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Abstract

Organic semiconductors have begun to find a place as viable active materials for a new
generation of devices. Throughout the development of this relatively new class of materials,
it has been apparent that optimising the performance of n-type semiconductors and dopants
has been a challenge compared to their p-type counterparts. Many applications in
photovoltaics, thermoelectrics, light-emitting diodes and more, require or can benefit from
n-type components. To really benefit from the processability and scalability of organic
semiconductors in industry it is therefore necessary to develop stable and high-performing n-

type materials.

This thesis aims to advance the understanding of promising n-type semiconductor and dopant
pairs through structural characterisation. A new “self-doping” naphthalene diimide
conductor, NDI-OH, was designed and synthesised based on previously made structures
which exhibited surprisingly stable radical anions. A full spectroscopic characterisation of the
self-dopant revealed that it is the product of hydrolysis after ion-exchange in basic conditions.
This was found to have a profound effect on the mechanism of charge transfer between
dopant and semiconducting moieties and on the lifetime of charge carriers. It was postulated
that the mixture of compounds present in doped films is likely to contribute to charge

transport pathways and the electronic conductivity.

The interactions between n-type semiconductors and fluoride anions was also explored.
Reactions between solvent and fluoride salt were found to have an impact on the efficiency
and nature of the subsequent charge transfer on to BDOPV semiconductors. The mechanism
of doping relied on factors including the acidity of solvent and the presence of water.
Spectroscopic characterisation was carried out in order to determine the active compounds

involved in charge transfer between tetrabutylammonium fluoride and BDOPV.

Finally, two new n-type polymers, PbTzTT and PbTz3, were designed with the aim of exhibiting
a high degree of long-range order in the solid-state. The reactivity of thiazoles and fused
thiazolo[5,4-d]thiazole heterocycles was explored at length. The ring-opening of these
compounds on metalation and the possibilities of electrophilic substitution were especially of

interest. The eventual successful synthesis of the polymer PbTzTT is described via a Stille



cross-coupling polymerisation. The PbTz3 macromonomer was also obtained through a
double ring-closing condensation. A comparison of the optoelectronic properties of PbTzTT

with the structurally analogous p-type polymer PbTTT was also made.



Statement of Impact

The work detailed in this thesis was carried out with the intention of expanding the library of
usable n-type organic conducting materials. The field of organic semiconductors has grown
exponentially over the past 50 years; moving from a purely academic topic to industrial
manufacture of devices. Throughout this time the development of stable and high-performing
n-type materials has been sluggish. The structural and mechanistic characterisation of n-type
semiconductors and dopants outlined here has advanced the understanding of two promising

candidates for future air stable n-type systems.

Self-doping organic semiconductors have been identified as an efficient way of avoiding
problems in processability that come with introducing external molecular dopants. The
structure and mechanisms behind molecular semiconductors bearing quaternary ammonium
salts used as self-doping materials was previously unknown. This work has confirmed the
structure is not as presumed which will reshape the nature of future discussions about their
mechanisms and applications. Outside of academia the development of materials similar to
these is of interest due to their processability from aqueous solutions, moving away from the

use of chlorinated and other toxic solvents.

Within academia and the field of organic semiconductors the identification of active species
in fluoride doping has been discussed for many years and the work carried out here has
contributed to that discussion. The detection of fluoride anions through interactions with
aromatic compounds has been the topic of recent scientific literature published outside of
the field of organic electronics. Methods for qualitatively and quantitatively detecting fluoride
have also been widely sort-after for detection in health care, the environment and in

industrial processes.

Finally, the use of thiazolo[5,4-d]thiazole heterocycles as electron deficient components in
donor-acceptor and n-type materials has been hampered by their synthetic underactivity. The
synthetic work carried out in this thesis explores possible ways of utilising these previously
inaccessible heterocycles. The synthesis of the new polymer PbTzTT will hopefully add to a

category of polymers which are both n-type and exhibit long-range order in the solid state.



Acknowledgements

Parts of the synthetic work and analysis discussed in this thesis was undertaken by individuals
across various institutions who are acknowledged at the end of each chapter. | am very
thankful to everyone who has taken time to carry out any work or given any advice

contributing to this thesis.

| would especially like to thank my supervisor Bob Schroeder for taking a chance on me and
for his seemingly unending patience and enthusiasm. It has been a privilege to receive so
much advice, both scientifically and personally, and | could not have asked for a better
supervisor. | am also very grateful for all of the contributions from Christian Nielsen to various

aspects of this work.

Many of the members of the Schroeder and Nielsen groups, both past and present, have
become close friends throughout the course of this PhD. Charlie, Christina, Pete, Sam,
Saumya, Will, Yasmin, Zach, Zach, Zilu and all of the people who made the labs and offices of
UCL and QMUL places worth going to. | am lucky to have been surrounded by people who are
both great friends and scientists. (Special thanks to Charlie who gave me the bike that got me

in to work every day).

| am lucky to say | have a big family who have offered a lot of love. Mum and Dad, | cannot

thank you enough for all of the support throughout my life, | know | was not always easy.

Eve, the past six months have been very strange, and it has not helped with me writing this.

None of it would have been possible without you holding me together.

Vi



Publications

Cowen, L. M.; Atoyo, J.; Carnie, M. J.; Baran, D.; Schroeder, B. C., Review—OQOrganic Materials
for Thermoelectric Energy Generation. ECS Journal of Solid State Science and Technology

2017, 6 (3), N3080-N3088

Milita, S.; Liscio, F.; Cowen, L.; Cavallini, M.; Drain, B. A.; Degousée, T.; Luong, S.; Fenwick,
0O.; Guagliardi, A.; Schroeder, B. C.; Masciocchi, N., Polymorphism in N,N’-dialkyl-
naphthalene diimides. Journal of Materials Chemistry C 2020, 8 (9), 3097-3112.

Zhang, S.; Cheng, Y.-H.; Galuska, L.; Roy, A.; Lorenz, M.; Chen, B.; Luo, S.; Li, Y.-T.; Hung,
C.-C.; Qian, Z.; St. Onge, P.B.J.; Mason, G.T.; Cowen, L.; Zhou, D.; Nazarenko, S. |.; Storey,
R. F.; Schroeder, B. C.; Rondeau-Gagné, S.; Chiu, Y.-C.; Gu, X., Tacky Elastomers to Enable
Tear-Resistant and Autonomous Self-Healing Semiconductor Composites. Advanced

Functional Materials 2020, 30 (27), 2000663.

Vii



Table of Contents

Y oy 4 - [ PO PP T PPPRTPT iii
StatemMENt Of IMPACT ......eii e e e e e et e e e e ra e e e e e are e e e eenneees v
ACKNOWIEAGEMENTS...cc ittt e s e e e st e e e s sabeeeeessbaeeessseneeesnns Vi
PUBIICATIONS ...ttt e e bt e e bt e e s bt e e sbe e e saneeesanee s vii
List Of ADDIrEVIQTIONS ...eoueiieiieiee et s 1
(@0 F=T o) =T ol I [ d o Yo [V 4 oY o FPU PSPPSR 4
1.1 Organic materials as SEMICONAUCLOIS .....c.uviiiiiiiiiie e e 5
1.1.1  CoNJUEAtEd SYSTEMS ..uviiiiiiiieeccteee ettt e e e e e s e rae e e e s aae e e e saaaeeeennns 5
1.1.2  Generation Of Charges .....cccuuiieiiiiiiee e e e 7

1.1.3  Band transport and charge transport by hopping in organic semiconductors .10

1.2 Organic semicoNdUCTOr dOPING ...cccciuiieiieiiiiee e crreee e e e e e e saaeeeeenaes 13
1.2.1  The Fermi-level in semMicoNdUCLOrS. .......ccoviiriiiiriiieieceeeeee e 14
1.2.2  Doping to control the Fermi-leVel.........cccoooviiiiiciiiei e 15
1.2.3  DOPING Of OMZANICS .uvurriirieiieiiiiciieeeeee ettt e e e e e eeseerrreeeeeeeeeessnarrreeeeeeeeennnnes 16
1.2.4  Integer Charge transfer ..o e e e e e e e e e e e eeanes 17
1.2.5  Hybrid charge transfer ... e e e e 20
1.2.6  Morphological considerations when doping.......ccccoccvvvveeeeeieiieicciireeeee e, 21
1.2.7 Review of organic p-doped SYStEMS .......ccuviiiiiiiiei e 22
1.2.8 Review of organic n-doped SYStEMS ..........uuiiiiieiiei e 27

1.3 Molecular design and synthesis of organic semiconductors..........occcccvvvvieeeeeeeinnnnns 32
131 INErOAUCTION e st 32
1.3.2  Manipulating frontier molecular orbitals through molecular design................ 33
1.3.3 Improving charge transport through molecular design ...........ccccovvveeveeeennnnnns 36
1.3.4 Intramolecular conformational control..........ccccecieiiiiiiiiiiiiiiieee 37

viii



1.3.5  SUPramolecular SETUCTUNE .....cuviieieeiee ettt e e e e e e saanes 40

1.3.6  Sidechain ENGINEEIING . ..cciii it e e e e e e e e e e e e e eennnes 42
1.4 SCOPE Of the thESIS ..vvieieiiiee e e e e e e e e e e reaeeeeaes 44
Chapter 2. Structure and Mechanisms of Quaternary Amine Self-Dopants. ........c.ccceeenee 46
2.1 INEFOAUCTION. .ottt 46
2.2 ResSUlts and DiSCUSSION ...ccueiiiiiiiiiiiiiiie ettt s 50
2.2. 1 SYNTNESIS coieiieeeee e e e e e e s e e e e e e e nnrraraaaaaeaaas 50
2.2.2  Optoelectronic properties of NDI-OH..........oocoiiiiieiiii e, 60
2.2.3  Absorption Spectra of NDI-OH Solution and Thin-films ........ccccccceeeeviieeeennen. 61
2.2.4  Structure of Dehydrated NDI-OH........ccooiiiiiiiiiiiieeceee e 66
2.2.5 Electronic and Morphological Characterisation of NDI-OH Thin-films.............. 76
2.3 Conclusions and OULIOOK. .........ceeruiiiniiiiiiii e 79
2.4 ACKNOWIEAZEMENTS ...eiiiiiiiie ettt e e et e e e s e e e e sbae e e e snaaeeeenans 81

Chapter 3. Exploring the chemical mechanism behind n-type fluoride doping of BDOPV

Y=g g1 Tole] g Lo [ o1 o] o= P RSP TRPPR 82
3.1 INEFOAUCTION. .ttt 82
3.2 ReSUItS @Nd DiSCUSSION ..cccuuiiiiiiiiiiieeiiie ettt s 86

3.2.1 Optoelectronic Properties of BDOPV and 2F-BDOPV .........ccccvveeeeeieccirriieeeeeen, 86
3.2.2  Absorption Spectra of Fluoride Doped BDOPV and 2F-BDOPV ..........cccceeeeueueee. 87
3.2.3  Characterisation of TBAF-3H20 SOIULIONS ......ceeviieiiiriecieceeeeeeeeecee e 89
3.2.4  Structures of Fluoride Doped BDOPV and 2F-BDOPV .......ccocceveeeeeeevccrnrreeeeeenn. 93
3.2.5 Electron ParamagnetiC SPECIrOSCOPY vvuvireieiiiiiiirrrerieeeeeieinrrereeeeeeeeenrrrrereeeeeens 97

3.3 Conclusions and OULIOOK.........coicuiermeeriierierieee e 100
3.4 ACKNOWIEAZEMENTS ....cciieiiiitieeiee et e e e e e e e e e e e e e eeeanareaeeeeeeeens 101
Chapter 4. Synthesis of thiazole containing highly ordered polymers..........ccccvvvveeeeeennn. 102



s R 1o | o o Yo [ ot 6o Y VOO RO ORI 102

4.2 Results and DISCUSSION ....ccocuiiiiiiiiiiiiiiiiie ettt 105
4.2.1 Synthesis and Characterisation of PbTTT and PbTzTT .....ccccvvveeiviivieeiniiieeenns 105
4.2.2  Synthesis of PbTz3 and the Reactivity of Thiazoles .......ccccccccevviviiieiiniiieeenns 108

4.3  Conclusions and OULIOOK. .......cccueeiiiiiiiiiieie e 123

Chapter 5. CONCIUSIONS ...uviiiiiiiiiiec ettt e e e st e e s s e e s s saaae e e snaraeeesnes 126
Chapter 6.  EXperimental SECLION ......cvvviii i 132

6.1 Experimental Chapter 2 - Structure and Mechanisms of Quaternary Amine Self-
[DTo] o =1 | - J TP TP PPPPPPPPRR P 132

6.2 Experimental Chapter 3 - Exploring the Chemical Mechanism Behind n-type Fluoride
Doping of BDOPV SEMICONAUCLONS ..ceciieiiiiieeeee ettt e e et ee e e e e e ee e e e e e e e eannes 137

6.3  Experimental Chapter 4 - Synthesis of Thiazole Containing Highly Ordered Polymers
139

R T EIINCES .ottt ettt e e e ettt e e s et ee e e e e eeseraa e e s er e e e e eraneesetnnaeeenanaeaenann 150



List of Abbreviations

47
AFM
BDOPV
CB
COSY
CPX

cv

DFT
DMBI-H
DMF
DOS
DPP
DSC

Quarterthiophene

Atomic force micrscopy
Benzodifurandione oligo(p-phenylene vinylene)
Conduction band

2D H-'H correlation spectroscopy
Charge transfer complex

Cyclic voltammetry

Dispersity

Density functional theory
2,3-dihydro-1H-benzoimidazoles
Dimethyl formamide

Density of states
Diketopyrrolopyrrole

Differential scanning calorimetry
Electron affinity

Fermi level

Fundamental band gap

Band Gap

Optical band gap

Oxidation potential

Electron paramagnetic resonance
Reduction potential

Electrospray ionisation
2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane
Frontier molecular orbital

Fourier transform infrared
Grazing-incidence X-ray diffraction
Gel permeation chromatography
Heteronuclear multi bond correlation
Highest occupied molecular orbital

High resolution mass spectrometry



HSQC Heteronuclear single quantum coherence

ICT Integer charge transfer

IP lonisation potential

IPF lon pair formation

LDA Lithium diisopropylamide

LUMO Lowest unoccupied moleclar orbital

Mhn Number average molecular weight

Mw Weight average molecular weight

NBS N-bromosuccinimide

n-Buli n-butyllithium

NDA Naphthalenetetracarboxylic dianhydride
NDI Naphthalenetetracarboxylic dianhydride
NIS N-iodosuccinimide

NMR Nuclear magnetic resonance

OFET Organic field effect transistor

OLED Organic light emitting diode

OPV Organic photovoltaics

0sC Organic solar cell

P3HT Poly(3-hexylthiophene)

PANI Polyaniline

PbTTT Poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-b]thiophene)
PCBM Phenyl-Cei1-butyric acid methyl ester
PCE Power conversion efficiency

PDI Perylene diimide

PEDOT Poly(3,4-ethylenedioxythiophene)

PSS Polystyrenesulfonate

r.t. Room temperature

SeAr Electrophilic aromatic substitution

SnAr Nucleophilic aromatic substitution
SOMO Singularly occupied molecular orbital
TBAF Tetrabutylammonium fluoride

TBAF.3H20 Tetrabutylammonium fluoride trihydrate
t-Buli t-butyllithium

TIPS Triisopropylsilyl



™S
UPS
UV-vis
UV-vis-NIR
VB
XPS
XRD
XRF
AG

Il

o}

Amax

Aonset

Trimethylsilyl

Ultraviolet photoemission spectroscopy
Ultraviolet-visible
Ultaviolet-visible-near-infrared
Valence band

X-ray photoelectron spectrscopy
X-ray diffraction

X-ray fluorescence spectroscopy
Gibbs free energy

Mobility

Electrical conductivity
Absorption maxima

Onset of absorption



Chapter 1. Introduction

Since the discovery of electrical conductivity in trans-polyacetylene,! organic electronics has
grown into a field which has drawn interest from countless researchers including engineers,
biologists, chemists and physicists. Compared to their inorganic counterparts carbon-based
materials are often not ideal charge transporters. Low-cost, large-area solution processability,
inherent flexibility and synthetic versatility however means that organic materials can be
engineered to go where rigid and expensive metals, semi-metals and alloys cannot. Mass
manufacture through printing of these materials means that they are now being found
beyond the world of academic research. A future can now be imagined in which lightweight
and portable devices for clean energy generation, displays and medical sensing may be mass

produced.

For organic materials, the scope of synthetic capability is so broad that it is possible to tune
the molecular structure to be applicable to an ever-growing list of functions. A recent boom
in organic photovoltaics (OPV) saw a rise in power conversion efficiency (PCE) to over 17% in
an all-organic tandem cell.? Lightweight, flexibility and possibly even transparency means that
organic solar cells (OSCs) can be mounted on almost any surface allowing for power
generation anywhere there is sunlight.3” Organic light emitting diodes (OLEDs) can emit in
the full visible light spectrum with better contrast ratios and less bulky back panels than liquid
crystal displays which has led to them becoming a commercial success.®'° Thermoelectrics
involves the use of semiconductors to generate a potential difference from a temperature
gradient and organics are emerging as a viable candidate for harvesting low energy waste
heat.'"1” The list of possible applications extends to organic field-effect transistors (OFETs),®
20 biosensors,?! 22 photoacoustic sensors,?® anolytes and catholytes in redox flow batteries?*
26 and beyond. The synthetic diversity, processability, low-cost, availability and
biocompatibility of organic semiconductors means that the list of possible applications is only

expanding.

Semiconductors are not intrinsically conducting and for many applications introducing or

removing electrons using external atomic or molecular dopants is necessary. N-type dopants



are always at risk of oxidation from atmospheric oxygen and their development has been
slow. In recent years new dopants and stable precursors to n-doping have emerged; however,
the fundamental mechanisms underlying the transfer of charge on to organic semiconductors
are not well understood. This chapter will introduce the concept of organic materials as
semiconductors and compare their doping to the traditional doping of crystalline inorganics.
The role of molecular design and the part a synthetic chemist can play in tailoring organic

semiconductor functionality is described in the last section of this chapter.

Chapter 2 of this work introduces a new molecular conductor in which dopant and
semiconductor are covalently bound. The mechanism of this intrinsic doping and the
structure of the doped species is also investigated. Chapter 3 describes the interaction of a
popular n-dopant with a recently developed n-type semiconductor and uses techniques
common to molecular analysis to determine the structure of the doped species and the
intermediates active in charge transfer. Chapter 4 then describes the use of organic synthetic
techniques to develop a new n-type polymeric semiconductor structurally analogous to a

high-performance p-type.

1.1  Organic materials as semiconductors

1.1.1 Conjugated systems

Conduction of charges through organic materials relies on conjugation, or a continuous
alternation of carbon-carbon o-bonds and rt-bonds. The sp? hybridisation of carbon orbitals
in these systems allows for three o-bonds and, perpendicular to these bonds, for the overlap
of p-orbitals. Each carbon atom donates an electron from its p;-orbital in to m-bonds and it is
these electrons which can delocalise across the conjugated section. The extent of -
conjugation in organic semiconductors can vary massively. Small molecular semiconductors?’
can contain only a few m-bonds per molecule whereas polymers?® and covalent organic
frameworks??-3! can have extended sections of alternate n-bonds well beyond thousands of

bonds.



In the simplest example of ethylene there are two sp? hybridised carbon atoms which contain
one electron each in the p; orbitals. According to molecular orbital theory these two atomic
orbitals combine to form two molecular orbitals. Figure 1.1 shows how the linear combination
of two p, orbitals in sp? hybridised atoms can combine to form overlapping m-bonding
molecular orbitals and n* anti-bonding orbitals. The lower energy n orbital contains the
electrons from both p, atomic orbitals whereas the higher energy n* contains none. It should
be noted that the sp? orbitals involved in o-bonding and o*-antibonding orbitals are omitted
from the diagram but sit below and above the m-bonding and m*-antibonding orbitals,

respectively.
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Figure 1.1 Linear combination of two p. atomic orbitals to give m-bonding and m*-antibonding molecular orbitals.

In the case of a simple molecule containing two sp? hybridised carbons, such as ethylene, a
molecular orbital diagram like the one in Figure 1.1 can be applied. Extending the conjugation
by adding two more carbon atoms gives butadiene and the introduction of two more
electrons in p; orbitals gives one more bonding and antibonding orbital and a total of four t
molecular orbitals. Figure 1.2 shows the molecular orbitals of simple molecules containing
low numbers of m-bonds (ethylene and butadiene) up to the theoretically infinite amount

present in polyacetylene.

Molecular orbital theory ascribes each of these orbitals a discrete energy level. The Highest
Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO)
are known as the Frontier Molecular Orbitals (FMOs) and are separated by the band gap (Eg).
In ethylene, this band gap is 7.6 eV and much greater than the energy which can be supplied

by visible light.?® Adding occupied bonding orbitals destabilises the HOMO (increase in



energy) and adding antibonding orbitals stabilises the LUMO (decrease in energy). As is shown
in Figure 1.2 adding bonding and anti-bonding orbitals in butadiene brings the FMOs closer
together and Eg is lowered to 5.4 eV.?® In reaching the theoretically infinite amount of
molecular orbitals present in polyacetylene, the m-bonding orbitals form a valence band (VB)
and the m*-antibonding orbitals form a conduction band (CB). This model is analogous to band
theory, which is classically used to describe conduction in inorganic semiconductors. The
HOMO can be considered the top of the VB and the LUMO the bottom of the CB. Band gaps
are now much smaller, in the range of 1 eV to 4 eV, meaning excitation from visible and UV

light is possible and semiconducting behaviour is observed.
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Figure 1.2 Gas phase molecular orbital diagrams for simple small pi-conjugated systems building up to an
infinite chain length in polyacetylene and analogous band structure in inorganic semiconductors. Overlapping
pz atomic orbitals are shown for the smaller ethylene and butadiene.
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1.1.2 Generation of charges

In the ground state semiconductors are insulating materials. Charges must therefore be
introduced for most applications. The injection of an electron into a m* antibonding molecular
orbital (conduction band) leads to negative (n-type) carriers. Extracting an electron from a nt

bonding orbital (valence band) leaves behind an electron hole and these are positive (p-type)



carriers. This can be done in a variety of ways and often the injection/extraction method is

dependent on the application.

Metal electrodes can be used to extract or inject charges at the interface with the
semiconductor. This injection method, through an applied electric field, is utilised in both
OFETs and OLEDs. The excitation of an electron from the HOMO to the LUMO creates a bound
electron-hole pair which are electrostatically attracted, this overall charge neutral state is
called an exciton. Exothermically separating the bound electron-hole pair by electron transfer
to an adjacent molecule is relied upon in the operation of OSCs.3? A third method of charge
generation is through a process known as doping which involves the introduction of an
external chemical species to transfer an electron. For organics doping normally involves the
use of external molecular dopants with high electron affinities (p-type doping) or low
ionisation potentials (n-type doping) to oxidise or reduce the semiconductor respectively. This
process will be explored in greater detail in later sections of this chapter and in subsequent

chapters of this thesis.

The introduction of charges through the addition or removal of an electron requires an
energetic stabilisation in the molecule which is achieved through a spatial reorientation of
the electrons in the molecular orbitals. The coupling of a hole or electron with this distortion
in the molecular structure is the charge carrier which moves through the semiconductor and
is a quasiparticle known as a polaron.®? The quinoidal stabilisation of polythiophene doped by
boron trifluoride is shown in Figure 1.3. The new energy level associated with a polaron is
found within the band gap and is observable as a new lower energy (higher wavelength) band
in absorption spectra. An n-type polaronic state lies just beneath the LUMO whereas a p-type

polaron lies just above the HOMO.
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Figure 1.3 Polythiophene p-doped by boron trifluoride and the resultant quinoidal polaron structure.

It should be noted that polarons are different from excitons in which an electron-hole pair is
generated. The hole and electron of an exciton will lie further from the HOMO and LUMO
than in polarons due to the attractive Coulombic forces they feel from each other.3* Similarly
to a polaron, the generation of the exciton also comes with its own stabilising structural
distortion. The relative positions of positive and negative polarons and excitons within the

band gap are shown in Figure 1.4.

Two different band gaps exist. The optical band gap, Eop: is defined as the “energy of the
lowest electronic transition accessible via absorption of a single photon.”3> This is the
difference between the ground singlet state, Sp, and the first available excited singlet state,
S, and generally leads to the formation of a bound exciton in organics. This differs from the
fundamental band gap, Efung, Which is the difference between the ionisation potential (IP) and

the electron affinity (EA), equation 1.1.

Efyng = IP — EA 1.1

IP being the energy required to remove an electron from the HOMO to the vacuum level and
EA the energy required to add an electron from the vacuum level to the LUMO. The vacuum
level is the energy of a stationary electron free from a material. HOMO and LUMO energies
can therefore be estimated from the IP and EA. The difference between Efund and Eqp: is the

binding energy of the bound exciton, Ep, equation 1.2.
Eb = Efund - Eopt 1.2

In real life solid-state examples the actual band gap, Eg, is found to be much smaller than Efung

because m-systems adjacent to the generated charge will polarise, stabilising the charged



state.3> Figure 1.4 shows the relationship between the different gaps described above in

relation to the HOMO and LUMO.

Vacuum Level

EA

LumMmo

TR WIS TR I

exciton Negative Positive
Polaron Polaron

Figure 1.4 Relative positions of excitons, negative and positive polarons with respect to the energies of the
frontier molecular orbitals. Also shown is the difference between optical and fundamental band gaps and
electron affinity and ionisation potential.

1.1.3 Band transport and charge transport by hopping in organic semiconductors

Once generated, charge carriers will move through a material in the direction of an applied
electric field. The ease with which electrons and holes move through a material is given by
the charge mobility, u.3¢ Mobility is the measure of charge velocity, v, in a given electric field,

F, and is shown in equation 1.3.

_v 13
F=F

Band theory can be used to describe the transport of charges through the two different bands.
If an electron is excited or introduced into the CB, then it is delocalised across the whole band.
Similarly, if an electron is removed from the VB it leaves behind a positive hole freely moving
across the overlapping wavefunctions of the band. In the solid state these charge carriers are

then only scattered by collisions with other particles or interactions with vibrations in the

10



crystal structure, called phonons, brought about by increased temperature. Equation 1.4

shows the inverse relationship of band-like mobility with increasing temperature.

De 14

F=%,T

D is the diffusion coefficient of the carrier, e is the elementary charge of an electron and ks
the Boltzmann constant. This gives rise to the characteristic linear decrease in mobility with

increasing temperature observed in band transport.

Band transport is a reliable model when describing large atomic crystals with a relatively small
amount of charge carriers. It is very rare however to find organic semiconductors as highly
ordered as metals and semimetals. Instead of atomic crystals organic semiconductors mostly
exhibit amorphous morphologies or at best molecular crystals with less long-range order than
bound atomic crystals. Increased disorder means the overlap of wavefunctions is poor and
this causes the width of both valence and conduction bands to narrow. The bandwidth can
narrow to a point where the charges are not considered to be delocalised across overlapping
wavefunctions. Instead the charges can be considered as localised to a particular site and will
then “hop” or tunnel between sites in a process known as hopping.3” The distribution of
possible sites, or density of states (DOS), in amorphous systems can be represented by a

Gaussian curve and is shown in comparison to band-like structures in Figure 1.5.

The ease with which charge carriers can hop between sites can be described by Marcus

theory.38 The rate of electron transfer between two given sites, k, is given in equation 1.5.

2 p! 1.5
k= 2_”1—6_—4KbT
h [4mwAK,T
J is the transfer integral which gives the degree of overlap between wavefunctions at each
site. Each charge carrier comes with a molecular distortion which is given by the

reorganization energy, A.

Lower charge mobilities compared to band transport are characteristic of hopping. This is
because there is an activation energy associated and mobilities increase with temperature.
This is the opposite of the inverse relationship seen between temperature and mobility in
band transport. It can be seen from equation 1.5 that an increase in temperature will lead to

an increase in charge transfer between sites and therefore, an increase in the overall mobility.
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It is likely that the transport behaviour observed in organic semiconductors is a hybrid
between band and hopping with more ordered molecular crystals exhibiting more band like
behaviour and amorphous solids, such as polymers, exhibiting more hopping characteristics

between certain sites.

The overall electrical conductivity, o, of a material is given as a product of the mobility of each
type of charge, the number of each type of charge generated and the elementary charge of

an electron, e. This relationship is shown in equation 1.6.

o =e(nu, +npu,) 16
One further consideration when describing transport is in the relative energies of the localised
sites. Impurities or structural defects can lead to energetic sites which lie above the valence
band or below the conduction band in band transport type systems, or above and below the
HOMO and LUMO respectively in hopping type mechanisms. These sites, in which a carrier
can occupy and no longer take part in transport, are known as traps. Given more energy a
trapped charge may be released and move to a neighbouring transport site. Carriers in deeper
traps which lie further from the band edge, at an energy known as the release energy, E;,3°
may become permanently trapped or become targets for recombination if the opposite
charge is present.?® Possible trap-sites are shown in Figure 1.5 as above the HOMO or below

the LUMO. Deep traps are located within the band gap and between the two lines marked E:.
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Figure 1.5. Bandwidths in ordered covalent crystals, less ordered molecular crystals and localised sites for
charges to “hop” between in amorphous semiconductors. Deep traps are shown as sites located above/below
the energy E:.

1.2  Organic semiconductor doping

By their nature semiconductors are not intrinsically conducting and as described above they
must be manipulated in order for free charges to be generated. This manipulation could be
through the absorption of energy to generate an excitonic electron-hole pair or through the
doping of the host semiconductor with external oxidising or reducing species. The concept of
doping, as related to the Fermi level, is briefly introduced in this section and described in
terms of traditional techniques of atomic doping of crystalline inorganic semiconductors.
Similarities to the use of molecular dopants in organic semiconductors are then explored. The
limitations of such comparisons are then highlighted by descriptions of the prevailing theories
of organic molecular doping and through a review of the most prominent doping systems in

organic semiconductor research and the mechanisms underlining them.
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1.2.1 The Fermi-level in semiconductors

For an undoped pure semiconducting material at a temperature of absolute zero (T =0K) VB
will be completely filled with electrons and CB will remain empty. These are referred to as
intrinsic semiconductors. In these materials the probability that a hole exists in the VB or an
electron exists in the CB are exactly the same, this probability can be represented by an
energy which will lie exactly in the middle of the band gap and is known as the Fermi-level,

Er. For intrinsic semiconductors, the fermi-level is given by equation 1.7.

_E.+Ey 1.7
F 2

Evand E. are the energies of the edges of the valence and conduction bands respectively but
could be interchanged with HOMO and LUMO. The probability that any given energetic state,

f(E), will be filled by an electron is given by the Fermi Function (equation 1.8).

1 1.8
FE) = —G5p

1+e KT

Increasing the temperature means there is a chance that some electrons can be thermally
excited to higher energy states and may cross Er.*! Charges generated in this way are called
the intrinsic charge carriers. The relationship between charge carrier concentration and
temperature in silicon and gallium arsenide (GaAs) is shown in Figure 1.6. This model works
when describing atomically crystalline materials, in which there is a higher density of states
near Er and a negligible band gap. In semiconductors any sites with a probability of being filled

located in the band gap will be traps.
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Figure 1.6. Relationship between temperature and the intrinsic charge carrier concentration for the two
inorganic semiconductors silicon and gallium arsenide. (Originally published in reference 41 using data from
references 42 and 43)

1.2.2 Doping to control the Fermi-level

If electrons are added to the conduction band then there is now more chance of finding
available energetic sites filled by electrons in the conduction band than there is of finding
holes in the valence band. The point at which there is a 50 % probability of finding a state
filled by a hole or electron has now shifted towards the conduction band. This means for n-
type semiconductors the Fermi level shifts towards the populated conduction band. Similarly,
if electrons are removed from the valence band forming holes in a p-type semiconductor,

then the Fermi level will shift towards the valence band.

Doping therefore involves introducing energy levels close to the band edges and controlling

the Fermi level. In inorganic atomic crystals doping is achieved by the introduction of an
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impurity atom into the crystal lattice. A dopant atom containing more valence electrons than
the host atoms of the crystal matrix will populate energy levels close to the conduction band
with its extra electron and shift the Fermi level towards the conduction band. Dopant atoms
with less valence electrons than the host semiconductor will accept electrons from the
valence band leaving behind holes populating energy levels just above the valence band. The

shifting of the Fermi level due to the introduction of dopants is shown in Figure 1.7.
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Figure 1.7. Shift in the Fermi-level from intrinsic semiconductor to n-type, when levels just beneath the
conduction band are filled, and p-type, when levels just above the valence band are filled.

It is common therefore to see crystalline silicon in group IV to be n-doped by group V atoms,
such as arsenic and phosphorous, or to be p-doped by group Il elements such as boron or
aluminium.*® Once the Fermi-level shifts to above or below the band edges the semiconductor

can be said to be “degenerately doped” and treated as metallic.*

1.2.3 Doping of organics

Like previously explained concepts, the doping of organic semiconductors is analogous to the
doping of inorganics with some fundamental differences. In each case charge carriers are
generated in a semiconducting matrix by the addition, or removal, of an electron by another
chemical species. Much like inorganics we see a shift in the Fermi level towards the band

edges.*® %’ The molecular nature of organic solids and higher degrees of disorder compared
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to inorganics, means that it is difficult to control the population of bands by adding impurity
atoms. Instead external molecular species (or in some rare cases covalently bound moieties)

are introduced which undergo charge transfer type processes.

One unifying theory cannot be used to describe the nature by which holes or electrons are
actually introduced. The myriad of possible semiconductor and dopant combinations means
that factors such as FMO alignment,*® chemical mechanism*® and the miscibility of host and
dopant® can determine how successful doping actually is and the mechanisms by which it

Ooccurs.

The rest of this chapter will attempt to give a picture of the models already in place to describe
doping in organics followed by relevant examples. Two sections of this work are concerned
with the interactions of ionic dopants with conjugated organics. It is difficult to assign either
of these systems to one of the models below and in fact most systems will exhibit behaviours

somewhere in between the two major theories.

1.2.4 Integer charge transfer

This model of doping involves the transfer of an electron from one species to another,
analogous to reduction for n-type or oxidation for p-type. This is known as the Integer Charge
Transfer (ICT) model. A pair of ions is formed which are Coulombically bound, reminiscent of
an ionic bond, this gives rise to the other name for this model of lon Pair Formation (IPF). For
p-type doping, the semiconductor HOMO must be aligned with the dopant LUMO. In contrast
for n-type doping the dopant HOMO must lie high enough to align with the semiconductor

LUMO, this relationship is shown in Figure 1.8.
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Figure 1.8. Schematic representation of p and n-type doping through the Integer Charge Transfer model, with
full electron transfer between aligned HOMO and LUMOs.
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A commonly quoted example used to illustrate IPF is the widely studied system of poly-3-
hexylthiophene (P3HT) p-doped by 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(Fa-TCNQ); structures are shown in Figure 1.9. Panel a of Figure 1.9 shows ultraviolet-visible-
near-infrared (UV-vis-NIR) absorption spectra which have been used to identify IPF between
dopant and semiconductor.’! Spectra of neutral F4~-TCNQ and its reduced anion are shown for
reference. Upon doping P3HT with F4-TCNQ a growth in the dopant anion absorption is
observed at a lower energy than the P3HT optical absorption, and is labelled ICT, suggesting
an electron transfer between the two. The anionic state of F4~-TCNQ was also observed in
Fourier transform infrared spectroscopy (FTIR).>Y >2 The resultant polaron states within the

bandgap were observed as absorptions labelled P1 and P2.

Reducing the content of electron withdrawing fluorine atoms on the dopant quinoidal ring
leads to weaker p-dopants F,-TCNQ, F-TCNQ and TCNQ. Panel c of Figure 1.9 shows that IPF
is still observed when reducing the fluorine content from F4-TCNQ to F-TCNQ, however the
EA of TCNQ is too low compared to the IP of P3HT and no charge transfer occurs. Increasing
the EA of the polythiophene backbone by inserting sulphur atoms between thiophene units
and alkyl side chains has led to high conductivities of 350 S cm™ when doping with the
inorganic salt nitrosonium tetrafluoroborate (NOBF4).>3 It is therefore reasonable to assume
that for p-type IPF to occur dopant EA must be greater than semiconductor IP and for n-types
the dopant IP must be greater than the semiconductor EA. This rather simplistic explanation

however does not account for the stabilisation of attractive Coulombic forces felt between
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the two generated ions in the solid state.”* IP and EA are measured from the vacuum level
and consider the insertion of an electron from free space. Even in cases where IPF can be used
to describe the doping, we therefore still cannot predict the solid-state doping based on

alignment of FMOs or the relative sizes of EA and IP alone.
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Figure 1.9. Top: Structures of P3HT and the four fluorinated TCNQ derivatives used as dopants; Bottom: Panel
a: UV-vis/NIR absorption spectroscopy of F4-TCNQ and its anion (dashed lines) and P3HT doped with increasing
concentrations of F4-TCNQ; Panel b: UV-vis/NIR spectroscopy of 4T oligomer doped with increasing
concentrations of F4~-TCNQ; Panel c: UV-vis/NIR spectroscopy of P3HT doped with 28.6 mol% of four different
fluorinated TCNQ derivatives; Panel d: UV-vis/NIR spectroscopy of 4T doped with 50 mol% of four different
fluorinated TCNQ derivatives. Panels a, b, c and d reprinted from reference 51.

It cannot be assumed that all charges generated in this way are free to conduct through the
semiconductor matrix. Although the transfer of charges between F4-TCNQ and P3HT has been
shown as very efficient, it has been suggested that the amount of charges which actually
dissociate from the bound ion pair is as low as 5 %.>> Even though the Fermi-level is shown to
shift towards the HOMO, the large amount of Coulombically trapped ion pairs can become

traps for dissociated free charge carriers and have a negative impact on the mobility.>® >’
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1.2.5 Hybrid charge transfer

Over time it has become clear that doping cannot always be described by the formation of
ion pairs through the transfer of one electron, and as explained above doping cannot always
be predicted from the alignment of FMOs. Even when both of these conditions are true it is
only a fraction of ions generated which become free charge carriers.”® It is therefore

necessary to consider another model for doping.

Analogous to the linear combination of atomic orbitals in a covalent bond, new bonding and
anti-bonding molecular orbitals can be formed between a dopant and host. This is shown in
Figure 1.10. For p-types both of the electrons from the semiconductor HOMO are stabilised
while the dopant LUMO is destabilised in the new charge transfer complex (CPX). For n-types
the dopant HOMO is stabilised while the semiconductor LUMO is destabilised. A full charge is

not transferred between the two and this model is therefore termed hybrid charge transfer.
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Figure 1.10. Relative energy levels of charge transfer complexes formed from the splitting of frontier molecular
orbitals in the hybrid charge transfer model.

Panel b of Figure 1.9 shows the UV-vis-NIR absorbance spectra of the oligomer
guarterthiophene (4T) doped with F4~-TCNQ. The dopant anion absorptions at approximately
1.6 and 1.4 eV are no longer observed unlike in the case of P3HT. Instead one broad peak is
observed at 0.7 eV which is the band gap of the CPX, labelled Egcpx in Figure 1.10. The two
electrons from the 4T HOMO have formed part of the CPX bonding HOMO and the F4-TCNQ
LUMO has formed the anti-bonding CPX LUMO. A fractional charge has been shared between

the two.
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Figure 1.9 panel d shows absorption spectra for 4T doped by TCNQ derivatives with
decreasing fluorine substitution and therefore decreasing EA. Again, in contrast to P3HT, only
one additional absorption is observed for a charge transfer complex. The peak maxima for the
CPX also red shifted with increasing dopant EA which suggests that the anti-bonding orbital
of the CPX is stabilised when the dopant EA is increased. Other factors however effect the
energy level splitting, which causes the CPX band gap, including the favourable overlap of
FMOs in space.*® There is no strict requirement for energy levels to align for a CPX to form.
Thisis illustrated by 4T with an IP of 5.30 eV,>! being higher than the EA of F4-TCNQ (EA =5.23
eV).> The formation of a CPX is still observed between 4T and TCNQ which has a considerably
lower EA of 4.23 eV.®°

There is a clear difference between the number of free charges generated in IPF and CPX
models. The neutral CPX state is firstly not a full charge carrier and is localized to a site. To
generate a full charge in the case of a p-type CPX a neutral semiconductor electron from the
HOMO must then be thermally excited into the higher energy LUMO of the CPX. For an n-type
an electron is accepted into the semiconductor LUMO from the CPX HOMO. Neither of these

transitions are energetically favoured making CPX doping inefficient.>% 61

1.2.6 Morphological considerations when doping

When considering the efficiency and mechanisms of doping there are factors to consider in
addition to the mostly energetic descriptions above. The relative geometry of dopant and
semiconductor in the solid state has been shown to be of significant importance. The
processing techniques used to introduce the dopant can be employed to optimise this
geometry.®% 63 The polymer poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-b]thiophene)
(PbTTT) doped with F4-TCNQ illustrates this point. A blend of PbTTT and F4s-TCNQ was
dissolved in solvent and cast as thin-film leading to the dopant sitting between the chains in
a face to face m-stack with PbTTT. A maximum conductivity of 2 S cm™ was achieved.®?
Introducing the F4-TCNQ by evaporating it into a film of PbTTT lead to the dopant occupying
space between the interdigitating side chains in the lamellar stack.®® Figure 1.11 panel a

shows a schematic representation of this. Panel b shows grazing incidence wide angle X-ray
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scattering (GIWAXS) in which the peak at g; = 0.27 A for the undoped PbTTT corresponds to
a Lamellar distance of 22.9 A. For the doped PbTTT this peak shifts to g, = 0.25 A1 and a larger
Lamellar spacing of 24.7 A, indicating the F4-TCNQ is present between the sidechains. This
relative position of dopant causes less distortion of the linear polymer chain and a higher
mobility. Less Coulombic interaction between the generated ion pair was also observed,
leading to more mobile free charges. Conductivity was therefore seen to increase by a factor

of more than 100 using the same semiconductor and dopant pair but different processing

technique.
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Figure 1.11. a: Schematic representation of F4-TCNQ vapor deposited on to films of PbTTT with the F4-TCNQ
sitting between side-chains within the Lamellar stack. b: Grazing incidence wide angle X-ray scattering
measurements for the out-of-plane profile shown as g: for doped and undoped PbTTT. Inset shows the in-plane
gxy from 2D grazing incidence wide angle X-ray scattering. Both panels reprinted from reference 63.

1.2.7 Review of organic p-doped systems

The very earliest examples of dopants are molecular halogens. As early as 1977 it was found
that exposing trans-polyacetylene to vapours of halides increased the conductivity by up to
seven orders of magnitude.®* %> The volatile nature of the halogens (Cl, Brz, I2) meant that
diffusion into the solid semiconductor matrix was easy. The use of halogens in p-doping other
organics with high IP (approx. 5 eV) has been widely studied. These include pentacene,¢7°

71-73

poly-3-alkylthiophenes and polypyrroles.”* The practical applications of these small
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dopants were limited due to their tendency to diffuse.*”” 7° When attempting to fabricate
multilayer devices, halogen diffusion through the different layers rendered the devices
useless. It was however shown that high conductivities in organics are possible through

doping.

The successful synthesis of conducting polypyrrole was achieved in the 1980s.7>77 The pyrrole
monomer was oxidatively polymerised in the presence of excess oxidant which also served as
p-dopant. At this point the dopants most commonly used were Lewis acidic metal halides.
Metal centres including Fe(lll), Cu(ll), Sn(IV) and Sb(V) have all found success in doping
polypyrroles.” 7 Although EA values for these compounds seem relatively modest (FeCls, EA
= 4.3 to 4.7 eV),”® 7 conductivities of up to 19 S cm™! were observed when FeCls was used to

dope a polymer with an IP of 5.0 eV.”®

Tuning the Lewis acidity of the metal complexes proved to be an effective strategy for the
design of many new p-dopants. A series of Cu(l) and Bi(lll) benzoates have been used to dope
hole transporting materials in OLEDS; fluorinating the benzene ring lead to increased doping
due to an increase in the Lewis acidity.?% 8 The complex molybdenum tris[1,2-
bis(trifluoromethyl) ethane-1,2-dithiolene] (Mo(tfd)s),®?> shown in Figure 1.13, contains
thiolene and CFs groups on the ligand which stabilises an additional electron around the

whole ligand leading to a very high EA of 5.6 eV.83 8

Polymerising aniline in the presence of Brgnsted acid was shown to give conductive forms of

8590 |t was shown that the emeraldine form of PANI,

polyaniline (PANI) as early as the 1960s.
in which some amine bonds are replaced by imines, becomes protonated and forms polaron
like sections along the polymer chain.8 9194 This process is shown in Scheme 1.1 along with
de-doping by a Brgnsted base. A wide range of organic and inorganic Brgnsted acids in

combination with PANI have been studied since the 1980s.

Protonic doping has been applied to semiconductors other than PANI. In semiconductors
which do not contain a basic nitrogen as part of the conjugation, proton doping occurs via a
slightly different mechanism. This is illustrated using pentacene in Scheme 1.1. Using an
organic sulfonic acid as dopant, pentacene is protonated on the central benzene ring. The
generated positive charge then hops between pentacene molecules as a hole.?® It has recently

been proposed that a strong Lewis acid dopant can form a complex with trace amounts of
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water. The resultant complex is Brgnsted acidic leading to the proton doping of the donor-

acceptor polymer PCPDTB.%®
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Scheme 1.1. a: The Brgnsted acid doping of emeraldine PANI to give the cationic then polaronic forms in the
forward direction. In the backwards direction the Lewis acid doping of PANI to give the polaronic form of PANI.
b: The Brgnsted acid doping of pentacene then following hole transfer to a neutral pentacene molecule.

Likely the most commonly applied p-type organic system is the combination of poly(3,4-
ethylenedioxythiophene) (PEDOT) and polystyrene sulfonate (PSS), a mixture known as
PEDOT:PSS. Commercially available as an aqueous dispersion PEDOT:PSS has now been the
subject of numerous reviews over the course of many years.”’-192 The most commonly quoted
doped structure is shown in Scheme 1.1 with deprotonated styrene units on the PSS acting as

counterion to the hole transporting PEDOT.

The synthesis of PEDOT from the monomer 3,4-ethylenedioxythiophene (EDOT) is generally
carried out in the presence of an oxidant such as FeCls or Na;S$,0s. The doping occurs at this
point with the oxidant removing an electron. Bronsted acids are then often used as a
stabilising counterion. Using deprotonated PSS as counterion gives the water dispersible

PEDOT:PSS which forms a coiled shell with conducting PEDOT on the inside and solubilising
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PSS on the outside.®® The residual H* is removed in purification however an excess of
oxidising agent and dopant likely remain.1* Small molecule counterions can be used but PSS

remains by far the most widely studied and developed.%?

Upon drying PEDOT:PSS forms opaque homogeneous films. Either through treatment of the
aqueous dispersion or through post-film formation treatments PEDOT:PSS has exhibited
extremely high electrical conductivities greater than 1000 S cm™.19> 106 These treatments are
often called “secondary doping” although there is no evidence that they actually increase the
number of charge carriers. Often secondary doping involves the introduction of additive
solvents which lead to an uncoiled morphology more favourable for charge transport upon
film formation.10” 108 Washing with acids designed to remove an excess of non-conducting

PSS, also uncoiling the polymer chain, often leads to higher mobility and conductivity.'%®
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Figure 1.12. Chemical structures of the semiconducting polymer PEDOT (bottom) and deprotonated PSS
counterion (top).

Currently, the most commonly used p-dopants are high EA organic molecules. The most
widely used is F4~-TCNQ and various examples of its use are described in sections 1.2.4, 1.2.5
and 1.2.6. In addition to these examples, a recent report has shown that it is possible for Fs-
TCNQ to accept two electrons from low ionisation energy polymers.'1® The F4s~-TCNQ™ anion
had an EA greater than the IP of the polymer, a PbTTT derivative with glycolated side chains,
allowing it to accept an electron from another neutral PbTTT chain. This doubles the

theoretical maximum yield when doping lower IP semiconductors.

A soluble derivative of F4-TCNQ, called F3-TCNQ-Ad1 and shown in Figure 1.13, has been
designed with one of the fluorine atoms substituted with an adamantyl group.'*' No

considerable difference in electronic properties compared to F2-TCNQ were observed when
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films were processed from solution; using the idealised vapour deposition of F4-TCNQ was not
possible since F3-TCNQ-Ad1 was not stable to sublimation. A derivative of F2-TCNQ, with two
nitrile groups in place of fluorine atoms, called F,-HCNQ has been reported.*? A LUMO of -

5.59 eV was observed, which is approximately 0.3 eV lower lying than that for F4-TCNQ.

Some very high EA molecular dopants have been designed in order to oxidise materials with
higher IP than Fs-TCNQ is capable of. The extremely electron deficient 2,2'-
(perfluoronaphthalene-2,6-diylidene)dimalononitrile (F6-TCNNQ) is shown in Figure 1.13.
From initial electrochemical measurements a LUMO of -5.37 eV was reported,'!* however an
EA of 5.60 eV has since been measured by photoelectron spectroscopy.!'* A similar nitrile
functionalised cyclic molecule which has recently found use as a molecular p-dopant is
hexacyano-trimethylene-cyclopropane (CN6-CP). Originally synthesised by Fukunaga in the
1970s,*> 116 jts extremely low lying LUMO of -5.87 eV*'7 has led to its employment as a useful
p-dopant in recent years.!'® 11° Replacing three CN6-CP nitrile groups with methoxycarbonyls
gave trimethyl 2,2',2"-(cyclopropane-1,2,3-triyli-dene)-tris(cyanoacetate) (TMCN3-CP), a

solution processable dopant with a higher lying LUMO of -5.50 eV.'?°

The use of high EA fullerenes as p-dopants has been explored. The fluorinated derivative
CeoF3612! was shown to have an EA of 5.38 eV.!?? The fluorinated fullerene CeoFss has been
used to dope graphene.?3 Fullerene’s large sizes mean they are much less likely to diffuse
than smaller molecular dopants, although they also tend to disrupt the molecular packing of

the host.
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Figure 1.13. Chemical structures of molecular p-dopants.

1.2.8 Review of organic n-doped systems

The development of n-dopants has been somewhat stagnant compared to p-types. The
necessity for very low IP (or high lying HOMO) in dopants makes the synthesis of new
structures stable to oxidation in air very difficult. Atmospheric oxygen also causes problems
through the oxidation, or “de-doping,” of the n-doped semiconductor. Until very recently the
efficiency of free charge generation in systems using the benchmark semiconductor and
dopant had been limited by a lack of miscibility between the two.1?% 12> Using examples this
section will outline some of the strategies used to overcome the factors limiting n-type

performance and highlight some of the emerging new materials.

Successful n-doping of polyacetylene was first achieved by vapour deposition of alkali metals
such as lithium, sodium and potassium.*”126:127 As with the p-type halogen dopants, diffusion
was an issue and their use in devices was severely limited.*” In addition to this, their instability
under ambient conditions and hazardous properties make atomic alkali metals impractical for

use in most applications.

Cobaltocene, and its derivatives, have been used to dope a range of molecular,?®13!

132 133

polymeric'32 and fullerene3? semiconductors. An IP of 4.07 eV for cobaltocene!?® and 3.30 eV
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for decamethylcobaltocene®®! were measured by ultraviolet photoemission spectroscopy
(UPS). Both are unstable to air due to their low IP. A promising route to solution processable
and air stable dopants has been to use the dimers of metallocenes. Some structures are
shown in Scheme 1.2 along with a schematic representation of cleavage and electron transfer.
Cyclopentadienyl sandwich complexes of ruthenium34 and rhodium®3>137 are most often
used as dimers. The 18-electron configuration of the dimer means it has a much longer shelf-
life and is easier to handle. Upon vapour deposition or casting from solution the dimers cleave
to form the corresponding 19-electron monomer, which readily donates an electron to form

the more stable 18-electron cation.

| .

M 2Ar 2Ar
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2 |\:/| \ / . 2 M
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(RhCp*Cp), M=Rh
(RuCp*Cp), M =Ru
Ar = Aromatic

Scheme 1.2. Cleavage of 18 electron sandwich complex dimers to form two 19 electron complexes capable of
n-doping aromatics.

In addition to the low IP metallocenes other metal complexes have shown promise as electron
donors. Ru(terpy); has been found to have a low IP and has been used to n-dope the
organometallic complex ZnPC'38 139 35 well as pentacene.'*® The metal complexes Crz2(hpp)a
and W;(hpp)s were used to dope fullerenes with both dopants achieving high n-type
conductivities over 4 S cm™.241 W,(hpp)s has also been used to alter the majority charge
carrier from p-type to n-type in OFETs using pentacene.*? Fully organic low IP molecules have
also been employed. Tetrathiofulvalene (TTF) was first used as a donor in charge transfer
salts.’*3 TTF and its derivative bis(ethylenedithio)-tetrathiafulvalene (BEDT-TTF) have since
been wused as n-type dopants for molecular semiconductors such as
napthalenetetracarboxylic dianhydride (NDA).1** The donor tetrathianaphthacene (TTN) has
been shown to have an IP 4.3 eV** and has since been used to n-dope a fluorinated derivative

of ZnPC with increased EA.146
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Some of the most widely used dopants in recent years are those derived from 2,3-dihydro-
1H-benzoimidazoles (DMBI-H). A lot of their success can be attributed to their air stability.
The first example of their use came in a 2010 report!4’ in which N-DMBI, structure shown in
Figure 1.14, was used to dope phenyl-Cs1-butyric acid methyl ester (PCBM). The charge
transfer between these two cannot be as simple as a direct electron transfer, PCBM has a
LUMO of -3.80 eV**® while N-DMBI HOMO is -4.67 eV.%° It was originally proposed that the
C2 hydrogen was abstracted leaving behind a Singularly Occupied Molecular Orbital (SOMO)
on a N-DMBI radical, with an energy of -2.36 eV, capable of donating an electron to PCBM
(Scheme 1.3, Mechanism I). The nature in which hydrogen actually leaves DMBI-H derivatives
is complex, however the homolysis required to form the N-DMBI radical is likely unfavoured
compared to hydride abstraction leaving behind a N-DMBI cation.*® While the use of DMBI-
H dopants has grown rapidly in the past decade the mechanism of their doping is still under
debate and it is likely that the mechanism is substrate dependant®>® 15! and is affected by
dopant-semiconductor miscibility.'?* The mechanism through hydride transfer on to PCBM
and a subsequent electron transfer from hydride reduced PCBM to neutral PCBM is widely

accepted for the case of PCBM as acceptor (Scheme 1.3, Mechanism 11).1°2

Various dimers of benzoimidazoles (DMBI). have been synthesized and tested as n-dopants.
A high n-type conductivity of 12 S cm™ was reported when doping Ceo fullerene.'> In the same
study it was found that conductivities on the order of 102 S cm™ were possible when doping
PCBM, comparable to DMBI-H, and on the order of 103 S cm™ when doping poly(n,n’-bis(2-
octyldodecyl)-1,4,5,8-naphthalenediimide-2,6-diyl)-alt-5,5’-(2,2’-bithiophene) P(NDI20OD-T>)
which is higher than possible with DMBI-H dopants at the time. It was also found that dimers
could dope TIPS-pentacene with an approximate EA of 3.4 eV,*>* this could not be done with
DMBI-H dopants. Unlike DMBI-H the mechanism of doping is not through the abstraction of
hydrogen or hydride. Instead one of two mechanisms are followed dependant on the nature
of the substituent, labelled Y in Figure 1.14, and the acceptor. The dimer either homolytically
dissociates into the neutral radical monomer units which undergo electron transfer with two
acceptor units, similar to the metallocene dimers, (Scheme 1.3, Mechanism lll) or electron
transfer occurs before dimer dissociation (Scheme 1.3, Mechanism 1V).1>> 136 High

conductivities and thermoelectric performance have been reported using these dopants and
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electron transfer likely occurs via a cleaner mechanism than the hydride transferring

monomers.156 157
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Figure 1.14. Structures of some DMBI-H and (DMBI)2 dimers.
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Mechanism | DMBI-H == DMBI A DMBI + A
+H
Mechanism I DMBI-H té DMB|® + ®A—H A DMBI®+ A-H + A
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Scheme 1.3. Mechanism | shows DMBI-H doping via hydrogen abstraction and electron transfer from DMBI
neutral radical. Mechanism Il shows the later proposed mechanism of DMBI-H doping via hydride transfer and
a subsequent electron transfer between acceptors. Mechanism Il shows (DMBI), homolytic cleavage then
electron transfer to acceptors. Mechanism IV shows electron transfer from (DMBI). to acceptor prior to cleavage
and a subsequent electron transfer. Scheme is adapted from references 147, 152, 155.

Some recent reports of high-performance n-type materials have employed fluoride anions as
n-dopants.*> 18 The interaction of fluoride anions and aromatic systems has been studied
over the past decade, often in the context of ion sensing applications as well as for
semiconductor doping. In the majority of studies, a salt of fluoride anion and quaternary
alkylamine cation are used as a source of fluoride; the organic soluble tetrabutylammonium

fluoride (TBAF) being the most commonly applied. The possibility of m-anion complexation
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between fluorides and planar electron-deficient aromatic systems has been used to explain
the initial interaction between semiconductor and fluoride dopant.>>16* This is then often
guoted as leading to a direct electron transfer from fluoride to semiconductor and it is this
step which has recently been called in to question.'®>%¢7 The enthalpy of a direct electron
transfer between fluoride and an NDI based small molecule has been computationally
calculated as AH = 76 kcal mol! and therefore endothermic.®® With fluorine being the most
electronegative element and its atomic anion having a completely filled valence shell it seems
likely there is a large barrier to fluoride donating an electron. It now appears that fluorides
are precursors to the actual doping species and the mechanism is more complicated.6® 170
The reaction between benzodifurandione oligo(p-phenylene vinylene) (BDOPV) molecular

semiconductors and crystals of TBAF in solution is investigated in Chapter 3.

A technigue known as n-type self-doping or intrinsic doping was first introduced by Gregg in
2001.'7! The aim was to create a doping system resembling the generally more efficient
inorganics in which the dopant is not so chemically and structurally different from the host as
to distort the crystal lattice or create deep electronic traps. A quaternary alkylamine with
counterion was covalently bound to a perylenediimide (PDI) aromatic core and is considered
the dopant precursor, the structure is labelled as PPEEB-NCI in Figure 1.15. The covalently
bound nature of a doping moiety means that diffusion is brought under control. By reducing
PPEEB-NCI with Na it was postulated a zwitterionic doping species, labelled PBEEB-N* in Figure
1.15, was formed. Films from a mixture of this solution and neutral PBEEB gave a ten-fold
increase in conductivity at 1 mol% of the doping zwitterion. In a later study by Gregg et al. it
was suggested the mechanism of self-doping in PDI-X compounds (Figure 1.15) upon drying
also goes through a similar zwitterion.’? After removing solvent molecules during film
formation the stabilising solvation energy on an X anion is removed. Spatially the X" is brought
closer to the PDI core in the solid state and the negative charge is transferred to the PDI unit
where it can be stabilised by delocalisation across aromatic rings. The n-doped forms were
found to be surprisingly stable in dry air for months, although increasing humidity lead to a
reversal of doping. The PDI-OH compounds from this series were later revisited by Segalman
et al. in which the mechanism of doping was again studied.!’> 74 Based on X-ray
photoelectron spectroscopy (XPS) data, it is proposed that the mechanism proceeds via

nucleophilic attack of nitrogen-methyl group by hydroxyl anion to generate a bound tertiary
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amine. This is followed by an electron transfer from tertiary amine to aromatic core. The
possibility of a Hoffmann style elimination to generate an alkene and release an amine species
from the semiconductor is also mentioned but not studied. The mechanism of doping using a
guaternary ammonium group bound to a naphthalene diimide (NDI) core is discussed in

Chapter 2.

o
N N @/ X
N

PPEEB PPEEB-NCI PPEEB-N* PDI-OH, X = OH
PDI-L, X =1
PDI-CI, X=Cl

Figure 1.15. Structures of n-type PDI molecular semiconductors. PPEEB-NCI and PDI-X series of compounds are
covalently bund to quaternary amine moieties which act as precursors to doping. PPEEB-N* shows a “doped”
zwitterionic form.

1.3 Molecular design and synthesis of organic semiconductors

1.3.1 Introduction

Using the well-established and versatile techniques available through synthetic chemistry a
large and ever-growing pool of organic semiconductors are available for use. The two main
classes of material are the well-defined molecular semiconductors and polymers consisting
of conjugated repeating units. The only necessity is to keep the band gap low enough for the
material to still be considered semiconducting. For this reason, a wide range of olefin and
aromatic components are used as building-blocks, and to a lesser extent alkyne bonds have
been incorporated. Incorporation of heteroatoms into these conjugated cores and decoration
with electron withdrawing and donating groups can help tune the energetic properties. Long

solubilising alkyl and alkoxy chains have been used to alter the processability. For polymers
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dramatic changes in performance are also observed with varying chain-lengths and regio-
regularities.'’> Other material classes such as carbon-nanotubes and fullerenes find extensive
use in the field of organic electronics, but molecular design plays less of a role in their

functionality.

1.3.2 Manipulating frontier molecular orbitals through molecular design

Changing the position of HOMO and LUMO energy levels is important for controlling various
electronic properties. Charge injection and extraction at material interfaces, as well as
electron transfer in doping, relies on the alignment of the respective materials energy levels.
In addition to this, a materials band gap has been shown to be important for various light

absorption and emission processes.

Decreasing the m-electron density will stabilise the LUMO and increase a materials EA.
Heterocycles which incorporate imine bonds are often found in low LUMO materials; the
nitrogen of the imine bond inductively withdraws electrons away from the aromatic ring while
not mesomerically contributing a lone pair. Thiazole and thiadiazoles are therefore often
incorporated as “electron-deficient” components or acceptors in semiconductors.’617°
Inductively electron withdrawing groups such as halogens and mesomerically withdrawing

groups such as carbonitriles, amides and imides, remove electron density from n-systems and

lower both HOMO and LUMO.180

Both the HOMO and LUMO levels can be manipulated through the electron density.
Increasing electron density will destabilise the HOMO and in turn lower the solid-state IP. In
synthesis this can be achieved through incorporating heteroatoms with lone pairs into
semiconductor back-bones. The five-membered rings: furan, thiophene and pyrrole are
commonly used as the donor units in donor-acceptor polymers.'8 82 Homopolymers of these
materials are also majority p-type charge carriers. 7® 183 The mesomeric contribution of the
lone pair on these heteroatoms leads to them being considered “electron-rich” ring systems.
It should be noted however that the same heteroatoms can act to inductively withdraw
electrons from the ring; the dipole moment of thiophene and furan reported as approximately

0.5 D and 0.7 D respectively in the direction of the heteroatom.'®* 8> Alternatively, pendant
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groups which inductively push electrons to the conjugated core, such as alkyls, can be used

to raise both the HOMO and the LUMO.

An example of the effect of ring atom substitution on position of FMOs can be seen in Figure
1.16 by comparing polymers derived from the well-studied P3HT.18¢ Adding an imine nitrogen
to one third of all thiophene units and converting them to thiazoles gives the polymer PTTTz
and using half thiazole units gives PTTz. The addition of an increasing amount of electron-
withdrawing thiazole rings into the polymer backbone leads to a stabilisation of both HOMO
and LUMO. A consistent decrease in both FMOs is observed from empirical analysis (UV-Vis,
CV and photoelectron spectroscopy) as well as density functional theory (DFT) and time-

dependent density functional theory (TD-DFT) calculations.

oH CeH13 CeH13
sH13
gt e I
S \ n S \ n
S n \ Nﬁ Nﬁ
CeH13 CeH13 CeH13
P3HT PTTTz PTTz
=
-;;\ :
-2.5 1 \\;:-.‘.'--_ ---mmmm  1D-DFT
"""" — cVv
| — LUMO
i T —
"""" = UV-Vis
;-3.5 B
&,
5
F .
Q
c
W -4.5 -
-
al o S - |
""""" s UV-PES HOMO
T e
S
-5.5 1 T-ummm GV
8

P3HT PTTTz PTTz

Figure 1.16. Top: Chemical structures of the polymer P3HT, PTTTz and PTTz. Bottom: Graphical representation
of the frontier molecular orbital energies of the three polymers when measured empirically by Cyclic
Voltammetry (CV), Ultraviolet Photoelectron Spectroscopy (UPS) and Ultraviolet-Visible Absorption
Spectroscopy (UV-Vis). Energy levels Calculated by Density Functional Theory (DFT) are also shown. Reprinted
from reference 186.
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In the design of new active materials for OSCs it became necessary to reduce the bandgap in
order to maximise the number of photons absorbed. An effective way of reducing, and tuning,
the bandgap was to design molecular and polymeric semiconductors consisting of alternating
electron rich (donor) and electron deficient (acceptor) units, i.e. donor-acceptor
semiconductors.'®’-189 The combination of extremely electron rich and electron deficient
components bonded by a single o-bond means that the generation of an exciton is more
energetically favourable. The electron deficient acceptor stabilising a negative charge and
electron rich donor stabilising a positive charge in the excited state. In terms of FMOs,
hybridisation of the high donor HOMO and low acceptor LUMO leads to a reduced gap
between the two, this hybridisation is shown in Figure 1.17.19 191 Extending this isolated
donor-acceptor unit over many more repeat units increases the amount of hybridisation even

further leading to some oligomeric and polymeric semiconductors with extremely low band

gaps.

The first donor-acceptor polymers used nitrogen containing moieties as donor units. Stable
acceptor units were hard to come by but derivatives of squaric acid and croconic acid proved
to be effective.%> 193 Condensation polymerisation of donor with acceptor gave polymers
with a large amount of quinoidal characteristics, as shown in Figure 1.17. Band gaps as low as
0.5 eV were measured in polymers of this kind.1®* %> Materials which absorb low energy
visible and near infrared light are very useful for photoacoustic imaging purposes. With
relatively low bio-toxicities and extremely low band gaps, allowing for absorption in the NIR
region and subsequent non-radiative decay, donor-acceptor polymer nanoparticles have
been applied as active materials.?? Diketopyrrolopyrrole (DPP) and benzothiadiazole are often
employed as acceptors with thiophene derivatives used as donors. Polymers and oligomers
such as PDPP-3T%¢ and BBT-2FT*%” have been used to absorb radiation of wavelengths above

800 nm, corresponding to energies of less than 1.5 eV, for photoacoustic imaging.
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Figure 1.17. Left: Hybridised molecular orbitals of donor and acceptor leading to a reduced band gap donor-
acceptor. Top right: Condensation polymerisations of squaric acid and croconic acid with donor units to give
early donor-acceptor polymers. Conditions: reflux in alcohol in the presence of inorganic acid (HCI, H2SOa4) or
strong base (quinoline).'®> Bottom right: Structures of donor-acceptor polymer PDPP-3T and oligomer BBT-2FT,
used as contrast agent in photoacoustic imaging.

The use of donor-acceptor materials in certain applications has proven to be problematic.
Many polymers will exhibit a degree of torsional twisting between the donor and acceptor
units which leads to poor intramolecular overlap of p; orbitals and decreased intramolecular
charge transport. Some applications also simply do not require extremely low band gaps; even
in the case of active materials for bulk heterojunction solar cells if the donor will absorb over

a wide wavelength range it is not strictly necessary for the acceptor to do the same.

1.3.3 Improving charge transport through molecular design

Charge transport across a material is chiefly determined by the intramolecular conformation
of the conjugated section and the supramolecular solid-state packing. Polaron and exciton
delocalisation across a polymer chain is important to increase intramolecular mobilities.
Structurally this is achieved by reducing torsional angles between sections of the polymer

chain and using synthetic design to promote planarity and good overlap of p; orbitals.

36



Intermolecular charge transport is dominant in molecular semiconductors and is occasionally
necessary for interchain charge transfer in polymers. Due to the increased distances between
molecules it is necessary for charge carriers to tunnel, in a hopping mechanism, for most
intermolecular charge transport to be successful. This hopping can be improved upon by

promoting structural regularity by utilising noncovalent interactions.

1.3.4 Intramolecular conformational control

Decreasing free rotation around single bonds has been shown to be an effective way of
increasing overlap between p, orbitals and increasing the total m-conjugation length.'*® In
cases where hopping transport models can be applied it can be seen from equation 1.5 that
an increase in transfer integral, J, from better orbital overlap will lead to higher rates of

transfer between localised sites.

One commonly encountered interaction between single bonded ring systems is
intramolecular hydrogen-bonding. An example of full intramolecular hydrogen bonding can
be seen in Figure 1.18 in which a sulfonamide -NH acts as hydrogen donor to a quinoidal
carbonyl.’® Increasing the amount of these hydrogen bonds planarises the central
anthraquinone (AQ) conjugated unit and increases charge distribution ultimately stabilising
the LUMO. Commonly hydrogen bonds are found when lactam and cyclic imide moieties are
incorporated into the conjugated section of semiconductors.?0-292 These ring systems contain
carbonyl oxygen atoms with partial negative charges able to act as hydrogen bond acceptors.
The effect of hydrogen-bonding type interactions between carbonyl and aromatic -CH
hydrogens has been widely reported and iso-indigo is shown in Figure 1.18 with the partial
hydrogen bond highlighted.?%3-2% |t has been claimed that this interaction is favoured over
other non-covalent interactions between heteroatoms and is the dominant electrostatic

interaction between thiophene and lactam containing heterocycles.?%
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AQ AQl:Y=Y'=Y"=H Iso-indigo
AQ2:Y =Y"=-NHSO,Ar, Y'=H
AQ3: Y =Y'=-NHSO,Ar, Y'=H
AQ4: Y =Y'=Y" = -NHSO,Ar

Figure 1.18. left: Structures of derivatives of anthraquinone (AQ, AQ1, AQ2, AQ3 and AQ4) decorated with
sulfonamide groups capable of intramolecularly hydrogen bonding with anthraquinone carbonyl oxygen. Right:
Structure of iso-indigo with intramolecular hydrogen bond between lactam carbonyl and phenyl hydrogen
highlighted.

One tactic used to minimise torsional angles and promote better orbital overlap between ring
systems is to utilise attractive non-covalent intramolecular interactions between
heteroatoms. Calculations have suggested that the lone pair of nitrogen can donate into the
anti-bonding orbital of carbon to sulphur bonds. Subsequently this interaction increases
planarity in copolymers of thiophene and thiazole.'8¢ 207 Similar interactions between oxygen
and sulphur have been reported to planarise oligomers of EDOT2% and the oxygen of alkoxy
solubilising chains has been reported to planarise thiophene containing polymers.?%8-210 The
fluorination of semiconductors is not only a useful tool for lowering FMOs but can also be
used to increase molecular order. An attractive interaction between fluorine atoms on
benzothiadiazole and sulphur in adjacent thiophene rings has been reported to decrease
torsional angles between the two heterocycles.?!0212 The calculated optimal ground state of
a thiophene based oligomer, BTTT, showed a torsional angle between thiophene units of

12.7° which decreased to 0.1° when fluorine was substituted onto the ring, FBTTT (Figure
1.19).283 The same study also found that the polymer PbTTT exhibited a nearly four times

increase in hole mobility as well as a small increase in EA.
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Figure 1.19. Calculated optimised structures of BTTT and FBTTT with dihedral angles between thiophene units
marked as 01 and thienothiophene to thiophene units marked as 6.. Some atomic charges are shown in
parenthesis calculated through Mulliken population analysis. Adapted from reference 213.

Whether these sulphur to heteroatom interactions are strong enough to promote increased
planarity has been called into question. It has been claimed that because sulphur, nitrogen,
oxygen and fluorine are all electronegative they undergo electrostatic repulsion with each
other, destabilising any attractive interaction. In the case of oxygen and nitrogen substituents
in proximity to a thiophene ring the heteroatom to thiophene hydrogen interaction was
calculated to be more attractive, leading to more stable conformations with dihedral angles
of 180° between the thiophene sulphur and the heteroatom.?%® Further studies have
indicated however that interactions other than electrostatics need to be considered. 207 210
Other attractive interactions can be realised through the alignment of dipoles and induced
dipoles and through donation of correctly aligned lone pairs into antibonding orbitals. It is
clear that multiple competing factors must be considered when attempting to describe the
impact of heteroatom non-covalent interactions on conformation and no one stabilising or
destabilising effect can be treated in isolation. In addition, factors on a larger scale must be
considered such as the increased stabilisation from greater conjugation lengths and the

overall supramolecular structure.
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1.3.5 Supramolecular structure

The efficiency of charge transfer intermolecularly is reliant on good overlap between
molecular m-orbitals and this can be controlled through careful synthetic design.?!4
Intermolecular charge transport is often considered a barrier to high mobilities since charges
will be required to tunnel the distance between small molecules or polymer chains. Typically,
intermolecular cofacial m-it stacking distances in the solid state are approximately 3.4 A and
any increase on this will negatively affect transfer rates between sites. A portion of the
popularity of lactam, lactone and imide containing units can be owed to the polarisation of
their carbonyl bonds, causing an attractive interaction between adjacent units.?> DPP, NDI
and iso-indigo are therefore commonly utilised. Removing the normal solubilising N-
substituted groups in these units leaves an N-H bond free for hydrogen bonding with an
adjacent molecule. Decreasing the cofacial m-mt stacking distance further through H-bonding
in this way has been shown to give higher charge mobilities, albeit by sacrificing a solubilising

group.216'218

It is not only m-it stacking distances which can affect the intermolecular charge transfer but
also the relative positions of molecules in the solid-state packing structure. A mixture of
theoretical and experimental techniques have been used to demonstrate the drastic effect
subtle changes in molecular design can have on supramolecular structure and charge transfer

213 Five fluorinated derivatives of benzodifurandione-based oligo (p-

properties.
phenylenevinylene) (BDOPV) were synthesised and are shown in Figure 1.20. Significant
differences in morphology between the derivatives can be attributed to the subtle differences
in charge distribution caused by fluorine substitution. Electrostatic potential calculations,
Figure 1.20, showed that for p-F,-BDOPV and F4-BDOPV the overall molecular dipole allowed
for favourable Coulombic interactions between one molecule and an adjacent flipped
molecule within the m-stack. These attractive electrostatic interactions gave rise to the
antiparallel cofacial arrangement between adjacent molecules with minimised longitudinal
and transverse offsets. Both of these derivatives therefore showed good intermolecular
orbital overlap with high calculated transfer integrals and electron mobilities of 6.6 and 12.6

cm?V-ist for p-F,-BDOPV and F4-BDOPV respectively, measured from bottom-gate top-

contact single crystal transistor devices. The most substituted derivative, Fs-BDOPV, had the
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lowest lying LUMO level of -4.10 eV and would therefore be expected to best stabilise an
electron. The charge distribution shown from ESP calculations suggests there is electrostatic
repulsion felt between the longitudinal edges of each molecule and large offsets in both
dimensions between -1t stacked neighbours. A slip-stacked 1D morphology consisting of 1t
columns was calculated which did not give ideal intermolecular orbital overlap. This is
reflected in a lower electron mobility of 4.6 cm?V-!s%. Unsubstituted BDOPV, also with a slip-
stacked 1D morphology, and o-F,-BDOPV, with large offsets between molecules and a
herringbone 2D morphology, had even lower electron mobilities. This example highlights that
small changes on the molecular level, intended to manipulate the FMOs, may have a large

impact on the morphology and device performance.

R R F R R F R F
0.0 O N , 0,0 OgN F, o*o O N F 0.0 O N F 0,0 OyN
= i = 2~ = B 7 = .
N0 [Slaye] i £ NTo 0~o NSO oo F ¢ No [olaye] F ¢ N0 [elave] F
R ! R R R R
a i
BDOPV ! o-F,-BDOPV p-F,-BDOPV F,-BDOPV Fs-BDOPV
Mo =3.25cm?Vist i He =2.60 cm? Vst He = 6.55cm? Vst Mo =12.6 cm?Vist M, =4.66 cm?V1st
Q ~ 4 -_— » 0.02
.‘. & ‘ﬂ‘ ‘.J L3 .‘., [ o ) &" ‘J ‘ ‘.q PR '
3 o? F > 292 97 o - el WP s “ “ ‘ 5 > L P
. ‘4‘4“ 29 Py ‘J‘a“ | Aty ‘J ool PNl g ¥ B N 0.01
o 3 ."’ \“‘ Je .‘. -’ 99, ¥ . " ol o " e WL 4
b 4 6 P g < .Mm
ESP-BDOPV ' ESP-o-F,-BDOPV ESP-p-F,-BDOPV ESP-F,-BDOPV ESP-F,-BDOPV
: 0.01
C
d

Figure 1.20. a: Structures of BDOPV and fluorinated derivatives with electron mobilities, pe, obtained from
bottom-gate top-contact single crystal transistors. Alkyl sidechain, R, is 2-ethylhexyl. b: Calculated electrostatic
maps of BDOPV and five fluorinated derivatives with schematic representation of overall charge distribution in
the corners of the molecule. Ethylhexyl sidechains have been replaced with methyl groups for calculations. c:
Schematic representation of the m-m molecular packing conformation with the rectangles as the conjugated
BDOPV core and circles as the solubilising alkyl sidechains. d: Molecular packing arrangements for BDOPV and
the five fluorinated derivatives. Figure adapted from reference 219.
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1.3.6 Sidechain engineering

The understanding of the role of the pendant sidechain on functionality has evolved in recent
years. Originally deployed to increase the solubility of the rigid semiconducting
components,’® it is now clear that their modification can have a profound effect on
optoelectronic properties and device performance. Section 1.2.8 of this chapter explored
some examples in which the sidechain could be modified to introduce doping moieties,
circumnavigating the need for external molecular dopants. Sidechains for intrinsic doping will
not be described any further here. Instead their use as tools for imparting intramolecular and

supramolecular control is the focus of this section.

Chapter 4 of this work is concerned with the design and synthesis of a n-type polymer
structurally analogous to the p-type polymer PbTTT. 220 PbTTT exhibits a high degree of order
in solid state thin films both perpendicular and parallel to the substrate, as shown by grazing-
incidence X-ray diffraction (GIXD) patterns in Figure 1.21.22! Good charge transport properties
are therefore observed along the polymer chain and between chains.?® 222 223 The regular
spacing of linear alkyl chains orthogonal to the polymer backbone leads to their interdigitation
in the lamellar direction, also known as molecular docking. This interdigitation locks the
polymer chain in a more rigid and planar conformation promoting long conjugation lengths
and good charge transport along the polymer chain.??* High planarity within the chain also
means strong m-mt interactions between adjacent chains and PbTTT also exhibits ordered
cofacial ri-stacking.?2% 223,225,226 The increased order makes it possible to use crystallographic
techniques to observe the morphology of mixtures containing dopants. See Figure 1.11 for a
visualisation of dopant F4-TCNQ favourably aligning between the interdigitated sidechains of
PbTTT.®3 Similarly, the fullerene derivative PC;1BM has been shown to sit between the PbTTT
sidechains in blends for bulk heterojunction (BHJ) solar cells, this does however lead to more

conformational distortion of the polymer backbone.??!
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Figure 1.21. a: Chemical structure of the polymer PbTTT. b: Schematic representation of grazing-incidence X-ray
diffraction patterns of thin-films of PbTTT. Peaks in the Qxy direction are for repeating units parallel to the plane
of substrate, in this case the n-m structure. Peaks in the Q. direction represent repeating units perpendicular to
the plane of the substrate, in this case the Lamellar structure. Figure reprinted from reference 221.

Favourable alignment of neighbouring polymer sidechains has also been explored on multiple
donor-acceptor polymers.??’ Figure 1.22 shows a cartoon representation of polymers with
axisymmetric donor and acceptor units, which exhibit curved conjugated backbones. It was
determined that polymers with the axisymmetric conformation experience a lot of steric
hindrance between alkyl sidechains leading to more disorder intramolecularly, poor cofacial
ni-it stacking between polymer chains and increased Lamellar distances. All of these factors
lead to decreased charge mobilities, presumably within and between polymer chains,
compared to centrosymmetric polymers which exhibit rigid straight backbones. In
centrosymmetric polymers the sidechains are correctly aligned to form “molecular docks” and
do not sterically repel each other leading to more ordered and crystalline thin films. This

increased order is then reflected in increased charge mobilities.
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Figure 1.22. Schematic representation of centrosymmetric donor-acceptor polymers and the long-range order
they exhibit due to preferable sidechain docking. Representation axisymmetric donor-acceptor polymers in
which the sidechains are sterically clash due to the curved conformation of the polymer backbone. Figure
reprinted from reference 227.

1.4 Scope of the thesis

This thesis focusses on two of the major themes outlined above. First, two different n-type
dopants and the mechanisms by which they insert negative charges on to organic
semiconductors are studied. Then the synthesis of two novel polymers with the aim of making
n-type materials morphologically analogous to highly ordered p-type polymers. The chapters

are presented as follows:
Chapter 2 — Structure and mechanisms of quaternary amine self-dopants

This chapter focusses on probing the structure of previously studied self-doping n-type
molecular semiconductors. A naphthalene diimide core was decorated with an ionic
guaternary ammonium moiety and the aqueous solution of its hydroxide salt was subjected
to spectroscopic analysis. The mechanism by which the quaternary ammonium hydroxide
moiety undergoes “self-doping” was also explored in the context of the new insights gained

from the structural characterisation.

Chapter 3 — Exploring the chemical mechanism behind n-type fluoride doping of BDOPV

semiconductors

Chapter 3 explores the various pathways by which fluoride anions may act as n-type dopants
to high EA semiconductors. The molecular semiconductor BDOPV and its para-difluorinated

derivative 2F-BDOPV were used as acceptors. Various spectroscopic technigues were used to
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probe the interaction of fluoride anions with two different solvents and the subsequent

interactions between fluoride, solvent and acceptors.
Chapter 4 — Synthesis of thiazole containing highly-ordered polymers

This chapter outlines the design and synthesis of two polymers analogous to the p-type
polymer PbTTT but including electron withdrawing imine bonds incorporated into the
polymer chain. The polymer PbTzTT was successfully synthesised and initial electrochemical
characterisation revealed a stabilised LUMO compared to PbTTT. The synthetic attempts at

reaching the PbTz3 polymer, with higher concentration of imine bonds, are also described.
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Chapter 2.  Structure and Mechanisms

of Quaternary Amine Self-Dopants.

2.1 Introduction

Chapter 1 introduced the fundamental concept of n-type doping and outlined various
examples of n-type dopants which undergo single electron transfer with organic
semiconductors due to their low IPs. Dopants with low solid state IP values are capable of
reducing Oz to Oz and H,0 to OH under atmospheric conditions.??2 Problems are therefore
encountered in their handling and the experimental study of their applications is mostly
limited to glove-box work. In addition to this, and much like molecular p-dopants, the
introduction of molecular n-dopants can lead to significant disruption in the morphology of
the semiconducting matrix, leading to non-ideal charge transport and the formation of traps.
Poor miscibility between the doped semiconductor and oxidised dopant can also lead to the

dopant crystallising out of the thin film disrupting charge transport even further.

In an effort to produce n-type organic semiconductors which experience minimal
morphological disruption upon doping, Gregg et al.}’! 22° designed a dopant precursor
covalently bound to a perylene diimide aromatic acceptor. The structure of the precursor is
labelled PBEEB-NCI in Figure 2.1 and contains a quaternary amine moiety with a halide
counterion. Reducing PBEEB-NCI with sodium lead to the zwitterionic “doped” semiconductor
PBEEB-N* which exhibited conductivities of 0.01 S cm™* when blended with a neutral PDI
derivative. This study paved the way to air stable n-type dopant precursors which could be

processed from water.

Quaternary amines as covalently bound dopants for PDI have since been studied further. It
was found that using ion exchange resin to exchange the halide of PBEEB-NCI gave PDI-OH, a
guaternary amine terminated derivative with hydroxyl counterions. PDI-OH (Figure 2.1) was

found to be stable in aqueous solutions and forms homogeneous thin films which upon drying
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show evidence of charge carriers. A summary of suggested mechanisms of charge transfer are
shown in Scheme 2.1. Reilly et al.1”2 suggest that the driving force behind doping is the loss of
solvation energy around the anion upon film formation, leading to a destabilisation of the
anion. The negative charge is therefore transferred to the PDI aromatic core, the large PDI
unit being more polarisable and more capable of stabilising the charge. Russ et al.1’* reported
that the hydroxyl anion acts as a nucleophile to attack a methyl group generating methanol
and leaving a dimethylamine group bound to the PDI sidechain. It was then the
dimethylamine moiety which underwent electron transfer with the aromatic core, this was
evidenced by a growth in XPS signal for NMe; nitrogen upon film annealing while the NMez*
signal diminished. Electron transfers, of the type shown in Scheme 2.1, between tertiary
amines and naphthalene diimide semiconductors have previously been observed.?30-232
Assigning the decomposition of the quaternary ammonium hydroxide to nucleophilic attack
however ignores the preference for an E2 Hoffmann elimination when B-hydrogens are

present and sterically available for abstraction.?33-23

\
~N) o O
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O \l/
3 L N@el N®eOH
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PBEEB-NCI S)S\ PDI-OH NDI-NMe,| NDI-OH

Figure 2.1. Structure of previously studied PBEEB-NCI| and PDI-OH as well as compounds studied in this chapter
including NDI-Mesl and NDI-OH. For PDI-OH n =1 or 5, for NDI-NMesl and NDI-OH n = 7.
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Scheme 2.1. Mechanisms previously used to describe the solid-state doping of PDI-OH. A: Mechanism suggested
by Reilly et al.”? including single electron transfer from hydroxyl to PDI. (n = 1). b: Mechanism suggested by Russ
et al.}”* in which hydroxyl acts as nucleophile and electron transfer occurs between amine nitrogen and PDI. (n
=5). c: Possible degradation of quaternary ammonium headgroup via Hoffmann elimination (n =7, m = 6).

In all studies concerning self-doping n-type semiconductors of this nature few possible
mechanisms of doping have actually been studied in detail. Further to this there is a lack of
structural characterisation of the aqueous dopant precursors. In order to further elucidate
the chemical pathways through which quaternary amines act as n-type dopants to bound
rylene diimides, we synthesised a naphthalene diimide (NDI) derivative with sidechains
terminated with quaternary amine groups. The dopant precursor with iodide counterion N,N’-
bis(8-(trimethylammoniumiodide)octylene)-1,4,5,8-naphthalenetetrabarboxylic diimide
(NDI-NMesl) and the aqueous stable N,N’-bis(8-(trimethylammoniumhydroxide)octylene)-
1,4,5,8-naphthalenetetrabarboxylic diimide (NDI-OH) are shown in Figure 2.1. Using an NDI
aromatic core reduces the conjugation length when compared to PDI, with the intent that
solubility would be increased and making solution spectroscopic characterisation less

complicated to analyse.

A combination of NMR and infra-red spectroscopies, as well as mass-spectrometry, have been
used to confirm the structure of the dopant precursor for the first time as well as analyse the
product of doping upon drying. In combination with this UV-vis spectroscopy, cyclic
voltammetry (CV), Van der Pauw conductivity measurements, atomic force micrsoscopy
(AFM) and X-ray fluorescence spectroscopy (XRF) have been used to help probe both the

mechanism and efficiency of intramolecular charge transfer.
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2.2  Results and Discussion

2.2.1 Synthesis

The synthetic route to NDI-OH is shown in Scheme 2.2. Naphthalenetetracarboxylic
dianhydride (5) was reacted with ammonium acetate to give naphthalenetetracarboxylic
diimide (6). A Mitsunobu type reaction with 8-bromo-1-octanol was then used to obtain
compound 7. A Sn2 substitution of bromide using dimethylamine and subsequent methylation
with iodomethane to give NDI-NMesl was carried out in one-pot because of the instability of
8. NDI-NMesl was then dissolved in de-ionised water and eluted slowly through a column of
ion-exchange resin (DOWEX Monosphere 550a) to give aqueous solutions of NDI-OH. Several
NDI-OH solutions were made of concentrations between 1 and 5 mg/mL. The overall

multistep reaction yield in going from 5 to NDI-Mesl was 7 %.
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NMesl including the tertiary amine intermediate.

The Mitsunobu reaction of 6 to give compound 7 gave the lowest yield of 21%. Normally N-
alkylated NDI cores are obtained through a condensation reaction of 5 with primary
alkylamine, however the (dimethylamino)alkylamines previously used in the synthesis of PDI-

OH are no longer widely commercially available.'’3 174 Mitsunobu reactions between fused
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thiophene derivatives of NDIs and alcohols have previously been successful as a way of
avoiding the use of expensive amines and was applied here.?3¢ Previously NDI derivatives used
as Mitsunobu reagents were functionalised on the aromatic core with alkyl-silane groups,
which were reported to increase solubility and yield of the di-alkylated product. The low yield
of Mitsunobu reaction to obtain 7 may be explained by the poor solubility of 6. At the
conclusion of the reaction there was a significant amount of undissolved starting material and

the insolubility of 6 has previously been claimed to hamper Mitsunobu macrocyclizations.?3”

The pKa of substrates in Mitsunobu reactions has previously been said to be important.
Scheme 2.3 shows the betaine intermediate, 9, generated from mixtures of
diethylazodicarboxylate (DEAD) and triphenylphosphine (PPhs) in Mitsunobu reactions. The
use of nucleophiles which are too basic (pK, > 11) often leads to no reaction or low yields due
to the need for the nucleophile to be deprotonated by 9 (pKa = 13).238 The pK, of phthalimide
is quoted as 8.7 and therefore the deprotonation of 6 should not be a problem. Alternately
poor yields may be caused by side reactions. The resonance of deprotonated 6 is highlighted
in blue in Scheme 2.3; the oxygen anion contribution to this resonance may be capable of
acting as an unintended nucleophile later in the reaction to give 11. There is however no
conclusive evidence for this in analysis of separated impurities. 'H NMR analysis of crude
material and side products separated by chromatography showed two doublets at 8.65 and
8.17 ppm, an example of which is shown in Figure 2.2. A possible explanation for this is mono
substitution on to the naphthalene ring to give 12 although this seems unlikely. Halogenated
derivatives of 6 are well known to be targets for nucleophilic attack in SnAr reactions,6% 23%
240 however no such halogens are present here to act as a leaving group. It seems more likely

that these signals arise due to a mixture of di-alkylated product 7 (singlet 6 = 8.75 ppm) and

mono alkylated impurity 10 (doublets, & = 8.65 and 8.17 ppm).
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Scheme 2.3. Part of the mechanism of Mitsunobu reactions using imides showing deprotonation of imide
nitrogen by betaine intermediate and the resulting resonance stabilised anion capable of undergoing alkylation

on nitrogen or oxygen.

Figure 2.2. Left: Section of 'H NMR of impurity from the separation of crude reaction mixture from to form 7.
Right: Structures of possible impurities and side products from reaction.

An unknown in previous studies was the chemical structure of the product of counter ion
exchange. In order to confirm the structure of the self-doping NDI-OH we thought it necessary
to perform NMR spectroscopy and mass spectrometry of the ion exchanged product in
solution. Solution NMR analysis would need to be performed in deuterated solvent and a
procedure for running the ion-exchange column in deuterium oxide is described in the
experimental section for NDI-OH. It should be noted that NDI-NMesl was not fully soluble in
water or deuterium oxide alone and mixtures of polar organic solvent and water were

required to solubilise for the ion-exchange procedure. Organic solvents were later removed
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from the NDI-OH solution in vacuo. Subsequent structural analysis of NDI-OH in this solution

suggests that the ion-exchange procedure is not 100% efficient.

Figure 2.3 shows sections of the 'H NMR spectra of NDI-NMesl and NDI-OH. A singlet,
corresponding to the four equivalent aromatic protons normally observed in symmetrical NDI
compounds, was seen in NDI-NMesl but not for NDI-OH. Instead doublets are observed at
8.59, 8.57, 7.95 and 7.92 ppm. These four peaks could be treated as two doublets of doublets,
however this assignment was ruled out due the requirement for each proton on the aromatic
core to be spin-coupled to two inequivalent protons. Other than the proton on the adjacent
carbon the nearest proton to Ha and Hy, are five bonds away and coupling is not observed in
2D H-H correlation spectroscopy (COSY) between aromatic protons and any other proton
(appendix 1.8). The splitting of these peaks into doublets therefore suggests that the chemical
environments of the protons on the naphthalene unit are no longer equivalent and symmetry

has been lost in the molecule.

As well as the aromatic protons, the protons of the two alkyl chains in NDI-OH seem to exhibit
an inequivalence. Signals in the spectrum for NDI-NMesl at 4.04 ppm and 3.27 ppm
correspond to hydrogens one and two carbons away from imide nitrogen, respectively. The
same signals are observed in NDI-OH, however two more signals are observed at 3.40 ppm
and 3.30 ppm with the same integration values and splitting patterns. Again, this indicates a
lack of symmetry in the two alkyl chains. Two separate singlets with integrations of 9 each at
3.09 ppm and 3.08 ppm are also observed for the methyl protons of the quaternary

ammonium groups.

Initially it was assumed that the ion-exchange process was only 50% efficient, leaving one -
NMesl headgroup and one -NMe3OH headgroup. It seemed unlikely however that a change
in counterion on quaternary amine groups 8 carbons away from the aromatic core would lead
to such a pronounced loss in the equivalency of the aromatic proton signals. This also did not
explain the small cluster of impurity signals between 7.77 and 7.72 ppm outlined in the inset
of Figure 2.3. In addition to this the two singlets at 3.10 and 3.09 ppm, for quaternary
ammonium methyl hydrogens, in the NDI-OH spectrum are down-shifted compared to NDI-
NMesl. This was expected due to the increased electronegativity of the hydroxide counterion
compared to iodide. Upon film formation in section 2.2.3 a yellowing of the films was
observed which was also attributed to left over iodine in the films. This prompted us to run
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X-ray fluorescence (XRF) spectroscopy on films, the results of which are summarised in Table
2.1. lodine was not detected at levels above 1 ppm and it was concluded that all iodide had

been exchanged in the column.

Table 2.1. XRF analysis for elemental contents, in weight %, of thin-films of NDI-OH drop-cast from aqueous
solutions of NDI-OH. Measurement also includes the composition of glass substrate.

Drop-cast 45 °C Drop-cast 75 °C Drop-cast 85 °C Drop-cast 125 °C
Element Weight % Element Weight % Element Weight% | Element Weight %
Na 0.69% Na 0.86% Na 0.45% Na 0.98%

Mg 1.03% Mg 1.09% Mg 0.81% Mg 1.29%

Al 0.0 ppm Al 0.0 ppm Al 0.51% Al 0.0 ppm

Si 54.60% Si 55.44% Si 48.92% Si 46.24%

P 2.17% P 1.89% P 1.39% P 1.40%

S 0.39% S 0.39% S 0.42% S 0.44%

Cl 0.35% Cl 0.39% cl 6.73% Cl 0.47%

K 4.68% K 4.64% K 4.72% K 5.47%

Ca 33.86% Ca 33.14% Ca 33.56% Ca 40.55%

Ti 0.13% Ti 0.12% Ti 0.12% Ti 0.14%

Cr 40.5 ppm Cr 39.1 ppm Cr 16.5 ppm Cr 22.2 ppm
Mn 228.0 ppm | Mn 222.5 ppm | Mn 628.0 ppm | Mn 596.1 ppm
Fe 0.18% Fe 0.17% Fe 0.17% Fe 0.22%

Ni 203.5 ppm | Ni 228.4 ppm | Co 104.1 ppm | Co 24.3 ppm
Zn 0.0 ppm Zn 0.0 ppm Ni 0.19% Ni 0.22%

As 1.37% As 1.34% Zn 0.0 ppm Zn 0.0 ppm
Rb 389.4 ppm | Rb 379.8 ppm | As 1.38% As 1.80%

Sr 396.0 ppm | Sr 388.7 ppm | Rb 392.5 ppm | Rb 520.9 ppm
Y 22.1 ppm Y 19.5 ppm Sr 400.6 ppm | Sr 530.4 ppm
Zr 0.19% Zr 0.19% Y 21.1 ppm Y 26.5 ppm
Rh 0.0 ppm Rh 0.0 ppm Zr 0.19% Zr 0.26%

Sn 544.2 ppm | Sn 527.6 ppm | Sn 533.8 ppm | Sn 687.0 ppm
Sb 156.9 ppm | Sb 161.1 ppm | Sb 139.3 ppm | Sb 185.4 ppm
Te 453.1 ppm | Te 435.5 ppm | Te 448.3 ppm | Te 562.5 ppm
Ba 935.5 ppm | Ba 912.9 ppm | Ba 915.5 ppm | Ba 0.12%

Ce 224.1 ppm | Ce 177.7 ppm | Ce 288.0 ppm | Ce 52.9 ppm
Eu 0.0 ppm Eu 0.0 ppm Eu 0.0 ppm Eu 16.4 ppm
Yb 1.1 ppm Yb 0.0 ppm Er 490.5 ppm | Er 610.4 ppm
Re 112.8 ppm | Re 96.7 ppm Re 98.2 ppm Re 129.8 ppm

It has been reported that the imide groups of the rylene diimide ring systems are susceptible
to ring-opening through hydrolysis in the presence of aqueous base.?*" 242 The ion-exchange
procedure which NDI-NMesl was subjected to involved a high concentration of hydroxyl
anions, from the ion-exchange resin, and took place in an aqueous solution. It was therefore

hypothesised that NDI-OH in an agueous solution was not actually a ring-closed naphthalene

55



diimide species but a mixture of ring-opened products of base catalysed hydrolysis. This ring-

opening is outlined in Figure 2.3.

The NMR spectrum of NDI-OH in Figure 2.3 strongly resembles that of spectra from previous
literature in which naphthalene diimide derivatives were exposed to pH 9 buffer solution.?*!
The four doublets at 8.59, 8.57, 7.95 and 7.92 ppm were assigned as the mono-hydrolysed
product 13. The signals between 7.77 and 7.72 ppm were assigned as the two di-hydrolysed
products 14 and 15. The anti-product, 14, gives rise to an AB quartet and then two singlets at
7.76 and 7.72 ppm are assigned to the syn-product, 15. In comparison to the ring-closed

diimide NDI-NMesl all three of the hydrolysed products exhibit upshifted aromatic signals due

to the decrease in aromatic conjugation length and subsequent electron shielding.

Mass spectrometry, shown in Figure 2.4, was then used to confirm the hydrolysis of the imide
moieties. The peak at 623 m/z corresponds to the mono-hydrolysed ring-opened NDI-OH. The
major peak at 312 m/z is for the doubly charged ion of the same structure. We assume that
the carboxylate anions in structures 13, 14 and 15 remain deprotonated as the conjugate

acids are likely to have a lower pK; than water (pKs = 15.7).
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Figure 2.3. Scheme showing the mixture of products from hydrolysis of NDI-NMesl under the basic conditions of
the ion-exchange column. Bottom shows the H NMR spectra of NDI-NMesl (bottom) and the mixture of
products from ion-exchange under aqueous basic conditions.
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Figure 2.4. Mass spectrum of hydrolysed NDI-OH.

In addition, the base catalysed hydrolysis can be tracked through the UV-vis absorption
spectra. Figure 2.5 shows a comparison between the solution absorption spectra of NDI-
NMesl and NDI-OH. The spectrum of NDI-NMesl closely matches previous naphthalene
diimide derivatives with two absorption maxima at 361 and 381 nm.2*%243 For NDI-OH a single
absorption band with a small shoulder is observed with maxima at 350 nm. Similar absorption

spectra have been observed for 1,8-naphthalamides?**

and have previously been assigned as
mono-hydrolysed products when naphthalenediimides are treated with aqueous base.?*! A
possible explanation for the blue-shifted absorption is the decreased conjugation length in
the ring-opened hydrolysed compounds which destabilises the LUMO and increases the band-

gap.

Solution absorption spectra of NDI-OH at elevated temperatures up to 99 °C are also shown
in Figure 2.5. The single broad absorption band at 350 nm shows a growth in two maxima at
362 and 382 nm as the temperature of solution is increased. The red-shifting in this
absorption maxima indicates the presence of NDI type ring systems, similar to those observed
in NDI-NMesl. A less intense absorption band (278 — 315 nm) is also seen to appear at higher

temperatures; this could be attributed to H-aggregation or a band in a similar range has
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previously been attributed to di-hydrolysed products like 14 and 15.%*! A return to absorption
features similar to NDI-NMesl indicates that the hydrolysis is reversible. The consequences of

this reversal on the mechanism of doping are discussed later in this chapter.

10 08
—— NDI-NMe,| i ——40°C
—— NDI-OH 0.7 4 b —50°C
o 081 ——60°C
2 064 —70°C
£ Q —75°C
2 o6 g ——80°C
< e . ——85°C
e [o] .
? 2 ——90°C
8 0.4 < o3 A —95°C
5 i —89°C
z 02
021
0.1
00 ‘ ; 0.0 r ;
300 400 500 300 400 500
Wavelength (nm) Wavelength (nm)
®N ® O
) OH
)5 O@ 7
HN (0] 0] 0] N 0]
) . O
0] N @] 0] r))N 6]
N @g ©) N @g ©)
1 TOH 1> TOH

Figure 2.5. Top left: Solution UV-vis absorption spectra of NDI-NMesl in DMSO and NDI-OH in water after ion-
exchange. Top right: Solution UV-vis absorption spectra of NDI-OH in water after ion-exchange recorded at
temperatures between 40 and 99 °C. Bottom: Scheme showing the possible reversibility of NDI-OH hydrolysis
upon heating.

As a result of the above analysis of an aqueous solution of NDI-OH, it was determined that
the major product of ion-exchange was the mono-hydrolysed naphthalene imide, 13. Two
minor di-hydrolysed products, 14 and 15, were also seen by NMR. The likely cause of this
mixture of materials was a large excess of hydroxyl anions in aqueous media during anion
exchange. These basic conditions are known to cause ring-opening hydrolysis of naphthalene
diimides. Any reference to NDI-OH from here on refers to the mixture of compounds 13, 14

and 15.

Previous examples of self-doping PDI species which were subjected to hydroxy form ion-

exchange or highly basic conditions were never structurally characterised.’*174 Solution UV-
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vis absorption spectra of these compounds did exhibit a similar featureless and blue-shifted
absorption band when compared to PDI precursors.?’# It is possible therefore that the actual

structures of these compounds were the products of hydrolysis analogous to 13, 14, and 15.

2.2.2 Optoelectronic properties of NDI-OH

Having determined the structure of NDI-OH, its optoelectronic properties were measured and
compared to those of NDI-NMesl. The mixture of products obtained from hydrolysis, outlined
above, may have complicated these measurements. The results, however, provide some

context for the studying of their intrinsic doping.

First the LUMO energy levels of NDI-NMesl and NDI-OH in solution were established
electrochemically. Figure 2.6 shows the cyclic voltammograms of NDI-NMesl in acetonitrile
and NDI-OH in an aqueous solution referenced to the potential of an Ag/Ag* electrode. NDI-
NMesl shows a fully reversible reduction with anodic peak potential (Epa) = -0.95 V. A
reduction peak for NDI-OH is observed which exhibits quasi-reversibility and Epa = -1.03 V.
From the onsets of reduction (Eonset) LUMO values for NDI-NMesl and NDI-OH of -3.97 eV and
-3.89 eV were estimated respectively, according to the equations outlined in the experimental
section 6.1. This reduction in electron affinity by 0.08 eV is likely due to the loss of a
conjugated imide ring in 13 when compared to NDI-NMejsl. The resonance structures 16 and
17 in Scheme 2.4 likely contribute to the first excited state in full NDI ring-systems and the

loss of one imide ring group in 13 decreases the stabilisation this gives to an occupied

LUMO.243
R R .
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Scheme 2.4. Contributing resonance structures to NDI derivatives.
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The UV-Vis absorption spectrum for NDI-OH in aqueous solution can be seen in Figure 2.6.
From an onset of absorption (Aonset) estimated to be 385 nm a corresponding optical bandgap
of 3.22 eV was calculated for NDI-OH. A Aonset of 400 nm leads to an estimated optical band
gap of 3.11 eV for NDI-NMesl. Taking the bandgap away from the electrochemically calculated
LUMO gives an estimated HOMO of -7.02 eV for NDI-OH and -6.99 eV for NDI-NMes;l. All of
these results are summarised in Table 2.2. It was assumed that energy level values for NDI-

OH were actually a measurement of the majority product 13.
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Figure 2.6. Left: Cyclic voltammograms of NDI-NMesl and NDI-OH run in solutions of acetonitrile and water,
respectively. Referenced to Ag/Ag* electrode with platinum wire as counter electrode and glassy carbon working
electrode. Right: UV-vis absorption spectrum of NDI-OH in aqueous solution.

Table 2.2. Electrochemical and optical properties of NDI-NMesl and NDI-OH

Optical
[a] [e]
Compound  Epa® (V) Eoz\sf)t (An ";:() }(t:::)t band LU('\:\?) I[_:]O(Z/IV?
gap! (ev)
NDI-NMesl  -0.95 -0.83 Sorand oo 3.11 388  -6.99
3610b]
NDI-OH ~1.03 -091 3501 3850 3.22 380  -7.02

[a] From solution cyclic voltammetry using glassy carbon working electrode, platinum wire counter electrode
and Ag/Ag* reference electrode. Values are reported from the 4™ cycle and measured at 100 mV.s™%. [b] From
solution UV-vis absorption spectroscopy in DMSO. [c] From solution UV-vis absorption spectroscopy in water.
[d] Estimated from Aonset. [€] Estimated from electrochemical onset of reduction (Eonset). [f] Estimated using
equation HOMO = LUMO - Opitcal band gap.

2.2.3 Absorption Spectra of NDI-OH Solution and Thin-films

In previous studies of quaternary amine dopants bound to diimide species, films have been

formed by both spin-coating!’? and drop-casting.}’® 174 In either case annealing at high
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temperatures of 120 °C was carried out and it was claimed that it was this process which
triggered doping and the formation of charge carriers. Further to this it was possible that the
process of heating caused the reverse hydrolysis reaction observed in the absorption spectra

of Figure 2.5.

Absorption spectroscopy was used to confirm the presence of radical type charge carriers
occupying sub-band-gap energy levels caused by doping. Initially the aqueous solution of NDI-
OH was drop-cast on to glass slides at 85 °C and annealed at this temperature for 30 min. The
absorption spectrum for the annealed thin film, in Figure 2.7, shows one absorption feature
at 359 nm as well as an additional band with maxima at 458 nm. The band with Amax =458 nm
is consistent with NDI radical anions previously generated both electrochemically and by

chemical doping.16°> 170

In an effort to observe doping in solid-state NDI-OH without heightened temperatures, the
aqueous solution was freeze dried. The freeze-dried solid was then re-dissolved in water and
UV-vis absorption was measured. It can be seen in Figure 2.7 that the absorption band at 458
nm is still observed in freeze dried NDI-OH suggesting the presence of radical anions; it is
much less intense, however, than in the annealed thin film. The solution absorption spectrum

of NDI-OH is also shown in Figure 2.7 for reference.
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Figure 2.7. UV-vis absorption spectra of NDI-OH aqueous solution (blue), drop cast thin film (red) and an aqueous
solution of a freeze-dried sample (green).

Having observed evidence of doping in absorption spectra of drop-cast and annealed films
but less so in freeze-dried NDI-OH, we formed films of NDI-OH by drop-casting at different
temperatures. Glass slides were heated to temperatures between 45 °C and 125 °C and 5
mg/mL solutions of NDI-OH were drop-cast on to each and annealed at the given temperature
for 30 minutes in air. Figure 2.8 shows the UV-vis absorption spectra of the films obtained at
each temperature. At the lower temperatures only the NDI i-it* absorption band at 350 nm
is observed. At drop-casting temperatures of 75 °C the higher wavelength absorption at 458
nm is observed. On increasing the temperature further, the absorbance maxima of the radical
anion band increases and the m-it* transition decreases. At 125 °C only the radical anion band

remains.

The pictures of the slides on the bottom of Figure 2.8 show a drastic change in colour. The
undoped NDI-OH aqueous solution is colourless whereas films are yellow. A deepening of the
yellow colour is observed at higher drop-casting temperatures consistent with an absorbance
of 458 nm light. There is evidence of the coffee-ring effect for each drop-cast film. A darkening

of colour is observed on the edges of the substrate where the rate of evaporation is highest
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and dissolved solid from the interior has flowed to the edge to replace it, this leaves a higher

concentration of material on the edge of the drop-cast film.24°
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Figure 2.8. Top Left: UV-vis absorption spectra of NDI-OH thin films formed by drop-casting and annealing at
temperatures between 45 °C and 125 °C. Top Right: UV-vis absorption spectra of NDI-OH thin films after 7 days
left under ambient conditions. Bottom: Pictures of films drop-cast at different temperatures with colourless NDI-
OH aqueous solution for comparison.

It is widely believed that semiconductors carrying a negative charge require a LUMO level of
less than -4.0 eV in order to avoid oxidation by ambient oxygen.?%¢ 247 This has been shown
to be the case in NDI radical anions, which are notoriously difficult to stabilise. In fact,
stabilisation has only effectively been achieved by substitution of highly electron withdrawing
groups directly on to the aromatic core.?3% 247249 Figure 2.8 also shows the UV-vis of NDI-OH
films drop-cast and annealed at various temperatures after 7 days left in ambient conditions.
The stability of the NDI radical anion band at 458 nm was surprising given the LUMO level of

-3.80 eV from electrochemical characterisation of NDI-OH.

Previous experiments on PDI-OH type self-dopants involved film-formation at lower
temperatures, either by spin-coating or mild temperature drop-casting, and subsequent
annealing of the film at 120 °C.272174 |t is claimed that the high temperature annealing step

initiates the formation of charge carriers. In order to confirm that our NDI-OH system is
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comparable to PDI-OH, films formed at 45 °C were annealed at 85 °C and 125 °C for 30
minutes. As a control, a film formed at 125 °C was also annealed for a further 30 minutes at

125 °C. UV-vis absorption spectra of both films subjected to 125 °C annealing are compared

in Figure 2.9.
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Figure 2.9. Left: UV-vis absorption spectra of the thin film formed by drop-casting at 45 °C then annealed at 85
°Cin air for 30 minutes and annealed at 125 °C for 30 minutes under various atmospheric conditions. Right: UV-
vis absorption spectra of the thin film formed by drop-casting at 125 °C then annealed at 125 °C for 30 minutes
under various atmospheric conditions.

Annealing of the 45 °C film at 125 °Cin air does lead to a full quenching of the mt-it* absorption
at 358 nm and a rise in the radical anion like absorption at 458 nm. No real change is observed
between the unannealed and annealed samples when the annealing temperature was 85 °C.
This first indicates that a similar activation energy to doping in the solid-state is required in
NDI-OH when compared to PDI-OH. By comparing these results to the film formed by drop-
casting at 85 °C in Figure 2.8, it can also be seen the barrier to doping is much lower in
solution. By heating the solution to 85 °C and forming a film in this way, radical anion
absorptions are observed. When annealing a film formed at low temperatures at 85 °C no

radical anion is observed by absorption.

Previously films of PDI-OH exposed to high humidity atmospheres have exhibited a slow
reduction in higher wavelength absorptions. 72 It was claimed that the presence of water
was detrimental to doping and that doped films were stable in dry air. It has already been
shown in Figure 2.8 that films of NDI-OH were stable to atmospheric water for 7 days. To
confirm atmospheric conditions were not having a detrimental effect on the initial doping of
NDI-OH however, annealing of films drop-cast at 45 °C was also carried out under nitrogen

and under high humidity at 120 °C for 30 minutes. Absorption spectra for these annealed films
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is also shown in Figure 2.9. High humidity was achieved by placing a vial of water in the same
closed container as the annealing films. Under an inert atmosphere of nitrogen, the
absorption band at 458 nm is seen to be less intense than when annealed in air. This suggests
that the extent of radical anion formation was less than when annealed in air and that the
doping mechanism is reliant on either water or oxygen. The presence of additional
atmospheric water under high humidity atmospheres made no significant change in the
absorption features when compared to annealing in air. By comparison, the film formed at
120 °C showed no significant changes in absorption features when heating under any
atmosphere. Both this, and the stability of films observed in Figure 2.8, contradict previous
PDI-OH absorption measurements.’? Similarly to PDI-OH, doping can occur in both solution

and in the solid-state, however the barrier to electron transfer is higher in the solid state.

2.2.4 Structure of Dehydrated NDI-OH

Although absorption spectra seem to indicate the presence of NDI radical anions when films
are formed at high temperatures, it seems unlikely that they are capable of remaining inert
to oxygen for extended periods of time without if they are NDI type radical species. In addition
to this the role of the terminal quaternary ammonium groups in the mechanism of doping is
still not fully understood.’# 233-235 There are still further unknowns such as how the products
of trimethylammonium hydroxide group breakdown will interact with the products of NDI-
OH hydrolysis and if the hydrolysed products undergo the reverse reaction back to the imide.

Finally, the active doping species needs to be identified.

In order to investigate the nature of the chemical transformations NDI-OH undergoes upon
heating and dehydration we performed solution *H, 3C and COSY NMR experiments on a film
formed at 85 °C and the freeze-dried sample. 2D 'H — 3C heteronuclear NMR experiments
were also performed. Two types of correlation experiment have been used. Heteronuclear
Single Quantum Coherence (HSQC) shows coupling between protons and carbons a single
bond away from each other and Heteronuclear Multi Bond Correlation (HMBC) shows
correlations between protons and carbons separated by multiple bonds. The HSQC
experiments were also multiplicity edited. Much like in DEPT-135 experiments this means

signals for protons in CH or CHs3 environments are shown as positive (blue correlation in
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spectrum) and those in methylene CH; environments are negative (red correlation in

spectrum).

The 'H NMR region between 8.80 and 6.20 ppm of NDI-OH drop-cast, freeze dried and in
solution are compared to NDI-NMesl in Figure 2.10. No significant change is observed
between NDI-OH solution and the freeze-dried sample, in agreement with the UV-vis
absorption shown in Figure 2.7. This indicates that the freeze-dried sample is a solid made up

of mostly compound 13 and the two minority di-hydrolysed compounds 14 and 15.

In the spectrum of the drop-cast thin film the four doublets, characteristic of mono-
hydrolysed 13, were still present. A cluster of broadened signals were observed between 7.80
and 7.70 ppm; the region in which aromatic signals of compounds 14 and 15 were observed.
A previously unseen singlet is also observed at 8.26 ppm. The singlet at 8.26 ppm is assigned
as Ha in structure 18 and has an integration value of 4. HSQC experiments reveal a short-range
correlation with a 13C signal at 131.1 ppm and multiplicity editing identifies the proton as CH
or CHs (highlighted blue correlation in Figure 2.11). HMBC reveals long range correlation with

13C signals at 164.2 ppm and 125.9 ppm (Figure 2.11).

Figure 2.10 also shows the presence of a broadened multiplet at 4.01 ppm, not observed in
NDI-OH solution or freeze-dried sample. This signal had an integration value of 6 and is
assigned the labels Hp, and Hy in structures 18 and 19. COSY experiments revealed a
correlation with alkyl *H signals at 1.73 ppm and 1.64 ppm, these are shown in appendix 1.17
and 1.18. HSQC experiments identified a correlation with a 3C signal at 41.2 ppm and
confirmed the proton as being in a CH, environment (highlighted red correlation in Figure
2.11). HMBC revealed long-range correlation with *3C signals at 165.9 ppm, 164.0 ppm and

26.9 ppm. This broadened multiplet is likely caused by two different overlapping protons.
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Scheme 2.5. Ring-closing reactions undergone by the compounds 13, 14 and 15 upon heating to 85 °C and
dehydration to form thin-films. Key identifying protons Ha, Ho and Hc¢ are labelled and shown on the H NMR

spectra in Figure 2.10.
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Figure 2.10. Overlays of *H NMR spectra in the regions 8.70 — 7.20 ppm and 4.15 — 3.70 ppm. A: NDI-OH drop-
cast thin-film at 85 °C and re-dissolved in D20. Key proton signals for identifying the structures 18 and 19 are
labelled Ha, Hy and Hc. B: Freeze-dried NDI-OH in D20 solution. C: NDI-OH in D20 solution untreated. D: NDI-
NMesl in ds-DMSO solution.
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protons, outlined in Scheme 2.5, highlighted. Bottom: HMBC spectrum of NDI-OH thin film with long-range
correlation between key identifying protons, outlined in Scheme 2.5, highlighted.
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The spectroscopic characterisation, shown in Figure 2.10 and Figure 2.11, suggest that a ring-
closing reverse hydrolysis of the structures 13, 14 and 15 has occurred as outlined in Scheme
2.5. The singlet at 8.26 ppm is similar to those seen for the four equivalent naphthalene
protons of symmetrical NDIs. Short-range correlation, seen in HSQC, with an aromatic
naphthalene carbon (13C, § = 131.1 ppm) suggests the protons in this environment are bound
to a naphthalene ring and multiplicity editing identifies it as CH or CHs. The long-range
correlation, seen in HMBC, with a carbonyl carbon (*3C, & = 164.2 ppm) of very close chemical
shift value to the imide carbon of NDI-NMesl (13C, & = 162.6 ppm) suggests the reformation of
an imide. The 13C signal at 164.2 ppm could be assigned as an amide, like in the products 13,
14 and 15. The presence of amides can be ruled out however due to a lack of multiplicity in
the 'H signal at 8.26 ppm. The lack of splitting suggests the hydrogen is in the presence of
equivalent protons meaning a return to symmetry on the naphthalene ring. A lack of *H — 'H
correlation between the signal at 8.62 ppm and any other proton was also confirmed by COSY
experiment shown in the appendix 1.13 and 1.14. This structural characterisation supports
the previously observed return to NDI like absorption features in heated solutions of NDI-OH

seen in Figure 2.5.

The presence of the four doublets seen for mono-hydrolysed compound 13 in *H NMR of
drop-cast thin films, suggests that not all hydrolysed products underwent the ring-closing
reaction to reform imide groups. The broadened multiplet at 4.01 ppm and another triplet at
3.79 ppm further confirm that there is still a mixture of amide and imide products which make
up the drop-cast film. HSQC experiments reveal that each of these proton environments is
CHy, suggesting that each is on an alkyl chain. Each show short-range correlation with alkyl
carbons adjacent to an imide or amide group (*3C, 8 = 41.5 — 40.0 ppm) indicating that there
are new amide or imide groups present when compared to NDI-OH solution and freeze-dried
sample. This is further confirmed by each of these protons exhibiting long-range correlation
in HMBC experiments with carbonyl carbons (3C, 6§ = 172.0 — 164.0 ppm). From the
complicated NMR spectra obtained from the NDI-OH film, drop-cast at 85 °C, we concluded
that ring-closing reversal of the hydrolysed products 13, 14 and 15 had occurred giving rise to
naphthalene diimides analogous to structure 18. At these temperatures however ring-closure
on 14 and 15 had only occurred on one side of the naphthalene ring in some cases, leading to

some products analogous to the structure 19. The reason R groups are used to identify the
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pendant alkyl chains in 18 and 19, is that the complex NMR spectra of the thin-film suggests
that reactions other than the reverse hydrolysis ring-closure have occurred and the exact

structure of the pendant chains is unknown.

The role that the quaternary ammonium group plays in the mechanism of doping rylene
diimides has previously been investigated. According to the mechanism proposed by Russ et
al.,’* and shown in Scheme 2.1, hydroxyl anions demethylate the ammonium group to form
methanol. The resultant bound tertiary amine acts as n-type dopant, which there is previous
precedent for.?3% 232 No signal for methanol at 3.34 ppm?>° was seen in either the spectrum
for the drop-cast NDI-OH film or for the freeze-dried sample, although the low boiling point
of methanol (64.7 °C) means it likely evaporated during film formation at 85 °C or under the
low pressures of freeze drying. It has previously been shown that an E2 Hoffmann elimination,
as shown in Scheme 2.1, is favoured over the Sn2 decomposition when B-hydrogens are
available for abstraction.?3323> The resultant trimethyl amine could then possibly act as

tertiary amine dopant.

Overlays in the region of 3.45 — 3.00 ppm of the two dehydrated NDI-OH samples with
solutions of NDI-NMesl and NDI-OH are compared in Figure 2.12. The *H NMR spectrum for
the freeze-dried sample again shows no significant change from the aqueous solution of NDI-
OH. The freeze dried sample and NDI-OH solution show two major signals at approximately
3.10 and 3.09 ppm which correspond to the two different quaternary ammonium methyl
hydrogen environments in 13. It is assumed that smaller peaks in the same area correspond
to the quaternary ammonium proton environments of the two minor products 14 and 15. In
the same region of the spectrum for the drop-cast thin film, at least five singlets can be
observed indicating a change in the quaternary ammonium chemical environment. Peak
broadening is also observed across most of the 'H NMR spectrum for the thin-film of NDI-OH,

which would be expected in the presence of paramagnetic compounds.?>?
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Figure 2.12. Overlays of 'H NMR spectra in the region of 3.45 — 3.00 ppm. A: NDI-OH drop-cast thin-film at 85 °C
and re-dissolved in D20. B: Freeze-dried NDI-OH in D20 solution. C: NDI-OH in D20 solution untreated. D: NDI-

NMesl in de-DMSO solution.

The HSQC spectrum of the drop-cast thin film in Figure 2.13 shows that all of the signals in

the region between 3.15 -3.05 ppm observed single bond coupling with the -N*(CH3)s carbon

at 53.33 ppm. Each correlation is also shown as positive which confirms that each of the four

signals in this area corresponds to a methyl proton on an ammonium moiety. The singlet at

3.19 ppm in the 'H spectrum shows single bond coupling with a *3C signal at 55.87 ppm and

is positive so is either a CH or CHs proton.

HMBC shows long-range coupling between the protons with chemical shifts at 3.15 and 3.05

ppm and the -CH,;N*(CHs)3 methylene carbon at 67.34 ppm. This suggests that the quaternary

ammonium groups have undergone a chemical transformation but have remained bound to
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the NDI alkyl sidechain, offering support to the mechanism of Sy2 substitution and generation
of methanol outlined by Russ.?’# The *H signal at 3.19 ppm however only shows a strong long-
range coupling with the 13C signal at 55.87 ppm. The lack of definitive long-range coupling
with any carbons assigned to the alkyl sidechain suggests that at least a portion of the
guaternary ammonium groups have been eliminated from NDI-OH. This would support the

alternative mechanism of an E2 Hoffmann elimination, outlined in Scheme 2.1.

There are problems with assigning these spectra to the products of either the Sn2 or
Hoffmann elimination reactions. The product of Sn2 reaction would be expected to leave a
terminal tertiary amine similar to 2 or 3. Previously the methyl protons on products like this
have been assigned chemical shift values between 2.2 and 2.4 ppm.173 174 230 No major peaks
in this area were observed. Similarly one of the products of Hoffmann elimination would be
trimethylamine with an expected methyl proton chemical shift of 2.20 ppm.?>?2 The resultant
terminal alkene (compound 4) from Hoffmann elimination would be expected to give rise to
doublets of doublets in the regions described in Figure 2.10 and Figure 2.12., these could also
not be positively identified. This does not mean that the Sn2 degradation or Hoffmann
elimination are the actual pathways by which the active doping species are formed. NMR just
may not be the most suitable method to identify them. The doped species will likely contain
paramagnetic free radicals making nuclei close to the free electrons unobservable. In
addition, the doping species may also only be needed on very small scales to give an
observable amount of radical anion in the absorption spectra of previous sections (< 10 mol
%). Confirming the presence of these species on this scale by NMR, in already complicated

spectra, is likely to be difficult.
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Figure 2.13: Top: Zoom of HSQC spectrum of NDI-OH thin film in the *H range between approx. 3.50 and 3.00
ppm. Bottom: Zoom of HMBC spectrum of NDI-OH thin film in the H range between approx. 3.50 and 3.00 ppm.

No definitive characterisation of the quaternary ammonium groups involvement in the doping
mechanism can be identified from the above analysis and further experiments on how to

confirm this are discussed in the outlook. The spectroscopic characterisation of a thin-film
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drop-cast at 85 °C has confirmed that the doped thin film is a mixture of ring-opened and ring-
closed products. Further structural characterisation of films formed at higher temperature is
needed to quantify the degree of ring-closing at different temperatures. The contribution of

the ring-closing reaction to the doping mechanism also still needs to be confirmed.

2.2.5 Electronic and Morphological Characterisation of NDI-OH Thin-

films

The above spectroscopic data gives an indication that charge carrying species were generated
upon the dehydration of NDI-OH solutions. Measurement of electronic conductivity, o, can
be a useful way of judging the practical performance of doped semiconductors. As shown in
equation 1.6, o is a product of the carrier concentration and the mobility. This means that the
conductivity can be used as an assessment of the number of charges generated and the ease
with which these charges move through the doped material. The optimisation of both these
factors will be affected by the structure of the compound which makes up the thin films. It is
unknown whether the NDI-OH hydrolysed products will be advantageous or detrimental to
overall doping efficiency and charge transport through the film. Electrical conductivities of
the NDI-OH films formed by drop-casting at temperatures between 45 °C and 125 °C were
measured using a Van der Pauw setup and the results are summarised in the plot of

conductivity versus drop-casting temperature in Figure 2.14.
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Figure 2.14. Plot of electronic conductivity versus the temperature NDI-OH thin-films were drop-cast at.

The highest o of 14.5 mS cm™ was seen in the film formed at the highest temperature of 125
°C. The lowest o of 5.0 mS cm™ was observed at a film formation temperature of 65 °C. A
linear trend of increasing o with increased film formation temperature was observed. This
agrees with the UV-vis absorption data which shows a greater absorption for the NDI radical

anion at higher film forming temperatures.

Based on cyclic voltammetry measurements in Figure 2.6 the full naphthalene diimide ring of
NDI-NMesl has a lower lying LUMO than the ring-opened products of NDI-OH hydrolysis. The
lower lying LUMO of the closed NDI ring-system is more suited to accepting and stabilising n-
type charge carriers. Higher conductivities at higher temperatures of film formation therefore
supports the theory that cyclisation of the NDI-OH amides back to imides has occurred upon
heating. Films at 125 °C contain more NDI rings and have a higher solid-state EA, this leads to
more efficient n-type doping and higher electrical conductivities. Films at 45 °C contain a large

amount of 13, 14 and 15, lowering the EA and leading to lower electrical conductivities.

In addition to the electronic and chemical difference, morphological differences between the
films may lead to preferential charge transport and hence increased conductivity. To

investigate this atomic force microscopy (AFM) was used to map the surface morphology of
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each film Images of films formed at temperatures between 45 °C and 75 °C, shown in Figure
2.15, exhibited defined needle like crystals with lengths up to approximately 5 um. Increasing
the film formation temperatures lead to a more homogenous morphology at 105 °C and 125
°C. The complete disappearance of larger crystals was observed in favour of a much flatter
surface. The lack of crystalline domains at higher temperatures suggests that the path for
charge transport will contain fewer grain boundaries. It has been proposed that grain

boundaries, and especially grain boundaries of complex orientations relative to each other,

253

are high energy barriers which are difficult to cross.
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Figure 2.15. Atomic force microscopy topological images of the surface of NDI-OH dehydrated films formed at
different temperatures.
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The lower electronic conductivities in the lower temperature films are therefore not
surprising due to combination of lower EAs and larger amounts of grain boundaries. In a
previous collaboration we explored polymorphism in straight chain alkyl NDI derivatives.?>*
Differential scanning calorimetry (DSC) along with a 2D map of XRD patterns with
temperature of an NDI with linear hexyl chain is discussed briefly in the appendix section 1.3.
The data from this study shows that, upon heightened temperatures, numerous NDI
derivatives exhibit polymorphism. It is possible that a similar phenomenon is being observed
in the AFM images in Figure 2.15. In addition, it is clear that the films are mixtures of NDI rings
with the hydrolysed naphthalene products, which could complicate thin film morphology
further. It is possible therefore that the film formed at 105 °C does not exhibit an anomalously
low electrical conductivity (Figure 2.14) but actually suffers from unfavourable film
morphology for charge transport. The amount of NDI reformed from reverse hydrolysis
reactions coupled with the crystalline phase the mixture exhibits at that temperature, may
have led to a thin film with extremely poor pathways for charge transport. The chemical and
morphological compositions of each film must be determined to help elucidate the ideal film
forming temperature for maximum NDI regeneration coupled with ideal charge transport

morphologies.

2.3 Conclusions and Outlook

A modified synthetic route to NDI-NMesl with overall yield of 7% was reported. Future
attempts at reaching NDIs with pendant quaternary ammonium halides will likely employ a
reaction similar to the one outlined in Scheme 2.6.2°> The trimethylamine hydrochloride salt,
20, being easier to handle than the large excesses of dimethylamine used to form 8. In
addition to this trimethylamine acts as nucleophile to generate the bromide salt, 21, which
could be used in subsequent ion exchanges to form NDI-OH. This is also advantageous since

this route avoids the alkylation step with methyliodide to form NDI-NMesl.
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Scheme 2.6. Possible reaction between NDI alkyl bromide, 7, and trimethylamine hydrochloride in the presence
of base to the NDI quaternary ammonium bromide salt 21.

It was also determined that the structure of self-doping quaternary ammonium hydroxides
on rylene diimide semiconductors are not as previously reported. The basic conditions
provided by ion-exchange resin led to hydrolysis of the imide functionality and a mixture of
ring-opened compounds were therefore seen in the NDI-OH aqueous solution. The ring-
opened products had a detrimental effect on the ability of NDI-OH to accept and stabilise a
negative charge which was observed through a rise in the LUMO level. Upon heating a reversal
of this hydrolysis was observed in both UV-vis absorption and NMR spectroscopies. The
contribution of the ring-opened products of hydrolysis to the overall thin-film morphology as
well as their effect on the solid-state EA still needs to be determined. Initial studies into the
electrical conductivity and surface morphology however, revealed that the reverse reaction

at higher film-forming temperatures lead to higher electrical conductivities.

The outlook for this project will mostly focus on determining the actual doped and doping
species. Absorption spectroscopy suggests that NDI radical anions are present however this
still needs to be confirmed. In addition, the surprising lifetimes of these radicals still needs to
be investigated. Investigation into possible causes of stabilisation of the radicals is likely to be
achieved by a combination of EPR spectroscopy and further structural characterisation

through mass spectrometry and IR.

The role of the quaternary ammonium groups, and their possible degradation products upon
heating, could not be determined by the structural characterisation carried out on doped

films in this study. Past literature suggests that tertiary amines are capable of doping NDIs,?3-
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232 however two possible reaction pathways lead to tertiary amine products. The previously
suggested decomposition of the quaternary ammonium via Sn2 substitution of hydroxide
leads to dimethyl amines. Previous studies into the degradation of these moieties suggests
that a Hoffmann elimination is favoured over the Sn2 pathway and this would lead to
trimethylamine.?33235 A simple experiment to help determine the applicability of this is
outlined in. Trimethylamine is mixed with neutral NDI molecules and subsequent generation
of n-doped NDI could be tracked by absorption spectroscopy, electron paramagnetic

resonance (EPR) spectroscopy and conductivity measurements.

QnH2n+1
@) N O

N
o
O] 'Tl @)
CnH2n+1

Scheme 2.7. Doping of neutral NDI small molecules with trimethylamine to demonstrate the applicability of
Hoffmann elimination product trimethylamine as n-type dopant.
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Chapter 3. Exploring the chemical
mechanism behind n-type fluoride doping

of BDOPV semiconductors

3.1 Introduction

The use of fluoride anions as n-type dopants for organic semiconductors was briefly
introduced in Chapter 1. The nature of interactions between fluoride anions and conjugated
organics have mostly been studied with applications of fluoride anion sensing in mind.
Commonly naphthalene diimides (NDI) are used as the fluoride sensing component in which
there is precedent for a non-covalent m-anion interaction with fluoride anions.6> 166
Numerous claims of a direct electron transfer between fluoride anions and the electron

deficient NDI unit have been reported.16>-167, 256

Scheme 3.1 shows a schematic representation of a previously suggested mechanism of
electron transfer between NDI and fluoride anions. Included is a m-anion complexation with
fluoride followed by a full electron transfer to generate the radical anion 23. There is strong
evidence for m-anion interactions between fluoride and electron deficient aromatics.>°-16%
163,164, 257 \When using fluoride anions as n-type dopants for polymeric semiconductors an
increase in electrical conductivity and thermoelectric performance was also observed.*
Radical anions have also been observed in spectroscopic data of organic semiconductors

doped with fluoride containing salts.167 256
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Scheme 3.1. Schematic representation of direct electron transfer from fluoride anions to m-system to form
radical anion, preceded by a m-anion intermolecular interaction.

Previously however doubts have been cast on fluoride anions abilities to act as an electron
donor to electron deficient aromatics.?*® A recent communication from Gabbai et al. claimed
that a full electron transfer is thermodynamically unfavourable, calculating an endothermic
change in enthalpy of 76 kcal mol™ when two fluoride anions are oxidised to fluorine by
NDIs.2>® With eight valence electrons and very high electronegativity it does seem unlikely
that fluoride anions would easily give up an electron. An alternative route to NDI type radicals
is shown in Scheme 3.2 and is taken from a 2014 study.'’® The authors were concerned with
the relatively long stability of NDI and PDI radicals in air, generated from fluoride doping. They
concluded that the air stable UV-vis absorption and electron paramagnetic resonance (EPR)
signals must be due to an NDI radical cation complexed to fluoride (24), the electronegative
fluoride stabilising the radical cation. The other product is an NDI radical anion (23), which

undergoes oxidation back to neutral NDI upon exposure to air.

O N.__O (@) N 0] @) O
2 (D 2 U=+~ I
—_—
0] N @] o l}l O @) l}l @)
R R R
NDI 24 23

Scheme 3.2. The generation of an air stable NDI fluoride radical cation complex and an unstable radical anion
complex from the addition of fluoride anions to NDI. Scheme adapted from reference 170.

A different mechanism has recently been proposed in which hydroxyl anions are generated

from the deprotonation of water by fluoride. It is then an aromatic-hydroxyl complex which
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undergoes electron transfer with a neutral aromatic as is outlined in Scheme 3.3.1%° Based on
calculated Gibbs free energy (AG), and basis set superposition error (BSSE) corrected
interaction energies (AE), it was determined that a m-anion interaction between NDI and
hydroxyl anions was more favourable than with fluoride anions. Based on the same
calculations it was predicted that the structures 25 and 26 exhibited actual C-OH bonds and
were not merely complexes exhibiting m-anion interactions. It was then claimed that oxidation

of 26 lead to the phenol type product 27, isolated in yields of 5 to 10 %.

) ) NDI
F + HO == HF + OH

)
Ox_N._0
OH
0. . (I
o
-OH
07 NS0
R
26 27

Scheme 3.3. Schematic representation of acid-base reaction between fluoride and water and subsequent doping
of NDI by hydroxyl anions. Isolation of the hydroxy substituted NDI, produced by oxidation of the radical anion,
is then shown. Scheme adapted from reference 169.

The most common source of fluoride anions used as dopants throughout the literature is from
tetraalkylammonium fluoride salts. Heeney et al. have reported more idealised transistor
behaviour when doping a well-known NDI polymer with tetrabutylammonium fluoride (TBAF)
as the source of F. Successful doping was also achieved using salts of other halogens in this
study.'®® Katz et al. used TBAF dopants to achieve a high thermoelectric power factor with
benzodifurandione-based polymers. They suggested a mechanism which includes
nucleophilic aromatic substitution of a fluoride anion on to the conjugated polymer and a
subsequent electron transfer on to a neutral polymer chain.*® The same mechanism has been

used to explain the interactions between fluoride and fullerene derivatives.?6°
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Benzodifurandione-based oligo (p-phenylenevinylene) (BDOPV) has recently shown promise
as an electron deficient building block in the synthesis of molecular and polymeric organic
semiconductors.?9> 21> 261 Smal||l molecule BDOPVs have been shown to possess low band gaps
and conformationally rigid structures due to vinyl bonds and intramolecular hydrogen
bonding. Polymers containing BDOPV units have exhibited some of the highest electron
mobilities of all organic semiconductors and have low lying LUMO levels, often reported

between -4.00 and -4.30 eV, allowing for efficient n-type doping.*% 262263

This chapter aims to extend the fundamental work previously carried out on fluoride doped
NDI systems to BDOPV derivatives. This study employs a soluble BDOPV small molecule and a
difluorinated derivative (2F-BDOPV) with increased electron affinity, as electron deficient
acceptors. The two BDOPV molecular derivatives are decorated with polar oligoethylene
sidechains to increase polar solvent solubility and dopant acceptor miscibility in the solid-
state.>® 264-268 Tetrabutylammonium fluoride trihydrate (TBAF-3H,0) is used as the source of
fluoride anion. The structures of BDOPV acceptors and dopant salt TBAF-3H,O are shown in

Figure 3.1.

BDOPV 2F-BDOPV TBAF-3H.0
Figure 3.1. Structures of BDOPV, 2F-BDOPV and TBAF-3H0.
Of interest in this study was the solvent dependencies on the system and how switching from
protic to aprotic solvents affects interactions between ions and m-systems. The protic solvent,
chloroform, and a polar aprotic solvent, dimethylformamide (DMF) were compared. The

composition of solutions of TBAF-3H,0 in these two solvents were strikingly different. The
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consequences this has on the ability of TBAF-3H,0 to act as an n-type dopant were then
explored. Finally, characterisation of the products of doping was carried out in order to
determine if fluoride anions act to donate electrons, in a similar fashion to Scheme 3.1, or if

hydroxyl anions are the active dopant, as outlined in Scheme 3.3.

3.2 Results and Discussion

3.2.1 Optoelectronic Properties of BDOPV and 2F-BDOPV

In order to confirm the FMO values, and their applicability as electron acceptors from n-type
dopants, solution CV was performed on BDOPV and 2F-BDOPV. In Figure 3.2 it can be seen
that both exhibit two fully reversible electrochemical reductions at potentials up to -1.00 V.
The LUMO was estimated from the onset of the first reduction peak for each. LUMO levels of
-4.15 eV and -4.25 eV were calculated for BDOPV and 2F-BDOPV, respectively. This agrees
with previous literature on molecular BDOPV?'> 261 and p-difluorinated derivatives.?*® A
stabilisation in the LUMO of 0.10 eV should allow for more accessible n-type doping on to 2F-
BDOPV compared to BDOPV.

Figure 3.2 also shows the solution UV-vis absorption spectra of both BDOPV and 2F-BDOPV.
Both observe a broad absorption band between approximately 800 nm and 300 nm with two
maxima at approximately 550 nm and 440 nm. The optical band gap was calculated from the
onset of absorption and was 1.79 eV and 1.76 eV for BDOPV and 2F-BDOPV, respectively. All
of these features again agree with previous literature on similar compounds with alkyl side
chains.?'® 261 The HOMO was then estimated by subtracting the optical band gap from the
LUMO. The energy levels are summarised in Table 2.2. As discussed in Chapter 1, the optical
band gap used here is likely lower than the fundamental band gap.3® Since the rest of this
study relies mostly on solution measurements, and the HOMO of BDOPV derivatives is not
essential for understanding their roles as acceptors, it was decided that the optical band gap

measured from solution absorption spectra was sufficient for the estimation of the HOMO.

86



—— BDOPV
—— 2F-BDOPV

2mA

—_

0.84

0.6+

0.4+

Current (mA)
Normalised Absorbance

0.2

—— BDOPV
. . . I—I2F-BDCI)PV Gk e N
-1.0 0.8 06 -0.4 -0.2 0.0 300 400 500 600 700 800 900 1000
Potential (V vs Ag/Ag®) Wavelength (nm)
Figure 3.2. Left: Cyclic voltammograms of 0.001 M BDOPV and 2F-BDOPV run in solutions of dichloromethane.
Referenced to Ag/Ag* electrode with platinum wire as counter electrode and glassy carbon working electrode.

Right: UV-vis absorption spectra of BDOPV and 2F-BDOPV in chloroform solutions.

Table 3.1. Electrochemical and optical properties of BDOPV and 2F-BDOPV

Optical
Compound  Epa® (V) Eonset™ (V) }::ﬁ:] Az:r:[)b] ;22[(31 [bEJ(I\éI\S)) HO(':IVC)) )
(eV)
BDOPV _Oﬁﬁnd _Oj?znd 562436”‘1 694 179  -415  -594
or.gpopy 026and  ~0.46and S42and o o0 o0 g0

-0.82 -0.72 443

[a] From solution cyclic voltammetry using glassy carbon working electrode, platinum wire counter electrode
and Ag/Ag"* reference electrode. Values are reported from the 4" cycle and measured at 50 mV.s™. [b] From
solution UV-vis absorption spectroscopy in chloroform. [c] Estimated from Aonset. [d] Estimated from
electrochemical onset of first reduction (Eonset). [€] Estimated using equation HOMO = LUMO — Opitcal band

gap.

3.2.2 Absorption Spectra of Fluoride Doped BDOPV and 2F-BDOPV

It has previously been reported that no electron transfer takes place between NDI and TBAF
in solutions of chloroform, dichloromethane and toluene. In DMF solutions, however, UV-Vis
absorption features matching those of NDI radical anions have been seen.'’® UV-Vis-NIR
spectrophotometry was used to investigate the presence of BDOPV radical species when
doped with TBAF-3H0 in solutions of DMF, and spectra are shown in panels a and b of Figure
3.3. Absorption characteristics for undoped BDOPV and 2F-BDOPV in chloroform are shown
in Figure 3.2.

Compared to chloroform (Figure 3.2) the spectra for neat BDOPV and 2F-BDOPV in DMF

showed similar absorption characteristics with two maxima at approximately 560 nm and 440
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nm. An additional, less intense, band was also observed with a maximum at 750 nm which
increases in intensity upon the addition of TBAF-3H,0. Due to the increase in intensity upon
increased dopant concentration, it was assumed that this absorption band was indicative of
an additional energy level introduced between the HOMO and LUMO of BDOPV upon doping.
The observation of this absorbance at 0 equivalents of TBAF-3H,O contradicted this
explanation, however. One possibility was that BDOPV was being doped unintentionally
through a solvent impurity such as the DMF breakdown product dimethylamine.?®® Previously
amines have been used for n-doping of electron deficient aromatics.’# 230-232 Alternatively
the absorbance at 750 nm may not be associated with any electron transfer and was actually
a red-shifting commonly observed with J-type aggregations.?’® J-aggregation is often
promoted when head-to-tail orientations are favoured?’* and 2F-BDOPV has previously been
seen to exhibit head-to-tail m-it cofacial stacks in the solid state.?!® The likelihood of both
doping via DMF breakdown and formation of aggregates in DMF is considered again later in

this chapter.

Panels ¢ and d of Figure 3.3 show the absorption spectra of BDOPV and 2F-BDOPYV titrated
with TBAF-3H;0 in a chloroform solution. The absorption band at 750 nm was only observed
at concentrations of TBAF-3H,0 above 1 molar equivalent. These were much higher dopant
concentrations than were seen in DMF. If chloroform acts as a better solvent for BDOPV than
DMF then this may suggest that absorbance at 750 nm was due to J-aggregates which were
broken up more in solutions of chloroform. An alternate explanation may come from a
possible acid base reaction between fluoride and solvents. The fluoride anions may act as a
Brgnsted base to deprotonate the acidic chloroform rendering them useless as dopants or
dopant precursors to BDOPV. Literature does provides an example of TBAF being used to
deprotonate chloroform to form trichloromethanide anions in trichloromethylation reactions

of aromatic aldehydes.?’?
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Figure 3.3. Solution UV-Vis-NIR absorbance spectra of a: BDOPV in DMF, b: 2F-BDOPV in DMF, c: BDOPV in
chloroform and d: 2F-BDOPV in chloroform. BDOPV and 2F-BDOPV at concentrations of 2 x 10> M and amount
of TBAF is given in molar equivalents with respect to BDOPV or 2F-BDOPV.

3.2.3 Characterisation of TBAF-3H,0 solutions

In order to confirm the deprotonation of chloroform upon introduction of TBAF-3H,0: 'H, $3C
and °F NMR spectroscopy experiments were performed in a solution of deuterated
chloroform (CDCls). A possible acid-base reaction between TBAF and solvating CDCls is shown
in Scheme 3.4 and the corresponding NMR spectra are shown in Figure 3.4. 3C NMR in CDCl3
gave rise to four peaks indicative of tetrabutylammonium alkyl carbons between 58.36 ppm
and 13.47 ppm. An additional signal was observed at 77.36 ppm overlapping with the residual
13C chemical shift for CDCls. This suggests that there was an additional carbon environment
present, possibly due to fluoride deprotonation of solvent to form trichloromethanide anions.
In the presence of water from TBAF:3H,0 trichloromethanide likely acts as a base and is
protonated giving chloroform (CHCI3). The signal at 77.36 ppm matches that of impurity CHCl3
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in solutions of CDCI3.2° The formation of CHCls is further supported by the presence of a

positive signal (CH) at 77.56 ppm in DEPT 135 NMR experiments (appendix 2.2).

The H NMR spectrum of TBAF-3H,O in CDCls shows only the four alkyl signals of a
tetrabutylammonium species as the major peaks between 3.84 ppm and 0.84 ppm. The
deprotonation of water by trichloromethanide ions to form CHCls is further supported by the
absence of a water signal at 1.56 ppm?>° in the 'H spectrum in CDCls. The proton decoupled
1%F NMR spectrum of neat TBAF-3H,0 in CDCls is slightly more complex. A major broad shift is
observed at -123.8 ppm. Five more minor peaks can then be seen between -70.9 ppm and
-81.2 ppm which could not be assigned. The major broad peak, with a shift of -123.8 ppm,
corresponds to the deuterium fluoride (DF) fluorine atom, which likely undergoes a slow
deuterium-hydrogen exchange with H20. The °F chemical shift for HF and DF fluorine atoms

has been reported over a wide range and can be dependent on solvent and concentration.?”3

In order to confirm that the same chemical reactions are not taking place in DMF as in
chloroform, solution NMR of TBAF-3H,0 in deuterated DMF (d7-DMF) was performed. The 13C
NMR spectrum of TBAF-3H;0 in d;-DMF in Figure 3.4 shows only the alkyl carbons from the
tetrabutylammonium cation. *°F NMR of TBAF:3H,0 in d7-DMF shows two sharp peaks at
-113.5 ppm and -148.5 ppm consistent with F~ and hydrogen difluoride (HF;7)
respectively.16> 166,274,275 |n DMF a F~ to HF,™ integrated area ratio of 82:18 is observed which
is similar to values obtained when de-DMSO is used as solvent.?>® The ratio of integrated areas
for each of these peaks has been seen to vary for different solvents, one possible explanation
is the ease of conversion of F"to HF,™ by deprotonation of solvent depending on the relative
acidity of the solvent.?> Alternatively, it has been shown that the formamide deuterium atom
of d7-DMF will undergo a deuterium-hydrogen exchange with water in the presence of t-
BuOK.?76 277 A mechanism for a slow deuterium/hydrogen exchange has also been proposed
for anhydrous TBAF in solutions of de-DMSO when doped with H,0. Based on the observation
of both F~ and HF,™ in °F NMR we believe it is reasonable to apply the same mechanism of
“hydroxide catalysed deuterium exchange”?’ to the system of TBAF-3H,0 in d7-DMF, which

is shown at the bottom of Scheme 3.4.

'H NMR of TBAF-3H,0 in d7-DMF solution shows an unexpected broad singlet at 4.3 ppm. The

shift for HF,~ has previously been reported as much further downfield than this.?’”> Another

possibility is that water is hydrogen bonding with the HO"TBA* and DO"TBA* shown in Scheme
90



3.4. The hydrogen bonding interaction causes deshielding of the water protons and a
downfield shift to 4.31 ppm from the expected 3.50 ppm in d7-DMF.?78 The lack of a significant
signal in this area in CDCls solutions suggests that the same deprotonation cannot happen

due to fluoride preferentially acting as a base to CDCls.

H,O
TBA'F + CDCl3 === CICTBA" + DF == HOTBA" + CHCl;

d7-DMF

2TBA'F + H,O0 —~=— TBA'HF,, + HOTBA" TBA'DF,;, + DOTBA* —== 2TBA'F + D,O

Scheme 3.4. Reaction of TBAF with deuterated chloroform (top) and deuterium-hydrogen exchange between
TBAOH and d7-DMF (bottom).
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Figure 3.4.13C (top), °F (middle) and *H (bottom) NMR of TBAF.3H.0 crystals in deuterated chloroform and DMF

solutions. Inset shows CHCIs carbon at 77.56 ppm which overlaps with CDCls solvent triplet. Shifts at approx. 2.9

and 2.8 ppm in H spectrum and 29.5 and 34.6 ppm in *3C spectrum run in d7-DMF are residual *H and 3C from

solvent.
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The products of interactions between TBAF-3H,0 and the solvents d7-DMF and CDCls outlined
in Scheme 3.4 are sensible predictions based on previous literature and the spectroscopic
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data acquired. At this point it seems likely that fluoride is acting as a base in both solvents. In
the case of d7-DMF fluoride deprotonates water from the TBAF-3H,O crystals to produce
hydroxyl anions which can then go on to dope electron deficient aromatics as outlined in
Scheme 3.3.1%° In CDCl; the fluoride anion acts as base to the solvent to give
trichloromethanide anions, these subsequently go on to deprotonate water and generate

chloroform.

These predictions do not provide an adequate explanation, however, as to the dramatic
differences in absorption spectra in DMF and chloroform solutions outlined in Figure 3.3. If
both reactions occur as they are presented in Scheme 3.4 then hydroxyl anions are formed in
both solvents. If hydroxyl is the active dopant then why does it appear as if more radical
species are present in absorption spectra run in solutions of DMF? In addition to this the pK;
of fluorides conjugate acid is 3.1, this is much lower than the pK; of both water and chloroform
(approx. 15.7 for both). This suggests that fluoride should not act as a Brgnsted base to either

of these compounds.

As an alternative pathway the base catalysed hydrolysis of solvent DMF was suggested in the
previous section. The product of solvent breakdown dimethylamine may act as an electron
donor to BDOPV, as outlined in Scheme 3.5 mechanism. Since the NMR solvent d7-DMF is
deuterated it would be expected that the products of hydrolysis, formic acid and
dimethylamine, would also be deuterated and therefore invisible in the *H NMR spectrum.
The 3C NMR spectrum of TBAF-3H20 in solutions of d-DMF revealed no signs of DMF
breakdown products, however. Formic acid has previously been reported to exhibit a 13C shift
at 162.86 ppm in the aprotic polar solvent de-DMS0.?”° Dimethylamine was also not seen at
the previously reported shift of 38.21 ppm.?® In addition to this it is likely that HF is formed
from the deprotonation of water in the hydrolysis of DMF. HF is likely to act as a Brgnsted
acid to dimethylamine to give the dimethylammonium cation. The mechanism of doping

outlined in Scheme 3.5 with dimethylamine as active dopant was therefore ruled out.
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Scheme 3.5. Base catalysed hydrolysis of solvent DMF to give formic acid and dimethylamine. Possible
subsequent n-type doping of BDOPV by dimethylamine.

3.2.4 Structures of Fluoride Doped BDOPV and 2F-BDOPV

The doped structure of BDOPV and 2F-BDOPV may present further insights into the active
doping species. 'H and °F NMR titrations were therefore carried out on BDOPV and 2F-
BDOPV in solutions of CDCl3 and d7-DMF. TBAF-3H,0 concentrations between 0 and 1 molar
equivalents were used for solutions of d7-DMF. In order to track the point of significant change
to the UV-Vis-NIR spectra in solutions of chloroform (Figure 3.3), up to 20 molar equivalents
were used in NMR titrations in solutions of CDCls. Overlays of the full spectra are shown in
appendix section 2.2. Both neat BDOPV and 2F-BDOPV were not soluble in d7-DMF at NMR
concentrations however after the addition of over 0.5 equivalents of TBAF-3H,0 the samples
completely solubilised by eye. At these concentrations 'H NMR signals for BDOPV and 2F-
BDOPV, as well as *°F signals in 2F-BDOPV were observable.

°F NMR titrations have previously been used to evaluate the reaction between fluoride
anions and NDI.16> 166,168 A¢ expected, no '°F signal was observed for the neat spectrum of
BDOPV in DMF (appendix 2.13). On increasing concentration of TBAF-3H,0 up to 1 equivalent
no °F signal was observed, however. Titrations of 2F-BDOPV with TBAF-3H,0 up to 0.5
equivalents gave no '°F signals. Two shifts were observed however at 1 equivalent of

TBAF-3H,0 at -122.8 pm and -125.0 ppm.

It was initially surprising to not observe either of the signals assighed as F~ and HF,™ in the °F
NMR of neat TBAF-3H,0 (Figure 3.4). The observation of broadening and disappearance of *°F
signals has previously been suggested to be caused by an oxidation of fluoride anions to the
paramagnetic F in solutions of de-DMSO%> 166 or simply through the interaction of fluoride

with radicals of another species.1® 281 We determined that °F NMR in d;-DMF solution was
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not a reliable technique for analysis of BDOPVs due to poor solubility, however the lack of *°F
signals from TBAF-3H,0, even at high concentrations, suggests the presence of radical BDOPV

species.

19F NMR titrations of both BDOPV derivatives with TBAF-3H,0 in CDCls showed no significant
changes at concentrations of TBAF-3H,0O below 1 equivalent (appendix 2.9 and 2.10), in
agreement with UV-Vis-NIR spectra in Figure 3.3. Continuing to titrate until 20 equivalents of
TBAF-3H,0 had been added did show changes. In both derivatives of BDOPV 3 equivalents of
fluoride or more gave rise to a shift at -129.0 ppm. For 2F-BDOPV a shift at -119.7 ppm was
seen to gradually decay upon addition of TBAF-3H,O until it was no longer visible at 10

equivalents of TBAF-3H;0.

Figure 3.5 shows aromatic regions (6 = 6.5 — 9.6 ppm) of *H NMR spectra of BDOPV and 2F-
BDOPV in deuterated chloroform (CDCls) neat (a and d) and doped with 1 equivalent TBAF (b
and e). No change in chemical shift can be observed between doped and undoped samples
in CDCl3 solution although there is some peak broadening. This suggests that doping is
severely quenched in chloroform with 1 equivalent of fluoride anions, a relatively high dopant

concentration, causing no observable chemical change to BDOPV and 2F-BDOPV.

Both BDOPV derivatives were not soluble in DMF at NMR concentrations and an NMR of neat
semiconductors could not be taken, however addition of 1 equivalent of TBAF-3H,0 lead to
both samples solubilising completely. Figure 3.5 shows solution NMR spectra of BDOPV (c)
and 2F-BDOPV (f) doped with 1 equivalent TBAF-3H,0 in d7-DMF. Changes in the aromatic
region are observed when changing solvent from chloroform to d;-DMF. Both changes in
solubility and chemical environment suggest that the doping mechanism in d7;-DMF involves
a chemical change to the BDOPV derivatives, although the complexity of the aromatic regions
represent a surprisingly large change and suggests the presence of more than one BDOPV

species.

Singlets at 9.10 ppm to 9.20 ppm are observed in H spectra obtained in CDCls for both BDOPV
and 2F-BDOPV (Figure 3.5; a, b, d, e). These peaks are not visible in spectra obtained in d;-
DMF, a possible explanation being a nucleophilic aromatic substitution of fluoride ion at the
position marked with * in Figure 3.5. There are examples of quaternary ammonium fluoride

salts being used in nucleophilic aromatic substitution (SnAr).282-284 These reactions typically
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require the in situ generation of an anhydrous form of the quaternary ammonium fluoride
salt unlike the addition of TBAF-3H,0 crystals used here. Another possibility is the opening of
the lactone rings via nucleophilic attack by fluoride on the carbonyl carbon leading to an
upfield shift in the position of peak *. A search of the literature provides no examples of ring
openings of this kind or fluoride nucleophilic attack on esters or lactones suggesting

something other than F~ is the active dopant.
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Figure 3.5. Overlays of 'H NMR aromatic regions. BDOPV in deuterated chloroform neat (a), doped with 1
equivalent TBAF (b) and in deuterated DMF doped with 1 equivalent TBAF (c). 2F-BDOPV in deuterated
chloroform neat (d), doped with 1 equivalent TBAF (e) and in deuterated DMF doped with 1 equivalent TBAF (f).

The mechanism proposed by Tam et al.’®® and, outlined in Scheme 3.3, points towards
deprotonation of H,0 by fluoride and the subsequent hydroxyl anion as the reactive species.
Applying this to BDOPV we would expect to see a [BDOPV-20H]?* type species undergo
electron transfer with neutral BDOPV to give a [BDOPV-20H]™ complex and [BDOPV] ™. In
proton NMRs run in d7-DMF we could therefore expect to see hydroxyl proton shifts for both
the [BDOPV-OH] dianions and radical anions. Two different proton environments were seen
at 13.63 ppm and 13.28 ppm in d;-DMF solutions of BDOPV with 1 equivalent TBAF-3H;0
which were not present in solutions of chloroform either neat or doped (Figure 3.6). In 2F-
BDOPV, a shift at 13.29 ppm is also observed (Figure 3.6). It has previously been shown that
OH protons on aromatic and quinoidal rings experiencing intramolecular hydrogen bonding

show significant deshielding and chemical shifts in the region of 10 to 15 ppm.28> Any hydroxyl
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proton on the benzene or quinoidal carbon * of [BDOPV] complexes would be expected to
experience hydrogen bonding from the carbonyl bond of the neighbouring lactam ring and a
reasonable assignment of 13 to 14 ppm can be made for this proton. The use of DMF as
solvent, with its ability to act as hydrogen bond acceptor, may also contribute to the
deshielding of the OH proton. For possible chemical structures of the aromatic and quinoidal

hydroxyl substituted BDOPV derivatives, see Scheme 3.6.
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Figure 3.6. Downfield area of *H NMR spectra of BDOPV (top) and 2F-BDOPV (bottom) in solutions of d;-DMF
doped with one equivalent TBAF-3H,0.

Based on the data above two possible mechanisms of doping through hydroxyl anions are
presented in Scheme 3.6. In a solution of DMF, water molecules from the water of
crystallisation were deprotonated by F~, as evidenced by the presence of HF,™ anions, and
hydroxyl anions are formed. Subsequently hydroxyl anions form a charge transfer complex at
the electron deficient central benzene ring of BDOPV generating a [BDOPV-OH]~ species. This
anionic complex then undergoes an electron transfer with a neutral BDOPV to give a BDOPV-

OH neutral radical and a BDOPV radical anion. This is similar to the mechanism presented for
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3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (DMBI) hydride transfer dopants,
using hydroxyl anions rather than hydrides.'>? Alternatively hydroxyl anions in the presence
of BDOPV can form a [BDOPV-20H]?" complex. A subsequent electron transfer on to neutral
BDOPV molecules leads to BDOPV-OH radical anion and BDOPV radical anion. This is
analogous to the mechanism reported by Tam for when TBAF-3H,0 is used to dope an NDI
compound.®® The presence of an hydroxyl group having added on to the central benzene ring
is supported by down-field chemical shifts in *H NMRs (approx. 13 — 14 ppm). Increased
solubility of BDOPV upon doping also suggests that vinyl bonds have been broken and an

increase in rotational freedom is possible between lactam and lactone rings.

BDOPV  [BDOPV]

BDOPV  [BDOPV]

Scheme 3.6. Possible mechanisms of doping in DMF solutions assuming the formation of hydroxyl anions. Top:
Addition of hydroxyl anion to form BDOPV anion and a single electron transfer with neutral BDOPV to form a
radical anion and neutral radical. Bottom: Addition of two hydroxyl anions on to BDOPV and a single electron
transfer with neutral BDOPV to form two radical anions.

3.2.5 Electron Paramagnetic Spectroscopy

In order to confirm the presence of radical BDOPV species, like those shown in Scheme 3.6,
electron paramagnetic resonance spectroscopy (EPR) was performed. Previously EPR has
been used to identify the types of radical species present in NDI doped with TBAF-3H,0 in
solutions of DMF. The formation of an air stable NDI fluoride radical cation complex and air
sensitive radical anion, as outlined in Scheme 3.2, was justified by the presence of a broad

EPR signal not representative of the NDI radical anion when performed under ambient
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conditions.t’® When air was removed from the system hyperfine splitting matching that of

the NDI radical anion was observed.169 286

Delocalised radicals in BDOPV would be expected to give rise to an EPR signal exhibiting
hyperfine splitting with nitrogen and hydrogen. Figure 3.8. shows EPR spectra of BDOPV
titrated with TBAF-3H,0 in a solution DMF. Spectra were obtained in an ambient atmosphere.
The overlays reveal BDOPV with 0.25 molar equivalents of TBAF-3H,0 showed no EPR signal.
At higher concentrations of TBAF-3H;0, up to 4 molar equivalents, no significant signal was
still observed. The surprising observation of no EPR signal in BDOPV lead us to test fluoride
doping on a known system in DMF. As a comparison to previous literature on fluoride doping
with NDI type aromatics, NDI-TEG shown Figure 3.7 was chosen as control sample. The EPR
titrations of NDI-TEG are shown in Figure 3.8. In the case of neat NDI-TEG no signal was
observed and upon addition of TBAF-3H,0 a broad signal formed which increased in intensity
upon further addition of TBAF-3H,0. Previously the broadened signal in NDI has been
attributed to a localisation of the radical in a complex similar to 24 shown in Scheme 3.2'7° or

26 shown in Scheme 3.3.169
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Figure 3.7. Structure of NDI-TEG.
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Figure 3.8. Left: EPR titrations of BDOPV with TBAF-3H:0 in a solution of DMF under ambient atmosphere. Right:
EPR titrations of NDI-TEG with TBAF-3H20 in a solution of DMF under ambient atmosphere. Molar equivalents
of TBAF-3H.0 are given in the legend.

The lack of an EPR signal for BDOPV when mixed with even large equivalents of TBAF-3H,0
suggests that the production of an air stable radical cation fluoride complex, as outlined in
Scheme 3.2, does not occur in BDOPV systems. Additionally, the EPR spectra cast doubt on
the mechanisms presented in Scheme 3.6. It is possible that the BDOPV radical anion is
oxidised under ambient conditions, similar to the NDI radical anions described in previous
literature.'’? The lower lying LUMO of BDOPV compared to NDIs previously used however,
would be expected to give an air stable radical anion observable by EPR. In addition to this
the hydroxyl complexed radicals outlined in Scheme 3.6 would also be expected to produce
an EPR signal. It could again be argued that ambient conditions lead to the oxidation of these
radicals to neutral compounds, however a previous study observed a broad EPR signal under
ambient conditions for when the hydroxyl substituted NDIs were later isolated as outlined in

Scheme 3.3.16°

Another possibility is the presence of bipolaron type charge carriers. The electrochemical
measurements in Figure 3.2 indicated that BDOPV was capable of a second reduction at a
modest potential of —-0.82 eV and it is possible that BDOPV has been doubly reduced to a
bipolaron containing two radical species. Bipolarons are spin neutral and therefore invisible
to EPR.2!” This does not explain why at low concentrations of TBAF-3H0, i.e. 0.25 and 1
equivalents, no signal was observed as it would be expected that paramagnetic polarons

would first be seen.
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As an alternative to reactions involving electron transfer between BDOPV derivatives and
TBAF-3H,0 through radical pathways, it is possible that the features observed in absorption
spectra in Figure 3.3 are due to the formation of aggregate complexes. The lack of observable
radicals by EPR supports this theory. Chloroform acting merely as a better solvent to BDOPV
and 2F-BDOPV may have led to the formation of less J-aggregates than in DMF and therefore
a less intense red-shifted absorption at 750 nm. The addition of fluoride ions through
TBAF-3H,0 may further induce a change in light absorbing properties through a change in
solvent polarity.?88 In order to confirm this more experimentation would be needed involving
EPR, absorbance and emission spectra. The formation of aggregates also does not explain the

complicated NMR spectra observed in solutions of d7-DMF (Figure 3.5).

3.3 Conclusions and Outlook

It has been shown that the introduction of TBAF-3H,0 to BDOPV and 2F-BDOPV in solutions
of DMF leads to a dramatic change in the absorptive properties of both BDOPV derivatives. A
less dramatic change was observed when chloroform was used as solvent. It is unclear as to
whether the differences in absorption spectra are due to differing pathways to electron
transfer in each solvent or if red-shifting in absorption has occurred due to supramolecular

reorganisation, such as the formation of J-aggregates.

In favour of the case for electron transfer reactions is the clear change in chemical
environments observed in NMR spectra of both dopant and acceptors. NMR of TBAF-3H,0
suggest that in DMF, fluoride anions are acting as a base to generate HF,™ anions which have
previously been observed in successful examples of electron transfer to generate NDI
radicals.16% 166, 169, 170,259 |n chloroform, in which absorption spectra reveal less of a change
upon addition of TBAF-3H,0, NMR spectra seem to suggest fluoride anions interact with the
solvent. The lack of °F NMR signal upon titrations of acceptor with fluoride has previously
been used to indicate the presence of radicals spatially close to fluorine atoms and was also

observed here.169 259
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It is unclear however if electron transfer reactions actually took place. Previous studies have
revealed fluoride anion donating an electron would be thermodynamically unfavourable!’%
259 and it has even been suggested that hydroxyl anions may be the active donors.'®°® From
NMR titrations of BDOPV and 2F-BDOPV in DMF it is clear that a change in chemical
environment and solubility occurs upon addition of TBAF-3H,0. Although not isolated, these
spectra suggest that the most likely products of reaction are hydroxy substituted BDOPV and

2F-BDOPV, similar to those outlined as the final product in Scheme 3.3.

It is unclear however as to why these systems do not exhibit any radical type species by EPR.
Signals in EPR spectra of NDI acceptors have previously been observed, although it is still
debateable as to why they are stable to air.1’? EPR spectra should be recorded in the future
on BDOPV systems under inert conditions free of oxygen, avoiding the possibility of any
radicals formed will be oxidised. BDOPV and 2F-BDOPV both contain lower lying LUMO levels
than previously studied NDI derivatives however and should therefore be more capable of
stabilising radicals. This points towards an explanation of the absorption spectra in Figure 3.3
which does not involve the intermolecular transfer of electrons. A change in the
supramolecular interactions in DMF solutions may explain the additional absorption feature
red-shifted with respect to molecular BDOPV electronic transitions. Photoluminescence
spectroscopy may be able to detect if the absorbance at 750 nm is from vibrational modes in

BDOPV aggregates or electronic excitations.
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Chapter 4. Synthesis of thiazole

containing highly ordered polymers

4.1 Introduction

For over a decade poly(2,5-bis-5-(4-tetradecylthiophene)thieno([3,2-b]thiophene) (PbTTT) has
been a popular high-performance p-type semiconducting polymer.?2° Highlights of previous
research on PbTTT are outlined in the introduction and the structure shown in Figure 4.1. To
summarise, backbone planarity and a relatively large degree of supramolecular order lead to
efficient charge transport both intramolecularly, along polymer chains, and intermolecularly,
hopping between chains.??l: 223226 |n addition to this the alignment of interdigitated
sidechains allows for dopants to be incorporated into the lamellar structure, minimising

disruption to the polymer morphology.®3

Relatively electron rich thiophene units make up the conjugated section of PbTTT. This leads
to high IPs and low EAs and the stabilisation of p-type charges. The possibility of studying n-
type charge transport and n-type doping in a system with comparable macromolecular
structure to PbTTT is an attractive prospect. In order to go some way to achieving this we
designed the two polymers poly(2,5-bis-5-(4-tetradecylthiazole)thieno[3,2-b]thiophene)
(PbTzTT) and poly(2,5-bis-5-(4-tetradecylthiazole)thiazolo[5,4-d]thiazole) (PbTz3) (Figure
4.1). Introducing electron deficient thiazole units as a way of stabilising the LUMO has been
shown to be effective in both donor-acceptor!’® 8% 290 gnd homopolymer!8® type systems.
The pattern of alkylated five membered ring single bonded to a fused five membered ring
system has been maintained with the intent of inducing the same interdigitation observed in
PbTTT. In addition, the introduction of imine nitrogen allows for the possibility of attractive
intramolecular interactions between sulphur and nitrogen leading to reduction in torsion
between heterocycles.’®® 297 These attractive interactions between heteroatoms are
illustrated in Figure 4.2 for previously described copolymers of alkylated thiophenes and

thiazoles.8 Calculations of the electron density in the orbital containing the thiazole nitrogen
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lone-pair show that electron-density from this lone-pair is donated into the two C-S anti-
bonding orbitals of the adjacent thiophene. This interaction acts to reduce the torsional angle

between the two heterocycle units.

Figure 4.1. Structures of the three polymers discussed in this chapter.
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Figure 4.2. Natural bond orbital (NBO) calculations of the thiazole nitrogen Ione pair and the two C-S anti-
bonding orbitals in thiophene. A schematic representation of the donation of the nitrogen lone-pair electron
density into C-S anti-bonding orbitals is shown on the top right. Figure reprinted from reference 186.

~

PbTTT is routinely obtained through a palladium catalysed Stille cross-coupling
polymerisation.??% 291 This requires the synthesis of the monomer 2,5-
bis(trimethylstannyl)thieno[3,2-b]thiophene (28) through the deprotonation of thieno[3,2-
b]thiophene using strong-base and quenching with trimethyltin chloride as electrophile.??°
Both the polymerisation and monomer synthesis are outlined in Scheme 4.1. Described in this
work is the successful synthesis of the polymer PbTzTT using the same Stille cross-coupling

conditions. Some challenges in the sysnthesis of PbTz3 can however be foreseen. Preparation
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of the stannylated thiazolo[5,4-d]thiazole (29) monomer would require treatment of
thiazolo[5,4-d]thiazole (33) with strong-base and a subsequent treatment of the carbanion
with trimethyltin chloride. A combination of previous literature and experimental work
described in this chapter however suggests that the carbanion of 33 is not stable. A ring-
opening similar to oxazoles?®?2%* and subsequent decomposition similar to thiazoles with

electron withdrawing groups on the 5-position?> 2°¢ was observed.
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Scheme 4.1. a) Generalised scheme showing the Stille cross-coupling procedure used to make PbTTT??° and the
target polymers described in this chapter PbTzTT and PbTz3. The synthesis of the novel monomers 29 and 31
are also described in this chapter. b) Scheme outlining the deprotonation of fused heterocycles with strong-base
then electrophilic attack of carbanion with trimethyltin chloride to give the previously made monomer 282%° and
the novel monomer 29.

Previous literature has also highlighted the challenges of direct electrophilic substitution onto
33.2°7.2%8 The two imine groups make it a very electron-deficient ring system and aromatic
electrophilic attack on 33 by conventional means has never been observed. The only reported
examples of direct electrophilic substitution on the 2-position of ‘naked’ 33 are pyridine
catalysed bromination using a large excess of bromine, and chlorination using excess
trichloroisocyanuric acid (TCICA).2*® Both reactions were not fully selective to mono or di-
substituted products, were low yielding and were carried out in refluxing CCls, a solvent which

is too expensive to feasibly run reactions on large scales.
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The rest of this chapter outlines attempts to reach the required monomers for Stille cross-
coupling polymerisation to form PbTzTT and PbTz3. Some of the optoelectronic properties of
the successfully synthesised PbTzTT are shown and compared to PbTTT. In attempting to
synthesise PbTz3 some light is shed on the reactivity of the electron deficient thiazolothiazole
ring-system and on functionalised thiazoles. An alternate route to PbTz3 via a double ring-

closing condensation to form the macromonomer is then described.

4.2 Results and Discussion

4.2.1 Synthesis and Characterisation of PbTTT and PbTzTT

The polymer PbTTT was synthesised via the procedure previously reported by McCulloch.??°
Monomers 28 and 30 were polymerised by Stille cross-coupling, as outlined in Scheme 4.1, to
give PbTTT in a yield of 62%. The number average molecular weight, M,, weight average
molecular weight, My, and dispersity, b, were determined by gel permeation

chromatography (GPC) and are given in Table 2.2.

In addition to the stannylated thieno[3,2-b]thiophene monomer 28, the brominated 2,2’-
bithiazole monomer 31 was also required for Stille polymerisation to make PbTzTT. The
synthesis of 31 is described in Scheme 4.2. Using dithiooxamide (36) a double Hantzsch
thiazole synthesis with a-bromoketone (34) was performed to give the 4,4’-dialkyl-2,2’-
bithiazole (35). The moderate yields of 40% were compensated for by the avoidance of
functionalising the 2-position of thiazoles and then performing metal-catalysed cross-

couplings to make 2,2’bithiazoles.??% 299 300

Compound 35 was then electrophilically brominated with N-bromosuccinimide (NBS) to give
31, in low yields of 36%. The imine nitrogen of the thiazole aromatic rings deactivates 31 to
electrophilic attack. In addition to this the electron withdrawing nature of the 2-substituted
thiazole ring deactivated the 5-position even further leading to low yields of bromination.3%?

The multi-step yield in reaching 31 was 14% and was achieved in only two steps.
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Scheme 4.2. Reagents and conditions: (i) 1,4-dioxane, r.t., overnight. (ii) 1:1 CHCl3:AcOH, NBS (3 eq.), 50 °C,
overnight.

Stille cross-coupling polymerisation using monomers 28 and 31 to give the polymer PbTzTT is
outlined in Scheme 4.1. After purification by Soxhlet extraction the polymer was obtained in
37% yield. The polymer was poorly soluble in most solvents including polar organics such as
THF and DMF and the chlorinated solvents dichloromethane, chloroform and room
temperature chlorobenzene. Any solutions used for analysis or thin-film formation were first
heated at 140 °C under microwave irradiation for 20 mins in chlorobenzene or
tetrachloroethane (TCE). The 'H NMR spectrum, obtained in a solution of deuterated
tetrachloroethane (d>-TCE) at a temperature of 60 °C, featured broad and unresolved peaks
characteristic of polymers and is shown in Figure 4.3. A broad signal at 7.41 ppm was assigned
as thienothiophene aromatic protons. Broad signals at 3.03 ppm, 1.53 ppm and 1.31 ppm
were assigned to methylene protons of the sidechain. A broad signal at 0.92 ppm was

assigned as the sidechain terminal methyl protons.
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Figure 4.3. 'H NMR spectrum of PbTzTT in a solution of d,-TCE.

The optoelectronic properties of PbTzTT are also outlined in Table 2.2 and are compared to

PbTTT. Solution UV-vis absorption spectra of both polymers is shown in Figure 4.4. A red
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shifting in the peak maxima and shoulders were observed in solution spectra of PbTzTT
compared to PbTTT, suggesting the presence of J-aggregates through increased mn-stacking in
solution.302 393 The onset of absorption is also red shifted in thin film spectra, this leads to a

decrease in the optical band gap of 1.87 eV in PbTzTT compared to 1.93 eV in PbTTT.

The electrochemical oxidation and reduction potentials of both polymers were measured on
thin films using cyclic voltammetry. The IP of both polymers was estimated from the onset of
oxidation. The PbTTT onset of oxidation of 0.24 V corresponded to an IP of 5.04 eV, which
closely matched literature values.??° In the positive CV of PbTzTT a surprisingly large increase
in the oxidation potential was observed. The onset of oxidation was 0.70 V corresponding to
a high IP of 5.50 eV. The onsets of reduction for PbTTT and PbTzTT were observed at -1.24

and -1.21 V respectively corresponding to EAs of 3.56 eV and 3.59 eV.

As has previously been observed in thiazole containing polymers, the introduction of imine
nitrogen atoms in PbTzTT were seen to stabilise both HOMO and LUMO.186:304,305 The electron
withdrawing nature of the imine nitrogen decreases the electron density across the polymer
chain and localises the LUMO to the thiazoles in PbTzTT, leading to an increase in the solid-
state EA. A dramatic stabilisation of the HOMO was also observed in PbTzTT leading to a large
increase in IP of 0.46 eV compared to PbTTT. This seems surprising when compared to
previous studies in which both the HOMO and LUMO have been stabilised approximately
equally in polymers in which thiazoles have been used to replace thiophenes. 186 304, 305
Further studies including photoelectron spectroscopy, theoretical calculations and a
comparison to PbTz3 are needed to confirm the origin of the extremely high electrochemical

IP in PbTZTT.
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Figure 4.4. Left: Solution and thin-film UV-vis spectra of PbTTT and PbTzTT in chlorobenzene. Right: Cyclic
voltammograms of thin films of PbTTT and PbTzTT. Referenced to Fc/Fc*standard with Ag/Ag* pseudo-reference
electrode, platinum wire as counter electrode and glassy carbon working electrode.

Table 4.1. Molecular weight, optical and electrochemical Properties of PbTTT and PTzTT.

Optical

-1 -1 [b] [b]
(g.mol™) (g.mol™) Eonset™ (V) Eonset™ (V) (nm) (nm) gap¥ (eV) (eV) (eV)
PbTTT 69,903 34,099 0.24 -1.24 553 643 1.93 5.04 3.56
PbTzZTT 0.70 -1.21 551 664 1.87 550 3.59

[a] Taken from gel permeation chromatography in chlorobenzene using calibration curve from polystyrene
standards. [b] From thin film cyclic voltammetry using glassy carbon working electrode, platinum wire counter
electrode and Ag/Ag* pseudo-reference electrode. Fc/Fc* half potential used as an external standard. Values are
reported from the 4™ cycle and measured at 100 mV.s™%. [c] From thin film UV-vis absorption spectroscopy. [d]
Estimated from Aonset. [e] Estimated from electrochemical onset of oxidation (Eonset). [f] Estimated from
electrochemical onset of reduction (Eonset).

4.2.2 Synthesis of PbTz3 and the Reactivity of Thiazoles

To synthesise PbTz3 by Stille cross-coupling polymerisation it was necessary to synthesise
thiazolo[5,4-d]thiazole, 33. The first reported synthesis and identification of thiazolothiazole
ring systems was reported by Ketcham???3% and a slightly modified procedure reported by
Benin?®® was used here and is shown in Scheme 4.3. Two steps in the route to 33 contain
considerable practical problems. The ring-closing condensation to give the bis-furyl product
(38) is inefficient, after recrystallisation the overall yield is 22 %. The nature of the double

ring-closing condensation to form one molecule from three means the reaction is not
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favoured entropically. In addition to this the high temperatures required produce a large

amount of difficult to separate by-products.

The oxidation of 38 to give the di-acid 39 is also low-yielding, requiring over ten equivalents
of potassium permanganate as oxidising agent. When scaling up, the large amounts of
oxidising agent bring the risk of exothermic runaway and careful monitoring of the reaction
is required. Separation of the product from black tarry side-products and excess manganese
dioxide, from reduced potassium permanganate, was labour intensive and reduced the yield
to 39%. Other routes to 2,5-substituted thiazolo[5,4-d]thiazole derivatives have been
reported,®°” however this is the only route to unsubstituted thiazolo[5,4-d]thiazole currently

available.

The monomer 29 was obtained in a yield of 17% by deprotonation of 33 using lithium
diisopropylamide (LDA) and subsequent quenching of the carbanion with the electrophile
trimethyltin chloride. The highest yields were obtained by deprotonating 33 with one
equivalent of LDA and quenching with one equivalent trimethyltin chloride. This was followed
by a subsequent deprotonation and electrophilic attack on the remaining unsubstituted
carbon. Lower yields, of less than 5%, were obtained when adding 2 equivalents of n-
butyllithium (n-Buli) or LDA at once. A large amount of insoluble black material was found in
the completed reaction mixture. Yields of 2-stannyl products less than 20% and the
observation of decomposed side-products has also been reported for the deprotonation of
thiazoles with electron withdrawing groups on the 5-position.?®> 2% 298 This was attributed to
a stabilisation of the ring-opened isocyanate intermediate (41), shown in Scheme 4.4 for
when 33 is metalated, which goes on to decompose. Computational studies have previously

identified cleavage at the S-C2 bond in thiazole anions.3%®
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Scheme 4.3. Reagents and conditions: (i) phenol (4.0 eq.), 190 °C, 1 h. (ii) t-BuOH, 90 °C, 2 h, then cooled to 60
°C, H20, aliquat 336, then cooled to 10 °C, KMnO4 (10.6 eq.), 14 h, H20, NaHSOs. (iii) EtOH, reflux, 14 h. (iv) THF,
-78 °C, LDA (1.2 eq.), 1 h, MesSnCl (1.2 eq.), 1 htor.t, -78 °C, LDA (1.2 eq.), 1 h, Me3SnCl (1.2 eq), 1 hto r.t.
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Scheme 4.4. Metalation of thiazolo[5,4-d]thiazole with alkyllithium and subsequent ring-opening to give
isocyanate and decomposition.

The ring-opening described in Scheme 4.4 has also been extensively studied as a result of
oxazole metalation on the most acidic 2-position. In oxazoles however it has been possible to
selectively isolate ring-closed and ring-opened products in yields above 20% by selecting the
correct electrophile. Scheme 4.5 summarises the products of oxazole metalation and
guenching with different electrophiles. It has previously been reported that treatment of the
metalated oxazoles with acyl chlorides?®? 293:3%% and silyl chlorides3? leads to products similar
to 46. The O-silyl isocyanate (46) product has however been known to ring-close into the 2-
silyloxazole (45).2°% 3% Electrophilic substitution on to C4, to give 47, has only been observed

when iodine is used as electrophile.31! If R, = H ring-closure occurs to give 4-iodo-oxazole.

Since the product of metalation and substitution, 29, was isolable it was worthwhile to
investigate the reaction of 40 with other electrophiles. 33 was first treated with one
equivalent of n-BuLi and subsequently quenched with acetyl chloride. A large amount of
insoluble black material was found in the completed reaction mixture which was filtered. The
'H NMR of a separated compound, with lower Rsthan 33 and obtained in 13% yield, is shown
in Figure 4.5. Either singlet at 2.57 ppm or 2.89 ppm could be attributed to the acetyl CH;

protons. In addition, two singlets at 25.8 ppm and 21.9 ppm are observed in the 33C NMR
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spectrum, which could be attributed to CH3 carbon of the acetyl group. 3C signals at 173.0
ppm and 168.7 ppm could be attributed to the isocyanate or possibly to the C2 carbon of the
ring-closed acetyl thiazolo[5,4-d]thiazole. It is impossible to conclude if the majority product
from this brief study is the ring-closed 2-substituted thiazole 48 or one of the two possible
ring-opened isocyanates 49 or 50. These results, coupled with the reaction to make 29, do
suggest however that it is possible to isolate a substituted product from metalation and

electrophilic substitution of thiazolo[5,4-d]thiazoles.

Ri_0 Ri<_0 Ri_oLi
)I »  RLi I )Ll = IN
Rz N R, N R2 ® Co
42 43 44
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Scheme 4.5. Summary of the possible products of metalation and electrophilic substitution from previous
reports. Scheme is adapted from previous reports by Pirrung?®® and Dondoni.?*?
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Figure 4.5. Reaction of lithiated 33 with acetyl chloride. a) *H and b) *C NMRs of the low Rs separated product.

Having successfully synthesised the monomers 29 and 31, a Stille cross-coupling
polymerisation was attempted and is outlined in Scheme 4.6. After completion of the reaction
no significant colour change was observed. In the formation of high molecular weight
polymers, or even lower molecular weight oligomers, a redshifted absorption band compared
to monomers, indicative of a lowering in the optical bandgap, was expected. The UV-vis
absorption spectrum of the Stille polymerised PbTz3 in Figure 4.6 however, shows no shift in
the absorption maxima or onset when compared to the monomer 31. Approximately an hour
after the completion of the reaction a white crystalline solid began to precipitate out of the
reaction mixture which was filtered and dried in vacuo. The filtrate then had all solvent

removed in vacuo. The 'H NMR spectra of the precipitate, in Figure 4.6, revealed that the
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unreacted monomer 31 had precipitated out of the reaction confirming that polymerisation

had not occurred under Stille conditions.

A comparison of *H NMR of the dried filtrate and the monomer 29, in Figure 4.6, shows an
additional singlet at 8.95 ppm matching that of the C2 hydrogen on 33. This suggests that the
trimethylstannyl group of monomer 29 had decoupled from the thiazolo[5,4-d]thiazole ring
during reaction. In order to investigate the temperature dependant stability of 29
thermogravimetric analysis (TGA) was carried out and is shown in Figure 4.6. A mass loss of
approximately 70% with onset at 79 °C was observed which corresponds to a loss in two
trimethylstannyl groups. This confirms that the monomer 29 is not stable at the high
temperatures required for cross-coupling polymerisations and the two trimethylstannyl

groups were thermally cleaved before reaction could occur.
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Scheme 4.6. The palladium catalyzed Stille cross-coupling reaction of the monomers 29 and 31 to make PbTz3.
Reagents and conditions: (i) Chlorobenzene, Pd2(dba)s(0.02 eq.), P(o-tol)3 (0.08 eq.), microwave 100 °C 1 minute,
120 °C 3 minutes, 140 °C 5 minutes and 160 °C 5 minutes.
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Figure 4.6. Analysis of the products from Stille cross-coupling polymerisation of 29 and 31. a) UV-vis absorption
spectroscopy of the completed reaction mixture compared to the monomer 31. b) Thermogravimetric analysis
(TGA) of the monomer 29. ¢) *H NMR of separated precipitate and filtrate from the completed reaction mixture
compared to unsubstituted thiazolo[5,4-d]thiazole.

The instability of monomer 29 meant that an alternative route to PbTz3 was needed.
Reversing the functionalities of the monomers for Stille polymerisation was first attempted.
This was not ideal since the 5,5’-hydrogens of the alkyl-2,2’-bithiazole, 35, are the least acidic

and direct metalation on this position was not possible with n-butyllithium or t-butyllithium.
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In addition to this lithium-halogen exchange on 31 using n-butyllithium was unsuccessful.
Scheme 4.7 shows the eventual successful lithium-halogen exchange with 4 equivalents t-
butyllithium (t-BulLi). This was followed by electrophilic substitution with trimethyltin chloride
of to give 51 in a moderate yield of 59%. The monomer 51 could then be used in the Stille

polymerisation outlined in Scheme 4.8.
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Scheme 4.7. Reagents and conditions: (i) THF, -94 °C, t-BulLi (4.8 eq.), 1 h, Me3SnCl, r.t. overnight.
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Scheme 4.8. Proposed Stille cross-coupling polymerisation between 51 and 2,5-dibromothiazolo[5,4-d]thiazole
to make PbTz3. Reagents and conditions: (i) Chlorobenzene, Pd2(dba)z (0.02 eq.), P(o-tol)z (0.08 eq.), microwave
100 °C 1 minute, 120 °C 3 minutes, 140 °C 5 minutes and 160 °C 5 minutes.

The 2,5-dibromothiazolo[5,4-d]thiazole (52) monomer in Scheme 4.8 has previously been
synthesised from 33.2°8 A large excess of bromine was used as brominating agent and 2
equivalents of pyridine as catalyst. The reaction was unselective to mono and di-brominated
products and it was claimed that the barrier to the second halogenation was actually lower
than the first. Repeating the experiment in refluxing chloroform or tetrahydrofuran (THF) lead
to no reaction (entries 1 and 2, Table 4.2). It was previously proposed that the active
halogenating agent in these reactions is the N-halogenated pyridinium cation. The use of
chloroform as solvent may provide some competition in the formation of the N-halo
pyridinium cation due to the acidic nature of chloroform. It is unknown however as to why

the reaction could not be carried out in THF.

The same report described unsuccessful attempts at brominating 33 with NBS under normal
conditions and in highly acidic environments.??® Halogenation of aromatics deactivated to

electrophilic substitution has previously been achieved by using sulphuric acid, trifluoroacetic
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acid and triflic acid as solvent, presumably the strong acid solvent was used to activate the
mildly electrophilic halogen.31% 313 Electrophilic aromatic substitutions (SeAr) using bromine,
NBS and N-iodosuccinimide (NIS) were carried out and are outlined in entries 3 to 6 Table 4.2.
Each reaction yielded no di-halogenated product, less than 5% mono-halogenated and an
almost quantitative recovery of pure starting material. This series of reactions suggests that
33 was too electron deficient to be used as a substrate in direct SeAr using halogens as
electrophiles. It is possible however that the strong acids could act to protonate 33 and

deactivate it to electrophilic attack. Possible alternative conditions are discussed in the

outlook.
Table 4.2. Reactions of 33 with Electrophilic bromine under different conditions.
||/S Halogenating agent, XYS
N\/g\lN Solvent, Temp, Nl\/g\N
i |
SJ Time SJ\X
33
Halogenating . Mono- Di-
T T
Entry Agent Solvent emp(;:acr;ture ;?)e substituted substituted
(equivalents) Yield (%)?  Yield (%)[!
11b] Br, (10) THF Reflux 4 0 0
2001 Br, (10) CHCl3 Reflux 4 0 0
HCl3:AcOH .
3 NBS(3)  © C;-lcO Ambient 14 <5 0
H ‘TFA

4 NBS (2.2) 25(1)_“1 50 24 <5 0
5 NBS (2.2) TFA Ambient 24 <5 0
6 NIS (2.2) TFA Ambient 24 0 0

[a] Isolated yield after separation on silica column. [b] 2 equivalents of pyridine also used as catalyst.

Since the compound 29 was successfully obtained in low yield by lithiation and electrophilic
substitution of 33, treatment of 33 with strong base and quenching with bromine

electrophiles was attempted. Using the same procedure as in the formation of 29 but using
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CBr4 as electrophile yielded no brominated product. The same large amounts of insoluble
black material were found in the completed reaction mixtures as in previous metalations of
33. Mono-lithiation with one equivalent of n-butyllithium and one equivalent CBrsalso yielded
no product. The reaction was lower yielding than in any of the previous attempts at lithiation
of 33 and none of the substituted ring-closed or isocyanate products, previously seen in
oxazoles, were separated from the reaction mixtures. At this point attempts to synthesize

PbTz3 through cross-coupling polymerisations of the monomers 51 and 52 were abandoned.

In order to avoid the functionalisation of 33 it was envisaged that the macromonomer 54
could be made using the reaction outlined in Scheme 4.9. Testing of different polymerisation
conditions would then be required, and possibilities are discussed later in the outlook section
of this chapter. First it was necessary to obtain the thiazole-5-carbaldehyde, 53, which could
be used in ring-closing condensation with dithiooxamide, described by Ketcham,?” to give
the thiazole-flanked thiazolo[5,4-d]thiazole (54). The proposed route to 54 is shown in
Scheme 4.9. Hantzsch thiazole synthesis using the thioamide of formamide (55) and a-
bromoketone (34) gave 4-tetradecyl-thiazole (56) in 87% yield. The 2-position of thiazoles are
inert to direct electrophilic attack so electrophilic bromine could not be used to
functionalise.3%! Instead the most acidic 2-position was metalated with n-butyllithium and

trapped with CBrs to give 57 in a yield of 22%.

Finally, deprotonation of the 5-position of 57 was attempted. LDA was used as the strong-
base, to avoid lithium-halogen exchange, and the deprotonated intermediate was quenched
with DMF to give the 5-carbaldehyde 53. It became apparent in the H NMR of the crude
reaction mixture (Figure 4.7) that the majority product contained no aldehyde and no
substitution on the 2-position. The signal at 8.91 ppm was assigned as a hydrogen on the 2-
carbon of thiazole. This was likely a result of an intramolecular lithium-halogen exchange
through a process known as halogen-dance. Most reported examples of thiazole halogen-
dance reactions involve a migration of halogen from either the 2 or 5 position to the 4-
position.2%> 314317 The driving force for migration is quoted as being the added stabilisation of
the anion when on the 5-position by a flanked bromine. The halogen-dance process is
outlined in Figure 4.7 and it is the first example we know of in which the halogen migrates
from the 2-position to the 5-position. We believe this is for two reasons. The 4-position is

blocked by the electron donating alkyl group which destabilises the anion on the 5-position.
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It has also previously been seen that deprotonated aromatics will undergo halogen-dance
rearrangement so that the carbanion is on the more acidic position.31® 318 With the 5-position
of thiazole being the least acidic and the 2-position being the most acidic it is therefore not

surprising that the 5-lithiated thiazole 58 rearranges to 59 as outlined in Figure 4.7.
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Scheme 4.9. Reagents and conditions: (i) Nitrobenzene, dithiooxamide (0.5 eq.), 200 °C, 1 h, then r.t., THF,
chloranil (0.2 eq.), 70 °C, 20 min. (ii) 55, P2Ss (0.1 eq.), 1,4-dioxane, 0 °C, then 34 (0.7 eq), reflux, 1 h. (ii) THF,
-78 °C, n-Buli (1.2 eq.), L htor.t.,, =78 °C, CBr4 (1.2 eq.), 2 h to r.t. (iii) THF, -78 °C, LDA (1.2 eq.), L h tor.t., -78
°C, DMF (1.2 eq.), 2 h to r.t. (iv) THF, -78 °C, n-Buli (1.2 eq.), 1 h to r.t.,, =78 °C, DMF (1.2 eq.), overnight to r.t.
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Figure 4.7. Top: Schematic representation of the halogen-dance reaction on deprotonated 57 with bromine
migrating from 2 to 5 position. Bottom: *H NMR of the metalated reaction mixture after quenching.

Since it was not possible to deprotonate the 5-position of 57 without rearrangement, it was
decided that the macromonomer would be functionalised with bromine at the final
opportunity. The 5-position of thiazole can undergo electrophilic substitution with activating
groups on the 2 or 4-positions and direct electrophilic bromination on the 5-position was
considered.3?! A subsequent lithium-halogen exchange could then be performed allowing for
guenching with DMF to give 62. In order to avoid any further rearrangements through
halogen-dance however it was decided that it was best to protect the 2-position with an
alkylsilane. There is a previous example of trimethylsilyl (TMS) protecting groups migrating
from the 2-position to the 5-postion upon lithiation,3!® likely for the same reasons that a
halogen-dance was observed in the lithiation of 57. It was therefore decided that 56 should
be 2-protected with a triisopropylsilyl group (TIPS). 4-tetradecyl-2-triisopropylsilylthiazole-5-
carbaldehyde (60) was therefore synthesised via lithiation and quenching with

triisopropylsilyl chloride in 73% vyield, as outlined in Scheme 4.10.

119



60 was successfully deprotonated on the 5-position and quenched with DMF to give TIPS
protected thiazolyl-5-carbaldehyde 61 in 81% vyield. Double condensation ring-closure
reactions to give 64 lead to complicated mixtures. The isolation of unreacted started material
and TIPS cleaved starting material suggested that the protecting group of the 2-silylthiazole
was not stable to the high temperatures of reaction. It was therefore decided to deprotect 61
with TBAF to give the thiazolyl-5-carbaldehyde (62) in 44% yield, which was used for further

testing of condensation ring-closure reactions.
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Scheme 4.10. Reagents and conditions: (i) THF, -78 °C, n-Buli (1.2 eq.), 1 h to r.t., =78 °C, TIPS-Cl (1.2 eq.),
overnight to r.t. (ii) THF, =78 °C, n-Buli (1.2 eq.), 1 h to r.t., =78 °C, DMF (1.2 eq.), overnight to r.t. (iii) THF, 0 °C,
TBAF (1.3 eq.), overnight to r.t. (iv) Nitrobenzene, dithiooxamide (36) (0.5 eq.), 200 °C, 1 h, then r.t., THF,
chloranil (0.2 eq.), 70 °C, 20 min. (v) THF, -78 °C, LDA (2.4 eq.), 1.5 h to r.t., =78 °C, CBr4 (2.4 eq.), overnight to
r.t.

The earliest examples of thiazolo[5,4-d]thiazole formation through ring-closing condensation

involve large excesses of liquid aldehydes and no solvent.?®” 306 319, 320 \yijth only small

120



amounts of the aldehyde 62 available it was impossible however to perform test reactions
while using it in such excesses as to act as both reagent and solvent. The use of solvent would
be advantageous if it allowed for successful reactions using stoichiometric amounts of starting
materials. Examples exist in the literature of reactions of aromatic aldehydes and
dithiooxamide using DMF,321-326 chlorinated aromatics®?” or nitrobenzene3?® 32° as solvent.
Reviewing the literature revealed that reactions employing refluxing DMF as solvent were
generally lower vyielding, and used considerably longer reaction times, than when

nitrobenzene was used.

The use of unsubstituted thiazolyl-5-carbaldehydes as reagents has also been reported in
DMF,3?2 however higher yields were reported when nitrobenzene was used with microwave
heating at 150°C.3?8 The method also involved the addition of an oxidant, chloranil, towards
the end of reaction. The known intermediates of reaction 65 and 66 are shown in Scheme
4.11. It has been proposed that for the reaction to go to completion dehydrogenation of the

intermediate 66 by a mild oxidant is required.3%¢: 328

Ho s C14H29 N N/\g#s
S M> = $

N 0] 63

Scheme 4.11. Known intermediates in the reaction of aromatic aldehydes with dithiooxamide and their
cyclisation and oxidation to form thiazolo[5,4-d]thiazoles.

Based on the previously discussed literature and proposed mechanism it was therefore
decided to carry out our initial reactions on 62 at high temperature (>150 °C) using
nitrobenzene as solvent and chloranil as oxidant. Chlorobenzene was also tested as an
alternative solvent. The three reaction conditions outlined in Table 4.3 were attempted in the
synthesis of 63 and the product separated from reaction mixture in each case by column
chromatography on silica gel. The product 63 was identified in each case by *H and 3C NMR
as well as the [M+H]* molecular ion peak from ESI mass spectral analysis. A previously
reported upfield shift in the aromatic proton, compared to starting material 62, was observed
in 'H NMR spectra.3?° This was due to the loss of the deshielding aldehyde group, the proton

of which was also not observed.
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Entry 2 gave the highest yields of 30%. Using lower temperatures gave moderately lower
yields of 21%. Analysis of the crude reaction mixture and separated side products from both
entry 1 and 2 showed no signs of the intermediates 65 and 66. Previously these intermediates
have been visible in unseparated reaction mixtures which did not use an oxidant.3%® 328 This
suggests that each reaction in nitrobenzene went to completion with the addition of 0.5
equivalents of chloranil. The reaction in chlorobenzene, heated under microwave irradiation,
(entry 3) gave only recovery of starting material. The slightly oxidative nature of nitrobenzene

may mean it is a better choice of solvent for this reaction.

A possible explanation for the low yields may be that the initial step of the reaction involves
nucleophilic attack of the thioamide on the carbonyl carbon of the aldehyde. Electron
deficient aromatic groups may withdraw electron density from the carbonyl carbon making it
more susceptible to nucleophilic attack. The electron donating alkyl group on 62 could lead
to a slight deactivation of this carbon to nucleophilic attack. Another possibility is that the
long alkyl chain simply blocks the aldehyde from nucleophilic attack. Further study into

conditions and substituent effects are needed, however.

Table 4.3. Reactions of 62 with dithiooxamide.
N-_-C14H29
/
0 ¢ |
S Solvent, S | S
H S NH Chloranil,
| /> + HzN)kﬂ/ 2 Temperature, N/ |N
CuH N S Time S S
141129 | />
Cq4H2g
62 36 63
Temperature . .
Entryl® Solvent F()°C) Time (h)®! Yield (%)t
1 Nitrobenzene 150 1 21
2 Nitrobenzene 200 1 30
3 Chlorobenzene 180! 1 0
[a] All reactions used 2 equivalents 62 with respect to 36 [b] After the completion of each reaction THF and
chloranil (0.5 eq.) were added and the reaction heated to 70 °C for 20 min. [c] Isolated yield after separation
on silica column. [d] Heating carried out under microwave irradiation.
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The brominated monomer unit 54 was finally synthesised as described in Scheme 4.10. The
2-positions of the flanked thiazole units are inactive to electrophilic substitution and, like in
the synthesis of 57, bromination was achieved through deprotonation with strong base and
electrophilic substitution with CBra. As previously described in Scheme 4.4, Scheme 4.5, Figure
4.5 and in previous literature concerning the metalation of thiazoles with electron-
withdrawing groups on the 5-position,?> 2% 298 it was assumed the low yield of 37% was due
to a ring-opening to the isocyanate and subsequent decomposition. Similar large amounts of

insoluble black material were observed as when 33 was treated with strong base.

4.3 Conclusions and Outlook

In conclusion the novel polymer PbTzTT was synthesised and comparisons of some
optoelectronic properties were made with PbTTT. An expected stabilisation of both the
HOMO and LUMO were observed in PbTzTT leading to a slightly higher solid-state EA. A
considerable increase in the IP of 0.46 eV was also observed, further experimentation is

needed to fully understand the large extent of this increase.

Significant problems in synthesising the polymer PbTz3 were encountered. The low yielding
and labour intensive classical route to thiazolo[5,4-d]thiazole, coupled with its inactivity to
electrophilic attack and instability upon metalation, caused significant problems in finding a
route to a monomer for palladium catalysed cross-couplings. A brief investigation into
selectivity of the metalated thiazolo[5,4-d]thiazole towards different electrophiles was
performed. It was seen that stannyl electrophiles can be used to isolate the monomer 29 in
low vyields, it was deemed unsuitable for polymerisation however due to its instability at

elevated temperatures.

Electrophilic halogenation of the thiazolo[5,4-d]thiazole was unsuccessful using strong
Bronsted acids as solvents and it was suggested that this was due to the protonation of
aromatic leading to deactivation. A reaction could be attempted however using bromine as
brominating agent and a Lewis acid, such as AlBr3, to activate the bromine to electrophilic

attack as outlined in Scheme 4.12, avoiding any possibility of protonation.
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Scheme 4.12. Possible use of Lewis acid catalyst for the electrophilic halogenation of thiazolo[5,4-d]thiazole.
An alternate route to the monomer 54 was designed. In reaching 54 some light was shed on
the stability of 2-bromothiazoles to metalation. Halogen dance type rearrangements were
observed in thiazoles with blocked 4-positions, the bromine migrating from the 2-position of
thiazole to the 5-position. This allowed for metalation on the thermodynamically more stable
2-position. In order to avoid rearrangements such as this the route to 54 was redesigned as

to involve silyl protection on the 2-position and 54 was synthesised in low yields.

After the successful synthesis of monomer 54 the immediate outlook involves its
polymerisation to give PbTz3. Previously polymerisations of thiazole monomers halogenated
on the 2-position have been achieved through Stille type polymerisations. Functionalising half
of the monomers with trialkyltin functional groups3® or reaction of 54 with hexamethylditin
could be carried out. It would be preferential to avoid the use of highly toxic alkyl-tin reagents

and some alternative reactions are outlined below.

Other metal catalysed cross-couplings could be used. Suzuki coupling could also be attempted
although this will require one further transformation of the monomer to the boronate ester
or acid.3*® Homo-polymerisations of di-brominated monomers have also previously been
achieved using Yamamoto coupling.331-333 An advantage to using this reductive cross-coupling
is that no further functionalisation to create a nucleophilic aryl component is necessary, i.e.
organo-tin and organo-boronate functionalities are avoided. A stoichiometric amount of Ni(0)

catalyst is required and an excess of zinc or manganese to reduce the catalyst back to Ni(0).334

There are numerous high-yielding examples of the homo-coupling of 2-bromothiazoles using
palladium acetate as catalyst.?%® 33> 336 Mildly basic conditions were used to reduce the
catalyst to a usable Pd(0) state. The reaction is reportedly effective with both electron-
withdrawing and electron-donating substituents, however the thiazolo[5,4-d]thiazole
substituent of 54 is likely more electron-withdrawing than most substituents so far reported.
A stepwise cross-coupling polymerisation with palladium acetate under basic conditions

seems like a reasonable starting point for polymerisation of 54.
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Grignard metathesis (GRIM) and Kumada type polymerisations have previously been
successful on thiazole containing polymers.8 337 |n the metalation and bromination of 63
however, it became apparent that the 2-position of the thiazole was susceptible to the ring-
opening outlined in Scheme 4.5. Metalation by insertion of magnesium in the GRIM process
may also lead to the same ring-opening which would likely translate to intolerably low

molecular weights and yields in polymerisation to give PbTz3.
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Chapter 5. Conclusions

With the rapid rate of growth of the wider field of organic electronics it is becoming
increasingly necessary for an increased understanding of the processes underpinning n-type
charge generation. Chapter 2 and Chapter 3 of this work explore the nature by which n-type
doping occurs, principally by investigating two mechanisms of electron transfer. The true
nature of n-type charge transfer involving organic semiconductors is complex and has been
discussed for a number of years. The work carried out in Chapter 3 adds to that discussion
and ultimately lends weight to the idea that the transfer of one electron from fluoride to
electron deficient aromatic is unfavourable.®®17? Intramolecular charge transfer has shown
promise in recent years as an alternative to introducing external doping species. The work in
Chapter 2 however reveals that the structures and underlying mechanisms of a promising
self-doping semiconductor are more complicated than assumed. The nature of intramolecular
charge transfer, the decomposition pathways of quaternary ammonium hydroxides and the
products of rylene diimides treated with aqueous bases all play a part in the generation of an
n-doped semiconductor. Controlling each of these factors, during synthesis and processing,

will be important in the near future as these materials begin to be applied in devices.338 33°

Chapter 2 dealt with the mechanism of quaternary ammonium dopants covalently bound to
electron deficient conjugated units. The long-lived air stability of quaternary ammonium
doped rylene diimides made them promising candidates for wider device fabrication without
encapsulation. In this work structural characterisation through combined spectroscopic
techniques highlighted that the imide groups, often used as the point of functionalisation for
NDI and PDI conductors and semiconductors, are susceptible to hydrolysis during ion
exchange of the precursor. The resulting ring-opened products can undergo the reverse
condensation reactions to reform the cyclic imide. This ring-closing reaction is at play during
the removal of solvent and complicates the already unknown mechanism of doping. This has
implications on how we view previous literature concerning quaternary ammonium dopants.
Previous studies on the mechanism of doping have not provided structural
characterisations’? and in one case the amine and imide nitrogen has been used in XPS
studies to determine the quaternary ammonium moieties role in doping.'’* The ring-opened

structure identified in this work, and the dynamic nature of the hydrolysis reaction, means
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that amide nitrogen is also present in varying concentrations depending on film forming
conditions and complicates previous spectroscopic studies. It is now apparent that future

studies in to doping mechanisms must take in to account the hydrolysis of the rylene imide.

It was previously suggested that covalently binding dopants to semiconductors was an
effective way of avoiding morphological incompatibility between the two.1’* 72 |n the case of
NDI-OH, this work suggests however that there are still structure-morphology relationships
which have an impact on the electrical performance of processed thin-films. AFM images of
the films reveal large crystalline domains with increased grain boundaries in films drop-cast
at low temperatures. These same films exhibit low conductivities and it was shown that at
lower temperatures less ring-closing condensation of the hydrolysed product occurs. It is now
possible to consider that films formed at high temperatures contain more naphthalene
diimide units than those formed at lower temperature which likely contain ring-opened
amides. The effect the chemical composition of the films has on the FMOs and morphology
of films needs to be investigated further, however initial electrical conductivity

measurements suggest more reformation of NDI is preferable.

As discussed in previous literature concerning PDIs doped by quaternary ammonium salts, the
pathway by which the quaternary ammonium moiety decomposes at high temperature is
unknown. How the products of this decomposition contribute to n-type doping is also still
under investigation and should be the primary focus of future work on these compounds.
Previous studies, both theoretical?®* 23> and experimental®33, have concluded that the primary
products of quaternary ammonium decomposition are those of an E2 Hoffmann type
elimination. Similar experiments, using a combination of thermogravimetric and mass
spectral analysis, could be used to confirm the presence of the Hoffmann product,
trimethylamine, upon thermal decomposition of NDI-OH. The subsequent interactions
between the products of decomposition and the NDI core could then be investigated in a
similar way to the work carried out in Chapter 3 however the presence of ring-opened NDI
products may complicate this analysis. An initial computational study, in which AG of possible
doping species complexing with ring-opened or closed NDIs is calculated,®® 340 should help

to direct further experimental work on this topic.

The second n-doping system investigated, in Chapter 3, was BDOPV and 2F-BDOPV doped
with fluoride salts. The role which fluoride anions play in the introduction of n-type charge
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carriers to organic semiconductors has been much studied in recent years with many
mechanisms being proposed.16> 166, 168-170 A |arge part of the debate surrounding fluoride
dopants has concerned the efficacy of a direct electron transfer with fluoride anions as
donors. The results outlined in Chapter 3 are in agreement with the most current literature
and suggest that the role of fluoride anions is more complicated than simply acting as an

electron donor.168170

We initially observed a contrast in absorption spectra of BDOPV derivatives doped by fluoride
in solutions of DMF and CHCIs. Differences in the interactions between fluoride and the two
different solvents were immediately observed by NMR and suggested that fluoride
preferentially acted as a base rather than electron donor. In deuterated chloroform the
observation of CHCls showed fluoride was acting to deprotonate the solvent and the
subsequent trichloromethanide anions then went on to deprotonate water. A slow deuterium
hydrogen exchange with water and solvent d7-DMF was also observed. This exchange has
previously been observed in solutions of de-DMS0.%%* In addition to this the inactivity of
fluoride salts as dopants in certain chlorinated solvents has also been reported.’’® The
characterisation of reactions between TBAF-3H,0 and the solvents DMF and CHCls outlined

in Chapter 3 therefore compliment previous literature.

The consequences of the reactions of fluoride with solvents on the mechanisms of doping
were then investigated. Structural characterisation of the doped species suggested that the
active dopant was hydroxyl anions rather than fluoride. The observation of no EPR signal and
high wavelength absorption features at zero equivalents of dopant raised the possibility that
no electron transfer had taken place at all. The possibility that the absorbance features
observed initially were due to aggregation effects still remain. A lack of EPR signal however
may be due to BDOPVs ability to stabilise spin neutral bipolarons and is not necessarily an
indication that charge carriers are not present. Further studies involving the doping of BDOPV
derivatives must first confirm the presence of charge carriers before direct comparisons can
be drawn between the interactions of fluoride with previously studied NDI derivatives and
BDOPV. The UV-vis-NIR absorption data in DMF solutions, presented in Chapter 3, does
indicate the presence of radical type BDOPV species, this needs to be confirmed with a more

in depth EPR study however.
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As well as exploring the fundamentals of n-type doping the work presented in this thesis
attempts to address the lack of viable n-type semiconducting polymers. The possibility of
synthesising n-type polymers exhibiting similar long-range order to PbTTT was explored in
Chapter 4. Two polymers, PbTzTT and PbTz3, were designed which incorporated electron
withdrawing imine bonds into the PbTTT architecture through the replacement of thiophene
and thieno[3,2-b]thiophene rings with thiazole and thiazolo[5,4-d]thiazoles. This design
rationale has previously been applied to the polymer P3HT where introduction of thiazole
rings successfully stabilised both the HOMO and LUMO levels.*® In addition to this thiazole
rings have also been used as acceptor units in donor-acceptor and all-acceptor polymers for

over a decade.?3*!

Successful synthesis of the polymer PbTzTT was achieved through Stille cross-coupling
polymerisation of the monomers 5,5-dibromo-4,4’-ditetradecyl-2,2’-bithiazole and
bis(trimethylstannyl)thieno[3,2-b]thiophene. The electron affinity and ionisation potential of
PbTzTT were estimated by electrochemical and optical absorption techniques and were
compared to the polymer PbTTT. An expected stabilisation of both the HOMO and LUMO
energy levels was observed in PbTzTT when compared to PbTTT. The large increase in
ionisation potential (5.50 eV for PbTzTT compared to 5.04 eV for PbTTT) measured by cyclic
voltammetry on the thin film was unexpected, however. This lead to a large increase in the
observed electrochemical band gap and is surprising given the introduction of thiazole units

would be expected to lead to more donor-acceptor character in PbTzTT compared to PbTTT.

The use of thiazolo[5,4-d]thiazole units in semiconductors has been limited to a few
examples.3423%5 This is largely due to inefficient published synthetic procedures to reach
unsubstituted thiazolo[5,4-d]thiazole and the subsequent chemical inertness of the
heterocyclic ring.??” 28396 The functionalisation of thiazolo[5,4-d]thiazole heterocycles for
use as monomers in Stille coupling polymerisations to give PbTz3 was explored. As previously
reported,?® the electron withdrawing effect of two imine bonds made thiazolo[5,4-d]thiazole
inert to electrophilic substitution reactions. Metalation also lead to decomposition of the
heterocycle before an electrophile could be introduced. There were indications however that
ring-opened isocyanate intermediates can be preferentially trapped by particular
electrophiles. In addition to this low vyields of the substituted 2,5-

bis(trimethylstannyl)thiazolo[5,4-d]thiazole product, made by metalation and quenching with
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trimtheyltin chloride, further indicated that metalation does not necessarily lead to full
decomposition and ring-closed products can also be trapped. The possibility that a choice of
electrophiles may be capable of trapping ring-closed thiazoles or ring-opened isocyanates
means that further comparisons can be drawn with the reactions of lithiated 1,3-oxazoles.?**
293, 303311 Fyture studies, employing a variety of electrophiles, could be used to identify
suitable reaction conditions for capture of isocyanate and thiazole type products and widen

the synthetic scope of thiazole[5,4-d]thiazoles and other 5-substituted thiazoles.

The complications in the functionalisation of thiazolo[5,4-d]thiazole lead to the design of an
alternate route to PbTz3. Successful synthesis of the monomer 2,5-bis-5(4-tetradecyl-2-
bromothiazole)thiazolo[5,4-d]thiazole was achieved through the use of a double ring-closing
condensation reaction. Some optimisation of the reaction conditions was required, and it was
found that a mild oxidant improved the yield of this reaction. Although the overall yield of
this multi-step procedure to reach 2,5-bis-5(4-tetradecyl-2-bromothiazole)thiazolo[5,4-
d]thiazole was low, 2%, it was preferable to avoid the harsh conditions of the oxidisation step

involved in thiazolo[5,4-d]thiazole synthesis and the difficulties in its functionalisation.

The work presented in this thesis has attempted to broaden the horizons of research into n-
type organic semiconductors. In recent years interest surrounding n-type materials has lead
to a surge in publications concerning the topic. A drive to replace fullerenes as acceptor
components in photovoltaic devices has seen a rise in the number of molecular n-type
semiconductors.” 3*¢ The production of new dopants has still been slightly slower, however.
A notable exception to this is the 2020 reports of molecular hydride dopants based on
triaminomethanes (TAM),3#7- 348 which have been used to dope BDOPV polymers and achieve
conductivities of over 20 S cm™. These strikingly high conductivity values mean that we are
beginning to see comparable electrical performance between n-type and p-type materials.
Even with these improvements, an understanding of the mechanisms underpinning n-type
doping is imperative. This makes the work in Chapter 2 and Chapter 3 important. Although
the maximum conductivity values of NDI-OH may not reach the heights of TAM doped BDOPV,
a clear relationship between structure and electrical properties was observed. Even simply
identifying the structure of the dopant precursor revealed things were not as they seemed.
Fundamental studies like these are important not only in elucidating the mechanisms

surrounding quaternary ammonium and fluoride dopants but will be important for all new
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materials in the future. In addition the work presented in Chapter 4 has not only added to the
library of available n-type materials; it also allows chemists to see the possibility of expanding
the synthetic scope of thiazolo[5,4-d]thiazole. The reactions described in Chapter 4 go some
way to bringing about routes to the incorporation of this rarely used but theoretically

advantageous ring-system.
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Chapter 6. Experimental Section

6.1 Experimental Chapter 2 - Structure and Mechanisms of

Quaternary Amine Self-Dopants.

General: Commercially available compounds and solvents were used as received. Solution
NMR spectra were recorded using a Bruker Avance Ill 400 and Neo 700 spectrometer,
operating at 400 and 700 MHz, respectively. Chemical shifts are reported in ppm with the
residual solvent peak of CHCl3 (6 = 7.27 ppm, s) DMSO (6 = 2.50 ppm, s) or H,0 (6 =4.79 ppm,
s) as the internal standard for *H NMR. UV-Vis spectra were recorded in DMSO or aqueous
solutions or thin-films on glass substrates on a Shimadzu UV-2600 or Shimadzu UV-3600i Plus
UV-VIS-NIR spectrophotometer. Thin-films were drop-cast onto glass substrates from 5
mg/mL, 2.5 mg/mL or 0.5 mg/mL solutions from aqueous solutions. Fourier Transform
Infrared (FTIR) spectroscopy was recorded on a Shimadzu IRTracer-100 with an attenuated
total reflectance (ATR) setup. High resolution mass spectrometry (HRMS) with electrospray
ionisation (ESI) was performed via direct injection on a Thermo Orbitrap Exactive Plus Mass
Spectrometer. Atomic force microscopy was carried out in tapping mode on a Bruker
Dimension® Icon™ Scanning Probe Microscope. X-ray fluorescence was carried out under an
inert Helium atmosphere with a Malvern Panalytical Epsilon 4 spectrometer equipped with a

silver (Ag) anode X-ray tube.

Electrochemical Measurements: Cyclic voltammetry (CV) was performed on an
Autolab/PGSTAT101 potentiostat in 0.1 M solutions of tetrabutylammonium
hexafluorophosphate as electrolyte. Glassy carbon was used as working electrode, a platinum
wire as counter electrode and silver/silver nitrate (Ag/Ag*) as reference electrode. The FMO
energy levels were then estimated according to the equations FMO (eV) = -4.71 - Eonset Where

Eonset is the onset of reduction (LUMO) or oxidation (HOMO).

Conductivity Measurements: Glass slides were cleaned with soap and deionised water,

acetone and then IPA by sonication for 15 minutes in each solvent. This was followed by O3
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plasma cleaning for 30 minutes. Films of NDI-OH were then drop-cast from 5 mg/mL aqueous
solutions. Thickness of films was measured with a Dektak 3ST surface profiler. Conductivity
was then measured in air using a Keithley 4200 semiconductor characterisation system. Using
four probes a Van der Pauw geometry was used in which horizontal and vertical resistances,
Rnhand Ry, were measured and related to the sheet resistance, Rs, of the sample according to

equation 6.1.

—nRp —nR,, 6.1
eR +ekR =1

With a known thickness of thin-film, t, the resistivity, p, could then be calculated according to

equation 6.2 and the electrical conductivity, o, calculated according to equation 6.3.

p=Ry Xt 6.2

1 6.3

H
O._N_DO
0~ 'N° "O

H

1,4,5,8-Naphthanlenetetracarboxylic diimide (6)

Naphthalenetetracarboxylate dianhydride (5) (8.00 g, 0.0300 mol) and ammonium acetate
(46.3 g, 0.600 mol) were suspended in acetic acid (200 mL). The orange reaction mixture was
stirred under reflux for 1 hour then cooled to room temperature and filtered. Washed
thoroughly with acetic acid, methanol and diethyl ether to give the product as an orange solid

(5.76 g, 72%). FTIR Vmax/cm™: 3062 (N-H), 1734 (C=0, asym. str), 1674 (C=0, sym. str).
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N,N’-Bis(8-bromooctyl)-1,4,5,8-naphthalenetetracarboxylic diimide (7)

6 (1.70 g, 6.38 mmol) and 1-bromooctanol (3.28 mL, 19.1 mmol) were stirred in anhydrous
THF (30 mL) and cooled to 0 "C. A solution of diethyl azodicarboxylate (3.77 mL, 19.1 mmol)
and triphenylphosphine (5.02 g, 19.1 mmol) in anhydrous THF (20 mL) was then added to this
dropwise under a nitrogen atmosphere and the reaction was stirred at room temperature
overnight. Solvent was evaporated and the crude oil was run through a short silica plug with
DCM as eluent. Further purification by column chromatography (3:7 hexane:DCM) and
recrystallisation from ethyl acetate/hexane gave the pure product as yellow crystals (0.801 g,
21%). 'H NMR (700 MHz, CDCl3) & 8.75 (4H, s, ArH), 4.19 (4H, t, J = 7.7 Hz, NCH,), 3.40 (4H, t,
J=6.9 Hz, CH,Br), 1.85 (4H, quin, J = 7.2 Hz, NCH,CHz), 1.74 (4H, quin, J = 7.6 Hz, CH>CH2Br),
1.32-1.45 (16H, m, (CH:)4); 3*C NMR (176 MHz, CDCl3) 6 163.0 (NCO), 131.1 (ArC), 126.8 (ArC),
126.8 (ArC), 41.0 (CH2N(CHs)3), 34.1 CH3Br), 32.1 (CH2), 29.2 (CH,), 28.7 (CH), 28.2 (CH2), 28.1
(CH3), 27.0 (CH3); HRMS (ESI) m/z: 647.1105; calculated for [C3oH3sBr2 N2O4+H]* = 647.1120
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N,N’-Bis(8-(trimethylammoniumiodide)octylene)-1,4,5,8-naphthalenetetrabarboxylic
diimide (NDI-NMe3:l)

7 (0.500 g, 0.770 mmol) and dimethylamine (2.00 M in THF, 38.6 mL, 77.1 mmol) were
dissolved in anhydrous THF (25 mL) and stirred under reflux overnight in a nitrogen
atmosphere. Reaction mixture was cooled to room temperature and excess dimethylamine
was removed by bubbling with a stream of nitrogen for 2 hours. Solvent THF was removed in
vacuo. The resultant oil was then dissolved in chloroform (27 mL) and iodomethane (0.290
mL, 3.86 mmol) was added before being refluxed for 2 hours. The reaction mixture was cooled
to room temperature and a brown precipitate was filtered and washed with chloroform,
hexane, ethanol and diethyl ether before being recrystallised from acetone/water to give the
product as an orange solid (0.296 g, 44%). *H NMR (700 MHz, DMSO) & 8.64 (4H, s, ArH), 4.04
(4H, t, J = 7.7 Hz, NCH), 3.27 (4H, m, CHzN(CH3)sl), 3.04 (18H, s, N(CH3s)zl), 1.63-1.68 (8H, m,
NCH2(CHz)2), 1.31-1.39 (12H, m, (CH.)3), 1.28 (4H, m, CH,); 13C NMR (176 MHz, DMSO) & 162.6
(NCO), 130.5 (ArC), 126.3 (ArC), 126.2 (ArC), 65.3 (CH2N(CHs)3), 52.2 (N(CHs)s), 40.1 (NCH>),
28.5 (CH,), 28.4 (CH2), 27.4 (CH>), 26.5 (CH>), 25.7 (CHy), 22.0 (CH2); HRMS (ESI) m/z: 303.2068;
calculated for [C36H52N404+H]* = 303.2067
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N,N’-Bis(8-(trimethylammoniumhydroxide)octylene)-1,4,5,8-naphthalenetetrabarboxylic
diimide (NDI-OH)

NDI-NMesl (50.0 mg, 0.0572 mmol) was dissolved in 5 mL of de-ionised water and washed
through ion-exchange resin (DOWEX 550A, Sigma) with 2 mL THF and 5 mL more water. THF
was evaporated in vacuo to leave a colourless aqueous solution of 5 mg/mL. An NMR sample
was prepared in the same way using deuterium oxide rather than water. *H NMR (700 MHz,
D,0) & 8.59 (1H, d, J = 7.5 Hz, ArH), 8.57 (1H, d, J = 7.5 Hz, ArH), 7.95 (1H, d, J = 7.5 Hz, ArH),
7.91(1H,d,J=7.5Hz, ArH), 4.10 (2H, t,J = 7.4 Hz, NCH>), 3.40 (2H, t, /= 7.1, NCH>), 3.31-3.26
(4H, m, CHzN(CH3)s0H), 3.09 (9H, s, N(CHs)30H), 3.08 (9H, s, N(CH3)30H), 1.80-1.74 (4H, m,
NCH>CH), 1.71-1.66 (4H, m, CH.), 1.44-1.35 (16H, m, (CH.)4); 3*C NMR (176 MHz, D,0) § 175.2
(C00O'), 171.3 (NCO, amide), 166.3 (NCO, imide), 166.3 (NCO, imide), 144.7 (ArC), 140.7 (ArC),
132.4 (ArC), 131.3 (ArC), 129.5 (ArC), 128.3 (ArC), 128.1 (ArC), 125.2 (ArC), 124.3 (ArC), 122.9
(ArC), 67.3 (CH2N(CHs)3), 67.3 (CH2N(CHs)s), 53.3 (N(CHs)s), 41.2 (NCH., imide), 40.6 (NCH.,
amide) 28.6 (CH2), 28.6 (CH2), 28.5 (CH2), 28.5 (CH2), 28.5 (CHz), 27.4 (CHz), 26.6 (CH2), 26.5
(CH2), 25.9 (CH>), 25.8 (CH.), 22.7 (CHy), 22.7 (CH2); m/z (ESI) 623.39 (4%, M*-OH), 312.39

(100%, M?*-OH). A more detailed spectroscopic assignment is discussed in the main text.
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6.2 Experimental Chapter 3 - Exploring the Chemical Mechanism
Behind n-type Fluoride Doping of BDOPV Semiconductors

General: Commercially available compounds and solvents were used as received. Solution
NMR spectra were recorded using a Bruker Avance Ill 400 and Neo 700 spectrometer,
operating at 400 and 700 MHz, respectively. Chemical shifts are reported in ppm with the
residual solvent peak of CHCls (6 = 7.27 ppm, s) or DMF (6 = 8.04 ppm, s) as the internal
standard for *H NMR. UV-Vis-NIR spectra were recorded in chloroform or DMF on a Shimadzu
UV-3600i Plus UV-VIS-NIR spectrophotometer. Electron paramagnetic resonance (EPR)
spectra were recorded on a Bruker e-scan spectrometer with a microwave frequency of 9.77

GHz and microwave power of 1.5 mW.

Electrochemical Measurements: Cyclic voltammetry (CV) was performed on an
Autolab/PGSTAT101 potentiostat in 0.1 M solutions of tetrabutylammonium
hexafluorophosphate as electrolyte. Glassy carbon was used as working electrode, a platinum
wire as counter electrode and silver/silver nitrate (Ag/Ag*) as reference electrode. The FMO
energy levels were then estimated according to the equations FMO (eV) = -4.71 — Eonset Where

Eonset is the onset of reduction (LUMO) or oxidation (HOMO).

Synthetic Procedures: BDOPV and 2F-BDOPV compounds were synthesised by Zhijie Guo
(Nielsen group, Queen Mary University of London) by a modified procedure of that reported
by Lei et al.?%! Characterisation data for both BDOPV and 2F-BDOPV is shown below. NDI-TEG,
used as reference material for EPR measurements, was synthesised by Zhijie Guo according

to a previously reported procedure.3*
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BDOPV:

O-

1H NMR (400 MHz, CDCl3) 6 9.07 (2H, s, ArH), 9.00 (2H, d, J = 7.8 Hz, ArH), 7.36 (2H, t, J = 7.8
Hz, ArH), 7.03 (2H, t, J = 7.8 Hz, ArH), 6.94 (2H, d, J = 7.8 Hz, ArH), 3.98 (4H, t, J = 5.6 Hz,
NCH,CH,0), 3.78 (4H, t, J = 5.6 Hz, NCH,), 3.65 (4H, m, OCH2), 3.58 (8H, m, O(CH2)2), 3.48 (2H,
m, OCHa), 3.35 (6H, s, OCHs)

2F-BDOPV:

1H NMR (400 MHz, CDCls, 323 K) § 9.11 (2H, s, ArH), 8.81 (2H, m, J = 8.7 Hz, ArH), 7.09 (2H, m,
ArH), 6.93 (2H, m, ArH), 3.98 (4H, t, J = 4.8 Hz, NCH,CH,0), 3.78 (4H, t, J = 4.8 Hz, NCH,), 3.64
(4H, m, OCH,), 3.58 (8H, m, O(CH2)z), 3.50 (4H, m, OCHs,), 3.36 (6H, s, OCHs)
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6.3 Experimental Chapter 4 - Synthesis of Thiazole Containing Highly

Ordered Polymers

General: Commercial nitrobenzene was extracted with aqueous 2 M NaOH (3 x 20 mL), water
(3 x 20 mL), aqueous 1 M HCI (3 x 20 mL), and water (3 x 20 mL) followed by drying over
MgSOs, filtering and storing under 4 A molecular sieves. Other commercially available
compounds and solvents were used as received. Solution NMR spectra were recorded using
a Bruker Avance lll 400 and Neo 700 spectrometer, operating at 400 and 700 MHz,
respectively. Chemical shifts are reported in ppm with the residual solvent peak of CHCls (6 =
7.27 ppm, s) or tetrachloroethane (6 = 6.00 ppm, s) as the internal standard. UV-Vis spectra
were recorded in chlorobenzene solutions or thin-films on glass substrates on a Shimadzu UV-
2600 spectrophotometer. Thin-films were spin-coated onto glass substrates from a 2 mg/mL
solution in chlorobenzene. Fourier Transform Infrared (FTIR) spectroscopy was recorded on a
Shimadzu IRTracer-100 with an attenuated total reflectance (ATR) setup. High resolution mass
spectrometry (HRMS) with electrospray ionisation (ESI) was performed via direct injection on
a Thermo Orbitrap Exactive Plus Mass Spectrometer. Thermogravimetric analysis (TGA) was

performed on a Netzsch STA 449 C in an ambient atmosphere.

Electrochemical Measurements: Cyclic voltammetry (CV) was performed on a
Autolab/PGSTAT101 potentiostat in 0.1 M solutions of tetrabutylammonium
hexafluorophosphate as electrolyte. Glassy carbon was used as working electrode, a platinum
wire as counter electrode and silver/silver nitrate (Ag/Ag*) as pseudo-reference electrode.
The half-potential of a 0.01 M solution of ferrocene in electrolyte solution was used as an
external standard for calibration. The FMO energy levels were then estimated according to
the equations FMO (eV) = -4.8 — Eonset Where Eonset is the onset of reduction (LUMO) or
oxidation (HOMO).

Synthetic Procedures: The monomer bis(trimethylstannyl)thieno[3,2-b]thiophene (28) and
the polymer PbTTT were synthesized by Bob Schroeder according to the procedure reported

by McCulloch et al.??° All other compounds were synthesised according to procedures below.
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2,5-Bis(2-furyl)thiazolo[5,4-d]thiazole (38): Dithiooxamide (20.0 g, 0.166 mol), furfural (172
mL, 2.08 mol) and phenol (62.6 g, 0.665 mol) were combined in a round-bottom flask and
heated to 190 °C. The reaction mixture was held at this temperature for 1.5 hours and then
allowed to cool to room temperature overnight. A brown solid was then filtered and washed
with ethanol, hexane and diethyl ether. The crude solid was then recrystallised from
chloroform twice and dried to give the pure product as green crystals (10.1 g, 22%). 'H NMR
(700 MHz, CDCl3) 6 7.57 (2H, m, ArH), 7.09 (2H, d, J = 3.4 Hz, ArH), 6.60 (2H, q, J = 1.7 Hz, ArH);
13C NMR (176 MHz, CDCls) & 158.7 (N=CS), 150.7 (NCS), 148.8 (OC), 144.3 (OC), 112.8 (ArC),
110.3 (ArC); HRMS (ESI) m/z: 274.9943; calculated for [C12HsN20,S,+H]* = 274.9943

HO N S 0O

)~ 1~

o} S N OH

2,5-Thiazolo[5,4-d]thiazoledicarboxylic acid (39): 2,5-di-2-Furylthiazolo[5,4-d]thiazole (9.00
g, 0.033 mol) was suspended in t-butanol and stirred at 90 °C for 2 hours. The fine suspension
was then cooled to 60 °C and water (80 mL) and aliquat 336 (2.5 mL) was added. The reaction
mixture was cooled to approximately 10 °C by a water/ice bath. Potassium permanganate
(55.2 g, 0.349 mol) was added in portions with the reaction temperature monitored and
maintained at 20 —40 °C. The dark purple reaction mixture was then stirred overnight at room
temperature, quenched with 1.5 M aqueous sodium bisulfite (100 mL) and stirred for 1 hour
more. The precipitate was filtered, washed sparingly with water and allowed to air dry. The
brown filter cake was stirred at 100 °C in water and hot filtered. The solid was boiled and
filtered twice more and the pale brown filtrates were combined and acidified with
concentrated HCl to a pH of 1. After standing overnight a white precipitate formed which was
filtered and washed with water, cooled in an ice bath and dried under vacuum overnight (2.95
g, 39%). Final product was too insoluble for NMR and mass spectrometry. FTIR vmax/cm™:

3359 (0-H), 1931 (C=0).
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Thiazolo[5,4-d]thiazole (33): 2,5-Thiazolo[5,4-d]thiazoledicarboxylic acid (2.75 g, 2.00 mmol)
was suspended in ethanol (250 mL) and refluxed overnight. The colourless solution was
cooled to room temperature and the solvent evaporated to leave an off-white crude which
was purified by column chromatography (100% DCM). The pure product was a white
crystalline solid (1.38 g, 81%). 'H NMR (700 MHz, CDCls) 6 8.94 (2H, s, ArH); 13C NMR (176

MHz, CDCl3) & 155.4 (N=CS), 151.0 (NCS); HRMS (ESI) m/z: 142.9733; calculated for
[C12HeN20,5,+H]* = 142.9732

\ N S /
—Sn—</ I />—Sn—
/ S N \

2,5-Bis(trimethylstannyl)thiazolo[5,4-d]thiazole (29): Thiazolo[5,4-d]thiazole (400 mg, 2.81
mmol) was dissolved in anhydrous THF (10 mL) and cooled to -78 °C. Lithium
diisopropylamide (2.00 M in THF, 1.69 mL, 3.38 mmol) was added dropwise and stirred at —-78
°C for 1 hour. Trimethyltin chloride (1 M in THF, 3.38 mL, 3.38 mmol) was added dropwise
and the solution was allowed to warm to room temperature over the course of 1 hour. The
reaction mixture was again cooled to -78 °C and lithium diisopropylamide (2.00 M in THF,
1.69 mL, 3.38 mmol) was added dropwise and stirred at -78 °C for 1 hour. Trimethyltin
chloride (1.00 M in THF, 3.38 mL, 3.38 mmol) was added dropwise and the solution was
allowed to warm to room temperature overnight. The reaction was quenched with saturated
ammonium chloride and organics were extracted with DCM (3 x 50 mL). Combined organic
layers were washed with water (3 x 50 mL) and brine (3 x 50 mL) before drying over
magnesium sulphate, filtering and evaporating solvent. The brown solid crude was
recrystallised from acetonitrile to give the pure product as white crystals (223 mg, 17%). *H
NMR (700 MHz, CDCl3) 6 0.52 (18H, s, SnCH3); 3C NMR (176 MHz, CDCls) 6 179.8 (N=CSnMe3),
157.5 (NCS), -7.8 (SnCHs); HRMS (ESI) m/z: 468.8960 calculated for [CioH18N2S2Sny+H]* =
468.9030
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4,4’-Ditetradecyl-2,2’-bithiazole (35): Dithiooxamide (2.69 g, 22.4 mmol) and 1-bromo-2-
hexadecanone (15.0 g, 47.0 mmol) were suspended in anhydrous 1,4-dioxane (200 mL) and
stirred overnight at room temperature. The reaction mixture was quenched with water (200
mL) and extracted with DCM (3 x 150 mL). Combined organic layers were then washed with
water (3 x 150 mL) and brine (3 x 150 mL) before being dried over magnesium sulphate,
filtered and evaporated. The crude product was purified by column chromatography (3:7
DCM:hexane) and further by recrystallisation from chloroform/methanol. The pure product
was pale orange needles (5.07 g, 40%). *H NMR (700 MHz, CDCl3) § 6.95 (2H, s, ArH), 2.81 (4H,
t,J = 7.7 Hz, ArCH,), 1.74 (4H, quin, J = 7.6 Hz, ArCH,CH.), 1.38 — 1.26 (44H, m, (CH2)11), 0.89
(6H, t, J = 7.1 Hz, (CH2)11CHs); 13C NMR (176 MHz, CDCl3) 6 160.9 (N=CS), 159.3 (NCCi4H2s),
114.6 (SCH), 32.0 (NCCH2), 31.6 (CH2), 29.8 (CH.), 29.8 (CH2), 29.7 (CH2), 29.7 (CH2), 29.7 (CH,),
29.5 (CH2), 29.4 (CH2), 29.3 (CHa,), 29.3 (CH3), 22.8 (CH2), 14.2 (CHs); HRMS (ESI) m/z: 561.4278;
calculated for [C3aHsoN2S2+H]* = 561.4276

Br__s N__C1aHag
134T
CiuHg” N 57 Vmr

5,5’-Dibromo-4,4’-ditetradecyl-2,2’-bithiazole (31): 4,4’-Ditetradecyl-2,2’-bithiazole (5.00 g,
8.91 mmol) was dissolved in chloroform (200 mL) and acetic acid (100 mL). NBS (5.55 g, 31.2
mmol) was added in four portions and the reaction mixture heated to 50 °C and stirred
overnight. The reaction mixture was cooled to room temperature and quenched with water
(100 mL). Organics were extracted with DCM (3 x 250 mL) and combined organic layers were
washed with water (3 x 250 mL) and brine (3 x 250 mL) before being dried over magnesium
sulphate, filtered and evaporated. The crude solid was then recrystallised from hexane to give
the pure product as white needles (2.32 g, 36%). 'H NMR (700 MHz, CDCl3) 6 2.75 (4H, t, J =
7.6 Hz, ArCH), 1.71 (4H, quin, J = 7.3 Hz, ArCH,CH,), 1.34 —1.26 (44H, m, (CH2)11), 0.89 (6H, t,
J = 6.9 Hz, (CH2)11CHs); 3C NMR (176 MHz, CDCls) & 160.1 (N=CS), 157.5 (NCC14H29), 106.9
(SCBr), 32.1 (NCCHz2), 29.8 (CH2), 29.8 (CH2), 29.8 (CH2), 29.8 (CH2), 29.8 (CH2), 29.7 (CH2), 29.6
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(CH3), 29.5 (CH2), 29.5 (CH.), 29.3 (CH>), 28.8 (CH.), 22.8 (CH>), 14.3 (CHs); HRMS (ESI) m/z:
719.2380; calculated for [C3aHssBraN»S,+H]* = 719.2458
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4,4’-Ditetradecyl-5,5’-ditrimethylstannyl-2,2’-bithiazole (51): 5,5 -Dibromo-4,4’-
ditetradecyl-2,2’-bithiazole (100 mg, 0.139 mmol) was suspended in anhydrous THF (6 mL).
The solution was cooled to -94 °Cin a liquid nitrogen/acetone bath and tert-butyllithium (1.70
M in pentane, 0.392 mL, 0.667 mmol) was added dropwise. The reaction mixture was held in
a dry-ice/acetone bath for 1 hour and cooled back down to -94 °C. Trimethyltin chloride (1 M
in THF, 0.334 mL, 0.334 mmol) was added dropwise and the solution was allowed to warm to
room temperature overnight. The reaction was quenched with saturated ammonium chloride
(10 mL) and organics extracted with DCM (3 x 10 mL). The combined organic layers were
washed with water (3 x 10 mL) and brine (3 x 10 mL) before being dried over magnesium
sulphate, filtered and solvent evaporated. The crude orange oil was cooled in an ice-bath and
the resultant crystals were recrystallised from a 1:1 mixture of acetonitrile and isopropanol
to give the pure product as off-white needles (72.8 mg, 59%). *H NMR (700 MHz, CDCl3) § 2.76
(4H, t, J = 7.9 Hz, ArCH>), 1.71 (4H, quin, J = 7.7 Hz, ArCH,CH,), 1.36 — 1.26 (44H, m, (CH2)11),
0.89 (6H, t, J = 7.1 Hz, (CH,)11CHs), 0.43 (16H, s, SnCHs); 13C NMR (176 MHz, CDCl3) § 165.3
(N=CS), 165.3 (NCC14H29), 125.6 (SCSnMes), 33.6 (NCCH>), 32.1 (CH;), 31.3 (CH;), 29.8 (CH,),
29.8 (CH>), 29.8 (CH2), 29.7 (CHy), 29.6 (CH), 29.6 (CH>), 29.5 (CH,), 22.8 (CH>), 14.3 (CHy), -
7.6 (CH2); HRMS (ESI) m/z: 887.3559 calculated for [CaoH76N2S2Sn2+H]* = 887.3561

S
£
Ci4Hag N
4-Tetradecylthiazole (56): Formamide (1.87 mL, 47.0 mmol) and diphosphorous pentasulfide
(2.09 g, 4.70 mmol) were stirred in anhydrous 1,4-dioxane (500 mL) and cooled to 0 °C. 1-

bromohexadecan-2-one (10.0 g, 31.3 mmol) was added in portions over 20 minutes and then
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refluxed for 1 hour. The reaction mixture was then cooled to room temperature and agqueous
HCl (1 M, 62 mL) was added and refluxed for 1 hour. Saturated NaHCOs was then added
dropwise at room temperature until a white precipitate formed. Organics were extracted with
DCM (3 x 200 mL) and combined organic layers were then washed with water (3 x 200 mL)
before being dried over MgSQ, filtered and solvent evaporated. The crude solid was then
purified by column chromatography (1:20, EtOAc:hexane) to give a white crystalline solid
(7.66 g, 87%). *H NMR (700 MHz, CDCl3) & 8.73 (1H, d, J = 2.0 Hz, ArH), 6.91 (1H, s, ArH), 2.82
(2H, t, J = 15.5 Hz, ArCH>), 1.72 (2H, quin, J = 7.5 Hz, ArCH,CH,) 1.35-1.25 (22H, m, (CH2)11),
0.87 (3H, t,J=7.1Hz, (CH2)11CH3); 3C NMR (176 MHz, CDCl3) 6 158.7 (N=CS), 152.3 (NCC14H9),
112.5 (SCH), 32.1 (NCCH2), 31.5 (CH2), 29.8 (CH.), 29.8 (CH2), 29.8 (CH2), 29.8 (CH2), 29.8 (CH,),
29.7 (CH3), 29.6 (CH2), 29.5 (CH2), 29.4 (CHy), 22.8 (CH3), 14.3 (CH3); HRMS (ESI) m/z: 282.2255;
calculated for [C17H31NS+H]* = 282.2256.

S
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4-Tetradecyl-2-bromothiazole (57): 4-Tetradecylthiazole (4.00 g, 14.2 mmol) was dissolved
in anhydrous THF (20 mL) and cooled to -78 °C. N-butyllithium (1.60 M in hexanes, 10.7 mL,
17.1 mmol) was added dropwise and the reaction stirred at -78 °C for 30 minutes before
being allowed to warm to room temperature over 30 minutes. The reaction was cooled back
down to -78 °C and carbon tetrabromide (5.66 g, 17.1 mmol) was added at once and allowed
to reach room temperature over 2 hours. The reaction was quenched with saturated
ammonium chloride and extracted with DCM (3 x 100 mL). Combined organic layers were
washed with water (3 x 100 mL), dried over magnesium sulphate, filtered and solvent
evaporated. The crude oil was purified by column chromatography (100 % hexanes) to give
the pure product as a white solid (1.11 g, 22%). *H NMR (700 MHz, CDCl3)  6.82 (1H, s, ArHs),
2.73 (2H, t, J = 7.7 Hz, ArCH,), 1.68 (2H, quin, J = 7.4 Hz, ArCH,CH>), 1.35 — 1.26 (22H, m,
(CH2)11), 0.88 (3H, t, J = 7.1 Hz, CHs); 3C NMR (176 MHz, CDCls3) & 158.5 (NCCi4aH29), 134.9
(N=CBr), 116.6 (SC), 32.1 (NCCH.), 31.8 (CH2), 29.8 (CH), 29.8 (CH2), 29.8 (CH), 29.8 (CH2),
29.7 (CHy), 29.5 (CH.), 29.3 (CH.), 29.1 (CH.), 22.8 (CH>), 14.3 (CH3); HRMS (ESI) m/z: 360.1357;
calculated for [C17H30NSBr+H]* = 360.1355
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4-Tetradecyl-2-triisopropylsilylthiazole (60): 4-Tetradecylthiazole (3.30 g, 11.7 mmol) was
dissolved in anhydrous THF (40 mL) and cooled to -78 °C in a dry-ice/acetone bath. N-
Butyllithium (1.60 M in hexanes, 8.78 mL, 14.0 mmol) was added dropwise and stirred for 1
hour before warming to room temperature. The red solution was then cooled back to -78 °C
and triisopropylsilyl chloride (3.00 mL, 14.0 mmol) was added dropwise and allowed to reach
room temperature overnight. The reaction was quenched with saturated ammonium chloride
and organics were extracted with DCM (3 x 50 mL). Combined organic layers were then
washed with water (3 x 50 mL), dried over magnesium sulphate, filtered and solvent
evaporated. The crude oil was then purified by column chromatography (1:100,
EtOAc:hexane) to give the pure product as a pale orange oil (3.75 g, 73%). *H NMR (700 MHz,
CDCl3) 6 7.03 (1H, s, ArH), 2.88 (2H, t, J = 7.6 Hz, ArCH), 1.74 (2H, quin, J = 7.4 Hz, ArCH,CH,),
1.44 (3H, sept, J = 7.6 Hz, SiCH(CH3)2), 1.36 — 1.26 (22H, m, (CH>)11), 1.14 (18H, d, J = 7.5 Hz,
SiCH(CHs)2), 0.89 (3H, t, J = 7.1 Hz, (CH2)11CHs); 13C NMR (176 MHz, CDCl3) & 168.8 (N=CS),
160.9 (NCC14H29), 115.0 (SCH), 32.1 (NCCH,), 31.4 (CH>), 29.8 (CH3), 29.8 (CH>), 29.8 (CH>), 29.8
(CH2), 29.8 (CH2), 29.7 (CH2), 29.6 (CH2), 29.5 (CH2), 29.4 (CH>), 22.8 (CH2), 18.6 (SiCH(CH3)2),
14.3 (CHs), 11.8 (SiCH(CH3)2); HRMS (ESI) m/z: 438.3556; calculated for [CasHs1NSSi+H]* =
438.3590
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4-Tetradecyl-2-triisopropylsilylthiazole-5-carbaldehyde (61): 4-Tetradecyl-2-
triisopropylsilylthiazole (3.00 g, 6.85 mmol) was dissolved in anhydrous THF (40 mL) and
cooled to -78 °C in a dry-ice/acetone bath. N-Butyllithium (1.60 M in hexanes, 6.85 mL, 8.22

mmol) was added dropwise and stirred for 1 hour before warming to room temperature. The

red solution was then cooled back to -78 °C and dimethylformamide (0.636 mL, 8.22 mmol)
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was added dropwise and allowed to reach room temperature overnight. The reaction was
guenched with saturated ammonium chloride and organics were extracted with DCM (3 x 50
mL). Combined organic layers were then washed with water (3 x 50 mL), dried over
magnesium sulphate, filtered and solvent evaporated. The crude oil was then purified by
column chromatography (1:100, EtOAc:hexane) to give the pure product as a pale orange oil
(2.57 g, 81%). 'H NMR (700 MHz, CDCl3) 6 10.12 (1H, s, CHO), 3.15 (2H, t, J = 7.4 Hz, ArCH.),
1.81 (2H, quin, J = 7.4 Hz, ArCH2CH,), 1.45 (3H, sept, J = 7.4 Hz, SiCH(CHs)2), 1.36 — 1.25 (22H,
m, (CH2)11), 1.14 (18H, d, J = 7.5 Hz, SiCH(CH3)2), 0.89 (3H, t, J = 7.1 Hz, (CH2)11CH3); 13*C NMR
(176 MHz, CDCl3) & 182.5 (CHO), 179.2 (N=CS), 168.0 (NCC14H29), 134.4 (SCH), 32.1 (NCCH>),
30.2 (CH2), 30.2 (CH2), 29.8 (CH), 29.8 (CH>), 29.8 (CH2), 29.7 (CH2), 29.7 (CH2), 29.5 (CH), 29.3
(CH2), 22.8 (CH,), 18.5 (SiCH(CH3)2), 14.3 (CH3), 11.7 (SiCH(CH3)2); HRMS (ESI) m/z: 466.3533,;
calculated for [C27H51NOSSi+H]* = 466.3533

H | S/>
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4-Tetradecylthiazole-5-carbaldehyde (62): 4-Tetradecyl-2-triisopropylsilylthiazole-5-
carbaldehyde (2.50 g, 5.37 mmol) was dissolved in anhydrous THF (100 mL) and cooled to 0
°C in an ice-bath. Tetrabutylammonium fluoride (1.00 M in THF, 7.08 mL, 7.08 mmol) was
added dropwise and the reaction mixture was allowed to stir at room temperature overnight.
The reaction was quenched with water (100 mL) and organics were extracted with DCM (3 x
100 mL). The combined organic layers were washed with water (3 x 100 mL), dried over
magnesium sulphate, filtered and the solvent was evaporated. The crude oil was purified by
column chromatography (1:10, EtOAc:hexane) to give the pure product as an orange oil
(0.680 g, 41%). *H NMR (700 MHz, CDCl3) 6 10.15 (1H, s, CHO), 8.99 (1H, s, ArH), 3.13 (2H, t, J
=7.6 Hz, ArCH.), 1.81 (2H, quin, J = 7.5 Hz, ArCH,CH2), 1.38 —1.26 (22H, m, (CH2)11), 1.14 (18H,
d,J=7.5Hz, SiCH(CH3),), 0.89 (3H, t, J = 6.9 Hz, (CH,)11CHs); 13C NMR (176 MHz, CDCl3) 6 182.4
(CHO), 166.7 (N=CS), 159.0 (NCC14H29), 133.0 (SCH), 32.0 (NCCH>), 30.3 (CH), 30.1 (CH>), 30.1
(CH2), 29.8 (CH2), 29.8 (CH2), 29.8 (CH2), 29.8 (CH2), 29.7 (CH2), 29.6 (CH2), 29.5 (CH2), 29.5
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(CH2), 29.4 (CHj), 22.8 (CH2), 14.2 (CHs3); HRMS (ESI) m/z: 310.2198; calculated for
[C1gH31NOS+H]* = 310.2199

C14Hag

2,5-Bis-5(4-tetradecylthiazole)thiazolo[5,4-d]thiazole (63): Dithiooxamide (107 mg, 0.890
mmol) and 4-tetradecylthiazole-5-carbaldehyde (550 mg, 1.78 mmol) were placed into an
oven dried vial. Nitrobenzene (0.89 mL) was added and the mixture degassed by a constant
flow of nitrogen for 30 minutes. The vial was then hermetically sealed, and the reaction
mixture stirred at 200 °C for 1 hour. After cooling to room temperature anhydrous THF (4.5
mL) and chloranil (109 mg, 0.443 mmol) were added and heated to 70 °C for 20 minutes. The
solution was then kept at 4 °C overnight over which time a brown precipitate formed which
was filtered. The crude product was then purified by column chromatography (100 % DCM).
The pure product was an orange solid (189 mg, 30%). *H NMR (700 MHz, CDCls) 6 8.79 (2H, s,
ArH), 3.17 (4H, t, J = 7.8 Hz, ArCH3), 1.85 (4H, quin, J = 7.7 Hz, ArCH,CH>), 1.47 (4H, quin, J =
7.5 Hz, CH»), 1.37 (4H, quin, J=7.2 Hz, CH>) 1.31 - 1.26 (36H, m, (CH2)s), 0.88 (6H, t, /= 7.1 Hz,
(CH2)11CH3); 3C NMR (176 MHz, CDCl3) 6 159.9 (N=CS, thiazolothiazole), 157.3 (NCCi4H2s),
153.4 (N=CS, thiazole), 150.9 (SCN, thiazolothiazole), 127.2 (SC, thiazole), 32.1 (NCCH,), 31.5
(CH2), 31.1 (CH2), 29.8 (CH2), 29.8 (CH2), 29.8 (CH2), 29.8 (CH2), 29.8 (CH2), 29.7 (CH2), 29.7
(CH2), 29.6 (CHy), 29.5 (CHy), 29.1 (CH), 22.8 (CH2), 14.3 (CH3); HRMS (ESI) m/z: 701.3766;
calculated for [C3gHeoN4Sa+H]* = 701.3774.
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2,5-Bis-5(4-tetradecyl-2-bromothiazole)thiazolo[5,4-d]thiazole (54) 2,5-Bis-5(4-

tetradecylthiazole)thiazolo[5,4-d]thiazole (160 mg, 0.228 mmol) was dissolved in anhydrous
THF (10 mL) and cooled to -78 °C in a dry-ice/acetone bath. Lithium diisopropylamide (2.00
M in alkanes, 0.274 mL, 0.547 mmol) was added dropwise and was stirred at -78 °C for 1.5 h
before allowing too warm to room temperature. After cooling back to -78 °C carbon
tetrabromide (182 mg, 0.547 mmol) was added at once and the reaction allowed to reach
room temperature overnight. The reaction was quenched with saturated ammonium chloride
and extracted with DCM (3 x 10 mL). Combined organic layers were washed with water (3 x
10 mL) and brine (3 x 10 mL), dried over magnesium sulphate, filtered and solvent was
evaporated. The crude solid was purified by column chromatography (1:1 DCM:hexane) to
give the pure product as an orange solid (72.5 mg, 37%). *H NMR (700 MHz, CDCl3) & 3.08 (4H,
t,J = 7.9 Hz, ArCH,), 1.81 (4H, quin, J = 7.7 Hz, ArCH2CH,), 1.45 (4H, quin, J = 7.5 Hz, CH,), 1.36
(4H, quin, J = 7.0 Hz, CH,) 1.31 — 1.26 (36H, m, (CHa)s), 0.89 (6H, t, J = 7.1 Hz, (CH2)11CHs); 13C
NMR (176 MHz, CDCl3) & 158.7 (N=CS, thiazolothiazole), 156.7 (NCCiaH29), 150.9 (SCN,
thiazolothiazole), 137.3 (CBr), 130.8 (SC, thiazole), 32.1 (NCCH,), 31.7 (CH2), 31.1 (CH,), 29.8
(CH2), 29.8 (CH2), 29.8 (CH2), 29.8 (CH2), 29.7 (CH2), 29.5 (CH), 29.5 (CH2), 29.6 (CH2), 28.9
(CH2), 22.8 (CHa), 14.3 (CHs); HRMS (ESI) m/z: 859.2005; calculated for [C3sHssBraN4Ss+H]* =
859.1963

Cq4Hog

Poly(2,5-bis-5-(4-tetradecylthiazole)thieno[3,2-b]thiophene) (PbTzTT): 5,5'-Dibromo-4,4’'-
tetradecyl-2,2’-bithiazole (617 mg, 0.858 mmol), 2,5-bis(trimethylstannyl)thieno(3,2-
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b]thiophene (400 mg, 0.858 mmol) and tri(o-tolyl)phosphine (20.9 mg, 0.0687 mmol) were
placed in an oven dried microwave vial and dissolved in anhydrous chlorobenzene (3.43 mL).
The reaction mixture was heated to 40 °C and degassed by a constant flow of nitrogen for 30
minutes. Tris(dibenzylideneacetone)dipalladium (15.7 mg, 0.0171 mmol) was added at once
and the vial hermetically sealed. The reaction mixture was heated in a microwave reactor at
100 °C for 2 minutes, 120 °C for 3 minutes, 140 °C for 5 minutes, 160 °C for 5 minutes and 180
°C for 40 minutes. After cooling to room temperature trimethyl(phenyl)tin (15.6 L, 0.0858
mmol) was added. The reaction mixture was heated in a microwave reactor at 100 °C for 1
minute, 120 °C for 3 minutes, 140 °C for 5 minutes and 160 °C for 5 minutes. After cooling to
room temperature bromobenzene (18.1 pL, 0.171 mmol) was added. The reaction mixture
was heated in a microwave reactor at 100 °C for 1 minute, 120 °C for 3 minutes, 140 °C for 5
minutes and 160 °C for 5 minutes. The resultant gel was scraped into tetrachloroethane (10
mL) and heated to 80 °C. The polymer was then precipitated out of methanol, stirred for 2
hours and filtered into a Soxhlet thimble. A Soxhlet extraction was then performed with
methanol, acetone and hexane, each for 24 hours. Finally, the polymer was extracted with
chlorobenzene for 48 hours and precipitated from methanol to give the polymer as a green
solid (291 mg, 48%). Amax = 547 nm (chlorobenzene solution); *H NMR (400 MHz, d»-TCE, 60
°C, residual solvent peak calibrated to 6.00 ppm) 6 7.39 (2H, s, ArH), 1.53 (12H, broad m, CH3),
1.31 (36H, broad m, CH3), 0.91 (6H, broad m, CHs).
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