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Einflihrung

Diese Arbeit befasst sich mit neuen konzeptionellen Designs fiir die Entwicklung von
niedermolekularen organischen Halbleitern als effiziente Photokatalysatoren fiir organische
Photoredox-Reaktionen. Sichtbares Licht wurde als Energiequelle benutzt. Ziel der Arbeit war
es, eine neue Klasse von metallfreien Photokatalysatoren auf Basis von organischen Halbleitern
als Alternative von traditionellen Ubergangsmetallkomplexen zu etablieren und deren

Einsatzbereich zu untersuchen und zu erweitern.

Zunachst wurde ein allgemeines Konstruktionsprinzip von niedermolekularen organischen
Halbleitern prasentiert, um entscheidende Anforderungen zu erfiillen wie: 1) Absorption im
sichtbaren Bereich, 2)ausreichendes Photoredoxpotential und 3)lange Lebensdauer der
photogenerierten Exzitonen. Die photokatalytische Aktivitdit wurde anhand der
intermolekularen C-H-Funktionalisierung von elektronenreichen Heteroarenen mit Malonaten
demonstriert. Eine mechanistische Studie Uber den lichtinduzierten Elektronentransfer
zwischen dem organischen Photokatalysator, dem Substrat und dem Opferreagenz wurde
beschrieben. Mit ihrem einstellbaren Absorptionsbereich und ihrer definierten energetischen
Bandstruktur stellen die niedermolekularen organischen Halbleiter eine neue Klasse von
metallfreien Photokatalysatoren fiir organische Reaktionen unter Bestrahlung mit sichtbarem

Licht dar.

Anschlieend wurde ein weit verbreitetes Problem bei organischen Photoredox-Reaktionen
untersucht, namlich der essentielle Einsatz eines Opferreagenzes, das als Elektronendonor
fungiert. Dabei wurde ein neues Konzept von photokatalytischen Systemen vorgestellt, wobei
anstatt eines organischen Halbleiters als Einzelsystem ein kooperatives Katalysatorpaar
eingesetzt wurde. Fortgeschrittene photophysikalische Untersuchungen zeigten, dass eine
effiziente intermolekulare Ladungsseparation innerhalb des kooperativen Halleiterpaars
stattfindet und dadurch der Einsatz des Opferreagenzes als zusatzlicher Elektronendonor nicht

bendtigt wurde.



Als nachstes wurde der Einsatz der organischen Halbleiter fiir aromatische C-C-
Bindungsformationen untersucht. Hier wurde die Grundstruktur der organischen Halbleiter
prazise modifiziert, so dass ein extrem hohes LUMO (lowest unoccupied molecular orbital) von
ca. -2.04 V vs. SCE erreicht wurde. Diverse Arylhalide konnten erfolgreich reduziert werden. Die
dadurch entstandenen Arylradikale wurden fiir die danach folgende C-C-Bindungsformation

eingesetzt.

Als letztes wurden organische Halbleiter fiir licht-kontrollierbare ATRP (atom transfer radical
polymerization) eingesetzt. Ein besonderes Augenmerk galt der Anpassung der
Reduktionspotentiale von allen Reaktionskomponenten, nédmlich Photokatalysator, Initiator und
Additiven. Kontrollierbare Polymerisationen sowohl zu reinen Polymeren also auch zu

Blockcopolymeren wurden erfolgreich demonstriert.



Abstract

In this thesis, small molecule organic semiconductors (SMOS) containing electron donor and
acceptor moieties have been designed as metal-free, visible light-active and stable
photocatalysts for organic transformation reactions as a promising alternative to the traditional

transition metal complexes.

First, a general structural design principle of the small molecule organic semiconductor-based
photocatalysts has been established following crucial requirements: (i) visible light absorption;
(ii) sufficient photoredox potential; (iii) long lifetime of photogenerated excitons. Using a C-H
functionalization reaction between electron-rich heteroaromates and malonate derivatives as
the model reaction, the structural design principle of the SMOSs was demonstrated. A
mechanistic study focusing on the variation of the photoredox potential of the catalysts and
sacrificial reagents was conducted. It could be demonstrated that the catalytic efficiency of the
small molecule organic semiconductor were absolutely comparable with the state-of-the-art

photocatalytic systems consisting of transition metal complexes.

Second, an important issue for photo-redox reactions, i.e. the mandatory use of electron
donating sacrificial reagents, has been addressed. Here, a new conceptual study using a double
photocatalyst system made of cooperative organic semiconductor couples was conducted. By
the cooperative photocatalyst design, an extra intermolecular electron transfer could occur
between the OSs, leading to enhanced photo-generated electron/hole separation and thereby
more stable reductive and oxidative species which can give out one electron to the diethyl
bromomalonate or get one electron back from the intermediate directly. The C-H
functionalization reaction between electron-rich heteroaromates and malonate derivatives can
be conducted successfully without triphenylamine as sacrificial reagent. Advanced
photophysical studies illustrate the excitons separation process between OS couples in a direct
way. Precisely tuning the energy levels of the photocatalysts will improve the excitons

separation process, further influence the reaction rate.



Aromatic carbon-carbon bond formation reactions could be successfully conducted via the
reductive dehalogenation of various aryl halides by a designed OS with a high reduction

potential of -2.04 V vs. SCE.

An additional study for light-controlled atom transfer radical polymerization using organic
semiconductor photocatalysts was carried out. The living nature of the polymerization process
was confirmed by the controllable growth of the molecular weight in a light “on-off” cycle,
successful synthesis of the chain extension and di-block copolymer and the defined molecular

weight distribution of the polymer chain.
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Introduction and Motivation

1 Introduction and Motivation

Unlike the well-studied thermal catalysts that require heat to maintain the reactivity,
photocatalysts have emerged in recent year as a new kind of catalyst which can be activated by
light instead of heat.)” The word “photocatalyst” is a combination of “photo” and “catalyst” to

highlight the specific character for this kind of catalyst requiring light for its activation.

Photochemistry or photocatalysis are promising tools to induce versatile chemical
transformation. The energy source for chemical transformation changed from heating for
normal catalytic reaction to light for a photocatalyst, which is quit abundant in a cheap, clean
and renewable manner in nature from sun. Inspired by light driven chemical reactions in
nature, namely the photosynthesis process, the chemists have developed various
photocatalytic systems in the past years. One of the most famous homogeneous photocatalysts
are transition metal complexes like fac-Ir(ppy)s, Ir[(ppy)2(dtbbpy)]PFe, Ru(bpy)sCl, and etc.®®
The high efficiency of catalytic reactivity is proved by tremendous chemical reactions with light

9-12

as a simple driven force.” ”* However, considering the high price and toxicity of transition metal

iridium and ruthenium, pure organo-photocatalysts based on organic dyes are emerged as an

alternative to the transition metal complexes, which are also proved with a high efficiency for

13-16

light driven chemical reactions. However, drawbacks still exist, since the dyes are bleaching

under light irradiation and are difficult to functionalize. Therefore, the development of a new

kind of homogeneous photocatalyst system is of great demand.

Organic semiconductors with optic and electronic properties, which originate from their special

17-19

delocalized m orbitals™* ™, have been developed in recent years. Light absorption induced

electron transfer from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) via charge separation is the main driving force for organic

20-21

solar cells. Although the light absorption and electron transfer processes of organic

semiconductors have been well studied, the application of organic semiconductors as visible



Aim of Work

light-active and efficient photocatalysts has been less reported so far. Therefore, the main
target of this dissertation is to design new photocatalytic systems based on organic
semiconductors with specific properties as visible light absorption, tunable photoredox

potential, and long live excited state for organic photoredox reactions.

2 Aim of Work

The main objective of this work is to develop small molecule organic semiconductors as new
photocatalysts according to the following principles: (i) visible light absorption; (ii) sufficient

photoredox potential; (iii) long lifetime of photogenerated excitons.

To realize the targets of this work, different combinations of organic donor and acceptor units
will be chosen for the investigation of structure-property-relationship by analyzing their optical
and electronic properties. Specific photoredox reactions will also be chosen as model reaction
to individually study the possible electron transfer between the photo-generated electron/hole
pair and the substrate (Figure 2.1), in order to obtain the mechanistic insights of the
photocatalytic cycle. Important factors, which can influence the photocatalytic efficiency, will

be also investigated using advanced photophysical methods such as photoluminescence decay.

LUMO e € S
[ reduction
light S
] oxidation
HOMO h* s*

Figure 2.1 lllustration of donor and acceptor-based organic semiconductors (OSs). The charge
separation results into electron/hole pair as reducing and oxidizing sites of the catalyst. D:

donor unit, A: acceptor unit, S: substrates.
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Furthermore, the feasibility of the designed organic semiconductor-based photocatalysts will
be investigated for challenging reactions such as aromatic C-C bond formation or light-
controlled radical polymerization. The structural design of the organic semiconductors on the

molecular level will be undertaken to reach extreme high photoredox potentials.

3 Theoretical Background

3.1 Photocatalysts

3.1.1 Brief introduction of photocatalysts

Based on the definition of “photocatalysis” suggested by the International Union of Pure and
Applied Chemistry (IUPAC), “change in the rate of a chemical reaction or its initiation under the
action of ultraviolet, visible or infrared radiation in the presence of a substance—the
photocatalyst—that absorbs light and is involved in the chemical transformation of the reaction
partners”, the most remarkable step for photocatalytic reactions should be the light energy
absorption and utilization for driving chemical reactions. Photochemistry and photocatalysis
offer a sustainable and green alternative to the traditional thermal reaction conditions for

22-24

chemical production. Motivated by the photosynthesis process in nature, various

photocatalyst systems have been developed for a wide range of applications such as water

25-28 29-33 4,34-35

splitting”>™", pollutants and bacteria removing or chemicals producing

The sun is the most abundant and sustainable energy source. The solar spectrum is divided into
three regions based on wavelength: ultraviolet light in 300-400 nm, visible light in 400-700 nm
and infrared light in the region higher than 700nm (Figure 3.1). Compared to the ultraviolet
light, which only accounts for ca. 4% of the solar energy, visible light owns not only a much
larger energy content of over ca. 40%, but also the highest intensity in the solar spectrum.
However, given the fact that most of the organic molecules cannot absorb in visible light region,
additional visible light-mediating or transferring reagents are highly needed. Therefore, the

development of visible light-active photocatalytic systems is highly necessary.
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Figure 3.1 Solar spectrum and distribution reaching the earth surface.

3.1.2 Visible light-active photocatalysts

In the last two decades, two main categories of visible light photocatalysts have been

13,37

developed: transition metal complexesG’ 36 and organic dyes . Very recent studies on copper-

containing photocatalysts have also been reported.38 Conjugated structures were reported as

39-45

an alternative to the metal complexes and organic dyes. Lately, conjugated porous

polymers have emerged as metal-free and heterogeneous photocatalysts.“e'49

3.1.2.1 Transition metal complexes

In recent years, transition metal complex-based photocatalysts consisting iridium or ruthenium
have been intensely studies. Widely used examples are fac-lr(ppy)s, Ir[(ppy).(dtbbpy)]PFs, or
Ru(bpy)sCl, etc. (Figure 3.2). Due to their strong absorption in the visible region, long excited
state life time and sufficient redox potentials, the transition metal complexes have been used in

6, 36

a vast number of chemical reactions. Additionally, by variation of the ligands, the redox

potentials of the metal complexes can be adjusted.®
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Figure 3.2 Examples of transition metal based photocatalysts.

The photocatalytic ability of the transition metal complex originates from its specific molecular
orbitals (Figure 3.3). Taking Ru(bpy)s>* as an example, under light irradiation, the electrons are
excited from the metal-centered t,; orbital to the ligand-centered ™ orbital via a metal to
ligand charge transfer (MLCT) process. After the intersystem crossing process, a more stable
triplet state can be formed. The reaction of the stable triplet electrons with the substrates via
single electron transfer (SET) process will form the reduced or oxidized intermediates for
further steps in the catalytic cycle. However, significant drawbacks are still associated to the
transition metal complexes, for example the high costs and toxicity of Ir and Ru as noble metals,
limited catalyst alternatives, and the difficulty to functionalize them; all these drawbacks lead
to an impossible wide utilization. Developing cheap and metal-free photocatalysts remains a

challenge for the chemists and materials scientists.
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Figure 3.3 lllustration of the light absorption and electron transfer process in Ru(bpy)s**.

3.1.2.2 Organic dyes

A dye is a colored substance due to the ability of light absorption under specific wavelengths.
The composition of organic dyes can be simply divided into three main parts as shown in Figure
3.4: the chromogen, the chromophore and the auxochrome. The chromogen is a chemical
compound that is either colored or could be made colored by suitable substitution; the
chromophore is a chemical group that is used for the creation of color in compounds (the

chromogen); and the auxochrome is a substituent group to further influence the color of dyes.

auxochrome chromtzhore

\\ //N
HO N
<— chromogen

Figure 3.4 lllustration of components in an organic dye.

Under light irradiation, the electron can be excited from the lower energy levels to the higher

ones. Examples are the m = m* transitions in C=C or C=C chromophores, or m - n*, n - n* and
6
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n = o* transitions in C=0, C=N or N=N chromophores. However, in order to be able to absorb
visible light, a larger conjugated structure with combination of the chromophoric groups, is
needed. According to this construction principle, a vast number of organic dyes have been
synthesized, which possess not only broad absorption range, but also high absorption
coefficients. Important examples, such as eosin Y, rhodamine B, alizarin red S, methylene blue,
have been applied as metal-free photocatalysts for versatile photoredox reactions (Figure

3.5).°1°8

N
COOH OH x
Br. o Br
SON SN 57 N~
Et N Et aha \ ® |
HO 0 o N 0 - 0 ecl

|
Br Br Et Et

EosinY Rhodamine B Alizarin red S Methylene blue

Figure 3.5 Examples of photocatalysts based on organic dyes.

3.1.2.3 Extended conjugated structures as photocatalysts

Other non-ionic and extended conjugated aromatic compounds have also been used for
photoredox reactions. Few studies have been reported such as a-sexithiophene (a-6T)*,

39-42, 45

perylene43, or N,N-diaryl dihydrophenazine and its derivatives as pure organic

photocatalysts (Figure 3.6).

na o Y200
Q% C%’@ CLO

a-Sexithiophene Perylene N,N-Diaryl Dihydrophenazine Phenoxazine

Figure 3.6 Examples of photocatalysts based on conjugated structures.
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3.1.2.4 Macromolecular organic semiconductor-based phototcatalysts

Conjugated porous polymers (CPP) have emerged in the last four years as a new kind of
semiconducting materials with specific nano-structures (Figure 3.7). The permanent pore
structure as well as the electronic properties of CPPs shows its great potential in photocatalysis
application. Numerous CPPs were synthesized and proved to be efficient and stable catalyst for

visible light promoted chemical transformations.

Figure 3.7 Examples of chemical structures of conjugated porous polymers.

3.2 Photocatalytic reaction mechanism in organic synthesis

The photocatalytic reactions can be simply divided into three main categories: net reductive
reactions, net oxidative reactions and redox neutral reactions. Definition of reduction or
oxidation is based on the electron transfer process from the photocatalyst to the substrate as
shown in Figure 3.8: when the substrate receives one electron from the excited photocatalyst, a
reductive mechanism is carried out. The opposite direction of the electron transfer is
considered as oxidation, where the substrate is oxidized. This unique single electron transfer

process is the fundamental step for the successful chemical transformations.
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Figure 3.8 lllustration of the electron transfer process in photocatalytic cycle.

3.2.1 Net reductive reactions

For photoredox reactions, an interaction between the excited photocatalyst and substrates via
the single electron transfer process is the key step to form the desired activated intermediate
for further transformations. For the net reductive reaction, the only useful part of the catalytic
cycle is the electron transfer from the photocatalyst to the substrate. So, in order to bring the
photocatalyst back to its ground state, an additional electron donor (sacrificial reagent) is

needed to donate one electron to the photocatalyst (Figure 3.9).
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Figure 3.9 lllustration of the catalytic cycle of net reductive reaction. A, B and C are different

chemical groups.

Figure 3.10 shows some classic examples of net reductive reactions. Most of the substrates
involved in the net reductive reactions own a chemical bond that can receive electrons from
the photocatalyst, such as C-halide®”>%®, -NO,®*®*, -N5®*, sulfonium®™®’ and sulfonyl groupsﬁs'

7072 " atc. The most common reaction for net reductive process is the

* epoxide and aziridine
cleavage of the C-halide bond. In a typical reaction cycle, one electron is transferred from the
photocatalyst to the substrate, forming a carbon radical and halogen ion. The carbon radical
can further extract one hydrogen atom to form the dehalogenated C-H product. Cyclic
structures can be formed via the addition reaction of the radical and an unsaturated bond.”>””
New C-C bonds can also be formed via the combination of two generated radicals.”® Double
bonds can be formed if the cleavage of two adjacent C-halide groups occurred

447778 Other examples of the net reductive reaction are the reduction of-NO; or

simultaneously.
—N3 groups into —NH, using electron-donating sacrificial reagents. Positively charged sulfonium
groups can also receive one electron, leading to the cleavage of the C-S bond. Other examples
with similar mechanism are for example the cleavage of the C-SO,Ph or N-NH; to form the C-H

and —N-H bonds with PhSO, and NH; ions as by-products.

10
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Figure 3.10 Examples of net reductive reactions.

3.2.2 Net oxidative reactions

For net oxidative reactions, the most significant process of the catalytic cycle is the electron
transfer from the substrate to the photocatalysts in the excited state. In net oxidative reactions,
an extra electron accepting reagent is usually needed in order to bring the photocatalyst back

to its ground state (Figure 3.11).”°

11
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Figure 3.11 lllustration of the catalytic cycle of net oxidative reactions. A, B and C are

different chemical groups.

Molecular oxygen often acts as efficient electron acceptor for the photocatalyts, leading to the
formation of its anionic radical, i.e. superoxide (‘0O,’), which can either directly act as oxidant or
further extract one hydrogen atom to form the H,0, as another oxidant species.80 The

substrates that can be oxidized always contain an electron sufficient aromatic ring or atoms,

54, 81-83 84-86

such as benzene rings or amines™ . The reconstruction of the oxidized substrate is
necessary for the formation of the final product. One example can be demonstrated by the
photocatalytic Aza-Henry reaction as shown in Figure 3.12. The oxidation of the amine forms
first the aminium radical cation, and after losing a hydrogen atom on the adjacent carbon atom,
it will form the iminium ion, which can further react with nucleophiles to directly form new
bonds at the a-position of the amine. This a-position bond formation reaction has been used
for different bond formation reaction using various nucleophiles such as cyanide®’, enol
silanes®®, ketones®, dialkyl phosphates®™, or alkyne®’. For other reactions, ring formation can
also be achieved by using triphenyl amine as substrate, which leads to the intramolecular ring
closing mechanism with carbazole as final product.?* The oxidation of aromatic rings can offer a

useful platform for further substitution reactions. The oxidized aromatic rings can either

undergo the reconstruction process for further reactions, such as oxidation of benzylic alcohols

12
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to aldehydes®’, or can react with the nucleophiles to form new chemical bond like direct

bromination on aromatic systems>* "%,

Figure 3.12 Examples of net oxidative reactions.

3.2.3 Redox neutral reactions

Compared to the net reductive or oxidative reactions, redox neutral reactions are predominant.
The proposed mechanism for the redox neutral reactions is shown in Figure 3.13. During the
redox neutral catalytic cycle, the substrate undergoes both the reductive and oxidative
processes, which means both electron accepting and donating processes are completed by

substrate or its reconstructed intermediate during the closed catalytic cycle.

13
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Figure 3.13 Representative mechanisms for the redox neutral reactions. A, B, C and D are

different chemical groups.

3.2.3.1 Radical formation from cleavage of C-halide bond

C-halide bond is a good candidate for the electron accepting step to form the carbon radical
and halogen anion (Figure 3.14). Unlike the net redox reactions, the radical formed here further
reacts with unsaturated bond to form the new radical (intermediate), and then form the final

product after giving out one electron and the reconstruction of the intermediate.

R—/_X

X- :=': -..._. (.-B._‘ V
+ el - e Ll
intermediate intermediate \
) H e_': R //

Figure 3.14 lllustration of the radical addition reaction with cleavage of C-halide bond.

Numerous reactions are designed depending on this catalytic cycle for different purpose. The

95-97 98-99

halogen could be chloride®*®*, bromine®™™®’, or iodine®®*, and the unsaturated bond could be

103-104

double bond™ ', triple bond'®?, or aromatic rings . The interesting part for this kind of

reaction is its ability to provide an access for the synthesis of aromatic cross coupling product®

14



Theoretical Background

and fluoroakylated product™ as shown in Figure 3.15, which has great application in organic

synthesis and medicine respectively.

CRl + Y —» g YN

+
+e” [~ 17 P H

: CF; -¢ ® CF
«CF, —> R/\/ —_— R/h/ 3

H

Figure 3.15 Examples of the trifluoromethylation reaction.

3.2.3.2 Radical formation from the cleavage of C-N,BF; and C-SO,Cl bonds

Compared to the C-halide bond, C-N,BF; and C-SO,Cl bonds are more active due to their lower
reductive potentials, and the practical production of by-products in gas form (Figure 3.16). The
C-N,BF4 and C-SO,Cl bonds have been chosen as good precursor alternatives for the formation

of radical intermediates compared to the C-halides.

+€ T\ ;
R—N=N—BF4 —_— R?N=N—B g —> Re + Nz + BF4
+e” i\ -
R—S0,—Cl ——> R+S0,—Cl —> R+ + SO,*t Cl
‘ W
Figure 3.16 lllustration of radical formation from C-N,BF,; and C-SO,Cl bonds.

Many reactions were accomplished using substrates that contain C-N,BF,'%*! and C-s0,Cl
bonds'**!*®. Several cross-coupling, trifluoromethylation, and ring closing reactions were

carried out with good to excellent yields.

15
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3.2.3.3 Radical formation from electron deficient compounds

Some organic salts were utilized as active electron-accepting units to form the desired radical.

117-120 121-126

Examples are diaryliodonium salts and Umemoto reagent as shown in Figure 3.17.

Some reagents, such as Togni reagent that contain high oxidation state atoms can also be used

as proper substrates to release radical after accepting one electron™?’™*°.

ﬂ ©;<

Ogr,

(F
3 (F, (F,

Umemoto reagent diaryliodonium salts Togni (I) reagent  Togni (Il) reagent

Figure 3.17 Examples of electron deficient compounds.

The formation mechanism of the active radicals is illustrated in Figure 3.18.

@Pr,,

O CT0-00
©5< @;« (e

Figure 3.18 lllustration of the radical formation process from diphenyliodonium salts and

Togni (I) regeant.

3.2.3.4 Radical formation via the reduction of alkene

The alkenes that contain an electron withdrawing substitution are good candidates to form the

radical anion via accepting one electron for subsequent reactions. Widely used alkenes are aryl

enone.”® The proposed mechanism is shown in Figure 3.19. The coordination of a Lewis acid,

132-134

like LiBF4, is required to improve the electron transfer process. The radical formed here

16
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can undergo both inter- or intramolecular [2+2] cycloaddition pathways to afford cyclic

135-136

products. An improved stereo-selectivity control can be achieved when using chiral Lewis

acid as cocatalyst. "%

photocatalyst

O 0 LiBF, Ph
i-Pr,NEt
Ph | | Ph -
I.,

h

Y

LiBF,
Li Li

\() (8}

s

Figure 3.19 lllustration of the mechanism for [2+2] cycloaddition reaction.
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3.2.3.5 Radical formation via oxidation of alkyl amine

Another synthetic alternative for the formation of the radical is via the oxidation process, i.e.
via the electron transfer from the substrate to the excited photocatalyst (Figure 3.13b). The
substrates for this purpose usually contain an alkyl amine group, which can be oxidized and

113,140-147 The efficiency of the

then be reconstructed to form the radical on the adjacent carbon.
radical formation process can be improved via changing the substitution on the a-carbon from

hydrogen to silyl or carboxyl.'*% 14813

H
g .
\T . \N/ + H*
I
SiR
J7 oy :
\T )y \T/ N R,Si*
COH
e
SN L SN + co, + H

Figure 3.20 lllustration of the formation of a-aminoalkyl radicals.
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In order to complete the catalytic cycle, the left half cycle should contain the electron accepting

process, so the unsaturated bonds used here are always electron accepting compounds®*>*** or

159182 Examples are shown in Figure 3.21. The

double bonds with electron withdrawing groups
electron withdrawing group in alkene can stabilize the negative carbon ion, which makes the
reduction of the radical intermediate to the corresponding anion exothermically.*®**®* Also, the
electron deficient cyanoarene can be used as counterpart due to their ability to accept electron

to form the intermediate that can add with amino alkyl radicals.*®®
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Figure 3.21 lllustration of the mechanism for the reaction between amine and alkene and

cyanoarene (E is short for electron withdrawing group).

3.2.3.6 Radical formation from the oxidation of -COOH bond

The substrate that contains a carboxylic acid group can be oxidized by the proper photocatalyst,

and the resultant carboxyl radical is expected to rapidly extrude CO; to produce desired radical

precursor.’®®® The counterpart should be an electron accepting substrate, so the total

123,169-170 Eor most of the decarboxylation reactions, a

electron is balanced in the catalytic cycle.
cocatalyst is always needed (Figure 3.22). The role of this cocatalyst is to accept an electron
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from the catalyst to form the ligated Ni(0) species, which has an ability to react with an alkyl

radical and then can insert into the C-Br bond. The desired product was formed via the

elimination process. The C-X bond containing substrate could be the alkyl'’*, alkene'’**”* or

aromatic one®® 74173,

R] . R] .
R,-COOH " Ir" )——\
R,-Ni'L,
Il‘ III*  Photocatalytic Nickel-catalytic Rz-Bl‘
Cycle Cycle
]|3r
L,Ni'-Br R—Ni'"L,

Li hﬁw |
ight Ir'™ y
R,

Figure 3.22 lllustration of the mechanism in bond formation via decarboxylation process.

3.2.3.7 Radical formation from the oxidation of alkene

Alkenes can be oxidized by the photocatalyst in its excited state, however, the oxidative
potential of alkenes is usually high (Figure 3.23). Substitution of the alkene with electron
donating groups can lower the energy that is required for oxidation, which will make the radical

176

formation process easier.””” Oxidation of the alkene will form the radical cation as precursor,

177180 After abstracting one

which can react with the nucleophiles to form the adduct product.
hydrogen atom from a hydrogen donor, the final anti-Markovnikov addition product is
obtained. The hydrogen donor used here should be regarded as an assistant catalyst since it

also works as an electron accepting partner.'®!
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Figure 3.23 lllustration of the mechanism for anti-Markovnikov addition reaction.

3.3 Organic semiconductors

3.3.1 Brief introduction of organic semiconductors

The most significant character for organic semiconductors is the unsaturated chemical bonds.
The word “conjugate” is commonly used to describe the specific combination of the
unsaturated double or triple bonds. Most of the conjugated m-electron systems possess the sp?
hybridization of the carbon orbitals. The hybridization results into three sp’ orbitals in xy plane
and a p orbital in z axis. The backbone is formed via the combination sp’ orbitals within
different carbons and the left p orbitals will form a m bond. Compared to the ¢ bond, the i

bonds are significantly weak and have a rather delocalized nature as shown in Figure 3.24.
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sp? p nt bond

Figure 3.24 lllustration of o and 1t bonds formation in sp” hybridization.

The specific conjugated nt bonds are responsible for their semiconducting electronic properties.
The onset of the absorption can be predicted by the energy level difference between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) as shown in Figure 3.25. This energy difference is called band gap. The starting
wavelength of the absorption spectrum is determined by:
AEpand gap = hc/A

where h is the Planck constant, c is the speed of light and A is the wavelength. After light
absorption, the total energy of OSs raises due to the antibonding molecular orbital is occupied,

and this state is called excited state.

— nd*

—_— ¥ LUMO

........... bandgap

8/8\9/2 H* n Homo
I

Cl1C2Cc30C4

Figure 3.25 lllustration of the molecular orbitals formation in butadiene.
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3.3.2 Electronic properties

The most important properties for organic semiconductors are light absorption and electron
transfer. Owning to the delocalized p electrons in the m orbital, the light can be absorbed by the
organic semiconductors via the electron transfer from the bonding orbital to the antibonding
orbital. This will result in the formation of the excited state of organic semiconductors. The
detailed process for the light absorption process is illustrated in Figure 3.26. Usually, the ground
state is a singlet state (S0), light absorption leads to the electron transfer to the first excited
state (S1). Then the excited organic semiconductors can go back to the ground state again via
whether a radiative light emitting (fluorescence) process or nonradiative transition process. The
lifetime for the S1 state is always 1-10 ns. Also, during the excited state, a small fraction of
singlet state (S1) can be converted into triplet state via intersystem crossing process. Compared
to the singlet state, the triplet state owns a longer lifetime with a magnitude of milliseconds.
Two pathways were considered to distinguish the triplet state: a radiative light emitting

(phosphorescence) process or a nonradiative transition process.
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Figure 3.26 lllustration of the energy levels in organic semiconductors.

The absorption spectrum of the organic semiconductors can be tuned via varying the
conjugated 1t bonds. One method is to extend the unsaturated bond in the backbone structure.
By increasing the conjugated units, the absorbed wavelength can be extended into the longer
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range (Figure 3.27a and 3.27b)."®* This method can be demonstrated by comparing the light
absorption differences between B-carotene and lycopene. Compared to the B-carotene, which
has nine continuous alternative single-double bonds and results in the absorption onset at
around 520 nm, lycopene has eleven continuous alternative single-double bonds and results in
the absorption onset at around 560 nm. The other way to tune the energy levels in organic
semiconductor is via the regular alternation of conjugated strong donor (D) and acceptor (A)

183-184 . . . .
8184 Donors are a kind of hetero aromatic rings with an

moieties in a conjugated backbone.
electron sufficient O, S or N atom, and acceptors are a kind of aromatic rings with a strong
electron withdrawing group, like —C=0, -C=N-. The reconstruction of the HOMO/LUMO levels
while the combination of the donor and acceptor will result in the formation of new energy

'8 This D-A type organic

levels that has a smaller band gap than before (Figure 3.27c and 3.27d).
semiconductors are widely used since the versatile energy levels can be achieved via the simple

combination of different donor and acceptor units.
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Figure 3.27 (a) Chemical structure of B-carotene and Lycopene; (b) illustration of band gap
decreases with increasing conjugated structure; (c) examples of donor and acceptor unit; and

(d) illustration of energy levels hybridization in D-A type organic semiconductors.
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3.3.3 Applications of organic semiconductors

Organic semiconductors have been widely used for the fabrication of organic thin film

transistors (OTFTs)'***®, organic solar cells (OSCs)*®***

, and organic light emitting diodes
(OLEDs)' due to their excellent advantages in tuning electronic properties via chemical
structure modification, low cost for processing and the ability for coating on soft matrix. Among
these, directly converting light into electricity via OSCs is considered as one of the most
promising and important application for organic semiconductors, since they provide an
alternative solution to the increasing global energy need by using a cheap, clean and renewable
source from sun. Great improvement of the power conversion efficiency (PCE) is achieved by
bulk heterojunction, which is a mixture of the donor materials and acceptor material in

20-21
nanoscale.?

The light harvesting and electricity converting process can be divided into four main steps as
shown in Figure 3.28: (1) one electron is excited from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO) via light absorption to form the
excitons, (2) diffusion of the excitons to the surface between donor and acceptor, (3) due to the
LUMO level difference between the donor and the acceptor, the electron can transfer from the
LUMO of the donor to the LUMO of the acceptor to form the charge transfer (CT) state, which
will further form the free holes and electrons, (4) gathering of the electrons and holes on the

respective electrode.

(1) Exciton formation (2) Exciton diffusion (3) Exciton dissociation (4) Separated charge
LUMO LUMO LUMO LUMO
0 o0 I
Lumo | mo ™ Lumo | ~Lumo
Donor Donor = Donor Donor

o Acceptor o o Acceptor ? Acceptor Acceptor
® electron
O hole

Figure 3.28 Function principle of OSCs.
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Compared to the direct conversion of light energy into the electricity via exciton separation
process, the light energy can be also used as driving force for chemical transformations. In the
so-called catalytic cycle using possible organic semiconductor-containing photocatalysts, two
main processes for the utilization of photo energy are the excited state formation of the
photocatalysts via light absorption and subsequent electron transfer to or from the substrate
for activation. A similar model of the light-generated charge separation for the organic solar
cells can be taken to applicate in photocatalysis, however, the electron donor and acceptor
materials should be fused together. Compared to the well-studied organic metal complex and
the organic dye type photocatalyst, reports on organic semiconductor photocatalyst are still
rare. It is therefore our plan to develop this class of metal-free materials as efficient

photocatalytic systems.

4 Characterization Techniques

4.1 Ultraviolet-visible spectroscopy

The ultraviolet-visible (UV-Vis) spectroscopy presents the range of wavelength that can be
absorbed by a sample in ultraviolet and visible regions. In a typical UV-Vis measurement, light
with a specific wavelength range passes through the sample and the detector records the non-
absorbed light. Compared to the blank sample, the final absorption spectrum will show not only
the wavelength that can be absorbed by the sample, but also the intensity. The absorption
spectrum is a direct indicator for organic semiconductors to determine the light source in

photocatalytic reactions.

4.2 Cyclic voltammetry

Cyclic voltammetry (CV) is an electrochemical measurement that is widely used for determining
the electronic properties of the materials. For soluble samples, the CV measurement is usually

conducted in solutions that contain the sample and electrolyte. A standard CV setup employs
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an electric cell with three electrodes: working electrode, counter electrode and reference
electrode. In a measurement, a potential that linearly increases then linearly decreases as a
cycle is applied between the working electrode and reference electrode, and the current
between the working electrode and counter electrode is recorded. The data was given as a plot
of current (y axis) versus applied potential (x axis). Depending on the potential applied in cell,
the electrode can abstract electrons from the analyte or can give out electrons to the analyte,
which will result in the oxidation or reduction of the analyte respectively. The onset of i-v curve
is used in this dissertation to determine the minimums potential that is required for oxidizing or
reducing the substrates. And also, the HOMO or LUMO of small molecule organic
semiconductor is settled with the onset of i-v curve. The main purpose of the CV measurement

is to determine the energy levels of the photocatalysts and all substrates in a catalytic cycle.
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Figure 4.1 lllustration of a typical cyclic voltammogram.
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4.3 Fluorescence quenching

Fluorescence is the radiative emission of the excited materials. In a typical measurement, a
monochrome light source (excited wavelength) passes through the solution of sample to form
the excited state, and then the emitted light is recorded by a detector placed at a different
angle. Quenching is a process that will decrease the intensity of the fluorescence produced by a
sample. The fluorescence quenching experiment is a direct measurement to determine
whether the excited sample has an interaction with the added substrate. This technique shows
the competition between two deactivation pathways for an excited sample: emission and
electron transfer. Increasing the concentration of the added substrate, the fluorescence of the
sample will decrease, which can be described by the Stern-Volmer equation:
lo/l =1+ K, [Q]

where Iy is the fluorescence intensity of the pure sample, / is the fluorescence intensity of the
sample with specific concentration of quencher, K, is the Stern-Volmer constant and [Q] is the
concentration of quencher. Only if the interaction between the excited sample and added
substrate existed, the fluorescence can be quenched. In this dissertation, the fluorescence
quenching experiment is used to determine the interaction between the photocatalyst and all

the substrates in a photocatalytic reaction.

4.4 Time-resolved fluorescence spectroscopy

Time-resolved fluorescence spectroscopy is an advanced extension of fluorescence
spectroscopy, which gives the plot about the fluorescence intensity decay of the given sample
as a function of time after pulsed excitation. It is used to determine the fluorescence lifetime of
excited singlet state, where the intensity of the fluorescence can be determined by the
following equation:
I=lpe™

where Iy is the fluorescence intensity at t = 0 and tis the lifetime of singlet state. The lifetime t
is a reciprocal of rate constant for total decay pathways. For one that the fluorescence is the
only way for deactivation of the excited state, T equals to 1/k;, and the plot of In/ versus tisin a

linear relationship. In this dissertation, time-resolved fluorescence spectroscopy is used to
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determine the lifetime of the excited photocatalysts, it will give us the information about the
sustained time period of singlet state which is the main state utilized for electron transfer

between the excited photocatalyst and substrates.

5 Results and Discussions

The chapter of results and discussions is divided into four sections. In chapter 5.1, the main
purpose is to establish a structural design principle of the D-A type small molecule organic
semiconductors (SMOS) as visible light-active photocatalysts by investigating important factors
such as absorption range, energy band structure, or lifetime of the excitons that can influence
the catalytic efficiency. In the next three chapters, chapter 5.2, 5.3 and 5.4, the main purpose is
to further investigate the feasibility of the organic semiconductors as photocatalysts in chosen
challenging reactions. In particular, chapter 5.2 deals with a new conceptual study on the so-
called cooperative photocatalyst systems, in which the charge separation process can be
enhanced via intermolecular electron and hole transfer between the cooperative
photocatalysts and thereby delivering long-living excitons formation for a sacrificial reagent-
free purpose. In chapter 5.3, via the structure optimization of the organic semiconductors, an
extremely high reductive potential OS photocatalyst was synthesized to meet the demand for
the radical formation from common arene halides, which can further form aromatic C-C bonds
with other arenes. In chapter 5.4, the organic semiconductors are designed to successfully
catalyze controllable atom transfer radical polymerization (ATRP) via the energy levels
modification of not only the photocatalyst, but also the initiator, active polymer chain end and

sacrificial reagent.

5.1 Structural design principle of small molecule organic semiconductors
for metal-free, visible light-promoted photocatalysis

In the following chapter, two series of electron-donor and acceptor-type organic semiconductor
molecules were synthesized to meet crucial requirements, such as 1) absorption range in the
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visible region, 2) sufficient photoredox potential, and 3) long lifetime of photogenerated
excitons. The utilization of the organic semiconductors as photocatalysts showed good
efficiency for both the dehalogenation of a-bromoacetophenone and intermolecular radical C-C
coupling reactions. Through detailed examination, it is proved that electrons could successfully
transfer between the catalyst and substrates, which indicates the promising perspective of
semiconductors as photocatalyst. Due to the defined energy levels of the organic
semiconductors, the potential difference (“over potential”) between the photocatalyst and
substrate is found to be the dominated reason that determines the total reaction time. The
chapter is based on and adapted from the published article: Angew. Chem. Int. Ed. 2016, 55,
9783-9787, DOI: 10.1002/anie.201603789.

5.1.1 Motivation

Organic semiconductors have gained tremendous interest for applications in organic light

192 189-190

emitting diodes (OLEDs)™*, organic solar cells (OSCs) and organic thin film transistors
(OTFTs)'® 1% because of their unique optical and electronic properties originated from its 7-
conjugated structure. Among these, organic solar cells, which can directly harvest energy from
sunlight, are regarded as a promising means to meet the increasing demand for clean and
renewable energies. It is commonly believed that a consequence of photoexcitation, exciton
diffusion and then exciton dissociation is involved to transform the light into electricity, namely,

a photo induced free electron formation process.

Photocatalysts, which are developed in recent years as a new strategy for chemical synthesis
under mild and environmentally benign conditions, also involve a light activation, then a single-
electron-transfer (SET) process, which means that the excited state formed after light
absorption and the photocatalyst can work as an electron donor as well as an electron acceptor

depends on the specific catalytic cycle.®® **

The most famous one is the organometallic
complex based on costly and toxic noble metal ruthenium and iridium, such as Ru(bpy)sCly, fac-

Ir(ppy)s and Ir(ppy).(dtbby)PFe (bpy = bipyridine, ppy = 2-phenyl-pyridine, dtbbpy = 4,4'-di-tert-
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50,139, 170, 194-196

butyl-2,2"-bipyridine). Also, a series of simple, inexpensive and metal-free organic

dyes are tested to achieve the same desired transformation, and are proved to be efficient

photocatalysts for versatile reactions.?’ >% > 28 81,197

Although, noble metal based organometallic complexes and organic dyes are suitable to work
as efficient photocatalyst, it is still under strong demand to find a new category of photocatalyst
that occupies versatile chemical and physical properties such as chemical structure, absorption
spectrum, oxidative/reductive potentials, as well as easy modification of the catalyst for
different utilizing purposes. Given the fact that same process is occupied at the very beginning
by both organic semiconductors for solar cells and photocatalysts, namely photoexcitation then
charge separation, it motivates us to think that using specific substrates instead of the acceptor
materials as eletron delivery stuff can also result in efficient electron-transfer process to initiate
the reaction, then organic semiconductors might be treated as a promising new category of

photocatalyst.

5.1.2 Design of the D-A type small molecule organic semiconductors for
photocatalyst

The requirements for D-A type small molecule organic semiconductors as organic molecular
photocatalysts are described as below: 1) absorption range in the visible region, 2) sufficient
light generated redox potential, and 3) long lifetime of the photo generated excitons. The
structures of the SMOSs are displayed in Scheme 1. Containing the same benzothiadiazole (BT)
unit as the electron-acceptor moiety, series 1 represents different electron-donor variations,
such as single phenyl ring (BT-Ph), two phenyl rings (Ph-BT-Ph), and two thiophene units (Th-BT-
Th). In comparison, series 2 shows the opposite structural design principle using thiophene as
the electrondonor unit in combination with different benzochalcogenadiazoles, such as
benzooxadiazole (Th-BO-Th), benzothiadiazole (Th-BT-Th), and benzoselenadiazole (Th-BS-Th)

as the electron acceptor.
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Scheme 5.1 Structures of the two series of the small molecule organic semiconductors.

5.1.3 Physical properties of the designed photocatalysts in series 1

Since the kind and number of the donor unit are different in series 1, the absorption spectrum
differs from each other (Figure 5.1). Compared to the BT-Ph, BT connected with two phenyl ring
result in an absorption in a longer wavelength region, and this is further improved with a strong
donor thiophene, which has a broad absorption spectrum at the longest wavelength region.
Since the light source we used here is a house hold bulb, which is a white light that has a broad
emitting spectrum, Th-BT-Th seems to be able to capture more protons compared to the Ph-BT

and Ph-BT-Ph, which may accelerate the reaction.
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Figure 5.1 Absorption spectrum of the SMOSs in series 1.

Altering the donor results not only in varying the absorption spectrum, but also the energy
levels of the SMOSs in series 1, namely the HOMO/LUMO levels. BT-Ph owns the highest band
gap with a reductive potential of -1.35 V vs SCE and an oxidative potential of +1.83 V vs SCE. Th-
BT-Th owns the lowest band gap with a reductive potential of -1.15 V vs SCE and oxidative
potential of +1.12 V vs SCE as shown in Figure 5.2.

24
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Figure 5.2 lllustration of the HOMO/LUMO levels of SMOSs in series 1.
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5.1.4 Electron transfer test between the photocatalyst in series 1 and a-
bromoacetophenones

To separately investigate the electron transfer from the photo-catalyst onto the halide, we
conducted first the light-induced dehalogenation reaction of haloketone derivatives such as a-
bromoacetophenones using the SMOSs of series 1 as photocatalyts and diisopropylethylamine
(DIEPA) as the electron-donating sacrificial reagent. The mechanism is shown in Figure 5.3.
After light absorption, the electron transfer from the HOMO to LUMO formed the excited state.
With the electron delivered from a sacrificial reagent, the hole on the HOMO is occupied and
the electron on the LUMO is transferred to the substrate for the cleavage of the C-Br bond to

form the carbon radical. The radical is further reacted with a hydrogen atom donor to form the

0
LUMO o, mr
4
{ 0]
o O
@A [H] :
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final dehalogenation product.
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Figure 5.3 lllustration of the mechanism for the dehalogenation reaction.

The electron transfer process is the key process for the dehalogenation reaction, and also an
indicator for the possibility of the D-A type small molecule organic semiconductors as
photocatalyst. Under the irradiation of a household energy saving light bulb (23 W), Th-BT-Th
exhibited the highest reaction rate (Figure 5.4), reaching full conversion within one hour with a
low catalyst load (1 mol%), followed by Ph-BT-Ph. With BT-Ph as photocatalyst, a longer

reaction time of ca. 2 h was required.
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Figure 5.4 Rates of the light-induced dehalogenation reaction of a-bromoacetophenone using
SMOSs as photocatalysts; reaction condition: a-bromoacetophenone (1 mmol, 1 equiv.),
hanztsch ester (1.1 mmol, 1.1 equiv.), N,N-diisopropylethylamine (2 mmol, 2 equiv.), catalyst

(1 mol%) and 2 ml DMF.

The success of the dehalogenation reaction is further tested by changing the Br-containing

substrates with Th-BT-Th as photocatalyst, and the result is shown in Table 5.1.
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Table 5.1 Photocatalytic dehalogenation reaction of different haloketones using Th-BT-Th as

catalyst.
Entry Substrate Product Reaction time[h]® Yield[%]°
0 o
©)k,5r d‘\
1 1 76
o) o)
©)-K,Br d‘\
2°¢ 1 trace
o) o
ot o
3 NC NC 1 83
0 0
o o
4 F F 1.5 77
o) o}
/@)K/Br /dl\
5 3 80
o) o)
jons
6 MeO MeO 3 86
0o o 0 0
/\OJJ\(ILO/\ /\OJ]\/U\O/\
7 Br 25 87

“Reaction time determined by 'H NMR analysis by reaching full conversion. ®Isolated yield after

purification over SiO,. “No DIEPA.
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The difference in HOMO/LUMO levels may also influence the reaction rate, so the
fluorenscence quenching experiment is conducted to determine the interaction between the
excited photocatalyst and the substrate: Br containing substrate and DIPEA (Figure 5.5-5.7). It
was shown that the fluorescence of the SMOSs could be gradually quenched by adding the
amine, while the addition of diethyl bromomalonate did not affect the fluorescence. This result
indicates that for the SMOS-based systems, the excited electron could not be transferred
directed to diethyl bromomalonate without employing an electron donor. This further indicates
that the electron originated from the sacrificial reagent via oxidative extraction by the
photogenerated hole. Similar light-induced electron mediation has been demonstrated by

employing polymeric systems as photocatalysts.*® %
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Figure 5.5 Fluorescence quenching of Ph-BT with (a) diisopropylethylamine and (b) diethyl

bromomalonate, and (c) Stern-Volmer curve.
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Figure 5.6 Fluorescence quenching of Ph-BT-Ph with (a) diisopropylethylamine and (b) diethyl

bromomalonate, and (c) Stern-Volmer curve.
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Figure 5.7 Fluorescence quenching of Th-BT-Th with (a) diisopropylethylamine and (b) diethyl

bromomalonate, and (c) Stern-Volmer curve.
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From the rate constants for the fluorescence quenching between the SMOSs in series 1 and
DIPEA, we found that the quenching is in a quicker rate if the HOMO energy is higher.
Significantly, the highest oxidative and reductive potentials of Ph-BT (-1.35 V and +1.83 V vs.
saturated calomel electrode (SCE)) did not lead to the highest reaction rate within the series.
This is because the redox potentials of all three catalysts are sufficient enough for the oxidation
of DIPEA (+0.52V vs. SCE) and for the reduction of a-bromoacetophenone (-0.99 V vs. SCE). The
superior catalytic activity of Th-BT-Th should be rather attributed to its broader absorption
range in the visible region up to 550 nm, while Ph-BT and Ph-BT-Ph mainly absorb in the UV and

blue region.

Table 5.2 Fluorescence quenching constants (K,) of different photocatalysts using

diisopropylethylamine as reductant

photocatalyst guenching constant
Ph-BT Ks = 190.68
Ph-BT-Ph Ks, = 188.79
Th-BT-Th Ks,=104.19

5.1.5 Photocatalytic C-H functionalization of electron-rich heteroaromates with
diethyl bromomalonate

To complete the reaction cycle of the photocatalytic intermolecular C-H functionalization, we
then tested the functionalization reaction of 3-methylindole and diethyl bromomalonate using
series 2 catalysts with similar absorption ranges in the visible region. The absorption spectrum

of the OSs in series 2 is shown in Figure 5.8.
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Figure 5.8 Absorption spectrum of Th-BO-Th, Th-BT-Th, and Th-BS-Th (ca. 10° mol/ml in
DCM).

199 The first step is also the formation of the

The reaction mechanism is shown in Figure 5.9.
radical, but the radical here further added with a double bond to form a new radical. This
intermediate then gave out one electron to the oxidized sacrificial reagent, and after
reconstruction formed the final product.

o0 o reductivedehalogenation
x/\oﬂ\(lko’\

Br
LUMOgy o-| +Br
\ R
2N\ 0 0 s
\'/\OJJ\‘/U\O/\ N\ H
C-H functionalization
\’ R3
oxidative©\/§_<cooa
electron N H COOEt interm. 1
transfer H
-, » N
& € / ‘.f@@_kcooa \interm. 2
| - | interm.
HOMO LR b0y
SMOS L7 Ry
\ Ho @\/\g_(C OOEt
Ri~y R H COOEt
|
R
o product
sacrificial agent

Figure 5.9 lllustration of the mechanism for intermolecular C-H functionalization reaction.
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A blue LED lamp (460 nm, 1.2 Wem™) was used as light source to accelerate the reaction rate.
Unlike for the dehalogenation reaction, triphenylamine was used instead of DIPEA to avoid the
hydrogen abstraction process by the diethyl malonatyl radical and to increase the final yield.
The results are listed in Table 5.3. It was shown that all three SMOSs could catalyze the reaction
in high conversion and yields, with Th-BT-Th again being the most efficient photocatalyst within
series 2 using 3-methylindole as model substrate (Table 5.3, entry 2). Additionally, using BT-Ph
and Ph-BT-Ph as catalyst lead either to no or a very low yield of product (Table 5.3, entry 7 and
8), demonstrating the absorption in the visible range is indispensable. Note that the catalytic
efficiency of Th-BT-Th is comparable with the state-of-art photocatalysts based on transition

metals, such as [Ru(bpy)s]Cl,, for the same type of photoredox reactions.

Table 5.3 Photocatalytic C-C bond formaton via C-H functionalization of electron rich

heteroaromates with diethyl bromomalonate using the SMOSs as photocatalysts.

mR B%COOEt SMOS, DMF, RT, visible light ©\/>§R_<CQQE*(
+ Br
N COOEt N COOEt

" O
N 3
time conv. yield
entry catalyst substrates products .
[h] [%)° (%]
1 Th-BO-Th @fﬁ ©\’§—< 15 >99 82
2 Th-BT-Th ©ﬂ @f@—{z 075  >99 86
3 Th-BS-Th ©ﬂ @fg{zz 14 >99 85
COOEt
4 Th-BT-Th c m—(cooa 2 >99 78
5 Th-BT-Th (L oomes @\{w 2 >99 87
COOEt
6 Th-BT-Th ©j§ %CM 1 >99 90
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7 Ph-BT @(@ ©f§—<jzzz 6 0 -

8 Ph-BT-Ph @fﬁ ©f§—{jj§ 6 20 5

[a] Reaction conditions: 1 equiv (0.38 mmol) heteroarene, 2 equiv diethyl bromomalonate, 2

equiv 4-methoxy-N,N-diphenylaniline, 1 mol% photocatalyst in 2.5 mL DMF, blue LED (I=460
nm). [b] Determined by GC-MS. [c] Yield of isolated product after purification over SiO>.

5.1.6 Factor that influences the C-H functionalization reaction

The superior catalytic efficiency of Th-BT-Th corresponded well with its redox potential, which
is sufficient to both reduce diethyl bromomalonate (Eeq= -1.0 V vs. SCE) and oxidize
triphenylamine (Eo= +0.89 V vs. SCE). In comparison, despite the high oxidation potentials of
Th-BO-Th (Eoxi= +1.24 V vs. SCE) and Th-BS-Th (Eqx= +1.02 V vs. SCE), their reduction potentials
with -1.06 V and -1.08 V (vs. SCE) appeared insufficient to reduce diethyl bromomalonate,
indicating that the reductive half cycle might be the rate-determining step. The fluorescence
guenching experiment is conducted to verify the influence of the interaction between the
excited SMOSs and sacrificial reagent (Table 5.4 and Figure 5.10-5.14). The quenching constant
increases with increasing of the potential difference between the oxidative potential of
sacrificial reagent and the HOMO of the SMOSs. Although Th-BO-Th owns the quickest
interaction with triphenylamine, the overall reaction rate is quickest for Th-BT-Th, which also

confirmed that overall reaction rate is mainly determined by the LUMO level.
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Table 5.4 K, of fluorescence quenching with different catalysts and reductants.

o O Q0 QD
N N N
Photocatalyst OMe
Th-BO-Th Kov=123.52 - -
Th-BT-Th Ko =68.1 K =82.13 Ky =107.8
Th-BS-Th Ksv=35.7 - -
(a) 25000 —_ M:gm (b) 144 a triphenylamine
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2:15000_ — M]=01 10
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£
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Wavelength (nm)
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Figure 5.10 (a) Fluorescence quenching of Th-BO-Th with triphenylamine and (b) Stern-

Volmer curve.

(a) J —[M]=0 (b) 84 a triphenylamine
25000 o0 pheny
—[M]=0.025 ]
200004 —[M]=005 61
—[M]=0.1
2 15000 31
2 = 4]
=]
£ 10000 =]
£
5000 21
14
04 0
400 500 600 700 800 900 1000 000 002 004 006 008 0.10

Wavelength (nm) Congentration ([M])

Figure 5.11 (a) Fluorescence quenching of Th-BT-Th with triphenylamine and (b) Stern-Volmer

curve.
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Figure 5.12 (a) Fluorescence quenching of Th-BS-Th with triphenylamine and (b) Stern-Volmer

curve.
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Figure 5.13 (a) Fluorescence quenching of Th-BT-Th with 4-methyl-N,N-diphenylaniline and

(b) Stern-Volmer curve.
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Figure 5.14 (a) Fluorescence quenching of Th-BT-Th with 4-methoxyl-N,N-diphenylaniline and

(b) Stern-Volmer curve.
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The HOMO/LUMO band positions of the SMOSs and the reduction and oxidation potentials of
the substrates and the sacrificial reagents are displayed in Figure 5.15. To obtain more insight
of the reaction mechanism and to investigate the concrete electron-transfer pathway in the
catalytic cycle, we verified the role of the sacrificial reagent. It was reported that the sacrificial
reagents could be replaced by bases to neutralize hydrogen halides formed as by-products
during the catalytic cycle.'*® However, using K;HPO,, CsCOs, K,CO3, or KHCO; as the base for our
system did not lead to any consumption of 3-methylindole, confirming the role of the amine
not only as a base, but also most likely for mediating the electron transfer from the radical
intermediate 1 formed after the C-H functionalization of 3-methylindole with the malonate
radical back to the photo-generated hole of the photocatalyst in the full catalytic cycle (Figure
5.9). To support this idea, we tested 4-nitro-N,N-diphenylaniline with an oxidative potential of
+1.15 V (vs. SCE) as sacrificial reagent. By using Th-BT-Th (Eox= +1.12 V vs. SCE) as photocatalyst,
no product could be determined, confirming that the oxidation potential of Th-BT-Th was not
sufficient enough to oxidize 4-nitro-N,N-diphenylaniline, making the electron transfer from the
amine to the HOMO level of the catalyst impossible (Figure 5.15). Also the reaction rate
difference between the SMOSs in series 2 can be partly explained by the LUMO level, that a

higher LUMO results in a quicker reaction rate.

O O
1.5 5 e o
1.15V Br
-1.06 'V 1.08V 1.00 V
10 e l
oo * Br
EIT 05 /\OJJ\_)LO/
@) i
w 0.04 Th-BO-Th Th-BT-Th Th-BS-Th
%)
>
> 054
4 +0.89 V
wo ] " QL

| [ — e T P
- a1 .
5] +12ey  THR2V (Nj NO,

Figure 5.15 HOMO and LUMO band positions of the SMOSs in series 2 and redox potentials of

substrates and sacrificial reagents.
44



Results and Discussions

Furthermore, two triphenyl amine derivatives, 4-methyl-N,N-diphenylaniline (Eoy= +0.82 V vs.
SCE) and 4-methoxy-N,N-diphenylaniline (E.= +0.74 V vs. SCE) were employed to manipulate
the electron-transfer process from the radial intermediate onto the oxidized amine. As
illustrated in Figure 5.15, the reaction times of 90 min and 360 min of both amines,
respectively, were slower than that of triphenylamine (E,x= +0.89 V vs. SCE) with 45 min,
despite the quenching rate of the Th-BT-Th with triphenylamine is the lowest one (Table 5.4).
This further confirmed the electron-transfer pathway as illustrated in Figure 5.9 as the main
electron transfer pathway. The other possibility of direct electron transfer from the radical
intermediate or eventually from the indole should rather play a minor role within the catalytic
cycle. The oxidation potential of the radical intermediate 1 to its oxidized cation intermediate 2
was calculated to be -0.34 V vs. SCE, making the triphenyl amine radical cation the most

efficient oxidant with a theoretical over potential of +1.23 V.
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N H COOEt
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] . ﬁ
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Figure 5.16 Comparison of reaction times with different triphenylamine-based sacrificial

reagents using Th-BT-Th as catalyst.
This phenomenon is further tested by changing the photocatalyst and substrates (Figure 5.17
and Figure 5.18). When changing the Th-BT-Th into Th-BO-Th and Th-BS-Th, and changing the 3-

methyl indole into 1-methyl indole and 2,3-benzofuran, the same reaction rate differs
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happened, which confirmed our conclusion that the “over potential” is a key factor that will

influence the reaction rate.
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Figure 5.17 Reaction time comparisons for different substrates with various triphenylamine-

based sacrificial reagents using Th-BO-Th and Th-BS-Th as catalysts.
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Figure 5.18 Reaction time comparisons for different substrates with various triphenylamine-

based sacrificial reagents using Th-BT-Th as model catalyst.
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5.1.7 Fluorescence lifetime of SMOSs

Time-resolved photoluminescence spectroscopy revealed long fluorescence lifetimes for all
SMOSs ranging from around 12 to 16 ns, indicating long-living photo generated excitons for
both series (Figure 5.19a). Furthermore, two tendencies could also be observed: 1) series 2 with
absorption range mainly in the visible region exhibited much higher reaction yields than series 1
which has absorption mainly in the UV region; 2) Th-BT-Th with the longest fluorescence
lifetime of 15.8 ns showed the highest photocatalytic efficiency. Theoretical calculations using
the density functional theory (DFT) at B3LYP/6-31G*level showed that the electron densities
are mainly focused on the electron donating thiophene and -withdrawing benzothiadiazole
moieties on the HOMO and LUMO for Th-BT-Th (Figure 5.19b). This clearly demonstrates that
the D-A type molecules could exhibit longer exciton lifetimes, than oligomers based on only
donor moieties, such as thiophene, which usually exhibit fluorescence lifetimes shorter than 1
ns.?”’ These observations further confirmed that all three parameters, that is, absorption range,

sufficient energy band position, and long exciton lifetime are required for highly efficient

visible-light-driven catalytic reactions using SMOSs.

BT-Ph 15.6 ns
& Ph-BT-Ph 129ns
v Th-BO-Th 11.8ns
¢ Th-BS-Th 14.1ns
1 Th-BT-Th 15.8ns
Monoexpontial fit

1 . I L] 1 | T ¥ 1 ) I s I y T

0O 10 20 30 40 50 60 70
Time / ns

Figure 5.19 (a) Fluorescence-delay spectra of the SMOSs and (b) HOMO (bottom) and LUMO
(top) of Th-BT-Th calculated at the B3LYP/6-31G* level.

48



Results and Discussions

5.1.8 Conclusion

In summary, we have developed donor—acceptor (D—-A) based small-molecule organic
semiconductors (SMOSs) as a new class of pure organic and metal-free photocatalytic systems
with tunable absorption range, defined and appropriate energy band positions, and long
exciton lifetimes. The photocatalytic activity could be well controlled via variation of the
electron-donor and -acceptor combination in the molecular structure. Using the intermolecular
C-H functionalization of electron-rich heteroaromates with malonate derivatives as a model
reaction, the structural design principle of the SMOSs was demonstrated. The catalytic
efficiency of the SMOSs was comparable to that of state-of-art catalysts, such as [Ru(bpy)s3]Cls.
Furthermore, the mechanistic insight of the light-induced electron transport between the
organic photocatalyst, substrate, and the sacrificial electron-donating reagent confirmed that
not only the finely controlled redox potential of the photocatalyst, but also the oxidation
potential of the amine-based sacrificial reagent could enhance the catalytic efficiency. With
their tunable absorption range, defined and controllable redox potential, long-lived photo
generated excitons, and pure organic nature, the SMOSs could offer a promising class of metal-

free and visible light active photocatalysts for chemical reactions.

5.2 Sacrificial reagent-free photoredox catalysis using cooperative organic
semiconductor couples

In the following chapter, a sacrificial reagents-free photoredox catalysis designed by using
cooperative photocatalyst systems consisting of organic semiconductor couples is reported. The
cooperative photocatalytic system is designed to undergo intermolecular electron transfer, and
thereby overcoming the need for an extra electron donor. As a model reaction, the carbon-
carbon formation reaction between electron-rich heteroaromates and malonates, which usually
required electron-donating sacrificial reagents, was conducted to demonstrate the feasibility
and photocatalytic activity of the cooperative photocatalyst couple under visible light

irradiation. A significant reaction rate improvement from trace conversion for single catalyst
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system to over 90% via using cooperative catalyst couple was achieved. A mechanistic study

revealed the light-induced electron transfer between the photocatalysts and substrate.

5.2.1 Motivation

Sacrificial reagents, which act as electron donor species, are of great importance for
photocatalytic redox reactions including chemical transformation and water decomposition into

hydrogen and oxygen.e’ 201-202

Especially for semiconductor-catalyzed reactions, the catalytic
efficiency can be largely improved while the photo-generated holes can be scavenged by the
sacrificial reagent molecules and the charge recombination can be reduced. However, the use
of an usually excessive amount of sacrificial reagents during the catalytic cycle, mostly amines,
often leads to undesired oxidized side products and is especially troublesome for product
purification.’® To overcome the above-mentioned challenge and to maintain reduced charge

recombination within the semiconductor-based photocatalyst, an enhanced photo-generated

electron transfer pathway should be developed.

Organic semiconductor (OS)-containing photocatalytic systems can offer a promising solution
for the above-mentioned challenge. Currently, OS photocatalysts have emerged as a promising
alternative to the traditional metal-containing photocatalysts due to their highly tunable

electronical properties via flexible structural design. Recent research activities have

demonstrated a vast number of structural design methods of small molecule®® 373894, 204-205 5,

46-47, 206-213

macromolecular OS systems as efficient photocatalyts for visible light-promoted

photoredox reactions. Nevertheless, most developed OS photocatalysts, similar to traditional

transition metal complexesso' 111, 139, 170, 194-195, 214

, are single photocatalytic systems. The
photocatalytic ability of the OS system originates from the photo-generated electron/hole pair,
which can function as the reductive and oxidative species. To maintain an efficient electron
transfer from the ground to the exited state of the OS, extra sacrificial reagents are needed due
to direct recombination of the electron/hole pair. However in organic photovoltaic (OPV)
devices, the efficiency can be enhanced by separating the electron donor (D) and acceptor (A)
materials in solid state (Figure 5.20a). The electron/hole recombination can be delayed in the

191, 215-218

bulk-heterojunction (BHJ) manner. We envision that this principle ought to be
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transferred into a new photocataylst design using a complementary double-photocatalyst

system in order to prevent the necessary use of extra electron donor, i.e. sacrificial reagents.

(a) single photocatalyst system . (b) cooperative photocatalyst system

o G jjz | m\Q
B N

S, ' \Q\{S‘{-

! . 5
o8 >
os ‘\ﬁA 0s 1
0s2
limited charge transfer enhanced charge transfer
sacrificial agent needed sacrificial agent not necessary

Figure 5.20 Difference between (a) conventional single organic photocatalyst system with
direct electron/hole recombination, sacrificial reagent needed; (b) cooperative photocatalyst
system with enhanced electron/hole separation, no sacrificial reagent needed. OS: organic

semiconductor; SA: sacrificial reagent; S: substrate.

5.2.2 Design of the catalyst couples

In this study, three molecular organic semiconductors (OS), in particular, 4,7-di(thiophen-2-yl)
benzo[c][1,2,5]thiadiazole (Th-BT-Th), 2-butyl-4,7-di(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole
(Th-BTz-Th), and 4,7-bis(1-butyl-1H-1,2,3-triazol-4-yl)benzo[c][1,2,5]thiadiazole (TA-BT-TA)

were designed. The structures and energy band positions of the OSs are shown in Figure 5.21.
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couple 1 couple 2
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Figure 5.21 Structure and HOMO LUMO levels (vs. SCE) of the OS molecules in both designed

photocatalyst couples.

The three OSs possessed different highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) band positions, which could be determined via cyclic
voltammetry. As shown in Figure 5.22, Th-BTz-Th exhibited a significantly high LUMO level
at -1.68 V vs. saturated calomel electrode (SCE), followed by TA-BT-TA with -1.20 V vs. SCE and
Th-BT-Th with -1.15 V vs. SCE. In comparison, TA-BT-TA exhibited the lowest HOMO level at
+1.54 V vs. SCE, followed by Th-BT-Th with +1.12 V vs. SCE and Th-BTz-Th with +0.95 V vs. SCE.
Given the different energy band positions, we assembled the three OSs in two photocatalyst
couples for this study, particularly, Th-BTz-Th/Th-BT-Th for cooperative photocatalyst couple 1
and Th-BTz-Th/TA-BT-TA for couple 2.
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Figure 5.22 Reductive potentials of (a) Th-BT-Th, (c) Th-BTz-Th and (e) TA-BT-TA and oxidative

potential of (b) Th-BT-Th, (d) Th-BTz-Th and (f) TA-BT-TA determined via cyclic voltammetry

(vs. SCE).
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5.2.3 Physical properties of OS couples

The absorption and fluorescence spectrums of Th-BT-Th, Th-BTz-Th and TA-BT-TA were shown

in Figure 5.23.

Normalized Absorption £

Figure 5.23 (a) Normalized absorption spectrum and (b) fluorescence spectrum of Th-BT-Th,
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Th-BTz-Th and TA-BT-TA.

Steady-state fluorescence quenching experiments in steady states were conducted and the
results are shown in Figure 5.24. They showed that by only exciting Th-BT-Th (at 500 nm) or TA-
BT-TA (at 450 nm) in both couples, the fluorescence intensity of couple 2 exhibited a larger

decrease in PL intensity than that of couple 1, indicating an enhanced electron transfer within
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couple 2, which was likely caused by the larger distance between the two HOMO levels.
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Figure 5.24 Steady state fluorescence quenching within the photocatalyst couples in solution.
The ratios of the OSs were 1:1 for both couples. Excitation wavelength: (a) 450 nm, (b) 500

nm.

To further study the photo-induced charge transfer within the couples, time-resolved
photoluminescence spectroscopy was conducted to characterize the photo-excited dynamics
within the OS couples. The PL measurements of the pristine materials and a 1:1 (mol %) blend
were all performed in DMF solution with excitation at 400 nm. The PL decays were collected at

the emission maximum for each component OS.
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Figure 5.25 Time-resolved fluorescence quenching within the photocatalyst couples in

solution. The ratios of the OSs were 1:1 for both couples. Excitation wavelength: 400 nm.
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Figure 5.26 Time-resolved photoluminescence decays in the pristine materials and in the

photocatalyst couples in solution. The ratios of the OSs were 1:1 for both couples. (a) Couple

1 and (b) couple 2. Excitation wavelength: 400 nm.

The fluorescence features of the different component materials overlap with each other.
Therefore, decay associated spectra (DAS) were derived by a global fitting analysis of the TRPL

data (Figure 5.27). This allows us to characterize the spectral distribution and lifetime of each
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emitting species, particularly for the measurements of couple 1 and couple 2. In couple 1
(Figure 5.27a), one can see that DAS 1, centered at 460 nm, matches exactly with the
fluorescence spectrum of Th-BTz-Th and decays in 0.6 ns, which is quenched with respect to the
pristine donor (2.6 ns). DAS 2, which is centered at 590 nm, matches with the fluorescence
spectrum of Th-BT-Th and decays with the same lifetime, as the pristine Th-BT-Th sample with
11.9 ns exhibiting no quenching. This indicates that in couple 1, likely the excitation energy
transfer (EET) from Th-BTz-Th to Th-BT-Th dominates the excited state dynamics, as illustrated
in Figure 5.28a. In couple 2 (Figure 5.27b), the DAS 1, centered at 460 nm, is again originating
from Th-BTz-Th and decays in 0.97 ns, which is quenched with respect to the pristine Th-BTz-Th
(2.6 ns). DAS 2, centered at 530 nm, is assigned to the emission of TA-BT-TA and has a decay
time of 10.6 ns. Here, the fluorescence of both Th-BTz-Th and TA-BT-TA are quenched with
respect to the pristine materials. This indicates an electron transfer from Th-BTz-Th to TA-BT-TA

and an enhanced charge transfer within couple 2 (Figure 5.28b).

a T T T T - — T T
( ) 4x10° = = ' Pristine Th-BTz-Th 2.6 ns (b) 6x10% Pristine Th-BTz-Th 2.6 ns/]
x10* | i .
= = 'Pristine Th-BT-Th 12.2 ns 5x10° - = = ‘Pristine TA-BT-TA 16.0 ns|
3x10° L Couple 1 Couple 1
X DAS 1: 0.6 ns 4x10* | DAS 1: 0.97 ns
~  2x10°} DAS 2:119ns 3x10% - —— DAS 2:10.6 ns
2x10* +
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~
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Figure 5.27 Decay associated spectra (DAS) derived by a global fitting analysis of the TRPL

Wavelength (nm)

data. (a) Couple 1 and (b) couple 2.
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Figure 5.28 Jablonski diagram illustrates energy and charge transfer in the photocatalyst
couples, respectively. Excitation wavelength: 400 nm. EET: excitation energy transfer; ET:

electron transfer.

5.2.4 Photocatalytic C-C bond formation

We chose the photocatalytic carbon-carbon formation reaction between electron-rich
heteroaromates and malonates as model reaction.'® Previous studies demonstrated the
mandatory use of sacrificial reagents, mostly amines, which ought not to only act as electron
donor, but also as electron mediator between the radical intermediate and the photo-
generated hole of the photocatalyst. We first tested the three designed OSs as single
photocatalyst system without using a sacrificial reagent. As expected, by using 3-
methylbenzofuran and diethyl bromomalonate in the model reaction, no product was obtained
using Th-BT-Th and TA-BT-TA as photocatalysts (entries 1-2 in Table 1). Interestingly, using Th-
BTz-Th as photocatalyst led to a slight conversion of 9%. This indicates that a minimal electron
transfer could still occur between the photocatalyst and the substrate, which corresponds with
the highest LUMO level of Th-BTz-Th among the three OSs and thereby the largest over
potential for the reduction of diethyl bromomalonate. In contrast, by using both cooperative
photocatalyst couples, the product could be obtained in significantly higher conversions, in

particular, 43% for couple 1 and 93% for couple 2, respectively (Table 5.5, entries 4-5). This is in
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agreement with the photophysical study (Figure 5.27), indicating that the enhanced charge
transfer between Th-BTz-Th and TA-BT-TA in couple 2 led to a better catalytic efficiency than
that of couple 1 containing Th-BTz-Th and Th-BT-Th. The reason could lie on the larger HOMO
energy gap (AEnomo = 0.59 V) between Th-BTz-Th and TA-BT-TA than that (AEnomo= 0.17 V) in
couple 1 between Th-BTz-Th and Th-BT-Th. It is also worth to note that further scope reactions
with other substrates led to high product vyields using couple 2 as phototocatalyst,

demonstrating a general feasibility of the cooperative photocatalyst design.

Further investigation of the catalytic efficiency is conducted with a fluorescence quenching
experiment. No linear decrease of the fluorescence can be seen when increasing the
concentration of the diethyl bromomalonate in the solution of Th-BT-Th and TA-BT-TA. Only Th-
BTz-Th can be quenched by diethyl bromomalonate with a really small rate constant, which is
consistent with the result before a slight conversion of 9% of starting compound can be got
when using Th-BTz-Th alone as the photocatalyst (Figure 5.29). In contrast, the fluorescence of
both photocatalyst couples could be gradually quenched by adding diethyl bromomalonate
(Figure 5.30), confirming the possible electron transfer between the photocatalyst couple and

the substrate.
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Table 5.5 Photocatalytic C-C bond formation between diethyl bromomalonate and

heteroaromates using different photocatalysts systems

(:I:%R . Br—(COOEt p.hotocat. couple @\& COOEt
X COOEt light, DMF, RT X COOEt
Conv
Entry Catalyst Substrate  Product
[%]°
1 Th-BT-Th ©j§ @Q@-{SZZ trace
2 TA-BT-TA S I e S’
3 Th-BTz-Th s I es Sl
4 Couple 1 @(§ @[§-<EZZZ 43
5 Couple 2 ©j§ ©j§—<zz‘;: 93
6° Couple 2 @f§ ©\/§—<ZZZZ 78
7° Couple 2 @:}? %2222 92
8° Couple 2 @Q‘m‘:“’ S;gc:::n, 85
9¢  Th-BTz-Th/TA-BT-TA (2:1) @(§ ©s Sl
10° Connected cat. ©j§ ©j§—<zzzz 31

“Reaction conditions: 1 equiv. (0.38 mmol) heteroaromate, 2 equiv. diethyl bromomalonate, 0.1

equiv. photocatalyst in 2.5 mL DMF, white LED, 24 h. ®Determined by GC-MS. “48h. 0.05 equiv.

photocatalyst, 24h.
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Figure 5.29 Fluorescence quenching spectra of (a)Th-BT-Th, (b)TA-BT-TA (c)Th-BTz-Th with
diethyl bromomalonate and (d) Stern-Volmer analysis of quenching rate between Th-BTz-Th

and diethyl bromomalonate.
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Figure 5.30 Fluorescence quenching for (a) cooperative catalyst system 1 (Th-BTz-Th and Th-
BT-Th) and (c) cooperative catalyst system 2 (Th-BTz-Th and TA-BT-TA) with diethyl
bromomalonate and Stern-Volmer analysis of (b) cooperative couple 1 and (d) couple 2 with

diethyl bromomalonate.

To precisely study the concrete electron transfer process within the catalytic cycle, we then
employed ethyl bromoacetate as substrate, which possessed a reduction potential of -1.43 V vs.

SCE (Figure 5.31b) that is higher than diethyl bromomalonate (-1.00 V vs. SCE) (Figure 5.31a).
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Figure 5.31 Reductive potentials of (a) diethyl bromomalonate and (b) ethyl bromoacetate

(potentials given vs. SCE)

By using couple 2 as photocatalyst, it could be determined that only traces of the final product
could be obtained (Figure 5.33). This reveals that the photo-generated electron could indeed
only transferred from the LUMO of Th-BTz-Th (-1.68 V vs. SCE) to the LUMO of TA-BT-TA (-1.20
V vs. SCE) in the first step, from which the further electron transfer to the higher reduction level
of ethyl bromoacetate was not possible as shown in Figure 5.32. Additionally, a direct electron
transfer from Th-BTz-Th to ethyl bromoacetate could not occur either. In comparison, diethyl
bromomalonate (E..q=-1.00 V vs. SCE) could be reduced via electron transfer originated from
the LUMO of TA-BT-TA, leading to the formation of the malonate radical, which further reacts

with 3-methylbenzofuran to form the final product in the following step of the catalytic cycle.
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Figure 5.32 Study of the electron transfer pathway using comparative substrates with

different reduction potentials. Interm.: intermediate.

An additional model reaction using both Th-BTz-Th as the single photocatalyst system and
triphenylamine as sacrificial reagent led to the formation of the finally desired product,

confirming that a direct electron transfer from Th-BTz-Th to ethyl bromoacetate was only

possible in the absence of TA-BT-TA as shown in Figure 5.34.

65



Results and Discussions

e
3,146,237

+.127

H g = 2
< T R
T B B e B R B REEE  BERE
4.0 5.0 6.0 7.0 8.0 9.0 9.9
min
Spectrum
R.Time:4.133(Scan#:681)
MassPeaks:364
Group 1 - Event 1 Scan
100 i
80+
60+
40
- - 103
20 sl
i Y |\I|‘ 113 166 181 207 231 265 281 305 324 345 378 396 410
(il L e e e i i
30 50 70 90 110 130 150 170 190 210 230 250 270 290 310 330 350 370 390 410
m'z
Spectrum
R.Time:6.562(Scan#:2138)
MassPeaks:352
Group 1 -Event 1 Scan
100 a0
80+
60+
40+
20 s 28
3 - 91
o, T b 159 189 207 | 234 261 289 308 316 343 367 393 414
3‘() ‘ SI() ‘ 7‘0 ' L)‘(i ‘ II‘[]‘ Ié(i‘ I,Ii()l l'li()I l“)() ‘ Zi()llé(]ll‘il) ‘ 2"[()‘

i ka
290 310 330 350 370 390 410

n'z

Figure 5.33 C-C coupling between 3-methylbenzofuran and ethyl bromoacetate using couple 2

(Th-BTz-Th/TA-BT-TA) as cocatalyst, Conversion: ~ 4%.
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Figure 5.34 C-C coupling between 3-methylbenzofuran and ethyl bromoacetate using Th-BTz-
Th as catalyst and 4-methoxyltriphenylamine as sacrificial reagent. Reaction conditions: 1

equiv. (0.38 mmol) heteroaromate, 2 equiv. ethyl bromomalonate, 0.1 equiv. photocatalyst in

2.5 mL DMF, white LED, 12 h.
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5.2.5 Attempt to improve the catalytic efficiency

The photo-induced electron transfer within the cooperative photocatalyst couple usually occurs
based on the rather random contact between the two OSs in the liquid reaction medium. To
create a non-random contact and thereby a more defined electron transfer process, we then
connected Th-BTz-Th and TA-BT-TA via a C6 alkyl chain as molecular bridge as a control
photocatalyst. As displayed in Scheme 2, a large molecule of Th- BTz-Th@TA-BT-TA containing

both OSs in couple 2 was synthesized.

Scheme 5.2 Chemical structure of Th-BTz-Th@TA-BT-TA.

The absorbance spectrum of Th-BTz-Th@TA-BT-TA is a combination of both Th-BTz-Th and TA-
BT-TA, but the fluorescence mainly comes from TA-BT-TA. Due to the spectrum overlap
between the fluorescence of Th-BTz-Th and absorbance of TA-BT-TA, the fluorescence of Th-

BTz-Th is strongly quenched by energy transfer process.
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Figure 5.35 UV/vis absorption and fluorescence spectra of the connected photocatalyst

system TA-BT-TA@Th-BTz-Th.

Remarkably, under the same concentration and ratio, the fluorescence intensity of Th-BTz-
Th/TA-BT-TA strongly decreased after connection compared to their unconnected form as
couple 2 (Figure 5.36). This result suggests a strong interaction between two OSs inside the

large molecule.
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Figure 5.36 Fluorescence spectra of C6-connected Th-BTz-Th@TA-BT-TA and unconnected
photocatalyst couple 2 containing Th-BTz-Th and TA-BT-TA under same molar ratio and
concentration.
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A study on the impact of Th-BTz-Th/TA-BT-TA in couple 2 on their photocatalytic efficiency
showed that the highest reaction rate was achieved by a ratio of 2:1 for Th-BTz-Th/TA-BT-TA
(Figure 5.37), which in fact corresponds to the connected molecule of Th-BTz-Th@TA-BT-TA.
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Figure 5.37 Study of the impact of the OS ratio on the reaction conversion.

However, when comparing the catalytic efficiency between the connected catalyst of Th-BTz-
Th@TA-BT-TA and unconnected couple 2 with the same ratio between both OSs, only a

decreased conversion was observed for the connected catalyst (Figure 5.38).
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Figure 5.38 Comparison between cooperative photocatalyst couple 2 with the C6-connected

molecule Th-BTz-Th@TA-BT-TA
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In spite of the better electron transfer occurred within connected system, the reduced catalytic
efficiency could be likely caused by the sterical hindrance within the large molecule or the
competing charge recombination process, which limits the contact between the substrate and
the individual OSs in the large molecule and efficient electron transfer between the catalyst and
substrate. To overcome this limitation, new molecular bridges other than the C6 alkyl chain
could be needed. This phenomenon is partially illustrated by the fluorescence quenching
experiment between Th-BTz-Th@TA-BT-TA, Th-BTz-Th/TA-BT-TA and diethyl bromomalonate.
The quenching rate decreased when two catalysts is connected, which indicates a weaker

interaction between the connected catalyst and diethyl bromomalonate (Figure 5.39).
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Figure 5.39 Fluorescence quenching of (a) unconnected and (c) connected Th-BTz-Th/TA-BT-
TA with diethyl bromomalonate and Stern-Volmer analysis of (b) unconnected and (d)

connected Th-BTz-Th/TA-BT-TA with diethyl bromomalonate.
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5.2.6 Conclusion

We have developed a new sacrificial reagent-free photoredox pathway by employing organic
semiconductors as cooperative photocatalyst couple. The photocatalyst couple consists of
organic semiconductors with complementary HOMO/LUMO band positions, leading to
enhanced photo-induced intermolecular charge transfer between the organic semiconductors
within the couple. By the cooperative photocatalyst design, no extra electron-donating
sacrificial reagents are needed and a new paradigm in the photoredox reaction without

undesired side reaction under the oxidation of the sacrificial reagents can be established.

5.3 Feasibility study of the small molecule organic semiconductors as
photocatalysts for challenging reactions: molecular design for metal-free
and photocatalytic aromatic C-C bond formation reaction

In the following chapter, a visible light driven aromatic cross coupling reaction is described. Due
to the precise and tunable energy levels of small molecule organic semiconductors, namely
HOMO/LUMO levels, the catalytic cycle can be designed firstly to achieve this high profile cross
coupling reaction. A series of substrates are proved to undergo this reaction successfully with a
good to excellent yield. A good selectivity between Br and | can be achieved in utilization of the
difference in reductive potential. Cl and Br are also good leaving groups only if the reductive

potential of halogen containing substrates is lower than the LUMO of the catalyst.

5.3.1 Motivation

C-C bond formation cross coupling reactions between aromatic rings show its superior research
hit in the past decades and still attract the growing interest in extending this powerful synthetic
method.?*® A fruitful research field utilizing this synthetic method is the synthesis of conjugated
materials for fascinating electronic devices, such as organic thin film transistors (OTFT), organic

solar cells (OSCs), organic light emitting diodes (OLED) and etc.'®®'% 1%

The most commonly
utilized method is the transition metal, typically palladium, nickel or cooper, catalyzed C-C

coupling, where the pre-functionalized organometallic starting compound reacts with aryl
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halides. Different reactions are named by the pre-functional group utilized, magnesium
halogen, boronic acid and its derivatives, zinc halogen, and stannanes as Kumada, Suzuki,
Negishi and Stille coupling respectively (Scheme 3a). A growing demand in streamlining of the
overall synthesis to avoid the toxic or high active organometallic pre-functionalized groups
results in the direct functionalization of the unreactive carbon-hydrogen bonds. Intensive
efforts have been made to develop various reaction conditions for this direct cross coupling of

challenging C-H bonds and aryl halides (Scheme 3b).?*****

a. transition metal catalyzed C-C cross coupling reaction

FG transition metal catalyst FG
FG ligands, heating FG

X=CLBr,I Y = MgBr, B(OR),,
ZnBr, SnR;

b. transition metal catalyzed C-H activation cross coupling
reaction

FG transition metal catalyst
@—x + H— Ar’ -
FG additive, ligands, heating fg

X =Cl,Br, I

FG

:

c. organic semicongductor photocatalyst catalyzed C-H

activation cross coupling reaction . .
oragnic semiconductor

FG photocatalyst FG
FG DMSO, visible light, r.t. FG

Scheme 5.3 Transition metal catalyzed C-C, C-H and organic semiconductor photocatalyst

catalyzed C-H cross coupling reactions.

Recent efforts in the field of visible light mediated photocatalyst shows its tremendous

perspective for an alternative synthetic method under mild and environmental benign
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conditions. Versatile photocatalysts, such as organic transition metal complexes and organic
dyes, as well as the novel reactions were developed.®® '* 22222* A typical single electron
transfer (SET) process occurred between the light activated photocatalyst and substrates in
photocatalytic cycle. Numerous inter- or intra-molecular addition reactions were reported using

92, 194, 225-227

the free radical formed via the SET process. However, the examples for the cross

coupling using a photocatalyst method between different aromatic rings are rare.>” > 2%

5.3.2 Catalytic cycle design

Based on our recent work in applying the organic semiconductors as efficient photocatalyst, we
declared an electron flowing behavior between the catalyst and substrates benefited from the
clear energy levels of the organic semiconductors. Also, a successful SET process happened and
an intermolecular C-C bond formation reaction was conducted. Rechecking the proposed
catalytic cycle in our catalyst system, it motivated us to think whether we could conduct the C-C
bond formation cross coupling reaction between aromatic rings under the same manner
(Scheme 5.3c). So, designing of new reactions by first drawing the catalytic cycle, then trying to
find the proper organic semiconductor type photocatalyst and sacrificial reagent to enclose the
catalytic cycle should be a possible way to achieve this high profile reaction. Based on the
reaction mechanisms we have studied before, the similar catalytic cycle for the aromatic C-C
bond formation reaction can be drawn as shown in Figure 5.40. After the formation of the aryl
radical via single electron transfer from the LUMO of the excited catalyst, it reacted with a new
aryl ring to form the intermediate. Then oxidation and reconstruction of the intermediate

offered the desired product.
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Figure 5.40 Pre-designed mechanism for organic semiconductor photocatalyst catalyzed C-H

cross coupling reactions.

The very first step in pre-drawn catalytic cycle (Figure 5.40) should be the formation of the free
aryl radical through the electron transfer between the LUMO of the organic semiconductor and
the aryl halogen substrate. Methyl 4-iodobenzoate was chosen here as a typical aryl halogen
substrate which has reductive potential of -1.63 V (vs. SCE) (Figure 5.42), so the LUMO of the
catalyst should be higher than this. To achieve extremely high LUMO band positions, we aim to
fine-engineer molecular organic semiconductors on the molecular level. Three OSs were
synthesized to demonstrate the structural design strategy, in particular, 4,7-di(thiophen-2-yl)
benzo[c][1,2,5]thiadiazole  (Th-BT-Th),”*®  2-butyl-4,7-di(thiophen-2-yl)-2H-benzo[d][1,2,3]
triazole (Th-BTz-Th), and 2-butyl-4,7-bis(1-methyl-1H-pyrrol-2-yl)-2H-benzo([d][1,2,3]triazole
(Py-BTz-Py). The structures and energy band positions of the OSs are shown in Figure 5.41. By
replacing sulfur in the BT unit and introducing nitrogen as electron-donating moiety, the LUMO
level could elevated to -1.68 V vs SCE, as shown in Th-BTz-Th. By further replacement of sulfur

by nitrogen in the adjacent thiophene units, the LUMO level could be gradually aligned to -2.04
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V, as observed by Py-BTz-Py, which is high enough to make sure the electron transfer from the

catalyst to the methyl 4-iodobenzoate.
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Figure 5.41 Molecular engineering of OS type photocatalysts.

Based on our previous work that sacrificial reagent is first oxidized to give out one electron to
the excited hole in HOMO, we are next searching for the proper substituted triphenyl anine
whose oxidative potential is lower than the HOMO of the catalyst (+0.61 V vs. SCE) (Figure
5.41). Tri(4-methoxyl phenyl)anime, triphenyl amine substituted by three electron donating
group, was a final choice whose oxidative potential is +0.48 V (vs. SCE) (Figure 5.42). Although,
the oxidative potential of the new radical intermediate formed after the addition cannot be
tested directly, it should be not so high that prevent the electron transfer to the oxidized

reductant, as reported'*® and calculated by computed method before.
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Figure 5.42 Proper energy levels designed for catalytic cycle.
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5.3.3 Screening of the reaction condition

Table 5.6 Reaction condition optimization of aromatic cross coupling reaction

MeOOC—©—| L ) —O5RT MeOOC-@—@
@) white light O

al a2 a3
Entry solvent Catalyst/% Amine/equiv. Furan/equiv. Conversion/%°
1 DMSO 5 1 20 55
2 DMF 5 1 20 43°
3 MeCN 5 1 20 24
4° DMSO 5 1 20 66
5 DMSO - 1 20 -
6 DMSO 5 - 20 -
7 DMSO 5 1 20 -

Reaction conditions: 1 equiv (0.38 mmol) methyl 4-iodobenzoate, 20 equiv furan, 1 equiv
amine, 5% catalyst in 2.5 ml solvent, white LED (0.16 W/cm?), RT, 24 h. [a] Conversion
determined via GC-MS. [b] 30% methyl benzoate as side product. [c] 2 days reaction time. [d]

reaction conducted without light.

Initial study using 1 equiv (0.38 mmol) methyl 4-iodobenzoate, 5 equiv photocatalyst, 1 equiv
sacrificial reagent and 20 equiv furan in 2.5 ml DMSO give the desired product with 55%
conversion (Table 5.6, entry 1). Changing the solvent into DMF will result in the 30% de-iodine
product as a side reaction (Table 5.6, entry 2), since the high reactive radical can abstract

230 Extend the reaction time to 2 days just slightly improved the conversion

hydrogen from DMF.
(Table 5.6, entry 4). And the control experiment that conducting reactions without catalyst

(Table 5.6, entry 5), sacrificial reagent (Table 5.6, entry 6) and light (Table 5.6, entry 7) will not
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lead to any consumption of the starting substrate, which indicates the robustness of the

designed catalytic cycle.

5.3.4 Screening of the aryl iodides and aromatic ring

To investigate the general feasibility of Py-BTz-Py as photocatalyst, we then tested various aryl
substrates using the optimized reaction condition. The results are listed in Figure 5.43. A high
functional group tolerance on the aryl substrates was observed. By scoping the reaction of
various aryl iodides with furan, a clear tendency could be observed. The electron-withdrawing
substituents such as cyano- or trifluoro- groups (b4-b9) generally led to higher reaction yields
than the electron-donating substituents (b17-b20) (Figure 5.43a). However, single halide-
containing substituents (b1-b3) did not lead to higher product yields than the model substrate
methyl 4-iodobenzoate (b15). Nevertheless, multiply halogenated aryl iodides led to moderate
product yields (b11-b13). The reactions with the other carbonyl-containing substrates showed

similar product yields (b14 and b16).

The scope of different arenes (Ar®) as coupling partner showed that the reactions with electron-
rich arenes such as pyrrole could be obtained in very high yields up to 99% (b21-b26). The
reaction of methyl 4-iodobenzoate with thiophene led to a slightly lower yield than the model
reaction with furan (b27). The reactions with electron deficient arenes such as phenyl (b28) and
toluene (b29) showed a lower product yields than the ones with electron rich arenes. It is to
note that three different products were obtained from the reaction with toluene. Mainly ortho-

substituted C-C bonded product on toluene was obtained (b29).
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Figure 5.43 Screening of the Ar-1 and Ar for the photocatalytic C-C bond formation.
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Additionally, the reduction potential dependence of the C-C bonded product yield of the aryl
halides could be demonstrated by comparing the reaction of 4-chloro-, 4-bromo- and 4-
iodobenzonitrile with furan. By decreasing reduction potential of the aryl halides, in particular,

-1.92, -1.80, and -1.62 V vs. SCE respectively (Figure 5.44), increased product yields were
obtained (b30).
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Figure 5.44 Reductive potential of (a) 4-iodoanisole, (b) iodobenzene, (c) methyl 4-

iodobenzoate, (d) 4-iodobenzonitrile, (e) 4-bromobenzonitrile and (f) 4-chlorobenzonitrile.
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5.3.5 Examination of the mechanism

Fluorescence quenching experiments show that the fluorescence of the catalyst can be strongly

guenched by adding the sacrificial reagent tri(4-methoxyl phenyl) anime (Figure 5.45a and

5.45b). A slowly quenching between the catalyst and methyl 4-iodobenzoate can also be seen

(Figure 5.45c and 5.45d), however, no product can be obtained when conducting the reaction

without sacrificial reagent. It is accordance with our previous knowledge that fluorescence

guenching can be seen between catalyst and halogen containing substance when the catalyst is

more electron-rich, namely LUMO is higher. However the reductive quenching of the catalyst

should be more efficient. Two roles of the sacrificial reagent exist here, first is the base to

neutralize the HI formed as by product and second the electron donating reagent to accelerate

the reaction rate. So, it is strongly declared here that the electron should originate from the

tri(4-methoxyl phenyl) anime to the light generated hole in the HOMO of the catalyst.
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Figure 5.45 Fluorescence quenching of (a) Py-BTz-Py with tri(4-methoxylohenyl)amine and (c)
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To confirm the aryl radical-mediated reaction mechanism as illustrated in Figure 5.40, we then
conducted the reduction reaction of methyl 4-iodobenzoate in the presence of BusN using
2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) as radical trapping agent. The trapped TEMPO-
adduct could be determined by MS (291.7 g/mol in Figure 5.46).
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Figure 5.46 Aryl radical trapping experiment using TEMPO. Reaction conditions: methyl 4-
iodobenzoate (0.38 mmol, 1 equiv.), tributylamine (1.9 mmol, 5 equiv.), TEMPO (1.9 mmol, 5

equiv.), organic semiconductor photocatalyst (5%, 0.019 mmol), in 2.5 ml DMSO.
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5.3.6 Conclusion

In summary, a precise molecular design of organic semiconductors for metal-free and visible
light-driven aromatic C-C formation reactions was demonstrated. Via heteroatom engineering,
the LUMO level of the organic semiconductor could be aligned to -2.04 V vs SCE and thereby
possessing an extreme high photo-reductive potential. Various aryl halides could be reduced to
aryl radicals, which could couple with other aromatic compounds to form the final C-C-bonded
products. We believe that this study can provide a promising organic photocatalyst with
extreme high reductive potential for C-C bond formations, which can also be applied in a wider

range of radical-mediated bond formation reactions such as C-N, C-P etc.

5.4 Visible light-controlled atom transfer radical polymerization (ATRP)
catalyzed by small molecule organic semiconductors

In the following chapter, a controllable atom transfer radical polymerization process is
described, which can be achieved by the utilization of different small molecule organic
semiconductors as photocatalyst. The redox potential of the organic photocatlysts, initiator,
sacrificial reagents and monomers were precisely adjusted. The addictive salt, in particular LiX
(X: halide), played an important role in maintaining the living manner during the polymerization
process to surpass the chain end to eliminate the side reaction. Under the optimized condition,
well-defined polymers with narrow polydispersity, precisely identified chain end were
synthesized. The controllability of the polymerization was proved by the chain extension with

the purified polymer as macro-initiator to further prepare block copolymers.

5.4.1 Motivation

Controllable synthesis of polymer with precise molecular weight, molecular weight distributions
and also molecular structures is of great importance in polymer chemistry. Unlike the living

ionic polymerizations, controlled radical polymerization (CRP) is more applicable due to its

231-238

great tolerance to solvents, functional groups and impurities. Indeed, atom transfer

radical polymerization (ATRP) has become one of the most utilized synthetic methods for the
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preparation of polymers with controlled molecular weight, molecular weight distribution, and
versatile chemical structures.”®® Recent efforts in improving the ATRP process leads to the
photo polymerization driven by photocatalyst, which the control of the chain growth can be
easily accomplished with light as external stimulus and the toxic metal purification process can
be avoided by utilization of the organic catalysts.>*% 4243 4% 240243 ho\waver, most reported
organic photocatalysts for ATRP such as phenoxazines and dihydrophenazine illustrate
extremely high reductive potential, which have an intrinsic disadvantage of UV activation and
instability of storage. Therefore, the design of visible light induced photocatalyst with high

stability and catalytic efficiency for ATRP is still urgent for polymer chemists.

In the previous sub-chapters, organic semiconductor (OS) photocatalysts have demonstrated
their feasibility as promising alternative to noble metal or organic dye-containing
photocatalysts. The advantage of tailorable electronic properties via versatile structural design
was also demonstrated in this thesis. The high efficiency of single electron transfer (SET)
process in OS type photocatalyst has been verified by C-C coupling reactions conducted under
visible light, which the radical formed after the electron transfer from the LUMO of the catalyst
to the relative substrate. We envisaged that this photo-induced radical formation process could
also be applied for the photo controlled living radical polymerization. A proposed mechanism is
shown in Figure 5.47. The initiating step of the polymerization is the electron transfer from the
LUMO of the catalyst to alkyl halogen initiator to form the desired radical for chain
propagation. In addition, the radical polymer chain end can be efficiently deactivated via the
oxidation process, which one electron was migrated to the oxidized sacrificial reagent,
accompanying with the regenerated alkyl halogen bond for further catalytic cycle. According to
the proposed mechanism, a photocatalyst with slightly higher reductive potential than that of
halide initiator and oxidative potential than that of sacrificial reagent should
thermodynamically work for the electron transfer between photocatalyst and reactive
reagents. Therefore, extremely high redox potentials could be totally avoided for the ATRP
process, which makes it possible for radical generation and chain initiation in the visible light

region.
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Figure 5.47 Proposed mechanism for the light-controlled ATRP process catalyzed by OS type
photocatalysts.

easy to synthesize
Tunable electronic properties

g Y "y
Lumo——-1.20 Lumo——-1.68

[ 4
HOMO +1.60 HOMO——+1.54 HoMmo——+0.95
Ph-BT-Ph TA-BT-TA Th-BTz-Th

Figure 5.48 lllustration of the probably suitable OS type catalysts using in ATRP.

5.4.2 The role of sacrificial reagent

Before studying the light-controlled ATRP process, the role of the sacrificial reagent should be

first clarified. Proven by the previous studies, usually, the fluorescence of the photocatalyst
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with a lower reductive potential cannot or can only be slightly quenched by substrate
containing alkyl halogen bonds. In comparison, the fluorescence of the photocatalyst can be
strongly quenched by sacrificial reagent. However, for photocatalysts with high reductive
potentials, the reductive quenching process via direct electron transfer from the photocatalyst
to the alkyl halogen bond, could be possible.”> To prove this, the fluorescence quenching
experiments of the chosen photocatalyst, in particular, Ph-BT-Ph and ethyl a-bromophenyl
acetate as the radical initiator were carried out. The fluorescence of Ph-BT-Ph could not be
guenched by the initiator, as shown in Figure 5.49. However, the successful quenching was
shown by the sacrificial reagent (triphenylamine). Based on this observation, we aim to

incorporate the sacrificial reagents in the designed catalytic system.
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Figure 5.49 Fluorescence quenching of Ph-BT-Ph with (a) triphenylamine, (b) ethyl a-

bromophenyl acetate, and (c) Stern-Volmer analysis.
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5.4.3 Energy level study in the proposed catalytic cycle

To verify the demanded reductive/oxidative potentials for the photocatalyst, the reductive
potential of the initiator and the living chain end, and the oxidative potentials of sacrificial
reagent, triphenylamine used here, were first examined. As a result, the demand for the
reductive potential of the photocatalyst should higher than -1.05 V (Figure 5.50b), which was
the reductive potential for the C-Br bond at the chain end, and the oxidative potential should

higher than 0.89 V (Figure 5.50c), which is the oxidative potential of the sacrificial reagent,

triphenylamine in this case.
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Figure 5.50 (a) Reductive potential of initiator ethyl a-bromophenyl acetate, (b) reductive
potential of polymer chain end C-Br bond, (c) oxidative potential of sacrificial reagent
triphenylamine, (d) reductive potential of initiator 1-lodoperfluorohexane, and (e) reductive

potential of polymer chain end C-l bond, estimated by the analogue ethyl iodoacetate.
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5.4.4 Optimization of polymerization condition

The requirement for the energy levels can be accomplished by the designed OS type
photocatalysts here. Initial study by employing 0.1% Th-BTz-Th, which occupies a reductive
potential of -1.68 V and oxidative potential of 0.95 V, 5.6 mmol MMA, 2.5% ethyl a-
bromophenyl acetate and 10 % triphenylamine offered a polymer. However, carefully examined
the polymer process showed a non-controlled behavior. The molecular weight unchanged and
even decreased with prolonged reaction time (Figure 5.51a), while the consumption of the

monomer increases.

It is also necessary to mention that, without sacrificial reagent, the polymerization process
occurred in a more radical manner, resulting in the polymer with multi-distribution properties

as illuminated in GPC curve, high molecular weight and broad PDI (Figure 5.51b).
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Figure 5.51 Gel permeation chromatography traces of PMMA40 synthesized (a) with
sacrificial reagent and (b) without sacrificial reagent. Reaction condition: MMA 5.6 mmol,
2.5% mol Initiator ethyl a-bromophenyl acetate, 0.1% Th-BTz-Th as photocatalyst, 10% mol

tripheylamine or not in 1.5 ml DMF with a white LED as light source.

Chain extension of the produced polymer with MMA showed shoulder peak in GPC curves

(Figure 5.52a), which may be caused by the dead chain end that the molecular weight
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unchanged. This component was more obvious for the polymer synthesized with 1-

lodoperfluorohexane as initiator, whose polymer chain end should be the C-I bond (Figure

5.52b).
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Figure 5.52 Gel permeation chromatography traces of PMMAA40 and chain extended PMMA40
synthesized (a) with ethyl a-bromophenyl acetate as initiator and (b) with 1-
lodoperfluorohexane as initiator. Reaction condition for the PMMA40: MMA 5.6 mmol, 2.5%
mol Initiator, 0.1% Th-BTz-Th as photocatalyst, 10% mol tripheylamine in 1.5 ml DMF with a
white LED as light source (5 hours reaction time for Br initiator and 20 h for the | initiator).
Reaction condition for the chain extended PMMA40: MMA 5.6 mmol, 100 mg purified
macroinitiator, 0.1% Th-BTz-Th as photocatalyst, 20% mol tripheylamine in 1.5 ml DMF with a
white LED as light source (5 hours reaction time for Br initiated PMMAA40 and 20h for the |
initiated PMMAA40).

The failure of synthesizing the well-defined polymer and chain extended product forced us to
reexamine the catalytic cycle. We realized that the sacrificial reagent, triphenylamine, could
also act as a Lewis base. As shown in Figure 5.53, the positive carbon ion formed after the
electron transfer process made the hydrogen at the adjacent carbon more acidic, which could
be abstracted by the triphenylamine to form the eliminated product and finally formed an

inactive chain end (dead chain).
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Figure 5.53 Proposed elimination side reaction.

To surpass this side reaction, more halogen negative ions should be supplied for a quicker
recombination with the positive carbon ion to form the C-X bond. LiBr was added as an additive
to improve the living polymerization behavior. Interestingly, the polymerization process
conducted with 0.1% Th-BTz-Th as photocatalyst, 5.6 mmol MMA, 2.5% ethyl a-bromophenyl
acetate, 10% triphenyamine and 20% LiBr showed an improved living polymerization character.
The molecule weight increased linearly with the consumption of the monomer (Figure 5.54a),
and the plot of the In([M]o/[M]) versus exposure time was also in a linear function relationship

(Figure 5.54d). However, the PDI also increased after the polymerization process.

91



Results and Discussions

~_
=

~—
(¥

—2h
—4h
——=6h
——8h
——10h
—12h
—14h
—23h

—
o
1

o
(o]
1

e
[s2]
1

Normaloized Intensity
o o
e

0.0
-02 T T T T T T T T T T 0 T T T T T T T T 10
10 12 14 16 18 20 22 24 26 28 30 32 0 10 20 30 40 50 60 70 80
Volume (ml) Conversion (%)
16
(€) &] 1 () .
] 144
70- . -
50 12
o 7 ] ]
T 50 19
Ry - = 08 -
g 40 f§ED =7
] . = 06 "
£ 201 E
8 204 . 0.4 - L
104 o 0.2+ "
o n
0| T T T T 00_ T T T
0 5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h)

Figure 5.54 (a) Gel permeation chromatography trace vs. reaction time, (b) molecular weight
and molecular weight distribution vs. conversion, (c) conversion vs. reaction time and (d)
In([M]o/[M]) as a function of time. Reaction condition: MMA 5.6 mmol, 2.5% mol Initiator
ethyl a-bromophenyl acetate, 0.1% Th-BTz-Th as photocatalyst, 10% mol tripheylamine, 20%
LiBr in 1.5 ml DMF.

Further attempt to improve this situation was involved the changing of the photocatalyst. By
using TA-BT-TA as photocatalyst, which has a reductive potential of -1.20 V and oxidative
potential of +1.54 V, a longer reaction time up to 60 hours was needed for a high conversion of
the monomer (Figure 5.55c). This was likely due to the low “over potential” between the LUMO

of the TA-BT-TA and reductive potential of chain end C-Br bond, which is consisted with the
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result we got before. PDI during the whole polymerization process was quit high, up to 1.8

(Figure 5.55b).
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Figure 5.55 (a) Gel permeation chromatography trace vs. reaction time, (b) molecular weight

and molecular weight distribution vs. conversion, (c) conversion vs. reaction time, and (d)

In([M]o/[M]) as a function of time. Reaction condition: MMA 5.6 mmol, 2.5% mol Initiator

ethyl a-bromophenyl acetate, 0.1% TA-BT-TA as photocatalyst, 10% mol tripheylamine, 20%

LiBr in 1.5 ml DMF.

To narrow the PDI, Ph-BT-Ph was used as photocatalyst, which exhibited the reductive potential

and oxidative potential of -1.28 V and +1.6 V vs SCE, respectively. During the polymerization
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process, the plots of the Mn versus conversion and In([M]o/[M]) versus exposure time appeared

in a linear relationship (Figure 5.56b and 5.56d), and the PDI for the final product was 1.35.
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Figure 5.56 (a) Gel permeation chromatography trace vs. reaction time, (b) molecular weight
and molecular weight distribution vs. conversion, (c) conversion vs. reaction time and (d)
In([M]o/[M]) as a function of time. Reaction condition: MMA 5.6 mmol, 2.5% mol Initiator
ethyl a-bromophenyl acetate, 0.1% Ph-BT-Ph as photocatalyst, 10% mol tripheylamine,20%
mol LiBr in 1.5 m| DMF.
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Table 5.7 Results of the ATRP conducted with different catalysts.

Entry catalyst t/h Mn GPC/Da PDI Conversion/% /P

1 Th-BTz-Th 23 4591 1.78 78 0.68
2 TA-BT-TA 60 4598 1.74 75 0.65
3 Ph-BT-Ph 27 6706 1.35 85 0.51

[a] Reaction condition: MMA (1 equiv, 5.6 mmol), initiator, catalyst, NPh3s, LiBr in DMF (1.5ml) at
room temperature with a white LED as light source. [b] Initiating rate, calculated by

Mn,theory/Mn,GPC.

5.4.5 Living nature of the ATRP

The light controlled living manner of the polymerization process was further proved via the light
“on-off” experiment. During the polymerization, the polymer chain could only propagate under
light irridiation. In the absence of light, no consumption of the monomer (Figure 5.57a) or the
increase of the molecular weight (Figure 5.57b) could be observed. Even after a long dark
period up to 5 hours, no obvious change was observed. This strongly suggested that the
polymerization was not in a free radical manner. The radical chain end could be quickly

deactivated after the monomer addition via the oxidation process to form the C-Br bond.

95



Results and Discussions

(a)100 (b) 5000
J \ \ = light
90 i i L " e ¢ dark
80+ /_Q_/ 4000
704
O\O | -
S 60 / . 3000
0 1 ©
@ 507 - o
g 49-_ = 2000
S 304 = .
O 5] == 1000 A
10—/
O T T T T T T T T T T T T T T T T T T T O T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 0 10 20 30 40 50 60 70 80
Time (h) Conversion (%)
1.2
(c) —— 5hlight
—— bh dark
%1'0' —10n light
c —— 10h dark
D084 ——15hlight
< ——15h dark
1 ——20h light
B %61 —2on dark
N
EOA-
£
5 0.2
zZ
0.0_ ES
15 20 25 30
Volume (ml)

Figure 5.57 (a) Conversion of the monomer within the controlled light “on-off” cycle, (b)
relative molecular weight of each “on-off” cycle and (c) gel permeation chromatography trace

at different time point.

To further prove the living nature in this system, the polymer chain extension and the synthesis
of a block copolymer were conducted. A PMMA macroinitiator was synthesized under the
optimized condition using Ph-BT-Ph as photocatalyst under the exposure of light for 24 h. Then,
the irradiation of the purified macroinitiator, MMA, triphenylamine, and Th-BTz-Th as
photocatalyst offered a chain extended PMMA product (Figure 5.58a) with increased molecular
weight. The GPC measurement showed a low polydispersity after 5h light irradiation. This
suggested the maintaining of the living nature of the chain end C-Br bond during the whole

polymerization process for further chain propagation. The block copolymer was also
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successfully synthesized via adding the macroinitiator, benzyl methacrylate, triphenylamine and
Th-BTz-Th as photocatalyst. The GPC measurement showed no signal of the starting
macroinitiator (Figure 5.58b). This finding further supports our proposed mechanism, in which

the ATRP process can also be accomplished with low reductive potential OS type photocatalyst.

Rescs ol .

Mn = 6277 Mn =19480
Mw/Mn = 1.30 Mw/Mn=1.70

Mn = 6277
Mw/Mn=1.30

Mn = 13286
Mw/Mn = 1.43

20 ' 24 ' 28 ' 32 20 24 28 32
Volume (ml) Volume (ml)

Figure 5.58 (a) Gel permeation chromatography traces of PMMA before and after chain

extension, and (b) Gel permeation chromatography traces of PMMA and PMMA-b-PBMA.

Matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) spectrum can directly
give the insight of the molecular weight of single polymer chains, which can be used to
calculate the composition of the polymer. For the PMMA samples synthesized by the standard
condition with LiBr as additive, the generated polymers appeared extremely clean. Only a single
series of peaks was presented, which was obviously associated with the theoretically expected
molecular structure (Figure 5.59). The molecular weight could be calculated by the following

equation:
163.07 (o chain end) + 100.05 (repeating unit) + 1.01 (H) + 23 (Na®)

The missing of the Br atom was likely due to the ionization process and was discussed by other

a Uth0r5.43' 243-244
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Figurer 5.59 MALDI-TOF spectrum of the PMMA synthesized with the standard condition:

MMA 5.6 mmol, 2.5% mol Initiator ethyl a-bromophenyl acetate, 0.1% Ph-BT-Ph as
photocatalyst, 10% mol tripheylamine, 20% LiBr in 1.5 ml DMF.

The PMMA sample synthesized without LiBr showed a complex pattern of peaks in the MALDI-
TOF spectrum (Figure 5.60). The main series of peaks were associated with theoretic molecular
weight, which indicates the living ATRP process. However, the other series of peaks that also
differed in one MMA (100.05) repeating unit were observed. Among these, the series of peaks
containing two a chain end groups could be obtained by either the recombination of two
radicals, or the re-addition of the double bonds at the polymer chain end, the later could be

likely caused by the elimination process as we have assumed before.
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Figure 5.60 MALDI-TOF spectrum of the PMMA synthesized without LiBr: MMA 5.6 mmol,
2.5% mol Initiator ethyl a-bromophenyl acetate, 0.1% Ph-BT-Ph as photocatalyst, 10% mol
tripheylamine in 1.5 ml DMF.

The flexibility of the small molecule organic semiconductor with low reductive potentials, which
can efficiently catalyze the ATRP process, was further examined via the variation of the reaction
conditions. Interestingly, lowering the amount of the sacrificial reagent and LiBr to 0.05 equiv
and 0.1 equiv, respectively, did not influence the formation of the final polymer product (Table
5.8, entry 2 and 3). When increasing the amount of the photocatalyst to 0.5% equiv, the
reaction time was not obviously shortened to reach similar conversions (Table 5.8, entry 4). This
led to our hypothesis that the catalyst load did not influence the polymerization rate due to the
fact that the concentration of the living chain end was low. Only a slightly decrease of the
conversion and the final molecular weight of the polymer occurred when using a low catalyst
concertation of 0.01% (Table 5.8, entry 5). This also showed the high catalytic efficiency of our

OS type photocatalyst in low concentrations. However, due to the lower over potential
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between the reductive potential of the photocatalyst and the C-Br bond of the living polymer
chain end, a relative longer reaction time was needed compared to other photocatalysts. This
phenomenon was observed in @ more obvious manner when synthesizing PMMAs with high

molecular weights.

Table 5.8 Results of the OS catalyzed atom transfer radical polymerization.

Entry’ [MMA]:[MBP] NPhs” LiBr® Cata.” t/h Mn,GPC/Da PDI Conversion/% [

1 40 0.1 0.2 0.1% 24 6755 1.27 81.7 0.48
2 40 005 0.2 01% 24 6893 1.27 72.3 0.42
3 40 0.1 0.1 0.1% 24 7460 1.29 75 0.40
4 40 0.1 0.2 05% 24 7245 1.36 73.2 0.40
5 40 0.1 0.2 0.01% 24 5705 1.35 70.1 0.49
6 20 0.1 0.2 01% 17 2956 1.37 74.6 0.50
7 70 0.1 0.2 01% 26 9053 1.36 81 0.62
8 100 0.1 0.2 01% 30 15636 1.45 71 0.45
9 200 0.1 0.2 01% 36 16547 1.69 33.8 0.40

[a] Reaction condition: MMA (1 equiv, 5.6 mmol), initiator, catalyst, NPhs, LiBr in DMF (1.5 ml)
at room temperature with a white LED as light source. [b] mol percent relative to MMA. [c]

Initiating rate, calculated by Mn theory/Mn GPC.
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Figure 5.61 Gel permeation chromatography permeation chromatography traces of the

polymer in Table 5.8.

5.4.6 Improvement of the ATRP catalyzed by small molecule organic
semiconductor

As suggested in the traditional living polymerization process, the living character results from a
“quick initiation, slow propagation, and no termination” process. This led us to further improve
the ATRP process catalyzed by the designed OS type photocatalysts. Especially the
polydispersity and reaction time were taken into account. The “quick initiation, slow
propagation” manner could be easily controlled via controlling the energy difference in the
reductive potentials of the initiator and the C-Br bond at the polymer chain end. For the
initiator, i.e. ethyl a-bromophenyl acetate, the reductive potential is -0.52 V, and the reductive
potential of the polymer chain end is -1.05 V. Obviously, the initiator appeared to be reduced in
a more efficient manner than the polymer chain end. This could guarantee the living character
of the polymerization process. For the case, when the initiator owns a higher reductive

potential than the polymer chain end, the polymerization process should be in a “slow
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initiation, quick propagation” manner, which would result into less control of the

polymerization process. No living nature of the polymerization could be guaranteed.

To confirm this observation, we employed 1-iodoperfluorohexane as initiator, which owns a
reductive potential of -1.15 V (Figure 5.50d). The reductive potential of the C-I bond at the
polymer chain end was estimated to be -0.9 V vs SCE (ethyl iodoacetate) (Figure 5.50e). This
designed “slow initiation, quick propagation” process resulted into a polymer with a high
molecular weight, which was considerably higher than theoretically expected. Additionally, the
molecular weight decreased with the prolonged reaction time (Figure 5.62b), which indicates
that more initiator was initiated in the polymerization process during the chain propagation
period. However, the reaction rate was quicker due to the lower reductive potential of the C-I
bond than C-Br bond at the chain end. It is worthy to mention that the PDI of the polymer
obtained using the I-initiator was lower than that obtained by using the Br-initiator. We
attributed this improved polydispersity to a quicker deactivated process between the negative
iodide ion and the positive carbon ion, which was likely caused by the larger atom radius of the

jodide ion.
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Figure 5.62 (a) Gel permeation chromatography trace vs. reaction time (b) molecular weight
and molecular weight distribution vs. conversion (c) conversion vs. reaction time and (d)
In([M]o/[M]) as a function of time. Reaction condition: MMA 5.6 mmol, 2.5% mol initiator 1-
iodoperfluorohexane, 0.1% Ph-BT-Ph as photocatalyst, 10% mol tripheylamine, 20% Lil in 1.5
ml| DMF.

The “ideal” potential conditions for the ATRP process catalyzed by small molecule organic
semiconductor with low reductive potentials are illustrated in Figure 5.63. The initiator should
own a lower reductive potential than the polymer chain end. This guarantees the initiating
process. The LUMO of the photocatalyst should be proper to ensure a fast reaction rate. And a
proper band gap of the photocatalyst is needed to capture protons, which can further improve

the reaction rate. At last, iodides should function more effectively than bromines as additives.
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Figure 5.63 The “ideal” potential conditions for the ATRP process catalyzed by small molecule

organic semiconductor with low reductive potentials.

A quick test to this hypothesis was conducted via utilization of the Ph-BT-Ph as photocatalyst,
ethyl a-bromophenyl acetate as initiator, but Lil as additive. The result was demonstrated in
Figure 5.63. Since the reductive potential of the polymer chain end is higher than initiator, not
surprising that it will lead to a living polymerization process than 1-iodoperfluorohexane as
initiator. The reaction rate was quicker, the molecular weight increases linear with the
consumption of the monomer, and the polydispersity maintains in low level (<1.3) during the
whole polymerization process. This indicates the great potential of the OS type photocatalyst in
ATRP process, and further improvement can be achieved via precisely tuning of the energy

levels of photocatalyst, initiator and sacrificial reagent.
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Figure 5.64 (a) Gel permeation chromatography trace vs. reaction time, (b) molecular weight

Ml Min

and molecular weight distribution vs. conversion, (c) conversion vs. reaction time and (d)

In([M]o/[M]) as a function of time. Reaction condition: MMA 5.6 mmol, 2.5% mol initiator

ethyl a-bromophenyl acetate, 0.1% Ph-BT-Ph as photocatalyst, 10% mol tripheylamine, 20%

Lil in 1.5 ml DMF.

5.4.7 Conclusion

In summary, the light-controlled atom transfer radical polymerization could be successfully
catalyzed by OS type photocatalysts via precise control of the energy levels for various
components involved in the catalytic cycle. Well-defined polymers with expected molecular

weight and low polydispersity could be obtained. The control of the propagation process could
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be achieved by using light as external stimulus. The synthesis of the polymer chain extension
and formation of the block copolymers ensured the living nature of this designed process. This
study offers a promising opportunity for the controllable ATRP process catalyzed by OS type

photocatalysts.

6 Experimental Section

6.1 Structural design principle of small molecule organic semiconductors
for metal-free, visible light-promoted photocatalysis

6.1.1 Materials and methods

Chemicals were purchased from commercial sources and used as received without further
purification. Glassware was dried using heating gun at 600 °C and cooled under vacuum prior to
use if necessary. All photocatalytic reactions were conducted using common dry, inert
atmosphere techniques via a Schlenk tube or a stopper capped vessel. A household energy
saving light bulb (23 W, Osram) and blue LED (460 nm, 1.2 W/cm?, OSA Opto Light) were used
as light source. UV-Vis absorption and emission spectra were recorded on a Perkin Elmer
Lambda 100 spectrophotometer and J&M TIDAS spectrofluorometer at ambient temperature,
respectively. Cyclic voltammetry measurement was performed on an Autolab PGSTAT204
potentiostat/galvanostat (Metrohm) using a three electrode cell system: glassy carbon
electrode as the working electrode, Hg/HgCl, electrode as the reference electrode, platinum
wire as the counter electrode, and BusNPFg (0.1 M Acetonitrile) as supporting electrolyte with a
scan rate of 100 mV/s in the range of -2 eV to 2.5 eV. 'H and *C spectra were recorded on a
Bruker Avance 300 spectrometer, and d-CHCl; was used as solvent unless otherwise noted. GC-
MS spectra were recorded on a SHIMADZU GCMS-QP2010 gas chromatograph mass
spectrometer. Theoretical calculations of the oxidation potential of the intermediate was
carried out using Gaussian 09, DFT 6-311G(d) method. Time-resolved photoluminescence
(TRPL) on a nanosecond timescale was taken with a Streak Camera System (Hamamatsu C4742)

in slow sweep mode. The excitation wavelength of 400 nm was provided using the frequency-
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doubled output of a commercial titanium-sapphire amplifier (Coherent LIBRA-HE, 3.5 mJ, 1 kHz,

100 fs). The data was fitted with a monoexponential decay function.

6.1.2 Synthesis of the small molecule organic semiconductors
Synthesis of BT-Ph:

.S.
N N

4-bromo-2,1,3-benzothiadiazole was purchased from Santa Cruz Biotechnology Inc. and directly
used without further purification. A 25ml Schlenk tube equipped with a stirring bar and stopper
was heated under vacuum then cooling three times before 4-bromo-2,1,3-benzothiadiazole
(430 mg, 2 mmol), phenylboronic acid (320 mg, 2.6 mmol),
tetrakis(triphenylphosphine)palladium(0) (92 mg, 4 mol%) were added. 10 ml toluene and 4 ml
K,COs aqueous solution (4 g K,CO3 dissolved in 20 ml water and degassed by argon for 30 min
before using) were added via syringe. The reactor was degassed under vacuum and then back
filled with argon three times. It was heated under 90 °C overnight, then pour into 100 ml water
and extracted with CH,Cl; three times. The organic layer was washed with water twice, dried
over by anhydrous MgSQ,, and the solvent was removed via evaporation. The product was
purified via chromatography through silica gel using hexane as eluent to give a beige solid (225
mg, yield 53%). *H NMR (300 MHz, CDCl5) & : 8.03 - 7.98 (m, 1 H), 7.94 - 7.91 (m, 2 H), 7.71 -
7.68 (m, 2 H), 7.58 - 7.52 (m, 2 H), 7.49 - 7.43 (m, 1 H). *C NMR (300 MHz, CDCls) & : 155.60,
153.53, 137.38, 134.61, 129.63, 129.27, 128.61, 128.42, 127.74, 120.54.

Synthesis of Ph-BT-Ph:

S,
N N

A 100ml Schlenk tube equipped with a stirring bar and stopper was heated under vacuum then
cooling three times before 4,7-dibromo-2,1,3-benzothiadiazole (1.47 g, 5 mmol), phenylboronic
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acid (1.24 g, 15 mmol), Pd(PPhs)s (289 mg, 5%) were added. After degassed by vacuum for 5
min, 25 ml anhydrous toluene and pre-degassed K,COs solution (2.76 g in 10 ml water) were
added via syringe and the reactor was degassed under vacuum and then back filled with argon
three times. It was heated under 90 °C overnight, then poured into 200 ml water and extracted
with CH,Cl, three times. The organic layer was washed with water twice, dried by anhydrous
MgSQ,, solvent was removed under vacuum. Purified with a short column then crystalized from
methanol gave a needle like green-yellow solid. (922 mg, 64%). *H NMR (300 MHz, CDCl3) &
:7.99 (m, 4H), 7.79 (s, 2H), 7.57 (m, 4H), 7.48 (t, J=7.5Hz, 2H). *C NMR (300 MHz, CDCI3) 6 :
128.13, 128.38, 128.64, 129.25, 133.38, 137.44, 154.11.

Synthesis of Th-BT-Th:

A 100ml Schlenk tube equipped with a stirring bar and stopper was heated under vacuum then
cooling three times before 4,7-dibromo-2,1,3-benzothiadiazole (1.76 g, 6.00 mmol), 2-
(tributylstannyl)thiophene (4.76 ml, 15 mmol) and Pd(PPhs),Cl, (201.60 mg, 5 mol%) were
added. 30 ml anhydrous THF was added via syringe and the reactor was degassed under
vacuum and then back filled with argon three times. It was heated under 90 °C overnight, then
poured into 200 ml water and extracted with CH,Cl; three times. The organic layer was washed
with water twice, dried by anhydrous MgSQ,, solvent was removed under vacuum. Purified
with a short column then crystalized from methanol gave a needle like reddish solid (1.14 g,
63%). "H NMR (300 MHz, CDCls) & : 8.13-8.11 (m, 2H), 7.88 (s, 2H), 7.48-7.45 (m, 2H), 7.23-7.20
(m, 2H). **C NMR (300 MHz, CDCl3) & : 152.66, 139.36, 128.02, 127.52, 126.81, 126.02, 125.79.
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Synthesis of Th-BO-Th:

A 100ml schlenk tube equipped with a stirring bar and stopper was heated under vacuum then
cooling three times before 4,7-dibromobenzooxadiazole (590 mg, 2.12 mmol), 2-
(tributylstannyl)thiophene (1.68 ml, 5.3 mmol) and Pd(PPhs),Cl; (74.4 mg, 5 mol%) were added.
20 ml anhydrous DMF was added via syringe and the reactor was degassed under vacuum and
then back filled with argon three times. It was heated under 90 °C overnight, then poured into
200 ml water and extracted with CH,Cl, three times. The organic layer was washed with water
twice, dried by anhydrous MgS0,, solvent was removed under vacuum. Purified with a short
column then crystalized from methanol gave a short needle-like red solid (187.6 mg, 66%). ‘H
NMR (300 MHz, CDCl3) 6 : 8.13-8.11 (m, 2H), 7.62 (s, 2H), 7.46-7.43 (m, 2H), 7.23-7.20 (m, 2H).
3C NMR (300 MHz, CDCl3) & : 147.90, 137.92, 128.75, 128.64, 126.98, 126.39, 122.15.

Synthesis of Th-BS-Th:

A 100ml schlenk tube equipped with a stirring bar and stopper was heated under vacuum then
cooling three times before 4,7-dibromo-2,1,3-benzoselenadiazole (500 mg, 1.47 mmol), 2-
(tributylstannyl)thiophene (1.2 ml, 3.8 mmol) and Pd(PPhs),Cl, (52 mg, 5 mol%) were added. 20
ml anhydrous DMF was added via syringe and the reactor was degassed under vacuum and
then back filled with argon three times. It was heated under 90 °C overnight, then poured into
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200 ml water and extracted with CH,Cl, three times. The organic layer was washed with water
twice, dried by anhydrous MgS0O,, solvent was removed under vacuum. Purified with a short
column then crystalized from methanol gave a long fiber-like dark purple solid (367.6 mg, 72%).
'H NMR (300 MHz, CDCls) & : 8.02-8.01 (m, 2H), 7.79 (s, 2H), 7.47-7.45 (m, 2H), 7.21-7.18 (m,
2H). B3C NMR (300 MHz, CDCl3) 6 : 158.24, 139.68, 127.72, 127.52, 127.40, 127.12, 126.90.

6.1.3 Synthesis of sacrificial reagent

Synthesis of 4-Methyl-N,N-diphenylaniline:

A, L

An oven-dried two neck flask equipped with a stirring bar was heated under vacuum then
cooling three times before diphenylamine (1.92 g, 11.6 mmol), 2,2'-bipyridine (72 mg, 4 mol%),
Cul (86 mg, 4 mol%),and 4-iodotoluene (2.78 mg, 12.7 mmol) were added. 35 ml anhydrous
toluene and 10 ml KOtBu (1.7 M in THF) were added sequently via syringe. The reactor was
degassed under vacuum and then back filled with argon three times. It was heated under 100
°C for 24 hours, then poured into 200 ml water and extracted with CH,Cl, three times. The
organic layer was washed with water twice, dried by anhydrous MgSQO,, solvent was removed
under vacuum. Purified on silica gel using hexane as eluent gave the product as a white solid
(1.52 g, 51%). "H NMR (300 MHz, CDCl3) & : 7.23-7.18 (m, 4H), 7.07-7.04 (m, 6H), 7.01-7.93 (m,
4H), 2.30 (s, 3H). **C NMR (300 MHz, CDCls) & : 148.06, 145.28, 132.75, 129.94, 129.13, 124.96,
123.63, 122.24, 20.84.

6.1.4 Fluorescence quenching experiments

Conditions for the fluorescence quenching experiments: in different vessels, 0.0114 mmol
SMOSs was dissolved in 3 ml DMF, different amounts of the quencher were added into
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different vessels. The solution was degassed via freeze-pump-thaw method to remove the
oxygen residue before the experiment. Concentrations of different quenchers were: 0.01 M,

0.025 M, 0.05 M, and 0.1 M (0.2 M is also conducted if neccessary).

6.1.5 General procedure of the dehalogenation reaction using the small
molecule organic semiconductors

A 10 ml vessel equipped with a stirring bar and stopper was heated under vacuum then cooling
for one time and then back filled with argon before a-bromoacetophenone (1 mmol, 1 eq.),
hanztsch ester (1.1 mmol, 1.1 eq.), N,N-diisopropylethylamine (2 mmol, 2 eq.), catalyst (1
mol%) and 2 ml DMF were added. The reactor was degassed via the freeze-pump-thaw method
and irradiated under a table lamp. The reaction time for full conversion was determined by *H-
NMR when the signal of —CH,Br totally disappeared. After the reaction was completed, the
mixture was poured into 20 ml water and extracted with CH,Cl,, the organic layer was dried by
anhydrous MgS0,, and the solvent was removed under vacuum. The crude product was then

purified over silica gel using the indicated solvent system to obtain the pure product.

6.1.6 General procedure of the intermolecular C-H functionalization of electron-
rich heterocycles with malonates catalyzed by the organic semiconductors

A 25 ml Schlenk tube equipped with a stirring bar and stopper was heated under vacuum then
cooling for one time and then back filled with argon before heteroaromatic compound (0.38
mmol, 1 equiv), triphenylamine (0.76 mmol, 2 equiv), dienthyl bromomalonate (0.76 mmol, 2.0
equiv), catalyst (1 mol%), 2.5 ml DMF were added. The reactor was degassed via the freeze-
pump-thaw method and irradiated under a blue LED. The reaction time was determined by GC-
MS when the signal of starting material totally disappeared. After the reaction was completed,
the mixture was poured into 20 ml water and extracted by CH,Cl,, the organic layer was dried
by anhydrous MgSQ,, and the solvent removed under vacuum. The crude product was purified

on silica gel using the indicated solvent system to offer the desired product.
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6.1.7 Products data:

o

o

Acetophenone. Follow the general procedure, hexane/CH,Cl, = 1/1 was used as eluent to give
the product as a light yellow oil (87.7 mg, 76%). *H NMR (300 MHz, CDCl5) &: 7.97 - 7.94 (m, 2
H), 7.59 - 7.54 (m, 2 H), 7.49 - 7.43 (m, 2 H), 2.61 (s, 3 H). *C NMR (300 MHz, CDCl5) & : 198.16,
137.14,133.11, 128.57, 128.31, 26.61.

(¢}

SO

4-Acetylbenzonitrile. Follow the general procedure, hexane/CH,Cl, = 1/1 was used as eluent to
give the product as a light yellow oil (120.5 mg, 83%). *H NMR (300 MHz, CDCl5) & : 8.05 (d, J =
7.5Hz, 2 H), 7.78 (d, J = 7.5Hz, 2 H), 2.64 (s, 1 H). **C NMR (300 MHz, CDCl5) & : 196.55, 139.92,
132.51,128.70, 117.93, 116.37, 26.76.

o

o

4-Fluoroacetophenone. Follow the general procedure, hexane/CH,Cl, = 1/1 was used as eluent
to give the product as a pale yellow oil (106.4 mg, 77%). "H NMR (300 MHz, CDCl) & : 8.03 -
7.98 (m, 2 H), 7.18 - 7.12 (m, 2 H), 2.59 (s, 3 H). **C NMR (300 MHz, CDCl5) & : 196.48, 167.46
(dd, J =254 Hz), 133.62, 131.00, 115.80 (dd, J = 21.9 Hz), 26.53.
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o

4-Methylacetophenone. Follow the general procedure, hexane/CH,Cl, = 1/1 was used as eluent
to give the product as a slightly yellow oil (107 mg, 80%). 6 : 7.89 (d, J = 7.5Hz, 2 H), 7.29 (d, J =
7.5Hz, 2 H), 2.60 (s, 3 H), 2.43 (s, 3 H). *C NMR (300 MHz, CDCl3) & : 197.85, 143.87, 134.73,
129.24,128.44, 26.53, 21.63.

o)
H,CO” :

4-Methoxyacetophenone. Follow the general procedure, hexane/CH,Cl, = 1/1 was used as
eluent to give the product as a slightly yellow oil (129 mg, 86%). *H NMR (300 MHz, CDCl5) & :
7.93 (d, J = 7.5Hz, 2 H), 6.93 (d, J = 7.5Hz, 2 H), 3.85 (s, 3 H), 2.54 (s, 3 H). *C NMR (300 MHz,
CDCl5) 6:196.71, 163.47, 130.55, 130.31, 113.66, 55.43, 26.30.

O O

/\OJ\/U\O/\

Diethyl malonate. Follow the general procedure, hexane/CH,Cl, = 1/1 was used as eluent to
give the product as a colorless oil (139.3 mg, 87%). "H NMR (300 MHz, CDCl3) & : 4.23 - 4.15 (q, 4
H), 3.35 (s, 2 H), 1.27 (t, 3 H). **C NMR (300 MHz, CDCl3) & : 166.59, 61.44, 41.63, 14.00.

COOEt
\
N COOEt
H
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Diethyl 2-(1,3-dimethyl-1H-indole-2-yl)malonate. Follow the general procedure, hexane/CH,Cl,
= 2/1 was used as eluent to give the product as a yellow solid (97 mg, 88%). *H NMR (300 MHz,
CDCl3) & : 8.93 (br, 1 H), 7.58 - 7.55 (m, 1 H), 7.39 - 7.36 (m, 1 H), 7.24 - 7.15 (m, 1 H), 7.19 - 7.10
(m, 1 H), 5.00 (s, 1 H), 4.34 - 4.18 (m, 4 H), 2.34 (s, 3 H), 1.31 (t,J = 7.5Hz, 6 H). **C NMR (300
MHz, CDCl3) & : 167.38, 135.83, 128.26, 124.53, 122.36, 119.22, 118.78, 111.09, 110.60, 62.29,
49.31, 14.03, 8.51.

COOEt
I
N\ COOEt
Diethyl 2-(1-methyl-1H-indole-2-yl)malonate. Follow the general procedure, hexane/CH,Cl, =
1/1 was used as eluent to give the product as a yellow solid (86 mg, 78%). *H NMR (300 MHz,
CDCl3) 8:7.61(d,J = 7.81 Hz, 1 H), 7.33 (d, J = 7.72 Hz, 1 H), 7.25 - 7.21 (m, 1 H), 7.13 - 7.08 (m,
1 H), 6.50 (s, 1 H), 4.93 (s, 1 H), 4.34 - 4.20 (m, 4 H), 3.73 (s, 3 H), 1.30 (t, J = 7.5Hz, 6 H). *C

NMR (300 MHz, CDCl3) & : 166.99, 137.93, 130.90, 127.27, 121.97, 120.79, 119.71, 109.30,
103.01, 62.23, 51.32, 30.31, 14.05.

EtOOC
COOEt

M)—COO0CH;
N
\

Diethyl  2-(2-(methoxycarbonyl)-1-methyl-1H-indole-3-yl)malonate. Follow the general
procedure, hexane/CH,Cl, = 1/2 was used as eluent to give the product as a green-yellow solid
(115 mg, 87%). "H NMR (300 MHz, CDCls) 8 : 7.77 (d, J = 8.21 Hz, 1 H), 7.41 - 7.34 (m, 2 H), 7.21
-7.15(m, 1 H),5.79 (s, 1 H), 4.28 - 4.21 (m, 4 H), 4.03 (s, 3 H), 3.96 (s, 3 H), 1.27 (t, /= 7.5Hz, 6
H). **C NMR (300 MHz, CDCls) & : 168.55, 162.51, 138.68, 126.15, 125.65, 125.36, 121.99,
120.77, 114.50, 110.35, 61.69, 51.77, 49.96, 32.28, 14.09.
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COOEt

o) COOEt

Diethyl 2-(3-methyl-1H-2,3-benzofuran -2-yl)malonate(table 2, entry 6). Follow the general
procedure, hexane/CH,Cl, = 1/1 was used as eluent to give the product as a yellow oil (99 mg,
90%). 'H NMR (300 MHz, DMSO) & : 7.63 - 7.60 (m, 1 H), 7.56 - 7.54 (m, 1 H), 7.37 - 7.26 (m, 2
H), 5.49 (s, 1 H), 4.26 - 4.14 (m, 4 H), 2.22 (s, 3 H), 1.22 (t, J = 7.5Hz, 6 H). *C NMR (300 MHz,
DMSO) ¢ : 165.93,153.47, 144.29, 129.10, 124.67, 122.58, 119.66, 114.25, 110.92, 61.67, 50.00,
13.85, 7.42.

6.2 Sacrificial reagent-free photoredox catalysis using cooperative organic
semiconductor couples

6.2.1 Materials and methods

Chemicals were purchased from commercial sources and used as received without further
purification. Glassware was dried under heating by a heating gun at 600 °C and cooled under
vacuum prior to use if necessary. All photocatalyst reactions were conducted using common
dry, inert atmosphere techniques via a schlenk tube. White LED (Silent Air System White OL M-
018) is a product of OSA Opto Light Gmbh. UV-Vis absorption and emission spectra were
recorded on a Perkin Elmer Lambda 100 spectrophotometer and J&M TIDAS
spectrofluorometer at ambient temperature, respectively. Cyclic voltammetry measurement
was performed with Autolab PGSTAT204 potentiostat/galvanostat of Metrohm (a three
electrode cell system): glassy carbon electrode as the working electrode, Hg/HgCl, electrode as
the reference electrode, platinum wire as the counter electrode, and BusNPFs (0.1 M
Acetonitrile) as supporting electrolyte with a scan rate of 100 mV/s in the range of -2 eV to 2.5
eV. 'H and C spectra were recorded on a Bruker Avance 300 spectrometer, and d-CHCl; was
used as solvent unless otherwise noted. GC-MS spectra were recorded on a SHIMADZU GCMS-
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QP2010 gas chromatograph mass spectrometer. Time-resolved photoluminescence (TRPL) on a
nanosecond timescale was taken with a Streak Camera System (Hamamatsu C4742) in slow
sweep mode. The excitation wavelength of 400 nm was provided using the frequency-doubled

output of a commercial titanium:sapphire amplifier (Coherent LIBRA-HE, 3.5 mJ, 1 kHz, 100 fs).

6.2.2 Synthesis of the organic semiconductors
Synthesis of Th-BT-Th

.S,
N N
\ 7
B 7 |
S S
See in Chapter 6.1.2

Synthetic route of Th-BTz-Th

H I'II-C4H9
S N

~3; ;EN o
NaBH4, MeOH _NaNoO, Nat—OBu,nC4H9Br A/
Br Br——V~ > B B
i § TACOH { § “McOH,90°C B' { § r
1c
S\ _SnBu;, fr

@/ N’N\N

Pd(PPh;),Cl,, THF, 90 °C N

Synthesis of 1a: The suspension of 4,7-dibromobenzo(c]-1,2,5-thiadiazole(2.94 g, 10 mmol) in
100 ml methanol was previously cooled to -5 °C in water-ice bath. Then sodium borohydride (8
g, 21.7 mmol) was added portionwise to the suspension. The mixture was warmed up to room
temperature and stirred overnight. Then, 500 ml water was added, the mixture was extracted
with CH,Cl,, the organic layer was washed with water twice, dried by anhydrous MgSQy,, solvent
was removed under vacuum to give the final product as a pale yellow solid in 80% yield. The H-

NMR spectrum was consistent with the literature and used without further purification.?**
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Synthesis of 1b: Dibromobenzene-1,2-diamine(2 g, 7.5 mmol)(1a) was added to a flask
containing 15 ml glacial acetic acid. Sodium nitrite (1.03 g, 15 mmol) was dissolved in 10 ml
water and added dropwise to the solution. The mixture was further reacted for another 3 hours
before it was cooled by ice to 0 °C. The suspension was filtrated, washed with water until pH
reaches 7. The crude product was dried in oven at 70 °C under vacuum overnight. The H-NMR

spectrum was consistent with the literature**> and used without further purification.

Synthesis of 1c: To a 100 ml schlenk tube was added 4,7-dibromo-2H-benzo[d][1,2,3]triazole
(2.4 g, 8.6 mmol)(1b) and Nat-OBu (1.24 g, 12.9 mmol), then 20 ml methanol and 1-
bromobutyl(4.3 ml, 40 mmol) was added via syringe. The mixture was degassed under vacuum
slightly then back filled with N, three times. After stirred under 90 °C for 24h, the mixture was
poured into 200 ml water and extracted with CH,Cl, three times. The organic layer was washed
with water twice, dried by anhydrous MgSQ,, solvent was removed under vacuum. Purified
with a column using CH,Cl,/hexane = 1 : 1 as eluent give the final product as white solid (1.28 g,
45%). *H NMR (300 MHz, CDCl3) & : 7.37 (s, 2H), 4.72 (t, J = 7.4 Hz, 2H), 2.06 (m, 2H), 1.41-1.29
(m, 2H), 0.91 (t, J = 7.4 Hz, 3H). **C NMR (300 MHz, CDCl5) & : 143.71, 129.51, 109.97, 57.22,
32.17,19.82, 13.51.

Synthesis of Th-BTz-Th: A 100ml Schlenk tube equipped with a stirring bar and stopper was
heated under vacuum then cooling three times before 4,7-dibromo-2-(n-butyl)-2H-benzo[d]-
[1,2,3]triazole (1 g, 3.00 mmol)(1c), 2-(tributylstannyl)thiophene (2.38 ml, 7.5 mmol) and
Pd(PPhs),Cl, (100.8 mg, 5 mol%) were added. 15 ml anhydrous THF was added via syringe and
the reactor was degassed under vacuum and then back filled with nitrogen three times. It was
heated under 90 °C overnight, then poured into 200 ml water and extracted with CH,Cl, three
times. The organic layer was washed with water twice, dried by anhydrous MgSQO,, solvent was
removed under vacuum. Purified with a column using CH,Cl,/hexane = 1 : 1 as eluent give the
final product as light red solid (713 mg, 70%). *H NMR (300 MHz, CDCl5) & : 8.03 (dd, J = 3.7, 1.2
Hz, 2H), 7.56 (s, 2H), 7.31 (dd, J = 5.1, 1.2 Hz, 2H), 7.12 (dd, J = 5.1, 3.7 Hz, 2H), 4.76 (t, /= 7.4
Hz, 2H), 2.16-2.07 (m, 2H), 1.44-1.34 (m, 2H), 0.94 (t, J = 7.4 Hz, 3H). *C NMR (300 MHz, CDCls)
0:142.10,139.97, 128.12, 126.97, 125.55, 123.59, 122.78, 56.61, 32.08, 19.89, 13.57.

117



Experiment Section

Synthetic route of TA-BT-TA

.S, | S, S,
NN =-Si— NEt; Cul NN N
| o M kom0
Br Br pd(PPhs),Cl,, THF, 60 °C "Si — N\ /7 Sl'_ MeOH — N\ /
2a 2b
RN

N N
3 o C4H9\ _C,4H
. l:l N\ / l:l 4M9
CuSOy, Na-ascorbate, ~BuOH, H,0, 50 °C Nsy N=

Synthesis of 2a: A 100ml Schlenk tube equipped with a stirring bar and stopper was heated
under vacuum then cooling three times before 4,7-dibromobenzothiadiazole (3 g, 10.2 mmol),
Pd(PPhs),Cl,(143.2 mg, 2%), Cul (77 mg, 4%) were added. 30 ml THF and 10m| NEt3 were added
via syringe. The mixture was cooled to freeze in liquid N,, then trimethylsilyl acetylene (4 ml,
30.6 mmol) was added. The reactor was degassed via the freeze-pump-thaw method and
reacted under 50 °C overnight. Then it was poured into 100 ml water and extracted with CH,Cl,
three times. The organic layer was washed with water twice, dried by anhydrous MgSQ,,
solvent was removed under vacuum. Purified with a column using CH,Cl,/hexane =1 : 1 as
eluent give the final product as light yellow solid (2.78 g, 83%). The H-NMR was consistent with

the literature reported.246

Synthesis of 2b: In a 100 ml two neck flask was added KOH methanol solution (1 mol L™, 50 ml)
and 4,7-bis[2-(trimethylsilyl)ethynyl]benzothiadiazole (1 g, 3 mmol)(2a). The solution was
stirred under room temperature for 2 h, and then it was poured into 300 ml water and
extracted with CH,Cl, three times. The organic layer was washed with water twice, dried by
anhydrous MgS0Q,, solvent was removed under vacuum. Purified with a column using
CH,Cl,/hexane = 1 : 1 as eluent give the final product as light brown solid (420 mg, 76%). The H-

NMR was consistent with the literature reported.**®
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Synthesis of TA-BT-TA: 4,7-Diethynylbenzothiadiazole (400 mg, 2.17 mmol)(2b), 1-azidobutane
(synthesized from 10 mmol 1-bromobutane, 20 mmol sodium azide in 100 ml DMSO, the
mixture was poured into 500ml| water and extracted with CH,Cl, then dried by anhydrous
MgS0,, solvent was removed under vacuum used as synthesizedwithout column purification,
the excessive amount of sodium azide in water phase was slowly added to a solution of NaOClI
before deposition), CuSO,4 (51.4 mg, 0.32 mmol), Na-ascorbate (87 mg, 0.44 mmol), 20 ml t-
BuOH, 2 ml H,0 were added into a 100 ml two nech flask. The reactor was degassed under
vacuum and then back filled with nitrogen three times. The mixture was heated under 60 °C
overnight, then poured into 200 ml water and extracted with CH,Cl, three times. The organic
layer was washed with water twice, dried by anhydrous MgSQ,, solvent was removed under
vacuum. Purified with a column using CH,Cl,/acetone = 10 : 1 as eluent then recrystallized from
methanol give the final product as a sheet-like yellow solid (747 mg, 90%). *H NMR (300 MHz,
CDCl3) & : 8.67 (s, 2H), 8.61 (s, 2H), 4.44 (t, J = 7.4 Hz, 4H), 2.00-1.90 (m, 4H), 1.43-1.32 (m, 4H),
0.94 (t, J = 7.4 Hz, 6H). *C NMR (300 MHz, CDCl5) & : 152.29, 143.10, 126.08, 123.74, 122.66,
50.27,32.37,19.79, 13.52.
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Synthetic route of the connected catalyst Th-BT-Th@TA-BT-TA:

H CgHq2Br CeH12N3 -S.
N, N, N, \
N N N N N "N - o
 / Nar-OBu, 1,6-DiBrhexane \ NaN;, DMSO \ = =
> —_—
Br Br MeOH, 90 °C Br Br Br Br CuSOy, Na-ascorbate
3a 3b +BuOH, H20, 60 °C
Br
S SnBuj
N s. e
| N N >
BY NN~~~y d\ / Pd(PPh;),Cl,, THF, microwave
A\
U
N=y =
3¢
.S

Synthesis of 3a: To a 100 ml Schlenk tube was added 4,7-dibromo-2H-benzo[d][1,2,3]triazole (3
g, 10.8 mmol) and Nat-OBu (1.56 g, 16.2 mmol), then 40 ml methanol and 1,6-dibromohexane
(8.3 ml, 54 mmol) was added via syringe. The mixture was degassed under vacuum slightly then
back filled with N, three times. After stirred under 90 °C for 24 h, the mixture was poured
poured into 200 ml water and extracted with CH,Cl, three times. The organic layer was washed
with water twice, dried by anhydrous MgSQ,, solvent was removed under vacuum. Purified
with a column using CH,Cl,/hexane = 1 : 1 as eluent give the final product as a white solid (1.82
g, 41%). "H NMR (300 MHz, CDCl3) & : 7.38 (s, 2H), 4.73 (t, J = 7.4 Hz, 2H), 3.33 (t, J = 7.4 Hz, 2H),
2.16-2.06 (m, 2H), 1.84-1.75 (multi, 2H), 1.50-1.39 (multi, 2H), 1.34-1.29 (multi, 2H). *C NMR
(300 MHz, CDCls) 6 : 143.76, 129.64, 110.00, 57.24, 33.58, 32.39, 29.99, 27.54, 25.70.

Synthesis of 3b: 4,7-Dibromo-2-(bromohexane)-benzo[d][1,2,3]triazole (1.8 g, 2.27 mmol)(3a),
sodium azide (295 mg, 4.54 mmol) were dissolved in 20 ml DMSO and stirred under room
temperature overnight. Then the mixture was poured into 200 ml water and extracted with

CH,Cl, three times. The organic layer was washed with water twice, dried by anhydrous MgSQy,,
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solvent was removed under vacuum. Product was used directly for the next step without any

purification.

Synthesis of 3c: In a 100 ml two neck flask was added 4,7-diethynylbenzothiadiazole (184 mg, 1
mmol)(3b), 4,7-dibromo-2-(bromohexane)-benzo[d][1,2,3]triazole, CuSO4 (24 mg, 0.15 mmol),
Na-ascorbate (41 mg, 0.21 mmol), 10 ml t-BuOH, 1 ml H,0. The reactor was degassed under
vacuum and then back filled with nitrogen three times. The suspension was stirred under
heating at 60 °C for two days, then it was poured into 100 ml water and extracted with CH,Cl,
three times. The organic layer was washed with water twice, dried by anhydrous MgSQy,
solvent was removed under vacuum. Purified with a column using CH,Cl,/acetone = 20 : 1 as
eluent give the final product as a yellow solid (750 mg, 76%). *H NMR (300 MHz, CDCl5) & : 8.66
(s, 2H), 8.59 (s, 2H), 7.36 (s, 4H), 4.72 (t, J = 7.4 Hz, 4H), 4.42 (t, J = 7.4 Hz, 4H), 2.16-2.07 (m,
4H), 2.00-1.94 (m, 4H), 1.42-1.39 (m, 8H). *C NMR (300 MHz, CDCl5) & : 152.26, 143.74, 143.14,
129.65, 126.15, 123.82, 122.58, 109.98, 57.12, 50.30, 30.11, 29.86, 25.94.

Synthesis of the connected catalyst (Th-BT-Th@TA-BT-TA): In a capped vial, 3¢ (750 mg, 0.76
mmol), 2-(tributylstannyl)thiophene (1.64 ml, 4.56 mmol) and Pd(PPhs),Cl, (53 mg, 10 mol%)
were added. 10 ml anhydrous THF was added via syringe and the reactor was degassed via
bubbling nitrogen for 5 min. The vial was put in a microwave reactor (120 °C, 0.8 T) for 1 h, then
poured into 100 ml water and extracted with CH,Cl; three times. The organic layer was washed
with water twice, dried by anhydrous MgSQ0,, solvent was removed under vacuum. Purified
with a column using CH,Cl,/acetone = 20 : 1 as eluent give the final product as a yellow-red
solid (403 mg, 53%). ‘*H NMR (300 MHz, CDCls) & : 8.59 (s, 2H), 8.55 (s, 2H), 7.98 (dd, J = 3.7, 1.2
Hz, 4H), 7.52 (s, 4H), 7.29-7.27 (m, 4H), 7.08 (dd, J = 5.1, 3.7 Hz, 4H), 4.74 (t, J = 7.4 Hz, 4H), 4.39
(t, J = 7.4 Hz, 4H), 2.16-2.12 (m, 4H), 1.98-1.93 (m, 4H), 1.45-1.42 (m, 8H). *C NMR (300 MHz,
CDCl3) 6 : 152.21, 143.15, 142.09, 139.84, 128.10, 126.92, 126.04, 125.63, 123.72, 123.55,
122.82,122.59, 56.52, 50.30, 30.15, 29.70, 26.03, 25.97.
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6.2.3 General procedure for the sacrificial reagent free and photocatalytic C-C
coupling reactions using cooperative photocatalyst systems

A 25 ml Schlenk tube equipped with a stirring bar and stopper was heated under vacuum then
cooling for one time and then back filled with argon before the electron-rich heteroaromates
(3-methyl benzofuran et al.) (0.38 mmol, 1 equiv), cooperative photocatalyst couple system
(declared amount and ratio as described in Table 5.5), diethyl bromomalonate (0.76 mmol, 2.0
equiv), 2.5 ml DMF were added. The reactor was degassed via the freeze-pump-thaw method
and irradiated under a white LED for 24 h. The conversion was determined via GC-MS and the

pure product was obtained via chromatography.

6.2.4 Comparison control experiment for the C-C coupling reaction between 3-
methylbenzofuran and ethyl bromoacetate using Th-BTz-Th as catalyst and 4-
methoxyltriphenylamine as sacrificial reagent.

A 25 ml Schlenk tube equipped with a stirring bar and stopper was heated under vacuum then
cooling for one time and then back filled with argon before 3-methylbenzofuran (0.38 mmol, 1
equiv), 4-methoxyltriphenylamine (0.76 mmol, 2 equiv), ethyl bromomalonate (0.76 mmol, 2.0
equiv), Th-BTz-Th (1 mol%), 2.5 ml DMF were added. The reactor was degassed via the freeze-
pump-thaw method and irradiated under a white LED. The reaction time was determined by
GC-MS when the signal of starting material totally disappeared. After the reaction was
completed, the mixture was poured into 20 ml water and extracted by CH,Cl,, the organic layer
was dried by anhydrous MgSQ,, and the solvent removed under vacuum. The crude product

was purified on silica gel using the indicated solvent system to offer the desired product.

6.2.5 Products NMR data:
COOEt
@(\g%
O COOEt
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Diethyl 2-(3-methyl-1H-2,3-benzofuran-2-yl)malonate. Follow the general procedure,
hexane/CH,Cl, = 1/1 was used as eluent to give the product as a yellow oil (99 mg, 90%). 'H
NMR (300 MHz, DMSO) & : 7.63 - 7.60 (m, 1 H), 7.56 - 7.54 (m, 1 H), 7.37 - 7.26 (m, 2 H), 5.49 (s,
1H),4.26 - 4.14 (m, 4 H), 2.22 (s, 3 H), 1.22 (t, J = 7.4 Hz, 6 H). *C NMR (300 MHz, DMSO) & :
165.93, 153.47, 144.29, 129.10, 124.67, 122.58, 119.66, 114.25, 110.92, 61.67, 50.00, 13.85,
7.42.

COOEt

i

N COOEt

H
Diethyl 2-(1,3-dimethyl-1H-indole-2-yl)malonate. Follow the general procedure, hexane/CH,Cl,
= 2/1 was used as eluent to give the product as a yellow solid (97 mg, 88%). *H NMR (300 MHz,
CDCI3) §:8.93 (br, 1 H), 7.58 - 7.55 (m, 1 H), 7.39 - 7.36 (m, 1 H), 7.24 - 7.15 (m, 1 H), 7.19 - 7.10
(m, 1 H), 5.00 (s, 1 H), 4.34 - 4.18 (m, 4 H), 2.34 (s, 3 H), 1.31 (t, J = 7.4 Hz, 6 H). **C NMR (300

MHz, CDCI3) 6 : 167.38, 135.83, 128.26, 124.53, 122.36, 119.22, 118.78, 111.09, 110.60, 62.29,
49.31, 14.03, 8.51.

COOEt
L
N\ COOEt
Diethyl 2-(1-methyl-1H-indole-2-yl)malonate. Follow the general procedure, hexane/CH,Cl, =
1/1 was used as eluent to give the product as a yellow solid (86 mg, 78%). "H NMR (300 MHz,
CDCI3)06:7.61(d,J=7.81Hz,1H),7.33(d,)=7.72Hz, 1 H), 7.25-7.21 (m, 1 H), 7.13 - 7.08 (m,
1 H), 6.50 (s, 1 H), 4.93 (s, 1 H), 4.34 - 4.20 (m, 4 H), 3.73 (s, 3 H), 1.30 (t, J = 7.4 Hz, 6 H). °C

NMR (300 MHz, CDCI3) 6 : 166.99, 137.93, 130.90, 127.27, 121.97, 120.79, 119.71, 109.30,
103.01, 62.23, 51.32, 30.31, 14.05.

EtOOC
COOEt

M—C00CH,
N
\
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Diethyl 2-(2-(methoxycarbonyl)-1-methyl-1H-indole-3-yl)malonate. Follow the general
procedure, hexane/CH,Cl, = 1/2 was used as eluent to give the product as a green-yellow solid
(115 mg, 87%). *H NMR (300 MHz, CDCl) & : 7.77 (d, J = 8.21 Hz, 1 H), 7.41 - 7.34 (m, 2 H), 7.21
-7.15(m, 1 H),5.79 (s, 1 H), 4.28 - 4.21 (m, 4 H), 4.03 (s, 3 H), 3.96 (s, 3 H), 1.27 (t, J= 7.4 Hz, 6
H). 3¢ NMR (300 MHz, CDCl5) & : 168.55, 162.51, 138.68, 126.15, 125.65, 125.36, 121.99,
120.77, 114.50, 110.35, 61.69, 51.77, 49.96, 32.28, 14.09.

COOEt
Crd-
o)

Ethyl 2-(3-methyl-1H-2,3-benzofuran-2-yl)acetate.

'H NMR (300 MHz, DMSO) & : 7.41 - 7.37 (m, 1 H), 7.35 - 7.32 (m, 1 H), 7.20 - 7.17 (m, 1 H), 7.16-
7.11(m, 1 H), 4.15-4.08 (m, 2 H), 3.68 (s, 2 H), 2.13 (s, 3 H), 1.19 (t, 3 H). *C NMR (300 MHz,
DMSO) & : 169.14, 154.15, 146.12, 129.91, 123.92, 122.23, 119.13, 112.81, 110.95, 61.35, 32.84,
14.19, 7.97.

6.3 Feasibility study of the small molecule organic semiconductors as
photocatalysts for challenging reactions: molecular design for metal-free
and photocatalytic aromatic C-C bond formation reaction

6.3.1 Materials and methods.

Chemicals were purchased from commercial sources and used as received without further
purification. Glassware was dried under heating by a heating gun at 600 °C and cooled under
vacuum prior to use if necessary. All photocatalyst reactions were conducted using common
dry, inert atmosphere techniques via a schlenk tube. White LED (Silent Air System White OL M-
018) is a product of OSA Opto Light Gmbh. UV-Vis absorption and emission spectra were
recorded on a Perkin Elmer Lambda 100 spectrophotometer and J&M TIDAS
spectrofluorometer at ambient temperature, respectively. Cyclic voltammetry measurement
was performed with Autolab PGSTAT204 potentiostat/galvanostat of Metrohm (a three

electrode cell system): glassy carbon electrode as the working electrode, Hg/HgCl, electrode as
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the reference electrode, platinum wire as the counter electrode, and BusNPFs (0.1 M
Acetonitrile) as supporting electrolyte with a scan rate of 100 mV/s in the range of -2 eV to 2.5
eV. 'H and C spectra were recorded on a Bruker Avance 300 spectrometer, and d-CHCl; was
used as solvent unless otherwise noted. GC-MS spectra were recorded on a SHIMADZU GCMS-

QP2010 gas chromatograph mass spectrometer.

6.3.2 Synthesis of the molecular organic semiconductors and sacrificial reagent

Synthetic route of 4,7-Dibromo-2-(n-butyl)-2H-benzo[d]-[1,2,3]triazole

H n'C4H9
8. N N
NN NN NN
NaBH4, MeOH _NaNO, \ /' Nar-OBu, n-C4H,Br \
_—
Br Br soc~rt. TACOH Bl TMeom,90°C O Br
1b 1c
See in chapter 6.2.2.
Py-BTz-Py
I'I]'C4H9
N,
N
\
[ /]
N N
\ /

A 100 ml Schlenk tube equipped with a stirring bar and stopper was heated under vacuum then
cooling three times before 4,7-dibromo-2-(n-butyl)-2H-benzo[d]-[1,2,3]triazole (1 g, 3.00
mmol), 1-methyl-2-(tributylstannyl)pyrrole (2.14 ml, 6.5 mmol) and Pd(PPh3),Cl, (100.8 mg, 5
mol%) were added. 15 ml anhydrous DMF was added via syringe and the reactor was degassed
under vacuum and then back filled with nitrogen three times. It was heated under 90 °C
overnight, then poured into 200 ml water and extracted with CH,Cl, three times. The organic
layer was washed with water twice, dried by anhydrous MgS04, solvent was removed under
vacuum. Purified with a column using CH,Cl,/hexane = 1 : 1 as eluent give the final product as
light red solid (650 mg, 65%). "H NMR (300 MHz, CDCl3) & : 7.27 (s, 2H), 6.76-6.75 (m, 2H), 6.50-

6.49 (m, 2H), 6.23-6.21 (m, 2H), 4.65 (tJ=7.4 Hz, 2H), 3.68 (s, 6H), 2.07-1.97 (m, 2H), 1.37-1.25
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(m, 2H), 0.88 (t, J=7.4 Hz, 3H). 3C NMR (300 MHz, CDCI3) & : 143.49, 130.49, 125.46, 124.66,
122.22,111.19, 108.28, 56.42, 35.78, 32.15, 19.82, 13.56.

Synthesis of the tri(4-methoxylphenyl)amine

OMe

4-Methoxyaniline (6.06 g, 50 mmol), 4-lodoanisole (29 g, 125 mmol) were added into a 100 ml
two neck flask was equipped with a stirring bar and stopper, then 50 ml tolene was added and
the mixture was stirred for dissolving. CuCl (193 mg, 3.9%), 1,10-phenanthroline (360 mg, 4%),
KOH (21 g, 390 mmol) were added, and the reactor was degased for 10 min. It was heated to
120 °C for 24 h then poured into 300 ml water and extracted with CH,Cl, three times. The
organic layer was washed with water twice, dried by anhydrous MgSQ,, solvent was removed
under vacuum. Purified with a column using CH,Cl,/hexane = 1: 2 as eluent then recrystallized
from methanol give the final product as white solid. *H NMR (300 MHz, DMSO) & : 6.90-6.82 (m,
12 H), 3.71 (s,J=7.4 Hz, 9 H). 3C NMR (300 MHz, CDCI3) & : 154.55, 141.31, 124.41, 114.68,
55.15.

6.3.3 Absorption and fluorescence spectrum of photocatalyst Py-BTz-Py

1.0 —— fuorescence
—— absorption

0.8
0.6 1
0.4+
0.2

0.0+

Normalized absorption

300 400 500 600 700 800
Wavelength (nm)
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6.3.4 Product characterization
bl o

'H NMR (300 MHz, CDCl3) & : 7.59-7.54 (m, 2 H), 7.38 (m, 1 H), 7.00 (m, 2 H), 6.51-6.50 (m, 1 H),
6.40-6.38 (m, 1 H).

3C NMR (300 MHz, CDCl3) & : 163.75, 160.48, 153.16, 142.04, 125.59, 125.48, 115.82, 115.53,
111.68, 104.62.

b2 o

'H NMR (300 MHz, CDCl3) & : 7.46-7.38 (m, 5 H), 6.57-6.55 (m, 1 H), 6.39-6.37 (m, 1 H).

3C NMR (300 MHz, CDCl5) & : 152.95, 142.40, 131.81, 129.80, 125.30, 121.08, 111.82, 105.56.

b3 o

'H NMR (300 MHz, CDCl3) & : 7.54 (d,J = 7.5Hz, 2 H), 7.40-7.39 (m, 1 H), 7.30-7.26 (d, J = 7.5Hz, 2
H, 2 H), 7.57-7.56 (m, 1 H), 6.41-6.39 (m, 1 H).

3C NMR (300 MHz, CDCl5) & : 152.94, 142.35, 132.96, 129.37, 128.89, 125.02, 111.80, 105.44.

b4 o

'H NMR (300 MHz, CDCl3) & : 7.68 (d, J = 7.5Hz, 2 H), 7.59 (d, J = 7.5Hz, 2 H), 7.46 (m, 1 H), 6.75-
6.73 (m, 1 H), 6.46-6.44 (m, 1 H).
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3C NMR (300 MHz, CDCl3) & : 151.97, 143.71, 134.64, 132.61, 123.95, 118.89, 112.28, 110.27,
108.19.

a=a
b5 (0]
'H NMR (300 MHz, CDCl3) 8 : 7.82 (s, 1 H), 7.77-7.75 (m, 1 H), 7.43-7.35 (m, 3 H), 6.65-6.64 (m, 1

H), 6.43-6.41 (m, 1 H).

3C NMR (300 MHz, CDCl3) & : 151.56, 143.19, 131.93, 130.40, 129.54, 127.65, 127.11, 118.68,
112.97,112.05, 106.91.

ava
b6 (o)
H NMR (300 MHz, CDCl3) & : 7.81-7.79 (m, 1 H), 7.60-7.58 (m, 1 H), 7.54-7.46 (m, 2 H), 7.25-

7.20 (m, 2 H), 6.48-6.46 (m, 1 H).

3C NMR (300 MHz, CDCl3) & : 149.76, 143.34, 134.14, 133.21, 132.95, 127.12, 125.93, 119.03,
112.27,110.45, 106.83.

b7 o

'H NMR (300 MHz, CDCl3) & : 7.71-7.67 (m, 2 H), 7.57-7.54 (m, 2 H), 7.45-7.44 (m, 1 H), 6.70 (d, J
=3.4 Hz, 1 H), 6.45-6.43 (m, 1 H).

3C NMR (300 MHz, CDCls) & : 152.51, 143.09, 133.94, 125.73, 125.68, 125.63, 123.77, 111.97,
106.96.
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NC a
0
v FsC

'H NMR (300 MHz, CDCl3) & : 7.93 (s, 1 H), 7.83-7.79 (m, 1 H), 7.74-7.71 (d, 1 H), 7.50 (m, 1 H),
6.85-6.83 (m, 1 H), 6.50-6.48 (m, 1 H).

3C NMR (300 MHz, CDCl3) & : 150.63, 144.62, 135.19, 134.91, 134.18, 133.66, 133.14, 132.62,
126.28,124.51, 121.57, 121.49, 121.42, 121.34, 120.15, 115.72, 112.67, 109.80, 107.33.

NC a
0
b9 CF,

'H NMR (300 MHz, CDCl3) & : 7.92 (s, 1 H), 7.88 (m, 1 H), 7.75-7.72 (m, 1 H), 7.53-7.52 (m, 1 H),
6.86-6.85 (m, 1 H), 6.49-6.47 (m, 1 H).

3C NMR (300 MHz, CDCl3) & : 148.33, 144.60, 134.97, 133.46, 130.86, 130.78, 130.69, 130.61,
129.85, 127.05, 126.61, 126.23, 125.83, 124.71, 121.11, 117.51, 113.29, 113.23, 113.18, 113.12,
112.51, 111.06.

NC 7]
)
b10 F

'H NMR (300 MHz, CDCl3) & : 7.85-7.80 (m, 1 H), 7.49-7.48 (m, 1 H), 7.41-7.37 (m, 1 H), 7.33-
7.29 (m, 1 H), 6.94-6.9 (m, 1 H), 6.50-6.48 (m, 1 H).

3C NMR (300 MHz, CDCls) & : 159.12, 155.76, 146.21, 143.65, 128.38, 126.45, 123.67, 123.51,
119.76, 119.43, 117.76, 113.44, 113.28, 112.62, 110.85, 110.72.
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cl a
)
b11 Cl

'H NMR (300 MHz, CDCl3) & : 7.74-7.71 (m, 1 H), 7.44 (m, 1 H), 7.38 (m, 1 H), 7.24-7.20 (m, 1 H),
7.06-7.05 (m, 1 H), 6.47-6.45 (m, 1 H).

3C NMR (300 MHz, CDCl3) & : 149.30, 142.34, 132.99, 130.51, 130.39, 128.58, 127.84, 127.27,
111.84,111.21.

Cl

a
(o]
b12 Cl

'H NMR (300 MHz, CDCl3) & : 7.46-7.45 (m, 2 H), 7.42-7.41 (m, 1 H), 7.16-7.14 (m, 1 H), 6.63-
6.62 (m, 1 H), 6.43-6.41 (m, 1 H).

13C NMR (300 MHz, CDCls) 6 : 151.23, 143.18, 135.37, 133.44, 126.99, 122.05, 112.02, 107.16.
Cl
a

o)
b13Cl

'H NMR (300 MHz, CDCl3) & : 7.78-7.77 (m, 1 H), 7.44 (m, 1 H), 7.28-7.25 (m, 1 H), 7.11-7.10 (m,
1 H), 7.08-7.04 (m, 1 H), 6.46-6.44 (m, 1 H).

3C NMR (300 MHz, CDCl5) & : 148.93, 142.62, 132.92, 131.81, 130.42, 128.05, 127.76, 127.46,
111.93, 111.87.
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(o)
\ 4 I

bl4 0

'H NMR (300 MHz, CDCl3) & : 9.92 (s, 1 H), 7.84 (d, J = 7.5Hz, 2 H), 7.76 (d, J = 7.5Hz, 2 H), 7.48
(m, 1 H), 6.78-6.77 (m, 1 H), 6.47-6.46 (m, 1 H).

3C NMR (300 MHz, CDCl3) & : 191.62, 152.62, 143.65, 136.11, 134.89, 130.39, 123.93, 112.26,
108.16.

o : /’\_I
b15—0 o

'H NMR (300 MHz, CDCl3) & : 7.99 (d, J = 7.5Hz, 2 H), 7.66 (d, J = 7.5Hz, 2 H), 7.44 (m, 1 H), 6.71-
6.70 (m, 1 H), 6.44-6.42 (m, 1 H).

3C NMR (300 MHz, CDCl3) & : 166.81, 152.93, 143.14, 134.77, 130.11, 128.54, 123.40, 112.03,
107.24, 52.11.

o : //\,l
b16 o

'H NMR (300 MHz, CDCl3) & : 7.92 (d, J = 7.5Hz, 2 H), 7.69 (d, J = 7.5Hz, 2 H), 7.46 (m, 1 H), 6.74-
6.73 (m, 1 H), 6.46-6.44 (m, 1 H), 2.54 (s, 3 H).

3C NMR (300 MHz, CDCl5) & : 197.46, 152.85, 143.29, 125.55, 134.89, 128.97, 123.56, 112.10,
107.48, 26.58.

O
b17 o
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'H NMR (300 MHz, CDCl3) & : 7.62-7.59 (m, 2 H), 7.40 (m, 1 H), 7.34-7.29 (m, 2 H), 7.21-7.16 (m,
1H), 6.59-6.85 (m, 1 H), 6.41-6.39 (m, 1 H).

3C NMR (300 MHz, CDCl3) & : 151.91, 142.05, 130.89, 128.75, 127.17, 123.79, 111.63, 104.94.

{ >—</ ]
b18 o]
'H NMR (300 MHz, CDCl5) & : 7.50 (d, J = 7.5Hz, 2 H), 7.37 (m, 1 H), 7.12 (d, J = 7.5Hz, 2 H), 6.52-

6.50 (m, 1H), 6.38-6.37 (m, 1 H), 2.28 (s, 3 H).

3C NMR (300 MHz, CDCl3) & : 154.23, 141.67, 137.16, 129.36, 128.25, 123.78, 111.55, 104.22,
21.28.

b19 o
'H NMR (300 MHz, CDCl3) & : 7.54 (d, J = 7.5Hz, 2 H), 7.35 (m, 1 H), 6.86 (d, J = 7.5Hz, 2 H), 6.44-

6.43 (m, 1H), 6.37-6.36 (m, 1 H), 3.75 (s, 3 H).

3C NMR (300 MHz, CDCl3) & : 159.02, 154.05, 141.39, 125.24, 124.05, 114.12, 111.54, 103.38,
55.32.

L
Oad
b20 O

'H NMR (300 MHz, CDCl3) & : 8.70-8.67 (m, 1 H), 8.63-8.60 (m, 1 H), 8.35-8.32 (m, 1 H), 7.91 (s,
1H), 7.85-7.82 (m, 1 H), 7.62-7.50 (m, 5 H), 6.71-6.69 (m, 1 H), 6.55-6.54 (m, 1 H).
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3C NMR (300 MHz, CDCl3) & : 153.41, 142.50, 131.34, 130.77, 130.23, 129.65, 128.97, 127.44,
127.37,127.09, 126.94, 126.90, 126.69, 126.33, 123.03, 122.57, 111.39, 109.60.

(o) : //t|
—O0 N
oA

b21

'H NMR (300 MHz, CDCl5) & : 7.96 (d, J = 7.5Hz, 2 H), 7.37 (d, J = 7.5Hz, 2 H), 7.33-7.31 (m, 1 H),
6.23-6.17 (m, 2 H), 3.85 (s, 3 H), 3.75 (s, 3 H).

3C NMR (300 MHz, CDCl3) & : 166.95, 151.09, 138.07, 134.48, 128.83, 123.33, 120.07, 115.92,
112.47,111.66, 53.94, 52.11.

'H NMR (300 MHz, CDCl3) & : 7.96 (d, J = 7.5Hz, 2 H), 7.36 (d, J = 7.5Hz, 2 H), 7.31-7.30 (m, 1 H),
6.18-6.16 (m, 2 H), 3.85 (s, 3 H), 1.30 (s, 9 H).

3C NMR (300 MHz, CDCl5) & : 167.00, 149.18, 138.92, 133.95, 128.93, 128.55, 123.51, 115.46,
110.87, 84.09, 52.14, 27.65.

o : //\/l
—0 N

b23 /

'H NMR (300 MHz, CDCl3) & : 8.00 (d, J = 7.5Hz, 2 H), 7.41 (d, J = 7.5Hz, 2 H), 6.69-6.68 (m, 1 H),
6.27-6.25 (m, 2 H), 6.16-6.13 (m, 1 H), 3.85 (s, 3 H), 3.63 (s, 3 H).
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3C NMR (300 MHz, CDCl3) & : 167.00, 137.75, 133.52, 129.78, 127.92, 127.89, 125.16, 110.06,
108.30, 52.15, 35.45.

'H NMR (300 MHz, CDCl3) & : 7.89 (d, J = 7.5Hz, 2 H), 7.41 (d, J = 7.5Hz, 2 H), 6.67-6.66 (m, 1 H),
6.26-6.24 (m, 1 H), 6.14-6.11 (m, 1 H), 3.61 (s, 3 H), 2.51 (s, 3 H).

3C NMR (300 MHz, CDCl3) & : 197.58, 137.94, 134.92, 133.40, 128.63, 127.95, 125.39, 110.27,
108.40, 35.48, 26.61.

N
b25 /

'H NMR (300 MHz, CDCl3) & : 7.58 (d, J = 7.5Hz, 2 H), 7.42 (d, J = 7.5Hz, 2 H), 6.70-6.68 (m, 1 H),
6.27-6.25 (m, 1 H), 6.15-6.13 (m, 1 H), 3.62 (s, 3 H).

3C NMR (300 MHz, CDCls) & : 137.72, 132.63, 132.29, 128.29, 125.92, 119.10, 110.79, 109.67,

108.62, 35.51.
NC a
/N
b2e F3C

'H NMR (300 MHz, CDCl3) & : 7.77-7.72 (m, 2 H), 7.61-7.57 (m, 1 H), 7.76-7.74 (m, 1 H), 6.37-
6.34 (m, 1 H), 6.18-6.16 (m, 1 H), 3.67 (s, 3 H).

3C NMR (300 MHz, CDCls) & : 138.05, 134.90, 133.80, 133.29, 132.77, 132.26, 131.25, 130.30,
127.15, 125.43, 124.58, 120.23, 115.83, 112.10, 109.12, 106.67, 35.66.
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(0]
>—< >—</ ]
b27—O S
'H NMR (300 MHz, CDCl3) & : 7.99 (d, J = 7.5Hz, 2 H), 7.62 (d, J = 7.5Hz, 2 H), 7.36-7.34 (m, 1 H),

7.30-7.28 (m, 1 H), 7.06-7.03 (m, 1 H), 3.86 (s, 3 H).

3C NMR (300 MHz, CDCl3) & : 166.79, 143.08, 138.64, 130.30, 128.77, 128.35, 126.32, 125.53,
124.51, 52.18.

1H NMR (300 MHz, CDCI3) & : 8.05 (d, J = 7.5Hz, 2 H), 7.60 (d, J = 7.5Hz, 2 H), 7.57-7.54 (m, 2 H),
7.42-7.37 (m, 2 H), 7.35-7.29 (m, 1 H), 3.87 (s, 3 H).

3C NMR (300 MHz, CDCl3) & : 167.02, 145.64, 140.01, 130.11, 128.93, 128.15, 127.29, 127.06,
52.14.
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6.3.5 NMR spectrum of the isolate products
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6.4 Atom transfer radical polymerization (ATRP) catalyzed by visible-light-
absorbed small molecule organic semiconductors

6.4.1 Materials and methods

Chemicals were purchased from commercial sources and used as received without further
purification. Glassware was dried using heating gun at 600 °C and cooled under vacuum prior to
use if necessary. All photocatalytic reactions were conducted using common dry, inert
atmosphere (N,) techniques via a Schlenk tube in ambient condition. White LED (OSA Opto
Light) was used as light source. UV-Vis absorption and emission spectra were recorded on a
Perkin Elmer Lambda 100 spectrophotometer and J&M TIDAS spectrofluorometer at ambient
temperature, respectively. Cyclic voltammetry measurement was performed on an Autolab
PGSTAT204 potentiostat/galvanostat (Metrohm) using a three electrode cell system: glassy
carbon electrode as the working electrode, Hg/HgCl, electrode as the reference electrode,
platinum wire as the counter electrode, and BusNPFg (0.1 M Acetonitrile) as supporting
electrolyte with a scan rate of 100 mV/s in the range of -2 eV to 2.5 eV. GPC traces were
recorded using a device of Agilent Technologies 1260 Infinity, THF as eluent, PMMA as standard

and refractive index 1260 detector (RID) as indicator.

6.4.2 Fluorescence quenching experiments

Conditions for the fluorescence quenching experiments: in different vessels, 0.0114 mmol Ph-
BT-Ph was dissolved in 3 ml DMF, different amounts of the quencher were added into different
vessels. The solution was degassed via N, bulb to remove the oxygen residue before the

experiment. Concentrations of different quenchers were: 0.01 M, 0.025 M, 0.05 M, and 0.1 M.

6.4.3 General procesure for polymerization

A 25 ml Schlenk tube equipped with a stirring bar and stopper was heated under vacuum then
cooling for one time and then back filled with argon before MMA, Initiator, photocatalyst,
triphenylamine, LiX if necessary, DMF is added. Then the reactor was degassed via the freeze-

pump-thaw method and irradiated under a white LED. The mixture was dropwise added into
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the MeOH or a mixture of MeOH/H,0 for participation of the polymer. The polymer was

collected via filtration and dried under vacuum to give the desired product.

7 Conclusion

In this thesis, small molecule organic semiconductors (SMOS) containing electron donor and
acceptor moieties have been designed as metal-free, visible light-active and stable
photocatalysts for organic transformation reactions as a promising alternative to the traditional
transition metal complexes. The work has been conducted starting with the observation of a
general design principle via donor and acceptor combinations, followed by the comprehensive
study of the reaction mechanism using photophysical methods, and the utilization of the

SMOSs for challenging organic photoredox reactions.

First, a general structural design principle of the small molecule organic semiconductor-based
photocatalysts has been established via the investigation of various electron donor and
acceptor combinations in order to fulfill the following crucial requirements: (i) visible light
absorption; (ii) sufficient photoredox potential; (iii) long lifetime of photogenerated excitons.
The structural impact on the photocatalytic efficiency was studied via the C-H functionalization
reaction between electron-rich heteroaromates and malonate derivatives as the model
reaction. A mechanistic study focusing on the variation of the photoredox potential of the
catalysts and sacrificial reagents was conducted. It could be demonstrated that the catalytic
efficiency of the small molecule organic semiconductor were absolutely comparable with the

state-of-the-art photocatalytic systems consisting of transition metal complexes.

Second, to precisely study the photo-generated charge separation, the electron transfer and
the interaction between the organic catalysts, substrates and possible sacrificial reagents
during the photocatalytic process, we focused on an important issue for photo-redox reactions,
i.e. the mandatory use of electron donating sacrificial reagents. Here, a new conceptual study

using a double photocatalyst system made of cooperative organic semiconductor couples was
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conducted. By the cooperative photocatalyst design, an extra intermolecular electron transfer
could occur between the SMOSs, leading to enhanced photo-generated electron/hole
separation and thereby more stable reductive and oxidative species which can give out one
electron to the diethyl bromomalonate or get one electron back from the intermediate directly.
The C-H functionalization reaction between electron-rich heteroaromates and malonate
derivatives can be conducted successfully without triphenylamine as sacrificial reagent.
Advanced photophysical studies illustrate the excitons separation process between OS couples
in a direct way. Precisely tuning the energy levels of the photocatalysts will improve the

excitons separation process, further influence the reaction rate.

To demonstrate the feasibility of the SMOSs for challenging organic photoredox reactions, a
SMOS with an extremely high reduction potential of -2.04 V vs. SCE was designed. Aromatic
carbon-carbon bond formation reactions could be successfully conducted via the reductive

dehalogenation of various aryl halides by the SMOS.

An additional study for light-controlled atom transfer radical polymerization using SMOSs as
photocatalysts was successfully carried out via precise control of the energy levels for various
components involved, i.e. the organic photocatalysts, radical starter, sacrificial reagents and
monomers in the catalytic cycle. The living nature of the polymerization process was confirmed
by the controllable growth of the molecular weight in a light “on-off” cycle, successful synthesis
of the chain extension and a di-block copolymer, and the defined molecular weight distribution

of the polymer chain.

The studies conducted in this thesis demonstrated that the donor—acceptor (D—A) based small-
molecule organic semiconductors (SMOS) can act as a new class of pure organic and metal-free
photocatalytic systems for visible light-driven organic photoredox reactions. With their tunable
absorption range, defined and appropriate energy band positions, and long exciton lifetimes,

the SMOSs can be used as a promising alternative to the traditional transition metal complexes.

167



List of Abbreviations

8 List of Abbreviations

A Acceptor

Ar Arene

ATRP Atom transfer radical polymerization
BHJ Bulk-heterojunction

BO Benzooxadiazole

BS Benzoselenadiazole

BT Benzothiadiazole

BTz Benzo[d]1,2,3]triazole

CpP Conjugated porous polymer

CRP Controlled radical polymerization
CcT Charge transfer

cv Cyclic voltammetry

D Donor

DAS Decay associated spectra

DFT Density functional theory

DMF Dimethylformamide

DMSO Dimethylsulfoxide
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DIPEA

ET

EET

FG

GC-MS

GPC

HOMO

LUMO

LED

MALDI-TOF

MLCT

MMA

Mn

OLED

OPV

0S

0SsC

Diisopropylethylamine

Electron transfer

Excited energy transfer

Functional group

Gas chromatography-mass spectrometry

Gel permeation chromatography

Highest occupied molecular orbital

Lowest unoccupied molecular orbital

Light emitting diode

Matrix-assisted laser desorption ionization-time of flight

Metal to ligand charge transfer

Methyl methacrylate

Number average molecular weight

Organic light emitting diode

Organic photovoltaic

Organic semiconductor

Organic solar cell
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OTFT Organic thin film transistor

PCE Power conversion efficiency

PDI Polydispersity index

PMMA Poly(methyl methacrylate)

Ph Phenyl ring

Py Pyrrole

SCE Saturated calomel electrode

SET Single electron transfer

SMOS Small molecule organic semiconductor
TA 1-Butyl-1H-1,2,3-triazol

TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
Th Thiophene

TRPL Time-resolved photoluminescence
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