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ABSTRACT

SYNTHESIS OF NEW MULTIFUNCTIONAL
POLYFLUORENE
&
DONOR ACCEPTOR TYPE POLYFLUORENE DERIVATIVES

Bezgin Carbas, Buket
Ph. D., Department of Chemistry
Supervisor: Prof. Dr. Ahmet M. Onal

May 2013, 144 pages

This dissertation focuses on the synthesis of polyfluorene and its derivatives via chemical or
electrochemical polymerization for various applications (i.e. ambipolar property in organic
electronics, fluorometric sensors PLEDs, and electrochromism). Fluorene based homo- and co-
polymers have been integrated to these kinds of applications because of their facile synthesis and
unique optical and electronic properties. The research can be divided into three parts.

In the first part, a new anodically coloring polymer, poly (fluorenecarboxylic acid) P(FCA), was
synthesized via electrochemical polymerization in the presence of the Lewis acid, borontrifluoride
diethyletherate, yielding a clear to brownish-orange electrochromism. Furthermore, a dual type
electrochromic device based on P(FCA) was constructed exhibiting a good open circuit memory.

In the second part, the thienylene fluorenes were under investigation and their analogues to
produce electrochromic polymers with moderate band gaps and to determine the role of the donor
groups in the D-A-D polyfluorene derivatives. The methylene bridge of the fluorene was also
functionalized by different substutients based on -keton (fluorenone),-quinoxaline and -xanthene
pendant units to see the effect of the functional groups on the main chain backbone. For this
purpose, eight D-A-D typed monomers- functionalized from C9 position of the fluorene structure
and their corresponding polymers, (P(TFT) (poly(2,7-di-thiophen-2-yl-fluoren-9-one)), P(EFE)
(poly(2,7-bis-(2,3-dihydro-thieno[3,4-b][1,4]dioxin-5-yl)-fluoren-9-one)), P(PFP) (poly (2,7-bis-
(3,3-dihexyl-3,4  dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)-fluoren-9-one)) as fluoren-one;
P(TQT) (poly(2,7-di(thiophen-2-yl)-5'H-spiro[fluorene-9,4'-pyrrolo[1,2-a]quinoxaline])),
P(EQE) (poly(2,7-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-5'H-spiro[fluorene-9,4'-
pyrrolo[1,2-aJquinoxaline])), P(PQP)  (poly(2,7-bis(3,3-dihexyl-3,4-dihydro-2H-thieno[3,4-
b][1,4]dioxepin-6-yl)-5'H-spiro[fluorene-9,4’-pyrrolo[1,2-a]quinoxaline]) ) as fluoren-quinoxaline
and P(TXT) (poly(3',6'-bis(octyloxy)-2,7-di(thiophen-2-yl)spiro[fluorene-9,9'-xanthene])),
P(EXE) (poly (2,7 bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-y1)-3’,6'-bis(octyloxy)spiro[fluorene-
9,9'-xanthene])) as fluoren-xanthene derivatives were synthesized. The obtained polymers
exhibited attracting optical and electronic properties and utilized for some applications. For
instance; D-A-D type fluorenone derivatives exhibited ambipolar property with orange light
emission and one with fluorene-quinoxaline derivatives showed high sensitivity towards the Fe®*
ions with red light emission. The last derivative, fluorene-xanthene spiro structure, indicated
strong thermal stability with blue light emission together with high quantum efficiency.

In the last part, a novel blue emitting and electrochromic conjugated polymer based on 9.9°-
dioctylfluorene and spiro (fluorene-9.9’-xanthene) was prepared. Optical, photophysical and
electrochemical characterizations have been conducted for the synthesized polymer; P(F8-SFX).
Switching of the corresponding polymer between yellow and purple states was demonstrated, and
blue emission with Commission Internationale de L’Eclairage (CIE) coordinate at (0.19, 0.15) was
obtained from the fabricated polymer light emitting diode.

Keywords: Polyfluorene and its derivatives, Electrochromism, D-A-D approach, PLED,
Ambipolar polymers, lon sensitivity, Electrochromic Device.
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COK FONKSIYONLU
YENI POLIFLOREN SENTEZI
&

DONOR AKSEPTOR TiPi
POLIFLOREN TUREVLERI

Bezgin Carbas, Buket
Doktora, Kimya Boliimii
Tez Yoneticisi: Prof. Dr. Ahmet M. Onal

May 2013, 144 pages

Bu tez, degisik kullanmim alanlar1 olan (organik cihazlarda kullanilan ambipolar &zellikli
polimerler, florometrik tesbit, PLED’ler ve elektrokromism gibi) kimyasal veya elektrokimyasal
yontemlerle elde edilen polifloren ve tiirevlerinin tizerinde odaklanmistir. Floren bazli homo- ve
ko-polimerler essiz optiksel ve elektronik 6zelliklerinden dolayr bu tiir uygulama alanlarina
entegre edilebilmektedirler. Bu bilimsel galisma 3 boliimden olugmaktadir.

Ilk boliimde, floren karboksilik asit monomerinin borontrifloriir dietileter varliginda
elektrokimyasal polimerizasyonu ile anodikli renkli polimer poly(floren karboksilik asit), P(FCA),
elde edilmistir. Seffaf olan P(FCA) filmi elektrokimyasal yiikseltgenme esnasinda kahverengimsi-
turuncu renge doniiserek elektrokromik 6zellik gostermistir. Ayrica, P(FCA) bazli ¢ift yonli
elektrokromik cihaz olusturulmus ve acik devre hafizasinin oldukea iyi oldugu bulunmustur.

Ikinci boliimde ise, diisiik band aralikli elektrokromik polimerler elde etmek ve D-A-D polifloren
tirevlerindeki elektron verici gruplarin gorevini belirleyebilmek igin tienil florenleri ve tiirevlerine
odaklanilmistir. Floren yapisindaki metilen kopriisii, farkli islevsel gruplarin ana zincir iizerindeki
etkisini incelemek amaci ile, keto (florenon), -kinoksalin ve -ksanten gibi farkli gruplar ile
islevsellestirilmistir. Bu nedenle florenin C9 pozisyonundan fonksiyonlamig D-A-D tipi 8 degisik
monomer ve onlarin karsiligi olan polimerleri (P(TFT) (poly(2,7-di-thiophen-2-yl-fluoren-9-
one)), P(EFE) (poly(2,7-bis-(2,3-dihydro-thieno[3,4-b][1,4]dioxin-5-yl)-fluoren-9-one)), P(PFP)
(poly  (2,7-bis-(3,3-dihexyl-3,4  dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)-fluoren-9-one))
florenon; P(TQT) (poly(2,7-di(thiophen-2-yl)-5'H-spiro[fluorene-9,4'-pyrrolo[1,2-
aJquinoxaline])), P(EQE) (poly(2,7-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yI)-5'H-
spiro[fluorene-9,4'-pyrrolo[1,2-a]quinoxaline])), P(PQP) (poly(2,7-bis(3,3-dihexyl-3,4-dihydro-
2H-thieno[3,4-b][1,4]dioxepin-6-yl)-5'H-spiro[fluorene-9,4'-pyrrolo[1,2-a]quinoxaline]))  floren-
kinoksalin P(TXT) (poly(3’,6’-bis(octyloxy)-2,7-di(thiophen-2-yl)spiro[fluorene-9,9'-xanthene])),
P(EXE) (poly (2,7 bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-3’,6'-bis(octyloxy)spiro[fluorene-
9,9'-xanthene])) floren-ksanten tiirevleri olarak sentezlenmistir. Elde edilen polimerler ilgi ¢ekici
optiksel ve elektronik ozellikler gdstermistir. Ornegin, D-A-D florenon tiirevleri turuncu 151K
yayim ile birlikte ambipolar 6zelligi gostermistir ve fluoren- kinoksalin tiirevleri ise kirmizi 151k
yaym ile Fe?* katyonuna kars1 asirt duyarlilik gostermistir. Son tiirev floren-ksanten spiro yapist
ise yiiksek kuantum verimi ile mavi 151k yayabilen gii¢lii termal kararlilik gostermistir.

Son boliimde ise, yeni bir mavi 151k yayabilen ve elektrokromik konjuge 9.9°-dioktilfluoren ve
(spiro fluoren-9.9’-ksanten) bazli yeni bir konjuge polimer hazirlanmis, ve elde edilen polimerin
optiksel, fotofiziksel ve elektrokimyasal 6zellikleri incelenmistir. Polimerin sar1 ve eflatun renkleri
arasinda anahtarlandig1 ve polimerden elde edilen PLED cihazinin Commission Internationale de
L’Eclairage (CIE) (0.19, 0.15) koordinatlarinda mavi 151k yayabildigi ayrica bulunmustur.

Anahtar Sozciikler: Polifloren ve tilirevleri, Elektrokromizm, D-A-D Yaklasimi, PLED,
Ambipolar polimerler, Iyon duyarlilig1, Elektrokromik cihaz.
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CHAPTER 1
INTRODUCTION

1.1. A Brief Introduction to Conducting Polymers

The development of the synthetic polymers stared in the 20™ century and today, people have
found many applications in nearly every industry and area of life such as; adhesives, lubricants
as well as structural components for products ranging from children’s toys to aircrafts. It was
originally believed that all of the polymers were insulators and therefore polymeric materials were
especially used in electronic industry with for insulation purposes. But, this general belief has been
changed by three scientists, Alan MacDiarmid, Hideki Shirakawa and Alan Heeger in 1977. They
have showed that polyacetylene could be made to conduct electricity upon exposure to iodine
vapor [1, 2]. This event endowed a new door for polymer science.

In his Nobel Lecture [3], Heeger stated, "Conducting polymers offer the promise of achieving a
new generation of polymers: Materials which exhibit the electrical and optical properties of metals
or semiconductors, retain the attractive mechanical properties and processing advantages of
polymers.” These were the key words for organic conducting- and semiconducting-polymers, and
have allowed them to find some applications such as electrochromic devices [4, 5], optical
displays [6], smart windows [7, 8], mirrors [9, 10] and camouflage materials [11, 12] in which
traditional metal or inorganic semiconductors cannot be used.

Recently, conducting polymers are used for the fabrication of various organic electronic devices
such as light emitting diodes [13-16], photovoltaic cells [17-21], sensors [22-26], batteries [27-30],
actuators (artificial muscles) [31,32] and similar devices which are applicable on numerous kinds
of portable and stationary electronics.
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Figure 1. 1. Structures of some common aromatic conjugated polymers.

Polyacetylene, the first synthesized conjugated conducting polymer, has certain limitations such as
improcessability and instability towards air oxidation in the doped state. Therefore, the research in



conducting polymers focuses on some popular aromatic polymers such as poly(p-
phenylenevinylene), polyfluorene, polyaniline, polythiophene, polypyrrole, polyfuran,
polycarbazole (Figure 1.1) and their derivatives. These aromatic polymeric materials are more
stable than the non-aromatic polyacetylene. To date, a large number of conjugated polymers have
been designed and characterized by many research groups. Furthermore, several of these
conductive polymer types have been commercialized and are sold by a variety of polymer
manufacturers.

In order to use the synthesized materials in the desired technological applications, some properties
of the conducting polymers (i.e., stability, solubility, electronic and optical behaviors, etc.) should
be controlled by the modification of the starting monomers [33].

1.2. Conductivity Mechanism of Conjugated Polymers

1.2.1. Structure and Conjugation

a) LUMO A
Eq

HOMO J
b, ]

@@ orbital 8 orbital

Figure 1. 2. A schematic illustration of the structure and atomic orbitals involved in the electronic
structure (left) and the energy diagram (right) of a) polyethylene, b) trans polyacetylene.

The conjugated structure with alternating single and double bonds coupled with atoms providing
p-orbitals for a continuous orbital overlap (e.g. N, S) is necessary for polymers to become
intrinsically conducting. The highest occupied molecular orbital (HOMO) constitute the valence
band (VB) and the lowest unoccupied molecular orbital(LUMO), the conduction band (CB). To
make a polymer electronically conductive it is necessary to contain not only charge carriers but
also an orbital system that allows the charge carriers to move through a continuous overlapping of
n-orbitals along the polymer backbone [34]. The width of the forbidden band, or band gap (E,),
between the VB and CB determines the electrical properties of the material. Therefore, similar to
semiconductor materials, they can conduct electricity [35]. As shown in Figure 1.2, for



polyethylene each carbon atom forms four ¢ bonds with other atoms (2 carbon and 2 hydrogen
atoms), whereas in the case of polyacetylene three ¢ bonds and one x bond are formed, resulting in
alternating single and double bonds. The difference between HOMO and LUMO defines the band
gap E4 of the neutral polymer chain [36].

1.2.2. Band Gap

The band gap generally refers to the energy difference between the top of VB and the bottom of
CB. This is equivalent to the energy required to free an outer shell electron from its orbit about
the nucleus to become a mobile charge carrier, able to move freely within the material. So the
band gap is a major factor determining the electrical conductivity of a polymer. Substances with
large band gaps are generally insulators, those with smaller band gaps are semiconductors,
while conductors either have a very small band gap or none, due to the overlapping of VB and CB
[37] (Figure 1.3).

Eg>3eV
Eg=0.5-3 eV
Eg=0eV CB \ Large Gap
CB
Y
\m Small Gap
T I 1 I Overlap )
7/, i,
VB VB VB j
CONDUCTOR SEMICONDUCTOR INSULATOR

Figure 1. 3. Band structures in solids.

1.2.3. Doping Process

In general, conjugated polymers are insulators in their neutral state and become conducting upon
oxidation or reduction. To increase the conductivity of the conjugated polymers, doping of these
materials is necessary. Since the conjugated polymers don’t posses intrinsic charge carriers, they
can be provided by partial oxidation (p-doping) of the polymer chain with electron acceptors or by
partial reduction (n-doping) with electron donors. CPs can be doped in two different ways;
chemical and electrochemical doping.

Chemical doping involves charge-transfer redox chemistry:
(a) Oxidation (p-type doping)
(m-polymer) , + 3/2 ny () — [(z-polymer) ¥ (I),],
(b) Reduction (n-type doping)
(n-polymer) , + [Na* (Napthtalide) ], — [(Na") (z-polymer)?¥], + (Naphthtalide)°
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Although the chemical doping seems to be an efficient and easy process, the control of the process
may cause incomplete doping in the system due to inhomogeneous intermediate structure. For that
reason, electrochemical doping is mostly used to solve this problem [38].

Electrochemical doping is illustrated by the following examples:
(a) Oxidation (p-type doping)

(n-polymer) + x(E) — [(m-polymer) ™ (E),]

(b) Reduction (n-type doping)

(n-polymer) + y(E") — [(n-polymer) ¥(E"),]

(E = electrolyte; E* cation, E anion) (x and y; doping degree)
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Figure 1. 4. A schematic description of the formation of (a) polyene, (b) polaron, and (c)
bipolaron and (d) soliton pair on a trans-polyacetylene chain by doping.

The redox process is very simple for this doping type by adjusting appropriate potential in an
electrochemical cell. The charge on the polymer chain is then neutralized by the counter ion from
the electrolyte solution. During a doping process, charged defects, termed as polaron, bipolaron
and solitons are formed (Figure 1.4).



As shown in Figure 1.4a, the polymer is in its neutral state before doping or oxidation/reduction
process and called shortly as polyene. When an electron is added to the lower part of CB or
removed from the top of the VB of a conjugated polymer, the CB becomes partially filled and a
radical anion or cation, commonly called as a polaron. A polaron carries both spin (1/2) and charge
(Figure 1.4b). Addition or removal of a second electron from the polymer chain which is already
possesing a negative (positive) polaron forms a bipolaron through dimerization of two polarons
(Figure 1.4c).

In conjugated polymers, like trans-polyacetylene with a degenerate ground state, the bipolarons
can further lower their energy by dissociating into two spinless solitons (Figure 1.4d). However,
solitons do not form in conjugated polymers with nondegenerate ground states, such as in
polypyrrole, polythiophene, polyaniline and other popular conjugated polymers.

1.2.4. Hopping Process

The overall mobility of charge carriers in conducting polymers depends on two components; intra-
chain and inter-chain mobilities. In intra-chain mobility, the charge transfer occurs along the
polymer chain. On the other hand,in inter-chain movement the charge jumps from one chain or
crystalline to another by hopping or tunneling mechanism (Figure 1.5) [39].

Figure 1. 5. llustration of hopping mechanism

1.3. Synthesis of CPs

There are many ways to synthesize CPs, which includes chemical, electrochemical,
photochemical, biocatalyzed, and solid-state synthesis, etc. The most popular and widely used
techniques are chemical and electrochemical polymerization [40].

1.3.1. Chemical Polymerization

n x + 2nFeCly—— X + 2nFeCl, + 2nHCI
W Inwan

where X=S, O, Se, N (Equation 1. 1)

Chemical polymerization is the least expensive and most widely used method for the preparation
of CPs. Chemical polymerizations are fulfilled by exposing the monomer to a two-electron
stoichiometric amount of oxidizing agent, resulting in the formation of the polymer in its doped



and conducting state. In this type of polymerization strong chemical oxidants, such as ammonium
peroxydisulfate ((NH,),S,0g, APS), ferric ions, permanganate or bichromate anions, or hydrogen
peroxide are utilized. In Equation 1.1 oxidative polymerization with FeCl; of a five membered
heterocyclic compound is shown [41].

Although chemical polymerization conditions can be easily scaled-up and yield large quantities of
polymer, the process has some disadvantages that often result in poor quality polymers, such as
limited degree of polymerization and overoxidation of the system [42-44].

1.3.2.  Electrochemical Polymerization
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Figure 1. 6. Electrochemical polymerization mechanism of EDOT.

Electrochemical polymerization is also an easy and fast method which allowing the synthesis of
the desired polymer on an electrode’s surface in a proper electrolyte medium. Furthermore, rapid
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characterization of conjugated polymers is also possible utilizing electroanalytical methods such as
potentiostatic, or galvanostatic techniques. In electrochemical polymerization, a suitable potential
(usually the oxidation potential of monomer) is applied to the working electrode which results in
the formation of reactive radical cations due to the oxidation of monomer in the electrolytic
medium. In Figure 1.6 the mechanism for the electrochemical polymerization of 3,4-
ethylenedioxythiophene (EDOT) is depicted. As seen from the figure, EDOT is converted to its
radical cation by the removal of an electron under an applied electric field. This intermediate is
stabilized by the ethylenedioxy group and either attack to a neutral monomer or may couple with
another intermediate. Both of the routes yield an intermediate that produces the loss of two protons
and then gives a dimer unit. Repeated coupling terminates in synthesis of the polymer [45].

1.3.2.1. Electroanalytical Methods for Electropolymerization and Characterization of CPs

A large variety of electroanalytical methods can be applied to investigate the properties of CPs.
The information obtained, for example, from oxidation/reduction potentials, electrochemical band
gap, electrochemical stability, presents a deeper understanding of important physical properties of
CPs. Among these methods, cyclic voltammetry (CV), Differential Pulse Voltammetry (DPV) and
controlled potential coulometry have become increasingly favorite to study redox behaviour of a
monomer or a polymer, because of their simplicity and versatility. Furthermore, CV reveals
information regarding the stability of the product during multiple redox cycles.

Applied potential, solvent medium, supporting electrolyte, temperature and type of electrode are
the most important factors affecting electrochemical polymerization.

Solvent choice

Solvents used for the electrochemical studies must have a high dielectric constant (g) to be sure
about the ionic conductivity of electrolytic medium and a good electrochemical resistance against
decomposition at the potentials to oxidize the monomer. Furthermore, it is also essential that the
solvent has a wide enough potential region for the study of the redox process of interest [46].

Acetonitrile (ACN) (e=37) is one of the most frequently used solvent due to its inert
electrochemical properties. It has +3.0 V anodic and -3.0 V cathodic limits vs.saturated calomel
electrode (SCE).

The second choice of electrochemists is dichloromethane (DCM) (e=9) for organic oxidation
studies. It is stable up to + 3.0 V like ACN

Dimethylformamide (DMF) and dimethylsulfoxide (DMSO), which are aprotic solvents, have very
good dissolving properties for ionic species. Although these solvents are good choice for reduction
process (limit up to ~-3.0 V vs. SCE), the solvents decomposes in the potential regions above +1.0
V.

Water (¢=80) is the cheapest solvent and can form highly conductive solutions. It could get
reduced or oxidized to H, and O, very easily. Furthermore, it can react so well with radicals. For
that reason, it is not suitable for radical ion studies. In addition, some organic molecules are less
soluble in water.

Other solvents such as propylene carbonate, ethanol, nitromethane and tetrahydrofuran (THF) are
also among the most widely used organic solvents [47-49].

Supporting Electrolyte

All ionic salts or ionizable compounds in a solvent are called as supporting electrolyte. They must
remain electroinactive in the potential region of interest. Solubility is a very important parameter
for the selection of supporting electrolytes in the aprotic solvent medium. While LiClO, is quite
soluble in a few aprotic solvents, NaClOy is less soluble. Tetraalkylammonium salts, on the other
hand, posses high solubility in aprotic media and they are widely employed for this purpose.



Perchlorate (CIOy) ions are usually oxidized at about +1.6 V vs. SCE, tetrafluoroborate (BF;) and
hexafluoro phosphate (PFg) are at least up to +3.0 V vs. SCE [50].

Working, Counter and Reference Electrodes

Voltammetric measurements are carried out using an electrochemical cell containing three
electrodes immersed in a solution containing the analyte and the supporting electrolyte. One of
three electrodes is working electrode (WE) at which the redox process of interest is taking place. It
is generally made of platinum, gold, silver, glassy carbon, nickel, or palladium. For
spectroelectrochemical measurements ITO coated glass electrode is also used.

The second electrode is reference electrode (RE). The requirement for the RE is that the potential
should not change when the external potential is applied in the WE and RE system of the cell.
Examples of commonly used reference electrodes are the normal hydrogen electrode, Ag/AgCl
electrode and calomel electrode. The RE keeps the potential between itself and the WE constant.
Potential measurements from different laboratories are often difficult to compare during usage of
different reference electrodes. For that reason, a standard reference couple of known potential is
used to check from time to time or corrected to a common scale. Ferrocene, which is most
commonly used couple is reversibly oxidized to the ferrocenium ion at +0.48 V vs. Ag/Ag” in
ACN. [51].

The third electrode is CE, which conducts electricity from the signal source through the solution to
the other electrodes. It is wise to keep the surface area of the CE relatively larger than WE because
the inaccuracies may occur due to the additional resistance imposed by CE. It should be made of
electrochemically inert material such as platinum or graphite.

1.3.2.1.1. Cyclic Voltammetry (CV)

Figure 1.7 below shows a schematic of a CV cell and typical cyclic voltammogram. It has three
different electrodes; WE, CE and RE. A cyclic voltammogram is obtained by measuring the
current between WE and CE by applying constant potential. Therefore, the WE sets up its
potential with respect to RE which has deposited on the electrode [52].

E,.Vs.RE

Figure 1. 7. (a) lllustration of an electrochemical cell used for electrochemical polymerization and
(b) a typical cyclic voltammogram ( E,= oxidation potential, E,;= reduction potential, i,=
oxidation current iz;=reduction current).

1.3.2.1.2. Differential Pulse Voltammetry (DPV)

DPV is another common electroanalytical technique, which is designed to minimize background
charging currents. Measurements are taken at the end of each potential change during the



experiment. Current is given twice in each pulse period; before the pulse and at the end of the
pulse. The difference between these two currents is plotted vs. the cell’s staircase potential [54].
DPV is very important and an alternative way to CV during the characterization of electroactive
polymer.

1.3.2.1.3. Controlled Potential Coulometry

Controlled potential coulometry is one of the electrochemical methods, in which electroactive
species are fully oxidized or reduced. Meanwhile the instrument measures and integrates the
current. The total charge (Coulombs) passing through the system during the experiment allows the
calculation of the number of electrons transferred in the electrochemical reaction [53].

1.4. Intrinsic Properties of CPs
1.4.1. Band Gap

For many organic electronics such as LEDs (Light Emitting Diode), solar cells or electrochromic
devices, the value of the band gap is very important, because it plays a role in the color of the
emitted or absorbed light. According to the band model, the magnitude of the band gap is critical
in determining the properties of the material. The presence of an energy gap of between 1 eV and
3 eV allows for the absorption and emission of photons in the visible wavelength range. Narrow
band gap polymers are promising candidates for solar cells as well as n-type conductors and
multicolor electrochromic polymers.

1.4.1.1. Donor Acceptor Approach

One of the popular way to decrease the band gap of CPs is using donor-acceptor (D-A) approach.
The concept of D—A approach means that a polymer with a delocalized n-electron system that
involves alternating electron-rich (D) and electron-deficient (A) repeat units. The combination of
high-lying HOMO levels and low-lying LUMO levels results in an overall narrow band gap for the
polymer, as depicted in Figure 1.8. The magnitude of the polymer band gap can be controlled and
narrowed on the basis of the choice of D and A units [54].
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Figure 1. 8. Orbital interaction between D and A units lowers the band gap of CPs

1.4.1.2. Measurement Methods of Band Gap

The band gap of CPs can be obtained using several techniques, such as electroanalytical methods
(CV, DPV) and spectroelectrochemical methods.



1.4.1.2.1. Electroanalytical Methods

Voltammetric measurements can be used to determine the oxidation (p-doping) and reduction peak
(n-doping) potentials of the polymer. After the analysis of data obtained by CV and DPV
measurements, the electronic band gap is obtained. Since an electron is taken from VB during the
oxidation of polymer and an electron enters into CB during the reduction, oxidation potential (Voy)
and reduction potential (V) give information about the HOMO and LUMO energies,
respectively. The energy gap (in electron volts) is simply the difference between the two potentials
(onsets) multiplied the charge on the electron e=—1 eV/V.

E(eV) =€ (Vried - Vox) (Equation 1.6.)

Although it seems that CV is a reliable method, recent studies show that oxidation or reduction
peak onsets of the polymer sometimes changes depending on the scan rate [56]. DPV provides
advantage over CV to determine same basic values for polymer films. First of all, the
measurement with DPV is faster than CV over the same potential range. Second, it is very easy to
determine the values of onset potentials for a polymer since for a reversible system; the peak
potential is the same on the forward and reverse scans [56]. As shown in Figure 1.9 and 1.10 the
band gap values obtained from DPV and CV measurements are identical for the same polymer.
The difference between the onset of oxidation and reduction potentials of the polymer is used to
calculate the band gap.
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Figure 1. 9. Evaluation of the band gap value by using CV technique [55]
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Figure 1. 10. Evaluation of the band gap value by using DPV technique [55].

Although the band gap of the polymer is the same, the calculations for HOMO and LUMO differ
depending on the type of the techniques used. For both techniques, the onsets of the oxidation and
reduction potential values are taken.

1.4.1.2.2. Spectroelectrochemical Methods
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Figure 1. 11. Evaluation of the band gap value by using SPEL method [57].
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Spectroelectrochemical (SPEL) measurements are conducted not only to evaluate the band gap
values of the polymers but also to investigate their electrochromic behaviors. It is possible to
determine the band gap by extrapolating the onset of & to m* absorbance to the background. From
the commencement on the low energy end of the n—n transition band in the neutral state, the band
gap value of 3.1 eV was found for poly(9-fluorenecarboxylic acid) P(FCA), as shown in Figure
1.11 [57]. In order to get reliable results, the polymer should be in its neutral form with no more
shoulders except for n—n" transition.

1.4.2. Electrochromism

Electrochromism is the reversible color change of a substance induced by external voltage. It is not
necessary that the color change must be in the visible region. It can also transmit/reflect the light in
the near-IR region.

Three classes of electrochromic materials (metal oxide films, molecular dyes and conducting
polymers) are known. Among them CPs present additional advantages, such as, low processing
cost, enhanced mechanical properties, no dependence with angle of vision, good UV stability high
coloration efficiency, fast switching ability and fine-tuning of the band gap through the
modification of polymer’s chemical structure [58]. CPs can be divided into three groups depending
on the color change. The first class is multicolored electrochromic polymers, which is represented
by multicolored electrochromes including a bleached state or not. This kind of CPs and
copolymers have multiple redox states .The second one is exhibiting at least one colored and one
bleached state (anodically and cathodically coloring polymers). The third class polymers show two
distinct colored states [59]. The examples of some electrochromic polymers are depicted in Figure
1.12.

In its neutral state, the color of CPs depends on the energy gap between HOMO and LUMO level.
New charge carriers (polaron and bipolaron) upon oxidation determine the color of oxidized state.
Color changes are also related with the movement of counter ions into and out of the matrix. New
charged species enter this matrix and migrates through the film.
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Figure 1. 12. Types of the electrochromic of CPs; (1) multielectrochromic typed [61], (2a)
cathodically colored [60], (2b) anodically colored [58] and (3) two distinct colored polymer [62].
(0 = neutral state, | = intermediate state, + = oxidized state)
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Figure 1. 13. The close relationship between the color of the polymer and its UV-vis absorption
spectrum [63].

The interpretation and estimation of the polymer color are very important. For that reason, UV-vis
spectrometry is used for the characterization of the polymer. There is a relationship between
observed color and absorption spectrum of the material. The orange, red, purple, blue, and green
colored conjugated polymers are shown in Figure 1.13. Each has a special maximum wavelength
as shown in the graph depending on the wavelength range of complementary colors in the color
wheel [62].

Colorimetry method is a method used to quantify and describe physically the human color
perception. In this method, it is necessary to provide approximately a standard uniform color scale
which could be used by everyone. Thus, the color of the materials can be compared with each
other, safely. In colorimetry, there are three components; hue (dominant wavelength or chromatic
color), saturation (chroma, intensity, or purity), and brightness (lightness or luminance). In 1976,
The CIE (Commission Internationale de I’Eclairage) devoleped the CIELAB and CIELUV colour
spaces (L*a*b*). It is mostly used by electrochemists to define the color or light transmission
changes for electrochromic polymers when an external voltage is applied. The L* character
indicates lightness of the polymer color (0 = black, 100 = diffuse white). a* and b* letters give
information about the red-green balance and yellow-blue balance, respectively.

Some parameters, such as optical contrast, coloration efficiency, switching time and stability are
also important while describing the characteristics of an electrochromic polymer [63].

1.4.2.1. Optical contrast

It is generally defined as a percent transmittance change (AT %) at a given wavelength.
Electrochromic contrast can be monitored and recorded upon application of square-wave potential
steps (neutral to oxidation) to the electroactive film placed in front of the beam of a
spectrophotometer [59]. The results obtained chronoabsorptometry and chronocoulometry
experiments at the given wavelength for a polymer are obtained from Figure 1.14.
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Figure 1. 14. Chronoabsorptometry and chronocoulometry experiments for the polymer of 4-((2,5-
dithiophen-2-yl)thiophen-3-yl)pyrrolo[1,2-a]quinoxaline at 530 nm in 0.1 M TBAPF/DCM [64].

While the polymer film is switched between its neutral and oxidized states via electroanalytical
methods, the chronoabsorptometry results are also monitored in-situ. Therefore, optical contrast
can be found using Equation 1.7.

A%T = (%Tbleached'%Tcolored) (Equation 1-7)
1.4.2.2. Switching Time

Switching rate is also an important parameter and can be defined as the time needed for an
electrochrome to switch from one redox state to the other. This parameter mostly depends on the
ability of the electrolyte to conduct ions and the ease of diffusion of the counterbalancing ionic
species across polymer chain, the thickness and morphology of the obtained polymer film. Since
human eye can perceive 95 % of the full contrast; switching time is calculated by taking this fact
into consideration.

1.4.2.3. Coloration Efficiency (n)

Coloration efficiency value (n) can be defined as total optical density change (AOD) for a polymer
per density of injected or ejected charge (Qg) during its redox process. It is necessary to make
chronoabsorptometry and chronocoulometry experiments at the same time to find these parameters
as shown in Figure 1.14. The amount of charge (Qq ) is also necessary to produce the optical
change between colored (T¢ooreq) and bleached states (Tpieached). The equations below are used to
calculate n [60].

N =AO0D / Qq =109 (Tieached/ Tcotored) / Qu (Equation 1.8)
1.4.3. Fluorescence
Fluorophore is a molecule that is capable of fluorescence. Most of CPs with this important

property can be used in many applications such as PLEDs, sensors and solar cells. The fluorescent
property of a molecule is summarized in Figure 1.15.
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Figure 1. 15. The schematic illustration of the fluorescence property in a molecule.

In the ground state, fluorophore is in its relatively low energy and a stable configuration and is not
fluorescent. When a light from external source hits the fluorophore, the molecule can absorb the
light energy. When the energy is sufficient, the molecule reaches a higher energy state as called
excited state. This process is known as excitation. There are a lot of excited states, which
fluorophore can obtain depending on the wavelength of the energy of external light source. Since
the fluorophore is unstable in high energy configuration, it eventually adopts the lower energy
excited state, which is semistable. The length of time the fluorophore in excited states is called as
excited life time which is in the range of 10™ to 10 seconds. Next, the fluorophore rearranges
from semistable excited state to the ground state relieving the excess energy in the form of emitted
light.

1.4.3.1. Quantum Yield (®f)

The efficiency of the fluorescence process can be calculated by the quantum yield. The quantum
yield sometimes differ from one author to another for even identical experiments, which makes
some people unwilling to consider fluorescence spectroscopy as a reliable quantitative tool.
Quantum yield is defined as the ratio of the number of emitted photons to the number of absorbed
photons per time unit. Calculation of ®¢ is usually done by using relative materials with
fluorophore property. Following equation is used for that purpose.

b= ()} ()% () x e

,where @ is the fluorescence quantum yield, A is the absorbance at the excitation wavelength, F
is the area under the corrected emission curve, and n is the refractive index of the solvents used.
The letters s and x refer to the standard and unknown, respectively. There are some rules during
measurements and choosing the reference chemicals.

(Equation 1.9.)

Choice of Standard

It is advantageous,
e to choose a standard with absorption and emission bands close to those of the unknown
e to excite both compounds at the same wavelength [65].
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Absorbance measurement

During fluorescence measurements, absorbance intensity must be between 0.05 and 0.04. If
absorbance is above 0.05, the emission intensity can no longer be assumed proportional to the
concentration of the analyte. On the other side, if the absorbance is too low, impurities from the
medium may become important with respect to the amount of analyte [66].

1.4.4. Electroluminescence

Electroluminescence is an optical phenomenon defined as the generation of light by the
application of an electric field. Electroluminescence results in the formation of light, which the
excited electrons release as photons due to the radiative recombination of electrons and holes in a
material (usually a semiconductor). Many semiconducting materials, including CPs are used in
luminescent applications (light emitting diodes) due to the variety of their colors and broad energy
range characterizing the radiation emitted by electroluminescent devices today.
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Figure 1. 16. Illustration of electroluminescence (EL) in a conjugated polymer material.

In electroluminescence as seen in Figure 1.16, the injection of the holes is formed at the ITO
anode. The electrons are removed from HOMO level and give positive charged carriers. Radical
anions are also formed at the calcium cathode where electrons are injected. The new charged
species migrate from the polymer chain by hopping process when applied to the electric field. As a
result of the combination of two opposite charges the excitons (singlet and triplet excited states)
are formed. The color of the emission is dependent on the size of HOMO-LUMO energy gap
(visible light (380-780 nm)) [67].
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1.5. Polyfluorenes
1.5.1. Chemical Structure

Polyfluorenes are one of the rigid-rod polymers. The monomer, fluorene is composed of rigid
planar biphenyl units, bridged by a carbon atom in position 9, which provides a high degree of
conjugation (Figure 1.17). Fluorene received its name due to strong violet fluorescence which
arises from highly conjugated planar p-electron system. The methylene bridge (C9 position) in
fluorene structure offers an opportunity to modify the processability or functionality of the
polymer by substituents. For instance, replacement of labile H atom at C-9 position of fluorenes
with alkyl groups improves the solubility of polyfluorenes [68].

Figure 1. 17. Chemical structure of fluorene

Furthermore, the 2 and 7 positions in fluorene structure, which are the most reactive sites towards
electrophilic attack, provides construction of a fully conjugated rigid-rod polymer chain by
substitution reactions. Many electron donor or acceptor groups are introduced along this backbone
to form an alternative copolymer to tune the band-gap or electronic properties and to enhance
stabilities [69-72].

1.5.2.  Synthesis of Polyfluorenes

1.5.2.1. Synthesis of PFs via chemical approaches

The earliest report about the synthesis of soluble polyfluorenes was in 1989 by Yoshino et al. They
synthesized poly(9,9-dihexylfluorene) oxidatively using FeCls. However, product was a low molar

mass polymer (M, of 5000 g/mol) with imperfect regioselectivity, which is due to some defects in
the desired 2,7-linkage of polyfluorene [73]. The synthesis is outlined in Figure 1.18.
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Figure 1. 18. Oxidative synthesis of poly[(9,9’-dihexyl)-2,7-fluorene].

After this attempt, to synthesize higher molecular weighted polymers, the transition metal
catalyzed aryl-aryl couplings were used, as shown in Figure 1.19. Ni(COD), (Bis(1,5-
cyclooctadiene)nickel(0)) is used most of the time for this kind of polymer synthesis. Higher
molecular weight polymer (200000 g/mol) was obtained by the Yamamoto coupling [74]. The
disadvantage of this coupling method is that polymers with a degree of polymerization greater than
50 are difficult to obtain due to low solubility in the highly polar aprotic reaction medium [75].
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Figure 1. 19. Synthesis of 9,9’-dialkylated polyfluorene via Yamamoto coupling.

A high grade method is based on the palladium-catalyzed reaction of mixed phenylboronic acids
and arylbromides to give biphenyls. By using this method (Figure 1.20), polymers with molecular
weights ranging from 10000 to 500000 g/mol and are generated with high yields.[76].
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Figure 1. 20. Synthesis of 9,9’-dialkylated polyfluorene via Suzuki cross coupling.

1.5.2.2. Synthesis of PFs via electrochemical oxidation
1.5.2.2.1. Fluorene Homopolymers

Many homo-polyfluorene derivatives with good redox activity and stability were successfully
achieved via electrochemical polymerization when their proper medium was found for
electropolymerization, such as alkyl chains 7 [77], amino 8, 9 [78-79], halogen 10,11 [80, 81]
carboxyl 4, 5, 6 [57, 83-84] and carbonyl groups 2 [85-86], as depicted in Figure 1.21. It has
been found that the incorporation of suitable functional groups at C9 position of fluorene monomer
tunes the optoelectronic properties of corresponding CPs. All this kind of polymers shows
electrochromic behaviors with high coloration efficiency values.

For electropolymerization of fluorene derivatives, the choice of the polymerization medium is very
important. While some researchers [88-89] reported the impossibility of obtaining polyfluorenone
(PFO) by oxidative coupling in ACN and synthesized PFO via different methods, the
electropolymerization was succeeded in DCM using TBABF, as supporting electrolyte[86, 87].
After this information, it is also found that the low-potential electropolymerization of polyfluorene
derivatives in boron trifluoride diethyl etherate (BFEE) led to facile electrodeposition of high
quality polymeric films on the electrode surface [81].
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Figure 1. 21. Previously reported fluorene derivatives polymerized via electrochemical
polymerization [77-86].

1.5.2.2.2. Alternating Donor Acceptor Type Polyfluorene Derivatives

Since an alternating sequence of D—A units along the polymer chain reduces the band gap, interest
in the preparation of such copolymers increased and more recently various D—A type copolymers
based on fluorene were reported [70-72, 90-94]. Thiophene, furan, EDOT and pyrolle are the
examples of most popular donor groups used for this kind of applications (Figure 1.22.).
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Figure 1. 22. Previously reported hybrid fluorene derivatives polymerized-via electrochemical
polymerization 12 [70]; 13, 19 [89]; 14, 15, 21 [90];16, 18 [69]; 17 [71]; 20, 24,25 [91]; 22 [92];
23193].

1.5.2.3. Functionalization of Polyfluorene Derivatives at C9 position

Polyfluorenes, which are mostly used in LEDs, have suffered from an unwanted green emission
band (535 nm) along with the desired blue emission. The origin of the green emission was
believed to be due to the intermolecular excimer formation between polyfluorene chains.
Fluorenone is believed to be formed after fabrication of the devices. The certain mechanism of the
fluorenone formation is not known but it is supposed that monoalkylated fluorene units are formed
as impurity in poly(dialkylfluorenes), which are the sites sensitive to oxidation, as depicted in
Figure 1.23. [94].
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Figure 1. 23. The mechanism for the generation of keto-defect sites in PFs [94].

Polyfluorene at the methylene bridge can be functionalized without distorting the conjugation
between monomer units. This is widely used to control the undesirable green emission and to
modify charge injection and mobility in the emissive layer. Furthermore, by using bulky pendant
groups the thermal properties of the polymers can be improved [95-98]. To circumvent all these
obstacles, a tremendous amount of research has been presented both to reduce the formation of
excimer or keto defects and to enhance the color stability of PFs. These approaches are;

e The introduction of low band gap chromophores at the end and or middle of the polymer
chain [99].

e End-capping with cross linkable moieties or hole trapping groups [100, 101].

e Kinking the backbone structure [102].

e Encapsulating the polymer backbone within bulky/dendrimer bulky side chains [103-
105].

e Incorporating siloxane bridges or polyhedral oligomeric silsesquioxane units [96,106].

e The introduction of spiro structures [104].

Figure 1. 24. Chemical structure and 3-D image of spirofluorene [108].

One of the most promising ways to overcome these problems is to introduce spiro structures at the
bridge position of fluorene (i.e. C-9 position), which provides the control of the polymer solubility,
interchain interactions in the film state, while also offering the ability to tune the optical properties
of the PF derivatives [107]. One of the examples for spirofluorene structure is seen in Figure 1.24.

While most of the functionalized polyfluorenes have been used for their characteristic blue light
emission in the application of LEDs, the facile functionalization of C9 position of fluorene unit
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provides the opportunity to improve solubility in common solvents, and processability for some
applications, such as fluorometric detection and biosensors, etc.

1.5.2.3. Fluorene Copolymers

Copolymerization of fluorene derivatives with different aromatic units presents color tuning
through modification of the band gap. Copolymers consisting of 9,9-substituted fluorenes are
mostly used for solar cell, LED and biosensor applications. (Figure 1. 25) [107-110].
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Figure 1. 25. Examples of fluorene copolymers used in various applications [107-110].

1.5.3. Some Selected Applications of PF Derivatives
1.5.3.1. Electrochromic Devices

Electrochromic devices are mostly used in displays and military interests for absorbers, depending
on the consumer interests. They also took place in commercial applications such as electrochromic
mirrors in cars and eventually in dial-tint windows for residential and business uses. Most of the
CPs including PFs and their derivatives, present faster switching times and can be modified to
provide different colors based on research in band gap modification [111]. Figure 1.26 shows an
illustration of a typical electrochromic device to test its performance. For this device, electroactive,
transparent electrodes (ITO) are used. Two different complementary CPs are coated onto each
electrode and then the device was constructed using the electrochromic electrodes stacked face-to-
face separated by a gel electrolyte.
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Figure 1. 26. A typical electrochromic device construction of a conjugated polymer.

1.5.3.2. Fluorometric Detection

CPs is important due to the sensitivity towards heavy metal ions, organic vapors, and explosives
through fluorescence quenching via Stern-Volmer behavior. The classical sensing methods such as
atomic absorption spectrometry, anodic stripping voltametry and X-ray fluorescence spectrometry
are expensive methods for this kind of application [112]. For that reason, fluorescence quenching
of CPs in the presence of an analyte is an inexpensive method for the sensing of chemicals.

Fluorescence quenching comprises the fluorophore and the quencher. While, a fluorophore
chemical emits fluorescence, when excited, a quencher reduces the fluorescence of a fluorophore.
The quantitive analysis of fluorescence quenching achieved utilizing with the Stern-Volmer
equation.

lo/l = 1 + Kgy [Q] (Equation 1.10)

,where
I, = the measured fluorescence intensity without quencher present
I = the measured fluorescence intensity with quencher present
Ksy = the Stern-Volmer constant
[Q] = the quencher concentration

The Stern-Volmer constant, Ksy, can be obtained from the slope of Iy / | vs. [Q] plot. A higher
value for the slope corresponds to higher sensitivity towards the target [113].

The usage of fluorene-based CPs as a fluorescent sensor is becoming the highly attractive because
of high florescent quantum yields and the suitable ligands which have ability to coordinate with
the desired ions. These properties make the fluorene derivatives suitable in detection of
biologically and environmentally important metal ions and at high detection limit [114-120]. As
seen in Figure 1.27, an example of polyfluorene derivative, substituted with thioglycolic acid
groups from C9 position, is a promising candidate as a metal ion sensor with a remarkably high
fluorescent quenching efficiency and an ability to detect Fe** ions selectively in organic solvents
[110].
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Figure 1. 27. (a)The Stern—\VVolmer plots of polyfluorene derivative in the presence of various
metal ions (each 5-40 mM). Metal ion solutions were prepared from Fe(NO3)s.9H,0,
Cu(NOs),.3H,0, Ni(NO3),.6H,0, Zn(NOs), 6H,0, AgNO3, Hg(NO3),, Pb(NO;),, Cd(NO3),.4H,0
in THF, (b) K, values, (c) the fluorescence emission spectra of polyfluorene derivative with
successive addition of 5-40 mM Fe®*" aqueous solution [110].

1.5.3.3. PLEDs (Polymer Light Emitting Diodes)

PLEDs convert electrical power into visible light. This is mostly related to the fluorescence of
polymers where UV light is converted into visible light. The construction of PLEDs is illustrated
in Figure 1.28. A PLED device is a sandwiched system containing mainly three parts, an anode, a
cathode and a conducting material. A transparent electrode with a high work function (ITO) is
mostly selected as the anode. The conjugated polymer is chosen as a conducting material, a layer
of PLED material. For cathodic material, a low work function material is preferred. When the
current is applied, electrons and holes are injected at each electrode and then they combine to
produce light. Depending on the device performance, it can be optimized with different layers
between the electrodes. After discovery of the PLEDs many researchers make new CPs emitting
different colors from violet to red. Among them, PFs posses a high band gap range. It means that
PFs are the only family of CPs, which can emit the entire visible light with high efficiency.
Furthermore, the device constructed using PFs requires low operating voltage during PLEDs
performance [121].
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Figure 1. 28. The schematic structure of a PLED device.

Since, PFs have high band gap, it is possible to obtain different colors by tuning the band gap by
incorporating comonomers into fluorene main chain backbone. For example, the green light can be
obtained by coupling a thiophene monomer with fluorene monomer. Stability of the colors is
mainly important. The characteristic blue color emission of PFs is still under investigation as
mentioned before.

1.6. Aim of This Study

This work, presents the synthesis and characterization of CPs based on fluorene derivatives with
an intention to use them for various applications. The goal of this research is to develop new
synthetic routes and methods towards fluorene based polymers, as well as to asses and compare
the optical and electrical properties of the resulting material. As mentioned before, the thesis
contains three different parts.

First Part:

It is well known that PFs possessing specific properties are interesting due to their applications in
organic electronics. Polyfluorenes were mainly synthesized either by chemical approaches via
Suzuki, Yamamoto and Stille reactions [122, 123] or by electrochemical oxidations [88, 124-127].
In electrochemical polymerization various solvents were applied for different fluorene derivatives.
Recently, Xu and his/her coworkers reported that quality of polyfluorene films can be improved
using boron trifluoride diethyl etherate (BFEE) as solvent and supporting electrolyte due to its
catalytic effect since it is not easy to electropolymerize most of the fluorene derivatives in
commonly used solvent electrolyte media [83,84]. 9-fluorenecarboxylic acid (FCA), which is
functionalized from C9 position of the fluorene, is one of the kinds of polyfluorene derivatives,
which can not be electropolymerized in common solvent electrolyte couples.

Keeping this in mind, our aim was to obtain a well-defined and processable polyfluorene
derivative, P(FCA) by electrochemical oxidation of FCA (Scheme 1.1). The spectroscopic and
electrochromic behaviors of the polymer film were also investigated. Furthermore, P(FCA) film
was used to construct a dual type electrochromic device.
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Scheme 1. 1. Chemical structure of P(FCA).

Second Part:

It is known that low band gap polymers can be prepared utilizing D—A units along the polymer
chain. Furthermore, the co-polymerization of =m-rich unit, such as thiophenes with electron
deficient fluorene derivatives has been found to facilitate the p-doping process, lower the band gap
and improve the stability of the resulting copolymers [69]. It means that the anodic
electropolymerization in common solvent-electrolyte medium becomes easier. In the light of this
information, various new D-A type fluorene derivatives functionalized from C9 position were
prepared.

For this purpose Th (thiophene), EDOT (3,4-ethylenedioxythiophene) and ProDOT (dialkyl
substituted 3,4-propylenedioxythiophene) were chosen as donor groups. It is expected that the
presence of dialkyl substituted ProDOT units would not only enhance the solubility but also
change the optoelectronic properties by changing the band gap. Furthermore, the polymer is
expected to be regioregular, which is also an important factor in determining the optical properties
of conjugated polymers, and most PFs suffer from the problem of low regioregularity due to
branching through positions other than 2 and 7 positions of PF. In order to elucidate the effect of
donor group, the results obtained for polymers were compared.

Three different acceptor units were also selected. Fluorenone, which is an attractive precursor
material to produce low band-gap polymers with a low LUMO energy level, provides sites for
facile and stable n-doping copolymers of fluorenone with different donor groups. For this purpose,
three new D-A-D type fluorenone derivatives (TFT (2,7-di-thiophen-2-yl-fluoren-9-one), EFE
(2,7-bis-(2,3-dihydro-thieno[3,4-b][1,4]dioxin-5-yl)-fluoren-9-one), PFP (2,7-bis-(3,3-dihexyl-3,4
dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)-fluoren-9-one) were synthesized. Their
corresponding polymers (P(TFT) (poly(2,7-di-thiophen-2-yl-fluoren-9-one)), P(EFE) (poly(2,7-
bis-(2,3-dihydro-thieno[3,4-b][1,4]dioxin-5-yI)-fluoren-9-one)), P(PFP) (poly (2,7-bis-(3,3-
dihexyl-3,4 dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)-fluoren-9-one)) were prepared via
electrochemical polymerization. Repeating units of the polymers are depicted in Scheme 1.2.

A series of new fluorene derivatives bearing pendant quinoxaline moieties with different donor
groups were also synthesized. It is known that both polyfluorene derivatives [110] and quinoxaline
functional units [64] are selective towards Fe™" ions. A hybrid material prepared by combining
quinoxaline, a high electronegativity fluorescence material, with fluorene and its polymer would
be an interesting new material not only for sensor applications but also for light emitting devices.,
Three different fluorene-quinoxaline derivatives with different units (TQT (2,7-di(thiophen-2-yl)-
5'H-spiro[fluorene-9,4'-pyrrolo[1,2-a]quinoxaline]), EQE (2,7-bis(2,3-dihydrothieno[3,4-
b][1,4]dioxin-5-yl)-5'H-spiro[fluorene-9,4’-pyrrolo[1,2-a]quinoxaline]), PQP (2,7-bis(3,3-dihexyl-
3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)-5'H-spiro[fluorene-9,4'-pyrrolo[1,2
aJquinoxaline]) were synthesized. Their corresponding polymers (P(TQT) (poly(2,7-di(thiophen-
2-yl)-5'H-spiro[fluorene-9,4'-pyrrolo[1,2-a]quinoxaline])), P(EQE) (poly(2,7-bis(2,3-
dihydrothieno[3,4-b][1,4]dioxin-5-yl)-5'H-spiro[fluorene-9,4'-pyrrolo[1,2-a]quinoxaline])),
P(PQP) (poly(2,7-bis(3,3-dihexyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)-5'H-
spiro[fluorene-9,4'-pyrrolo[1,2-a]quinoxaline]) ) were prepared  utilizing electrochemical
polymerization techniques. Repeating units of the polymers are depicted in Scheme 1.2.
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The spirobifluorene derivatives, which constitute a perpendicular arrangement of their two
biphenylene planes, possess a great potential for applications in optical and optoelectronic devices
since they have high glass transition temperature and superior morphological stability [107].
Currently, spiro compounds with hetero-atoms in the spiro-skeleton have been synthesized for use
as building blocks of n-conjugated oligomers and polymers to improve their charge injecting and
transporting properties [128-131]. Another way to improve charge injection and optical properties
is to associate the donor groups such as Th and EDOT (Scheme 1.2.). Two new D-A-D type
fluoren-xanthene derivative monomers (TXT (3',6’-bis(octyloxy)-2,7-di(thiophen-2
yl)spiro[fluorene-9,9'-xanthene]), EXE (2,7-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-3',6'-
bis(octyloxy)spiro[fluorene-9,9'-xanthene]) and their corresponding polymers; P(TXT)
(poly(3',6"-bis(octyloxy)-2,7-di(thiophen-2-yl)spiro[fluorene-9,9'-xanthene])), P(EXE) (poly (2,7
bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-3’,6'-bis(octyloxy)spiro[fluorene-9,9’-xanthene]))
were also synthesized to investigate the effect of spiro groups on the thermal and photophysical
properties of polyfluorenes.
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Scheme 1. 2. Chemical Structures of D-A-D type polyfluorene derivatives, P(TFT), P(TQT),
P(TXT), P(EFE), P(EQE), P(EXE), P(PFP) and P(PQP).

Third Part:

P(F8-SFX)

Scheme 1. 3. The chemical structure of P(F8-SFX).
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Since polyfluorenes are blue light emitters with high quantum yieds, they are potential candidates
for PLED applications. However, the solubility problems and low thermal stability together with
the formation of keto defects limit their applications. Furthermore, the examples of organic
polymers and oligomers having both electrochromism and photo- or electroluminescence are
scarce in the literature. In the light of this knowledge, we attempted to synthesize a novel P(F8-
SFX) polymer by Suzuki-Miyaura coupling method as a multipurpose material (Scheme 1.3)
having both electrochromic and electroluminenesent properties.The electrochemical,
electrochromic and electroluminescence properties of P(F8-SFX) was investigated.
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CHAPTER 2

EXPERIMENTAL

2.1. Materials

All chemicals were purchased from Sigma Aldrich Chemical and used as received except for
lithium aluminum hydride (Acros Chemicals). For electrochemical experiments,
tetrabutylammonium hexafluoraphosphate (TBAPFs), tetrabuthylammonium tetrafluoroborate
(TBABF,;) and tetrabutylammonium perchlorate (TBACIO,) dissolved in freshly distilled
acetonitrile (ACN) and dichloromethane (DCM) (over CaH, under N, or Ar atm) solvents were
used as electrolyte solutions. Tetrahydrofuran (THF) was refluxed with sodium/benzophenone and
distilled under Ar(g) atmosphere. The molecular sieves (4 A°) and alumina were activated at 250
°C and 450 °C, respectively, for several hours.

2.2. General methods

'H NMR and **C NMR spectra of the monomers and chemically obtained polymer were recorded
on a Bruker-Instrument-NMR Spectrometer (DPX-400) with CDCI; and d-acetone as the solvents
and chemical shifts (&) were given relative to tetramethylsilane as the internal standard. Chemical
shifts are reported in ppm and CDCI57.27 ppm and d-acetone 2.05 ppm as the reference signals for
'H NMR (see Appendix B and C). FTIR spectra were recorded on Nicolet 510 FT-IR
spectrophotometer with an attenuated total reflectance (ATR) (see Appendix A) . UV
measurements were carried out with a Hewlett-Packard 8453A diode array UV-vis and SPECORD
S 600 spectrometers using a well-considered designed three electrode cell to allow potential
application as monitoring the absorbtion spectra. The molecular weight of the polymer was
determined by gel permeation chromatography (GPC, Polymer Laboratories PL-GPC 220) using
THF as a solvent(see Appendix E). A Water, Synapt HRMS instrument was used for the high
resolution mass spectrometry analysis of the monomers (see Appendix D). Differential scanning
calorimetry (DSC) and thermal gravimetric analysis (TGA) were performed using a Perkin Elmer
Diamond and Perkin Elmer Pyris 1 TGA under nitrogen atmosphere with 10 °C/min heating rate,
respectively. Colorimetry measurements were done via Minolta CS-100 spectrophotometer. A
Varian Cary Eclipse Fluorescence Spectrophotometer was used for fluorescence measurements

2.3. Electrochemistry

CV and electrolysis experiments were carried out a Gamry PCI4/300 potentiostat-galvanostat for
in- situ spectroelectrochemical studies and electroanalytical measurement. This method consists of
cycling the potential of an electrode, which is immersed in an unstirred solution, and measuring
the resulting current at the WE. Therefore, the obtained voltammogram is a display of current
(vertical axis) vs. potential (horizontal axis). The reducing or oxidizing strength of the WE is
precisely controlled by the applied potential. A glassy carbon disc (0.07 cm?) or a Pt disc electrode
(0.02 cm?) was used as a WE, and a Pt wire was used as a CE. Potentials were reported vs.
Ag/AgCI and calibrated vs. internal ferrocene standard.

Prior to electrochemical measurements electrolytic medium was purged with Ar(g) to remove
oxygen. After electropolymerization, the electrode is removed from the monomer solution and
carefully rinsed with monomer-free electrolyte solution. The rinsed electrode was then placed into
another three-electrode cell filled with a monomer-free electrolyte solution to study the redox
behavior of the polymer film.
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2.4. Spectroelectrochemistry (SPEL)

SPEL measurements provide information about the material’s band gap and intraband states
created upon doping as well as give electrochromic properties of CPs at various applied potentials.
Measurements were carried out with a HP 8453A diode array UV-vis spectrometer using a
specially designed three-electrode cell to allow potential application while monitoring the
absorption spectra.

Teflon cap

WE
@TO)
— CE
(Ptwire)
RE
(Agwire)
Electroactive
Conjugated
uv Polymer
cuvette

Figure 2. 1.Spectroelectrochemical characterization setup of a polymer with three electrodes
system.

The UV cuvvette used for this experiment has the dimensions of 1.0 x 1.0 x 4.5 cm and a cutoff
value of 190 nm in ACN. A teflon cap is pierced from 3 parts of it due to place the three electrodes
into UV cuvvette, as seen in Figure 2.1. The WE is an ITO fitting the SPEL cuvette (0.7 cm
wide). Ag-wire pseudo reference is used as a RE and a Pt wire is used as a CE. For potential
control, all three electrodes were connected to a Gamry PCI4/300 potentiostat/ galvanostat.

In a typical SPEL experiment, monomer free solution and blank ITO (no polymer on it) with other
electrodes is placed into UV cuvette and then the background is taken beginning at 300 nm via
UV-vis spectrophotometer. After that, the polymer on ITO is replaced with blank ITO in the
cuvette. The characterization of the polymer is started with switching between oxidation and
reduction potentials while monitoring the change in the absorbance of the polymer.

The characterization of the electrochromic device is also carried out with this method. During the
measurement of the blank for the device, two uncoated 1TO are taken and sandwiched with a
transparent gel electrolyte, as shown in Figure 2.2a. The composition of the gel electrolyte may
differ depending on the choices. A widely used receipt consist of TBABF,, ACN, poly(methyl
methacrylate) and polycarbonate in the ratio of 3:70:7:20 by weight due to the transparency and
easiness of the preparation and coating over the ITO electrodes. After that each electrodes were
coated with predetermined electrochromic polymers. The device was constructed using them
stacked face-to face separated by the gel electrolyte as depicted in Figure 2.2b. After drying step,
the potential range of the device was determined from the measurements of each polymer via
electroanalytical methods. The electrodes were plugged into the potentiostat and then the
measurements were taken by monitoring absorbance in the UV-vis spectrometer during switching
with electroanalytical methods.

30



(a)
ITO blank
electrode

4 — L % (=)D
!

!

ITOblank Gel Electrolyte Device
electrode (forblank)
(h)
ITO coated
withCP1

Gel Electrolyte ITO coated
withCP2

&

UV-vis ‘

Spectrometer

Electrochromic Device

Figure 2. 2. Schematic design of an electrochromic device with two electrode system. (a)
Measurement of the blank and (b) characterization of electrochromic device.

2.5. PLED Device Characterization

Current density (Keithley 2400 source measurement unit) and brightness (Keithley 2000
multimeter) versus applied voltage (Keithley 2400 sourcemeter) characteristics for the LEDs were
measured in air using a calibrated reference Si photodetector located in the forward direction,
typically at a distance of 42 mm from the substrate. Electroluminescence (EL) spectra were
recorded with a multimode optical fiber (diameter = 600 um) attached to an intensity calibrated
Ocean Optics USB2000 spectrometer.

2.6. Synthesis of Chemicals
To synthesize the desired multifunctional fluorene derivatives, the synthesis part was divided into
3 parts.
e Synthesis of D-A-D type fluorene monomers and their electropolymerization; fluorenone,
fluoren-quinoxaline and fluoren-xanthene.

e Electropolymerization of 9-fluorene-carboxylic acid.
e  Chemical coupling polymerization of spirofluorene-co-9.9’-dioctylfluorene.

2.6.1. Synthesis of D-A-D type fluorene monomers

Eight D-A-D type monomers were synthesized before electropolymerization step (Scheme 2.1).
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Scheme 2. 1. Structures of D-A-D type monomers, TFT, EFE, PFP; TQT, EQE, PQP; TXT and
EXE.

2.6.1.1. Preparation of Donor Moieties

In order to prepare the Stille reagent, tributyltin substituted thiophene; ProDOT and EDOT were
prepared in high yield by lithiation with n-butyl lithium and subsequent quenching with tributyltin
chloride (Scheme 2.2).

CeHiz_ CeHis

i
Scheme 2. 2. Chemical structure of tributyl (thiophen-2-yl) stannane (i), tributyl (2, 3-

dihydrothieno [3, 4-b][1, 4] dioxin-7-yl)stannane (ii), tributyl-(3, 3-dihexyl-3, 4-dihydro-2H-
thieno[3,4-b][1,4]dioxepin-6-yl)-stannane (iii).
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2.6.1.1.1. Tributyl (thiophen-2-yl) stannane (i)

A solution of thiophene (31.2 mmol, 2.5 mL) in 30 mL of anhydrous THF under argon was cooled
to -78 °C in a dry ice/o-xylene cooling bath. To the stirred precooled solution, 26.9 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 (34.3 mmol, 9.3 mL) was added, and the mixture was stirred at -
78 °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 NaHCO; 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. The
title compound was obtained as oil which was used without any further purification for the next
step.

i:Yellow viscous liquid. Yield: 83%.

'H NMR (400 MHz, CDCls, 8, ppm) :7.69 (s, 1H, ArH), 7.25 (m, 1H, ArH), 7.17 (m, 1H, ArH),
1.63 (t, 6H, J= 7.2 Hz), 1.32(m, 6H), 1.15 (m, 6H), 0.89 (t, 9H, J= 6.82 Hz); *C NMR (100 MHz,
CDCI3, 5, ppm):136.2, 134.2, 130.7, 127.7, 28.7, 27.2, 16.6, 13.8.

2.6.1.1.2. Tributyl (2, 3-dihydrothieno [3, 4-b][1, 4] dioxin-7-yl)stannane (ii)

A 2.5 mL (23.5 mmol) sample of 2,3-dihydrothieno[3,4-b][1,4]dioxine in 50 mL of anhydrous
THF was treated dropwise with 16.1 mL of 2.5 M n-butyllithium at -78 °C under argon in a dry
ice/o-xylene cooling bath. After the solution was stirred for 1.5 h at -78 °C, 6.98 mL (25.8 mmol)
of tributylstannyl chloride was added to this 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 NH,CI 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.

ii:Light yellow viscous liquid. Yield: 43%

'H NMR (400 MHz, CDCls, &, ppm) : 6.50 (s, 1H, ArH), 4.18 (s, 4H), 1.60 (t, 6H, J= 7.2 Hz),
1.35 (m, 6H), 1.10 (m, 6H), 0.90 (t, 9H, J= 6.82 Hz); *C NMR (100 MHz, CDCls, §, ppm):148.4,
142.2,115.8, 105.3, 64.7, 28.9, 27.5, 26.9, 16.6, 13.6.

2.6.1.1.3. Tributyl-(3, 3-dihexyl-3, 4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)-stannane
(iii)

3,3-Dihexyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine (iii) was prepared in 3 steps as seen in
Scheme 2.3 [132].

1% step:

500 mL two-necked flask equipped with reflux condenser was filled with dry ethanol (160 mL).
Sodium metal (0.2 mol, 3.25 eq.) was added and stirred to resolve all of the sodium. After slow
addition of diethyl malonate (0.062 mol, 1 eq.), the reaction mixture was heated to reflux. When it
starts to reflux, 1-bromoalkyl (0.23 mol, 3.65 eg.) in 30 mL ethanol was added slowly and refluxed
4 days. After removing the ethanol, cold water was added and extracted with cold ether. Organic
layer was dried with anhydrous MgSO, and the solvent was removed under reduced

iii (a): Colorless liquid. Yield: 75 %

'H NMR (400 MHz, CDCls, 8, ppm): 4.18 (q, 4H, J= 7.2 Hz), 1.90 (m, 2H, J= 7.2 Hz), 1.43-1.00
(m, 26H), 0.90 (t, 6H, J= 7.3 Hz);"*C NMR (100 MHz, CDCI3, 8, ppm): 171.68, 60.4, 31.3, 30.6,
29.4, 25.3, 22.38, 13.89.
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2% step :

LiAIH, (72 mmol, 1.79 eq.) was placed in a 250 mL two-necked flask equipped with reflux
condenser under N, atmosphere. After that a 100 mL dry THF solvent was added to the reaction
flask. Diethyl-2,2-dialkylmalonate (40 mmol, 1 eq.) was added with a syringe. The reaction was
stopped after one day. 0.1 M H,SO, solution was added with a syringe very slowly, drop by drop.
A salty solution was observed. Then solution was extracted with diethyl ether.

iii (b): Yellow liquid, Yield %56

'H NMR (400 MHz, CDCls, 8, ppm): 3.60 (s, 4H), 2.12 (s, br, 2H), 1.41-1.00 (m, 20H), 0.88 (t,
6H, J= 7.3 Hz); *C NMR (100 MHz, CDCls, &, ppm): 67.3, 36.5, 31.8, 31.6, 29.9, 25.2, 22.7,
14.1.

3" step:

To an argon degassed solution of 3,4-dimethoxythiophene (5.42 mmol, 1 eq.), 2,2-dihexylpropane-
1,3-diol (10.84 mmol, 2 eq.) and p-toluenesulfonic acid (PTSA) (0.542 mmol, 0.1 eq.) were mixed
in dry toluene (20 mL) and the mixture was heated under reflux during 24 h After cooling to rt, the
solvent was removed under reduced pressure. The crude mixture was chromatographed on silica
gel by eluting with DCM: hexane (1:3, v/v) to give ProDOT-Cs.

iii (c): Yellow liquid. Yield: 62 %

'H NMR (400 MHz, CDCls, 8, ppm): 6.41 (s, 2H, ArH), 3.83 (s, 4H); 1.31-1.28 (m, 20H); 0.91 (t,
6H, J= 6.82 Hz); °C NMR (100 MHz, CDCls, 5, ppm): 149.74; 104.63; 43.75; 31.89; 31.73;
30.14; 22.78; 22.64; 14.05;

o o}
CeHi3 OEt @ OEt
+ CgHysBr
CeHy3 OEt Na / EtOH OEt
o o

iii (a)

LiAIH,/ THF @

@ C6H1><6H13
H,CO  OCH, d %

ceH13><:°"' . m PTSA Z—g
- >
CeHi3 OH s Toluene, reflux s
iii (¢
iii (b) ©

Scheme 2. 3. Synthesis of 3,3-Dihexyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine (3).

A solution of 3,3-dihexyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine (6.2 mmol, 2.13 mL) in
anhydrous THF (30 mL) under argon was cooled to -78 °C in a dry ice/acetone cooling bath. A
3.33 mL of 1.6 M n-BuLi was added dropwise, via syringe, to this precooled solution. After 1.5 h
stirring at -78 °C, (12.9 mmol, 3.5 mL) tributylstannyl chloride was added slowly and the solution
was stirred for further 4 h at -78 °C under argon. After 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 solvent was removed at a reduced pressure.
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iii: Colorless oil. Yield: 85 %

'H NMR (400 MHz, CDCls, 8, ppm): 6.66 (s, 1H), 3.84 (s, 4H), 1.28 (br, 38H), 0.89 (t, 15H, J=
6.82 Hz); *“ NMR (100 MHz, CDCls, 8, ppm): 155.6, 150.4, 114.7, 110, 76.71, 43.6, 32.08,
31.75, 30.2, 29.01, 27.9, 22.8, 22.66, 17.53, 14.05, 13.72, 10.61.

2.6.1.2. Synthesis of Donor-Acceptor-Donor-Acceptor Moieties.
2.6.1.2.1. Synthesis of D-A-D monomer based on fluorenone moiety

To get the fluorenone products, reactant, fluorenone was firstly brominated in aqueous medium
(Scheme 2.4.). Br, (0.16 mol, 3.99 mL) and water (85 mL) mixture was added to fluorenone
(0.056 mol, 10 g) and mixed perfectively. After reflux at 95-100°C for 3 h the reaction was
neutralized. After two stages bromine was added Br, (0.12 mol, 4 mL) and Br, (0.078 mol, 2.98
mL) and the same procedure was repeated in the first part and the reaction time was 4 h instead of
3 h. The reaction mixture was cooled to room temperature and filtered. The crude product was
purified by column chromatography over silica gel (2:1; chloroform: hexane). The product was
taken as 98% yield (yellow solid).

iv: 'H NMR (400 MHz, CDCls, 5, ppm): 7.73 (s, 2H, Ar-H), 7.60 (s, 2H, Ar-H), 7.35(s, 2H, Ar-
H); *C NMR (100 MHz, CDCl, 8, ppm): 191, 142.4, 137.6, 155.4, 128.0, 123.5, 122.0.

R S e T

o

Scheme 2. 4. Synthesis of 2,7-dibromo-9-fluorenone (iv).

A general procedure was applied to synthesis of D-A-D monomer based on fluorenone moiety as
seen in Scheme 2.5. A mixture of iv, Pd(PPh;),Cl, (0.02 equiv.) and i, ii or iii (2.5 equiv.) in dry
toluene was refluxed under an argon atmosphere until the starting materials were consumed. The
reaction mixture was evaporated and the crude product was purified by column chromatography
over silica gel.

TFT: Red solid. Yield: 48%, Hexane/CHCI; (1:1)

'H NMR (400 MHz, CDCl5) & (ppm): 7.94 (s, 2H), 7.75 (d, J = 6.5 Hz, 2H), 7.54 (d, ] = 7.5 Hz,
2H), 7.41 (d, J = 4.0 Hz, 2H), 7.34 (d, J = 5.5 Hz, 2H), 7.12 (t, J = 9.5 Hz, 2H). *C NMR
(100 MHz, CDCls) 6 (ppm):127.6, 128.0, 128.1, 128.6, 131.2, 131.7, 132.3, 139.9, 140.3, 144.1,
193.8.

EFE: Red solid. Yield: 60%, Hexane/EtOAc (4:1)

'H NMR (400 MHz, CDCls) 6 (ppm): 7.98 (s, 2H), 7.73 (d, J = 9.6 Hz, 2H), 7.4 (d, J = 8 Hz, 2H),
6.29 (s, 2H), 4.3 (dt, J = 8 Hz, 4H), 4.2 (dt, J = 8 Hz, 4H). *C NMR (100 MHz, CDCls) 6 (ppm):
64.45, 64.87, 98.323, 116.52, 120.42, 121.86, 131.57, 134.14, 134.89, 138.95, 142.04, 142.31,
187.0.

PFP: Red viscous oil, Yield: 25%, Hexane.

'H NMR (400 MHz, CDCly): 6 (ppm):7.98 (s, 2H), 7.80 (d, J=9.6 Hz, 2H), 7.45 (d, J = 8 Hz,
2H), 6.5 (s, 2H) 3.65 (s, 4H), 3.75 (s, 4H), 1.34-0.95 (m, 52H). B¥C NMR (100 MHz,
CDCl,): 6 (ppm): 193.7, 155.7, 150.5, 146.7, 142.3,138.2, 135.2, 134.5, 132.4, 114.7, 100.5, 62.5,
43.6,32.1, 31.8, 30.3, 29.1, 27.9, 22.9, 22.7, 14.1.
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Scheme 2. 5. Synthesis route of TFT, EFE and PFP.

2.6.1.2.2. Synthesis of D-A-D monomer based on quinoxaline moiety

All monomers (FQ, TQT, EQE and PQP) were prepared by the reaction of 1-(2-
aminophenyl)pyrrole with corresponding 9H-fluoren-9-one derivatives according to a modified
literature procedure [133], the details of which will be published somewhere else in due course
(Scheme 2.6).

FQ: Brown solid. Yield: 79%.

'H NMR (400 MHz, CDCl,): & 7.69 (dd, J = 1.2, 7.2 Hz, 2H), 7.49 (dd, J = 1.6, 7.6 Hz, 1H), 7.39
(m, 4H), 7.31 (dd, J =1.2, 3.2 Hz, 1H), 7.22 (t, J = 7.2 Hz, 2H), 6.99 (m, 2H), 6.69 (dd, J = 1.6,
7.6 Hz, 1H), 6.22 (t, J = 3.2 Hz, 1H), 5.51 (dd, J = 1.6, 3.6 Hz, 1H), 4.18 (br s, 1H, NH); *C NMR
(100 MHz, CDCl3): & (ppm) 149.1, 138.9, 135.8, 130.1, 129.2, 128.5, 126.0, 125.0, 124.95, 120.2,
119.8, 116.3,115.1, 114.7, 110.6, 104.4, 65.3.

TQT: Red solid. Yield: 61%.

'H NMR (400 MHz, CDCls): ¢ 7.85 (m, 6H), 7.53 (m, 1H), 7.34 (m, 1H), 7.23 (dd, J = 5.2, 1.2
Hz, 2H), 7.19 (dd, J = 3.6, 1.2 Hz, 2H), 7.03 (m, 4H), 6.73 (m, 1H), 6.24 (m, 1H), 5.60 (dd, J =
7.6, 1.6 Hz, 1H), 4.23 (brs, 1H, NH). *C NMR (100 MHz, CDCls): § 150.1, 144.4, 137.9, 135.7,
134.7, 129.9, 128.3, 127.2, 126.3, 125.2, 125.1, 123.5, 122.3, 120.7, 120.3, 116.6, 115.4, 114.9,
110.7, 104.8, 65.3.

EQE: Red solid. Yield: 54%

'H NMR (400 MHz, CDCly): & 7.81 (d,J=1.6 Hz, 2H), 7.66 (dd, J=1.6, 8.0 Hz, 2H), 7.60
(d, J=8.0 Hz, 2H), 7.49 (dd, J=1.6 Hz, 1H), 7.30 (m, 1H), 7.00 (m, 2H), 6.75 (dd,J=1.2,
7.6 Hz, 1H), 6.25 (s, 2H), 6.21 (t, J=3.2Hz, 1H), 556 (m, 1H), 4.16 (s, 8H); °C NMR
(100 MHz, CDCly): & (ppm) 149.5, 142.4, 138.5, 136.9, 136.1, 133.2, 130.4, 126.7, 126.5, 124.8,
122.4,120.2,119.7,117.6, 116.7, 115.1, 114.6, 110.6, 104.6, 97.8, 64.7, 64.5, 60.4.

PQP: Red viscous oil, Yield: 30%, Hexane. HRMS Calculated for CgH;7N,0,S,: 965.4808.
Found 965.5325.
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'H NMR (400 MHz, CDCl): & 7.74 (d,J = 1.2 Hz, 2H), 7.66 (m, 4H), 7.49 (d, J = 8.0 Hz, 1H),
7.30 (m, 1H), 7.02 (td, J = 1.2, 7.6 Hz, 1H), 6.93 (td,J = 1.2, 8.0 Hz, 1H), 6.77 (dd, J = 1.2, 7.6 Hz,
1H), 6.35 (s, 2H), 6.21 (m, 1H), 5.54 (m, 1H), 4.30 (br s, 1H. NH), 3.85 (m, 4H), 3.75 (m, 4H),
1.33 (m, 40H), 0.94 (m, 12 H): *C NMR (100 MHz, CDCls): 150.4, 149.5, 146.2, 137.3, 136.0,
133.6, 130.1, 127.7, 126.3, 124.9, 123.1, 122.0, 120.2, 119.8, 116.5, 115.1, 114.6, 110.8, 104.8,
102.8, 77.9, 77.8, 65.3, 43.9, 32.3, 32.0, 30.4, 23.0, 22.9, 14.3.

InCl,

E—

Toluene, reflux

Scheme 2. 6. Synthesis route of TQT, EQE and PQP.
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2.6.1.2.3. Synthesis of D-A-D monomer based on xanthene moiety
Before coupling reaction, acceptor moiety was synthesized in two steps (Scheme 2.7).

1* step:

A mixture of 9-fluorenone 2,7-dibromo-9-fluorenone (4, 6.00 g, 17.71 mmol), resorcinol (6.82 g,
62.00 mmol), and ZnCl, (555 mg, 4.07 mmol) was stirred and heated at 140 °C for 2 h. The melt
was then heated with concentrated HCI (aqueous, 20 mL) under reflux for another 1 h. The
reaction mixture was poured into water (300 mL). The precipitate was washed with water, dried,
and purified by column chromatography.

2" step:

A mixture of 2,7-Dibromospiro[fluorene-9,9¢-(2°,7° dihydroxyxanthene)] (7.80 g, 14.99 mmol),
1-bromooctane (10.42 g, 53.98 mmol), K,CO; (5.38 g, 38.98 mmol), and DMF (132 mL) was
stirred and heated at 80 °C for 12 h under N,. The resulting mixture was poured into water (200
mL) and extracted with EtOAc (3x 100 mL). The combined extracts were dried (MgSQ,), and the
solvent was evaporated in vacuum. The crude product was purified by column chromatography.

v: Yellow viscous oil, Yield: 67.0% , Hexane/EtOAc (4:1)

'H NMR (400 MHz, acetone-dg): & 0.87 (t, 6H) , 1.27-1.43 (m, 20H), 1.71-1.80 (m, 4H), 3.92 (t,
J=6.5Hz, 4H) 6.23 (d, J = 8.7Hz, 2H), 6.38 (dd, J =, 2.7 Hz, 2H), 6.71 (d, J = Hz, 2H), 7.08 (d,
J=7.8 Hz, 2H), 7.21 (dd, J=, 7.6 Hz, 2H), 7.41 (dd, J=7.6 Hz, 2H), 7.88 (d, J=7.8 Hz,
2H).;C NMR (100 MHz, acetone-dg): & (ppm) 159.3, 157.1, 151.9, 137.4, 131.1, 129.0, 128.6,
122.3,121.3,114.7,111.3, 101.8, 68.2, 53.5, 31.8, 29.3, 29.21, 29.2, 26.0, 22.6, 14.1.

vi: Yellow viscous oil, Yield: 61.8% , Hexane

'H NMR (400 MHz, acetone-dg): 60.87 (t, 6H) , 1.27-1.43 (m, 20H), 1.71-1.80 (m, 4H), 3.92 (t,
J=6.5 Hz, 4H), 6.23 (d, j=8.7Hz, 2H), 6.38 (dd, J=8.7 , 2.5 Hz, 2H), 6.71 (d, J = 2.4 Hz, 2H),
7.21 (d, J=1.5 Hz, 2H), 7.45 (dd, J=8.1, 1.7 Hz, 2H), 7.58 (d, J=8.1 Hz, 2H); BC NMR
(100 MHz, acetone-dg): & (ppm) 159.3, 157.1, 151.9, 137.4, 131.1, 129.0, 128.6, 122.3, 121.3,
114.7,111.3, 101.8, 68.2, 53.5, 31.8, 29.3, 29.21, 29.15, 26.0, 22.6, 14.1.

Sasor
R O. R Br
O O K,CO; / DMF (80°C)  CgHy7O 0 OCgHyy
HO (o) OH Ri=H (v)
Ry = @ R, = Br (vi)

o R;=H
R, = Br (iv)

Scheme 2. 7. Synthesis route of spiro[fluorene-9,9’-(2°,7’-di-n-octyloxyxanthene) (5) ; 2,7-
Dibromospiro[fluorene-9,9’-(2°,7’-di-n-octyloxyxanthene) (6).
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We performed a general procedure to synthesize TXT and EXE monomers via a Stille coupling
between 2, 7-Dibromospiro [fluorene-9, 9°—(2°, 7°-di-n-octyloxyxanthene)] [107] and two amounts
of i or ii. 3',6"-bis(octyloxy)-2,7-di(thiophen-2-yl)spiro[fluorene-9,9'-xanthene] (TXT) (Scheme
2.8.).

TXT: Yellow viscous solid (yield 35%). HRMS calculated for C4Hs,05S,: 752.3358. Found
752.3292.

'H NMR (400 MHz, CDCI3): 6 (ppm) 7.76 (d, J = 8.0 Hz, 2H), 7.62 (dd, J = 1.6, 8.0 Hz, 2H), 7.35
(m, 2H), 7.21 (m, 4H), 7.00 (m, 2H), 6.75 (d, J = 8.0 Hz, 2H), 6.38 (m, 4H), 3.94 (t, J = 8.0 Hz,
4H), 1.71-1.80 (m, 4H) 1.27-1.43 (m, 20H), 0.87 (t, J=8.0 Hz, 6H). °C NMR (100 MHz,
CDCl3): 6 (ppm) 159.0, 156.5, 152.0, 151.1, 147.7, 130.71, 130.6, 128.6, 127.9, 125.9, 125.8,
125.4,124.7, 123.2, 122.9, 116.2 111.1, 68.2, 60.9, 29.3, 29.2, 29.0, 26.0, 22.6, 14.1 FTIR (ATR)
3060-3035 cm ' (Aromatic C-H) and 1160-1265(C-O).

EXE: Green solid (yield 25%). HRMS Calculated for Cs;H5,0+S,: 868.3573. Found 868.3467.

'H NMR (400 MHz, CDCls): § (ppm) 7.74 (m, 4H), 7.40 (s, 2H), 6.75 (s, 2H), 6.38 (m, 4H), 6.23
(s, 2H), 4.20 (m, 8H), 3.94 (t, J=8.0 Hz, 4H), 1.71-1.80(m, 4H) 1.27-1.43 (m, 20H), 0.87
(t, J = 8.0 Hz, 6H). *C NMR: ¢ (ppm) (100 MHz, CDCl,): § 159.1, 156.2, 152.3, 142.3, 138.2,
137.9, 133.3, 128.9, 125.9, 123.1, 120.0, 117.9, 116.9, 111.1, 101.9, 97.7, 68.3, 65.1, 64.8, 64.5,
31.9, 29.9, 29.5, 29.2, 26.2, 22.8, 14.3. FTIR (ATR) 3060-3035 cm '(Aromatic C-H), and 1160—
1265(C-0).

@SnJ\/
i
Pd(PPh;),Cl,
—_—
Toluene, reflux //\o o/\\
(o)
o [o]

Scheme 2.8. Synthesis route of TXT and EXE.

2.6.1.3. Electropolymerization of D-A-D type fluorene derivatives and their characterization

Polymer films were obtained via repetitive cycling in their proper medium and their
electrochemical and optical behaviors were investigated in monomer free electrolyte solutions
(Scheme 2.9). For spectroelectrochemical studies, platinum and silver (calibrated externally using
5mM solution of ferrocene/ferrocenium couple) wires were used as counter and reference
electrodes, respectively. An indium-tin oxide (ITO, Delta Tech. 8-12 Q, 0.7 cm x 5 cm) coated by
the polymer film was used as the WE. The polymer films were switched between neutral and
doped states several times in order to equilibrate its redox behavior in monomer-free electrolytic
solution, prior to SPEL investigations.
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Scheme 2 9. Reaction scheme for the electrochemical polymerization of monomers.

2.6.1.4. Chemical Polymerization of D-A-D type fluorene derivatives

The soluble polymers in common organic solvents were synthesized according to a general
procedure. A solution of anhydrous FeCl; (444 mg, 2.74 mmol, 5 equiv) in nitromethane was
added dropwise over a period of 45 min. to the stirred monomer solution at room temperature .A
suspension of anhydrous FeClz in CHCI; of equal volume was added to the monomer solution for
1 h at 0 °C under Ar(g) atmosphere used to remove the generated HCI as well as keep the iron
catalyst in its active Fe** oxidation state. The final concentration for the monomer and FeCl; was
0.05 M and 0.2 M, respectively. When the addition was complete, the mixture was stirred for 24 h
at room temperature and the reaction mixture was poured into methanol, and a precipitate formed.
This was filtered and washed with methanol and ether, respectively. The solid was then dried
under vacuum at 50 °C.

2.6.2.  Electropolymerization of FCA

All electrochemical investigations and polymer synthesis were performed in a one-compartment
cell utilizing Gamry PCI4/300 potentiostat. The working and counter electrodes for
electrochemical measurements were platinum wires and a Ag-wire was used as a pseudo-reference
electrode. The pseudo-reference electrode was calibrated externally using a 5 mM solution of
ferrocene (Ey(Fc / Fc*) = 0.41 V vs Ag-wire and 0.45 V vs Ag/AgCI). Measurements were made in
a mixture of nitromethane containing 4% BFEE (v/v) and 0.1 M TBABF, at room temperature
(Scheme 2.10). Electrochemical polymerization of FCA was achieved via constant potential
electrolysis at 1.15 V vs Ag-wire from a 25 mM monomer solution in nitromethane/BFEE solvent
mixture. At the end of the electrolysis the coated film on the electrode surface was peeled off and
washed with nitromethane and then ethanol. The polymer was dried under vacuum at 55 °C for
24 h,

0.0 Electrochemical Polymerization

HO 0 BFEE/CH;NO, : 4/96 in 0.1 M TBABF, HO™ O

P(FCA)
FCA

Scheme 2.10. Reaction scheme for the electrochemical polymerization of FCA.
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2.6.3. Chemical coupling polymerization of spirofluorene-co-9.9’dioctylfluorene

100.0 mg (0.12 mmol) of 2,7-dibromospiro[fluorene- 9, 9°-2°7°-di-n-octyloxyxanthene)], 88.0 mg
(0.12 mmol) of 9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester, 5.0 mg (4.3
umol) of Pd(PPhs),, and 1.1 mL of 2 M K,CO; were combined in 2.2 mL of toluene and the
mixture was degassed via freeze-pump-thaw (3 cycles), backfilling with N,. The reaction was
heated to reflux under nitrogen atmosphere for 3 days, the end groups were capped by heating the
mixture under reflux for 12 h with benzeneboronic acid (28.0 mg, 0.24 mmol) and then for 12 h
with bromobenzene (37.0 mg, 0.24 mmol). The reaction mixture was cooled to room temperature
and then precipitated with methanol. The precipitate was collected via centrifugation and the
excess solvent was decanted off. The polymer was dried under vacuum and polymer was
reprecipitated three times by dissolving in 50 mL of THF, concentrating to ca. 10 mL,
precipitating with methanol, centrifuging, decanting and then drying under vacuum. The polymer
was dried under vacuum to give 105.0 mg of purified material (Scheme 2.11.).

CgH4,0 o OCgH,
o o) Pd(PPh;),/K,CO
L, -y (-l T, S
Br y Br o
O O CgHi7” "CgHyz toluene/H,O/Aliquat 336 CgHq7” "CaHiz
P(F8-SFX)

Scheme 2. 11. Synthesis of P(F8-SFX) by Suzuki-Miyaura coupling.

P(F8-SFX): Ashed colored solid. Yield 91.08 %.

'H NMR (400 MHz, CDCls): 6 7.66-7.80 (m, 8H), 7.40- 7.56 (m, 8H), 7.24-7.36 (m, 8H), 6.64-
6.71(m, 2H), 6.23-6.34(m, 4H), 3.92(t, J = 8.0 Hz, 4H), 1.71-1.94(m, 6H) 1.27-1.43 (m, 40 H),
0.87 (b, 6H).
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Electrochemical polymerization of 9-fluorenecarboxylic acid and its electrochromic
device application

3.1.1.  Electrochemical behavior of FCA and its electrochemical polymerization
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Figure 3. 1. Cyclic voltammograms of (a) FCA and (b) P(FCA) at scan rates from 25 mV/s to
250 mV/s in 25 mV increments in 0.1 M TBABF, in nitromethane containing 4% BFEE.
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Electrochemical behavior of FCA was investigated in nitromethane/BFEE solvent mixture (96/4-
v/v) using 0.1 M TBABF, as supporting electrolyte. During the anodic scan two oxidation peaks at
1.20 and 1.55 V vs. Ag-wire were observed. A reduction peak was also noted during the reverse
scan which intensified after scan reversal at 1.30 V. (Figure 3.1(a)). This reduction peak is
accompanied with an oxidation peak during repetitive cycling between 0.0 and 1.30 V. This
reversible peak gained intensity upon successive anodic scans, indicating deposition of conducting
polymer on the WE. These observations imply that the first oxidation peak at 1.20 V' can be
ascribed to the oxidation of FCA and the second one could be due to the overoxidation of
oligomeric species formed in the vicinity of the WE.

After repeated scans, the polymer coated WE was removed from the monomer solution and rinsed
with nitromethane and ethanol to remove the oligomeric species and the electrolyte. The
electrochemical behavior of the polymer film was investigated in monomer-free electrolyte
solution. The polymer film was found to exhibit one a half wave of quasi reversible redox couple
representing the doping and de-doping of the polymer film at 0.80 V vs. Ag-wire. It is found that
both anodic and cathodic peak currents increase linearly with increasing scan rate, indicating that
the redox process is non-diffusional and the polymer film is well-adhered to the WE (Figure
3.1(b)).

3.1.2. Polymer Characterization

The preparative formation of P(FCA) was achieved in the same solvent/electrolyte medium using
1.0 cm? Pt-plate working electrode. Constant potential electrolysis was used for this purpose and
the optimum potential (1.15 V) was chosen on the basis of chronoamperometric investigations
carried out under the same conditions used for CV studies. During electrolysis, a brownish-orange
film is rapidly formed on the WE surface. The product was washed with nitromethane and ethanol
and then dried under vacuum at 55 °C.

Most of the bands observed in the FT-IR spectrum of monomer are also present in that of the
polymer. The peak at around 1700 cm™* in the polymer spectrum indicates the presence of C=0
group. 1,2-disubstituted and 1,2,4-trisubstituted benzene absorption peaks are characteristic peaks,
which arise from the in-plane and out-of-plane CH bending modes observed in the range of 730
and 850 cm™*. The 730 cm ™ peak in the spectrum of the monomer belongs to the 1,2-disubstituted
benzene ring. This peak loses its intensity and a peak appears at about 830 cm™ %, attributed to
1,2,4-trisubstituted benzene ring. This indicates that FCA undergoes polymerization via 2,7-
positions [85]. Also, the peak at 1083 cm™* corresponds to the vibration bands of the dopant ion,
BF, .

3.1.3. Thermal Characterization

Thermal stability of P(FCA) was investigated utilizing TGA in the range of 30 °C and 750 °C. As
seen from Figure 3.2, there are three-stage thermal degradation processes. The initial weight loss
between 30 °C and 100 °C could be attributed to the loss of the moisture. The second weight loss
occurs between 150 °C and 350 °C, which could be assigned to the loss of dopant anions, which
was confirmed by the appearance of dopant related peak (1100 cm %) in the FT-IR spectrum
recorded for the evolved gases during TGA experiment. The last weight loss between 500 °C and
750 °C is because of the thermal degradation of the main polymer chain. These results indicate
that P(FCA) has high thermal stability.
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Figure 3. 2. Thermogram of P(FCA).

3.1.4. Spectroelectrochemical properties of P(FCA).

P(FCA) films can be used as an active element in smart windows and electrochromic display
devices on the basis of obtained electro-optical properties. For this aim, the polymer film
(50 mC/cm?) was deposited on ITO and its transition between the neutral (dedoped) and oxidized
(doped) states was studied in monomer-free electrolyte solution.
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Figure 3.3. In-situ absorption spectra of P(FCA) (50 mC/cm?on ITO) recorded in 0.1 M
TBABF,/nitromethane containing 4% BFEE at various applied potentials.
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Figure 3.3 shows the in-situ absorption spectra of the polymer recorded at various applied
potentials in terms of the reversible redox couple of P(FCA) between 0.0V and 1.25V in 0.1 M
TBABF,/nitromethane containing 4% BFEE. P(FCA) forms smooth films on ITO that can be
switched from a transparent neutral state to a brownish-orange oxidized state. In the neutral state,
polymer film exhibits an absorption band at 374 nm due to the m—=* transition. From the
commencement on the low energy end of the n—n* transition band in the neutral state, the band
gap value of 3.1 eV was found. The evolution of the spectra upon electrochemical doping shows a
simultaneous increase of the absorbance at 490 and 850 nm (2.53 eV and 1.46 eV), together with
an isosbestic point at 391 nm indicating one step reaction due to polaron formation. Upon further

doping (beyond 1.1 V) a broad band centered at 1066 nm starts to intensify indicating bipolaron
formation [77].

3.1.5.  Electrochromic switching of P(FCA) film in solution

Switching times and optical contrast in polymer film on ITO were determined with a change in
transmittance at 490 nm in the visible region between redox states. Therefore, square wave

potential step method was coupled with optical spectroscopy to investigate the switching ability of
P(FCA) between its neutral and doped states (Figure 3.4).
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Figure 3. 4. Optical response of P(FCA) at 490 nm as a function of time in 0.1 M

TBABF,/nitromethane containing 4% BFEE under an applied square voltage signal between 0.0 V
(the neutral state) and 1.2 V (the oxidized state).

The polymer film coated on ITO was reversibly switched between 0.0 V and 1.2 V vs. Ag-wire for
each 10s. The maximum transmittance difference between the oxidized and neutral states was
found to increase with increasing polymerization charge. Values are commonly reported at 95% of
a full switch, beyond which the naked eye cannot sense the difference. From this knowledge, both
AOD and n of the P(FCA) film coated on ITO were found to increase with increasing
polymerization charge (Table 3.1). The time required to attain 95% of the total transmittance
difference was found to be 4.9 s from the neutral to oxidized states and 1.2 s from the oxidized to
neutral states. It shows that P(FCA) (50 mC/cm?) can be rapidly switched to the neutral state.

46


http://www.sciencedirect.com/science/article/pii/S004060900800151X#fig4
http://www.sciencedirect.com/science/article/pii/S004060900800151X#bib22
http://www.sciencedirect.com/science/article/pii/S004060900800151X#tbl1

Table 3.1 Voltammetric and SPEL data for P(FCA) in 0.1 M TBABF./nitromethane containing
4% BFEE.

Polymerization n neutral oxidized
0
(rig?g?nez) Tbleached Tcolored A%T AOD (szl C) state state
12 51.7 61.1 9.4 0.07 143
24 23.2 34.2 11 0.17 161
36 25.0 44.8 19.8 0.25 178
50 13.1 34.1 21 0.42 226
75 8.5 314 22.9 0.57 232

3.1.6. P(FCA)/PEDOT Electrochromic Device Application
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Figure 3. 5. Optical characterization of P(FCA) / PEDOT electrochromic device by applying
potentials between — 1.0 V and + 2.0 V.

A dual type electrochromic device consisting of P(FCA) and PEDOT was constructed and its
SPEL behavior was investigated by recording the optical absorbance spectra at different applied
potentials. Electrochromic device showed a more reversible response in a potential range of
—1.0 V (neutral) and 2.0 V (oxidized) in Figure 3.5. At — 1.0 V, the polymer was transparent and
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PEDOT was also transparent in its oxidized state; therefore, the device at — 1.0 V was transparent.
As the applied potential was increased, an absorption band at 600 nm was observed due to the
neutral state of PEDOT layer. The color of the device at 2.0 V became dark blue.

Kinetic studies were done in order to determine the response time needed to perform switching
between the colored states and optical contrast of device. Under a square potential input of — 1.0 V
and 2.0 V with a residence time of 10 s at each potential, the optical response at 600 nm for the
device was monitored in Figure 3.6. The switching time was calculated as 2.5 s at 90% of the
maximum transmittance for neutral state and 2.0 s for oxidized state and the optical contrast was
calculated as 30%.
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Figure 3. 6. Optical response of P(FCA) /PEDOT electrochromic device at 600 nm as a function
of time under an applied square voltage signal between — 1.0 V (transparent) and + 2.0 VV (dark
blue color) with a switch time of 10 s.
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Figure 3. 7. Open circuit memory of P(FCA)/PEDOT device after applying —1.0 V and + 2.0 V
for 5 s, respectively.
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The optical memory is an important parameter to characterize an electrochromic device. The
optical memory was measured when the device retains its color under open circuit conditions.
Device shows quite a good optical memory in the neutral state with almost no transmittance. It also
device has a good optical memory in the oxidized state with a slow decrease in transmittance up to
a certain value. For example, transmittance changes at 600 nm when polarized by an applied pulse
for 5 s and then kept under open circuit conditions; device keeps its blue color without significant
loss, retaining 80% of its optical activity for 24 h. This means that for practical purposes the
device wouldn't need a refreshing current for maintaining its color for both neutral (transparent)
and oxidized (dark blue) states (see Figure 3.7).

3.2. D-A-D type Polyfluorene derivatives

3.2.1.  Fluorenone functionalized D-A-D type Polyfluorene derivatives

The first group of D-A-D type fluorene derivatives consists of fluorenone as the acceptor unit and
three different (thiophene, EDOT and ProDOT) donor units.

3.2.1.1. Electrochemical behavior of TFT, EFE and PFP

i/ mA cm?
1

Figure 3. 8. First oxidation potential comparison of FO, TFT ,EFE and PFP in 0.1 M TBAPF/
DCM at 100 mV/s onto a Pt disc (area = 0.02 cm?) vs. Ag/AgCl.

Prior to electrochemical polymerization, electrochemical behavior of the monomers were
investigated not only to find the suitable polymerization potential but also to understand the effect
of different donor units on the electrochemical behavior of the monomers. The cyclic
voltammograms of FO, TFT, EFE and PFP were recorded in 0.1 M TBAPF; dissolved in DCM
for this purposes and the results are depicted in Figure 3.8. An inspection of Figure 3.8 reveals
that, the oxidation potentials for TFT, EFE and PFP are much lower than that of FO, indicating
clearly the effect of donor units on the ease of oxidation of monomers. Among the four monomers
investigated, EFE has the lowest first oxidation potential indicating that EDOT is a stronger donor
unit than ProDOT. On the other hand, reversible reduction peaks due to formation of stable radical
anions are very close for the monomers investigated, which shows that the acceptor group, FO, is
determining the ease of reduction process, as expected.
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3.2.1.2. Electrochemical polymerization of TFT, EFE and PFP
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Figure 3. 9. Electropolymerization of 10 mM (a) TFT (b) EFE in 0.1 M TBAPFs / DCM (c)
PFP in 0.1 M TBAPF;/ DCM / ACN (1/9-v/v) at 100 mV/s by potential scanning to give P(TFT),
P(EFE), and P(PFP), respectively.
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The electrochemical polymerization of TFT and EFE were achieved in electrolyte solution
consisting of 0.1 M TBAPF; dissolved in DCM via repetitive cycling. In the case of PFP, 0.1 M
TBABF; dissolved in DCM /ACN mixture (1:9 by volume) was used as the electrolytic medium.
Polymer films, P(TFT), P(EFE) and P(PFP), were deposited on the WE surface via potential
cycling from 0.0 V to 1.50 V (for TFT); 0.0 V to 1.25 V (for EFE); 0.0 V to 1.15 V (for PFP).
New intensifying redox couples were also observed during successive scans. The increase in the
current intensities of this new redox couples clearly indicated the formation of the polymer films,
P(TFT), P(EFE) and P(PFP), on the electrode surface (Figure 3.9.).

3.2.1.3. Electrochemical behaviour of P(TFT), P(EFE) and P(PFP)

After electrodeposition, the polymer film coated electrode was washed with ACN to remove any
unreacted monomer and oligomeric species. The redox behavior of polymer films were
investigated by recording the cyclic voltammograms in monomer free electrolytic solution and the
results are given in Figure 3.10. In order to represent the ability of n- and p- type doping of the
polymer films, they were scanned both anodically and cathodically in the monomer free solution
of 0.1 M TBAPF¢/ACN.

When P(TFT), P(EFE), and P(PFP) were scanned anodically in monomer-free electrolyte
solution, they exhibited well-defined quasi-reversible redox couples due to p-doping ( =1.2
V for P(TFT); =0.75V for P(EFE) and = 0.65 V for P(PFP)). A linear increase in the
peak currents as a function of the scan rates confirmed well-adhered electroactive polymer films
on the electrode surface as well as non-diffusional redox process (Figure 3.10 insets (a)).

The redox behaviors of P(TFT), P(EFE), and P(PFP) were also examined during n-doping in
Figure 3.10. The polymer films showed well-defined reversible n-doping process. ( =-1.35
V for P(TFT); = -1.40 V for P(EFE) and = -1.48 V for P(PFP)). During n-doping
process, it was observed that intensities of the anodic and cathodic peak currents were increasing
linearly as a function of scan rate, proving that redox process was non-diffusion-controlled
(Figure 3.10 insets (b)).

These results indicate that the donor units of the polymer films during p doping process are
dominant depending on the donor strength of Th, EDOT, and ProDOT. However, in the case of n-
doping process, the values did not change too much. N-type doping process was also confirmed
and supported by SPEL studies as well as CV measurements.
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Figure 3. 10. Scan rate dependence study for (a) P(TFT), (b) P(EFE) and (c) P(PFP) in 0.1 M
TBAPF¢/ACN at applied scan rates between 20 mV/s and 200 mV/s in 20 mV increments. Insets:
relationship of anodic (i a0gic) @and cathodic (i camnodic) Current peaks as a function of scan rate for (a)
p-doped (b) n-doped films in 0.1 M TBAPFs/CAN.



3.2.1.4. Band gap analysis of P(TFT), P(EFE) and P(PFP) via electrochemical methods

2.00 _- (a)

1.00

0.00

-1.00 o

-2.00 o

i/mAcm?®

-3.00 H

-4.00 H

-5.00 +

-6.00

i/ mAcm?®

i/ mA cm®

-14 45 40 05 00 05 10
E/V

g T T r T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0

E/V

-2

i/mA cm

Figure 3. 11. Cyclic voltammograms of p- and n-doped (a) P(TFT), (b) P(EFE) and (c) P(PFP)
films in TBAPFs/ACN at scan rate 100 mV/s. Insets: differential pulse voltammetry of p- and n-
doped films in TBAPF¢/ACN with a step time of 0.1 s and a step size of 10 mV.
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The linear correlation between the scan rate and anodic peak current supports the idea that the rate
of the redox processes is surface bound. It means that the onset of oxidation value changes with
increasing scan rate. For that reason, the onset of oxidation was also determined by DPV. The
cyclic voltammogram of the films at a scan rate of 100 mV s™ were investigated and compared
with the data of DPV. Electrochemical measurements, both DPV and CV, revealed very close
values for all polymers (Figure 3.11 and its insets). These values are lower than that of PFO [85]
due to band gap lowering effect of donor-acceptor arrangement.

3.2.1.5. Band gap analysis of P(TFT), P(EFE) and P(PFP) via spectroelectrochemical
methods

In order to elucidate the electrochromic features and to get information about charge carriers
polymer films were deposited on ITO working electrode via potential cycling and the transitions
between the neutral (dedoped), oxidized (p-doped) and reduced (n-doped) states were studied in
monomer-free electrolyte solution and the results were depicted in Figure 3.12.

The changes in the electronic absorption spectrum were recorded during potential scanning from
0.0 V to 1.4 V with a voltage scan rate of 100 mV/s and the results are depicted in Figure 3.12 a.
An inspection of figure reveals that P(TFT) film, in its neutral state, exhibits two absorption bands
at 412 nm and a shoulder at 520 nm, which correspond to internal charge transfer between donor
and acceptor groups [59]. The E, of the P(TFT) was found as 2.00 eV by the commencement on
the low energy end of the m—n_ transitions at 520 nm. Upon increasing the potential, the color of
the P(TFT) film turns from yellow to green, which is accompanied with the corresponding
changes in the absorption bands. The promising n-doping property of the P(TFT) film, observed
with CV, was also confirmed by in-situ monitoring the UV-vis spectra during reduction process
(see inset of Figure 3.12 (a)).

For P(EFE), the electronic absorption spectrum of the neutral form of the polymer film consists of
a broad band at about 466 nm due to m—n* transition followed by a shoulder at 555 as shown in
Figure 3.12 b. The evolution of the spectra upon electrochemical doping shows a simultaneous
decrease of the absorbance at 466 nm, which is accompanied by the formation of a new ill-defined
absorption band at 800 nm in the potential range —0.20 V to 0.40 V indicating the formation of
charge carriers. Upon further doping, this band undergoes a blue shift to 620 nm and a new broad
band beyond 1006 nm starts to intensify due to further formation of charge carriers. The polymer
film also exhibits a color change from brown (neutral) to blue (oxidized). All spectra recorded
during potential cycling between —0.2 V and 1.2 V passes through a clear isosbestic points at
520 nm, indicating that polymer film was being interconverted between its neutral and oxidized
states. The E, was found to be 1.68 eV from the commencement on the low energy end of 555 nm
band. The n-doping behavior of the P(EFE) film was also confirmed by recording the changes in
the electronic absorption spectrum during reduction. When the polymer film was reduced its color
changes from brown to yellow. These color changes are accompanied with the corresponding
changes in the absorption bands. The band at 570 nm began to decrease and the band at 454 nm
started to intensify. A new intensifying absorption band centered at 728 nm was also noted with a
concomitant appearance of an isosbestic point at 533 nm which indicates the presence of only two
phases during the n-doping process (see inset of Figure 3.12 (b)).

It is interesting to note that the changes in the electronic absorption spectrum of and P(TFT) and
P(EFE) recorded during n-doping are not symmetrical as the one recorded during p-doping.
Although this observation seems to be unexpected, there are also examples in which spectral
changes for p- and n-doping are not symmetrical [134] and [135]. One of the reasons for such
contradictory observations might be the change in the band gap [136].
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Figure 3. 12. Electronic absorption spectra of (a) P(TFT) ( between 0 VV and 1.4 V), (b) P(EFE)
(between 0 V and 1.10 V) and (c) P(PFP) (between 0 V and 1.10 V) films on ITO in 0.1 M
TBAPF¢/ACN at various applied potentials. Inset: Electronic absorption spectra of (i) P(TFT) (
between 0 V and -1.5 V) (ii) P(EFE) ( between 0 V and -1.6 V) and (iii) P(PFP) ( between 0 V
and -1.8 V) films on ITO in 0.1 M TBAPF¢/ACN (50 cycles) on ITO in 0.1 M TBAPF¢/ACN at
various applied potentials.

55



In the case of P(PFP), the electronic absorption spectrum of neutral form of P(PFP) film exhibits
an absorption band at 445 nm due to n-n* transition and a shoulder at 540 nm as shown in Figure
3.12 c. Upon oxidation, the valance-conduction band at 445 nm diminishes and a new band starts
to intensify at about 740 nm in the potential range 0.0 to 0.40 V due to formation of charge
carriers. Upon further doping, this band undergoes a blue shift to 620 nm and a new broad band
beyond 1040 nm starts to intensify due to further formation of charge carriers. All spectra recorded
during potential cycling between 0.0 and 1.2 V passes through a clear isosbestic points at 516 nm,
indicating that polymer film was being interconverted between its neutral and oxidized states. The
changes in the electronic absorption spectra of P(PFP) film is also accompanied by a color change
from orange to dark blue indicating that P(PFP) film exhibits electrochromic behavior. The n-
doping behavior of the P(PFP) film was also confirmed by recording the changes in the electronic
absorption spectra during cathodic scan from 0.0 to -1.8 V vs Ag/AgCl. Upon reduction the
intensity of 445 nm band starts losing its intensity which is accompanied by the formation of an ill
defined band at about 760 nm during the potential cycling from 0.0 to -0.95 V with a concomitant
appearance of an isosbestic point at 505 nm. Appearance of a new absorption band at 1040 nm
beyond -0.95 V was also noted (see inset of Figure 3.12 c). Although there are several examples
reporting unsymmetrical changes during p and n doping [137, 138], in the case of P(PFP), the
changes recorded during n doping is very similar to the one recorded during p doping.

3.2.1.6. Energy band diagram of polymers

The band gaps (Eg) of P(TFT), P(EFE), and P(PFP) were calculated from the onset of the low
energy end of the n-n* transitions to be 2.00 eV, 1.68 eV, and 1.79 eV, respectively,which were in
well agreement with the band gaps calculated from cyclic voltammogram and DPV data. It can be
easily concluded that the smallest band gap can be obtained when EDOT units were attached. It
may be because of the effective intramolecular charge transfer between the D and the A units.
Oxidation potentials are reported vs. Fc/Fc* to calculate of HOMO and LUMO levels of polymers.
The energy level of Fc/Fc* was taken as 4.4 eV below vacuum [137]. The oxidation onset potential
of Fc/F¢™ was measured as 0.36 V vs. Ag/AgCl. HOMO and LUMO energy levels were obtained
from the onset potential of the oxidation and reduction potentials of polymers, respectively
(Figure 3.13).
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3.2.1.7. Spectroelectrochemical and Switching Behaviors of Polymers P(TFT), P(EFE) and
P(PFP)

Table 3. 2 Optical and switching time data of electrochemically synthesized P(TFT), P(EFE), and
P(PFP).

3 . Switching Color
. “max .
Polyviner (nm) (e C) time
(s)
Neutral Oxadized
394 £.71 29
P(TFT) 697 4680 2.6
1050 832 1.6
462 250.0 4.8
P(EFE) £97 2426 1.9
1050 2177 2.3
441 144.0 31
1.9
P(PFP) 634 4220
32
1050 93.0

Due to its importance in electrochromic applications, switching times and optical contrast of
polymeric films on ITO were also investigated under square wave input of determinated potential
ranges in 10 s intervals by monitoring the transmittance and the kinetic responses of the film at
given wavelengths in Table 3.2. As seen in Figure 3.14, P(PFP) film shows a reversible response
within the range of applied potential pulses with a response time of 1.9 s at 95% of the maximum
transmittance and the optical contrast (A%T) was 22.7%, 28.8% and 25.4% at 441, 684 and
1050 nm, respectively. It is noteworthy that these values did not change within the applied
potential regime, indicating the optical stability of P(PFP) film. Besides response time and optical
contrast, n a measure of power efficiency, is also important for electrochromic materials. P(PFP)
has 1 of 144 and 92.8 cm?/C at 441 and 1050 nm, respectively. On the other hand, at 684 nm, its n
was found to be 422 cm?%C (95% of the full switch), which is much higher than that of most
inorganic and polymeric electrochromics [138]. n values for all PF derivatives with different donor
groups are tabulated in Table 3.2 for comparison reasons. Among the three derivatives P(PFP)
exhibits highest value (422 cm?/C) indicating that P(PFP) is a promising candidate for
electrochromic device applications.
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Figure 3. 14. Chronoabsorptometry experiments for P(PFP) on ITO in 0.1 M TBAPF¢/ ACN
while the polymer was switched between -0.2 V and 1.2 V with a switching time of 10 s during 5
minutes at 441 nm, 684 nm and 1050 nm.
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3.2.1.8. Fluorescence Properties of Polymers P(TFT), P(EFE) and P(PFP)
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Figure 3. 15. Emission (excited at 420 nm) and absorption spectra of P(EFE) in THF.

Since the electrochemically synthesized P(EFE) film was found to be partially soluble in THF, its
fluorescence property was also investigated and its absorption/emission spectrum recorded in this
solvent is depicted in Figure 3.15. As it seen from Figure 3.15, excitation at 420 nm resulted in
the formation of a weak and relatively intense emission bands at about 500 nm and at 580 nm. The
higher wavelength emission band corresponds to orange color indicating that this partially soluble
polymer is an orange light emitter.
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Figure 3. 16. Emission (excited at 355 nm) and absorption spectra of P(PFP) in THF. Inset (a)
spray coating of P(PFP) in THF (b) photograph of P(PFP) under UV light.
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Electrochemically obtained polymer P(PFP) on the other hand, was quite soluble in common
organic solvents: DCM, THF, CHCIs, and DMF. Its fluorescence property was also investigated.
The absorption/emission spectrum P(PFP) dissolved in THF is shown in Figure 3.16. As it seen
from the figure, excitation at 355 nm resulted in the formation of a weak and relatively intense
emission bands at about 420 and 577 nm, respectively. The higher wavelength emission band
corresponds to orange color, indicating that this soluble polymer is an orange light emitter. This
orange emission is clearly seen in the inset of Figure 3.16.

3.2.2.  Fluoren-quinoxaline functionalized D-A-D type Polyfluorene derivatives

Electrochemical polymerization of TQT, EQE and PQP were achieved via potential cycling and
electrochemical, electro-optical and electrochromic properties of their corresponding polymers
were investigated using CV and in-situ SPEL techniques. Furthermore, the fluorescence properties
of PQP and its polymer were investigated in THF. The effect of various metal cations on the
fluorescence intensity was also determined.

3.2.2.1. Electrochemical behavior of FQ, TQT, EQE and PQP

The electrochemical behavior of fluorene based monomers bearing quionoxaline moieties, FQ,
TQT, EQE and PQP, were investigated by CV in an electrolyte solution consisting of 0.1 M
TBACIO, dissolved in ACN. During the first anodic scan FQ exhibits a quasi reversible (about
1.0V vs. Ag/AgCl) and an irreversible oxidation peak (at about 1.80 V vs. Ag/AgCI) as shown
in Figure 3.17. The latter could be ascribed to the loss of an electron from the fluorene based
electroactive centers. On the other hand, the quasi reversible peak corresponds to the loss of
electrons from the quionoxaline moiety of the monomer (see inset of Fig. 3.17). When donor side
groups are attached to 2 and 7 positions of fluorene moiety, the irreversible peak shifts to lower
potentials as expected, with almost no appreciable change in the position of quasi- reversible peak.

13 4 9 T4 S

i/mAcm?

Figure 3. 17.Cyclic voltammograms of FQ, , EQE and PQP on a Pt disk electrode at
100 mV/s in 0.1 M TBACIO4ACN vs. Ag / AgCl. (Insets: Cyclic voltammogram of FQ, after
peak clipping at 1.10 V.)
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3.2.2.2. Electrochemical polymerization of TQT, EQE and PQP
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Figure 3. 18. Repeated potential scan electropolymerization of 2mM (a) TQT in 0.1 M
TBACIO4/ACN:BFEE;1:1, (b) EQE in 0.1 M TBACIO4ACN (c) PQP in 0.1 M TBAPFs/ACN on
a Pt disk electrode at 100 mV/s.
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The electrochemical polymerization of EQE and PQP were achieved in an electrolyte solution
consisting of 0.1 M TBACIO, and TBAPFg, respectively, dissolved in ACN via repetitive cycling.
On the other hand, for the electrochemical polymerization of TQT, a 1:1 (v:v) mixture of
ACN/BFEE was used in the presence of 0.1 M TBACIO, as supporting electrolyte to improve the
film quality. As shown in Figure 3.18, during second anodic scan, new reversible redox couples
appeared around 0.8V, and after each successive scan, the peak currents were intensified,
indicating the formation of an electroactive polymer film on the working electrode with increasing
polymer film thickness. After electrodeposition, the polymer film coated electrodes were washed
with ACN to remove any unreacted monomer and oligomeric species.

3.2.2.3. Electrochemical behaviour of P(TQT), P(EQE) and P(PQP)
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Figure 3. 19.Scan rate dependence of (a) P(TQT), (b) P(EQE), (c) P(PQP) film (25 cycle) on a
Pt disk electrode at different scan rates between 20 mV/s and 100 mV/s (20 mV s™ increments) in

0.1 M TBACIO4/ACN. (Insets: Relationship of anodic (I3n04ic) and cathodic (lcamedic) CUrrent peaks
as a function of scan rate).
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To compare the electrochemical behavior of P(TQT), P(EQE) and P(PQP) polymer films, the
obtained polymers via repetitive cycles were scanned anodically in a monomer-free electrolytic
solution containing 0.1 M TBACIO,/ACN and the results are given in Figure 3.19.

As seen from Figure 3.19, three polymer films exhibit well defined redox couples due to p-doping
at 0.95, 0.90 and 0.80 V for P(TQT), P(EQE) and P(PQP), respectively. Although the reversible
peaks obtained for P(TQT) and P(EQE) are similar in appearance, cyclic voltammogram of
P(PQP) is rectangular shaped, showing capacitive behavior, in the range of 0.4 to 1.0 V. This
might be due to the presence of long alkyl chains on Pro-DOT side groups which may effect the
incorporation of dopant ion into the polymer matrix during doping process. Scan rate dependence
experiments showed that both anodic and cathodic peak currents increase linearly with increasing
scan rate, indicating a well-adhered polymer film on the WE surface and a non-diffusional redox
process, which was shown in the inset of Figure 3.19.

3.2.2.4. Polymer characterization of P(TQT), P(EQE) and P(PQP)

The polymer films formed after 15 consecutive cycles in the potential range of 0.0 to 1.10 V for
EQE, 0.0 to 1.25 V for PQP and 0.0 to 1.20 V TQT were washed with ACN and then dried. The
FTIR spectra of polymer films, P(TQT), P(EQE) and P(PQP), and their corresponding
monomers together with FQ, were recorded. The FTIR spectrum of the acceptor part of the three
monomers, FQ, exhibits characteristic peaks at 3340 and 733 cm %, the first one is attributed to N-
H stretching of the quinoxaline part and the latter is due to 1,2-disubstituted benzene ring of
fluorene moiety [57]. The peaks that appear around 2800-3300 cm ™' are due to aromatic C-H
stretching and the peaks that appear at 1612 and 1452 cm 'are due to C=C double bond
stretching. Upon substitution of donor units, a new peak appears at 815 cm ' indicating the
formation of 1,2,4-trisubstituted benzene ring. Furthermore, the new peaks at about 695, 708 and
718 cm™" in the FTIR spectrum of TQT, EQE and PQP, respectively, are due to a-hydrogens of
thiophene rings [64]. These peaks disappear and the other peaks still appear as expected in the
spectrum of P(TQT), P(EQE) and P(PQP). In addition, the new sharp peak appearing at
1042 cm™ (for P(TQT) and P(EQE) and 835 cm™' for P(PQP)) indicates the presence of dopant
anions CIO, and PFg , respectively [72].

3.2.2.5. Spectroelectrochemical behaviour of P(TQT), P(EQE) and P(PQP)

The electro-optical properties of the polymer films, deposited on ITO electrode via potential
cycling, were investigated by monitoring the changes in the electronic absorption spectra under a
voltage pulse in a monomer free electrolyte solution. The results are depicted in Figure 3.20. The
electronic absorption spectra of neutral forms of the films exhibit an absorption band at around
390, 465 and 569 nm for P(TQT), P(EQE) and P(PQP), respectively. These bands are due to n—
n transition and they all lose intensity during oxidation which is accompanied by the appearance
of new intensifying bands. In the case of P(TQT), as the valance-conduction band at 390 nm
diminishes a new band starts to intensify at about 515 nm in the potential range of 0.0-0.45. Upon
further oxidation, beyond 0.45V, a new broad band around 742 nm also starts intensifying.
Appearance of these new bands indicates the formation of charge carriers. All spectra recorded
during potential cycling between 0.0V and 1.1 V passes through a clear isosbestic points at
455 nm, indicating that polymer film was being interconverted between its neutral and oxidized
states. The changes in the electronic absorption spectra of P(TQT) film are also accompanied by a
color change,from orange to gray, indicating that P(TQT) film exhibits electrochromic behavior.
In the case of P(EQE), the new band due to the formation of charge carriers appears at about
576 nm and with an electrochromic response. The spectroelectrochemical changes recorded for
P(PQP) film, on the other hand, are different than those of P(TQT) and P(EQE) in terms of the
formation of a strong absorption band towards the near-IR region of the spectrum. The two new
bands formed at about 864 and 1056 nm indicate the formation of charge carriers, polarons and
bipolarons, respectively.
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Figure 3. 20.Electronic absorption spectra of (a) P(TQT), (b) P(EQE), (c) P(PQP) on ITO
(25 cycles) in 0.1 M TBACIO4/ACN solution during anodic oxidation of the polymer film.
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The band gap (E,) values of polymer films deposited on ITO electrodes via potential cycling were
also determined from the commencement of low energy end of z—= transitions (i.e., 390, 465 and
569 nm for P(TQT), P(EQE) and P(PQP), respectively), utilizing spectroelectrochemical data. It
was found that E, values decreases from 2.47 eV to 1.75 eV and then to 1.66 eV when thiophene
side groups are replaced by EDOT and ProDOT side groups. Although, conjugated polymers with
Pro-DOT donor groups have higher band gaps than that of PEDOT derivatives, due to lower
planarity of the polymer backbone, the higher band gap of P(EQE) as compared to P(PQP) might
be explained as already distorted planarity of P(EQE) due to presence of quinoxaline group
attached to the 9 position of fluorene moiety. HOMO/LUMO energy levels of the polymers were
elucidated utilizing their ionization potentials and electron affinities obtained from experimental
data. The onset of oxidation potentials of P(TQT) (0.75 V vs. Ag/AgCl), P(EQE) (0.65V vs.
Ag/AgCI) and P(PQP) (0.44 V vs. Ag/AgCIl) were used as E,, in the equation (1,=(E. + 4.4) eV)
[137]. Electron affinities were estimated by subtracting the band gap energy from I, and the results
are illustrated in Figure 3.21. As seen from the figure, HOMO level increases by replacing
thiophene with EDOT and then by ProDOT donor groups.
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Figure 3. 21. Schematic illustration of energy band diagrams for P(TQT), P(EQE) and P(PQP).

Due to its importance in electrochromic applications, switching times and optical contrast of the
polymer films on ITO were also investigated under square wave input of 0.2-1.0 V' in 10, and 5 s
intervals by monitoring the visible transmittance and the kinetic responses of the film, and the
results are shown in Figure 3.22 and Figure 3.23. Inspection of Figure 3.22 reveals that both
P(TQT) and P(EQE) show a reversible response within the range of applied potential pulses with
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a response time of 1.1 s (at 742 nm) and 1.7 s (at 780 nm) at 95% of the maximum transmittance,
respectively. The response time of P(PQP) was found to be 1.0 s at 1017 nm
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Figure 3. 22. Chronoabsorptimetry experiments for (a) P(TQT) and (b) P(EQE), with a switching
between 0V and 1.0 Vin10and 5s.
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Figure 3. 23. Optical stability experiments of P(PQP) at (a) 569 nm, (b) 874 nm and (c) 1017 nm
in a switching between 0 VV and 1.0 V in 10 s.

On the basis of this equation, the highest CE values were found as 145.0 cm?/C (142 nm), 98.0
cm?/C (390 nm ) and 253.0 cm?/C (1017 nm ) for P(TQT), P(EQE) and P(PQP), respectively (95
% of full optical switching). CE values for all polymer films are tabulated in Table 3.3 for
comparison reasons. Among the three polymers, P(PQP) exhibits the highest value (253 cm?/C at
1017 nm) indicating that P(PQP) is a promising candidate for electrochromic device applications.
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Table 3. 3. Optical and switching time data of electrochemically synthesized P(TQT), P(EQE),
and P(PQP).

Switching Color
Fornac Contrast CE
Polymer time
{nm} % T (cm?/ C)
(s)
Nentral | Oxidized
390 10.5 103 0%
P(TQT) 515 16.5 115.0 1.1
742 225 1450 1.3
390 10.0 8.0 1.1
F(EQE) 560 16.0 69.6 33
TR0 21.0 65.0 33
569 1.7 233.0 27
P(POP) 274 236 307 a0
1017 12.4 2530 1.7

3.2.2.6. Fluorescence Study

Among the three polymers prepared electrochemicaly, only P(PQP) was found to be soluble in
THF. Therefore, fluorescence property of P(PQP) and its monomer, PQP, were investigated in
this solvent. Although the monomer exhibits an emission at about 520 nm when excited at 327 nm,
its polymer emits around 600 nm when excited at 507 nm, corresponding to orange color.
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Figure 3. 24. The Stern—Volmer plots of (a) PQP, (b) P(PQP), in the presence of various metal
ions (each 0.02-0.1 mM). Metal ions prepared from Fe(NO3);-9H,0, Cu(NOs3),-3H,0,
Ni(NO3),-6H,0, Zn(NO3),-6H,0, Pb, AgNO; in THF. Inset: (a) Fluorescence emission spectra of
(a) PQP (b) P(PQP) (1 mg in 20 ml THF) with successive addition of 0.02-0.1 mM Fe®"ion.
(b) K, values of (a) PQP (b) P(PQP) in the presence of Cu®*, Ag*, Ni**, Fe*, Zn®*, Fe** (each

0.02-0.1 mM).

70




Binding affinities of PQP and P(PQP) towards various metal ions were also investigated by
monitoring the change in the fluorescence intensity upon addition of metal ions and the results are
given in the form of Stern—Volmer plots in Figure 3.24. As seen from inset of Figure 3.24 a and
b, fluorescence intensity decreases upon successive addition of Fe?" due to energy transfer
between Fe*" ion and FQ fluorophore. Among various common ions, both the monomer and its
polymer were found to be selective towards Fe?* ions by quenching the fluorescence efficiency.
The Stern—Volmer quenching constants (Ks,) were also determined and are given in Figure 3.24 a
and b. As seen from the figure, Ky, values of monomer and polymer solutions are
5.9 x 10° M " and 2.7 x 10* M"", respectively.

The larger K, value in the case of P(PQP) can be ascribed to the stronger interaction of metal ion
with quinoxaline moiety of two acceptor units along the polymer backbone. Although,
fluorescence intensity was found to decrease due to quenching effect of Fe®* ions, no significant
quenching effect was observed by the addition of Pb®*, Ni**, Zn®*, Fe**, and Ag" ions, indicating
that both the monomer and its corresponding polymer can be utilized for fluorometric detection of
Fe?" at a concentration of around 0.008 mM. The quenching effect of Fe?" in the concentration
range of 0.002-0.01 mM is provided. This behavior can be clearly seen by naked eye under UV
lamp. The emission color of PQP in THF, for example, turned from green to colorless after the
addition of Fe?* ions. Also, the addition of this ion to the polymer solution causes a quenching in
the intensity of the reddish orange color emission of the polymer (Figure 3.25).

Figure 3. 25. Emission colors of (1) PQP, (2) PQP in the presence of Fe?* ion, (3) P(PQP) , (4)
P(PQP) in the presence of Fe** ion in THF under handheld UV lamp.

3.2.3.  Fluoren-xanthene functionalized D-A-D type Polyfluorene derivatives

A couple of new fluorene derivatives based on spiro-skeleton platform bearing pendant xanthenes
unit as acceptor group and thiophene and EDOT as donor groups have been synthesized It is
thought that the acceptor groups endowed with octyl chains will open a door for providing
solubility to these newly synthesized polymers, namely P(TXT) and P(EXE), bearing
electrochromic and fluorescence features. On the other hand, the donor units will provide low
oxidation potential eliminating over-oxidation problems during electrochemical polymerization.

3.2.3.1. Electrochemical behavior of FX, TXT and EXE

Electrochemical behavior of fluorene based monomers bearing xanthene moieties; FX, TXT and
EXE were investigated by cyclic voltammetry studies in 0.1 M TBAPF¢ACN electrolyte solution.
It was found that FX monomer shows two oxidation peaks at 1.50 V and 1.90 V vs Ag/AgCI.
Since the first oxidation potential of fluorene generally appears at about 1.85 V in the same
medium with FX, the latter might be ascribed to the oxidation of fluorene moiety and the former
one to the oxidation of xanthenes moiety. When donor side groups are attached to 2 and 7
positions of fluorene moiety, the oxidation peaks shift to lower potentials as expected, depending
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on the donor strength of the side groups. As depicted in Figure 3.26, the first oxidation potential
of TXT and EXE appear at 1.06 V and 0.91 V, respectively.
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Figure 3. 26. First oxidation potential comparison of FX, TXT and EXE in 0.1M TBAPFs/ ACN
at 100 mV/s onto a Pt disc (area = 0.02 cm?).

3.2.3.2. Electrochemical polymerization of TXT and EXE

After the determination of redox behavior of TXT and EXE, repetitive anodic scans were
performed to get their corresponding polymers P(TXT) and P(EXE). The electrochemical
polymerization of TXT was achieved in an electrolyte solution consisting of 0.1 M TBAPFg
dissolved in DCM: ACN (1:10 by volume) via potential cycling in the range of 0.0-1.20 V. On the
other hand, ACN was used as solvent for the polymerization of EXE in the potential range of
—0.50 V to 0.90 V. As shown in Figure 3.27, new redox couples start to intensify during each
successive scan indicating the formation of electroactive polymer films on the surface of the
working electrode with increasing polymer film thickness.
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Figure 3. 27. (a) Cyclic voltammogram of 10 mM (a) TXT 0.1M TBAPFg in DCM: ACN = 1:10
and (b) EXE 0.1M TBAPF, in ACN on a Pt disc electrode at scan rate of 100 mVs™ (25 cycle).

3.2.3.3. Electrochemical behaviour of P(TXT) and P(EXE)

After electrodeposition step, the polymer film coated electrodes were washed with ACN to remove
any unreacted monomer and oligomeric species. For comparison reasons, the electrochemical
behavior of the films were investigated in a monomer free electrolyte solution consisting of 0.1 M
TBAPFs in ACN and the resulting voltammograms are shown in Figure 3.28. While P(TXT)
exhibits one redox couple, P(EXE) has two reversible redox couples at 0.45 and 0.80 V, indicating
the formation of charge carriers on the main chain backbone.
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Figure 3. 28. Cyclic voltammograms of (a) P(TXT) and (b) P(EXE) film in TBAPF¢/ACN at a
scan rate of 100 mV/s.

The electrochemical stability of a polymer is also an important parameter for electrochromic
devices. Therefore, electrochemical stability of P(EXE) film on the electrode was investigated by
a square wave potential method. As shown in Figure 3.29, P(EXE) protects its electroactivity
with only 5 % loss after 1000 switches when a potential regime was applied from -0.50 to 0.90 V

in 1 s intervals under nitrogen atmosphere.
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Figure 3. 29. Stability test for a P(EXE) (25 mC cm™) film in 0.1 M TBAPF4/ACN by a square
wave potential method between -0.30 V and 0.90 V and cyclic voltammograms of A: 1%; B: 500";
C: 1,000"cycles at a scan rate of 200 mVs™: (a) ipa (@nodic peak current),, (b) Q. (Anodic charge
stored) (c) iy (cathodic peak current).

3.2.3.4. Spectroelectrochemistry of P(TXT) and P(EXE)

The band gaps (Eg) of the polymer films P(TXT) and P(EXE) were found to be as 2.20 and 1.74
eV from the commencement on the low energy end of the absorption bands, respectively. The
latter is one of the lower band gap polyfluorenes derivatives [69, 91, 92, 130 and 131].
HOMO/LUMO energy levels of the polymers were elucidated utilizing their ionization potentials
and electron affinities obtained from the experimental data. Electron affinities were estimated by
subtracting the band gap energy from I, and the results were depicted and compared with PFX in
Table 3.4. As shown in the table, HOMO level of PFX depends on the donor strength of the units
(Figure 3.30).
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Figure 3. 30. Electronic absorption spectra of (a) P(TXT) and (b) P(EXE) on ITO in 0.1 M
TBAPF¢/ACN at various applied potentials. (Inset: The color of oxidized and neutral forms of

polymers )
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Table 3. 4. Voltammetric and spectroelectrochemical data for PFX, P(TXT), and P(EXE), in
0.1M TBAPF¢/ ACN. S (soluble), PS (partially soluble). *The values were predicted with respect
to reference 107 and ** ®f of P(TXT) (chemically prepared) were found from antracene as
standard in cyclohexane.

UVv-Vis PL
in in
HOMO LUMO
Polymer onsst (ev)  (ev) % Solubility chloroform chloroform of
e e (eV) solution solution

{Ama/nm)  (An,,/nm)

¥

:/@\; 1.10% 5.50 2.58 292 ps* 280,390 418, 443 1%
CgHyr0 o sty

O Q " 0.88 5.28 3.05 223 ) 304, 365 418,398 0.590.02**
CgHy;0 0 0CaHy;
or'\O D/_"'\O
R 7\
0.08 4.48 2.74 1.74 PS 365,563 418, 397
CqHy; 0 O D/©\0L‘.5N‘7

Switching times, optical contrast and coloration efficiencies of polymer films were also elucidated.
The potential of the WE was stepped between neutral and oxidized states of the polymers with a
residence time of 10 s in a monomer free solution, where the polymer coated ITO electrode was
used as the WE. During the experiment, the % transmittance at the wavelength of maximum
contrast was measured by an UV-vis spectrophotometer. The percentage transmittance change
(A%T) in the visible region between the neutral and oxidized states was found to be 10% (at 395
nm) and 14 % (at 655 nm) with a response time of 1.1 s (95 % of full optical switching) for
P(TXT) (25 mC/cm?) and 15% (at 500 nm) and 12 % (at 680 nm) with a response time of 0.8 s
for P(EXE) (25 mC/cm?) (Figure 3.31). As P(TXT) exhibits  of 187, 136 and 151 cm?/C at 395,
655 and 1017 nm, respectively, P(EXE) has higher CE values such as 258, 215 and 310 cm?/C at
500, 680 and 960 nm, respectively, which indicated that the P(EXE) might be a good candidate
for electrochromic and optical device applications (Table 3.5).
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Figure 3. 31. Chronoabsorptometry experiments for (a) P(TXT) and (b) P(EXE) film on ITO in
0.1 M TBAPF¢/ACN while the polymer was switched with a switching time of 10 s.
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Table 3. 5. Optical and switching time data of electrochemically synthesized P(TXT) and
P(EXE).

Switching
Ao Contrast y
Polymer Ime
Y (nm) %T (cm? C)
(s)
2.4
395 10.0 187.0
1.1
P(TXT) 655 14.0 136.0
1.7
1017 25.7 151.0
1.1
500 15.0 258.0
0.8
P(EXE) 680 12.0 215.0
960 16.0 310.0 13

3.2.3.5. Fluorescence study for P(TXT) and P(EXE)

It was found that both electrochemically and chemically prepared P(TXT) films were soluble in
common solvents such as THF, chloroform, DCM, toluene, DMSO, DMF and exhibit fluorescence
property Figure 3.32 presents the UV-vis absorption and fluorescence spectra of P(TXT)
(chemically prepared) in chloroform. P(TXT) exhibits one major band at 365 nm, which is
assigned to a m-* transition derived from the conjugated polymer backbone. The absorption band
near 310 nm might be ascribed to z- electron transition that occurs predominately from the spiro
pendant units [140]. As it is seen from Figure 3.32 , excitation at 365 nm resulted in the formation
of a weak and relatively intense emission bands at about 405 nm and at 418 nm, which are
attributed to blue emission. The fluorescence quantum yield of P(TXT) (0.59+0.02) in
cyclohexane was estimated by comparing with the standard of antracene in cyclohexane. This
value is lower than that measured for PFX [140] and might be explained by lower fluorescence
rates due to the presence of donor side groups.

Figure 3.32(b) presents the absorption and emission spectra of a P(TXT) film spray-coated from
cyclohexane solution onto a quartz plate. The absorption spectrum of the polymer film was
slightly broadened but the emission spectrum of the film is red-shifted as compared with that in
solution. The presence of intermolecular n-n interactions or planarization of the polymer
backbones in the thin film might account for the spectral shifts [142-143]. The red shift of
fluorescence for P(TXT) is as expected due to high extent of z-z interaction in the condensed
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matter. P(EXE) film prepared electrochemically is partially soluble and exhibits fluorescence
property in different solvents as it is shown in the inset of the Figure 3.32 (a) when excited at 380
nm.
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Figure 3. 32. Emission and absorbance spectrum of P(TXT) (a) in chloroform solution (b) in
solid state (inset ; Emission spectrum of P(EXE) in different solutions).

3.2.3.6. Thermal Characterization of P(TXT) and P(EXE)

Thermal stability of the material is one of the most important factors in applications for optical
devices such as electrochromic devices, PLEDs and solar cells. The thermal stability of the
polymers was analyzed by TGA under nitrogen. For comparison sake, the polymers prepared
electrochemically were alsoexamined and resulting thermograms are shown in Figure 3.33. Both
polymers are found to be thermally stable with decomposition temperatures at higher than 300°C.
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The complete thermal degradation of polymers occurs in two stages. The initial weight loss (10%)
occurs between 200 °C and 320 °C, which might be assigned to the loss of dopant anions in the
polymer chain matrix of P(TXT). The last weight loss (30%) between 390 and 580 °C is because
of the thermal degradation of the main polymer chain. Similar to P(TXT), P(EXE) is also
thermally stable; its 25% and 20% weight losses occurred at 320 and 425 °C, respectively.
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Figure 3. 33. Thermogram of (a) P(TXT) and (b) P(EXE).

3.2.3.7. Characterization of P(TXT) and P(EXE)
The polymer films formed after 25 consecutive cycles in the potential range of 0.0 to 1.2 V for

P(TXT) and -0.50 to 0.90 V for P(EXE) were washed with ACN and then dried. The FTIR
spectra of polymer films, P(TXT), P(EXE) and their corresponding monomers together with FX,
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were recorded. The FTIR spectrum of the acceptor part of the two monomers, TXT and EXE,
exhibits characteristic peaks at 3063-3033 cm™ (aromatic C—H strechings), 2900-2950 cm™ C-H
strechings for octyl chains and 1168, 1260 cm™(C—O streching). Upon substitution of donor units,
a new peak appears at 815 cm™ indicating the formation of 1,2,4-trisubstituted benzene ring.
Furthermore, the new peaks at about 695 and 708 cm™ in the FTIR spectrum of TXT and EXE,
respectively, are due to o-hydrogens of thiophene rings. These peaks disappear and the other
peaks still appear as expected in the spectrum of P(TXT) and P(EXE). In addition, the new sharp
peak that appears at 1042 cm, is attributed to the PF¢” counter anion.

Since P(TXT) was found to be soluble in most of the common organic solvents such as DCM,
chloroform, THF and toluene, TXT was also polymerized via chemical oxidation to get more
amount of polymer for detailed characterization. FeCl; was used as an oxidant for the chemical
polymerization. The molecular weight determination of the polymer was carried out by gel
permeation chromatography (GPC) by using polystyrene as the standard and THF as the eluent.
P(TXT) has a weight averaged molecular weight (Mw) of 4.9x 10° and a number averaged
molecular weight (Mn) of 2.6x10° with a polydispersity index (PDI) of 1.9, respectively. It refers
that the polymer chain of P(TXT) consists of approximately 20 repeating units. This value is
lower than one of PFX (Mw=1.6x10* and Mn= 1.1x10%), which might be because of the synthesis
strategy [141]. *H NMR spectrum of polymer was also investigated on Bruker-Instrument-NMR
Spectrometer (DPX-400) monomers with CDClI; as the solvent and chemical shifts () are given
relative to tetramethylsilane as the internal standard. '"H NMR (400 MHz, CDCls): 0.87-1.80
(broad m, aliphatic octyl units), 3.80-4.00 (broad m, O-CH,), 6.20-6.40 (broad m, xanthene-H),
6.60-6.75 (broad m, thienyl-H), 6.90-7.10 (broad m, xanthene-H), 7.30-7.50(broad m, fluoren-H)
7.60-7.80(broad m, fluoren-H). Broadening of the peaks and the decrease in the intensity of
thienyl peaks confirm the polymerization with respect to the monomer spectrum

3.3. Fluorene copolymer synthesis

A novel blue emitting and electrochromic conjugated copolymer based on 9.9’dioctylfluorene (F8)
and spiro (fluorene-9.9’-xanthene) (SFX) has been prepared. Optical, photophysical and
electrochemical characterizations are given for the as synthesized polymer; poly [spirofluorene-co-
9.9’dioctylfluorene] P(F8-SFX).

3.3.1. Synthesis and Properties of P(F8-SFX)

P(F8-SFX) was prepared by Suzuki-Miyaura coupling polymerization of 9,9-dioctylfluorene-2,7
diboronic acid bis(1,3-propanediol) ester and (2,7-dibromospiro[fluorene-9, 9°-2°7’-di-n-
octyloxyxanthene)]) with tetrakispalladium catalyst Pd(PPhs), in a toluene/2M potassium
carbonate solution. After purification by reprecipitation into methanol, P(F8-SFX) was obtained
as an ash—colored powder. The chemical structure of the polymer was verified by *H NMR and
FT-IR spectra. All aromatic and aliphatic protons of P(F8-SFX) resonated in the region of 6.23-
7.80 ppm and 0.87-1.94 ppm, respectively. The peak at 3.92 ppm also belongs to the ether protons
of octyl chain. FTIR spectrum of the polymer exhibits characteristic peaks at 3063-3033 cm™
(aromatic C-H stretching), 2850-2930 cm™ (C-H stretching for octyl chains) and 1184, 1240 cm™
(C-O stretching of ether linkage). The absorption peaks at 1404, 1450 and 1498 cm™ can be
assigned to the vibration of aromatic ring and one at 1610 cm™ belongs to asymmetrically
substituted benzene. The 810 cm™ peak in the spectrum of the polymer belongs to the 1,2,4-
trisubstituted benzene rings.
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Figure 3. 34.Thermal gravimetric analysis of P(F8-SFX)
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Figure 3. 35.. DSC analysis of P(F8-SFX)

The thermal properties of the synthesized polymers were obtained by means of TGA (Figure 3.34)
and DSC ( Figure 3.35.) under nitrogen atmosphere. DSC of P(F8-SFX) indicates a glass
transition temperature (T) at around 205 OC for the copolymer. This result shows that the polymer
was amorphous like PSFX derivative as depicted in Table 3.6. The high T, value of P(F8-SFX) is
most probably arising from reduced segmental mobility due to rigid xanthane units along the
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polymer backbone. The copolymer also exhibits good thermal stability, showing only 5% and
10% weight losses at 300 and 398 °C, respectively.

Table 3. 6. Comparison of the characteristics properties P(F8-SFX) with its anologues.

Polymer M2 M, DPI T,(°C)° T4 (C)°

pFgi#dl 23200 61176 2.68 67 458*
PSEX[07] 11000 16000 1.46 149 411, 433**
P(F8-SFX) 104480 108305 1.04 205 300, 398**

 Molecular weights were determined by GPC using polystyrene standards. "Glass transition
temperature. °*Onset decomposition temperature and ** the decomposition temperature at 5% and
10% weight loses measured by TGA under nitrogen .

GPC measurements of P(F8-SFX) were conducted to provide the relative molecular weight to the
polystyrene standards and polydispersity index. The results of the synthesized copolymer were
compared with those of homopolymer poly(9,9-dioctylfluorene) (POF) and (poly[2’,7’-di-
octyloxyspiro(fluorene-9,9’-xanthene)-2,7-diyl] (PSFX)) in Table 3.6 [107, 143]. The
synthesized copolymer was highly soluble in most of the organic solvents such as chloroform,
THF, 1,2- dichlorobenzene and toluene. The molecular weight of the polymer was determined in
THF. P(F8-SFX) has a number average molecular weight (M,) of 1.04 x 10° g/mol and a weight
average molecular weight (M,,) of 1.08 x 10° g/mol. These values are extremely high than those of
PSFX, due to solubility problem of PSFX in THF [107].

3.3.2.  Electrochemical characterization of P(F8-SFX)
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Figure 3. 36. DPV of P(F8-SFX) measured in the solid state on a glassy carbon disk electrode in
the medium of an electrolyte of 0.1 M (TBAPFg) in ACN at a scan rate of 100mV s™.
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The polymer behavior was carried out in 0.1 M TBAPF¢/ACN medium after the polymer film was
drop-casted onto a glassy carbon electrode The onset potentials for oxidation and reduction was
measured at 0.89 and -2.10 V, respectively. On the basis of this data, the HOMO (5.69 eV) and
LUMO (-2.70 eV) with respect to Fc/Fc* ferrocenium (4.8 eV) were calculated. The band gap was
calculated as 2.99 eV which is in good agreement with optical measurements (Figure 3.36).

3.3.3. Optical Characterization of P(F8-SFX)

The absorption of P(F8-SFX) consists of a strong featureless n-n* transition that peaks around 372
nm (3.3 eV) and a weak n-n* transition at 281 nm coming predominantly from the spiro SFX unit.
The optical band gap was determined from the absorption onset as 2.99 eV. The optical behavior
of the polymer was summarized and compared with other relatives in Table 2. As seen in Table 2,
while the band gaps of the polymers were too close to each other, HOMO and LUMO levels
change depending on the type of the electroanalytical methods used during measurement.

Table 3. 7. Summary of optical properties of P(F8-SFX)

c
R Plzmﬁsnax HOMO® | LUMO® Egmd
nm Gl
Polymer (nm) V) V) V)
Solution® Film® Solution? Film®
PFgi4d 389 390 418 (443) 424 (448) 5.80* 2.85* 2.95
PSFXI (ggg) (281) 393 | 418 (442) 426 (450) 5.79* 2.87* 2.96
) (281) 422 . .
P(F8-SFX) 372 (283) 377 | 415 (437) (450, 486,520) 5.69 2.70 2.99

*Evaluated in chloroform. "Evaluated in the solid state. *Excited at 375 nm. %Calculated from *CV
and **DPV with regard to the energy level of ferrocene (4.8 eV below vacuum).
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Figure 3. 37. PL-spectra of polymer film in 1,2 DCB (15 mg/ml) after annealing (170°C) in
ambient atmosphere and normal indoor light.
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Preliminary results indicate that after annealing the polymer film at 170 °C in ambient atmosphere
and darkness, P(F8-SFX) does not show any longer wavelength PL-emission (Figure 3.37).

Figure 3.38 shows a typical absorption and PL spectra in dilute 1,2- dichlorobenzene solution and
in the solid state. As expected, the absorption is dominated by the well-known UV band of
polyfluorene. The emission of the polymer P(F8-SFX) in solution shows a broad emission well
resolved structure with peaks at 415, and at 437 nm as a shoulder assigned to the 0-0 and 0-1 intra-
chain singlet transitions. In contrast to the emission in solution, the polymer film shows well
resolved vibronic structures assigned to 0-0, 0-1, 0-2 transitions at 422, 450 and 486 nm as well as
additional transitions at long wavelength region. In comparison with the solution, the absorption
spectrum of the thin film slightly broadened and 7 nm red shifted most probably due to stronger
interchange interactions in the solid state [144]. The PL spectrum, on the other hand, showed a
much more narrow emission with 7 nm red-shift. Additional broad green contribution at 520 nm is
assigned to interchain excimers [145,146].
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Figure 3. 38. UV-vis absorption and PL spectra of P(F8-SFX) in CHCls.

3.3.4. Electrochromic Properties of P(F8-SFX)
3.3.4.1. Electrochromic properties of P(F8-SFX) and its switching property

The changes in the electronic absorption spectrum of P(F8-SFX) upon changing the applied
potentials represent the electro-optical properties of the polymer film. In order to evaluate the
electrochromic features and get information about charge carriers, P(F8-SFX) film was drop-
casted onto ITO (20 mg/mL). Following coating process of the electrode, the SPEL behavior of
the polymer film was monitored in monomer-free electrolyte solution, during anodic oxidation.
The electronic absorption spectra of neutral forms of the films exhibit absorption bands at around
380 nm, which is due to n-n* transitions for P(F8-SFX) (Figure 3.39). The electronic band gap
defined as the onset energy for the m-n* transition and was found to be 2.80 eV. This value is
lower than the values obtained both from electroanalytical measurements and absorption spectrum
of polymer solution during UV-vis measurements. It may be due to the red shift effect of ITO
electrode to the absorption band during optical measurement. The evolution of the spectra during
doping process shows simultaneous increases in the absorbance intensities, corresponding to the
formation of the new charge carriers (polarons and bipolarons). In the electronic absorption spectra
of P(F8-SFX) film, a new increasing absorption band was observed at 527 nm in the potential
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range of 0.0-0.40 V and upon further applied potential, another absorption band appears about
1000 nm in the near — IR region with a clear isosbestic points at 440 nm indicating that polymer
film was being interconverted between its neutral and oxidized states. As a result of these
variations in the absorption spectrum of P(F8-SFX), the color of the polymer changes from yellow
in the neutral state to pale purple upon doping.

0.6 -
Neutral State Oxidized State

Absorbance Intensity (A.U.)

0.0

T T T v T v T
400 600 800 1000

Wavelength / nm

Figure 3. 39. Optical characterization of P(F8-SFX) by applying different potentials between
oxidized and neutral states with an inset of photographs.

Due to its importance in electrochromic applications, switching times and optical contrast of the
P(F8-SFX) film on ITO were also investigated under square wave input of 0.0 to 1.5 V in 10 s
intervals by monitoring the visible transmittance and the kinetic responses of the film at 527nm.
P(F8-SFX) film shows a reversible response within the range of applied potential pulses with a
response time of 1.62 s for oxidation and 2.2 s for reduction at 95% of the maximum transmittance
and the optical contrast (%T) was 14.0 % at 527 nm. On the basis of these equations, P(F8-SFX)
has 1 value of 120 cm? C at 527 nm and 266 cm? C at 1000 nm which is very close to those
fluorene copolymers reported previously [110], indicating that it is a promising candidate for
electrochromic device applications.

3.3.4.2. Optical Properties of the P(F8-SFX)/PEDOT electrochromic device

All-polymer electrochromic device consisting of P(F8-SFX) and PEDOT was constructed as
shown in the inset (a) of Figure 3.40 and its spectroelectrochemical properties was investigated by
monitoring the optical absorbance spectra at different applied potentials. Electrochromic device
showed a reversible response in the potential range of -0.5 V (neutral) and +2.0 V (oxidized). At -
0.5 V, the colors of polymer and PEDOT were yellow and transparent, respectively (Inset (b) of
Figure 3.40). Therefore, the polymer film was yellow colored in its neutral state with a Ay, at 386
nm. As the device was oxidized with the applied potentials, the color of the device became dark
purple. A new band at 600 nm because of PEDOT film starts to intensify accompanied with the
band of P(F8-SFX) at 527 nm.
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Figure 3. 40. Optical characterization of P(F8-SFX)/PEDOT electrochromic device by applying
different potentials between oxidized and neutral states. (a) illustration of electrochromic device
construction). (b) the colors of oxidized and neutral states and

Table 3. 8. Electronic and electrochromic properties of the P(F8-SFX) and its electrochromic
device (°CIE L x a x b system: luminance (L), hue (a) and saturation (b). "Redox states for PEDOT
layer.)

Polymer / device | Amax Redox L? al b? Color CE
(nm) state cm?/C ()
380 Oxidized | 52.17 15.7 -15.8 Pale purple 120
P(F8-SFX) film 527 (527 nm)
1000 Neutral 88.92 -8.62 7.44 Yellow
266 (1000
nm)

P(F8SFX)/PEDOT = 386  Oxidized” 82.91 24.64 50.99 Dark
Device Yellow -
561 Neutral® 68.75 -3.70  -4.94
Dark
purple
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Figure 3. 41. (a) Chronoabsorptometry (b) chronocoloumetry and (c) current density experiments
for P(F8-SFX) electrochromic device at A (562 nm) under an applied square voltage signal
between -0.5 V and 2.0 V. (d) Electrochemical stability of P(F8-SFX)/PEDOT electrochromic
device.

The long cycle life time is also another important parameter in the electrochromic devices. For this
purpose, P(F8-SFX)/PEDOT device was switched between -0.5 V and +2.0 V by applying
potential intervals of 1 s. SPEL and electrochemical behavior of the device were also investigated
after switching steps. After 2000 time switching steps, the device still keeps its redox stability,
retaining 98.64 % of its optical activity (Figure 3.41 a, b, c). The stability of the device was also
investigated in the solvent electrolyte solution via cyclic voltammetry method. The results indicate
that the polymer film was quite stable and retained 93.0 % of its electroactivity after 2500 cycles
(Figure 3.41).

3.3.5. PLED Characterization
Device from a single layer device of P(F8-SFX) gave poor device efficiency. The maximum
brightness that could be obtained was 17 cd/m? and the electroluminescence spectrum (Figure

3.42) was mostly dominated by long wavelength emissions due to increase in applied voltage
which can be attributed to the increase in keto defects and excimer emission [147,148].
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Figure 3. 42. Behaviour of the single layer device

The contribution from the longer wavelength emission can be overcome either by doping the
active material by hole trapping molecules or using hole transporting layers [149-150]. Both of the
methods have been tried in this study and it is concluded that inserting a thin layer of F8-TFB
could improve both the brightness and the color purity. Figure 3.43a illustrates the device
fabricated with the structure of ITO/PEDOT/CAV-2/P(F8-SFX) /Ca(20 nm)/AI(100 nm). As the
HOMO level of the F8-TFB matches with the PEDOT: PSS (-5.1), it is not expected to see any
decrease in total current which shows that F8-TFB does not act as a HTL. The total current did not
change when F8-TFB layer is inserted. However, it acts as a electron blocking layer due to its
lower LUMO level (-2.2) than P(F8-SFX) (-2.7). Electrons injected from cathode to P(F8-SFX)
layer are blocked by F8-TFB; therefore, reaching to PEDOT:PSS and hence ITO. This may result
in an increase in the recombination. The device that has a thin layer of F8-TFB between
PEDOT:PSS and P(F8-SFX) showed a better luminescence, 73 cd/m? at 8.4 V with CIE (0.194,
0.1561) (Figure 3.43b and c). Color purity is the main problem for polyfluorene derivatives [153].
Increase in green emission has been attributed to the ketone defects which cause rapid energy
transfer from high energy sites to lower energy sites before radiative decay of the excited species
[152,153]. For the devices which do not contain F8-TFB, the green emission is very intense.
However, when a thin of F8-TFB layer is added between PEDOT: PSS and emitting layer, the
green emission is significantly reduced (Figure 3.43d).
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Figure 3. 43. (a) Schematic illustration of ITO/PEDOT/F8-TFB/P(F8-SFX) /Ca(20 nm)/Al(100
nm) PLED device and its energy band diagram (b) Device performance and normalized ECL
spectrum of the device ITO/PEDOT:PSS/CAV-2/ P(F8-SFX) /Ca-Al. (c) Electroluminescence
spectrum of single layer device (black) and the device with thin CAV-2 layer. (d) Comparison of

ECL spectrum P(F8-SFX) and CAV-2- P(F8-SFX).
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CHAPTER 4

CONCLUSIONS

In this thesis, the synthesis of new fluorene containing polymers and their applications are
described. The investigation carried out in this project allowed for the development of new
conjugated fluorene based polymers as electrochromic materials besides their implementation to
multiple device configurations. The results presented also bring a new standpoint on the
polyfluorene derivatives in terms of multifunctionality and processability. By using a changeable
fluorene structure or adjusting the composition of the polyfluorene copolymer, it is possible to
obtain varied colored electrochromic and light emitting polymers. Furthermore, polyfluorene and
related structures have been used widely in biological and chemical sensing applications because
of their facile substitution at fluorene C9 position. As previously mentioned, the research was
divided into three parts.

In the first part, a new material P(FCA) was synthesized for electrochromic device applications.
Electrochemical polymerization, which is one of the fast and reliable synthetic methods, was
employed for the generation of polymer on the electrode surface. In electrochemical
polymerization, various solvents have been widely applied for different fluorene derivatives to
electropolymerize. Furthermore, the polymerization potentials of fluorene derivatives were
relatively high and the amount of obtained polymers was little. For that reason, BFEE is generally
used to get low-potential electropolymerization of polyfluorene derivatives to obtain better quality
films. Fluorene based homopolymer, P(FCA) was successfully synthesized via electrochemical
polymerization in the medium of nitromethane containing 4% BFEE and 0.1 M TBABF, leads to
formation of a polymer film on platinum surface. The structural characterization, electrochemistry,
electrochromic, and thermal stability were investigated. Indeed, as-formed P(FCA) film showed
some interesting optoelectronic properties. The thermal analysis results indicated the high thermal
stability of P(FCA).

Also, P(FCA) can be reversibly switched between its neutral to oxidized state, which is
accompanied with a color change from transparent to brownish-orange color as seen in the Figure
4.1. An anodically coloring polyfluorene derivative was obtained. Furthermore, the dual type
electrochromic device constructed utilizing P(FCA) and PEDOT exhibits switching ability with a
good optical memory with a color change of transparent to dark blue. These properties make
P(FCA) a good candidate for display applications. However, its partial solubility in common
organic solvents limits its application in organic electronics.

Figure 4. 1. The chemical structure of FCA and electrochromic performance of its polymer
P(FCA) in the neutral and oxidized states.

In the next part, a series of new fluorene derivatives bearing different pendant units with different
donor units was synthesized as illustrated in Scheme 4.1. The fluorene subunits contained ketone
functional group, quinoxaline and xanthene pendant groups at the C9 position. The donor-
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acceptor-donor segments were derived from this middle functionalized fluorene structures. Three
different heterocyclic units along with fluorene moieties were also incorporated especially chosen
for their varied electron densities because of the methodology, which is related with the control of
the optoelectronic properties of the resulting polymers. Solution processability of electrochromic
polymers is a major advantage for the fabrication of large area devices. ProDOT donor group with
hexyl units was especially selected for this purpose. Totally, eight thiophene-based D-A-D
monomers were also electropolymerized via potential cycling in their proper solvent-electrolyte
mixture in this part. It is important that the polymer films obtained have relatively lower band gaps
which are also lower than those previously reported PF derivatives. SPEL and electrochemical
analyses revealed that polymer films can be reversibly cycled between their neutral and oxidized
states with electrochromic response. Beside the electrochromic and fluorescence property of the
polymers, proccessable ones were also used some important applications.

Donor Units (D)

CeHiz_CeHia
o 021
oo
S S S

Scheme 4. 1. Chemical structures of a series of new fluorene derivatives bearing different pendant
units with different donor units.

The fluorescence property of the processable polymers were also investigated. Depending on the
functional unit, the color of the polymer was changed as seen in Figure 4.2.
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Figure 4. 2. Emission (i) colors and (ii) spectrum of (a) P(PFP), (b) P(PQP) and (c) P(TXT) in
the presence of in THF under handheld UV lamp.

The electrochromic colors of all the polymers in reduction (-), neutral (0), oxidation (+) and
intermediate () states were also summarized in Figure 4.3. Same class of polymers (fluorenone,
fluoren-quinoxaline and fluoren-xanthene) can be evaluated in terms of colors. While fluorenone
derivatives exhibit nearly same colors in the reduced and neutral states and different colors in
oxidized states others (spiro-fluoren polymers) shows different colors in neutral and oxidized
states. It is also noted that P(EXE) shows multichromic property.
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Figure 4. 3. Electrochromic colors of the D-A-D type fluorene derivatives.

The electrochemical and optical properties of the fluorene derivatives with different donor groups
were summarized in Table 4.1. The oxidation potential of the monomers were also compared with
each other in the same medium for the same class of fluorene derivatives. The results were showed
that the oxidation potential of the monomers changed depending on the donor strength.
Electropolymerization of the D-A-D systems provided new low band gap electrochromes. The
band gaps of the polymers changes depending on the donor strength in the same class fluorene
derivative. Among all the electrochromic polymers for this group, P(PFP) had superior properties
with high optical stabilities and high coloration efficiency (422 cm?/C).

Each class of the fluorene derivative (fluoreone, fluoren-quinoxaline and fluoren-xanthene)
arouses interest because of their usages for some various applications but electrochromism

property.

e Fluorenone Derivatives

SPEL and electrochemical analysis revealed that the polymer films, P(TFT), P(EFE) and P(PFP)
are both p- and n-dopable and can be successfully cycled and switched between oxidized and
neutral states. The results also showed that the polymer film P(PFP) showed a higher n value
(422 cm?/C at 684 nm) than other fluorenone derivatives in Table 4.1 . The presence of ProDOT
donor groups not only lowered the band gap (1.74 eV) of the P(PFP) film but also enhanced the
solubility. Due to the HOMO level being closer to ITO work function, polymeric films expected to
have enhanced hole injection. On the other hand, its LUMO energy (—3.4 eV) correlates well with
the work function of Mg indicating facile electron injection.These properties make these films a
promising candidate as an ambipolar charge transport material in LEDs. Furthermore, due to their
orange light-emitting fluorescence property P(EFE) and P(PFP) may find applications in various
fields, such as organic lasers and electroluminescent materials.
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e Fluoren-quinoxaline Derivatives

Figure 4. 4. An illustration of quinoxaline functionality over the metal cations when it acts a
pendant unit over the polymer chain. Fluoresence intensity decreases upon successive addition of
Fe™ ion due to energy transfer between Fe™ ions and fluorene quinoxaline fluorophore.

Among the three fluoren-ginoxaline polymers, P(PQP) has the lowest band gap (1.66 eV) and
highest 1 (253 cm?/C) with smallest switching time (1.02 s) as seen in Table 4.1. The decrease in
the band gap energy indicated not only Pro-DOT side group is a stronger donor group when
compared to EDOT and thiophene but also enhances the solubility of polymer film. Fluorescence
of PQP and its corresponding polymer P(PQP), were found to be highly sensitive towards
Fe?" ions which make them a promising sensor candidate for Fe* ion detection, besides the use of
P(PQP) in electronic and optical applications. The ion sensitivity of PQP and its polymer P(PQP)
was also investigated by monitoring the change in the fluorescence intensity. Among various
common ions, both PQP and P(PQP) were found to be selective towards Fe?* ions by quenching
the fluorescence efficiency with a Stern-Volmer constant (Ky) of (5.9 x10°M™") and
(2.7 x 10*M™") for monomer and polymer solutions, respectively.

e Fluoren-xanthene Derivatives

P(TXT) and P(EXE) were also achieved via potential cycling in their proper solvent—electrolyte
mixture and then characterized with electrochemical and spectroscopic methods. SPEL and
electrochemical analyses revealed that the polymer films can be successfully cycled and switched
between neutral and oxidized states several times without any appreciable decrease in its
electroactivity. As P(TXT) transmits yellow and green color in its fully neutral and oxidized
forms, P(EXE) transmits scarlet red to turquoise with intermediate colors at different applied
potentials. Due to its blue light-emitting fluorescence property and thermal as well as attractive
optical properties, P(TXT) and P(EXE) may find potential utility in the field for PLEDs, organic
lasers and electrofluorescene or electrochromic devices.
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In the third part of the thesis, another class of conjugated copolymer for a dual electrochromic and
light emitting display was also synthesized and characterized. The multifunctional polymer, P(F8-
SFX) exhibits yellow to purple electrochromism upon oxidation with relatively high n (120 cm?/C
at 527 nm and 266 cm?C at 1000 nm). The utilization of dual-type complementary colored
polymer electrochromic devices using P(F8-SFX)/ (PEDOT) in sandwich configuration was also
successfully established. The switching ability and spectroelectrochemical properties of the
electrochromic device were investigated utilizing UV-vis spectrophotometry and cyclic
Voltammetry. The results obtained indicated a high switching ability and redox stability. In the
second part of the study, blue emitting (CIE coordinate; (0.19, 0.15)) PLED device using P(F8-
SFX) was constructed and device performance was optimized utilizing an electron blocking layer.
Significant improvement in the color purity and 4 fold increase in the brightness was observed for
the devices with the electron blocking layer as compared to the single layer devices.
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Figure B 6.2°C NMR spectrum of iii in CDCl,
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Figure B 7. *H NMR spectrum of iii (a) in CDCl,
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Figure B 8."°C NMR spectrum of iii (a) in CDCl,
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Figure B 9. 'H NMR spectrum of iii (b) in CDCl,
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Figure B 10."*C NMR spectrum of 3b in CDCls.
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Figure B 11. *H NMR spectrum of 3c in CDCl,

Figure B 12.*C NMR spectrum of 3¢ in CDCls.
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Figure B 11. "H NMR spectrum of iv in CDCl,

Figure B 12."*C NMR spectrum of iv in CDCl,
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Figure B 13. "H NMR spectrum of TFT in CDCl;
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Figure B 14.*C NMR spectrum of TFT in CDCls.
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Figure B 13. "H NMR spectrum of EFE in CDCl,
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Figure B 16.*C NMR spectrum of EFE in CDCls.
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Figure B 18.*C NMR spectrum of PFP in CDCls.
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Figure B 19. 'H NMR spectrum of FQ in CDCl,
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Figure B 20."*C NMR spectrum of FQ in CDCls.
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Figure B 21. "H NMR spectrum of TQT in CDCl,
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Figure B 22. 3C NMR spectrum of TQT in CDCl,
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Figure B 23. 'H NMR spectrum of EQE in CDCl,
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Figure B 24. *C NMR spectrum of EQE in CDCl;,
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Figure B 25. 'H NMR spectrum of PQP in CDCl,
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Figure B 26. *C NMR spectrum of PQP in CDCl,
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Figure B 28. *C NMR spectrum of Spirofluorene in d-acetone
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Figure B 29. *H NMR spectrum of v in CDCl,

Figure B 30. *C NMR spectrum of v in CDCl.
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Figure B 32. *C NMR spectrum of vi (a) in CHCls.
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Figure B 34. *C NMR spectrum of vi in CHCI;
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Figure B 35. 'H NMR spectrum of TXT in CHCI,
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Figure B 36. 'H NMR spectrum of TXT in CHCI,
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Figure B 38. 'H NMR spectrum of EXE in CHCI,
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APPENDIX C

NMR SPECTRA OF POLYMERS
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Figure C1. 'H NMR spectrum of P(TXT) in CHCl,
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Figure C2. *H NMR spectrum of P(F8-SFX) in CHCl,
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APPENDIX D

ELEMENTAL COMPOSITION REPORT OF MONOMERS

Single Mass Analysis

Tolerance = 100.0 PPM / DBE: min = -1.5, max = 100.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisolopic Mass, Even Electron lons
1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:5062 H:66-80 N:22 O:44 S:2:2

Ahmet Onal .
20110603_6318_BKTPFGP_01 11 (0.058) Cm (1:283) 1: TOF MS ES+
1.90e+005
Minimum: -1.5
Maximum: 100.0  100.0  100.0
Mass Cale. Mass nba PPY DEE i-FIT i-FIT (Norm) Formula
965.4808  965.5325 =51.7 =53.5 24.5 467.4 0.0 C61 HTT N2 o4
§2
20110603_E313_BKTPFEP_O 11 (00583 Cm {1:233) 1: TOF MS ES+
100- 9535612 1.40=3
951 5803
954 4366
7 4323
I kssss77 -
9555003
955 66867 i
2 5“‘:‘_ - 5524200 3544337 273577
| ez s aenm 434525

e pied R e 556501 STEET asin g gy masms TR

“aln Ualz 'sls ' als | sda ' edn | aiz ! sd | s | adz | 2dn | sz | 384 | 238 | 53z | 230 | 532 ' St | a5 | Sta | ad0 | B4z | 3a4 | 2ds | sds adn o

Figure D2. Elemental composition report of PQP.
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Single Mass Analysis

Tolerance= 1000PPM / DBE: min=-1.5 max=100.0
Element prediction: Off

Number ofisotope peaksused fori-FIT =3

Monoisotopic Mass, Odd and Even Electron Ions

5 formula(e) evaluated with 1 results within lmits (all results (up to 1000) for eachmass)
Elements Used:

C:0-60 H:0-60 O:7-7 S:2.2

Minimum: -15

Maximum: 1000 1000 1000
Mass Calc.Mass mDa PPM DBE i-FIT Formula :
868.3573 868.3467 10.6 122 260 476.00.0 C53H5607S2

Aol onal
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Figure D3. Elemental composition report of EXE.
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Single Mass Analysis

Tolerance = 10.0 PPM / DBE: min = -1.5, max = 100.0

Element prediction: Off
Number of isotope peaks used for i-FIT = 3

Monoisolopic Mass, Odd and Even Electron lons

8 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:
C:47-49 H:10-70 0:3-5 S:2-2
Ahmet Onal

20110603_6318_BKTTHSF_01 80 (0.282) Cm (13:281) 1: TOF M5 ES+
4 44e+005
Minimum: -1.5
Max imum: 100.0 10.0 100.0
Mass Cale. Mass mDa PPM DBE i-FIT i-FIT (Morm) Formula
752.3292  752.3358 -6.6 -8.8 24.0 502.5 0.0 C49 H52 03 82
20110603 _63 15_BKTTHSE_01 30 (0.282) Cm (14:254) 1 TOFMS ES+
1004 _— TELETI0 351ed
TS5 3348
TES ST4E
3T4529 TE43405
TS1.2645
R TEE 570 73T
r:S 4391 [
733.aTER ‘ l TFEm TIT 343
7313106 452520 -
THL4581 TS e amar ‘4-4 775_\.94
o J_L J| ‘ 1 l 4"“49“‘1@ N Lid _EJB\ Aoy | l EL
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Figure D2. Elemental composition report of TXT.
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APPENDIX E

MASS ANALYSIS REPORT OF POLYMER
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Figure E1. GC mass analysis data for P(F8-SFX)
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