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Abstract

In recent years, the use of novel organic conjugated materials as semiconductors in
electronic devices has become a continuingly growing and interesting field of
research; the attraction derives from the ability of theenmas to be easily
manipulated and tailored to suit the desired outcome. Organic semiconductors have
tunableband gaps and redox properties that can be influenced through variation of
the substituents; accompanying this with the ease and reduced postedgsability
required for these materials, it makes them very favourable for device fabrication.
Organic semiconductors have found use in devices such as electrochiahtics,
emitting diodes, field effect transistofghotovoltaics, and sensors. Indlthesis, the
synthesis and characterisation of many compounds suitable for the aforementioned

applications are reported.

Chapter two is the characterisation of monomers and polymers based on the
incorporation of tetrathianaphthalene and its open ankit dgems. Chapter three is

the study of conjugated monomers and polymers, containing BODIPY in the main
chain, towards the use in photovoltaic devices. Chapter four reports on unusual
extended conjugated architectures, the first section is the chaiaersf two new
dendralene compounds that adopt two different conformers in solution and solid
state and the second section reports on a new series of diindenothienothiophene
based materials with interesting electrochemical and photophysical propetties. |
chapter five, a series of compounds that contain a benzobisthiazole core are
investigated and in chapter six, the development of two new biological sensors are

discussed.
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Chapter 1. Introduction and Background.



1.1 Introduction

In recent years, the use of novel organic conjugated materials as semiconductors in
electronic deices has become a continuingly growing and interesting field of
research; the attraction derives from the ability of the materials to be easily
manipulated and tailored to suit the desired outcddmganic semiconductors have
tunable band gaps and redoxqgperties that can be influenced through variation of
the substituents; thistogetherwith the ease and reduced cost of processability

required for these materials, it makes them very favourable for device fabrication.

Traditionally, organic polymers wergenerally thought ofs insulators; this was
until just over three decades ago when it was discovered that conjugated polymers
could conduct by allowing a flow of electrons or holes through theorbital

overlap in the polymer chains.

The main advantagorganic semiconductors have over their inorganic equivalents is
their low weight, low cost and high mechanical flexibility compared to the rigid and
brittle properties of their rivals. Inorganic semiconductors require process techniques
that are expense/ such as vacuum vapour deposition, whereas organic materials can
be processed through a number of differéegs expensive methqdsuch as spin

coating, stamping and iAkt printing.

However, one of the main targets and a mdjoring forcein this field is creating
organic based devices that can match the performance and stability of their
traditional analogous inorganic counterparts, such as amorphous silicon and gallium

arsenidebased electronic devices.



1.2 History of organic electronics

Nearly onehundred years ago, it was predicted that conductivity comparable with
metals could be achieved in organic solids, however it took almost sixty years until
this was proven correct. The major breakthrough for organic polymers was made by
Shrirakawa, MacDiarid and Heeger who discovered that polyacetylene could
conduct when oxidised with iodine vapdufhis discovery was so important they

were awarded the Nobel Prize in 2000.

In the late 1970s and early 1980s, conductivity was achieved in other conjugated
polymers such as polypyrrole, polythiophene and amiline?® Research in this

field was stillon a relatively smalscale,despite investigation into the possible use

of conducting organic materials in electronic devices. The first organic field effect
transistor was created in 1986, using electrochemically grown polythiophene.
However, it was not until discovery of the first organic light emitting diode in 1991

that interest in this field really took off.



1.3 Conjugated Polymers

There are many types of conjugated polymers that have been created and analysed
over the years, examples include polythiophends, (polypyrroles 2),

polyacetylenes3), polyanilines 4), and polyphenylene$y

7\ 7\ H
1 H 2 3 4 5

These polymers have the ability to conduct as "theectrons in the conjugated
double / single bonds in the chain are delocalised, thus giving the polymers a band
gap in the semtonductor range. The polymers can exist as either their aromatic or
quinoidal forms and the band gapgXBf conjugated polynts are defined and

controlled by the following five features, as showirigure 11:°

(i) bond length alternation (g

(i)  degree of planarity (f

(i)  aromatic resonance energytE

(iv)  the push / pull effect of the substnt groups (B

(V) intramolecular and interchain interactions"(E

Therefore:

AoFoF PR ot e ®

The bond length alternation is the difference in bond lengths between single and
double bonds; if the double and single bonds were the same length in stricures

4



or 5 then the aromatic and quinoidal form would be identical. This is not the case:
the states are not degenerate and in polyacetyB8ieg nonrabsolute delocalisation

is caused by Peierls distortiéThe degree of planarity is related to the torsion angle

(d) between adjacent units; bulky substituent (R) groups can increase the torsion
angle and therefore decrease the degree of planarity. Planarity in the polymer chain
is a desired feature that allows a lower band gap and improves the conductivity and
the mdility of the polymers. The amount of aromatic resonance energy will
influence the band gap and large energies will increase its value as the increase in
aromatic stability prevents delocalisation to the quionoidal forhithe R group
substituent will also influence the band gap through electomating ancelectron
withdrawing effects and these are explained morgectionl.6. The intramolecular

(- )interactions and interchain (n@ovalent bonding) interactions can reduce
band gaps through reduction of the torsion angle and therefore help increase

delocalisation of thé-electrons’

EMW

X=S, N-H, CH=CH

Figure 1.1 Parameters influencing band gap



The quinoidal form of polymers is usually of lower aromatic resonance energy than
the aromatic form&? and can be achieved in the neutral state through excitation as
shown inFigure 12 for polythiophene. Polythiophene exists mostly as the aromatic

form giving it a band gap of around 2.1 &V.

Figure 1.2 Aromatic to quinoidal transition

It is therefore possible to make the band gap of polymers lower by making the
quinoidal form more stable, by giving ihore aromatic character as shown for
poly(isothianaphthalenep) in Figure 13. In the ground state, the thiophene part of
the polymer loses aromaticity but in this quinoidal form the benzene unit gains

aromaticiy resulting in a polymer with a band gap of around 1.1%V.

Figure 1.3 Aromatic to quinoidal form of poly(isothianaphthalene).

The conformation of units will also influence the properties in a polymer chain.
Monomer units which make up the polymer chain can align in theses: altanti,
syn / anti and alkyn as shown iffigure 14 for some terthiophenéd.The altanti

arrangement is the most common conformer.



\ /S N/ \ S N/ \ S /

all-anti syn / anti all-syn

Figure 1.4 Available conformations as depicted for terthiophene

Polythiophene and related aromatic polymers are typicallypp semiconductors

and oxidation (ploping) of these polymers results in the generation of radical
cations and / or dications in the chain, which are stabilised through conjugation.
However, reductin (ndoping) of these polymers usually results in a chemical
reaction between the newly formed radical anion that causes the breakdown of the
conjugated chain.-Boping is generally unstable for most conjugated polymers as

they react irreversibly with wat and air.

Ancther, more recent polymer that has been synthesisqabligselenophene?,
which has advantages over the equivalent polythiophene with a lower oxidation and

reduction potential for both the monomer and polymer fdfms.

/ A\ 7

Se /n

Polyselenophenes have a lower band gap because they have a greater effective
conjugation length compared to polythiophenége tothe monome units in the
polymer chain beingless likely to twist out of plane with each othef?
Polythiophenes catwist very easily with little energy required; in many cases
substitution onto the 3;dositiors creates distortion in the chain and this in turn
increases the band gap. For polyselenophenes, distortion is less likely to happen and

the backbone remainsgplar with many different substituent groups.



1.4 Band Theory

All materials can be classified as insulators, metals or semiconductors agpendi

the ability of the materialo conduct electricity. The conductivity of the material is
determined by the posiin of its band structures. In band theory, there are three
bands: the filled band, the valence band and the conduction band, as depicted in

Figure 15.

Conduction Band

Valence Band

Filled Band

H
--------------- Ey j

Insulator Metal Semiconductor

Figure 15 Band theory diagram

The lower bands are the filled band(s) which are made up of inner electrons. The
valence band which lies above the filled band, is derived from the highest occupied
molecular orbital (HOMO) of the material and the epmand is called the
conduction band, derived from the lowest unoccupied molecular orbital (LUMO). E

is the Fermi energy level, the highest occupied state for metals. In between the
valence and the conduction band is the forbidden band, essentiallgetgy @ap
between the valence and conduction band, known as the band gap. In theory,
electrons can move back and forth between the valence and conduction bands, but
this ability depends on the band gap and thus determines the conductivity of the

material*®



For insulators, the band gap is too great for thermal energy to promote electrons in
the conduction band and such materials therefore do not conduct. In metals there is
an overlap of the conduction amdlence bands, allowing electrons to pass through
the bulk material with minimal resistance. For semiconductors, the band gap is small
enough to allow thermal excitation of the electrons to be promoted from the valence
to the conduction band. The electticeonductivity of these materials can be

enhanced by doping the material.

Semiconductors can be doped in two different ways: {mogng or nRdoping.
Doping can be carried out chemically or electrochemicalpoping is the ejection

of an electron(s) to leave positive charges or holes in tlenea band, in turn
creating a new energy level above the valence band as showguire 16. This

allows enhanced conductivity since a neighbouring electron can move into the space
leaving a hole in its place.-Doping of a semiconductor is the addition of extra
electrons to the valence band. As this band is already full, a new energy level is
created that sits below the conduction baRdjfre 16). The energy gap between

this new level and the conduction band is smaller thgamB so electrons pass from

this band to the conduction band more readily and so the conductivity is incfeased.

p-doped Neutral n-doped

- electron + electron —1—

Conduction Band

I l . Valence Band

Figure 1.6 p- and ndoping of a semiconductor




The pdoping of a conjugated polymer can be represented chemically, as shown for
polythiophene inFigure 17. The removal of an electron produces a radical cation
species, whilst the second oxidation gives two radical cations which can rearrange to

give the more stable dication in the sequinoidal form.

Figure 1.7 Doping of polythiophene

When conjugated polymers are doped in an electrochemical cell or in a sclatien
device, the charges can become trapped throughout the chain and kept balanced by
counterion(s) from the electrolyte. Déoping is a method to reduce/oxidise the
polymer back to the neutral state and expel any trapped electrolyte (as shown in
Figure 18 for p-doped polythiophene) and is achieved by applyinpptential in a

region of no electroactivity between the first oxidation and reduction procésses.

S
PP LI O N +nx”
s” ~ S /n o S \ / §" /n
® — ® -ne
O ©)
X X
doped neutral

Figure 1.8 Dedoping of polythiophene, X = courtiem
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1.5 Polymer Growth

Electropolymerisation is a common technique employed to produce conjugated
polymers. The most advantageous method of polymer growth is to grow polymers
through repetitive agling in anodic onditions without a catalyst, with the number of
cyclescontroling the film thicknes£® The mechanism for polymer growth is similar

for many aromatic monomet3andFigure 19 shows the growth of polythiophene.
/ \ 'e@, u

®
2 @ — % /N S 2R

® ®
S @ —
® — ®
® —

3 efc

Figure 1.9 Mechanism of polymer growth as depicted for paltyphene

The first step is the removal of an electron from the monomer thiophene to give the
radical cation. In the second step, this radical cation can combine with another
radical cation monomer to give a dication dimer, as the diffusion of the radicah

back to the bulk solution is slower than that of electron transfer. The dication dimer
then rearomatises and becomes neutral by the loss of two protdnsthe third

step, the dimer igxidised at a lower potential than the monomer and this gives a

new radical cation specié$.This new cation radical can combine with another

11



monomercation radical to give a trimer, as shown in step three, and then re
aromatisation produces a terthiophene (step four). The polymer forms through
extensive repetitionf this sequence until the polymer becomes insoluble in solution

and forms a film on thelectrode surfac®.

Several problems can arise and hinder polymer growth. One issue that can occur is if
the radical cation produced is too stable and it diffuses back into the bulk solution. A
second problem is the radical produced fromdkielation of the monomer may not
reside on the 2;positions of thiophene, thus typical polymer growth cannot be
achieved. The position of the radical can be discovered through molecular modelling

of the singly unoccupied molecularbital (SUMO) level othe monaner?

Another problem that catake place in polymer growthish & coupl i n.g i nst
U6 coupling. Tdorgugated wondefarming Bomadhe 2 @ B position
of one thiophene to the 3 or 4 position of another. This can be prevented by blocking

the 3,406 posiFiguredXs oagi 8 BUdw ncloeuhpyl ith g s .

% a-a' coupling
/ s” 7
\ B

S \ N a-B' coupling
S

I \_ s :
z_g + z/—g - 4 a-a' coupling
S S S )/

Figure 11000 dWbdd coupling reactions

/N o+ [N
RIS
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1.6 Modifying the Band Gap through Substituent Effects

In the simplest cases, methyl or othéeyhroups on thé-positions have shown to
decrease the oxidation potential slightly through inductive effects, but they also help
prevent unwanted)bd6 coupling reactions, | ower t h
overall conductivity of the conjugated polynféiHowever, some morand dialky!
substituted polymers can actually have the inverse effect through steric hindrance.
Steric hindrance in the backbone can cause the monomer units to twistramay
each other, breaking the planarity and therefore disrupting-twbital overlap and
decreasing the conjugation of the polyrffeCyclising the alkyl groups is one
method to decrease this probléhAnother option is to synthesise monomers with
the desired substituents at the middle unit in a trimer. This has the benefit of both
minimising steric hindrance and lowering the oxidation pté of polymer growth

through increased conjugatiéh.

Alkoxy- and akylthiesubstituted monomers have lower oxidation potential than
their alkyl equivalents as the lone pairs of the hetroatoms donate electron density to
the monomer unit¥ The mesomeric donation of electron density has the benefit of
lowering the oxidation potential and as a result raises the HOMO levaldoutaises

the LUMO level too.

Electronwithdrawing groups such as halogens, carboxylates, nitro, and nitrate
groups have the opposite effect; they make the reduction potential less negative but

increase the oxidation potential.

13



The incorporation of diérent groups into the main chain is an effective method to
influence the energy levels. Fluorinated groups have been shown to lower both the

HOMO and LUMO energy levels as well as helping the planarisation of the material.

To alterthe reductionpotential of the polymer chain greatly, the best way is to
incorporate an electrewithdrawing group in the polymer chaih. Examples
include8 and9, where cyano groups between two thiophenes in the polymer chain

result in polymers with band gapside 1.5 eV?’

Q0. 0/ \ONC .
S Y
8 4 o 9
_/

Creating polymers with alternatingor-acceptor units in the chain has been shown
to bean excellentvay to achieve low band gaps. The size of the band gap can be
influenced by an intramolecular charge transfer pro@&8ke interactions from the
dona and acceptor can result rybridisation of the HOMO of theashor with the
LUMO of the acceptor resulting in a small band gap polythas shown irFigure
111% In alternating doneacceptor polymers, the quinoidal form becomes

stabilised as the bond length alternation decreases, thus reducing the band gap.
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Figure 1.11 Molecular orbital interacdn between doneacceptor moieties

Donors typically used include thiophenEdf and ethylenedioxythiophene (EDOT)
(11) and acceptors are usually nitrogessed molecules such as pyridirie?)(°

benzothiadiazolel@),** and bisthiazoles {4).*

O O N/S\N N
7\ @ L I\ s
s Z/ \; NG O Q)\( )
S N
10 11 12 13 14

One of the smallest band gaps produced for a conjugated polymer is from a polymer
polymerised from a bithiophene monomer consisting of a donor andepitr

group (5). The planarity and the repeating domaceptor units result in a band gap

of less than 0.4 eV

o O

]\ )
S\

b

CeHiz  CgHiz

15



1.7 3,4-Ethylenedioxythophene (EDOT) and derivatives

3,4Ethylenedioxythiophene  (EDOT, 11) and its resultant polymer,
poly(ethlenedixythiophene) (PEDOT) was first synthesised by Bayer nearly twenty
years agd: This polymer was remarkable as it had a low band gap and was stable to
p-doping, with the charged state highly conducting (up to several hundred)S°cm

% PEDOT has exceptional helejection properties’ and has a band gap cd. 1.6

eV, lower than the analogous polythiophene derivattae3.1 eV)>® The reason for

the difference can be dtiuted to the norovalent sulfutoxygen interactions
(shown for bisEDOT (16) in Figure 112) that hold the polymer planar and thus
increasing the effective conjugation length. This allows a lowering of the madat

and reduction potentials and therefore overall a lower band gap.

Figure 1.12 Non-covalent sulfuii oxygen interaction in bi€DOT

The noncovalent interactions have been observed in singlgstal Xray
crystallographic data, where the distances between the sulfur and oxygen atoms are
shorter than the sum of the van der Waals radii of the interacting atoms (S #nd O).
Comparing EDOT with the sulfur versiorg,4-ethylenedithiathiophene (EDTT,

17),% s the best way to demonstrate the large affect that themalent interaction

has on the electrochemical properties of a material. EDTT has a lower oxidation
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potential than EDOT. As mentioned above, sulfur is a stronger electron donor than
oxygen andhe sulfur groups contribute to thrdemensional organisation through
intermolecular interactior®: ** However, the oxidation potential and the band gap

of the polymer are higher than those of PEDOT. The reason for this is that there are
no interactions between the sulfur of the thiophene and the sulfur of the
ethylenedithia bridge to hold the polymer planar, therefore there is a limited effective
conjugatian length. In fact, the steric hindrance causes distortion and the units twist

away from each other as showrFiigure 113 for bisEDTT (18).3% 42

S S S S

2/ \§ 7 N\ ST
S S /S ] S
17 18

Figure 1.13EDTT and bisEDTT showing a twist between adjacent units

In our group we have investigated the effect of successive replacement of oxygen

with sulfur in the PEDOT structure through the synthesisaralysis of two new

monomerDSO andSOS*
s s o o
S ]\ S S ]\ S
\ /S A\ / \ /S \ /
o o O O S s s s
\__/ __/ \__/ \_/
0SO SOS

The electrochemistry of these two monomers along with EDOT and EDTT and the

subsequent polymers of all four showedttPEDOT has the lowest oxidation
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potential and the lowest band gap at 1.35 eV, as it has exclusivegy iGteractions

in the polymer chain making it the most planar structure. The next smallest band gap
is POSO (1.47 eV) as it has predominately-® interactions but also now includes
sterically demanding -SS interactions producing a small departure from planarity,
restricting the extent of the effective conjugation lend®0OS has more §-S
interactions than ©O-S interactions and this polymer hasmaich larger band gap
(1.89 eV). PS@is lower in band gap than poly(ethylenedithiathiophene) (PEDTT)
(2.19 eV) only because-OS interactions in the trimer units within the backbone
provide a longer effective conjugation lengtte.(within SOS terthioplenes). The
expected interactions are depictedFigure 114.** We showed that the planarity of
the polymer can be retained with a small dilution of ED@ilts, i.e. at least one

interaction between the units. This agrees with research performed by other*groups.

PEDOT

POSO

PSOS

Figure 1.14 Expected @ -S interactions foPEDOT, POSOandPSOS
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PEDOT has many uses, it can be used in electrochromic didplays] smart
windows:?® as it is dark blue when neutral and pale / almost transparent when p
doped. Cher applications include use as the hole injection layer in organic light

emitting diodes and organic photovoltafés'®

An interesting modification to EDOT is the creation of vinylenedioxythiophene
(VDOT) (19), which is more planar and has a lower oxidation potential than EDOT
as the vinylenedioxpridge is a better electron donor than the ethylene equivalent.
However, electropolymerisation of VDOT is not possible aneM®©T (20) was
required to be synthesised and then elegtiymerised. The resultant polymer also
supports close neoovalent oxygessulfur interactions and overall is similar in band

gap to PEDOT.

— —
O O O O
Z/ \g / \_ s
S s” N\ J
19 20 0 O
\—/
Other norcovalent interactions have been shown to exist and an example is the
sulfur-nitrogen interaction. This interaction (along with a sulidygen ineraction)
can be seen in the-Ky crystallographic analysis @fl which is planar and shows
bond distances for both interactions smaller than the sum of the van der Waals radii

of the corresponding atorfi§Other norcovalent interactions have been shown to

exist between sulfur and halogen atoms, such as flu@®&%and bromine23).>°

CeHiz  CeHis
7\
NN

19



One problem of EDOT based polymersgheir insolubility, in an attempt to make
them more solublealkyl chainscan be added to other units in the monomer
However, the addition of long alkyl chains to thé sarbon of the ethylene bridge
actually causes disruption of the polymer chains by hindérstgcking and reduces

the pol ymer 6s srhakihgithe potymer rhooe perrepfilee n by

There have been several monomers created that are analogous to EDOT, such as the
pyrrole @4) and selenophene%) analogues, as well as replacing oxygen with

selenium to give EDST20).

o) o)

0] 6] Se Se
o
N Se S
H
24 25 26

The pyrrole derivative of EDOT has a lower oxidation potential but the resulting
polymer has a higher band gap which is a result of no nitrogggen norcovalent
interaction to hold the polymer stable and to increase the effective conjugatio
length® The selenophene derivative has both a lower oxidation and band tyep to
analogous thiopheneversion, implying that selenikmbxygen norcovalent
interadions are present to hold the polymer backbone in a planar conformaltion.

our group, we synthesised and character&deethylenediselenathiophene (EDST)
which shows that the polymer form also adopts a planar conformation, unlike the

sulfur derivative (PEDTT) ahmore similar to PEDOY*
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1.8 Electrochemistry

This section describethe equations related to electrochemical analysis performed
using literature procedurés.'® >> >®n general, an electrochemical cell is made up
of at leasttwo electrodes in contact with a solution containing an analyte and
electrolyte. Applying a potential difference across the cell causes two different redox
reactions to occur at either electrode. Oxidation is the loss of electron(s) from the

analyte withn being the number of electrons:

N°CE =m )

and reduction, the gain of electron(s) is given by the reverse reaction:

‘E m ©91N 3)

where O is the oxidised species and R is the reducecespdtie electrode potential

for the redoxeactions above igiven by the Nernst equation:

|

PRSI E 4)

—u

whereE® the standard electrode potentilis the gas constari,is the temperature,

F is the Faraday constant (96,485 C Mo[O] and [R] arethe concentration of the
species in the oxidised and reduced forms respectively. The standard electrode
potential is the measure thfe individual potential of the electrode in a standard. The
Gibbs fee energy change of an electrochemical reaction is given by the following

equation:
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Yo ot ipmes ©)

wheren is the number of electrons transferred and

are [l P ©

Er andE, is the potential of the reduction and oxidation reactions, respectivedy. Th

electrode kinetics can be derived by considering the following equations:

()

The rate of the electrochemical reactid) & related to the currentor current

densityi, which is related tohe current through the area of the electrode su(fce

— (8

For the forward reaction (reduction):

)

(10

where Co and C'% are the concentrations of oxidised and reduced species at the

electrode surface, respectively. If there is a net current density then:

"HO £ (12)

14

and
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(12

wh e rceand Uy are the cathodic and anodic transfer coefficients, respectively.
These coefficients reflect the amount of applied potential which actually gaees int
reducing the activation barrier for electron transfer in the forward and reverse
directions. In simple redox couples; and Uy are equal to onekg is the standard
electron transfer rate constant. If the reaction is governed by the rate of electron

trarsfer, the current is given by the Butdolmer equation:

"Ho 1t (19

7 17

(14

and this gives the amount of electron exchange at the equilibrium potEatitdy

the electron transfer, which is related to the overpotewfiddy the equation:

L F (15

When d is positive, an oxidation reaction occurs and the net current is positive.

Whend is negative, reduction occurs and the net current is negative.

Mass transport, the process of at which the electroactive material moves from the
bulk solution toward the eledde surface is controlled by three mechanisms:

migration, convection and diffusion. Of these three, diffusion is the most important
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and foll ows Fi ck 6 sJ(dmountsot diffisantwper sectnd) ofeghet h e

electroactive species, is relatel to the diffusion coefficient¥;) by the following

equation:

goco | e

J
3

(16)

sk

-

¢ ¢ 1 ) is the concentration gradient, the change in the concentratiorofothe
speciesi per unit distancex. The concentration gradient arises as some of the
electroactive specieis consumed around the electrode surface and this depletion
causes the gradieftAs the current response is related to the diffusion coefficient

through the following two equations:

- gl (7

therebre current is influenced by diffusion as:

= c (18)

A\
® |
-

A plot of scan rate versus current will determine if the redox response of a material is
diffusion related or not. If a linear fit is observéten the material is not diffusion
controlled. A nodinear line suggests a diffusion coefficient influences the current
response and the current peak willfact be proportional to the square root of the
scan rateThis is seen in the Randk&e\ ik equaion which links the peak maxgj

of current () with the concentrationc, the area of the electrod@)( the scan rate

(v) and the diffusion coefficient):
- — -
I: 8 [ :I =|J|| T -IrO (19)
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1.9 Cyclic Voltammetry

There are many types of potential sweep techniques employed for electrochemistry;
the most common of these is cyclic voltammetry (CV). CV uses a potentiostat to
probe the redox properties of materials by applying a potéentithe forward and

then reverse direction while recording the current response. Materials can be
measured in solution or in the solid state. In a normal electrochemical cell, the flow
of current alters the potentials for both electrodes. In CV, onlptbeesses at one
electrode are examined and this electrode is known as the working electrode. The
redox processes at the other electrode, the counter electrode, are ignored and the
purpose of the counter electrode is simply to supply the current requiréueb
working electrode without limiting the response. The current response is measured
between these two electrodes. The potential at the working electrode is measured and
controlled between that electrode and a separate reference electrode, the reference
electrode should not vary and rensat a fixed potential during the experiment

independent of current density.

Common electrodes used for the working electrode are glassy carbon, platinum and
gold. These can either be various shapes such as disc, spade or cylinder. The counter
electrode isypically platinum as either wire or gauze and the reference electrode can
be a saturated calomel electrode (SCE), a Ag/A¢g&itm®de, a pseudo silver wios

a standard hydrogen electrode (SHE).

The experiment involves running a potential varying withetiover a desired range,
V1 to V.. WhenV, has been reached, the voltage is reversed and swept Baclkdw

the potential sweeps, any electron transfer processes for the electroactive material
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that occur will result in an increase in the current respgresaking atJ and E. The

scan ratey, can be controlled and used as described above to measure the diffusion
dependence of the material. A typical graph output is plotted with current versus
potential Figure 115). When the material is oxidised the positive current increases
and when the potential reaches that of the oxidation potential of the matgyiahéE
current peaks at,d and then lessens as the concentration of the material near the
electrode surfacdecreases. In the reverse mechanism, and in reduction processes,
the current peaks ajlat By in the same manner as befdféf the redox process is
reversible, the reduction / oxidation back to the neutral state should be of sirglar s
and shape but of opposite curréhEor fast electron transfer, these two peaks should

lie 57 mV apart”

60
40 4

20

Current / pA

-20 4

-40 4

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Potential / V

Figure 1.15 Typical cyclic voltammogram graph

In an electrochemical cell, the process of oxidation and reduction of a material can
be described by comparing the HOMO dddMO levels with the energy level of

the electrode. In the oxidation process, the energy level of the electrons in the
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electrode must be lower (of more positive potential) than the HOMO level of the
material being oxidised as shown fingure 116(a). Once the energy level of the
electrode is low enough, electron(s) will transfer from the HOMO of the material to

the electrode, resulting in an anodic current.

(a) Oxidation:

Electrode Solution Electrode Solution
© Energy level e @
of electrons A-e> A
_—

LS R S

(b) Reduction:

Electrode Solution Electrode Solution

ES)
~ \\
o S -
A+ e@> Ae
—_—

Energy level

@ of electrons 1 ”

Figure 1.16 Illustration of oxidation and reduction in an electrochemical cell

Reduction of the electroactive species occurs in the same way but in ré&igese (
1.16(b)). As the energy level of the electeodises, becoming more negative in
potential, there arises a point when it becomes energetically favourable for an
electron to move from the electrode and transfer to the LUMO of the species in

solution giving a cathodic currerft.
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In solutions of low conductivity, the pped voltage may not be the same as the
desired potential at the working electrode. This potential drop is caused by the
resistance of the solution between the working and reference electrodes. The
potential drop can cause serious error, but can be tedrdy applying internal
resistance (iR) compensation before running an experiment. The addition of an
electrolyte to the system minimises the problem also by increasing conductivity and

minimising electrical migration of the electrochemical ¢&f®

All electrochemical results are referenced against a stable and solvent detgpen
redox couple Kigure 117) to allow comparisons. The ferrocene / ferrocenium

(Fc/FS) redox couple is recommended by IUPAC.

Figure 1.17 Ferrocend ferrocenium redox couple (X is the counsion)

This redox couple was recommended by Strehlow over 25 years agit, matched

all but one (ferrocene is not spherical) of the following seven criteria:

® The molecule is spherical and has largadius as possible
(i) The ions carry a low charge

(i)  The equilibrium is reversible and fast

(iv)  Both components of the redox couple are soluble

(V) No geometry changes occur

(vi)  The redox potential is in the range of many solvents

(vi)  Both forms are stable.
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1.10 UV-vis Absorption

Electrons in a material can be excited from a low electronic state to a higher
electronic state through absorbance of ultra vidletvisible (UV-vis) light.
Transitions can occur from bonding or lone pairs to-batiding orbital€® These
transitions can involvé, ", and n electrons or electrons involved in charge transfer
reactions. Nofbonding electrons (n) are found in molecules with hed¢oms
present that have lone pair(s). There are four possible transitions invajvingnd

n electronskigure 118).

A 3 - x — Antibonding c*

7 X Antibondin TC*
Energy n-nt n-m s

Non-bonding n

Bonding &t

Bonding &

Figure 1.18 Possible electronic transitions for an organic molecule

The energy of the transition, which is the separation between the upper and lower
states correspondto a wavelength at which that transition absorbs; they are related

through the equation:

9% | (20)

wherehi s Pl anckos c¥m’&gsd andcigtiee s ofllightl(® x
1®°ms). The@-* transition has an absorption

vis spectra as the maxima occur between 1@D28® nm, the vacuum UV region.
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The nG * transition occurs bet weetnafda8d§0  and
transitions have absorption maxima in the 200 to 700 nm region; these transitions
need double bonds in the mol ecolarsystems o pr o
with a high degree of conjugation, such as the conjugated polymers described earlier,
the * transitions have the | owest ener g
wavelengttf °° The intensity of the absorbance depends on the transitions being
allowed or forbidden. Allowed transitions absorb strongly and forbiddeTsitions

do not.

In an U\tvis spectrometer, the intensity of light at each wavelength is measured
before (p) and after k) it passes through the sample. This percentage transmission

(%T) is therefore:

bq L (21)

Thus, from this the absorbance can be calculated:

= {1 (22

and from the Beektambert law, the absorbance is related to the molar extinction

coefficient,, a measure of how strongly a species absorbs ajitleat wavelength:

wherec is the concentration (mol1) andl is the path length (cnff.

The effect of conjugation length and substituent groups have on the wavelength is

explained via the Woodwaiieser rules:He longer the conjugation in the raolle,
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the higher the wavelength férax and substituent groups on the conjugation chain
will impart either a bathochromic (red shift) or a hypsochromic shift (blue shift) for

electrondonating and electrewithdrawing groups, respectivefy.®*

1.11 Spectroelectrochemistry

Spectroelectrochemistry (SEC) is the combination of either electronic or vibrational
techniques such as UWWis spectroscopy Infrared (IR) spectroscopy Raman
spectroscopy or Electron Peamagnetic Resonance (EPR) alongside an
electrochemical technique such as CV. Spectroelectrochemistry utilises the
difference in the spectroscopic signature between the oxidised and reduced form of a
system to probe its redox properties. In this projecily o UV-vis
spectroelectrochemistry is employexs it is a very useful technique for the
investigation of materials in electrochromidgeto it showinghow the absorption
spectra of the material changes upon doffrithe graphs are normally plotted as
threedimensional figures with wavelength, absorbance, and potential, as the X, v,

and z axes, respectively.

The setup of a U\tvis spectroelectrochemical experiment is showfigure 119.

The working electrode is a film of a polymer either grown electrochemically or
deposited by spHeoating, drop casting or sprapating. Small molecules deposited
onto the surface of indium tin oxide (ITO) can also balistly as long as they
remain adhered onto the electrode surface over the duration of the experiments.
Spectroelectrochemical experiments can also be performed on substrates in solution,

using a specially adapted electrochemical cell. The counter andnadezkectrodes
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are typically a platinum and silver wire. Spectroelectrochemical experiments are
performed in an electrolytic solution in order to complete the circuit and provide
counter ions to balance charged states as a result of doping the mateeial

investigation

Counter electrode / Reference electrode

Working electrode . Electrolyte / Solvent

~

|:(>' |:(>

Figure 1.19 Diagrammatic representation of a L& spectroelectrochemical experiment

UV-vis spectroelectrochemistry graphs show the formation of polarons (radical
cations) ad bipolarons (dications) through oxidati®uch specieare local gaps in

the conjugated chain that absorb in the visible to -méeared region. The
absorption caused by polaronic doped states is due to charge transfer from an
oxidised polymer chain ta neutral one. Creating charges along the chain causes a
break in the effective conjugation length of the polymer which results in a drop in
the " -"* transition. Sometimes, if the potential at which the polarons and bipolarons
form are close in potential then the spectra may show a combination of both in one

peak rather than two separate pedks.

Infrared spectroelectrochemistry (BEC) is useful for probing bonds that may
change with potentiakither transmissive or reflective techniques can be. uBeel
transmissive satp is similar to that of Uwis SEC with the winde being made of

either doped tin oxide or silicoR.Boron doped diamond can also be used as a
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transmissiveelectrode as it has a wide electrochemical window and chemical
inertnes$? In reflectivemode, the redox species are probed at the surface of a metal

working electrode which also acts as the refledtayre 120 (a))>°

As most solvents are good absorbers of infrarechtiad, the solution layer has to

be thin, less than 10Am in dept® Infra-red spectroscopy works by measuring
vibrations of bonds in molecules. For a vibrating bond to appear as a band in an IR
spectrum a net change in dipole must occur. Dipole moment is a quamtitati
measure of the degree of charge separation in a vibration. Vibrations that are IR
active include symmetric and asymmetric stretching, bending or scissoring and
rocking® The frequency of vibrations is the same as the frequency of the absorbed
radiation. When the radiation of this frequenfalls upon the molecule, it is
absorbed and so the bond starts to vibrate. Fourier Transform Infrared (FTIR)
spectroscopy is used in preference to Dispersive Infrared spectroscopy as no slits or
prisms are required. FTIR has good noise rejection and, @s wavenumber
(inverse of wavelength) does not have to be measured successively, analysis times

are much shorter

() (b)

IR radiation Laser Scattered beam

Refl
/ / Window \ ) eflected beam

Solution Iayer : ] Solution layer
i i / Electrode \ -

Figure 1.20 (a) Infrared spectroelectrochemistry and (b) Raman spectroelectnisthgin reflection
mode

Even with thin solution layers, Infrared spectroelectrochemistry still has problems

with solvents and the window absorbing at low energies. These problems can be
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overcome by using Raman spectroscopy. Raman spectroelectrochersistry
analogous to IRSEC with the setip in reflectance mode and with the scattered

beam collected by the detector as showRigure 120 (b).>®

Electron Paramagnetic Resonance spectroelectrochemistry-SEEBR is a more

useful technique than the other techniques discussed. EPR measures the interaction
of an unpaired electron with a magnetic field. Without a magnetic field, electron spin
states are degenerate, but the application of a magnetic field removes the degeneracy.
In a single electron transfer process, EPR is useful as an analysis techniquésas in th
reaction either the starting material or the product will be paramagnetic, giving an
increase or decrease in signal strength at a particular magnetic field. Information
about the site of the redox activity in the material can also be ac{fiifee
experimental setip of anin situ EPRSEC Figure 121) is different to thaof the

other spectroelectrochemistry techniques with the working electrode unable to be in
the path of the magnetic field. The working electrode is typically platinum gauze
placed in the flat region of the cell; the connecting platinum wire from theegauz
sheathed in polytetrafluoroethylene tubing so that the site of electrolysis only occurs
at the gauze. The counter and reference electrodes are usually platinum wire and

Ag/AgCl.%*

Reference Electrode

N

Counter
Electrode
T~
Working
Electrode

Magnetic Field

=

Figure 1.21 Diagrammatic representation of BRPR SEC cell and its alignment in the spectrometer
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1.12 Calculation of enerqgy levés and band gap

The HOMO, LUMO and bandyap (or HOMGLUMO gap of polymers (or
monomers) can be calculated experimentally using the following equations. When
the graphs are referenced to the ferrocene / ferrocenium redox couple, the onset of
the first oxdation peak can be subtracted from the known HOMO of ferroeér& (

eV) to give the HOMO of the monomer or polymer. The same can be applied to
calculate the LUMO energy level from the onset of the first reduction peak. The
electrochemical HOM@UMO or bard gap () for monomers and polymers,

respectively, is therefore the difference between the calculated HOMO and LUMO

levels.
T ElEh+<«g> +8 o oe(29
A5l ¢+ «m> £ o oe (29
m o' FakELE (26)

The optical HOMGLUMO or band gap for monomers and polymers is determined
from the absorption spectra of the materials. The abpkgis determined from the

onset of the longest wavelength absorption bahtf (ising the following equations:

I )
1 [ 27)

wherehi s P 1| a n c kcisshe speed of tight mriglis the charge of an electron
(1.602 x 10° C), the resultant value is given in eV. Asc ande are constants, the

above equation can be sirnifigd to:

A 8 T 28
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1.13 Associated Errors

Although an associated error is not normally published along with the calculated
HOMO, LUMO or energy gap, the uncertainty in the determination can be calculated

as follows.

For energy level determination, the uncertainty of the ferrocene reference must first
be considered. The 1k of ferrocene is recorded three times and averaged and thus,

the random uncertainty associated with this is:

I PACI QWS =F L1 LA L L “mt YO rmtm < g

wheren is the number of measuremts, which in this case is three. The avefage E
for ferrocene is not calculated until three that are within 10 mVerang recorded in

succession. Therefore, this would produce a random uncertaih®yQii33 V.

The reading uncertainty of the cyclic voltammetry instrumentlisof the least
significant digit, which gives an error reading#f.0001 V. The total unctinty in
the calculation of the 4z of ferrocene ist0.0033 V, which can be calculated from

the following equation:

< Sputgratic F WO gt ew T Fm o <
(30)

The cycle used in the energy level determination will also have the same reading
uncertainty aghat of the ferrocene oxidation. As the calculation of the onset of

either the HOMO or LUMO is performed manually, this is where there will be the
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greatest error occurs. As shownhkigure 122, the onset of this oxidation can be
calculated from several positions, with the difference between the possible onset

positions up to 15 mV. Thus, giving an onset determination ere0.65 V.

5AO—-
4.5—_
4.0—-
3,5—:

3.0+

Current / pA

2.5

2.0 4

T ! T ' T 7 T ! T Y T
0.4 0.5 0.6 0.7 0.8 0.9

Potential / V vs Fc/Fc*

Figure 1.22 Example of onset determination

Overall, the uncertaty for the energy level determination can be calculated using

the total ferrocene, the reading and the onset uncertainty as shown:

TrIrm> 4 <8 8 8 8 mmT ()

Therefore in an energy gap calculation, which encompasses the uncertainty in the
HOMO and LUMO determination, there is an associated uncertaint).08 eV.

For optical energy gap calculations, there will also be an onset uncerteinit 3

nm) and a reading error @é0.01 nm in the absorption spectra. As the calculation
uses metres, these errors become 1.5 X" #hd +1 x 10™ m, respectively.

Therefore, the uncertainty in optical energy gap is negligible.
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1.14 Photoluminescence Quantum Yield

When a molecule absorbs a photon of light, an excited state is formed. The
deactivation of this excited state back to the ground state can be through several
mechanisms and for many organic compounds this results in luminescence.
Luminescence is the emsisn of a photon of light corresponding in energy to the gap
between the excited and ground states. Luminescence is bathochromically shifted
(compared to absorption) to a longer wavelength / lower energy. This is because
energy is lost through nemadiatie processes, such as vibrational relaxations,
internal conversions and intersystem crossing before emission occurs. Luminescence
can either be fluorescence or phosphorescence, depending on the spin state the

emission occurred frof¥.

In most molecules, the ground state is a singlet stgjeaghe electrons are paired

in opposite orientations. When excitation occurs, if the electron does not change its
spin configuration, then the new state will also be a singlet stgt&4(8tc). If the
electron changes its spin configuration and becomes parallel with the eleittion st

the ground state then the excited state will be a triplet stateTgTetc). This
transition is highly forbidden as a change in spin would take place. The triplet state is
always lower in energy than the analogous singlet state because of the newl
produced electron repulsion. Fluorescence is from a singlet state and 4lsvelloas

it is an allowed transition. Phosphorescence is the emission from a triplet state and is
long-lived in comparison to fluorescence as it is a forbidden transitiont¢dxciplet

state back to singlet ground state)A simplified diagram of the absorption and

emission of a molecule is shownFkigure 123,
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Figure 1.23 Absorption and emission of a nealule

The diagram shows that for each state there are associated vibrational states.
Absorption from the ground state can be to any vibrational state in the excited singlet
state. Through vibrational relaxation, the electron will relax to the lowesttizibah

state (vo = 0) bef or gor tansfehimyrto ah hnalegous s c i n ¢
excited triplet state through intersystem crossing (ISC). Once again, vibrational
relaxation will cause the electron to relax to the lowest vibrational state tfpied

state before phosphorescing t Hke fluorescence, phosphorescence can be to any

of the vibrational states of,®efore further possible relaxation to the ground $fate.

67

Phosphorescence is generally much weaker in intensity than fluorescence, as stated
earlier. Intersystem crossing is less likely to occur as it is a spin forbidden process.
Also, the lifetime of the molecule itonger in the triplet state, therefore the

probability of other nowradiating transitions occurring are greater.

The photoluminescence quantum yield of a molecule is the ratio of photons absorbed
to photons emitted and is essentially a measure of the lplibbaf deactivation

from an excited state to the ground state from luminescence. The quantunaiy)eld (
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can be related to the intensity of luminescence at any waveldn§tHi$?) through

the following equation:

LmO v

JL
1ty o LTS 52

wherek is a proportionaty constant,c is the concentratiorﬂ(excn) is the molar
absorbtivity of the sample &fexciyy and 1<V is intensity of the excitation light that
comes from the monochromator and impinges on the s&fphe above equation

is only valid for optically dilute samples; if the concentration is too great then self
guenching, an inner filter effect, can occur which is the absorbance by the sample of

its own luminescenc®.

A more reliable method of calculagjinquantum yields is to use a comparative
method®® which compares the quantum yield of an unknown santplpWith that

of a known standardi(s7). In such an experiment, we compare the gradient of the
unknown Gradk) with the standardGradsy), which can be calculated from a plot of
integrated fluorescences. absorbance of five different dilute samples, wtlileo
taking into account the refractive indices of the solvents ufeah@ applying these
data to the following equation:

1 >h" te
LR EERSE

t. 4y &
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1.15 Applications and Devices

There are many applications for organic small molecules, monomers and polymers.
Years of research have been conducted for each application and progress is still
ongoing to improve the efficiency of each device. Organic semiconductors have

found use indevices such as electrochromi@$® light emitting diode<*’” field

g?—Sl

effect transistor§®®* photovoltaic€?®* and sensor$:®® Each application and device

will now be explained in more detail

1.15.1 Electrochromic devices

Electrochromics is the one application where organic semiconductors already excel
over their inorganic counterparts with their ability to control and-fime the
colour. Organic based electrochromics have a higher colouration efficiency, greater

stablity, faster switching times and have the ability to become fully transp&réfit.

Electrochromic materials can reversibly change from one state of absotpti
another by applying a potential; this effect is caused by modifying the band gap of
the material, creating doped states in the material and shifting the spectra towards
higher wavelength¥: %?Polythiophene itself is red in the neutral state and blue when
p-doped?® #* and through varying the side groupetthree primary colours can be
created, thus allowing the development of devices based solely on conjugated
polymers®™ % The band gap of thpolymer essentially controls the colour change.

Conjugated polymers with gEabove 3 eV are transparent when neutral and will
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absorb in the visibleegionin the doped state. Polymers with band gaps of 1.5 eV
and below are highly absorlg and coloured wén neutral buupon pdoping the
absorption shifts to the ne#R. Thus plymers with band gaps between 1.5 and 3

eV give a change in the visible regibh.

A classical electrochromic device is a simplewgetand is depicted as a seven layer
structure Figure 124).°° The electrochromic layer can be deposited in several
different ways, such as electrochemical growth, spiating, dropcasting, or spray

coating®® When a potential is applied, the electrochromic layer becomes either
oxidised or reduced, depending on the polarity of the current flow and the new
charged stat@roduced is balanced by countens from the electrolyte layer. The
change in the material ds state is due to
colour. This colour change can be seen from either side as the substrate and the

conductor areransparent.

Substrate (plastic or glass)

Transparent conductor

— Electrolyte

Ion storage layer

Transparent conductor

Substrate (plastic or glass)

Figure 1.24 Diagram of a typical electrocbmic device

Typical polymers used in electrochromics and their colour changes are shown below

in Figure 125.%
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Polymer Neutral Doped
o (6]
PEDOT m Dark blue Transparent / light blue
S n
27 / Red Light blue

28 Pink Transparent / light blue

29 Yellow Blue

Figure 1.25Polymers used in electrochromics and their colour changes

The switching ability of a polymerthe rate of change of the absorption or
transmittance upon fast switches (up to ten seconds) between oxidation and
reduction gives an indiceki on of the material s potent
device. The rate of change is dependent upon the ability of electrolyte cmunster

to diffuse in and out of the polymer to balance the charge when doped (keeping
electreneutrality) and expelled Ren neutral. More open polymers possess a better
switching ability and have a greater change as aplasked morphology allows an

efficient flow of countefions into and out of the polymer filf.

Colourimetry experiments produce colour coordinates of materials in the neutral and
doped stategnd irbetween if required. Colour coondites can be given as the 1931
(Yxy) and/or the 1976L¢a*b*) CIE representation of colour space to determine the

colour transformationyY is the luminance of the colour withandy coordinates of
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the chromaticity diagranF{gure 126).°’ L* is the lightness of the material wit
and b* opponent dimensions of colour. A positia& is red and a negativa* is

green. A positivéd* is yellow and a negativie* is blue®®

S Approxnmate Color reglons on :
0 8; ClE Chromatlcnty Daagram
516mfn 4 ‘OM\; ‘ -
0-7. noj;‘\i .-5.5.o.r'n. grrerren I
Sy 560ng Yellow Gree:nish
0.6 : ’ ' : E """ . ’een.4 """ - yo“ow
o Y T
0‘5:. Seere B Ry W R R
; R 0™ [Vellowish
y 560 nm [__orange
0.4 :.. ............... 6.0.0 "?1 ...... Reddsh
. 610
: White S Lotange
aga‘ﬁ&\ ........... + Pink Wl it
- 700 nm
02;
- . Orange
Purplish o (T T A Lpmk,
blue 4zom§. N Reddish : - -
Waanm Bluish |: [_purple
0 ....... ‘Wm ........ Wp'e- ................................
0 0.1 02 03 04 05 06 07 08 X

Figure 1.26 1931 CIE colour coordinates

The colour efficiencyd) of polymers can be calculated from the equation:

Fewon il

P e (39

whereagyp is the change in optical density a@udl is the charge passed during this
processaap is determined from the percagetransmittance%T) before and after

a full switch and can be calculated using the following equation:
Yo 1 T EBRT "M "HH R TEIFD R M0 T 1 TITIRAA "H (35
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1.15.2 Organic Photovoltaic (OPV) Devices

The photovoltaic effect in semiconductor gtions is the creation of electricity from

light. Photovoltaics or solar cells are designed and manufactured to make use of this
effect to create a renewable energy device that harvests light from the sun.
Traditional solar cells are made from inorganictenals such as silicon, however,
these devices are expensive to prodidResearchocushas turned to the organic
versions known as organic photovoltaics (OPV). The semiconducting active layer in
OPVs is essentially where the light is absorbed, separatefvé electrons and

holes, which in turn are then transported to the electrodes.

The active layer in organic photovoltaics is made from the combination of two
electroactive components, a donor and an acceptor. The most commonly used donor
is regioregula poly(3-hexylthiophene) 30) and the acceptor used for organic
photovoltaics is [6,6phenytCe:-butyric acid methyl ester (PCBMBY).'°° PCBM

was first used in 1998 and to date is still the best acceptor found. It can be used
alongside donor polymers with a wide rangebahd gaps ranging between 1.2 and

1.9 eV. The band gap of polytgxylthiophene) is at the edge of this limit with an

E,of 1.9 eV!®
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However, despite the vast amount of research that has been périonnpoly(3
hexylthiophene) and power efficiencies of 5% being achieved, the limiting factor for
this polymer is inevitably its large band gap. A band gap of 1.9 eV corresponds to a

wavelength of 650 nm and relating this wavelength to the photon fluxeo$uh

(Figure 127) , means t hat | ess t han 25% of
harvested®
5%10'" . 100
q_

o 0'® 80 i
= 4x1 8
o 3
o @
. o

S 3x10'"° 60
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Figure 1.27 Solar photon flux as a function of wavelength

By examining the solar spectrum of the sun under AM 1.5 conditibfie sun at

45° above the horizon, an integrated power density of 100 m& amd integrated
photon flux of 4.31 x 18 s m?), as shown inFigure 127, it can be seen that
decreasing the band gap of the donor material will increase the amount of photons
that can be absorbé® However having too small a band gap is not ideal either as

the open circuit voltageVoc) will be small and overall the power conversion

46

t



efficiency PCE) will be low. The optimal band gap has therefore been predicted to

be 1.4 e\®

The power conversion efficiencyld) of organic photovoltaics can be calculated

from a currentvoltage (+V) graph using the following equation:

ty  KaegaTlh. (36)

wherelg.is the short circuit current density (mA / Brthe curent at V = 0 V, which

is dependent on the photon absorption of the active l&glis the open circuit
voltage, which is the voltage at zero current and also the difference between the
HOMO of the donor and the LUMO of the acceptor (Begure 128). Py, is the
intensity of the irradiating light (mW / ¢y AM 1.5 standardised=F is the fill

factor, which is determined by the balanced charge transport and recombination
properties of the donor and acceptor. Thef&ctor can be calculated from the

following equation:

3 9 [ 'H Ol'm _— —_ L_V%HT & (37

where Inpp iIs the maximum current anifmp, iS maximum voltage in the-V

characteristics.

The energy leels of the donor and acceptor units should be offset and the ideal
configuration is depicted ifigure 128. V., as stated above, is proportional to the
difference between the HOMO of the donor and LUMO of theepmr'®® For
optimum efficiency of charge separaticd:, ymo (energy difference between the

LUMO of the donor and LUMO of the acceptor) should be 0.3 eV and matching this
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value to the correct band gap donor will give theoretical efficiencies of'40¥he

graph inFigure 129, shows that the efficiency of a bulk heterojunction organic
photovoltaic is at its highest when tb&, yuo is 0.3 eV and the band gap of the
donor is between 1.2 and 1.7 eV. If the acceptor is PCBM with an assumed LUMO
of -4.3 eV (although this valuearies considerably in the literature) then the

optimum LUMO of the donor should 4.0 eV

Energy Levels
------------------------------- Vacuum Level
LUMO
} I AE, a0 LUMO
"""""" K4 A
EDonor ’
Voc
. EAcceptor
Y S
HOMO AEgomo j v
HOMO
DONOR ACCEPTOR

Figure 128 Energy levels of donor and acceptomponents in organic photovoltaics
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Figure 1.29 Power conversion efficiencies for band gap veedtigvo

The mechanism for charge generation in an organic photovdiaiceis shown in

Figure 130, along with a depiction of how energy can be lost through four different
pathways->® The red and blue levels represent the HOMO (lower) and the LUMO
(upper) energy levels of the donor and acceptor units in a photovoltaic junction,
respectively. In parta), a photon is absorbed creating an exciton. The exciton travels
towards the doneacceptor interface in part (b) and in part (c), an electron is
transferred to the LUMO of the acceptor. Through a coulombic interaction, the
charges are still attracted @ach other until they are separated by an electric field as
depicted in part (d). Part (e) shows that if the charges live long enough they are
transported towards the electrodes and part (f) is the collection of the charges at the

anode and cathode eleaies.

Energy can be lost in four ways: (1) represents photons that have energy greater than

that of the donor band gap and are not absorbed and usually dissipated as heat.

49



Excitons that are created too far away from the dawoeptor interface will
recombne as shown in step (2). Even after separation, geminate recombination (3) or
bimolecular recombination (4) can occit.The acceptor units e to be close
together so that a series of electron transfer steps can take place to carry charges to
the electrode from the bulk. To avoid the premature recombination of electrons and

holes, the semiconductor must be highly pure and defect free.

[

— N Hil— N ;?_l
i (€

N
{a)

dy (] i

Figure 130 Mechanism for charge generation

Bilayer OPVs(donor and acceptor layers coated on top of each)aheinefficient

as the area of don@aucceptor interface is very smalhd as a consequence solution
processed bulk hetgiunction OPVs are predominately usétiThis device structure

is better as the interface between donor and acceptor has increased greatly and
therefore, as a result, so has tmember of charge separation siteA typical

structure of a bulk herojunction is shown ifigure 131.
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Anode

Active layer Cathode

Figure 1.31 Schematic of a bulk heterojunction organic photovoltaic

Improving the processing of the materials is the best way to optimise ther pow
efficiency; this can be done by mixing the donor and acceptor in many different
ratios!® annealing after coating and through the addition of other additives to
improve the morphology and reduce phase separdti@ontrolling the thickness of

the active layer is also important. In simple terms, increasing the thickness would

increase the amount of light absorbed and the number of charge separations but

consequentlyhe resistance would increase along with a decrease in the fill t&ttor.

Other donors that have been investigated with promising resul®2teand33.1*
These new donors showed 4.76% and 6% efficiency, wilai@ Go, as acceptors,
respectively. To date, the best power conversion efficiency of 7.9% has been
reported bySolarmer Energy and confirmed by the National Renewable Energy

Laboratory (NREL):*®

C42H,500C
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Alternative acceptors to molecular based systems inchiglpenpolymers;* but the
best acceptor materials are based apn &d Go. An example includes the
modification of PCBM, creating the 4substituted version3d) that in comparison
has raised the LUMO level by 1M0 mV!™ thus increasing the open circuit
voltage and allowing a bettefE, ymo for most donor polymers. A more unusual

strategy is the creation of polythiophenes connected directlygtullerene groups

116

(via monomers85and36).

It is postulated that the charges separate and pass in opposite directions in the same

polymer Eigure 132). However, these are not as good as separate -doneptor

heterojunctions, but the strategy does have prothise.

Figure 1.32 Proposed mechanism of charge separation for polymers with both donor and acceptor
units integrated into the polymer struaur
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1.15.3 Organic Field Effect Transistors (OFET)

Field effect transistors are effectively an-affi switch used in electronic circuits.
Organic field effect transistors are based mainly on two types: small molecules and
conjugated polymers. The matniteria are materials that possess a low threshold
voltage, a high on / off ratio, high mobility and are stable under ambient and

operating conditions®

A typical device structure for an organic field effect transistor (OFET) is shown in
Figure 133. An OFET isa three terminal device in either (a) top contact or (b)
bottom contact arrangemehit. The difference between these two arrangements is
that the source and drain electrodes can eibleeevaporated onto the top of the
organic semiconductor (top contact) or evaporated onto the dielectric before the

deposition of the semiconductor (bottom cont&).

@) (b) Semiconductor

Figure 1.33 Setup of an OFET configation in (a) top contact and (b) bottom contact arrangement

The gate voltage () determines how much current can travel from the source to
drain through the semiconductor material. When no potential is applied to the gate
voltage there is little condtigity through the semiconductor and therefore very little

current flowing between the source and drain. This is the OFET in the off state.
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When an increase in potential in either polarity is applied, an electric field is
induced, causing a potential gradi and resulting in a bufdp of charges at the
dielectricsemiconductor interface. The charges can now move and current can be
drawn through the device by applying a voltage across the source and drain. The

transistor is now in the on stdf@: 12

The polarity of the voltage determines the type of semiconductor, if a negative
voltage is applied at the gate then the semiconductor will-typepas the BMO

and LUMO levels of the organic semiconductor will shift upwards with respect to
the Fermi level of the metal. When the HOMO and the Fermi level are resonant then
holes will flow from the HOMO to the metal.-Type behaviour is achieved by
applying a poive potential at the gate, resulting in a shifting of energy levels down
with respect to the Fermi level of the metal, when the LUMO of the semiconductor
and the Fermi level are resonant then electrons will flow from the metal to the
LUMO of the organicsemiconductor. Materials that can behave as betng n

type are termed ambipolar semiconductdfs.

Crucial parameters that govern the performance of an OFET are the charge carrier
mobility (i), the onoff ratio and the threshold or tuon voltage (V). Mobility is a
measure of the chargerdar drift velocity per unit of electric field; the ewff ratio

is the ratio of current in the accumulation mode over the current in the depletion
mode and the threshold voltage is the minimum voltage at the gate electrode when
the conduction channel sta to form. A typical OFET measurement is shown in
Figure 134, where the source drain currenig(lis measured with respect to the
source drain voltage @ at different gate voltages. The graphs are split iw
sections, the linear regime whegit linearly proportional to ¥, and the saturation

regime whengdyis independent of \
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Figure 1.34 Graph of current versus potential obtained from a series of OFET measurements at
varying gate voltages

The mobility of the semiconductor can be determined from the following two

equations which relate to the two different sections of the dfapf

Linear regime:

Lm ZL Hfvmm T« —Tvm (39
Saturation regime:
Se THEm T &

whereW is the width of the channdl, is the channel lengtlg; is the capacitance of
the insulating (dielectric) laye¥y is the appliedyate voltage and, is the threshold

voltage. The threshold voltage is determined from the onset of sotaicecurrent.
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Organic field effect transistors have the advantage of the semiconductor being easy
to apply in device fabrication by either smioaing or dropcasting. The choice of
semiconductor is limited not only by the solubility, but also by the ability of the
material to sekassemble in the solid state as this can maximise charge transport
through” -stacking™* Flat molecules such as pentace®®) @re a good example of
materials with selassembling properti€§®> Pentacends a well known ptype
semiconductor and other heavily studiedtype semiconductors include
polythiophene derivatives (mainly regioregular poiylthiophene) 30)),*%° and
rubrene 88).'*” A device consisting of ubrene hasshown anincredibly high

mobility of 15 cnf V* s* compared to those of pentacene (£ &fit s*) and poly(3

hexylthiophene) (0.1 cfv* ™).

< O
CeHi3
OO0 (. Coor
S
37

n

? O O

n-Type semiconductors for use in OFETSs suffer from environmentalchees such

as oxygen and water, as they react with the radical anion produced from the transfer
of an electrort?® This instability limits the use of many compounds in OFETs but
commonly used 4type semiconductors include fluercand cyanesubstituted

compounds such &9,"%° and40.**°

HOH
C7F15H20_N O N_CH207F15
o @]
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There are very few ambipolar semiconductors. Two recent examples were reported

131

by Takimiya et al41),"*' and Anthopoulogt al (42) and both are aistable™** Other

p-type, ntype and ambipolar organic semiconductors are given in recent reviews.

121,133

The choice of metal for the electrodes is an important choice. Rgpep
semiconductors, the metal should have a high work functeg. gold and
platinum), whereas for-type semiconductors, the metal should have a low work

function (e.g. aluminium)3*

Choosing an appropriate metal to match biehaviour
of the semiconductor allows efficient charge injection (holes or electrons). The work
function is the energy required to remov

the vacuum level?® Typical dielectrics used in OABE are Si@ based networks or

nonconducting polymers such as poly(methyl methacryfate).

57



1.15.4 Organic Light Emitting Diodes (OLED)

Eledroluminescence is the conversion of electrical energy into light. Materials that
have this ability and conduct are used in light emitting diodes. The organic light
emitting diode (OLED)has become the focus of much research tha next
generation of comamrcial televisionsas it has several advantages compared to the
current market leader, liquid crystal display (LCD) televisions. These advantages
include being ultra thin, thus more portable with the possibility of being flexible.
They are solution procseable, have faster switching speeds, run on low voltages and

are an emissive technology that requires no back light or filters.

OLEDs are assembled as small devidagure 135) in a multilayer structure. The

organic emitters are embedded between thin electrodes, one of which has to be
transparent. Typically, ITO coated glass is used as the anode and aluminium as the
cathode. The two other layers, hole conducting and electron transport layers, are

inserted to asst the transport of charges from the electrodes to the semicontfuctor.

Hole eonducting layer

Electron iramsport laver (_’
Cathode "_-_‘:\*\!

e Sohstrate (plastic or glass)

.

Electroluminescent muteriol "

Anode (transport conductor)

Figure 1.35 Classical structure of an OLED
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When a potential difference is applied between the electrodes, electrons are injected

from the low work function cathode and holes from the high work function anode.

These charges atransported through the semiconductor and when they combine in

the semiconductor, an exciton is formed and the relaxation from either a singlet or

triplet state to the ground state triggers either fluorescence or phosphorescence,

respectivelyFigure 136 shows fluorescence emission from an excited singlet state

in an OLED seup!*®

Vacuum level

Anode

Hole injection

LUMO

Electron injectio

7]

€

‘ Singlet state

~—

Light emitting polymer

Figure 1.36 Electroluminescence in a conjugated polymer

Cathode

The colour of the electroluminescent light is dependent on the HOWI@O gapof

the emitting material, which is related to the effective conjugation length and

therefore is tailorable. Blughifted emissions are from shorconjugated polymers

and redshifted emissions are from longefconjugated polymers® The HOMG

LUMO gap of the conjugated semiconductsed should be between 1.65 and 3.2

eV for emission in the visible region.
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Two of the most common emitting layers are shown below. Polyphenylene vinylene
(PPV) @3) gives a green emissidi, and polyflugenes 44) provide strong blue
emission:*® The colour of the emission, as already mentioned, can be tuned. The

addition of one 45),"*° or two methoxy group$46),**°

to PPV gives yellow and
orangered emissions, respectively. For other examples of OLED materials, there are
many reviews published™ **! Combining all three colours or just red and blue

emitters gives 3 or 2-colour white light. White OLEDs themselves are being

researched for larggcale soliestate lighting:*?

@w@w@w

CeH1z  CgHiz 44

The eficiencies of OLEDs can be quoted in several ways: internal
electroluminescent quantum efficiency, power efficiency or luminous effici€ncy.
Each efficiency is related to the external electroluminescent quantum efficiency,
which is the ratio of photons emitted compared to the charge injected as a percentage
of emission per unit current (cd™ or as the efficiency fothe device at the
maximum brightness (cd . The externagfficiency @ex) can be calculated from

the following equation:

tae « ALt Hy (40

where, o relates to the charge balance in the emissive laggr, is the
photoluminescence quantum efficiency of @maitter,dc is the fraction of photons

coupled out of the device arad is the singlet fraction. When electrons and holes
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recombine, the excited state can either be a singlet or triplet state in a ratio of 1:3.
For organic polymers, the triplet state iaddived with a low emission probability.

The effective maximum efficiency for a conjugated polymer is therefore only 25
%143 1%The internal electroluminescent quantum efficiengy)(can be calculated

using the external quantum effncy in the following equation:

Lo @ " tge « (41)

The 2r? factor is included as all photons emitted cannot be perceived due to
refraction of the organic materiah {s the refractive index) and are diminishiey
this amount. The power efficiencybw) is the ratio of the output light to input

power and can be calculated from the following equation:

+—_n . +—-o el (42

where,E; is the average energy of teeitted photons and is the applied voltage.
The luminous efficiency dum) is determined by multiplication of the power

efficiency with the eye sensitivity cun&as defined by CIE:

'LI 0D 'L_n '” (43

The S value ecounts for the sensitivity of the human eye to different col6urs.
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1.15.5 Sensors

Conjugated polymers can be usedsassors, working on the principle that a host
guest arrangement between the receptor (conjugated polymer) and the analyte
changes the behaviour of the polymer through either a change in the redox potential,

the current response or the electronic proeyit?

In our group, we have shown that a conjugated polymer, electrochemically grown
from 47, can detect Agand HG" ions at levels as low as 20 through an increase

in current and potential (up tuB and 400 mV respectaly).

SUPOE

— —
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The change in the redox potential can be attributed to the coordination of’the sp

nitrogen atoms and the possibility of suffuetal interactions with the two sulfur

atoms in the dithiin ring, as shownfigure 137.%°
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Figure 1.37 Hostguest arrangement of Pdlyand metal analyte
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In most cases, addition of ions to a conjugated polymer disrupts the effective
conjugation length by breaking planarity in the polymer chain. This results in an
increase in the anodic potential and a hypsochromic shift in the absorption
maximum**® However, there are examples (sucht8sn Figure 138) where cation
complexation with the crown ether in the polymer sydeup induces planarisation

in a twisted chainproducing a polymer with a longer effective conjugation length

and therefore a decrease (0.1 V) in the required anodic potéhtial.

Figure 1.38 Addition of ions inducing planarisation of the polymer chain

The above situation only works for‘Lions. There are many conjugated polymers
(such as those derived fromonomergl9 and50), that can detect several cation and
dication metalse.g. BusN*, Na', C&*, B&" and Sf* by a shift in the anodic peak

(several hundred millivolts)®
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Chapter 2.  Electrochemical,
Spectroelectrochemical and Comparative Studies of
novel organic conjugated monomers and polymers

featuring the redox active unit tetrathianaphthalene.
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2.1 Abstract

A series of monomers hdmeen synthesesl and charactes®dd on the basis of the
incorporation of tetrathianaphthaler®l) and its saturated$) and open cyclicH6)
forms as fused side groups onto polythioghehains. The Xay crystal structures

of compounds$4 and 56 are reported. Tetrathianaphthalene (TTN) is an isomer of
tetrathiafulvalene (TTF); however, monomer and polymer versions4alo not
show any similarity to TTF in cyclic voltammetry (CV) or sp®electrochemical
measurements. CV experiments have showng#hand56 are easier to oxidesthan

55, whereash4 also has an additional reduction peak, giving it a smaller HOMO

LUMO gap than the other two monomers.

All three polymers 064-56 have nedy the same oxidation and reduction potentials

as well as band gaps; small variations can be attributed to the differences in the side
groups. Spectroelectrochemical measurements revealed that the polymers showed
electrochromic behaviour; switching timeshd colourimetry measurements are
reported. From this data, all three polymers have a colour change of red to yellow
with poly(56) having the best colour contrast and percentage change in absorbance

from various switching times.
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2.2 Introduction

Tetrathiatilvalene (TTF) %1) is one of the most studied electroactive organic
materials over the last thirty five years and is well known for its easily accessed
TTF" and TTE" oxidation state$!® as shown irFigure 21. TTF and its derivatives
have traditionally been used in the search for new supercmmgduand charge
transfer salt$>® *** but in recent years, they have also been incorporated into
conjugated polymers, with examples includipgfting of TTF to thiophen&? 1°2

153 andpolythiophenéackbones>***°

S S s S S i S S
o1 [s> — <s] N :@ [s.> <§>j N :@ [@s? <§>j
TTF TTF* TTF®

Figure 2.1 Oxidation of TTF

Tetrathianaphthalene (TTN%Z), comprising two fused 1-dithiin rings 63), is an
isomer of TTFand is often used as a precursor in the synthesis of*f Tl date,

there has been no electrochemical analysis on TTN incorporated into conjugated
polymers. In this chapter, the synthesis and characterisation of three mon®ners (
55, and 56) and their electrochemically prepar@dlymers are reported. In this
comparative study, monomé# has a TTN group attached to a terthiophene unit,
whereas monoméss is the saturated form &4 and monomeb6 is the open bridge

form.
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In previous work, it washown that TTN and 1;dithiin adopt boat conformations in

the neutral state and planar conformations when oxidi&e®. The 1,4dithiin ring

i s an -eledtrgnhahtaromatic heterocycle that cdose two electrons when
oxidised to give an aromatic dication and this process is sometimes irrevEtsible.
However, the oxidation can become complicated thredresulting voltammogram

will change depending on the scan rate. The situation is best explained using a

square scheme as showrFigure 22.7®
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Figure 2.2 Square scheme oxidation of id#hiin ring

If the scan rate is fast, the top route is observed, but when the scan rate is slow

enough to allow theanversion from the boat to the planar conformation then the
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bottom route is preferred. The different oxidation potentials for the second electron
loss is variable due to the two different available routes. The boat radical cation has
the driving force of bcoming planar and therefore the oxidation is lower than that of
the equivalent planar version. In some cases, varying the scan rate does not have an
affect on the conformation and it is likely that the boat conformer goes to the planar

conformation at alécan rates after the loss of the first electfon.

TTF is mae electrordonating than TTN and is therefore more easily oxidised
(Ey2"® = +0.34 and B = +0.71 Vvs. SCE for TTF*? and B, = +0.69 and
E1°™ = +1.16 V vs. SCE for TTN}®® Moseset al*** ***have shown that TTN can

be electrochemically transformed to give TTF through oxidation and then
rearrangement. However, Sugimabal’®® have shown that this reaction will not
occur if there is extended conjugation; therefore, monddavould be unlikely to

take part in any rearrangement reactions when oxidised.

The synthetic procedures for monomé&i4,55 and56 are summariseand shown in
Scheme 2 and the electronic, electrochemical,-r&y crystallographic and
computational analysis are presented and reported for all three monomers. The
polymers grown electrochemically are charasest through electrochemical,
absorption and spectroelectrochemical techniques. All three polymers were also
investigated as potential electrochromic materials by measurement of the percentage

change in absorbance through different switching times ana@ditr coordinates.
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Scheme 21 Synthesis 064, 55and56
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2.3 Experimental

Monomers54, 55 and 56 were prepared synthetically by Alexander Kanibolotsky
(University of Strathclyde). Xay crystalography measurements were performed
and solved by Simon Coles, Michael Hursthouse (University of Southampton), Ross
Harrington and William Clegg (Newcastle University). Computational Analysis was

performed by Peter Skabara (University of Strathclyde).

Cydic voltammetry measurements were performed on a CH Instruments 660A
electrochemical workstation wiiR compensation using anhydrous dichloromethane
as the monomer solvent and acetonitrile for monefneer solvent. The electrodes
were glassy carbon, platim wire, and silver wire as the working, counter, and
reference electrodes, respectively. All solutions were degassed (Ar) and contained
monomer substratesa. 10* M, together with n-Bu;NPR; as the supporting
electrolyte. All measurements are referenegginst the B, of the Fc/F& redox
couple. Spectroelectrochemical and switching experiments were conducted on
indium tin oxide (ITO) coated glass. Absorption spectra and CIE coordinates were

recorded on a UNICAM UV 300 instrument.
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2.4 Absorption Spectroscopy and Electrochemistry of Monomers.

The electronic absorption spectra for the three monomers in dichloromethane are
shown inFigure 23. The absorption maxima are all similar given their near identical
strucures. Compound§4 (356 nm),55 (360 nm), andb6 (362 nm) give expected
absorption maxima for the -"* transition of standard terthiophenes with
heterocyclic side chains. The onset of the absorption edge gives the optical-HOMO
LUMO gap for the monomers. The values calculated were found to be 2.95 eV for
monomer56 and 2.99 eV for monomet! and55, indicating that the different side

groups havdittle effect on the -"* transitions.
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Figure 2.3 Solution state electronic absorption spectra for monob®Es and56.
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The electrochemistry of the monomers was studied by cydiammetry. The

oxidation and reduction of the monomers are showfigure 24; the oxidation

shows one reversible and one irreversible wave in all three cases. The first wave is a
two-electron losswhich resuis in a dication with the second wave a -@hectron

oxidation. In comparison with TTF, monom&4 does not show the famous two
reversible oxidation to the radical cation then dication. Instead the results suggest

that the electrons are removed from thethiephenes and the TTN unit
simultaneously. Despite the similarity between the structures, the potentials at which
oxidation occurs varies between the monom@iable 21). Monomers54 and 56

have reversible firsbxidations at E,'> = +0.68 V and +0.64 V, respectively,

whereas monomes5 has a higher first oxidation wave ((£> = +0.71 V). The
differences are accounted for by the different side group structures. Mo&dimzs

a lower potential compared withamomerS55because t here are tw
electrons and oxidation tends towards a charged aromatic intermediate within two
dithiin rings. The lowering of the oxidation 66 is somewhat unexpected but can

possibly be explained, as the alkyl sulfyl grewgye open and able to twist allowing
therbitals of the open al kospitalssfthédithin gr ou
ring creating an inductive effect, thus lowering the oxidation pote&talilarly, the

potential for the second oxidation vesvis higher fob5 (+1.12 V) compared with

that for54 (+0.99 V) andb6 (+0.98 V).
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Figure 2.4 Cyclic voltammograms of (a) oxidation and (b) reductiob4f55 and56

73



Irreversible reduction of the monomefadure 24 (b)) occurs at2.28,-2.27 and-
2.30 V for54, 55 and 56 respectively. However, compoudd shows an additional
reduction peak-g.03 V) that corresponds to the irreversible reduction of the TTN

group.

The electrochmical HOMO-LUMO gaps of the monomers were calculated from the
difference in the onsets of the first oxidation and reduction peaks. Using data
referenced to the ferrocene / ferrocenium redox couple, HOMO and LUMO levels
were calculated by subtracting thesets from the HOMO of ferrocene, which has a

known value of4.8 eV. A summary of these data can be sedmable 21.
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Figure 25 Cyclic Voltammograms db4, 55 and56 for energy levedetermination.
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The HOMGLUMO gaps are similar fob5 and56, with 54 being smaller due to the
extra reduction peak at lower potential. An interesting comparison is the
electrochemical HOM@UMO gap with the value determined from absorption
spectroscopyFor monomer$5 and 56, the experimental gaps for both techniques
are very similar, but fob4, there is a significant differendgetween optica(2.99

eV) and electrochemicak2.56 e\, suggesting that the TTN group shows some

reductive electractivity that is independent of the terthiophene chain.

Table 2.1 Electrochemical and absorption spectroscopy data for comp&dn8S and56.

Monomer E'/V E/V E™/V E™/V HOMO/eV LUMO/eV* E,/eV

54 +0.69/+066 +0.99  -2.03 -2.28 -5.44 -2.88 2.56
55 +0.75/+0.66 +1.12  -2.27 - -5.49 -2.56 2.93
56 +0.68/+0.60 +0.98 -2.30 - -5.38 -2.49 2.89

#HOMO and LUMO values are calculated from the onset of the first peak of the corresponding redox wave anddréference

ferrocene, which has a HOMO f.8 eV."E; is the HOMGLUMO energy gap'irreversible peak.

2.5 X-ray Crystallography and Molecular Modelling.

The structure of the TTN derivativé4) was determined by singl@ystal Xray
diffraction studies using sghrotron radiation. The asymmetric unit consists of two
molecules, differing slightly in geometry (conformers A andHgjure 26). Of
particular note is the fact that the threeCCbonds within the dithiin unitsfo
conformer A are 0.03 to 0.08 A shorter than the corresponding bonds in conformer
B. Although these differences are individually marginal (with standard uncertainties

of D0.02 A), there is a systematic pattern: comparing analogeBi®@hds between
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the two conformers reveals that almost all of these bonds are longer in A than in B.
(The difference ranges frord.003 to 0.042 A). Therefore, conformer B appears to
have a more delocalisédelectron distribution. A leastquares fit of the three fused
rings d conformers A and B shows a remiean square difference of 0.048 A, with
only small differences in the orientations of the terminal thiophene rings relative to

this central core.

In general, dithiin rings adopt boat conformatidfsThe degree of bending in the
dithiin rings can be expressed as a folding along th& Sectors within each ring.

The differences between the corresponding folding angles in each conformer of
compounds54 are small; the outer dithiin rings have angles of 47.5(4)- &H and
46.0(5) (S13-S14), whereas the inner rings have values of 52.1(4)-$54 and
53.7(4) (S11-S12. The terthiophene units possess a high degree of coplanarity
between adjacent thiophene units, with torsion angles of 179.3(934&5-S2),

178.5(9) (S2C8-C9-S3), 176.0(9) (SE20-C21-S9), and 179.9(9(S9-C24C25

S10).
C8 oz
~
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—&_ 57 I c25%” C26
S6 . C32, c3o \\(:‘2’3 «C24
C13 b—&C14 c31 ¢ L 89
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g S5 S3 iz w22 c19
C1 .\ C4C\\ \C7C9 9 s11 COMY
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c2 C3 s2 c10 cn C17
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Figure 2.6 Molecular structures of compourtd showing the crystallographic asymmetric unit that
consists of two conformers
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Figure 2.8 Geometryoptimized structures of compoun8d, 55 and 56 (left to right, respectively).
Calculations were performed at the B3LYR®BG* level, starting from the observed crystal structures

of compound$4 (for 54 and56) and55.

In previous studies on 3githio-substituted terthiophenes in our grddp'® 1°*+ ¢/

189 \we have found that high degrees of coplanarity within the conjugated chain are
formed from an allanti arrangement of the thioghe rings in which the sulfur atoms

of the peripheral rings form close intramolecular-$ contacts with the 3dithio
substituents on the central ring. This is elegantly demonstrated in the structure of
compound54, which has close -SS contacts at diances of 3.182(6) (S1S4),
3.230(6) (S3S5), 3.238(6) (S8S11), and 3.184(7) A (S1G512). These values

are much smaller than the sum of the van der Waals radii for two sulfur atoms (3.6
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A) and indicate weak bonding between the chalcogens. Fimaly,intermolecular
short contact exists between the two conformers- &, 3.506(7) A,) Figure 29)
to link pairs of molecules, but there are no other short intermolecular interactions

within the packing diagra.
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Figure 2.9 X-ray crystal packing diagram of compound 1 viewed along the b ldydrogen atoms
are omitted for clarity

In compoundb5, the folding vectors are significantly different between the two types
of sulfur heterogcles. For the dithiin ring fused to the central thiophene, the value is
similar to those in compour# (51.6(1), S4--S5), whereas the fold in the dihydro
dithiin ring gives a tighter angle (32.5(256--S7). Again, the conformation within
the terthigphene unit is alanti. The torsion angles between the thiophenes are

168.0(3) A (S1C1-C5S2) and 175.7 A (SC4-C9-S3), and the SS contacts
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between peripheral thiophenes and thedstdio substituents on the central ring are
3.228(2) (S2-S4) and 3183(2) A (S3-S5). The molecules pack with no evidence

of "-" stacking. However, weak intermolecular contacts between S3 and S5 atoms
(3.575(2) A) give rise to a remarkable packing motif, in which groups of six
molecules are held together, almost in a spherical arrangement, to give clusters with

a diameter of c&.2 nm Figure 210).

Figure 2.10 X-ray crystal packing diagram of compousil

To assign the redox processes taking place within the series of terthiophenes,
computational calculatns were performed using density functional theory at the
B3LYP/63 1 G* | evel ( Sp ar5dwas coastiérgd .fromQivermgial u n d
geometry of its crystal structure (conformer A), as was the case for compbund
Calculations performed on terthiophes@were based on the crystal structuresdf

with SCH; groups substituting the vinylene bridge, followed by relaxation to an

equilibrium geometry. In almost all cases, the thiophene units retain anti
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conformations, apart from one peripheral thiophers6irCompared with the crystal
structures of compounds4 and 55, planarity is lost in the relaxed structures with
torsion angles in the rangea. 20-35. The calculations were performed for
molecules in the gas phase, and it can be assumed that crystal packing forces will
have a significant effect on the geometry of the molecule. The folding vectors
observed in the dithiin rings &4 and55 are in the ange 48.253.2 , whereas that of

the dihydredithiin is 30.8; these values are in good agreement with the crystal
structure data. According to the HOMO and HOM®lots of all three compounds
(Figure 211, Figure 212 and Figure 213), the removal of the first electron from

each molecule originates from different sites.
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Figure 2.11 (a) HOMO, (b) HOMQGL1 and (c) LUMO plots of compourt#.

()

e

%
Y

Figure 2.12 (a) HOMO, (b) HOMQGL1 and (c) LUMO plots of compourtb.



Figure 2.13(a) HOMO, (b) HOMQL1 and (c) LUMO plots of compourb.

In compound54, the TTN unit is a better electron mtwr than the terthiophene
fragment, and this is similar to the redox behaviour of a closely related TTF
terthiophendused analoguevide infra.*>* In 55, the outer vinylene unit is reduced

to a saturated bridge between the corresponding sulfur atoms, and the result is that
the electrordonating property of the dinydfBTN is decreased to the extent that the
HOMO is spread over both typef sulfur heterocycles (dithiin and thiophene). For
compound56, the dithiin ring holds little electron density, and the HOMO s
dominant over the terthiophene chain. From the CV data, we observe that the
difference between the two oxidation processesais0.35 to 0.40 V. From the
computational data, the HOMO and HOMO orbitals are closling with
differences in the range 0.1 to 0.2 eV. Although the later cannot be compared
directly to the CV data (because there are charges involved in the laggdOMO

1 give some indication for the sites of the second oxidation process, For compounds
55 and56, the first oxidation already involves the terthiophene unit, indicating that
polymerisation can proceed from the cation radical species. Examination of the
SOMO of the radical cation &4 reveals that electron density is localised within the
TTN unit (Figure 214). Removal of a second electron to give the triplet diradical

results in the spin density residing withthe terthiophene unit. From these
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calculations, it is evident that the dication state miost reached to achieve

polymerisation of54.

Figure 2.14 SOMO plot of54 radical cation
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2.6 Electrochemistry of the polymers.

The thre& monomers were polymerised electrochemically by repetitive cycling over
both redoxactive peaks. All the monomers polymerised readily, and the growth

traces for the corresponding polymers are showhnguare 215.
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Figure 2.15Electrochemical growth of (a) pdiy, (b) polys5and (c) pol$6

The electrochemistry of the three polymers was investigated in mosiceeer
acetonitrile with the same concentration of supporting electragteefore; the

cyclic voltammograms of poBd, polys5and polyp6 are shown inFigure 216.
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Figure 2.16 Cyclic voltammograms for (a) oxidation and (b) reduction of pd|ypoly55 and polb6.

The oxidation of the three polymers is shownFigure 216 (a); in each case the
polymers feature a quaversible oxidation wave followed by a large, broad
reversible wave. It is unlikely thatehirst wave represents a localised oxidation of
the dithiin side group because this is a fresh peak that emerges with polymer growth.
The potentials at which the first oxidation is observed differ with each polymer, with
poly54 considerably lower than itanalogues (+0.42 V compared with pebyat

+0.56 V and polg6 at +0.60 V). The difference in this behaviour can be attributed to
two factors: (i) the electronic contribution of the side group and (ii) the morphology
of the polymer films and the subsequenterchain interactions. The second
oxidation potentials are similar {£°* for poly54, poly55 and pol\66 is +0.77,

+0.80, and +0.80 V, respectively).
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In view of these results, it can be envisaged that the removal of the first electrons
from the polymes involves the dithiinghiophene heterocycle, whereas the second
wave arises from the oxidation of the bithiophene units in the polymer chain. This
assumption is corroborated by LNs spectroelectrochemical measurements (see
section2.7) because the emergence of melmain polarons is observed only after
reaching the second oxidation wave. Furthermore, the -gessisible nature of the

first oxidation wave could be due to persistent, stabilised conformeesaged
within the dithiin rings upon removal of an electron. This phenomenon has been
demonstrated in a related derivative, in which the dithiin ring becomes stabilised by

reaching an aromatic state upon oxidafith.

The reduction of the polymers is shownrFigure 216 (b); the irreversible reduction

of poly54 occurs at the most negative potential.97 V), comparedwith the
irreversible reductions of pdhp (-1.82 V) and polg6 (-1.93 V). Following the
computational calculations for the terthiophene monomers, the electrons are added to
the polythiophene chain, and the drop in potential (compared to the monomers) is
due to the increased ability of the polymers to stabilise a negative polaron. For
poly54, the small peak that is observed in the monomer would be hidden by the large
peak at1.97 V, so it is impossible to say if this additional reduction process exists in

the polymer.

An interesting analogy is the comparison of fused fhidphene with fused TTF
thiophene, by comparing§4 and polyp4 with compound61 and its polymer, the
latter of which had to be prepared from a chemical coupling route beghgseld
not be electrochemically polymerisétf. 61 gives two reversible oxidation waves,
E1-® = +0.24 and "> = +0.62 Vvs.Fc/F¢. The decease compared &4 in the

oxidation potentials is because TTF is a better electron donor than TTN. F6t,poly
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the oxidation potentials are £ = +0.29 and E,°°* = +0.67 V, which are actually
higher than the monomer but still lower than @dy(by ca. 0.1 V). The
electrochemistry of polylis complex; the first oxidation can be assigned to the TTF

unit with the second to both TTF and the polythiophene chain.
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For each polymer, the relationship between scan rate a@a#f purrent was
investigated. Kigure 217 (a) to (c)). A plot of scan rate versus current maximum
gave a linear fitFigure 217 (d)) giving R values of 0.9991, 0.999, &r9.9879 for
poly54, poly55 and polyb6, respectively. This confirms that charge transport through

the polymer film is not diffusion limitedf°
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Figure 2.17 Cyclic voltammograms of (a) pd, (b) polys5 and (c) pol$6 with varying scan rates.

(d) Plot of current versus scan rate for polymers.

The electrochemical band gaps of all three polymers was desdnifom the
difference of the onset of the first oxidation and reduction processes, which represent
the HOMO and LUMO levels respectivel¥igure 218). To calculate the energy
levels of these bands, the onsetsavence again subtracted from the HOMO of

ferrocene {4.8 eV). A summary of these data can be sedrabie 22.
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Figure 2.18 Cyclic voltammograms of Pobd, Poly55 and Polg6 for energy level determination.

The three polymers possess similar band gaps ranging from 2.04 to 2.11 eV, which
are similar to the optical band gap calculated for the polymers and that of
polythiophene itself* *"* The optical band gap was calculated from the edge of the
maximum absorption band olfie three polymers measured from films grown on
indium tin oxide (ITO) coated glas&igure 219). The values calculated are 1.98,

1.98, and 2.00 eV for pdbyl, polys5 and poly6, respectively.
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Figure 2.19 Electronic absorption spectra of pbly poly55 and poly66. Spectra were recorded on

thin films deposited on ITO glass.

Table 22 Electrochemical and absorption spectroscopy data for thin films obfopoly55 and

poly56. Experimental conditions are the same as those given in Figures 2.6 and 2.7.

SV BV EY Vv HOMO/ eV LUMO/eV EyeV Bma/ NM
Poly54 +0.42 +0.78/+0.75 -1.97 -5.05 -3.01 2.04 436
Poly55 +0.56 +0.82/+0.77 -1.82 -5.21 -3.14 2.07 471
Poly56 +0.60 +0.83/+0.77 -1.93 -5.30 -3.19 2.11 450

#HOMO and LUMO values are calculated from the onset of the first peak obthesponding redox wave and referenced to

ferrocene, which has a HOMO f.8 eV."E, is the HOMGLUMO energy gap'irreversible peak.
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2.7 UV-vis Spectroelectrochemistry

UV-vis spectroelectrochemical measurements were performed on films grown on
ITO glass ad then dedoped. The spectroelectrochemical plots of oxidation of
poly54, poly55 and poly6 (Figure 220 (a), (b) and (c), respectively) all show
similar pdoping. There are no changes in the absorption spectratlowefirst
oxidation peak, suggesting that the first electrons removed are not from the
conjugated chain. New absorption waves form at +0.9 V in the wavelength region
6007 800 nm andca. 900 nm, attributed to the formation of polarons. Increasing
oxidaion leads to a disruption of the polymérconjugated chain and hence a
decrease in thé-"* transition. For polyb4, there is very little decrease in thé *
transition band (5% change compared with 17 and 8% change fos5pahd
poly56), suggesting thabxidation involves the TTN side group instead of the
polythiophene chain. This tends toward the effect seen with TTF attached to
polythiophene in which the electroactivity is dominated by the TTF unit, however,
TTF spectroelectrochemistry also shows adban390 nm which is not seen with p

doping of polp4.1°* 172

Reduction spectroelectrochemistry measurements were performed for all three
polymers, but the only film that showed any significant change wa$®@hrgure

2.20 (d)), which gave a slight broadening of the absorbance in the ranQe3db-

1.2 V accompanied by a decrease in the* transition after-1.0 V. These affects

can be attributed to thedoping of the polyttophene chain.
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Figure 2.20 Absorption spectroelectrochemical plots of oxidation of (a) ®lyb) polhb5, (c)

poly56 and reduction of (d) poB6. Potentials are givevs. Ag wire pseudereference electrode.
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2.8 Polymer Stahlity

The stability of the three polymers was measured on ITO glass in moffremer
solution fFigure 221) by subjecting the materials to repetitive oxidation cycles. It
can be seen that p&y is the most stabltoward pdoping with a decrease of only

17% in current response compared to a 49% decrease f&d@olg a 64% decrease

for poly56.
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Figure 2.21 Stability of polymers (a) pob4, (b) poly65 and (c) pol$6 on ITO in monomar-free

solution.
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2.9 Polymer Switching

The switching ability of all three polymers was performed by monitoring the
absorbance of each polymer between two different potentials that will change the
state from neutral to-doped. The polymers were grown afresh ITO and
dedoped. The potential was switched betwd®d and 1.5 V, and the absorbance
was measured at 755 nm, which provided the greatest change in absorbance. The
switching times measured were 10, 5, 2.5, 1.25, 0.5, and 0.25 s. The changes in
absorbace can be seen Figure 222 and are summarised Trable 2.3 Comparison

of the percentage change in absorbance for the three polymers shows tBét poly
gives the greatest change; this is not unexpected as menepolymers give faster
switching times because a lgsacked morphology allows an efficient flow of

counterions into and out of the polymer film.
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Figure 2.22 Change in absorbance upowlpping at various switchingtes for (a) poly4, (b) polys5

and (c) polp6. Absorbance was monitored at 755 nm between potentialsdoénd 1.5 V.

Table 23 Switching times and % change in absorbance.

Switching time /s % Change Poly4 % Change PoB5 % Change Pol6

10 45.9 42.7 79.8
5 36.1 35.4 66.2
2.5 28.2 26.9 51.6
1.25 18.9 16.9 39.3
0.5 10.0 6.8 19.0
0.25 6.3 3.5 9.3
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2.10 Colourimetry

Colour characteristics were analysed for all three polymers. Each polymer has a
colour change of red (neutydb yellow (doped). A summary of the data are shown

in Table 24. Of the three polymers, pd@$ gives the greatest colour contrast.

Table 24 CIE Yxy and L*a*b* color spaces for pdbgt, poly55 and poly6 for neutral and doped

polymers
Y X y L* a* b*

Poly54 neutral 47.67 0.3393 0.3313 74.62 6.74 7.87
Poly54 doped 52.72 0.3296 0.3358 77.71 1.21 8.04
Poly55 neutral 81.09 0.3212 0.3226 92.17 3.58 3.13
Poly55 doped 90.22 0.3178 0.3271 96.09 -0.22 4.27
Poly56 neutral 117.44 0.3145 0.3173 106.38 3.3 0.05
Poly56 doped 122.93 0.3131 0.3223 108.26 -0.28 1.87
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2.11 Conclusions

Three new monomers and their respective polymers have been synthesised and
characterised by absorption, CV, bWAs spetroelectrochemistry, electrochromic
switching times, and colourimetry. The first monom®&4) (has a fused TTN side
group, which is an isomer of TTF. The other two monomers are the satus8ted (
and the open cycle fornd§). Despite the similarity in stature to TTF, monomes4

does not show any similar oxidation traits, such as the famous TTHhvawe
oxidation or the formation of a new band at 390 nm in spectroelectrochemistry

measurements upordoping.

All three monomers and polymers show differenaesoxidation and reduction
potentials as well as energy level calculations which can be explained in relation to
structure comparisons. All three polymers showed electrochromic behaviour with a
visible colour change from red to yellow upordgping. Pol$6 showed the best
colour contrast between neutral and oxidised states but was the least stable toward

repetitive oxidation cycles.
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Chapter 3. New Redox Stable Low Band Gap
Conjugated Polymers based on ThiopherBODIPY -

Thiophene repeat units.
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3.1 Abstract

The computational, electronic and electrochemical study of a monomer, compound

68, which can be electropolymerised to produce a BODIPY conjugated polymer, is
reported and discussed. The material is fascinating as it produces a low band gap
polymer in which he oxidation and reduction processes are reversible, indicating a
potenti al use in organic photovoltaic de
to give a good open circuit voltage, but through structure modification, polymers

with wider band gaps wertherefore created.

The first modification was the removal of the electvathdrawing NQ group g81)

and to replace this with an inductive bromine at@®).(The second modification

was aimed at changing the HOMO level through replacement of the ED®@T un
with EDTT. The norplanar nature of the BIEDTT repeat unit in the polymer main
chain (pol®0) provided a lowering of the HOMO level, compared to p8lyThe

effect of the B moiety was also investigated in the examination of §bbnd was
found toa have a greater effect than expected. Further investigation into the effect of
removing the BE group was analysed in the third comparison between two

monomers and polymers that have EDOT as the polymerisable grougl(jamig

poly89).

By examination othe energy levels (with PCBM as the acceptor), obs a donor
would give a theoretical 10% power conversion efficiency in a working photovoltaic

device.
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3.2 Introduction

BODIPY (4,4difluoro-4-borata3a-azoniada-azas-indacene) §2) and its many
derivatives, are well known and stied for several applications. Sugtierest stems

from the strong absorption, fluorescence and high quantum yields displayed by this
group of materials’> BODIPY dyes were first discovered by Trebis and KredZer,

and have been used in electroluminescent deviele sensitised solar cefi&
sensing of cation¥,’ and biological taging of proteins.’®

\\\

\ N. _Nx
B

7N

BODIPY
62

The absorption and fluorescence of these dyes can be controlled through the extent
of the electron delocalisation around the central cyanine framework by tioe Hdo
acceptor characteristics of the attached substituents. BODIPY wihbstituents

(62) has recentlybeen syntbsised as a stable compound, ttisictureshows an
absorbancemaxat 499 nm, an emissi@max at 535 nm and a quantum yiellg(, of

0.931"° The absorption, fluorescence and quantum vyields of these dyes can vary
greatly depending on the substituefor examplecompounds3,*® which has two
Umethyl groupshas an absorptioamay at 507 nm, emissioBmay at 520 nm and a

quantum yield of 0.81.
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Addition of an aryl groupni themesoposition,64 does not change the absorption or
fluorescence but the quantum yield has greatly decreased (0.19). However, the
guantum yield can be increaserb(= 0.27) by chlorination at the and 5 positions
(65).1® Once again, e absorption and fluorescence values are unchanged.

Incorporation of an electrewithdrawing group (such as two nitro groups&8)'®*,

or an electrordonating group (tertiary aminé;)'%

cause an even greater drop in
the fluorescence quantum yieldg = 0.01 and 0.012 fo86, and67, respectively),

through competig electron transfer reactions.

Despite the amount of research and development of BODIPY and its derivatives over
the last four decades, there has been very little study of BODIPY groups
incorporated into the main chain ofconjugated polymers with deldssed donor

and acceptor groups throughout the main chain. In the first section of this chapter,
the computational, electronic and electrochemical study of a monomer, compound
68, which can be electropolymerised to produce a BODIPY conjugated polymer, is
reported and discussed. The attachment of EDOT groups was chosen for the well

known facile ability of the EDOT unit to electropolymeri&g.
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Previous electrochemical analysis of BODIPY compounds have shown that
oxidation and reduction of the core can be achieved within normal electrochemical
windows!®* ard thatif the 2, 4, 6, and 8 positions are blocked then the oxidation and

reduction waves can be reversible There have only been two BODIPEDOT

polymers reported, both by Cihnaaral

Compounds69 and 70" both produce an irreversible oxidation and reversible
reduction wave under cyclic voltammetry analysis, as expected. The absorbance of
both compounds givesmax at 540 and 530 nm, fo69 and 70, resgctively.
Unusually, theamay is very similar compared to compourb (540 nm)!
suggesting that the addition of EDOT or thiophene in ¢hise does not extend the
effective conjugation length; this is also shown in the polymkisnomer 69

electropolymerises directly, butonomer70 did not and was grown as a copolymer

with EDOT®' In each case, reversible andn-doping are observed. However, the
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band gaps are very similar to that of PEDOT (1.35 €W)jth values of 1.33 and

1.76 eV for polg9 and polyO-EDOT, respectively.

There have been other exangplef thiophene functionalised BODIPY compounds

such as compoundd,*® 7218973190 gnd74.1%*

AcO(H,C),

74

Compound71 was electropolymerised through the thiophene groups, but this results
in a polymer in whib BODIPY is a side group rather than a component of the main
chain’®? Compounds72 and 73 were synthesised as dyes, but no electrootemi

data was reported. What is noted is that addition of one or more thiophene groups
decreases the quantum yield #2 Up. = 0.19. Compound74 incorporates two
BODIPY units connectedlia a quaterthiophene. This compound is designed to be a

light harvesting system, featuring nonradiative resonance energy transfer from the

quarterthiophene donor to the BODIPY acceptor.

The synthetic procedure for monon@&is shown inScheme 3.
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Scheme 3l Synthesis 068.

N02 N02 Nc)2

EtsN BF3.Et,0
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75 76 (¢]] |:77|: Cl
Yam Yam
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U 2) Me3SnCl, -78 °C U\én/

3.3 Experimental

All monomers were prepared synthetically by Zuzana Vobecka and Filipe Vilela
(University of Strathclyde), and computational analysis was performed by Peter

Skabara.

Cyclic voltammety measurements were performed on a CH Instruments 660A
electrochemical workstation wiiR compensation using anhydrous dichloromethane
as the monomer solvent and acetonitrile for moneinggr solvent. The electrodes
were glassy carbon, platinum wire, asilver wire as the working, counter, and
reference electrodes, respectively. All solutions were degassed (Ar) and contained
monomer substratesa. 10% M, together with n-Bus;NPRs as the supporting
electrolyte. All measurements are referenced against thefEthe Fc/F& redox

couple.

Spectroelectrochemical and switching experiments were conducted on ITO glass.
Absorption spectra and CIE coordinates were recorded on a UNICAM UV300

spectrophotometer. Fluorescence measurements were recorded on a PerkiSEIme
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45 luminescence spectrometer. Solid state absorption oé&ulgis recorded on a
Shimadzu UV3107PC UWvis-NIR scanning spectrophotometer at the University of

Glasgow.

3.4 Molecular Modelling

Figure 3.1 HOMO (a) and LUMO (bJrontier orbitals of68.

Molecular modelling 068 was performed using DFT calculations at the B3LYP/6

31G* | evel (Spartan 0608). The calcul ati ol
on the EDOTpyrrole units Figure 31(a)), whilst the electrons are injected into the

BODIPY core Figure 31(b)). The LUMO based on the BODIPY core has been seen

in other DFT calculations performed by other grotfisThe HOMO and LUMO

plots also clearly indicate that the monomer has an intramolecular charge transfer
(ICT) pathway between the two conjugated segments of the molecule, a process

which has also been observed in other BODIPNad@cceptor derivatives®

It can be seen in the LUMO plot that there is a considerable contribution from the
nitrophenylene group, despite the large twist between this group and the BODIPY

core €a. 129), due to steric repulsion between aromatic protons. HDOT units
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are also twisted out of plane from the BODIPY ca® 28-35°), and this is due to a
noncovalent interaction from the sulfur of the EDOT units with the fluorines of the
BF, functionality (2.84A, sum of the van der Waals radii for S and B.45A).*%3

As the fluorine atoms point away from the plane from the pyrroles, this interaction

results in a noiplanar arrangement between EDOT and pyrrole groups.

3.5 Absorption and Electrochemistry of 68

The @sorption spectrum 068 was performed in dichloromethane solution. The
spectrum [Figure 32) shows four absorption maxima at 349, 444, and 663 nm with a
shoulder at 611 nm. The peak at 444 nm can be assigneel B¥tigroup from the
BODIPY core (see.13.1for confirmation of this) and the highest absorption band
can be attributed to the intramolecular charge transfer process of the monomer,
which is of higher wavelengtcompared to other basic BODIPY compouncs. (

510 nm). The bathochromic shift is a result of the extended conjugation from the
attachment of the two EDOT groups. The onset of the highest wavelength (729 nm)
allows the determination of the optical HOM@MO gap. This was calculated to

be 1.7 eV which is small for a monomer but can be attributed to the ICT process

explained in the molecular modelling section.
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Figure 3.2 Solution state electronic absorption spectresr

The electrochemical properties of the monomer were investigated using cyclic
voltammetry with a glassy carbon working electrode, platinum wire counter
electrode and a pseudo silver reference electrode. The substrate concentration was
10* M with n-BusNPF; (0.1 M) as the supporting electrolyte and dichloromethane as

the solvent. The oxidation and reductior68fis shown inFigure 33.
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Figure 3.3 Cyclic voltammograms of (a) oxidation aio) reduction 068.

The oxidationgraph (Figure 33(a)) shows two irreversible peaks at +0.40 and +1.07
V, which can be assigned to the formation of a radical catidwéle) and then
dication radical (¥ wave) on the two EDOT units. The irreversible nature of these
peaks is due to polymer growth beginning to take place. The redgctiph(Figure
3.3(b)) shows two reduction peaksy£®9=-1.17 V and E,>°%=-1.44 V, attributed
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to the formation of the radical anion and dianion on the BODIPY core and the
nitrophenylene group. CV analysis of other BODIPY compounds with
nitrophenylene groups report only one reduction w&¥dt is possible that the
potential in these cases was not taken low enough to see the second wave. At a more
negative potential there is also an irreversible pesae Figure 34), due to the

reduction of the EDOT groups.

The electrochemical HOMQUMO gap was determined f@&8 from the difference

in HOMO and LUMO levels. Using data referenced to the ferrocene/ferrocenium
redox couple, HOMO and LUMO levels were calculated by subtracting the onsets of
the first oxidation and reduction peakBigure 34) from the known value of
ferrocene (4.8 eV). The data are summarisedTiable 31. The electrochemical
HOMO-LUMO gap of 1.46 eV is in reasonable correlation with the optical HOMO

LUMO gap (1.70 eV).
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Figure 3.4 Cyclic voltammogram 068 for energy level determinatio
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Table 31 Energy level determination data 168.

Onset of Oxidation HOMO  Onset of Reduction LUMO HOMO-LUMO gap

IV eV IV / eV / eV

+0.40 -5.2 -1.06 -3.74 1.46

3.6 Electrochemistry of the polymer

To investigate the ettrochemistry of the polymer, it was first electropolymerised
onto the glassy carbon working electrode surface by repetitive cycling over the first
oxidation peak Figure 35). Polymer growth was monitored withehnaease in
current over successiwycles and the development of a new peak at lower potential
due to the increase in conjugation length and therefore improved electron donor

ability of the growing polymer.
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Figure 35 Electrochemical growth of poB8.
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The redox properties of the polymer were measured using cyclic voltammetry in
monomesfree acetonitrile solution witm-BusNPFR; (0.1 M) as the supporting
electrolyte. The oxidatiograph (Figure 36(a)) shows a reversible wave(£°* =

+0.26 V) attributed to the removal of electrons from the newly forme&EDT

units throughout the polymer chain. The reductoaph(Figure 36(b)) once agai

shows two reversible waves (™" =-1.13 V and E,°"®"= -1.27 V) that have been
shifted to a less negative potential due to the increased conjugation of the polymer

compared to the monomer.
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Figure 3.6 Cyclic voltamnograms of (a) oxidation and (b) reduction of &8y

The electrochemical band gap of p@Bywas calculated in the same manner as
before by subtracting the onsets of the first oxidation and reduction waves from the
known HOMO of ferrocene-4.8 eV) to givethe HOMO and LUMO energy levels

respectively
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Figure 3.7 Cyclic voltammogram of pol8 for energy level determination.

117



The band gap is the difference between the HOMO and LUMO levels and all the
data are summarised Trable 32. The onset of the oxidation waw® (12 V) gives a
HOMO value of-4.68 eV and an onset of the first reductie.92 V) gives a
LUMO level of -3.88 eV, resulting in an electrochemical band gap of 0.8 eV. This
band gap is incredibly small for a conjugated polymer and made even more

remarkable by the fact that both the oxidation and reduction processes are reversible.

Table 32 Energy level determination of pdig.

Onset of Oxidation HOMO Onset of Reduction LUMO Band gap
IAY; [ eV IAY [ eV / eV
-0.12 -4.68 -0.92 -3.88 0.8

To test the diffusion properties of p68§; the oxidation of the polymer was repeated
several times with varying scan ratésglre 38(a)). A plot of current maximum
versus the scan rat&igure 38(b)) was plotted to compare the current response to
the scan rate. A linear regression with a good correlatir=(B.997) proveshe

polymer is not diffusion limited.
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Figure 3.8 (a) Cyclic voltammograms of pdd@ with varying scan rate and (b) current maxscan
rate.

3.7 Absorption and Spectroelectrochemistry of poly68

As the polymer has a low bamgap (0.8 eV), the absorption spectrum of this polymer

in the solid state is outside the range of our normal spectrometer (Unicam UV 300
range 190-1100 nm) and therefore the solid state spectrum was measured using a
Shimadzu UV3107PC UWvis-NIR scanningspectrophotometer at the University of

Glasgow (range 2002000 nm).

The solid state spectrum is shownFigure 39 and represents a thin film of p6i§

grown onto ITO coated glass and dedoped beforehand toveeamy trapped charge.

The spectrum shows three absorption maxima at 421, 582, and 960 nm along with a
shoulder at 682 and a broad shoulder between 1290 and 1700 nm. Compared to the
monomer (peaks at 349, 444, and 663 nm), all the peaks f@&8iudye ben shifted
bathochromically by 72, 138, and 297 nm, respectively because of the increase in

conjugation.
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Figure 39 Solid state electronic absorption spectrum of 8kecorded as a thin film deposited on
ITO glass.

The opical band gap of this polymer is a little harder to determine as the band of the
highest absorption is broad, but tivavelengthrangecorresponds to a band gap of

0.78 to 0.96 eV which encompasses the electrochemical band gap of 0.8 eV.

A spectroelectrohemical experiment of pdd3 was performed to investigate how
the absorption character of the polymer changes widbpging by growing a fresh
polymer onto ITO coated glass. The Wi spectroelectrochemical experiment was
carried out in the range of 0 #1.6 V (not referenced to ferrocene) and is shown in

Figure 310.
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Absorbance

Figure 3.10 Absorption spectroelectrochemical plot of pgyoxidation.

Upon pdoping, the absorption charactits of the polymer change spectacularly.
As the potential increases, firstly there is a decrease in the intensity of the peaks at
421, 582 and 960 nm from the creation of polarons, disrupting conjugation in the
polymer chain and then above +0.6 V thexr¢hie development of a new broad peak
between 450 and 950 nroa( 585 nm). This new broad absorbance which peaks at
+1.0 V is the signature of a localised bipolaron state, located on the pyrrole
(EDOT),-pyrrole repeat unit. This new peak isarsimilar wavelength rangeo the
BODIPY core, and as the polymer changes from the neutral to-tlopgdstate

with localised charges mainly on the HHBDOT segment, the BODIPY core is
allowed to once again absorb in its normal range. Visually, the polymer changes
from a transparent green to a pwiblet state Figure 311). Above +1.4 V, the

polymer becomes too charged and dissolves into the bulk solution.
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Figure 3.11 Colour change of poB8 (left) neutral and (right) doped

3.8 Stability of poly68

Stability studies of pol§8 were performed on ITO coated glass slides cycled 250
times in monomefree solution to monitor the change in the current respénigere
3.12 (a) shows that in anodic conditions, pély has a 29% decrease in

electrochemical activity anBigure 312 (b) shows that the electrochemical activity

under reductive conditions is 35%.
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Figure 3.12 Stability of (a) oxidation and (b) reduction of p68/

3.9 Switching times and CIE coordinates of poly68

As the polymer exhibits a good contrast between colour states, switching times were
measured between the neutrdl.2 V) and the dopedate (+1.0 V) with switching

times of 10, 5, 2.5, 1.25, 0.5, and 0.25 seconds. Fresh polymers were grown on ITO
coated glass and dedoped. The results of the switching time experiment are shown in

Figure 313 and the data summarised irakde 33.
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Figure 3.13 Change in absorbance upowpping at various switching rates of p88/ Absorbance
was monitored at 560 nm betweén2 and +1.0 V.

Table 33 Switching times and % change in absorbance ofg®ly

Switching Time /' s 10 5 2.5 1.25 0.5 0.25

% Change 505 472 361 225 113 6.0
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Although there is a large and significant change in the spectroelectrochemical
experment Eigure 310) when comparing the neutral and doped states, the
percentage change in absorbance at short times does not give a big enough change to
allow this polymer to be realistically considered for eledtromic devices, as it has
inferior optical contrast compared to electrochromic polymers such as PBuDOT

(63% at 1.3 s) and PEDOT (44% at 2.2%).

b

o} o} o O
s” /n S n
PBuDOT PEDOT

CIE coordinates were however still measured between 0 and +1.0 V for the polymer
and the data is summarisedTiable 34 and plots of x against y and a* against b* are

shown inFigure 314.

Table 34 CIE Yxy and L*a*b* colour spaces for pdd measured between 0 and +1.0 V.

Y X y L* a* b*

Neutral 74.4 0.3113 0.3295 89.11 -4.44 3.79

Doped 54.08 0.2972 0.2880 78.5 8.04 -12.12
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Figure 3.14 CIE plots of (a) ws.x and (b) b*vs.a* for poly68.

The colour coordinates produced, shownTable 34 represent the visual colour
change noted for the polymer. In the neutral state, a negatiis green, with4.44

along with b* = 3.79 (giving the polymer a yellow tint) being recorded forg&ly

the pinkviolet doped state can be seen with a positive a* (red) and a negative b*

(blue), the CIE points observed were a* = 3.79 and Ht2712.
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3.10 Quantum Yield Calculation

As BODIPY is a well known fluorescent dye, an interesting study was to measure
the quantum yield 088 to see if the addition of EDOT units to the core quenches the

emissioncompared to the precursor.

To measure quantum yielda standard with a known PLQY is chosen that matches
well with the absorption and emission wavelengths of the compound. Oxazifle 1 (
was chosen as the standard 68ras it excites at 590 nm and emits around 650 nm

(68 excites at 663 and emits arourgdDeém).

79

Five concentrations of solutions for both standard and unkndhex have
absorbance values that fall between 0.010 and 0.070waere prepared fresh and
the emission spectra for all were recorded. The emispentra of botly9 and 68

are shown irFigure 315; the integrated area of the emission produced was measured
and shown inTable 35 along with the gradients produceiqure 316). Gradients

were produced from plots of absorbanséntegrated fluorescenc€&igure 316).

127



8
| —— Abs = 0.010
7 —— Abs = 0.020
) | —— Abs = 0.030
5 B —— Abs = 0.040
- ; —— Abs = 0.050
F
n
c J
(0]
£ 44
()
(&)
- 3 4
(0]
(&)
n
o >
(@]
: .
TR ﬁ
0 - J k&
-1 J T ; T T T T T T T T T T 1
200 300 400 500 600 700 800 900
Wavelength / nm
54 (b) — Abs =0.010
— Abs =0.020
5 —— Abs = 0.030
s 47 —— Abs = 0.040
E, — Abs = 0.050
2
2 34
c
[«h]
[
[&]
S 24
w
o
(o]
=]
T
ol L
T T T T T T T T T T T T T 1
200 300 400 500 600 700 800 900

Wavelength / nm

Figure 3.15Emission spectra of (a) standat@and (b)68
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Table 35 Emission data of79 standard ané8

79 68
Absorbance  Integrated Fluorescency Absorbance Integrated Fluorescence
/a.u. /a.u. /a.u. /a.u.
0.01 5.91 0.01 2.65
0.02 7.714 0.02 4.05
0.03 10.399 0.03 4.6
0.04 14.147 0.04 5.714
0.05 19.25 0.05 7.059
Gradient 373.41 Gradient 150.37
25
(C)
20 -
15 -
10 -

y =373.41x
R2=0.9438

a.u.

0.01 0.02 0.03 0.04 0.05

Integrated Fluorescence /

Absorbance / a.u.

® 8 1

e 74® *
= Z ] y = 150.37x
T s R2=0.7572
Q 2

g 1

E’ 0 T T T 1
(3

= 0.01 0.02 0.03 0.04 0.05

Absorbance / a.u.

Figure 3.16 Integrated fluorescence versus absorbance fat9ajandard and (98
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By using Equation33) (section 1.4) and taking into accau the refractive index

(d) of the solvent, the quantum yield of the unknown (x) can be calculated.

7 >h" t.
fe T 4 )
The quantum yield ofstandard79 is 0.111°* and the refractive indices of

dichloromethane and ethanol are 1.4242 and 1.360, respectively. Therefore the

quantum vyield is @49 for68.

To calculate the quantum yield &7, rhodamine B&0) was chosen as the standard.
Compound80 excites at 510 nm and emits at 565, mmmpared with excitation at

522 nm and emission of 545 nm for compouiad

The emission spectra of bo80 and 77 are shown irFigure 317, Table 36 shows
the integrated fluorescence along with the gradients produced from plots of

integrated fluorescence versalssorbanceRjgure 318).
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Table 36 Emission data fo80 standard and7

80 77

Absorbance Integrated Fluorescencq Absorbance Integrated Fluorescence

/au. /a.u. /a.u. /a.u.

0.01 320.98 0.014 228.21

0.02 623.46 0.028 464.57

0.03 887.06 0.041 683.73

0.04 1196.19 0.055 800.39

0.05 1490.36 0.069 1148.36
Gradient 29938 Gradient 21723

(@)

Integrated Fluorescence / a.u.

O T T

y = 29938x
R2 =0.9985

0.02 0.03

Absorbance / a.u.

0.04 0.05
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Figure 3.18Integrated fluorescence versus absorbance f@(Qajandard and (bj7.

7194 and the refractive indices of

The quantum yield of the standaBD is O.
dichloromethane and ethanol are 1.4242 and 1.360, respectively. Therefore the
quantum yield calculated fat7 was 0.56. The quantum yield calations show that

addition of EDOT groups to the BODIPY core greatly decreases the luminescence

efficiency of BODIPY, as seen with similar compouritfs.
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3.11 Summary

A new conjugated monomer and polymer incorporating the BODIPY unit has been
created and analysed. The materiafascinating as it produces a low band gap
polymer in which the oxidation and reduction processes are reversible. Despite the
good colour contrast between the neutral and doped states, the polymer is not
suitable for electrochromic devices as the changdaorbance is not high enough at

fast switching times. However, the lowrtthgap polymer has potential application

in organic photovoltaic devices. The pol
good open circuit voltage (see section512], but there ishe possibility to modify

the polymer structure for optimised properties (wider band gap) and subsequent use

in OPVs.

To achieve this, there are several routes that can be investigated. To increase the
band gap of the polymers, the LUMO level can beech&snd / or the HOMO can be
lowered. Removal of the NCelectron withdrawing group or replacement of this
with an inductive bromine group is one option to raise the LUMO level.
Replacement of EDOT with EDTT is the second strategy. As explained in section
1.7, polymers incorporating EDTT in the backbone have a lower HOMO level than

the analogous EDQtontaining polymer.
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3.12 Modifying the LUMO level: comparison of BODIPY with NO», without

NO, and with Br

Two new monomers31 and 82 were synthesised. As showin Scheme 2, 81 has
the electrorwithdrawing NQ groupremovedand82 contairs an inductive bromine

group. The compounds have been designed with the intention of raising the LUMO

level in their homopolymers.

Scheme 2 Synthesis 081 and82.

R
R 1) NCS, THF, -78 °C, 1h
TFA 2) DDQ, DCM, rt, 1h
U\« Ay 3) EtyN, BF3.Et,0, t, 22h
N
H
CHO = =
83 84 N\-NH HN-7

85: R=H(93%)
86: R=Br (19%)

87: R=H (26%)
88: R=Br (54%)

QP A
2/\§§/ s s
S \

CuMeSal, Pd(PPhg),
Pd(PPhg),, uW uW,DMF, 160 °C, 2h
160 °C, 2h

89
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3.12.1 Absorption spectroscopy and Electrochemistry of the monomers

Both new monomers were analysed in dichloromethane solution.sllg eampare
and contrast the monomers, all the following graphs include the resl8& dhe
absorption spectraF{gure 319) of the three monomers show similar shapes with
three main absorption peaks and one shoulder; theadatsummarised imable 37.
The noticeable difference is the”* absorption band. Fd#8, this transition occurs
at 663 nm and this value is shifted hypsochromically8tband82 to 646 and 651

nm, respectively

1.00 -
—68
i —81
075+ 82
3
m -
[0
2
S 050
2
(=}
) 1
o]
<
0.25 4
0.00 -
T I T I T I T I T I T ]
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Wavelength / nm

Figure 3.19 Solution state absorption spectre68f 81 and82.

The change in thé-"* transition also corresponds to an increase in the optical

HOMO-LUMO gap. Calculated the same way as before, the HQM®IO gap for
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81 and 82 are 1.83and 1.82 eV, respectively. Both are higher than the value

calculated fo68 (1.70 eV).

To compare the electrochemistry of the two new monomers, cyclic voltammetry
measurements were conducted under the same experimental conditions as before.
The oxidation of the three monomers is shownFigure 320(a). All have an
irreversible oxidation wave at similar potentials. As can be seen, the electron
withdrawing NQ group does have an effect on the HOMO afdthe three
monomers,monomer68 has the highest oxidation potential at”E= +0.40 V.
Without the electroiwithdrawing moiety, the oxidation potential 8f is 50 mV

lower (E'*= +0.35 V) and the inductive Br group lowers this by a further 50 mV to

E% = +0.30 V for82.

1 (a)

——68
i — 81
5 — g2

Current / pA

d T ' T ¥ T :
-0.50 -0.25 0.00 0.25 0.50 0.75

Potential / V vs Fc/Fc*
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Figure 3.20 Cyclic voltammograms of (a) oxidation and (b) reductio6&f81 and82.

Interestingly, the reduction characteristics of the monomers also significantly

changs in two ways. The potential dhe first reduction peak for the bromo and

unsubstituted phenyl analogues has become more negative with re<gg(E g

= -1.17, B, = -1.28, B, = -1.29 V for 68 81, and 82, respectively).

Comparing81 and 82, the influence of the Brrgup actually has no effect on the

reduction. In the absence of the N@oup there is no second reversible reduction
2red _

wave (B = -1.44 V), suggesting that this second wave is localised on the

nitrophenylene group and the first is over the BODIPY core

In the same manner as before, the electrochemical HQNMKIO gap was

calculated from the difference in the onsets of the first oxidation and reduction
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peaks. The HOMO and LUMO energy levels were calculated from the
correspondingvave onsets with referermcto ferrocene. The data are summarised in
Table 37 and Table 38. Overall, as the electremithdrawing NQ group affects
both the oxidation and reduction of the monomer, removal ofrésslts in the
electrochemical HOM@.UMO gap being very similar between the three monomers
(1.46, 1.44, and 1.50 eV {68, 81, and82, respectively).

b ——68

—81
—i82

Current / A

-10

T T T T T T T T T
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

Potential / V vs Fc/Fc'

Figure 3.21 Cyclic voltammograms o068, 81 and82 for energy level determation.

Table 3.7 Electronic absorption data f68, 81 and82.

UV Peaks/nm  Optical

Monomer
1 2 3 E,/ eV
68 349 444 663 1.70
81 344 437 646 1.83
82 347 442 651 1.82
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Table 38 Redox data for68, 81 and82.

Monomer E'/V E"ed/ vV EZed/ v HOMO/eV® LUMO/eV® Ej/eV
68 +0.40 -1.25/-1.09 -1.48/-1.40 -5.20 -3.74 1.46
81 +0.35  -1.31/-1.24 - -5.12 -3.68 1.44
82 +0.30  -1.32/-1.25 - -5.17 -3.67 1.50

#HOMO and LUMO values arealculated from the onset of the first peak of the corresponding redox wave and referenced to

ferrocene, which has a HOMO &£.8 eV."E, is the HOMGLUMO energy gaplrreversible peak.

3.12.2 Electrochemical and Absorption Properties of Polymers

To compare ta electrochemistry of the polymers, pilyand poly2 were grown on
the glassy carbon working electrode by repetitive cycling over the first oxidation
peaks Figure 322). Polymers grew readily and were detectedhgydevelopment of

a new peak at lower potential and increasing current response with each cycle. The

growth of poly68is shown inFigure 35.

Current / pA

-0.50 -0.25 0.00 0.25 0.50 0.75

Potential / V vs Fc/Fc"
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Figure 3.22 Electrochemical growth &) poly81 and (b) polB2.

The electrochemistry of the polymers was investigated in monfre®iacetonitrile
under the same experimental conditions as detailed on p&gdlid oxidation of
the three polymers is shown igure 323(a). The values are similar as each
voltammogram represents the oxidation of theEi¥OT units in the polymer chain

(E12™® = +0.28, +0.29, and +0.34 V, for péi§, poly81, and polpB2, respectively).

There are two fascinating poinis note. Firstly, the oxidation of p@y is a broad

wave withaEya,c = 30 mV, whereashe valuedor poly68 and poly2 are 20 mV

and 8 mV, respectively. Secondly, the oxidatiorBathad the lowest potential for

the monomers but its polymer has the legthoxidation halvave potential. This,

and the fact that the halfave potentials for po88 and pol1 are effectively the
same, provides evidence that in the polymer form, the phenyl group has no influence

on the HOMO energy levels.
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Figure 3.23 Cyclic voltammograms of (a) oxidation and (b) reduction of 68|yoly81 and poly2.
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The reduction of pol§8, poly81, and polg2, as shown irFigure 323(b), producs
an interestingresut. The first reduction wave of pd@$ as expected is of less
negative potential (&' =-1.17 V compared to "= -1.28 V for pol\81, and

E1,"®9 = -1.29 V for poly82) due to the inclusion of the electravithdrawing NQ

group.

However, the secw reduction wave (&> = -1.27 V) for pol68 actually
correlates better with the reduction of the other two polymers in terms of potential. It
is likely therefore that in the polymer form, the nitrophenylene reduction is of less
negative potential tmathe reduction of the pyrroles. In the monomer form, the
reverse is true. This can be explained by taking into account that t&B®0IF units

have an electrodonating effect on the pyrrole groups, thus making them more

difficult to reduce, whereas thé&nmophenylene unit is more independent.

The electrochemical band gap of filyand poly2 were dee¢rmined aslescribed

on page 114using onsets frorfrigure 324) and all the data including the oxidation

and redugbn potentials are summarised Tiable 39. The energy levels calculated
follow an expected trend: the HOMO levels become more stable and more negative
with the removal of the N©Ogroup and then with the additiof the Br group {4.68,

-4.76, and4.96 eV for polg8, poly8l, and poly2, respectively). The LUMO levels

rise with the removal of the NQgroup but there is no change observed with the
addition of Br to the phenyl group3(88,-3.74, and-3.74 eV for poy68, poly31,

and polyB2, respectively). Consequently, the band gap increases in this series going

from 0.8, 1.02, and 1.22 eV for péi, poly81, and polB2, respectively.
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Figure 3.24 Cyclic voltammograms of po88, poly81 and poly82 for energy level determination.

Table 39 Electrochemical data for pd, poly81and poly2.

S glred g2red HOMO LUMO  Band gap
Polymer

Y, AY; AY; % \% / eV
poly68 +0.38/+0.18 -1.13/-1.12 -1.28/-1.26  -4.68 -3.88 0.8
poly81 +0.44/+0.14 -1.28/-1.21 - -4.76 -3.74 1.02
poly82 +0.38/+0.30 -1.30/-1.23 - -4.96 -3.74 1.22

#HOMO and LUMO values are calculated from the onset of the first peak of the corresponding redox wave andireference

ferrocene, which has a HOMO f.8 eV."E; is the HOMGLUMO energy gap.

Scan rate experiments of p8liyand poly2 were performed on two freshly grown
polymers on a glassy carbon electroBiggre 325) to test if these polymers are also

not diffusion limited. The scan rate experiment for p8lis shown inFigure 38. As
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can be seen iffigure 326, R? values of 0.9987 for pp81 and 0.9985 for poBR2

prove that the oxidations of the polymers are also not diffusion limited.
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Figure 3.25 Cyclic Voltammograms with varying scan rates of (a) Balgnd (b) polB2.
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Figure 3.26 Plots of current max versus scan rate for (a) §band (b) polB2.

The absorption spectra were recorded for @blgnd pol82 on ITO coated glass

(but only up to 1100 nm)}-igure 327 shows the solid sta absorption of poBg,

poly81 and poly2 with the data summarised ifable 310. Comparing the poB8

and pol1 spectra, two of the peaks have been shifted bathochromically from 419 to
441 nm and from 582 to 668Bm but the "-"* transition peak is shifted
hypsochromically (960 to 907 nm for pé6to poly81). As the highest absorption
edge does not reach baseline then no optical band gap could be calculated for

poly81l. Poly82 shows one main peak at 522 nm from the* transition and a small
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shoulder at 658 nm. The optical band gap of this polymer was calculated to be 1.29

eV, an excellent correlation to the electrochemically determined band gap.

Absorbance / a.u.

T T I T I T I T I T I T T T I T 1
400 600 800 1000 1200 1400 1600 1800 2000
Wavelength / nm

Figure 3.27 Solid state absorption spea of poly68, poly81 and82.

Table 310 Absorption data for poB8, poly81l and pol\82.

Absorption peaks / nm  Optical band gap

Polymer 1 2 3 / eV

poly68 419 582 960 0.8
poly81 441 663 907 -

poly82 522 - - 1.29
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3.13 Modifyi ng the HOMO level: Comparison of BODIPY EDOT with EDTT

open and closeding analogues

The best method for modifying the HOMO level of a deaoceptor conjugated
polymer is by manipulating the electroich electroactive units, which in this series

of compounds is represented by the thiophene units. In mole®@lesnd 91 the
EDOTs have been replaced by EDTT units which should lower and stabilise the
HOMO level in the polymer form. 1M1, which was a sid@roduct from the
synthesis 0f90, the BF, group isabsent This compoundprovided a means to
investigate the influence of the BRnit in the oxidation and reduction of the
polymers presented in this chapter. The synthes#aind91 is shown inScheme

33
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Scheme 3 Synthesis 080and91l.

Br. Br Br. Br 1)6 eq Na/MeOH, 0°C MeQO OMe
I\ 1)Bry, 0°C M Zn, Hy0, AcOH Z—g 2) 0,01 eq KI, 1eq CuO, 90°C, 3 days Z_g
S 2)70°C  Br— g~ “Br 70°C,40 min s 3)0,01 eq Kl, (50 °C) s
10 92 93 90°C overnight 94
~3-S03H | 100 °C
84h
Pd(Ph3P)s, pW 1) n-BuLi, -78°C, 1h s s
160 °C, 2h 2) Me,SnCl, -78 °C, 1h M
rt overnight S

EtsN, BF3.Et,0

3.13.1 Absorption spectroscopy and Electrochemistry of the monomers

The absorption spectra of monom&@&and 91 were analysed in dichtomethane
and are shown inFigure 328 along with the absorption spectrum B.
Interestingly, the peak at 444 nm {68 and 465 nm for90 is missing in the
spectrum 0f91. Since the only structural differencetveen91 and 90 is the BR,
group, it can be saittat this transition is from lane pairon of of the fluorine atoms
(n-p*). This affect is also seen i89 which is also without a BFgroup (section

3.14.).
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Figure 3.28 Solution state absorption spectra68f 90 and91.

The " -"* transition is blueshifted for the two new monomers. The value of 663 nm
for 68 has been shifted to 644 nm @@ and 574 nm fo®1. Consequently, a range
of optical HOMGLUMO gaps is calculated for the three monomers. The HOMO
LUMO gaps determined arl.70, 1.75, and 1.86 eV 68, 9Q and91, respectively.
The effect of the Bfunit (or lackof), on the energy levels will bexplained later.

All data are summarised ifable 311.

Table 311 Electrconic and electrochemical data &8, 90and91.

UV Peaks / nm Optical E

Monomer
1 2 3 /eV
68 349 444 663 1.70
90 312 465 644 1.75
91 303 347 574 1.86
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Figure 329(a) shows the oxidation of the monomeXH.three voltammograms show

two irreversible waves. Unexpectedly, the oxidatiorB0fis higher than the other
two monomers. Monome88 and 91 have oxidation potentials of +0.40 and +0.45

V, respectively, where&30 has an oxidation potential of +0.63 Vhis difference in
oxidation potentials betweeA0 and 91 can be explained by considering the
interaction between the thiophene and pyrrole groups. As seen in the computational
analysis of monome#8, the HOMO energy level is distributed over the EDOW an
pyrrole groups, despite the small twist out of planarity as a result of the fluorine /
sulfur interaction. In monome®0 it is conceivable thadifferent noncovalent
fluorine i sulfur interactios could also exist but in this case between the fluorine
and a sulfur of the bridge. This could hold the thiophene group even more out of
plane and consequently localise the HOMO solely on the EDTT group. Without the
BF, groups in91 the EDTT can align with the pyrrole through a sufitrogen
interaction to one again allow the HOMO energy to be distributed over the
thiophene and pyrrole groups. This explanation is theoretical shodild be

investigatedy a computational study.
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Figure 3.29 Cyclic Voltammograms of (a) oxidaticand (b) reduction an@8, 90 and91.
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The reduction potentials are very similar for monon&8sand 91, with values of
Eip=-1.17, B,°*'=-1.44 V for68 and B, =-1.26, B,”*"=-1.41 V for91
The reduction potentials &0 are B;'"®%=-1.04, f,,°°%=-1.21 V; these potentials
are lower than the other two monomers, because without the eldomating effect
from the ED'T groups, the pyrles and nitrophenylene unit®duce at a less

negative potential.

The electrochemical HOMQUMO gaps of the three monomers werecaited as
described on page 1l#rom the onsets of first oxidation and reduction waves in
Figure 330) and the data are summarisediable 311 andTable 312. The HOMO
level of 91 (-5.24 eV) is slightly lower than the HOMO 68 (-5.20 eV), whilst the
LUMO level is also slightly raised fod1 (-3.64 eV) compared t68 (-3.74 eV).
These values result in elemthemical band gaps of 1.60 and 1.46 eVofband68,
which is in good agreement with the optically determined HOMDIO gaps. The
HOMO and LUMO levels are expectedly lower 80 but overall the HOMO

LUMO gap (1.55 eV) is in the same range as the oth@mntonomers.
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Figure 3.30 Cyclic voltammogram 068, 90 and91 for energy level determination.

Table 312 Electrochemical data f&8, 90 and91.

Monomer E'/V E'Y/ v =AY HOMO/eV® LUMO/eV® Ey/eV
68 +0.40  -1.25/-1.09 -1.48/-1.40 -5.20 -3.74 1.46
90 +0.63  -1.07/-1.00 -1.25/-1.17 -5.40 -3.85 1.55
91 +0.48  -1.27/-1.24 -1.46/-1.37 -5.24 -3.64 1.60

#HOMO and LUMO values are calculated from the onset of the first peille corresponding redox wave and referenced to

ferrocene, which has a HOMO f.8 eV."E is the HOMGLUMO energy gap'lrreversible peak
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3.13.2 Electrochemical and Absorption Properties of Polymers

Polymers 000 and91 were grown onto the surface of lgpy carbon electrode and
the corresponding growth traces are showrkFigure 331 The electrochemical

growth of poly68 was shown previously iRigure 35.
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Figure 3.31 Electrochemical growth of (a) pd® and (b) pol91

155



The new polymers were then analysed in monefmeer acetonitrile solution and the

oxidation and reduction analyses are showrRigure 332.
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Figure 3.32 Cyclic voltammograms of (a) oxidation and (b) reduction of 68|yoly90 and pol®1.
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