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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 the materials to be easily
manipulated and tailored to suit the desired outcome. Organic semiconductors have
tunable band gaps and redox properties that can be influenced through variation of
the substituents; accompanying this with the ease and reduced cost of processability
required for these materials, it makes them very favourable for device fabrication.
Organic semiconductors have found use in devices such as electrochromics, light
emitting diodes, field effect transistors, photovoltaics, and sensors. In this thesis, 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 and cyclic forms. 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 characterisation of 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 properties. In
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 devices 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 outcome. Organic semiconductors have
tunable band gaps and redox properties that can be influenced through variation of
the substituents; this, together with the ease and reduced cost of processability

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

Traditionally, organic polymers were generally thought of as 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 their m-orbital

overlap in the polymer chains.

The main advantage organic 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 expensive, such as vacuum vapour deposition, whereas organic materials can
be processed through a number of different, less expensive methods, such as spin-

coating, stamping and ink-jet printing.

However, one of the main targets and a major driving force in 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

arsenide-based electronic devices.



1.2 History of organic electronics

Nearly one hundred 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, MacDiarmid and Heeger who discovered that polyacetylene could
conduct when oxidised with iodine vapour.' This 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 polyaniline.?® Research in this
field was still on a relatively small-scale, 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 polythiophenes (1), polypyrroles (2),

polyacetylenes (3), polyanilines (4), and polyphenylenes (5).

7\ 7\ H
1 H 2 3 4 5

These polymers have the ability to conduct as the =m-electrons in the conjugated
double / single bonds in the chain are delocalised, thus giving the polymers a band
gap in the semi-conductor range. The polymers can exist as either their aromatic or
quinoidal forms and the band gap (Eg) of conjugated polymers are defined and

controlled by the following five features, as shown in Figure 1.1:°

(i)  bond length alternation (E*')

(i) degree of planarity (E”)

(iii)  aromatic resonance energy (E°)

(iv)  the push / pull effect of the substituent groups (E>"")

(V) intramolecular and interchain interactions (E™)
Therefore:

Eg — EO'T+ Ee_l_ ERes_|_ ESub_l_ Elnt (1)

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 structures 1, 2
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or 5 then the aromatic and quinoidal form would be identical. This is not the case:
the states are not degenerate and in polyacetylene (3) the non-absolute delocalisation
is caused by Peierls distortion.” The degree of planarity is related to the torsion angle
(06) 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 mobility 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 form.® ® The R group
substituent will also influence the band gap through electron-donating and electron-
withdrawing effects and these are explained more in section 1.6. The intramolecular
(m-m) interactions and interchain (non-covalent bonding) interactions can reduce
band gaps through reduction of the torsion angle and therefore help increase

delocalisation of the r-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 forms,'® and can be achieved in the neutral state through excitation as
shown in Figure 1.2 for polythiophene. Polythiophene exists mostly as the aromatic

form giving it a band gap of around 2.1 eV.**

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 it more aromatic character as shown for
poly(isothianaphthalene) (6) in Figure 1.3. In the ground state, the thiophene part of
the polymer loses aromaticity but in this quinoidal form the benzene unit gains

aromaticity resulting in a polymer with a band gap of around 1.1 eV.*

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 three ways: all-anti,
syn / anti and all-syn as shown in Figure 1.4 for some terthiophenes.*® The all-anti

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 typically p-type semiconductors
and oxidation (p-doping) of these polymers results in the generation of radical
cations and / or dications in the chain, which are stabilised through conjugation.
However, reduction (n-doping) of these polymers usually results in a chemical
reaction between the newly formed radical anion that causes the breakdown of the
conjugated chain. n-Doping is generally unstable for most conjugated polymers as

they react irreversibly with water and air.

Another, more recent polymer that has been synthesised is polyselenophene (7),
which has advantages over the equivalent polythiophene with a lower oxidation and

reduction potential for both the monomer and polymer forms.**

/ A\ 7

Se /n

Polyselenophenes have a lower band gap because they have a greater effective
conjugation length compared to polythiophenes, due to the monomer units in the
polymer chain being less likely to twist out of plane with each other.”®
Polythiophenes can twist very easily with little energy required; in many cases,
substitution onto the 3,4-positions creates distortion in the chain and this in turn

increases the band gap. For polyselenophenes, distortion is less likely to happen and

the backbone remains planar with many different substituent groups.



1.4 Band Theory

All materials can be classified as insulators, metals or semiconductors depending on
the ability of the material to conduct electricity. The conductivity of the material is
determined by the position 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 1.5.

Conduction Band

Valence Band

Filled Band

'l

Insulator Metal Semiconductor

Figure 1.5 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 upper band 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, essentially the energy gap
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 .18



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 and valence 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 electrical conductivity of these materials can be

enhanced by doping the material.'’

Semiconductors can be doped in two different ways: by p-doping or n-doping.
Doping can be carried out chemically or electrochemically. p-Doping is the ejection
of an electron(s) to leave positive charges or holes in the valence band, in turn
creating a new energy level above the valence band as shown in Figure 1.6. This
allows enhanced conductivity since a neighbouring electron can move into the space
leaving a hole in its place. n-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 band (Figure 1.6). The energy gap between
this new level and the conduction band is smaller than E4 and so electrons pass from

this band to the conduction band more readily and so the conductivity is increased.*®

p-doped Neutral n-doped

- electron + electron —1—

Conduction Band

I l . Valence Band

Figure 1.6 p- and n-doping of a semiconductor




The p-doping of a conjugated polymer can be represented chemically, as shown for
polythiophene in Figure 1.7. 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 semi-quinoidal form.

Figure 1.7 Doping of polythiophene

When conjugated polymers are doped in an electrochemical cell or in a solution-state
device, the charges can become trapped throughout the chain and kept balanced by
counter-ion(s) from the electrolyte. De-doping is a method to reduce/oxidise the
polymer back to the neutral state and expel any trapped electrolyte (as shown in
Figure 1.8 for p-doped polythiophene) and is achieved by applying a potential in a

region of no electroactivity between the first oxidation and reduction processes.*

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 = counter-ion
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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 cycling in anodic conditions without a catalyst, with the number of
cycles controlling the film thickness.?® The mechanism for polymer growth is similar

for many aromatic monomers,*® and Figure 1.9 shows the growth of polythiophene.
/\ e
®
> ) 8 B ®
N TN Ny — Sg @ +2H Step 2
® ® =
o @ =
= ) Q\@ ' Q Step 3
— ®
® = ®
—_— W —_— /S\ \S/ /S\ +2H Step 4
® o

3 efc

Figure 1.9 Mechanism of polymer growth as depicted for polythiophene

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 radical cation
back to the bulk solution is slower than that of electron transfer. The dication dimer
then re-aromatises and becomes neutral by the loss of two protons.? In the third
step, the dimer is oxidised at a lower potential than the monomer and this gives a

new radical cation species.’® This new cation radical can combine with another
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monomer cation radical to give a trimer, as shown in step three, and then re-
aromatisation produces a terthiophene (step four). The polymer forms through
extensive repetition of this sequence until the polymer becomes insoluble in solution

and forms a film on the electrode surface.?

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 from the oxidation of the monomer may not
reside on the 2,5-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 molecular orbital (SUMO) level of the monomer.?

Another problem that can take place in polymer growth is a-p’ coupling instead of a-
a’ coupling. The former is a non-conjugated bond forming from the 2 or 5 position
of one thiophene to the 3 or 4 position of another. This can be prevented by blocking

the 3,4” positions as shown in Figure 1.10 to give solely a-a’ couplings.

% a-a' coupling
/ s
\ B

S \ N a-B' coupling
S

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

Figure 1.10 a-o’ and a-B’ coupling reactions

/N o+ [N
RIS

12



1.6 Modifying the Band Gap through Substituent Effects

In the simplest cases, methyl or other alkyl groups on the B-positions have shown to
decrease the oxidation potential slightly through inductive effects, but they also help
prevent unwanted o-B’ coupling reactions, lower the band gap and improve the
overall conductivity of the conjugated polymer.?® However, some mono- and dialkyl
substituted polymers can actually have the inverse effect through steric hindrance.
Steric hindrance in the backbone can cause the monomer units to twist away from
each other, breaking the planarity and therefore disrupting the n-orbital overlap and
decreasing the conjugation of the polymer.®® Cyclising the alkyl groups is one
method to decrease this problem.?* Another 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 potential of polymer growth

through increased conjugation.®

Alkoxy- and akylthio-substituted monomers have lower oxidation potential than
their alkyl equivalents as the lone pairs of the hetroatoms donate electron density to
the monomer units.?’ The mesomeric donation of electron density has the benefit of
lowering the oxidation potential and as a result raises the HOMO level but also raises

the LUMO level too.

Electron-withdrawing 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.
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The incorporation of different 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 alter the reduction potential of the polymer chain greatly, the best way is to
incorporate an electron-withdrawing group in the polymer chain.® Examples
include 8 and 9, where cyano groups between two thiophenes in the polymer chain

result in polymers with band gaps below 1.5 eV.?’

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

Creating polymers with alternating donor-acceptor units in the chain has been shown
to be an excellent way to achieve low band gaps. The size of the band gap can be
influenced by an intramolecular charge transfer process.?® The interactions from the
donor and acceptor can result in hybridisation of the HOMO of the donor with the
LUMO of the acceptor resulting in a small band gap polymer,” as shown in Figure
1.11.% In alternating donor-acceptor 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 interaction between donor-acceptor moieties

Donors typically used include thiophene (10) and ethylenedioxythiophene (EDOT)
(11) and acceptors are usually nitrogen-based molecules such as pyridine (12),*

benzothiadiazole (13),%" and bis-thiazoles (14).%

O O N/S\N N
A
L W ) M O
S S \
S %
10 11 12 13 14

One of the smallest band gaps produced for a conjugated polymer is from a polymer
polymerised from a bis-thiophene monomer consisting of a donor and acceptor

group (15). The planarity and the repeating donor-acceptor units result in a band gap

of less than 0.4 eV.®
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1.7 3,4-Ethylenedioxythophene (EDOT) and derivatives

3,4-Ethylenedioxythiophene  (EDOT, 11) and its resultant polymer,
poly(ethlenedioxythiophene) (PEDOT) was first synthesised by Bayer nearly twenty
years ago.>* 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 hole-injection properties,®” and has a band gap of ca. 1.6
eV, lower than the analogous polythiophene derivative (ca. 2.1 eV).* The reason for
the difference can be attributed to the non-covalent sulfur-oxygen interactions
(shown for bis-EDOT (16) in Figure 1.12) that hold the polymer planar and thus
increasing the effective conjugation length. This allows a lowering of the oxidation

and reduction potentials and therefore overall a lower band gap.

Figure 1.12 Non-covalent sulfur — oxygen interaction in bis-EDOT

The non-covalent interactions have been observed in single crystal X-ray
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 and 0).*
Comparing EDOT with the sulfur version, 3,4-ethylenedithiathiophene (EDTT,
17),% is the best way to demonstrate the large affect that the non-covalent 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 and the sulfur groups contribute to three-dimensional organisation through
intermolecular interactions.*® ** 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
conjugation length. In fact, the steric hindrance causes distortion and the units twist

away from each other as shown in Figure 1.13 for bis-EDTT (18).3%

S S S S

3 e
S S /S ] S
17 18

Figure 1.13 EDTT and bis-EDTT 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 synthesis and analysis of two new

monomers OSO and SOS.*
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 showed that PEDOT has the lowest oxidation
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potential and the lowest band gap at 1.35 eV, as it has exclusively O---S interactions
in the polymer chain making it the most planar structure. The next smallest band gap
iIs POSO (1.47 eV) as it has predominately O---S interactions but also now includes
sterically demanding S---S interactions producing a small departure from planarity,
restricting the extent of the effective conjugation length. PSOS has more S:--S
interactions than O---S interactions and this polymer has a much larger band gap
(1.89 eV). PSOS is lower in band gap than poly(ethylenedithiathiophene) (PEDTT)
(2.19 eV) only because O---S interactions in the trimer units within the backbone
provide a longer effective conjugation length (i.e. within SOS terthiophenes). The
expected interactions are depicted in Figure 1.14.** We showed that the planarity of
the polymer can be retained with a small dilution of EDOT units, i.e. at least one

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

PEDOT

POSO

PSOS

Figure 1.14 Expected O---S interactions for PEDOT, POSO and PSOS
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® and smart

PEDOT has many uses, it can be used in electrochromic displays,*
windows,*® as it is dark blue when neutral and pale / almost transparent when p-
doped. Other applications include use as the hole injection layer in organic light

emitting diodes and organic photovoltaics.*" ®

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 vinylenedioxy-bridge is a better electron donor than the ethylene equivalent.
However, electropolymerisation of VDOT is not possible and bis-VDOT (20) was
required to be synthesised and then electro-polymerised. The resultant polymer also
supports close non-covalent oxygen-sulfur 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 non-covalent interactions have been shown to exist and an example is the
sulfur-nitrogen interaction. This interaction (along with a sulfur-oxygen interaction)
can be seen in the X-ray crystallographic analysis of 21 which is planar and shows
bond distances for both interactions smaller than the sum of the van der Waals radii

of the corresponding atoms.** Other non-covalent interactions have been shown to

exist between sulfur and halogen atoms, such as fluorine (22),* and bromine (23).*°

CeHiz  CeHis
7\
NN
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One problem of EDOT based polymers is their insolubility, in an attempt to make
them more soluble, alkyl chains can be added to other units in the monomer.
However, the addition of long alkyl chains to the sp* carbon of the ethylene bridge
actually causes disruption of the polymer chains by hindering n-stacking and reduces

the polymer’s stability to oxygen by making the polymer more permeable.>*

There have been several monomers created that are analogous to EDOT, such as the
pyrrole (24) and selenophene (25) analogues, as well as replacing oxygen with

selenium to give EDST (26).

0] 0] O O Se Se
2/ \; Z/ \g Z/ \§
N Se S
,
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 nitrogen-oxygen non-covalent
interaction to hold the polymer stable and to increase the effective conjugation
length.>? The selenophene derivative has both a lower oxidation and band gap to the
analogous thiophene version, implying that selenium-oxygen non-covalent
interactions are present to hold the polymer backbone in a planar conformation. In
our group, we synthesised and characterised 3,4-ethylenediselenathiophene (EDST)
which shows that the polymer form also adopts a planar conformation, unlike the

sulfur derivative (PEDTT) and more similar to PEDOT.**
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1.8 Electrochemistry

This section describes the equations related to electrochemical analysis performed
using literature procedures.!” 18 %% |n general, an electrochemical cell is made up
of at least two 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 with n being the number of electrons:

R—- 0+ ne” 2)

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

O+ne - R €)]

where O is the oxidised species and R is the reduced species. The electrode potential

for the redox reactions above is given by the Nernst equation:

E=E'+ =2
nF [R]

(4)

where E° the standard electrode potential, R is the gas constant, T is the temperature,
F is the Faraday constant (96,485 C mol™), [O] and [R] are the concentration of the
species in the oxidised and reduced forms respectively. The standard electrode
potential is the measure of the individual potential of the electrode in a standard. The
Gibbs free energy change of an electrochemical reaction is given by the following

equation:
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AG: —nFEcell (5)

where n is the number of electrons transferred and
Ecell = ER - EL (6)

Er and E, is the potential of the reduction and oxidation reactions, respectively. The

electrode kinetics can be derived by considering the following equations:

k—)
O+ne” o R @
k(—

The rate of the electrochemical reaction (k) is related to the current | or current

density i, which is related to the current through the area of the electrode surface (A):

i=1/, (®)

For the forward reaction (reduction):

i” = nFk~CS )

and the reverse reaction (oxidation):

i = nFk-CS (10)

where C’ and C’ are the concentrations of oxidised and reduced species at the

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

(11)
and
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(1—ay)nF

k™ = koexp ( o7

) (12)

where oc and aa are the cathodic and anodic transfer coefficients, respectively.
These coefficients reflect the amount of applied potential which actually goes into
reducing the activation barrier for electron transfer in the forward and reverse
directions. In simple redox couples, ac and aa are equal to one. kg is the standard
electron transfer rate constant. If the reaction is governed by the rate of electron-

transfer, the current is given by the Butler-Volmer equation:

, . (1-ay)nFn, —acnFn }
i = g {exp (A" — exp (<270 (13
where i is the exchange current density,
ig = NFkyCy"Cg* (14)

and this gives the amount of electron exchange at the equilibrium potential, E. for

the electron transfer, which is related to the overpotential () by the equation:

n=E-E, (15)

When 7 is positive, an oxidation reaction occurs and the net current is positive.

When 7 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 electrode surface is controlled by three mechanisms:

migration, convection and diffusion. Of these three, diffusion is the most important
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and follows Fick’s first law, where the flux J; (amount of diffusant per second) of the
electroactive species, i, is related to the diffusion coefficient (D;) by the following

equation:

ac,-
Ox

Ji= —Di(

(16)

(dci /0y) is the concentration gradient, the change in the concentration of ¢ of the
species i per unit distance Xx. The concentration gradient arises as some of the
electroactive species is consumed around the electrode surface and this depletion
causes the gradient.”” As the current response is related to the diffusion coefficient

through the following two equations:

i = nFJ; €

therefore current is influenced by diffusion as:

aCi

i= —nFDi(a

(18)

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 observed then the material is not diffusion
controlled. A non-linear line suggests a diffusion coefficient influences the current
response and the current peak will in fact be proportional to the square root of the
scan rate. This is seen in the Randles-Sevc¢ik equation which links the peak max (l,)
of current (I) with the concentration (c), the area of the electrode (A), the scan rate

(v) and the diffusion coefficient (D):
nF 1l 1 1
I = —-0.4463 nFA (E)Z Dz c vz (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 potential in the 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, only the processes 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 required by the
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 remains at 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 is typically platinum as either wire or gauze and the reference electrode can
be a saturated calomel electrode (SCE), a Ag/AgCl electrode, a pseudo silver wire or

a standard hydrogen electrode (SHE).

The experiment involves running a potential varying with time over a desired range,
V1 to V,. When V; has been reached, the voltage is reversed and swept back to V;. As

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 response, peaking at I, and E,. The
scan rate, v, 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 1.15). When the material is oxidised the positive current increases
and when the potential reaches that of the oxidation potential of the material (Ep.) the
current peaks at lp, and then lessens as the concentration of the material near the
electrode surface decreases. In the reverse mechanism, and in reduction processes,
the current peaks at I,; at Epc in the same manner as before.” If the redox process is
reversible, the reduction / oxidation back to the neutral state should be of similar size
and shape but of opposite current.®® For fast electron transfer, these two peaks should

lie 57 mV apart.”’

60
40 4

20

Current / pA

-20 4

-40 4

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 and LUMO 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 in Figure 1.16(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 reverse (Figure
1.16(b)). As the energy level of the electrode rises, 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 current.*®
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In solutions of low conductivity, the applied 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 corrected by 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 cell.*"

All electrochemical results are referenced against a stable and solvent independent
redox couple (Figure 1.17) to allow comparisons. The ferrocene / ferrocenium

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

Figure 1.17 Ferrocene / ferrocenium redox couple (X is the counter-anion)

This redox couple was recommended by Strehlow over 25 years ago,* as it matched

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

M The molecule is spherical and has large a radius 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

(vii)  Both forms are stable.

28



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 violet — visible (UV-vis) light.
Transitions can occur from bonding or lone pairs to anti-bonding orbitals.® These
transitions can involve o, &, and n electrons or electrons involved in charge transfer
reactions. Non-bonding electrons (n) are found in molecules with hetero-atoms
present that have lone pair(s). There are four possible transitions involving o, =, and

n electrons (Figure 1.18).

A , n ,. Antibonding c*

Antibonding 7t*
Energy n-m T—T

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, corresponds to a wavelength at which that transition absorbs; they are related

through the equation:

E= hc/A (20)

where h is Planck’s constant (6.63 x 10* m? kg s™*) and c is the speed of light (3 x
10 m s™). The o-c* transition has an absorption maxima not normally seen in UV-

vis spectra as the maxima occur between 100 and 200 nm, the vacuum UV region.
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The n-o* transition occurs between 150 and 250 nm, whereas n-n* and =n-m*
transitions have absorption maxima in the 200 to 700 nm region; these transitions
need double bonds in the molecule to provide the © electrons. In molecular systems
with a high degree of conjugation, such as the conjugated polymers described earlier,
the m-m* transitions have the lowest energy and therefore occur at the highest
wavelength.® ® The intensity of the absorbance depends on the transitions being
allowed or forbidden. Allowed transitions absorb strongly and forbidden transitions

do not.

In an UV-vis spectrometer, the intensity of light at each wavelength is measured
before (lp) and after (I) it passes through the sample. This percentage transmission

(%T) is therefore:

%T = (I/IO) x 100 (21)

Thus, from this the absorbance can be calculated:

A= —log (%T) (22)

and from the Beer-Lambert law, the absorbance is related to the molar extinction

coefficient, €, a measure of how strongly a species absorbs at that given wavelength:

A= ¢ecl (23)

where ¢ is the concentration (mol L™) and | is the path length (cm).®°

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

explained via the Woodward-Fieser rules: the longer the conjugation in the molecule,

30



the higher the wavelength for Amax and substituent groups on the conjugation chain
will impart either a bathochromic (red shift) or a hypsochromic shift (blue shift) for

electron-donating and electron-withdrawing groups, respectively.*® %

1.11 Spectroelectrochemistry

Spectroelectrochemistry (SEC) is the combination of either electronic or vibrational
techniques such as UV-vis spectroscopy, Infrared (IR) spectroscopy, Raman
spectroscopy or Electron Paramagnetic 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 project, only UV-vis
spectroelectrochemistry is employed as it is a very useful technique for the
investigation of materials in electrochromics due to it showing how the absorption
spectra of the material changes upon doping.®® The graphs are normally plotted as
three-dimensional figures with wavelength, absorbance, and potential, as the X, vy,

and z axes, respectively.

The set-up of a UV-vis spectroelectrochemical experiment is shown in Figure 1.19.
The working electrode is a film of a polymer either grown electrochemically or
deposited by spin-coating, drop casting or spray-coating. Small molecules deposited
onto the surface of indium tin oxide (ITO) can also be studied, 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 and reference electrodes
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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 material under

investigation.

Counter electrode / Reference electrode

Working electrode . Electrolyte / Solvent

~

Figure 1.19 Diagrammatic representation of a UV-vis spectroelectrochemical experiment

UV-vis spectroelectrochemistry graphs show the formation of polarons (radical
cations) and bipolarons (dications) through oxidation, such species are local gaps in
the conjugated chain that absorb in the visible to near-infrared region. The
absorption caused by polaronic doped states is due to charge transfer from an
oxidised polymer chain to a 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 n-* 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 peaks.®

Infrared spectroelectrochemistry (IR-SEC) is useful for probing bonds that may
change with potential; either transmissive or reflective techniques can be used. The
transmissive set-up is similar to that of UV-vis SEC with the window being made of

either doped tin oxide or silicon.®> Boron doped diamond can also be used as a
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transmissive electrode as it has a wide electrochemical window and chemical
inertness.® In reflective mode, the redox species are probed at the surface of a metal

working electrode which also acts as the reflector (Figure 1.20 (a)).>®

As most solvents are good absorbers of infrared radiation, the solution layer has to
be thin, less than 100 pum in depth.*® 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 quantitative
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 frequency falls 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, as each 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 spectroelectrochemistry in 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 spectroelectrochemistry is
analogous to IR-SEC with the set-up in reflectance mode and with the scattered

beam collected by the detector as shown in Figure 1.20 (b).*

Electron Paramagnetic Resonance spectroelectrochemistry (EPR-SEC), 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 technique as in this
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 acquired.®® The
experimental set-up of an in situ EPR-SEC (Figure 1.21) is different to that of 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 the gauze is
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 an EPR SEC cell and its alignment in the spectrometer
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1.12 Calculation of enerqy levels and band gap

The HOMO, LUMO and band gap (or HOMO-LUMO 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 oxidation peak can be subtracted from the known HOMO of ferrocene (-4.8
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 HOMO-LUMO or band gap (Eg) for monomers and polymers,
respectively, is therefore the difference between the calculated HOMO and LUMO

levels.

HOMO of material = —4.8 — onset of oxidation (24)
LUMO of material = —4.8 — onset of reduction (25)
E, =LUMO — HOMO (26)

The optical HOMO-LUMO or band gap for monomers and polymers is determined
from the absorption spectra of the materials. The optical Eg is determined from the

onset of the longest wavelength absorption band (1),% using the following equations:

h

ex
where h is Planck’s constant, ¢ is the speed of light and e is the charge of an electron
(1.602 x 10™*° C), the resultant value is given in eV. As h, c and e are constants, the

above equation can be simplified to:

E; =1240.68 /A (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 Ey/, of ferrocene is recorded three times and averaged and thus,

the random uncertainty associated with this is:

. max measurement - min measurement
random uncertainty = + - (29)

where n is the number of measuremts, which in this case is three. The average Ei,
for ferrocene is not calculated until three that are within 10 mV range are recorded in

succession. Therefore, this would produce a random uncertainty of £0.0033 V.

The reading uncertainty of the cyclic voltammetry instrument is +1 of the least
significant digit, which gives an error reading of £0.0001 V. The total uncertainty in
the calculation of the Eq, of ferrocene is £0.0033 V, which can be calculated from

the following equation:

total uncertainty = + \/ (random uncertainty)? + (reading uncertainty)?
(30)

The cycle used in the energy level determination will also have the same reading
uncertainty as that 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 shown in Figure 1.22, 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 error of £0.015 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 uncertainty for the energy level determination can be calculated using

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

Uncertainty = +,/(0.0033)% + (0.0001)2 + (0.015)2 = +0.0154eV  (31)

Therefore in an energy gap calculation, which encompasses the uncertainty in the
HOMO and LUMO determination, there is an associated uncertainty of +0.03 eV.
For optical energy gap calculations, there will also be an onset uncertainty (+0.015
nm) and a reading error of £0.01 nm in the absorption spectra. As the calculation
uses metres, these errors become 1.5 x 10 and +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 emission 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 non-radiative 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 from.%®

In most molecules, the ground state is a singlet state (Sp) as the 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 state (S;, S; etc.). If the
electron changes its spin configuration and becomes parallel with the electron still in
the ground state then the excited state will be a triplet state (T;, T, etc.). 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 newly
produced electron repulsion. Fluorescence is from a singlet state and is short-lived as
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 transition (excited triplet
state back to singlet ground state).®” A simplified diagram of the absorption and

emission of a molecule is shown in Figure 1.23.
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Figure 1.23 Absorption and emission of a molecule

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 lowest vibrational
state (v’ = 0) before either fluorescing back to Sy or transferring to an analogous
excited triplet state through intersystem crossing (ISC). Once again, vibrational
relaxation will cause the electron to relax to the lowest vibrational state of the triplet
state before phosphorescing to So. Like fluorescence, phosphorescence can be to any

of the vibrational states of S, before further possible relaxation to the ground state.®®

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 is longer in the triplet state, therefore the

probability of other non-radiating 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 probability of deactivation

from an excited state to the ground state from luminescence. The quantum yield (&)
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can be related to the intensity of luminescence at any wavelength (1.*¢™*°) through

the following equation:

Iﬁ(emission) =k d)L € Ex(excit) I/l(excit) (32)

where K is a proportionality constant, c is the concentration, exexcity IS the molar
absorbtivity of the sample at Aexcin and Y s intensity of the excitation light that
comes from the monochromator and impinges on the sample.®® The above equation
is only valid for optically dilute samples; if the concentration is too great then self-
quenching, an inner filter effect, can occur which is the absorbance by the sample of

its own luminescence.%®

A more reliable method of calculating quantum vyields is to use a comparative
method,* which compares the quantum yield of an unknown sample (®,) with that
of a known standard (@st). In such an experiment, we compare the gradient of the
unknown (Grad,) with the standard (Gradst), which can be calculated from a plot of
integrated fluorescence vs. absorbance of five different dilute samples, while also
taking into account the refractive indices of the solvents used () and applying these
data to the following equation:

D, = Dgr (me) (ﬁ) (33)

Gradgr 'L%T
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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 in devices such as electrochromics,”®" light emitting diodes,”*"" field

78-81 82-84

effect transistors, photovoltaics, and sensors.®>® 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 fine-tune the
colour. Organic based electrochromics have a higher colouration efficiency, greater

stability, faster switching times and have the ability to become fully transparent.® %

Electrochromic materials can reversibly change from one state of absorption to
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 wavelengths.*™ % Polythiophene itself is red in the neutral state and blue when
p-doped,® % and through varying the side group, the three primary colours can be
created, thus allowing the development of devices based solely on conjugated
polymers.®* % The band gap of the polymer essentially controls the colour change.

Conjugated polymers with Ey above 3 eV are transparent when neutral and will
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absorb in the visible region in the doped state. Polymers with band gaps of 1.5 eV
and below are highly absorbing and coloured when neutral but upon p-doping the
absorption shifts to the near-IR. Thus polymers with band gaps between 1.5 and 3

eV give a change in the visible region.*

A classical electrochromic device is a simple set-up and is depicted as a seven layer
structure (Figure 1.24).%° The electrochromic layer can be deposited in several
different ways, such as electrochemical growth, spin-coating, drop-casting, 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 state produced is balanced by counter-ions from the electrolyte layer. The
change in the material’s state is due to the applied potential and results in a change of
colour. This colour change can be seen from either side as the substrate and the

conductor are transparent.

Substrate (plastic or glass)

Transparent conductor

— Electrolyte

Ion storage layer

Transparent conductor

Substrate (plastic or glass)

Figure 1.24 Diagram of a typical electrochromic device

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

in Figure 1.25.%
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Polymer Neutral Doped

PEDOT Dark blue Transparent / light blue
27 Red Light blue
28 Pink Transparent / light blue
29 Yellow Blue

Figure 1.25 Polymers used in electrochromics and their colour changes

The switching ability of a polymer, the rate of change of the absorption or
transmittance upon fast switches (up to ten seconds) between oxidation and
reduction, gives an indication of the material’s potential use in an electrochromic
device. The rate of change is dependent upon the ability of electrolyte counter-ions
to diffuse in and out of the polymer to balance the charge when doped (keeping
electro-neutrality) and expelled when neutral. More open polymers possess a better
switching ability and have a greater change as a less-packed morphology allows an

efficient flow of counter-ions into and out of the polymer film.%

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

colour transformation. Y is the luminance of the colour with x and y coordinates of
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the chromaticity diagram (Figure 1.26).97 L* is the lightness of the material with a*
and b* opponent dimensions of colour. A positive a* is red and a negative a* is

green. A positive b* is yellow and a negative b* is blue.”®
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Figure 1.26 1931 CIE colour coordinates

The colour efficiency (n) of polymers can be calculated from the equation:

Colour efficiency (n) = Aopp/Qqa (34)

where Aop is the change in optical density and Qd is the charge passed during this
process. Aop is determined from the percentage transmittance (%T) before and after

a full switch and can be calculated using the following equation:

App=10g(%T of bleached state / %T of coloured state) (35)
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1.15.2 Organic Photovoltaic (OPV) Devices

The photovoltaic effect in semiconductor junctions 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 inorganic materials such as silicon, however,
these devices are expensive to produce.” Research focus has turned to the organic
versions known as organic photovoltaics (OPV). The semiconducting active layer in
OPVs is essentially where the light is absorbed, separated to give 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 regioregular poly(3-hexylthiophene) (30) and the acceptor used for organic
photovoltaics is [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) (31).1%° PCBM
was first used in 1995, and to date is still the best acceptor found. It can be used
alongside donor polymers with a wide range of band gaps ranging between 1.2 and
1.9 eV. The band gap of poly(3-hexylthiophene) is at the edge of this limit with an

Eqof 1.9 eV.'%?
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However, despite the vast amount of research that has been performed on poly(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 flux of the sun
(Figure 1.27), means that less than 25% of the sun’s available photons are

harvested.'®
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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 conditions'®

(the sun at
45° above the horizon, an integrated power density of 100 mW cm™ and integrated
photon flux of 4.31 x 10** s* m?), as shown in Figure 1.27, it can be seen that
decreasing the band gap of the donor material will increase the amount of photons

that can be absorbed.'® However, having too small a band gap is not ideal either as

the open circuit voltage (Voc) will be small and overall the power conversion

46



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

be 1.4 eV.1%®

The power conversion efficiency (nr) of organic photovoltaics can be calculated

from a current-voltage (1-V) graph using the following equation:

Nr = Isc Voc (FF)/ Pin (36)

where I is the short circuit current density (mA / cm?), the current at VV = 0 V, which
is dependent on the photon absorption of the active layer. Vo is 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 (see Figure 1.28). Pi, is the
intensity of the irradiating light (mW / cm?), AM 1.5 standardised. FF is the fill
factor, which is determined by the balanced charge transport and recombination
properties of the donor and acceptor. The fill factor can be calculated from the

following equation:

FF = max{Lnpp Vinpp} / Isc Voe 37)

where Iy is the maximum current and Vi, IS maximum voltage in the -V

characteristics.

The energy levels of the donor and acceptor units should be offset and the ideal
configuration is depicted in Figure 1.28. V., as stated above, is proportional to the
difference between the HOMO of the donor and LUMO of the acceptor.® For
optimum efficiency of charge separation, AE_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 10%.'%" The
graph in Figure 1.29, shows that the efficiency of a bulk heterojunction organic
photovoltaic is at its highest when the AE, umo 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 value varies considerably in the literature) then the

optimum LUMO of the donor should be -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 1.28 Energy levels of donor and acceptor components in organic photovoltaics
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Figure 1.29 Power conversion efficiencies for band gap versus AE| ymo

The mechanism for charge generation in an organic photovoltaic device is shown in
Figure 1.30, 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 part (a), a photon is absorbed creating an exciton. The exciton travels
towards the donor-acceptor 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 to each 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 electrodes.

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.
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Excitons that are created too far away from the donor-acceptor interface will
recombine as shown in step (2). Even after separation, geminate recombination (3) or
bimolecular recombination (4) can occur.’® The acceptor units need 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.
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Figure 1.30 Mechanism for charge generation

Bilayer OPVs (donor and acceptor layers coated on top of each other) are inefficient
as the area of donor-acceptor interface is very small and as a consequence solution-
processed bulk heterojunction OPVs are predominately used.'®® This device structure
is better as the interface between donor and acceptor has increased greatly and
therefore, as a result, so has the number of charge separation sites. A typical

structure of a bulk heterojunction is shown in Figure 1.31.
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Figure 1.31 Schematic of a bulk heterojunction organic photovoltaic

Improving the processing of the materials is the best way to optimise the power
efficiency; this can be done by mixing the donor and acceptor in many different

ratios, 1%

annealing after coating and through the addition of other additives to
improve the morphology and reduce phase separation.'®® Controlling 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

consequently the resistance would increase along with a decrease in the fill factor.*°

Other donors that have been investigated with promising results are 32,** and 33.1*
These new donors showed 4.76% and 6% efficiency, with Cgo and C+o, as acceptors,
respectively. To date, the best power conversion efficiency of 7.9% has been
reported by Solarmer Energy and confirmed by the National Renewable Energy

Laboratory (NREL).!*®

C42H,500C

o1



Alternative acceptors to molecular based systems include n-type polymers,*** but the
best acceptor materials are based on Cg and Cz. An example includes the
modification of PCBM, creating the bi-substituted version (34) that in comparison
has raised the LUMO level by 100-200 mV,** thus increasing the open circuit
voltage and allowing a better AE, ymo for most donor polymers. A more unusual

strategy is the creation of polythiophenes connected directly to Cgo-fullerene groups

116

(via monomers 35 and 36).

It is postulated that the charges separate and pass in opposite directions in the same
polymer (Figure 1.32). However, these are not as good as separate donor-acceptor

heterojunctions, but the strategy does have promise.**’

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

Field effect transistors are effectively an on-off switch used in electronic circuits.
Organic field effect transistors are based mainly on two types: small molecules and
conjugated polymers. The main criteria 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 1.33. An OFET is a three terminal device in either (a) top contact or (b)
bottom contact arrangement.® The difference between these two arrangements is
that the source and drain electrodes can either be evaporated onto the top of the
organic semiconductor (top contact) or evaporated onto the dielectric before the

deposition of the semiconductor (bottom contact).*?

(@) (b)

Semiconductor

Source Drain

Figure 1.33 Set-up of an OFET configuration in (a) top contact and (b) bottom contact arrangement

The gate voltage (Vg) 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 conductivity 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 gradient and resulting in a build-up of charges at the
dielectric-semiconductor 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 state.'** *!

The polarity of the voltage determines the type of semiconductor, if a negative
voltage is applied at the gate then the semiconductor will be p-type as the HOMO
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. n-Type behaviour is achieved by
applying a positive 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 organic semiconductor. Materials that can behave as both p- and n-

type are termed ambipolar semiconductors.*??

Crucial parameters that govern the performance of an OFET are the charge carrier
mobility (p), the on-off ratio and the threshold or turn-on voltage (V). Mobility is a
measure of the charge carrier drift velocity per unit of electric field; the on-off 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 starts to form. A typical OFET measurement is shown in
Figure 1.34, where the source drain current (lsg) is measured with respect to the
source drain voltage (V) at different gate voltages. The graphs are split into two
sections, the linear regime when lg is linearly proportional to Vg4, and the saturation

regime when lgq is independent of V.
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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 graph.*?* 123

Linear regime:

1

w
Ia= 7 0CV (Vg—V:—3Va) @)

Saturation regime:

I =5 nC(Vy—V,) 39)

where W is the width of the channel, L is the channel length, C is the capacitance of
the insulating (dielectric) layer, Vg is the applied gate voltage and V; is the threshold

voltage. The threshold voltage is determined from the onset of source-drain current.
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Organic field effect transistors have the advantage of the semiconductor being easy
to apply in device fabrication by either spin-coating or drop-casting. The choice of
semiconductor is limited not only by the solubility, but also by the ability of the
material to self-assemble in the solid state as this can maximise charge transport
through n-stacking.'®* Flat molecules such as pentacene (37) are a good example of
materials with self-assembling properties.”® Pentacene is a well known p-type
semiconductor and other heavily studied p-type semiconductors include
polythiophene derivatives (mainly regioregular poly(3-hexylthiophene) (30)),"?® and
rubrene (38)."2" A device consisting of rubrene has shown an incredibly high
mobility of 15 cm? V* s compared to those of pentacene (1 cm?® V* s™) and poly(3-

hexylthiophene) (0.1 cm? V! s™).

< O
CeHi3
OO0 1Yy o C
S
37

n

3° O O

n-Type semiconductors for use in OFETS suffer from environmental quenchers such
as oxygen and water, as they react with the radical anion produced from the transfer
of an electron.’?® This instability limits the use of many compounds in OFETSs but
commonly used n-type semiconductors include fluoro- and cyano-substituted

compounds such as 39,"?° and 40.**
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There are very few ambipolar semiconductors. Two recent examples were reported
by Takimiya et al (41),"*! and Anthopoulos et al (42) and both are air-stable.**? Other

p-type, n-type and ambipolar organic semiconductors are given in recent reviews.'?:

121,133

The choice of metal for the electrodes is an important choice. For p-type
semiconductors, the metal should have a high work function (e.g. gold and
platinum), whereas for n-type semiconductors, the metal should have a low work
function (e.g. aluminium).** Choosing an appropriate metal to match the behaviour
of the semiconductor allows efficient charge injection (holes or electrons). The work
function is the energy required to remove an electron from the metal’s Fermi level to
the vacuum level.*?® Typical dielectrics used in OFETs are SiO, based networks or

non-conducting polymers such as poly(methyl methacrylate).'?
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1.15.4 Organic Light Emitting Diodes (OLED)

Electroluminescence 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 for the next
generation of commercial televisions, as 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 processable, 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 devices (Figure 1.35) 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 assist the transport of charges from the electrodes to the semiconductor.®

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 are transported 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,
respectively. Figure 1.36 shows fluorescence emission from an excited singlet state

in an OLED set-up.**®

Vacuum level

Electron injection —
€ /

Cathode
— ’

M\,itiicme

Anode ‘ .
Singlet state
—_—_—

Light emitting polymer

LUMO

~—

Hole injection

Figure 1.36 Electroluminescence in a conjugated polymer

The colour of the electroluminescent light is dependent on the HOMO-LUMO gap of
the emitting material, which is related to the effective conjugation length and
therefore is tailorable. Blue-shifted emissions are from short n-conjugated polymers
and red-shifted emissions are from longer m-conjugated polymers.**® The HOMO-
LUMO gap of the conjugated semiconductor used 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) (43) gives a green emission,** and polyfluorenes (44) provide strong blue
emission.”*® The colour of the emission, as already mentioned, can be tuned. The

addition of one (45),"* or two methoxy groups (46),**°

to PPV gives yellow and
orange-red 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 large-scale solid-state lighting.'*?

@w@w@w
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The efficiencies of OLEDs can be quoted in several ways: internal
electroluminescent quantum efficiency, power efficiency or luminous efficiency.’
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 A™?), or as the efficiency of the device at the
maximum brightness (cd m).** The external efficiency (ex) can be calculated from

the following equation:

Next = Y NpLNc Xs (40)

where, y relates to the charge balance in the emissive layer, np_ is the
photoluminescence quantum efficiency of the emitter, 7¢ is the fraction of photons

coupled out of the device and ys 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 is long-lived with a low emission probability.
The effective maximum efficiency for a conjugated polymer is therefore only 25
%.1* 1% The internal electroluminescent quantum efficiency (4in) can be calculated

using the external quantum efficiency in the following equation:

Nine = 2nZnext (41)

The 2n? factor is included as all photons emitted cannot be perceived due to
refraction of the organic material (n is the refractive index) and are diminished by
this amount. The power efficiency (ypow) IS the ratio of the output light to input

power and can be calculated from the following equation:

Npow = MNext Ep vt (42)

where, E, is the average energy of the emitted photons and V is the applied voltage.
The luminous efficiency (mum) is determined by multiplication of the power

efficiency with the eye sensitivity curve S as defined by CIE:

Nium = Mpow S (43)

The S value accounts for the sensitivity of the human eye to different colours.”
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1.15.5 Sensors

Conjugated polymers can be used as sensors, 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 properities.**®

In our group, we have shown that a conjugated polymer, electrochemically grown
from 47, can detect Ag* and Hg?" ions at levels as low as 10 M through an increase

in current and potential (up to 5pA and 400 mV respectively).
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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 sulfur-metal interactions with the two sulfur

atoms in the dithiin ring, as shown in Figure 1.37.%°
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Figure 1.37 Host-guest arrangement of Poly47 and 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 (such as 48 in Figure 1.38) where cation
complexation with the crown ether in the polymer side-group induces planarisation

in a twisted chain, producing a polymer with a longer effective conjugation length

I 147

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

Figure 1.38 Addition of ions inducing planarisation of the polymer chain

The above situation only works for Li* ions. There are many conjugated polymers
(such as those derived from monomers 49 and 50), that can detect several cation and
dication metals, e.g. BusN*, Na*, Ca?*, Ba®* and Sr** 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 has been synthesised and characterised on the basis of the
incorporation of tetrathianaphthalene (54) and its saturated (55) and open cyclic (56)
forms as fused side groups onto polythiophene chains. The X-ray crystal structures
of compounds 54 and 56 are reported. Tetrathianaphthalene (TTN) is an isomer of
tetrathiafulvalene (TTF); however, monomer and polymer versions of 54 do not
show any similarity to TTF in cyclic voltammetry (CV) or spectroelectrochemical
measurements. CV experiments have shown that 54 and 56 are easier to oxidise than
55, whereas 54 also has an additional reduction peak, giving it a smaller HOMO-

LUMO gap than the other two monomers.

All three polymers of 54-56 have nearly 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 times and 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

Tetrathiafulvalene (TTF) (51) 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 TTF?* oxidation states,** as shown in Figure 2.1. TTF and its derivatives
have traditionally been used in the search for new superconductors and charge
transfer salts,*®> ** but in recent years, they have also been incorporated into

conjugated polymers, with examples including grafting of TTF to thiophene,*? 152

'3 and polythiophene backbones.****°

S S s S S i S S
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TTF TTF* TTF®

Figure 2.1 Oxidation of TTF

Tetrathianaphthalene (TTN) (52), comprising two fused 1,4-dithiin rings (53), is an
isomer of TTF and is often used as a precursor in the synthesis of TTF.**" To date,
there has been no electrochemical analysis on TTN incorporated into conjugated
polymers. In this chapter, the synthesis and characterisation of three monomers (54,
55, and 56) and their electrochemically prepared polymers are reported. In this
comparative study, monomer 54 has a TTN group attached to a terthiophene unit,
whereas monomer 55 is the saturated form of 54 and monomer 56 is the open bridge

form.
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In previous work, it was shown that TTN and 1,4-dithiin adopt boat conformations in
the neutral state and planar conformations when oxidised.****® The 1,4-dithiin ring
is an eight m-electron anti-aromatic heterocycle that can lose two electrons when
oxidised to give an aromatic dication and this process is sometimes irreversible.!*®
However, the oxidation can become complicated and the resulting voltammogram
will change depending on the scan rate. The situation is best explained using a

square scheme as shown in Figure 2.2.*
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Figure 2.2 Square scheme oxidation of 1.4-dithiin ring

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

enough to allow the conversion 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 becoming 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 all scan rates after the loss of the first electron.®*

TTF is more electron-donating than TTN and is therefore more easily oxidised
(E1"™ = +0.34 and E,°™ = +0.71 V vs. SCE for TTF,**? and E1;,*™ = +0.69 and
E1,”% = +1.16 V vs. SCE for TTN).'®® Moses et al.'®* ** have shown that TTN can
be electrochemically transformed to give TTF through oxidation and then
rearrangement. However, Sugimoto et al.’®® have shown that this reaction will not
occur if there is extended conjugation; therefore, monomer 54 would be unlikely to

take part in any rearrangement reactions when oxidised.

The synthetic procedures for monomers, 54, 55 and 56 are summarised and shown in
Scheme 2.1 and the electronic, electrochemical, X-ray crystallographic and
computational analysis are presented and reported for all three monomers. The
polymers grown electrochemically are characterised 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 and CIE colour coordinates.
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Scheme 2.1 Synthesis of 54, 55 and 56
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2.3 Experimental

Monomers 54, 55 and 56 were prepared synthetically by Alexander Kanibolotsky
(University of Strathclyde). X-ray crystallography 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).

Cyclic voltammetry measurements were performed on a CH Instruments 660A
electrochemical workstation with iR compensation using anhydrous dichloromethane
as the monomer solvent and acetonitrile for monomer-free solvent. The electrodes
were glassy carbon, platinum wire, and silver wire as the working, counter, and
reference electrodes, respectively. All solutions were degassed (Ar) and contained
monomer substrates ca. 10* M, together with n-Bus;NPFs as the supporting
electrolyte. All measurements are referenced against the Ej, of the Fc/Fc™ 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 in Figure 2.3. The absorption maxima are all similar given their near identical
structures. Compounds 54 (356 nm), 55 (360 nm), and 56 (362 nm) give expected
absorption maxima for the z-z* 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
monomer 56 and 2.99 eV for monomers 54 and 55, indicating that the different side

groups have little effect on the z-z* transitions.
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Figure 2.3 Solution state electronic absorption spectra for monomers 54,55 and 56.
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The electrochemistry of the monomers was studied by cyclic voltammetry. The
oxidation and reduction of the monomers are shown in Figure 2.4; the oxidation
shows one reversible and one irreversible wave in all three cases. The first wave is a
two-electron loss, which results in a dication with the second wave a one-electron
oxidation. In comparison with TTF, monomer 54 does not show the famous two-
reversible oxidation to the radical cation then dication. Instead the results suggest
that the electrons are removed from the terthiophenes and the TTN unit
simultaneously. Despite the similarity between the structures, the potentials at which
oxidation occurs varies between the monomers (Table 2.1). Monomers 54 and 56
have reversible first oxidations at Ey,'™ = +0.68 V and +0.64 V, respectively,
whereas monomer 55 has a higher first oxidation wave (E1,™™ = +0.71 V). The
differences are accounted for by the different side group structures. Monomer 54 has
a lower potential compared with monomer 55 because there are two additional &
electrons and oxidation tends towards a charged aromatic intermediate within two
dithiin rings. The lowering of the oxidation of 56 is somewhat unexpected but can
possibly be explained, as the alkyl sulfyl groups are open and able to twist allowing
the m-orbitals of the open alkyl sulfyl groups to align with the w-orbitals of the dithiin
ring creating an inductive effect, thus lowering the oxidation potential. Similarly, the
potential for the second oxidation waves is higher for 55 (+1.12 V) compared with

that for 54 (+0.99 V) and 56 (+0.98 V).
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Figure 2.4 Cyclic voltammograms of (a) oxidation and (b) reduction of 54, 55 and 56
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Irreversible reduction of the monomers (Figure 2.4 (b)) occurs at -2.28, -2.27 and -
2.30 V for 54, 55 and 56 respectively. However, compound 54 shows an additional

reduction peak (-2.03 V) that corresponds to the irreversible reduction of the TTN

group.

The electrochemical 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 the onsets from the HOMO of ferrocene, which has a

known value of -4.8 eV. A summary of these data can be seen in Table 2.1.
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Figure 2.5 Cyclic Voltammograms of 54, 55 and 56 for energy level determination.
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The HOMO-LUMO gaps are similar for 55 and 56, with 54 being smaller due to the
extra reduction peak at lower potential. An interesting comparison is the
electrochemical HOMO-LUMO gap with the value determined from absorption
spectroscopy. For monomers 55 and 56, the experimental gaps for both techniques
are very similar, but for 54, there is a significant difference between optical (2.99
eV) and electrochemical (2.56 eV), suggesting that the TTN group shows some

reductive electro-activity that is independent of the terthiophene chain.

Table 2.1 Electrochemical and absorption spectroscopy data for compounds 54, 55 and 56.

Monomer E/V E*/V E™/V E™/V HOMO/eV* LUMO/eV® E,/eV’
54 +0.69/+0.66  +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 and referenced to

ferrocene, which has a HOMO of -4.8 eV. °E, is the HOMO-LUMO energy gap. ‘Irreversible peak.

2.5 X-ray Crystallography and Molecular Modelling.

The structure of the TTN derivative (54) was determined by single-crystal X-ray
diffraction studies using synchrotron radiation. The asymmetric unit consists of two
molecules, differing slightly in geometry (conformers A and B, Figure 2.6). Of
particular note is the fact that the three C-C bonds within the dithiin units of
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 ~0.02 A), there is a systematic pattern: comparing analogous C-S bonds 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 from -0.003 to 0.042 A). Therefore, conformer B appears to
have a more delocalised z-electron distribution. A least-squares fit of the three fused
rings of conformers A and B shows a root-mean 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 conformations.'® The degree of bending in the
dithiin rings can be expressed as a folding along the S---S vectors within each ring.
The differences between the corresponding folding angles in each conformer of
compound 54 are small; the outer dithiin rings have angles of 47.5(4) (S6:--S7) and
46.0(5)° (S13---S14), whereas the inner rings have values of 52.1(4) (S4---S5) 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(9) (S1-C4-C5-S2),

178.5(9) (S2-C8-C9-S3), 176.0(9) (S8-C20-C21-S9), and 179.9(9)° (S9-C24-C25-

S10).
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Figure 2.6 Molecular structures of compound 54 showing the crystallographic asymmetric unit that
consists of two conformers
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Figure 2.8 Geometry-optimized structures of compounds 54, 55 and 56 (left to right, respectively).
Calculations were performed at the B3LYP/6-31G* level, starting from the observed crystal structures

of compounds 54 (for 54 and 56) and 55.

In previous studies on 3,4-dithio-substituted terthiophenes in our group,*? 43 %4 167

169 \we have found that high degrees of coplanarity within the conjugated chain are
formed from an all-anti arrangement of the thiophene rings in which the sulfur atoms
of the peripheral rings form close intramolecular S---S contacts with the 3,4-dithio
substituents on the central ring. This is elegantly demonstrated in the structure of
compound 54, which has close S---S contacts at distances of 3.182(6) (S1---S4),
3.230(6) (S3---S5), 3.238(6) (S8-+-S11), and 3.184(7) A (S10---S12). 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. Finally, one intermolecular
short contact exists between the two conformers (S7---S8, 3.506(7) A,) (Figure 2.9)
to link pairs of molecules, but there are no other short intermolecular interactions

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

In compound 55, the folding vectors are significantly different between the two types
of sulfur heterocycles. For the dithiin ring fused to the central thiophene, the value is
similar to those in compound 54 (51.6(1)°, S4---S5), whereas the fold in the dihydro-
dithiin ring gives a tighter angle (32.5(2)°, S6---S7). Again, the conformation within
the terthiophene unit is all-anti. The torsion angles between the thiophenes are

168.0(3) A (S1-C1-C5-S2) and 175.7 A (S1-C4-C9-S3), and the S---S contacts
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between peripheral thiophenes and the 3,4-dithio substituents on the central ring are
3.228(2) (S2---S4) and 3.183(2) A (S3---S5). The molecules pack with no evidence
of z-x 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 ca. 2.2 nm (Figure 2.10).

Figure 2.10 X-ray crystal packing diagram of compound 55.

To assign the redox processes taking place within the series of terthiophenes,
computational calculations were performed using density functional theory at the
B3LYP/6-31G* level (Spartan *06). Compound 54 was considered from the initial
geometry of its crystal structure (conformer A), as was the case for compound 55.
Calculations performed on terthiophene 56 were based on the crystal structure of 54
with SCH3 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 thiophene in 56. Compared with the crystal
structures of compounds 54 and 55, planarity is lost in the relaxed structures with
torsion angles in the range ca. 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 of 54 and 55 are in the range 48.2-53.2°, whereas that of
the dihydro-dithiin is 30.8°; these values are in good agreement with the crystal
structure data. According to the HOMO and HOMO-1 plots of all three compounds
(Figure 2.11, Figure 2.12 and Figure 2.13), the removal of the first electron from

each molecule originates from different sites.
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Figure 2.11 (a) HOMO, (b) HOMO-1 and (c) LUMO plots of compound 54.
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Figure 2.12 (a) HOMO, (b) HOMO-1 and (c) LUMO plots of compound 55.



Figure 2.13 (a) HOMO, (b) HOMO-1 and (c) LUMO plots of compound 56.

In compound 54, the TTN unit is a better electron donor than the terthiophene
fragment, and this is similar to the redox behaviour of a closely related TTF-
terthiophene-fused analogue (vide infra).™>* In 55, the outer vinylene unit is reduced
to a saturated bridge between the corresponding sulfur atoms, and the result is that
the electron-donating property of the dihydro-TTN is decreased to the extent that the
HOMO is spread over both types of sulfur heterocycles (dithiin and thiophene). For
compound 56, the dithiin ring holds little electron density, and the HOMO is
dominant over the terthiophene chain. From the CV data, we observe that the
difference between the two oxidation processes is ca. 0.35 to 0.40 V. From the
computational data, the HOMO and HOMO-1 orbitals are close-lying 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 latter), the HOMO-
1 give some indication for the sites of the second oxidation process, For compounds
55 and 56, 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 of 54 reveals that electron density is localised within the
TTN unit (Figure 2.14). Removal of a second electron to give the triplet diradical

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

polymerisation of 54.

Figure 2.14 SOMO plot of 54 radical cation
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2.6 Electrochemistry of the polymers.

The three monomers were polymerised electrochemically by repetitive cycling over
both redox-active peaks. All the monomers polymerised readily, and the growth

traces for the corresponding polymers are shown in Figure 2.15.
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Figure 2.15 Electrochemical growth of (a) poly54, (b) poly55 and (c) poly56

The electrochemistry of the three polymers was investigated in monomer-free
acetonitrile with the same concentration of supporting electrolyte as before; the

cyclic voltammograms of poly54, poly55 and poly56 are shown in Figure 2.16.
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Figure 2.16 Cyclic voltammograms for (a) oxidation and (b) reduction of poly54, poly55 and poly56.

The oxidation of the three polymers is shown in Figure 2.16 (a); in each case the
polymers feature a quasi-reversible oxidation wave followed by a large, broad
reversible wave. It is unlikely that the first 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 its analogues (+0.42 VV compared with poly55 at
+0.56 V and poly56 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 subsequent interchain interactions. The second
oxidation potentials are similar (E1,?> for poly54, poly55 and poly56 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 polymers involves the dithiino-thiophene heterocycle, whereas the second
wave arises from the oxidation of the bithiophene units in the polymer chain. This
assumption is corroborated by UV-vis spectroelectrochemical measurements (see
section 2.7) because the emergence of main-chain polarons is observed only after
reaching the second oxidation wave. Furthermore, the quasi-reversible nature of the
first oxidation wave could be due to persistent, stabilised conformers generated
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 oxidation.™®

The reduction of the polymers is shown in Figure 2.16 (b); the irreversible reduction
of poly54 occurs at the most negative potential (-1.97 V), compared with the
irreversible reductions of poly55 (-1.82 V) and poly56 (-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 at -1.97 V, so it is impossible to say if this additional reduction process exists in

the polymer.

An interesting analogy is the comparison of fused TTN-thiophene with fused TTF-
thiophene, by comparing 54 and poly54 with compound 61 and its polymer, the
latter of which had to be prepared from a chemical coupling route because 61 could
not be electrochemically polymerised.”* 61 gives two reversible oxidation waves,
E1 % = +0.24 and E1,>™ = +0.62 V vs. Fc/Fc*. The decrease compared to 54 in the

oxidation potentials is because TTF is a better electron donor than TTN. For poly61,
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the oxidation potentials are Ey,'™ = +0.29 and E1,** = +0.67 V, which are actually
higher than the monomer but still lower than poly54 (by ca. 0.1 V). The
electrochemistry of poly61 is 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 and peak current was
investigated. (Figure 2.17 (a) to (c)). A plot of scan rate versus current maximum
gave a linear fit (Figure 2.17 (d)) giving R* values of 0.9991, 0.999, and 0.9879 for
poly54, poly55 and poly56, respectively. This confirms that charge transport through

the polymer film is not diffusion limited.*”
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Figure 2.17 Cyclic voltammograms of (a) poly54, (b) poly55 and (c) poly56 with varying scan rates.

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

The electrochemical band gaps of all three polymers was determined from the
difference of the onset of the first oxidation and reduction processes, which represent
the HOMO and LUMO levels respectively (Figure 2.18). To calculate the energy
levels of these bands, the onsets were once again subtracted from the HOMO of

ferrocene (-4.8 eV). A summary of these data can be seen in Table 2.2.
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Figure 2.18 Cyclic voltammograms of Poly54, Poly55 and Poly56 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 of the three polymers measured from films grown on
indium tin oxide (ITO) coated glass (Figure 2.19). The values calculated are 1.98,

1.98, and 2.00 eV for poly54, poly55 and poly56, respectively.
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Figure 2.19 Electronic absorption spectra of poly54, poly55 and poly56. Spectra were recorded on

thin films deposited on ITO glass.

Table 2.2 Electrochemical and absorption spectroscopy data for thin films of poly54, poly55 and

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

EV BV E™/V ~ HOMO/eV LUMO/eV EjfeV  py/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 of the corresponding redox wave and referenced to

ferrocene, which has a HOMO of -4.8 eV. °E, is the HOMO-LUMO 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 and then dedoped. The spectroelectrochemical plots of oxidation of
poly54, poly55 and poly56 (Figure 2.20 (a), (b) and (c), respectively) all show
similar p-doping. There are no changes in the absorption spectra over the first
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
600 — 800 nm and ca. 900 nm, attributed to the formation of polarons. Increasing
oxidation leads to a disruption of the polymer m-conjugated chain and hence a
decrease in the m-n* transition. For poly54, there is very little decrease in the m-n*
transition band (5% change compared with 17 and 8% change for poly55 and
poly56), suggesting that oxidation 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 a band at 390 nm which is not seen with p-

doping of poly54.1>* 172

Reduction spectroelectrochemistry measurements were performed for all three
polymers, but the only film that showed any significant change was poly56 (Figure
2.20 (d)), which gave a slight broadening of the absorbance in the range of -0.8 to -
1.2 V accompanied by a decrease in the n-n* transition after -1.0 V. These affects

can be attributed to the n-doping of the polythiophene chain.
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Figure 2.20 Absorption spectroelectrochemical plots of oxidation of (a) poly54, (b) poly55, (c)

poly56 and reduction of (d) poly56. Potentials are given vs. Ag wire pseudo-reference electrode.
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2.8 Polymer Stability

The stability of the three polymers was measured on ITO glass in monomer-free
solution (Figure 2.21) by subjecting the materials to repetitive oxidation cycles. It
can be seen that poly55 is the most stable toward p-doping with a decrease of only
17% in current response compared to a 49% decrease for poly54 and a 64% decrease

for poly56.
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Figure 2.21 Stability of polymers (a) poly54, (b) poly55 and (c) poly56 on ITO in monomer-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 p-doped. The polymers were grown afresh on ITO and
dedoped. The potential was switched between -0.4 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
absorbance can be seen in Figure 2.22 and are summarised in Table 2.3. Comparison
of the percentage change in absorbance for the three polymers shows that poly56
gives the greatest change; this is not unexpected as more open polymers give faster
switching times because a less-packed morphology allows an efficient flow of

counterions into and out of the polymer film.
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Figure 2.22 Change in absorbance upon p-doping at various switching rates for (a) poly54, (b) poly55

and (c) poly56. Absorbance was monitored at 755 nm between potentials of -0.4 and 1.5 V.

Table 2.3 Switching times and % change in absorbance.

Switching time / s

% Change Poly54 % Change Poly55 % Change Poly56

10

5

25

1.25

05

0.25

45.9

36.1

28.2

18.9

10.0

6.3

42.7 79.8
354 66.2
26.9 51.6
16.9 39.3
6.8 19.0
35 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 (neutral) to yellow (doped). A summary of the data are shown

in Table 2.4. Of the three polymers, poly56 gives the greatest colour contrast.

Table 2.4 CIE Yxy and L*a*b* color spaces for poly54, poly55 and poly56 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, UV-vis spectroelectrochemistry, electrochromic
switching times, and colourimetry. The first monomer (54) has a fused TTN side
group, which is an isomer of TTF. The other two monomers are the saturated (55)
and the open cycle form (56). Despite the similarity in structure to TTF, monomer 54
does not show any similar oxidation traits, such as the famous TTF two-wave
oxidation or the formation of a new band at 390 nm in spectroelectrochemistry

measurements upon p-doping.

All three monomers and polymers show differences in oxidation 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 upon p-doping. Poly56 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 Thiophene-BODIPY -

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 the oxidation and reduction processes are reversible, indicating a
potential use in organic photovoltaic devices. The polymer’s band gap is too narrow
to give a good open circuit voltage, but through structure modification, polymers

with wider band gaps were therefore created.

The first modification was the removal of the electron-withdrawing NO, group (81)
and to replace this with an inductive bromine atom (82). The second modification
was aimed at changing the HOMO level through replacement of the EDOT units
with EDTT. The non-planar nature of the bis-EDTT repeat unit in the polymer main
chain (poly90) provided a lowering of the HOMO level, compared to poly68. The
effect of the BF, moiety was also investigated in the examination of poly91 and was
found to a have a greater effect than expected. Further investigation into the effect of
removing the BF, group was analysed in the third comparison between two
monomers and polymers that have EDOT as the polymerisable group (poly81 and

poly89).

By examination of the energy levels (with PCBM as the acceptor), poly90 as a donor
would give a theoretical 10% power conversion efficiency in a working photovoltaic

device.
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3.2 Introduction

BODIPY (4,4-difluoro-4-borata-3a-azonia-4a-aza-s-indacene) (62) and its many
derivatives, are well known and studied for several applications. Such interest stems
from the strong absorption, fluorescence and high quantum yields displayed by this
group of materials.'”®> BODIPY dyes were first discovered by Trebis and Kreuzer,'"
and have been used in electroluminescent devices,*” dye sensitised solar cells,*"
sensing of cations,*’’ and biological tagging of proteins.!’

\\\

\ N. _Nx
B
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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 the donor /
acceptor characteristics of the attached substituents. BODIPY without substituents
(62) has recently been synthesised as a stable compound, this structure shows an
absorbance Amax at 499 nm, an emission Amax at 535 nm and a quantum yield (®py) of
0.93.1° The absorption, fluorescence and quantum yields of these dyes can vary

3.%% \which has two

greatly depending on the substituent. For example, compound 6
a-methyl groups, has an absorption Ayax at 507 nm, emission Amax at 520 nm and a

quantum yield of 0.81.
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Addition of an aryl group in the meso position, 64 does not change the absorption or
fluorescence but the quantum yield has greatly decreased (®p. = 0.19). However, the
quantum vyield can be increased (®p = 0.27) by chlorination at the 3- and 5- positions
(65).1"® Once again, the absorption and fluorescence values are unchanged.

Incorporation of an electron-withdrawing group (such as two nitro groups on 66)*%,

or an electron-donating group (tertiary amine, 67)

cause an even greater drop in
the fluorescence quantum vyield (®p. = 0.01 and 0.012 for 66, and 67, respectively),

through competing 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 of n-conjugated polymers with delocalised 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 electropolymerise.*®®
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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,'®* and that if the 2, 4, 6, and 8 positions are blocked then the oxidation and
reduction waves can be reversible.'® There have only been two BODIPY-EDOT

polymers reported, both by Cihnaer et al.

Compounds 69 and 70™° both produce an irreversible oxidation and reversible
reduction wave under cyclic voltammetry analysis, as expected. The absorbance of
both compounds gives Amax at 540 and 530 nm, for 69 and 70, respectively.
Unusually, the Amax is Very similar compared to compound 66 (540 nm),*®
suggesting that the addition of EDOT or thiophene in this case does not extend the
effective conjugation length; this is also shown in the polymers. Monomer 69

electropolymerises directly, but monomer 70 did not and was grown as a copolymer

with EDOT.*" In each case, reversible p- and n-doping are observed. However, the
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band gaps are very similar to that of PEDOT (1.35 eV),*® with values of 1.33 and

1.76 eV for poly69 and poly70-EDOT, respectively.

There have been other examples of thiophene functionalised BODIPY compounds

such as compounds 71,'% 72,18 73 % and 74.**

AcO(H,C),

74

Compound 71 was electropolymerised through the thiophene groups, but this results
in a polymer in which BODIPY is a side group rather than a component of the main
chain.’® Compounds 72 and 73 were synthesised as dyes, but no electrochemical
data was reported. What is noted is that addition of one or more thiophene groups
decreases the quantum vyield for 72 (®p. = 0.19). Compound 74 incorporates two
BODIPY units connected via 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 monomer 68 is shown in Scheme 3.1.
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Scheme 3.1 Synthesis of 68.
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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 voltammetry measurements were performed on a CH Instruments 660A
electrochemical workstation with iR compensation using anhydrous dichloromethane
as the monomer solvent and acetonitrile for monomer-free solvent. The electrodes
were glassy carbon, platinum wire, and silver wire as the working, counter, and
reference electrodes, respectively. All solutions were degassed (Ar) and contained
monomer substrates ca. 10 M, together with n-BusNPFs as the supporting
electrolyte. All measurements are referenced against the Ei, of the Fc/Fc™ 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 Perkin Elmer LS
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45 luminescence spectrometer. Solid state absorption of poly68 was recorded on a
Shimadzu UV-3107PC UV-vis-NIR scanning spectrophotometer at the University of

Glasgow.

3.4 Molecular Modelling

Figure 3.1 HOMO (a) and LUMO (b) frontier orbitals of 68.

Molecular modelling of 68 was performed using DFT calculations at the B3LYP/6-
31G* level (Spartan ’08). The calculations indicate that the oxidation site is localised
on the EDOT-pyrrole units (Figure 3.1(a)), whilst the electrons are injected into the
BODIPY core (Figure 3.1(b)). The LUMO based on the BODIPY core has been seen
in other DFT calculations performed by other groups.'® The 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 BODIPY donor-acceptor 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 (ca. 129°), due to steric repulsion between aromatic protons. The EDOT units
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are also twisted out of plane from the BODIPY core (ca. 28-35°), and this is due to a
non-covalent interaction from the sulfur of the EDOT units with the fluorines of the
BF, functionality (2.84 A, sum of the van der Waals radii for S and F = 3.45 A).'*
As the fluorine atoms point away from the plane from the pyrroles, this interaction

results in a non-planar arrangement between EDOT and pyrrole groups.

3.5 Absorption and Electrochemistry of 68

The absorption spectrum of 68 was performed in dichloromethane solution. The
spectrum (Figure 3.2) shows four absorption maxima at 349, 444, and 663 nm with a
shoulder at 611 nm. The peak at 444 nm can be assigned to the BF, group from the
BODIPY core (see 3.13.1 for confirmation of this) and the highest absorption band
can be attributed to the intramolecular charge transfer process of the monomer,
which is of higher wavelength compared to other basic BODIPY compounds (ca.
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 HOMO-LUMO 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 spectra for 68.

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-BusNPFg (0.1 M) as the supporting electrolyte and dichloromethane as

the solvent. The oxidation and reduction of 68 is shown in Figure 3.3.
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Figure 3.3 Cyclic voltammograms of (a) oxidation and (b) reduction of 68.

The oxidation graph (Figure 3.3(a)) shows two irreversible peaks at +0.40 and +1.07
V, which can be assigned to the formation of a radical cation (1% wave) and then
dication radical (2" wave) on the two EDOT units. The irreversible nature of these
peaks is due to polymer growth beginning to take place. The reduction graph (Figure
3.3(b)) shows two reduction peaks, E1,™™ = -1.17 V and E1,>® = -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 wave.'®® It 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 peak (see Figure 3.4), due to the

reduction of the EDOT groups.

The electrochemical HOMO-LUMO gap was determined for 68 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 peaks (Figure 3.4) from the known value of
ferrocene (-4.8 eV). The data are summarised in Table 3.1. 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 of 68 for energy level determination.
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Table 3.1 Energy level determination data for 68.

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

IAY eV IV /eV [ eV

+0.40 -5.2 -1.06 -3.74 1.46

3.6 Electrochemistry of the polymer

To investigate the electrochemistry of the polymer, it was first electropolymerised
onto the glassy carbon working electrode surface by repetitive cycling over the first
oxidation peak (Figure 3.5). Polymer growth was monitored with the increase in
current over successive cycles 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 3.5 Electrochemical growth of poly68.
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The redox properties of the polymer were measured using cyclic voltammetry in
monomer-free acetonitrile solution with n-BusNPFs (0.1 M) as the supporting
electrolyte. The oxidation graph (Figure 3.6(a)) shows a reversible wave (Ey,™ =
+0.26 V) attributed to the removal of electrons from the newly formed bis-EDOT
units throughout the polymer chain. The reduction graph (Figure 3.6(b)) once again
shows two reversible waves (Ey,™® = -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 voltammograms of (a) oxidation and (b) reduction of poly68.

The electrochemical band gap of poly68 was 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 give the HOMO and LUMO energy levels

respectively.
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Figure 3.7 Cyclic voltammogram of poly68 for energy level determination.
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The band gap is the difference between the HOMO and LUMO levels and all the
data are summarised in Table 3.2. The onset of the oxidation wave (-0.12 V) gives a
HOMO value of -4.68 eV and an onset of the first reduction (-0.92 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 3.2 Energy level determination of poly68.

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 poly68, the oxidation of the polymer was repeated
several times with varying scan rates (Figure 3.8(a)). A plot of current maximum
versus the scan rate (Figure 3.8(b)) was plotted to compare the current response to
the scan rate. A linear regression with a good correlation (R* = 0.997) proves the

polymer is not diffusion limited.
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Figure 3.8 (a) Cyclic voltammograms of poly68 with varying scan rate and (b) current max vs. scan
rate.

3.7 Absorption and Spectroelectrochemistry of poly68

As the polymer has a low band gap (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 UV-3107PC UV-vis-NIR scanning spectrophotometer at the University of

Glasgow (range 200 — 2000 nm).

The solid state spectrum is shown in Figure 3.9 and represents a thin film of poly68
grown onto ITO coated glass and dedoped beforehand to remove any 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 for poly68 have been shifted
bathochromically by 72, 138, and 297 nm, respectively because of the increase in

conjugation.
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Figure 3.9 Solid state electronic absorption spectrum of poly68 recorded as a thin film deposited on
ITO glass.

The optical band gap of this polymer is a little harder to determine as the band of the
highest absorption is broad, but this wavelength range corresponds to a band gap of

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

A spectroelectrochemical experiment of poly68 was performed to investigate how
the absorption character of the polymer changes with p-doping by growing a fresh
polymer onto ITO coated glass. The UV-vis spectroelectrochemical experiment was
carried out in the range of 0 to +1.6 V (not referenced to ferrocene) and is shown in

Figure 3.10.
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Figure 3.10 Absorption spectroelectrochemical plot of poly68 oxidation.

Upon p-doping, the absorption characteristics 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 there is the development of a new broad peak
between 450 and 950 nm (ca. 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 is in a similar wavelength range to the
BODIPY core, and as the polymer changes from the neutral to the p-doped state,
with localised charges mainly on the bis-EDOT segment, the BODIPY core is
allowed to once again absorb in its normal range. Visually, the polymer changes
from a transparent green to a pink-violet state (Figure 3.11). 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 poly68 (left) neutral and (right) doped

3.8 Stability of poly68

Stability studies of poly68 were performed on ITO coated glass slides cycled 250
times in monomer-free solution to monitor the change in the current response. Figure
3.12 (a) shows that in anodic conditions, poly68 has a 29% decrease in

electrochemical activity and Figure 3.12 (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 poly68.

3.9 Switching times and CIE coordinates of poly638

As the polymer exhibits a good contrast between colour states, switching times were
measured between the neutral (-0.2 V) and the doped state (+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 3.13 and the data summarised in Table 3.3.
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Figure 3.13 Change in absorbance upon p-doping at various switching rates of poly68. Absorbance
was monitored at 560 nm between -0.2 and +1.0 V.

Table 3.3 Switching times and % change in absorbance of poly68.

Switching Time /s 10 5 25 1.25 0.5 0.25

% Change 505 472 361 225 11.3 6.0
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Although there is a large and significant change in the spectroelectrochemical
experiment (Figure 3.10) 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 electrochromic 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 5).%

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 summarised in Table 3.4 and plots of x against y and a* against b* are

shown in Figure 3.14.

Table 3.4 CIE Yxy and L*a*b* colour spaces for poly68 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) y vs. x and (b) b* vs. a* for poly68.

The colour coordinates produced, shown in Table 3.4 represent the visual colour

change noted for the polymer. In the neutral state, a negative a* is green, with -4.44

along with b* = 3.79 (giving the polymer a yellow tint) being recorded for poly68;

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

(blue), the CIE points observed were a* = 3.79 and b* = -12.12.
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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 of 68 to see if the addition of EDOT units to the core quenches the

emission compared to the precursor 77.

To measure quantum yields, a standard with a known PLQY is chosen that matches
well with the absorption and emission wavelengths of the compound. Oxazine 1 (79)
was chosen as the standard for 68 as it excites at 590 nm and emits around 650 nm

(68 excites at 663 and emits around 690 nm).

79

Five concentrations of solutions for both standard and unknown, that have
absorbance values that fall between 0.010 and 0.070 a.u., were prepared fresh and
the emission spectra for all were recorded. The emission spectra of both 79 and 68
are shown in Figure 3.15; the integrated area of the emission produced was measured
and shown in Table 3.5 along with the gradients produced (Figure 3.16). Gradients

were produced from plots of absorbance vs integrated fluorescence (Figure 3.16).
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Figure 3.15 Emission spectra of (a) standard 79 and (b) 68
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Table 3.5 Emission data of 79 standard and 68

79 68
Absorbance Integrated Fluorescence | 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
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Figure 3.16 Integrated fluorescence versus absorbance for (a) 79 standard and (b) 68
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By using Equation (33) (section 1.14) and taking into account the refractive index

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

Grad, \ ( n%
Px = Pst (G:;dsr) (:E) (33)
The quantum vyield of standard 79 is 0.11,"* and the refractive indices of

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

quantum vyield is 0.049 for 68.

To calculate the quantum yield of 77, rhodamine B (80) was chosen as the standard.
Compound 80 excites at 510 nm and emits at 565 nm, compared with excitation at

522 nm and emission of 545 nm for compound 77.

The emission spectra of both 80 and 77 are shown in Figure 3.17, Table 3.6 shows
the integrated fluorescence along with the gradients produced from plots of

integrated fluorescence versus absorbance (Figure 3.18).
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131



Table 3.6 Emission data for 80 standard and 77

80 77
Absorbance Integrated Fluorescence | Absorbance Integrated Fluorescence
/a.u. /a.u. /a.u. la.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.
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400
200 -

(@)
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R?=0.9985
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Figure 3.18 Integrated fluorescence versus absorbance for (a) 80 standard and (b) 77.

7.1% and the refractive indices of

The quantum vyield of the standard 80 is O.
dichloromethane and ethanol are 1.4242 and 1.360, respectively. Therefore the
quantum yield calculated for 77 was 0.56. The quantum yield calculations show that
addition of EDOT groups to the BODIPY core greatly decreases the luminescence

efficiency of BODIPY, as seen with similar compounds.**°
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3.11 Summary

A new conjugated monomer and polymer incorporating the BODIPY unit has been
created and analysed. The material is fascinating 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 change in absorbance is not high enough at
fast switching times. However, the low band gap polymer has potential application
in organic photovoltaic devices. The polymer’s band gap is too narrow to give a
good open circuit voltage (see section 1.15.2), but there is the 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 be raised and / or the HOMO can be
lowered. Removal of the NO, electron 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 EDOT-containing polymer.
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3.12 Modifying the LUMO level: comparison of BODIPY with NO,, without

NO, and with Br

Two new monomers, 81 and 82 were synthesised. As shown in Scheme 3.2, 81 has
the electron-withdrawing NO, group removed and 82 contains an inductive bromine

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

level in their homopolymers.

Scheme 3.2 Synthesis of 81 and 82.

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%)

/\ o P 1
O O 7
\
s~ Sn \
\
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. To easily compare
and contrast the monomers, all the following graphs include the results of 68. The
absorption spectra (Figure 3.19) of the three monomers show similar shapes with
three main absorption peaks and one shoulder; the data are summarised in Table 3.7.
The noticeable difference is the n-n* absorption band. For 68, this transition occurs
at 663 nm and this value is shifted hypsochromically for 81 and 82 to 646 and 651

nm, respectively.
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Figure 3.19 Solution state absorption spectra of 68, 81 and 82.

The change in the z-n* transition also corresponds to an increase in the optical

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

calculated for 68 (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 shown in Figure 3.20(a). All have an
irreversible oxidation wave at similar potentials. As can be seen, the electron-
withdrawing NO;, group does have an effect on the HOMO and of the three
monomers, monomer 68 has the highest oxidation potential at E*** = +0.40 V.
Without the electron-withdrawing moiety, the oxidation potential of 81 is 50 mV
lower (E** = +0.35 V) and the inductive Br group lowers this by a further 50 mV to

EL* = 4+0.30 V for 82.

1 (@)

——68
I —— 81
5 —H2

Current / pA

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

Potential / V vs Fc/Fc*

137



> (b)
0
<<
= 25
=
o
3 4- ——68
——81
——82
-6 -
-8 4
, I y I L I
-2.0 -1.5 -1.0 -0.5

Potential / V vs Fc/Fc®

Figure 3.20 Cyclic voltammograms of (a) oxidation and (b) reduction of 68, 81 and 82.

Interestingly, the reduction characteristics of the monomers also significantly
changes in two ways. The potential of the first reduction peak for the bromo and
unsubstituted phenyl analogues has become more negative with respect to 68 (Ey,™™
= -1.17, Eyp™™ = -1.28, Ey™™® = -1.29 V for 68, 81, and 82, respectively).
Comparing 81 and 82, the influence of the Br group actually has no effect on the
reduction. In the absence of the NO, group there is no second reversible reduction

2red

wave (Eip” = -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 HOMO-LUMO 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
corresponding wave onsets with reference to ferrocene. The data are summarised in
Table 3.7 and Table 3.8. Overall, as the electron-withdrawing NO, group affects
both the oxidation and reduction of the monomer, removal of this results in the
electrochemical HOMO-LUMO gap being very similar between the three monomers
(1.46, 1.44, and 1.50 eV for 68, 81, and 82, respectively).

7 ——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 of 68, 81 and 82 for energy level determination.

Table 3.7 Electronic absorption data for 68, 81 and 82.

UV Peaks / nm Optical

Monomer
1 2 3 Ey/eV
68 349 444 663 1.70
81 344 437 646 1.83
82 347 442 651 1.82
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Table 3.8 Redox data for 68, 81 and 82.

Monomer ~ E'™/V EM/v E™/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 are calculated from the onset of the first peak of the corresponding redox wave and referenced to

ferrocene, which has a HOMO of -4.8 eV. °E, is the HOMO-LUMO energy gap. ‘Irreversible peak.

3.12.2 Electrochemical and Absorption Properties of Polymers

To compare the electrochemistry of the polymers, poly81 and poly82 were grown on
the glassy carbon working electrode by repetitive cycling over the first oxidation
peaks (Figure 3.22). Polymers grew readily and were detected by the development of
a new peak at lower potential and increasing current response with each cycle. The

growth of poly68 is shown in Figure 3.5.
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Figure 3.22 Electrochemical growth of (a) poly81 and (b) poly82.

The electrochemistry of the polymers was investigated in monomer-free acetonitrile
under the same experimental conditions as detailed on page 112. The oxidation of
the three polymers is shown in Figure 3.23(a). The values are similar as each
voltammogram represents the oxidation of the bis-EDOT units in the polymer chain

(E12"™ = +0.28, +0.29, and +0.34 V, for poly68, poly81, and poly82, respectively).

There are two fascinating points to note. Firstly, the oxidation of poly81 is a broad
wave with AEp.pc = 30 mV, whereas the values for poly68 and poly82 are 20 mV
and 8 mV, respectively. Secondly, the oxidation of 82 had the lowest potential for
the monomers but its polymer has the highest oxidation half-wave potential. This,
and the fact that the half-wave potentials for poly68 and poly81 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 poly68, poly81 and poly82.
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The reduction of poly68, poly81, and poly82, as shown in Figure 3.23(b), produces
an interesting result. The first reduction wave of poly68 as expected is of less
negative potential (E1,™® = -1.17 V compared to Ey,'™ = -1.28 V for poly81, and

E1,'™ = -1.29 V for poly82) due to the inclusion of the electron-withdrawing NO,

group.

However, the second reduction wave (Ei,?® = -1.27 V) for poly68 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 than the reduction of the pyrroles. In the monomer form, the
reverse is true. This can be explained by taking into account that the bis-EDOT units
have an electron-donating effect on the pyrrole groups, thus making them more

difficult to reduce, whereas the nitrophenylene unit is more independent.

The electrochemical band gap of poly81 and poly82 were determined as described
on page 114 (using onsets from Figure 3.24) and all the data including the oxidation
and reduction potentials are summarised in Table 3.9. The energy levels calculated
follow an expected trend: the HOMO levels become more stable and more negative
with the removal of the NO; group and then with the addition of the Br group (-4.68,
-4.76, and -4.96 eV for poly68, poly81, and poly82, respectively). The LUMO levels
rise with the removal of the NO, group but there is no change observed with the
addition of Br to the phenyl group (-3.88, -3.74, and -3.74 eV for poly68, poly81,
and poly82, respectively). Consequently, the band gap increases in this series going

from 0.8, 1.02, and 1.22 eV for poly68, poly81, and poly82, respectively.
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Figure 3.24 Cyclic voltammograms of poly68, poly81 and poly82 for energy level determination.

Table 3.9 Electrochemical data for poly68, poly81 and poly82.

Elox glred g2ed HOMO LUMO  Bandgap
Polymer

IV AY; AY / eV? / eV? /eVP
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 and referenced to

ferrocene, which has a HOMO of -4.8 eV. bEg is the HOMO-LUMO energy gap.

Scan rate experiments of poly81 and poly82 were performed on two freshly grown
polymers on a glassy carbon electrode (Figure 3.25) to test if these polymers are also

not diffusion limited. The scan rate experiment for poly68 is shown in Figure 3.8. As
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can be seen in Figure 3.26, R* values of 0.9987 for poly81 and 0.9985 for poly82

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) poly81 and (b) poly82.
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Figure 3.26 Plots of current max versus scan rate for (a) poly81 and (b) poly82.

The absorption spectra were recorded for poly81 and poly82 on ITO coated glass
(but only up to 1100 nm). Figure 3.27 shows the solid state absorption of poly68,
poly81 and poly82 with the data summarised in Table 3.10. Comparing the poly68
and poly81 spectra, two of the peaks have been shifted bathochromically from 419 to
441 nm and from 582 to 663 nm but the =m-n* transition peak is shifted
hypsochromically (960 to 907 nm for poly68 to poly81). As the highest absorption
edge does not reach baseline then no optical band gap could be calculated for

poly81. Poly82 shows one main peak at 522 nm from the n-z* 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.
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Figure 3.27 Solid state absorption spectra of poly68, poly81 and 82.

Table 3.10 Absorption data for poly68, poly81 and poly82.

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

1
2000
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3.13 Modifying the HOMO level: Comparison of BODIPY EDOT with EDTT

open and closed-ring analogues

The best method for modifying the HOMO level of a donor-acceptor conjugated
polymer is by manipulating the electron-rich electroactive units, which in this series
of compounds is represented by the thiophene units. In molecules 90 and 91 the
EDOTs have been replaced by EDTT units which should lower and stabilise the
HOMO level in the polymer form. In 91, which was a side-product from the
synthesis of 90, the BF, group is absent. This compound provided a means to
investigate the influence of the BF, unit in the oxidation and reduction of the
polymers presented in this chapter. The synthesis of 90 and 91 is shown in Scheme

3.3
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Scheme 3.3 Synthesis of 90 and 91.

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 monomers 90 and 91 were analysed in dichloromethane
and are shown in Figure 3.28 along with the absorption spectrum of 68.
Interestingly, the peak at 444 nm for 68 and 465 nm for 90 is missing in the
spectrum of 91. Since the only structural difference between 91 and 90 is the BF;
group, it can be said that this transition is from a lone pair on of of the fluorine atoms
(n-*). This affect is also seen in 89 which is also without a BF, group (section

3.14.1).

149



1.0 4
o‘g: ——68
08:
07:
0.6 :

0.5

i::: :}\W u\/
" _—

0.0 4

Absorbance / a.u.

T ' T ¥ T y T v T y T ? 1
300 400 500 600 700 800 900

Wavelength / nm

Figure 3.28 Solution state absorption spectra of 68, 90 and 91.

The n-n* transition is blue-shifted for the two new monomers. The value of 663 nm
for 68 has been shifted to 644 nm for 90 and 574 nm for 91. Consequently, a range
of optical HOMO-LUMO gaps is calculated for the three monomers. The HOMO-
LUMO gaps determined are 1.70, 1.75, and 1.86 eV for 68, 90, and 91, respectively.
The effect of the BF, unit (or lack-of), on the energy levels will be explained later.

All data are summarised in Table 3.11.

Table 3.11 Electrconic and electrochemical data for 68, 90 and 91.

UV Peaks / nm Optical Egq

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 3.29(a) shows the oxidation of the monomers. All three voltammograms show
two irreversible waves. Unexpectedly, the oxidation of 90 is higher than the other
two monomers. Monomers 68 and 91 have oxidation potentials of +0.40 and +0.45
V, respectively, whereas 90 has an oxidation potential of +0.63 V. This difference in
oxidation potentials between 90 and 91 can be explained by considering the
interaction between the thiophene and pyrrole groups. As seen in the computational
analysis of monomer 68, the HOMO energy level is distributed over the EDOT and
pyrrole groups, despite the small twist out of planarity as a result of the fluorine /
sulfur interaction. In monomer 90 it is conceivable that different non-covalent
fluorine — sulfur interactions 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 in 91 the EDTT can align with the pyrrole through a sulfur-nitrogen
interaction to once again allow the HOMO energy to be distributed over the
thiophene and pyrrole groups. This explanation is theoretical and should be

investigated by a computational study.
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Figure 3.29 Cyclic Voltammograms of (a) oxidation and (b) reduction and 68, 90 and 91.
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The reduction potentials are very similar for monomers 68 and 91, with values of
Eyp™™ = -1.17, E1,®® = -1.44 V for 68 and Ey;,'™ = -1.26, E;,”* = -1.41 V for 91.
The reduction potentials of 90 are Ey,™® = -1.04, E1,”*® = -1.21 V; these potentials
are lower than the other two monomers, because without the electron-donating effect
from the EDTT groups, the pyrroles and nitrophenylene units reduce at a less

negative potential.

The electrochemical HOMO-LUMO gaps of the three monomers were calculated as
described on page 114 (from the onsets of first oxidation and reduction waves in
Figure 3.30) and the data are summarised in Table 3.11 and Table 3.12. The HOMO
level of 91 (-5.24 eV) is slightly lower than the HOMO of 68 (-5.20 eV), whilst the
LUMO level is also slightly raised for 91 (-3.64 eV) compared to 68 (-3.74 eV).
These values result in electrochemical band gaps of 1.60 and 1.46 eV for 91 and 68,
which is in good agreement with the optically determined HOMO-LUMO gaps. The
HOMO and LUMO levels are expectedly lower for 90 but overall the HOMO-

LUMO gap (1.55 eV) is in the same range as the other two monomers.
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Figure 3.30 Cyclic voltammogram of 68, 90 and 91 for energy level determination.

Table 3.12 Electrochemical data for 68, 90 and 91.

Monomer  E™*/V EM/ v B/ vV HOMO/eV? LUMO/eV* E,/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 +0.45'  -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 peak of the corresponding redox wave and referenced to

ferrocene, which has a HOMO of -4.8 eV. bEg is the HOMO-LUMO energy gap. ‘Irreversible peak

154



3.13.2 Electrochemical and Absorption Properties of Polymers

Polymers of 90 and 91 were grown onto the surface of a glassy carbon electrode and
the corresponding growth traces are shown in Figure 3.31. The electrochemical

growth of poly68 was shown previously in Figure 3.5.
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Figure 3.31 Electrochemical growth of (a) poly90 and (b) poly91.
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The new polymers were then analysed in monomer-free acetonitrile solution and the

oxidation and reduction analyses are shown in Figure 3.32.
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Figure 3.32 Cyclic voltammograms of (a) oxidation and (b) reduction of poly68, poly90 and poly91.
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The oxidation processes for all three polymers are depicted in Figure 3.32(a). The
oxidation of poly90 is quasi-reversible, whereas the oxidation for the other two
polymers is reversible. Closer examination of the oxidation of poly90 shows a
cathodic peak at -0.38 V which may be the reverse of the oxidation. The difficulty in
the reversal of poly90 could be a morphological effect rather than as a result of the
EDTT groups being out of plane to the rest of the polymer, as the potential E*** =
+0.63 is identical for both monomer and polymer. The half-wave oxidation of
poly91 was predicted to be greater and is +0.18 V higher (E1,'™ = +0.46 V) than

that of poly68 (E1,' = +0.28 V) due to the twisted nature of the bis-EDTT unit.

Examination of the polymer reduction potentials reveals an interesting anomaly. The
reduction of poly91 shows only one broad reversible wave at Eq,™" = -1.20 V,
which is actually mid-way between the two reduction peaks of poly68 (Ey,™™ = -
1.13 V for the nitrophenylene and E;,"® = -1.27 V for the BODIPY/pyrrole core). It
is likely therefore that this peak is a combination of these two reduction processes

merged as one. This is a direct result of the removal of BF, group and not a switch to

EDTT as poly90 has two reduction waves (Ey,'™ = -0.90 V and E,°™ = -1.22 V).

To investigate the effect of substituting EDOT to EDTT and the removal of the BF;
group on the energy levels and the band gap of the polymers, full cycles of the
polymers (Figure 3.34) were recorded. The onsets of the first oxidation and reduction
waves were subtracted from the HOMO of ferrocene (-4.8 eV) to give the HOMO
and LUMO levels, respectively, for all three polymers. All data for the polymer
oxidation, reduction and HOMO/LUMO energy levels are summarised in Table

3.13.
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Comparison with the bis-EDOT-containing polymer poly68 with the analogous bis-
EDTT poly90, shows that substituting to EDTT has little effect on the LUMO level
(-3.88 and -4.01 eV for poly68 and poly90, respectively), but the HOMO of poly90

is lower as a result of the non-planarity of bis-EDTT as discussed previously.

The electrochemical band gaps of poly90 and poly91 are identical (1.34 eV),
suggesting that the removal of the BF, unit has no overall bearing on the band gap of
the polymer. However, the HOMO and LUMO energy levels are in fact different for
the polymers. The HOMO of poly91 is higher than that of poly90, which implies that
without the non-covalent sulfur-fluorine interaction the EDTT unit of poly91 can
align itself with the pyrrole group through non-covalent sulphur-nitrogen
interactions. Such an arrangement would increase the effective conjugation length of
the polymer, thereby lowering the oxidation potential and raising the HOMO level,

as seen in the monomers.

Figure 3.33 Alignment of sulfur-nitrogen interactions in poly91

Consequently, alignment of the EDTT with the pyrrole imparts an opposing effect on
the LUMO level of the polymer. Through the electron-donating effect of the
aromatic EDTT unit, the reduction of the polymer becomes more difficult and in

return raises the LUMO level.
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Figure 3.34 Cyclic voltammogram s of poly68, poly90 and poly91 for energy level determination.

Table 3.13 Electrochemical data for poly68, poly90 and poly91.

Elox glred g2red HOMO LUMO  Band gap
Polymer

IV AY; AY / eV? / eV? /eVP
poly68 +0.38/+0.18 -1.13/-1.12 -1.28/-126  -4.68 -3.88 0.8
poly90 +0.63/+0.38 -0.93/-0.88 -1.25/-1.18  -5.35 -4.01 1.34
poly91 +0.51/+0.41 -1.23/-1.17 - -5.03 -3.69 1.34

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

ferrocene, which has a HOMO of -4.8 eV. °E, is the HOMO-LUMO energy gap.
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Scan rate experiments were also performed for these two new polymers (Figure
3.35) and the resultant plots of current maximum versus scan rate are shown in
Figure 3.36. The scan rate results for poly68 are shown in Figure 3.8. The graphs
show that like the other BODIPY polymers, they are not diffusion limited, R* =

0.9952, and 0.9886 for poly90 and poly91, respectively.
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Figure 3.35 Cyclic voltammograms with varying scan rates for (a) poly90 and (b) poly91.
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Figure 3.36 Plots of current max versus scan rate for (a) poly90 and (b) poly91.

The solid state absorption spectra of the polymers (Figure 3.37) were measured on
ITO coated glass slides. Following electrodeposition, the polymers were dedoped
and subsequent oxidation and reduction processes were investigated by CV. The data
from these experiments are summarised in Table 3.14. The main peak for each of the
two new polymers is the z-m* transition at 634 and 614 nm for poly90 and poly91,

which have been considerably blue-shifted from the n-7* of poly68 (960 nm).

The optical band gaps of poly90 and poly91 were calculated from the onset of the
longest wavelength absorption edge. For poly90, this is more difficult to determine

as there is a small shoulder after the main n-n* transition. The optical band gap is
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estimated to be in the range 1.2-1.5 eV, the electrochemical band gap of poly90 was

determined to be 1.34 eV, which is in this range. It was easier to determine the

optical band gap of poly91 (1.35 eV) and this value was commensurate with that

derived from electrochemical experiments.
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Figure 3.37 Solid state absorption spectra of poly68, poly90 and poly91.

Table 3.14 Absorption data for poly68, poly90 and poly91.

Absorption peaks / nm

Polymer 1 2 3 Optical band gap / eV
poly68 419 582 960 0.8

poly90 634 - - 1.35

poly91l 614 - - 12-15

1
2000
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3.14 The properties of open and closed BODIPY cores

To investigate further the effect of removing the BF, group from the BODIPY core
in relation to the absorption properties and electrochemistry of the monomers and
polymers, the following two molecules were analysed: 81 and 89. Compound 81 was

previously discussed in section 3.12.

3.14.1 Absorption spectroscopy and Electrochemistry of monomers

Figure 3.38 shows the solution state absorption spectra of monomers 81 and 89
recorded in dichloromethane. By comparing the maxima of the two compounds, it
can be seen that there is a peak at 437 nm for 81 that is not seen in 89 and can be
assigned to the n-z* transition arising from the fluorine atoms in BF,. This signature
band is also seen in section 3.13.1 when comparing 90 and 91, the low intensity of
this band is typical of this type. The two other absorption peaks are also blue-shifted
when comparing 89 (peaks at 331 and 574 nm) to 81 (peaks at 344 and 646 nm). As
a result, the optical HOMO-LUMO gap of 89 (1.98 eV) is wider than that of 81 (1.83

eV). All data are summarised in Table 3.15.
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Figure 3.38 Solution state absorption spectraof 81 and 89.

Table 3.15 Electronic absorption data for 81 and 89.

UV Peaks / nm Optical

Monomer
1 2 3 Eq/eV
81 344 437 616 1.83
89 331 574 - 1.98

Cyclic voltammetry measurements were conducted for 89 (substrate concentration
ca. 10* M) using glassy carbon, platinum wire and pseudo silver wire as the
working, counter and reference electrodes, respectively. The supporting electrolyte

was n-BusNPFs (0.1 M) and dichloromethane was used as the solvent. The oxidation
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of the two monomers is shown in Figure 3.39(a). Both compounds possess an
irreversible peak at E'* = +0.35 V, implying that the BF, group has no influence on
the oxidation potential of the monomers. The reduction process (Figure 3.39(b)) is
considerably more negative for 89 (Ey,'™ = -1.54 V), compared to 81 (E;,"™ = -
1.28 V). The incorporation of the BF, group to the BODIPY core therefore has a

stabilising effect on the reduction process.
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Figure 3.39 Cyclic Voltammograms of (a) oxidation and (b) reduction of 81 and 89.
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To investigate further, the electrochemical HOMO-LUMO gap of the new monomer
was determined in the same manner as before by recording a cycle (Figure 3.40)
containing the reduction and then oxidation of the monomer. Subtracting the onsets
of the first oxidation and reduction peaks from the known HOMO of ferrocene (-4.8

eV) gives the HOMO and LUMO levels of the monomers. All data are summarised

in Table 3.16.
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Figure 3.40 Cyclic voltammogram of 81 and 89 for energy level determination.

As expected, the HOMO energy levels for both monomers are almost identical (-5.12
and -5.13 eV for 81 and 89, respectively), with the LUMO of 89 (-3.44 eV) higher
than that of 81 (-3.68 eV). As seen in the optical HOMO-LUMO gap determination,

the HOMO-LUMO gap of 89 (1.69 eV) is higher than that of 81 (1.44 eV).
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Table 3.16 Electrochemical data for 81 and 89.

Monomer E™/V  E™/V  HOMO/eV® LUMO/eV® EzleV®

81 +0.35' -1.31/-1.24 -5.12 -3.68 1.44

89 +0.35' -1.58/-1.50 -5.13 -3.44 1.69

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

ferrocene, which has a HOMO of -4.8 eV. "E, is the HOMO-LUMO energy gap. 'Irreversible peak

3.14.2 Electrochemical and Absorption Properties of Polymers

To compare the properties of the polymers, poly89 was grown electrochemically
onto a glassy carbon working electrode (Figure 3.41). The growth of poly81 was

shown previously in Figure 3.22(a).
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Figure 3.41 Electrochemical growth of poly89.
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The electrochemical analyses of the polymers were performed in monomer-free
acetonitrile solution. The oxidation waves for poly81 and poly89 are shown in
Figure 3.42(a). The anodic peak of the oxidation is identical (+0.44 V) but the half-
wave potential is lower for poly81 (E1,'™ = +0.29 V) compared to poly89 (E1,*™ =
+0.39 V). The reduction processes of the polymers show a reversible wave and the
reduction of poly89 is at a more negative potential (Ey,™™ = -1.51 V) than that of

poly81 (Ey,™"™ = -1.25 V).
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Figure 3.42 Cyclic voltammograms of (a) oxidation and (b) reduction of poly81 and poly89.

The energy levels and the band gaps of the polymers were calculated using the same
procedure described on page 112. The cycles for determining the onsets are shown in
Figure 3.43 and the data are summarised in Table 3.17. The HOMO energy levels
are similar at -4.76 eV and -4.67 eV for poly81, and poly89, respectively. Unlike the
effect seen earlier (comparing 90 and 91, where the removal of the BF, group
allowed alignment of the EDTT group with the pyrrole which resulted in an increase
in both the HOMO and LUMO levels), is not observed here. It is likely, therefore,
that the bis-EDOT units does not form non-covalent (sulfur to nitrogen) interactions
with the pyrrole rings. It can therefore be assumed that the sulfur in the sulfur-
nitrogen interaction seen previously for poly91l originates from the

ethylenedisulfanyl bridge and not the sulfur in the thiophene ring.
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Figure 3.43 Cyclic voltammogram of poly81 and poly89 for energy level determination.

Table 3.17 Electrochemical data for poly81 and poly89.

Elox Elred HOMO LUMO  Band gap
Polymer

AY; AY; /eV? /eV? /eVP
poly81 +0.44/+0.14  -1.29/-121  -4.76 -3.74 1.02
poly89 +0.44/+0.33  -1.55/-1.47  -4.67 -3.59 1.08

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

ferrocene, which has a HOMO of -4.8 eV. °E, is the HOMO-LUMO energy gap.

The diffusion properties of poly89 were investigated by varying scan rates and
measuring the current response (Figure 3.44(a)) of the first oxidation peak. The

electrochemistry of the polymer was not diffusion limited as the R? value from the
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plot of current versus scan rate (Figure 3.44(b)) gives a high correlation (0.9998).

The scan rate of poly81 is shown in Figure 3.25 (a).
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Figure 3.44 (a) Cyclic voltammograms of poly89 with varying scan rate and (b) plot of current max
Vs. scan rate.

In the final comparison in this series, the absorption spectra of the polymers were
recorded on ITO coated glass and dedoped (Figure 3.45 and Table 3.18). The
spectrum for poly89 show two maxima: 89 has a peak at 380 nm and a broad n-*

transition peak (642 nm) with a small shoulder in the near-IR (ca. 1000 nm).
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Calculating the optical band gap was difficult for these polymers, with the additional
shoulders for poly89 and poly81 not reaching the baseline within the range of the
spectrometer. Both onsets are around 1100 nm which correlates to a band gap of 1.1

eV, close to the electrochemically determined band gap.
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Figure 3.45 Solid state absorption spectra of poly81 and poly89.

Table 3.18 Absorption data for poly81 and poly89.

Absorption peaks / nm  Optical band gap

Polymer

1 2 3 / eV
poly81 441 663 907 1.1
poly89 380 642 - 11

172



3.15 Conclusions and Further Work

The synthesis and analysis of a new conjugated polymer incorporating BODIPY in
the main chain was successfully achieved. The highly efficient absorption
characteristic of BODIPY gives attractive properties for potential use in organic
photovoltaic devices. The first polymer (poly68) analysed gave a band gap of 0.8 eV
which is too low for OPVs. An investigation was carried out into finding a more
suitable polymer by modification of the structure to provide varying HOMO and

LUMO levels.

The first modification was the removal of electron-withdrawing NO; group (81) and
replacing it with an inductive bromine atom (82). The results showed that changing
the properties of the nitrophenylene group through substitution affected the HOMO
and LUMO characteristics. In the monomer, the oxidation potential was lowered by
the addition of an inductive Br, but the reduction potential remained unchanged. In
the polymers, the difference in HOMO levels was similar to those observed of the

monomers, but the LUMO levels were the same for poly81 and poly82.

The second modification was aimed at changing the HOMO level through
replacement of the EDOT units with EDTT. The non-planar nature of the bis-EDTT
repeat unit in the polymer main chain (poly90) provided a lowering of the HOMO
level, compared to poly68. The effect of the BF, moiety was also investigated in the
examination of poly91 and was found to a have a greater effect than expected. The
molecular modelling of the 68 showed that a non-covalent sulphur-fluorine
interaction held one thiophene above and one thiophene below the plane of the

BODIPY unit. Without this interaction, the EDTT group was able to align itself with
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the pyrrole group in the core to raise the HOMO level and consequently the LUMO

level too.

Further investigation into the effect of removing the BF, group was completed with
the comparison between two monomers and polymers that have EDOT as the
polymerisable group (poly81 and poly89). In these materials, it was found that only
the monomer reduction was affected - the incorporation of the BF, functionality into

the core facilitates the reduction of the compound.

The ideal characteristics required from a conjugated polymer for organic
photovoltaic devices includes a LUMO of ca. -4 eV and a polymer band gap of 1.3
to 1.5 eV, if PCBM is applied as the acceptor unit.'® By comparing all the polymers
in this chapter, poly90 is the best and would give a theoretical 10% power

conversion efficiency in a working device (see section 1.15.2 for more details).

Further work in this project would be the development of a BODIPY polymer made
chemically in bulk for device testing. The monomer will be manipulated to become
more soluble by the addition of a long-chain alkyl or alkoxy group on either the
pyrrole rings or in place of the NO, group. Other possible BODIPY monomers that
could be created are ones containing 3,4-ethylenediselenothiophene (EDST), which
is the selenium equivalent of EDOT, as the polymerisable group. The synthesis of a
monomer with a third EDOT group in place of the NO, group is another possibility,
from which a random cross-linked polymer may be obtained with intriguing and

fascinating properties.
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Chapter4. The Study of Unusual Extended

Conjugated Architectures.
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4.1 Abstract

In the first section, the synthesis and characterisation of two [4]-dendralene
compounds incorporating thiophene-(p-nitrophenyl) donor-acceptor units are
presented. The dendralenes adopt two different conformers in solution and solid state
and the transformation between the structures can be controlled by light and heat.
The electron donating components of the dendralenes are represented by
bromothienyl (in 100) and 3,4-ethylenedioxythiophene- (EDOT)-thienyl (in 101)
end-groups. The most facile transformation involves the isomerisation of donor—
acceptor conjugated systems (a conformers) into structures in which only the
thiophenes are conjugated (b conformers), and this process is driven by ambient
light. The structural changes in both compounds have been monitored by absorption
studies, transformations were found to be first-order processes with rate constants of
k = 0.0027 s* and k = 0.00022 s* for 101 and 101, respectively. The EDOT
derivative (101) can be polymerised by electrochemical oxidation and a combination
of cyclic voltammetry and UV-vis spectroelectrochemical experiments indicate that

the a conformer can be trapped and stabilised in the solid state.

In the second section, three new diindenothienothiophene (DITT) based materials
(106 — 108) were synthesised and their electrochemical properties investigated. The
HOMO-LUMO gaps were observed to be 3.33, 3.48 and 2.81 eV, for 106, 107 and
108, respectively. Cyclic voltammetry results indicate increased stability for the
alkylated derivatives. The dioxide exhibits strong photoluminescence, giving a
photoluminescence quantum yield of 0.72 in solution and 0.14 in the solid state.
Hole mobility measurements were carried out on the non-alkylated derivative and

the corresponding values were ~10* cm? V' s,
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4.2 Controlling the Conformational Changes in Donor-Acceptor [4]-

Dendralenes through Intramolecular Charge-Transfer Processes

4.2.1 Introduction

Dendralenes (96) are a family of acyclic cross-conjugated polyenes that are known
for their fascinating conformational and electronic properties.®> '°® The cross-
conjugated nature of these molecules allows the structure to incorporate functional
and unsaturated groups that are all conjugated to a central unsaturated core but not to
each other. The naming of the dendralene depends on the number of C=C groups in
the central core. From the figure below (Figure 4.1), the simplest dendralene, [3]-
dendralene (97) is when n = 1. Expanding this structure, [4]-dendralene (98) is
achieved from n = 2 and when n = 3, the molecules is termed a [5]-dendralene (99).

Increasing the value of n gives higher dendralenes.

n |
96 97 98 99
Figure 4.1 Sample structures of dendralene family

An interesting and recent study of conjugated materials has been the development of
molecular and polymeric switches to control of the passage of electrons and

molecular conformations through photochemical or electrochemical activation.™®" %

177



For dendralenes, a conformational change has been shown by our group,?®® and by

201

others,”” to change upon oxidation.

The first section of this chapter reports two new donor-acceptor dendralenes (100
and 101) that undergo a reversible conformational change from donor-acceptor to
donor-donor conformations driven by light and heat. The second dendralene is

% and to allow

extended with EDOT units to allow easy electropolymerisation,*®
investigations to ascertain which conformer is dominant in the polymer form. X-ray
crystallography, evolution of absorption characteristics and electrochemistry are
reported for 100, along with a proposed mechanism for the conversion between the
two conformers. Electronic and electrochemical studies for the monomer and

polymer forms of 101 are also reported. The synthetic procedure for 100 and 101 are

shown in Scheme 4.1.

100
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Scheme 4.1 Synthesis of 100 and 101.

/ \
BrD\CHO CH3CO,K

S CH;COOH
102
. H,0
Reflux
L e
HsCO™ Ny~ ~OCH;,
103

(CH3);COK
THF
Reflux
2d

Br
O]
PPh,
105

179



4.2.2 Experimental

The synthesis of compounds 100 and 101 was performed by Thomas Westgate
(University of Manchester), Alexander Kanibolotsky and Mir Munsif. Greg McEntee
(University of Strathclyde) and Michael Auinger (Johannes Kepler University Linz)
assisted with the UV absorption study. X-ray crystallographic studies were carried

out by Simon Coles and Michael Hursthouse (University of Southampton).

Cyclic voltammetry measurements were performed on a CH Instruments 660A
electrochemical workstation with iR compensation using anhydrous dichloromethane
as the monomer solvent and acetonitrile for the monomer-free solvent. The
electrodes were glassy carbon, platinum wire, and silver wire as the working,
counter, and reference electrodes, respectively. All solutions were degassed (Ar) and
contained monomer substrates at a concentration of ca. 10* M, together with n-
BusNPFg (0.1 M) as the supporting electrolyte. All measurements are referenced
against the Ey, of the Fc/Fc* redox couple. Spectroelectrochemical experiments were
conducted on indium tin oxide (ITO) coated glass. Absorption spectra were recorded

on a UNICAM UV 300 instrument.
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4.2.3 X-ray crystallographic studies of 100

Crystals of 100 were grown using two different methods. In the first method, the
crystals were grown in the dark producing 100a (Figure 4.2 (top)) where the
structure is in the donor-acceptor conformation. The second method allowed the
crystals to be grown while exposed to ambient light, producing 100b (Figure 4.2

(bottom), a donor-donor conformation of the dendralene.

In the donor-acceptor conformation (100a), each bromothiophene is conjugated to a
nitrobenzene unit through an all-trans butadiene bridge (C5-C6-C7-C8 and C19-
C20-C21-C22) with a torsion angle between the two donor-m-acceptor units of
83.03(3)°. The single bond (C6-C20) that links the two orthogonal units is weakly

conjugated with a C-C bond length of 1.497(3) A.

In the donor-donor conformation (100b), the bromothiophene units are co-planar and
conjugated through an all-trans butadiene bridge (C5-C6-C6’-C5’). The
nitrobenzene units are twisted out of plane of the bromothiophenes with a torsion
angle of 99.94(4)° (C5-C6-C7-C8). The C-C bond (C6-C7) between the styryl units
and the butadiene fragment has a length of 1.481(4) A. The C=C bonds between
and P positions to the bromothiophene (C5/C6 and C19/C20 in 100a) that possessed

cis geometry in 100a have changed to a trans geometry in 100b (C5/C6 in 100b).
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Figure 4.2 X-ray crystal structures of conformers 100a (top) and 100b (bottom).
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4.2.4 UV-vis absorption studies of 100

The conversion of 100a to 100b can be observed by UV-vis spectroscopy. Crystals
of 100a were dissolved in dichloromethane in the absence of light then immediately
recorded in the spectrometer. The longest wavelength absorption maximum can be
seen at 403 nm and can be ascribed to an intramolecular charge transfer (ICT)
process between the donor and acceptor units. If ambient light is allowed to irradiate
the solution, the maximum wavelength decreases and is slightly blue-shifted by 6 nm
to A= 397 nm. The intensity of the longest wavelength band decreases with more
exposure time and the decrease is accompanied with the development of a new band
at L = 320 nm. This new peak is obscured somewhat due to the intensity poor signal
to noise ratio, but an isosbestic point can be seen clearly. The evolution of 100a to
100b over time is shown in Figure 4.3. If the solution is not exposed to light, then

any point in the spectrum is repeatable during the process.

The rate of change for the absorbance at A = 403 nm is shown in Figure 4.4. The data
are a good fit to the first-order rate law and the uniformity of the transformation is
reinforced by the clear presence of an isosbestic point. The first-order rate constant
was solved to give values of k = 0.161 min™, or 0.0027 s™. The noise levels for A =
320 nm meant that a rate constant could not be calculated at this wavelength to

confirm the rate constant calculated from the change in absorbance at 403 nm.
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1
300

184



4.25 Cyclic voltammetry of 100

A solution of 100a (ca. 10* M) with supporting electrolyte was prepared with
dichloromethane as the solvent in the absence of light. A cyclic voltammetry
experiment was used to probe the oxidation of 100a in the dark and then the
measurement was repeated after exposure to ambient light. In the absence of light,
100a has an oxidation potential at E*** = +1.03 V which shifts gradually to a lower

potential with subsequent exposures of light before, stabilising at +0.91 V as shown

in Figure 4.5.
49 —
42 - X » =
! ; —— 0 mins
35 _#// —— 15 mins
3] 30 mins
< 28 3 _  —— 60 mins
3 ) / 90 mins
e
T 21= '
()
t 4
3 14-
7 -
0 -
-7
I I I I I
-0.5 0.0 0.5 1.0 1.5 20

Potential / V vs Fc/Fc"

Figure 4.5 Cyclic voltammograms of 100a over time, inset is an expansion of the oxidation peak
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The reason for the change in oxidation potential can be explained by the change in
conformation of 100a towards 100b. In the first conformer the donating
bromothiophenes are both conjugated to the electron-withdrawing nitrobenenzenes
and as these change to a donor-donor conformation, the removal of an electron
becomes easier and oxidation takes place at a lower potential. Many attempts were
made at electropolymerising 100 but polymer growth was unattainable through
repetitive cycling over the first oxidation peak. With each scan the current response
diminished rather than increased. An example of attempted growth is shown in

Figure 4.6.
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Figure 4.6 Attempted polymer growth of 100
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4.2.6 Proposed mechanism for interconversion of 100

A mechanism for the conversion of 100a to 100b in solution is proposed in Scheme

4.2. The first step involves the absorption of light which induces an intramolecular

charge transfer to form a charge-separated, quinoidal excited state. The newly

formed single C-C bond can rotate and the molecule undergoes a 180° twist to give

another excited state geometry. A second ICT process followed by two new twists

(180° and 90°) gives a planar structure. Relaxation to the neutral form is possible

when the excited electrons return through the conjugated framework to the thiophene

group, while the nitrobenzyl groups twist out of plane to reduce steric repulsion with

the thiophenes. This gives structure 100b.

Scheme 4.2 Proposed mechanism for the interconversion of 100
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4.2.7 UV-vis absorption studies of 101

The evolution of the electronic absorption spectra of 101 in dichloromethane was
monitored over time under exposure to ambient light (Figure 4.7). This dendralene
showed similar behaviour to 100a. With no exposure to light, the spectrum gives a
maximum absorbance at 455 nm. The bathochromic shift of 101 compared to 100 is
due to the addition of the EDOT unit which increases the conjugation length of the
dendralene. As before, exposure to light causes a decrease in Amax Over time,

accompanied with the emergence of a new band at Aynax = 368 nm.

The rate constants for the decreasing band at 455 nm and the increasing band at 368
nm were calculated and are shown in Figure 4.8. The first-order rate constants at
each wavelength are in good agreement with each other: k = 0.0131 min™ or 2.2 x
10 s* and k = 0.0128 min™ or 2.1 x 10 s™ for 455 and 368 nm, respectively. The

rate constant for 101 is an order of magnitude lower than that of 100 (k = 0.0027 ).
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Figure 4.7 Evolution of UV-vis spectra of 101
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4.2.8 Electrochemistry of 101

Cyclic voltammetry was used to probe the electrochemical properties of 101 (in the
absence of light) and its polymer. The oxidation of 101 is shown in Figure 4.9(a).
The oxidation of the EDOT groups can be seen at +0.47 V; since the donor EDOT
groups are not conjugated to each other, it is assumed that both are oxidised at the
same potential. A second oxidation wave is seen at +1.50 V which represents the
formation of dications on each donor — acceptor halves of the molecule. The
reduction of 101 (Figure 4.9(b)) shows one reversible wave (E1,'™ = -1.40 V) and
two irreversible waves (E® = -1.82 and E>® = -2.27 V). The first reduction is a
one-electron addition to each nitrobenzene unit; the second step is the addition of a
second electron to the accepting nitrobenzene groups although, this results in an
irreversible charged state. The third reduction, giving a trianion, is in the potential

range which can be attributed to the reduction of the thiophene units.
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Figure 4.9 Cyclic voltammograms of (a) oxidation and (b) reduction of 101

Electrochemical polymer growth (Figure 4.10) of 101 was achieved through
repetitive cycling over the first oxidation peak to form a polymer film on the surface
of the glassy carbon electrode. Growth of poly101 can be seen with the development
of a new peak between +0.2 and +0.4 V. This peak can be attributed to the oxidation

of thiophene-EDOT-EDOT-thiophene units in the polymer chain.
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Figure 4.10 Electrochemical growth of poly101
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The newly formed poly101 film was analysed in a monomer-free solution. A cycle
was produced (Figure 4.11) to show the oxidation and reduction characteristics of
the polymer and to calculate the HOMO, LUMO and band gap. The oxidation shows
two irreversible peaks. The first is a sharp peak at E!® = +0.55 V and the second is a
broader peak between +0.7 and +1.25 V with the possibility of two peaks coalescing
(E® =+0.79 V and E>* = +1.09 V).The difference in potentials can be explained by
the position of the EDOT-thiophenes units in the polymer chain. Many will exist as
thiophene-EDOT-EDOT-thiophene segments in the polymer backbone but there will
also be some that exist as side units to the main chain and are shorter thiophene-
EDOT segments with higher oxidation potentials. The reduction shows two
irreversible peaks at E™® = -1.57 and E**® = -2.60 V; it is possible that the wave at -
1.57 V represents the loss of two electrons from the nitrobenzene groups. The
reduction wave at the low potential of -2.60 V is the reduction of the thiophene-

EDOT-EDOT-thiophene unit.
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Figure 4.11 Cyclic voltammogram of poly101
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The HOMO and LUMO energy levels of this polymer were calculated along with the
band gap. The cycle is shown in Figure 4.11 and the data calculated are summarised
in Table 4.1. The HOMO level was calculated by subtracting the onset of the first
oxidation wave from the known HOMO of ferrocene (-4.8 eV) to give a HOMO of -
5.13 eV. The LUMO was calculated in a similar manner from the onset of the first
reduction peak to give a value of -3.41 eV. Therefore, the electrochemical band gap
was determined to be 1.72 eV. This value is in an expected range, but lower than
normal thiophene-based polymers because of the incorporation of acceptor units in

the polymer chain.

Table 4.1 Energy level determination of poly101

Onset of oxidation  HOMO  Onset of reduction  LUMO  Band gap

IV [ eV IV / eV eV

+0.33 -5.13 -1.39 -3.41 1.72

Despite degassing with argon for 20 minutes before running the scan and performing
the cycle with negative potential first, there is still a persistent peak at -1.29 V which
is characteristic of oxygen interference in the solution. This peak was confirmed as
oxygen by running sequential differential pulse voltammetry (DPV) measurements
(Figure 4.12) on a fresh polymer film with no degassing. In this more sensitive
method, the peak at -1.29 V becomes more intense with each scan indicating that this

peak is in fact due to oxygen interference.
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Figure 4.12 Differential pulse voltammograms of poly101 reduction

A scan rate experiment was performed on a freshly grown polymer by scanning the
oxidation of the polymer at different scan rates (Figure 4.13(a)) and then plotting the
current maximum of each cycle against the scan rate (Figure 4.13(b)). This
determines the diffusion dependency of the polymer. A linear line with a high R?
value of 0.9991 proves that the oxidation of this polymer is not diffusion limited.
The change in oxidation potential for each scan, shifting higher with each scan is a

result of the irreversibility of the oxidation process.
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Figure 4.13 (a) Cyclic voltammograms of poly101 oxidation at varying scan rates and (b) plot of scan
rate versus current maximum

To investigate the electronic properties of the polymer, a film of poly101 was grown
onto an ITO-coated glass slide. The polymer film was dedoped (between -0.5 and -
0.3 V for 1 hour) in monomer-free solution and then the UV-vis spectrum was
recorded (Figure 4.14). The spectrum shows three main peaks at 337, 425 and 569
nm. The onset of the longest wavelength absorption edge (Amax = 690 nm) was used
to calculate the optical band gap. The estimated value of 690 nm corresponds to a
band gap of 1.8 eV, which is in good agreement with the electrochemically

determined band gap (1.72 eV).

195



1.0 5
0.9—-
0.8—-
0.7—-
0.6—-
0.5—-

0.4

Absorbance / a.u.

0.3 H
0.2 A

0.1+

0.0 T T T T T T T
400 600 800 1000
Wavelength / nm

Figure 4.14 UV-vis spectrum of poly101 in the solid state
UV-vis spectroelectrochemistry experiments were performed on polyl01 over both
oxidation and reduction to investigate the changes to the absorption spectra for p-

and n-doping, respectively. The oxidation spectroelectrochemical experiment is

shown in Figure 4.15.
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Figure 4.15 Oxidative spectroelectrochemistry of poly101

It can be seen that with increasing potentials beyond +0.5 V, the absorption bands at
569 and 759 nm intensify and peak at ca. +1.2 V. This represents the formation of
polaron and is accompanied by a small decrease in the n-7* transition. This latter
does not decrease a great amount due to the localisation of the polaron over the
thiophene-EDOT-EDOT-thiophene segments rather than delocalisation over the
whole polymer. This localisation is also evidenced by the sharp nature of the peak at
759 nm. From +1.5 V, the bands at 337, 425, 569 and 759 nm diminish as a
consequence of the generation of bipolarons and a rearrangement of the r-conjugated
character of the polymer. Overall, the polymer changes from brown (neutral) to blue

(doped).

The reduction spectroelectrochemical experiment, (Figure 4.16), shows less change

in the absorption spectra than the oxidative spectroelectrochemical experiment. The
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spectra beyond -1.0 V, show that there is an increase in the absorption in the
wavelength range between 600 and 900 nm, matching well with the first reduction
peak in the CV (E'™ = -1.5 V vs. Fc/Fc*). This feature arises from the charge

transfer of anion species between polymeric chains.
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Figure 4.16 Reductive spectroelectrochemistry of poly101

As the oxidation potential of poly101 is higher than that of PEDOT derivatives,
together with the sharp nature of the charged states in the oxidative
spectroelectrochemistry experiment along with the relatively low band gap of the
polymer. It can be reasonably assumed that the conjugation path of the polymer is
limited to nitrostyryl-thiophene-EDOT-EDOT-thiophene-nitrostyryl  (acceptor-
extended donor-acceptor) segments. This indicates that the a conformer has been

“frozen” in the electropolymerisation experiment and that conformer is persistent in

the solid state.
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4.2.9 Conclusions

Two new [4]-dendralenes bearing thiophene nitrobenzene donor—acceptor units have
been prepared that can exist as two different conformers. The dendralenes can adopt
a donor—acceptor conformer or a donor—donor conformer. The first conformer can be
maintained by excluding ambient light and can be transformed to the second
conformer through irradiation of light which induces two intramolecular charge
transfers and conformational twists as depicted in the proposed interconversion

between the two conformers.

X-ray crystallographic studies on 100 show the difference in structures between the
two conformers. UV-vis spectroscopy and cyclic voltammetry studies have shown
that 100a (donor—acceptor conformer) can transform to 100b (donor—donor
conformer) through exposure to light. Many attempts were made at polymerising
100a to investigate if the donor-acceptor conformer remains and is persistent or can
transform to the donor—donor conformer in polymeric form, but this was not

accomplished.

A second dendralene (101) was synthesised with the attachment of EDOT groups to
facilitate polymer growth. The second dendralene was also shown to be convertible
from its a to b conformer through exposure to light in a UV-vis absorption study.
Electropolymerisation of this monomer was achieved and the analysis of poly101
through cyclic voltammetry and UV-vis spectroelectrochemistry experiments show
that localised charged states and a relatively low band gap indicate that the a

conformer persists in the polymer form.
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4.3 Characterisation of New Diindenothienothiophene Based Materials

4.3.1 Introduction

The study of unusual conjugated structures for use electronic systems is not only
limited to linear and cross-conjugated molecules. The fusion of thiophene units into
extended architectures has been a hot topic in recent literature for the development of
a class of materials suitable for many different types of applications, especially
OFET devices. The best OFET materials require good n-stacking to increase charge

carrier mobility,?*

and traditional a-oligothiophenes suffer from a deviation from
planarity through torsion around the single bonds. The fusion of the thiophene rings
induces planarity as the rings have no freedom of rotation. The planarity of the fused

203

thiophenes allows r-stacking motifs in the solid state,”” which in principle will

facilitate improved charge transport through the material and increase charge-carrier

mobility.?%*

Oligoacenes, such as pentacene, are well known for their high hole mobility,?®® and
fused thiophenes are considered analogues of these. However, one major difference
between these two is the packing in the solid state. Some oligoacenes pack in a
herringbone structure, whereas fused thiophenes pack in the more favoured -
stacked structure which allows a more superior overlap.?®® %’ One of the
disadvantages to oligoacenes is their relatively poor environmental stability and they
degrade easily in oxygen environments.?®® Fused thiophenes suffer less from this
because they have larger HOMO-LUMO gaps compared to their all carbon

209

equivalents.”” Oligoacenes are more quinoidal in nature whereas in contrast, fused
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thiophene based materials have greater aromaticity with each thiophene having a

benzoid character, which gives them lower lying HOMO levels.?*

In this section, three new compounds have been synthesised (106, 107 and 108),
which are extended analogues of dithienothiophene. The electrochemical and
photophysical properties of these materials are reported. X-ray crystallography and
field effect transistor measurements were performed on compound 106 as it was the

most promising of the three materials for OFET applications.

Compound 106 has poor solubility, a common problem for unsubstituted fused
thiophenes.?® Therefore, alkylation to improve the solubility of 106 was performed,
giving compound 107. To improve the photoluminescence of this compound,®
oxidation of the central thienyl sulfur was performed to give compound 108, the

212

modification to the S,S-dioxide leads to increased electron affinity,”“ and increased

photoluminescence.?

The incorporation of S,S-dioxide units in thiophene-based materials normally creates

compounds that are more readily reduced than the parent thiophene compound,®*?
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thereby affording lower HOMO-LUMO gaps from the increased delocalisation in the
molecular backbone and electron-affinity of the new acceptor unit?** The
delocalisation is due to the disruption of aromaticity in the thiophene ring, the result

of the sulfur lone pair now bonding to the oxygens of the dioxide.?*?

The synthetic procedure for the syntheses of 106, 107 and 108 was performed by

Irina Afonina and is summarised in Scheme 4.3.

Scheme 4.3 Synthesis of 106, 107 and 108
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Previous electrochemical studies on similar compounds, 112, 113,%° and 114,2"'

have shown interesting results. Oxidation of 112 showed a quasi-reversible wave at
+0.8 V (vs. Fc/Fc™) from the formation of a radical cation on the unsubstituted a-
position on either dithienothiophene. However, the reduction showed a reversible
wave at -1.5 V. Compound 113, dithienothiophene fused with two benzene units at
either side, showed a reversible oxidation process that can be attributed to the
blocking of the a-positions but unusually the oxidation potential increased to +0.99
V (vs. Fc/Fc™). Oxidation and reduction of compound 114 shows reversible waves
for both processes with potentials at +0.95 and -1.86 V (vs. Fc/Fc), respectively. As
expected, the incorporation of the dioxide increased the oxidation potential by 320
mV compared to the parent thiophene. 114 also featured a bathochromic shift (50
nm) in the absorption spectrum and an improved photoluminescence quantum yield

of ®p. = 0.66 compared to ®p. = 0.27 for the thiophene analogue.

/ v \ - oae
S s / I\ \
{ [S_Z_j_n
S s” 1\ / m R R .
/S\ Q S O S O//S\\O s R = Si(iPr)3
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4.3.2 Experimental

The syntheses of compounds 106, 107, 108 were performed by Irina Afonina and
Alexander Kanibolotsky. The photoluminescence quantum yield measurements were
carried out by Ashu Bansal, Graham Turnbull and Ifor Samuel (University of St

Andrews). X-ray crystallography was measured and solved by Simon Coles and
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Michael Hursthouse (University of Southampton) and the transistor measurements
were performed by John Labram and Thomas Anthopoulos (Imperial College

London).

Cyclic voltammetry measurements were performed on a CH Instruments 660A
electrochemical workstation with iR compensation using anhydrous dichloromethane
and tetrahydrofuran as the solvents. The electrodes were glassy carbon, platinum
wire, and silver wire as the working, counter, and reference electrodes, respectively.
All solutions were degassed (Ar) and contained the substrates at concentrations of
ca. 10* M, together with n-BusNPFs as the supporting electrolyte (0.1 M). All

measurements are referenced against the Ey, of the Fc/Fc* redox couple.

4.3.3 Electronic absorption and electrochemical studies

The electronic absorption spectra for all three compounds were measured in
dichloromethane and are shown on Figure 4.17. Compounds 106 and 107 show
similar fine spectra, which is indicative of rigid, planar structures. Both spectra have
sharp absorption maxima at 273 nm and additional peaks (m-7* transitions) at 326
and 338 nm for 106 and 329 and 343 nm for 107. The small red shift for 107 is due
to the electron donation of the hexyl chains. The spectrum of compound 108 is quite
different in comparison to the other compounds. There is a short wavelength peak at
251 nm and a more intense band centred at 420 nm. The latter is likely to involve an
intramolecular charge transfer process between the thiophenes rings and the dioxide

functionality.

204



— 106
1.5
—107
—108
S
¥
~
@
o
c
®©
fo
—
o]
2]
£ 05-
0.0 -
I ! I ! I ! I ! ! ! I ' |
250 300 350 400 450 500 550

Wavelength / nm

Figure 4.17 UV-vis spectra of compounds 106, 107 and 108 in dichloromethane solutions.

To verify of the peak at 420 nm derives from an intramolecular charge transfer,
solvatochromic studies were performed. Five solvents of varying polarisability
(hexane, diethyl ether, tetrahydrofuran, dichloromethane and dimethyl sulfoxide)
were used in this experiment and the value of Amax for the longest wavelength peak
was monitored as a function of the solvent’s polarisability (n*). Polarisability is a
measure of the solvent to stabilize a charge or dipole by virtue of its dielectric
effect.?® Figure 4.18 and the data in Table 4.2 show that with increasing
polarisability there is an increase in Amax thus this positive solvatochromism proves
that compound 108 does undergo an intramolecular charge transfer within the

molecule.
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Figure 4.18 Solvatochromic effect of 108

Table 4.2 Solvatochromic data of compound 108 in selected solvents with 7* values by Kamlet and
Taft®®

Solvent T* Peak max / nm
Hexane -0.08 407
Diethyl Ether 0.27 411
Tetrahydrofuran 0.58 414
Dichloromethane 0.82 419
Dimethyl sulfoxide 1.00 423
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Cyclic voltammetry experiments were conducted on compounds 106, 107 and 108
using dichloromethane as the solvent for oxidation and for the reduction of 108.
Tetrahydrofuran was required for the reduction of 106 and 107 at lower potentials;
all graphs are shown in Figure 4.19. Glassy carbon was used as the working
electrode with platinum and silver wire as the counter and pseudo reference
electrodes, respectively. The supporting electrolyte was tetrabutylammonium
hexafluorophosphate (0.1 M) and the graphs are referenced against the ferrocene /
ferrocenium redox couple. Oxidation and reduction cycles were performed
separately to avoid complications in the CV due to possible side products arising

from irreversible and quasi-reversible processes.

Compounds 106 and 107 gave very similar redox potentials with the main difference
being that the oxidation of 107 is reversible (106, E*** = +0.72 V; 107, Ey,'™ =
+0.68 V). The reversibility of 107 arises from the hexyl chains which block the a-
position of the indene unit and prevent a chemical reaction of the intermediate
radical cation. The reduction of both compounds showed irreversible behaviour (106,
EMd = -2.86 V; 107, E'™® = -2.95 V), indicating that the inclusion of hexyl groups
did not stabilize the formation of radical anions. Analysis of 108 showed reversible
peaks for both oxidation and reduction processes (E1,'™ = +1.02 V and Ey,™"® = -
1.99 V). In comparison to 107, the decrease in reduction potential and the increase in
potential for the oxidation was expected from the influence of the electron-

withdrawing sulfone group.?*?
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Figure 4.19 Cyclic voltammograms of 106, 107, and 108

The HOMO-LUMO gaps of 106, 107 and 108 were calculated from both the
absorption spectra and electrochemical data. The edge of the longest wavelength
absorption band corresponds to the optical HOMO-LUMO gap and this was similar
for 106 and 107 (3.50 and 3.46 eV respectively); compound 108 produced an optical
HOMO-LUMO gap of 2.62 eV. The electrochemical HOMO-LUMO gaps were
calculated from the differences in the onsets of the first oxidation and reduction
peaks. Using data referenced to the ferrocene/ferrocenium redox couple, HOMO and
LUMO energies were calculated by subtracting the onsets from the HOMO of
ferrocene which has a known value of -4.8 eV. A summary of this data can be seen
in Table 4.3. AIll three compounds have good agreement between the
electrochemically determined energy levels and the calculated optical HOMO-
LUMO gap. Compound 108 has a smaller electrochemical gap of 2.81 eV compared

to 106 and 107 (3.33 and 3.48 eV respectively).
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Table 4.3 Electrochemical and absorption spectroscopy data for compounds 106, 107 and 108.

Absorption Optical Oxidation Reduction HOMO LUMO  Electrochemical
maxima/nm E,/eV® Potential/V  Potential /V  /eV? [eVv*? Ey/ eV

273
106 326 35 0.72' -2.86' 5.42 -2.09 3.33
338

273
107 329 3.46 0.71/0.64 -2.95' -5.39 -1.91 3.48
343

251
108 420 2.62 1.04/0.99 -2.03/1.95 -5.73 -2.92 2.81

*HOMO and LUMO values are calculated from the onset of the first peak of the corresponding redox wave and
referenced to ferrocene, which has a HOMO of -4.8 eV. "Optical HOMO-LUMO gap determined from the onset

of the highest absorption band. 'Irreversible peak.

4.3.4 Photoluminescence studies

Photoluminescence studies were performed on compounds 106, 107 and 108 and the
results are shown in Figure 4.20, Figure 4.21, and Figure 4.22, respectively, and
summarised in Table 4.4. Solution studies of all three compounds were performed in
dilute chloroform solution. Films of 107 and 108 were prepared on fused silica
substrates by spin coating from chloroform solution; a film of 106 was unable to be
prepared as it was not sufficiently soluble. The four hexyl chains in 107 increase the
solubility but decrease its photoluminescence quantum yield (®p_ = 0.01 and 0.004
for 106 and 107, respectively). In the solid state, the quantum yield of 107 could not
be measured due to its weak emission. The film and solution spectra of 107 are
similar with the exception that the film also shows an additional peak ca. 540 nm,

indicating the presence of excimer emission. 108 has a high PLQY in solution
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(0.72), this value is higher than related non-fused oligothiophene S,S-dioxide

compounds,“ and this can be attributed to the restriction of torsional flexibility.
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Figure 4.21 Solution and solid state normalised absorption and emission of 107
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Figure 4.22 Solution and solid state normalised absorption and emission of 108

Table 4.4 Photoluminescence data for compounds 106, 107 and 108

Sample State Amax absorption / nm Amax €Mission / nm PLQY
106 Solution® 284 373 0.01°
Solution® 273 376 0.004°

107

Solid 273 376 -

Solution? 419 524 0.72°

108
Solid 414 508 0.14°

@ Solution absorption and emission measured in chloroform. P Solution photoluminescence quantum yields were
measured by preparing a sample in chloroform solvent with the same absorption at 360 nm as a standard solution
of quinine sulphate in 0.5 M sulphuric acid. ¢ The photoluminescence quantum yield of the films were
determined using a He-Cd laser operating at 325nm to excite the sample and an integrating sphere to collect the
resulting emission following the method of Greenham et. al.??* The integrating sphere containing the sample was

purged with nitrogen
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4.35 X-ray crystallography

Single crystals of compound 106 were isolated by recrystallisation from toluene. The
asymmetric unit is shown in Figure 4.23 and consists of seven fused rings labelled
A-G. The central rings A-C represent the dithienothiophene unit and two benzene
rings (F and G) are linked to this core via fused cyclopentadienes (D and E). The
entire molecule is highly planar with the largest torsion angle in the structure being
2.19° within S(2)-C(2)-C(3)-C(11). In the bulk, compound 106 forms one-
dimensional =-r stacks (Figure 4.24) in which adjacent molecules are inverted but

otherwise eclipsed, see Figure 4.25.

Due to the curved shape of the molecules, this leads to rings A, D and E being
efficiently overlapping with m-r ring centroid distances of 3.49 — 3.52 A. Due to
inversion between neighbouring molecules, rings B and C suffer from lateral
displacement to give longer n-n distances (3.87 and 3.95 A) and this is greatly
exacerbated in the benzene rings F and G (5.03 and 4.75 A), which reside at the

peripheries of the curved structures.

A k 06
/L C14c13\_ /C2c3 <7
c18 C22 c11
c19 G i =
8
A2 1% AR
Yoz o

Figure 4.23 Asymmetric unit of compound 106 with labels
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Figure 4.24 Space-filling diagram of 106 showing z-x stacking

Figure 4.25 Inversion between a dimer of 106 within the one-dimensional stacks

4.3.6 Transistor fabrication and measurement

Due to the flat nature of the core structure and the absence of hexyl chains, the
charge transport properties of compound 106 were investigated. The mobilities of
structures 107 and 108 were not investigated, since the hexyl groups are expected to
impede efficient stacking of the molecules. Field-effect transistors were fabricated
from 106 using heavily doped Si** substrates as the gate electrode and a 200 nm

thermally oxidised SiO, layer as the gate dielectric. Using conventional
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photolithography, gold source and drain electrodes were defined in a bottom-contact
configuration to give a channel of length (L) of 15 um and width (W) of 20 mm. The
SiO; layer was treated with the primer hexamethyldisilazane (HMDS) to passivate
the surface. A 50 nm layer of the organic semiconductor was then deposited by
vacuum sublimation at a base pressure of 10 bar and a rate of 1 A s™. Figure 4.26
shows a polarised optical microscope image of compound 106 vacuum deposited
onto an HMDS treated Si/SiO, substrate, after annealing for 4 hours at 125 °C. The
devices were then annealed at 125 °C for 4 hours under atmospheric pressure in No.
Electrical characterisation was carried out in N, at atmospheric pressure using a

Keithley 4200 semiconductor parameter analyser.

Figure 4.27 shows the transfer characteristics of a bottom-gate, bottom-contact
OFET based on 106 with the inset showing the schematic of the transistor used. The
transfer characteristics were obtained with the drain voltage (Vp) set to Vp = -3 V
(linear regime) and Vp = -20 V (saturation regime). Using standard semiconductor
equations (section 1.15.3) the hole mobility was calculated to be ~10* cm? v* s,

From plots of 1"

against Vg (not shown) the threshold voltage was determined to
be approximately -21 V. The current on/off ratio and subthreshold slope for these
devices were estimated to be ~10° and 2 V/decade, respectively. The relatively low
hole mobility is attributed partly to the deep HOMO level of 106 (-5.42 eV) and
partly to the polycrystalline nature of the evaporated film (see Figure 4.26). It is
anticipated that optimisation of the various evaporation conditions (e.g. evaporation

rate, substrate temperature etc.) could yield larger crystalline domains and hence

higher charge carrier mobilities.
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Figure 4.26 Polarised optical microscope image of material 106 vacuum deposited onto an HMDS
treated Si/SiO, substrate, after annealing for 4 hours at 125°C in nitrogen
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Figure 4.27 Transfer characteristics of bottom-gate, bottom-contact OFET based on 106. Inset shows
schematic representation of bottom-gate, bottom-contact transistor structure used
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4.3.7 Conclusions

The synthesis, electronic, electrochemical and photoluminescence studies of three
new fused oligothiophene derivatives have been reported. The first compound (106),
with the absence of hexyl chains shows the best packing in the crystal form and is
the most suitable for organic field effect transistor devices of the three. However,
this compound is irreversible to oxidation and reduction processes. Addition of hexyl
groups (compound 107) allows much better solubility and stability to oxidation but
decreases the photoluminescence quantum yield. Functionalisation with a sulfone
group (compound 108) has the benefit of giving a smaller HOMO-LUMO gap,
reversibility to reduction as well as oxidation and a much improved quantum yield

making this compound a very interesting material for possible photonic applications.
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Chapter5. An Electronic, Electrochemical,
Spectroelectrochemical and Electrochromic Study of

Benzobisthiazole based Monomers and Polymers.
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5.1 Abstract

A series of compounds that contain a benzobisthiazole (BTZ) core have been
synthesised and investigated. Compound 123, was synthesised for the sole purpose
of examining the role of the BTZ core in the analysis. Three of the other four
compounds have hexylthiophenes attached at either side of the core; compounds 117,
120 and 121 differ only in the position of the hexyl chain with the influence of the
positioning discussed. Compound 122 has two extra thiophenes and allowed the

examination of the effect of elongation of the conjugated chain compared to 117.

Films of poly117, poly120 and poly122 were grown electrochemically and were
analysed by cyclic voltammetry, solid-state  UV-vis  spectroscopy,
spectroelectrochemistry, electrochromic switching times, and colourimetry. Poly122
shows the greatest contrast for spectroelectrochemistry, switching and colour change
and could have potential for use in an electrochromic device. The electrochemical

and optical band gaps were in good agreement for each polymer.
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5.2 Introduction

Benzobisthiazole (BTZ, 115) based polymers are part of a larger family known as
poly(benzazole)s. This group also contains other heterocyclic polymers such as
poly(benzobisoxazole) (116). These polymers have been of great interest over the
last thirty years, since these rigid-rod polymers display high tensile strength and
modulus with great stability in tough thermal and environmental conditions.??22?
Their excellent physical properties can be attributed to the polymers’ ability to

efficiently n-stack through strong intermolecular interactions in the solid state.??> 2%

STy KT

115

In recent years, benzobisthiazole units have been incorporated into a wide variety of
conjugated polymers to create materials for OLEDs,??’ OPVs and especially
OFETs,*®  since BTZ-based materials exhibit the aforementioned efficient n-
stacking, a desirable property for transistors. In previous research in our group,? it
was shown that compound 117, a BTZ-thiophene, self-assembles in the solid state to
give three dimensional ordering with intermolecular close contacts in all three
cartesian directions (Figure 5.1 and Figure 5.2).

s N s CeH13
S N S
117

CeH13
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The orthogonal units are linked together in an infinite chain through sulfur — nitrogen
non-covalent intramolecular interactions. Each molecule is planar, allowing n-n

interactions, while each of the orthogonal units are linked together in a m-Stacking

arrangement.

3.50-3.56 A

Figure 5.1 X-ray structure of 117 showing n-n stacks in two dimensions

Figure 5.2 Summary of intermolecular close contacts in the X-ray structure of 117
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The planar nature and efficient packing of BTZ-thiophene compounds has been
shown by other groups. The near planar compound 118 is an example by Kang et
aI 230

and Jenekhe et al.”® showed that in the solid state, interdigitation is present in

the packing of a BTZ-thiophene copolymer (119).

- CgH
S _ / | 817
N s S
CeH13_</ />_CGH13
S N
]
— 118

To date, the BTZ polymers in the literature have been chemically synthesised rather

then electropolymerised. In this chapter, five compounds have been investigated,
including the previously mentioned BTZ derivative 117. Compounds 117, 120 and
121 differ only in the position of the hexyl chain. The influence that the positioning
has on all the experimental results will be discussed. Compound 122 has two extra
thiophenes and this allows the examination of the effect of elongation of the
conjugated chain compared to 117. Compound 123 is a soluble, alkylated BTZ
derivative which was synthesised to allow the optical and electrochemical analysis of

the BTZ core without the presence of thiophenes.
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The optical and electrochemical properties of all five compounds were examined.
Electrochemical polymer growth was achieved for three of these compounds (117,
120 and 122) and the electrochemistry, absorption spectroscopy, UV-vis
spectroelectrochemistry and electrochromic properties were investigated for all three
polymers. The various synthetic routes for the BTZ compounds are summarised in

Scheme 5. 1.

Scheme 5. 1 Syntheses of 117, 120, 121, 122 and 123

HoN NH,SCN HN H Br, N S
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An interesting feature that has been observed in several papers is the difference in
the absorption maxima between solution and thin film spectra of BTZ polymers. In
thin films, m-stacking of the BTZ units causes a bathochromic shift in the Amax.
Examples can be seen in the chemically produced BTZ-thiophene copolymers,
119, and 132.%*! In the analysis of 119, a 50 nm blue shift is seen going from film

to solution spectra and is attributed to the loss of planarisation and n-stacking. In the
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electronic absorption spectra of 132, a 78 nm difference is observed between the two

maxima: 460 nm (solution) and 538 nm (solid).

CeHi3
_NZ\S _
_ / \ |
S
SYN .
CeHi3 132

Electrochemical analysis of several BTZ polymers was performed by Osaheni and

232

Jenekhe“* who reported that the BTZ core affords a reversible reduction wave (ca. -

2.0 V vs. SCE) and an irreversible oxidation (ca. 1.5 - 1.8 VV vs. SCE).

5.3 Experimental

The five starting compounds were prepared by Filipe Vilela and Greg McEntee

(University of Strathclyde).

Cyclic voltammetry measurements were performed on a CH Instruments 660A
electrochemical workstation with iR compensation using anhydrous dichloromethane
as the monomer solvent and acetonitrile for monomer-free solvent. The electrodes
were glassy carbon, platinum wire, and silver wire as the working, counter, and
reference electrodes, respectively. All solutions were degassed (Ar) and contained
monomer substrates at a concentration of ca. 10 M, together with n-BusNPFg as the
supporting electrolyte (0.1 M). All measurements are referenced against the E;/, of

the Fc/Fc* redox couple. Spectroelectrochemical and switching experiments were
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conducted on indium tin oxide (ITO) coated glass. Absorption spectra and CIE

coordinates were recorded on a UNICAM UV 300 instrument.

5.4 Absorption and Cyclic Voltammetry of monomers

The electronic absorption spectra of compounds 117, 120, 121, 122 and 123
recorded in dichloromethane solution are shown in Figure 5.3. Fine structures can be
seen in all five spectra, indicating rigid structures. The core (123) shows peaks at
244, 279 and 290 nm and no further bands above 300 nm. Given their similarities in
structure, the spectra of 117, 120 and 121 all display very comparable shapes and
absorption maxima. The data for all the absorption maxima are summarised in Table

5.1 for easier comparison.

There are small differences between 117, 120 and 121, and the three peaks of 121
are 4-5 nm higher in wavelength, possibly as a consequence of the position of the
hexyl chain in the 5-position. The shoulder of 120 at 399 nm is also less pronounced
than the corresponding peak for the other two compounds. As expected, the longest
wavelength absorption maximum of 122 (428 nm) is bathochromically shifted due
the addition of the two thiophenes in the chain. However, the spectrum is less well-

defined, which indicates that the molecule is probably less rigid in solution.

Optical HOMO-LUMO gaps of 117, 120, 121 and 122 were calculated from the
onsets of the longest wavelength absorption peaks and are also shown in Table 5.1.

As expected, the optical HOMO-LUMO gaps of 117, 120, and 121 are close at 3.02,
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3.01, and 2.97 eV, respectively and the value of 122 is lower due to the extended

conjugation (2.61 eV).

1.00

0.75

0.50

Absorbance / a.u.

0.25 4/

0.00

Wavelength / nm

Figure 5.3 UV-vis spectra of 117, 120, 121, 122 and 123

The cyclic voltammograms of 117, 120, 121 and 122 were performed in
dichloromethane solution with a glassy carbon working electrode and pseudo silver
reference. Oxidation (Figure 5.4(a)) gives two irreversible waves for 117, 120 and
121, and the first process is at almost the same potential (E'*** = +0.99 V for 117 and
+1.00 V for 120 and 121), producing a radical cation species in each case. The
second wave occurs at a lower potential for 121 (E*** = +1.20 V) than it does for 117
and 120 (E* = +1.41 and 1.45 V, respectively). The lower potential for 121 is from
the a-positioned hexyl chains, which stabilise the formation of the dication to a

greater extent than 117 and 120. Given the structure of 121, it would be predicted
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that the blocking of the a-position would produce a reversible oxidation. When the
scan rate is increased from 0.1 V s to 1 V s™ (shown in the inset of Figure 5.4(a)),

the oxidation peak becomes reversible thereby inhibiting unwanted a-p’ couplings.

Interestingly, the oxidation of 122 is much different to the others. The oxidation
shows a quasi-reversible (E1,*™ = +0.65 V), reversible (E1,** = +1.02 V) and then
an irreversible wave (E** = +1.43 V). The quasi-reversibility and the lower
oxidation potential of the first peak can be explained by the ability of the radical
cation to delocalise over a bis-thiophene, compared to a single thiophene unit in 117,
121 and 120. By comparing the area of the three peaks, it is worth noting that the
second peak is twice the size of the first and third peaks indicating that this step is
actually the removal of two electrons to form a trication radical (dication on one side
and a radical cation on the other bis-thiophene). The third oxidation step then will
give a quaternary cation. This hypothesis is supported by the fact that polymer
growth can be achieved by cycling past the first and second waves but not past the

third, suggesting that no radical exists at this stage.

The reduction processes of 117, 120, 121 and 122 are shown in Figure 5.4(b) with
the reduction of 123 shown in the inset. By first looking at the reduction of 123,

red = _1.73 V, then an irreversible wave at E2® = -

there is a reversible wave at Eyj,
2.09 V. Unusually, the reversible wave of the core is not seen in the reduction of the
other monomers. It is possible that the radical anions of these derivatives are
partially delocalised over the entire conjugated unit. The potential of the reduction
processes for 117, 120 and 121 are close in value at E}™® = -2.27, -2.11 and -2.24 V,

respectively. Predictably, the reduction of 122 with its greater resonance and

extended conjugation has the least negative potential (E = -2.04 V).
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Figure 5.4 Cyclic voltammograms of (a) oxidation and (b) reduction of, 117, 120, 121 and 122. The
oxidation of 121 at 1 V s is in the inset of (a) and the reduction of 123 is in the inset of (b)
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Table 5.1 Absorption spectroscopy and electrochemical data for monomers 117,

120, 121 and 122

UV-vis peaks (nm) Optical Oxidation / V Reduction
Monomer
1st 2nd 3rd Eg / eV 1st 2nd 3rd / V
117 361 379 398 3.02 +0.99' +1.41" 227"
120 361 378 391 3.01 +1.00" +1.45" 211"
121 365 383 403 2.97  +1.00/+0.96° +1.20" -2.24"
122 428 452 2.61  +0.70/+0.59° +1.12/+0.91 +1.43' -2.04'

only reversible with a scan rate of 1 V s™. ? quasi-reversible peak. ' Irreversible peak

To calculate the HOMO and LUMO energy levels and then the electrochemical

HOMO-LUMO gap, CVs of 117, 120, 121 and 122 were measured (Figure 5.5). By

subtracting the onset of the first oxidation and reduction waves from the HOMO of

ferrocene (-4.8 eV), the HOMO and LUMO levels were determined. All data are

summarised in Table 5.2. By comparing the energy levels, 122 has the highest

HOMO (-5.49 eV) and the lowest LUMO (-2.88 eV) and therefore the smallest

energy gap (2.61 eV). This is due to the extended conjugation afforded by the two

bis-thiophene units. The monomers containing only two thiophenes have slightly

differing HOMO and LUMO levels but essentially the same HOMO-LUMO gap.

The HOMO-LUMO gaps for 117, 120 and 121 are 3.07, 3.09 and 3.07 eV,

respectively.
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Figure 5.5 Cyclic voltammograms of 117, 120, 121 and 122 for energy level determination

Table 5.2 Energy levels of 117, 120, 121 and 122

Monomer HOMO/eV® LUMO/eV® Eg/eV’

117 -5.71 -2.64 3.07
120 -5.84 -2.75 3.09
121 -5.67 -2.60 3.07
122 -5.49 -2.88 2.61

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

ferrocene, which has a HOMO of -4.8 eV. bEg is the HOMO-LUMO energy gap.
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5.5 Electrochemistry of the Polymers

Polymer films of 117, 120 and 122 were produced by repetitive cycling over the first
oxidation peak. The graphs produced from electrochemical growth on the glassy
carbon electrodes can be seen in Figure 5.6. The development of the polymeric

material can be seen with the increase in current and creation of a new peak at lower

potentials.
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Figure 5.6 Electrochemical growth of (a) poly117, (b) poly120 and (c) poly122

The electrochemistry of the polymers was performed in a monomer-free solution and
the oxidation processes are shown in Figure 5.7(a). The oxidation curves are
different for the three polymers. Poly117 shows only an irreversible wave at E** =
+0.82 V. Poly120 shows an irreversible wave at a higher potential (E'** = +0.91 V)
but also a reversible wave at E1,°™ = +1.06 V. Poly122 has two reversible waves,
Ein'™ = +0.61 V and Ey,”™ = +0.94 V; the lower oxidation potential and
reversibility compared to the other two polymers can be attributed to the extended
conjugation of having a quarterthiophene in the polymer chain to help stabilise the

loss of electrons.

Surprisingly, despite having irreversible first oxidation waves, the reduction of
poly117 and poly120 are reversible with half-waves of E1,"® = -1.88 V and Ey;,*™
=-1.86 V, respectively. The reduction of poly122 shows two reversible waves within

a similar potential window, with reduction potentials of E1,'™ = -1.93 V and Ey,*®
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= -2.07 V. Fascinatingly, unlike the monomer, having extra thiophenes in the chain
of polyl22 actually causes the reduction potential to be at a lower potential

compared to the other two polymers. All data are summarised in Table 5.3.
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Figure 5.7 Cyclic voltammograms of (a) oxidation and (b) reduction of poly117, poly120 and
poly122
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Using the same procedure as before for energy level determination, cycles of the
three polymers (Figure 5.8) were recorded and the onsets of oxidation and reduction
subtracted from the HOMO of ferrocene (-4.8 eV). The data are summarised in
Table 5.4. All three polymers have varying HOMO and LUMO levels but the band
gaps (Eg) are almost identical (2.45 eV for poly117 and poly120 and 2.40 eV for

poly122).

The band gaps of the polymers are in the same range seen for other BTZ
polymers.?*? However, the band gaps are larger than other donor-acceptor polymers
and this suggests that in these polymers there is not a significant degree of

intramolecular charge transfer between the BTZ and thiophene heterocycles.??®
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Figure 5.8 Cyclic voltammograms of poly117, poly120 and poly122 for energy level determination
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Table 5.3 Electrochemical data of poly117, poly120 and poly122

Polymer Oxidation / V Reduction / V
1St 2ﬂd 1Sl 2nd
polyl117 +0.82' - -1.90/-1.85 -
poly120 +0.91' +1.08/+1.03 -1.89/-1.82 -
poly122 +0.65 / +0.56 +0.95/0.93 -2.00/-1.86 -2.14/-1.99

"Irreversible peak

Table 5.4 Energy level data of poly117, poly120 and poly122

Polymer ~ HOMO/eV* LUMO/eV* Ey/eV’

polyll7  -5.46 -3.01 2.45
polyl20  -5.63 -3.18 2.45
polyl22  -5.32 -2.92 2.40

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

ferrocene, which has a HOMO of -4.8 eV. °E, is the HOMO-LUMO energy gap.

To evaluate the stability and electrochemical behaviour of the polymers, oxidation
cycles over the first peaks were measured at increasing scan rates (Figure 5.9(a) to
(c)). From these data, the plots of scan rate versus current maxima were plotted and
the resulting graph is shown in Figure 5.9(d). Each polymer produced a linear fit
with high R? values of 0.9994, 0.9988, and 0.9957 for poly117, poly120, and

poly122, respectively, proving that the redox processes are not diffusion limited.
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Figure 5.9 Scan rate experiments of (a) poly117, (b) poly120, (c) polyl22. The plot of scan rate
versus current maxima of all three polymers is shown in (d).

The stability of the polymers to adhere to the glassy carbon electrode was evaluated
by cycling over the redox-active ranges for 20 cycles and measuring the percentage
decrease in the current response. Poly117 showed the best stability with only a 17
and 11% decrease for oxidation and reduction, respectively. Poly120 shows an 18
and 12% decrease for oxidation and reduction, respectively and poly122 has the least

stability with a 16 and 25% decrease for oxidation and reduction, respectively.
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Figure 5.11 Poly120 (a) oxidation and (b) reduction stability test
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5.6 Absorption spectroscopy and spectroelectrochemical analysis of the

polymers

To measure the solid-state absorbance spectra of the polymers, the three polymers
were grown onto the surface of ITO glass slides in higher concentration monomer
solutions (1 mM) and then dedoped (-0.2 to 0 V for 30 minutes) in a region of no
redox activity to expel trapped electrolyte. The spectra of the three polymers are
shown in Figure 5.13. The absorption maxima and the optical band gaps, calculated
from the onset of the longest wavelength absorption edge, are summarised in Table

5.5

Absorbance / a.u.

I v I v I v I k I X I ¥ I . 1
400 500 600 700 800 900 1000 1100
Wavelength / nm

Figure 5.13 UV-vis spectra of poly117, poly120 and poly122 in the solid state
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All three polymers have similar optical band gaps (2.08, 2.03, and 2.05 eV for
polyl17, polyl20 and poly122), but differ in shape and values for absorption
maxima. Poly117 is broad compared to poly122 and has a Amax at 432 nm (poly122
has Amax OF 468nm). The absorption band for poly120 is also broad with the longest
wavelength Amax at 503 nm and it is the only polymer to show a shoulder (562 nm).
The optical band gaps are lower than the electrochemically determined band gaps,
suggesting that the HOMOs and LUMOs are more localised rather than dispersed
over the polymer chain. The optical band gap of poly122 (2.05 eV) is very similar to

that of 119 (1.97 eV).?*®

Table 5.5 Absorption spectroscopy data for poly117, poly120 and poly122

Polymer UV-vis Ay / nm Optical Eg/ eV

poly117 432 2.08
poly120 503 2.03
poly122 468 2.05

UV-vis spectroelectrochemistry experiments were performed on the three polymers
to investigate the effect that p-doping has on the electronic spectra of the polymer.
The results of the spectroelectrochemistry (SEC) experiments of poly117, poly120,
and poly122 are shown in Figure 5.14, Figure 5.15, and Figure 5.16, respectively.
All three graphs follow very similar trends. In the SEC of poly117 (Figure 5.14), no
change occurs until around +0.9 V (coincidental with the first oxidation wave in the
CV), where the m-n* transition peak starts to decrease from the disruption of -

conjugation alongside the development of a new broad absorption band (ca. 750
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nm). The creation of polarons and bipolarons in the polymer chain peak at +1.5 V

where there is also a small absorbance extending into the near-IR

The UV-vis spectroelectrochemistry plot of poly120 (Figure 5.15) also shows no
activity until +0.9 V, whereupon the n-n* transition decreases (to a greater extent
than in poly117) and there is a concomitant growth of a broad wave between 350 and
900 nm and another wave extending into the near-IR. For this polymer, the new
absorbance waves peak at +1.4 V and it is also worth noting that the new peaks have
a greater absorbance. This is accompanied by a greater decrease in the n-n* band,

suggesting that the delocalisation is greater for poly120 than poly117.

Poly122 shows a very interesting SEC plot (Figure 5.16). Again, the shape of the
absorption spectra does not change until around +0.9 V and the evolving peaks reach
a maximum at +1.4 V. In this p-doping experiment, there is an even greater drop in
the m-t* transition, suggesting larger m-delocalisation, the broad absorption band
starts at 600 nm and extends to the near-IR. The absorption peaks belonging to the
polarons and bipolarons are more persistent and do not diminish to the same extent

as they do in the other two spectroelectrochemical experiments.
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Figure 5.14 UV-vis spectroelectrochemistry of poly117 upon p-doping

Figure 5.15 UV-vis spectroelectrochemistry of poly120 upon p-doping
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Figure 5.16 UV-vis spectroelectrochemistry of poly122 upon p-doping

From the spectroelectrochemistry experiments, it was noticed that these polymers
have a large change in the electronic absorption spectra from the neutral and doped
states. Each polymer has a noticeable colour change, as seen in the photographs in
Figure 5.17, Figure 5.18 and Figure 5.19. The electrochromic properties of the
polymers were investigated by recording the change in absorbance of peak maxima

over various switching times between p-doping and dedoping; the colour coordinates

were also measured.
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Figure 5.17 Electrochromic colour change of poly117 between neutral (left) and doped state (right)

Figure 5.18 Electrochromic colour change of poly120 between neutral (left) and doped state (right)

Figure 5.19 Electrochromic colour change of Poly122 between neutral (left) and doped state (right)
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For the switching time measurements, fresh polymers were grown on ITO glass and

dedoped. The polymers were switched between their neutral (0V) and doped (+1.5

V) states with the absorbance measured at 485, 468, and 485 nm for poly117,

polyl20 and polyl22, respectively, which provided the greatest change in

absorbance. The switching times were measured for 10, 5, 2.5, 1.25, 0.5 and 0.25

seconds. The changes in absorbance can be seen in Figure 5.20 and are summarised

in Table 5.6.
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Figure 5.20 Switching times of (a) poly117, (b) poly120 and (c) poly122
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Table 5.6 Switching times and percentage change in absorbance

Switching % change % change % change
Time/s poly117 poly120 poly122
10 49.6 % 42.1% 67.4 %
5 44.5 % 37.1% 71.4 %
25 36.0 % 33.3% 63.4 %
1.25 22.4% 28.6 % 42.2 %
0.5 11.9% 18.6 % 15.52 %
0.25 6.7 % 8.9% 6.4 %

Comparison of the results shows, that poly122 shows the best switching rates as it
has the most delocalised m-electrons. The degree of delocalisation explains the
greater switching ability seen for polyll7 compared to polyl20. As the
spectroelectrochemistry experiments suggest, poly120 is more delocalised. This
difference between two very similar structures can be explained by the positioning of
the hexyl chains. Growth of polyl17 can produce a less packed polymer, allowing
more facile diffusion of counter-ions in and out of the polymer film upon doping-
dedoping, whereas poly120 likely produces a more planar structure and packs more

tightly.

CIE colour coordinates were measured for each polymer in the neutral and doped
states using both the 1931 (Yxy) and 1976 (L*a*b*) CIE representation of colour

space. Table 5.7 shows the data produced from the measurements.
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Table 5.7 Yxy and L*a*b* Colour characteristics for poly117, poly120 and poly122

Y X y L* a* b*
Poly117 neutral 116.00 0.3184 0.3126 105.88 8.06 -1.15
Poly117 doped 124.77 0.3049 0.3090 108.11 2.52 -4.45
Poly120 neutral 90.30 0.3617 0.3434 96.12 1293  18.49
Poly120 doped 93.75 0.3340 0.3341 97.53 4.46 9.92
Poly122 neutral 73.34 0.3545 0.3306 88.61 1486  11.52
Poly122 doped 106.20 0.3012 0.3179 102.35 -4.53 -2.13

Poly117 and poly120 go from an orange / red colour to a green colour, although for
poly120 the orange colour still remains to a small extent. The colour transition for
poly122 is from pink to turquoise as seen in the change of a* and b* coordinates. Of

the three polymers, poly122 gives the greatest visual colour change.

5.7 Conclusions

Five new compounds incorporating benzobisthiazole (BTZ) cores have been
characterised by UV-vis absorption spectroscopy and cyclic voltammetry. One
compound, 123, was synthesised for the sole purpose of examining the role of the
BTZ core in the analysis. Three of the other four compounds have hexylthiophenes
attached at either side with varying positions of the hexyl chain on the thiophenes (2-
, 3- and 4-positions of 121, 117 and 120, respectively). The last compound has a bis-
thiophene at either end and was included in the study to measure the effect of

extending the conjugation of these monomers.
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In the monomer analysis, the position of the hexyl chain has very little influence for
Amax and the extended conjugation of 122 gives a bathochromic shift. In the cyclic
voltammetry analysis, only the second oxidation wave is influenced by the hexyl
position: the end-capped thiophene (121) stabilises the dication and permits
oxidation at a lower potential. Monomer 122, with a longer conjugated chain, shows
three oxidation waves in the same electrochemical window with two of them being
reversible. In addition, 122 also has the lowest reduction potential and therefore

overall has the lowest electrochemical HOMO-LUMO gap.

Only three of the monomers were able to be polymerised. The polymers were
measured by cyclic voltammetry, solid-state = UV-vis  spectroscopy,
spectroelectrochemistry, electrochromic switching times, and colourimetry. There
were some minor differences between polyll7 and poly120. Poly120 is more
delocalised, giving two oxidation waves compared to a single wave for polyl17.
Polyl20 has a greater change in absorbance in the spectroelectrochemistry
experiment. Poly117, however, is more stable and is more likely to have an open
structure, as it has a greater switching ability. Poly122 shows the greatest contrast for
spectroelectrochemistry, switching and colour change, with potential for use in an
electrochromic device. The electrochemical and optical band gaps were in good

agreement for each polymer.
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Chapter 6. The Study of Conjugated

Polymers in Biological Applications.
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6.1 Abstract

Bio-sensors require polymers with biological-active units, compounds that can
electro-polymerise to produce a polymer with a bio-active side group are ideal. In the
first section, compound 135 which is based on the biological active group flavin but
with terthiophene group attached instead of a benzene ring is analysed. This
compound was found not to be able to polymerise, due to an intramolecular charge
transfer process occurring which leaves one thiophene electron-deficient and one out
of plane of the rest of the molecule. It is postulated that only the twisted thiophene

undergoes oxidative coupling, resulting in the formation of a dimer species.

In the second section, a prototype NO sensor was constructed using a nickel
porphyrin polymer as the active material. The monomer (146) was polymerised first
onto the surface of a glassy carbon electrode, the resultant polymer showed a redox
response to the addition of NO to the solution. The polymer was grown onto a
prototype sensor with carbon fibre as the electrode, these polymer films are stable
and can be grown with ease. However, when developing these into sensors for the
biological detection of NO in situ, a coating of Nafion is required to block out
unwanted analytes. This coating makes simple detection of NO difficult and the

connection to a NO sensor gives an overflow in current output.

252



6.2 Biological Sensor Based on Flavin

6.2.1 Introduction

As discussed in section 1.15.5, the ability of an immobilised conducting polymer on
an electrode surface that can detect or sense ions through a change in redox or
optical properties is a growing field. If the sensing part of the polymer was
functionalised to recognise bio-active materials then the polymer has the potential to

be used as a bio-sensor.?** %

Of particular interest in this chapter is the use of a flavin-based sensor that is formed
through electropolymerisation. Previous examples of these types of polymers have

235, 2% and Cooke.”" The research by Cooke

been shown by the groups of Karyakin,
et al. is the basis for the work in this chapter. A flavin derivative (133) was shown to
electropolymerise. The polymer’s reduction potential shifted to a less negative
voltage by the addition of 2,6,-diethylamidopyridine (134), a consequence of

intermolecular hydrogen bonding and the formation of an adduct (Figure 6.1).*’
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Figure 6.1 Hydrogen bonding between poly133 and 134

The compound of interest in this chapter (135) is also a flavin derivative but this
time fused directly to terthiophene to allow electropolymerisation to produce a much
simpler polymer. Flavin (136) itself is an isoalloxazine ring found as the redox centre
in many enzymes such as flavin adenine dinucleotide, flavin mononucleotide, and
the flavoproteins.?®® Flavins are known to catalyse oxidation and reduction in
biological systems and act as redox mediators that can easily exchange electrons

with proteins and electrodes.”*
—
S/ 0 0
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The redox potential of flavins are very environment dependent.?*> However, most
flavin derivatives show that they can be reversibly oxidised (Figure 6.2),2** or

reduced in either a 1 or 2 step electron addition process (Figure 6.3).2** The singly
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reduced state of flavin is known as the semiquinone and the doubly reduced state is

the hydroquinone state.?*
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Figure 6.2 Oxidation of flavin
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Figure 6.3 Reduction of flavin
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In this chapter computational, electronic and electrochemical analysis of 135 is

reported along with the attempted polymer growth. The synthetic route to produce

135 is summarised in Scheme 6.1.
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Scheme 6.1 Synthesis of 135
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6.2.2 Experimental

The synthesis of compound 135 was performed by Niall McDonald from Dr Cooke’s
group in the University of Glasgow and the computational analysis was performed

by Peter Skabara.

Cyclic voltammetry measurements were performed on a CH Instruments 660A
electrochemical workstation with iR compensation using anhydrous acetonitrile as
the monomer solvent. The electrodes were glassy carbon, platinum wire, and silver
wire as the working, counter, and reference electrodes, respectively. All solutions

were degassed (Ar) and contained monomer substrates in a concentration of ca. 10
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M, together with n-BusNPF¢ as the supporting electrolyte (0.1 M). All measurements
are referenced against the Ey, of the Fc/Fc” redox couple. Absorption spectra were

recorded on a UNICAM UV 300 instrument.

6.2.3 Computational analysis

Using Hyperchem, a semi-empirical PM3 calculation was performed to show the
most stable conformation of the compound. The result (Figure 6.4) shows that one of
the thiophene groups is twisted out of plane and perpendicular to the other two

thiophenes by the bulky ethyl group.

Figure 6.4 Computational analysis of 135

6.2.4 UV-vis absorption spectroscopy and cyclic voltammetry

The electronic absorption spectrum of 135 was recorded in dichloromethane solution

and shown in Figure 6.5. The spectrum shows four main peaks at 260, 303, 437, and
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555 nm, also accompanied by a shoulder at 465 nm. The peaks at 260 and 303 nm
are characteristic of low energy n-m* transitions from either nitrogen or oxygen
heteroatoms in the molecule. The peak at 437 nm is the known absorbance of the
flavin part of the compound,®* and the broad peak of low absorbance between 500

and 650 nm can be attributed to a intramolecular charge transfer (ICT) process.
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Figure 6.5 UV-vis absorbance of 135

The mechanism for the ICT process can be seen in Scheme 6.2. The lone pair of
electrons from the top thiophene can transfer to one of the oxygens of the carbonyl
groups as shown. Transfer to the other oxygen is also possible (not shown). The
result of the ICT process is that the thiophene taking part in the charge transfer is
electron-deficient and unlikely to oxidise in the electrochemical window. With only
one thiophene (the bottom twisted) group likely to form a radical cation upon

oxidation this will greatly hinder the possibility of polymer growth.
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Scheme 6.2 ICT process of 135
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Cyclic voltammetry measurements of 135 were performed and shown in Figure 6.6.
The oxidation (Figure 6.6(a)) shows two irreversible peaks, E'* = +1.05 and E** =
+1.30 V. The first oxidation will be the removal of an electron from the twisted
thiophene group forming a radical cation. The second oxidation could be one of three
possibilities, either the removal of a second electron to give the dication, oxidation of
the electron-deficient thiophene or more likely the oxidation of the flavin unit. The
reduction (Figure 6.6(b)) shows two reversible waves, E1,™® = -0.83 V and Ey,*™® =
-1.46 V. The reduction is two step process, the first electron gain gives a radical
anion (semiquinone) and the second electron gain gives a dianion (hydroquinone)

species.
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Figure 6.6 Cyclic voltammograms of (a) oxidation and (b) reduction of 135

The HOMO-LUMO gap of 135 was calculated by cyclic voltammetry (Figure 6.7),
by determining the onsets of both oxidation and reduction to give the HOMO and
LUMO energy levels, respectively, when subtracted from the known HOMO of
ferrocene (-4.8 eV). All data are summarised in Table 6.1. This monomer has both

donor and acceptor units and therefore has a smaller band gap of 1.73 eV, compared
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to other terthiophenes such as monomers 55 (2.93 eV) and 56 (2.89 eV) in Chapter
2.
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Figure 6.7 Cyclic voltammogram of 135 for energy level determination

Table 6.1 Energy levels for 135 derived from cyclic voltammetry

Onset of oxidation HOMO Onset of reduction LUMO HOMO-LUMO

IV / eV IV / eV gap/ eV

+0.97 -5.77 -0.76 -4.04 1.73

Many attempts were made at electropolymerising the monomer, using different
potentials, concentrations, and number of cycles. None however were successful.
Each attempt showed no increase in current or the development of a new peak at a

lower potential (Figure 6.8). With the inability to grow a polymer, it can be
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concluded that the second oxidation peak is in fact from the flavin part of the
molecule. If the oxidation was derived from the electron-deficient thiophene then
polymer growth from radical cations at either end of the terthiophene would be

expected.
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Figure 6.8 Attempted polymer growth of 135

Despite no growth trace being produced using cyclic voltammetry, there was a
deposition of a film being produced on the electrode surface. The experiment was
repeated using ITO coated glass slide as the working electrode and a thin film was
produced. The absorption spectrum of this new electrochemically formed film was
recorded and compared against a drop-cast monomer film on ITO coated glass. The

comparison is shown in Figure 6.9.
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Figure 6.9 UV-vis absorption spectrum of electrochemically formed film growth and monomer film
of 135

The small shift of 30 nm in the absorption maxima of the electrochemically formed
film (422 nm) and monomer film (452 nm) suggests that a dimer is actually being
produced on the electrode upon oxidation. The structure of the proposed dimer is
shown in Figure 6.10. Unfortunately, as no polymer was able to be produced, no

further work on this compound as a possible sensor was investigated.
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Figure 6.10 Dimer of 135

6.2.5 Conclusions

The possibility of a flavin-based biosensor is an interesting topic with many
examples already published. The research in this chapter was to produce a much
simpler polymer through electropolymerisation. Unfortunately, this was not possible
with this compound, due to an intramolecular charge transfer process occurring,
which leaves one thiophene electron-deficient and one out of plane of the rest of the
molecule. It is postulated that only the twisted thiophene undergoes oxidative
coupling, resulting in the formation of a dimer species. A dimer is unsuitable for bio-
sensing applications as it still will be redox active, producing possible irreversible

chemical or electrochemical reactions.
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6.3 The developement of a nitric oxide sensor

6.3.1 Introduction

Nitric oxide (NO) is an important molecule in the human body with many roles such
as regulation of blood flow and signalling in the central nervous system. However,
increased amount of NO in the body can result in serious states such as hypertension
and strokes. The detection and quantification of NO has been an ongoing research
topic for over twenty years. There are several ways to detect nitric oxide such as
electron paramagnetic resonance spectroscopy,”*®> UV-vis spectrophotemetry,?*® and
chemiluminescence, either through a reaction of NO with ozone,®*’ or hydrogen

peroxide and luminol to generate light.?*®

The best method developed involves an electrochemical technique,®®

using
voltammetry or amperometry to satisfy the sensitive and real time analysis of
biological materials in situ. Voltammetry is used to confirm the identity of NO,
anodic peak at 0.63 vs. SCE.?*® For amperometry, the working electrode is set to a
suitable poise potential relative to the reference electrode (usually a silver wire). In
direct amperometry, the poise potential is set to its optimum and the generated
current is measured continuously and with differential amperometry, two set

potentials are rapidly switched between and the current difference recorded.”®*

The use of carbon fibres coated with a polymeric nickel porphyrin to detect NO was
first published in 1992, and nowadays there are commercial sensors available
based on this methodology. These sensors are also coated with an outer layer of

Nafion (perfluorinated sulfonic acid isomer), a cationic exchange membrane used to
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block unwanted interfering analytes such as nitrites,™® and to increase sensitivity.?*

254

Metal porphyrins were the natural choice for NO sensing due to their similarity to
the protein haemoglobin. Haemoglobin found in red blood cells is known to react
with NO, forming diamagnetic complexes with the main interaction taking place on
the iron core of the protein. - during this association, the iron changes from a high

spin to a low spin cofiguration.”*®

One disadvantage associated with the commercial sensors is the lack of
reproducibility. The results differ between sensors from the same batch that have
been made according to a standard fabrication protocol. The aim in this section,
which is in collaboration with Prof Wadsworth in the University of Strathclyde’s
Institute of Pharmacy and Biomedical Science department is to try and fabricate NO
sensors with greater reproducibility using cyclic voltammetry to electropolymerise
films onto the electrode surface. The monomer chosen was nickel(lIl)tetrakis(3-
methoxy-4-hydroxyphenyl)porphyrin (146). The construction of the prototype sensor
was a carbon fibre (either a single filament approx 6 micrometre diameter, or a group
of such filaments) connected to a copper wire using silver epoxy and held within a
pulled glass capillary tube. A thin prototype sensor will be possible to fit in a
catheter and brought in to close proximity to a cell, allowing amperometry

measurements to determine the measurement of NO in a living animal or man.**

Films were first grown onto the surface of a glassy carbon electrode to optimise
growth conditions and to test the polymers redox response to NO. After successful

growth onto the surface of the glassy carbon electrode, the film was then grown onto
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the surface of a carbon fibre prototype sensor and tested with a NO solution to

monitor any redox change.

HO OH

WLl A S0

A O
146

HO OH

6.3.2 Experimental

Cyclic voltammetry measurements were performed on a CH Instruments 660A
Electrochemical Workstation with iR compensation, using a 0.1 M NaOH solution.
The electrodes were glassy carbon or carbon fibre as the working electrode, platinum
wire and Ag/AgCl as the counter and reference electrodes, respectively. All solutions
were degassed (Ar) and contained monomer substrates in a concentration of ca. 10

M.

6.3.3 Electropolymerisation onto glassy carbon electrodes

Polymer growth was achieved by repetitive cycling over the redox active range of
the porphyrin (between 0 and +0.8 V), as reported by Malinski et al.>*® The growth

of the polymer can be seen with the development of two new peaks at +0.5 V and
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+0.36 V (Figure 6.11). The shape and positioning of the peaks matches well with

other publications that reported polymer growth from porphyrins.?>’
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Figure 6.11 Electrochemical growth onto a glassy carbon electrode

Oxidation of the polymer was measured in a monomer free solution (0.1 M NaOH).

The polymer gave an oxidation peak at +0.57 V with a reverse peak to the neutral

polymer at +0.38 V as shown in Figure 6. 12.
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Figure 6. 12 Cyclic voltammograms of polymer in monomer-free solution

To test the response to NO, 1 mL of a solution of 2 mM NO in 0.1 M NaOH was
added to the monomerfree solution after 5 cycles on a 15 cycle measurement. It can
be seen that with the introduction of NO into the system, the redox response of the
polymer changes (Figure 6.13). On addition of NO, there is an increase in potential
and current for the oxidation segment with a small change in the reduction. The peak
maximum potential changes from +0.58 to +0.60 V for oxidation and +0.46 to +0.47
V for the reduction. It can be noted that, after the addition, the redox properties of

the polymer return to normal. This result is reproducible.
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Figure 6.13 Cyclic voltammogram showing the addition of NO to the polymer film

To measure the stability of the polymer on the carbon electrode, a fresh polymer was
grown and cycled 500 times. This resulted in an increase in current response for the
oxidation and reduction as well as a shift to a higher potential for the oxidation
(Figure 6.14). The peak maximum shifted from +0.63 to +0.66 V. Despite the
change, the polymer still shows electroactivity in the desired potential window and a

response to NO.
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Figure 6.14 Stability test of the polymer on glassy carbon electrode to 500 oxidative cycles

After successful analysis on a glassy carbon electrode, the next step was to repeat the
measurements on the prototype devices containing carbon fibre as the active

electrode.

6.3.4 Electropolymerisation onto a carbon fibre electrode

Polymer growth was again achieved using the same conditions as before (0 to +0.8

V, 200 cycles, Figure 6.15).
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Figure 6.15 Electrochemical growth of the porphyrin onto a carbon fibre electrode

Addition of NO to this electrode had a different effect. The application of 1 mL of
NO solution (2 mM NO in 0.1 M NaOH) increased the oxidation potential as before
but instead of returning to normal, the redox response remained at the new potential.
In Figure 6.16, NO was injected into the system every 5 cycles in a 20 cycle run.

With each addition, the potential increased by ca. 7 mV.
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Figure 6.16 Cyclic voltammograms of the polymer film with injection of NO; the inset shows
magnification of the active area

The stability of the polymer on the carbon fibre electrode was measured again with

500 cycles between 0 and +0.8 V. Once again this resulted in an increase in potential

and current for the oxidation and reduction responses as indicated by the arrows on

Figure 6.17.
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Figure 6.17 Stability test of polymer on carbon fibre electrode to 500 oxidative cycles

The next stage of the investigation was to coat a freshly grown polymer with Nafion.
This was achieved by dipping the polymer into the Nafion solution and then leaving
the polymer to dry. From this point, all electrochemical analysis was unable to be
performed as the Nafion coat did not allow counter ions to reach the electrode to

balance the charge in the redox measurement.

Several prototype sensors were fabricated with varying number of carbon fibre
strands and the number of cycles for polymer growth. Unfortunately, in these
preliminary results the sensors tested in phosphate buffered saline solution (NaCl 0.9
g/L, plus approx 20 mM phosphate, pH 7.4) at room temperature all gave high
current readings above the available output range of the NO meter used at the

Strathclyde Institute of Pharmacy and Biomedical Science department.
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6.3.5 Conclusions and Further Work

In this section, it has been shown that a polymeric nickel porphyrin film can be
grown onto either the surface of a glassy carbon electrode or on carbon fibre strands
in a prototype sensor that can detect the presence of nitric oxide in solution through a
change in the redox response of the polymer. These polymer films are stable and can
be grown with ease. The problem develops when developing these into sensors for
the biological detection of NO in situ where a coating of Nafion is required to block
out unwanted analytes. This coating makes simple detection of NO difficult and the

connection to a NO sensor gives an overflow in current output.

These trials have shown that a simple swap of the new sensors for the commercially
available sensors does not work. However, a disadvantage of this approach is that the
circuit and capabilities of the NO meter are unknown. It might be better to use a
generic high quality amplifier and ammeter to test the sensors. That may enable

offsetting any background current or using a 3 electrode configuration.

There are many possibilities for the continuation of this project involving variables
that can be modified, such as the type of monomer, control of polymer thickness and

choice of membrane when fabricating sensors.
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