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ABSTRACT

TUNING THE OPTOELECTRONIC PROPERTIES OF CONJUGATED
POLYMERS VIA DONOR-ACCEPTOR-DONOR
ARCHITECTURES

Tarkug, Simge
Ph.D., Department of Chemistry
Supervisor: Prof. Dr. Levent Toppare

Co-Supervisor: Asst. Prof. Dr. Erdal Onurhan

June 2010, 148 pages

A new class of n-conjugated monomers was synthesized with combination of
electron donating and electron-withdrawing heterocyclics to understand the
effects of structural differences on electrochemical and optoelectronic
properties of the resulting polymers. The use of this alternating donor-acceptor-
donor strategy allows the synthesis of low band gap polymers in which the
redox, electronic, and optical properties are controlled through easily
approachable synthetic modification of the polymer backbone. This control
allows fine-tuning of the band gap to values between 1.0 and 1.8 eV by making
structural changes. These structural manipulations yield varied electronic
absorption energies for a range of colors in the neutral polymer films, multi-
colored electrochromism, and accessible states for reduction leading to n-type
doping. The polymers prepared were characterized using cyclic voltammetry,
colorimetry, and UV-Vis-NIR spectroscopy demonstrating that the polymers

can undergo both p- and n-type doping and color changes in both redox states.

Keywords: Electrochemical polymerization; Conducting polymer; Low band

gap polymer; Electrochromism.
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DONOR-AKSEPTOR-DONOR YAPILARI iLE KONJUGE
POLIMERLERIN OPTOELEKTRONIK OZELLIKLERININ
AYARLANMASI

Tarkug, Simge
Doktora, Kimya Bolimii
Tez Yoneticisi: Prof. Dr. Levent Toppare

Ortak Tez Yoneticisi: Y. Dog. Dr. Erdal Onurhan

Haziran 2010, 148 sayfa

Yapisal farkliliklarin = sentezlenen  polimerlerin  elektrokimyasal — ve
optoelektronik oOzellikleri lizerindeki etkisinin anlasilabilmesi igin elektron
donor ve elektron akseptdr heterosiklik yapilarin birlestirilmesi ile yeni bir nt-
konjuge monomer simifi sentezlendi. Alternatif dondr-akseptor-dondr
stratejisinin kullanilmas: ile zm-konjuge molekiillerin yapilarinda kolaylikla
degisikler yapildi. Bunun sonucunda polimerlerin redoks, elektronik ve optik
ozellikleri kontrol edildi. Bu kontrol ile polimerlerin bant aralik degerleri
1.0 eV ile 1.8 eV arasinda degistigi gozlendi. Yapisal degisiklikler ile degisen
elektronik sogurma enerjisi polimerlerin notral durumda farkli renklere sahip
olmasimi saglarken, multi-elektrokromik 6zellik gosteren polimerlerinde
sentezlenmesini sagladi. Sentezlenen iletken polimerlerin elektronik ve
elektrokromik ozellikleri dontistimli voltametre, UV-Vis-NIR
spektroelektrokimyasal ~ ve  kolorimetrik  caligmalarla  arastirilmistir.
Polimerlerin p- ve n- tipi katkilama ile renklerindeki degisim

spektroelektrokimyasal ¢alismalar ile analiz edildi.

Anahtar sozciikler: Elektrokimyasal polimerlesme; iletken polimerler; diisiik
bant aralikli polimerler; elektrokromizm.
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CHAPTER 1

INTRODUCTION

1.1. Brief History of Conducting Polymers

The field of conducting polymers dates to as far back as 1862 when Letheby
produced a dark green film on an electrode by the electrolytic oxidation of aniline
under acidic conditions [1]. The most studied conducting polymer, polyacetylene
(PAC) can even be dated to 1955 when Natta described the production of the polymer
using the coordination catalyst system commonly used to polymerize ethylene and
propylene [2]. PAc was even found to behave as a semiconductor by various
researchers in the 1960s on treatment with different catalyst systems, producing
dramatic changes in electrical conductivity [3-5]. However, the idea of using
polymers for their electrical conducting properties actually emerged in 1977 with the
findings of H. Shirakawa, A. McDiarmid, A. J. Heeger et al., that the oxidatively
doped trans-polyacetylene, (CH)x, exhibits the metallic electrical conductivity [6,7].

Since then, the conducting polymers were proclaimed as futuristic new materials
which exhibit the electrical properties of metals or semiconductors and which retain
the known advantageous properties of polymer. The high conductivity of PAc found
by Shirakawa, McDiarmid, Heeger opened up the field of “plastic electronics”. Alan
Heeger, Alan MacDiarmid, and Hideki Shirakawa were awarded the Nobel Prize in
Chemistry in 2000 "for the discovery and development of electrically conducting

polymers™ [8].



Although polyacetylene exhibits a very high conductivity in the doped form, the
material is unstable to oxygen and humidity. Also characterization and processing of
the polymer cannot be performed since the material is insoluble. The synthesis of
new conducting polymer with improved/desired properties has been the subject of
research in the field of conducting polymers over the years.

Polyacetylene is the archetype of conducting polymer that has the characteristic
structure of a m-conjugated system with alternating double and single bonds over a
large number of chain. The idea that any conjugated system might be capable of
conduction directs the studies on aromatic and heteroaromatic compounds such as

thiophene, furan, pyrrole, benzene, aniline, indole and carbazole (Figure 1.1).

e

Figure 1.1. Structures of some common 7-conjugated monomers

Q000

Diaz et al. showed that electrochemically polymerized pyrrole produced free-
standing, air-stable polymer films with conductivities of 100 S.cm™ [9]. The method
they used was a modification of that originally reported by Dall’Olio in 1968 with
the main difference being that Diaz et al, obtained a strongly adhered, durable film
that could be peeled off the platinum electrodes as opposed to a powdery, insoluble
precipitate [10]. Not only did this demonstrate the ability to electrochemically
polymerize directly onto an electrode surface and reversibly switch the polymer
between a neutral and oxidized state, but it introduced the field to polyheterocyclic

systems, which would become the most important class of conducting polymer
2



to date. The impact of electron rich heterocyclic systems such as pyrrole and
thiophene stems from several factors that include stability of the polymers, the ease
of preparation of polymer films, and the ability to synthesize derivatives that allow
for modification of the electrical and physical properties of the final polymer. The
higher stability of polyheterocyclics resulted from the stabilizing effect of sulfur and

nitrogen on the positive charge.

Combining the electrical properties of semiconductors with the properties of
polymers makes these compounds excellent materials for a large extent of
applications such as thin film transistors [11-13], sensors [14,15], polymer light
emitting diodes [16,17], photovoltaics [18,19] and electrochromic devices [20,21].

Various strategies have been used to design and synthesis of new precursor structures
to combine good electrical, optical and mechanical properties with processability and
environmental stability. In order to enhance a specific property desired for end use
application, a basic understanding of how structural modification is related to the
material properties is needed. Recent studies indicate that the magnitude of the band
gap and position of the edges of the conduction band and valence band are most
important factors to the control of conducting polymer properties [22, 23].
Developing methodologies to attain such precise control over the electronic band
structure of the polymer is a key aspect for the advancement of the conducting
polymer field.

1.2. Band Theory

Conducting polymers are classified as semiconductors according to their
conductivity. Therefore, the band model that explains the electrical behavior of
semiconductors, have been used to describe the electronic properties of conducting
polymers. The band gap of semiconductors lies between those of metals and
insulators (Figure 1.2). According to band theory, a metal has a zero band gap since

the conduction band and valence band is overlapped to form a single band.
3



Movement of the charge carriers (electrons) freely within partially filled bands leads
to metallic conductivity. On the other hand, the transition of electrons from the
valence band to the conduction band is not possible for an insulator due to the large

band gap.

In a semiconductor, there is a filled valence band and an empty conduction band
separated by a band gap where no energy levels are present. The conduction band of
semiconductors is lightly populated by exciting electrons across the band gap either
thermally or photochemically at ambient temperature. This gives rise to charge

carriers are available for electrical charge flow in semiconductors [24].

? Wideband gap
Narrow band gap

Increasing
energy

Insulator Semiconductor Metal

. Energy levels in conduction band

Energy levels in valance band

Figure 1.2. Simple band picture explaining the difference between an insulator, a

semiconductor and a metal [24]

Figure 1.3 shows the formation of a band structure as conjugation increases from
thiophene to polythiophene. The number of © bonding and anti-bonding orbitals
increases with addition of thiophene rings. As the n-system is extended by linking a

string of m-aromatic molecules together, a molecular system with well-defined
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HOMO and LUMO energies is converted to a system with continuous energy bands
since the energies of the molecular orbitals no longer have discrete energies. The
valence band consists of filled = bonding orbitals and the conduction band consists of
empty © anti-bonding orbitals. The energy difference between these two bands is
called the bandgap, which is the energy required to promote an electron from the
valence band to the conduction band. The energy difference decreases as the

conjugation length increases along with an increase in the number of energy levels.

LUMO x» —
_ — CB
{ Eg
—4—
| —— ——
HOMO x —— 4 4_|| VB
.
—f— ,l ¢

Th 2Th  4Th  6Th FTh

Figure 1.3. The formation of a band structure as conjugation increases from
thiophene to polythiophene

1.3. Conductivity in 7-Conjugated Organic Materials

The mechanism of conductivity in the conjugated polymers based on the existence of
positive or negative charge carriers and the motion of those charge carriers along the
n-backbone of a polymer chain. The charge carriers, either positive (p-type) or
negative (n-type) are created on the polymer backbone via the oxidation or reduction

process of the polymer, respectively.
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The simplest conducting polymer is trans-polyacetylene; the conjugated nature of the
polymer chain allows it to have two possible electronically extreme states (Figure
1.4). Unlike all the other conducting polymers, the two resonance forms of
trans-polyacetylene are degenerate, i.e. their ground states are thermodynamically
equivalent [25]. All other organic conducting polymers have non-degenerate ground
states for example; polypyrrole has both benzenoid and quinoid configurations
(Figure 1.4), of which the quinoid structure generally has a slightly higher energy,

and thus being less favorable, than the benzenoid structure.

Mon-equivalent

] i benzenold and quinoid forms
Energetically equivalent

forms of (CH),

Energy (a.w.)

Reaction Coordinate

Figure 1.4. (a) Degenerate polyacetylene; and (b) non-degenerate polypyrrole [25]

The mechanism of conduction in non-degenerate ground state conjugated polymers
was illustrated in Figure 1.5. When a conjugated polymer is oxidized, electrons are
removed from the valence band and “holes”, that is, radical cations are created. The
radical cation is partially delocalized over several structural units and is called the
polaron. Charge neutrality is maintained by the diffusion of counterions into the
polymer. Upon oxidation in these systems, the energy level from which the electron
is removed is raised in energy and now lies in the region of the band gap. This
deformation causes the formation of two new electronic states which appear within
the valence and conduction band of the polymer. Further oxidation can either convert
the polaron into a spinless bipolaron (C), or introduce another polaron (D). Both
polarons and bipolarons are mobile and can move along the polymer chain in an
6



electric field, and thus conduct electrical current. The conversion between neutral,
polaronic, and bipolaronic species is reversible, using either chemical or

electrochemical means to oxidize or reduce the polymer.

CB
E,
VB
Neutral
e Polymer

Lightly Doped

Polymer
"Polaron"

Heavily Doped

Polymer
"Bipolaron"

Figure 1.5. Charge carries in PEDOT and its corresponding energy bands in the mid-
gap.



1.4. Doping Types in Conducting Polymers

Conjugated polymers are insulating or poorly conducting due to their energy gaps.
These systems only become highly conductive through doping process which is the
charge injection process into a conjugated polymer chain. The polymer can be doped
to either partially fill the conduction band by adding electrons (n-type doping) or
partially vacate the valance band by oxidation (p-type doping). As shown in Figure
1.6, reversible charge injection by “doping” can be accomplished in many different
ways. Chemical, photochemical, interfacial or electrochemical means could be

exploited in various possible applications [27].

Control of electrochemical potential

» Electrochemical batteries
High-performance optical materials % Electrochromism and “Smart Windows”
» Light-emitting electrochemical cells

» Photoinduced electron transfer

» Photovoltaic devices
Photoche Electrochemical

Doping of
Conjugated

Y’olymers/
» Organic FET circuits

Vi nte’:f ‘acial » Tunnelinginjection in LEDs

Chargeinjection without counterions
Chemic

Electrical conductivity

» Conductivity approaching that of copper
» Transparent electrodes, antistatics
¥ EMI shielding, conducting fibers

Figure 1.6. Doping mechanisms and related applications

A chemical or other oxidation of the conducting polymer essentially a removal of
electrons from the valence band, leads to the presence of positive charges on the
polymer backbone. Doping of the conducting polymers can be accomplished
chemically by subjecting the polymer in a solution with a solution or vapor of the
dopant.



For instance, trans-(CH)x was oxidized using an oxidizing agent iodine [28,29]:

ri‘nns{C‘H]x + 1.5xvyL —P[C‘Hy_ (13)}_.'] .

The p-doping can also be accomplished by electrochemical oxidation. When a
positive potential is applied to a conducting polymer, for instance a trans-(CH)x film
deposited on an inert electrode, the dopant anion (ClO4) moves into the polymer
towards delocalized charge sites on the polymer, and p-doping occurs. This p-doping

Is also termed as anionic doping [30]:

rF'ﬁ”.’F%IH]x + K}-[{.IC}:.}.—" [1H:‘I‘ {[1101!} + {.‘{:'-'}E_

X

The n-doping, i.e. partial reduction of the backbone n-system of an organic polymer,
was also discovered using trans-(CH)x by treating it with a reducing agent such as
sodium naphthalide [29,30]:

rr'ans{(‘ H]X + (xy)Na"(Nphth) —— Naﬁ((‘H)"] + Nphth
’ X

The n-doping can also be carried out by electrochemical reduction. A negative
potential is applied in solution to a conducting polymer, for instance a trans-(CH)x
film deposited on an inert electrode, the dopant cation (Li*) would move from the

solution to the polymer. This would be termed cationic, or n-type doping [31]:

frans{(‘H]x + xvLi™ + (xy)e’ _,_,I:Liy—(CH)-Y]
X



1.5. Polymerization Methods

Chemical and electrochemical polymerization techniques are mainly used to
synthesize  conducting  polymers. The most immediate feature of
electropolymerization is its rapidity. Although the several hours and tedious work-
up is required by chemical methods, the growth of a polymer film requires only a
few seconds via electrochemical methods, Another advantage of using
electrochemical polymerization method is that the synthesized polymer is directly
obtained in its oxidized form. In contrast, polymer generated chemically is in its
neutral (insulating) form and can be chemically or electrochemically doped to their

conducting form.

1.5.1. Chemical Polymerization

Two common chemical methods are used in the polymerization of thiophene based
monomers: (1) oxidation of monomers in the presence of excess ferric chloride or

other transition metal, (2) metal catalyzed coupling reaction [31].

In 1980, Yamamoto et al. described the Ni-catalyzed polycondesation of 2,5-
dibromothiophene to unsubstituted PTh (Figure 1.7a). 2,5-dibromothiophene reacted
with magnesium metal in tetrahydrofuran to yield 2-magnesiobromo-5-bromo-
thiophene. The Ni-catalyzed reaction of 2,5-dibromothiophene with thienyl Grignard
reagent affored PTh [32]. The same year, Lin and Dudek described another example
of the transition metal catalyzed route using transition metal acetylacetonates as
catalysts [33].

The FeCl; mediated polymerization of thiophene in chloroform is the most widely
used oxidative route to 3- or 3,4-substituted PThs [32]. High molecular weight
polymers with polydispersities ranging from 1.3 to 5 have been produced using FeCl;

as an oxidant.
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Unsubstituted PTh is an insoluble and infusible material. Therefore it is difficult to
process unsubstituted PTh as a material for electronic applications. Introduction of
side chains at position 3 or at both positions 3 and 4 enhances the solubility.
However, polymerization of 3-substituted thiophenes can lead to three different types
of coupling of thiophene ring along the polymer main chain. These couplings are
namely head to tail (HT), head to head (HH) and tail to tail (TT). The presence of
head to head coupling leads to obtain irregular polythiophenes. This irregular
polymer chain causes a steric repulsion between the side groups and increases twist
of the thiophene units with a loss in conjugation. This resulted in increased band gap

(blue shift in absorption) and decreased conductivity [32].

Ni(bipy)Cl,

M\ Mg/THF A\ > A e ik
a) Br— g~ "Br Br— g~ ~"MgBr A .

M(acac),
[M = Ni, Pd, Co, Fe]

FeCls
CHCly \ s/

Figure 1.7. Synthesis of polythiophene via a) metal catalyzed coupling and b)

chemical oxidation

Several approaches have been developed to synthesize less sterically hindered,
regioregular HT polythiophenes. The McCullough method was the first synthetic
approach for the regioselective polymerization that was achieved by selective

metalation at 5-position of 3-alkylthiophene derivatives (Figure 1.8) [34].
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Figure 1.8. McCullough method for the synthesis of regioregular
poly(alkylthiophenes) [34]

1.5.2. Electrochemical Polymerization

In electrochemical polymerization, an inert electrode, such as gold, platinum or ITO
coated glass slide is polarized positively in an electrolytic solution containing the
monomer. An applied potential induces oxidation of monomers to polymers.

The electrochemical polymerization method is fast, simple and requires only small
amount of monomer to yield both electrode-supported and free standing films.
Electrochemical polymerization basically involves electrogenerated radical cations as
the reactive species. Polymer formation proceeds then through a series of radical
coupling reactions and electrochemical reoxidation according to general E(CE),
mechanism [35]. Figure 1.9 showed the proposed mechanism for the
electropolymerization of heterocyclics by anodic coupling. The first electrochemical
step (E) consists of the oxidation of the monomer to its resonance stabilized radical-
cation. Since the electron-transfer reaction is much faster than the diffusion of the
monomer from the bulk solution, it follows that a high concentration of radicals is
continuously maintained near the electrode surface. The second step involves the

coupling reactions.

12



The coupling proceeds either by the combination of two radical cation to form a
dication or the radical cation couple with a molecule to form a radical cation dimer
which loses another electron to form dication. The resulting dicationic dimer rapidly
loses two protons to produce a neutral dimer. The rearomatization is the driving force
for this chemical step (C). Due to the applied potential, the dimer, which is more
easily oxidized than the monomer occurs in its radical form and undergoes a further
coupling with a monomeric radical. Subsequent electrochemical and chemical
reactions follow the general E(CE) pathway, leading to the formation of a long

polymer chain.

Q-_e'» @4—»@4—» @4—»@ E

Radical-Monomer

. I\ Coupli
@ . Q ___ Coupling %

Radical-Radical

— - Couplin = H
(\ B + [\ > % N S
$ ? $ S
H
-2H* C

B I\ s .
), ===

Figure 1.9. Mechanism of oxidative polymerization of thiophene
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1.6. Band Gap

I1-Conjugated polymers offer a broad range of attractive features for use in a variety
of device architectures, such as a strong overlap with the solar spectrum (PVDs),
ease of oxidation and reduction (ECDs) as well as the potential for high electron and
hole mobility (PVDs, TFTs and LEDs), and a potentially transparent oxidized state
(ECDs). The electronic and optoelectronic properties of the m-conjugated system
depend on band gap. Therefore various strategies have been developed to control the
magnitude of band gap. Although introduction of a flexible long chain into monomer
backbone increases the solubility of polymers, a decrease in the band gap can be
achieved using different synthetic approaches. These approaches have been

developed to control the factors that affect band gap.

1.6.1. Factors effecting band gap

The various structural variables should be taken in consideration in order to control
the band gap of conducting polymers. Factors that affect the band gap in conducting
polymers are bond length alternation (E*"), the mean deviation from planarity (E°),
the aromatic resonance energy (E™), the inductive and mesomeric electronic effects

of substituents (E*?) and the interchain interactions (E™) [36].

Eg: EAr_I_ Ee+ Eres+ Esub + Elnt

These factors affect the band gap in conducting polymers has been reviewed in
Figure 1.10.
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Figure 1.10. Overview of methods for the modification of band gap [37]

Bond length alternation is defined as the difference between single and double bond
lengths for polyacetylene. However this definition cannot be used for polyaromatics
such as PTh that differ from polyacetylene by their non-degenerate ground state. The
two limiting mesomeric forms aromatic and quinoid are no energetically equivalent
[38]. For polyaromatics, Bredas et al. stated that bond length alternation is the
maximum difference between the lengths of C-C bond inclined relative to the chain
axis and C-C bond parallel to the chain axis [39]. The band gap decreases as the

contribution of the aromatic geometry decreases or quinoid geometry increases.
-0 o= D000
S S S S S S S S
Figure 1.11. The nondegenerate ground state resonance of polythiophene
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The existence of single bonds between the aromatic cycles causes interannular
rotations in conjugated polymer (Figure 1.12). The rotational distortion around the
single bonds leads to reduction in the effective conjugation along the polymer
backbone with the decline in the extent of overlap. Therefore any deviation from

coplanarity will result in an increase of Eg [40].

SN
ot

Figure 1.12. Interannular rotation in conjugated polymer

The band gap of conjugated polymer generally decreases with decrease in the
resonance energy per electron. This aromatic results in a competition between -

electron confinement within the rings and delocalization along the chain.

The character and position of substituent on the polymer backbone has a great effect
on the magnitude of band gap. Electron donating groups increase the energy of
HOMO and electron withdrawing group lower the energy of LUMO. The
introduction of electron-donating substituent onto the polymer backbone leads to
decrease the band gap by raising the energy of the valence band (“HOMO” of the
conjugated chain). Interaction between individual molecules affects their orientation
and organization in the solid state. The intermolecular or interchain coupling leads to

decrease Eg.
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1.6.2. Band gap control in 7-conjugated polymers

The optical and electrochemical properties of the conducting polymers are based on
the magnitude of band gap. Finding an effective synthetic methodology to adjust the
energy levels of the HOMO and LUMO is one of the challenges for synthetic
chemists. Two different strategies can be used to design and synthesize polymers
with Eg less than 2 eV. The first approach based on increasing the stability of
quinoid form of a conjugated polymer with reducing bond length alternation. The
second approach is based on building a polymer chain with alternating electron rich

(donor) and electron deficient (acceptor) units [40].

1.6.2.1. Low band gap conducting polymers with increased quinoid character

The first truly low band gap polymer, namely, polyisothianaphthene (PITN) was
reported by Wudl and Heeger [41]. The fusion of the benzene and thiophene rings
across the 3 and 4 positions of the thiophene ring leads to a 10 electron system. This
arrangement induces a competition for aromaticity in the monomer since only one of

the two rings can be aromatic [42].

ox "
O\

Figure 1.13. Mesomeric forms of polyisothianaphthene

The two limiting mesomeric forms, aromatic and quinoid structures are not

energetically equivalent. The aromatic resonance energy of benzene (1.56 eV) is

higher than that of thiophene (1.26 eV). Quinoid geometry is imposed on the
17



polythiophene backbone since benzene has a greater tendency to remain aromatic.
The quinoid state of PITN lowers the band gap of the system by decreasing bond
length alternation. The synthesis of polythiophene based polymer, PITN with a band

gap of 1.1 eV proved that increasing quinoid character of polyaromatic lowers the
band gap [37]. The fused benzene ring also increases the effective conjugation of the
polymer. The increased quinoid character in the electronic structure of the polymer

and the enlarged effective conjugation decrease the band gap of PITN [41].

Several modification of the structure of isothianaphthene was performed in order to
achieve further reduction of the band gap and improve the solubility of the polymers.
Introduction of the electron donating methylenedioxy unit on the phenyl ring
decreases the oxidation potential from 1.4 V vs Ag/Ag* for ITN to 0.65 V [43].
Halogen substitution on the phenyl ring leads to positive shift of the onset potential
of p-doping [44].

cl o o
7 / \
ﬁ ﬁ ﬁ !

Figure 1.14. Overview of some synthesized PITN derivatives

Introduction of a pyridine and pyrazine ring onto the polythiophene backbone
increases the quinoid character in the electronic structure of the polymer and also the
effective conjugation along the polymer. Insertion of nitrogen atom into the six-
membered ring of ITN stabilizes the aromatic contribution to the ground state
geometry of PITN since the aromatic resonance energy of pyridine (0.3483) and
pyrazine (0.2930) is lower than that of benzene (0.3920).

18



1.6.2.2. Low band gap conducting polymers with alternating donor-acceptor

moieties along the chain

The introduction of adequate quinoid structures into the aromatic-type backbone can
decrease the bond length alternation and may reduce the band gap accordingly.
Hence, polyisonaphthothiophene was synthesized; it showed lower band gap than
thiophene. Kertesz suggested that copolymer of thiophene and isonaphthothiophene
would realize a small band gap of 0.54 eV [45]. This approach leads us to combine
monomer units with different electronic properties and incorporate fused rings into
conjugated systems. A combination of electron rich (donor) and electron deficient
(acceptor) moieties into the polymer chain is the most successful approach to
synthesize low band gap polymers. Alternation on the polymer backbone cause
intramolecular charge transfer (ICT) from the donor to the acceptor, an absorption
band at lower energy is generated. The strength of intramolecular charge transfer can
be tuned through a careful design and selection of the donor and acceptor moieties.
The logic behind the donor-acceptor-donor (D-A-D) approach is that the high
HOMO of the donor and the low level of the LUMO are incorporated into the
resulting monomer and thus polymer electronic structure increases double bond
character leads to broadening of valence and conduction bands and induces small
band gap. Thus, the new donor-acceptor material has a reduced bandgap (Eg) relative

to either of its parent components (Figure 1.15) [37].

Electron donor segments in the conjugated polymers are generally constituted by
electron rich heteroaromatic rings such as thiophene or pyrrole units. The use of
fused aromatics as an acceptor unit, containing benzene-fused heteroaromatic rings
with nitrogen atom(s) is one of the effective ways to design these systems. The
structure of D-A-D interaction in the polymer backbone resulted in much more red-

shifted absorption spectra and low band gaps of ~1.0 eV have been obtained.
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Figure 1.15. The donor-acceptor approach, alternating donor and acceptor moieties
results in a polymer that has the combined optical properties of the parent donor or

acceptor monomers [37].

1.6.3. Structural Design and Synthetic Methodology for Low Band Gap

Materials

I1- Conjugated monomers with a well-defined chemical structure have been
examined to  analyze the  relationships  between  structure  and
electronic/optoelectronic properties of the resulting polymers. Systematic analyses of
the results led to design and synthesize new precursor structures with specific
properties. Thiophene based n-conjugated polymers have been receiving a great deal
of interest due to their suitable electronic properties associated with environmental
stability and their synthetic flexibility in modifying the monomer structure. The
delocalized electronic structures of m-conjugated polymers which are responsible for
their unusual electronic properties tend to yield relatively stiff chains with little
flexibility and with relatively strong interchain interaction which make them
insoluble. The inherent insolubility of the conducting polymer that limits the

characterization and processing is avoided by introducing the flexible side chain.

20



Functionalized thiophene polymers were synthesized by attaching alkyl groups to the
3- and/or 4-positions of the thiophene ring. The evolution of the electrochemical and
optoelectronic properties of polythiophene and its derivative as a function of chain
length was analyzed. While introduction of relatively long alkyl chains to thiophene
has increased the solubility of the resulting polymers, it causes a slight change in the
optoelectronic properties of the polymer [47]. The substituent also contributes to
decrease the oxidation potential of the monomer since their electron donating nature
stabilizes the radical cation formed upon oxidation. Oxidation potential of thiophene

is higher than that of alkyl substituted derivatives.

H3C C,BH13
AN LD 8
S" /n S" /n s 7
| I m
imax 480nm 500 nm 440 nm
Eg 2.0eV 197 eV 2.10eV

The electronic band gap of polymer, defined as the onset of the n-n* transition, was
2.0 eV for the unsubstituted polythiophene (1). While poly(3-methylthiophene) (11)
showed a band gap 1.97 eV, poly(3-hexylthiophene) showed a slightly higher band
gap of 2.10 eV. The repulsive interaction between the flexible chains reduces the
extent of conjugation which increases the band gap. Basically, attaching substituent
group to the 3- position of thiophene has a positive effect on polymer properties

since the occurrence of a-f3 coupling during the polymerization decreases.

3,4-disubstituted thiophenes were synthesized to increase selectivity and the
reactivity of the monomers. However, substitution in both 3- and 4- positions would

reduce the mean conjugation length due to the steric interaction between substituents
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on adjacent monomer units. The uses of alkoxy groups (1) as a substituent instead of
alkyl group not only reduces the bandgap of the polymer but also do not cause a
steric twist of the polymer. Ethylenedioxy thiophene (x=2, Il) which incorporates as
a cyclic substituent in the 3 and 4 positions of thiophene, eliminates the steric
problems typically found with 3,4 disubstitution. The band gap is lowered by ca. 0.4
eV to 1.6 eV when compared to polythiophene. Polythiophene itself is red in the
neutral state and blue in the oxidized state. Combining a narrow optical band gap an
especially low oxidation potential when compared to its unsubstituted PTh parent,
neutral deep blue PEDOT shows relatively stable and highly transmissive sky blue

oxidized state.
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Increasing the conjugation length of the monomer raises the energy of the HOMO
and stabilizes the radical cations forms upon oxidation resulting in a decrease in
oxidation potential. The simplest example of this mehod is shown in the synthesis of
polythiophene from bithiophene (1). Oxidation potential of the polymer is lowered by
04 V vs Ag/Ag" when compares to polythiophene to polybithiophene, thus
indicating a higher mean conjugation length in polybithiophene. Polymers based on
EDOT also have been synthesized from extended conjugation monomers. While
EDOT polymerizes at 1.1 V vs Ag/Ag+, the dimer 2,2°-bis(EDOT) (I1) polymerizes
at 0.51 V [48].
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Insertion of vinylene unit between two thiophene rings constitutes a monomer with
an extended n-conjugation [49]. Electrochemical polymerization of dithienylethylene
(1) produced the polymer with a band gap of 1.80 eV. Replacing thiophene by 3,4-
ethylenedioxy thiophene (1) leads to conducting polymers showing an optical band
gap of 1.48 eV. The presence of electron rich EDOT units lowers the band gap by
raising the valence band. The band gap of poly(I11) which consists in rigidification
of the precursor by covalent bridging of the thiophene rings with the central double
bond (I11) is lower than that of the unsubstituted thiophene and EDOT derivatives.
This steady decrease of band gap from thiophene (2.0 eV) to poly(l1l) (1.40 eV)
suggests that the grafting of alkyl chains on the rigid backbone limit the rotational
disorder associated with the interannular rotations around single bonds in

polythiophene.
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Extended conjugation monomers that use a combination of heterocycles, substituted
fused aromatics/heteroaromatics have been synthesized to produce polymers with a
wide variety of optical and electrical properties. Research over the last decade aimed
almost exclusively to manipulate band gap via synthesizing polymers having
alternating donor and acceptor moieties. By controlling both the electron donating
and electron accepting abilities of the monomer, it is expected that the corresponding
polymers will have easily accessible oxidation and reduction potentials and lowered
band gaps. The use of fused aromatics as an acceptor unit, containing benzene-fused
heteroaromatic rings with nitrogen atom(s) is one of the effective ways to design
these systems. Many electron-accepting moieties, including quinoxaline and 2,1,3-
benzothiadiazole, thienopyrazine have been used in m-conjugated D-A-D type
polymers. Thiophene, 3,4- ethylenedioxythiophene (EDOT) and their derivatives
have mostly been used as the electron-donating moieties in constructing D-A-D

architecture.

1.7. Chromism

Chromism is a reversible color change or variation in light transmission as a result of
a chemical or physical external stimulus. The stimulus that causes changes can be
any external force such as light, heat, or electrical current. Chromic materials include
inorganic compounds, organic small molecules and conducting polymers and the
property can result from many different mechanisms. There are also several types of
chromism, like thermochromism, photochromism, halochromism, solvatochromism,
piezochromism and electrochromism [50]. With the exception of electrochromism,
the other major types of chromism in conjugated polymers can be defined as

conformation-induced chromism.

Thermochromism is the reversible color change of a substance induced by
temperature change. A large variety of substances, organic, inorganic,
organometallic, supramolecular and polymeric systems exhibit this phenomenon
[51].
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Photochromism can be defined as a reversible change of a single chemical species
between two states having distinguishable absorption spectra, such a change being
induced in at least one direction by the action of electromagnetic radiation [52].
Halochromism is the reversible color change due to a change in pH of a solution.
Piezochromism is the reversible color change caused by mechanical grinding [53].
Solvatochromism is the reversible color changed induced by solvents. This often is

deriven from changes in polarity of various solvents [54].
1.7.1. Electrochromism

Electrochromism is defined as the reversible change in transmittance and/or
reflectance that is associated with an electrochemically induced oxidation—reduction
reaction [55]. The switching of redox states generates different electronic absorption
bands. Electrochromism not only includes changes in the visible region, but also in
the ultraviolet (UV), infrared (IR), and even the microwave regions of the spectrum
[56-58]. The color change is commonly between a transparent (“bleached”) state
where the chromophore only absorbs in the UV region and a colored state, or
between two colored states. In some cases the electrochromic materials may exhibit
several colors and may be termed as polyelectrochromic [59]. By virtue of their
numerous applications, electrochromic materials are currently attracting a great deal
of interest. Commercial applications of these materials include anti-glare rear-view
mirrors, electrochromic strips as battery state of charge indicators and electrochromic
sunglasses [60]. Moreover electrochromic materials have been demonstrated as
potential candidates for smart optical attenuation systems which could be useful in

architectural windows for conservation of energy.

The important characteristics of electrochromic materials are the switching times, the
contrast ratios, coloration efficiency, electrochromic memory and long term stability.
The contrast ratio is defined as the difference in transmittance in the visible spectrum
between the two different colored states. The electrochromic memory is the ability of

the material to remember its color without applied current.
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The long term stability is the ability of the material to retain its electrochromic
properties over a large number of switching cycles. Electrochromic materials have
been known since 1969 [50]. Starting from the first discovery in inorganic materials,
this phenomenon has been investigated by many scientists. Basically three classes of
electrochromic materials are known; metal oxide films, molecular dyes and
conducting polymers. Among electrochromic materials, oxides of many transition

metal, especially the high band gap semiconductor tungsten trioxide (WOs) have
been studied most widely. Electrochromism in WO, is introduced by reference to the

simple reaction in equation:

WO,_+xM +xe — M WO,
(transparent) (blue)

where M" = H*, Li*, Na" or K.

Tungsten trioxide which is a transparent thin film, has all tungsten sites in oxidation
state. W"'. Upon electrochemical reduction, W" sites are generated to give the

electrochromic effect. The coloration mechanism is generally accepted that the

+ +
injection and extraction of electrons and metal cations (Li , H, etc.) give the

electrochromic effect [61].

Another type of material that shows electrochromism are organic small molecules
that are produced by diquaternization of 4,4'-bipyridyl, 1,1'-disubstituted-4,4'-
bipyridilium salts, commonly known as viologens' [62]. Figure 1.16 shows the three

common redox states of viologens with the two successive electron transfer
reactions. Upon one-electron reduction, a highly colored radical cation is formed.

The dication is the most stable redox state and is colorless.
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Figure 1.16. The three common redox states of viologens

The color of the violegen depends on the nitrogen substituent. Substituent allows the
color choice of the radical via controlling the molecular orbital energy levels. For
example, alkyl groups promote a blue/violet color whereas green color is obtained in
the presence of cyano group as a substituent.

1.8. Electrochromism in Conducting Polymers

Electrochromism can be exploited in a series of optical devices with potential use in
various applications, such as in information display and storage, in the automotive
industry (as rear-view mirrors), and in architecture (as smart windows to control

luminosity and save energy through the control of sunlight transmission [63].

Among organic molecules, conducting polymers have emerged as one of the most
promising electrochromic materials as replacement for inorganic materials in
electronic devices, since they offer additional advantages, such as, low processing
cost, enhanced mechanical properties, no dependence with angle of vision and the
flexibility in tailoring specific electronic properties through the modification of
polymer’s chemical structure. The m - @ * transition can be adjusted across the
electromagnetic spectrum from the UV, through the visible and into the near-infrared
by adjusting the electronic character of the m system along the neutral polymer

backbone [64].

The redox switching of conjugated polymers is accompanied by changes in
electronic transitions. Figure 1.17 shows the principle of electrochromism in
conjugated polymers [24]. In the neutral state the polymer exhibits single broad

transition from the valence band to the conduction band (7 to ©*).
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The energy difference between these two levels is the band gap (Eg), and it is
measured as the onset of the m to n* absorption in the neutral state of the polymer.
Upon oxidation, removal of an electron from the valence band, leads to the formation
of polaron. This results in state with an unpaired electron whose energy state is
higher than the valence band. Accordingly, there occurs the lowering of the
corresponding antibonding level in the conduction band; leading to formation of new
two intragap states. This should lead to possible four new transitions. However, since
the oscillator strength of transitions a and b (Figure 1.17 b) are much greater than
transitions ¢ or d, two low energy transitions are expected as the signature for a
polaron. Upon oxidation, the absorbance of the main inter-band peak (n to m*)
decreases along with a formation a new peak at lower energy region of the spectrum.
Further oxidation of the polymer will create more polarons by the removal of
electrons from the valence band. The unpaired electron of the polaron will be
removed to form a dication. Thus, bipolaron will be formed (Figure 1.17 c). Since
the bipolaron levels are unoccupied, only transitions from valence band are possible.

The signature of a bipolaron is one broad low energy transition. This is because of
the stronger nature of the transition e with respect to transition f. Yet, basically
conducting polymers change color by the creation and destruction of polarons and

bipolarons.
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Figure 1.17. Polaron and bipolaron in non-degenerate ground state polymers: band

diagrams for (a) neutral, (b) polaron, (c) bipolaron [24]

All conducting polymers are potentially electrochromic, redox switching giving rise
to new optical absorption bands in accompaniment with simultaneous transport of
counter ions in and out of the polymer matrix. The optical absorption band is shifted
towards the lower energy part of the spectrum by oxidative p-doping process. The
color change or contrast between oxidized (doped) and neutral (undoped) forms of
the polymer vary significantly with the bandgap.

Thin films of conducting polymers with Eg greater than 3 eV (~400 nm) are
colorless and transparent in the neutral form, while in the doped form they are
generally absorbing in the visible region. Those with Eg equal to or less than 1.5 eV
(~800 nm) are highly absorbing in the neutral form but, after doping, the free carrier
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absorption is relatively weak in the visible region as it is transferred to the near
infrared. Polymers with intermediate gaps have distinct optical changes throughout

the visible region and can be made to induce many color changes.

Among the conducting polymers, polythiophenes is the one of the first to be
investigated both in terms of electropolymerization mechanism and optical
properties. Polythiophene is blue (~730 nm) in the doped (oxidized) state and red
(~470 nm) in the undoped form [65]. Poly(3,3-diethyl-3,4-dihyrdo-2H-thieno[3,4-
b][1.4]dioxepine) (PProDOT-Ety) is purple-blue in the neutral state, and upon
electrochemical oxidation switches to a transmissive sky blue in the oxidized state.
The neutral state of PProDOT-Et; has a strong n-n* absorption in the visible region
and a band gap of 1.7 eV (Amax=580 nm). Upon oxidation, a new absorption band

appeared in the near IR region (~900 nm) [66].

1.9. Application Areas of Conducting Polymers

The ability to tailor both the electronic and optoelectronic properties of conducting
polymers makes these compounds excellent materials for a large extent of
applications. The majority of applications take advantage of properties of these
materials resulting from electroactivity. Combining the electrical properties of
semiconductors with the properties of polymer, that is, low cost, chemical and
thermal stability, versatility of chemical synthesis, ease of processing, and flexibility
have emerged as the materials to replace metals and semiconductors in the electronic

and optoelectronic industry.

I1-Conjugated polymers with low band gap, broad absorption spectra and ambipolar
charge transporting (p- and n-doping) ability are used for light emitting diodes and
photovoltaic applications [67-69]. Due to their high optical contrast, fast switching
time, p- and n-doping ability, n-conjugated polymers have been used as active layers

in electrochromic devices [70-73].
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1.9.1. Absorption/Transmission ECDs

An electrochromic device that allows electrochemically driven modulations of light
transmission and reflections, save energy by reducing heat loss and avoiding
overheating of buildings, and also providing comfortable levels of daytime light.

Such electrochromic device is usually called as “smart window”.

Studies in electrochromic devices started with inorganic compounds such as tungsten
trioxide (WO3) and iridium dioxide (IrO3). In the recent years, conducting polymers
have received much attention for electrochromic applications since conducting
polymers are potentially electrochromic materials and are more processable than
inorganic electrochromic materials. Other advantages of using conducting polymers
over inorganic compounds; outstanding coloration efficiency, fast switching ability,
multiple colors with the same material and fine tuning of the band gap through

chemical structure modification.

The most appropriate design for electrochromic windows for practical applications is
similar to that found in a rechargeable battery, comprising five active layers (Figure
1.18). The working electrode (electrochromic electrode) is separated by a suitable
solid or liquid electrolyte from a charge balancing counter electrode and the color
changes occur by charging and discharging the electrochemical cell with applied
potential of a few volts. Upon application of a voltage, simultaneously intercalation
of ions into the electrochromic film occurs, inducing the color change. After the
resulting pulse of current has decayed and the color change has been affected, the
new redox state persists. Electrochromic device keeps its color under open circuit

condition so it is called as “smart window”.

The electrochromic electrode of these devices, which can work either in the
reflective or transmissive mode, is constituted by a conductive, transparent glass
coated with electrochromic material. The counter electrode can be of any material
(such as gold) that provides a reversible electrochemical reaction in device operating
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in the reflective mode (like electrochromic displays); by contrast, the electrode
material must be transmissive to the wavelength range of interest in

absorption/transmission ECDs.

Indium Tin Oxide Glass Slide
(Transparent Conductor) _ .- %
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Figure 1.18. Schematic illustration of dual type absorptive/transmissive type
ECD configuration [74]

An absorption/transmission ECD switches reversibly between a state of high optical
density (colored) and a more transmissive state (ideally transparent) on application of
electrical bias. To take the advantage of the full contrast in an EC cell, the color
changing materials are sandwiched between two transparent substrates.

1.9.2. Light Emitting Diodes

Although efficient light generation is achieved in inorganic semiconductors with
direct band gaps, the discovery of electroluminescence (EL) in a thin poly(p-
phenylenevinylene) (PPV) have aroused much interest towards polymeric light
emitting diodes (PLEDs) in 1990 [75]. The main advantages of PLEDs over
conventional luminescent materials are the tuning of wavelength emitted by
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chemical modification, low operating voltage, flexibility, easy processing, low cost,

possibility of making large area device and output colors in whole visible spectrum.

The basic structure of PLED consists of a positive hole-injecting electrode with a
high work function such as ITO or conducting polymer, a negative electron-injecting
electrode with a low work function such as Al, In, Mg or Ca. The undoped form of
the polymer with the mobile charge carriers (electrons and holes) supported by the
delocalized m-bonding along the polymer chain is sandwiched between these two
electrodes [76]. The electrons are injected from the cathode into the ©* band of the
semiconducting polymer and holes are injected into the m band from the anode.
Driven by the applied electric field, the oppositely charged carriers move through the
polymer film over a certain distance and couple to form neutral bound excited states

(excitons), which then decay with photon emission (Figure 1.19).
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Figure 1.19. Schematic representation of polymer light emitting diode [76]
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1.9.3. Solar Cell

Photovoltaic device (PVD or solar cell) offers great technological potential as a
renewable, alternative source for electrical energy. The demand for inexpensive
renewable energy source is the driving force for new approaches in the production of
low cost polymer photovoltaic devices. A photovoltaic device provides a source of
electrical current under the influence of light or similar radiation. In essence, a

photovoltaic device (PVD or solar cell) converts sunlight into electrical power [77].

In w-conjugated polymers, photon absorption results in the generation of an exciton
which is an excited state. This quasi-particle diffuses inside the material as long as
recombination processes (of the electron—hole pair which make up the exciton) do
not take place. If the diffusion length is sufficiently long so that the exciton meets an
internal field (for example, located at an acceptor—donor interface), hole and electron

separation occurs and these charges are collected at their respective electrodes.

A great effort has been devoted for developing materials and morphological
structures in order to facilitate efficient harvesting of the solar spectrum and improve
charge photogeneration, and indeed encouraging progress of power-conversion
efficiencies of above 5% [78]. To increase cell efficiencies, it will be necessary to
develop new semiconducting polymers exhibiting high absorption coefficients and
broader solar absorptions. Extending the energy bandgap (Eg) to 1000 nm will allow
53% of the available photons to be absorbed, providing a considerable gain in
photocurrent. From this point of view, there is interest in developing low bandgap
conjugated polymers for light harvesting up to longer wavelengths. Nevertheless, an
increase in power conversion efficiency (PCE) does not solely rely upon an
improved current density; a high open circuit voltage (Voc) and a reasonable fill
factor (FF) are also required. The inefficient performance of low band polymers is
often associated with their lower hole mobility, unwanted highest occupied
molecular orbital (HOMO)/lowest unoccupied molecular orbital (LUMO) energy

levels, or poor solubility.
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CHAPTER 2

EXPERIMENTAL

2.1. Materials and Methods

The molecular structure of compounds was characterized using Nuclear Magnetic
Resonance Spectrometer (NMR). *H-NMR and **C-NMR spectra of the compounds
were recorded on a Bruker Spectrospin Avance DPX-400 Spectrometer at 400 MHz
and 100 MHz, respectively. Chemical shifts (0) were reported in ppm relative to
tetramethylsilane as the internal standard. Deuterochloroform (CDCI3) was used as

the solvent.

Purification of the synthesized compounds was done by column chromatography.
Merck Silica Gel (70 -230 mesh) was used as the solid absorbent packed into a glass
column. TLC was used to monitor the reaction and determine the eluent for the
column chromatography. Commercial aluminum sheets were precoated with silica
gel 60 F 254 (Merck) to allow visualizing the spots under a UV light (I = 254 and
366 nm).

Electroactivity and redox behaviors of the m-conjugated monomers were examined
potentiodynamically using a Voltalab PST050 potentiostat. Electropolymerization of
the monomers was performed in a three-electrode cell consisting of ITO-coated glass
slide as the working electrode, platinum wire as the counter electrode, and Ag wire
as the pseudo reference electrode.
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Electrochromic measurements; spectroelectrochemistry and switching studies of the
polymer film deposited on ITO-coated glass slide were carried out in an appropriate
solvent/supporting electrolyte system in the absence of monomer using Varian Cary
5000 spectrophotometer. Applied potential was controlled using a Solartron 1285
potentiostat/galvanostat. A Conica Minolta CS-100 spectrophotometer was used to

perform colorimetry measurements.

2.2. Syntheses of 7-Conjugated D-A-D Type Monomers

2.2.1. Preparation of Donor Moieties

In order to prepare the Stille reagent, tributyltin substituted thiophene, 3-

hexylthiophene and EDOT were prepared in high yield by lithiation with n-butyl
lithium and subsequent quenching with tributyltin chloride.

2.2.1.1. Tributyl(thiophen-2-yl)stannane (1)

-

SN

A solution of thiophene (1g, 0.95 mL) in 30 mL of anhydrous THF under argon was

cooled to -30°C in a dry ice/o-xylene cooling bath. To the stirred precooled solution,
5.76 mL of 2.5 M n-butyllithium were added dropwise and the mixture was stirred at
this temperature under argon for 2 h. Then tributylstannyl chloride (3.48 mL) was
added, and the mixture was stirred at -30 °C for 1.5 h. The solvent was evaporated
under vacuum after stirring the mixture at room temperature for 12 h. The residue
was poured into saturated aqueous sodium hydrogen carbonate and extracted with

dichloromethane. 36



The organic phase was separated and washed with saturated aqueous brine and then
dried over an anhydrous sodium sulfate. The solvent was removed at a reduced
pressure. The title compound was obtained as oil which was used without any further

purification for the next step.

2.2.1.2. Tributyl(4-hexylthiophen-2-yl)stannane (2)

2

A solution of 3-hexylthiophene (2 g, 2.13 mL) in anhydrous THF (30 mL) under
argon was cooled to -78°C in a dry ice/acetone cooling bath. To the stirred precooled
solution 5.2 mL of 2.5 M n-butyllithium were added dropwise via syringe. After the
solution was stirred for 1.5 h at -78 °C under argon, a 3.5 mL of tributylstannyl
chloride were added slowly. After stirring at -78 °C for 4 h, the solution was
warmed to room temperature and stirred overnight. The solvent was removed at a
reduced pressure. The residue was poured into saturated aqueous sodium hydrogen
carbonate and extracted with dichloromethane. The organic phase was separated and
washed with saturated aqueous brine and then dried over an anhydrous sodium
sulfate. The solvent was removed at a reduced pressure to give the product as

colorless oil.
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2.2.1.3. Tributyl(2,3-dihydrothieno[3,4-b][1,4]dioxin-7-yl)stannane (3)

A 2.0 g (1.5 mL) sample of 2,3-dihydrothieno[3,4-b][1,4]dioxine in 150 mL of
anhydrous THF was treated dropwise with 5.7 mL of 2.5 M n-butyllithium at -78 °C
under argon. After the solution was stirred for 1.5 h at -78 °C, 3.97 mL of
tributylstannyl chloride were added to the solution. The solution was stirred at -78 °C
under argon for 4 h. Then the solution was warmed to room temperature. The solvent
was removed by rotary evaporation after the solution was stirred overnight. After the
removal of the solvent at a reduced pressure, the residue was poured into saturated
aqueous ammonium chloride and extracted with dichloromethane. The organic phase
was separated and washed with saturated aqueous brine and then dried over an
anhydrous magnesium sulfate. The solvent was removed at a reduced pressure to
afford tributyl(2,3-dihydrothieno[3,4-b][1,4]dioxin-7-yl)stannane as a yellow liquid.
The compound was used for the next reactions as obtained, with no further

purifications.
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2.2.2. Syntheses of Quinoxaline Derivatives

2.2.2.1. 4,7-Dibromobenzo[c][1,2,5]thiadiazole (5)

Br Br

To a 250 ml two-necked round bottom flask benzo[c][1,2,5]thiadiazole (5 g, 36.7
mmol) and 75 ml of HBr (47%) were added. A solution of Br, (17.6 g, 110.16
mmol) in 50 ml of HBr were added dropwise with stirring at room temperature. After
the addition was completed, the reaction mixture was heated at reflux with stirring
for 6 h. The mixture was cooled to room temperature. Then the mixture was filtered
and the orange solid residue was treated with NaHSO3 to consume completely any
excess Br,. The crude was dissolved in dichloromethane and extracted with brine.
The combined organic layers were dried over anhydrous sodium sulfate, filtered and
concentrated under vacuum. The solid was then washed once with cold diethyl ether
and dried under vacuum, affording 4,7-dibromobenzo[c][1,2,5]thiadiazole (5) (9.53g,
88%). 'H-NMR (400MHz, CDCls): § (ppm) 7.65 (s, 2H). *C-NMR (100 MHz,
CDCl3): 8(ppm) 152.75, 132.13, 113.70.
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2.2.2.2. 3,6-Dibromobenzene-1,2-diamine (6)

H,N  NH,

Br—@Br

6

4,7-Dibromobenzolc][1,2,5]thiadiazole (500 mg, 1.7 mmol) and EtOH (30 mL) were
added to a 100 mL two-necked round bottom flask. The mixture was cooled to 0°C in
an ice bath and NaBH, powder (2.57 g, 68.0 mmol) was slowly added. When gas
evolution stopped, the reaction was warmed to room temperature and stirred for 20 h.
After evaporation of the solvent, 50 mL of water was added, and the mixture was
extracted with diethyl ether. The combined organic layers was washed with brine and
dried over anhydrous sodium sulfate. Evaporation of the solvent gave 3,6-
dibromobenzene-1,2-diamine as a pale yellow solid (307 mg, 67%). *H-NMR
(400MHz, CDCl3): 6 (ppm) 6.75 (s, 2H), 3.83 (s,4H). *C-NMR (100 MHz, CDCls):
o (ppm) 133.74, 123.37, 109.70.

2.2.2.3. 1-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-2-(2,3-dihydrobenzo[b][1,4]
dioxin 7-yl) ethane-1,2-dione (8)

Benzo-1,4-dioxane was subjected to Friedel-Crafts acylation with oxalyl chloride to
give 1,2-dione. To a suspension of AICl;(0.98 g, 7.4 mmol) in dichloromethane (15
mL), a solution of benzo-1,4-dioxane (1 g, 7.4 mmol) and oxalyl chloride (0.47 g,3.7

mmol) in dichloromethane (15 mL) was added dropwise at 25°C.
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The violet mixture was stirred at room temperature for 4 h. The resulting mixture
was then poured into 100 mL ice. The yellow organic phase was washed with
saturated solution of sodium hydrogen carbonate and brine, and then dried over
magnesium sulfate. After evaporation of the solvent, yellow solid was
chromatographed over a bed silica using dichloromethane as the eluent. The solid
recrystallized from ethanol yielded 1-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-2-(2,3-
dihydrobenzo[b][1,4]dioxin-7-yl)ethane-1,2-dione (750 mg, 62.5% ). *H-NMR (400
MHz, CDCls): ¢ (ppm) 7.50 (s, 2H), 7.43 (d, 2H), 6.77 (d, 2H), 4.24 (s, 8H).

2.2.2.4. 5,8-Dibromo-2-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(2,3-dihydro
benzo[b] [1,4]dioxin-7-yl)quinoxaline (9)

To a solution of 3,6-dibromobenzene-1,2-diamine (150 mg, 0.56 mmol) in 150 mL
of ethanol at room temperature, 1-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-2-(2,3-
dihydrobenzo[b][1,4]dioxin-7-yl)ethane-1,2-dione (184 mg, 0.56 mmol) was added.
After stirring for 4 h at 85°C with a catalytical amount of paratoluenesulfonic acid,
the mixture was cooled. The precipitate was collected by filtration, washed with cold
ethanol, and dried under vacuum. Yield: 125 mg, 40.2%. ‘H-NMR (400 MHz,
CDCls): 6 (ppm) 7.78 (s, 2H), 7.33 (s, 2H), 7.00 (d, 2H), 6.70 (d, 2H), 4.23 (s, 8H).
BC-NMR (100 MHz, CDCls): 6 (ppm) 153.15, 145.20, 143.61, 130.04, 132.67,
131.41, 123.80, 123.48, 119.19, 117.09, 64.58, 64.27.
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2.2.2.5. General Procedure for the Synthesis of 14, 15, 16 via Stille coupling

2-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-3-(2,3-dihydrobenzo[b][1,4]dioxin-7-yl)

quinoxaline substituted compunds were all synthesized by Stille coupling reactions.
To a solution of 5,8-dibromo-2-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(2,3-
dihydrobenzo[b][1,4]dioxin-7-yl) quinoxaline (400 mg, 0.72 mmol) in 100 mL of
anhydrous THF, tributylstannane derivative (2.88 mmol) were added. After
purging the solution with argon for 30 min,
dichlorobis(triphenylphosphine)palladium(ll) (84 mg, 0.12 mmol) was added at
room temperature. The mixture was refluxed for 16 h under argon atmosphere.
Solvent was evaporated under vacuum. The residue was purified by column

chromatography on silica gel.

2.2.25.1.  2-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-3-(2,3-dihydrobenzo[b][1,4]
dioxin-7-yl)-5,8-di(thiophen-2-yl)quinoxaline (14)

(@) O O O
N/\N
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The crude product was purified by column chromatography over silica gel, eluting
with 7:1 (chloroform/hexane) and give yellow solid (198 mg, 49%). *H-NMR (400
MHz, CDCls): 6 (ppm) 8.05 (s, 2H), 7.78 (d, 2H), 7.45 (d, 2H), 7.36 (s, 2H), 7.10 (d,
4H), 6.78 (d, 2H), 4.25 (s, 8H).
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2.2.2.5.2. 5,8-Bis(4-hexylthiophen-2-yl)-2-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-
3-(2,3-dihydrobenzo[b][1,4]dioxin-7-yl)quinoxaline (15)

(0] O O O
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The crude product was purified by column chromatography over silica gel, eluting
with 1:1 (chloroform/hexane) and gave orange solid (375 mg, 71%). *H-NMR (400
MHz, CDClg): ¢ (ppm) 7.97 (s, 2H), 7.37 (d, 2H), 7.10 (d, 4H), 7.05 (s,2H), 6.75
(d,2H), 4.20 (s, 8H), 2.60 (t, 4H), 1.65 (p, 4H), 1.37 (m, 12H), 0.81 (t, 6H). *C-NMR
(100 MHz, CDCls): 6 (ppm) 150.90, 144.90, 143.75, 143.06, 138.87, 137.28, 132.62,
132.51, 128.25, 126.89, 124.30, 123.94, 119.64, 117.24, 64.85, 64.56, 32.03, 31.87,
30.88, 29.39, 22.94, 14.41.
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2.2.2.5.3. 2-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(2,3-dihydrobenzo[b][1,4]
dioxin-7-yl)-8-(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-5-(2,3-dihydrothieno
[3,4-b][1,4]dioxin-7-yl)quinoxaline (16)
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The crude product was purified by column chromatography over silica gel, eluting
with 3:1 (dichloromethane/hexane) and gave red solid (307 mg, 62%). *H-NMR (400
MHz, CDCls): 6 (ppm) 8.47 (s, 2H), 7.41 (s, 2H), 7.10 (d, 2H), 6.73 (d, 2H), 6.45 (s,
2H), 4.30 (s, 8H), 4.25 (s, 8H).

2.2.2.6. 10,13-Dibromodibenzo[a,c]phenazine (10)

7\
N N

Br Br

10

Condensation reaction of 3,6-dibromobenzene-1,2-diamine (150 mg, 0.56 mmol)
with phenanthrene-9,10-dione (117 mg, 0.56 mmol) was performed in 30 mL ethanol

with a catalytical amount of paratoluenesulfonic acid. At the end of the reaction
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yellow colored cloudy mixture was observed. Filtration of the reaction mixture
followed by washing with cold ethanol afforded the product as a yellow solid (198
mg, 81%). *H-NMR (400 MHz, CDCls): é (ppm) 9.50 (d, 2 H), 8.57 (d, 2H), 8.0 (s,
2H), 7.7- 7.8 (dd, 4H).

2.2.2.7. General Procedure for the Synthesis of 17, 18 via Stille coupling

10,13-Dibromodibenzo[a,c]phenazine (100 mg, 0.23 mmol) and tributylstannane
derivative (0.95 mmol) were dissolved in anhydrous THF (100 mL), the solution was
purged with argon for 30 min and dichlorobis(triphenylphosphine)palladium(ll)
(40mg, 0.057mmol) was added at room temperature. The mixture was refluxed for
12 h under argon atmosphere. Solvent was evaporated under vacuum and the crude

product was purified by column chromatography over silica gel.

2.2.2.7.1. Synthesis of DAD monomer based on dibenzo [a,c] phenazine and

3-hexylthiophene

5
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The crude product was purified by column chromatography over silica gel, eluting
with 1:1 (dichloromethane/hexane) and gave orange solid (79 mg, 56%). *H-NMR
(400 MHz, CDCls): 6 (ppm) 9.60 (d, 2H), 8.50 (d, 2H), 8.13 (s, 2H), 7.65-7.8 (dd,
4H), 7.10 (s, 4H), 2.71 (t, 4H), 1.7 (p, 4H), 1.4 (m, 12H), 0.8 (t, 6H). *C-NMR (100
MHz, CDClg): 6 (ppm) 141.87, 140.73, 137.76, 137.61, 131.44, 130.66, 129.63,
129.34, 127.05, 126.77, 125.95, 124.90, 122.89, 121.90, 30.79, 29.67, 29.65, 28.14,
21.66, 13.12.
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2.2.2.7.2. Synthesis of DAD monomer based on dibenzo [a,c] phenazine and
EDOT

5
o N N o™
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The crude product was purified by column chromatography over silica gel, eluting
with 3:1 (dichloromethane/hexane). Chromatography followed by evaporation in
vacuum and recrystallization (chloroform/hexane), afforded dark red solid (105 mg,
81.4 %). "H-NMR (400 MHz, CDCl5):  (ppm) 9.57 (d, 2H), 8.67 (s, 2H), 8.50 (d,
2H), 7.65-7.8 (dd, 4H), 6.6 (s, 2H), 4.39 (m, 4H), 4.27 (m, 4H). *C-NMR (100 MHz,
CDClg): 6 (ppm) 141.57, 141.23, 140.44, 138.72, 132.37, 130.73, 130.21, 128.97,
128.23, 128.08, 128.03, 122.88, 113.45, 103.01, 65.03, 64.43.

2.2.2.8. 1,10-Phenanthroline-5,6-dione (12)

20 mL of cold concentrated sulfuric acid (98%) were added into a mixture of 1,10-

phenanthroline (2.00 g, 0.01 mol) and potassium bromide (3.00 g, 0.025 mol) at 0°C

in a three-necked, round bottomed flask with reflux condenser. 10 mL of fuming

nitric acid (65%) were added dropwise to the mixture by keeping the temperature

under 30°C. After the addition of nitric acid was completed, the mixture was heated
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to 40°C for 3 h. Then temperature was increased to 80-90°C and the mixture was
kept at this temperature about 1 h. To remove bromine from the reaction mixture, the
reflux condenser was removed and mixture stirred at the same temperature about 3 h.
The mixture was cooled and poured into a mixture of ice and water. Saturated
sodium hydroxide solution was added dropwise to adjust pH at 6-7. The solution
was extracted with dichloromethane. The combined organic layers were washed with
brine and dried over magnesium sulfate. The drying agent was filtered off and
solvent was evaporated under vacuum. Yellow needles of 1,10-phenanthroline-5,6-
dione was obtained via recrystallization from methanol. Yield: 1.75 g, 83.3%.
'H-NMR (400 MHz, CDCl3): 6 (ppm) 9.13 (d, 2H), 8.42 (dd, 2H), 7.50 (g, 2H). *C-
NMR (100 MHz, CDClg): 6 (ppm) 178.69, 156.40, 152.94, 137.30, 128.10, 125.60.

2.2.2.9. 3-(2,3-Dihydrothieno[3,4-b][1,4]dioxin-5-yl)-6-(2,3-dihydrothieno[3,4-
b][1,4] dioxin-7-yl)benzene-1,2-diamine (20)

OI/\o H,N  NH, o/\\O
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To a solution of 4,7-dibromobenzo[c][1,2,5]thiadiazole (300 mg, 1.03 mmol) and
tributyl(2,3-dihydrothieno[3,4-b][1,4]dioxin-7-yl)stannane (1.77 g, 4.11 mmol) in
anhydrous THF (100 mL), dichlorobis(triphenylphosphine)palladium(Il) (108 mg)
was added. The mixture was refluxed for 16 h. After cooling, the reaction mixture
was concentrated under reduced pressure. Hexane was added to the residue. Then the
resulting precipitates were filtered off and washed with hexane. Further purification
was performed by column chromatography using CHCI; as the eluent. The resulting
compound (250 mg, 0.60 mmol) was reduced by refluxing with zinc dust (796 mg,
12.18 mmol) in 9 mL of acetic acid for 15 min. After that the reaction mixture was

filtered and the residue was washed with diethyl ether. The filtrate was washed with
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5% NaOH. The combined organic layers were washed with brine and dried over
magnesium sulfate. The solvent was removed under vacuum to give the title

compound as oil which was used without any further purification for the next step.

2.2.2.10. Synthesis of DAD monomer based on 1,10-phenanthroline

—N N=
N 7/ N\ /
o NN oM
@) O
B 7
S S
21

Condensation  reaction of  1,10-phenanthroline-5,6-dione  and  3-(2,3-
dihydrothieno[3,4-b][1,4]dioxin-5-yl)-6-(2,3-dihydrothieno[3,4-b][1,4] dioxin-7-
yl)benzene-1,2-diamine was performed in ethanol. At the end of the reaction a violet
cloudy mixture was observed. Filtration of the reaction mixture was followed by
washing with cold ethanol. The residue was purified by column chromatography
over silica gel, eluting with 1:1 (dichloromethane/ hexane) gave violet solid. *H-
NMR (400 MHz, CDCls): 6 (ppm) 9.71 (dd, 2 H, J=8.1, 1.8 Hz), 9.20 (dd, 2 H,
J=4.4, 1.8 Hz), 8.64 (s, 2H), 7.75 (dd, 2H, J=8.1, 4.4 Hz), 6.60 (s, 2H), 4.39 (m, 4H),
4.27 (m, 4H).
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2.2.3. Thienopyrazine Derivative

2.2.3.1. 2,5-Dibromo-3,4-dinitrothiophene (23)

NO,
O,N
JI\/\gﬁBr
Br S
23

Concentrated sulfuric acid (18.58 mL) and fuming sulfuric acid (30% SO3, 18.58
mL) were mixed in a flask equipped with a mechanical stirrer and cooled with an ice
bath. 2,5- Dibromothiophene (10 g, 41 mmol) was then added maintaining a
temperature below 20°C. Nitric acid (6.5 mL) was then added dropwise, by keeping
the temperature under 30°C. Once the addition was complete, the mixture was
allowed to react for an additional three hours and then poured on 150 g ice.
Following the melting of the ice, the solid residue was recovered by vacuum
filtration and washed well with water to produce a light yellow powder.
Recrystallization with methanol gave pure material (11.2 g, 82%).”*C-NMR (100
MHz, CDCI3): 6 (ppm) 139.6, 112.4.

2.2.3.2. 2,5-Bis(4-hexylthiophen-2-yl)-3,4-dinitrothiophene (24)

2,5-Dibromo-3,4-dinitrothiophene (400 mg, 1.20 mmol) and tributyl(4-
hexylthiophen-2-yl)stannane (2.20 g, 4.82 mmol) were dissolved in anhydrous THF
(100 ml). The solution was purged with argon for 30 min and dichlorobis(triphenyl

phosphine)palladium(ll) (84 mg, 0.12 mmol) was added at room temperature.

49



The mixture was refluxed for 16 h under argon atmosphere. Solvent was evaporated
under vacuum and the crude product was purified by column chromatography over
silica gel, eluting with 1:2 (dichloromethane/hexane) and give yellow needle
(422mg, 69%). 'H-NMR (400MHz, CDCls): 6 (ppm) 7.26 (d, 2H, J=1.3 Hz), 7.07
(brs, 2H), 2.51 (t, 4H, J=7.7 Hz), 1.53 (p, 4H), 1.25 (m, 12H), 0.79 (t, 6H, J=6.6 Hz).
BC-NMR (100 MHz, CDCl; ) : & (ppm) 143.9, 134.4, 132.9, 131.2, 136.7, 125.0,
30.5,29.3, 29.2, 27.8, 21.5, 13.0.

2.2.3.3. 2,5-Bis(4-hexylthiophen-2-yl)thiophene-3,4-diamine (25)
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2,5-Bis(4-hexylthiophen-2-yl)-3,4-dinitrothiophene (200 mg, 0.39 mmol) and tin(l1)
chloride dihydrate (1.87 g, 9.87 mmol) were dissolved in 50 mL ethyl acetate and
stirred at reflux for 2 h. The mixture was added to a solution of sodium carbonate (50
ml, 0.25 M), stirred vigorously with dichloromethane (50 ml). The resulting mixture
was filtered over celite. The organic phase was washed with water and dried over
magnesium sulfate. The solvent was evaporated under vacuum.Yield: 156 mg, 89%.
'H-NMR (400MHz, CDCls): 6 (ppm) 6.85 (s, 2H), 6.77 (s, 2H), 3.25 (brs, 4H), 2.52
(t, 4H, J=7.7 Hz), 1.56 (p, 4H), 1.25 (m, 12H), 0.82 (t, 6H, J=6.8 Hz). *C-NMR
(100 MHz, CDClg): 6 (ppm) 143.0, 134.4, 132.0, 124.2, 117.5, 109.8, 30.6, 29.5,
29.3, 28.0, 21.5, 13.0.
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2.2.3.4. 5,7-Bis(4-hexylthiophen-2-yl)-2-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-
(2,3-dihydrobenzo[b][1,4]dioxin-7-yl)thieno[3,4-b]pyrazine (26)
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2,5-Bis(4-hexylthiophen-2-yl)thiophene-3,4-diamine (100 mg, 0.22 mmol) and 1-(2,3-
dihydrobenzo[b][1,4]dioxin-6-yl)-2-(2,3-dihydrobenzo[b][1,4]dioxin-7-yl)etha ne -
1,2-dione (50 mg, 0.22 mmol) were dissolved in 10 mL ethanol with a catalytic amount
of paratoluenesulfonic acid. After the reaction was completed, the solvent was removed
under vacuum. The residue was purified by column chromatography over silica gel,
eluting with 3:1 (dichloromethane/hexane) and give green solid ( 113 mg, 69%). 'H-
NMR (400MHz, CDCls3): ¢ (ppm) 7.36 (d, 2H, J=1.0 Hz), 7.24 (d, 2H, J=2.0 Hz),
6.93 (dd, 2H, J=8.4, 2.0 Hz), 6.89 (d, 2H, J=1.0 Hz), 6.71 (d, 2H, J=8.4 Hz), 4.23
(m,8H), 2.56 (t, 4H, J=7.6 Hz), 1.60 (p, 4H), 1.27 (m, 12H), 0.83 (t, 6H, J=6.9 Hz).
BC-NMR (100 MHz, CDCl3): 6 (ppm) 150.89, 143.68, 142.42, 142.32, 136.27,
133.41, 131.67, 124.71, 123.44, 122.72, 120.57, 117.90, 115.73, 63.56, 63.28, 30.69,
29.41, 29.40, 27.99, 21.60, 13.08.

2.3. Electrochemical Method

Characterization of conducting polymers was performed using the electroanalytical
tools such as potentiostatic (controlled potential) and galvanostatic (controlled
current) methods. Electroactivity of the monomers and redox properties of the
resulting polymers were examined via cyclic voltammetry and square wave potential

steps (chronocoulometry).
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Cyclic voltammetry is the most useful potentiostatic method since the synthesis of
the desired polymer on an electrode’s surface allows for rapid characterization of
CPs via both electrochemical and optical studies. This section will detail
fundamentals of cyclic voltammetry and opto-electrochemical techniques:
spectroelectrochemistry, switching and colorimetry studies.

2.3.1. Electrochemical cells

Electrochemical polymerization was carried out in a one-compartment three
electrode cell (Figure 2.1). The cell was consisted of an indium-tin oxide coated glass
slide working electrode, a platinum wire as a counter electrode, and a silver wire

pseudo-reference electrode in an appropriate supporting electrolyte/solvent system.

Counter Electrode

—> Pt wire
) !7 _— Reference Electrode

= Ag wire

————> Working Electrode
ITO coated glass

—> UY cuvette

Figure 2.1. A three electrode electrochemical cell set up

All three electrodes were connected to the Solartron 1285 potentiostat that applied the
desired potential between a working electrode and a reference electrode.
Electrochemically inert and non-nucleophilic solvent should be used in order to
avoid decomposition of the solvent at the applied potential. Solvent with high
dielectric constant allows the movement of doping ions into or out of the conducting

polymer during charge and discharge.
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Common solvents were used in electrochemical studies; acetonitrile, benzonitrile,
tetrahydrofuran, propylene carbonate, and methylene chloride. Acetonitrile is the
most widely preferred solvent since its greater volatility and inertness lead to less
solvent retention within the conducting polymer matrix. Also the use of acetonitrile
offers a wide potential window required for both p-and n-type doping.

2.3.2. Cyclic Voltammetry

Cyclic voltammetry is one of the most popular potentiostatic methods that can be
performed for qualitative analysis of electrochemical processes, particularly those
occurring during the synthesis and redox reactions of conducting polymers. This
method consists of cycling the potential of working electrode at a constant rate and
measuring the resulting current at the electrode. Therefore, the obtained

voltammogram is a plot of current density as a function of potential (Figure 2.2).
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Figure 2.2. Typical (a) Potential-time excitation signal in CV (b) cyclic
voltammogram of a reversible O + ne <R redox process [79]

As shown in Figure 2.3, the electrochemical polymerization of electron rich
monomer is carried out by starting at a low potential where no redox process takes
place and scanning in the anodic direction. Upon continued cycling in the anodic

direction, electroactive monomer in diffusion layer is oxidized and leads to the
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current to peak. This current response decreases as the concentration of electroactive
monomer diminishes in the diffusion layer. Oxidation of monomer is immediately
followed by chemical coupling which results in the formation of dimer and
consequently oligomers. Once these oligomers reach a length where they become
insoluble in the electrolyte solution, they deposited onto the electrode surface. Upon
scanning the potential in the reduction direction, the electroactivity of the deposited
polymer is monitored. The reduction of the polymer from its oxidized state to neutral
state occurs at a lower potential. Upon consecutive cycle formation, a new oxidation
peak at a lower potential than the oxidation potential of the monomer is appeared to
the re-oxidation of the polymer.

Current (A/em?)

Polymer's 1® reduction

»

Voltage (V)

Figure 2.3. Cyclic voltammogram of a representative electroactive monomer

The surface area of the working electrode increases due to the deposition of the
electroactive material onto the surface of the electrode as the number of cycle
increases. The electrode acts as the new electrode upon subsequent scanning since

deposition onto the surface of the electrode affects its area.
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This increment in current may be attributed to increase in the area of the electrode as

illustrated in the Randles-Sevcik equation:

ip = (2.69x10%)n**AD %5 P05

where n is the number of electrons transferred, A is the electrode surface area (cm?),
D is the diffusion constant (cm®s™), C” is the bulk concentration (molcm™) and v is
the scan rate (Vs™') [80]. Thus, in diffusion controlled system, peak current is

proportional to surface area, A.

The redox properties of the conducting polymer are examined in a monomer free
medium using cyclic voltammetry. In monomer free system, there is no diffusion
from solution and also the surface area of polymer deposited electrode is constant.
The redox properties of the polymer cannot be characterized using the Randles-

Sevcik equation given above.
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Figure 2.4. Cyclic voltammogram of a representative type of electroactive monomer
at scan rates of 100, 150,200, 250 and 300 mV/s.
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According to the theory of immobilized redox centers, the peak current for the

polymer is given by;
. 2 2
|p =n FT'v/4RT

where T is the total amount of electroactive species present at the electrode surface
[81]. Therefore the peak current will be linearly dependent on the scan rate (Figure
2.4). The peak current intensities of the polymer gradually increase as a linear
function of scan rate which indicates that the electrochemical processes are reversible

and non-diffusion-controlled.

2.4. Optical Methods

Spectroelectrochemistry, electrochromic switching and colorimetry are the methods
that have been used to describe the electrochemical behaviors of conjugated
polymers. These techniques allow us to examine the changes in optical transitions
upon doping, but also the energy of the band gap, along with the color and relative

transmissivity of the polymer film as sensed by the human eye.
2.4.1. Spectroelectrochemistry

Spectroelectrochemistry is an important and routine method used in the
characterization of electrochromic polymers. The redox switching of conjugated
polymers is accompanied by changes in electronic transitions. These electronic
transitions can be probed by the use of UV-Vis-Near Infrared (NIR) spectroscopy.
Spectroelectrochemistry experiments provide information about the material’s band
gap and intraband states (polaron and bipolaron bands) that are created upon doping
as well as give some insight into a polymer color through the location of the

absorption maxima.
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Figure 2.5. p-Doping spectroelectrochemistry of a representative electrochromic
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Figure 2.5 shows the expected transitions for a conjugated polymer. In the neutral
state the polymer exhibits one transition from the valence band to the conduction
band (n to @ *). The energy difference between these two levels is the band gap (Eg),
and it is measured as the onset of the m-n* absorption in the neutral state of the
polymer. On applied voltage, reduction in the intensity of the n-n* transitions along
with evolution of new absorption bands were observed. These transitions are

attributed to polaron and bipolaron charge carrier bands.
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To examine the optical properties, the polymer film was deposited onto ITO-coated
glass slides. Then the polymer film was washed with monomer-free electrolyte
solution and placed into cuvette for UV-vis-NIR spectroelectrochemistry studies. A
series of spectra was collected while the polymer film was switched from neutral

state to oxidized state by increasing the potential stepwise.

2.4.2. Electrochromic Switching

The ability of a polymer to switch rapidly and demonstrating a striking color change
are essential properties for an electrochromic polymer. Electrochromic switching is

proven to be one of the most efficient and easiest ways to monitor these properties.
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Figure 2.6. Switching studies of a representative electrochromic conducting polymer

Electrochromic switching studies were carried out to monitor absorbance changes
with time during repeated potential stepping between reduced and oxidized states. In
this double potential step experiment, the potential was set at an initial potential for a

set period of time, and was stepped to a second potential for a set period of time,
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before being switched back to the initial potential again. During the experiment, the
% transmittance (%T) of the polymer was measured using a UV-vis
spectrophotometer. The optical contrast was measured as the difference between %T
in the reduced (Teq) and oxidized (Tox) forms and is noted as % AT (Figure 2.6). The
rate of change in transmittance upon oxidation/reduction provides a direct indication
of the switching ability of a material. Switching rate (At) was often reported as the

time required for the oxidation/reduction process of the polymer film.

2.4.3. Colorimetry

Colorimetry is performed to define color precisely for electrochromic polymers since
specific and reproducible color states are required for any commercial
electrochromic material. Colorimetry provides a more precise way to define color
than spectroelectrochemistry studies. Rather than measuring the absorption bands,
colorimetry measures the human eye’s sensitivity to light across the visible region

and gives a mathematical function to describe color.

0.1

0.04+——7F——1——71— v v v r
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

X

Figure 2.7. CIE 1931 Yxy color space [82]
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This technique records three values as regards to color: the hue (dominant
wavelength), which is the wavelength where maximum contrast occurs, saturation
(purity), which is the color’s intensity, and brightness (luminance), which is the
relative lightness of the color. The colorimetry analysis is based on the Commission
Internationale de 1’Eclairge (CIE 1931) Yxy color space which is a quantitative scale
to define and compare colors (Figure 2.7). The CIE color space defined color
matching functions take into account the manner in which “the human eye perceives
color”. When studying a color, its hue will vary depending on the illumination and
surroundings. lllumination affects the hue due to the color of light. Color is the
product of wavelengths that are either absorbed or reflected by the surface of an
object when strongly illuminated. Color measurements were performed via Minolta

CS-100 Spectrophotometer.

2.5. Electrochromic Devices

The persistent changes in optical properties of the conducting polymers induced by
the electrochemical redox process enable the use of them as electroactive layers for

the manufacturing of electrochromic devices (ECDs).

The possibility of reversible doping/undoping process accompanied by the spectral
change regulates the light transmission through window. Hence, the energy
efficiency of buildings and vehicles can be improved. An electrochemical device is a
two-electrode electrochemical cell in sandwich configuration of two thin polymer
films deposited on transparent indium tin oxide coated glass (ITO), and separated by
a gel electrolyte (Figure 2.8).
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Figure 2.8. ECDs

2.5.1. Device Construction

Figure 2.9 is a schematic representation of an electrochromic device operating at
absorptive/transmissive mode. A simple two-electrode circuit is used to construct an
electrochromic device for practical investigations. Electroactive species; the
anodically coloring and cathodically coloring materials are deposited onto
transparent 1TO electrodes. These electrodes are arranged facing each other separated
by a gel electrolyte to provide ionic conduction. Before assembling the devices,
cathodically coloring polymer is fully oxidized and anodically coloring polymer is
fully reduced. ECD operates by reversibly switching the device between a highly
absorptive, colored state and a highly transparent, bleached state. The colors of the
device are additive in that they are a combination of those exhibited by both

materials.
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Figure 2.9. Schematic representation of a typical absorptive/transmissive
electrochromic device [83]

2.5.2. Preparation of Gel Electrolyte

A gel electrolyte based on PMMA and TBAPF¢ was plasticized by PC to form a
highly transparent and conductive gel. To allow an easy mixing of the gel
components, ACN is used as a high vapor pressure solvent. The composition of the
casting solution by weight ratio of TBAPFs: PMMA: PC: ACN was 3:7:20:70. Gel
preparation begins by dissolving the electrolyte salt in ACN, followed by the
addition of PMMA. This polymeric component is not easily dissolved, thus vigorous
stirring and mild heating (60° C) for a period of about two hours is required. When
all of the PMMA has dissolved, PC was introduced to the reaction medium. The
mixture was stirred and heated until the highly conducting transparent gel was

produced.
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2.5.3. Characterization of ECDs

2.5.3.1. Spectroelectrochemistry

A typical spectroelectrochemical experiment is carried out to examine the optical
properties of electrochromic devices. Spectroelectrochemical analyses of the devices
are performed by sequentially stepping the applied potential. In order to apply
voltage across the device, the counter and the reference electrodes are connected to
one another creating short cut, working electrode is connected to anodically coloring
polymer layer. The alternation of the color is observed upon stepwise increase of the
potential while measuring the absorbance as a function of wavelength. The baseline
is collected using the device that is assembled consisting of two bare ITOs

sandwiched together with gel electrolyte.

2.5.3.2. Switching Studies

Switching studies are performed to examine the time required for switching between
the two extreme states of the ECD. The device’s stability during repeated cycles is

evaluated by a square-wave potential step method coupled with optical spectroscopy.

2.5.3.3. Open Circuit Memory

The optical memory of an electrochromic device is the ability of the material to
retain its absorption state after the electric field is removed. The ability of an ECD to
maintain its color is examined by polarizing it in the redox states by an applied pulse
for 1 s and then holding at open circuit conditions for 200 s. The optical spectrum as

a function of time at open circuit conditions is monitored.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Donor-Acceptor-Donor Type n-Conjugated Monomers
3.1.1. Quinoxaline Derivatives

Donor-acceptor-donor (DAD) approach was used to design m-conjugated monomers.
Syntheses of donor-acceptor-donor type of m-conjugated monomers were performed
to examine the effects of the donor/acceptor units’ strength on the electrochemical
and optoelectrochemical properties of the resulting monomer and polymer. Effects of
electron donor strength on these properties were examined by changing the density
of electron-rich unit (donor). Thiophene, 3-hexylthiophene and EDOT were
incorporated together with the acceptor structures to probe the effect of increasing
the electron density along monomer backbone. The use of the stronger electron
donating unit decreases the oxidation potential of the monomer and the band gap of

the resulting polymer.

The first row of Table 3.1 shows a series of quinoxaline derivatives where alternation
on the monomers were completed by inserting benzo-1,4-dioxane on the acceptor
unit (9). Another series of donor-acceptor-donor type m-conjugated monomer with
increased rigidity were prepared using dibenzo[a,c]phenazine acceptor (10) unit as
shown in Table 3.1. Insertion of 1,10-phenanthroline-5,6-dione in acceptor unit

allows to examine how the number of imine units affects acceptor strength, thus the
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electrochemical and spectroelectrochemical properties of the resulting monomer (21)
and polymer changed. Palladium catalyzed Stille cross-coupling reaction of an
organotin reagent with an organic electrophile is a well-known synthetic method for
generating a carbon-carbon bond and it was used for the synthesis of target
monomer. Stille coupling reaction was preferred for the formation of carbon-carbon
between acceptor and donor units since the reaction takes place in mild conditions.
Also protection -deprotection reactions are not necessary due to the high tolerance of
the organotin compounds towards a wide variety of functional groups. Thiophene, 3-
hexylthiophene and EDOT were treated with n-BuLi followed by BusSnCl in order
to prepare the organotin reagents. Synthetic approaches that were used to prepare the
acceptor units and the D-A-D type m-conjugated monomers involved bromination,

nitration, reduction and condensation reactions.

Table 3.1. Donor-Acceptor-Donor Type Quinoxaline Derivatives
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3.1.2. Thienopyrazine Derivative

To comply with the donor-acceptor-donor approach, a new low band gap polymer
which contains a 3-hexyl thiophene substituted thieno(3,4-b)pyrazine core was
synthesized (Figure 3.1). An advantage of the thieno(3,4-b)pyrazine core in
monomer structure was investigated. Insertion of thiophene ring into monomer
backbone leads to a decrease in the steric hindrance between adjacent rings. The
effective m-conjugation length along the polymer backbone increases due to the

coplanarity of the adjacent rings.
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Figure 3.1. Donor-Acceptor-Donor Type Thienopyrazine Derivative
3.1. 3. Donor Moieties

The major advantage of the DAD approach is that the band gap of the resulting
polymer will be manipulated by changing the strength of donor and acceptor
moieties. The use of thiophene and its derivatives as the donor unit has proven to be
one of the effective ways for the development of electropolymerizable n-conjugated
materials with low band gaps. Electron-rich nature of donor unit raises the energy of
the highest occupied molecular orbital thus the band gap value is lowered. Donor
strength of these units is given as EDOT > 3-hexylthiophene > thiophene as also

supported by their oxidation potentials.
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Palladium catalyzed Stille coupling route in which tributyltin substituted compounds
coupled with dibromide compounds was used to prepare the donor-acceptor-donor
monomer. The stannyl intermediate of donor units; tributyltin substituted thiophene
[84], 3-hexylthiophene [84] and EDOT [85] were prepared in high yield by lithiation
with n-butyl lithium and subsequent quenching with tributyltin chloride as shown in
Scheme 3.1.

I\ n-BuLli A
S”  Bu,snCl s” "SnBs
1
C6H13 n_BuLi C6H13 \
\E\> —  » | SnBuy
S BusSnCl S
2
/\ /\
@) O (@] O
BRI
s Bu,SnCl s "SnBus
3

Scheme 3.1. Preparation of organotin compounds

3.1.4. Acceptor Moieties

3.1.4.1. Synthesis of 5,8-dibromo-2-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(2,3-
di hydrobenzo[b][1,4]dioxin-7-yl)quinoxaline (9)

Benzo-1,4-dioxane substituted dibromoquinoxaline can be prepared in three steps as
shown in  Scheme 3.2. Bromination of commercially available
benzo[c][1,2,5]thiadiazole with Br, in 48% hydrobromic acid at 150°C was achieved
in very high yields [86]. Subsequent reduction of  4,7-
dibromobenzo[c][1,2,5]thiadiazole was done using excess amount of NaBH; in

EtOH at 0°C [87].
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Friedel-Crafts acylation of benzo-1,4-dioxane with oxalyl chloride gave 1,2-dione
[88]. Then, the condensation reaction between 6 and 8 was carried out in the
presence of catalytic amount of paratoluenesulfonic acid (PTSA) and ethanol to give

the corresponding dibromoquinoxaline [89].
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a) Bry/HBr,150°C,6h b) NaBH,, EtOH, 0°C c) oxalyl chloride, AICl3, CH,Cl, d)
PTSA, EtOH, 4h, 85°C,

Scheme 3.2. Synthetic route to dibromoquinoxaline (9).

Sulfur extrusion from 4,7-dibromobenzo[c][1,2,5]thiadiazole followed by a ring
closure reaction with an appropriate 1,2-dione were utilized to synthesize the
quinoxaline derivative. The sulfur extrusion was easily performed by reduction with

NaBH,. Substitution of electron donating or electron withdrawing groups on the
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benzo[c][1,2,5]thiadiazole unit has no a significant effect on the reduction process.
Therefore, reduction of 4,7-dibromobenzol[c][1,2,5]thiadiazole was accomplished in
high yield using NaBH, as the reducing agent. *H-NMR spectrum revealed that
amine protons resonated at 3.83 ppm as a singlet. The characteristic aromatic proton,
attached to the carbon atom neighbor to the Br-connected carbon resonated at 6.75

ppm as singlet.

Ethylenedioxy substituted benzene was converted to benzil in an intermolecular
Friedel-Crafts acylation using oxalyl chloride and AICI;. Identification of the 1,2-
dione (8) was done using NMR spectroscopy. The characteristic aromatic proton,
attached to the carbon atom that is neighbor to the carbonyl connected carbon
resonated at 7.43 ppm as a singlet. Aliphatic protons of the —-OCH,CH,O- units
resonated at 4.24 ppm. In the *C-NMR spectrum of 8, it was observed that —
OCH,CH,0- unit carbons resonated at 64.31ppm. Carbon atoms of carbonyl units

resonated at 194.5 ppm.

3.1.4.2. Synthesis of 10,13-dibromodibenzo [a,c] phenazine (10)

Benzo[c][1,2,5]thiadiazole was brominated with Br, in HBr at 150°C to give the
corresponding dibrominated compound in very high yields [87]. One-pot reduction
of 4,7-dibromobenzo[c][1,2,5]thiadiazole (5) with excess amount of NaBH,; gave
3,6-dibromo-1,2- phenyl-diamine (6) [87]. Ring closure reaction of the resulting
diamine with phenanthrene-9,10-dione to form the aromatic diimine(10) was
performed in ethanol with a catalytic amount of PTSA (Scheme 3.3) [89].
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a) Bry/HBr, 150°C, 6h b) NaBH,4, EtOH, 0°C c¢) phenanthrene-9,10-dione, PTSA,
EtOH, 4h, 85°C.

Scheme 3.3. Synthetic route to dibromogquinoxaline (10)

3.1.4.3. Synthesis of 10,13- dibromodipyrido[3,2-a:2,3-c]phenazine

4,7-Dibromobenzolc][1,2,5]thiadiazole (5) was synthesized by a procedure similar to
that described previously [87]. Treating the resulting compund with NaBH, yield
3,6-dibromobenzene-1,2-diamine  [87]. The dicarbonyl compound 1,10-
phenanthroline-5,6-dione (12) was prepared from 1,10-phenanthroline by oxidation
with H,SO4/HNOj in the presence of potassium bromide [90]. Condensation reaction
of diamine (6) and 1,10-phenanthroline-5,6-dione (12) was performed in ethanol to

give the corresponding dibromoquinoxaline (13).
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a) Bro/HBr,150°C,6h b) NaBH,, EtOH, 0°C c¢) H,SO4/HNO3, KBr d) PTSA, EtOH,
4h, 85°C.

Scheme 3.4. Synthetic route to dibromoquinoxaline (13)

The oxidation of 1,10-phenanthroline is accomplished by H,SO4/HNO3 and KBr. In
the literature there are many studies that were performed to examine the effect of
sulfate, nitrate and halogen ions (bromide, chloride ions) on the rate of nitration
reaction [91]. The results indicated that sulfate and nitrate ions do not affect the rate

of reaction. Bromide ions have the highest catalyst effect.

71



3.1.4.4. Characterization of Acceptor Moieties

A series of dibromoquinoxalines were prepared in a multistep procedure as described
previously. The electron accepting capacity of the acceptor moieties were altered to
understand the structure—property relationships in this new series of m-conjugated
monomers. Increasing the planarity in m-conjugated polymers and enhancing the
strength of the acceptor unit result in lowering the energy gap of the polymer. The
structures of the acceptor units were tailored by extending conjugation over fused
ring systems, changing the nature and the position of the heteroatom. Electron
accepting strength of the three heterocycle cores in this study follow the trend 1,10-
phenanthroline (13) > phenanthrene (10) > ethylenedioxy benzene (9) substituted
quinoxaline as evidenced by NMR spectra and monomer oxidation potential.
Examination of *H-NMR chemical shifts in the aromatic region showed that the
ethylenedioxy benzene substituted quinoxaline is a less effective electron-acceptor
than the other (Figure 3.2).
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Figure 3.2. Aromatic chemical shifts of n-conjugated monomers

Chemical shift of the proton is related to electron density in the compound. The
aromatic protons (H-) of 1,10-phenanthroline substituted quinoxaline resonate at a
lower magnetic field strength than the other due to its strong electron-accepting

property with high n-character density.
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By increasing the electron-withdrawing imine (C=N) groups in the compounds from

2 to 4, the chemical shift moves downfield by 0.20 ppm to 8.05 ppm.
3.2. Syntheses of Donor-Acceptor-Donor Type Quinoxaline Derivatives

Palladium catalyzed Stille coupling reaction was used to attach donor moieties to the
acceptor quinoxaline unit to give the target compounds [92]. Access to the
monomers, namely 2-(2,3-dihydrobenzo[b][1,4]-dioxin-6-yl)-3-(2,3-
dihydrobenzo[b][1,4]dioxin-7-yl)-5,8-di(thiophen-2-yl)quinoxaline (14), 5,8-bis(4-
hexylthiophen-2-yl)-2-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(2,3-dihydrobenzo[b]
[1,4]dioxin-7-yl)quinoxali-ne(15) and 2-(2,3-dihydrobenzo[b][1,4]-dioxin-6-yl)-3-
(2,3-dihydrobenzo[b][1,4] dioxin-7-yl)-5-(2,3-dihydrothieno[3,4-b] [1,4]dioxin-5-
yl)-8-(2,3-dihydrothieno[3,4-b][1,4]dioxin-7-yl)quinoxaline (16), was afforded by
Pd-catalyzed cross coupling reaction of the dibromoquinoxaline derivative with
tributyl(thiophen-2-yl)stannane, tributyl(4-hexylthiophen-2-yl)stannane and
tributyl(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)stannane in refluxing THF under
argon (Scheme 3.5).
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Scheme 3.5. Syntheses of Quinoxaline Derivatives

The structure elucidation of m-conjugated monomers was done using NMR
spectroscopy. Chemical shifts of the aromatic protons (H-) that were attached to the
carbon atom of benzene ring were examined specifically. In Figure 3.3, n-conjugated
monomers were ranked from the least shielding of the resonance of the aromatic
protons (H-) to the most. Shielding/deshielding effects can be examined with respect
to the relative electron density around the aromatic protons (H-). Electron-donating
ethylenedioxy units lead to the aromatic protons (H-) resonated at 8.47 ppm as a
singlet. These protons were more effectively shielded since the c-electron density
around them is high. By decreasing the donor strength from EDOT to thiophene, the
chemical shift moves high field by 0.42 ppm to 8.05 ppm.
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This resonance at high field further illustrating the point that thiophene is a poorer
electron-donor than EDOT.
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Figure 3.3. Aromatic chemical shifts of n-conjugated monomers

The coupling reaction of tributyltin substituted compound with dibromoquinoxaline
catalyzed by palladium takes place under mild conditions in high yields. Mechanism
of the coupling reaction that was proposed by Stille consists of three-step catalytic
cycle. 10,13-Bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)dibenzo[a,c]phenazine
substituted molecules were synthesized by Stille coupling reactions as outlined in
Scheme 3.6. Pd(Il) is reduced by the stannane to Pd(0) that is responsible for the
oxidative addition process. The first step of cycle is the oxidative addition of
dibromoquinoxaline (R-Br) to the active palladium (0)-complex. The resulting
palladium (I)-ligand2-Br-R-complex undergoes transmetalation process with
tributyltinstanne (R'SnBus) to form R-palladium-(l11)-ligand2-R" and tributyltin
bromide. The final step of cycle is the reductive elimination in which the R-R’

product is obtained and the active palladium-(0) complex is regenerated [94].
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Scheme 3.6. General aryl-aryl coupling mechanism

The target monomer 17 was obtained as a result of the reaction between
dibromoquinoxaline with tributyl(4-hexylthiophen-2-yl)stannane in the presence of
Pd(PPh3),Cl, as the catalyst (Scheme3.7). At the end of the reaction, the crude
product was purified by column chromatograpy on silica gel, eluting with 1:1

(DCM/Hexane). The desired product was isolated as orange crystalline solid.

The coupling of dibromoquinoxaline with tributyl(2,3-dihydrothieno[3,4-
b][1,4]dioxin-7-yl)stannane in the presence of catalytic Pd(PPh3),C1, in THF gave
the target molecule, 18. After the purification of the crude product by column
chromatography on silica gel, eluting with 3:1 (DCM/Hexane) and then

recrystallization (CHCls/hexane), the desired product was isolated as dark red solid.
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Scheme 3.7. Syntheses of Quinoxaline Derivatives.
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Figure 3.4. Aromatic chemical shifts of -conjugated monomers

Identification of the target monomers was accomplished by NMR spectroscopy. It
was observed that the characteristic aromatic proton (H-) in EDOT-substituted
compound resonates at 8.67 ppm as a singlet (Figure 3.4). On the other hand the
same proton (H-) in 3-hexyl-substituted compound resonated at 8.65 ppm as singlet.
Chemical shifts of the aromatic protons (H-) that were attached to the carbon atom of
thiophene ring appeared at 8.62 ppm for the 3-hexyl-substituted compound.
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The EDOT-substituted compound with a proton resonance at 6.60 ppm that indicates
the circulating o-electrons of ethylenedioxy unit on thiophene shifts the signal up
field.

3.3. Synthesis of DAD monomer based on 1,10-phenanthroline

Synthetic route that was used for the synthesis of the other quinoxaline derivatives
modified to synthesize this 1,10-phenanthroline containing monomer. Although the
dibromoquinoxaline acceptor unit (13) was prepared following bromination,
reduction and condensation steps, the resulting compound has low solubility in the
common solvents such as THF and DMF were usually used in Stille coupling
reaction. To overcome these drawbacks, firstly D-A-D type m-conjugated monomer
backbone was prepared [94]. Subsequent reduction of this compound gave donor
substituted-diamino compound that undergo condensation reaction with dicarbonyl
compound 1,10-phenanthroline-5,6-dione [95]. Condensation reaction produced

target monomer, 21.

The general synthetic strategy towards the m-conjugated monomer (21) is outlined in
Scheme 3.8. Bromination of benzo[c][1,2,5]thiadiazole (4) was achieved using a
mixture of HBr/Br,. 3, 4-Ethylenedioxy thiophene was converted to its stannyl
derivative (3) by treatment with n-BuLi followed by BusSnCIl. A Stille coupling
between 4,7-dibromobenzo[c][1,2,5] thiadiazole (5) and 2-tributylstannyl-3,4-
ethylenedioxythiophene (3) gave the compound 19. Zinc was used to reduce the
resulting compound to diamine compound (20). The dicarbonyl compound 1,10-
phenanthroline-5,6-dione (12) was synthesized by a procedure similar to that
described previously. Condensation reaction of diamine (20) and 1,10-
phenanthroline-5,6-dione (12) was performed in ethanol. At the end of the reaction
violet colored cloudy mixture was observed. Reduction of D-A-D n-conjugated
monomer backbone was carried out as described using Zn metal as the reducing
agent. NaBH, is not preferred for this reduction process since steric hindrance
resulted from the substitution of donor moieties on 2,1,3-benzothiadiazole unit

lowers the vyield. Filtration of the reaction mixture was followed by washing
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with cold ethanol. The residue was purified by column chromatography over silica

gel, eluting with 1:1 (dichloromethane: hexane) gave violet solid. Identification of

the target monomer was accomplished by NMR spectroscopy. Chemical shifts of the

aliphatic protons belonging to EDOT appeared at 4.32 ppm and 4.22 ppm. Aromatic

proton of EDOT resonated at 6.60 ppm as singlet.
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a) Bry/HBr,150°C,6h b) n-BuLi, BuzSnCl, -78°C c) tributyl(2,3-dihydrothieno[3,4-
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H2SO4/HNO;, KBr f) PTSA, EtOH, 4h, 85°C,

Scheme 3.8. Synthetic route to quinoxaline derivative (21)
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3.4. Synthesis of Thienopyrazine Derivative

3.4.1. 5,7-bis(4-hexylthiophen-2-yl)-2-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-
(2,3-dihydrobenzo[b][1,4]dioxin-7-yl)thieno[3,4-b]pyrazine

The general synthetic strategy towards the thieno[3,4-b]pyrazine containing
ethylenedioxy phenyl units on electron-withdrawing moiety of m-conjugated
terthienyl system is outlined in Scheme 3.9. 2,5-Dibromo-3,4-dinitrothiophene (23)
was prepared starting from 2,5-dibromothiophene (22) [96]. Nitration of 2,5-dibromo
thiophene was performed by dropwise addition of nitric acid to the solution of 2,5-
dibromothiophene, concentrated sulfuric acid and fuming sulfuric acid. The Stille
coupling reaction of 2,5-dibromo-3,4-dinitrothiophene (23) with tributyl(4-
hexylthiophen-2-yl)stannane (2) gave a dinitro compound (24). For the palladium-
catalyzed Stille coupling reaction, tetrahydrofuran (THF) was used as the solvent and
Pd(PPh3),Cl, was used as the catalyst. Reduction of the resulting dinitro compund
(24) to the diamine compund (25) was performed in the presence of tinchloride as the
reducing agent and ethylacetate as the solvent [96]. Through the condensation
reaction between the diamine compound (25) and 1-(2,3-
dihydrobenzo[b][1,4]dioxin-6-yl)-2-(2,3-dihydrobenzo[b][1,4]dioxin-7-yl)ethane-

1,2-dione (8), n-conjugated terthienyl system was obtained. Column chromatography

(dichloromethane/hexane, 3:1) gave 26 as a green solid.

Preparation of diamine involved nitration of 2,5-dibromothiophene and subsequent
reduction of the dinitro group to amino groups. Synthesis of 2,5-dibromo-3,4-
dinitrothiophene depends on the use of fuming H,SO, and HNOj;. Only the
mononitro product is synthesized unless the fuming acids are used. The use of
concentrated sulfuric acid increases the rate of nitration reaction via increasing the
concentration of the nitronium ion. Nitro aromatic compound was reduced using
SnCl; as the reducing agent. The nitrogen atom is reduced from an oxidation state of
+V to —Ill and the tin atom is oxidized from +1I to +IV hence four equivalents of tin

is needed per nitro group.
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Scheme 3.9. Synthetic route to thienopyrazine derivative (26)

3.5. Characterization of Conducting Polymers

3.5.1. Ethylenedioxy Benzene Substituted Quinoxaline Derivatives

3.5.1.1. Electrochemistry

As typical conjugated molecules containing thiophene and its derivatives with
unblocked 2 or 5 positions, these monomers (14, 15, and 16) oxidatively were
polymerized to form redox-active, electrode-confined films on ITO. Multiple cyclic
voltammograms for the repeated scanning electropolymerization of 14, 15 and 16

were shown in Figure 3.5.
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Figure 3.5. Repeated potential scan electropolymerization of a) 14 ¢) 16 in 0.1 M
TBABF,/ACN/DCM, b) 15 in 0.1 M NaCIO4/ACN at 100 mV/s on the ITO

electrode.
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Cyclic voltammetry of 14 and 16 were carried out in ACN/DCM (90/10,v/v) solvent
mixture using TBABF,4 (0.1 M) as the supporting electrolyte. Repeated potential scan
electropolymerization of 15 was performed in 0.1 M NaClO4/ACN supporting
electrolyte/solvent system. During the first anodic scan, a single peak was observed
which corresponds to irreversible monomer oxidation at a bare ITO glass electrode.
The onset of oxidation starts at + 1.0 V for 14 and at 0.97 V for 15 vs Ag wire
pseudo-reference electrode. The oxidation wave for 16 is shifted to +0.7 V due to the
presence of electron donating group on donor moiety. The oxidation potential of 16
is lower than that of 14 and 15 measured under the described conditions, thus
indicating that the HOMO level of 16 is higher than that of 14 and 15.

The electron-rich character for the three heterocycle compounds follows the trend
EDOT>3-hexylthiophene>thiophene as evidenced by their oxidation potentials. On
the anodic scans, polymer oxidations were evolved at about + 0.55 V for P16, + 0.7
V for P14 and + 0.80 V for P15. Reduction of the polymers evolved a peak at + 0.67
V for P15, +0.60 V for P14, +0.43 V for P16 vs same reference electrode (Scheme
3.10).
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Scheme 3.10. p-Doping of P14, P15 and P16.

The scan rate dependence of the anodic and cathodic peak currents was studied in a
monomer-free electrolyte solution (Figure 3.6). A linear relationship between the
peak current and scan rate demonstrates that the films were well adhered and the

electrochemical processes were reversible and non-diffusion-controlled.

P16 film gives rise to an electrochemically active cycle in the reduction region. A
sharp reversible peak corresponding to reversible n-doping of P16 appears at -1.35 V
and the corresponding n-dedoping peak appears at -1.14 V vs Ag wire. In contrast
with the n-doping/dedoping process, the current associated with the p-doping in the
oxidation process of P15 is very small. The results suggest that P16 is a good n-type

conjugated polymer (Figure 3.6).
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Figure 3.6 Cyclic voltammograms of a) P14 b) P15 c¢) P16 in 0.1 M
TBABF,/ACN/DCM at scan rates of 100, 150, 200, 250 and 300 mV/s.
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3.5.1.2. Spectroelectrochemistry

Spectroelectrochemical measurements were performed in order to define the changes
in optical properties that accompany the redox switching for P14, P15 and P16. For
these measurements, P14 and P16 films were electrochemically deposited on ITO-
coated glass plates from 1x10"° M monomer solutions in 0.1 M TBABF4/ACN/DCM.
P15 film was electrochemically deposited on ITO-coated glass plates from 1x10° M
monomer solutions in 0.1 M NaCIO4#/ACN.

Changes in optical properties by increasing the applied potential were investigated
using UV-Vis-NIR spectroscopy. The evolution of the electronic band structure
during electrochemical p-doping of electrochromic polymers were recorded as a
function of applied potential and shown in Figure 3.7. In the neutral state, P14
absorbs across the entire visible region, exhibiting blue color with an optical band
gap of 1.5 eV as calculated from the onset of the n-n* transition. Upon incremental
stepping of the potential from -0.1V to +1.3 V, transition observed in the neutral
polymer decrease in intensity. At intermediate potentials, a peak evolves at 896 nm
attributable to the charge carriers that are formed, which is subsequently
overwhelmed by the strong NIR absorption (1560 nm) upon further doping. The

absorption is enhanced at lower energies [97].
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Figure 3.7. p-Doping spectroelectrochemistry of P14 film on an ITO coated glass
slide in monomer free, 0.1 M TBAPF¢/DCM electrolyte-solvent couple at applied

potentials.

Spectroelectrochemistry of P15 shows a Amax OFf 530 nm for the neutral polymer,
which is red in color (Figure 3.8). Upon oxidation there is a decrease in the m-n*
transition and the development of new transition bands at lower energy (at 856 and
1640 nm), corresponding to the polaronic and bipolaronic charge carriers. The
electronic band gap of polymer, defined as the onset of the n-n* transitions, was
determined as 1.82 eV. The different structures of the polymers due to the
differences in donor moiety affect not only the monomer oxidation and the polymer
redox couple potentials but also the maximum absorption wavelengths of the
corresponding transition. The introduction of alkyl substituent on polymer causes
steric hindrance, resulting in less order and less conjugation by the blue shift in

absorption spectra and the increase in polymer’s band gap.
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Figure 3.9. p-Doping spectroelectrochemistry of P16 film on an ITO coated glass
slide in monomer free, 0.1 M TBAPF¢/DCM electrolyte-solvent couple at applied

potentials. 88



Spectroelectrochemical studies of P16 reveal two well-separated absorption maxima
were centered at 423 and 738 nm which is a necessity to maintain a green reduced
state (Figure 3.9). The intensity of both absorption bands decreases and a new
absorption band in the NIR region arises due to the formation of charge carriers upon
oxidation of P16. The band gap calculated from the onset n-n* transition is 1.3 eV.
All the polymers show absorptions at around 1200 nm in their neutral state which
may indicate that the films cannot be fully reduced. Incorporation of the EDOT unit
in P16, causes a red shift in Amax for that polymer to 720 nm. P16 has the lowest band
gap of all the polymers investigated of 1.3 eV due to the higher HOMO level of the
EDOT unit compare to thiophene and 3-hexylthiophene. This can be rationalized by
better intermolecular n-n* interaction with decreasing deviation from planarity. The
fused thiophene ring helps stabilize the quinoidal form of P14 as does the EDOT ring
(P16), thereby leading to a polymer having a band gap lower than that PEDOT
(Eg=1.6eV). The higher band gap of P15 as compared to P14 can be attributed to the
difference in the stability of the quinoidal state by 3-hexylthiophene and thiophene
ring, respectively. Meanwhile, the lowest-energy absorption band can be assigned to
the intramolecular charge transfer between the donor and acceptor units. Compared
with EDOT, thiophene and 3-hexylthiophene exhibit a rather large bathochromic

shift (610 and 530 nm, respectively) of the absorption maximum.

The optical change that occurs during the n-doping of the polymer was examined to
prove the introduction of charge carries to the conjugated system (Figure 3.10). The
reductive absorption spectrum of P16 was recorded at -1.7 V, which is the cathodic
potential of the redox couple observed in the reduced state. P16 film shows a green

color at its neutral state and turned to red-purple at its n-doped state after reduction.
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Figure 3.10. n-Doping spectroelectrochemistry of P16 at -0.2 V, -1.7 V and + 1.1. V

3.5.1.3. Electrochromic Switching Studies

Electrochromic switching studies were carried out to obtain an insight into changes
in the optical contrast with time during repeated potential stepping between reduced
and oxidized states. In these studies, the transmittance (%T) of the polymer films was
recorded as a function of time at given wavelengths. Figure 3.11 shows the switching
of P14 between -0.1 V and + 1.3 V with a switching interval of 5 s in 0.1 M
TBABF4/ACN at three different wavelengths. In this instance, both the fully oxidized
and fully reduced states were reached as evidenced by the leveling off of the optical
response. At 395 nm, the optical contrast for P14 was calculated as 20% and the
switching time was 1.2 s. The polymer switches rapidly and achieves 35% and 77%
of its total optical change in 0.6 s at 630 and 1560 nm, respectively.
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The optical contrast for P15 was 28% at 530 nm and 80 % at 1640 nm. The polymer
revealed a switching time of 1.2 s at 530 nm and 1.5 s at 1640 nm while switched
between-0.4Vand +0.9V.

P16 was switched from -0.2 V to +1.1 V at 5 s step intervals in 0.1 M TBABF4#/ACN
while the change in transmittance was monitored. The optical contrasts for P16 were
calculated as 16% at 423 nm, 38% at 738 nm, and 71% at 1780 nm. P16 revealed
switching times of 0.6 s at 423 nm and 738 nm, 1.2 s at 1780 nm (Figure 3.11).
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Figure 3.11. Electrochromic switching and optical absorbance change monitored at
a) 395, 630 and 1560 nm for P14 in 0.1 M TBABF4<ACN, b) 530 and 1640 nm for
P15 in 0.1 M NaCIO4/ACN, c¢) 423, 738 and 1780 nm for P16 in 0.1 M
TBABF4/ACN.
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3.5.1.4. Colorimetry Studies

The color changes were further investigated by colorimetry using the CIE 1931 Yxy
color space to define color precisely. The color coordinates, Y, X, y values, were
summarized in Table 3.2. P14 becomes blue (Y, 470; x, 0.253; y, 0.296) in the
neutral state as shown by its dominant wavelength of 610 nm. Upon incremental
doping by application of oxidative potentials, P14 changes to a transmissive gray
color (Y, 915; x, 0.302; y, 0.331).

The neutral form of P15 is red (Y, 20.3; x, 0.468; y, 0.318) in color, having an
absorbance peak centered at 530 nm. Stepwise oxidation of the polymer shows that
the color changes from red to green (Y, 41.0; x, 0.381; y, 0.419), while purple (Y,
13.8; x, 0.341; y, 0.298) and brown (Y, 22.4; x, 0.387; y, 0.357) color existed at

intermediate potentials.

Increase of donor strength by the addition of EDOT group to form P16 leads to a
neutral green color (Y, 486; x, 0.293; y, 0.406) with two well-separated absorption
maxima were centered at 423 and 738 nm. Upon oxidation the color changes to
transmissive gray oxidized state (Y, 293; x, 0.314; y, 0.339). P16 film shows a
green color at its neutral state and turned to red-purple (Y, 299; x, 0.33;y, 0.34) at its

n-doped state after reduction.
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Table 3.2. Electrochromic properties of a) P14, b) P15,c) P16

94

d Blue "Red ( 0.1 V)| Purple(0.5V) |Brown (0.8 V) | 6reen(1.0V)
(-0.1V)
n |
Y:470 Y:915 Y:20.3 Y:13.8 Y:22.4 Y:41.0
x:0.253 x:0.302 x:0.468 x:0.341 x:0.387 x:0.381
y:0.296 y:0.331 0318  |y:0.298 y:0.357 y:0.419
° Red-Purple Green Transmissive
(-1.7V) (-0.2 V) (+1.1V)
Y: 299 Y:486 Y:293
x:0.330 x:0.293 x:0.314
y:0.340 y:0.406 y:0.339




3.5.2. Dibenzo[a,c]phenazine Inserted Quinoxaline Derivatives

3.5.2.1. Electrochemistry

Cyclic voltammetry was used to investigate electroactivity of 17, 18 and
electrochemical redox behavior of the resulting polymers, P17 and P18. The
electrochemical oxidation of P17 was carried out in a solution of 1x10* M monomer
and 0.1 M TBAPF¢ in DCM at a scan rate of 100 mV/s. Electrochemical synthesis of
P18 was carried out in 0.1 M TBAPF¢/DCM supporting electrolyte-solvent couple

potential scanning between -0.3 V and 1.0 V at a scan rate of 100 mV/s.

Oxidative electropolymerization of 17 was performed in 0.1 M TBAPF¢/DCM
supporting electrolyte/solvent system at a scan rate of 100 mV/s. An irreversible
oxidation wave appeared at 1.1 V vs Ag wire corresponding to the oxidation of
monomer, 17 (Figure 3.12). An electroactive polymer film quickly grows on the
indium tin oxide (ITO)-coated glass slide which was accompanied with an increase
in the current intensity. Redox process of P17 revealed a new reversible redox
couple. Oxidation and reduction peaks centered at +0.87 and +0.80 V for the redox

processes for P17 (Scheme 3.11).

An irreversible anodic wave at 0.86 V vs Ag wire stands for the onset for monomer
oxidation, 18 (Figure 3.12). Oxidation of monomer was followed by chemical
coupling which leads to the formation of the dimers and the oligomers. These
oligomers became insoluble and precipitated onto the electrode surface when the
chain length of the oligomers increased. The reduction of the resulting polymer
appeared at +0.38 V. Increase in the intensity of current response during subsequent
scans indicates the increase in the polymer thickness and the amount of the
electroactive material. A new oxidation peak appeared at +0.52 V due to the

oxidation of the polymer upon consecutive cycle formation [98].
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Figure 3.12. Repeated potential scan electropolymerization of a) 17 b) 18 at 100
mV/s in 0.1 M TBAPF¢/DCM on the ITO electrode.
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Examination of elecetrochemical properties of two quinoxaline based monomers
showed that oxidation potential of 3-hexylthiophene based monomer is more positive
than that of EDOT derivative. This higher oxidation potential is expected since the
terminal 3-hexylthiophene units are not electron-rich as EDOT. Reduction potential
of P18 which was lower than that of P17 indicated the incorporation of electron-rich
EDOT donor into the structure lead to more stabilized reduced state in the resulting

polymer.
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Scheme 3.11. p-Doping of P17 and P18

A linear relationship was found between the peak current and the scan rate. This
relationship indicates that the electroactive polymer films were well adhered and the

redox processes were non-diffusion limited (Figure 3.13).
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Figure 3.13. Cyclic voltammograms of P17 in 0.1 M TBAPF¢/DCM at scan rates of
100, 150, 200, 250 and 300 mV/s.

3.5.2.2. Spectroelectrochemistry

Spectroelectrochemical analysis was performed to examine the electronic structure of
P17 and P18 using changes in electronic spectra under a voltage pulse. P17 was
electrodeposited onto ITO-coated glass slides potentiodynamically. A series of
spectra were collected at various potentials ranging from +0.2 V to + 1.3 V as shown
in Figure 3.14.

Polymer film switches between a blue neutral state, a gray intermediate state, and a
green oxidized state. Neutral form of P17 gives rise to n-n* absorption band centered
at 570 nm. Band gap for the polymer was determined through the onset of n-n*
absorption for the neutral polymer and found to be 1.65 eV. As polymer film was
oxidized, the n-m* transition of absorption band was depleted at the expense of strong
absorption bands in the NIR which correspond to the two low-energy charge carriers;

polaronic state at 950 and bipolaronic state at 1700 nm.
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The spectroelectrochemistry of P18 was depicted in Figure 3.14 as the potential was
increased stepwise from -0.3 V to + 1.3 V. P18 was green at the neutral state. The -
n* transitions of the neutral polymer were split into two main absorption bands at

470 and 790 nm in the visible region as expected from a neutral state green polymer.

Electrochemical oxidation of the polymer resulted in a decrease in the m-m*
transitions and in an increase in the transitions at 950 and 1600 nm which were
characteristic of low energy charge carriers polaron and bipolaron, respectively.
Since the polymer has two absorption bands in its neutral state, the optical bandgap
was determined from the onset of the lower energy m-n* transition in the spectrum as
1.10 eV and therefore, this polymer meets the defined criterion for being a low band
gap polymer. The difference between the band gaps of P18 and PEDOT (Eg=1.6 eV)
was 0.5 eV. The introduction of electron-accepting group results in a shift of the
absorption onset towards longer wavelength compared to PEDOT underlines the
effect of the acceptor moiety on the HOMO-LUMO gap of the molecule.

Although the backbone structure is the same, the optical properties of P17 and P18
are different with the variation of substitution. II-IT* transition and low-energy
absorption bands (polaronic and bipolaronic states) of P17 show a blue shift
compared to those of P18, indicating the presence of alkyl side chains on thiophene
units lower the coplanarity between the benzene and thiophene rings. Thus the
effective conjugation in the polymer decrease and maximum absorption band is blue
shifted by 100 nm. Band gap of the hexyl-substituted polymer estimated from
absorption onset wavelengths were 0.55 eV higher than that of the corresponding
ethylenedioxy-substituted polymers. Replacement of ethylenedioxy unit on the
thiophene ring with hexyl group may lead to decrease in the effective conjugated
length in polymers by increasing the torsional angles between thiophene rings and

benzene. Thus spectral results were blue shifted in the resulting polymers.
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Figure 3.14. a) p-doping spectroelectrochemistry of P17 film on an ITO coated glass
slide in monomer free, in 0.1 M NaCIO4/ACN electrolyte-solvent couple at applied
potentials, b) p-doping Spectroelectrochemistry of P18 film on an ITO coated glass
slide in monomer free, 0.1 M TBAPFs/DCM electrolyte-solvent couple at applied

potentials.
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Table 3.3. Effects of changes in m-system of the central aromatic group on the

absorption onset and electronic band gap of the resulting polymers

) e N N ey
ectrochnemic
i\ /N > i\ i\
s Polymerization S n
c10H210 OCIUHZI
oc Q-
N, \N N, \N N/ \N
| n m
415 470 448
Apax(nm) o0 790 732
Eg(eV) 145 11 10

Electron-accepting property of the n-conjugated system of the central aromatic group
Il was compared with 1 [99] , and IIl [100] (Table 3.3). Differences in the
intermolecular interaction between m-electrons led to shift of the absorption bands.
Absorption bands of the alkoxy substituted analogous shifted to the blue since the
coplanarization of the m-conjugated system decreased with the substitution of long
alkyl chain on the acceptor unit. Insertion of dibenzo[a,c]phenazine acceptor unit in
n-conjugated system increased rigidity thus better intermolecular interaction led to
obtain lower band gap than that of the alkoxy substituted analogous. All these D-A-D
type m-conjugated polymers are neutral state green polymer with two absorption

bands around 400 and 700 nm as expected.
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3.5.2.3. Electrochromic Switching

For electrochromic materials it is very important to switch rapidly between redox
states and exhibit remarkable color change. The switching time of the polymer film
Is defined as the time needed to switch between the two extreme redox states of the
polymer. In order to analyze the switching characteristics of the polymer film, the
variation in percent transmittance at the wavelength of maximum contrast was
monitored during repeated redox stepping experiments. In this experiment, the
potential was set at an initial potential for a given period of time, and was stepped to
a second potential for the same period of time before being switched back to the
initial potential. Figure 3.15 shows the switching study of P17 film when the
potential is stepped between + 0.2 V and +1.3 V at 5 s step intervals in 0.1 M
TBAPF¢/DCM at 570 nm and 1850 nm. P18 film was switched by stepping the
potential between —0.3 V and + 1.3 V with a switching interval of 5 s in 0.1 M
TBAPF¢/DCM electrolyte-solvent system while the transmittance was measured at
470 nm, 790 nm and 1600 nm.

The percent transmittance (T %) at different wavelengths together with the Amax Of
P18 were measured. The optical contrast was found to be 27 % at 470 nm in 0.9 s. A
transmittance value of 16 % was calculated with respect to the minimum absorption
point on the absorption spectra of the polymer at 790 nm in 1.2 s. P18 film showed
80% optical contrast and switched in 1.4 s at 1600 nm. The switching time was

calculated at 95% of the full switch as is the common trend in literature.

P17 film showed 93% transmittance at the oxidized state and a 3% transmittance at
the neutral state with an outstanding optical contrast of 90% in the NIR region which
is 10% higher than P18. The high optical contrast (90%) at 1850 nm in less than 1 s
makes this material a good candidate for NIR device applications. It reveals nearly

31% optical contrast with a switching time of 1.5 s.
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Figure 3.15. Electrochromic switching, optical absorbance change monitored at
a) 570 and 1850 nm for P17 b) 470, 790 and 1600 nm for P18 in 0.1 M
TBAPFs/DCM.
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3.5.2.4. Colorimetry

The range of color attainable from each polymer has been quantified by colorimetry
using the CIE 1931 Yxy color space. The specific color states for the neutral and
oxidized forms of each polymer are listed in the form of Yxy coordinates. P17 shows
multicolored electrochromic behavior with three distinct colors: blue (Y: 29.6,
x:0.269, y:0.281) at -0.3V, gray (Y:41.2, x:0.351,y:0.372) at + 0.9 V, green (Y:36.2,
x:0.345 y:0.409) at 1.3 V. P18 reflects green light (Y: 71.398, x: 0.3500, y: 0.468) in
the neutral state and is neutral blue-gray (Y: 86.099, x: 0.332, y: 0.379) in the

oxidized state.

Table 3.4. Electrochromic properties of a) P17, b) P18.
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3.6. Dipyrido[3,2-a:2,3-c]phenazine Inserted Quinoxaline Derivative

3.6.1. Electrochemistry

The new quinoxaline analogue, 21 exhibits redox behavior typical of the previous
quinoxaline derivatives. The redox behavior of the monomer was examined using
cyclic voltammetry. The electrochemical oxidation of the monomer was carried out
in a solution of 1x10 M monomer and 0.1 M TBAPFs in DCM at a scan rate of 100
mV/s. P21 was synthesized on indium tin oxide (ITO) coated glass slides by

oxidative electropolymerization.
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Figure 3.16. Repeated potential scan electropolymerization of 21 at 100 mVs *in 0.1
M TBAPF¢/CH,Cl, on an ITO electrode

The cyclic voltammogram of 21 exhibits an irreversible oxidation wave at 0.85 V vs
Ag wire (Figure 3.16). Following the monomer oxidation, an electroactive polymer

film quickly grows on the indium tin oxide (ITO)-coated glass slide revealing new

105



reversible redox couple and accompanying increase in the current intensity.The
redox processes for P21 include oxidation and reduction peaks centered at +0.75 and
+0.37 V (Scheme 3.12).
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Scheme 3.12. p-Doping of P21
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Figure 3.17. Cyclic voltammograms of P21 in 0.1 M TBAPF¢/DCM at scan rates of
100, 150, 200, 250 and 300 mV/s.

The scan rate dependence of the anodic and cathodic peak currents was studied in a
monomer-free electrolyte solution (Figure 3.17). A linear relationship between the
peak current and scan rate demonstrates that the films were well adhered and the

electrochemical processes are reversible and non-diffusion-controlled.
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3.6.2. Spectroelectrochemistry

Spectroelectrochemical analysis was performed to evaluate the optical properties of
the electrochromic polymer, P21. Figure 3.18 shows the spectroelectrochemical
series for p-doping between -0.3V and + 1.2 V. The neutral form of the polymer is
brick red in color, having an absorbance peak centered at 820 nm. Stepwise oxidation
of the polymer shows that the intensity of n-n* transition decreased as the color
changes from brick red to gray, while passing through three intermediate states;
orange, brown, green. Upon oxidation, new absorption bands which correspond to
polaron and bipolaron species are built at 1250 and 1600 nm, respectively. The band
gap (Eg), defined as the onset of the n-m* transition of the neutral P21 film, was
calculated to be 1.0 eV.

1.2 4

'l
g |

Figure 3.18. p-Doping spectroelectrochemistry of P21 film on an ITO-coated glass
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11111/

/!
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slide in monomer-free, 0.1 M TBAPF¢/DCM electrolyte—solvent couple at applied
potentials.
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In the neutral state the polymer film showed an absorption maxima at 820 nm which
is red shifted by about 90 nm compared to the analogous polymer, PDPEQ (II)
(Amax=732 nm) [99]. This suggests that optical properties of P21 are controlled by
inductive effects rather than by delocalization along the polymer backbone. A
considerable longer wavelength reflects a higher order of contribution of the charge-
transferred structure in the electronic state of 16 due to its strong electron-accepting
property. Electron-accepting property of the n-system of the central aromatic group
IV was compared with 1 [101], 11 [100] and I11 [102] with respect to the number of
electron-withdrawing imine(C=N) groups (Table 3.5). It can be concluded that the

increase in the number of imine groups leads to a bathochromic shift.

Table 3.5. Effects of changes in m-system of the central aromatic group on the

absorption onset and electronic band gap of the resulting polymers

g » G o Flectrochemical o 0O 0 o
ectrochemic

/S\ i\ > 1\ /N

Polymerization S n

3

N/ \N N \N
L - g
# /
) N
I n m v
478 732 750 820
Apay(nm)
Eg (eV) 19 1.01 1.2 10
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3.6.3. Electrochromic Switching Studies

Electrochromic switching studies were performed to monitor the switching ability of
the polymer. A square wave potential step method coupled with optical spectroscopy
was used to probe switching times and contrast in the polymer. In this double
potential step experiment, the potential was set at an initial potential (-0.3 V) for 5s,
and was switched to a second potential (+1.2 V) for 5 s before being switched back
to the initial potential (-0.3V) again. The % transmittance was then monitored while
the polymer was switched between -0.3 V and + 1.2 V with a switching interval of 5s
in 0.1 M TBAPF¢/DCM at two different wavelengths (Figure 3.19). The optical
contrast, measured as the difference in %T between the reduced and oxidized forms

was determined as 34% at 460 nm.
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Figure 3.19. Electrochromic switching and optical absorbance change monitored at
460 nm and 1460 nm for P21 in 0.1 M TBAPF¢/DCM
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An excellent optical contrast of 99 % in the NIR region (1460 nm) is a very
significant property to be considered as an active electrochromic material for NIR
applications. Response time on electrochromic switching of the polymer film
between its neutral and oxidized states was also monitored. P21 has a switching time
of 1.8 s at 460nm. The polymer achieves an outstanding optical contrast of 99 % in

the NIR regioninonly 1s.
3.6.4. Colorimetry

Significant changes in absorption characteristics upon p-doping demonstrate the
electrochromic properties of P21. Colorimetry analysis identify the color changes
observed upon oxidation; the polymer is brick red at the reduced state (-0.3 V), gray
at the oxidized state (+1.2 V) with three intermediate states; orange (+0.4 V), brown
(+0.70 V), green (+0.85 V). The Commission Internationale de I’Eclairage (CIE)
system was used as the quantitative scale to define and compare colors. The color

coordinates, Y, X, y values, were measured and summarized in Table 3.6.

Table 3.6. Electrochromic properties of P21

Brick Red Orange Brown Green Gray
(-03V) +0.4V) +0.7V) (+0.85V) (+1.2V)
; !
}
Y:22.3 Y:32.2 Y: 32.6 Y: 32.6 Y:31.5
x:0.421 x:0.464 x:0.438 x:0.365 x:0.312
y:0.352 y:0.424 y:0.432 y:0.423 y:0.335

110




3.7. Thienopyrazine Derivative

3.7.1. Cyclic Voltammetry

The reversibility and relative potentials of the redox processes in this m-conjugated
terthienyl system were examined in 0.1 M TBAPFs/DCM solvent-electrolyte couple.
Electrochemical polymerization of 26 was achieved using cyclic voltammetry by
sweeping the potential between -0.2 V to +0.8 V at 100 mV/s. The voltammogram of
26 exhibits an irreversible oxidation wave at 0.56 V vs Ag wire (Figure 3.20).
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Figure 3.20. Repeated potential scan electropolymerization of P26 at 100 mV/s in
0.1 M TBAPFs/DCM on ITO electrode.

Following the monomer oxidation, an electroactive polymer film quickly grows on
the indium tin oxide (ITO)-coated glass slide revealing new reversible redox waves
including oxidation and reduction peaks centered at +0.42 and +0.41 V, respectively
(Scheme 3.13).
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Scheme 3.13. p-Doping of P26

3.7.2. Spectroelectrochemistry

Spectroelectrochemistry experiments were performed to investigate the optical
changes of each of the m-conjugated terthienyl systems due to the formation of
positively charged carriers upon electrochemical oxidation (p-type doping).
Spectroelectrochemical studies of P26 was performed in 0.1 M TBAPFs/DCM
electrolyte-solvent couple at applied potentials between -0.2 V and +0.8 V. The
evolution of the electronic band structure during electrochemical p-doping of the
polymers were recorded as a function of applied potential and shown in Figure 3.21.
The ethylenedioxy pendant groups on phenyl rings affect not only the monomer
oxidation and the polymer redox couple potentials but also the maximum absorption
wavelengths of the corresponding transitions. For the neutral P26, two main
absorptions were observed in the visible region at 410 nm and 751 nm. These
absorption bands decrease as the doping proceeds and therefore this polymer meets
the defined criteria for being a green polymer. The onset of the absorption edge gives
the band gap for the n-conjugated terthienyl system, 1.0 eV. As the applied potential
increased, new absorption bands which correspond to the formation of radical cations
(polarons) and further dications (bipolarons) were observed at longer wavelength

than the ones associated with the t-nt* transitions.
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Figure 3.21. p-Doping spectroelectrochemistry of P26 film on an ITO coated glass
slide in monomer free, 0.1M TBAPFs/DCM electrolyte-solvent couple at applied
potentials.

3.7.3. Electrochromic Switching Studies

Electrochromic switching studies were carried out to monitor the switching ability
and changes in the optical contrast of the polymer with time during repeated potential
stepping between neutral and oxidized states. In these studies, the transmittance (%T)
of the polymer films was recorded as a function of time at given wavelengths (Figure
3.22). The contrast is given as the difference between T % in the neutral and
oxidized states and reported as AT%. P26 was switched from -0.2 Vto+0.8 V at5s
step intervals in 0.1M TBAPF¢/DCM while the change in transmittance was
monitored. The optical contrasts for the polymer were calculated as 22% at 410 nm,
22% at 751 nm, and 70% at 1550 nm. The polymer revealed switching times of 0.6 s
at 410 nm and 751 nm, 1.2 s at 1550 nm.
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Figure 3.22. Electrochromic switching and optical absorbance change monitored at
410 nm, 751 nm and 1550 nm for P26 in 0.1M TBAPFs/DCM.

3.7.4. Colorimetry

The change in optical properties that results from the redox switching of conjugated
polymers was further examined through colorimetry using the Commission
Internationale de 1’Eclairage (CIE) 1931 Yxy color space. Colorimetry studies are
performed to define the color of the polymer film in an objective and quantitative
practice based on the CIE system. The color coordinates, Y, X, y values, were

measured and summarized in Table 3.7.
Colorimetry analysis identifies the changes in the multi-colored P26 observed upon

oxidation; the polymer is dark green at the neutral state (-0.1 V), a brown

intermediate state (+0.5V), and a violet-brown oxidized state (+0.9V).
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Table 3.7. Electrochromic properties of P26

-0.1V o5V 13V

Y:51.4 Y:41.4 Y:51.9
x:0.322 x:0.342 x:0.328
y:0.429 y:0.360 y:0.339

3.8. Electrochromic Device

3.8.1. Spectroelectrochemistry of ECD

A dual polymer ECD was constructed using P18 as the anodically coloring polymer,
and PEDOT as the cathodically coloring polymer [98]. ECD construction was
carried out with on P18 oxidatively doped while PEDOT was neutral. Application of
voltage neutralizes the doped P18 with concurrent oxidation of complementary
polymer PEDOT. Spectroelectrochemical studies were performed to examine the
optical properties of the ECD’s that occur upon doping or dedoping process (Figure
3.23).

The alternation of the color from green to blue was observed upon stepwise increase
of the potential from -1.8 V to 1.8 V. When a negative voltage (- 1.8 V) was applied
to P18 layer, the polymer film had a green color at 460 nm. At this point,
cathodically coloring material, PEDOT, was in its oxidized state, revealing a

transparent sky blue color.
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When the voltage was stepwise increased to +1.8 V, P18 layer started to get oxidized

and intensity of peak at 610 nm increased. At this voltage, the PEDOT layer was
reduced revealing a blue color.

400 600 800 1000 1200
Wavelength (nm)

0.50 -

0.45

0.40

Absorbance (a.u.)

Figure 3.23. Optoelectrochemical spectrum of P18/PEDOT device

3.8.2. Electrochromic switching studies of ECDs

The switching characteristics of ECD were analyzed by monitoring the change in the
transmittance during repeated redox switching experiments (Figure 3.24). Switching
between square wave potentials of -1.8 V and 1.8 V with a residence time of 5 s, the
optical contrast (T %) at 610 nm was found 18 % with less than 0.3 s switching time.
The percentage transmittance was found to be 10 % for 460 nm with a fast switching

time of approximately 0.6 s. These switching times are much better than the
performances of similar devices.
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Figure 3.24. Electrochromic switching, optical absorbance monitored for
P18/PEDOT device.

3.8.3. Open circuit memory

Open circuit memory is defined as the ability of an ECD to maintain its color whiles
the current is off. The color persistence in the ECDs is a significant character since it
is directly related to aspects involved in its utilization and energy consumption
during application. In order to examine open circuit memory of the device,
experiments were carried out by polarizing the device in the green/blue states by an
applied pulse for 1 s and then holding at open circuit conditions for 200 s.
Simultaneously the optical spectrum as a function of time was recorded (Figure
3.25).
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When polarized in the green colored state (-1.8 V), the optical contrast of the device
(63 %) decreases to 57 %. after 200 s. There is about 6% loss in optical contrast
under open circuit conditions. Moreover, the device was more stable in blue colored
state (+1.8V) as given by 3% decrease in the optical contrast. A reasonable optical

memory in blue colored state was observed under open circuit conditions.
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Figure 3.25. Open circuit memory of P18/PEDOT device monitored at —1.8 V and

+1.8 V potentials were applied for one second for each 200 s time interval.
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CHAPTER 4

CONCLUSION

[1-Conjugated monomers composed of aromatic donor and o-quinoid acceptor units
were prepared via Stille coupling method. The polymers of the corresponding D-A-D
type monomers were synthesized by electrochemical methods. Cyclic voltammetry
experiments, spectroelectrochemistry and kinetic studies for all the polymers were
performed in order to investigate the electrochemical and electrochromic properties.
The different structures of the polymers due to the differences in donor/acceptor
moiety affect not only the monomer oxidation and the polymer redox couple
potential but also the maximum absorption wavelengths of the corresponding

transition.

Target monomers based on 2-(2,3-dihydrobenzo[b][1,4]dioxin-5-yl)-3-(2,3-
dihydrobenzo[b][1,4]dioxin-8-yl)quinoxaline as the common acceptor unit were
synthesized to understand the effects of donor strength on the optoelectronic and
redox properties of the resulting electropolymerized materials. The electrochemical
cyclic voltammograms of the polymers showed a distinct reversible redox peaks. A
stronger donor EDOT unit with the quinoxaline derivative as an acceptor unit had
lower band gap relative to the thienyl derivative. The introduction of alkyl
substituent on polymer causes steric hindrance, resulting in less order and less

conjugation by the blue shift in absorption spectra and the increase in polymer’s band

gap.
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The spectroelectrochemical analysis showed that the use of fused aromatics as an
acceptor unit resulted in a shift in the onset of the n-n* transition towards longer
wavelengths. These results confirmed that the rigidification of the m-conjugated

system constitutes an efficient strategy for band gap reduction.

Ethylenedioxybenzene functionalized thieno[3,4-b]pyrazine was synthesized as
precursors to investigate the effect of changes in n-conjugated terthienyl system on
the electronic and optoelectronic properties of the resulting polymers. The terthienyl
system lowered the band gap value from 1.8 eV to 1.0 eV. Thieno[3,4-b]pyrazine
unit provides a more planar backbone between repeating units due to less steric
hindrance of the thiophene compared to the benzene ring in quinoxaline derivative.
In addition, the fused-ring thienopyrazine unit allowed fine-tuning of the polymer

band gap due to the enhanced n-7 stacking between the polymeric chains.
In conclusion, all these results showed that electrochemical and optoelectrochemical

properties of the n-conjugated polymer can be fine-tuned by changing the nature of

acceptor and donor moieties.
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APPENDIX A: SELECTED NMR DATA
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Figure A.1. *H-NMR spectrum of 4,7-dibromobenzo[c][1,2,5]thiadiazole (5)
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Figure A.2. *C-NMR spectrum of 4,7-dibromobenzo[c][1,2,5]thiadiazole (5)
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Figure A. 3. 'H-NMR spectrum of 3,6-dibromobenzene-1,2-diamine (6)
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Figure A.4. *C-NMR spectrum of 3,6-dibromobenzene-1,2-diamine (6)
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Figure A.5. 1-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-2-(2,3-dihydrobenzo [b][1,4]
dioxin-7-yl)ethane-1,2-dione (8)
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Figure A.6. "H-NMR spectrum of 5,8-dibromo-2-(2,3-dihydrobenzo[b][1,4]dioxin-
6-yl)-3-(2,3-dihydrobenzo[b][1,4]dioxin-7-yl)quinoxaline (9)
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Figure A.7. *C-NMR spectrum of 5,8-dibromo-2-(2,3-dihydrobenzo[b][1,4]dioxin-
6-yl)-3-(2,3-dihydrobenzo[b][1,4]dioxin-7-yl)quinoxaline (9)
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Figure A.8. 'H-NMR spectrum of 2-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(2,3-
dihydrobenzo [b][1,4]dioxin-7-yl)-5,8-di(thiophen-2-yl)quinoxaline (14)
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Figure A. 9. "H-NMR spectrum of 5,8-bis(4-hexylthiophen-2-yl)-2-(2,3-dihydro
benzo[b] [1,4] dioxin-6-yl)-3-(2,3-dihydrobenzo[b][1,4]dioxin-7-yl)quinoxaline(15)
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Figure A. 10. **C-NMR spectrum of 5,8-bis(4-hexylthiophen-2-yl)-2-(2,3-dihydro
benzo[b] [1,4] dioxin-6-yl)-3-(2,3-dihydrobenzo[b][1,4]dioxin-7-yl)quinoxaline (15)
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Figure A. 11. *H-NMR spectrum of 2-(2,3-dihydrobenzo[b][1,4]dioxin-6-y1)-3-(2,3-
dihydrobenzo  [b][1,4]dioxin-7-yl)-8-(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-5-
(2,3-dihydrothieno[3,4-b] [1,4]dioxin-7-yl)quinoxaline (16)
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Figure A. 12. *H-NMR spectrum of 10,13-dibromobenzo[a,c]phenazine (10)
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Figure A. 13. 'H-NMR spectrum of 17
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Figure A. 14. *H-NMR spectrum of 18
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Figure A. 15. 'H-NMR spectrum of 21

143




d

b

n

o

Figure A. 16. 'H-NMR spectrum of 5,7-bis(4-hexylthiophen-2-yl)-2-(2,3-dihydro-
benzo[b][1,4] dioxin-6-yl)-3-(2,3-dihydrobenzo[b][1,4]dioxin-7-yl)thieno[3,4-b]

pyrazine (26)
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Figure A. 17. ®C-NMR spectrum of 5,7-bis(4-hexylthiophen-2-yl)-2-(2,3-dihydro-
benzo[b][1,4] dioxin-6-yl)-3-(2,3-dihydrobenzo[b][1,4]dioxin-7-yl)thieno[3,4-b]
pyrazine (26)
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