of the photoreduction and testing of the photocatalytic long-term performance
was conducted by addition of 0.1 ml of a concentrated Cr(V1) solution (2.5 mg K,CrOy in 2
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ml H,0) to the reaction vial. The progress of the photoreduction was monitored as mentioned

above with the DPC method.
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Figure 6.13: Repeating cycles of the photocatalytic reduction of Cr(VI) using P-Az-2h as
catalyst. C is the initial concentration of Cr(VI), and Cy is the initial concentration after

research reaching adsorption/desorption equilibrium in dark.

6.2.12 Apparent Quantum Yield Measurements

In order to determine the apparent quantum vyield, the photoreduction of Cr(V1) to Cr(l1l) was
conducted as mentioned before with a blue LED (460 nm, 0.26 W/cm?). The conversion was
determined after 20 min by UV-Vis spectroscopy. The illumination area was 6.76 cm? and the
LED intensity was measured by a Coherent Lab-Max energy meter. The apparent quantum

yield was estimated by following equation:

moles of product evolved

P(AQY) = moles of incident photons
_Ne 10006 = M>Na 10006
Np Etotal
Ephoton
_ M>xNa 10006 = MXNax7XC 0004
SxPxt SxPxtxA
hxS
A
= 0.09%
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re, M is the amount of product molecules (mol), N is Avogadro constant (6.022x10°/mol), h
is the Planck constant (6.626x107%J-s), ¢ is the speed of light (3x10°m/s), S is the irradiation
area (cm?), P is the intensity of irradiation light (W/cm?), t is the photoreaction time (s), A is
the wavelength of the monochromatic light (m).

6.3 Heterophase photocatalyst from water-soluble conjugated
polyelectrolytes: a self-initiation example under visible light

6.3.1 Synthesis of P-FL-BT-1

Br, Br Br Br

io\B B,oi Suzuki
+ 3 N\ —_—
Br Q. Br o N;/ \;N 0 coupling 0.0 O n
g ] \N
N<a
S
P-FL-BT-1

A 25 ml Schlenck tube was filled with 646 mg (Immol, 1 eq.) 2,7-dibromo-9,9-bis(6-
bromohexyl)fluorene and 388 mg (1 mmol, 1 eq.) 2,1,3-Benzothiadiazole-4,7-diboronic acid
pinacolester and the mixture was dissolved in 6 ml THF. Additionaly, 70 mg (0.06 mmol, 6
mol%) Tetrakistriphenylphosphinpalladium (0), 28 mg (0.06 mmol, 6 mol%) XPHQOS, and 2
ml of a potassium carbonate solution (967 mg in 2 ml H,0) were added and the mixture was
degassed for 20 min. The mixture was heated and left stirring at 80 °C for 18 h under argon
atmosphere. After cooling down to room temperature the reaction mixture was poured into
100 ml of water and extracted three times by 100 ml of dichloromethane. The organic phase
was filtrated by celite and dried over MgSO,. After removing the solvent the obtained
material was extracted in a Soxhlet apparatus and washed with methanol for two days. Yield:
590 mg (95%). Mn: 15050 g/mol, Mw: 34095 g/mol, PDI: 2.27.

'H NMR (300 MHz, CDCls, 25 °C): § 7.95 (8H), 3.24 (4H), 2.10 (4H), 1.66 (4H), 1.25 (8H),
0.88 (4H).
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Figure 6.14: 'H-NMR spectrum of P-FL-BT-1.

6.3.2 Synthesis of P-FL-BT-2

X
N
Br Br ¢5¢>\Pi;;:i?(:) (:)}iifj?(:)
Br
. O N/j,‘\, - B?
U oo
S

P-FL-BT1
P-FL-BT2

In a 25 ml Schlenk tube, 0.1 g (0.16 mmol) P-FL-BT-1 was added to 2 ml THF and stirred
until dissolved under argon atmosphere. Subsequently, 4 mL DMF, 5.0 g (52 mmol) 1-
vinylimidazole, and 0.25 g (1.13 mmol) 2,6-di-tert-butyl-4-methylphenol were added under
stirring. The reaction mixture was then stirred for 24 h at 60 °C, 80 °C and 100 °C
respectively. The crude product was precipitated in THF and washed with THF several times.
The product was stored at 4 °C for further use. Yield: 91 mg (88%). Functionalization:
approximately 92%.

'H-NMR (400 MHz, DMSO-dg, 25 °C): § (ppm) = 9.55 (bs, 2H), 8.24-7.60 (m, 12H), 7.25
(m, 2H), 5.95 (d, 2H), 5.38 (d, 2H), 4.12 (bs, 4H), 1.76-0.86 (m, 20H).
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Figure 6.15: "H-NMR spectrum of P-FL-BT-2.

6.3.3 Synthesis of P-FL-BT-3 as nanoparticles

An aqueous solution of P-FL-BT-2 (0.1 mg/ml) were degassed for 5 min, under constant
stirring the solution was irradiated with a white LED (1.2 W/cm2, OSA Opto Lights) for 3 h,
until the particle size became constant according to DLS measurement.

6.3.4 Synthesis of P-FL-BT-3 as porous monolith

The water in oil emulsion was made by slowly adding 4 mL of hexadecane to 1 ml of an
aqueous solution of P-FL-BT-2 (4 mg/ml) under vigorous stirring using an Ultra Turrax IKA
T18 mechanical stirrer at 14000 RPM. After 10 min, the homogeneous mixture became
viscous and was exposed to visible light generated by a white LED lamp (1.2 W/cm2, OSA
Opto Lights) overnight. The resulted monolith was then rinsed a few times with methanol and
placed on a shaker to remove the residual hexadecane overnight. Afterwards, the obtained
polymer monolith underwent freeze-drying before further characterization studies were
conducted.
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6.3.5 Synthesis of poly(9,9-bis(6-bromohexyl)-fluorene) P1

d(PPhy),, XPHOS
K2CO3
O ji o :@ H,O/THF
Br . / \
4d, 80°C

Br

Br

A 25 ml Schlenck tube was filled with 1.5 g (2.3 mmol, 1 eq.) 2,7-dibromo-9,9-bis(6-
bromohexyl)fluorene and 585 mg (2.3 mmol, 1 eq.) bis(pinacolato)diboron and the mixture
was dissolved in 12 ml THF. Additionaly, 160 mg (0.14 mmol, 6 mol%)
Tetrakistriphenylphosphinpalladium (0), 66 mg (0.14 mmol, 6 mol%) XPHOS, and 4 ml of a
potassium carbonate solution (2.23 g in 4 ml H,0) were added and the mixture was degassed
for 20 min. The mixture was heated and left stirring at 80 °C for 4 d under argon atmosphere.
After cooling down to room temperature the reaction mixture was poured into 100 ml of water
and extracted three times by 100 ml of dichloromethane. The organic phase was filtrated by
celite and dried over MgSO,. The product was concentrated in a rotatory evaporator and
precipitated in methanol. In order to remove oligomeric fractions the obtained product was
Soxhlet extracted with methanol. Overall the yield for the polymer was 1.05 g (94%).1*%!

Mn: 4680 g/mol, PDI: 2.2

'H-NMR (400.1 MHz, CDCI3): & (ppm) = 7.83 (d, 2H), 7.66 (m, 4H), 3.31 (t, 4H), 2.16 (m,
2H), 1.71 (m, 6H), 1.24 (m, 10H), 1.09-0.84 (m, 2H).
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Figure 6.16: *H-NMR spectrum of P1.

6.3.6 Synthesis of P2Br

1 400

13000

+12000

+11000

~10000

In a 50 ml schlenk tube under argon atmosphere 0.5 g (1 mmol) poly(9,9-bis(6-bromohexyl)-
fluorene) (P1) was added to 10 ml THF and stirred until dissolved. Subsequently, 20 mL
DMF, 25 g (0.26 mol) 1-vinylimidazole, and 1.25 g (5.67 mmol) 2,6-di-tert-butyl-4-
methylphenol were added under viragoes stirring to the solution. The reaction mixture was
stirred 24 h at 60 °C, 80 °C and 100 °C respectively. The crude product was precipitated in
THF and washed with THF several times. The product was stored in THF at 7 °C for further

use. Overall the yield for the polymer was 358 mg (71 %).

1H-NMR (400 MHz, DMSO-d6, 25 °C): § (ppm) = 9.71 (bs, 2H), 8.21 (s, 2H), 7.92 (m, 6H),

7.29 (m, 2H), 5.94 (d, 2H), 5.39 (d, 2H), 4.13 (bs, 4H), 1.92-0.29 (m, 20H).

Functionalization: 90%. This value is calculated by comparing the integration area of peak o

with peak i (see Figure 5.34).1]

114



6.3.7 Synthesis of P3Br

In a 50 ml schlenk flask under argon atmosphere 300 mg (0.48 mmol) of P2Br, 30 mg (0.1
mmol) 2,2'-azobis[2-methyl-N-(2-hydroxyethyl)propionamide], and 35 ml deionized water
were mixed. 3 freeze-pump-thaw cycles were applied in order to remove oxygen. The reaction
mixture was stirred at 85 °C for 24 h. The crude product was washed with deionized water
several times. The yield of P3Br was 288 mg (96%).1**%!

6.3.8 Synthesis of P3X (X = BF,, PFs or TFSI)

lon exchange was performed by using two solutions: 1) 50 mg (0.08 mmol) of P3Br dispersed
in 20 ml deionized water, and 2) 1.05 eq. of sodium tetrafluoroborate, potassium
hexafluorophosphate or lithium bis(trifluoromethanesulfonyl)imide in 10 ml deionized water.
2) is then added dropwise to 1) under vigorous stirring. The precipitate was washed with
deionized water to remove residual salt.[***

6.3.9 Synthesis of PMMA using P-FL-BT-1 as photoinitiator

In a glass vial, a mixture of MMA (2 ml, 9.39 mmol), P-FL-BT-1 (3 mg) and Et;N (2 ml)
were added. The mixture was purged with N2 for 5 min and the vial was sealed from air. The
mixture was then irradiated with a white LED lamp (1.2 W/cmz2, OSA Opto Lights) overnight.
After the irradiation, the mixture was dissolved in THF and reprecipitated in methanol. The
polymer is collected by filtration and dried under vacuum at 40 oC overnight. Gel permeation
chromatography (GPC) was measured using PMMA as standard by determination of UV/vis
absorption at 254 nm to separate the product and P-FL-BT-1. Mn: 35338 Da, Mw: 87775 Da,
PDI: 2.48.

6.3.10 Photodegradation of rhodamine B and methylene blue

About ¥ of the porous monolith of P-FL-BT-3 (ca. 1 mg) was placed into a 20 ml vial
containing the organic dye solution (10 ml, 10 mg/ml). The vial was kept 1 cm away from the
white LED lamp under stirring under air. UV/vis samples were taken periodically to track the
degradation rates of the dyes.
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Figure 6.17: Photocatalytic degradation of Rhodamine B using P-FL-BT-3 in water under
white light irradiation.
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Figure 6.18: Photocatalytic degradation of Methylene blue using P-FL-BT-3 in water under
white light irradiation.
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For the repeating experiments, the same procedure was repeated 10 times.

6.3.11 Photoreduction of Cr(VI) to Cr(l11)

In a 10 ml vial, 1/2 of the porous monolith of P-FL-BT-3 (ca. 1 mg) was placed into 5 ml of
Cr(VI) solution (25 mg/l). Under inert atmosphere, the mixture was irradiated with a white
LED and stirred constantly. The Cr(VI) concentration was determined at 540 nm by titration
with a diphenylcarbazide (DPC) solution determined using the UV-vis spectroscopy. In detail,
1 mL of solution after photocatalytic reduction of Cr(VI) was mixed with 9 ml of 0.2
M H,SO,, followed by addition of 0.2 mL of freshly prepared 0.25% (w/v) DPC in acetone.
After stirring for about 1 min, it was allowed to stand for 15 min so as to ensure full
color development. The developed purple color formed was then measured at 540 nm.
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Figure 6.19: UV/vis absorption of DPC for determination of the photocatalytic reduction Cr"'
to Cr'"' using P-FL-BT-3 as photocatalyst in water under white light irradiation.

6.3.12 Scavenger study of rhodamine B degradation using P-FL-BT-3 as
photocatalyst

1 mg of P-FL-BT-3 was dispersed in 5 ml of rhodamine B solution (10 mg/ml) in a 10 ml
glass vial in air. To the reaction mixture different scavengers (ca. 0.5 mmol) were added and
irradiated using a white LED under constant stirring for 1 h. Reaction conditions with
different scavengers: 1,4-benzoquinone (BQ) (54 mg), sodium azide (NaNj) (33 mpg),
isopropanol (IP) (30 mg), potassium iodide (KI) (83 mg) and catalase (CAT) (7.5 mg, 2000 -
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4000 U/mg). The degradation degree of rhodamine B was analyzed by UV-vis spectroscopy
and the results are displayed in Figure 5.46.

6.4 Photocatalytic Stille-type coupling reactions using conjugated
organic catalysts with visible light

6.4.1 Synthesis of P-Az-B

o._.0O
Br B
Suzuki
OO + Coupling
O. .0 I
o
Br o of

P-Az-B

A 25 ml Schlenk tube was filled under argon with 210 mg phenylboronic acid (0.46 mmol, 1
eq), 67 mg 1,3-dibromoazulene (0.23 mmol, 0.5 eq), 32 mg Pd(PPhs)s (6 mol%). After
dissolving the mixture in 6 ml DMF, 2 ml of aqueous potassium carbonate (4.45 mg, 3.22
mmol, 7 eq) was added. The reaction mixture was heated at 90 °C under continuous stirring.
After 24 hours additional 67 mg 1,3-dibromoazulene (0.23 mmol, 0.5 eq) was added to the
reaction mixture. After another 24 h, the last step was repeated and again 67 mg 1,3-
dibromoazulene (0.23 mmol, 0.5 eq) was added to the reaction mixture, while keeping the
reaction for 24 h at 90°C. Finally the reaction mixture was refluxed at 145 °C for further 24 h.
Each addition step was accompanied with a change of color from pale green, dark blue, to
black. After cooling down to room temperature, the reaction mixture was filtered, washed
several times with brine, water, and several times with dichloromethane and THF. The black
powder was extracted by Soxhlet extraction (MeOH, DCM) for 2 d. Yield: 108 mg (52 %).
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Figure 6.20: Solid state CP-MAS **C-NMR spectrum of P-Az-B at rotation frequency of 10
kHz (side bands*).

6.4.2 Synthesis of L-Az-B

HO. __OH
Br B Suzuki O
+ —_—
o _B. O
HO OH

L-Az-B

A 25 ml Schlenk tube was filled under argon with 142 mg 1,3-dibromoazulene (0.5 mmol, 1
eq), 83 mg phenylboronic acid (0.5 mmol, 1 eq), 35 mg Pd(PPh3), (6 mol%). After dissolving
the mixture in 4 ml THF, 2.3 ml of aqueous potassium carbonate (484 mg, 3.5 mmol, 7 eq)
was added. The reaction mixture was left at reflux temperature while it was stirring about 48
h. Additional 61 mg phenylboronic acid (0.5 mmol) were added as endcapping agent. The
mixture was again refluxed for 6 h before cooling down to room temperature. The reaction
mixture was washed with brine and water, and extracted three times with 100 ml of
dichloromethane. The organic phase was filtered over cellite to remove traces of
precipitations of the catalysts. After drying over MgSQO, the solvent was removed under
reduced pressure. The crude product was purified with column chromatography. The final

product was precipitated in cold methanol. 83 mg (82%) of dark green powder was obtained.
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Figure 6.21: *H-NMR spectrum of Az-Ph, and L-Az-B.

6.4.3 Synthesis of 1,3-bis(phenyl)azulene (Az-Ph,)

Br HO.

B/OH Suzuki O
Coupling Q
+ —_—
Br O

Az-Ph,

A 25 ml Schlenk tube was filled under argon with 100 mg 1,3-dibromoazulene (0.35 mmol, 1
eq), 86 mg phenylboronic acid (0.70 mmol, 2 eq), 25 mg Pd(PPh3); (6 mol%). After
dissolving the mixture in 4 ml THF, 1.5 ml of aqueous potassium carbonate (341 mg, 2.47
mmol, 7 eq) was added. The reaction mixture was left at reflux temperature while it was
stirring about 24 h. After cooling down to room temperature, the reaction mixture was

washed with brine and water, and extracted three times with 100 ml of dichloromethane. The
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organic phase was filtered over Celite® to remove the catalyst residue. After drying over
MgSQ;,. the solvent was removed under reduced pressure. The crude product was purified
with column chromatography with hexane as eluent. 36 mg (37%) of dark blue solid was

obtained.

'H NMR (300 MHz, CDCI3, 25 °C): & (ppm) = 8.45 (d, 2H), 8.04 (s, 1H), 7.55 (m, 4H), 7.50
(t, 1H), 7.43 (m, 4H), 7.28 (m, 2H), 7.03 (t, 2H)

6.4.4 Bromination of azulene

o Br
Bromination . i
Br

According to the procedure in 6.2.2.

6.4.5 Photocatalytic destannylation reaction of aryl stannanes using P-Az-B
as photocatalyst

A 25 ml Schlenk tube was filled with 5 mg P-Az-B, 0.2 mmol aryl stannane in 5 ml THF. The
reaction mixture was kept under stirring in air while it was irradiated with a white LED lamp
(1.2 Wicm?, OSA Opto Lights) for 24-45 hours. After the reaction was finished the catalyst
was removed by filtration and the raw product was purified by column chromatography with

hexane/ethylacetate (5:1 volume ratio) as eluent.

6.4.6 Radical trapping experiment with N-tert-butyl-a-phenylnitrone (PBN)

A 20 ml vial was filled under argon atmosphere with 5 mg P-Az-B, 65 upl 2-
(tributylstannylfuran, 0.05 M PBN, and 4 ml anhydrous THF. The mixture was irradiated
under stirring with a white LED lamp. Samples were taken at different times and measured by
EPR. In order to exclude other interactions of radical species with PBN, a control experiment
was conducted with P-Az-B and PBN in THF.
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6.4.7 General procedure for the photocatalytic Stille-type coupling of
aromatic iodides with stannanes

A 25 ml Schlenk tube was filled under argon atmosphere with 5 mg of P-Az-B, 0.2 mmol of
Arl, and 0.2 mmol of the corresponding tri-n-butylstannane. Additional 4 ml dry THF was
added and the mixture was irradiated with a white LED lamp (1.2 W/cm?, OSA Opto Lights)
while it was stirring for 24 h. After the reaction was finished the catalyst was recovered by
filtration and the raw product was purified by column chromatography with

hexane/ethylacetate (5:1 volume ratio) as eluent.

6.4.8 Repeating experiments of the photocatalytic Still-type coupling of 4-
iodonitrobenzene with 2-(tributylstannyl)furan

B O Az-CMP o
ol D - B - o O]
2 \_/ white LED 2 \

THF

A 25 ml Schlenk tube was filled under argon atmosphere with 20 mg of P-Az-B, 0.2 mmol of
4-iodonitrobenzene, and 0.2 mmol of 2-(tributylstannyl)furan. Additional 4 ml dry THF was
added and the mixture was irradiated with a white LED lamp (1.2 W/cm?, OSA Opto Lights)
while it was stirring for 24 h. After the reaction was finished the catalyst was recovered by
membrane filtration and the raw product was purified by column chromatography with
hexane/ethylacetate (5:1 volume ratio) as eluent. The same batch of P-Az-B was reused in 5

consecutive runs by the above mentioned procedure.

6.4.9 Apparent Quantum Yield Measurements

The apparent quantum yield was determined according the procedure described in 6.2.12. In
order to determine the apparent quantum vyield, the photocatalytic Stille coupling was
conducted by irradiating 5 mg P-Az-B, 50 mg (0.2 mmol) 4-iodonitrobenzen, and 63 pl (0.2
mmol) 2-(tributylstannyl)furan with a blue LED (460 nm, 0.26 W/cm?). The conversion was
determined after 1 h by column chromatography.
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6.4.10 'H-NMR spectra of coupling products
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6.4.11 *C-NMR spectra of coupling products
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7. Overall Conclusion and Outlook

In this thesis, two different aspects of porous conjugated polymers as visible-light-active and
heterogenous photocatalysts have been discussed: 1.) Synthesis strategies for control of
hydrophilicity 2.) Metal-free photoredox mediated reaction design as replacement for
traditional transition metal-catalyzed carbon-carbon bond formation reactions.

The main strategies of water-compatible conjugated porous polymers were demonstrated by
the following examples:

1.) Stimuli-responsive bifunctional azulene monomers have been incorporated via co-
polymerization with trifunctional co-monomers into hydrophobic conjugated microporous
polymers (CMPs) as pristine materials. To control the hydrophilicity a simple protonation
method of azulene units was conducted, leading to the formation of the cationic tropyllium
unit and therefore hydrophilic polymer networks. The photocatalytic performance of
hydrophilic polymers was demonstrated via model reactions such as photoreduction of toxic
heavy metal ions in water, or cascade photoredox reactions using Fe(l11) or Cu(ll) as electron
mediating agents.

2.) A second design strategy for hydrophilic, highly porous conjugated polymers, was
demonstrated in formation of cross-linked conjugated polyelectrolytes (CPEs). The CPEs
consisted of a photoactive, electron donor and acceptor containing poly-fluorene-
benzothiadiazole main chain, and ionic vinylimidazolium side groups. This structural
construction led to amphiphilic nature of the polymers, showing a surfactant-like property
with critical micelle concentration (CMC) of ca. 0.90 mM. This value is similar to that of
hexacetyltrimethylammonium bromide (CTAB, 0.92 mM), a widely used cationic surfactant
in aqueous media. Given the photoactive and conjugated main chain, the designed polymer
could act successfully as a photosensitizer for the visible light-initiated cross-linking reaction
of the vinyl groups, leading to a so-called “self-initiated” cross-linking reaction of the
polymer under visible light irradiation in its water solution, which caused the formation of
poplmer nanoparticles, or in a water in oil emulsion system, which led to the formation of
highly porous polymer monoliths. The performance of the highly porous polymer monolith as
heterogeneous photocatalyst in water was demonstrated via the photodegradation of organic
dyes, the photoreduction of heavy metal ions, and the radical photopolymerization of methyl
methacrylate.

The development of metal-free photoredox mediated reaction design as replacement for
traditional transition metal-catalyzed carbon-carbon bond formation reactions was introduced
as the following:

3.) Azulene-based conjugated micoporous polymers have been used as homogeneous and
heterogeneous photocatalysts in Stille-type C-C coupling reactions. To understand the
photocatalytic C-C reaction mechanism of aromatic stannanes and iodides, two different
reaction steps, i.e. the photooxidative destannylation and photoreductive activation of
aromatic iodides have been studied independently. It was found that the photogenerated
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electron/hole pairs provided the driving force for the Stille-type C-C coupling reaction. The
results of the reaction mechanistic investigation were confirmed via anaylsis of redox
potentials, radical trapping experiments, photoluminescence quenching experiments, and
calculation of thermodynamic values of photoreductive and photooxidative processes. The
photocatalytic performance of the azulene photocatalysts were demonstrated by a series of
aromatic stannanes and iodides with different substitution groups. It was shown that suiTable
substrate molecules for the photocatalytic Stille-type coupling were electron deficient
aromatic iodides and electron rich aromatic stannanes.

It is also worth to mention that the repeating experiments of the novel photocatalysts showed
a high stability of the porous polymers without significant loss of photocatalytic efficiency.

The here presented design strategy could be seen as a general materials platform for design of
novel pure organic, metal-free and heterogeneous photocatalysts based on conjugated porous
polymers. The application field should be limited on chemical transformation reactions, but
also could be extended in a wider range towards biological or biomedical use of these novel
materials in agueous media.
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8. List of Abbreviations

APT attached proton testing

AQY apparent quantum yield

BET Brunnauer-Emmet-Teller

CB conduction band

CMC critical micelle concentration

CMP conjugated microporous polymers

COF covalent organic framework

CPD composite pulse decoupling

CPE conjugated polyelectrolyte

CP-MAS cross polarization magic angle spinning

CTAB hexacetyltrimethylammonium bromide

Cv cyclic voltammetry

DCM dichloromethane

DLS dynamic light scattering

DMF dimethylformamide

DPC diphenylcarbazide

DRS diffuse reflectance spectroscopy

e free electron

Eq band gap energy

Eoo excitation energy for the So-S; transition

AE . o10umpic  €nergy of coloumbic interaction

Enom activation barrier for homogeneous reactions

Enet activation barrier for heterogeneous reactions

EQ, standard electrode potential for oxidation

Eoxi-onset oxidation onset level

EPR Electron Paramagnetic Resonance Spectroscopy
Ped standard electrode potential for reduction

Ered-onset reduction onset level
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EtOAC
FRET
FT-IR

GHz
GPC
h+

HCP
HIPE
HOMO
HPLC
LUMO
MAS
MeOH
MHz
MLCT
MMA
MOF

NHE
NMR

NP
PBS-PFP
PE

PFP-
NMeEtBr

PMMA

ppm
138

ethylacetate

fluorescence resonance energy transfer
fourier transform infrared spectroscopy
gibbs energy for photoinduced electron transfer
gigahertz

Gel permeation chromatography
photogenerated hole

planck constant

hyper cross-linked polymers

high internal phase emulsion

highest occupied molecular orbitals
high-performance liquid chromatography
lowest unoccupied molecular orbital
magic angle spinning

methanol

megahertz

metal to ligand charge-transfer

methyl methacrylate

metal organic framework

frequency

normal hydrogen electrode

nuclear magnetic resonance

nanoparticle

poly(1,4-phenylene-[9,9-bis(4-phenoxybutylsulfonate)]fluorene-2,7-diyl)

polyelectrolyte

poly[(9,9-dihexyl-2,7-fluorene)-alt-co-(2,5-bis{3-[(N,N-dimethyl)-
N-ethylammonium]-1-oxapropyl}-1,4-phenylene)] dibromide

poly(methyl methacrylate)

parts per million



PPP-NEt;
PPP-OPSO;

PTHS
PTMIm
PTPANa
RPM
SCE
SEM
SFT
TEM
TGA
THF
TMS
uv

VB

Vis
WCPP
XPHOS

poly(para-phenylene)triethylamine iodide

poly[2,5-bis(3-sulfonatopropoxy)-1,4-phenylene-alt-1,4-phenylene]

sodium salt

Poly(6-(thiophen-3-yl)hexane-1-sulfonate)

2,5-poly(thiophene-3-(1-methylimidazolium-3-ethyloxy))bromide

2,5-poly(thiophene-3-sodium propionate)
rounds per minute

standard calomel electrode

scanning electron microscopy

surface tension

transmission electron microscopy
thermal gravimetric analysis
tetrahydrofurane

trimethylsilane

ultraviolet

volt

valence band

visible

water-compatible conjugated porous polymers

2-dicyclohexylphosphino-2',4",6'-triisopropylbiphenyl
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