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ABSTRACT

SYNTHESIS OF BENZOTRIAZOLE BEARING DONOR ACCEPTOR/PPE
ELECTROACTIVE MONOMERS TOWARDS HIGH OPTICAL CONTRAS
AND FAST SWITCHING ELECTROCHROMIC MATERIALS

Abidin Balan
M.Sc., Department of Chemistry
Supervisor : Prof. Dr. Levent Toppare

June 2009, 87 pages

Synthesis of new electroactive monomers are higbbired since these compounds
can be utilized as active layers in many devicdiegions such as ECDs, LEDs
and solar cells. EDOT (3,4 ethylenedioxythiophera)d thiophene bearing
polymers were also proven to be excellent candsdateelectrochromic materials.
Benzotriazole can be coupled to EDOT and thiophengeld materials that can be
polymerized to give donor acceptor type polymeisese materials are promising
candidates as components in fast switching polyanetectrochromic devices.
Donor acceptor type materials; 2-dodecyl-4-(2,3¢dibthieno [3,4-b][1,4]dioxin-
5-yI)-7- (2,3-dihydrothieno[3,4-b] [1,4] dioxin-7By2H-benzo [d][1,2,3]triazole
and 2-dodecyl-4,7-di(thiophen-2-yl)-2H-benzo[d][[BRriazole were synthesized
via N-alkylation, bromination, stannylation and II8ti coupling reactions.
Electrochemical and electrochromic properties @& plolymerswere examined in

detail.

Keywords: Electrochromism, Donor-Acceptor Polymétigih Optical Contrast,
Fast Switching
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YUKSEK OPTIK KONTRASTA SAHIP ELEKTROKROMK MALZEMELERIN
BENZOTRIAZOL ICEREN DONOR AKSEPTOR [Pl ELEKTROAKTIF
MONOMERLERLE SENTEZ

Abidin Balan
Yuksek Lisans, Kimya Bolumu
Tez Yoneticisi : Prof. Dr. Levent Toppare

Haziran 2009, 87 sayfa

Elektroaktif monomerler elektrokromik cihazlar, LEE2 guine pilleri gibi bircok
cihaz  uygulamalarinda  aktif ylzey olarak kullatahr EDOT(3,4
etilendioksitiyofen) ve tiyofen iceren polimerler elektrokromik kompotierden
biri olarak &lev gorurler. Benzotriazolin, EDOT ve tiyofen biten ile
eslestirilmesi ile sentezlenen monomerler dondr aksepgimpolimerlerin eldesinde
kullanilabilir. Bu monomerler yiksek iletkenlik, kfiek optik kontrast ve hizli
degisen polimerik elektrokromiklerin sentezi i¢in ideadlaylardir. Dondr akseptor
tipi monomerler 2-dodesil-4-(2,3-dihidrotiyeno[3,4]dioksin-7-il)-2H-benzo
[d] [1,2,3]triazol ve 2-dodesil-4,7-di(tiyofen-2HRPH-benzol[d] [1,2,3]triazol sirasi
ile N-alkilasyon, brominasyon, stanilasyon ve 8titbupling reaksiyonlari ile
sentezlennstir. Polimerlerin elektrokimyasal ve elektrokromizellikleri ayrintili
olarak incelenngiir.

Anahtar Sozcikler: Elektrokromizm, donor-aksepitdlirperler, yiksek optik
kontrast, hizli renk gegi
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CHAPTER 1

INTRODUCTION

1.1 Conducting Polymers

All carbon based polymers were rigidly regardedrssilators until when
plastics could be made to conduct electricity. Astgraduate student of Hideki
Shirakawa at the Tokyo Institute of Technology besized polyacetylene (PA) as
silvery thin film by mistake. It was later foundath1000 times of Ziegler-Natta
catalyst, Ti(O-n-But) - EAl, had been used. It was found to be semicondgctin
and further investigations showed that exposuré@Afto halogens increased its
conductivity a billion fold [1,2]. The discovery dthis huge increase in the
conductivity of PA upon doping via iodine was a ardpreakthrough in the area of
conducting polymers. Honoring Hideki Shirakawa, iAlacDiarmind and Alan
Heeger with Chemistry Nobel Prize in 2000 by thregearch in this field was the
forerunner of very significant progress and trentarsdadvancements in a variety of
application of conducting polymers towards techggloConducting polymers
triggered a scientific challenge in chemistry, pbysmaterial science and
technology in general ever since.

Due to this remarkable discovery, that conjugatagpers can be converted
into metals upon doping and hence generate a nass df materials referred as
synthetic metals. This stimulated world-wide effotb develop new classes of
conducting polymers such as polythiophenes, polgbgs and many others with
properties similar to or better than those of PA 13 (Figure 1.1).
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Figure 1.1 Chemical structure of some common conjugated rpefg. (a)
polyacetylene, (b) polythiophene, (c) polypyrrdl@) polyfuran, (e) polyaniline, (f)
polycarbazole (g) poly(p-phenylene), (h) poly(p4pylenevinylene), (i) poly(3,4-
ethylenedioxy-thiophene), (j) poly(thienyleneviny&

1.2 Band Theory
The excitation and/or removal/insertion of electram conjugated polymers

as a result of electrochemical or photochemicalimpprocesses necessitate the
discussion of band theory. In its most simple fdonconjugated polymers, there
are two discrete energy bands; the highest occup@dcular orbital (HOMO), also
known as the valence band (VB); and the lowest cuqged molecular orbital
(LUMO), known as the conduction band (CB). The ggydretween these two bands
is defined as the band gap (Eg), and in neutrajugated polymers it can be
approximated from the onset of ther* transition in the UV-Vis spectrum
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Figure 1.2 Band gap illustrations for an insulator, a semdzertor and a conductor

In their neutral form conjugated polymers are semducting, however
upon oxidation or reduction interband transitionsnf between the VB and CB,
lowering the effective band gap and resulting ia formation of charge carriers
along the polymer backbone. Semiconductors can bdemhighly conducting
materials depending on the type of dopant usedhwtieates either holes (p-type)
or electrons (n-type) [12].

Polyacetylene (PA) is the basic material to be mred in order to
understand band theory of conducting polymers duéststructural simplicity. PA
is a simple chain of $phybridized carbon atoms with alternating single double
bonds leading to two degenerate neutral resonatroetiges. That means the
ground states are thermodynamically equivalent .(Fig3). Also extensive
delocalization causes all the bond lengths to bealedJpon oxidation radical

cations form nonassociated positive charges caliitbns.
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Figure 1.3The degenerate ground state resonance structup&fo

Figure 1.4 shows the formation of a band strucas€onjugation increases
in a molecule. Repeating units’orbitals can overlap throughout the chain [13]. As
the number of repeating unit increases, the eleictlevels no longer have discrete
energies instead; they display contunium of thdestaand formation of band
structures. The energy difference between the HOM@ the LUMO gives the
band gap. Conduction for a polymer occurs via tlewement of an electron from

the highest occupied state to the next lowest wmed state [14].

H,C=CH, N\—
% R p— Conduction Band
Eg =14eV
—H—
r ' —H— Valence Band

Figure 1.4 Generation of bands in polyacetylene

More complicated conducting polymers such as pepy{enylene) and
polythiophene with aromatic repeating units ha¥éecent scenario in terms of band
theory. Their ground states are non-degenerateleyddo not have equal ground
state resonance forms. Poly(p-phenylene) exhibdth bezenoid and quinoid

configurations (Fig. 1.5) [15].
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Figure 1.5Benzenoid and quinoid configurations for poly(pepylene)

Oxidation of these systems raises the energy femel which the electron is
removed to the band gap region. Unlike the solittunsPA case, radical cations
known as polarons are the main charge carriers\gltnie initial oxidation. Further
oxidation causes removal of unpaired electron efgblaron or combination of two

polarons to form dications known as bipolarons (Ei@).
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Figure 1.6 The charged states of poly(thiophene) upon oadati



Via doping these charge carriers are formed aimigatlevels of doping they
interact with each other to form a band which caenéually merge to create true

metallic conductivity as was the case in PA (Fig) 116].

CONDTCTION BAND
EEe—— E—
WALENCE EAND 2
Ieutral Folymer Polaron Bipolaron

Bipolaron Bands

Figure 1.7 Charge carries and energy bands in the mid gap

1.3 Doping Process

As described, doping is necessary for a conjuggielymer to have
conductivity. That is injection (ejection) of chartp (from) the polymer chain and
should be reversible. This process can be accongolisy chemical, photochemical,
interfacial or electrochemical meafisr]. All types of doping methods consist of
reversible oxidation and reduction reactions ineortd proceed doping — dedoping.
Complete doping to the highest concentrations gieldasonably high quality
materials. However, attempts to obtain intermeddping levels often result in

inhomogeneous doping. Electrochemical doping ektgs such problems.

Electrochemical doping is performed by applying rappiate potentials to
the polymer in a suitable medium. Figure 1.8 shealsematic illustration of the
band diagrams for the p-doping (a) and n-dopingdba conducting polymer [18].
If the Fermi level of the electrode that is in @awttwith the conducting polymer

film is lowered below the valence band of the patyma flow of electrons from the
6



polymer to electrode will occur. This is termed @sloping and it involves the
extraction of the delocalized electrons from therpital of the polymer. Likewise,
if the Fermi level is raised above the conductiandof conducting polymer, then
electrons flow in to the film. This is termed asloping and it involves the injection
of the electrons into delocalized p-orbital of fedymer.

M
E,,. T L
E‘-’B.n E“«'B.n
Conduction Band 3 Conduction Band
hole Fermi
energy level ™ e sesesepeeses
levels
-+ Fermi Exira
Tevel electron
energy
levels
. b

Figure 1.8 Schematic representation of doping for a condgcpolymer; a) p-
doping and b) n-doping

Upon oxidation p-doping removes electrons from thalymer chain
producing positive charges on the polymer backbdiese charges can move in
the polymer when placed in an electric field, agtas charge carriers. On the other
hand, upon reduction n-doping donates electrortheqolymer, forming negative
charges on the polymer chain. These electrons ca n the same direction in an

electric field functioning as current carriers.

The p-doping process has been explored to a muediayrextent than n-
doping due to the requirement of stringently drg axygen-free conditions [19].
Negatively charged polymer chain can easily be ipgdl due to the highly
oxidizing agents in airThus, there are limited amount of n-dopable condgct
polymers in literature when compared to the p-dtgahes [19-22].
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1.4 Chromism

Chromism for a material is defined as a reversthi@nge in materials color,
absorbance or reflection resulting from an extegffdct. The effect which causes
chromism can be temperature change (thermochromelsgtromagnetic radiation
(photochromism), change in pH (halochromism), ma# (piezochromism) and

electrochemical (electrochromism) [23].

Electrochromism, the most commercially utilizggheg which might have
various potential applications, including displaysgar-view mirrors, smart
windows, active optical filters and computer dataage is discussed in detall in the

following section.

1.5 Electrochromism

Electrochromism is reversible and visible change color or more
conveniently in optical properties upon appliedemtial which leads to oxidation
and reduction. Switching between the states resulthe generation of different
electronic absorption bands in visible region. Temlor changes between a
transparent state and a colored state, or betweentwo colored states. The
electrochromic materials may exhibit several cotersned as multichromic and the
process is called as multicolor electrochromism|.[Z4he important characteristics
of electrochromic materials are the switching tim#ge contrast ratios between
different states, coloration efficiency meaningestpd ejected charge per unit area,
electrochromic memory and long term stability. Barelectrochromic material, the
electrochromic memory is the ability to remembelocan the absence of current
and the long term stability is the ability to retaglectrochromic properties over a

large number of switching cycles.



1.6 Types of Electrochromic Materials

Electrochromic materials have been known since 1268 Starting from
the first discovery in inorganic materials, thisspbmenon has been investigated by
many scientists. A typical and most widely studee@mple of metal oxides is the

tungsten trioxide (Wg) system.

All tungsten sites in W@structure have the oxidation state,Vénd itis a
transparent thin film. When electrochemical redutctivas applied, W sites are
generated to give blue coloration to the film. Aitigh, there is still controversy
about the detailed coloration mechanism, it is gaheaccepted that the injection
and extraction of electrons and metal cations, (H, etc.) play an important role
[26]. The thin film of WQ can be reversibly turned to its transparent foyn b
electrochemical oxidation. The generalized equattorthe electrochromic process

of WOs can be written as follows:
WO; + xM* +xe — M,WO3
(transparent) (blue)

Many other transition metal oxides have been studier their
electrochromic properties. Oxides of V, Mo, Nbdah are investigated for their
cathodically and Ni, Co, and Ir are investigated fbeir anodically coloring
behaviors [27]. Although there are commercialize@Wased applications, such
systems generally suffer from slow switching timeasd non-extendable color

variations.

Another types of electrochromic materials are \gelos which are basically
produced by diquaternization of 4,4'-bipyridyl, "idisubstituted-4,4'-bipyridilium
salts [28]. Viologens are known to have three redtates (Fig 1.9) and among
those the dication is the most stable and colodess Reductive electron transfer to
viologen dication forms radical cations which argensely colored. Choice of

nitrogen substituents determines the colors ofitfierent states.
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Figure 1.9 The three common viologen redox states, dicatadical cation, neutral

species from left to right respectively

In order to be useful in commercial applicationedectrochromic material
should satisfy all electrochromic performance patams such as high contrast ratio,
high coloration efficiency, long electrochromic mamyn and high term stability.
Among many of electrochromic materials organic teahromes, especially those
based on conjugated polymers offer faster switctimgs and are much more easily
modified to provide fine tuning in color with suii@ band gap modification.

1.7 Electrochromism in Conducting Polymers

Interesting electrical and optical properties oihduacting polymers are
mainly due to the presence of a delocalized eleatrstructure in the UV- vis
region related to the-n* transition as well as the stabilization of vasodharge
carriers created upon doping. It is important tontiom once more that all
conjugated polymers are insulating in neutral statd become conducting in the
doped state. Doping process changes their optiwdlnaechanical properties and
attract significant interest in the field of elexthromism, since they offer additional
advantages such as low processing cost, enhancgthmeal properties, good UV
stability, high coloration efficiency, fast switecly ability and fine-tuning of the

band gap through the modification of polymer’s cleahstructurg29-37].

Of the many interesting conducting polymers thatehldeen developed over
the past 30 years, those based on polyanilinesyppables, polythiophenes,

polyphenylenes, and poly(p-phenylene vinylene)g (ELL) have attracted the most
10



attention. Among these the polyaniline family istoiguished since it can be
formed in large amounts and processable formdatively low cost. Unfortunately
due to the possible presence of benzidine moid&és 1.10) in the polymer
backbone they might yield toxic, carcinogenic pradwpon degradation. Although
polypyrrole and polythiophene as well as poly(pfpHene vinylene) are more
environmentally friendly systems, they have thedisntage of being insoluble and
infusible. In order to overcome these problems, enams substituted derivatives of
these polymers have been developed that carry, akgdxy, and other substituents
along their backbones [38]. By controlling main-charchitecture and pendant
groups [39-40] a broad variety of properties wer@denavailable from the parent
systems. Although these side-chains provide a lefvebntrol of both the physical
and electronic properties, often the ultimate asibés electronic properties were
degraded relative to the parent [41]. In orderlitam a conducting polymer which
satisfies the requirements of electrochromic desvgteuctural architecture should be

applied properly.

Figure 1.10Chemical structures of polyaniline and benzidine

Electrochromism can be exploited in a series oficaptdevices with
potential use in various applications, such agspldy, storage, automotive industry
(as rear-view mirrors and visors), and in archiiezt(as smart windows to control

luminosity and save energy thought the controlupiiight transmission) [42].

11



1.8 Conducting Polymers Based on Thiophene and EDO(Ethylene
dioxythiophene) Derivatives

1.8.1 Polythiophenes

Polythiophenes (PTh) are an important represemtatlass of conjugated
polymers due to their structural versatility ancdbdcenvironmental stability. PTh
and its derivativesvere well established in the field of conductindypeers and
much research had been devoted to them. They casdokas electrical conductors,
nonlinear optical devices, polymer LEDs, electrochic or smart windows,
photoresists, antistatic coatings, sensors, basterielectromagnetic shielding
materials, artificial noses and muscles, solarscellectrodes, microwave absorbing
materials, new types of memory devices, nanoswstcloptical modulators and
valves, imaging materials, polymer electronic iobemects, nanoelectronic and
optical devices, and transistors [43].

PTh can be synthesized chemically by several msth@ee of the first
chemical preparations of PThs was the synthesipobfthiophene by a metal-
catalyzed polycondensation polymerization of 2aralinothiophene. Yamamoto's
synthesis treats 2,5-dibromothiophene with Mg itrateydrofuran (THF) in the
presence of nickel(bipyridine) dichloride. The Mgacts with bromide to form
either 2-bromo-5-magnesiobromothiophene or 2-maghesmo-5-
bromothiophene, which is self-coupled with the N) ¢atalyst to form a thiophene
dimer carrying a MgBr at one end and a Br at thewntThe PTh synthesized by this
method leads to 78 % insoluble polymer that dog¢smeit. The soluble fraction is
low molecular weight oligomers [44]. Polymerizatioh2,5-dihalothiophene can be
accomplished by reacting the generated bromo-Grigreagent of thiophene with a
Ni (II) catalyst such as Ni(dppp)El(dppp = 1,3-diphenylphosphinopropane).
Systematic studies of the polymerization of 2,5atbkhiophene have subsequently
been performed primarily by Yamamoto's group [45¢(1.11).

12
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Figure 1.11Yamamato method for chemical polymerization of piene

Wudl and co-workers stated that very good sampiéXTt can be prepared
by the polymerization of highly purified 2,5-diiotdhdophene . First 2,5-
diiodothiophene was reacted with Mg in ether atlusef The formed
iodomagnesioiodothiophene was isolated as a residdeedissolved in hot anisole,
where upon Ni(dppp)Glwas added and the mixture was heated a@0@r 5 h to

induce polymerization [46].

. Mag/ether/raflux
E '-,} 1. Mg S
! g l 2 anisole > 5 n
Ni{dppp)Cl,

100°C, 5 h

Figure 1.12Wudl method for chemical polymerization of thiopken

Work on the polycondensation polymerization of Aj#alothiophenes by
Yamamoto has shown that essentially a quantitatielel of PTh can be obtained
from  2,5-dibromothiophene, Ni(cod) (cod = cyclooctadiene), and
triphenylphosphine (PRhat 60-80°C in dimethylformamide (DMF45].

13
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Figure 1.13Polycondensation polymerization of 2,5- dibromoofifiene

Although the above methods have been generally tsegrepare high
qguality PTh other methods were reported. Sugimescdbed the synthesis of PTh
by treating thiophene with Fe{(Fig. 1.14). The treatment of thiophene with butyl
lithium provides 2,5-dilithiothiophene that can palymerized by CuGl The acid-
induced polymerization of thiophene was reportedeady as 1883 producing
tetrahydrothiophene units. A novel polymerizatidrttoophene vapor can produce

encapsulated PTh in zeolites [47].

Figure 1.14Sugimoto method for chemical polymerization of gfiene

Electropolymerization of Ths achieved by the electro-oxidation of the
heterocycle in an inert organic solvent containgagsupporting electrolyte. A
schematic representation of the generally acceptetechanism for
electropolymerization is shown in Fig. 1.15.

In electropolymerization a coupling occurs betwdem electrolytically

initiated radicals. The radical cation reacts wattother radical cation to yield a
14



neutral dimer by the loss of two protons. The aedi dimer radical cation again
attacks to form a trimer and the propagation prdse¢o form polymer.

Electropolymerization proceeds then through sucdeesslectrochemical (E) and
chemical (C) steps, until the oligomer becomesluide in the electrolytic medium
and precipitates onto the electrode surface [48].
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Figure 1.15Electropolymerization mechanism of thiophene

High conductivity, relatively low band gap and tbase of introduction of
side groups onto th@-positions of the polymer backbone make PTh anlidea
polymer for electronic and optoelectronic applica. Due to its electron rich
character of thiophene ring, PThs can be easilyranersibly oxidized by chemical
or electrochemical means to form p doped highlydomting materials. The first
electronic transition of undoped PTh (which strgndépends on the structure) lies
between 300-500 nm. Upon doping, it undergoes matia shift which tails from
visible to IR region [49]. PTh displays color trégi from red to blue upon

doping.

15



1.8.2 Polythiophene Paradox

Although PThs can be synthesized by both electrocted and chemical
methods, electrochemical methods are of utmostiitapoe for fundamental studies
regarding synthesis and properties of the corredipgnpolymers [50]. This
technique is rather simple, has high accuracy,igietand offers the possibility to
control film thickness. It provides rapid analysisd the possibility to explore the
in-situ growing process of the polymer and furthealysis by electrochemical and
spectroscopic techniques. Hence, it is generakyepred for preceding studies. In
case of electrochemical polymerization of thioph#me is a phenomenon named
as polythiophene paradox. That is; at potentiadgired to oxidize the thiophene
monomer the polymer itself becomes overoxidizedingsconstant current or
constant potential polymerization, the product wid is a mixture of

polythiophene and overoxidized polythiophene [51].

/ \

+ 2H,0 —=
m

Figure 1.16Chemical structures of polythiophene and over iaeid polythiophene

Several approaches has been explored to overcomeribblem; one of
which is the polymerization of thiophene from itdigomers such as 22
bithiophene or 2,25,2""-terthiophene (Fig 1.17). Although thiophene oliggencan
be electrochemically polymerized at lower potestiilan the parent monomer, it
was found that the resulting polymers exhibit loaeerage conjugation lengths and
poor mechanical properties [52]. Xue et al. rembrtthe low potential
electrochemical synthesis of polythiophene in fhestistilled borontrifluoride

diethyletherate (BFEE) [53]. It was found out thia resultant polymer has higher
16



effective mean conjugation length with remarkablechanical strength exceeding

the aluminum sheets.

N/ /B

Figure 1.17Chemical structures of 2:bithiophene and 2;25,2""-terthiophene

However, studies have shown that the most effectipproach is the
synthesis off-substituted thiophenes with electron donating gsotaving the
ability to reduce the oxidation potential of the momer and polymer. One of the
simplest and intensely studied examples is 3-m#tioylhene which has oxidation
potential 0.2 V lower than the unsubstituted thiexpd [54]. Studies concluded that
introduction of a methyl group at the position of the thiophene ring leads to a
significant increase in the polymer conjugationgn p-type conductivity is
enhanced due to the statistical decrease in a ruofbep’ couplings. Also the
oxidation potential is decreased due to the ingtaatiffect of the methyl group [55-
56]. Hence, attachment of pendant groups to thepki@ne ring is shown to be

straightforward approach to reduce the band gapaoinducting polymer.

1.8.3 PEDOT

During the second half of the 1980s, scientistshat Bayer AG research
laboratories in Germany developed a new polythiaphéerivative, poly(3,4-
ethylenedioxythiophene). This polymer, often abiad as PEDOT, was initially
developed to give a soluble conducting polymer tleatked the presence of
undesiredy,- andp, p -couplings within the polymer backbone. HoweveEDOT
was initially found to be an insoluble polymer [58ynthesis of PEDOT both

chemically and electrochemically is very similatthat of PTh.
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When PEDOT is oxidized, there is a change in gstebnic structure, which
is observable by an optical color change from ddde to highly transmissive sky
blue. Due to these optical properties and its lwghductivity, PEDOT is currently
being used in several applications; as an antstaditerial in photographic film and
plastic and transparent electrode material forganrc electroluminescent lamps
[58].

1.9 Low Band Gap Polymers

Minimizing the band gap is an importagbal for maximizing the
conductivity of CPs. Polymers with band gaps lotien 1.8 eV are considered to
be relatively low band gap materials. Band gap rdatees the conductivity and
color of the neutral polymer. Moreover, the bande=ddetermine ease of doping
and the stability in the doped states comparetiéoneutral forms. Low band gap
polymers are relatively recent topic of researdbrgst and these types of polymers
have many interesting applications. Regardles®wfthhe band energies line up, the
low band gap often causes these polymers to bspaaent in the doped state (p- or
n-type). This makes them useful in a variety ofides such as electrodes and smart
windows where the transparency can be exploitedoAke high gap polymers, the
color of low gap polymers is dictated by the magé of the band gap. Since the
difference between the edge of the VB and CB isllema low gap materials, the
CB is generally more accessible to n-type dopingnefor low gap polymers with
relatively large VBs. These classes of materiaés sagnificantly important since
they are offering the transparency of low gap systevith the ability to be both n-
type and p-type doped for the same polymer.

From the molecular architectural poiot view there are five basic
approaches to reduce band gap; controlling bongtteralternation (Peierls
distortion), creating highly planar systems, inagciorder by interchain effects,
resonance effects along the polymer backbone, simg) slonor-acceptor molecules
(Fig 1.18).
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Figure 1.180verview of methods for the modification of banghga

Research over the last decade aimed almost exelysiy manipulate band
gap via synthesizing polymers having alternatingaitaand acceptor moieties. The
donor-acceptor route has by far the most utilizeterms of diversity in synthetic

possibility and additionally avoiding solubilityqgdslems.

In order to obtain desired properties in a donaeptor type polymer; donor
and acceptor units should match properly. Cyanougs are among the most
extensively studied electron withdrawing substitseBy applying the Knoevenagel
condensation a vast amount of bis(heterocycle)oyaglene monomers utilizing
pyrrole, furan, thiophene, EDOT and EDOP as donotsuwere prepared. These
polymers were cathodically coloring and have cekmiations between opaque blue
in the neutral state to a transmissive light indmed state. A comprehensive study
of Thomas et al. established that for a fixed atmegyanovinylene, increasing the

electron density around the acceptor reduces thatirey polymer band gap. As
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seen in Figure 1.19, studies have shown that thel@@nd LUMO energies of the
DA polymer strongly resemble to those of the dopolymer and the acceptor
polymer respectively. By increasing the electromatostrength, the bandgap is
lowered from 1.6 eV for PBTh-CNV, 1.4 eV for PED@NV-Th, 1.2 eV for PTh-
CNV-EDOT, and 1.1 eV for PBEDOT-CNV, PTh-CNV-EDGC&hd PEDOT-CNV-
EDOP [59-60].
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Figure 1.19 Approximate levels of the valence and conductiands in a series of

poly(bis(heterocycle)-cyanovinylene)s.

To date numerous BEDOT-arylenes have been syn#tesind studied in
order to obtain most suitable donor acceptor coupleir bandgaps are ranging
from 1.3 eV to 2.4 eV. The switching potentialsiapectral variations of these
polymers make them interesting candidates for mleltomic applications (Fig
1.20) [61-72].
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1.10 Historical Overview of Electrochromism

Over the decades many of organic conducting polymiead been
synthesized and extensively studied. Up to datege Imumber of different polymers
were synthesized in order to obtain fine color mgnifast switching between
extreme states, high optical contrast ratios amh [tioloration efficiency to use

them in electrochromic device applications.

Aniline is the starting point where organic polysianamely plastics, started
to be used as the active layer in electrochromiicde and took place of their
inorganic counterparts. Anodic polymerization ofockess aniline in solution yields
polyaniline. Leucoemeraldine is an insulator siatlerings are in benzenoid form
and separated byNH- or -NH,"- groups, thus preventing conjugation between
rings. Emeraldine as either base or salt hasi@ahthree benzenoid rings to one
quinoidal ring. This form of polyaniline is eleaally conductive. Pernigraniline
has equal proportions of quinoidal and benzenoideties and shows metallic
conductivity. Electrodes bearing such polyanilii;$ are polyelectrochromic and
exhibit the following reversible color changestlas potential is varied between -0.2
V to +1.0 V transparent leucoemeraldine yellow-gremmeraldine dark blue-black.
Pernigraniline has an intense blue colour but agpddack at very positive
potentials if the film is thick (Fig 1.21) [73].
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Figure 1.21 Oxidation reduction mechanism for polyaniline

The first reports of the electrochemical preparatd polypyrrole thin-films
were reported by Dim et .ain 1979 [74-75]. The nature of the polymer product
obtained by electro-oxidizing pyrrole depends dyean the conditions used during
electropolymerization. Removal of all dopant anifmasn polypyrrole yields a pale
yellow film. However, completele-doping is only achieved if films are extremely
thin. The usual 'undoped' polypyrrole is yellowkgrewhile doped (oxidized)

polypyrrole is blue/violet.
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Polythiophene derivatives were also taking gretrast in order to increase
color variety among organic electrochromes. Thectedehromic properties of
polythiophene and of the polymers of some of stiistl thiophenes are produced
in Fig. 1.22 [76].

Monomer Anion Fmax / (M)
oxidized reduced

thiophene BF4~ 730 470
ClOy~ blue red
CF3503~

3-methylthiophens BE4 750 480
ClOyg~ deep blue e
CF3803~ 750 480
Picryl blue/green red

J.4-dimethylthiophene ClOg~ 750 620
CF4805~ dark-blue pale brown

2,2'-bithiophene CFa5301™ 630 460

bluefgrey redforange

Figure 1.22Table of electrochromic properties of polythiopbgn

Mark et al. have shown that the wavelength maxima of undoped
poly(oligothiophene) films decrease tag length of the oligothiophene monomer
increasesThe oxidation potentials do not vary much with otljophene (Fig 1.23)
[77].
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Figure 1.23 Table of absorption maxima and oxidation potentidisr
poly(oligothiophene)s

Kathirgamanathan and Shepherd [78] have shownpbig(phenanthro[9,
|0] thiophene)is electrochromic. This polymer is yellow in thetgatial range
between -0.8 and 0 V, and red in the range 0 t&/0.8

Figure 1.24Chemical structure of poly(phenanthro[9, I0] thiepk)
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In order to improve the properties required in g@hromism, conducting
polymers were desired to be soluble and process#dsé switching with high
optical contrasts and variable in colors. Topparele showed that pyrrole and
thiophene can be coupled appropriately in ordebtain these properties in several
electrochromic polymers (SNS series) (Fig 1.25)wLoxidation potentials of
monomers lead to easy electrochemical polymerigatemd polymers exhibited
band gaps between 1.94 and 2.2 eV with relativaly $witching times 1.3 — 2 s
[79-93].
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Figure 1.25Chemical structures for the members of SNS series
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Most of the conjugated polymers are colored inrtheutral state because
the energy difference between conduction band laaddlence band lies within the
visible region. Upon oxidatior-z* transition decreases, and polaronic, bipolaronic
bands emerge to produce a second color. While elestroactive polymers have
the ability to exhibit two colors, only a few shawultiple color states. Although
poly(aniline) is the most attractive example of tiwalor polymers with three
distinct colored states it has low stability. Af00 cycles it loses almost all of its

electrochromic properties [94-95].

To achive the goal of having full color space withinimum different
polymer chains will lower the cost and increase dffectiveness of conducting
polymers in electrochromic field. For this purpogsaulticolor polymers and
copolymers which have the ability to switch betweiiferent states for more than
5000 times were synthesized with several substisuerElectrochemical
polymerization of a series of bisheterocyblesubstituted carbazoles reveals
transmissive canary yellow when fully reduced, $raissive lime green upon patrtial
oxidation, and dark blue upon full oxidation (Fig®&) [96-97].

Fi
-CH;
={CH2)45CH
) o e
° c {CH,CH,0),CH,CH;y
5 5
'{CHEJ-'.@
M
A

Figure 1.26Example monomers of multicolor polymers
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Substitutional modification to reach multicolor e®chromes was
examined by different electron-donating alkyl clsai®n pyrrole ring they caused a
decrease in the oxidation potential of the monometisus facilitating
electropolymerization, and also they distorted ¢bplanarity of the monomers and
the resulting polymers. Poly(3-ethyl-2-(2-thiengHi-pyrrole), poly(2), and poly(3-
n-propyl-2-(2-thienyl)-H-pyrrole), presented multicolor electrochromism tfbo
cathodic and anodic) exhibiting several colors:ekduayish (+0.8 V), light blue
(+0.2 V), light brown (0 V), brown (-0.1 V), darkange (-0.2 V) and light orange (-
0.8 V) (Fig 1.27) [98].
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R: Ethyl, Propyl Multielectrochromic behavior

Figure 1.27Structural modification in order to achive multiooklectrochromics

Multicolor electrochromes synthesized via electerltal copolymerization
can be formed as compositionally different copolysri®ey changing feed ratio of the
monomers. Electrochemical copolymers of BIEDOT afB¢b-bis- (2-(3,4-
ethylenedioxy)thienylN-methylcarbazole (BEDONMeC2z) from nine
comonomer solutions of varying concentration canghen as an example. The
neutral copolymers possess colors ranging from (88& nm), to red (464 nm), to
orange (429 nm), and finally to yellow (420 nm).idzed states of these polymers

do not depend on initial comonomer concentratiag (F28)[99].
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Figure 1.28 Chemical structures aneffects of comonomer feed ratio on neutral

state color of copolymer

On the other hand, stepwise switching of the polyrilen with small
increments of the applied potential, different stgawf the same color can be
achieved. Stepwise oxidation can change polymerdatgn state, resulting in
different intensities of absorption at the same elength. For PEDOT, since this
change is in the visible region, the polymer pragudifferent tones of the same
color which can be detectable by human eye (Fi®)1.3tepwise oxidation of
PEDOT film between its fully neutral (-0.9 V, dabkue color) and fully oxidized
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(+1.0 V, sky blue color) states produces severtiérdint tones of the blue color
[100].
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Figure 1.29 Absorbance change and different tones of the bilers obtained by
stepwise oxidation of PEDOT

Usingthe information gained from the previous works ddekd to different
colors and their tones for the polymers producednfthe same monomers. If a
copolymer prepared by changing feed ratios of thanomers can change the
color in the neutral state, applied potential dgr&bectrochemical copolymerization
may also yield a similar result since it affect® thonomer composition in the
chain. For the copolymers of 4-(2,5-di(thiophegt21H-pyrrol-1-yl)benzenamine
and EDOT varying the applied potential (with theneacomonomer concentrations)
resulted in eight different copolymers having maximabsorptions between 431 to
538 nm . In addition, by changing the working poitdra total of 64 different colors
were achieved (Fig. 1.30) [101].
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Figure 1.30 Colors for the copolymer of 4-(2,5-di(thiophen-2-yl)-1H-pyrrol-1-
yl)benzenamine and EDOT synthesized by varyingpiied potential

Introducing different colors and different tonesrgv@ot enough to satisfy
scientists’ curiosity. Conducting polymers are greandidates to be used as active
layers in many devices such as organic light engttiodes (OLEDs) and organic
solar cells. If they could carry both positive amelgative charges on the polymer
chain, the efficiency of those devices would bereased [102]. Additionally, n
doping can lead to color variation since it willaciye not only the charge carrier
characteristics but also the oxitadion level of poé/mer. Mobility of the positive
charge is not a problem since almost all polymengehthe tendency to be p-doped

whereas n dopable polymers are limited for a hdraffmaterials.
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Due to the high sensitivity and reactivity of theian charge carriers with
oxygen and water, n-type doped systems are nokestadaler ambient conditions.
This makes few examples of n dopable materialscdiffto characterize during n
doping. For p doping, formation of charge carrieen be detected in situ by
combining a potentiostat with spectrometer whichaiwery useful technique to
reveal true doping. However, characterization afoping needs inert atmosphere

and non-oxidizing working environment.

An important way to produce n dopable moleculss lawering the
conduction band level for accessible oxidation aaduction. Nitrogen (may be
more than one) containing heterocycles has thatyalid lower the reduction
potentials due to the lower molecular orbital egewf nitrogen compare to carbon
(Fig 1.31) [103-104].
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161V -1.09V 025V

Figure 1.31Reduction potentials of common nitrogen contairiieterocyclics

However, by the help of donor acceptor theory etectich groups could be
coupled with these nitrogen containing heterocydtesyield relatively stable n

doped polymers which allows to detect at least @l of spectral changes upon
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reduction. Synthesis and electrochemical polymadna of 8,11-bis(4-
hexylthiophen-2-yl)acenaphtho[1,2-b]quinoxaline &{J) revealed a polymer that
is susceptible to both p- and n-doping. The polyhaer fast switching time and high
optical contrast. Highly fused nitrogen containaxgeptor group was utilized in the
polymer backbone which was resulted in a polymat Has a significant potential
for n-type doping (Fig 1.37)1L05].
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Figure 1.32 (a) p-Doping: spectroelectrochemistry of polymdmfiat applied
potentials (V); (a) _0.3, (b) _0.2, (c) _0.1, (dp,0(e) 0.1, (f) 0.2 (g) 0.3, (h) 0.4, (i)
0.5, (j) 0.6, (k) 0.7 () 0.8, (m) 0.9 and (n) 1(B) n-doping: spectroelectrochemistry
at-1.5V,-0.3Vand +1.0V

The three primary colors, red, blue, and greenregeired for commercial
electrochromic application. When three legs of caleace are completed, all other
colors can be obtained according to color mixingotly [106]. This theory states

that if two color stimuli are mixed, the resultimglor stimulus will be between
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those two colors and tones of the new colors cartdsgrolled by varying the
amounts of the two. Although many red and blue remlgpolymers in their neutral
form have been reported, no green colored condyqolymer was reported until

breakthrough work of S6nmez et dl07].

In order to have a green color, there should eatiseéast two simultaneous
absorption bands in the red and blue regions ofvisible spectrum. Additionally
both absorption bands must be controlled simultasigowith the same applied

potential.

Figure 1.33Structure of the first green electrochromic polymer

To be employed in displays, polymers should swibeltween one of the
three primary colors and their transmissive statdthough poly (2,3-di(thien- 3-
yl)-5,7-di(thien-2-yl)thieno[3,4-b]pyrazine) wasettonly option for green polymeric
material, it has a brown colored oxidized state clvhlimits its applications.
Recently, Toppare et. al. showed that poly(4,7;84#lhydro-thieno[3,4-
b][1,4]dioxin-5-yl)benzo [1,2,5] thiadiazole) iseHirst truly green electrochromic
polymer which has a highly transmissive sky blualimed state. The polymer has a
band gap of 1.2 eV and it reveals two well sepdratesorption maxima at 428 nm
and 755 nm [108].
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Figure 1.34Structure of the first green to transmissive etediromic polymer

Processable (soluble in common organic solventsippable and green to
highly transparent electrochromes were synthesimed oppare et. al. [109-111]
and later by Reynolds et al. [112].
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Figure 1.35Structures of some green to transmissive electoocitrmaterials

While investigating the use of the donor—accepfmpreach in designing
novel polymers exhibiting two absorption bands le tvisible, Reynolds et al.

discovered that low- and high-energy transitions ba controlled by varying the
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repeat unit in order to obtain black to transmissalectrochrome [113]. Black to
transmissive electrochromic materials are also d#ficult to achieve, because the
polymer should absorb all visible light. Thanks donor acceptor theory these

molecules were also integrated in the electrochediaid.

A
g g-" b TS
\‘/J S/
Ir" '““-.I oy
) ] ! !
0 0 0 0
I \3_'/ F: }l._"f ] m=1, - j
(i .'|I'|. Yy J}__. x_\ {/ I'l_lnl A m= 2
i , S'z"lm"t \ g J.I'.I'Jl m=3 -
T W 5
N. _N
8
R = 2-ethyihexyl -

Figure 1.36Structure of the black to transmissive electrochecgmolymer

After all these investigations and improvements fine field of
electrochromism new polymers should be designed¢aimbine more than one
property in order to achieve the most effectiveidevThe importance of the studies

examined in this thesis address the point whergrelehromisim is taken one step
further.
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1.11 Aim Of This Work

Two new donor acceptor type monomers 4,7-bis(Z)ydiopthieno[3,4-
b][1,4]dioxin-5-yl)-2-dodecyl-2H-benzo [1,2,3] trale (BEBT) and 2-dodecyl-4,7-
di(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole  (TBT) were synthesized and
characterized. Their electrochromic properties #ral potentials were shown by
electrochemical and spectroscopic techniques. Aithestudies for this thesis was
enhancement in electrochromic properties of the land the red components of
RGB (red, green, blue) color system. In order thiee this goal, firstly the blue
component EDOT and a new acceptor unit 2-dodecyliteiazole decided to be
coupled. Additionally, for improvement studies ohet red component
polythiophene, 2-dodecylbenzotriazole coupled witiophene and gave a unique
polymer, PTBT. The surprising results explainedi@tail in the following chapters

showed that aim was achieved successfully.
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CHAPTER 2

EXPERIMENTAL

2.1. Materials

Iron(lll) chloride, (Aldrich), NaOH (Merck), tetralbylammonium
tetrafluoroborate (TBAFB) (Aldrich), LiCI® (Aldrich), NaClO4 (Aldrich),
propylene carbonate (PC) (Aldrich) and poly(methgtihacrylate) (PMMA)
(Aldrich) were used as received. Thiophene (Aldriglas distilled before use.
Dichloromethane (DCM) (Merck), nitromethane (Aldr)jc methanol (Merck),
tribtyl tin chloride (Aldrich), N-butyl lithium (Adrich) and 3,4-
ethylenedioxythiophene (EDOT) (Aldrich) were usedhaut further purification.
Anhydrous acetonitrile (ACN) and tetrahydrofurarHf) purchased from Across

were used as received.

2.2. Equipment

The cyclic voltammograms were recorded using Va@talPST050 and
Solartron 1285 potentiostats. Measurements wer@mpeed at room temperature.
A VoltaLab PST050 and a Solartron 1285 Potentiestatre used to provide a
constant potential in the electrochemical polynaion. These devices can
maintain the voltage difference between the workang reference electrodes at a
constant desired value during the electrolysis@rdpensate for the voltage drop in
the electrolysis solution. Electrolyses were perfed in a one-compartment cell

which was open to air atmosphere unless otherwisationed. The working
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electrode was ITO, counter electrode was platinBth &nd the reference electrode
was silver (Ag) wire. A Varian Cary 5000 UV-Vis spephotometer was used to
perform the spectroelectrochemical studies of pelyr@olorimetry measurements
were done via a Conica Minolta CS-100 spectrophetemtH-NMR and**C-NMR
spectra of the monomers and the catalytically ptedypolymer were recorded on a
Bruker-Instrument-NMR Spectrometer (DPX-400) witlbCl; as the solvent and
chemical shifts § were given in ppm relative to tetramethylsilarsetiae internal
standard. Fluorescence measurements were condusiad a Varian Eclipse
spectrofluorometer. Column chromatography of présluwas performed using
Merck Silica Gel 60 (particle size: 0.040-0.063 m280—-400 mesh ASTM).
Reactions were monitored by thin layer chromatogyawith fluorescent coated
aluminum sheets. Solvents wused for spectroscopy ergmpnts were

spectrophotometric grade.

2.3.Procedure

2.3.1. Synthesis

2.3.1.1. Synthesis of 2-Dodecylbenzotriazole

C2Hs
N N
N// \NH N( 7N
K*(O £-Buy
—_— T e
C12H,5Br
EtOH

Figure 2.1 Synthetic route for 2-dodecylbenzotriazole

Synthesis of 2-dodecylbenzotriazole was performedcoming to
methodology described in the literature for a samicompound [114]. 1,2,3-

Benzotriazole (5.0 g, 42 mmol), potassium tert-Ritte (5.0 g, 44 mmol), and
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bromododecane (12.2 g, 49 mmol) were dissolved @thanol (50 mL). The
mixture was refluxed for 12 h and monitored by TIAGter removal of the solvent
by evaporation, the residue was dissolved in GH@O extracted with water. The
organic extract was dried over Mgs@nd the solvent was evaporated under
reduced pressure. The residue was subjected tamnolchromatography (3:2
chloroform:hexaneRf, 0.29) to obtain 2-dodecylbenzotriazole as adess oil (3.7

g, 31%).

2.3.1.2. Synthesis of 4,7-Dibromo-2-dodecylbenzarole

CipHas CiaHas
4 4
N N\ N
\ / HBr \ /
Br, Br Br

Figure 2.2 Synthetic route for 4,7-dibromo-2-dodecylbenzowiaz

Synthesis of 4,7-dibromo-2-dodecylbenzotriazole wagormed according
to a method described for a similar compound [124Dodecylbenzotriazole (3.7 g,
13.1mmol) and an aqueous HBr solution (5.8 M, 15 mére added to a flask, and
the mixture was stirred for 1 h at 100 °C. Brom{g&® g, 36 mmol) was added and
the mixture was stirred for 12 h at 135 °C. Aftkee imixture was cooled to room
temperature, an aqueous solution of NaHG@s added and the product was
extracted with CHGI The organic layer was dried over MgS&nd the solvent was
evaporated under reduced pressure. With column netography (1:1
chloroform:hexanel:f, 0.33), 4,7- dibromo-2-dodecylbenzotriazole whsamed as
light yellow oil (4.3 g, 75%).
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2.3.1.3. Synthesis of tributyl(2,3-dihydrothienf8,4-b][1,4]dioxin-7-

yl)stannane

/N J N\

o O O

n-BuLi
/ \ mr N
S Sn(Bu);Cl S Sn(Bu);

Figure 2.3 Synthetic route for tributyl(2,3-dihydrothieno[3p4f1,4]dioxin-7-
yl)stannane

Stannylation of EDOT was performed according to ethod described in
the literature [115]. EDOT (4 g, 28.1 mmol) wassdised in THF (80 mL), and the
solution was cooled to -78. n-Butyllithium (17.6 mL, 28.1 mmol) was added
drop-wise, and the mixture was kept under stirratg-78C during 1 h. Then,
tributyltin chloride (9.2 g, 28.1 mmol) was added-a8’C via a syringe and the
mixture was allowed to warm to room temperaturdnstirring for 24 h. At the end
of the reaction, water (100 mL) was added to theatuné. The phases were
separated and organic layer was extracted fronadqimeous layer with Ci€l,. All
the organic layers were then washed with watersemioently dried over MgSO

and concentrated to give product as a brown vistquil.
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2.3.1.4. Synthesis of Tributyl(thiophen-2-yl) stnnane

n-BuLi
g N _mr @\
Sn(Bu);Cl S Sn(Bu);

S

Figure 2.4 Synthetic route for tributyl(thiophen-2-yl) stanman

Synthesis of tributyl(thiophen-2-yl) stannane wasried out by following a
literature procedure for a similar compound [1IBhiophene (4.0 g, 47.1 mmol)
was dissolved in THF, slowly lithiated with n-BuLi (Z9.mL, 47.1 mmol) and
stirred for 30 min at -3t. Then tributyl tinchloride (15.4 g, 47.1 mmol) svadded
dropwise at this temperature. The solution isetirover night at room temperature

and the solvent was evaporated to give crude contpas a brown oily residue.

2.3.1.5. Synthesis of 4,7-Bis(2,3-dihydrothieno[3/][1,4]dioxin-5-yl)-2-dodecyl-
2H-benzo [1,2,3] Triazole (BEBT)

?qus
?qus N7 N\V
N \ /
N/ \N / \ S S
\ / (o) 0 ’
paee,cl, N/ \
+ —_—
Br Br / \ THF 0 0
S Sn(BU)3 \\/O 0\//

Figure 2.5Synthetic route for BEBT
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4,7-Dibromo-2-dodecylbenzotriazole (100 mg, 0.224f)rand tributyl(2,3-
dihydrothieno[3,4-b][1,4]dioxin-7-yl)stannane wedissolved in anhydrous THF
(100 mL). The solution was purged with argon for 3@in and
dichlorobis(triphenylphosphine)-palladium(ll) (50gm0.045 mmol) was added at
room temperature under argon atmosphere. The mixuas refluxed for 24 h.
Solvent was evaporated under a vacuum and the @ruatkict was purified by
column chromatography (2:1 chloroform:hexaRg;0.45) on silica gel to obtain 80
mg (63%) BEBT.

2.3.1.6. Synthesis of 2-Dodecyl-4,7-di(thiopheny2-2H-benzo[d][1,2,3]triazole
(TBT)

Ci2Hys

I
N
N/ \N )\
\ /
/R Pd(P(Ph),),Cl, S S
+

Figure 2.6 Synthetic route for TBT

4,7-Dibromo-2-dodecylbenzotriazole (100 mg, 0.224Hm and
tributyl(thiophen-2-yl) stannane were dissolvedainhydrous THF (100 ml) and
dichlorobis(triphenylphosphine)-palladium(ll) (50gm0.045 mmol) was added at
room temperature. The mixture was refluxed for dRrk under argon atmosphere.
Solvent was evaporated under vacuum and the cruoduqgt was purified by
column chromatography on silica gel to obtain 75(0) TBT.
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2.4. Synthesis of Conducting Polymers

2.4.1. Electrochemical Polymerization

Ci2Hps \
%121'125

\\ 7

C12H2§ C12H25
D‘Oﬁu 7‘0@@
Figure 2.7 Electrochemical polymerization of BEBT and TBT

The in-situ potentiodynamic electropolymerizatidnboth BEBT and TBT
(1 x 10°> M) were carried out by applying potentials betwe@ V and +1.1 V at a
scan rate of 100 mV/s in 0.1 M TBARPF DCM : ACN (5 / 95, v/v) solvent-
electrolyte mixture. ITO coated glass slides weseduas the working electrode; Pt
was used as counter electrode, Wit wire reference electrode. The free standing
films formed were washed with ACN to remove unredcimonomer and excess

electrolyte after electrolysis.
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2.4.2. Chemical Polymerization of TBT (PII)

Cy;Hys
?nst

|
0 N
q s W/
| FeCl; S S

Figure 2.8 Chemical polymerization of TBT

100 mg TBT were dissolved in 10 mL of CHGInder argon atmosphere.
FeCk (142 mg) was suspended in 10 mL of nitromethartksdowly added to the
monomer solution. Yellow solution slowly turned deep green and finally deep
blue. Mixture was stirred for 4 h and then addew iB00 mL methanol. The
precipitate was dissolved in CHCInd extracted with water several times. Organic
phase was dried with magnesium sulfate and evaggbr&esidue was dissolved in
50 mL THF and 50 mL hydrazine monohydrate was adtedrder to de-dope the
polymer completely, mixture was stirred for 12 tdaturing this period solution
turned to dark red. THF was evaporated under retlpcessure. Chloroform was
added to the residue and the organic phase waactedrseveral times with water.
Combined organic phases were evaporated and ticeieesas stirred in acetone to
remove unreacted monomers. The polymer was filtaretidried under vacuum to

give PII as dark-red solid.

45



2.5. Characterization of Conducting Polymers

2.5.1. Cyclic Voltammetry (CV)

Cyclic voltammetry is a convenient way of analyzihg electroactivity of

monomers and obtaining the oxidation-reduction gesikntials of the polymers.

CV scans linearly the potential of a stationary kuag electrode using a
triangular waveform (Figure 2.9). During the potehsweep, the current resulting
from the applied potential is measured by a pobetdi. Expected response of a

reversible redox couple during a single potenyaleis given in Figure 2.10.

Potential

Time

Figure 2.9Cyclic voltammetry waveform
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Figure 2.10A cyclic voltammogram for a reversible redox praces

The characteristic peaks in the CV are formed dubé diffusion layer near
the electrode surface. The resulting current peélkats the continuous change of
concentration gradient with time. Hence, the inseei the current corresponds to
the achievement of diffusion control, while curreiop (beyond the peak) is

independent of the applied potential.

The peak height,,; is directly proportional to the concentration, &

described by the Randles-Sevcik equation:
ip=0.4463NFAC(NFVvVD/Rj

In this equation, n is the number of electrons appg in half-reaction for
the redox couple, v is the rate at which the paaéns swept (V / sec), F is
Faraday’s constant (96485 C / mol), A is the e@tgrarea (cf), R is the universal
gas constant (8.314 J / mol K), T is the absolataperature (K), and D is the
analyte’s diffusion coefficient (cffsec). Note that if the temperature is assumed to
be 25°C (298.15 K), the Randles-Sevcik equationkmamritten in a more concise

form,

ip = (2.687x16) n"¥2 V2 D2 A C
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The Randles-Sevcik equation predicts that the peakent should be
proportional to the square root of the sweep r&@. these processes, it was
assumed that the reactants and products are sdhluldelution and the surface

processes (adsorption of reactants and produat)eaeglected.

To study the electrochemistry of a polymer, a moaofree system should
be used. The polymer redox process is quasi-réleraind since the polymer is
immobilized at the electrode surface, the redox@ss is not diffusion controlled.
Thus, under these circumstances Randles & Sevaikatien is no longer valid.
Instead, according to the theory of immobilizedaseaenters, the peak current is

given by ;
ip="F°T v /4RT

whereT is the total amount of reactant initially presetthe electrode surface.
According to this equation the current peak depdirasarly on scan rate. Thus,
investigation of peak current intensity with regper scan rate will indicate the
nature of electrochemical process as being diffusiontrolled or whether the

polymer is well adhered to the electrode surfaceabr

2.5.2. Spectroelectrochemistry

Spectroelectrochemistry is a powerful tool to preimégue species that are
generated in-situ during redox reactions at eleetrsurfaces, by the combination of
electrochemical and spectroscopic techniques trabe operated at the same time.
During redox switching of conjugated polymers, aes in electronic transitions
occur which lead to changes in absorbance. Thesagels make conjugated
polymers useful in electrochromic applications saslsmart windows, mirrors, etc.
UV-Vis spectroscopy is used to monitor these ebsitr transitions. Spectra are
recorded while the polymer is oxidized by incregsithe potential stepwise.
Spectroelectrochemistry experiments reveal some oftapt properties of

conjugated polymers such as band gay, (Fax andthe intergap states that appear
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upon doping like evolution of polaron and bipolardoands. Similar studies were
accomplished for electrochromic devices in order ingestigate the spectral

variations.

In order to probe electronic transitions upon dggiledoping processes,
spectral changes were investigated by UVvis- NIBcgpphotometer in a monomer
free, 0.1 M TBAPE, ACN solution. Applied potentials were increa$exn -0.5 to
1.1V for PBEBT and from 0.4 V to 1.2 V for PTBT waie these polymers were

coated on ITO glass slides potentiodynamically.

2.5.3 Switching Studies

Electrochromic switching studies are performed tonitor the percent
transmittance changes as a function of time argketermine the switching time of
the polymer at itSimax by stepping potential repeatedly between the akwaind
oxidized states. A square wave potential step naetboupled with optical
spectroscopy known as chronoabsorptometry was tsadvestigate switching

times and contrast in the polymer.

In order to study switching properties of polymeé?8EBT and PTBT were
deposited on ITO-coated glass slides as thin fillaspotentiodynamic electrolysis
in a 0.1 M TBAPE and 1 x 13 M monomer solution in acetonitrile(ACN) and
CH.Cl; (95/5, v/v) at a scan rate of 100 mV/s. Squareemvpotential utilized to
polymer coated ITO slides in a monomer free TBAREN electrolyte solvent
couple, between fully reduced states of polymerdutly oxidized states with a

residence time of 5 seconds.
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2.5.4 Colorimetry

Colorimetry analysis was performed to determineeg¢hattributes used to
describe the color: hue, saturation and brightrides. represents the wavelength of
maximum contrast (dominant wavelength) and is comynaeferred to color.
Saturation represents the purity (intensity) of ¢coéor, whereas the third attribute,
brightness, deals with the luminance of the mdtewhich is the transmittance of

light through a sample as seen by the human eye.

A commonly used scale that numerically defines rol@as established in
1931 by The Commission Internationale de I'Eclai(@dE system) with L*a*Db,
CIE color spaces (Figure 2.4). Color measuremem® performed via Coloreye

XTH Spectrophotometer.
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Figure 2.11CIELAB color space
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CHAPTER 3

RESULTS AND DISCUSION

3.1. Characterization

3.1.1 2-Dodecylbenzotriazole

'H (400 MHz, CDC}, 6): 7.76 (m, 2H), 7.26 (m, 2H), 4.62 {t) 7.1 Hz 2H),
2.12 (m, 2H), 1.25-1.15 (m, 18H), 0.78 Jt) 6.0 Hz, 3H).*C NMR (100 MHz,
CDCl;, 6): 144.3, 126.1, 117.9, 56.6, 31.8, 30.0, 29.54,299.4, 29.3, 29.3, 29.0,
26.5, 22.6, 14.0.
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Figure 3.1'*H-NMR spectrum of 2-dodecylbenzotriazole
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Figure 3.2'%C NMR spectrum of 2-dodecylbenzotriazole
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3.1.2. 4,7-Dibromo-2-dodecylbenzotriazole

'H (400 MHz, CDCI3p): 7.36 (s, 2H), 4.60 (1) 7.0 Hz, 2H), 2.10 (m, 2H),
1.38-1.12 (m, 18H), 0.80 (@,) 6.9 Hz, 3H)*CNMR (100 MHz, CDCI3/): 143.7,
129.4, 109.9, 57.4, 31.8, 30.1, 29.5, 29.5, 294,29.3, 28.9, 26.4, 22.6, 14.0.
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Figure 3.3'H-NMR spectrum of 4,7-dibromo-2-dodecylbenzotri@zol
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Figure 3.4'3C NMR spectrum of 4, 7-dibromo-2-dodecylbenzotriazole

3.1.3. 4,7-Bis(2,3-dihydrothieno[3,4-b][1,4]dioxirb-yl)-2-dodecyl-2H-benzo
[1,2,3] Triazole (BEBT)

'H (400 MHz, CDCI3p): 8.00 (s, 2H), 6.40 (s, 2H), 4.60 Jt) 7.0 Hz, 3H),
4.40(m, 4H), 4.22(m, 4H), 2.10 (m, 2H), 1.38-1.12, (L18H), 0.80 (tJ ) 6.9 Hz,
3H). °C NMR (100 MHz, DMSO-d6¢): 141.6, 140.7, 139.8, 122.8, 120.6, 112.3,
101.2, 64.9, 64.0, 56.1, 31.2, 29.1, 28.9, 28.83,288.7, 28.6, 28.2, 25.8, 22.0,
13.9. MS (W2): 567 [M+].
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Figure 3.6Mass spectrum of BEBT
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3.1.4. 2-Dodecyl-4,7-di(thiophen-2-yl)-2H-benzo[fil,2,3]triazole (TBT)

'H NMR (400MHz, CDC4, &): 8.01 (d,J=5.6 Hz, 2H), 7.52 (s, 2H), 7.28 (d,
J=6.0 Hz, 2H), 7.09 (1J,=8.8 Hz,Js = 4.8, 2H), 4.60 (t)=7.0 Hz, 2H), 2.10 (m,
2H), 1.38-1.15 (m, 18H), 0.80 @=6.9 Hz, 3H);'*C NMR (100 MHz, CDG, &):
142.4, 140.2, 128.4, 127.3, 125.8, 123.9, 123.01,532.2, 30.3, 29.9, 29.8, 29.7,
29.6, 29.5, 29.3, 26.9, 22.9, 14.4.
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Figure 3.7'H-NMR spectrum of TBT

56



I T I ] I T I T I T I I T

I I |
150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Figure 3.8*%C -NMR spectrum of TBT

3.2. Electrochemical and Electrochromic Propertie®f Benzotriazole
Containing Polymers

3.2.1 Electrochemical and Electrochromic Propertiesf PBEBT

3.2.1.1. Electrochemistry of BEBT

Multiple scan voltammetry was performed in a 0.ITBAPF6 and 1 x 16

M BEBT solution applying potentials between -0.5akd +1.1 V at a scan rate of
100 mV/s (Fig. 3.9). The solvent was chosen asrthure of acetonitrile (ACN)
and CHCI, (95/ 5, v/v) due to the poor solubility of the noomer in ACN. Since
the monomer bears an alkyl chain in the structine oligomers are soluble in pure
CH.Cl,. Hence, a mixture of these two solvents was usedha solvent. The
monomer oxidation potential was observed at 0.9WNch is quite lower than the
oxidation potential of EDOT. After the first cyclan oxidation peak at 0.23 V and
its reverse cathodic peak at -0.04 V appeared.
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Figure 3.9Repeated potential scan electropolymerization dBB&t 100 mV / s in
0.1 M TBAPR/CH,CI,/ACN on an ITO electrode

As seen in the figure (Fig 3.9) current densitynisreasing with repeated
cycling. That shows that surface area of ITO igeasing due to the deposition of
conducting polymer film on ITO surface. This resgltan obvious proof that both
the monomer and the polymer were electroactive fanthation of a conducting

polymer was taking place.

The polymer also revealed n doping properties wleemreversible redox
couple with arEyy of -1.62 andEq Of -1.71 V, versus the same reference electrode,
was observed for the n type doping and dedopinggsses respectively (Figure
3.10). The anodic and cathodic peaks of PBEBT vpeoportional with the scan
rate, indicating that the films were well-adhered @harge transfer process was not
dominated by diffusion.

58



400 —

200

-200

-400 4

Current Density (pA/cm®)

-600 —

-800 —

T T T T T T T T T T
-2.0 -1.5 -1.0 -0.5 0.0 05 1.0

Potential (V)

Figure 3.10Scan rate dependence of a PBEBT film in TBAPF6/AGN 100, (b)
150, (c) 200, (d) 250, and (e) 300 mV s

3.2.1.2 Optoelectrochemistry and electrochromic swahing of PBEBT

To probe the optical changes upon doping, spectt@nges were
investigated by UV-vis-NIR spectrophotometer in anomer free, 0.1 M TBARJ-
ACN solution while increasing the applied potenfraim -0.5 to 1.1 V. Although
PBEBT is a donor-acceptor type polymer and thi® tgp materials usually show
two distinct absorption maxima, [117] PBEBT revealenly one due to the
dominant donor characteristic of the EDOT moietig(B.11). The peak at 618 nm
which corresponds to the-z* transition of the neutral polymer is analogous to
EDOT itself hence; the polymer is deep blue in teatral state. The band gap of
the polymer is 1.6 eV, which was calculated frora timset of ther-z* transition.
As a result of charge carrier formation upon oxaatthe absorption in the visible
region depletes and new absorption bands evolv®08t nm and 1600 nm
representing the formation of polaronic and bipaée bands [118]. PBEBT film is
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saturated blueY| 195,x, 0.209;y, 0.216) in its neutral state, and the color change
to highly transparent light bluer( 688;x, 0.288;y, 0.330) in the oxidized state.
Although conducting polymers have great tendenogxtabit both p- and n-doping
ability only a few of them show this notable prdgeihe n-type polymers can be
used in fabrication of many different types of pobr based electronic devices such
as bipolar and pnp type field effect transistomu€eln-type doping process can be
proved by a reversible redox couple at negativeng@ls and more importantly, a
drastic change in the NIR region upon reduction.sAsn from Figure 4, PBEBT
reveals a drastic change of 30 % in optical cohttg®n reduction which is a
critical proof that PBEBT is a true n-type dopaptdymer [119]. The polymer had
a pale bluish-grayy{ 615,x, 0.298;y, 0.314) in the reduced state.

Absorbance (a.u)
Absorbance (a.u)

fud

T T T
500 1000 1500
Wavelength (nm) Wavelength (nm)

Figure 3.11Spectroelectrochemistry of PBEBT film on an ITO temhglass slide in

monomer-free, 0.1 M TBARFACN electrolyte-solvent couple at applied potestia
(V). (a) p-doping; (a) -0.5, (b) -0.4, (c) -0.3, (d) - 0(2) -0.1, (f) 0.0, (g) 0.1, (h)

0.15, (i) 0.2, (j) 0.25, (k) 0.3, (I) 0.35, (m) Q) 0.45, (0) 0.5, (p) 0.55, (q) 0.6, (r)
0.65, (s) 0.7, (t) 0.75, (u) 0.8, (v) 0.9, (w) 1add (x) 1.1(b) n-doping: (a) - 0.5, (b)

1.1,and (c) -1.71V
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3.2.1.3 Kinetic Properties of PBEBT

PBEBT revealed exceptional optical contrasts ofbat 618 nm and 71 %
at 1600 nm (Fig. 3.12). PEDOT has 44 % opticakrest at around 600 nm. These
optical contrast data for PBEBT are surprisinglytdrethan the ones observed for
PEDOT. Additionally, the PBEBT showed remarkahblgtshing time of 1.1 s at
100 % optical contrast where PEDOT needs at le@ss 20 achieve full switching
(Table 3.1). This argument is valid even for a PBEBM with an optical contrast
greater than that of PEDOT.

Table 3.1 Optical contrast and switching time comparisorwieein PBEBT and
PEDOT

PBEBT (618nm) PEDOT(610 nm)
optical contrast (%) 53 44
switching time (s) 1.1 2.2

The coloration efficiency which provides informatiabout the contrast ratio
acquired for a certain amount of charge introducettie material was calculated as
211 cnf/C (at 95 % of full switch at 600 nm). It is theicabetween the change in
optical density at a specific dominant wavelengttl tne injected/ejected charge per
unit area of the electrode. As regards to the atitmm efficiency PBEBT is
remarkably higher than the coloration efficiencyP®&DOT (183 cifIC).
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Figure 3.12Electrochromic switching and percent transmittaciteange monitored
at 618 and 1600 nm for PBEBT in 0.1 M TBAACN

Upon long term oxidation and reduction, conducfodymer films may lose
their chargecarrying and color change abilities partially. Tdeare two distinct
reasons for this losts; namely extrinsic and istdreffects. Extrinsically, external
environmental agent such as oxygen, water, perexida attact to the charged sites
of the polymer. If a conducting polymer is extrmsainstable then it must be
protected by a stable coating. Many conducting ipelg, however, degrade over

time even in dry, oxygen free environment. Thigug to the intrinsic instability of
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conjugated polymer chain. The reason behind thie kof degradation is the
possibility of an irreversible chemical reactiontiaeen charged sites of polymer
and either the dopant counter ion or the p-systeanadjacent neutral chain. This
produces an Sphybridized carbon breaking the conjugation. Ineortb obtain
industrially applicable conducting polymers for l@most optoelectronics, the long-
term switching stability becomes a vital requiretméor many electrochromic
device applications, especially smart windows [12Q) determine the stability of
the polymer, a film was deposited on a Pt wire gigiyclic voltammetry (CV) from
a solution of 0.01 M monomer in 0.1 M TBA®FECH,CI, electrolyte. The polymer
films were cycled between their fully neutral andidized states in lithium
perchlorate/ propylene carbonate (PC) electrolgteémt couple. Once
electrochemical equilibration was reached (afte® @ycles), PBEBT revealed
outstanding redox stabilities upon cycling, whesssl than 6 % decrease in total
charge was observed even after 4000 cycles, imdicéhe robustness of PBEBT

upon successive switchings.
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Table 3.2PBEBT vs. PEDOT : comparison of electrochemical alectrochromic

properties

PBEBT PEDOT
hmax &18nm &10nm
Colors BJue/Tr*unspar"en‘t' BJueiTr‘anspar‘en't'
B 097V 119 Vv

E..F 023V -0.13V

E-df -0.04 V 065V

Optical
Contrast 53% 447
Switching Time
1isec 2.2sec

Coloration 211em?®/C 183em*/C
Efficiency
n-Doping J X

3.2.2 Electrochemical and Electrochromic Propertieef PTBT

3.2.2.1. Electrochemistry of TBT

The homopolymer of 2-dodecyl-4,7-di(thiophen-2-3H-benzo[d] [1,2,3]
triazole (TBT) was synthesized both electrochertyd®&l) and chemically (Pll). PI
was successfully produced by oxidative electropelyeation from an acetonitrile
(ACN) solution containing 16 M TBT and 0.1 M tetrabutylammonium
hexafluorophosphate (TBARJFon ITO coated glass slides. The monomer oxidation
occurs at 1.2 V vs. Ag wire pseudo reference edetr(0.35 V vs. SCE). A
reversible redox couple evolved at potentials 1.8nd 0.6 V as the electroactive PI
deposits on ITO surface (Fig. 3.13).
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Figure 3.13 Repeated potential-scan electropolymerization &T Tin 0.1 M
ACN/TBAPFs solvent-electrolyte system at a scan rate of 100stmén ITO
electrode

Chemically produced polymer, Pll was spray coatetb dTO coated glass
slides and its electrochemical behavior was detexchi in 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPE ACN. It revealed the same
electrochemical properties as PI, as given by thgles scan cyclic voltammetry
(Fig. 3.14).
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Figure 3.14 Single scan cyclic voltammetry of PIl on an IT@atode at 100 mV
s' in 0.1M TBAPR/ACN

The unique n-doping property for conjugated polymsgstems was clearly
observed by cyclic voltammetry (CV) for Pl witheversible redox couple at.4 V
(ox.) and -1.6 \(red.) versus Ag wire reference electrode. As seen fragn 315
the scan rate dependencePbivas investigated by CV and a true linear relatias
observed between the peak current and the scawfzith indicates the presence of
a well adhered electroactive film with a non-diftus limited redox process.
Additionally even at high scan rates, oxidation aeduction processes were still
reversible.
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Figure 3.15 Scan rate dependence of PI film in ACN/TBARSE: (a) 100, (b)150,
(c) 200, (d) 250 and (e) 300 mVs

Scan rate dependence Bfl was investigated by the same way. Linear
relation between the peak current and the scanimdieates electroactive spray
coated PII film revealedeversible oxidation and reduction processes exdrigh

scan rates and redox process was not limited liysitoih (Fig. 3.16).
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Figure 3.16 Scan rate dependence of PIl film on ITO, in TBAREN at : (a)100,
(b)150, (c)200, (d)250 and (e) 300 mV s

3.2.2.2 Optoelectrochemistry and electrochromic swahing of PTBT

The optoelectrochemistry of the polymer revealedabsorption maximum
at 503 nm corresponding to ther transition of the polymer and the band gap of
the polymer was calculated to be 1.65 eV from ttaissition (Fig. 3.17).

The polymer is deep red in its neutral state. Upddation the absorption at
503 nm depletes and a new absorption band form@0ahm due to the formation of
polaron band. Since the polaron band of the polyestill in the visible region,
polymer reveals several distinct colors. Upon otala the deep red color of the
polymer turns into brown. Further oxidation resufisblack which is a rare and
significant property for an electrochromic polymeaving black color in any state

makes the polymer a significant candidate for smamtdow applicationsA green
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color was observed as the doping proceeds. Geoerafi a green color in a
polymeric system is remarkable since one shouldeh&wo simultaneous
absorptions at around 400 and #90. As the potential was further increased, the
polymer turns into a deep blue color. One remakkgiint is that incremental
increases in potential turn out to be enough telahabove mentioned colors. The
corresponding Lab values for all colors can be tbunTable 3.3.
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Figure 3.17 Electronic absorption spectra and the colors dfilfl on ITO coated
glass slide in a monomer free 0.1M TBARKCN electrolyte at applied potentials
(V). (1) p-doping; (a) 0.700, (b) 0.800, (c) 0.8%) 0.900, (e) 0.925, (f) 0.950, (9)
0.975, (h) 1.00, (i) 1.05, (j) 1.10, (k) 1.15, ¢p0, (m) 1.25, (n) 1.30, (o) 1.35 and
(p) 1.40 V. (2) n-doping; (a) -1.84, (b) -1.85, (&)86, (d) -1.87, (e) -1.88, ()-1.89
\
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The unique property of Pl should be clearly addrdsat this point. The
polymer reveals all three primary additive colagd,rgreen and blue. This points out
that with proper engineering, Pl can be realized aassingle component

electrochromic display device.

Table 3.3Lab values for the distinct colors of PTBT in difat states

Colors L a b

Red (p) 43.98 58.99 16.53
Brown (p) 55.59 17.26 16.67
Black (p) 67.32 0.148 1.72
Green (p) 67.67 -20.02 2.43
Blue (p) 64.71 -6.1 -38.72
Blue (n) 77.48 -7.64 -21.21
Transmissive (n) 86.67 2.78 -16.94

The reduction of a polymer does not necessarilgiman n-doping process is
taking place. To identify a true n tymboping, one should observe considerable
structural and optical differences after the intrcitbn of charge carries to the
conjugated systentence, to clearly demonstrate the presence of @-tgping
process, both the electrochemistry of the redudatk sand the spectral changes
upon reduction should be investigated. A simitadg that can easily be performed
for p-doping process, in theory, should also beeaggd for n-doping process.
However, this unique property for conducting polymaevas observed in only
handful of studies in literature. In these studig® optoelectrochemistry of the
polymer film in n-doping can only been observedriart atmosphere conditions;

only few data were acquired under ambient condstj@R]. During the investigation
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of Pl it was striking to notice that six data wereollected in the
optoelectrochemistry studies, clearly showing thdtue n-doping process occurs
and it also reveals that the polymer shows a trelmes stability in its n-doped state.
When the polymer is reduced (n-doped), it revealgylat blue color and upon
further successive reduction, the polymer film bees almost transparent, a highly
desired property for these materials in electrociico device applications.
Properties observed for the absorption spectrupoipmer’s neutral state are much
like that of polyhexylthiophenfl21-122],0one of the most promising materials for
polymeric solar cell applicatiorf223]. This makes PTBT a great candidate for solar
cell applications.

As previously reported by Sonmez et. al., polyme&lectrochromes can be
used in memory device applications due to theirllspawer requirements for
optical changes and abilities to have differene®nf colors in different oxidation
states [124]. Color variation is the major param#état can enhance the capacity of
such devices. According to the color mixing theatyis possible to obtain all
colors by three primary additive colors, red, greed blue [125]. Up to date, this
was possible via using different polymers whichéavtransmissive state to obtain
these color$l126-127]. Now, both Pl and PII make it possibleotatain all colors
required for commercial electrochromic applicatiasfsconjugated polymers via
using the same polymer in its different oxidatidates, with the advantage of
working in a very small potential range. This makesm outstanding candidates

for data storage applications.

Solubility is a very sought property among condwgtpolymers since it
enables processability. A conducting polymer s@uhl common organic solvents
can be spray or spin coated or drop casted on facsurApplication areas of
conducting polymers are widened by soluble polynsnge solubility provides

coating on any surface where it is not possiblagetoosit electrolytically.

71



Polymerization yielded PTBT as a soluble conductozgdymer which makes it
industrially applicable since all the optoelectrestical properties were also
observed in spray coated PII just like those oftebehemically deposited PI (Fig.
3.18).
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Figure 3.18 Electronic absorption spectra of PII film on ITOated glass slide in
monomer free, 0.1M TBARFACN electrolyte-solvent couple at applied potaisti
(V). 1) p-doping (a) 0.850, (b) 0.875, (c) 0.90f), ©.950, (e) 1.00, (f) 1.05, (g) 1.10,
(h) 1.15, (i) 1.20, (j) 1.25, (k) 1.30, (I) 1.35ca(m) 1.40V. 2) n-doping (a) -1.84, (b)
-1.85, (c) -1.86, (d) -1.87, (e) -1.88

3.2.2.3 Kinetic Properties of PTBT

Kinetic studies were performed to investigate thatical contrast and
switching time of the polymer both in the visibledaNIR regions (Fig. 3.19). The

polymer film coated on ITO glass showed a 37 %aaptcontrast at 503 nm when
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switched between its reduced and oxidized statbs. dptical contrast value is
significantly higher than the optical contrast aiythiophene. The switching time
of the polymer was calculated as 2 s. This timéoges the duration for switching
among five different colors hence, not refers ta@cving between two colors which
Is the usual way of reporting switching times. Tisatio say, the reported time (2 s)
cannot be considered as a long one since it standlse time required for five color
transitions. Thus, it is reasonable to claim that $witching time between any two
colors is about 0.5 s on the average. The opticatrast of the polymer in NIR
region was found to be 74 % with a switching tinfeO&6 s which makes this
polymer also a powerful candidate for NIR electrochic applications. The NIR
applicable materials are of particular interestsithey are used for optical data
transmission and the NIR dyes [128-129].
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Figure 3.19 Electrochromic switching: Optical absorbance cleamgonitored at
503, 700 and 1271 nm for Pl in 0.1 M TBAPACN while switching between its

fully reduced and oxidized states
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Chemically produced polymer film, PIl was also s$tadfor its kinetic
properties. It showed a 42 % optical contrast & && when switched between its
reduced and oxidized states. PIl has 30 % optigatrast at 750 nm and 59 % at
1250 nm. The optical contrasts and the switchingetbehaviors of PIl showed that
chemically produced polymer can be used instedel sfnce solubility allows mass
production and processability. Also, PIl has prot@ibe comparable to Pl in terms

of switching between extreme states (Fig. 3.20).
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Figure 3.20 Electrochromic switching: Optical absorbance cleamgonitored at
525, 750 and 1250 nm for PIl in 0.1 M TBA@ACN while switching between its

fully reduced and oxidized states
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In order to study the stability of the polymer filnh was deposited on an
ITO glass slide where the polymer was subjectedaiential cycling between its
neutral and oxidized states in 0.1 M TBARXCN solvent—electrolyte couple. After
1000 cycles no considerable change in the optieakity was observed. Since the
injected and ejected charge per unit area is défasethe coloration efficiency, PI
revealed high stability without any charge lossany loss in coloration efficiency
after repeated cycles. (Fig. 3.21)

Current Density ( mA/cm®)
\?
N
=
=

-8 4 —— _':—l 1
1% cycle 1000t cycle
T T T T

Figure 3.21 Chronoamperometry experiment for Pl on ITO glassOil M
TBAPF/ACN while switching between reduced and oxidizeates. The first four
cycles and the ones after the 16@§cle were presented. Each interval on the x axis
stands for 5 s
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3.2.2.4 Optical Properties of PTBT

PTBT is a soluble polymer whether produced chenyicabr
electrochemically. This property makes PTBT a gozatdidate as the active layer
in solar cells and OLEDs. In order to obtain flummence spectra TBT, Pl and PII
were dissolved in chloroform and their spectra depicted in Fig. 3.22. The
solutions of TBT, Pl and PII in chloroform were dgrd at 380 nm, 447 nm, and
496 nm at around their absorption maxima and maxiremission wavelengths of
454 nm, 542 nm and 569 nm were obtained respegtiirie to the extension of
repeating unit in polymer chain, which was estirdateom molecular weight
determination, quenching is increasing (Table 34jalitative comparison suggests
that the red shifted emission intensities are deing with increasing repeating

unit.

= ~—

1.0

= &=
0.8 /
0.6 |
0.4 | /
0.2 "

TBT

Normalized Intensity (a.u.)

T T T T T T — 1
400 450 500 550 600 650 700
Wavelength (nm)

Figure 3.22 Emission spectra of TBT, Pl and PIl solutions imocoform and
emission photographs when solutions were exposet standard UV lamp (366

nm)
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Difference in molecular weight between polymersdkao a longer
absorption maximum wavelength for PII than thaPaf Thus, Pl is orange-red in
solution whereas PllI is red (Fig. 3.23).

1.0
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0.6

04 4~
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0.0
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Wavelength (nm)

Figure 3.23Solution optical absorbance spectra of TBT, PIljiPCHCl

Table 3.4GPC Molecular weight determination for Pl and 1ITHF)

Polymer M, (g/mol) M, (g/mol) PDI  Avg. No. Rep. Un.
PI 13000 23370 1.79 28
PI1 43970 239640 5.45 97
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CHAPTER 4

CONCLUSION

The D-A-D type monomers; BEBT and TBT were synthedi via
alkylation, bromination, stannylation and the $titloupling. Characterization of the
materials were performed by NMR analysis. The paggnof the both monomers
were synthesized by electrochemical methods andTP@i&s also synthesized by
means chemical methods. Cyclic voltammetry exparis)e
spectroelectrochemistry, kinetic studies and l@rgatswitching experiments for the
polymers were performed in order to investigate thlectrochemical and

electrochromic properties of the polymers.

PBEBT was shown that the presence of benzotriaaale in the polymer
backbone exceptionally enhanced the electrochropnaperties of the “donor
polymer”, namely, PEDOT. The optical contrast oé folymer was nearly 10 %
higher than that of PEDOT, whereas the switchingetivas found to be the half of
the value for PEDOT. The stability of polymer wadeast as remarkable compared
to the “donor polymer”. The ease of synthesis watlatively high yields makes this
polymer the paramount choice in RGB based devigdicgtions as the blue leg

component.

Studies for PTBT showed that both Pl and PIl combiveal properties in a
single material as a very promising multifunctiordéctrochromic polymer. The
material reveals multicolor electrochromism withx glistinct colors and high
stability. The polymers have shown to be both p-d amdopable. The
spectroelectrochemistry of the n-doped state cbaldtudied at ambient conditions,
which signifies it as one of the most stable n-dbpelymers in the literature. The

polymers revealed very good optical contrast andichimg times compared to the
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homopolymer of the donor unit (polythiophen&he polymers reveal black color
upon oxidation, and are highly transparent in catghy reduced state implying that
they can be excellent candidates for highly effitemart windows. Pl also revealed
75 % optical contrast in the NIR region which makes significant candidate for
NIR electrochromic device applications. Pl haswehadentical properties with Pl
which is important for large scale commercial aggtibns. One of the most
significant properties was to be able to obserVéhate primary colors in a single
material. The saturation of the colors can be owed with small modifications in
the polymer backbone and with intelligent enginegriencea single component
electrochromic display device can be realized. adidition, the polymer reveals
highly efficient emission upon irradiation (LED djgations). Strong absorption in
the visible region makes this polymer a promisirgndidate for solar cell
applications. PTBT will be a multipurpose materdlich will receive a great deal

of the attention from industry.
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